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ABSTRACT: Organic—inorganic metal halide perovskites (MHPs) have garnered
significant attention due to their outstanding performance in optoelectronic
devices, but they are prone to degradation through a variety of pathways. High-
pressure studies are being used to understand the mechanical and structural
stability of MHPs and investigate new methods for improving these. In this study, . s
we map the high-pressure, low-temperature structural phase diagram of o N0
CH,;NH,PbBr; (MAPbBr;) between 15—300 K and up to 1.5 GPa. We first ‘ ‘ gk He |
compare the temperature and pressure effects on the global and local structures of Od/afe\dra 3 t"jblhfed
MAPbBr; using synchrotron X-ray diffraction (XRD) and extended X-ray

absorption fine structure (EXAFS), respectively, and find evidence of PbBry

octahedral distortion. Our results also suggest that He inserts into the MAPbBr; structure. The thermodynamics of He insertion into
MAPBHe, are calculated to be plausible at room temperature for x < 1 and P = 1—3 GPa and shown to stabilize higher-symmetry
phases. This phenomenon increases the fitted bulk modulus of MAPbBr;. Structural stabilization by inert atom insertion is proposed
as a method to improve the mechanical robustness of MHPs and other soft hybrid materials.

B INTRODUCTION LHP stoichiometry, these structural phase transitions occur at
temperatures within the temperature range for device
operation, compounding the CTE mismatch effects.*'" One
of the prototypical LHPs, MAPbBr;, undergoes temperature-
driven symmetry-lowering transitions from cubic to tetragonal
(236 K) to orthorhombic (147 K) primarily governed by
tilting of the PbX4 octahedra.''

There has been a significant research effort to stabilize the
preferred high-symmetry cubic phase for LHP devices. One
initial approach uses alloying to manipulate the Goldschmidt
Tolerance Factor (GTF), an empirical rule that predicts cubic-
phase stability by the ratio of the A,B and X-site ionic radii.'>">
For this alloying approach, care must be taken to ensure
compositional homogeneity and maintain the desired optical
bandgap.”'* Alloying also provides the benefit of shifting the
structural phase transition temperatures, as expected when
those of the alloy end members differ.”'*~"°

A second approach, at first glance less practical than alloying,

Solar energy is the most abundant and accessible renewable
resource on Earth, offering a clean and sustainable solution to
meet growing global energy demands. Harnessing this
potential requires materials that can efliciently capture and
convert sunlight into electricity. Among the most promising
candidates are hybrid organic—inorganic lead halide perovskite
semiconductors (LHPs) with the chemical formula ABX,,
where A = Cs*, methylammonium (CH;NH;* = MAY), or
formamidinium (CH(NH,)," = FA*), B = Pb** or Sn**, and X
= CI', Br7, or I". LHPs are structurally analogous to classic
oxide perovskites such as CaTiO; and MgSiO; and benefit
from significant structural flexibility that allows for diverse
ionic substitutions and alloying. LHP-based solar cells have
rapidly achieved power conversion efficiencies exceeding 26%."
This high efficiency is due to the excellent optoelectronic
properties of LHPs including strong optical absorption, long

carrier lifetimes, and tunable band gaps.” These properties are ,
also favorable for several other applications including high- is to apply external pressure to the LHP as a way to extend the

. o ) stability of the cubic phase. High-pressure X-ray diffraction
energy.X-ray. and ¥ -ra};_(sletectors, light-emitting diodes, and (XRD) studies have revealed pressure-induced octahedral
optospintronic devices.

However, despite their rapid progress, real-world deploy-
ment remains limited by a few critical challenges, one of which Received: November 30, 2025 M
is the loss of mechanical stability between the LHP active layer Revised:  March 10, 2026 :
and charge transport layers in LHP-based devices due to Accepted:  March 13, 2026
interfacial strains generated by differences in the coeflicient of Published: March 31, 2026
thermal expansion (CTE) between layers, residual stresses, and
structural phase transitions of the LHP.*” Depending on the
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tilting patterns that differ from those observed at low
temperatures.'’~>* Weak interoctahedral interactions, com-
bined with interatomic potentials that have large anharmonic
coeflicients, drive the thermally induced structural phase
transitions, as octahedral tilts are dynamically unlocked.
Applying large external pressures can “lock in” the tilts,
accessing the low-temperature, ambient-pressure crystal
structures at higher temperatures.”> ™

A third, more recent approach involves the replacement of
both an A" and X~ site with organochalcogenide zwitterionic
RCh ligands, where RCh = CYS or SeCYS (csyteamine;
*NH,(CH,),S™ or selenocysteamine; "NH;(CH,),SE™).”**’
The RCh ligand covalently bonds the organic A-site cation to
the chalcogenide X-site anion, introducing structural rigidity
against octahedral tilting and pressure-induced phase tran-
sitions. The R3¢ structure is preserved up to 40 GPa (with Ne
pressure medium) with no signs of any amorphization that
occurs for the prototypical MAPbX; LHPs.*

In all approaches, however, changes in the local structure
have not been thoroughly characterized. It is well established
that, despite XRD results showing the presence of highly
crystalline “global” structures, the presence of dynamic and
static domains with lower symmetry and lower dimensionality
determines many of the relevant optoelectronic properties of
single-phase, unalloyed 3D LHPs.”’~*° The local structure
manifests in the diffuse background of X-ray and neutron total
scattering measurements and is interpreted with pair-
distribution function (PDF) analysis, structural modeling, or
by direct comparison to molecular dynamics simulations.
Additional dynamic correlations are probed with inelastic
scattering and spectroscopy techniques.'"*°

First, we report a comprehensive study of the pressure and
temperature phase behavior of the MAPbBr;. The crystal
structures of MAPDbBr; at high pressures and ambient
temperature have been explored by several groups; most
pressure—temperature (P—T) phase diagrams have been
derived from dielectric or spectroscopic measurements.’”**
Detailed crystallographic studies, particularly those that resolve
local structural changes across phase boundaries, are still
lacking. For a recent study using neutron and X-ray diffraction
to map the (P—T) phase diagram for MAPbI;, see Marin-Villa
et al.”’

The high-pressure, low-temperature P—T phase diagram
(0—1.5 GPa, 15300 K) we report is complemented by a
study of the high-pressure local structure as determined
through extended X-ray absorption fine structure (EXAFS)
measurements. This builds on work previously reported by
some of the authors that combined EXAFS, single-crystal X-ray
diffraction (SCXRD), and ab initio molecular dynamics
(AIMD) to investigate the nature of disorder in APbBr; (A
= MA®, Cs*, and FA*)."*° These previous results revealed that
thermal fluctuations significantly influence the local, asym-
metric Pb—Br bonding environment. They proposed that a
single-site Pb—Br anharmonic potential is the origin of this
thermal disorder. Furthermore, changes in the transience and
strength of the H---Br bond, respectively, increase and decrease
the Pb—Br interatomic potential in MAPbBr; and FAPbBr;.

In this work, we show that while pressure reduces the lattice
parameter, the average Pb—Br bond length is largely
unaffected. Instead, the width of the Pb—Br PDF increases,
suggesting that the PbBrg octahedra themselves become
distorted with pressure, yielding a larger range of individual
Pb—Br bond lengths. PDF in this work refers to the pair-
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distribution function obtained through EXAFS analysis and
not the more common X-ray total scattering approach. This
result is consistent with recent modeling of high-pressure X-ray
total scattering experiments on the analogous all-inorganic
LHP, CsPbBr;.*" Large changes in the Br—Br total scattering
PDF are observed with increasing pressure; however, the
behavior of the Pb—Br and Pb—Pb PDFs remains compara-
tively unchanged. The authors conclude that this behavior
indicates distortion of individual PbBrs octahedra without
disruption of the lead substructure. Our results expand on this
study by investigating the high-pressure local structure in
hybrid organic LHPs in the high-temperature cubic phases,
where dynamic local order is known to exist.

Finally, we propose an alternative method to improve cubic-
phase stability. The variation in reported bulk modulus for
MAPDbBr; suggests that He, when used as a pressure-
transmitting medium, may insert into the MAPDbBr; lattice
and influence its structural response. Previous theoretical work
by some of these authors identified that He can be inserted
into several ReO3—t?rpe perovskites at He pressures on the
order of 10 GPa.*’ He insertion has been experimentally
demonstrated in perovsl{ites,42_44 glasses,45 and clath-
rates.**”** A recent study demonstrated that He incorporation
in the A-site vacant perovskite ScF; maintains the cubic
structure under compression up to S GPa; without He, there is
a structural phase transition to a rhombohedral phase at 0.7
GPa.”> We explore the possibility that He insertion can occur
at high pressures through density functional theory (DFT) and
AIMD calculations. Our results suggest that up to one formula
unit of He is thermodynamically metastable and dynamically
stable in the MAPDbBr; structure at 1—3 GPa and ambient
temperature. Furthermore, at 300 K and 0.3 GPa, the
MAPDbBr;He, structure calculated from AIMD shows a higher
symmetry than that of the pure MAPbBr; structure. These
results point to a new method of inert atom or molecule
insertion as an alternative mechanism for stabilizing the cubic
phase and improving mechanical stability, offering a novel path
for designing more robust hybrid materials at ambient
conditions.

B METHODS

Sample Preparation

MAPbBr; Sample Preparation. MAPbBr; single crystals were
grown using the established inverse temperature crystallization
method.*” N,N-dimethylformamide (>99.8% anhydrous), MABr
(>99% anhydrous), and PbBr, (>98%) were purchased from
Sigma-Aldrich. In a nitrogen glovebox, a stoichiometric ratio of 1:1
MABr/PbBr, precursor salts were dissolved in DMF and stirred to
obtain a clear 1 M MAPbBr; stock solution. The solution was filtered
through a 0.2 ym PTFE filter and sealed in a clean vial for growth.
The growth vial was removed from the glovebox and partially
submerged in an oil bath on a hot plate. The temperature was
gradually increased from ambient to 90 °C at a rate of 5 °C/h.
MAPDBr; single crystals 0.5—2 mm in size were harvested from the
hot solution, gently patted dry, and stored in a nitrogen drybox until
use.

High-quality MAPbBr; single crystals were visually identified and
then gently crushed and ground to a fine powder with an agate mortar
and pestle. The powders were then gently annealed at 90 °C for 15
min in flowing nitrogen to reduce defects introduced by grinding. The
annealed powders were passed through a 400 mesh sieve to isolate
grains of 32 um and smaller. The quality of the initial powder was
inspected with X-ray diffraction using a Rigaku SmartLab 9 kW
diffractometer using Cu Ka radiation (1 = 1.54 A). The powders were

https://doi.org/10.1021/acs.chemmater.5c03238
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measured in Bragg—Brentano geometry from 10 to 80° 26 at 5°/min.
The Ka splitting is visibly distinct at 30° 26; these narrow peaks
suggest large crystallites (>200 nm) and minimal defects. See Figure
SI in the SI for the XRD results.

High-Pressure Synchrotron X-ray Characterization

Diamond Anvil Cell Preparation and X-ray Diffraction
Measurements. Symmetric diamond anvil cells (DACs) with 350
um culet sizes were used to generate high pressures. Beryllium gaskets
were employed and loaded with lithium fluoride (LiF) as the
pressure-transmitting medium (PTM). Both beryllium and LiF were
selected for their low atomic numbers to minimize X-ray absorption,
enabling effective extended X-ray absorption fine structure (EXAFS)
measurements through the gasket, while X-ray diffraction (XRD)
measurements were performed through the diamonds. The cryostat
featured four opposing windows and could rotate by 90°, allowing for
both XRD and EXAFS measurements at each pressure and
temperature condition. After initial compression, the LiF in the
gasket was drilled with a laser to create a slit (~30 X 110 ym?), which
was then filled with powdered MAPDbBr;. Pressure was determined
using ruby fluorescence with additional calibration provided by the
known equation of state for LiF. A double-membrane assembly was
utilized for in situ pressure adjustments during the experiments.
Diffraction data were collected at the 16-BM-D beamline at the
Advanced Photon Source (APS) using an X-ray wavelength of 0.4133
A. After initial pressurization, the DACs were cooled to low
temperatures. Diffraction measurements were carried out between
15 and 300 K with small pressure intervals. Three spots within the
pressure chamber were used for data collection, and the background
was measured from LiF regions devoid of the sample to exclude peaks
unrelated to the sample. See Figure S2 for a schematic of the
experimental setup. Sequential EXAFS and XRD were performed only
for a selected number of pressure and temperature points.

High-Pressure X-ray Absorption Spectroscopy Analysis. The
Pb Ly; data were reduced using the Real Space X-ray Absorption
Package (RSXAP).*° The pre-edge backgrounds were removed via
fitting to Chebyshev polynomials using least-squares. The EXAFS
function y(E), defined as a modulation of the absorption coefficient as
a function of energy, is given by u(E) = pto(E) (1 + y(E)), where u(E)
is the measured absorption coefficient and po(E) is a smooth
background function. A spline function is used to model i, in order to
extract the EXAFS quantity y(E), which is then converted to y(k).
Finally, (k) is fast Fourier transformed into real space using a Fourier
Transform (FT) range from 4 to 9.7 A™". The upper end of the FT
range is limited by the presence of the Br K edge.

The Pb—Br peak was fit to a Pb—Br PDF calculated using
FEFF7;"' from our earlier work' ' it was clear that the asymmetry
parameter C; had to be included at room temperature. The EXAFS
equation used here is the same as our previous work with the kurtosis
parameter C, set to 0

ky (k, r) = A sin(lk‘r‘ - §C3k3 + ¢(k))

NS; —20/(K)
= 71:(71', k)e

B (0 = [ gy (10 RVt (ke

A

(1)

with N the number of Br neighbors, S3 the amplitude reduction factor,
F the backscattering amplitude of the photoelectron wave, A the mean
free path, ¢p(k) is a known phase factor, calculated using FEFF7,”!
arising from the excited and backscattering atoms, and C; is the
skewness of the PDF, a measure of the asymmetry. The term e 27/4®)
is often combined with F. Finally, gp,_g.(r, R) is the PDF centered at
R; the variance of this function, 6%, is usually called the Debye—Waller
factor.

However, because of the relatively low signal-to-noise quality of the
data, we could not get a robust fit, allowing both C; and R to vary
freely. Instead, we fixed C; to the values obtained earlier'' and only
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allowed 6* and R to vary for the pressure measurements in order to
obtain a plausible fit.

Computational Details

We performed periodic Density Functional Theory (DFT) calcu-
lations using VASP, version 6.4.2. The opt-B88-vdw exchange-
correlation functional, which accounts for dispersion interactions, was
employed in combination with the projected augmented-wave (PAW)
method, with a cutoff of 1100 eV. The k-point meshes were generated
using the I'-centered Monkhorst—Pack scheme, and the number of
divisions along each reciprocal lattice vector was selected so that the
product of this number with the real lattice constant was greater than
or equal to S0 A. For the geometry optimizations, the accuracy of the
energy convergence was set to 107 eV and the norms of all the forces
calculated during the relaxations were smaller than 107°(eV/A). The
Gaussian smearing method was adopted in the geometry
optimizations with a ¢ value of 0.02. Phonons in the harmonic
approximation were determined with the Phonopy package using
supercells equal to 5 X 5§ X 3 for He and to 2 X 1 X 2 for
MAPbBr;He, (x = 0, 0.5, and 1), based on the conventional unit cells
so that all cell parameters a,b, and ¢ were greater than 10 A. A finite
displacement of 0.003 A was used, and the accuracy of the energy
convergence was set to 107%V. The enthalpies and Gibbs free
energies for the reaction MAPbBr; + xHe — MAPbBr;He, were
calculated for the pressure range from 1 to 3 GPa and for the
temperature range from 0 to 300 K. In the helium uptake reaction, x
represents the helium molar fraction inserted per MAPbBr; unit and
takes the values of 0.5 and 1. MAPbBr; and MAPbBr;He were found
to be dynamically stable with the space group Pnma, while
MAPbBr;He, s lowers the symmetry to P2,/c (structures reported
in the Supporting Information). To calculate the enthalpy and Gibbs
free energy of helium, we considered the most stable crystalline form
between 0 and 1 GPa, the hexagonal close-packed P6;/mmc.

Molecular dynamics using the isothermal—isobaric (NPT)
ensemble and the Langevin thermostat at T = 300 K (a Fermi
smearing was employed) and at P = 0.3 GPa were performed for
MAPbBr; and MAPbBr;He with VASP. In this case, the PBE
functional was used in combination with the D3-BJ Grimme
dispersion correction on 2 X 2 X 2 supercells, equal to 400 atoms
for MAPbBr;He. The duration of the simulation was set to S ps with 1
fs time steps. The projected augmented-wave (PAW) method with a
cutoff of 900 eV was used, and the accuracy of the energy
convergence was set to 1075 ev.>?

B RESULTS

Long-Range Structure from X-ray Diffraction

Figure la,b presents the XRD data collected across a range of
pressures and temperatures. Figure 2 shows the pressure—
temperature (P—T) phase diagram for MAPbBr; constructed
in this study, alongside previously reported data from Jaffe et
al,, and Wang et al.”**’ Four distinct structural phases: cubic I
(Pm3m), cubic II (Im3), tetragonal I4/mcm, and orthorhombic
Pnma, are identified, in agreement with the earlier literature. At
ambient pressure, we observe the cubic-to-tetragonal transition
around 236 K and the tetragonal-to-orthorhombic transition
near 147 K, consistent with prior reports. Figure 1b also shows
the evolution of the Bragg peak breadths during the
measurement; before compression at ambient temperature,
the Bragg peaks are very sharp and broaden with compression.
We expect that this broadening comes from the introduction of
crystalline defects.

Figure 2 extends the known (P, T) phase space to 1.3 GPa at
1S K by using direct crystallographic evidence. Two known
pressure-induced structural phase transitions for MAPbBr; are
observed at ambient temperature: a transition from the cubic
Pm3m phase to the intermediate Im3 phase near 0.6 GPa,
followed by a transition to an orthorhombic Pnma phase

https://doi.org/10.1021/acs.chemmater.5c03238
Chem. Mater. 2026, 38, 3439—3448


https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c03238/suppl_file/cm5c03238_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c03238/suppl_file/cm5c03238_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c03238/suppl_file/cm5c03238_si_002.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.chemmater.5c03238/suppl_file/cm5c03238_si_002.pdf
pubs.acs.org/cm?ref=pdf
https://doi.org/10.1021/acs.chemmater.5c03238?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemistry of Materials

pubs.acs.org/cm

) | Cubic
| Tetragonal
‘ [ | orthorhombic

|

a

300K

175K

A

(SN
A
'J\lv £ A A AN A

A ,’ LN AR

25K

Intensity (Arb. Units)

o

)
5 | |
004/220 0.25GPa 175K
;| 1121200 \ 213/114 ,
2 \ 224 215
< |
|
> 200,
= | 210 —— 0.3 GPa 300K
|
5 110 || 211 220300
£l I\ ) (WA YAVA SN

— 0.0 GPa 300K

15

10
20

Figure 1. (a) XRD data collected along an approximate isobar
showing the evolution of Bragg peaks across two phase transitions.
Mixed phase regions are denoted by traces with different colored
shading beneath the data. (b) Representative XRD results,
corresponding to the shaded boxes in panel (a), from the cubic,
tetragonal, and orthorhombic phases of MAPbBr; with Miller indices
of high-intensity Bragg peaks indicated for each trace. Initial XRD
data at ambient pressure are shown in gray. The sample was then
pressurized and cooled to 0.4 GPa and 25K (green) and then warmed
back through the tetragonal phase (blue) to the cubic phase (red).

The peak breadths clearly increase with compression.

around 0.8 GPa. The associated transition temperatures exhibit
a strong pressure dependence that stabilizes the ambient, low-
temperature orthorhombic phase at increasingly higher
pressures and temperatures. Figure 2 also corroborates our
results with previous high-pressure XRD studies at room
temperature and low-temperature XRD studies at ambient
pressure. Our results, however, contrast with previous studies
(not shown) that inferred phase boundaries from dielectric
measurements and infrared vibrational modes.*”*® In general,
we observe that the structural phase transitions all occur at
pressures lower than those reported in the spectroscopic
studies. These results provide a comprehensive (P, T) phase
diagram for MAPbBr; and confirm that applied pressure favors
the stabilization of the low-symmetry orthorhombic phase.
The pressure dependence of the unit cell volume, with and
without a pressure-transmitting medium (PTM), is used to
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Figure 2. Pressure—temperature phase diagram of MAPDbBr;
determined in this study, with comparison to previously reported
data. Numbered dashed lines represent the experimental pathways
followed during measurements; superscripts * and + denote data
collected using different DACs. Red, square markers are used for the
cubic Pm3m phase, purple diamonds for the cubic Im3 phase, blue
triangles for the tetragonal phase, and green diamonds for the
orthorhombic phase. Symbols for our data containing dots or crosses
denote the separate experimental pathways. Previously reported data
are indicated by half-shaded symbols. The single-phase regions
indicated by the shaded background are approximations based on our
data and do not necessarily reflect the accurate phase boundaries.

determine the bulk modulus of the MAPbBr; structure. Figure
3 compares our XRD measurements, conducted with LiF as
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Figure 3. Pressure dependence of the cubic-phase MAPbBr; unit cell.
Each data set is fit to a second-order Birch—Murnaghan equation of
state to obtain the bulk modulus. Dashed lines illustrate the equation-
of-state fits.

the PTM, to He-loaded SCXRD and powder XRD data from
Zhang et al. and Jaffe et al, respectively.””** Our measure-
ments with LiF reveal a significantly sharper volume reduction
with increasing pressure, with a total reduction of 7—8% up to
0.6 GPa, corresponding to a modulus of 9.3 GPa. In contrast,
measurements utilizing He as the PTM exhibit a more gradual

https://doi.org/10.1021/acs.chemmater.5c03238
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compression with only a 3—4% volume reduction over the
same pressure range and a bulk modulus of 12.2 GPa.

Local Structure from X-ray Absorption Spectroscopy

The pressure and temperature dependence of the local
structure in MAPbBr; was investigated by using the extended
X-ray absorption fine structure (EXAFS) technique at the Pb
Ly;; edge in transmission mode. X-ray absorption was measured
radially through the same DAC used for XRD measurements
so that the X-rays pass through the Be gasket and LiF PTM,
avoiding strong absorption glitches from Bragg peaks of the
diamond anvils. The DAC was rotated 90° to switch between
the XRD and XAS geometries. Two different cells were used,
labeled DAC1 and DAC2. Because of the small beam size (5 X
S um?) and the DAC geometry, the transmitted flux was low,
resulting in a poor signal-to-noise ratio. Consequently, many
scans were collected, typically 10—12 for averaging. The scans
were averaged in groups of 3 or 4 to have three independent
files to check reproducibility and for averaging the fit
parameters. However, for DACI, fewer scans were collected,
and, for example, only 6 good scans are available for the sample
at 100 K and P = 0.7 GPa. Although all scans were centered
around the same location, small adjustments were occasionally
necessary due to diamond glitches entering the measurement
window. These shifts were typically on the order of 8—10 ym,
larger than the beam size. This setup suggests that each
measurement may have probed a slightly different region of the
sample, which could explain why two of the data points exhibit
a significantly higher disorder. The k-space data are presented
in the Supporting Information; these data were Fourier
transformed into r-space and an example of the r-space data
is shown as an inset in Figure 4a.

The average nearest neighbor Pb—Br bond distance, R, and
mean-squared relative displacement, 67, are calculated from fits
of the data using the EXAFS equation (see Methods section)
and theoretical functions for the Pb—Br peak calculated using
FEFF7.”" Because R is sensitive to the value of the asymmetry
parameter C;, and there is considerable noise in these data, C,
values were fixed to the values reported previously for ambient
pressure;'' the parameters R and ¢ are plotted in Figure 4a,b,
respectively. Our results show good agreement with previous
ambient pressure results.'" At 300 K, R decreases slightly with
increasing pressure up to 1.5 GPa while ¢* increases about 20%
with increasing pressure. Reducing the temperature decreases

both R and &%

B DISCUSSION
Local Structural Changes within PbBrg Octahedra

The global structural changes with pressure and temperature
are resolved by XRD. Local structural changes, however, like
Jahn—Teller distortions, Pb off-centering (emphanisis) or
decahedron formation, manifest only in the EXAFS because
they are averaged out in the structural refinement.'>>™>” Our
EXAFS measurements are sensitive to only local structural
changes within the PbBr4 substructure. The largest impact we
observe is an increase in 6> with pressure. This increase is likely
a result of a pressure-induced distortion of individual
octahedra, manifesting as small, inhomogeneous changes in
Pb—Br bond lengths or Br—Pb—Br intraoctahedral bond
angles. Homogeneous compression of the PbBrs octahedra
with pressure would lead to a reduction in R, rather than an
increase in 6> Only a very small decrease in R is observed in
Figure 4a, indicating that homogeneous compression of the
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Figure 4. (a) Pb—Br nearest neighbor distance R as determined from
EXAFS fits. 300 K data from two separately prepared DACs are
plotted with shaded and open blue squares (DAC1 and DAC2,
respectively). Data from the lower temperature measurements in
DAC?2 are plotted with green and red triangles. Error bars of 0.005 A
represent the range of R obtained when data reduction parameters
and FT ranges are varied for DAC2; variations for DACI are
somewhat larger. Systematic errors may be larger than 0.01 A. The
inset shows a representative Pb—Br PDF generated from a FFT of the
k-space data. (b) o for the Pb—Br bond as a function of pressure
from fits of the EXAFS data. Circles are data selected from Weadock
et al. at ambient pressure and comparable temperatures to those in the
current high-pressure experiments, following the same color scheme
as the data from this study.""

octahedra is minimal. We check this result by calculating the
bulk modulus B of a single PbBr4 octahedron to be 32.2 GPa,
as derived in SI.

This modulus is much larger than B determined from
Birch—Murnaghan equation-of-state fits to V(P) data obtained
from XRD. Therefore, we do not expect any uniform
compression of the PbBrs octahedra. If we instead consider
the effective spring constant of Br motion perpendicular to the
Pb—Br bond direction of 0.11 eV/A%'" B is reduced to 1.94
GPa, indicating that the octahedra are more susceptible to
shear-type deformations than uniform compression or dilation.
This B, is on the order of the pressures used in our
experiments, therefore we conclude that the increase in ¢
corresponds to a smearing of the Pb—Br bond length by = 0.07
A from atomic displacements of Pb or Br, in directions
perpendicular to the bond.

Alternatively, a pressure-induced Jahn—Teller distortion of
the octahedra could increase o” if the difference between the
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two Pb—Br bond distances is smaller than the minimum
resolvable splitting in our analysis of 0.16 A. This distortion
would also increase the asymmetry of the Pb—Br bond length
distribution, captured as the C; parameter; however, our data
are not of sufficient quality to quantify this. We note that
analysis of high-pressure X-ray total scattering measurements
of CsPbBr; also concluded that the PbBrs octahedra are
deformed under pressure.*’

B HELIUM INSERTION

Empirical structure maps, often inferred or developed for
inorganic perovskites, are often used to predict the phase
stability in hybrid organic inorganic perovskites. These maps
use parameters like the Goldschmidt tolerance factor and
octahedral factor to estimate whether a given ionic
combination will favor a high-symmetry cubic structure or a
distorted, lower-symmetry phase.”” Hybrid perovskites in-
troduce unique challenges particularly due to the organic
cation that combines dynamic movement with dipolar or
quadrupolar electrostatics and responds differently to applied
pressure than the inorganic framework.”*™*%*"** This often
leads to a complex phase behavior under compression. Indeed,
it has been proposed that increasing pressure could suppress
dynamic octahedral tilting in a manner analogous to cooling,
thereby stabilizing lower-symmetry phases at ambient temper-
atures.”’ However, this idea has been challenged by contra-
dictory results in oxide perovskites, where compressibility
differences between the octahedra and the A-site framework
lead to diverse and sometimes unexpected pressure
responses.’”

In this work, we investigate the insertion of an inert species,
specifically He, as a means to stabilize the cubic phase without
altering the chemical or electronic landscape of the material.
Experimental evidence supports the plausibility of this
approach. Figure 3 shows that the MAPbBr; unit cell volume
decreases by only 3—4% with a He PTM whereas the decrease
is 7—8% with an LiF PTM. We hypothesize that He inserts
into the cuboctahedral spaces where the MA™ cation resides.
“Filling” this space with an inert atom then provides
mechanical resistance to octahedral tilting and structural
deformations, increasing the bulk modulus. There are no
reports indicating that the unit cell volume increases for
MAPDbBr; samples compressed in He, in contrast to the
behavior observed for CaZrFs, CaNbF, and ScF,.**®* The
Pb—Pb distance in MAPbBr; is 5.93 A, significantly larger than
the corresponding distances of 4.04 A, 424 A, and 420 A in
ScF;, CaZrFg and CaNbFg, respectively.”’ This disparity
suggests that the spaces that He occupies in MAPbBr; are
larger than in the other systems, and therefore, He insertion
produces no observable effects on the unit cell volume.

Our findings are consistent with earlier high-pressure
studies. Zheng et al. reported that MAPbBr; maintained
cubic symmetry under pressure in the presence of He, with no
signs of amorphization.”® Jaffe et al, similarly observed
persistent Bragg peaks despite the appearance of a diffuse
scattering halo, again suggesting structural coherence in a
pseudocubic form.” However, in both studies, parameters
such as the rate of pressurization and duration of He exposure,
were not carefully controlled. These factors could significantly
affect the extent of He diffusion into the lattice. Notably, the
smallest compressibility is observed in powder samples that we
expect to have the largest He uptake due to a large surface area
and small particle size.
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We investigate this He-mediated stabilization hypothesis
mechanism below. Density functional theory is used to
calculate the thermodynamics of forming MAPbBr;He, (x =
0.5 and 1) under pressures ranging from 1 to 3 GPa. Figure $
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Figure S. Gibbs free energy changes, AG = AH — TAS, as a function
of the temperature and molar fraction of He insertion into MAPbBr;
at various pressures (kzT =~ 25.7 meV at 298 K).

plots the difference in calculated Gibbs free energies (AG)
between He-containing structures and their separate compo-
nents (MAPbBr; + He) as a function of temperature. We see
that the AG values are on the order of 0—10 meV/atom,
indicating that such incorporation is energetically accessible.
The thermal energy at ambient temperature (kT &~ 25.7 meV)
is greater than the calculated AG, suggesting that a pressure-
stabilized, He-containing structure could form at temperatures
that both overcome the free energy barrier for insertion and
provide an adequate diffusion coefficient of He into the
structure. Moreover, lower molar fractions of He (x < 1) are
more thermodynamically favorable, particularly at higher
pressures and lower temperatures. The less positive AG at
higher pressures is likely due to an increase in AS; the high
compressibility of He suggests that the molar volume of He in
the perovskite structure is greater than the molar volume in the
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condensed phase. These calculations point to partial He
incorporation as a realistic and effective route for stabilizing the
structure of open framework and hybrid materials.

The structural changes associated with He insertion are
investigated with ab initio molecular dynamics (AIMD)
simulations. The NPT ensemble is used to simulate the
MAPDbBr; and MAPbBr;He structures at 0.3 GPa and 300 K.
Figure 6a shows the 0 K DFT-optimized structure. X-ray
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Figure 6. (a) DFT-optimized structure of MAPbBr;He at 1 GPa. Teal
atoms are Pb, orange Br, blue N, dark gray C, light gray H, and pink
are He. Powder X-ray diffraction patterns (A = 0.4133 A) calculated
from the time-averaged structure of (b) MAPbBr; and (c)
MAPbBr;He,; over the AIMD simulations at 300 K and 0.3 GPa
(black), compared to the calculated diffraction pattern of the same
structures optimized with DFT at 0 K (green).

diffraction patterns are calculated from the 0 K DFT structures
and the 300 K AIMD average structures of MAPbBr; and
MAPDbBr;He at 0.3 GPa and are compared in Figure 6b,c. At
both temperatures, He resides between the MA*-occupied
cuboctahedral interstices on pseudocubic {110} planes. Global
structural changes are inferred from the calculated diffraction
patterns in Figure 6b,c. The pure MAPbBr; compound shows
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subtle changes in the structure between 0 and 300 K at 0.3
GPa. In Figure 6¢, however, it is clear that He insertion favors a
higher-symmetry structure at 300 K (fewer Bragg peaks)
compared to both the 0 K structure and the 300 K He-free
structure. This is a pseudocubic phase that remains structurally
coherent under conditions where the pristine material may
undergo a symmetry-lowering transition.

Helium insertion into MAPbBr; offers a promising pathway
for stabilizing the cubic phase and enhancing the structural
robustness under pressure. This robustness may be maintained
at ambient conditions if He does not leave the perovskite when
sealed in a device. Unlike ionic substitution, this approach
decouples structure stabilization from changes in electronic
properties, providing a valuable strategy for improving the
performance and durability of hybrid perovskites in photo-
voltaic and optoelectronic applications. More broadly, these
findings highlight the importance of pressure-transmitting
environments in high-pressure studies and suggest that inert
gas insertion may be a general tool for tuning phase stability in
soft, deformable crystal systems.

B CONCLUSIONS

In this study, we present a comprehensive pressure—temper-
ature phase diagram of MAPDbBr;, combining in situ
synchrotron X-ray diffraction and extended X-ray absorption
fine structure measurements. Our results extend the known
structural phase space of MAPbBr; to higher pressures (up to
1.5 GPa) and lower temperatures (down to 15 K) based on
crystallographic data, confirming that compression stabilizes
the orthorhombic phase and suppresses higher-symmetry
phases.

EXAFS analysis provided insight into the pressure depend-
ence of the local structural disorder. We observed a monotonic
increase in ¢® with pressure, suggesting PbBr, octahedra distort
rather than undergo homogeneous compression. This disorder
is distinct from the lower-symmetry dynamic local order
observed in LHPs at ambient pressure and warrants further
study of the subsequent effects on optoelectronic properties.

Finally, a notable outcome of this work is the experimental
and theoretical evidence of helium diffusion and intercalation
into the MAPDbBr; structure when used as a pressure-
transmitting medium. We show that helium incorporation
leads to a measurable reduction in compressibility and
stabilizes a pseudocubic structure under pressure. Density
functional theory and AIMD simulations predict that helium
atoms can occupy interstitial sites with minimal energetic cost,
suppressing octahedral tilting. We propose inert atom
intercalation as a pathway to enhance structural stability in
hybrid perovskites that circumvents the optoelectronic changes
associated with tailoring the Goldschmidt tolerance factor.
This insight may be extended to broader classes of hybrid
materials and offers promising strategies for the development
of robust materials for photovoltaic and optoelectronic
applications.
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Computational crystal structure data (ZIP)
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