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Abstract

Stable s? lone pair electrons on heavy main-group elements in their lower oxidation
states drive a range of important phenomena, such as the emergence of polar ground
states in some ferroic materials. Here we study the perovskite halide CsSnBr3 as an
embodiment of the broader materials class. We show that lone pair stereochemical
activity due to the Sn s? lone pair causes a crystallographically hidden, locally distorted
state to appear upon warming, a phenomenon previously referred to as emphanisis.
The synchrotron X-ray pair distribution function acquired between 300K and 420K
reveals emerging asymmetry in the nearest-neighbor Sn—Br correlations, consistent
with dynamic Sn?* off-centering, despite there being no evidence of any deviation from
the average cubic structure. Computation based on density functional theory supports
the finding of a lattice instability associated with dynamic off-centering of Sn?* in its
coordination environment. Photoluminescence measurements reveal an unusual blue-
shift with increasing temperature, closely linked to the structural evolution. At low
temperatures, the structures reflect the influence of octahedral rotation. A continuous
transition from an orthorhombic structure (Pnma, no. 62) to a tetragonal structure
(P4/mbm, no. 127) is found around 250K, with a final, first-order transformation at

286 K to the cubic structure (Pm3m, no. 221).



Introduction

Inorganic and hybrid main-group halide perovskites have attracted significant attention of
late for their excellent performance in optoelectronic applications, ease of preparation, and
abundant constituent elements.!”” In addition to being investigated for use in radiation
detectors and light emitting diodes,® the all-inorganic CsMX; (M = Ge, Sn, Pb; X = Cl,
Br, I) perovskites offer an opportunity to understand the crystal chemistry of the divalent
metal-halogen network without the added complexity introduced by the organic molecular
ions present in the heavily studied organic—inorganic hybrids. %12

These materials are distinguished from tetrahedral semiconductors and from transition
metal oxides in part by the presence of a s? lone pair on the divalent M-site cation. The
lone pair gives rise to strong optical absorption near the bandgap and an unusual band
structure, with the valence band comprising a mixture of cation s states and anion p states
and three conduction bands comprised of cation p states.!! A similar electronic structure
gives rise to a lattice instability in divalent group IV chalcogenides®® and monovalent group
III halides.'# Proximity to such a polar instability produces enhanced dielectric response
and thus may contribute to effective screening of defects in semiconductors.!*!> Recently,
a locally distorted state was reported in rock-salt group IV chalcogenides (SnTe,!® PbS,
and PbTe!”) upon warming on the basis of X-ray and neutron total scattering experi-
ments, wherein the crystal retains long-range cubic symmetry, but the cations move off
their nominal sites in a spatially or temporally incoherent fashion. This phenomenon has
been referred to as emphanisis, meaning the appearance of something (a low symmetry
state) from nothing (a high symmetry state) upon warming, in a manner that is contrary
to most crystals that attain lower symmetries upon cooling. Based on chemical and ther-
modynamic arguments, the authors proposed lattice expansion-induced lone pair stereo-
chemical activity as the mechanism for this unusual phenomenon, and in the case of SnTe
found qualitative differences between this emergent high temperature phase and the fer-

roic low temperature phase. Following these reports, a number of articles have appeared,
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seeking to clarify the lattice dynamics and local structure of these materials based on ab

18-21 22,23

initio calculations, extended X-ray absorption fine structure (EXAFS) spectroscopy,
neutron scattering, }*2425 X-ray diffraction,® and piezoresponse force microscopy.2! Most
agree that a high degree of anharmonicity of the cation potential well exists within the
region accessible at relevant thermal energies.

In contrast to systems that display such emphanisis, the typical phase evolution of
polar insulators, including ferroelectric oxides, is from a centrosymmetric high tempera-
ture phase to a non-centrosymmetric low temperature phase (or sequence of phases) with
spontaneous polarization. This conventional picture is true of materials with lone pair-
bearing metals (PbTiO;, BiFeO; with the lone pair on the A-site cations)?”?® and those
without (BaTiO3, KNbO3).2%3% Local structure probes have revealed a more complex pic-
ture of the phase transitions in some of these materials, wherein disordered local cation
displacements persist above the phase transition and average out crystallographically to a
high symmetry structure model.3"32 Notably, these disordered phases are emergent from
a low temperature phase with ferroic displacements, rather than from a high symmetry
undistorted phase, as has been proposed in the group IV chalcogenides.

The instabilities associated with lone pair-bearing d!'’s? cations and empty shell d°
cations in high symmetry environments are a consequence of the pseudo-Jahn-Teller ef-
fect,333* and predictors of ferroelectric instability based on simple chemical and geometric
factors have been enumerated.!® Based on these factors, we selected CsSnBr; for study
as an exemplar of the delicate balance of structural tendencies in the main-group halide
perovskites. In CH3NH3SnBr3, the larger A-site cation expands the lattice and leads to co-
herent Sn?* displacements in the orthorhombic phase®® and to local displacements in the
cubic phase.3¢ In contrast, CH;NH;PbBr; shows no signs of coherent displacements in the
low temperature phases®’ or local displacements in the cubic phase®® due to the lower-
ing of the Pb?* lone pair levels associated with relativistic effects. This strong influence

of the divalent cation is also evident in the iodides: The tendency for lone pair stereo-



chemical activity is strong in CsGels, resulting in a polar rhombohedral crystal structure
with 3+3 Ge coordination at ambient temperatures,® while the high performance photo-
voltaic CH3NH;3PbI; adopts orthorhombic, tetragonal, and cubic phases without coherent
Pb?* displacements®® and shows no signs of local displacements at ambient temperature. 3
CsSnF;, with strong lone pair stereochemical activity due to the hard fluoride anions, exists
not as a perovskite, but rather as a salt of Cs™ and [SnF3]~ pyramids.*°

Here, we report the phase evolution of the halide perovksite CsSnBr; from 100K to
420K, including the first observation of a dynamic instability in the cubic phase (7" >
290 K) characterized by local off-centering of Sn?" cations at elevated temperatures. In
other words, CsSnBr3 displays emphanisis, in a manner very similar to the chalcogenides
such as PbTe. These local distortions are evident in the pair distribution function obtained
from neutron and X-ray total scattering studies between 300 K and 420 K. Ab initio calcu-
lations of lattice dynamics, electronic structure, and dielectric properties of CsSnBr; and
related phases support this interpretation, and suggest that the s? lone pair electrons of
the main-group cation are responsible for this instability. Photoluminescence measure-
ments reveal a blue-shift of the bandgap with warming which becomes markedly more
temperature-dependent in the cubic phase. We report the complete high resolution crystal
structures for the cubic (300K) and orthorhombic (100K) phases of CsSnBr; from neu-
tron and synchrotron X-ray powder diffraction, and for the tetragonal (270K) phase of
CsSnBr; from synchrotron X-ray powder diffraction. The structures of the tetragonal and
orthorhombic phases demonstrate that at reduced temperatures, the tendency for Sn** to
off-center is suppressed by the competing tendency for octahedral rotations that enhance
electrostatic binding and increase the coordination of the undersized A-site cation. Ab
initio calculations of the lattice dynamics of the orthorhombic phase confirm that it is the
ground state structure, highlighting the categorical difference between the phase evolu-
tion of ferroelectric oxides and that of CsSnBrs3;, where cation displacements exist only at

elevated temperatures.



Experimental Section

CsSnBr; was prepared by reacting SnBr, (Sigma-Aldrich, 20 mmol, 5.570g) and CsBr
(99.9 % Sigma-Aldrich, 20 mmol, 4.256 g) in a fused SiO, tube (13mm OD, 11 mm ID),
which was evacuated to 102 mbar and flame sealed. The silica tube was placed in a fur-
nace and heated to 600° C over 6 h, held at this temperature for 3 h, followed by cooling
down to ambient temperature over 3h. The reaction resulted in a shiny black ingot of
CsSnBr;. The ingot was isolated by breaking the ampoule in a N,-filled glovebox as a pre-
cautionary measure. The compound is air-stable and suffers only surface damage when
exposed to humid air.

High-@ resolution X-ray diffraction data were collected from 100K to 300K using the
11-BM beamline at the Advanced Photon Source (APS), Argonne National Laboratory
(ANL) utilizing a calibrated wavelength of 0.45898 A. The CsSnBr; sample (0.1 mmol,
27.8 mg) was transferred into a mortar and ground together with fused SiO, (0.9 mmol,
54 mg) into a homogeneous gray powder to reduce the absorption coefficient of the sam-
ple relative to the neat CsSnBr; material. The resulting powder was transferred to a fused
SiO, capillary with a 0.5mm OD and filled up to approximately 2 cm in height. Subse-
quently, powdered, fused SiO, was added and the capillary was evacuated to 10~ mbar
and flame sealed through the fused SiO, powder to prevent the loosening of the powder
during evacuation and to ensure a more homogeneous sealing of the capillary. Time-of-
flight (TOF) neutron diffraction data were collected at 100K and 300K on the POWGEN
diffractometer at the Spallation Neutron Source (SNS), Oak Ridge National Laboratory
(ORNL). The CsSnBr; ingot was broken into pieces, taking care to remove the top 1 mm to
2mm that could be a potential source of impurities. Pieces of the ingot were transferred
into a mortar and thoroughly ground to a fine powder. The powder was filled into a 6 mm
vanadium can and was subsequently compressed tightly. The total mass of the sample for
the neutron experiment was 4.381g. The packed vanadium can was then sealed tightly

under a N, atmosphere. Data were collected for a total time of 2h on banks 2 and 4 with
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a central wavelength of the TOF neutrons chosen to be 1.066 A and 2.665 A, respectively.
TOF neutron total scattering experiments were performed at 300 K and 420 K utilizing the
Nanoscale Ordered Materials Diffractometer (NOMAD) at the SNS located at ORNL with a
collection time of approximately 2h to 4 h per sample.*! The sample was the same as that
for the POWGEN experiment. An empty 6 mm vanadium can was collected and subtracted
as background. The pair distribution function (PDF), G(r), was obtained by the transfor-
mation of the normalized total scattering function, S(Q), with a @,;, = 0.5 A1 and Q,,u.
= 31.5 A1, Synchrotron X-ray total scattering measurements were collected on the 11-ID-
B beam line at the APS located at ANL with a photon wavelength of 0.1430 A from 100K
to 420K. A sample of fine powder, obtained by means described above, was transferred
into a Kapton capillary (1.1 mm OD, 1.0 mm ID) tightly compacted to ensure the maximum
packing fraction. Both ends of the capillary were sealed with epoxy and stored in a N, at-
mosphere prior to the measurement. Data were collected every 2 minutes upon cooling

at a rate of 6 K min—!

. Corrections to obtain the S(@)) and subsequent Fourier Transform
with a Qynqr 0f 23 A" to obtain the G(r) was performed using the program PDFgetX2.4
Rietveld refinements were carried out on the diffraction data to obtain the average
crystallographic structure using the GSAS software suite with the EXPGUI interface. 4344
The local structure was investigated via analysis of the real-space PDF using the PDFgui
software suite.* Correlated motion in the PDF was modeled using the sratio and rcut pa-
rameters, which account for effects on the PDF due to correlated motion of rigid structural
units. An rcut value of 5 A was specified, which corresponds to the approximate Br-Br dis-
tance in the SnBrg. Crystal structures were visualized using the VESTA suite of programs. 4
All calculations were performed with the Vienna Ab initio Simulation Package (VASP),4">0
which implements the Kohn-Sham formulation of density functional theory (DFT) using
a plane-wave basis set and the projector augmented wave formalism.>!>?> The general-

ized gradient approximation (GGA) was employed using the Perdew—Burke-Ernzerhof

(PBE) exchange and correlation functional for total energy and electronic structure cal-



culations,? and the PBEsol functional for calculations of phonon dispersions and dielec-
tric properties.®* In each case, calculations were performed from structures with lattice
parameters relaxed with the corresponding functional. Valence electron configurations
were as follows: Cs, 5s25p®6s!; Br, 4s24p®; Sn, 5s24d'°5p?; Pb, 6s25d'°6p?; Ca, 3s23p®4s2.
Plane wave basis set cutoff energies and I'-centered Brillouin zone sampling densities were
chosen based on the convergence of total energy in structure relaxations (PBE: 500 eV cut-
off, 8x8x8 Monkhorst-Pack sampling,*® « =5.894 A; PBEsol: 520 eV cutoff, 11x11x11
Monkhorst-Pack sampling, a = 5.759 A). For calculation of the electronic density of states,
a denser 24 x24x24 k-point mesh was employed. Born effective charge tensors, high fre-
quency dielectric tensors, and static dielectric tensors (including local field effects) were
calculated using density functional perturbation theory (DFPT).>®

Energy surfaces for displacement of the divalent cation were calculated for both a prim-
itive cell and a 2x2x2 supercell, wherein total energy per formula unit was evaluated as
a function of rigid cation displacement along the high symmetry directions and of lattice
parameter contraction or expansion. For the 2x2x2 supercell study, all symmetrically dis-
tinct combinations of high symmetry real-space displacement directions (<100>, <110>,
<111>) and high symmetry reciprocal-space vectors (I', X, M, R) modulating the displace-
ments from site to site were considered. The k-point density was kept the same for the
supercell calculations.

The frozen phonon approach was employed to calculate the force constants for CsSnBrs;.
Forces resulting from single atomic displacements (0.1 A) were collected with VASP, and
a least-squares fit between perturbations and collected forces was used to determine har-
monic force constants.”” The Born effective charges and dielectric tensors evaluated from
DFPT were used to calculate the non-analytic correction for the dynamical matrix due to
long-range Coulomb interactions. For the cubic phase, a 3x3x3 supercell (135 atoms)
was used with a 4x4x4 I'-centered k-point mesh, while for the orthorhombic phase, a

2x1x2 supercell (80 atoms) with a 4x6x4 I'-centered k-point mesh was employed.



To screen candidate crystal structures for the low temperature phase of CsSnBr3, sym-
metrized displacement modes associated with M, and R; irreducible representations of
the M and R points of the first Brillouin zone in the parent Pm3m structure were found
with the ISODISTORT>® module of ISOTROPY (ISOTROPY Software Suite, iso.byu.edu).
The 15 unique octahedral tilt systems as described by Howard and Stokes®® were then
enumerated through the application of the M, and R, displacement modes of the Br sub-
lattice. Structural relaxations of all tilt systems were carried out in 2x2x2 supercells of
the primitive cell with a 6x6x6 k-point mesh centered at the I" point until the forces on
atoms reached <10 meV A~'. Symmetries of the relaxed structures were verified using
the FINDSYM®® module of ISOTROPY.

Differential scanning calorimetry was recorded on ground 5.9 mg sample using a DSC
Q-2000 calorimeter from TA Instruments. The temperature was swept from 123 K to 323 K
at a rate of 10 K min~! for 2 cycles. Visible-near infrared photoluminescence spectra
were recorded in a THMS600PS Linkam optical cell with a heating-freezing stage, under
dynamic vacuum. The excitation beam (532 nm laser, 10 mW) was focused on the sample
via a lens with a focal length of 75 mm in a quasi-backscattering geometry. Emitted light

was analyzed in a double monochromator and detected with a photomultiplier.

Results & Discussion

Average and Local Structure of Cubic CsSnBr;

Joint Rietveld refinements of the X-ray and neutron diffraction data at 300K (Figure 1,
Table 2) indicate the data is well described by the cubic space group Pm3m (no. 221)
with Cs™ in the 1a Wyckoff site at (0,0,0), Sn?* in the 10 site at (3, 3,3), and Br™ in
the 3¢ site at (0, %, %). The cation sites are modeled with isotropic atomic displacement

parameters (ADPs, reported in U,,,), while the Br anions exhibit large anisotropic ADPs

perpendicular to the Sn—Br bond of the SnBrg octahedral units, indicating a high degree of
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Figure 1: Fits obtained from the joint Rietveld refinement against Pm3m of (a) X-ray and
(b) TOF neutron diffraction data collected at 300 K. Inset: analysis of the diffraction data
indicates enlarged ADPs (shown at 90 % probability) on the Cs and Br sites. In particular,
Br ADPs are anisotropically enlarged perpendicular to the Sn—Br bond, highlighting the
presence of dynamic octahedral rotations in the flexible Sn—-Br framework.
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structural disorder of the Br atoms normal to the Sn—Br-Sn bonds. These large transverse
displacements arise from the flexible nature of the partially covalent Sn-Br octahedral
network, as well as the very low Cs-Br bond valence, and suggest there are dynamic

octahedral rotations at this temperature.
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Figure 2: X-ray PDF data for CsSnBr; over a range of 300K to 420K. (a) Emergence of
peak asymmetry in the Sn—Br correlation distance can be observed upon warming, while
(b) the data over 2 A to 20 A indicate no apparent change over longer r correlations.

A qualitative comparison of the X-ray PDFs between 300 K and 420K reveals the emer-
gence of a peak asymmetry of the first peak to high-r upon warming, which corresponds
to the Sn-Br correlation in CsSnBr;. However, no apparent changes in this temperature
range can be distinguished over 2 A to 204 as the data tends towards an average, crystal-
lographic picture. Peak asymmetry of the first Sn—Br correlation can also be observed in
the neutron PDF and is illustrated in the supporting information (Figure S1).

Fits of the X-ray PDFs between 300K and 420K were performed against the Pm3m
model obtained from the joint Rietveld refinement of the diffraction data at 300K over
ranges of 2A to 5A and 24 to 50A. Results are summarized in Figure 3. The ADP val-
ues obtained from the 2A to 5A fit were highly correlated and did not yield a stable
refinement, and therefore only ADPs from the 2 A to 50 A fit are shown. In general, ADPs

increase with temperature as expected due to increased thermal motion of atoms about
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Figure 3: Select parameters obtained from fitting of the X-ray PDF at 420 K over a fit range
of 2A to 5A (filled orange circles) and 2A to 50A (open blue squares) with structural
model Pm3m. (a) Sn isotropic and (b) Br anisotropic ADPs both increase with increasing
temperature. (c) Comparison of the trend in lattice parameters with increasing tempera-
ture indicates an increase for the 50 A fit due to thermal expansion. (d) R, values obtained
from the temperature series indicates a decreasing R,, with temperature over the 50 A fit
(i.e. the cubic model becomes a better description of the long range symmetry with warm-
ing), whereas an increasing R,, is observed for the 5 A fit (i.e. the cubic model becomes a
worse description of the local structure with warming).

their crystallographic sites. The Br ADPs remain anisotropic as was observed in the Ri-
etveld refinement. Due to the large transverse motion of the Br atoms with respect to
the Sn-Br bond, the evolution of the lattice parameters over the 2 A to 50 A fit range was
investigated. Similar large transverse motion of anions has been observed in ReO3, which
may be responsible for apparent negative thermal expansion in the material. %2 However,
lattice parameters exhibit an increase with temperature, following typical thermal expan-
sion behavior. By looking at the R,, goodness-of-fit parameter, it can be seen that the R,
values against the cubic model show a decrease with increasing temperature over the 2 A
to 50 A fit range. This indicates that the data is better described by a cubic space group as
the temperature increases. This is in agreement with the average, crystallographic struc-
ture at these temperatures. However, the R,, values of the data over a 2A to 5A fit range
increase with temperature, indicating the data is more poorly described by the cubic model

as the temperature increases: The sample is locally deviating from cubic symmetry upon
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warming.

In the cubic Pm3m structure we would expect a single Sn—Br correlation in the PDF,
and therefore does not capture the peak asymmetry as was illustrated in the 2 A to 5 A fits
of the X-ray PDF data. Geometrical considerations of the local atomic interactions could
help elucidate the origin of the observed asymmetry in the Sn—Br correlation. For example,
the enlarged perpendicular anisotropic ADPs of the Br atoms could result in a distribution
of Sn—Br correlations at and above the nominal Sn—Br bond distance, which would appear
as peak tailing to high r. Alternatively, a rhombohedral off-centering of the Sn?* (towards
the face of the SnBrg octahedra along the [111] crystallographic direction) would result in
two Sn-Br correlation distances. If this off-centering is dynamic, this could appear as an

asymmetric peak at the nominal Sn-Br correlation distance.

G(r) (A?)

r(A)

Figure 4: (a) Fits of the X-ray PDF at 420K with three models of the Br ADPs in space
group Pm3m: isotropic ADPs (U,,,; U1y = U,y = Uss), anisotropic ADPs obtained from the
joint Rietveld refinements of the average structure (U,,;; U1 < Uss = Usz), and exagger-
ated anisotropic ADPs (exaggerated; U;; << U,y = Us3). (b) Comparison of the difference
curves for the fits of the three models indicates none are able to capture the peak asym-
metry of the Sn—Br correlation at approximately 2.8 A, but anisotropic ADPs are necessary
to accurately model the second peak, comprised of Cs—Br and Br-Br correlations. Illustra-
tions of the Sn—Br-Sn interactions in the three models are shown to the right: i. U, ii.
Uani, and iii. exaggerated, with ADPs shown at 90% probability.

To investigate the effect of anisotropic Br ADPs on the PDF, three Pm3m structural mod-

els were constructed and fit over a 2 A to 5 A range against the X-ray PDF at 420 K: isotropic
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Br ADPs set to the U,, value obtained from the 300 K Rietveld refinement (U} =Us;,=Us3=
0.107), anisotropic Br ADPs set to the values obtained from the 300 K Rietveld refinement
(U11=0.026; Uy =Usz3= 0.1443), and anisotropic Br ADPs with an exaggerated perpendic-
ular component (U;;=0.026; Uy =Usz3= 0.4). For all three models the Br ADPs were held
constant while other parameters (overall scale, lattice parameter, correlated motion, Sn
Ui, and Cs U,,,) were allowed to refine freely. It is observed that the anisotropic ADPs
are essential for an accurate description of the second peak in the PDF, as this peak is
dominated by Br-dependent correlations (Cs—Br and Br-Br). While the anisotropic ADPs
do seem to do a better job of describing the first PDF peak by an effective shift in the
central r-distance of the modeled Sn—-Br correlation, they are unable to describe the ob-
served asymmetry. This is indicative that the data cannot be explained by anisotropic
ADPs alone; however, it must be recognized that this may be due to a limitation of PDFgui,
which applies the harmonic approximation and thus generates Gaussian peak shapes. 5354
Therefore, if a harmonic approximation is assumed, a two-peak model, such as that of a
rhombohedrally-distorted local symmetry, may provide a better description of this peak
within the limitations of the analysis.

To model local Sn?* displacement directions against the X-ray PDF data at 420K, var-
ious crystallographic structures with prototypical ferroic displacements in perovskite ma-
terials were used: cubic Pm3m (no Sn** displacement), tetragonal P4mm (no. 99) (Sn**
displacement along the <100> towards a corner of the SnBrg octahedron), orthorhombic
Amm?2 (no. 38) (Sn?* displacement along the <110> towards an edge of the SnBrg octa-
hedron), and rhombohedral R3m (no. 160) (Sn** displacement along the <111> towards
a face of the SnBrg octahedron). Starting structural models were obtained by transforming
the refined cubic Pm3m structure into the various lower symmetry space groups, which
were subsequently refined against the 300 K Rietveld data. To avoid excessive correlations
of parameters during the refinements of the PDF data, anisotropic Br ADPs were fixed to

those obtained from the Rietveld fits, while other parameters were allowed to refine.
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Figure 5: Fits of the X-ray PDF at 420 K against known prototypical ferroelectric perovskite
space groups: (a) Pm3m (cubic, no Sn displacement), (b) P4mm (tetragonal, Sn displace-
ment along <100>), (¢) Amm2 (orthorhombic, Sn displacement along <110>), and (d)
R3m (rhombohedral, Sn displacement along <111>). A rhombohedral displacement of
approximately 0.2 A provides the best description of the asymmetric Sn—-Br peak over a
fit range of 2 A to 5 A, while cubic symmetry more accurately captures the features over a
longer r-range (2 A to 20 A). Tlustrations of the Sn2*+ displacements in the SnBrg octahedra

G(r) (A®)

are shown to the right of each fit.
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As previously seen in the 300 K to 420 K temperature series, the cubic space group does
not describe the asymmetric shape of the first peak in the X-ray PDF at 420 K. A similar fit
is obtained with the tetragonal P4mm structure. Displacement of Sn** towards the corner
of an SnBrg octahedron results in a narrow distribution of one short, four intermediate,
and one long bond lengths, which effectively creates peak tailing to both high- and low-r
of the main Sn-Br correlation. Similarly, a displacement of Sn*>" towards the edge of the
octahedron results in a distribution of two short, two intermediate, and two long bond
lengths, and once again does not describe the asymmetric shape. However, displacement
towards the face of the octahedron results in three short and three long Sn—-Br bond dis-
tances, which would appear as two peaks in the PDF. Indeed, over a 2A to 5A fit range,
the rhombohedral model provides the best comparative fit to the data, capturing the peak
asymmetry as a superposition of two Sn-Br correlations with a small r separation, cor-
responding to an Sn2* off-centering of approximately 0.2 A. This observed off-centering
could arise from stereochemical activity of the 5s* pair of electrons associated with Sn**
driven by lattice expansion upon warming. The local rhombohedral distortion appears as
two overlapping peaks, in contrast to that of the local rhombohedral distortion observed in
BaTiOs, 3% where there are two distinct first correlation peaks. This is proposed to be an
effect of dynamic displacement within the octahedra rather than the static displacement
observed in BaTiO3. This modeling approach limits the resulting local structure models to
those of cation displacements along high symmetry directions. More complex stochastic
approaches, such as those recently employed in understanding the nature of distortions
in BaTiO3,% suggest the way forward for bias-free determination of local distortions and
their correlations, but are beyond the scope of this work. Nonetheless, our results do indi-
cate that local Sn** displacements are the likely cause of the observed peak asymmetry at
elevated temperatures, and that among the high symmetry directions, these displacements
are preferentially along <111>. This is also corroborated by DFT calculations as described

in the next subsection.
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Figure 6: Evolution of Sn?" displacement from the center of the SnBrs octahedron with
increasing temperature as determined from fitting the X-ray PDF over a range of 24 to
5A against the rhombohedral R3m model. Displacement from the center increases with
increasing temperature. On cooling, the displacement does not reach zero (Sn?* in the
center of the octahedron) in the cubic phase due to the onset of a phase transition to a
tetragonal structure at 286 K.

The degree of Sn?* displacement from the center of the SnBrg octahedron as a function
of temperature was determined by refinement of the X-ray PDF data against the rhom-
bohedral R3m model. Refinements were performed over a fit range of 2A to 5A and
a temperature range of 300K to 420K. The degree of displacement is seen to increase
with temperature, and attributed to enhanced stereochemical activity with expansion of
the lattice. This is reported to drive a crossover from a local, lone pair-inactive state to
a local, lone pair-active state in rock-salt tin and lead chalcogenides.'® In contrast with
the chalcogenides, the local displacement of Sn* in cubic CsSnBr; does not appear to go
continuously to zero displacement on cooling, and is instead suppressed discontinuously

as the crystal undergoes a phase transition to a tetragonal structure at 286 K (vide infra).
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Ab Initio Studies of Cubic CsSnBr;

Ab initio calculations of lattice dynamics, electronic structure, and dielectric properties of
CsSnBrj; are consistent with this propensity for off-centering of Sn?* and confirm that these
displacements are preferentially along <111>. Additionally, comparison with isostructural
but chemically distinct phases illustrates the importance of s? lone pair electrons in this
coupled electronic-lattice instability. The electronic band structure and orbital-projected
density of states, calculated at the PBE level with and without spin-orbit coupling (SOC),
are presented in Figure 7. The PBE exchange and correlation functional is known to poorly
reproduce excited state properties, and thus underestimate bandgaps. Apart from the
magnitude of the bandgap, our results agree in the essential aspects with those of Huang
and Lambrecht, from self-consistent quasiparticle calculations.!! Similar to other inorganic
main-group halide perovskites, the band structure is “inverted,” with a single valence band
with primarily Sn(s)-Br(p) anti-bonding character, and a triply degenerate (in the absence
of SOC) conduction band minimum of primarily Sn(p) character.!%%7

The Sn** lone pair electrons are rather shallow relative to the Fermi energy. Strong
overlap between occupied Sn(s) and Br(p) states produces a o-like band at ~4 eV below
E; and the o*-like valence band. This interaction pushes the antibonding Sn(s) states up in
energy, bringing them close in energy to the unoccupied Sn(p) states, which tends to pro-
mote lone pair stereochemical activity.®®-72 Additionally, cross-gap mixing of cation (p) and
anion (p) states is evident, which has been associated with elevated Born effective charges,
giant splitting between longitudinal and transverse optical modes (LO/TO splitting), and
polar instability in perovskite oxides.”>7® Systems with these electronic features exhibit a
strong electron—phonon coupling (and atomic displacement—polarization coupling), with
implications for charge transport and defect tolerance.

Comparison with isostructural CsPbBr; and CsCaBr3 allows us to examine the influence
of the s? lone pair electrons on the electronic structure and lattice dynamics: Pb** is

predicted to have a lesser tendency for stereochemical activity due to greater relativistic
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Figure 7: Electronic band structure and projected density of states (DOS) of CsSnBrs,
illustrating the “inverted” band structure typical of main-group halide perovskites. The
valence band is formed from the antibonding interaction between Sn(s) and Br(p) orbitals.
The regions near the conduction band minimum are triply degenerate in the absence of
spin orbit coupling and are primarily derived from Sn(p) orbitals. The modest effect of
spin orbit coupling is evident.

3 and Ca?* lacks a lone pair as it is fully oxidized to the

stabilization of the lone pair,?
electron configuration of Ar. The electronic band structures and densities of states of
CsPbBr3 and CsCaBr; are presented in the supplementary information, Figures S2 and S3.
The band structure of CsPbBrj; is similar to that of CsSnBr;, but the competing effects of
longer metal-Br bond length, reduced ionicity of metal-Br interaction, and stronger spin-
orbit coupling result in a wider bandgap and larger carrier effective masses at this level of
theory. The large electronegativity difference between Ca and Br causes CsCaBr; to be an
insulator, with rather localized electronic states. We return to the comparison with these
related phases presently.

Calculated Born effective charges and dielectric responses are also indicative of a polar
instability, and are presented in Table 1. The Born charges of CsSnBr; and CsPbBr; are
significantly elevated above the nominal divalent charge, consistent with substantial cova-
lency and a large polarization response to ion displacement (or equivalently, a large force

on the ions in response to electric fields). CsCaBrs, in which the divalent cation lacks a

lone pair of s? electrons, stands apart: The Ca®" Born charge is much more similar to the
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formal charge for this highly electropositive cation, which implies the restoring forces are
reasonably described by a simple ionic picture.

The same relative trend is present in the both the high frequency and static permit-
tivities. There is a very large difference between the purely electronic and combined
electronic—ionic dielectric response in CsSnBrs, which is equivalent by the Lydanne-Sachs-
Teller relation to a large LO/TO splitting. In the divalent group IV chalcogenides, Wagh-
mare and coworkers have identified large LO/TO splitting as a strong predictor for lone
pair stereochemical activity.'*> Du and Singh have identified a similar giant LO/TO splitting
in the radiation detector TIBr (with similar electronegativity difference to Sn and Br) and
have proposed this proximal instability as a mechanism for defect screening and robust
carrier transport.* While the static dielectric constants of CsPbBr; and CsCaBr; are both
substantial (due in part to the soft potential well for Cs™ displacement, which is highly un-
dercoordinated in the cubic phase, vide infra), they are much lower than that of CsSnBrs;.
This is consistent with our prediction that CsPbBr3 should be further from this off-centering
instability'® and that there is no off-centering instability at all for CsCaBr; (all three sys-
tems exhibit an instability to octahedral rotations in the cubic phase due to the non-unity
tolerance factors, but this is not reflected in the dielectric response because these modes

do not contribute to the polarizability of the crystal).

Table 1: Born effective charges (Z;,) of the central metal cation M**, high-frequency
dielectric permittivity (e.,), and static dielectric permittivity (¢y) for CsMBrs.

Zy (e) €oo €0
CsSnBr3 5.1 6.5 68.3
CsPbBr;3 4.3 4.8 22.1
CsCaBrs3 2.5 3.1 17.5

Energy surfaces for displacement of the octahedrally coordinated divalent cation along
the high symmetry directions for CsSnBr3, CsPbBr3;, and CsCaBr; are given in Figure 8(a)
as a function of lattice expansion or contraction. All directions are referenced to the parent

cubic cell. Such calculations on a single formula unit necessarily imply a ferroic ordering

20



of cation displacements. Nonetheless, important qualitative differences emerge, and we
find that these features are robust in more complex supercell calculations (vide infra). As
there is minimal band reorganization due to spin-orbit coupling (Figure 7), we omit this
computationally costly correction for our lattice dynamical studies.
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Figure 8: (a) Energy landscape for cation displacement in cubic CsMBr; along high symme-
try directions at various compressed and expanded lattice parameters, a = a,,m, (1 + Aa).
An instability is evident in CsSnBr; and CsPbBr3: An energy minimum develops off the
nominal crystallographic position upon lattice expansion. This effect is notably absent in
CsCaBrs3, which lacks a lone pair of s? electrons. (b) The electron localization function
(ELF) of CsSnBr3 on a (200) slice of the unit cell (a plane through the nominal Sn site),
with Sn2* displaced 0.4 Aalong [111] and Aa = 5 %, corresponding to the deepest well
in (a). The contour at ELF = 0.45 shows clearly the localization of the 5s? lone pair into a
lobe opposite the direction of ion displacement. The regions of strong localization around
Br— are indicative of the non-bonding electrons in the Br p orbitals orthogonal to the sp
hybridized Sn—Br bonds.

At the relaxed value of the lattice parameter (Aa =0 %), we see simple potential wells
for cation displacement, with <111> the softest directions. Upon lattice expansion, the
potential wells in CsSnBr; and CsPbBr; soften substantially, taking on a highly anhar-
monic shape. Above a critical value of the lattice expansion (~ 2% for CsSnBrs, ~ 4% for
CsPbBr3), the energy minimum moves off of the nominal crystallographic site. Notably,
for lattice parameters of a few percent over the relaxed value (consistent with the ex-
tremely large linear coefficient of thermal expansion, a, = 35ppmK~!, determined from

real-space fitting to the CsSnBr3 X-ray PDF) we observe energy minima at displacements
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on the order of tenths of an Angstrom, with depths on the order of kgT. These displace-
ments are well within the resolution of PDFs calculated from X-ray and neutron scattering,
and are in essential agreement with the separation of the high-r shoulder and the main
peak for the first Sn—Br correlation from experiment at elevated temperatures (Figures 2,
5). The shallow depth of the energy wells relative to the available thermal energy is con-
sistent with these displacements being dynamic in nature. At the relaxed lattice parameter,
cubic CsSnBr3 and CsPbBr; are both proximate to an instability characterized by dynamic
off-centering of the lone pair-bearing main-group cation. This instability can be activated
by lattice expansion. CsPbBrj is further from this instability as expected from the lesser
tendency for lone pair stereochemical activity of Pb**+.13

Importantly, this feature is absent in the perovskite CsCaBr;, which lacks a lone pair
on the divalent cation. Ca?* is chosen for comparison because of its identical ionic radius
to Sn?* in octahedral coordination, as calculated from bond valence sums in oxides.””"7®
Because effective ionic size depends on the ligands, CsSnBr; and CsCaBr3 have different
relaxed lattice parameters. To ensure that a similar feature does not develop on further
lattice expansion, calculations on CsCaBr3 were carried out up to a lattice parameter of
10% over the relaxed value. No such feature developed, and the data is omitted from
Figure 8(a) for clarity. There is no covalent driving force for Ca?* displacements in cubic
CsCaBr3 because there are no lone pair electrons to mix with the orbitals of the ligands.

Visualization of electronic structure in real space via the electron localization function
(ELF) provides additional information about the role of the lone pair in this lattice in-
stability. The ELF is a real space scalar field which measures the spatially resolved effect
of Pauli repulsion (essentially, the difference in kinetic energy between otherwise equiv-
alent systems of fermions and bosons), and which may be used to classify electrons as
bonding, non-bonding, or core based on topological analysis.”® A 2-D slice of the ELF of
CsSnBr; along (200) is presented in Figure 8(b), for the case where Sn?* is displaced along

[111]. An asymmetric lobe of elevated localization opposite to the direction of cation dis-
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placement is indicative of the broken inversion symmetry of the lone pair that has become
stereochemically active. In the undistorted case, the lone pair retains octahedral symmetry
and the corresponding local maximum of the ELF occurs on a symmetric shell about Sn?*
rather than at a point away from the nucleus as it does here. The stereochemically active
lone pair localizes as a lobe opposite the direction of cation displacement.

To investigate the importance of spatial coherence (ferroic ordering) of cation displace-
ments, we consider high symmetry displacement patterns of Sn?>* in a 2x2x2 supercell.
The resulting energy surfaces are given in Figure 9 for an expanded lattice parameter
(Aa =5%). The anion and A-site sublattices are rigidly fixed and all distinct combinations
of high symmetry real-space cation displacement directions and high symmetry reciprocal-

space vectors describing the spatial modulation of displacements are considered.
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Figure 9: Energy landscape for symmetrically distinct high symmetry displacement pat-
terns of Sn?* for a 2x2x2 supercell, with expanded lattice parameter, Aa =5%. The
nominal real-space directions of cation displacement are indicated, as well as the high
symmetry reciprocal-space vectors describing the alternation of displacements from octa-
hedron to octahedron along each of the cubic axes. Only Sn?* is displaced; the A and X
sublattices are unperturbed.

The I'-like displacements are identical to the ferroic case presented above and are the
most energetically favorable for all directions considered. For displacements along <100>
and <110>, other orderings where the sign of the displacements are modulated along

vectors orthogonal to the displacements themselves are similarly favorable (100 X, 001
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M, 101 X; no such scenarios are possible for <111> displacements). Thus, the domi-
nant unfavorable interaction is the displacement of neighboring Sn?* ions towards each
other, suggesting that displacements are locally coherent (in fact, this feature may indi-
cate a tendency for “chain-like” ordering of displacements, as in BaTiO3%%). The potential
well is sufficiently shallow relative to the available thermal energy that the cations do not
localize and break global inversion symmetry, but rather explore this 8-well potential dy-
namically (local minima along each of the <111> directions). Big box calculations that
consider more complex displacement patterns (that is, reciprocal-space vectors other than
only those at the Brillouin zone edges) may provide more information about the nature
of fluctuating polar nanodomains, though we expect that such energy surfaces would be

bracketed by the stiffest and softest curves presented in Figure 9.

Impact of Dynamic Off-Centering on Properties

In addition to its importance for our fundamental understanding of lone pair electrons in
the solid state and the coupling between electronic structure and lattice dynamics, this dy-
namic lone pair stereochemical activity has significant implications for material properties
and functionality. Indeed, any property which couples to the lattice will be influenced by
the strong anharmonicity that emerges on warming.

The experimentally observed cell volume, extracted from real-space fitting of the X-ray
PDFs over the 20 Ato 50 Arange, and the temperature dependence of the photolumines-
cence (PL) emission peak energy is presented in Figure 10 (raw PL spectra are given in the
supporting information, Figure S4). Of note, volumetric thermal expansion is extremely
rapid (3 = 121 ppm K~! at 276 K, fully two-thirds the value for liquid Hg, and just smaller
than that of CsSnl;!%). This rapid thermal expansion may itself be a consequence of lone
pair-induced anharmonicity. Upon warming to the cubic phase, § is somewhat reduced,
possibly due to a negative contribution from dynamic octahedral tilts as in ReO3°! and

SCF3.81
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Figure 10: Experimental evolution of unit cell volume and photoluminescence (PL) emis-
sion peak energy, E'p;,, with temperature. (a) The volumetric thermal expansion coefficient
is 12% larger below the tetragonal-cubic transition than in the cubic phase, and is among
the highest reported for any inorganic solid.'° (b) The energy of the PL peak blue-shifts
with temperature between 80 K and 480 K, consistent with the effects of volumetric expan-
sion on the “orbital-inverted” electronic structure. The blue-shift becomes 77% more rapid
in the cubic phase, despite the more gradual thermal expansion, suggesting a substantial
contribution from dynamic Sn?* displacements.
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To understand the rapid blue-shift of the PL emission peak, we computed the electronic
bandgap and band edge positions as functions of lattice expansion and Sn** displacement.
The results, as well as a qualitative band diagram constructed from molecular orbitals,
are presented in Figure 11. The bandgap of CsSnBr; widens on lattice expansion due to
simultaneous narrowing and stabilization of both the valence and conduction bands, con-
sequences of their antibonding character. This is in opposition to the computed behavior
of CsCaBr3 which, like group IV, III-V, and II-VI semiconductors, has a bandgap between
bonding and antibonding states. Ferroic Sn*>" displacements along [111] are also seen to
widen the gap by reducing orbital overlap from a maximum in the high symmetry state.

Experimentally, the PL peak (a proxy for the bandgap, barring abrupt changes in defect
or excitonic levels) is observed to blue-shift with warming for all temperatures studied, as
expected based on volumetric expansion and the underlying electronic structure. However,
the blue-shift becomes 77% more rapid in the cubic phase, despite the reduced volumetric
thermal expansion coefficient. Though inclusion of electron—phonon coupling is required
for a comprehensive treatment of finite temperature effects, the magnitude of this trend
suggests a substantial contribution from the local, dynamic Sn** displacements that are
present in the cubic phase.

The anharmonic potential surface for cation displacement associated with emphanisis
also gives rise to an elevated dielectric response, as we have calculated for the relaxed
cubic cell in the previous section (the response should be substantially greater at finite
temperatures, given the massive positive thermal expansion). In principle, the ionic part
of the dielectric response can be tuned to be arbitrarily large by bringing the system to the
brink of the ferroelectric transition. This can be achieved by alloying of a lighter halogen,
a lighter carbon-group element, or a larger A-site cation such as methylammonium or
formamidinium which will increase the propensity for lone pair stereochemical activity. !
Because of the importance of defect screening for carrier transport, such tuning can be

used to enhance carrier mobilities, as has been shown in pseudo-Jahn-Teller perovskite
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Figure 11: Evolution of the computed (PBE) bandgap, F,, with lattice parameter expan-
sion, Aa, for cubic (a) CsCaBr; and (b) CsSnBr;. (¢) Evolution of the CsSnBr; valence band
and conduction band edges with lattice expansion, showing the simultaneous narrowing
and stabilization of both bands due to weakened antibonding interactions. Band centers
are indicated by dashed lines, and all are plotted on a common energy scale by aligning the
energy of dispersionless Cs states. This is contrary to the bandgap evolution of tetrahedral
semiconductors, 82 and of isostructural CsCaBrs;, which lacks an s? lone pair. (d) Evolution
of the computed (PBE) bandgap with rhombohedral Sn?* displacement in CsSnBr;. Cation
displacement serves to widen the bandgap, as has been calculated for frozen soft phonons
in PbTe.!® (e) Qualitative band diagram for 3-D corner-sharing [SnBrs;]~! octahedral net-
work which reflects the calculated electronic structure in Figure 7.
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oxides. !> In the high performance perovskite halide CH;NH;3Pbl;, the large polarizability
associated with the lone pair and with molecular reorientation may explain why carrier
scattering is dominated by phonons rather than charged impurities.83-8°

The details of charge transport in the halide perovskites remain mysterious, in particu-

4,86,87 87,88

lar the peculiar existence of extremely long carrier diffusion lengths and lifetimes
despite modest mobilities. 8% Experimental and theoretical reports propose various mech-
anisms for reconciling these observations and the temperature dependence of carrier mo-
bilities, including the formation of large polarons which increase carrier effective mass and
protect against bimolecular recombination,®’ free carrier transport limited by acoustic®%8°
or optical®® phonons, and photon recycling.” The dynamic lone pair stereochemical ac-
tivity we observe in CsSnBr3 has implications for carrier recombination and transport in
the halide perovskites beyond enhanced dielectric screening of charged defects. The short
range spatial coherence of Sn?* fluctuations suggested by our ab initio calculations im-
plies the creation of polar nanodomains that will tend to separate electrons and holes
in real space, thus reducing bimolecular recombination.>°%% Additionally, Sn?>* displace-
ments along certain directions split the otherwise degenerate conduction band minima in
momentum due to the local symmetry-breaking. Such momentum-splitting, arising either
from local distortions®*> or spin-orbit coupling®°” has been proposed to limit carrier re-
combination.®*%%%7 Further, the off-centering tendency of the divalent cation contributes
to the lattice deformability, which would aid the formation of large polarons which may
protect carriers from bimolecular recombination. %’

Emergent anharmonicity in the phonon spectrum associated with lone pair stereochem-
ical activity also has implications for phonon lifetimes and associated properties. The large
fluctuating Pb** displacements in PbTe at elevated temperatures have been correlated with
strong scattering of acoustic phonons and corresponding low lattice thermal conductivity,

a fortuitous attribute for a high performance thermoelectric material.*®1%° One expects

that the extremely low thermal conductivity of CH3NH3PbI; is in part due to this lone
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pair-driven anharmonicity. 1!

Competing Instabilities at Lower Temperatures: Structural Transitions

From laboratory X-ray diffraction, CsSnBrj3 is reported to undergo three successive phase
transitions from the cubic perovskite structure upon cooling: to tetragonal P4/mbm (no.
127) at 292K, to P42;2 (no. 90) at 274K, and to an undetermined monoclinic phase
at 247K.1%2 The cubic to tetragonal phase transition has also been observed in !'Sn
Mossbauer, 19 ultraviolet photoelectron, and X-ray photoelectron spectroscopy. °* Mossbauer
additionally suggests a transition at approximately 260 K. While the cubic to tetragonal

phase transition at 292 K is widely reported, 19219 the successive phase evolution upon

cooling remain ambiguous.

O B _|
% - 4
e —10— —
- - [ | _
o | | [ |
§20-"g m " gug® -
uJ . -
w -30F —
L | i
—40 AN A A S I A A
SEFEFEFFE e s f

Figure 12: Total energy (per formula unit) of relaxed structures with the 15 unique octa-
hedral tilt systems relative to the energy of the cubic Pm3m aristotype. The structure with
Pnma space group symmetry is substantially lower in energy than any other, suggesting a
ground state structure with a~b"a~ tilts. This model is confirmed by our Rietveld analysis
of X-ray and neutron diffraction experiments (Figure 13).

High resolution Bragg scattering and differential scanning calorimetry (supporting in-
formation, Figure S5) reveal a first-order phase transition at 286 K and a continuous phase
transition around 250 K. Candidate space groups for the low temperature (100 K) phase
were screened with DFT as discussed in the methods section: The 15 unique octahedral
tilt systems®® were seeded with displacements of the Br sublattice and allowed to relax in

a 2x2x2 supercell. Resulting energies, referenced to the cubic aristotype (a’a’a’ in Glazer
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notation %), are presented in Figure 12. It is seen that the structure with the Pnma space
group is lower in energy than any other tilt system, suggesting a ground state structure
with a~b"a~ tilts. Based on this screening, a joint Rietveld refinement was performed on
the X-ray and neutron diffraction data at 100K against the orthorhombic Pnma (no. 62)
structure with Cs* in the 4c Wyckoff site at (z, 1, 2), Sn?* in the 4b site at (0,0, %), and
Br~ in the 4c¢ and 8d sites at (z, }1, z) and (x,v, z), respectively. The resulting fit and se-
lect crystallographic data are summarized in Figure 13(a), 13(b) and Table 2. Both sets
of data are indexed and fit well by this structural model. ADPs are reduced in compar-
ison to those of the higher temperature structures, and this indicates that the disorder
is a dynamic, temperature-driven effect. Ab initio calculations of the phonon dispersion
for this Pnma phase (Figure S7) reveal no unstable modes, suggesting that there is no
further phase evolution on cooling below 100 K. Calculations of the bond valence sums
(BVS) 197108 for Cs* in a 12-coordinate site using bond valence parameters extrapolated by
Brese and O’Keeffe, 1% give BVS of 0.86 and 0.53 at 100K and 300K, respectively. Cs is
severely under-bonded in the cubic phase, but combined Cs and Br displacements in the
orthorhombic phase raise the BVS closer to the nominal value of 1, optimizing Cs coordi-
nation and stabilizing the Pnma structure. Fits of the 100K X-ray PDF data over a 2A to
5 A range against the refined average Pnma structure show the local structure of CsSnBrs;
is described well by this model (Figure S8).

Rietveld refinement of the X-ray diffraction data collected at 270K was performed
against a structural model with space group P4/mbm with Cs™ in the 2¢ Wyckoff site
at (3,0, 3), Sn?" in the 2a site at (0,0,0), and Br~ in the 2d and 4g sites at (0,0, 3) and
(z,y,0), respectively. The resulting fit and select crystallographic data are summarized in
Figure 13(c) and Table 2. Refinement against the P4/mbm structure provided a reason-
able fit of the data (R, = 9.21 %). Refinement against the reported P42,2 structure'°? was

performed, but yielded a poorer fit (R,, = 9.58 %) and is shown in Figure S9. Additionally,

assignment of P4/mbm space group symmetry is consistent with calculations of the pre-
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Figure 13: Fits obtained from the Rietveld refinements of the low temperature phases of
CsSnBr;. The joint refinement of the (a) X-ray and (b) TOF neutron diffraction data at
100K indicates the data is well fit against orthorhombic Pnma. (c) Refinement of the
X-ray diffraction data at 270 K shows the data is well fit with tetragonal P4/mbm.
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110 and with calorimetry (Figure S5): The

ferred octahedral tilts for perovskite bromides
transition from Pnma to P4/mbm is allowed to be continuous under Landau theory, while
Pnma to P42,2 is not (ISOTROPY Software Suite, iso.byu.edu). As expected, the BVS for

Cs (0.63 at 270 K) is intermediate to those in the cubic and orthorhombic phases.

(a) 100 K Neutron + X-ray (b) 270 K X-ray (c) 300 K Neutron + X-ray

Figure 14: Evolution of the crystallographic structures of CsSnBr; upon warming from (a)
orthorhombic Pnma at 100K, to (b) tetragonal P4/mbm at 270K, to (c) cubic Pm3m at
300 K. ADPs for all structures shown at 90 % probability.

Through the application of Rietveld analysis of X-ray and neutron diffraction data, it
was determined that CsSnBr; adopts the following structures: orthorhombic Pnma below
250 K, tetragonal P4/mbm between 250 K and 286 K, and cubic Pm3m above 286 K.
The successive phases are visualized in Figure 14. Upon cooling, the structure undergoes
an in-phase rotation of the SnBrg octahedra about the c-axis corresponding to an a%a’c*
tilt, which is consistent with calculations of the preferred octahedral tilts for perovskite
bromides.!!? Additional out-of-phase rotation is observed at 100 K, corresponding to an
a~b*a~ tilt. In addition to the onset of rotational transitions, the isotropic ADP of Sn?* is
reduced upon cooling, implying the disorder around the crystallographic site is dynamic
in nature and off-centering is suppressed at low temperatures. There is an observed in-
crease in the Sn—Br bond lengths and decrease in the Sn—Br-Sn bond angles with cooling,
indicating the degree of overlap between the Sn(p) and Sn(s)-Br(p) orbitals decreases as

the structure undergoes the successive rotational phase transitions. The reduction of or-
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Table 2: Select crystallographic data from the Rietveld refinements of powder synchrotron
X-ray and neutron diffraction data of CsSnBr3 at 100 K, 270 K, and 300 K.

Temperature (K) 100

Data sets
Space Group
a (R)

b (A)

c (A
Volume (A3)
Sn Uy, (A2)
Cs U (A%)
Cs Uy (A2)
Cs U33 (A2)
Cs U12 (AQ)
Cs U (AQ)
Cs Uz (A2)
Brl U, (A?)
Brl U,y (A2)
Brl Us; (A2)
Brl U, (A?)
Brl U3 (A2)
Brl Us,; (A2)
Br2 U, (A?)
Br2 U,y (A2)
Br2 Us; (A2)
Br2 U, (A2)
Br2 U13 (AZ)
Br2 Us,; (A?)
Sn-Brl (R)
Sn-Br2 (A)
Sn-Br1-Sn (°)
Sn-Br2-Sn (°)
R, (%)

X-ray, neutron
Pnma
8.1965(2)
11.5830(3)
8.0243(2)
761.82(3)
0.013(5)
0.033(5)
0.021(4)
0.038(5)
0.0
-0.008(4)
0.0
0.033(4)
0.010(3)
0.042(4)
0.0
-0.007(4)
0.0
0.020(2)
0.032(2)
0.023(2)
0.0
-0.008(2)
0.002(2)
2.9245(7)
2.927(3)
164.0(2)
156.8(4)
5.48
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270

X-ray
P4/mbm
8.1789(2)

8.17989(2)

5.8193(2)
389.29(3)
0.024(2)
0.082(5)
0.082(5)
0.057(8)
-0.032(9)
0.0

0.0
0.090(9)
0.090(9)
0.018(9)
0.0

0.0

0.0
0.052(7)
0.052(7)
0.119(9)
0.041(8)
0.0

0.0
2.9096(9)
2.910(9)
180
167.0(5)
9.21

300

X-ray, neutron
Pm3m
5.8043(3)
5.8043(3)
5.8043(3)
195.546(5)
0.022(5)
0.077(2)
0.077(2)
0.077(2)
0.0

0.0

0.0

0.02(2)
0.148(3)
0.148(3)
0.0

0.0

0.0

2.9021(5)

180

4.31



bital overlap results in less propensity for stereochemical activity of the Sn** lone pair, and
thus less tendency for Sn?* off-centering. Additionally, octahedral rotations bring the ions
closer together, resulting in a larger electrostatic penalty for Sn** displacement. These
observations illustrate the competing tendencies for lone pair stereochemical activity and
octahedral rotations. At elevated temperatures, the former dominates, while the latter
emerges upon cooling and suppresses off-centering of Sn?*. A discussion of the competi-
tion between covalency and ionicity for the related perovskite CsPbFj; is given by Smith and
coworkers, ! which displays both a~a~a~ octahedral rotations and Pb?* displacements in

the low temperature phase.!!?

Conclusion

The main-group halide perovskite CsSnBr; exhibits competing tendencies for local Sn**
off-centering and SnBry octahedral rotations. Due to the presence of the 5s? lone pair, an
instability emerges in the cubic phase as the lattice is expanded on warming. This insta-
bility is characterized by dynamic off-centering of Sn?* in its coordination environment
and the localization of the stereochemically active 5s* lone pair as a lobe opposite the di-
rection of cation displacement, providing evidence of emphanisis in this material. These
displacements occur preferentially along <111> and likely exhibit some short-range co-
herence. While this locally distorted state is “crystallographically hidden” (the only clue
being elevated thermal displacement parameters for Sn?>" when refined in a high symmetry
environment), it is evident in the pair distribution function as emergent asymmetry in the
first Sn—Br correlation, and is corroborated by ab initio calculations of the lattice dynam-
ics, dielectric properties, and electronic structure of the crystal. Similar calculations on
isostructural CsPbBr; and CsCaBr; indicate that this off-centering instability is present but
weaker in CsPbBr3, in accordance with existing theory of lone pair stereochemical activity,

and is entirely absent in CsCaBr3z, which lacks a lone pair on the divalent cation. These
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local cation displacements drive a rapid blue-shift of the bandgap on warming which is
observed in photoluminescence measurements. Upon cooling, CsSnBr3 undergoes succes-
sive phase transitions driven by octahedral rotations, with the unit cell transforming from
orthorhombic to tetragonal to cubic. In crystal structure models for the tetragonal and or-
thorhombic phases, reduced thermal displacement parameters for Sn?* suggest that there
are no coherent or local cation displacements that are not captured by the model: Lone
pair stereochemical activity is suppressed by the octahedral rotations. The phenomenon
is likely to be quite general and one would expect to observe emphanisis also in the cubic
phases of CsSnCl; and CsSnl; with the strength of the effect increasing as the halogen
atoms become lighter and more electronegative. '

The unusual structure evolution of CsSnBr; sheds further light on the role of lone pair
electrons in extended inorganic solids. Chemical tuning to bring about this proximal in-
stability in the halide perovskites offers a means to tailor the properties of these curious
and promising semiconductors: By exploiting lone pair stereochemistry, it is possible to
engineer lattice polarizability that enhances dielectric response and promotes polaron for-
mation, thermal conductivity reduction, anomalous bandgap evolution with temperature,

and possibly other functionalities.
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CsSnBr; neutron pair distribution function (PDF) at 300 K and 420 K
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Figure S1: (a) Overlay of the neutron PDF at 420K and 300 K. (b) The difference between
the two curves illustrates the asymmetric nature of the first peak of the PDF at 420 K.
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Electronic structure of CsPbBr; and CsCaBr;
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Figure S2: Electronic band structure (with and without spin-orbit coupling) and orbital-
projected density of states (DOS) of CsPbBrj3 calculated at the PBE level.
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Figure S3: Electronic band structure and orbital-projected density of states (DOS) of
CsCaBr; calculated at the PBE level.
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CsSnBr; photoluminescence
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Figure S4: Temperature dependent CsSnBr; photoluminescence under 532 nm excitation
on (a) linear and (b) logarithmic scales.
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Differential scanning calorimetry of CsSnBr;
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Figure S5: Differential scanning calorimetry of CsSnBr;. A first order phase transition is

evident around 286 K. No other first order transitions are present within the measure-

ment window, confirming that the tetragonal-orthorhombic transition seen in diffraction

experiments must be continuous.
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Phonon dispersions for cubic and orthorhombic CsSnBr;
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Figure S6: Phonon band structure and density of states (DOS) for the cubic (Pm3m) phase
of CsSnBr; under the harmonic approximation, including the non-analytic correction. Un-
stable modes near M and R are consistent with the propensity for symmetry-lowering
octahedral rotations at intermediate and low temperatures.
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Figure S7: Phonon band structure and density of states (DOS) for the orthorhombic
(Pnma) phase of CsSnBr; under the harmonic approximation, including the non-analytic
correction. The absence of unstable modes suggests this is the ground state structure.
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CsSnBr; X-ray pair distribution function (PDF) at 100 K
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Figure S8: Fit of the X-ray PDF of CsSnBr; at 100K over a range of 2 A to 5 A against space
group Pnma indicates the data at this length scale is described well by the orthorhombic

symmetry.
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Alternative 270 K CsSnBr; crystal structure model:

X-ray diffraction in space group P42,2

Rietveld analysis of
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Figure S9: Rietveld fit of the X-ray diffraction data collected at 270K against the reported
space group P42,2 (R, =9.58%) indicates a poorer fit to the data than the P4/mbm

model.
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