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SUPPORTING INFORMATION

Synthesis methods

CsPbBr3 single crystals were synthesized using solution method discussed in RefS1.

CsSnBr3 was prepared by method used in RefS2. For the preparation of CsGeBr3, 9 mL of

HBr (48%, ACS reagent grade, Sigma Aldrich) was diluted with 4.5 mL of deionized water,

then GeO2 (0.315 g or 3 mmol, Sigma Aldrich) was added to the solution under stirring

at 150 ◦C. 3 mL of H3PO2 (50%, Sigma Aldrich) was added as a reducing agent, after

approximately 30 minutes the GeO2 was fully dissolved and reduced to GeBr2, resulting in

a colorless solution. Upon addition of CsBr (0.638 g or 3 mmol, 99.999%, Sigma Aldrich)

to this clear solution, small crystals of the bright yellow product immediately precipitate.

Once the solution had cooled to room temperature, the product was filtered under vacuum

and dried under vacuum for an additional 3 hours. Yield of the reaction was about 90%.

Experimental details

Temperature-dependent, low-frequency micro-Raman scattering measurements were per-

formed in a customized set-up as discussed in S3,S4. Briefly, all the samples were excited

with 1.16 eV radiation from a linearly polarized, Nd:YAG solid state laser (Coherent inc.,

USA). 1.16 eV energy falls in the below bandgap region of all the samples used, which helps

to avoid the damage due to absorption of bandgap radiation.

Polarized Raman configuration was used to overcome the dependence of Raman scattering

on the direction of laser polarization and the crystallographic orientation of the measured

crystal. In polarized configuration, Raman spectra was acquired for several angles of incident

polarization (from θ = 0 – 360◦) with respect to an arbitrary crystallographic axis. Rotation

of polarization was achieved using a motorized zero-order half-wave plate (Thorlabs, USA)

in the incident beam direction, which rotated with small increments (10◦) between successive

Raman measurements. The back-scattered beam was filtered either parallel or perpendicular

to the incident polarization using another polarizer (called analyser).

The individual spectra at each angle of polarization (for both parallel and perpendicular

configuration) were then summed and normalized to obtain an unpolarized spectrum. The

advantage of using polarized Raman and subsequent averaging and normalization is two-
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fold: (1) It results in an equivalent unpolarized (isotropic) spectrum and makes all Raman

active-modes or features visible at the same time regardless their symmetry. (2) Notably, it

is quite difficult to obtain all the crystals with the same orientation since different crystals

have different preferential orientation during synthesis. Thus, our normalization procedure

helps to normalize the effect of preferential orientations of the different measured crystals

and makes a legitimate comparison between CsPbBr3, CsSnBr3 and CsGeBr3 possible. The

Raman spectra presented in Fig. 2 and Fig. 3 are averaged over both parallel and perpen-

dicular configurations.

Fitting Procedure

Each averaged experimental Raman spectrum in cubic phase was deconvolved to a prod-

uct of the Bose-Einstein distribution (nBE) and multi-Lorentz line shape using the procedure

used in RefS3,S5. Notably, the deconvolution of the Raman spectrum of CsSnBr3 crystal at

80 K required a Debye relaxational component in addition to the Lorentz oscillator model.

The experimentally measured Raman spectrum is expressed as a combination of Debye and

a damped Lorentz oscillator term (eq. S1).

Iexp(ν, νi,Γi) = cBE(ν)
(
c0|ν|Γ0

ν2+Γ2
0

+
∑n

i=1 ci
|ν||νi|Γ2

i

ν2Γ2
i +(ν2−ν2i )2

)
, (S1)

where ν is the spectral shift, νis are the resonance energies of the Lorentz oscillators, Γ0 and

Γi are the damping coefficients of the Debye relaxation and Lorentz oscillators respectively, c0

and cis are unitless fitting parameters for the intensities of the Debye and Lorentz oscillator

components respectively. The spectral shift ν, the parameters νi and Γi are in wavenumber

units. The approximate lifetime of the phonons can be calculated as τ=
1

2πcΓi
, where c is

the speed of light. cBE(ν) includes the Bose-Einstein distribution of thermal population

where

cBE(ν) =

nBE + 1 for Stokes scattering,

nBE for Anti-Stokes scattering.

with n being the Bose-Einstein distribution. The spectral artifacts due to the notch filter

around 0 cm−1 were omitted and only the Stokes scattering was fitted to find the positions
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and widths of the peaks. The fitting was carried out in the customized MATLAB code and

Igor Pro 8.

The Raman features in the higher temperature, cubic data were heavily damped to pro-

duce a good overall fit containing the central peak (peak closest to 0 cm−1). The Γi values

obtained from fitting were used to calculate the lifetime of the Raman modes. The calcu-

lated lifetimes for the central peak corresponding to CsPbBr3, CsSnBr3 and CsGeBr3 are ≈

180 fs, 162 fs and 255 fs respectively.
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TABLE S1. Fit position and width parameters for cubic phase from fits of Raman data to Eq. 1.

CsPbBr3 CsSnBr3 CsGeBr3

ω (cm−1) Γ (cm−1) ω (cm−1) Γ(cm−1) ω (cm−1) Γ (cm−1)

25.1 28.0 25.0 32.7 22.6 20.8

40.0 34.8 70.0 82.7 47.1 51.3

73.0 40.0 149.7 150.0 83.9 53.6

164.1 148.8 - - 148.7 54.1

- - - - 176.3 32.9

TABLE S2. Fit position and width parameters for orthorhombic phase from fits of Raman data

to Eq. 1.

CsPbBr3 CsSnBr3

ω (cm−1) Γ (cm−1) ω (cm−1) Γ(cm−1)

28.2 1.6 21.2 3.6

30.8 2.4 27.0 5.7

32.5 1.7 28.2 3.3

36.9 1.7 40.6 4.2

42.2 1.1 44.5 2.0

46.3 1.1 58.0 6.2

49.0 2.3 72.0 8.8

67.3 1.6 77.6 4.0

71.0 2.5 - -

73.9 2.4 - -

80.2 1.9 - -

130.0 4.2 - -
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Inadequacy of Ionic Size Models

CsPbBr3 transforms from the cubic perovskite to a tetragonal tilted phase at 403 K,

and then to an orthorhombic phase characterized by a+b−b− tilting in Glazer notation at

361 K.S6 For CsSnBr3, reports conflict about the intermediate temperature phase evolution

but are in agreement that the cubic phase transforms just below room temperature to one

or more tetragonal phases, followed by the same a+b−b− tilting pattern to orthorhombic

structure at ≈250 K.S2,S7–S9 CsGeBr3 transforms on cooling from the cubic phase at 511 K

to a rhombohedral phase characterized by ferroic displacements of Ge2+ along the [111] cubic

direction.S10

We construct 2D structural map with tolerance factor t and octahedral factor µ based

on previous studies to describe the formability of halid perovskitesS11,S12 in Fig. S1(a). For

the light purple pentagonS12, the leftmost boundary represents tilt limit, beyond which the

pervoskite network will collapse into edge-sharing or face-sharing octahedra. The rightmost

vertical line represents the stretch limit t = 1, and when t < 1, the corner-sharing octahedra

have a tilting tendency. The top-right line represents the upper bound of rA/rX , determined

by the largest A cation and the smallest anion. The top-horizontal line represents the

upper bound of rB/rX , determined by the largest B cation and the smallest X anion. Two

dashed lines are derived from Pauling’s first ruleS13, which tells the range of µ based on

the geometric configuration and the coordination number of anions. For octahedron with

coordination number 6,
√

2 − 1 < µ <
√

3 − 1S14, and the lower dashed line overlaps with

the bottom of the pentagon. For the light green rectangleS11, the boundary is established

upon the classification of pervoskites and non-perovskites for 186 halide systems at ambient

temperature and pressure according to empirical parameters .

As shown in the t−µ structural map (Fig. S1(a)), CsPbBr3 (t=0.86, µ=0.61) and CsSnBr3

(t=0.92, µ=0.51) both lie squarely in the region of expected perovskite formation. However,

CsGeBr3 (t=1.01, µ=0.37) sits just outside the window of expected perovskite formation,

but forms a polar, rhombohedrally distorted perovskite with no octahedral tilting (the struc-

ture of the ground state of BaTiO3). The [111] Ge2+ displacements simultaneously lead to a

favorable coordination (3 short bonds, 3 long bonds) where the lone pair is stereochemically

expressed in the opposite direction (along [1̄1̄1̄]) and the rhombohedral stretching of the

lattice expands the A-site cage, accommodating the large Cs+ cation. The small µ, large
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t, and strong lone-pair driven distortion for Ge–Br bonds conspire to stabilize the distorted

perovskite structure. Therefore, the ionic size effect is insufficient to qualitatively rational-

ize the reported structure evolution with temperature. and covalency must be taken into

account.

Apart from CsGeBr3, the crystal structures of several compounds highlighted in Fig.S1(a)

as failures of the ionic size model (Goldschmidt’s tolerance factor t+ octahedral factor µ) are

given in Fig.S1(b)(c), illustrating the important role of covalency in structure and dynamics.

CsPbF3 (t=0.90, µ=0.89) has such a high octahedral factor (Pb2+ is large with respect to

F–) that it might be expected to adopt a different structure type with a higher coordination

number for Pb. Instead, it is reported to transform from a cubic perovskite at 187 K to

a polar ground state that combines tilting and lone pair-driven intra-octahedral distortions

(the LiNbO3 structure).S15 Such crystallographic coexistence of tilting and intra-octahedral

distortions is somewhat rare because tilting reduces the driving force for lone pair stereo-

chemical activity via its effects on bond angles and orbital overlap, but is also reported (with

different tilting patterns and displacement directions) for RbGeBr3
S16 and CH3NH3SnBr3.S17

CsSnCl3 (t=0.93, µ=0.55) would be strongly expected to form a perovskite on the basis of

size but rather exists as a salt of Cs+ and (SnCl3)− pyramidal anions at room temperature

because of strong lone pair-driven distortions.S18

The tendency for lone-pair-driven distortion is stronger for lighter cationsS19. We illus-

trate the lone-pair stereochemcial activity by plotting the electron localization functions of

three compounds in Fig. S2. Structures are chosen from molecular dynamics trajectories at

different times. Clearly asymmetric and separate lobes are formed at locations opposite to

the cation displacements. The charge localization effect is more significant in CsSnBr3 and

CsGeBr3.

Computational Methods

We performed Born-Oppenheimer AIMD with the Quantum-ESPRESSO codeS20, and we

used the GGA functionalS21. A 2×2×2 supercell containing eight formula units of CsMBr3

was chosen for cubic phase and a
√

2×2×
√

2 supercell containing 4 formula units was chosen

for orthorhombic phase. A 3 × 3 × 3 k-point grid was used for the cubic supercell, and a

4×3×4 k-point grid was used for the orthorhombic supercell. The plane-wave cutoff energy

6



was set to 55 Ry. The DFT total energy was converged to 10−7 Ry/cell. To compare with

experiments, at cubic phase AIMD was performed at 500 K, 330 K and 663 K for CsPbBr3,

CsSnBr3 and CsGeBr3 respectively. At orthorhombic phase, AIMD was performed at 80

K. The time step of AIMD was set to 10 fs. We equilibrated the systems with Andersen

thermostat for 10 ps, and run another 50 ps to obtain a converged autocorrelation function.

To obtain the Raman spectra, density functional perturbation theory (DFPT) was used

to calculate the polarizability for selected structuresS22. Density functional perturbation

theory (DFPT) was also applied on one primitive cell to calculate the phonon dispersion

about orthorhombic structures, with a 3 × 2 × 3 k-point grid and 10−16 Ry/cell as the

converged energy criterion.

The autocorrelation function of the polarizability tensor approach was employed to com-

pute Raman activitiesS23. Polarizabilities of selected structures were obtained from the

ab-initio molecular dynamics (AIMD) trajectory at an interval of 80 fs, and we employed

the Wiener-Khintchine’s theorem to calculate the autocorrelation functionsS24,S25.

We calculated frequency-filtered trajectories first by performing a Fourier transformation

on the real-space MD trajectories (from t to ω), and then filtered the ω-space trajectories

within a frequency window ∆ω(±5 cm−1), and finally performed an inverse Fourier trans-

form back to t. The whole procedure is expressed as:

⇀

Rfiltered (t;ω0)=

F−1
[
Θ (ω − (ω0 −∆ω)) Θ (−ω + (ω0+∆ω))F

[⇀
R(t)

]]
. (S2)

The projection is defined as:

W⇀
u ,ω

=
1

Nt

∑
t

|
⇀

Rfiltered(t;ω) · ⇀u |2

|
⇀

R |2(t;ω)
, (S3)

where
⇀

Rfiltered(t;ω) is the frequency-filtered trajectory, regarded as the ω-component of real

atomic MD trajectories. 3N of ~u are established as a complete basis to describe the atomic

motion, where N is the number of atoms in the simulation cell. Since we focus on capturing

different structural instabilities, we classify {~u} into 5 categories: (1) Cs motion; (2) M

motion; (3) Br6 tilting motion; (4) Br stretching motion; (5) distortion motion (deformation

of Br6 octahedra). All motions are illustrated in Fig. S3. With the weight W⇀
u ,ω0

of each
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component, we can tell the specific motions corresponding to the Raman spectral weight at

frequency ω0.

FIG. S1. (a) Regions of perovskite formability based on ionic size ratiosS11,S12 and the minimum

radius ratios for octahedral (µmin,oct) and cubic (µmin,cub) coordination from Pauling’s first rule.

The locations of the compounds under study are overlaid (black squares). Red triangles indicate

notable failures of this geometric model. Several halides whose structures are incorrectly predicted

on the basis of ionic sizes alone. (b) Crystal structures and (c) dication coordination environments

for the low temperature phases of CsGeBr3,S10 CsPbF3,S15 and CsSnCl3.S18
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FIG. S2. Electron localization function (ELF) plot to illustrate lone pair stereochemical activity

in CsPbBr3, CsSnBr3 and CsGeBr3. The ELF levels are 0.4 for CsGeBr3 and 0.3 for CsSnBr3 and

CsPbBr3. M (M = Pb, Sn, Ge) atom is the grey ball in the center and four Br atoms are brown

balls around M atom. The arrow denote the direction of the displacement of M cation. Upper

Panel is when M atom moves towards the left Br atom and Lower Panel is when M atom moves

towards the right Br atom. Displacements relative to initially high-symmetry positions are 0.17 Å,

0.15 Å and 0.24 Å for for Pb, Sn and Ge, respectively.
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FIG. S3. Illustration for self-defined 120 motions in 2×2×2 supercell. There are 24 Cs motions, 24

M motions, 24 stretch motions, 6 tilting motions, 6 type (1) nonpolar distortion motions, 12 type

(2) nonpolar distortion motions, 12 type (3) nonpolar distortion motions,and 12 poloar distortion

motions.

FIG. S4. Raman spectra indicating phase change in CsSnBr3 below 80 K.
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FIG. S5. 0 K, DFT phonon dispersion relations for the orthorhombic phases of (a) CsPbBr3

and (b) CsSnBr3. Several phonon modes with imaginary frequencies down to 20i cm−1 at high-

symmetry points Γ, R, T, U, X, Y, Z demonstrate that the orthorhombic structure of CsSnBr3 is

unstable.
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