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Supplementary section 1: Tolerance factors

We calculate 7 as function of composition in fig. and plot this for the Cs FA;  Pb(Br; y);
compositions studied in this work as well as those reported in Beal et al.|l]. The phase behavior
we observe is consistent with the Goldschmidt tolerance factor, but we do not observe a distinct
cutoff value above which the materials are cubic and below which they are tetragonal. In fig.
and [SIb, we highlight that for 7¢ around 0.976, both crystal structures are observed. Note that
T¢ calculations for hybrid perovskites are complicated by the fact that it is difficult to determine
the radii of the organic cations [2]. Bond lengths between the organic cations and the halide ions
may also vary based on molecular orientation and may be different from the rigid sphere assumption
implicit in 7 (refs |2, 3, 4]). Rather than redefining the ionic radii, Bartel et al. used the SISSO
(sure independence screening and sparsifying operator) method to identify a modified tolerance factor
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of the A-site cation [b]. 7¢ was trained on experimental data and predicts the stability of 576
ABXj3 (and A2 B'BXg) compositions in the perovskite (or double perovskite) crystal structure at
room temperature with > 90% accuracy [6]. Unlike 7¢, the probability that a material is perovskite
varies monotonically with 7o, which predicts that compositions with 7o < 4.18 will be stable in the
perovskite crystal structure [6]. We note that for the Cs,FA; (Pb(Br,l; y); compositions studied

here, n4 = 1, so the equation simplifies to ¢ = 7% + % -1

), where r; are still the Shannon radii and n4 is the oxidation state
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While 7¢ was not explicitly trained to predict crystal structure within the perovskite classifica-
tion, we find that it does have a specific value that discriminates between the cubic and tetragonal
perovskite crystal structures for the Cs,FA; (Pb(Br,l; y); compositions studied here. Figure
shows a contour plot for this corrected tolerance factor, and fig. shows that unlike 7, there is a
distinct cutoff of 7 = 3.55 above which materials are cubic and below which they are tetragonal.
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Figure S1: Comparison of the stable phase at room temperature and tolerance factors. (A) Contour
plot of the Goldschmidt tolerance factor 7g as a function of Cs and Br substitution. Compositions
found to be cubic are plotted in blue, and compositions where tetragonal phase is present are plotted
in red. Dots represent data extracted from Beal et al. [1]. (B) Classifications of the room-temperature
crystallographic phase against the Goldschmidt tolerance factor classifier. (C & D) The same treat-
ment as in (A & B), except with the tolerance factor from Bartel et al. @
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Supplementary section 2: Fit of the Bragg Peaks

For a given composition, we fit the Bragg peaks with a Voigt function and a quadratic background
using a least squares method. To optimize the fit, we used the following procedure:

1. We started with the lowest temperature; we fit the data with a Voigt plus a quadratic back-
ground for the ¢(110), #(200), #(201) and ¢(210) peaks around g values of legl, 1.41@',

1.7 A3 and 1.61E|, respectively. The Voigt function center, width and other parameters are
collected from the fitted peaks and from the quadratic background.

2. We then fit successively higher temperature data. For each incrementally higher temperature,
we initialise the fit with the parameters extracted from the prior (lower) temperature. The

peak center is allowed to vary from ¢[LT] — 0.02 o q[LT] 4 0.02 A1 where q[LT] is the
peak center at the lower temperature. The width is allowed to float +30% from the lower
temperature fit. The quadratic background shape is fixed but we allow a multiplicative offset
parameter to vary. This variation in overall background intensity reflects small changes in
background.

This allows us to retrieve the integrated intensities of the 4 peaks for the whole temperature range.
We observed that the widths of the #(110), ¢(200) and #(201) peaks narrow slightly with increasing
temperature (about 2% per degree), which we attribute in the tetragonal phase to a reduction of the
¢ over a ratio and in the cubic phase to reduced nonuniform strain.

2.1 chi-squared analysis

The x? analysis allows us to distinguish the #(210) peak from background. At each temperature,

we examine the ¢(210) peak within a small ¢ range of +0.06 A1 about the peak position. We
compare the x? statistic for two hypotheses: no peak (H0) and presence of the t(210) peak (H1). The
intensities for these two hypotheses are then given by: a quadratic function (H0O) and a small Voigt
peak over a quadratic background (H1). We show here the analysis with the example of composition
CsyFA, (Pb(Br; )5 with =20, y =25. For HO, we fit only the background with a quadratic
function of the form aq? + bq + c¢. For H1, we fix the Voigt to the value obtained in the best fit.
As a result, we vary the three quadratic parameters (a, b and ¢) for the two hypothesis, allowing
comparison of the y2, which are calculated with Python’s Imfit[7] as the non-normalized sum of
the residuals. At the temperature where the ¢(210) peak vanishes, we expect the fits with HO and
H1 hypotheses to have equivalent 2. This test defines the temperature Ty where the tetragonal
peak intensity goes to zero, and the result of this is shown in table 1 (main text). The x? values
for Csg o5FA( 75Pb(Brg.0lj g)3 are presented in figure Examples of fits with the two hypothesis HO
and H1 for the ¢(210) peak above and below the temperature Ty are shown in figure [S3|as a function
of temperature. Our conclusion is that that the ¢(210) peak goes to zero (within our error bars) at
about 56 °C (between 55°C and 57.6 °C).The intensity of the peaks as a function of the temperature
are presented in figure 3a (main text). Our analysis for [z = 5 y = 17], [x= 17,y = 17] and [z =
30,y = 40] is similar to that described above. For the composition [z = 17,y =40], we observe a
background peak above the quadratic background with a small intensity, appearing at higher ¢ that
the t(210) peak, and so we model the background with a quadratic function and a Voigt function for
this particular composition.
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Figure S2: Chi squares (truncated on the range 0-500) for the fit of a background at ¢ = 1.6 A1
(expected t(210) Bragg peak) with no peak (orange circles), with one peak of known intensity (purple
squares) or with two peaks of known intensity (blue triangles) versus temperature for the perovskite
of composition Csgo5FAq 75Pb(Brg.olj g)3-

Supplementary section 3: Calculation of the Tilt Angle

Here we explain how the tilt angle was determined from the diffraction peak intensities. Note that
we define the tilt angle for one PbXg octahedron, with Pb taken as the center and the angle relative
to the cubic phase atomic position of the halide.

3.1 Tilt angle vs intensity

The tetragonal phase (space group P4/mbm) corresponds to a rotation of the PbXy octahedra around
the ¢ axis. The calculation below relates the intensity of the ¢(210) peak to the octahedral tilt angle.
The results of these calculations are presented in figure 3 (main text). The intensity of a peak can
be written as:

(S1)

1+ cos? 26
sin2 6 cos 0

I = A+ |Fppl® p- <

where Fj,j; is the structure factor, p is the multiplicity, 6 is the Bragg angle and A is a proportionality
factor independent of hkl [8].
Fpi; can be calculated with the following formula:
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Figure S3: Fits of 1(q) di raction pattern for composition 25-20 around g=1:6A ! (corresponding
to the Bragg peak t(210)) with hypothesis HO (no peak, left), H1 (Voigt with known intensity over

a quadratic background, right), for four temperatures around expected tetragonal-to-cubic phase
transition. The ts correspond to the chi-square analysis presented in Figure S2. The black dots
show the raw data, the brown line the background and the blue line the tted background plus the

Voigt peak. Vertical lines show the center of the peak.
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