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Abstract

While halide double perovskites AM(I)M(III)Xs have attracted
significant attention, examples involving iodides are rare. We examine the
limits of the structural stability of iodide double perovskites, presenting
the synthesis and single-crystal structures of Cs:2NaScls and Cs:2NaYle.
Bypassing the common expectation that iodides have small band gaps,
these compounds display optical gaps of 3.10 eV [M(III) = Sc] and 3.65 eV
[M(II) = Y]. Cs2NaScls is the only iodide double perovskite to exhibit a
cubic crystal structure at room temperature. Density functional theory-
based electronic structure calculations help understand the role of
competing CssM(IIl)2lo (3:2:9) phases and provide possible reasons for
why iodide double perovskites based around In(IlI), Sb(Ill) and Bi(III)
cations have proved elusive. We confirm design rules for halide double
perovskite based around concepts of the tolerance factor and the radius
ratio of the smaller, trivalent ion, but also point to situations such as what
is observed for Cs:2NaScls where a double perovskite can be trapped in a
metastable structure.

Keywords: Halides * Double Perovskites * Iodides * Optical Properties * Stability

Introduction

Double perovskites are formed by the ordered arrangement of two different cations within the
parent perovskite framework, allowing for a wide range of composition and function. These
materials have long been recognized for their versatile crystal chemistry and their potential
across numerous applications.[1] Interest in double perovskites has reignited after the
emergence of hybrid lead halide perovskites as standout optoelectronic materials.[2, 3, 4, 5, 6, 7,
8] However, stability and toxicity challenges have prompted the exploration of lead-free
alternatives, resulting in a huge expansion of the halide perovskite literature.[9, 10, 11, 12]
Bismuth(Ill) naturally emerges as a promising candidate for retaining the sought-after
properties of lead halide perovskites while mitigating the drawbacks.[13] Moving from the
parent AMXs (A = large monovalent cation, M = smaller divalent cation, and X is halide)
structure to the double perovskite A2M(I)M(III)Xs structure allows concurrent replacement of
two Pb(Il) ions with a Bi(Ill) and an M(I) ion. While attainable for the bromide-based double
perovskites A2M(I)BiBrs, [14, 15, 16] the analogous all-inorganic iodide structure Cs2AgBils was
only recently isolated through anion exchange of Cs2AgBiBre.[17] While much of the recent
focus has been on hybrid organic-inorganic double perovskites, all-inorganic compositions
featuring Cs on the A site generally have superior mechanical and thermal stability.[1,18]

Iodide double perovskites are of particular interest because they typically have narrower
band gaps than the corresponding chlorides or bromides, potentially making them useful for



visible and near-IR optoelectronic applications.[19] Furthermore, the higher atomic number
means that the iodides would have superior stopping power for use in radiation detection,
which is another important application.[20,21] Unfortunately, few iodide double perovskites
have been realized and the majority of these only recently.[22,17] In contrast to 3D variants,
layered iodide double perovskites,[23, 24] are not uncommon, and the functionality of several
have been established.[25, 26, 27] The formation of double perovskites is generally explained by
the need to satisfy two geometric descriptors,[28] the double perovskite tolerance factor [29] ¢
and the radius ratio (cation radius:anion radius) y— also called the octahedral factor.[30] Since
the monovalent ion is usually large (Na* or Ag*), the radius ratio is only a consideration for the
trivalent ion M(III). These geometric constraints preclude many trivalent cations from an
octahedral coordination environment with iodide. In addition, the formation of competing 3:2:9
iodide phases [31, 32, 33, 34] could explain the absence of some structures that are predicted
based on u and t. While chlorides and bromides also form these 3:2:9 phases, they are
particularly relevant to iodides, which is explained by the preference for large anions to favor
lower-dimensional structures.[35]

Here we examine the stability range of iodide double perovskites in a more quantitative
manner. We report the solid-state synthesis of two rare-earth iodide double perovskites
following the general formula Cs:2NaMles (M = Sc, Y). Solid state synthesis is preferred since
solution methods do not yield the products obtained here, as described previously.[22] Reaction
conditions for forming the Sc compound also yield the 3:2:9 composition, CssSczls, with discrete
face-shared Sc2® moieties, and a single crystal structure has been obtained. Cs:NaScls and
CssSc2ls have been previously reported [36,37] but with limited characterization. Optical
absorption measurements carried out here suggest these iodide double perovskites have wide
(> 3 eV) band gaps. Electronic structure calculations indicate that the Sc double perovskite is
metastable and point to why iodide double perovskites with M(III) = In, Sb, and Bi have not
been reported through direct synthesis.

Results and Discussion

The compounds were prepared by solid-state reaction followed by vapor transport in sealed and
evacuated silica tubes, with all reactant and sample manipulation under strictly air-free and
anhydrous conditions. Cs2NaScls was obtained as faint yellow powders and Cs2NaYIs powders
were almost white. The reaction conditions for Cs2NaScls often yielded CssScls crystals. Bulk
powders of the latter could be readily prepared using the procedure detailed above, but with 2
equivalents Scls and 3 equivalents Csl. More details are provided in the Supporting
Information. To avoid issues with twinning of crystals, as found previously in the other iodide
double perovskites,[22] structural studies were initially carried out at T = 414 K — a
temperature where both compounds are cubic.



Figure 1 shows the structures of Cs2NaScls and Cs2NaYls at T = 414 K and at room
temperature (T = 298 K). Single-crystal refinement confirms Cs2NaScls is the only known iodide
with the cubic double perovskite structure at room temperature, and that this structure is
retained at T = 414 K. This cubic structure has Fm3m space group symmetry and is analogous
to the KaNaAlFs elpasolite structure. At T =414 K Cs2NaYIs adopts this cubic double perovskite
structure, which made complete structural determination possible. Cooling Cs2NaYIs to room
temperature resulted in a structural transition, but issues with twinning prevented robust
structural refinement. However, the powder XRD Pawley fit showed that the room-temperature
data for Cs2NaYIs is most consistent with the monoclinic P2i/n space group. Pawley fits of
powder XRD data for both double perovskite compounds are presented in the Supporting
Information. Accurate room-temperature unit cell parameters of Cs:2NaYIs obtained from the
Pawley fit at T = 298 K were employed to carry out density functional theory-based structure
relaxations of the internal atomic structure. It is this structure that is depicted for Cs2NaYIs at
T =298 K.

Cs,NaSclg, Fm-3m  Cs,NaYly, Fm-3m

414K

T

298 K

T=

Figure 1: Crystal structures of cubic Cs2NaScls and Cs2NaYls at T =414 K and cubic Cs2NaScls at
room temperature from single-crystal X-ray diffraction studies. Grey polyhedra are around Na
and blue polyhedra are around Sc or Y. Thermal ellipsoids are depicted at 50 % probability. The
room-temperature structure of monoclinic Cs2NaYIs was optimized (DFT-PBE-D3) based on cell
parameters obtained by a Pawley fit of powder X-ray diffraction data.



Table 1: Detailed results from the structural refinements with single-crystal X-ray diffraction
data and Pawley fitting of powder data in the case of P2i/n Cs:NaYIls. Comparisons to select
structural parameters from density functional theory (DFT) calculations using the VASP suite
with the PBE functional and D3 dispersion corrections are also shown. I-I distances in the last
column correspond to M(IIT)Is octahedra.

Cubic Fm-3m

Compound | T (K)/DFT Cell Cs-1(A) Na-I (A) M-I (A) -1 (A)
Cs2NaScls 414 a=12.02(3) A 4.251(1) 3.145(8) 2.862(7) 4.049(1)
Cs2NaScls 298 a=11.917(5) A 4.215(2) 3.110(2) 2.849(2) 4.029(3)
Cs2NaScls DFT a=11.89 A 4.206 3.077 2.871 4.059
Cs2NaYls 414 a=1223(2) A 4.326(6) 3.135(5) 2.983(5) 4.218(7)
Cs2NaYls DFT a=1213 A 4.289 3.071 2.992 4232

Monoclinic P21/n

Cs2NaScls DFT V=838.3 A3 4.001 (avg.) 3.121 (avg.) 2.883 (avg.)
Cs2NaYls 298 V=890.41(2) A3
Cs2NaYls DFT V=881.1A3 4.000 (avg.) 3.137 (avg.) 3.013 (avg.)

Table 1 presents results from the structural refinements and density functional theory
(DFT) based structural relaxations using the Vienna Ab initio Simulation Package (VASP) [38, 39,
40] with the PBE functional [41] and D3 dispersion corrections.[42, 43] At T = 414 K, when both
compounds are cubic, the M-I distances are 2.849(2) A and 2.983(5) A for Cs:NaScls and
Cs2NaYIs, respectively. The Na-I distances are 3.109(2) A and 3.135(5) A The Y-I (radius of 0.900
A) [44, 45] bond distance compares well with the previowsly reported Dy-I distance (2.978(3) A,
Dy(IlI) = 0.912 A) in Cs2NaDyls, while the smaller Sc(IlI) cation (radius of 0.745 A) [44, 45] has a
significantly shorter Sc-I distance. The minimal thermal expansion observed in Cs:NaScls is
likely due to the anisotropic displacement parameters of iodine, which favor transverse
vibrational modes. [46] At the limit of octahedral stability (u = 0.414), we expect the I-I distances
to be 4.40 A or twice the radius of iodide. In the room temperature Cs2NaScls structure, the I-I
distance for the Na octahedra matches this value almost exactly, which is unsurprising given
the radius ratio of u = 0.46. The I-I distance for the Sc octahedra, however, deviates significantly
with a value of 4.03 A. This discrepancy suggests that the increased covalency associated with
the smaller Sc(Ill) cation leads to shorter M-I distances. [47] We note that there have been recent
suggestions of revised ionic radii to more reliably deal with the crystallography of halides,[48]
but it appears that the usual Shannon[44, 45] radii can explain the observed trends in this work.

Differential scanning calorimetry measurements (DSC) indicate that Cs:NaScls
undergoes a structural transition at T =222 K, whereas Cs2NaYIs undergoes a transition close to
T =395 K. The DSC data is plotted and presented in the Supporting Information. These findings
align with the general trend observed for iodide double perovskites, where compounds with
smaller trivalent cations undergo this structural transition at lower temperatures. [22] The
predictive factors for double perovskite formation are the adapted tolerance factor [29]:




£ = (rcs + )/[N2 x ((1na + rm)/2 + 11)]

and the radius ratio m = rm/r1. These shed light on stability and the compositional dependence of
the structural transition temperature. Double perovskites are expected to be cubic for 0.88< ' <

1.00 [29], although it has been noted that this range may deviate slightly depending on the
halide in question.[49]
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Figure 2: (a) Stability field displaying the location of the iodide double perovskites reported here
and previously [22] in the space of the tolerance factor ¢ and the octahedral factor m. The
dashed horizontal line at indicates the expected lower limit of stability. (b) Transition

temperatures from cubic to lower symmetry as determined by scanning calorimetry for the
different iodide double perovskites.
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Figure 3: Band structures with Kubelka-Munk-transformed optical absorption spectra plotted
alongside for (a) Cs2NaScls and (b) Cs2NaYls. The band structures were calculated for the room-
temperature structures (Fm—-3m for Cs2NaScls and P2:1/n for Cs:2NaYIs) using DFT-PBE-D3 with
the A-sol correction applied as a scissor. Solid orange lines in the optical spectra correspond to
analysis of absorption onset for direct band gap systems.

Figure 2 illustrates these predictive factors alongside the structural transition
temperatures for various Cs2NaMIs compositions, where M = Sc, Y, Ce, Nd, Er, Gd, Dy. Figure
2(a) plots the radius ratio against the tolerance factor. The dotted horizontal line represents the
minimum value predicted for octahedral coordination. It is evident that Sc(Ill) is notably
undersized for this coordination environment with iodide, whereas Y(III) approaches the
threshold of size compatibility. The smaller size of the Sc cation likely accounts for why
Cs2NaScls maintains a cubic structure at room temperature. Figure 2(b) shows the observed
trend for the structural transition temperature and suggests that the range for obtaining cubic
iodide double perovskites at room temperature is more stringent than expected. Raman spectra
for Cs:NaScls and Cs:NaYls were also acquired and are presented and explained in the
Supporting Information. Density functional theory (DFT) calculations were carried out to better
understand the electronic structure of these materials and elucidate the results seen above.
Figure 3(a) and (b) shows the PBE-D3 band structures with the A-sol correction [50] for Cs2NaScle
and Cs:NaYIs in their respective room-temperature phases, cubic and monoclinic. The band
structure for the monoclinic P21/n Cs:NaYls phase was calculated starting with the room-
temperature unit cell parameters determined from the Pawley fit to the powder X-ray diffraction
data (Supporting Information) and atomic positions from the isostructural room-temperature
structure of Cs2NaCels. The A-sol calculated band gap energies are 2.80 eV for Cs2NaScls and

3.52eV (Fm3m) and 3.71 eV (P21/n) for Cs2NaYIe.

All calculated band structures show a direct band gap with relatively little conduction
band dispersion. The small dispersion is expected given the interruption of M(III)-I bonding by
ionic Na*. Furthermore, the orbital projections in the band structures show no contribution from
the Na(I) cation at the conduction band minimum and only M(III)-I participation. The slightly



larger band gap for monoclinic Cs2NaYIs compared to cubic Cs2NaScls is expected given the
lower symmetry. The ~0.7 eV difference between the band gap energies of Cs2NaScls and cubic
Cs2NaYls can be accounted for by the increased iodide dispersion in the smaller Cs2NaScle.

Solid-state diffuse reflectance spectra are also shown in Figure 3 for Cs2NaScls and
Cs2NaYls alongside the band structures. Data were collected and transformed to normalized
absorbance by the Kubelka-Munk function. The absorbances for Cs2NaScls and Cs2NaYTs are
centered at 3.25 eV and 4.03 eV, respectively and are assigned to a ligand-to-metal charge
transfer (LMCT) between the iodide to either Sc(Ill) or Y(III). The higher energy LMCT for
Cs2NaYls is expected given the longer M(III)-I distances.[51] The band gaps (or, more
accurately, the optical absorption edges) were obtained using the the usual relation for a direct
band gap semiconductor.[52] Fitting the rising linear region of the LMCT shows that the optical
absorption edge energies occur at approximately 3.10 eV and 3.65 eV for Cs:NaScls and
Cs2NaYls, respectively. The analogous Cs:2NaMIs (M = Ce, Nd, Gd, Tb, Dy) optical absorption
edge energies occur between 3.3 eV to 3.4 eV and are also similar in shape.[22] It is seen from
Figure 3 that the PBE-D3-A-sol calculations are effective in capturing the experimental band
gaps, and also the absorption dip beyond the initial manifold of empty d states of Sc or Y.

As mentioned previously, the competing phase that forms during the synthesis for the Sc
system is the 3:2:9 compound CssScals, for which we were able to obtain single crystals and a
reliable structure solution. The crystal structure of the CssScaly phase is of the CssCraClo
structure-type (details in Supporting Information).

To better understand the energetic competition between iodide double perovskites and
the competing 3:2:9 compounds, we carried out first-principles DFT calculations associated with
the decomposition reaction:

2Cs2NaMls — CssMozlo +2Nal +Csl (2)

in a manner similar to what has been employed by Savory et al. [53] for other related compounds.
The 3:2:9 structure type involving face-shared M:ls polyhedra — the CssCr2Cls structure type —
was used in all cases. The data are displayed in Table 2 and include cations beyond Sc(IlI) and
Y(IIT). We find that while Cs2NaYIs is expected to be stable as a double perovskite, Cs2NaScls is
metastable, which aligns with our frequent observation of CssScals crystals in the reaction
products. While In(Ill) and Sb(Ill) are larger than Sc(IIl), they do not appear to form stable
iodide double perovskites. Similarly,



Table 2: DFT-PBE-D3 energetics of the decomposition reaction to a 3:2:9 phase CssM(III)2Is as
shown in Equation 1 for M(III) = Sc, In, Sb, Y, La, and Bi. All structures were fully relaxed, and
the monoclinic P2i/n structures were employed for the double perovskites. Details in
Supporting Information.

M(II) | Energy (eV)
Sc -0.29
In | -041
Sb | -041
Y 0.05
La 0.40
Bi | -0.32

Cs2M(I)Bils has been challenging to synthesize, despite having a tolerance factor and
radius ratio within the limits of stability. The few reports of Bi iodide double perovskite
compounds often provide limited structural information, note difficulties during synthesis, or
observe fast conversion to a 3:2:9 phase. [54, 55, 56, 57, 58] Notably, many of the compounds that
do not form have s? lone pairs that may stabilize or destabilize structures for reasons beyond
simple size considerations. For example, these p-block M(III) cations are expected to form more
covalent M-I bonds, thereby reducing the electrostatic I-I repulsion and enhancing the I-I van
der Waals interactions. We have been able to crystallize compounds with the largest rare-earth,
La, which is expected based on considerations of u and t, as well as the DFT stability analysis.
Our research also suggests the existence Cs2NaUIs from powder diffraction. Accurate crystal
structure determination based on single-crystal X-ray analysis for these compounds have not
been possible at this time. Collectively, our results suggest that among known inorganic
trivalent ions, there is not an upper size limit for stabilizing iodide double perovskites.

Conclusions

In closing, we have presented the first complete structural characterization of an iodide
double perovskite that is cubic at room temperature, and some related compounds. We have
shown that some iodide double perovskites form even when they contain trivalent ions that are
considered too small for this structure type. DFT comparisons of enthalpies of formation have
provided an explanation regarding why iodide double perovskites that would be expected to
exist based on size and tolerance considerations have eluded experimental verification.



Methods

Synthesis

The double perovskite compounds were prepared by solid-state reaction of the appropriate
starting materials acquired from Thermo Scientific (Scls: 99.999%, YIs: 99.9%, Csl: 99.998% and
Nal: 99.999%). MIs with 2 equivalents of Csl and 1 equivalent of Nal at 675 *C in an alumina
crucible placed in a sealed and evacuated silica tube, with all reactant and sample manipulation
under strictly air-free and anhydrous conditions (Supporting Information). Directly quenching
the reaction tube into water after removal from the furnace yielded the cleanest samples. In
order to remove any persistent oxygen-containing impurities, the compounds were purified
through a self-flux/transport method (details in SI). This method affords high purity, crystalline
materials that are free of any oxygen or binary salt-containing impurities, noting that these
compounds are extremely sensitive to moisture and decompose instantly upon exposure to
ambient air. The reaction conditions for Cs2NaScls often yielded CssScals crystals. Bulk powders
of the latter were prepared using the procedure detailed above, but with 2 equivalents Sclsand 3
equivalents Csl.

Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data for CsaNaMls (M = Sc, Y) and CssScals were collected on a
Bruker KAPPA APEXII diffractometer equipped with an APEX II CCD detector, a TRIUMPH
monochromator, and a Mo-Ka radiation source (A =0.71073 A). Crystals’ were mounted on a
quartz rod under Paratone-N oil, and data were collected at 298(2) K for Cs2NaScls and Cs3Sczlo
and at 414(2) K for Cs2NaMIs (M = Sc, Y) using an Oxford nitrogen gas cryostream system. Data
collection and cell parameter determination were conducted using the SMART program.[59]
Structure solution and refinement were performed using SHELXTL.[60] All crystal structures
are visualized using the VESTA software package.[61] Further crystallographic details can be
found in the Supporting Information.

Powder diffraction

Powder X-ray diffraction (PXRD) measurements were performed on a Panalytical Empyrean
powder diffractometer in reflection mode with a Cu-Ka radiation source with the samples
placed in a air-free holder with Be windows. The data were analyzed using the TOPAS software
suite[62] and Pawley refinements[63] were performed to determine lattice parameters and peak
shapes.

Differential Scanning Calorimetry

Differential Scanning Calorimetry (DSC) was performed using a TA Instruments DSC Q2000 at
a heating/cooling rate of 10 ‘Cmin" using between 3 and 5 mg of sample in a sealed aluminum
pan.



UV-Vis spectroscopy

Diffuse reflectance UV-Vis spectra were collected on a Shimadzu UV-3600 UV-vis—-NIR
spectrometer equipped with an integrating sphere. BaSOs4 (Sigma Aldrich) was used as the
reference for 100% reflectance. Samples were diluted with BaSOsand loaded in the sample
holder inside the glovebox. Transparent tape was placed over the samples to limit
decomposition from exposure to air. The diffuse reflectance data were converted to absorbance
using the Kubelka-Munk transformation.[64]

Raman Spectroscopy

Raman spectroscopy and photoluminescence measurements were performed at room
temperature using a Horiba Jobin Yvon T64000 open-frame confocal microscope operating at a
wavelength of 488nm with triple monochromator and LN:z-cooled CCD array detector. Due to
the air-sensitivity of the samples, the powders were loaded into a homemade air-free cell with a
tused silica window (Corning glass) inside a glovebox. Spectra were calibrated by referencing
the monocrystalline silicon peak at 521cm™. The spectrum of silicon inside the air-free cell was
used to confirm that the use of the cell only contributes very minor peaks or changes to the
baseline.

Electronic structure calculations

Electronic structure calculations were performed using density functional theory (DFT) as
implemented in the Vienna Ab initio Simulation Package v5.4.4. [38,39,40] The calculations used
the VASP-recommended projector-augmented wave potentials and Perdew-Burke-Ernzerhof
(PBE)[41] functionals with D3 corrections using Becke-Johnson damping (IVDW = 12)[42,43]
were additionally employed because of the presence of large and polarizable ions such as Cs*
and I". An energy convergence better than 10 eV was employed for all calculations, with a
plane-wave energy cut-off of 500 eV. Automatic k-mesh generation was used with the length
parameter [ set to 50. Complete structural parameters from single crystal diffraction, or cell
parameters from Pawley fits of powder X-ray diffraction were employed as starting structures
and all crystal structures were fully relaxed. Band structure calculations were performed using
a density of 30 k-points per branch with an AFLOW generated k-point path.[65] The A-sol
correction method, as detailed by Chan and Ceder,[50] was used to compensate for the usual
PBE underestimation of band gaps. For the relative phase stability calculations, all double
perovskite energies are taken from the fully relaxed monoclinic structures. The energies of the
3:2:9 phases use the fully relaxed CssCr2Cls-type structures, which are the most stable for all the
relevant 3:2:9 compositions.



Supporting Information Summary:
Supporting information containing table of crystallographic data and other characterization
(powder X-ray diffraction, Raman spectroscopy, and DSC).

Deposition Number(s) <url
href="https://www.ccdc.cam.ac.uk/services/structures?id=d0i:10.1002/chem.202404009">2378641
(Cs2NaScl6-298K), 2378642 (Cs2NaScl6-414K), 2378643 (Cs2NaY16-414K), 2378644 (Cs2NaYI6-
298K)</url> contain(s) the supplementary crystallographic data for this paper. These data are

provided free of charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe <url href="http://www.ccdc.cam.ac.uk/structures">Access

Structures service</url>.
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K What determines the stability of iodide double perovskites

;1T_>+ <, EVZ + ,,,C“.(r)> s.(r) — =0 (r) and our ability to synthesize them? Despite being highly
sought after, not a lot is known about this rare compositional

= family. We present the single crystal X-ray structures of two
iodide double perovskites containing small trivalent ions,
and employ design rules for perovskites, coupled with
electronic structure calculations, to understand stability
limits.
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Figure S 1: Pawley fits to the room temperature X-ray powder diffraction data of Cs;NaSclg and CsyNaYlg
respectively in the F'm3m and P2, /n space groups.

Results

The cubic double perovskite structure is predicted to have four Raman active modes, three internal modes
and one lattice mode.[1, 2, 3] The Ml octahedra in double perovskites possess O; symmetry, leading
to three primary internal Raman active modes: v; (A1), v2 (E,), and vs (Th,).[4, 5] v1 is the symmetric
stretching mode, v, the asymmetric stretching mode, and v5 the bending mode of the MIg~3 octahedron.
Additionally, the cubic double perovskite structure features a translational lattice mode which is also Raman
active, classified as T5,. [4] In the Csy;NaScls, Raman spectroscopy reveals a peak at 69 cm~! corresponding
to v5 (T3,), a peak at 112cm~! corresponding to v» (Eg), and a peak at 132 em™! corresponding to v4
(A1,). These frequencies generally satisfy the relation v1? &~ v2? + %zx52.[1, 4] We attribute the small peak
at 171 cm~! to residual I, in the sample[6] and the peak at 93 cm~! is potentially from residual CsI.[7]

For CsyNaYlg in the monoclinic P2;/n room temperature structure, we expect 24 Raman active modes:
12 A, and 12 B, modes. The absence of some of these peaks can likely be explained by modes occurring at
the same frequencies or being too low intensity to be observable. Based on the frequencies observed in the
chloride analogs of these iodide double perovskites [8, 9] and similar bromide compositions [10], the 75,
lattice modes are expected to be of too-low frequency to be observed in these spectra.



Table S1: Lattice parameters determined from Pawley fits.

Formula CsyNaSclg CsyNaYlg
Crystal System Cubic Monoclinic
Space Group Fm3m P2, /n
Cell Volume (A%) 1704.6(2) 890.41(2)
a A 11.938(6) 8.5026(4)
b (A) 11.938(6) 8.5488(3)
cA) 11.938(6) 12.250(6)
« 90 90
B () 90 90.284(2)
v (®) 90 90
Rup 4.75% 3.68%
R, 3.49% 2.61%

o

Figure S 2: Cs3Scyly single crystal structure at room temperature displaying atomic displacement parameters
with 50 % probability.



Table S2: Details of the single-crystal X-ray diffraction measurements.
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Figure S 3: Raman spectra for Cs;NaSclg and Cs;NaYIg at room temperature.
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