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Computational details

Our first-principles calculations were performed using the vasp code [I} 2], employing the projector augmented wave po-
tentials [3, 4] with the valence electron configurations of Cs—5s25p%6s', I-5525p° and Sn—55%5p*. We utilized the PBEsol
functional [S]] known to accurately predict the lattice constants of all-inorganic HPs [13]], being crucial for a reliable descrip-
tion of lattice dynamics. We used a kinetic energy cutoff of 800 eV for a plane-wave basis and a k-point mesh of 12x12x12
for Brillouin zone (BZ) integrations, which are enough to guarantee a total energy accuracy as 5 meV/cell. Lattice dynamics
and thermal conductivity calculations were performed using the ALaMODE code [8} 9} [14]]. Full details of our calculations with
supercell-size convergence tests for the phonon calculations is provided in the Supplementary Material. The atomic positions
were relaxed until the atomic forces are smaller than 1073 eV/A, while the energy convergence criterion was set to be 1078
eV. The optimized lattice constants are 6.18 and 11.62 A for CsSnl; with cubic Pm3m space group and Cs,Snl with cubic
Fm3m space group, which are in close agreement with the experimental values of 6.22 and 11.65 A [6,77]. The harmonic
interatomic force constants (IFCs) were extracted using a 3 X 3 X 3 supercell expansion and a displacement step of 0.01 A,
while the anharmonic IFCs were computed using 2 X 2 X 2 supercell expansion. For 3x3x3 supercell calculations, we used
the same convergence thresholds with a reduced kinetic energy cutoff of 400 eV and 3x3x3 k-point mesh.

In order to calculate the harmonic phonon eigenvalues and phonon DOS, we used the second-order (harmonic) IFCs by
utilizing the finite displacement method with 3x3x3 supercell, as implemented in the ALAMODE code [8, |9]. Then, we
calculated the atomic forces for each displaced configurations and extracted harmonic IFCs by using the ALAMODE code.
We performed the convergence tests of the phonon eigenvalues with respect to the supercell size, revealing that the results
of 2x2x2 supercell agree well with the ones of 4x4x4 (3x3x3) supercell for CsSnl; (Cs,Snl) as shown in Fig. S2. We
employed even dimensioned supercell that spans commensurate g-point grids in order to check for cell size convergence in
CsSnl, [12].

We performed self-consistent phonon (SCP) calculations including cubic and quartic anharmonicities at finite tempera-
tures by using up to sixth-order IFCs. 8| [9]. Within the SCP theory, the anharmonic phonon eigenvalues were computed
as functions of temperature from the pole of the Green’s function beyond the perturbation theory, as implemented in the
ALAMODE code. In the SCP equation, the phonon self-energy becomes frequency-dependent only treating the loop dia-
gram related with the quartic IFCs. Note that the off-diagonal elements of the self-energy should be accounted to allow the
phonon eigenvectors to change by anharmonic effects [9]. The current SCP approach applied to this work was confirmed to
be efficient and accurate in accounting for lattice dynamics and thermal transport properties of systems with severe anhar-
monicity. For estimating anharmonic IFCs, we employed the compressive sensing lattice dynamics (CSLD) approach [[10],
as implemented in the ALAMODE code. To do this, we prepared over 60 configurations where all of the atoms are displaced
randomly with large displacements [[10] and computed atomic forces for each configuration using precise DFT calculations.
We employed the method suggested by F. Zhou[[10] for generating structures with large random displacement. The atomic
displacements u can be generated according to a given covariance matrix X(u). To proceed, a lower triangle matrix L needs
to be computed through Cholesky decomposition of Z, i.e., LL? = Z(u). Provided that a vector x with the same dimension
of u has a covariance matrix of Z(x) and the variance of u = Lx is L(x), the covariance of Lx becomes LE(u)L”. Therefore,
>(u) can be recovered if x has identity covariance matrix, indicating that u can be generated using x that follows the Gaussian
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distribution. According to this scheme as implemented in CSLD code [10], we generated 60 configurations with large random
displacements with maximum displacement of 0.81 A and minimum displacement of 0.07 A. For cubic and quartic IFCs, we
included up to 5th- and 3rd-nearest neighbor shells, whereas fifth- and sixth-order IFCs were considered for nearest-neighbor
pairs. In order to estimate the accuracy of the IFCs estimated by the CSLD, we calculated potential energy (U-Uy) and atomic
forces by using the atomic displacements and the IFCs for Cs,Snl,. Fig. S9 shows the comparison of the potential energy and
the atomic forces obtained from DFT and IFCs. The relative errors were 1.2 and 5.6 % for the potential energy and the atomic
force, respectively. On the other hand, the model in this work can reproduce the double well potential with the well-depth of
about 40.2 meV, which is in good agreement with our previous calculations [13]].

With the calculated 3rd-order IFCs, we solved the Boltzmann transport equation (BTE) for phonon within the relaxation
time approximation (RTA) and estimated the lattice thermal conductivity, as implemented in the ALAMODE code. We
performed convergence test for the calculations of lattice thermal conductivity x according to the size of g-point mesh in the
phonon BZ, demonstrating that a 24x24x24 g-point mesh is sufficient to determine « with an error less than 0.01 W/m-K
(Fig. S3). In this work, we considered diagonal contributions [11]] only by solving the BTE equation and ignored thermal
expansion of the crystal volume at high temperatures but the «; calculated with and without the SCP eigenvalues are in
reasonable agreement with the experimental values [6] for the cubic CsSnl,, convincing that our calculations can provide
reliable results. With reference to calculation method of the lattice thermal conductivity «;, BTE corresponds to the «;
calculated by using the harmonic phonon dispersions at 0 K without any anharmonic effects while BTE+SCP stands for the
k; estimated by using the anharmonic phonon dispersions obtained at finite temperatures within the SCP theory.
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Fig. S1. Polyhedral view of crystalline structure (top-left), local coordination environments of Cs atoms-rattler inside a cub-
octahedral cage formed by I atoms (top-right), and isolated and corner-sharing Snl octahedra clusters-rattler inside cage-like
structures composed of Cs atoms (bottom) in (a) vacancy-ordered double tin iodide perovskite Cs,Snl, with cubic Fm3m
space group and (b) single tin iodide perovskite CsSnl, with cubic Pm3m space group. Green-, gray-, and purple-colored
balls represent Cs, Sn, and I atoms, respectively.
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Fig. S2. Comparison of harmonic phonon dispersions calculated using 2x2x2 and 4x4x4 (3x3x3) supercells of cubic
CsSnl; (Cs,Snly) at 0 K, respectively.
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Fig. S3. Polyhedral view of collective motion of atoms in CsSnl,, corresponding to the lowest optical mode at I point, and
lattice thermal conductivity as a function of g-point mesh for CsSnl,.
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Fig. S4. Temperature-dependent anharmonic phonon dispersion curves with phonon DOS for Cs,Snl, at temperatures from

300 to 1000 K with an interval of 100 K.
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Fig. S5. Temperature-dependent anharmonic phonon dispersion curves with phonon DOS for CsSnl; at temperatures from

300 to 1000 K with an interval of 100 K.
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Fig. S6. Cumulative thermal conductivity calculated with BTE+SCP method for CsSnl; and Cs,Snl.
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Fig. S7. Average phonon lifetime 73,4 and group velocity v,
calculated with BTE+SCP method for CsSnl, and Cs,Snl.
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Fig. S8. Heat capacity Cy computed by SCP theory at 500 K for Cs,Snl, and CsSnl,.
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Fig. S9. Comparison of the potential energy and the atomic forces obtained from DFT and IFCs for Cs,Snl,.
0.2 T T T T T T T T T T T T T T T T T T
1
CsSnl, ?g ) vl Cs,Snlg
I 1 8%°T Cs ]
E Sn
s L 4
0.1 z
o
€ o1l -
5
L : i ]
=
0.0 1 1 1 1 1 1 1 1 1 0.0 1 | 1 1 1 1 1 1 1
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature (K) Temperature (K)
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Fig. S11. Phonon dispersion curves near the acoustic phonon region (gray-colored region) around the I' point obtained by
the SCP calculations at 500 K for Cs,Snl, and CsSnl,, respectively. A longitudinal (red) and two transverse acoustic modes
(blue and green) are displayed by the colorful solid lines, while low-lying optical modes by black solid lines. The magenta
circles represent for the avoided-crossing points between the low-lying optical and longitudinal acoustic modes.
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Fig. S12. Phonon lifetime 73,4 projected on the longitudinal (LA, red symbols) and the two transverse acoustic modes (TA,
blue and green symbols) at 500 K for Cs,Snl, and CsSnl;, respectively.
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Fig. S13. Phonon lifetime 73,4 of Cs,Snl; and CsSnl;, and atom-projected phonon DOS of Cs,Snl, within the phonon
energies from 0 to 10 meV at 500 K.
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