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Abstract

Vacancy-ordered double perovskite offers a promising outlet for lowering the lattice ther-
mal conductivity of perovskite, but remains hitherto unexplored. Using first-principles calcu-
lations, we investigate the thermal properties of vacancy-ordered double perovskite Cs,Snl,
comparing with conventional perovskite CsSnl,. Based on scrutiny of crystalline structures
and lattice vibrations, we propose a twofold ratting mechanism induced by Cs atoms and iso-
lated Snl octahedral clusters in Cs,Snl, being different from CsSnl; with only Cs atom rattler.
Our calculations reveal that the twofold rattlers in Cs,Snl, scatter the heat-carrying acoustic
phonons coupled with low-lying optical modes and lower the phonon group velocity. Elec-
tron localization function analysis supports the twofold rattling mechanism in Cs,Snl,. We
predict lattice thermal conductivity « of Cs,Snl, at the temperature range from 300 to 1000
K, finding an exceptionally ultralow « of 0.11 W/m-K at 300 K and thus paving a way to find

perovskite-based thermoelectrics with high-performance and low-cost.
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Highly efficient thermoelectric materials can innovate in manipulation and utilization of waste
heat by turning it into electric power."® Besides for photovoltaic applications, halide perovskites
with a chemical formula of ABX; (A: organic or inorganic monovalent cation, B: divalent metal
cation, X: halide anion) have drawn increasing attention as a promising candidate for commer-
cially viable thermoelectric materials.”*** With a simple and cost-effective synthesis, this is due

to their ultralow thermal conductivities, 13

which ensure high figure of merit for thermoelectric
performance defined as ZT = S20T/(k. + k1) (S: Seebeck coefficient, o: electrical conductiv-
ity, «: thermal conductivity by electron and lattice) and are related with extremely anharmonic
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lattice vibrations, as well as the unique optoelectronic properties.'®*> The organic-inorganic

hybrid perovskite CH,NH;Pbl;, being prototype of halide perovskite for solar cells, was found
to exhibit an ultralow thermal conductivity of 0.5 W/m-K at room temperature by experiment
or even 0.05 W/m-K by first-principles calculation,’ being comparable with those of gases and
much lower than those of solids. Based upon theoretical calculations, such ultralow x was mainly
ascribed to the rotational motion of the organic CH;NH; cation.“®**® For all-inorganic perovskites
CsPbl; and CsSnl; in orthorhombic §- or y-phase, Yang and co-workers’? also found ultralow
k below 0.45 W/m-K at room temperature. This raised the question of the former insight be-
cause the elemental Cs™ cation could not follow the rotational modes like the molecular CH;NH;
cation. Therefore, metal-halide cluster rattling modes, being localized vibrational mode by collec-
tive motions of atoms, were suggested to be the main origin of the ultralow thermal conductivity
in the all-inorganic halide perovskites.® Recently, Xie et al.'!' demonstrated a strong correlation
between thermal conductivity and lattice dynamics in cubic CsSnBr;_,I,, which exhibits the ul-
tralow « of 0.32 W/m-K at 550 K. Based on the crystallographic data and theoretical calculations,
they suggested the heavy Cs atoms as rattlers, inducing the strong coupling of the low frequency
optical phonons with the heat carrying acoustic phonons. This resulted in the severe phonon res-
onance scattering, thereby producing the ultralow lattice thermal conductivity in the all-inorganic

perovskites.™

Halide perovskites have a great diversity of crystalline structures,? providing a degree of free-
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Figure 1: Crystalline structures of (a) vacancy-ordered double perovskite Cs,Snl, with cubic
Fm3m space group and (b) conventional perovskite CsSnl; with cubic Pm3m space group. Lo-
cal coordination environments of Cs atom-rattler inside a cub-octahedral cage formed by I atoms
for (c) Cs,Snlg and (d) CsSnl;. Illustrations of isolated and corner-sharing Snl, octahedra inside
cage-like structures composed of Cs atoms for (e) Cs,Snl, and (f) CsSnl;. Green, gray and purple
balls represent Cs, Pb and I atoms. Crystalline structures were visualized by using VESTA code.?*

dom for further tuning the thermal conductivity. One example is the halide double perovskite
Cs,AgBiBr, that can be formed by replacing the divalent two Pb 2* cations with a pair of mono-
valent Ag* and trivalent Bi** cations. Using first-principles lattice dynamics, Klarbring et al.*®
demonstrated that this double perovskite can exhibit an ultralow « as 0.33 W/m-K at room temper-
ature even in high-symmetric cubic phase, being originated from the softness and anharmonicity
in its phonon dispersion. Instead of such replacing, removing half of the divalent cations gives a
vacancy-ordered double perovskite with a chemical formula of AZBX6, which can further
reduce « by intensifying the lattice anharmonicity and enhancing the rattling vibrations. However,
thermal transport properties of the vacancy-ordered double perovskites have yet been untouched in
both experiment and simulation.

In this work, we first predict an ultralow thermal conductivity of vacancy-ordered lead-free

double perovskite Cs,Snl, in cubic phase by density functional theory (DFT) phonon calculations.
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Figure 2: Phonon dispersion curves and total density of states (TDOS) at different temperatures of
0, 500 and 700 K for (a) CsSnl; and (c) Cs,Snl;. Atom-projected density of states (PDOS) at 500
K for (b) CsSnl; and (d) Cs,Snl,.

Twofold rattling mechanism is proposed for explaining the ultralow «. We show highly anharmonic
feature of its lattice dynamics at finite temperature, being different from that of conventional per-
ovskite CsSnl;. An exceptionally low « of 0.11 W/m-K is obtained, being almost one sixth of
CsSnl; at room temperature. We perform detailed analysis of lattice vibrations and electron local-
ization function, revealing the key role of the twofold rattling vibrations induced by both Cs atoms
and Snl, octahedral clusters in scattering the heat-carrying acoustic phonons and thus reducing the
thermal conductivity of Cs,Snl.

We start with a scrutiny into crystalline structure of the vacancy-ordered double perovskite
Cs,Snl, in cubic phase with space group Fm3m,*> comparing to cubic CsSnl; with space group
Pm3m.”% As shown in Figure a) and (b), replacing every other Sn atom with a vacancy in CsSnl,
leads to the vacancy-ordered double perovskite Cs,Snl.*”** The crystal structure of Cs,Snl, can
be regarded as a defect variant of CsSnl; with isolated Snl octahedra bridged by Cs atoms, which

is in a striking contrast to corner-sharing arrangement of octahedra in CsSnl,;.*#%33 In spite of



such structural change, the local coordination environments of Cs atoms do not alter distinctly, as
they reside in the ideal 12-coordinated cub-octahedral geometry formed by I atoms (Figure [I](c)
and (d)). Only the Cs—I bond length is slightly contracted from 4.37 A in CsSnl; to 4.13 A in
Cs,Snl¢. This is correlated with decreases of Sn—I bond length and lattice constant caused by the
ordered Sn vacancies in Cs,Snl,. Note that the Cs—I distance of 4.13 A in Cs,Snlj is still longer
than that of 3.92 A in cubic CsI crystalline solid and the sum of ionic radii of Cs™ and I~ (3.87
A). Therefore, it is clear that in Cs,Snl, a Cs atom is located inside the over-sized cub-octahedral
cage, expecting its role as a heavy rattler that can drive the lattice anharmonicity as in CsSnl;.

Meanwhile, the local environment of Snl; octahedra is significantly changed. In the case of
vacancy-ordered double perovskite Cs,Snlg, they are isolated and located inside the over-sized
cage-like structures composed of the Cs atoms. This is contrary to the corner-sharing arrangement
of Snl, octahedra in CsSnl;, as shown in Figure e) and (f). Owing to the sufficient intersti-
tial space in the cage-like structures, the isolated octahedra in Cs,Snl, are loosely bound to their
neighbors, so that they can play a similar role to the Cs atom rattlers. However, the corner-sharing
octahedra in CsSnl; are tightly connected with each other, thereby implying impossibility for them
to act as rattlers. From this consideration on their crystalline structures, we can suppose both
the Cs atoms and the isolated Snl, octahedra to be rattlers, indicating twofold rattling motions in
Cs,Snl,. When compared to CsSnl; with only Cs atom rattler, the lattice anharmonicity can be
further enhanced, possibly reducing « in Cs,Snl.

In order to verify this hypothesis of twofold rattling mechanism, we then perform lattice dy-
namics calculations for Cs,Snl; and CsSnl; using supercells to obtain their phonon energies and
density of states (DOS) (see Supporting Information for computational details). Figure [2(a) and
(c) show the phonon dispersion curves and total DOS calculated at 0 K for CsSnl; and Cs,Snl,
respectively (see Figure S1 for convergence test of phonon dispersion curves according to supercell
size). Note that the phonon dispersion curves obtained in this work are in good agreement with
the previous calculations obtained by different methods.™™ For CsSnl;, the soft phonon modes

with the imaginary phonon energies are identified at M and R points of the Brillouin zone (BZ).



This is agreed with the recent experimental finding that CsSnl; can be stabilized in cubic phase
only at high temperature over 441 K, and transformed to tetragonal P4/mbm at 362 K*!' and to
orthorhombic Pnma*? phases at room temperature.™ The soft phonon modes are also found at I’
point for Cs,Snl,, which is at odds with the experimental observation that Cs,Snl, can adopt the
cubic structure at the whole range of temperature.*”*% As Xie et al.'!' already pointed out that the
major reason for the anharmonic phonon modes in cubic CsSnl, is the Cs atom rattlers, moving
away from the center of the cub-octahedral cage due to the local distortion of Snl octahedra, the
anharmonic phonon modes presented even in the dynamically stable cubic Cs,Snl, are associated
with the rattlers. That is, they are just caused by the twofold rattling vibrations of the Cs atom and
octahedral cluster, as expected above.

In the previous work,™” we have calculated the potential energy surface (PES) of cubic Cs,Snl
following the phonon eigenvectors corresponding to the anharmonic modes at the BZ center. The
double perovskite Cs,Snl, exhibits very flat landscape for PES with the low energy barrier below
11 meV per formula unit for structural transition from cubic to symmetry-broken local phases."”
This energy barrier is much lower than the thermal energy kzT at room temperature (~26 meV)
and that for CsSnl; (~40 meV)."™! This indicates that Cs,Snl, is not only dynamic, fluctuating
between the symmetry-lowered local structures and just appearing cubic phase on average, but
also highly anharmonic.™” Such analysis is consistent with the recent work for another double per-
ovskite Cs, AgBiBr,? emphasizing that its lattice dynamics in cubic phase is strongly anharmonic
and the phase transition is quite different from that of the conventional perovskite. On the other
hand, the emergence of such imaginary phonon modes requires anharmonic phonon renormaliza-
tion (APRN) at finite temperature.*34

To this end, we perform self-consistent phonon (SCP) calculations to consider the anharmonic
effects when elevating temperature. Here, the anharmonic phonon eigenvalues as a function of
temperature can be computed from the pole of the Green’s function beyond perturbation theory,
as implemented in the ALAMODE code.**9 Figure [2[(a) and (c) show the obtained anharmonic

phonon dispersion curves at finite temperatures of 500 and 700 K for CsSnl; and Cs,Snl, re-



spectively (see Figure S3 and S4 for the anharmonic phonon dispersion curves at the temperature
range from 300 to 1000 K for Cs,Snl; and CsSnl;, respectively). When compared with the har-
monic phonon dispersions at 0 K, the imaginary phonon eigenvalues were found to become real
by renormalization, demonstrating that the cubic phases for both CsSnl; and Cs,Snl; become dy-
namically stable at high temperature. As going from O K to finite temperature, both the acoustic
and optical modes for CsSnl; are distinctly changed in the whole range of phonon frequency by
APRN, whereas the change was not radical for Cs,Snl,. This also indicates the thermal instability
of cubic CsSnl; at 0 K while relatively high stability of Cs,Snl,. Importantly, the acoustic modes
of Cs,Snl, are getting flattened going from the BZ center to the BZ boundary around 5 meV of
phonon energy in contrast with those of CsSnl, that are still quite dispersive. Together with the
strong coupling with the optical modes, this gives an evidence of stronger lattice anharmonicity
in Cs,Snl,. Moreover, nearly flat optical modes with the lowest energy of ~3.8 meV at I'-point
appear in the acoustic region for Cs,Snl,. Meanwhile, all the optical modes of CsSnl; look more
dispersive along arbitrary direction in the BZ. It is widely accepted that such flat optical modes are
responsible for slow group velocity v, and act as strong scattering centers for low-lying acoustic
modes. Based on such consideration, we can conceive that Cs,Snl, exhibits much slower v, and
shorter lifetime of phonon than CsSnl,.

To further understand the difference in lattice vibration between CsSnl; and Cs,Snl,, we plot
their atom-projected phonon DOS (PDOS) calculated from the SCP calculations at 500 K in Fig-
ure [2(b) and (d). Both the perovskites are found to have the low-lying optical phonon modes
around ~5meV, which are mostly associated with the rattling vibrations of Cs atoms. The Cs-
related PDOS in Cs,Snl, looks narrower than in CsSnl;, verifying its stronger rattling vibrations
of Cs atoms. Moreover, we observe separate peaks around 2.5, 5.0, 6.3 and 8.5 meV in the acoustic
and low-lying optical regions for Cs,Snl,, which are mainly ascribed to the vibrations of I atoms
with small contributions of Sn atoms. By contrast, united peak is seen in the region between 3 and
7 meV for CsSnl;. These additional separate peaks in Cs,Snl, can be regarded as the evidence of

rattling vibrations of Snl, octahedral clusters, i.e., collective motions of Sn and I atoms as shown



Figure 3: Electron localization function in (110) plane of (a) Cs,Snl, and (b) CsSnl;. (c) Collective
motion of Sn and I atoms in the host cage of Cs atoms, according to the phonon eigenvectors of
low-lying optical modes in Cs,Snl,.

in Figure [3(c). Note that through such strong rattling vibrations, guest atoms or clusters swing in
the host cage structures, scattering the heat-carrying phonons. 4748

We analyze the electron localization functions (ELFs) of Cs,Snl, and CsSnl; in Figure Eka) and
(b), which help find electronic mechanism of the anharmonic rattling modes. As the ELF value
increases, the electrons are considered to be more localized and thus the atomic bonding to be
transformed into the covalent type. In the ELF pictures, we can see almost perfect spheres around
Cs atoms but different features around Sn and I atoms for the two perovskites. Obviously there is
more charge sharing between Sn and I atoms in Cs,Snlg than in CsSnl;, which is associated with
the bond length contraction in the double perovskite. Moreover, no charge is observed between
the neighboring octahedra due to the vacancies in Cs,Snly in contrast with CsSnl;. This implies
that the Snl octahedral clusters in Cs,Snl, are loosely bound to the neighbors, causing the cluster-
rattling vibrations. In addition, non-spherical ELF around Sn and I atoms in Cs,Snlj, reflecting the

inhomogeneous connectivity of constituent atoms, explains the electronic origin of phonon anhar-

monicity. 8 Summing up discussions so far, there exist the octahedral cluster rattlers as well as the
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Figure 4: Phonon lifetime 73,4 (a), phonon group velocity v, (b), heat capacity Cy (c) computed
by SCP theory at 500 K, and temperature-dependent k by harmonic and SCP calculations with
experimental results™ (d), respectively for Cs,Snl, and CsSnlj.

Cs atom-rattlers in Cs,Snl;, whereas only the Cs atom rattlers exist in CsSnl;. Accordingly, it can
be surely expected that the thermal conductivity of vacancy-ordered double perovskite Cs,Snl; is
significantly lower than the conventional perovskite CsSnl;.

Finally, we calculate the lattice thermal conductivities of Cs,Snl; and CsSnl; by solving the
Boltzmann transport equation (BTE) within perturbation theory combined with solution of SCP
equation. Figure [4(a) and (b) show the phonon lifetime 73,, and phonon group velocity v, as
functions of phonon energy, calculated from SCP solution at 500 K considering the three-phonon
scattering (see Figure S5 and S6 for cumulative «, and average 73,4, and v,, respectively). When
compared with CsSnl;, 73,4 in Cs,Snl, is found to decrease more rapidly as decreasing phonon

energy below 7.5 meV, which is ascribed to the aforementioned twofold rattling vibrations of Cs

10



atoms and the octahedral clusters. Moreover, v, in Cs,Snl, is observed to be smaller in the whole
range of phonon energy, possibly due to the flattened phonon dispersion of Cs,Snl;. As shown in
Figure [A{(c), Cs,Snlg has smaller heat capacity Cy than CsSnl; at the whole range of temperature
because of lack in Sn—I bonds by the Sn vacancies. Having the necessary quantities of 7, v, and
Cy, we assess « of Cs,Snl; and CsSnl, as functions of temperature, as shown in Figure Efkd) (see
Figure S2 for convergence test of k according to the size of g-point mesh). When employing the
SCP energies for solving BTE (BTE + SCP), « is observed to be larger than that calculated with
harmonic phonon energies (BTE), as has been found out in the previous works.*"*%% For the case
of CsSnl,, the calculated values of k with BTE and BTE + SCP are slightly smaller and larger than
the experimental values, indicating a reasonable accuracy of our calculations. As expected from
the smaller values of 7, v, and Cy, the lattice thermal conductivity « of Cs,Snl is about a sixth
lower than that of CsSnl; in the temperature range of interest. At 300 K, « of Cs,Snl; is proved to
be ultralow as 0.11 W/m-K with BTE + SCP, being a third of 0.33 W/m-K of the double perovskite
Cs,AgBiBr,.*Y As has been found out,**! solids in disordered complex structures and/or large
unit cells tend to have low thermal conductivities, while the manifestation of ultralow thermal
conductivity in an ordered high-symmetry cubic structure, such as that of Cs,Snl, is unusual with
the twofold rattling vibrations as the underlying mechanism.

In summary, we have performed first-principles calculations to investigate the thermal prop-
erties of vacancy-ordered double perovskite Cs,Snl, while comparing with the conventional per-
ovskite CsSnl;. By scrutinizing the crystalline structures and analyzing the phonon dispersions,
we have conceived that both the Cs atoms and the isolated Snl; octahedra in Cs,Snl act as rat-
tlers, i.e., twofold rattlers, unlike the CsSnl; with only Cs atom rattler. Our calculations have shown
much shorter phonon lifetime and lower group velocity due to the strong scattering of heat-carrying
acoustic phonons and flattened phonon dispersions in Cs,Snl,, revealing that the twofold rattling
modes stimulate the lattice anharmonicity. We have estimated the lattice thermal conductivities of
Cs,Snl and CsSnl, at the temperature range from 300 to 1000 K, finding an exceptionally low « of

0.11 W/m-K at 300 K for Cs,Snl;. We believe that our work opens up new potential applications
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of the vacancy-ordered double perovskite for high-performance and low-cost thermoelectrics.

Computational Methods

Density functional theory (DFT) calculations were performed by using the projector-augmented
wave (PAW) method”? as implemented in the Vienna Ab Initio Simulation Package (VASP).>3>4
Valence electron configurations of the atoms in the PAW functions are Cs—5s25p®6s!, Sn—5s25p?
and I-5s25p°. The exchange-correlation interactions between valence electrons was described with
the PBEsol functional® within the generalized gradient approximation (GGA). Kinetic energy
cutoff of 800 eV was used for a plane-wave basis set and a k-point mesh of (12x12x12) was for
Brillouin zone (BZ) integration, guaranteeing the total energy accuracy within 3 meV per unit
cell. The atomic positions were relaxed until the atomic forces converged to 103 eV/A, while the
energy convergence criterion was set to 1078 eV.

To perform harmonic phonon calculations, we extracted harmonic interatomic force constants
(IFCs) by utilizing the finite displacement method with 3X3x3 supercell, as implemented in the
ALAMODE code.*% The relevant atoms were displaced from their equilibrium positions by 0.01
A considering the crystalline symmetry. We performed self-consistent phonon (SCP) calculations
to consider anharmonic effects at finite temperature by calculating the anharmonic phonon eigen-
values as a function of temperature from the pole of the Green’s function beyond perturbation the-
ory. The anharmonic IFCs were obtained by performing the compressive sensing lattice dynamics
(CSLD)~® with over 60 configurations where all of the atoms were displaced randomly with large
displacements. Using the calculated 3rd-order IFCs, we solved phonon Boltzmann transport equa-
tion (BTE) with a g-point mesh of (24x24x24) within the relaxation time approximation (RTA) to

estimate the lattice thermal conductivity.
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