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We report a first-principles study of lattice vibrations and thermal
transport in Cs,Snlg, the vacancy-ordered double perovskite. Two-
fold rattlers of Cs atoms and Snl6 clusters in Cs,Snlg, being different
from CsSnls with only Cs atom rattlers, largely scatter heat-carrying
acoustic phonons strongly coupled with low-lying optical phonons
and lower phonon group velocity. Using renormalized phonon dis-
persions at finite temperatures, we reveal that anharmonicity and
twofold rattling modes induce an ultralow thermal conductivity at
room temperature.

Novel thermoelectrics with ultralow thermal conductivity are
key ingredients in driving future energy technologies such as
thermoelectric energy conversion." The lattice thermal conduc-
tivity in a crystalline solid is x© = 3 C,;|v,:|*t,; with the heat
qi
capacity C, phonon group velocity v and phonon lifetime 7,
which are dependent on the momentum ¢ and mode 4 of the
phonon.>” The key to decreasing the thermal conductivity is to
reduce the phonon lifetimes through increasing the phonon-
phonon scattering, i.e., anharmonic phonon interactions, as
revealed in disorder-free systems like SnSe*® and PbTe.”®
Strong phonon-phonon scattering is especially manifested via
the localized vibration motion of constituent atoms in optical
modes, coupled with and scattering heat-carrying acoustic
phonons, so-called rattling modes.”™* This mechanism is
broadly applied to explain the low thermal conductivity in
cage-like crystal structures like skutterudites and clathrates
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with atomic rattlers'®!>4
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The halide perovskites (HPs) span hybrid organic-inorganic and
all-inorganic materials with a chemical formula ABX; (A = CH3NH3,
Cs; B = Pb, Sn, Ge; X = I, Br, Cl) and are extremely anharmonic
materials.">® In these materials, the atomistic dynamics of A-site
cations is highly complex and anharmonic, i.e., rotational motion
for the organic molecule'®>" and cluster rattling motion for the
inorganic atoms,"*> while BX, octahedra display distortions and
tilting modes. These complex atomistic motions and anharmonic
phonons result in a synergy that can originate their ultralow
thermal conductivity.

The so-called double HPs, typically Cs,AgBiBr,>*>* formed by
replacing the two divalent Pb®" cations with a pair of monovalent
Ag" and trivalent Bi*" cations, are envisioned to resolve severe
issues of poor long-term stability and toxicity of lead in the single
lead HPs. Moreover, theoretical investigation® found that Cs,Ag-
BiBrg in the cubic phase presents highly anharmonic phonons,
leading to the ultralow thermal conductivity of 0.33 Wm ™' K" at
room temperature. Likewise, the vacancy-ordered double HPs,
where half of the divalent cations are removed, exhibit the strong
anharmonicity of lattice dynamics,**° expecting a reduction of
lattice thermal conductivity. Nevertheless, the underlying nature
of the anharmonic phonon-phonon interactions and its conse-
quences in the vacancy-ordered double HPs remain unknown.

In the present work, we thoroughly investigate the nature of
lattice dynamics and temperature-dependent thermal conductivity
of vacancy-ordered double perovskite Cs,Sn Ol in a simple cubic
phase, where O is a vacancy, employing first-principles lattice
dynamics calculations connected with explicit many-body theory
calculations. For convenience, we denote Cs,SnOIg as Cs,Snlg
hereafter. We provide a systematic comparison with its single
counterpart CsSnlz;, demonstrating that twofold rattling motions
of both Cs atoms and Snlg clusters induce ultralow thermal con-
ductivity of 0.11 W m~ ' K™ * even at room temperature in Cs,Snlg,
which is almost one sixth of that in CsSnl; with only Cs rattling.

We start with scrutiny of the crystalline structure of cubic
Cs,Snlg with space group Fm3m, comparing to cubic CsSnl;

and layered structures with Cu atom
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with space group Pm3m. As shown in Fig. S1(a and b) in the
ESI, T the crystal structure of Cs,Snls can be regarded as a defect
variant of CsSnl; with isolated SnIg octahedra bridged by Cs
atoms, which is in striking contrast to the corner-sharing
arrangement of octahedra in CsSnl;.>’>° In spite of such
structural changes, 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
(Fig. S1(b), ESIt). Only the Cs-I bond length is slightly con-
tracted 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,Snls. Note
that the Cs-I distance of 4.13 A in Cs,Snl is still longer than
that of 3.92 A in the cubic CsI crystalline solid and the sum of
ionic radii of Cs" and 1~ (3.87 A). Therefore, it is clear that in
Cs,Snlg, Cs atoms are located inside the over-sized cub-
octahedral cage, expecting their role as a heavy rattler, which
can drive the lattice anharmonicity as in CsSnl;.

Meanwhile, the local environment of Snls octahedra is
significantly changed. In Cs,Snl, they are isolated and located
inside the over-sized cage-like structures composed of the Cs
atoms. This is in contrast to the corner-sharing arrangement of
Snlg octahedra in CsSnl; (Fig. Si(a), ESIf). Owing to the
sufficient interstitial space in the cage-like structures, the
isolated octahedra in Cs,Snls are loosely bound to their neigh-
bors, 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. Therefore, we can suppose both Cs
atoms and isolated Snls octahedra to be rattlers, indicating
twofold rattling motions in Cs,Snls. When compared to CsSnl;
with only Cs atom rattlers, the lattice anharmonicity can be
further enhanced in Cs,Snl.
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In order to verify this hypothesis of the twofold rattling
mechanism, we performed lattice dynamics calculations for
Cs,Snls and CsSnl; using supercells to obtain their phonon
energies and density of states (DOS). Fig. 1(a and c) show the
phonon dispersion curves and total DOS calculated at 0 K for
CsSnl; and Cs,Snlg (see Fig. S3 for the convergence test of
phonon dispersions, ESIT). 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 in agreement with the recent experimental find-
ings that CsSnl; can be stabilized in a cubic phase only at high
temperatures 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 the
I' point for Cs,Snls, which is at odds with the experimental
observation that Cs,Snlg can adopt the cubic structure at the
whole range of temperatures.*'** 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 present even in
the dynamically stable cubic Cs,Snls are associated with the
rattlers. That is, they are just caused by the twofold rattling
vibrations of the Cs atoms and octahedral clusters, as ex-
pected above.

The emergence of such imaginary phonon modes requires
anharmonic phonon renormalization (APRN) at finite
temperatures.®*** To this end, we performed self-consistent
phonon (SCP) calculations to consider the anharmonic effects
when elevating the temperature. In Fig. 1(a and c), we also show
the calculated anharmonic phonon dispersion curves at finite
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Fig. 1 Phonon dispersions and density of states (DOS) at 0, 500 and 700 K in (a) CsSnls and (c) Cs,Snle. Atom-projected phonon density of states (PDOS)
at 500 K in (b) CsSnlz and (d) Cs,Snle. Electron localization functions in the (110) planes of (e) CsSnlz and (f) Cs,Snle. (g) Collective motion of Sn and |
atoms in the host cages of Cs atoms, corresponding to phonon eigenvectors of the lowest optical mode (4 = 4) at the phonon energy of around 3.4 meV
at the I' point in Cs,Snle, where green-, gray- and purple-colored balls represent Cs, Sn and | atoms, and red-colored arrows indicate the movement

directions of atoms.
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temperatures of 500 and 700 K for CsSnl; and Cs,Snlg (see
Fig. S4 and S5 for anharmonic phonon dispersions at different
temperatures for Cs,Snlg and CsSnlz, ESIT). When compared
with the harmonic phonon dispersions at 0 K, the imaginary
phonon eigenvalues were found to become real by renormaliza-
tion, demonstrating that the cubic phases for both CsSnl; and
Cs,Snls become dynamically stable at high temperatures.
Going from 0 K to finite temperatures, both the acoustic and
optical modes for CsSnl; are distinctly changed in the whole
range of phonon frequency, whereas the change was not radical
for Cs,Snle. This also indicates the thermal instability of cubic
CsSnl; at 0 K, and relatively high stability of Cs,Snl,.

Importantly, the acoustic modes of Cs,Snls become flat-
tened on going from the BZ center to the BZ boundary of
around 5 meV of phonon energy in contrast with those of
CsSnl; that are still quite dispersive, while all the optical modes
of CsSnl; look more dispersive along arbitrary directions in the
BZ compared with those of Cs,Snlg. Moreover, the lowest
optical modes appear at about 3.4 meV in the acoustic region
at the I' point for Cs,Snlg but not for CsSnl;, revealing a strong
coupling between low-lying optical and heat-carrying acoustic
modes in Cs,Snl (see Fig. S11, ESIt). The strong optic-acoustic
coupling is discernible from the distinctive avoided-crossing
behaviour between the lowest optical and longitudinal acoustic
branches in Cs,Snl,.>* These low-lying optical modes coupled
and avoided-crossing with the acoustic modes are recognized
as strong rattling modes,"**> being responsible for a two order
smaller phonon lifetime 75,4 (see Fig. S12, ESIT) and a slower
phonon group velocity v, in Cs,Snlg than in CsSnl;. Therefore,
we conceive that such optical modes act as strong scattering
centers for heat-carrying acoustic phonons in Cs,Snl,.

To further understand the difference in lattice vibration
between CsSnl; and Cs,Snls, we plot their atom-projected
phonon DOS (PDOS) calculated from the SCP calculations at
500 K in Fig. 1(b and d). Both HPs are found to have low-lying
optical phonon modes around ~5 meV, which are mostly
associated with the rattling vibrations of Cs atoms. The
Cs-related PDOS in Cs,Snlg looks narrower than in CsSnlj,
verifying its stronger rattling vibrations of Cs atoms. Moreover,
we observe separate peaks around 3.1, 5.0, 6.3 and 8.1 meV in the
acoustic and low-lying optical regions for Cs,Snls, which are
mainly ascribed to the vibrations of I atoms with small contribu-
tions of Sn atoms. By contrast, a united peak is seen in the region
between 3 and 7 meV for CsSnl;. We can see a two orders of
magnitude smaller 73,4 within the phonon energies ranging from
0 to 10 meV (see Fig. S13, ESIt), and this distinct drop of the 73,4
coincides with the additional separate peaks in the phonon DOS
of Cs,Snls. These additional peaks can be regarded as evidence
for rattling vibrations of Snls octahedral clusters, ie., collective
motions of Sn and I atoms, as depicted in Fig. 1(g).

We analyze their electron localization functions (ELFs), as
shown in Fig. 1(e and f), since these functions estimate the
degree of electron localization in solids taking into account the
local influence of the Pauli repulsion.®® As the ELF value
increases, the electrons are found to be more localized and
thus the atomic bonds become stronger. Obviously, no charge
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is observed between the neighbouring octahedra due to the
vacancies in Cs,Snlg in contrast with CsSnl;. This implies that
the SnIg octahedral clusters in Cs,Snlg are loosely bound to the
neighbours, explaining the electronic origin of the cluster-
rattling vibrations. In addition, non-spherical ELFs around Sn
and I atoms in Cs,Snlg, reflecting the inhomogeneous connec-
tivity of constituent atoms, explain the electronic origin of
phonon anharmonicity.*”

We finally calculated the lattice thermal conductivities of
Cs,Snl and CsSnl; by solving the Boltzmann transport equa-
tion (BTE) within perturbation theory combined with the
solution of the SCP equation. Fig. 2(a and b) show the phonon
lifetimes 73,4 and phonon group velocities v, as functions of
phonon energy, calculated from the SCP solution at 500 K
considering the three-phonon scattering (see Fig. S6 and S7
for cumulative x;, and average 73,4 and vy, ESI). When com-
pared with CsSnl;, 73,4 in Cs,Snlg is found to decrease more
rapidly with decreasing phonon energy below 7.5 meV, which is
ascribed to the aforementioned twofold rattling vibrations of Cs
atoms and the octahedral clusters. To quantitatively assess the
contribution of the atomic species, we estimated the mean
square displacement (MSD) of atoms with increasing tempera-
ture, revealing that in CsSnl;, Cs atoms have 1.8 and 5.1 times
larger MSD than I and Sn atoms, whereas in Cs,Snlg, I atoms
have 1.2 and 2.9 times larger MSD than Cs and Sn atoms
(see Fig. S10, ESIT). Although the MSD of Cs atoms becomes
smaller than that of I atoms in Cs,Snl, the Cs (I) atoms in
Cs,Snl still have slightly (much) larger MSD than those in
CsSnl;. These results verify the Cs atom rattling in CsSnI; and
twofold rattling of Cs atoms and Snls octahedra in Cs,Snls.
Moreover, v, in Cs,Snl, is observed to be smaller in the whole
range of phonon energy. Cs,Snls has smaller heat capacity Cy
than CsSnl; in the whole range of temperature because of the
lack of Sn-I bonds due to the Sn vacancies (see Fig. S8, ESIT).
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Fig. 2 (a) Phonon lifetimes 73,4, (b) phonon group velocities vy, calculated
by the self-consistent phonon (SCP) method at 500 K, and (c)
temperature-dependent lattice thermal conductivities x calculated by
solving the Boltzmann transport equation (BTE) with harmonic phonons
and SCPs, compared with available experimental data®? for CsSnlz and
Cs,Snle.
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Having the necessary quantities of z, v, and Cy, we assessed
their thermal conductivities as functions of temperature
(Fig. 2(c)). When using the SCP energies for solving BTE (BTE
+ SCP), k became larger than that calculated using harmonic
phonon energies (BTE), as has been found in the previous
studies.>>*#3° For the case of CsSnl;, the calculated values of «
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 x of Cs,SnI, is about a sixth
lower than that of CsSnl; in the temperature range of interest.
At 300 K, k of Cs,Snl is ultralow at 0.11 W m * K ! with
BTE + SCP, which is a third that of the double perovskite
CsZAgBiBr6.25 This ultralow thermal conductivity in an ordered
high-symmetry cubic structure Cs,Snls is unusual with the
twofold rattling vibrations as the underlying mechanism.

In summary, we have investigated lattice vibrations and ther-
mal conduction in vacancy-ordered double perovskite Cs,Snl,
while comparing with single perovskite CsSnl;. By scrutinizing
the crystalline structures and analyzing phonon dispersions and
electron localization functions, we conceived that both Cs atoms
and isolated Snlg octahedra in Cs,Snlg act as twofold rattlers,
unlike CsSnl; with only a Cs atom rattler. We performed anhar-
monic lattice dynamics calculations, demonstrating that the two-
fold rattling modes stimulate the lattice anharmonicity and
strongly scatter heat-carrying acoustic phonons, thereby resulting
in much shorter phonon lifetimes, and slower phonon group
velocity in Cs,Snls. We finally calculated the lattice thermal
conductivities of Cs,Snls and CsSnl; with gradually increasing
temperature, revealing the ultralow thermal conductivity of
0.11 Wm ' K ' at 300 K in Cs,Snls with a simple cubic structure.
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