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ABSTRACT: This study has investigated the microscopic mechanisms of ultralow lattice
thermal conductivity by the first-principles density functional theory. By solving the phonon
Boltzmann equation iteratively, we find that the thermal conductivity of the lattice is abnormally
low and that glass like heat transfer behavior occurs. Therefore, in addition to the contribution
about the particle-like propagation to heat transport, the off-diagonal elements of the heat-flux
operator through wave-like interbranch tunneling of phonon modes are also considered. The
results provided new insights into the minimum thermal conductivity (κL) for Cs2SnBr6 (0.17 W
m−1 K−1 at 450 K). It was also found that polar optical phonon scattering severely affects carrier
lifetime. In addition, an impressive thermoelectric figure of merit of 0.55 at 450 K for Cs2SnBr6
was obtained in the case of doping p-type carriers. The study helps us understand the ultralow
κL in complex crystals with strong anharmonicity and find that Cs2SnBr6 is a new and promising
thermoelectric material.

In the context of quantifying the performance of thermo-
electric materials, establishing the connections between the

transport properties and the thermoelectric figure of merit
(ZT) is the most effective way to find new thermoelectric
materials. The competence of thermoelectric materials is
determined by a dimensionless figure of merit:1
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where S is the Seebeck coefficient and σ is the electrical
conductivity and κe and κL are the electronic and lattice
thermal conductivities, respectively. Thermoelectric materials
interconvert heat and electrical energy for power generation or
refrigeration. The material with good thermoelectric properties
requires high current, high voltage, and poor thermal
conductivity in electron−phonon transport. The strong
mutually restricted relationship between σ, S, and κe makes it
extremely difficult to increase the ZT value. Consequently,
reducing lattice thermal conductivity (κL) is necessary to
achieve high thermoelectric performance.
Recently, vacancy-ordered double perovskites A2BX6 have

been gaining attention for thermoelectric energy conversion
due to unique structural attributes and ultralow lattice thermal
conductivity.2−6 Researchers have found that Cs2SnI6 is a good
n-type thermoelectric material due to its lattice thermal
conductivity of 0.29−0.22 W m−1 K−1 in an air-stable
environment.3 Sajjad et al. studied the electron and phonon
transport properties of Cs2PtI6 and found that heavy elements
can act as phonons to effectively suppress the lattice thermal
conductivity (0.15 W m−1 K−1 at room temperature).5

However, a constant relaxation time was considered to
estimate the figure of merit in their theory. Chen et al.
found that power factors calculated with a constant and
universal relaxation time approximation show much poorer
agreement with the experiment.7 This limits the electron
transport by the simple model, obtaining results with large
errors.8 Xie et al. calculated relaxation time based on the
deformation potential (DP) theory, leading to the ultrahigh
figure of merits being close to 4.01 and 3.34 monolayer SnI2 at
800 K.9 In this work, we employ a more comprehensive carrier
transport model to calculate the relaxation time, involving
acoustic deformation potential (ADP), polar-optical phonon
(POP), and ionized impurity (IMP) scattering processes. To
date, there are few reports on the calculated thermoelectric
properties of tin-based perovskite. Therefore, this study focuses
on the thermoelectric properties of Cs2SnBr6.
This work combined density functional theory with the

Boltzmann transport equation to investigate the thermoelectric
properties of Cs2SnBr6. The material’s phonon transport
properties including Grüneisen parameter, phonon lifetime,
three-phonon scattering phase space, mean free path (MFP),
and lattice thermal conductivity were provided. The lattice
thermal conductivity of Cs2SnBr6 was abnormally low (0.11W
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m−1 K−1 ∼ 450 K) by solving the phonon Boltzmann transport
equation, and glass-like heat transfer behavior appeared.
Therefore, in addition to considering the contribution of
crystal periodicity to heat transfer, we also consider the lack of
the periodic heat transfer mechanism (wave-like conduction in
glass); that is, heat is transmitted through phonon mode
vibration coupling. We use the Wigner transport equation to
solve the thermal conductivity tensor accounting for the
particle-like propagation and wave-like tunneling of phonons.
Finally, the lattice thermal conductivity of Cs2SnBr6 is
corrected as 0.17 W m−1 K−1 at 450 K. The ultralow lattice
thermal conductivity originated from its strong anharmonicity,
such as softened acoustic modes, weak bonding interactions,
etc. An impressive ZT of 0.55 at the considered carrier
concentration and temperature has been revealed, which
suggests the high thermoelectric performance of Cs2SnBr6.
Crystalline solids with unique structural attributes and

chemical bonding have great potential in the application of
thermoelectric materials. Lead-free vacancy-ordered double
perovskite Cs2SnBr6 is face-centered cubic (space group
Fm3m) with only nine atoms in its primitive unit cell, as
shown in Figure 1(a). It can be seen that Sn4+ is bonded to six
equivalent Br− atoms to form [SnBr6]2− octahedra. For the
complex crystal structure, we have analyzed the electron
distribution in Cs2SnBr6 with the aid of the real-space
descriptors electron localization function (ELF). Figure 1(b)
shows that the ELF between Cs atoms and the other two kinds

of atoms is almost equal to 0 (the Cs atoms are completely
delocalized), while there is a polar covalent bond between Sn
and Br atoms (ELF ≈ 0.5). The total charge density (Figure
S1) shows covalent bonding behavior between Sn and Br.
The density functional perturbation method was used to

calculate the second-order force constant matrix of the material
along with the high symmetry point and phonon dispersion
relationship of Cs2SnBr6. The primitive unit cell of Cs2SnBr6 is
composed of nine atoms; 27 branches are generated at each
phonon wave vector q, as shown in Figure 2(a). There is no
virtual frequency mode in Cs2SnBr6, which proves that the
material can exist stably, which is necessary to accurately
obtain the second-order force constant required for the lattice
thermal conductivity. The localization of these optical phonon
branches is discernible from the atom-resolved phonon density
of states (PDOS) (Figure 2(a)). A sharp localization of the
phonon modes near 1 THz is observed, which is mainly due to
the Cs atom, indicating the anharmonic rattling-like motion of
Cs atoms in Cs2SnBr6. The localization of the phonon modes
near 0.7 THz is also observed, where the Sn atom contributes
significantly due to its heavier atomic mass, suggesting the
dynamic rotation of the isolated [SnBr6]2− octahedra. These
two kinds of anharmonic vibrations trigger additional
scattering between phonons, resulting in low lattice thermal
conductivity.4Figure 2(b) shows the zoomed region of the low-
frequency phonon dispersion of Cs2SnBr6. It is noted that
several avoided crossings between the longitudinal acoustic

Figure 1. (a) Crystal structure of Cs2SnBr6; the [SnBr6]2− octahedra are shaded, with the Br atom on the corners. The Cs cations are in the void
between [SnBr6]2− octahedra. Cs, Sn, and Br atoms are shown as green, gray, and purple spheres, respectively. (b) ELF projected on the planes
(010). Color bar represents the value of the ELF corresponding to different bondings. Within the color maps, red indicates regions of strong
electron localization, whereas blue indicates delocalized regions.

Figure 2. (a) Phonon dispersions and atom-projected phonon density of states (PDOS). (b) Zoomed view of phonon dispersion in the low-
frequency region, where the first three low-frequency phonon modes are acoustic branches, which are shown in yellow-green, green, and blue,
respectively, and the optical phonon branches are represented with orange curves.
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(LA) phonon mode and the low-lying optical phonon mode
within the range of 0.5−0.7 THz are present (highlighted by
black circles). This phenomenon is due to the existence of
rattling modes in the material, leading to strong anharmonic
vibrations. A gap is overcome at the avoided crossing point in a
two-level system with couplings. The avoided crossing is a
manifestation of the coupling between two kinds of phonon
mode branches,10 in which the coupling strength is
characterized by the gap at the avoided crossing point. In
the vicinity of the avoided crossing point, there is strong
hybridization between the optical and acoustic vibrations.
The temperature range for calculating the relevant properties

is 300−450 K to ensure the stable existence of Cs2SnBr6
crystals.11 We calculated the properties of phonon heat
transport. The tendency of a rapid decrease of the phonon
group velocity in the range of 0−1.5 THz, as shown in Figure

3(a), is due to the LO phonon mode couple with the LA
phonon mode.12 This avoidance of crossover between phonon
modes leads to flattening of the acoustic phonons, and the
average group velocity decreases (less than 2 km/s), which in
turn causes a reduction of κL. The lowest group velocity is
between 1.8 and 3.2 THz and 5 THz, corresponding to the
almost straight-line flat dispersion curve in Figure 2(a). To
quantify the anharmonicity, we calculated the Grüneisen
parameters (Figure 3(b)) γ, describing the change of phonon
eigenvalue according to the volume of the crystal cell, which is
a direct measurement of the anharmonicity of the lattice
vibration. In general, the larger the parameter, the stronger the
anharmonicity of the material. The Grüneisen parameters of
the strongly anharmonic solids are usually greater than 1.0,13

such as PbTe (1.40).14 The average value of γ reaches 1.86,
and a considerably larger value of γ (>10) in the 0−0.5 THz

Figure 3. (a) Phonon group velocity, (b) Grüneisen parameter, (c) relationship between the cumulative lattice thermal conductivity and MFP, (d)
anharmonic lifetime, (e) temperature-dependent thermal conductivities of Cs2SnBr6, (f) three-phonon scattering phase space as a function of
frequency in the first Brillouin region.
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region is observed, indicating significant anharmonicity in the
lattice. High anharmonicity in the system leads to slow
propagation velocities and large phonon immersion, thus
hindering phonon transport properties. Figure 3(c) shows the
lattice thermal conductivity accumulating with the MFP, which
reaches a plateau of 20.6 nm (17 nm) at 300 K (450 K). At
room temperature, phonons with MFP < 9 nm make the
majority contribution to the lattice thermal conductivity
(∼87.5%), of which the dominant contribution (∼62%)
comes from the phonons having MFP < 5 nm. The
contribution of phonons in these MFP < 5 nm drastically
increases to ∼72% at 450 K, indicating that most of the lattice
thermal conductivity is contributed by phonons with a mean
free path less than 5 nm. This shows that the characteristic
length of the nanostructure of the material is about 5 nm,
which can further reduce the lattice thermal conductivity of the
material. Figure 3(d) shows the phonon lifetime. The
calculated phonon lifetime is in the range of 0.16−2.7 ps in
Cs2SnBr6. Such a short phonon lifetime is rationalized by the
processes of multiple phonon scattering. Because the dense
low-order optical phonon mode permits many scattering paths
(Figure 2(a)), the scattering from the low-energy optical
phonons reduces their lifetime. In the glass-like crystal of
Cs2SnBr6, the contribution of phonons to the lattice thermal
conductivity consists of two parts. The first part is to obtain the
lattice thermal conductivity of the particle-like conduction
mechanism by iteratively solving the Boltzmann transport
equation.15,16 The second part is to use the Wigner transport
equation to calculate the lattice thermal conductivity of the
wave-like conduction mechanism.17−19 The calculated thermal
conductivity values as a function of temperature are plotted in
Figure 3(e). At 300 K (450 K), the thermal conductivity of the
particle-like κP accounts for 76% (64%) of the total thermal
conductivity, and the thermal conductivity of the wave-like κC
accounts for 24% (36%), respectively. This is because the
highly anharmonic flat branches of compounds with guest

atoms outside the center contribute to the coherence term. In
this case, the influence of off-diagonal components of the heat-
flux operator cannot be ignored, and the shortage of the
Peierls−Boltzmanm heat transport equation for ultralow or
glass-like thermal conductivity crystals can also be overcome.
The lattice thermal conductivity (κL = κP + κC) from 0.21 W
m−1 K−1 at room temperature decreases to 0.17 W m−1 K−1

near 450 K, which is obviously lower than other ultralow
thermal conductivity materials with excellent thermoelectric
properties, such as AgInSe2 (300 K ∼ 0.86 W m−1 K−1),20

Cs2SnI6 (300 K ∼ 0.29 W m−1 K−1),3 SnSe (973 K ∼ 0.23 W
m−1 K−1),21 CsAg5Te3 (300 K ∼ 0.27 W m−1 K−1),22 etc. The
weighted phase space as a function of frequency for the system
is shown in Figure 3(f), whose value is the number of three-
phonon scattering. It is associated with the flattened phonon
mode providing more phonon-scattering channels. They
further demonstrate that the number of three-phonon
scattering is relatively large over the entire frequency range,
thereby preventing phonon thermal transport and reducing the
lattice thermal conductivity. The large value of γ with high
lattice anharmonicity also indicates enhanced phonon
scattering and thereby reduces the lattice thermal conductivity
κL.
In short, the strong anharmonicity of Cs2SnBr6 is proved by

the fact that the Grüneisen parameter is greater than 1, the
relaxation time is short, the group velocity is low, and the
number of three-phonon scattering is large. The ultralow κL of
Cs2SnBr6 originates from the strong anharmonicity caused by
the rattling mode induced additional scattering between
phonons, including Cs atomic vibrations and [SnBr6]2−

octahedral vibrations in the vacancy structure.
Figure 4 shows the band structures computed using the PBE

and HSE06 functionals at equilibrium structures. They exhibit
analogous band structures, the band gaps are 1.56 and 2.37 eV,
and the latter approaches the experimental value (2.7 eV).23

Below the valence band maximum (VBM), there are three

Figure 4. Calculated electronic band structures of Cs2SnBr6. The methods are (a) PBE and (b) HSE06, respectively.

Figure 5. (a) Relaxation time and mobility of the hole associated with (b) the temperature and (c) the doping concentration, which is dominated
by polar optical phonon scattering and ionized impurity scattering.
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degenerate band valleys along the Γ−X, Γ−K, and Γ−L
directions. The multienergy valley enhances the thermoelectric
performance and is verified in many materials,24 but the key to
achieving high thermoelectric merit is the degree of energy
band degeneracy.25 Indeed, it can be seen that multiple
degenerates exist on the valence band, so it is speculated that
Cs2SnBr6 may be a p-type high-performance thermoelectric
material.
Several recent studies have demonstrated that the carrier

lifetime is also greatly affected by POP and IMP scatter-
ing.26−28 Therefore, we calculate the electron transport
properties considering the effects of three scattering mecha-
nisms on the charge carriers. The parameters required for the
relevant mechanisms can be found in the Supporting
Information (Tables S1 and S2). Figure 5(a) shows the
calculated relaxation time as a function of the electronic state
energy at n = 5 × 1020 cm−3 and 450 K, doped electrons (n = 5

× 1019 cm−3) (Figure S2), and the electronic state energy
below the Fermi energy up to 0.6 eV (the zero-point energy set
to ε = εF). From the contributions of various scattering
mechanisms at the states close to the Fermi energy, it can be
seen that POP scattering limits the carrier lifetime to remain
around 1 fs compared to IMP (10 fs) and ADP (100 fs),
demonstrating that electrons are greatly scattered by the
optical phonons. Moreover, the comparison of doped holes
and electrons at 300−400 K is calculated (Figures S3 and S4).
Therefore, the previously estimated carrier lifetime29 that is
only scattered by acoustic deformations is not accurate
enough.30,31 Similarly, we also investigated the relaxation
times with different doping concentrations at 450 K, as shown
in Figures S5. It should be noted that the relaxation time under
the ionized impurity scattering mechanism shows an overall
shortening trend with the increase of the doping concentration,
and the relaxation times under POP and ADP are almost

Figure 6. Thermoelectric properties of Cs2SnBr6. Temperature variation of the (a) conductivity, (b) absolute value of the Seebeck coefficient, (c)
power factor (PF), (d) electron thermal conductivity (κe), (e) total thermal conductivity (κ), and (f) carrier mobility (μ) doped with electrons and
holes for Cs2SnBr6. The electron doping concentration is 5 × 1019 cm−3, and the hole doping concentration is 5 × 1020 cm−3.
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unchanged. Figure 5(b) shows the contributions of the three
scattering mechanisms to the temperature-dependent mobility,
where the mobility of doped electrons is larger than that of
holes doped over the temperature range (Figure S6). It can be
seen that the polar optical phonon scattering has a major
contribution to the total mobility, resulting in the total
mobility of 1 cm2 V−1 s−1 for holes. The extremely low
mobility is not favorable for the electron transport properties.
Figure 5(c) shows the mobility as a function of the doping
concentration for the three scattering mechanisms. The
mobility under IMP scattering decreases rapidly with
increasing the concentration at 300 K. We compared the
mobility of the doped electrons and holes with the change of
carrier concentration at 300−400 K, as shown in Figures S7
and S8. These results suggest that the mobility decreases with
an increase in the temperature, which can also indirectly
indicate that, for Cs2SnBr6, the increase in the temperature is
not conducive to carrier transport.
Figure 6 shows the calculated Seebeck coefficient (S),

electrical conductivity (σ), power factor (PF), electron thermal
conductivity (κe), total thermal conductivity (κ), and mobility
(μ) as a function of temperature for p- and n-type Cs2SnBr6.
Cs2SnBr6 exhibits a metal-type behavior in the case of doping
carriers, in which σ decreases with increasing the temperature.
Compared to the classical high-performance thermoelectric
materials, the electrical conductivity of Cs2SnBr6 is relatively
low (SnSe-1500 S cm−1).32 The n-type (p-type) electrical
conductivity of Cs2SnBr6 is about 62.4−43.6 S cm−1 (92.8−
54.3 S cm−1) at 300−450 K (Figure 6(a)). As shown in Figure
6(b), the p-type Seebeck coefficient is quite high, with a room-
temperature value of 176 μV K−1, which probably originates
from the presence of the tin vacancies. On the other hand, for
highly doped semiconductors, the magnitude of the Seebeck
coefficient is usually determined by the density of states
distribution around the Fermi level.33 From Figure 2(b), the
sharp valence band density of states and the convergence
phenomenon in the valence band of Cs2SnBr6 lead to a larger
p-type S compared to the n-type S.34 The multiple degenerate
valence band also proves that the Seebeck coefficient of p-type
doping is higher than that of n-type doping. Figure 6(c) shows
the peak power factor, indicating that the power factor in p-
type is larger than that in n-type over a broad temperature
range. The variation in the electronic thermal conductivity in
Figure 6(d) shows the temperature dependence of κe for p-type
Cs2SnBr6. The κe decreases from 0.04 W m−1 K−1 to 0.03 W
m−1 K−1 in the 300−450 K temperature range. The room-

temperature total thermal conductivity is 0.26 W m−1 K−1

(Figure 6(e)). Note that the κL is 0.21 W m−1 K−1 at 300 K,
indicating that the key to quantifying the total thermal
conductivity is still the lattice thermal conductivity. Figure 6(f)
shows the mobility of the hole (electron). According to the
calculation results, Cs2SnBr6 has a hole effective mass of 16
times that of an electron at point X (me = 0.451m0, mh =
7.961m0), 8 times at point K and 7 times at point L (Table S3
in the Supporting Information). The effective mass of holes is
much greater than that of electrons, resulting in a much higher
mobility of electrons than holes. However, the high doping
concentration of impurities (n = 5 × 1020 cm−3) can balance
the negative effect of low hole mobility on conductivity caused
by the increase of effective mass. The calculated electron
transport coefficient at 450 K as a function of doping
concentration is shown in Figure S9. The electrical
conductivity and the electron thermal conductivity have the
same trend. They increase with the increase of the carrier
concentration. The Seebeck coefficient decreases with the
increase of the doping concentration. Due to the structure
defects, the mobility of both doped electrons and holes is
relatively small; in particular, the hole transport is greatly
inhibited, resulting in the power factor of the doped p-type
being only twice that of the heavily doped electron case. As
PBE severely underestimates the band gap, the electronic
structures calculated by HSE06 are used to calculate the
electronic transport properties. The differences in electron
transport correlation coefficients calculated for PBE and
HSE06 are shown in Figure S10. The formula for calculating
the relevant electron transport properties is detailed in the
Supporting Information.
The dimensionless thermoelectric figure of merit is further

evaluated based on the calculated transport coefficients and
lattice thermal conductivity of Cs2SnBr6. It can be seen that ZT
peaks at a certain range of the doping concentrations from
Figure 7(a), which is consistent with the optimal carrier
concentration. The peak value of p-type ZT is calculated to be
0.55, and that of n-type ZT is 0.20. Figure 7(b) displays the
temperature dependence of ZT under doping of two kinds of
carriers. The ZT increases monotonically with increasing
temperature, which is consistent with the dependence of the
Seebeck coefficient on temperature. The large Seebeck
coefficient of the p-doped carriers in the materials leads to a
larger ZT compared to that of the n-type doped carriers. This
reveals that Cs2SnBr6 becomes an p-type semiconductor with a

Figure 7. (a) Figure of merit (ZT) as a function of carrier concentration at 450 K. (b) ZT value as a function of temperature for comparative
doping holes (electrons).
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high level of hole doping. This verifies the previous assumption
that Cs2SnBr6 is a good thermoelectric material.
In summary, we achieved a complete ab initio prediction of

the thermoelectric figure of merit for Cs2SnBr6 by calculating
the electrical and thermal transport properties based on first-
principles methods. We use the Wigner transport equation to
solve the lattice thermal conductor from the off-diagonal
contribution caused by the wavy conduction mechanism for
complex crystals. It is found that the strong anharmonicity
leads to the material exhibiting ultralow lattice thermal
conductivity (0.17 W m−1 K−1 ∼ 450 K). In addition, the
electrical transport properties show that the high Seebeck
coefficient value of the doped p-type carriers reaches 217 μV
K−1. The ultralow lattice thermal conductivity and a high
Seebeck coefficient help to reach the ZT value of 0.55 at 450
K. The study unveiled that Cs2SnBr6, with ultralow lattice
thermal conductivity, is a promising p-type thermoelectric
material, and it also helps us understand the ultralow κL in
complex crystals with strong anharmonicity and find new
thermoelectricity materials.

■ COMPUTATIONAL DETAILS
The first-principles calculations were implemented in the
Vienna ab initio simulation package (VASP).35,36 The
exchange-correlation energy adopting PBE36 in the generalized
gradient approximation form was employed to deal with the
exchange-correlation functional. The Heyd−Suseria−Ernzer-
hof HSE0637 method was employed to obtain an accurate
band gap and electronic transport performance, and the
projection enhanced wave (PAW)38 pseudopotential was used
as the basis for representing the wave function. The kinetic
energy cutoff is 500 eV,39,40 and the Brillouin zone integral is
calculated using a 5 × 5 × 5 k-point grid41 for self-consistent
and non-self-consistent calculations. The geometry structure
was fully relaxed, with a criterion of convergence for residual
forces of 0.001 eV/Å, and the total energy difference
converged to within 10−4 eV. The electronic transport
properties of Cs2SnBr6 were calculated by solving the
Boltzmann transport equation, utilizing the AMSET42 package.
We use the Wigner transport equation17,19 to calculate the
thermal conductivity of the material, including the particle-like
propagation mechanism of phonon wavepackets discussed by
Peierls for crystals and the wave-like interband conduction
mechanism discussed by Allen and Feldman for harmonic
glasses. The particle-like thermal conductivity is calculated
using the ShengBTE43 code, using the Phonopy15 and
Thirdorder codes to calculate the correlation force constant
matrix as input to ShengBTE. We convert the force constants
from ShengBTE format to Phono3py44 format using hiPhive,45

and the wave-like thermal conductivity is computed using the
software Phono3py to solve the Wigner transport equation.
The density functional perturbation theory method46 was
chosen to calculate the phonon dispersion relations and
second-order force constants for Cs2SnBr6. The harmonic and
third-order force constant matrices are calculated using the
real-space supercell method in 2 × 2 × 2 supercells (72 atoms)
with a 3 × 3 × 3 k-points mesh. After testing, the interactions
including the sixth nearest neighbor atoms were considered to
strictly meet the convergence criteria.
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