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Origin of anisotropic thermal transport in
CsPbBr3†

Wilarachchige D. C. B. Gunatilleke, * Oluwagbemiga P. Ojo and
George S. Nolas

We reveal the specific structural and bonding features that result in

anisotropic thermal transport for CsPbBr3 by directional single-

crystal measurements and elucidate the bases for the low Debye

temperature and speed of sound. This work enhances the research

on perovskites and reveals the structural features governing the

thermal properties.

Perovskites are a broad class of materials with different structure
types and compositions, and continue to be of scientific interest as
well as of technological importance for a diverse range of applica-
tions including solar-cell absorbers,1–3 photocatalysts for
solar water splitting,4,5 nonlinear optics,6,7 radiation detection,8,9

topological insulators,10 thermoelectrics,11 magneto-optic and
magneto-ferroics.12,13 This is primarily due to continued advances
in synthetic chemistry and characterization techniques that allow
for an understanding of the structure–property relationships that
govern the different physical properties of interest.

In advancing our fundamental understanding of the perovskite
materials currently of interest, whether reports of new materials
with superior properties have been published or if advances
towards device development have been initiated, an in-depth
understanding of the thermal properties is of paramount impor-
tance for any application of interest.14,15 Moreover, specific struc-
tural features and related scattering mechanisms can directly
affect the thermal properties of crystalline solids. For example, a
complex lattice accommodating many atoms, and atoms of differ-
ing size and mass, will affect the thermal transport.16,17 Anharmo-
nic processes associated with the crystal structure are intrinsic to
the lattice and directly affect bonding and therefore thermal
properties.18–20 Directional and structural variations can also
significantly affect thermal properties.18 Thus, an understanding
of such effects is essential in developing a fundamental under-
standing of the thermal properties of any crystalline solid.

The perovskite CsPbBr3 has been investigated as a high-
performance radiation detector.21,22 It has also been reported to
possess low thermal conductivity above room temperature making
it of interest for thermoelectric applications.23,24 This is not
surprising, given the heavy constituent atoms as well as soft modes
that contribute to enhanced phonon scattering within the crystal
lattice.25 Nevertheless, an in-depth investigation of the thermal
properties and understanding the anisotropic thermal transport,
not previously reported to the best of our knowledge, has not been
undertaken. Herein we investigate the thermal properties of single-
crystal orthorhombic (Pnma) CsPbBr3. In addition to analysis of
the directional temperature-dependent thermal conductivity, k, we
investigate and model the specific heat, Cp, and evaluate the Debye
temperature, yD, speed-of-sound, u, and anharmonicity in provid-
ing insight into the origins of the thermal properties as well as the
structural and bonding features that result in the anisotropic
thermal transport and ultra-low thermal conductivity this mate-
rial possesses. There have been several theoretical investiga-
tions regarding the origins of the lattice anharmonicity in
CsPbBr3, and we utilize this work in our analyses. Nevertheless,
these theoretical investigations utilize k data from CsPbBr3

nanowires,26 and in this work, directional single-crystal thermal
transport was investigated to determine the anisotropic k and
anharmonicity in addition to the intrinsic thermal properties of
this material.

The perovskite crystal structure of CsPbBr3 (Fig. 1) consists
of chains of corner sharing Pb–Br12Br24 octahedra rotated on
the a–b plane and tilted out-of-phase away from the c-axis
compared to the tetragonal phase that exists above 361 K,27

providing CsPbBr3 with unique structural and vibrational prop-
erties as described below.28 The arrangement of Pb–Br–Pb
chains forms a three-dimensional network of anion cages that
consists of corner sharing octahedra capable of encompassing
Cs+ in an environment formed by four Br1 and eight Br2. The
Cs atoms are loosely bonded to Br with highly varying bond
distances and occupy the void spaces between the octahedra
with strong polar covalent bonds between Pb and Br.29 Such an
arrangement may result in significant bonding heterogeneity.
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Furthermore, the out-of-phase tilting of the octahedra will
influence the thermal properties of CsPbBr3 under different
temperature regimes. Moreover, the octahedral tilting increases
with decreasing temperature and the structure distortion due to
octahedral rotation results in negative thermal expansion of the
b lattice parameter of the unit cell.30 Below 10 K the structure
distortion reaches a limit in the octahedral rotation, thus an
inconsistent variation of the lattice constants is observed.30

Fig. 2 shows the directions of k measurements with respect
to the crystal structure and associated crystallographic planes.
The Pb–Br1–Pb chains lie on the a–c plane, that is perpendi-
cular to the (204) plane, as shown in Fig. 1(a). However, the
Pb–Br2–Pb chains do not lie on the same plane. The out-of-
plane tilting of PbBr6 octahedra away from the c-axis leads to
tilting of the Pb–Br2–Pb chains above and below the a–b plane,
i.e., 18.781–29.731 away from the (204) plane. As shown in Fig. 3,
there is large anisotropy in k with an increase in the anisotropy
in k along the measured directions at lower temperatures, i.e., k
measured parallel to (204) is significantly higher than that
along the direction perpendicular to (204). This suggests that
the Pb–Br1–Pb chains (characterized by out-of-phase tilted
PbBr6 octahedra) play an important role in thermal transport

perpendicular to the (204) plane resulting in ultra-low k while
Pb–Br2–Pb chains dominate that parallel to the (204) plane
(characterized by in-phase tilted PbBr6 octahedra) leading to
comparatively higher k. Very recently it was reported that the
low frequency modes that correspond to out-of-phase tilting of
the PbBr6 octahedra are at a significantly lower frequency range
than those that correspond to in-plane-tilting.28 This correlates
with the lower k values perpendicular to the (204) plane at low
temperatures, and is attributable to enhanced phonon scatter-
ing by these low frequency modes resulting from the out-of-
phase tilting of the octahedra. At higher temperatures, particu-
larly near room temperature, there exists anisotropy in thermal
transport along both directions. However, the effect of low-
frequency modes on thermal transport at high temperatures
may not be as dominant as they are at low temperatures. Our
structural analyses (see ESI†) provide insight to the observed
anisotropy in thermal properties. These results emphasize the
importance of thermal displacement of the octahedral frame-
work at high temperatures on the thermal transport, and are in
agreement with the analyses by Songvilay et al.31 At 300 K the

Fig. 1 Crystal structure of CsPbBr3 highlighting the (a) out-of-phase tilting and (b) in-phase tilting of PbBr6 octahedra. The unit cell is marked with a solid
pink line.

Fig. 2 Orientation of the (204) crystallographic plane with respect to the
crystal structure of CsPbBr3 and the directions of the measurements of k.

Fig. 3 Temperature dependent k data parallel (blue) and perpendicular
(red) to the (204) plane.
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anisotropic atomic displacement parameters, Uij, for Br1 and
Br2 are significantly large along certain directions compared to
the other directions. Specifically, the U11 = 0.141 (7) Å and U22 =
0.163 (7) Å for Br1 correspond to atomic displacements along
the ab-plane that are significantly larger than the atomic
displacements on the c-axis (U33 = 0.0282 (25)). In contrast,
U11 = 0.072 (29) Å and U22 = 0.0687 (30) Å for Br2 are smaller
than U33 = 0.122 (4) Å indicating larger atomic displacements
along the c-axis compared to those along the ab-plane. How-
ever, the difference between U33 and U11 or U22 for Br2 is not as
large as that for Br1, leading to ultra-low k perpendicular to the
(204) plane. Nevertheless, the relatively large Uij values for Br2
result in low k parallel to (204) plane, as shown in Fig. 3.

To further investigate the thermal properties of CsPbBr3, we
investigated temperature dependent Cp, as shown in Fig. 4. The
Cp data approach the Dulong–Petit limit above 100 K indicating
that the majority of acoustic and optic mode frequencies are
excited at this relatively low temperature. The solid line in the
inset of Fig. 4 is a linear fit to the low temperature data,
modeled by the equation Cp = aT + bT3, where the first and
second terms represent the Sommerfeld coefficient and
the lattice contribution, respectively.32 Using the relation yD =
(12p4Rna/5b)1/3, yD can be determined from the low tempera-
ture Cp data, where na is the number of atoms per formula unit
and R is the universal gas constant. A value of 80 K for yD was
obtained from the data fit. The average speed of sound
(u = 914 m s�1) was obtained using the relation yD = u(h/
kB)(3naNad/4pMw)1/3, where h is Planck’s constant, kB is the
Boltzmann constant, Na is Avogadro’s constant, d is the density,
and Mw is the molecular weight. The value for u is low, in
reasonable agreement with a previously reported value,33 and is
indicative of the weak bonding interactions within the crystal-
line lattice possibly due to the tilting of the PbBr6 octahedra
leading to asymmetric bonding around the cation sites. For
insulators or large bandgap semiconductors where the lattice
contribution to k dominates phonon transport, k is related to
the Grüneisen parameter, g, by k = BMV1/3/yD

3/n2/3g2T, where
B = 2.43 � 10�8/(1–0.514/g + 0.228/g2), M is the average mass of

an atom in the crystal (amu), V is the volume of the unit cell, n
is the number of atoms per primitive cell, and T is absolute
temperature.34–36 The obtained room temperature g values of
2.13 and 1.38 perpendicular and parallel to (204) plane, respec-
tively, indicate large anisotropy in the anharmonicity. Ab initio
simulations performed by Sadok et al.37 indicated large anisotropy
between the longitudinal and transverse speed of sound in
CsPbBr3. This anisotropy in lattice anharmonicity due to the in-
plane and out-of-plane tilting of PbBr6 octahedra, as well as the
weak interactions of the Cs cations within the voids of PbBr6

octahedral sublattice,37 can lead to the anisotropic properties in
the lattice.

In summary, a large single crystal, grown from the melt
using optimized Bridgman growth conditions, was used to
investigate the origins of anisotropic thermal transport in
CsPbBr3. The k measured in the parallel and perpendicular
directions relative to the (204) plane indicated large anisotropy
in the thermal transport. The difference in k along the two
directions significantly increases at lower temperatures. The
alignment of Pb–Br1–Pb chains predominantly perpendicular to
the (204) plane leads to low-frequency modes resulting from out-
of-phase tilted PbBr6 octahedra,33,35 which contribute to phonon
scattering, particularly at low temperatures, giving rise to large
anisotropy in the thermal transport. The low values for yD and u
indicate relatively weak bonding, an observation that is in accord
with the specific bonding nature of Pb–Br and Cs–Br, and in
agreement with theoretically predicted values for CsPbBr3.38

Moreover, there is anisotropy in the lattice anharmonicity
perpendicular and parallel to the (204) plane, supporting these
findings.
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