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Impact of strain-insensitive low-frequency phonon modes on lattice
thermal transport in A, X Bg-type perovskites
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Substrate induces mechanical strain on perovskite devices, which can result in alterations to its lattice
dynamics and thermal transport. Herein, we have performed a theoretical investigation on the anharmonic lattice
dynamics and thermal property of perovskite Rb,SnBrg and Cs,SnBrg under strains using perturbation theory
up to the fourth-order terms and the unified thermal transport theory. We demonstrate a pronounced hardening
of low-frequency optical phonons as temperature increases, indicating strong lattice anharmonicity and the
necessity of adopting temperature-dependent interatomic force constants in the lattice thermal conductivity
(kL) calculations. It is found that the low-lying optical phonon modes of Rb,SnBrg are extremely soft and
their phonon energies are almost strain independent, which ultimately lead to a lower «. and a weaker strain
dependence than Cs,SnBrg. We further reveal that the strain dependence of these phonon modes in the A, X Bg
-type perovskites weakens as their vibrational frequency decreases. This study deepens the understanding of
lattice thermal transport in perovskites A, X B and provides a perspective on the selection of materials that meet

the expected thermal behaviors in practical applications.
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L. INTRODUCTION

Vacancy-ordered double perovskites A;XBg (A = K, Rb,
and Cs; X = Sn, Pb, Pt, Pd, Ti, and Te; B = Cl, Br, and
I) have recently been demonstrated to be promising mate-
rials for photovoltaics, optoelectronics, and thermoelectrics
due to their excellent optical, electrical, and thermophysical
properties [1-11], as well as their stability in the ambient en-
vironment [12-14]. Despite extensive studies on their optical
and electrical properties [1-11], the lattice thermal conduc-
tivity («r), which is essential for enhancing the performance
of perovskite-based energy-conversion devices, has not been
fully explored yet. Thermal conductivity plays a critical role
in regulating the thermal management in devices, for example,
its enhancement can efficiently dissipate heat in light-emitting
diodes and solar cells, prolonging their operational lifetime
[15—18]. On the other hand, efficient thermoelectric materials
require a low thermal conductivity to maintain the tempera-
ture gradient [19-21]. In addition, perovskite coatings on the
substrate can experience mechanical strain due to lattice mis-
match [22-24]. Strain may also induce unexpected behaviors
of thermal transport. Therefore, a microscopic investigation
of the lattice dynamics and thermal transport of A;XBg-type
perovskites is of great importance to optimize the thermal
management in such energy conversion devices.

Recently, Sajjad et al. [9] reported first-principles calcu-
lations that the strong phonon scatterings induced by the
mixing of low-lying optical modes with acoustic phonons
in Cs,Ptls lead to an extremely low «p of 0.15 Wm~'K!
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at 300 K. Ultralow ki obtained from computations are
also reported in Cs,SnBrg [10,25] and Cs,Snlg [25] with
0.12~0.21 Wm™'K~! and 0.06 Wm™'K~! at 300 K, re-
spectively. A high-throughput screening study revealed that
Rb,SnBr¢ has the lowest thermal conductivity at room tem-
perature among the A,XBg-type perovskites [26]. Despite
these investigations, anharmonic phonon frequency renormal-
ization was ignored. Phonon frequency renormalization leads
to alterations in the scattering phase space, which significantly
influences phonon linewidths and ultimately exerts a crucial
impact on «r. Similar effect has been observed in some per-
ovskites (e.g., CspAgBiBrg [27,28], Cs,PbI,Cl, [29], BaZrOs
[30], and SrTiO3 [31]) and highly anharmonic solids (e.g.,
U02 [32], C602 [32], CuIZSb4SI3 [33], BagGa16Ge30 [34],
and YbFesSbi, [35]). Pandey er al. [36] found that some
optical phonons harden significantly with increasing tempera-
ture in Cs,;Snlg, which reduces the scattering of heat-carrying
acoustic phonons. Although pioneering studies have revealed
lattice dynamics and thermal transport in some A;X Bg-type
perovskites, a comprehensive understanding of strain-induced
alterations is urgently needed.

Here we investigate the temperature- and strain-dependent
anharmonic lattice dynamics and thermal transport of per-
ovskites Rb,SnBrg and Cs,SnBrg using perturbation theory
up to the fourth-order anharmonicity, unified thermal trans-
port theory [39], and molecular dynamics (MD) simulations
with first-principles-based machine learning potentials. Our
calculations reveal that the low-frequency optical phonon
modes harden rapidly with increasing temperature, which is
related to the vibrations of the Rb/Cs and Br atoms. By
comparing the «. calculated from force constants (IFCs) ex-
tracted at different temperatures, we further reveal the effect
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of hardening of the low-lying optical modes on the thermal
transport. The softer optical phonon modes of Rb,SnBrg lead
to stronger phonon scatterings, which result in a lower &,
than that of Cs;SnBrg. We also reveal weak strain-dependent
optical modes in Rb,SnBrg along the I'-X high-symmetry
path at room temperature, which correspondingly lead to
weaker strain-dependent «; compared to Cs;SnBrg. We
further demonstrate that the strain dependence of the lowest-
lying optical phonon frequency of A,XBg-type perovskites
weakens for those with a lower frequency.

II. METHODS

A. Extraction of temperature-dependent force constants

We used the self-consistent harmonic Hamiltonian approx-
imation method [38], as implemented in the Hiphive package
[40], to compute the renormalized harmonic force constants
at different temperatures and to extract the temperature-
dependent second-order IFCs. A 3 x 3 x 3 supercell (243
atoms) was used to perform ab initio molecular dynamics
(AIMD) simulations for 5 ps with a time step of 2 fs at
different temperatures and then randomly extracted 50 con-
figurations at each temperature. An energy cutoff value of
350 eV and a I'-centering 1 x 1 x 1k-point mesh were used
for AIMD simulations. The energies and interatomic forces
of these configurations were then calculated from density
functional theory (DFT) with an energy cutoff of 520 eV
and a total energy convergence threshold of 10~8eV. The
harmonic contributions at 0 K were subtracted from the
force-displacement data prior to training the cluster space
to accurately capture the anharmonic strength of third- and
fourth-order IFCs [41]. Finally, the third- and fourth-order
IFCs were extracted from these training data with second-,
third-, and fourth-order neighbor cutoff distances of 8.5, 6.5
and 5.5 A, respectively [Fig. S1].

B. Construction of neuroevolution machine-learning potentials

To train a neuroevolution machine-learning potential
(NEP) [42,43], we performed AIMD simulations with a 3 x
3 x 3 supercell (243 atoms) to generate randomly displaced
configurations at different temperatures (100, 200, 300, 400,
500, 600, and 700 K) and configurations with uniform triaxial
strains ranging from —3% to 3%. We also incorporated 25
configurations with random small displacements to sample
the low-temperature phase space of Rb,SnBrg and Cs,SnBry.
We totally obtained 675 configurations for each compound,
among which 605 configurations were randomly selected for
the training set and 70 configurations for the testing set. Accu-
rate DFT calculations with a kinetic energy cutoff of 520 eV
and a total energy tolerance of 1078V were performed to
extract energies, forces, and stresses. The radial and angular
cutoffs of the NEP were set at 8 and 5 A, respectively, with
a total of 200 000 generations applied to achieve convergence
[Fig. S5]. The cross-validation results are shown in Fig. S6.

III. RESULTS AND DISCUSSION

Rb;SnBrg and Cs;SnBrg have a simple face-centered
cubic lattice (space group Fm3m) with nine atoms in its

primitive cell, in which Sn** is bonded to six equivalent Br~
anions to form [SnBrg]?>~ octahedra that interact with the
Rb*/Cs™ cations, as shown in Figs. 1(a) and 1(b). We first
study the anharmonic phonon frequency renormalizations of
Rb,SnBrg and Cs,;SnBrg using the self-consistent harmonic
Hamiltonian approximation method [38]. Figures 1(c) and
1(d) show the calculated phonon dispersions of Rb,SnBrg
and Cs,SnBrg from 0 to 700 K, respectively. It is seen
that the high-frequency modes above 3 THz are rather in-
sensitive to temperature for both two materials. In contrast,
a significant hardening of the low-frequency optical modes
(<3 THz) is observed as temperature increases, implying that
both compounds exhibit strong lattice anharmonicity. These
phonon modes are dominated by the vibrations of Rb/Cs and
Br atoms, as demonstrated by the atom-decomposed phonon
density of states in Figs. 1(c) and 1(d). These atoms have
loose bonding to the lattice, as evidenced by the relatively
larger mean square displacements at 300 K for Rb/Cs and
Br atoms comparing to the surrounding Sn atoms at 300 K
[Fig. S3]. The prominent frequency renormalized mode at the
I" point corresponds to the dynamical rotation of [SnBrg]>~
octahedra [11,36,44] [Figs. 1(e) and 1(f)], which exhibits a
symmetric U-type local potential energy surface (PES) in
Cs,SnBrg, and a double-well PES in Rb,SnBrg. The double-
well PES explains the imaginary frequency of this mode in
Rb,SnBrg at 0 K. The U-type PES of Cs,SnBrg is rather
shallow, suggesting that the vibrational atoms associated with
this phonon mode can easily deviate from the equilibrium
positions [27,32].

We further investigate the effects of phonon frequency
renormalization on the lattice thermal transports of Rb,SnBrg
and Cs;SnBrg using the unified thermal transport theory de-
veloped by Simoncelli et al. [39], and the results are shown
in Fig. 2(a) (see Supplemental Material (SM) for more com-
putational details [45] [see also Refs. [33,35,36,39,46-64]
therein]). It is noted that another unified thermal transport the-
ory was developed by Isaeva et al. [65], which has been proven
to be equivalent to the former [59,66]. The particlelike thermal
conductivities (KE) calculated using the second-order force
constants at 300 K (IFCs-2nd-300 K) and the temperature-
dependent second-order force constants (IFCs-2nd-TD) are
strongly deviated, indicating that the renormalization of the
phonon frequency has a significant effect on the ! of
Rb,SnBrg and Cs,;SnBrg. The temperature-induced phonon
frequency renormalization of Rb,SnBrg is more pronounced
than that of Cs,SnBr¢. For instance, at I point, the frequency
of the lowest-lying optical mode of Rb,SnBr¢ increases from
0.63 THz at 200 K to 0.90 THz at 600 K, while that of
Cs,SnBrg rises from 1.10 to 1.29 THz. We also notice that
the KE of Rb,SnBrg shows a weaker temperature dependence
of ~T =% after considering the TD-IFCs.

The contribution of wavelike interband tunneling (x7)
to xp in strongly anharmonic materials cannot be ignored
[33,36,39,51,57,58]. The calculated k| of both Rb,SnBrs and
Cs,SnBrg show an increasing trend [Fig. 2(b)], which can be
attributed to the broadened linewidths and the tight bunching
of the low-frequency optical phonon modes [39,52]. By con-
sidering both particlelike propagation and wavelike tunneling
contributions to thermal transport, the «; * of Rb,SnBrg is
found to be lower than that of Cs,SnBrg below 600 K as
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FIG. 1. Crystal structures of (a) Rb,SnBrg and (b) Cs,SnBrg visualized using VESTA [37]. Temperature-dependent phonon dispersions
of (¢) Rb,SnBrg and (d) Cs,SnBrg calculated using the self-consistent harmonic Hamiltonian approximation method [38] and the projected
phonon density of states. The potential surfaces of the lowest-frequency phonon mode at I' point and their visualized atomic rotations for (e)

Rb,SnBrg and (f) Cs,SnBrg.
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FIG. 2. (a) Lattice thermal conductivities contributed by the
particlelike phonon propagation («x) of Rb,SnBre and Cs,SnBry
calculated using two different sets of second-order interatomic force
constants (IFCs-2nd; TD denotes temperature dependent). (b) Lattice
thermal conductivities ({ ") of Rb,SnBrs and Cs,SnBr; calculated
using temperature-dependent IFCs-2nd based on the unified theory
[39]. The HNEMD results («MP) are also shown for comparison.
(c) Comparisons of particle-like phonon propagation spectra («f (w))
and the cumulative values between Rb,SnBrg and Cs,SnBrg at
300 K. (d) Comparison of frequency-dependent phonon linewidths
between Rb,SnBrg and Cs,SnBrg at 300 K.

shown in Fig. 2(b), despite that Cs,SnBrg contains heav-
ier element Cs. This finding is consistent with the results
obtained from homogeneous nonequilibrium molecular dy-
namics (HNEMD) simulations («MP) [61,62,67] (see SM
for more details [45]) based on a neuroevolution machine-
learning potential [43] [Fig. 2(b)], as implemented in the
GPUMD package [63]. The difference in thermal conductivity
calculated from MD simulations and unified thermal transport
theory may be related to the lattice anharmonicity above the
fourth order [51,68,69] and the large atomic vibration.

As the « of Rb,SnBrg is higher than that of Cs,SnBrs,
the lower ;P of Rb,SnBrg is due to its lower particle-
like propagation term «f. It is seen from Fig. 2(c) that the
lower «{ term of Rb,SnBre at 300 K is mainly due to the
suppression of phonon propagation in the frequency range
of 0.5~1.0 THz. In this range, the low-frequency optical
phonon modes in Rb,SnBrg exhibit strong couplings with
the acoustic phonon modes. The enhanced phonon scatterings
lead to suppressed phonon thermal transport of Rb,SnBryg,
as evidenced by its significantly larger linewidths compared
to CspSnBrg [Fig. 2(d)]. It is noted that the phonons are
well-defined with linewidths smaller than their corresponding
frequencies [Fig. 2(d)]. Therefore, the unified thermal trans-
port theory adopted in this work is reliable for calculating «p,
[52,59]. In the case where overdamped phonons dominate,
the full phonon spectral density approach in Wigner’s [59]
or Hardy’s [70] heat flux space is needed for more rigorous
evaluation.
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FIG. 3. Phonon dispersions of (a) Rb,SnBrs and (b) Cs,SnBrg
at 300 K calculated using the self-consistent harmonic Hamiltonian
approximation method under uniform triaxial strains from —3% to
+3%. The highlighted phonon modes respond differently to strain.

Pervious studies [71-74] also indicate that strain engineer-
ing is an effective method to manipulate the low-lying phonon
modes and thus affect the thermal transport of strongly an-
harmonic materials. By introducing uniform triaxial strain,
we reveal that the phonon dispersions of Cs;SnBrg exhibit
a strong dependence on strain at 300 K. Phonons are found
to soften under tensile strain and harden under compressive
strain. Most of the phonon modes of Rb,SnBrg also exhibit
strong strain dependence, while the relatively nondispersive
low-lying optical modes between " and X, as highlighted in
Fig. 3(a) by the blue frame, show weak strain dependence. The
distinct responses of the phonon modes to strain inevitably
result in different lattice thermal transport properties between
Rb,SnBrg and Cs;SnBrg under strains, as shown in Fig. 4.
At room temperature, the x{ of Rb,SnBrg and Cs,SnBrg are
almost unaffected by strain, while the KE are more sensitive
to strain [Fig. 4(a)]. Additionally, the strain dependences of
«} and «; P of Rb,SnBrg are considerably weaker than those
of Cs,SnBrg, e.g., k and «{ " of Rb,SnBrs and Cs,SnBrg at
+3% strain are similar, but they become very different at —3%
strain, although the phonon group velocities under strains are
similar [Fig. S8].

From the spectral particlelike thermal conductivity (Kf (w))
[Fig. 4(b)], we find that the different strain dependences of
Rb,SnBrg and Cs,;SnBrg arise from the phonon modes in
the frequency range of 0.5~1.0 THz. Within this range, the
lowest-lying optical phonon modes of Rb,SnBrs along the
I'-X path, whose frequencies are insensitive to strain, main-
tain strong scatterings with the acoustic phonon modes,
leading to a weaker strain dependence of the particlelike

thermal transport. On the contrary, the frequency of the
lowest-lying optical modes of Cs,SnBrg are more sensitive
to strain, leading to its phonon thermal transport being more
easily altered under strains.

Rb,SnBrg and Cs;SnBrg have similar KE at +3% (tensile)
strain. It is seen from Fig. 4(c) that Rb,SnBr¢ and Cs,SnBrg
also display comparable phonon linewidths at +-3% strain. As
compressive (negative) strain is applied, Rb,SnBrg maintains
strong phonon scatterings as evidenced by the large phonon
linewidths at —3% strain. On the contrary, the phonon scat-
terings in Cs,SnBryg are strongly suppressed, as demonstrated
by the reduced phonon linewidths at —3% strain. The strain
dependence of phonon linewidths in Rb,SnBrg is relatively
weak compared to Cs;SnBrg. Thus, the disparity in linewidths
between Rb,SnBrg and Cs;SnBrg amplifies with increasing
compressive strain, leading to a more pronounced impact of
strain on the KLP of Cs,SnBr¢ than that of Rb,SnBrg.

We further extend the study of the strain dependences of
the lowest-lying optical modes at I" and X points to other
A, XBg-type perovskites, as shown in Fig. 5 (see Fig. S9
for the phonon dispersions). It is found that in these per-
ovskites, the frequency of the phonon modes decreases with
increasing uniform triaxial tensile strain and increases with in-
creasing compressive strain. This strain dependence weakens
with the decrease of the phonon frequency, for example, the
frequencies of the lowest-lying optical modes of Rb,SnBrg
and Cs,Snlg are lower than those of Cs,SnClg and Rb,SnClg,
and their strain dependences are significantly weaker than
those of Cs,SnClg and Rb,SnClg. This is related to the ro-
tational vibration of the lowest-lying optical mode, and a
lower frequency corresponds to a weaker interaction with
the surrounding chemical environment. To provide further
insight, we have calculated the electron density distributions
[Figs. S10(a) and S10(b)]. We find a stronger overlapping
charge cloud between the Sn and Cl atoms within the
[SnClg]*~ octahedra than that between the Sn and Br atoms
within the [SnBrg]?>~ octahedra, suggesting that Sn-Cl has a
stronger bonding than Sn-Br, which is also consistent with the
steeper potential energy surface of Cl atom comparing to that
of the Br atom [Fig. S10(c)]. Based on the above discussion,
A, XBg-type perovskites with weak strain-dependent low-
lying phonon modes may also show weaker strain-dependent
KL, suggesting smaller thermal conductivity alteration in the
presence of strain.
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FIG. 4. (a) Lattice thermal conductivities of Rb,SnBrg and Cs,SnBrg at 300 K under uniform triaxial strains. Comparisons of frequency-
dependent (b) KLp(w) and (c) phonon linewidths between Rb,SnBrg and Cs,SnBrg at 300 K.
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FIG. 5. The strain-dependent phonon frequencies of the lowest-
lying optical phonon modes at (a) I" and (b) X points for six A, X Be-
type double perovskites at 300 K.

IV. CONCLUSION

In conclusion, the anharmonic lattice dynamics and ther-
mal transport of perovskites Rb,SnBrg and Cs,SnBrg at

elevated temperatures and under strains are investigated. Our
results show that phonon frequency renormalization is critical
for calculating the lattice thermal conductivity. We find that
the low-frequency optical modes have a significant effect on
the lattice thermal transport, as they have pronounced scatter-
ings with the acoustic phonon modes. We also reveal that if the
zone center and X-point lowest-lying optical phonon modes
of A, X Bg-type perovskites have lower frequencies, they have
weaker strain dependences and thus the lattice thermal con-
ductivity will be less affected by strain.
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