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Hybrid halide perovskites, with their favorable carrier recombination time and ultrashort phonon mean-free
paths, are leading candidates for various energy conversion applications like photovoltaics and thermoelec-
trics. The origin of the ultralow thermal conductivity of the prototypical methylammonium lead triiodide
(MAPDI3) is of intense research interest as it is critical for improving its energy conversion performance. So far,
such an understanding remains elusive in the MAPbI3 above room temperatures (c-MAPbI3) despite numerous
efforts due to its unstable phonon modes. Here, we report the discovery of several c-MAPbI3 local minimum
energy structures that produce stable phonon dispersions to reveal an amorphous-like coherence-channel ther-
mal transport mechanism in these crystals. Interestingly, an inter-channel conversion between the population-
and coherence-channel of the phonons occurs when the c-MAPbI3 changes across these different structures at the
same temperature. Such an effect is not yet observed in simple atomic crystals. Our work also shows that existing
thermal transport intuitions based on the phonon gas model can be misleading in such hybrid crystals. Further,
the dominance of the non-traditional coherence-channel of phonons will affect the interpretation of other

phonon-mediated processes in MAPbI3 and other hybrid perovskites.

1. Introduction

Halide perovskites, especially MAPbI3, have been widely studied due
to their promising potential in optoelectronic [1-5] and thermoelectric
applications [6-8]. Often, MAPbI3-based devices like solar cells operate
above room temperature [1,2]. Their thermal stability, lifetime, and
efficiency are intimately linked to the thermal transport properties of the
MAPbDI;. At these temperatures, the MAPbI3 exists as a cubic structure
(c-MAPDI3). This structure is deemed inherently unstable due to the
rotations of MA cations and the octahedral tilting. Previous harmonic
lattice dynamics (HLD) calculations suggest imaginary acoustic phonon
modes (aka soft modes) exist near the M and R points of the Brillouin
Zone (BZ) [9-13]. Such modes arise from the displacive
cubic-to-tetragonal phase transition [12] and the Pblg octahedral tilting
observed in experiments [13]. Although numerous experimental
[14-18] and simulation [9-11,19-21] studies have provided a better
understanding of its thermal transport physics, critical questions
regarding the phonon characteristics of the c-MAPbI; remained unan-
swered due to the existence of these soft modes.

The thermal conductivity of c-MAPbI3 was experimentally measured
to be between 0.3 and 0.6 Wm ™! K1 [14,15]. Results from the classical
equilibrium molecular dynamics (EMD) simulations based on the
ab-initio derived MYP potential [9,10,21] agree well with these exper-
imental measurements [14,15]. On the other hand, results from the ab
initio non-equilibrium molecular dynamics (NEMD) simulations [19]
and other EMD simulations based on another potential [20] are about
two to three times larger than the experimental values. The differences
in the number of atoms, simulated time duration and temperature, and
the potentials used could contribute to the discrepancy in the thermal
conductivity values. Nevertheless, these MD-based studies typically
cannot provide the modal properties of the thermal energy carriers that
are essential for understanding and manipulating the thermal transport
behavior. To get these modal properties, Zhu et al. [9] and Whalley et al.
[11] attempted first-principle anharmonic lattice dynamics [22,23]
(ALD) calculations to solve the phonon Boltzmann transport equation
[24] (PBTE). In those studies, the imaginary phonon frequencies are
either ignored or renormalized using a method that disregards the
phonon-phonon interactions. The calculated phonon thermal

* Corresponding author. ZJU-UIUC Institute, College of Energy Engineering, Zhejiang University, Jiaxing, Haining, Zhejiang, 314400, China.

E-mail address: weeong@intl.zju.edu.cn (W.-L. Ong).

https://doi.org/10.1016/j.mtphys.2022.100892

Received 28 August 2022; Received in revised form 9 October 2022; Accepted 14 October 2022

Available online 21 October 2022
2542-5293/© 2022 Elsevier Ltd. All rights reserved.


mailto:weeong@intl.zju.edu.cn
www.sciencedirect.com/science/journal/25425293
https://www.journals.elsevier.com/materials-today-physics
https://doi.org/10.1016/j.mtphys.2022.100892
https://doi.org/10.1016/j.mtphys.2022.100892
https://doi.org/10.1016/j.mtphys.2022.100892
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mtphys.2022.100892&domain=pdf

J. Yang et al.

conductivity values from the above two approaches are surprisingly
similar in magnitude, between 0.04 and 0.06 W m~! K~! but are
approximately an order of magnitude lower than the experimental and
MYP-based EMD results. This difference was only qualitatively ascribed
to the non-phonon nature of the thermal energy carriers in c-MAPbI3
using the Allen-Feldman (AF) framework [9]. Such ad-hoc combinations
of possibly inconsistent thermal transport theories with inherently
different energy carrier types were also used to explain experimental
thermal transport measurements of other complex materials that
exhibited crystal-glass duality [25-27].

To investigate the above issues, we employ the lattice dynamics-
based phonon Wigner transport equation [28] (PWTE) that inherently
captures thermal transport behaviors with the crystal-glass duality. In
PWTE, the population-channel (i.e., the particle-like propagation of
phonons) and coherence-channel (i.e., the wave-like behaviors of pho-
nons) of the phonon transport contribute simultaneously to the overall
thermal conductivity of a material. We like to emphasize that the
wave-like coherence-channel transport herein is generally considered
different from the coherent phonon transport in superlattices and pho-
nonic crystals described in Refs. [27,29-31]. The PWTE can be mathe-
matically reduced to the PBTE for an anharmonic crystal or the AF
theory for a harmonic glass, resulting in a unified and consistent
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treatment of the thermal transport in the different classes of materials
using a single type of carrier [32-34]. A stable phonon dispersion is
crucial for any lattice dynamics-based method to produce a reliable
thermal conductivity study. Such a dispersion has been elusive for
c-MAPbDI3 due to its unstable structure. To this end, we successfully
obtained not one but three stable c-MAPbI;3 structures that, for the first
time, produced all positive phonon frequencies under an HLD calcula-
tion. After comparing these structures with published structural results
from experiments, we elucidated the MAPDI3 experimental thermal
conductivity trend using the PWTE to discover a coherence-channel
thermal transport behavior accounts for more than 70% of its thermal
conductivity. A subsequent comparison of the thermal transport char-
acteristics between our optimized structures revealed a mutual
compensation between the population- and coherence-channel. This
compensation suggests a possible inter-channel conversion between the
contributions from the population- and coherence-channel of the pho-
nons in a transport process.
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Fig. 1. Four different structures of the c-MAPbI3, the common c-MAPbI; structure with the Pm-3m space group, and three optimized structures with the P4/mnc, 14/
m, and P1 space group. (a) Their associated phonon dispersions and potential energies per unit cell (UC) of c-MAPbI3. All structures were visualized using VESTA
[41]. The surrounding PES is for illustration purpose only. (b) Comparisons of their PDFs (dotted green) with the experiment PDF [13] (solid purple). The differences
(red) between the experiment and calculated PDFs are magnified three times and centered at the level of —2 on the y-axis for clarity.
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2. Results

2.1. Optimized c-MAPbI; structures for harmonic lattice dynamic (HLD)
calculations

As mentioned earlier, the HLD calculation performed on the
commonly-used 1 x 1 x 1 unit cell of c-MAPbI3 [9-11], which has a
Pm-3m space group, produces imaginary phonons at the BZ boundaries
(Fig. S1). These imaginary phonons distort the structure and break the
crystal periodicity. This periodicity, however, can be preserved using a
larger unit cell in a calculation [35]. The HLD calculations were
repeated using a larger 2 x 2 x 2 unit cell that contains 96 atoms
(Fig. 1a). Its resulting phonon dispersion depicts the expected “folding”
of the phonon branches [35]. The acoustic phonon branches near the 1
x 1 x 1 BZ boundaries were folded into the 2 x 2 x 2 BZ center but
remained imaginary. To eliminate these imaginary frequencies, we
developed an efficient structure optimization procedure that is possibly
simpler than existing works [36,37] (see the Methods) to obtain three
distinct 2 x 2 x 2 c-MAPDbI3 structures that produce all positive fre-
quencies in their HLD phonon dispersions (Fig. 1a). These structures are
strictly cubic with their lattice constants x =y = z = 12.59 A and are of
the space group P4/mnc, I4/m, and P1. Details of these optimized
structures are available online in the supporting information. As the
common Pm-3m structure has imaginary phonon frequencies at the I'
point, it is probably located on a saddle point in the potential energy
surface (PES) [38]. On the other hand, our optimized structures sit at the
local energy minima to produce real phonon dispersions. The largest
potential energy difference between our optimized structures is 0.023
eV/UC, while the thermal fluctuation at 350 K is bigger at 0.030 eV. This
difference suggests that these structures are energetically accessible and
interconvertible at 350 K. Although an ensemble-averaged structure is
typically used in an HLD calculation [39], such a structure can be
challenging to obtain in hybrid crystals like MAPbIs. The positions of the
different atoms of a weakly-bounded and rotating MA cation in an
ensemble-averaged structure will collapse approximately onto one
location, rendering wrong force calculations. In this study, we obtained
three different 2 x 2 x 2 structures that can capture different instances
of the dynamic disorder induced by the rotations of the MA cations in the
c-MAPbDI3. These structures approximate the possible snapshots of the
MAPbDI3 dynamic structure. By discovering more of such structures, we
can use them to understand the dynamic disorder in this material.

Next, we compared our structures with existing experimental mea-
surements. As the MAPDI; crystal is inherently disordered [9], standard
Bragg diffraction results from the conventional X-ray crystallographic
technique are inadequate to resolve the local structural order. This in-
adequacy is similar to that seen in the disordered superatomic crystals
[27]. However, analyzing the X-ray data using the pair distribution
function (PDF) technique can give quantitative insights into the short to
intermediate-range structural order regardless of the degree of disorder
[40]. The PDF is thus well suited to study the local order, like the
octahedral tilting in MAPbDI3 as previously performed [13]. Thus, we first
compared the PDF of our structures with that from the experiments [13]
(Fig. 1b). The fitting difference (Ry,) used in Fig. 1b is a simple indicator
to show that our structures are reasonable and resemble those in the
experiments. However, with the possible noise and the limited resolu-
tion in an experimental PDF, using R,, alone is insufficient to judge
which of our structures is the most experimentally probable. As seen in
Fig. 1b, our 2 x 2 x 2 structures are physically realistic and can produce
the real phonon dispersions necessary for detailed phonon-level studies.
We would like to stress that these may not be the only structures that can
give real phonon dispersions as there can be more local minima in the
PES. Also, it is uncommon to use a large number of atoms (i.e., 96 atoms
in this study) for lattice dynamics-based calculations due to its high
computational cost. This cost problem is further exacerbated in the P1
space group structure as it has zero symmetry and cannot be reasonably
studied using ALD. For this reason, the following thermal transport
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study only uses the P4/mnc and I4/m structures.

2.2. The population- and coherence-channel of phonons in c-MAPbIs of
the I4/m space group

The thermal conductivity (kxgmp) of the c-MAPbI3 was investigated
using the NEMD method. By increasing the system length until a size-
invariant thermal conductivity is obtained (Fig. S2), our xygmp results
agree with prior MYP-based EMD and experimental results (Fig. 2).
Although the c-MAPDI; has a Debye temperature of 120 K, which was
fitted from experimentally temperature-dependent thermal conductivity
[16], its thermal conductivity trend above 327 K is almost invariant and
weaker than the expected T~! crystalline behavior from the three
phonon scattering processes [42]. Such weak temperature trends were
also observed in several novel crystals with complex structures [25-28,
32,43,44], pointing to the possibility of an additional non-phonon
thermal transport channel.

We investigated the above postulation using the PWTE formalism
[28] under the classical and quantum statists (see Methods). Results
from the I4/m structure are discussed here and compared with those
from the P4/mnc structure in later sections. In Fig. 2, the xngvp values at
the different temperatures are almost identical to the PWTE-based
KT.classical Values as they are both classical in nature. Regardless of the
type of statistics used, the thermal conductivity contributed by the
population-channel (i.e., kpQuanum and kpciassica) is higher than the
published DFT-based results [9,11] that used harmonic phonon disper-
sions with imaginary modes. However, these population-channel con-
tributions account for less than 30% of the total thermal conductivity (i.
€., KT.Quantum and Kt classical). The thermal conductivity contribution from
the coherence-channel (k¢) contributes to the rest of «r, suggesting a
dominant amorphous-like thermal transport nature in the c-MAPDI;3
[28].

Four additional insights can be obtained from Fig. 2. First, the
KT Classical @t temperatures higher than 327 K are unexpectedly two times
larger than the xr quanwm in the c-MAPbI3, which has a Debye tempera-
ture of 120 K [16]. Results under classical statistics usually converge to
those under quantum statistics when the temperatures used in the cal-
culations are much higher than a material’s Debye temperature [45].
Hence, using the Debye temperature to gauge the suitability of classical
statistics may be inaccurate in materials with many high-frequency
optical modes that contribute significantly to the overall thermal

10° . . s . :
192
i &— 6 VA .
£ - ¥ >4 b4 < < +~— “NEMD
—
= [~— mvP-EMD
= e —
=
-]
3]
3 Y Exp “®-5p classical " ®” P quantum
g O FNeD R glassical @ K6 quantum
= £ sassical *®" T quantum
e i g g
g107F.T
= t— K
o P,quantum
ﬁ | «~— AI-PBTE
L L L L L
320 340 360 380 400 420 440

Temperature (K)

Fig. 2. The thermal conductivity of c-MAPbI; versus temperature. Exp repre-
sents experimental measurements from Ref. [14]. kygmp results are from our
NEMD simulations, with the associated uncertainty of each point smaller than a
marker. «r, kp, and «kc are the total thermal conductivity, the
population-channel contribution, and the coherence-channel contribution
calculated using the PWTE. Both quantum and classical statistics were used,
with their results labeled accordingly. xp reflects the T~! scaling from the
three-phonon scattering. The black arrows on the right y-axis indicate the
thermal conductivity values at a temperature of 350 K from other theoretical
studies. MYP-EMD are classical MYP-based EMD simulations [9,10,21]. The
AI-PBTE are first-principle PBTE results under quantum statistics [9,11].
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conductivity through the coherence-channel. Second, similarities be-
tween our kngvp Values from the MD simulations and the kt cjassica Values
from the PWTE calculations support the suggestions that the rotations of
the MA cations have minimal effect on the thermal transport in the
c-MAPbDI; [17,46]. MD simulations intrinsically include the rotations of
MA cations, whereas PWTE only deals with static structures with fixed
orientations of the MA cations. Third, we found that the linear extrap-
olation technique [47,48] used for extracting a converged thermal
conductivity from MD simulations does not work in the c-MAPbI;3 (inset
of Fig. S2). This extrapolation technique also fail in some amorphous
materials [49,50]. One possible reason is that this technique originates
from the PGM [47,48] and thus can be incompatible when the
coherence-channel of the phonons dominates thermal transport. How-
ever, further studies are needed to clarify the reasons behind this failure
and whether this linear extrapolation technique is valid for other com-
plex crystalline systems with sizeable coherence-channel contributions.
Fourth, as xc has amorphous-like thermal transport characteristics, it
should increase with increasing temperatures [28]. Our results show
that k¢ Quanum increases as expected, but k¢ ciassica decreases instead. This
apparent paradox comes from the activation of the higher frequency
phonon modes under classical statistics (Fig. S3) that increases phonon
scattering. For clarity, quantum statistics is employed to analyze the
phonon properties for the rest of this work.

We calculated the phonon characteristics of the c-MAPbI3 at a tem-
perature of 350 K and plotted the results in Fig. 3. Each circle refers to a
phonon mode, while the area represents the thermal conductivity
contribution. As illustrated in Fig. 3a, almost all of the xp comes from the
acoustic phonon modes around the BZ center (i.e., green circles). On the
other hand, the optical phonons contribute heavily to ¢ (i.e., blue cir-
cles). There are also phonon modes that contribute to both channels (i.e.,
red circles). The thermal conductivity accumulation curves in Fig. 3b
indicate that «p is higher than xc only for phonon frequencies below
0.85 THz. These phonons originate mainly from the vibrations of the
inorganic atoms and are acoustic in nature, with their density of states
following a Debye-like frequency scaling [51] (Fig. 3c). At higher
phonon frequencies, however, xc dominates while xp plateaus. This
result signifies a highly structurally disordered and/or anharmonic
crystal structure [28]. As k¢ increases in tandem with the vibrational
density of states of the organic and the inorganic entities in c-MAPbI3
(Fig. 3b and c), the whole structure, not just the organic cations, is
structurally disordered and/or anharmonic and contributes to xc.
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2.3. The thermal transport characteristics of the P4/mnc and I4/m
structures at a temperature of 350 K

We compared the thermal transport properties of our P4/mnc and I4/
m c-MAPbI3 structures at a temperature of 350 K. The phonon group
velocities and lifetimes are plotted for frequencies up to 6.5 THz in
Fig. 4a and b. In Fig. 4a, the phonon group velocities of the P4/mnc are
slower than those of the I4/m structure. The average group velocity of
the phonons of the P4/mnc is about 76.8% of the I4/m (Fig. 4c). This
reduction comes from the softening of the phonon branches of the P4/
mnc (Figs. 1a and 4a). As most of the acoustic phonons are from the
vibrations of the inorganic Pblg octahedra (Fig. 3), these phonons will be
directly affected by the octahedral tilting. Such tilting is almost negli-
gible in the less stable P4/mnc as compared to that in the I4/m. This
result suggests that in structures with the same lattice constant, the
tilting can stabilize and stiffen the acoustic phonons, similar to that in a
MAPDI3 cubic-to-tetragonal transition [12]. Also observed from our
phonon dispersions is an accompanied stiffening of some low-frequency
optical phonons in the I4/m. This octahedral tilting and the reor-
ientation of the MA cations are intimately linked with changes in the
(N-Hj3)-1 hydrogen bonds [52,53]. We found that the average H-I
hydrogen bond length is longer in the almost non-tilted P4/mnc
(Fig. 54), suggesting that these MA cations can move more freely due to
their weaker interactions with the inorganic cages. Thus, the anhar-
monicity is stronger in the P4/mnc, as manifested in the shorter phonon
lifetimes in Fig. 4b. The average lifetime of the P4/mnc is around 30.5%
of the [4/m (Fig. 4c). With the shorter lifetimes and smaller group ve-
locities, the P4/mnc structure gives a xp that is six times smaller than the
I4/m structure (i.e., 0.014 W m~! K! versus 0.076 W m~! K! in
Fig. 4d). However, the calculated xr of both structures are similar at
0.353 Wm ' K! (P4/mnc) versus 0.330 W m~ T K! (I4/m). The simi-
larity in «r is expected as these two structures belong to an identical
phase of the same material at the same temperature. This result shows
that xp and xc can mutually compensate to produce the same «r, hinting
at an inter-channel conversion when the c-MAPbIj3 crystal vibrates at a
temperature through the different local PES minima. In other words, as
this hybrid crystal vibrates at 350 K, the contributions from the popu-
lation- and coherence-channel of the phonons can actively change, but
they sum up to a similar overall thermal conductivity value. This
peculiar effect is not seen in studies for simple atomic crystals and re-
mains to be further investigated. As molecular dynamics is assumed to
be ergodic and our xr and kxgvp agree closely, these thermal conduc-
tivity results also support the validity of our optimized structures.
Additionally, the smaller phonon group velocities and lifetimes of the

Fig. 3. (a) Phonon dispersion of the I4/m c-MAPbI3
(grey lines) at 350 K. The colored circles represent the
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Fig. 4. Comparison of the (a) group velocity (vg) and (b) lifetime (z) between the I4/m and P4/mnc structures. Note that group velocities and lifetimes of phonons
with frequencies above 6.5 THz are not shown for clarity. (c) The average v, and 7 from all the phonon modes are normalized with the corresponding average values
from the I4/m structure. (d) The cumulative spectral kp, kc, and «r of the two optimized structures. The thermal conductivity contributions from phonons with a

frequency higher than 20 THz are negligible.

P4/mnc structure did not produce a smaller 7, contradicting the in-
tuitions from the PGM. We will probably need new indicators to intui-
tively capture the thermal conductivity of complex crystals in which the
coherence-channel of phonons is dominant.

3. Conclusion

In summary, three optimized structures of c-MAPbI3 that can pro-
duce real harmonic phonon dispersions are discovered. These structures
are perhaps the first few for c-MAPbDI3 but are not the only ones possible.
The maximum difference in the potential energy of these structures is
below the thermal fluctuation energy at 350 K, making it possible for c-
MAPbDI; to vibrate and change into any of them. As a first check, these
structures are verified by comparing their PDFs with existing experi-
mental measurements. The calculated thermal conductivity values and
temperature-invariant trend from MD and PWTE methods at tempera-
tures above 327 K agree well with experimental measurements. Our
analysis shows that the dominant contribution to the thermal transport
in c-MAPbI; comes from the amorphous-like coherence-channel. This
result explains why previous PBTE-based calculations that considered
only the population-channel of phonons failed to reproduce the exper-
imental results. The Debye temperature is found inadequate for deter-
mining the suitability of classical statistics in a thermal conductivity
calculation for materials with a sizeable number of high-frequency op-
tical modes that give significant coherence-channel contribution. We
also show that the existing intuitions developed from the traditional
PGM even fail to capture the thermal transport in complex hybrid

crystals qualitatively. Two of our optimized structures have similar
overall thermal conductivity values but vastly different population and
coherence contributions. This result suggests a possible inter-channel
conversion between population- and coherence-channel of phonons as
c-MAPDI; vibrates through space at the same temperature. For this inter-
channel conversion to be efficient/significant, the coherence-channel
should have a considerable thermal conductivity contribution. This
contribution typically arises from effective wave-tunneling between
modes and strong phonons scattering. This inter-channel conversion will
also offer a new direction to regulate thermal transport in MAPbI3 and
other structurally complex materials such as clathrates, skutterudites,
and other perovskites. External fields or mechanisms that are known to
affect the population-channel of the phonons may influence the
coherence-channel of the phonons differently. Hence, different methods
to modulate the coherence-channel contribution will be necessary to
affect the overall thermal conductivity of hybrid complex crystals.
Focusing on changing the phonon particles’ group velocities and life-
times may be insufficient. Such considerations will be critical for
enhancing the performances of the hybrid crystals-based solar cells and
thermoelectrics. Also, the present picture of the electron-phonon or
plasmon-phonon interactions in hybrid perovskites may change with
this non-traditional coherence-channel dominating the thermal trans-
port process.
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4. Computational methods
4.1. Non-equilibrium molecular dynamics

All MD simulations were performed in LAMMPS [54] using the MYP
empirical potential [55]. This potential was verified to reproduce the
experimental lattice constants [55] and thermal conductivity values of
MAPbI3 [9,10,21,56]. A time step of 0.5 fs was used. A
three-dimensional periodic system was first simulated under an NPT
ensemble for at least 1 ns to reach a zero bar pressure and the target
temperature. This system was then equilibrated in an NVT ensemble and
relaxed in an NVE ensemble for another 1 ns respectively. After relax-
ation, the Langevin thermostat, with a damping constant of 0.5 ps, was
used in a NEMD simulation to calculate the thermal conductivity of the
system. The temperature difference between the hot and cold reservoirs
was 10%-15% of the system temperature. Each thermal reservoir was
four conventional cubic unit cells long to match the selected thermostat
damping constant [57,58]. The NEMD was performed for 10-20 ns to
reach the steady-state condition for the different system sizes. The
thermal conductivity was then calculated with the Fourier law using the
data from the last 5 ns? A cross-sectional area of 6 x 6 and a length of
400 conventional cubic unit cells were needed to eliminate the
finite-size effects (see Fig. S2). The standard deviation of each data point
was calculated using from five independent runs with different initial
seeds.
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4.2. Structure optimization and characterization

By considering different combinations of the orientations of organic
cations, about 50 different initial 2 x 2 x 2 cubic unit cell (lattice
constants of x =y = z = 12.59 A and angles of @ = = y = 90°) were
created for optimization. Starting with many different initial structures
increases the chance of getting more local minima structures. The lattice
constants in these larger unit cells were averaged from an NPT ensemble
at 350 K and 0 GPa to account for thermal expansion and not changed
during the structure optimization. It is expected that the PES of such a 2
x 2 X 2 unit cell as comparedtoal x 1 x 1 unit cell has a much larger
degree of freedom and will be more complex. Thus, there will be more
configurations with a local minimum potential energy. Our method in-
volves two simple steps of applying existing LAMMPS commands. First,
the conjugate gradient algorithm in LAMMPS was used to perform an
energy minimization on these structures. It was previously found that a
very flat PES around a local minimum prevents any structural relaxation
algorithm finding the ground state configuration [36]. We then applied
an energy dissipation procedure using the “fix viscous” command in
LAMMPS to drain out the remaining kinetic energy caused by the re-
sidual forces [54]. The result of this step mirrors the goals of the
frozen-phonon technique [36] but is simpler to implement. The pair
distribution function was calculated using the method described in
Ref. [13].
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4.3. Interatomic force constants (IFCs) extraction

The ab initio-derived MYP potential [55] was used for the IFCs
extraction in LAMMPS. The second-order IFCs were calculated using the
finite-difference method [24] with a displacement of 0.001 A. The
third-order IFCs were calculated via the Taylor-series fitting method
[24] by first removing the contributions of the second-order IFCs from
the forces. The displaced structures were obtained using the thermal
stochastic snapshot technique [59] at temperatures 1 K and 350 K for
comparison. The resulting over-specified force-displacement linear
system was solved using the least-square fit. We find that the difference
in the predicted «r is within 6% for the different temperatures used in
the thermal stochastic snapshot technique. The second-order force
constant cutoff was chosen as 10.00 A, similar to the force cutoff in this
potential. The third-order force constant cutoff was chosen as 5.04 A
according to the convergence test results shown in Fig. S5a. Results from
the convergence of the k-mesh with the BZ centered at the I" point are
plotted in Fig. S5b. A 6 x 6 x 6 k-mesh was selected. Only three-phonon
scattering [22,23] under the single-mode relaxation time approximation
[60] with no IFCs renormalization [59] was performed. A prior PWTE
work [28] found such a calculation is sufficiently accurate to describe
the thermal transport in a similar inorganic perovskite (i.e., CsPbBrg).

Representing the third-order IFCs in the k-space as @, ., the

three-phonon scattering rate for a specific phonon mode I'(q), can be
expressed under the SMA using the Fermi’s golden rule as:

(€))]
ny —ny)[8(w; + 0y —wy) —8(w; — 0y + @) }

where 7 is the reduced Planck constant, each 1 and its primes indicate a
different phonon mode (q,s), n is the Bose-Einstein distribution, and  is
the phonon frequency. é is a function for enforcing energy conservation
during a phonon scattering process.

In the PWTE [28], phonons contribute to the total thermal conduc-
tivity through two channels. The thermal conductivity from the
population-channel comes from the particle-like propagation of pho-
nons, as in the phonon Boltzmann transport equation. Under the
single-mode relaxation time approximation, this thermal conductivity
component can be written as:

N 1w
Kpoaa = v ﬁzwz(q):n(q): (n(q), + 1)v*(a), (), (q), (2)
q.s

where V is the volume of the system, kg is the Boltzmann constant, T is
temperature, @ and § are Cartesian directions, v*(q);, is the group ve-
locity of the phonon mode s with the wavevector q in the a direction.

The other thermal conductivity component is from the coherence-
channel that arises from the wave-like behaviors of the phonons. This
component is shown to be equivalent to the contributions from the
diffusions in a harmonic glass of infinite volume. The thermal conduc-
tivity of this coherence-channel can be expressed as [28].

x (I'(a), +T'(q)y) 3)
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where v*(q), ¢ is the coupling group velocity between the phonon modes
sand s of the same wavevector q in the « direction.
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