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ABSTRACT

The thermal conductivity of crystalline semiconductors is critical for their optoelectronic performance and is
commonly described by the classical phonon gas model. Here, we report a clear violation of this conventional
behavior during the phase transition of methylammonium lead bromide (MAPbBr3) perovskite single crystals.
Through transient frequency domain thermoreflectance experiments, an anomalous kink in thermal conductivity
between 170 and 220 K is observed, disrupting the usual monotonic decrease with increasing temperature above
the Debye temperature. Temperature-dependent X-ray diffraction (TDXRD) experiments reveal that a mixed
orthorhombic-tetragonal phase exists in MAPbBr3 from 140K to 210K. By combining TDXRD with phonon
Wigner transport equation calculations, the origin of this anomalous thermal conductivity kink is attributed to
two causes: the differences in the phonon properties between the tetragonal and orthorhombic phases and an
increasing proportion of the tetragonal phase at increasing temperature. The notable differences in the phonon
properties between these two phases, coupled with the potential differences in the properties of the charge
carriers, can dramatically impact the optoelectronic performance of hybrid perovskites. Importantly, a similar
kink is also observed within methylammonium lead chloride, suggesting such mixed-phase-induced thermal
transport properties may be applicable to a broader class of perovskite semiconductors.

1. Introduction

thermal conductivity (x) follows a predictable temperature dependence:
k first increases with temperature (T) from OK due to increased heat

The development of functional materials critically relies on reliable
control and understanding of their thermal transport behaviors. Mate-
rials with high thermal conductivity are essential for efficient heat
dissipation in electronic packaging and high-power devices, while those
with low thermal conductivity are explored for thermoelectrics and
thermal barrier coatings [1]. In simple crystalline solids, the lattice
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capacity, peaks at intermediate T due to extrinsic scattering by bound-
aries or impurities, before decreases approximately as 1/T when
intrinsic Umklapp scattering starts to dominate [2]. However, this
conventional phonon gas model has failed to capture the unique trans-
port properties in complex crystalline materials and thermal transport
characteristics during phase transitions. Although recent developments
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in the two-channel thermal transport models[3-5] have alleviated the
understanding for complex crystals, phase transition induced transport
characteristics are still unchartered. For example, the perovskite RMnO3
family exhibits a diverse but unexplained temperature-dependent ther-
mal transport behaviors arising from the Jahn-Teller distortion-induced
competition between different magnetic orbitals [6]. Current thermal
transport models also cannot adequately describe the nearly
temperature-independent « in non-spin ordered TbMnO3/DyMnQO3 or
the abrupt variations of x during spin-order transitions in RMnOs (R=
La, Eu, Gd, Y, Lu) [6]. These important but unexplained phenomena
motivate further exploration of complex crystalline materials during
phase transitions.

Hybrid pervoskites like methylammonium lead halide (i.e., MAPbX3,
X =1, Br, Cl) possess a unique organic-inorganic hybrid structure which
also undergo temperature-driven molecular orientation-induced lattice
distortions accompanied by phase transitions [7], providing an ideal
platform for such exploration. MAPbX3 perovskites have emerged as the
new generation of light-absorbing layer of solar cells and light-emitting
diodes due to their attractive optoelectronic properties and cost effec-
tiveness[8-10]. A thorough understanding of their
temperature-dependent thermal transport properties is therefore
essential for improving the device performance and operational stabil-
ity. While many experimental studies have explored the thermal con-
ductivity of MAPbX3[11-19], most have concentrated on temperatures
above 290 K [11-15]. The steady state method has been used to measure
the temperature-dependent thermal conductivity of MAPbI3 to temper-
atures as low as 7 K, showing a crystalline-like trend with higher thermal
conductivity at lower temperatures [16,17]. It should be noted that such
steady state measurement is complicated by its inherent radiative losses,
which requires additional corrections for a complete assessment [17].
Comparing with MAPbI3, the thermal conductivities of MAPbBrs and
MAPDCl; at low temperatures have received limited experimental
attention despite their excellent environmental stability [20]. Current
theoretical studies have predicted a simple crystalline thermal conduc-
tivity behavior for MAPbX3[21-26]. Recent studies have, however,
challenged this simple picture[13,18,19,27-29]. Among which is an
anomalous upward thermal conductivity trend measured during the
phase transitions in MAPbBr3 and MAPDCl3 [18,19], which remains
unexplored.

In this study, the frequency domain thermoreflectance (FDTR)
method is utilized to measure the thermal conductivity trends of single
crystal MAPbBr; in the temperature range of 100-350 K. Surprisigly, the
thermal conductivity of MAPDbBr3 exhibits a clear anomalous kink near
210 K. To investigate the source of this kink, temperature-dependent X-
ray diffraction (TDXRD) measurements is performed to study the
structural characteristic of MAPbBr3. Our investigations reveal the
coexistence of tetragonal and orthorhombic phases between 140 K and
210 K. Analysis of the temperature-dependent FDTR and TDXRD data
showed that this mixed-phase is present within the thermal penetration
depth of FDTR measurement. Using the lattice dynamics-based phonon
Wigner transport equation (LD-PWTE) method [3,30], this anomalous
thermal conductivity kink is related to the difference in the thermal
conductivity of each phase and the evolution of their relative quantity
with temperature. Furthermore, the observation of a similar anomalous
thermal conductivity kink in MAPbCl3 between 170K and 200K sug-
gests that the mixed-phase-induced thermal transport behavior may be
observable in a broader range of hybrid perovskites with first-order
phase transitions where phases with distinct thermal conductivities
coexist. This research highlights a new low-temperature thermal trans-
port phenomenon for the hybrid perovskite family, offering valuable
experimental evidence and insights detected through careful analysis of
the transient-based FDTR data. As charge carrier dynamics of the
distinct phases exhibit marked differences due to their distinct electronic
structures [31,32], the coexistence of the mixed-phase perovskites can
significantly influence their optoelectronic performance, playing a vital
role to improve hybrid perovskite solar cells operating at low
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temperatures.
2. Results and discussion

The structure of MAPbX3 (X =1, Br, Cl) is temperature-dependent,
with elevated MA molecular dynamic disorder but reduced octahedra
distortion at increased temperatures [33,34]. As shown in Fig. 1(a),
MAPDX3 generally undergoes two sequential phase transitions with
increasing temperature. The currently accepted first phase transition
(Transition I) is from the orthorhombic to tetragonal, where higher
temperatures weaken the constrained vibration of the MA molecules
about their local equilibrium position [40]. This imparts certain rota-
tional freedom to the MA molecules to explore a larger set of configu-
rations in the tetragonal phase [31,40]. The second one (Transition II) is
from the tetragonal to cubic phase. Here, the MA molecules reorientate
quickly with anharmonic dynamics, resulting in a temporal-averaged
cubic-like lattice with non-tilted octahedra [32,41]. Earlier experi-
ments on MAPbI3, MAPbBr3, and MAPbCl3, have found that the Tran-
sition I occurs at ~162K, ~147 K, and ~172K, while Transition II
happens at ~330K, ~232K, and ~179K, respectively [35-39].

The thermal conductivity of single crystal MAPbBr3 was measured
using the FDTR setup (Fig. 1(b)) between 100 K and 350 K (Details in the
Methods). Results in Fig. 1(c) depict the measured thermal conductivity
as a function of temperature. Our measured room-temperature thermal
conductivity values are 0.41 +0.04 Wm ™ K™ for the single crystalline
MAPDBr3, agreeing with previous results [12,13]. The thermal con-
ductivity trend generally decreases with increasing temperature, except
around the phase transition regions. The thermal conductivity of
MAPDBr3; anomously increases upwards around the Transition I tem-
perature at 147 K and kinks near 210 K. Similarly, our measurements on
MAPDCI3 within the same temperature range reveal a comparable kink
near 200 K (Fig. S1 of the Supplementary Information). Except for this
kink, our thermal conductivity trend is generally crystalline-like [18],
which has been attributed to the localized vibrational states and dy-
namic disorder of the MA molecules [7,42,43]. However, the notable
thermal conductivity kink in our experiments disagrees with the existing
recorded trend over a sizeable temperature range. Furthermore, this
kink falls outside the temperature range that can be affected by the
latent heat [44,45], suggesting that a different mechanism is present.

To elucidate the origin of this kink, temperature-dependent X-ray
diffraction (TDXRD) was performed on MAPbBr; to investigate the
structural changes. The TDXRD patterns in Fig. 2(a) for temperatures
ranging from 140 K to 220 K, have diffraction peaks at 14.70°, 21.21°,
30.12°, 33.78°, 37.15°, 43.18°, and 45.93°, which are consistent with
previous studies [46,47]. We analyzed the three diffraction peaks with
the highest intensity, which are at 14.70°, 30.12°, and 33.78°(Fig. 2(b)-
(d)). The peak at 14.70° displays a steady shift towards smaller
diffraction angles with decreasing temperatures (Fig. 2(b)). However,
the magnitude of this shift becomes smaller below 200 K, which typi-
cally signifies a structural phase transition [46]. This phase transition is
more obvious from the peaks around 30.12° and 33.78° (Fig. 2(c)-(d)).
As the temperature cools below 220 K, the single diffraction peak (peak
1 in Fig. 2(c)—(d)) broadens and a second but smaller peak (peak 2 in
Fig. 2(c)-(d)) grows at a lower diffraction angle (see Diffraction Peak
Analysis in Supplementary Information for more details). The develop-
ment of this bimodal diffraction pattern from 210K to 140K is consis-
tent with previous research [47], which signifies a portion of the
tetragonal MAPbBr3 (t-MAPbBr3) gradually converts to the ortho-
rhombic phase (0o-MAPDBr3), creating a mixed o-MAPbBrs and
t-MAPbDBr; crystal.

Several prior studies have reported the coexistence of the ortho-
rhombic and tetragonal phase in perovskites [48-52] over a range of
temperatures, which can be influenced by various factors such as syn-
thesis method and morphology of the sample [53,54]. While many
earlier studies have reported such coexistence in thin films [55] over a
wide range of temperatures (e.g, more than 40 K in MAPbDI; films) [48,
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Fig. 1. (a) Common phase transition of MAPbX3 (X =1, Br, Cl). (b) Schematic of the FDTR experimental setup. The abbreviations are EOM (electro-optic modulator),
BS (beam splitter), HWP (half wave plane), PBS (polarized beam splitter), QWP (quarter wave plane), OBJ (objective length), BP(bandpass filter) and PD (photodiode
detector). (c¢) The thermal conductivity of MAPbBrj; single crystals measured in our FDTR experiment at temperatures from 100 to 350 K. The orange solid markers
are from this work, and the dotted line (using steady state method) and hollow squares (using laser flash apparatus) are taken from Ref. [18] and Ref. [14],
respectively. The three different background colors (light yellow, light green and light pink) correspond to the temperature ranges of three different phases
(orthorhombic, tetragonal, and cubic respectively) of single crystal MAPbBr; from the literature[35-39]. Note that the measured thermal conductivity values are
plotted against the corrected temperature after considering the average steady-state temperature rise near sample surface, with horizontal error bars representing the
temperature range probed within the maximum thermal penetration depth in the sample.

51,53], recent findings have confirmed similar coexistance in powdered
and single crystalline form, over a temperature range spanning more
than 40K in MAPbI3 [54] and 50 K in MAPbBr3 [46,56]. Our TDXRD
result is consistent with previous results, showing a mixed phase of
0-MAPbBr3 and t-MAPbBr; over a large temperature range from 140 K to
200K (i.e., a span of 60 K), which is a characteristic of a first-order phase
transition [44,57].

Phase transition can impact the measurement of thermal properties
like thermal diffusivity [44,45]. The analysis of the TDXRD data pro-
vides a method to quantify structural variation during phase transition
in the MAPDBr3 for our temperature-dependent FDTR measurements.
Accounting for the temperature rise produced by the lasers used in FDTR
is, thus, critical for obtaining accurate results and trends, as this tem-
perature rise may lead to a localized phase transition within the
measured region [58]. Fig. 3 shows the steady-state temperature rise
distribution in the single crystal MAPbBr3 at selected cryostat temper-
atures (Tp) in our FDTR experiment, with the average corrected surface
temperature (Tj) also indicated (see Temperature rise correction in the
Supplementary Information for the correction procedures). As our XRD
result indicates that a pure t-MAPDbBr; only exists above 210K (see
Diffraction Peak Analysis in Supplementary Information), we used this
temperature as a cutoff in Fig. 3 to assess the possible phases in MAPbBr3
during an FDTR experiment. The frequency of the pump laser in our
FDTR experiment is regulated by an electro-optical modulator in the
range from 60 kHz to 6 MHz, and the thermal penetration depth (TPD) is
the maximum (minimum) at 60 kHz (6 MHz). Within the maximum TPD,
only a mixed phase of 0-MAPbBr3 and t-MAPbBr; exists in the probed
region when Ty is below 207 K, as shown in Fig. 3(a)-(d). When Ty is

raised above 207 K, a pure t-MAPbBr; region appears near the sample
surface and increases in size with rising temperatures [Fig. 3(e)-(f].
This result suggests that the thermal conductivity measured in our FDTR
experiment is for a mixed phase of 0-MAPDbBr3 and t-MAPbBr3 when Tyis
below 207 K. Detailed phase distribution maps in the sample during
FDTR measurement under different temperatures are available in Fig. S7
(see Structural Evolution Induced by Steady-State Temperature Rise in
FDTR in Supplementary Information). It is important to note that
although the average steady-state temperature rise (AT = T;— Tp) of the
sample surface is above 24K at each Ty, the maximum temperature
difference sensed by FDTR due to the maximum TPD in the sample is less
than 18K, as indicated by the horizaontal bar at each datapoint in Fig. 1
©.

Using the whole-pattern fitting (WPF) refinement analysis on the
TDXRD data, the structure of the two coexistent MAPbBr3 phases are
determined to be Pna2, for o-MAPbBr3 and I4/mcm for t-MAPbBr3 (see
Whole-pattern fitting refinement analysis in Supplementary Informa-
tion). Fig. 4(a) contains these crystal structures, and Table S2 contains
the lattice parameters of each phase under different temperatures. The
volume fraction () of each crystal structure at the different tempera-
tures in Fig. 4(b) is obtained by calculating the relative ratio of the fitted
intensity of corresponding peak near 30.12° and 33.78°(See Volume
fraction analysis and Egs. (§3)-(S4) in Supplementary Information) [59].
With increasing temperature, the proportion of tetragonal phase
(M—mapopr,) increases while the proportion of orthorhombic phase
(Mo_mapbpr,) decreases, culminating to a pure t-MAPDbBrs; between the
temperature of 210K to 232 K.

Using the above relative fraction of the mixed phase, lattice
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Fig. 2. (a) Powder TDXRD diffraction patterns of MAPbBrj3 at the temperatures of 140-220 K with diffraction angles (20) range from 6° to 55°. The diffraction pattern
details around (b) 14.70°, (c) 30.12° and (d) 33.78°. The black dotted line in (b) represents the linear extrapolation using the diffraction peak positions above 200 K,

while the red solid line connects the diffraction peak positions below 200 K.

dynamics-based phonon Wigner transport equation (LD-PWTE) method
[3,30] which intrinsically incorporates quantum statistics was employed
to calculate the thermal conductivity of MAPbBrs between 140 K and
350K. The LD-PWTE method accounts for the dual contributions of
phonons to thermal transport process: the population (x,) channel,
arising from particle-like phonon propagation through the diagonal
terms of the heat flux operators, and the coherence (x.) channel, which
captures wave-like phonon propagation via the off-diagonal terms [30].
As pointed out in the literature, the coherence (x.) channel maybe sig-
nificant in strongly anharmonic crystals, such as halide perovskites [3].
Using the LD-PWTE method, we calculated the thermal conductivities of
pure o-MAPbBr; and t-MAPbBr3 between 140 and 220 K (Fig. 4(b)). It is
worth noting that, consistent with previous studies, the coherence
channel makes a non-negligible contribution in both o-MAPbBr; and
t-MAPbBr3, as shown in Fig. SO. As a first approximation to estimate the
thermal conductivity of the mixed phase MAPbBr3 (kyixeq) for temper-
atures below 210K, we applied a simple mixing rule to the thermal
conductivity and volume fraction (1) of the two phases,

Kimixed = Mo—MAPbBrs Ko—MAPbBrs T Tt_MAPbBr, Kt—MAPbBrs 1)

Given the strong anharmonicity of MAPbBr3, coupled with the low
thermal conductivity contrast between the coexisting 0o-MAPbBr3 and t-
MAPbDBr; phases, it is physically reasonable to employ this first-order
mixing rule as a reliable and computationally robust approximation
for our system [60,61]. Results from Eq. (1) is plotted and compared to
the FDTR results in Fig. 4(c). As shown in Fig. 4(c), kmixea agrees well
with the FDTR experiment results with an average deviation of 5.3%
over the entire mixed-phase temperature range from 140K to 220K,
showing a similar kink which reach a maximum near 210K. As
demonstrated by our calculations in Fig. S9, thermal conductivities of
both pure o-MAPbBr; and t-MAPbBr3 decrease with increasing tem-
perature across the entire mixed-phase range (also shown in Fig. 4(b)).

This reduction can be mainly attributed to the significant deacrease in
the population-channel (x,), given that the coherence-channel (x.)
slightly increases with temeprature (Fig. S9(a)-(c)). The decrease in the
population channel originates from enhanced phonon scattering rates at
higher temperatures, while the phonon group velocities are largely un-
changed (Fig. S9(f)). Moreover, although the mode-resolved phonon
group velocities and lifetimes are comparable in the two phases (Fig. S9
(d)-(e)), the mode-averaged properties (Fig. S9(f)) reveal that both
phonon group velocities and lifetimes are consistently higher in
t-MAPbBr3 than in o-MAPbBr; throughout the mixed-phase region.
Consequently, t-MAPbBr; exhibits a higher thermal conductivity than
0-MAPbBr3, leading to the thermal conductivity maximum after all the
mixed phase fully converts to a pure t-MAPbBr3 phase above the tem-
perature of 210 K. Our theoretical calculations confirm that the kink in
thermal conductivity of MAPbBr3 observed in the FDTR experiment is
due to the existence of a mixed phase in the sample, with the 0o-MAPbBr3
and t-MAPbBr3 coexisting.

It is worth noting that since the mixed-phase-induced thermal con-
ductivity kink was observed in both MAPbCl3 and MAPbBr3 in our study,
we expect this anomaly to be a common feature of first-order transitions
in other hybrid perovskites (e.g., MAPbI3 and FA-based systems) where
phases with distinct thermal conductivities coexist. Its occurrence and
observability require a wide temperature window of the phase coexis-
tence and a slow intrinsic phase transition rate. The width of this tem-
perature window is generally influenced by various factors, such as the
synthesis method and the morphology of the sample [53,54]. While the
phase transition rate is inversely proportional to the energy barrier of
phase transition process, which is further modulated by extrinsic factors
like crystal domain size and residual stress [44,62,63].
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Fig. 3. Steady state temperature rise profiles for MAPbBrj3 single crystal induced by pump laser in FDTR experiment at different initial temperatures: (a) 108 K; (b)
120K; (c) 135K; (d) 154K; (e) 165K; (f) 180K. L and r represent the depth and radius of the sampling point from the pump laser. Tj is the initial temperature of
sample controlled by the cryostat and AT is the steady-state temperature rise induced by the pump laser, Ty is the average corrected surface temperature after
considering AT. The red dashed line indicates the 210 K isotherm which represents the boundary between the mixed 0-MAPbBr3; and t-MAPbBr; phase and the pure t-
MAPDBr3;. The black solid (dashed) line is the maximum (minimum) thermal penetration depth (TPD) in the sample. The thermal penetration depth ranges from
100 nm to 1500 nm at r =0, depending on the applied modulation frequency from 6 MHz (black dash line) to 60 kHz (black solid line).

3. Conclusion

In summary, the temperature-dependent thermal conductivity of
single crystal MAPbBr; was measured with FDTR in the temperature
range of 100 K-350 K. Different from a typical crystal where thermal
conductivity decreases with increasing temperature, an unusual kink
near 210 K was observed. The TDXRD experiment revealed coexistent o-
MAPDBr; and t-MAPbBr3 phases below the temperature of 210K
throughout the thermal penetration depth of the FDTR measurement. By
performing LD-PWTE calculation, the contributions of each phase to the
overall thermal conductivity of the mixed phase MAPbBr3 were decou-
pled, suggesting that the gradual transition of the mixed phase MAPbBr3
to a pure t-MAPbBr3 over the temperature range is responsible for the
kink. Our work directly links the structural phase transition to the
measured anomalous thermal conductivity trend, thereby demon-
strating that a mixed-phase state can lead to a unique thermal transport
phenomenon. Moreover, the observation of a similar thermal conduc-
tivity kink in MAPDbCl; near 200K suggests that this mixed-phase-
induced phenomenon may be common in a broader range of perov-
skite materials. These findings offer new insight into the thermal
transport properties of halide perovskites, which are crucial for their
optoelectronic applications.

4. Methods
4.1. Sample preparation

MAPDbBr; and MAPbCl3 single crystals were synthesized using the
anti-solvent vapor-assisted crystallization (AVC) method following
previous literature [64]. The methylammonium bromide (MABr,
>99.5%), methylamine hydrochloride (MACI, >99.5%), lead bromide
(PbBry, >99.99%), lead chloride (PbCly, >99.99%) were purchased
from Xi'an Yuri Solar Co. Ltd (China). The N, N-dimethylformamide
(DMF, >99.9%), dimethyl sulphoxide (DMSO, anhydrous, >99.9%) and
dichloromethane (DCM,>99.5%) were sourced from Sigma Aldrich. All
salts and solvents were used as received without any further purifica-
tion. PbBr, and MABr (PbCl,; and MACI) were dissolved in DMF (DMSO)
at a 1:1 M ratio (1.0 M), and MAPbBr3 (MAPbCl3) single crystals were
grown along with the slow diffusion of the vapor of the anti-solvent DCM
into the solution.

4.2. Temperature-dependent X-ray diffraction (TDXRD)

Temperature-dependent powder XRD were performed to charac-
terize the structure of MAPbBr; at the temperature range of 140-220 K.
The temperature-dependent XRD measurement was conducted using a
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method at low temperatures [18], and by Ge et al. employing the laser flash

method at high temperatures [14]. Furthermore, our data closely match the

room-temperature values obtained by Elbaz et al. via FDTR [12], as well as those measured by Heiderhoff et al. using the 3w method [13]. The light blue region in (b)
and (c) represent the mixed phase of 0-MAPbBr3 and t-MAPbBr3, while the green region indicates the pure t-MAPbBrs; phase within the corresponding temperature
ranges. The pink region in (c) denotes a pure cubic phase in this temperature interval.

powder X-ray diffractometer (Rigaku Smart Lab 9 KW) with Cu-Ka ra-
diation (A = 1.54059 /O\). The step size and scan rate for each measure-
ment were 0.01° and 0.10° s™1, respectively. A millimeter size bulk
single crystal MAPbBr3 sample was grinded into a fine powder for the
XRD experiment. The cryogenic temperature was controlled by helium
compressor at a ramp rate of 2Kmin~! and the sample fixed at each
temperature for 30 min to stabilize before the XRD experiment.

4.3. Temperature dependent thermal conductivity measurement

To experimentally measure the low temperature thermal transport
behavior of single crystal MAPbBrs and MAPbCls, we perfom frequency-
domain thermoreflectance (FDTR) measurement [65] on the samples in
a cryogenic chamber (Montana Cryostation S50), between the temper-
ature of 100K and 350K at a rate of 2Kmin !, At each targeted tem-
perature, the sample is further equilibrated for 30 min before any FDTR
measurement was conducted. In our FDTR setup, an
intensity-modulated blue pump laser (488 nm) heats the sample surface
sinusoidally, which was coated with 70 nm gold transducer to improve
the optical reflectance signal. A green probe laser (532 nm) measures the
resulting temperature response of the surface gold layer. The pump laser
is modulated in the frequency range from 60kHz to 6 MHz by an
electro-optical modulator. The phase lag between the pump laser
(heating) and probe laser (temperature) are measured by a lock-in

amplifier as a function of modulation frequency. The thermal conduc-
tivity of samples were then extracted by fitting phase lag signals with a
well-established multilayer heat conduction model [66,67]. The fitting
parameters and sensitivity analysis [68,69] of our FDTR experiment
were shown in the FDTR experiment details in the Supplementary
Information.

4.4. Lattice dynamics based phonon wigner transport equation calculation
(LD-PWTE)

The thermal conductivity was calculated by employing the lattice
dynamics-based phonon Wigner transport equation (LD-PWTE) method
[3,30]. This method can consider the particle-like and wave-like phonon
thermal transport which corresponds to population-channel and
coherence-channel  thermal conductivity  respectively.  The
population-channel thermal conductivity along a direction (xj) under
the single-mode relaxation time approximation [3] can be expressed as:

a

1 A
TV kT2

> _0*(@):n(@),(n(q), + 1)v(q),.0 (@), [N(@),) " 2
qs

where V,T, kg is the volume, temperature of the system and the Boltz-
mann constant respectively. 1%(q) is the group velocity of the phonon
mode s of wavevector q along the a direction, and I'(q), is the linewidth
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of the phonon mode s.

The coherence-channel thermal conductivity along a direction (%) is
given by [3]

K& =
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relationships that could have appeared to influence the work reported in
this paper.

where 1%(q), ¢ is the coupling group velocity between phonon modes s
and s’ of wavevector q along the a direction. The total thermal con-
ductivity along « direction x” is the sum of xj and (.

The interatomic force constants (IFCs) are extracted using the clas-
sical interatomic MYP potential [70] for MAPDbBrs in Large-scale
Atomic/Molecular Massively Parallel Simulator (LAMMPS) [71]. Har-
monic IFCs are obtained by the finite-difference method [72] with an
atomic displacement of 0.005A. The third-order IFCs were from
Taylor-series fitting by firstly subtracting the contributions of the har-
monic IFCs to the interatomic forces. The converged phonon wavevector
q-grid size of 10 x 10 x 8 was selected for orthorhombic MAPbBr3 and
6 x 6 x 6 for tetragonal MAPbBrs, the harmonic and cubic IFCs cutoff
were set as 9.5 A and 5.1 A for both structures (see the Convergence test
in Supplementary Information). Both phonon-isotope scattering and
three-phonon scattering were taken into consideration in our study.

Supporting information

The Supporting Information is available free of charge at xx.

The thermal conductivity of MAPbClj single crystals, details of FDTR
experiment (fitting parameters of FDTR, sensitivity analysis and phase
lag measurement, temperature rise correction analysis), structural
characterization and analysis of MAPbBrj3 single crystals (diffraction
peak analysis, whole-pattern fitting refinement analysis, volume frac-
tion analysis, structural evolution induced by steady-state temperature
rise in FDTR), theoretical calculation of thermal conductivity (conver-
gence test of parameters, analysis on thermal transport properties of
total, population and coherence channel) (PDF).
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