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Phonon-related behaviors such as hot-carrier bottleneck and thermooptic coefficients stimulate the study of
lattice dynamics and thermal conductivity («) in perovskites. Herein, we report ultralow thermal conductivities
of synthesized highly oriented samples of Cs,Pbl,Cl, (~ 0.45 W/mK at 300 K) and Cs,Snl,Cl, (~ 0.60 W/mK
at 300 K). Phonon frequency renormalization of the octahedral rotational soft modes in Cs,Pbl,Cl, triggered
by the fourth-order anharmonicity considerably amends the three- and four-phonon linewidths, significantly
altering the thermal transport property of Cs,Pbl,Cl,. Furthermore, the phonon gas model partially breaks down,
and both normal and diffuson-like phonons must be considered to capture the nearly temperature-independent
k of Cs,PbI,Cl,. We also find these unusual phonon behaviors in other layered inorganic perovskites such as
Cs,PbBr,Cl, and Cs,Snl,Cl,. Our results rationalize the crucial high-order phonon interactions and two-channel

lattice thermal transports in perovskites with ultralow «.
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L. INTRODUCTION

Effective manipulation and utilization of heat energy is cru-
cial to photovoltaics and optoelectronics as their performance
and lifetime are influenced by the temperature gradients gen-
erated during operation [1,2]. Phonon, as a lattice thermal
excitation, plays a critical role to determine the lattice ther-
mal conductivity (k) of materials, and affects the efficiency
and property of perovskites-based devices. For instance, the
hot-phonon bottleneck effect in lead-halide perovskites [3]
significantly prolongs the cooling period of charge carriers
[4,5]. Some halide perovskites [6-9] are promising thermo-
electric materials owing to their ultralow « and favorable
electrical properties. On the other hand, perovskites with rel-
atively high « can dissipate heat efficiently and thus increase
the lifetime of microelectronic devices. This wide-scale inter-
est in the thermal energy field leads to an urgent requirement
of understanding the lattice dynamics of perovskites. Never-
theless, exhaustive investigations of phonon thermal transport
in perovskites are rare [10], mainly attributing to the com-
plicated crystal structures and strong lattice anharmonicity.
Despite some experimental studies [6,11-13] of the thermal
transport behaviors of perovskites and their effects on the
optoelectronic properties, the theoretical horizons about the
nature of the complex thermal property of perovskites are still
in its infancy.

Two-dimensional (2D) perovskites [14—19] have emerged
as a new class of materials attractive for their excellent
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stability and superior optoelectronic properties. In particu-
lar, all-inorganic layered Ruddlesden-Popper (RP) perovskites
(Cs,XY,Clp; X = Pb, Sn; Y = 1, Br), as outstanding candi-
dates within the 2D perovskite family, have been extensively
studied [16,20-28]. However, its complex lattice dynamics
and heat transport that are closely related to its optoelectronic
properties are yet to be further explored. Acharyya et al. [29]
first reported that 2D RP inorganic perovskite Cs,Pbl,Cl,
displays an ultralow thermal conductivity of 0.37 W/mK at
300 K, which is even lower than those of the halide per-
ovskites CsPbl; (0.45 W/mK) and CsPbBr; (0.42 W/mK)
[13]. The ultralow « was discussed based on the harmonic
phonons at 0 K [29], while the temperature-dependent an-
harmonic phonon interactions were ignored. Moreover, cubic
and higher-order lattice anharmonicity may be crucial for
the thermal transport behavior of complex materials at el-
evated temperatures [30-36]. For example, Klarbring et al.
[37] reported significant fourth-order anharmonicity in halide
perovskite CspAgBiBry.

Herein, we thoroughly investigate the lattice dynamics
of 2D RP inorganic perovskites utilizing the first-principles-
based calculations in conjunction with experimental mea-
surements. We synthesize two high-quality polycrystalline
samples (Cs,Pbl,Cl, and Cs,Snl;Cl,) and measure their
thermal conductivities at different temperatures. Our cal-
culations indicate that strong high-order anharmonic renor-
malization significantly lifts the frequencies of the dynamic
octahedral soft modes in Cs,Pbl,Cl, and thus inhibits
the acoustic-optical phonon interactions, which considerably
amends the phonon linewidths and «. Moreover, significant
four-phonon interactions are found in Cs,PbI,Cl,, contribut-
ing to the ultralow « at room temperature. In addition, strong
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FIG. 1. (a) Temperature-dependent phonon dispersions of Cs,Pbl,Cl, calculated using the temperature-dependent effective potential
[39-41] scheme. (b) Projected density of states of Cs,Pbl,Cl, calculated at 0 K and 300 K. (c) Visualization [52] of the lowest-frequency
phonon mode at X point and its potential energy surface calculated from DFT using VASP [53]. The arrows represent the rotational directions

of Cl atoms.

lattice anharmonicity breaks down the conventional phonon-
gas picture, and both normal and diffuson-like phonons must
be considered to capture the dual phonon [38] thermal trans-
port behavior. We demonstrate that our findings are also
applicative in other 2D RP inorganic perovskites such as
CS2SII12C12 and CsszBr2C12.

II. RESULTS AND DISCUSSION

We first study the anharmonic phonon frequency
renormalization of Cs,Pbl,Cl, using the temperature-
dependent effective potential (TDEP) [39-41] scheme (see
Supplemental Material [42] for more details [43-51]), and
the result is shown in Fig. 1(a). At 0 K, we observe a similar
soft mode at the X point with a frequency of ~0.36 THz
as that reported by Acharyya et al. [29]. This soft mode
is usually related to ultralow-« property of materials as it
facilitates adequate scatterings of the heat-carrying acoustic
phonons. Interestingly, we observe a notable hardening of
this soft mode and the optical modes at ~2 THz at elevated
temperatures. From the results of the projected density of
states of Cl element as shown in Fig. 1(b), we can also see
an obvious shift of the peak at ~ 2 THz towards a higher
frequency region when temperature increases.

We further comprehend this significant frequency renor-
malization by analyzing the local potential energy surface
(PES) [30,54-56]. The lowest-frequency phonon mode at the
X point corresponds to the dynamic octahedral rotation of Cl
atoms around the octahedral centers occupied by Pb atoms.
We calculate the PES of this soft mode and a symmetric
U-type PES [Fig. 1(c)] is observed, suggesting strong quar-
tic lattice anharmonicity [30,56,57]. The vibrational atoms
related to this mode can move away easily from the equi-
librium positions as the PES is shallow [56,57], which also
suggests that the conventional harmonic approximation with

small atomic displacements cannot effectively capture the
strongly anharmonic lattice dynamics of Cs,Pbl,Cl, [30,31].

Renormalized phonon dispersions lead to different phonon
scattering phase space [58,59] and further affect the phonon
scattering rates. The acoustic-optical phonon interactions
are especially sensitive to the renormalization of the low-
frequency phonon modes [30,60,61]. We investigate the
influence of phonon frequency renormalization on the three-
phonon (3ph) and four-phonon (4ph) linewidths at 300 K
[62—-64] (see SM for calculation details). Large differences of
an order of magnitude are found for the 3ph [Fig. 2(a)] and
4ph [Fig. 2(b)] linewidths in the low-frequency region around
1 THz, indicating the phonon frequency renormalization is
critical for accurate phonon linewidths calculations. Compar-
ing the 3ph and 4ph linewidths calculated with the phonon
frequency renormalization, we also reveal the importance of
4ph interactions in further decreasing the « (see Fig. S6 of
SM). The large 4ph linewidths (10 ~ 10? ps~!) of the low
frequency phonons in Fig. 2(b) can be attributed to the strong
redistribution processes of the phonon modes with wave vec-
tors near the vicinity of P and Y; high-symmetry points (see
Figs. S12 and S13).

The anharmonic renormalization remarkably influences the
phonon frequencies and linewidths, inevitably having crucial
effects on the x [59]. As Cs,Pbl,Cl; is anisotropic, the lattice
thermal conductivities along x (kx = k) and z directions are
calculated [see Figs. 2(d) and 2(e)] based on the conventional
phonon Boltzmann transport equation [65,66] on top of fixed
second-order IFCs at 0 K (no frequency renormalization) and
temperature-dependent second-order IFCs (with frequency
renormalization). It is noted that the cubic and quartic IFCs
are both temperature dependent in all our calculations. A
high-quality polycrystal sample of Cs,PbI,Cl, is synthesized
using the annealing and spark plasma sintering (SPS) method
(see SM for the experimental details and XRD results), and
the thermal conductivities along the parallel and perpendicular
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FIG. 2. (a) Three-phonon (3ph) and (b) four-phonon (4ph) linewidths at 300 K calculated using two different sets of second-order inter-
atomic force constants (IFCs); second-IFCs-0K is obtained with the small displacement method, and second-IFCs-300 K is the renormalized
values at 300 K obtained based on the TDEP scheme. (d,e) Theoretical (conventional phonon gas model considering 3ph and 4ph interactions)
and experimental results of the lattice thermal conductivities of Cs,Pbl,Cl, along different directions. The blue shaded regions represent the
crucial effects of phonon frequency renormalization on the calculated . A schematic diagram of our sample and the measured directions of
thermal conductivities are shown in (e). Frequency-dependent spectral lattice thermal conductivities at 300 K along (c) x and (f) z directions
as calculated using second-IFCs-0 K and second-IFCs-300 K. Both 3ph and 4ph interactions are considered.

directions of SPS pressure are measured. Our measured « is
similar to the results reported by Acharyya et al. [29] based on
samples synthesized using the Bridgman method. We measure
the resistivity of the sample and find the material is noncon-
ducting, thus the measured thermal conductivity (k) can be
considered as the lattice thermal conductivity (k;, = ). The
optical absorption spectrum (see Fig. S2 of SM) also indicates
Cs,Pbl,Cl; is an insulator with a large band gap of 2.9 eV.

Notably, the calculated «, and «, raise significantly after
considering the phonon frequency renormalization [see the
blue regions in Figs. 2(d) and 2(e) for the enhancement].
For example, at 600 K, k, computed with phonon renormal-
ization is equal to 0.175 W/mK, which is about five times
larger than that (0.037 W/mK) calculated based on the har-
monic phonon frequency at 0 K. These results demonstrate
the significance of phonon frequency renormalization in the
correct description of the heat transport of Cs,PbI,Cl,. The
phonon group velocities calculated using the second-order
atomic force constants at 0 K and the renormalized values at
300 K are compared (see Fig. S7 of SM), but no distinct dif-
ference is identified. In contrast, from Figs. 2(a) and 2(b), we
know that the phonon linewidths of the low-frequency modes
largely decrease after considering frequency renormalization;
therefore, the decreased phonon linewidths are responsible for
the considerable enhancement of the calculated «. From the
spectral lattice thermal conductivities shown in Figs. 2(c) and
2(f), it is also evident that phonon frequency renormalization
apparently enhances the heat transport of the low-frequency
heat carriers (0-1 THz).

Despite considering the phonon frequency renormaliza-
tion, we find that the theoretical « is still lower than the
experimental values, especially for «, at high temperatures
[see Fig. 2(e)]. Recent advancements [38,67—71] of the unified
theory for heat transport of crystals and glasses provide a
more sophisticated approach to understand the « of strongly
anharmonic materials. In conventional crystals, the phonon
picture is valid as the mean free path of phonons is much
larger than the wavelength or the minimum interatomic spac-
ing. While for strongly anharmonic materials, the definition
of the phonon can become ambiguous. Einstein et al. [72,73]
pointed out that heat is carried by random walk among un-
correlated oscillators. Mukhopadhyay et al. [70] provided a
two-channel model to describe the thermal transport of com-
plex materials by a simple addition of the phonon gas model
and the random walk theory. Luo et al. [38] further proposed
a dual-phonon theory based on the phonon thermal diffusiv-
ity: normal phonons described by the Boltzmann transport
equation, and diffuson-like phonons described by the diffu-
sion theory. In the dual phonon picture, if a vibrational mode
is characterized as a normal phonon, it cannot be treated as a
diffuson-like phonon at the same time and vice versa (see SM
for details).

In Figs. 3(a) and 3(b), we calculate the thermal diffu-
sivities of all vibrational modes on top of the renormalized
phonon frequencies with 3ph and 4ph linewidths, and make a
comparison with the critical criterion of diffuson-like phonon
based on the random walk theory [38,74]. We note that the
phonon wavelength can also be used as a criterion to obtain
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FIG. 3. Thermal diffusivisities of Cs,Pbl,Cl, at 300 K along
(a) x and (b) z directions calculated using the renormalized second-
order IFCs considering both 3ph and 4ph interactions. The black
dotted line provides a critical criterion to determine the phonons
category based on the random walk theory. (c),(d) Lattice thermal
conductivities contributed by the normal phonons (k™) and the
diffuson-like phonons (x ") calculated using the dual phonon theory
along different directions.

similar results (see Fig. S14). We see that many phonons in
Cs,Pbl,Cl, cannot be defined as normal phonons at 300 K.
These diffuson-like phonons with small thermal diffusivi-
ties (short phonon mean free paths) can contribute to «
based on the random walk theory [38,74]. Therefore, phonon
Boltzmann transport theory is valid for well-defined normal
phonons to compute the long-ranged thermal propagation
(«P"), while random walk theory [38,74] can be used to cal-
culate the diffusive transport («%), and the lattice thermal
conductivity («P+diff) js the addition of the dual phonon
contributions. We also investigate the effects of the phonon
frequency renormalization on the dual phonon category, and
the results (see Fig. S8) indicate that it is crucial to differenti-
ate between normal and diffuson-like phonons.

In Figs. 3(c) and 3(d), we find that both x?" and ™" deviate
further from the experimental results at high temperatures,
suggesting the potential importance of dual phonon transports
in Cs, Pbl,Cl,. Moreover, we find that sziff even surpasses k7 h
at 600 K, indicating that the diffusive thermal channel can
dominate the thermal transport at elevated temperatures. After
introducing the diffusive channel, the lattice thermal con-
ductivities (kP+4if) agree well with the experimental results
along both directions, demonstrating that the two-channel
thermal transports triggered by dual phonons are critical for
the description of the thermal property of Cs,Pbl,Cl,.

The results obtained for Cs,Pbl,Cl, can be extended to
other 2D RP inorganic perovskites. We take Cs,Snl,Cl,
[26,75] and Cs,PbBr,Cl, [76] as examples and find that
phonon frequency renormalization, four-phonon interactions
(see Fig. 4) and dual phonon transports (see Fig. S9) are also

(a)

E

©

o

IN

Frequency (THz)

o N & O ®

Frequency (THz)

N

XYy z rz N P z XYy 2 rz zN pn z

(© Wave vector (d Wave vector
Cs2PbBr,Cl> Cs2SnlxCly
10! o

2

© 65 @80,

300K

Linewidths (ps~!)

Frequency (THz) Frequency (THz)

FIG. 4. Temperature-dependent phonon dispersions calculated
using the TDEP scheme for (a) Cs,PbBr,Cl, and (b) Cs,Snl,Cl,.
Three- and four-phonon linewidths calculated based on the renor-
malized second-order interatomic force constants at 300 K for
(c) Cs,PbBr,Cl; and (d) Cs,Snl,Cl,.

of critical importance for these perovskites. Some phonons ex-
hibit imaginary frequencies at the X point in Cs,PbBr,Cl, at
0 K, which can be eliminated at elevated temperatures owing
to phonon frequency renormalization. For Cs,PbBr,Cl,, 4ph
scatterings even surpass 3ph scatterings in the low-frequency
region at 300 K. Strong phonon scatterings considerably de-
crease the thermal diffusivities and lead to a more significant
dual phonon thermal transport behavior. In Fig. 5, we report
the strong frequency renormalization effects on x based on
the conventional phonon gas model for Cs,PbBr,Cl, and
Cs,Snl,Cl,. The lattice thermal conductivities have also been
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FIG. 5. Effects of phonon frequency renormalization on the
lattice thermal conductivities of (a),(b) Cs,PbBr,Cl, and (c),(d)
Cs,Snl,Cl, calculated using the conventional phonon gas model.
Three- and four-phonon interactions are considered in the calcula-
tions. Because the harmonic phonon dispersion at 0 K has imaginary
frequencies for Cs,PbBr,Cl,, we use the renormalized second-order
IFCs at 100 K to perform the calculations.
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FIG. 6. Lattice thermal conductivities calculated using the dual
phonon theory for (a) Cs,PbBr,Cl, and (b) Cs,Snl,Cl,. The experi-
mental results of Cs,Snl,Cl, polycrystal are shown for comparison.

calculated using the dual phonon theory [38] and the results
are shown in Fig. 6. The individual «P" and x4 for these two
materials are shown in Fig. S10 of SM. The experimental « of
Cs,Snl;Cl, polycrystal is also included in Fig. 6(b) for com-
parison. The theoretical « is in reasonable agreement with the
experiment, while the lower experimental « at high tempera-
tures may result from other sources of phonon scatterings in
polycrystals not considered in our single-crystal calculations.

III. CONCLUSION

In summary, the anharmonic lattice dynamics and ther-
mal transport property of 2D RP inorganic perovskites are
thoroughly investigated. We reveal that phonon frequency
renormalization and strong fourth-order lattice anharmonic-
ity are crucial to correctly comprehend the thermal transport
behaviors of 2D RP inorganic perovskites. We find that the
nearly temperature-independent k can be correctly described
only when normal and diffuson-like phonons are both taken
into account. This work unveils the nature of lattice thermal
transport in 2D RP inorganic perovskites and provides po-
tential new avenues for the engineering of the phonon-related
properties.
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