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Abstract

In pure nonmetallic crystals, the resistance to heat conduction at temperatures around and above room
temperature is conventionally accepted to originate from anharmonic phonon-phonon interactions. Herein,
we reveal a different mechanism of heat transfer, which cannot be described by the typical phonon gas pic-
ture, where local two-dimensional correlations of the octahedral motions lead to a temperature-independent
thermal conductivity (above room temperature and approaching the melting temperature) in CsPblz. Our
systematic atomistic simulations allow us to relate the unique lattice dynamics to the thermal transport in
CsPbls, providing evidence for the indirect (but crucial) role of the Cs™ ions in facilitating heat transfer
at relatively higher temperatures. This contrasts with the conventionally accepted notion of the ‘rattling’
scenario leading to the reduced thermal conductivities in metal halide perovskites, where the decoupled
motion of the CsT ions scatter the acoustic modes of the framework. Rather, we show that the interac-
tion between the Cs™ ions and the Pblg framework enable the local 2D spatiotemporal correlations of the
octahedra leading to better heat conduction at higher temperatures in these solids. Our work reveals that lo-
cal spatiotemporal correlations between atoms, beyond the typical phonon gas picture, can dictate thermal
transport in the highly anharmonic metal halide perovskites, and could help guide their further advance-

ments in photovoltaic and thermoelectric applications.
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I. INTRODUCTION

The description of heat conduction in nonmetallic crystals has traditionally been rooted in the
widely accepted phonon gas model (PGM),[1-4] in which heat is primarily carried by phonon
wave packets with well-defined group velocities.[5] In this description, phonons are treated as
gas particles with specific mean free paths, and the intrinsic thermal resistance arises from anhar-
monic phonon-phonon interactions.[6] This manifests in a sharply decreasing thermal conductivity
(k) with temperature (7°), typically at intermediate temperatures where boundary scattering at the
sample surface has negligible influence on heat conduction. Experimental measurements of «(7")
in this temperature regime have been successfully replicated with the PGM, providing a thorough
description of the heat conduction mechanisms in crystals with well separated phonon branches
(i.e. where the linewidths are smaller than the interbranch spacings).[7—12] This description, how-
ever, has been inadequate for predicting x(7") of highly anharmonic solids with phonon linewidths
larger than the interbranch spacings.[13—18] A more recent theoretical model based on the Wigner
formulation, incorporating wave-like tunneling of phonons (that are not captured by the traditional
PGM), has been utilized to explain the slower decrease in x(7") at intermediate temperatures for
such highly anharmonic crystalline solids with ultralow or glass-like «.[19-23] The formalism has
also been applied to explain the plateau in «(7") arising from disorder in several materials with

complex unit cells.[24-29]

Although the traditional PGM and the Wigner formulation (along with the combination of the
two that provides a unified approach) have been successful in describing x(7") for intermediate
temperatures in different types of crystalline solids, these formalisms, that require calculations
of instantaneous force constants based on computationally expensive first-principles calculations,
are mostly limited to small supercells.[16, 19] As such, these formalisms may not be appropriate
for fully describing the heat conduction mechanisms in solids where larger spatial or temporal
correlations of the atomic motion (requiring longer simulation times and larger supercell sizes)
could be dictating (7). For instance, utilizing large scale simulations on tens of millions of atoms
in molecular dynamics (MD) simulations, a recent work by Thébaud et al. showed that long-range
spatial correlations in the defect distribution can scatter the low-frequency heat-carrying acoustic
modes, leading to a drastic reduction in «.[30] Here, by utilizing MD simulations on metal halide
perovskites (MHPs), we demonstrate a new heat transfer mechanism beyond what can be captured

by the typical PGM, where two-dimensional (2D) local correlations of the octahedral motions
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dictate x(7T") at intermediate and higher temperatures in three-dimensional (3D) MHPs.

In MHPs with the chemical formula ABX3, many of the physical attributes, including their
ultralow thermal conductivities, originate from their unique lattice dynamics; their large anhar-
monicity is associated with the motion of the corner sharing BX; octahedra with metals at the
center and halides at the corners forming a 3D anion cage that host A-site cations. For example,
the mechanically soft nature with high degree of spatial fluctuations of the halide ions, resulting
in severe anharmonic effects from the dynamic motion of the octahedra,[31] have been shown to
be responsible for carrier scattering and the ultralow thermal conductivities in these materials.[32—
37] In terms of the understanding of the heat transfer mechanisms in MHPs, several works have
shown that the highly anharmonic lattice dynamics renders the heat conduction in MHPs at the
intersection of glass-like and crystal-like regimes. For instance, utilizing the Wigner formulation,
Simoncelli et al.[16] have shown that the thermal transport in CsPbBrj is governed not only by the
particle-like phonon wave packets, but the majority of contribution (~70% at room temperature)
comes from wave-like tunneling of phonons that are not captured by the traditional PGM. Follow-
ing their work, the Wigner formulation has been applied to show the dominant contribution to s
from wave-like tunneling of phonons in several other lead-free MHPs.[20, 38—40] These works
have attributed the high degree of anharmonicity in MHPs to localized modes originating from
the ‘rattling” dynamics of the A-site cation. In fact, the low energy flat branches associated with
the ‘rattling’ vibrations of the cations inside the perovskite cages is widely believed to drive the

ultralow thermal conductivities in MHPs.[16, 32-35, 37, 38, 41, 42]

In the rattling picture, thermal conductivity is mainly limited by the resonant scattering with
the rattling modes. The implication in such a picture of thermal transport is that the dynamics
of the ‘guest’ cations inside the nanocages are decoupled from the ‘host’ framework and serve as
additional channels of phonon scattering to the heat carrying acoustic modes of the framework.
Such ‘rattling’ scenarios have been shown to exist in clathrates,[43—46] skutterudites,[47—49] and
other compounds with complex unit cells.[18, 50] For MHPs, the evidence for rattling (of the
A-site cation inside the octahedral cages), leading to the reduction in x, has been mainly im-
plied from first-principles calculations of the phonon dispersions showing band crossings (and
hybridizations) between acoustic modes of the BXy framework and low lying optical modes of the
A-site cations.[37, 38, 42] However, it is unclear (from these first-principles calculations) whether
the dynamics of the guest cations inside the nanocages are indeed decoupled from that of the

‘host’ framework — a critical prerequisite for the rattling scenario and the plausible association of
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rattling-induced scattering of phonons in dictating the ultralow thermal conductivities in MHPs.

Along with the lack of unequivocal evidence for the rattling picture, prior first-principles cal-
culations have also not been able to entirely take into account the full anharmonicity (beyond the
typical three-phonon processes) in MHPs; the higher-order phonon interactions could be crucial in
dictating the thermal conductivity of these mechanically soft solids, especially at higher tempera-
tures. Moreover, as mentioned above, these calculations are also mostly limited to small supercell
dynamics of the constituent particles around their equilibrium positions and are unable to incor-
porate any effects from local correlations of octahedral motions that have been recently shown to

impact the lattice dynamics of these solids.[51-53]

Here, we utilize systematic MD simulations to unravel the unique temperature-dependent lat-
tice dynamics and thermal transport properties of CsPbls, the prototypical fully inorganic MHP.
We show that, unlike in typical inorganic crystals where thermal conductivity decreases with
increasing temperature due to enhanced phonon-phonon scattering, the thermal conductivity of
CsPbl; is independent of temperature at relatively higher temperatures. We attribute this to the
enhancement in thermal transport from local 2D correlations in the dynamics of the octahedra at
higher temperatures, which is indirectly facilitated by the lattice dynamics of the Cs™ cations in-
side the octahedral cages. Through dynamic structure factor calculations based on inelastic neutron
scattering (INS), we show that the guest cations are responsible for considerable phonon harden-
ing in CsPbls, a completely opposite scenario to the widely accepted ‘rattling’ picture where the
motion of the A-site cations are perceived to lower x in MHPs. These calculations show that the
lattice dynamics and thermal conductivity of CsPbl; at higher temperatures is critically governed
by 2D (short-range) structural correlations of the dynamic tilting in the Pbls octahedra that are

several unit cells wide.

II. METHODS

A. Interatomic potential for CsPbl; and SrTiO;

To accurately describe the interatomic interactions between the atoms, we use the classical
MYP interatomic potential based on first-principles calculations.[54-56] This potential utilizes

the Buckingham—Coulombic interatomic potential given by,
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The parameters used to model the pairwise interactions between atoms are given in Table 1.

The potential has been successfully utilized to reproduce the main static and dynamical proper-
ties of methylammonium lead halide perovskites (such as the lattice constants, cohesive energy
curves, bulk modulus, and the energy barriers for the rotation of the cations).[54-56] For CsPbls,
the potential is based on our prior work in Ref. [56], where we have shown that the potential is
capable of reproducing accurate lattice parameters and the temperature-dependent phase transi-
tions of CsPbls. Similar interatomic potential has also been utilized by several prior works to
study the thermal properties of methylammonium lead halide perovskites.[57—59] Other physical
properties, such as the elastic softness,[60—62] vibrational and structural properties,[63] and ionic
polarization and mobilities[64] have also been well reproduced with the potential. For SrTiOs,
we have implemented a similar interatomic potential developed by Thomas et al.,[65] which has
been validated against DFT structures, ensuring accurate energy profiles and effectively describing

local cation ordering effects.[65, 66] The parameters for SrTiO3 are given in Table II.

Table I. Parameters used to model CsPbl3.[56, 67]

Interaction A (kcal/mol) p(A) C (kcal/mol A%) Ion Charge

Cs-Cs 18020301 0.174 0 Cs 1.36
Cs-Pb 32010174 0.154 0
Cs-1 140000 0.360 0 Pb 2.03
Pb-Pb 70359906 0.131 0
Pb-1 103496 0.321 0 I -1.13
I-1 22793 0.482 696.95
Table II. Parameters used to model SrTiOg3.[65]

Interaction A (kcal/mol) p (A) C (kcal/mol A%) Ton Charge
Sr-Sr 40805.856 0.319894 0 Sr 1.84
Ti-O 335932.138 0.197 0 Ti 2.36
0-0 144109.247 0.231 0 0] -1.40




B. Molecular Dynamics (MD) Simulations

To predict the thermal conductivities of SrTiO3 and CsPbls structures, we employed MD sim-
ulations utilizing the Green-Kubo (GK) formalism. All simulations are conducted using the large-
scale atomic/molecular massively parallel simulator (LAMMPS) package.[68]

Initially our computational domains are equilibrated under the Nosé-Hoover thermostat and
barostat (NPT ensemble)[69] for 2 ns with a timestep of 0.5 fs, maintaining a constant number
of particles, pressure, and temperature at O bar. This is followed by further equilibration in the
NVT ensemble for 1 ns, where the system’s volume and temperature are held constant, with pe-
riodic boundary conditions applied. A final equilibration is performed in the NVE ensemble for
1 ns, where the number of particles, volume, and total energy are conserved. Finally, the thermal
conductivities are then calculated using the GK formalism within the framework of equilibrium
molecular dynamics (EMD) simulations.

In the GK formalism, the thermal conductivity along the x-, y-, and z-directions are determined

as,

1 o0
Ray,z = m/{) (Juy.2(t) - Juy -(0))dt. (2)

Here, t represents time, 7" and V' denote the temperature and volume of the system, respectively,

and (J, . (t) - Juy.-(0)) is the heat current autocorrelation function (HCACF), expressed as:[70]

i
Here, v;, €;, and S; correspond to the velocity, energy, and stress of atom 7. Heat current data are
collected every 7 fs during the simulation, followed by integration of the heat current to determine

the converged thermal conductivities. The calculations are carried out under the microcanonical

ensemble for a total of 5 ns.

C. Dynamic Structure Factor Calculations

To gain insights into the material’s atomic-level dynamics, we calculate the dynamic structure
factor, S(Q, E), for our perovskite structures using MD simulations. In this technique, molecular
dynamics trajectories, r;(t) are used to compute S(Q, E) according to the following expression:[3,

52,71-76]



S(Q.E) = : “4)

;bi/ea:p (z (Q cri(t) — %t))dt

In this expression, the calculated S(Q, E') is influenced by either X-ray atomic form factors or

thermal neutron scattering lengths, depending on the type of scattering. For neutron scattering,
the neutron scattering lengths b; are used, while for X-ray scatterings, b; is replaced by the atomic
form factors f;(Q). Here, ) represents the magnitude of the momentum transfer vector, @ from
the incident beam to the material, &/ denotes the energy transferred to the system, and NV is the
total number of atoms within the system.

For the S(Q, E) calculations, we construct the computational domain using cubic CsPbls and
SrTiOg structures, each with 5 atoms per unit cell. These are replicated to form a supercell with
dimensions of 20 x 20 x 15. The supercell is first equilibrated using the Nosé-Hoover thermostat
and barostat (i.e. the NPT ensemble)[69] for 2 ns with a timestep of 0.5 fs, maintaining constant
number of particles, pressure, and temperature at 0 bar. Following this, further equilibration is
performed under the NVT ensemble for an additional 2 ns, where the volume and temperature are
kept constant. Finally, MD simulations are conducted in the microcanonical ensemble (NVE) for
1.5 ns with a 0.5 fs timestep, during which atomic configurations are recorded for the calculation

of S(Q, E).

D. Spectral Energy Density (SED) Calculations

We conduct MD simulations using the SED formalism to investigate the phonon mode-specific
characteristics of CsPbl; structures. In this formalism, we apply a Fourier transform to the atomic
velocities in order to calculate the average kinetic energy per unit cell as a function of wave vector

(q) and frequency (w), which is expressed as,[77-79]

3 B Np 2
1 T .My, . Na,y,z .
(q,w) = 47TTNT;;mb /0 nz ua( ; ,t) xemp{zq-r( 0 ) —zwt}dt

Here 7 represents the total simulation time, « corresponds to the Cartesian direction, and ng,, .

G))

denotes a unit cell. N7 is the total number of unit cells in the crystal, b is the atomic label in a
given unit cell, B is the atomic number in the unit cell, and m, is the mass of atom b in the unit
cell. The term 1,, represents the velocity in the a-direction at time ¢, and r refers to the equilibrium

position of each unit cell.



E. Spectral Heat Current Calculations

To determine the contribution of each vibrational mode to the total heat current, we compute

the spectral heat current defined as,[80]

> d
Qi = /0 o) ©)

where, w represents the angular frequency, and ¢;_,;(w) is the interparticle spectral heat current,

which is defined as,

Gji(w) = 2Re [ K;j(w)] (7)

Here, the spectral heat current between atoms i and j is linked to the correlation time between the

forces, F; ; and the velocities, v; , v;. K;;(w) is the Fourier transform of the auxiliary correlation

function, which is defined as,

Kylt =) = 3(Figt) - Wilts) +v,(t2)) ®)

In general, ¢(w) is proportional to the correlation between the interatomic forces and the veloc-
ities,

Gii(w) o< (Fij - (Vi + ;). 9)
F. Minimum Thermal Conductivity Model
We compare our results to the minimum thermal conductivity model given as,[81]
O,

T\ /3 2/3 T\® [T 2%
RKmin — <E> k'BTL Z’UZ' (a) /0 Wdl’ (10)

Here, i represents the polarization index, v; is the speed of sound, ©; = v;(h/kg)(67%n)'/3 is
the Debye temperature (cut-off frequency for each polarization), kg is the Boltzmann constant, i

is the reduced Planck constant, and z = ©, /7.

III. RESULTS AND DISCUSSIONS

We begin by comparing the room temperature thermal conductivities of a wide range of ABXs-

perovskites in Fig. 1a. Although these materials have similar atomic arrangements, the thermal
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Figure 1. (a) Comparison of room temperature thermal conductivities for different types of ABXj3
perovskites.[34, 37, 82—-88] Although they have the same chemical formula, the stiffer oxides have rela-
tively higher thermal conductivities as compared to the mechanically soft halide perovskites. (b) Green-
Kubo-predicted temperature dependent thermal conductivity of CsPbls. The hollow symbols represent the
experimental measurements of x(7") on CsPbCls and CsPbCls_,Br, (x = 0.01) single crystal samples.[89]
The dashed-dotted line represents the predictions from the minimum thermal conductivity model. At lower
temperatures, the thermal conductivity follows a x oc T~! trend, characteristic of phonon scattering domi-
nated by anharmonic effects. However, as the temperature increases above 300 K, the thermal conductivity
of CsPbl; deviates significantly from the 7! trend, eventually becoming nearly temperature-independent
at higher temperatures. (c) Green-Kubo-predicted thermal conductivities as a function of temperature for
the stiffer SrTiOs compared to the softer CsPbls. We also compare the results to the empty frameworks,

where we have removed the A-site cations from the two structures (hollow symbols).

conductivity in these perovskites can vary by more than a factor of forty. This can mainly be
attributed to the varying lattice dynamics in the different perovskites. As such, to highlight the
unique lattice dynamics associated with CsPbls, throughout this work, we will compare our results

to that of the thermally conductive and mechanically stiff SrTiOj3 (the aristotype ABX3 perovskite).
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Our calculations of x(7T) for CsPbl; based on the Green-Kubo approach is shown in Fig. 1b;
details of the simulations are provided in the Methods section. For low temperatures (< 200
K), x(T) follows the typical 1/7 trend, akin to the characteristic behavior of pure crystalline
solids.[90, 91] However, x(T') plateaus at a value of ~0.45 W m~! K~! for higher temperatures
(even at temperatures approaching the melting point of the solid). We also show the experimental
measurements of x(7") for CsPbCl; and CsPbCl;_,Br, (x = 0.01) single crystals as carried out by
He et al.[89] in Fig. 1b. These measurements also demonstrate a temperature-independent thermal
conductivity at higher temperatures, where x remains nearly constant at ~0.55 W m~! K~! across
a wide temperature range from 300 to 773 K.[89] This is in line with our MD-predicted thermal
conductivity trend at these relatively higher temperatures for CsPbl;.

At the relatively high temperatures shown in Fig. 1b, the thermal conductivity of CsPblj; is
much higher as compared to the hypothetical case where the low temperature 1/7" trend would
continue for higher temperatures. It is interesting to note that this 1/7" trend would result in ul-
tralow thermal conductivities at high temperatures, which are even lower than the minimum limit
to s for CsPbls; in the minimum limit the lifetimes of the vibrational modes are limited to half the
period of oscillation and heat is conducted through nonpropagating modes.[81] However, we find
that x(7T") at temperatures around and above room temperature are much higher than the minimum
limit of k for CsPbls.

As CsPbl; goes through three structural phase transitions in the temperature range studied
in this work, it is important to note that we do not observe any sharp changes in the predicted
k(T') (Fig. S9a).[92] CsPbl; undergoes three structural phases: orthorhombic (Pbnm), tetragonal
(P4/mbm), and cubic (Pm3m). In the orthorhombic phase, x follows a power-law decay, x o< 1/7°¢,
with an exponent o ~ 1. However, as the structure transitions through the tetragonal and cubic
phases, thermal conductivity becomes temperature-independent, suggesting that the conventional
phonon-phonon scattering picture alone cannot explain heat transport at relatively higher temper-
atures in these materials.

The critical role played by the Cs™ ions in dictating the peculiar x(7") trend becomes clear when
we compare the results to the case where we remove the Cs™ ions from the computational domains
(Fig. 1c). For this case, with the nanocages empty, we find that x follows the 1/7" trend with
reduced « at higher temperatures as compared to the filled case. This shows that the A-site cations
are facilitating heat transfer in this temperature range, which is in contrast to the conventionally

accepted notion of ‘rattling’ of the A-site cations leading to the reduction of x in MHPs. Even for
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filled skutterudites, Li and Mingo have shown that the reduced thermal conductivity is mainly due
to increased anharmonic phonon scattering that results from the modification of the entire phonon
dispersion through the addition of the filler, ruling out the ‘rattling’ scenario.[93] Taken together,
these observations show that it is instructive to thoroughly analyze the spectral- and mode-level
changes introduced by the ‘guest’ species before associating the low lattice thermal conductivities

of many host-guest systems such as MHPs and skutterudites to the 'rattling’ scenario.

In Fig. 1c, we compare our results to the calculations for SrTiOs, a relatively stiffer and more
thermally conductive perovskite, where the 1/7" trend does not significantly change for the case
with the empty nanocages. Furthermore, in contrast to the case of CsPbls, with the removal of the
Sr™ ions, we observe an enhancement in thermal conductivity for the TiOg framework through-
out the entire temperature range. This suggests that the ‘rattling’ picture is a more appropriate

description of heat conduction in the stiffer oxide perovskites.

To further gauge these contrasting results and fully understand the influence of the A-site
cations (Srt or Cs™) on the thermal conductivity, we calculate the INS-based dynamic struc-
ture factor, S(Q, F),[3, 52, 71-76] at 300 K for both the filled and empty framework structures
(Fig. 2). The variations in the shading intensity of the plots correspond to differing magnitudes of
S(Q, ), where brighter regions indicate phonon modes with higher energies. The broadening of
peaks in S(Q, F) suggests greater anharmonicity of the modes, stronger phonon-phonon scatter-
ing and reduced lifetimes of the vibrational modes. The comparison of S(Q, E) between the filled
and empty SrTiOj structures (Fig. 2a) reveals no significant change in phonon linewidth broad-
ening. However, the acoustic branches are considerably hardened for the case of the empty TiOg
framework (Fig. 2¢). Moreover, the introduction of Sr* ions into the TiOg framework results in
lower group velocities of the acoustic modes. Contrastingly, the INS analysis for CsPbl; (Fig. 2b)
reveals a completely different behavior — the addition of Cs™ ions within the Pblg framework en-
hances the definition of the wave-vectors for the longitudinal modes, which are notably broadened
in the empty framework. Moreover, we observe an increased frequency spectrum for the acoustic
modes, where these modes are considerably hardened as compared to the empty Pbls framework
(Fig. 2d). This shows that the presence of Cs™ ions leads to higher group velocities and concomi-
tantly higher thermal conductivities at relatively higher temperatures compared to the empty Pblg
framework (Fig. 1c). Taken together, our comparison of the S(Q, E) calculations for the empty
and filled structures emphasize the varying impact of A-site cations on the lattice dynamics and

thermal transport in rigid and soft perovskites; while ‘rattling’ affects x of the stiffer SrTiO3, for
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Figure 2. Inelastic neutron scattering dynamic structure factor, S(Q, F) calculated at 300 K for (a) the
empty TiOg framework and SrTiOs3, and (b) the empty Pblg framework and CsPbls. The S(Q, F) calcula-
tions are shown along the [1, 0, 0] and [1, 1, O] directions in the reciprocal space. (c¢) A magnified view of
the highlighted regions in (a) shows a reduced frequency spectrum of acoustic modes in SrTiO3 compared
to the empty TiOg framework, resulting in lower group velocities and, consequently, lower thermal conduc-
tivities for SrTiOs. (d) Contrastingly, a magnified view of the highlighted regions in (b) shows an increased
frequency spectrum of acoustic modes in CsPbl3 compared to the empty Pblg framework, leading to higher

group velocities and, consequently, higher thermal conductivities for CsPbls.

the softer CsPbls, the dynamics of the A-site cations facilitates heat transfer. We note here that the
contributions to x(7") directly from the Cs™ ions is negligible and the heat current is totally driven
by the Pblg octahedra (see Fig. S10).[92]

Next, to comprehensively understand the influence of the octahedral lattice dynamics on the
thermal transport in CsPbls, we calculate the total neutron diffuse scattering, S(Q), which can
provide insights into the local spatial correlations of the atomic motions. Typically, in a well-
ordered crystal, elastic scattering is characterized by sharp Bragg peaks located at the center of
the Brillouin Zone, such as in the (HKO) plane for integer values of L (see Fig. S15[92]). Unlike

for SrTiO3, where only sharp peaks corresponding to the superstructure of the cubic lattice are ob-
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Figure 3. (a-c) Calculated total neutron diffuse scattering, S(Q) for CsPbls at 600 K, for reciprocal space
slices at L = 0.5, 1.5, and 2.5 planes. Contributions to the total neutron diffuse scattering from (d-f) only

Cs™ ions, (g-i) Pblg cage, and (j-1) empty Pblg framework.

served in the L = 0.5, 1.5, and 2.5 planes (see Fig. S16[92]), the S(Q) for CsPbl; at 600 K, shown
in Figs. 3a-c, reveals the presence of distinctly extended diffuse rods spanning the edges of the
Brillouin Zone. These rods are broad, isotropic, and exhibit well-defined characteristics, indica-
tive of 2D structural correlations (that are short-range and several unit cells wide) within real space.
These correlations manifest as plate-like domains of octahedral frameworks perpendicular to the
rods.[94] Similar 2D dynamic structural correlations were observed in CsPbBrs, driven by soft,
overdamped, and anharmonic phonons at the Brillouin Zone edge.[51] The presence of such dy-
namic structural correlations is closely associated with local disorder and polymorphism in halide
perovskites, where thermal fluctuations and anharmonic interactions govern phase stability,[95]
structural distortions,[95-97] and modulate the material’s electronic properties.[96, 97]

We separate the contributions from Cs™ ions (Figs. 3d-f), and Pblg octahedra (Figs. 3g-i) to the
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total S(Q), and compare with the calculations for the empty Pblg framework case (Figs. 3j-1). The
S(Q) contribution from Cs™ ions exhibit broad and spherical components indicative of uncorre-
lated disorder. Contrastingly, the Pblg cage shows clear and distinct diffuse rods that highlight
the 2D structural correlations of Pblg octahedra. Notably, these extended diffuse rods disappear
when the Cs™ ions are removed, as seen in the case of the empty Pblg framework (Figs. 3j-1). This
highlights the critical role of Cs™ ions in establishing these local 2D correlations of the octahedra

in CsPbl;, which give rise to plate-like domains perpendicular to the diffuse rods.[51, 52, 94]
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Figure 4. Comparison of calculated total neutron diffuse scattering, S(Q) for CsPbls at 600 K, for reciprocal
space slice at L = 2.5 plane for (a) 0%, (b) 2.5%, and (c) 10% hydrostatic compressions. As strain levels
increase, the extended diffuse rods diminish. (d) Comparison of normalized thermal conductivities (relative
to the thermal conductivity at 300 K) as a function of temperature for CsPbls structures under 0%, 2.5%,
5%, 10%, and 15% hydrostatic compressions. With increasing strain levels, the temperature dependence of

the thermal conductivity increases at higher temperatures.

To provide evidence for this hypothesis, we restrict the motion of the octahedra and reduce the
free space volume available for the motion of the Cs™ ions by shrinking the nanocage volume via
hydrostatic pressures. Doing so leads to the gradual disappearance of the diffuse rods with increas-
ing strain levels as shown in Figs. 4a-c and S19.[92] The disappearance of the rods indicates that
the 2D local correlations are suppressed with increasing hydrostatic strain levels. To understand
the influence of the reduced short-range correlations on the thermal transport, we compare x(7")
of CsPbl; under the different levels of hydrostatic compressions and show the normalized (7")
with respect to the room temperature values of the respective strain levels in Fig. 4d. We find
that as the strain levels are increased, the plateau in x(7") at higher temperatures for the unstrained

CsPbl; gradually changes to a 1/7" trend. Combined with the disappearance of the diffuse rods, we
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can infer that the local 2D correlations dictate the plateau in x(7") for MHPs at relatively higher
temperatures. Moreover, there is a direct correlation between the width of the diffuse scattering
rods and x(7"); we find that the exponent describing the temperature dependence, « (in k o< 1/7%),
monotonically increases to a value of ~1, as the width of the diffuse scattering rods decreases
(Fig. S20).[92] This highlights the significant role of polymorphic domain sizes in modulating the
temperature dependence of thermal conductivity in these materials. We note that the interatomic
potential used in this study has been specifically refined to accurately reproduce the total energy
of lead halide perovskites under hydrostatic deformation while also effectively capturing the en-
ergy landscapes associated with A-site cation reorientation within the deforming framework.[54]
Furthermore, we observe that applying hydrostatic compression of up to 15% at 600 K does not
induce a structural phase transition, and the average symmetry of the system remains cubic. How-
ever, it is important to note that this does not imply the formation of a truly ordered cubic phase,
as the octahedra remain locally tilted, albeit with reduced dynamic fluctuations under pressure

(consistent with prior experimental findings).[98—101]

So far, we have considered the crucial role of the A-site cation and the 2D octahedral correla-
tions on dictating x(7") of CsPbls. Next, we focus on the temperature-dependent changes to the
vibrational spectrum and the phonon dispersion of CsPbls. For this purpose, we first calculate the
phonon spectral energy densities (SEDs), which can inherently incorporate anharmonic effects and
provide temperature renormalized phonon dispersions.[77, 78] Figure 5 shows our calculations at
three different temperatures providing direct evidence of the anharmonic nature of the solid. SEDs
provide key insights into phonon dynamics by revealing phonon dispersion characteristics, where
variations in shading intensity correspond to the magnitude of the SED, indicating the relative
kinetic energy of vibrational modes. Therefore, the broadening of SEDs indicates increased an-
harmonicities, stronger phonon-phonon scattering, and reduced phonon lifetimes.[77, 78] With in-
creasing temperature, we observe a significant broadening of the SED peaks, indicating an increase
in anharmonicity and stronger phonon-phonon scattering. However, despite this increased scatter-
ing, the phonon frequencies and the slopes of the longitudinal and transverse acoustic branches
remain largely unchanged. Consequently, the extracted longitudinal (v ~ 2050 m s~!) and trans-
verse (v ~ 1050 m s1) group velocities show negligible variation across all three temperatures.
However, it is evident that the coupling of the acoustic modes with the low-lying optical modes
increases with increasing temperature, which helps explain the low room-temperature thermal

conductivity of CsPbl;.
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Figure 5. Calculated phonon spectral energy densities (SEDs) for CsPbl; at (a) 1 K, (b) 50 K, and (¢)
600 K. The shading represents the magnitude of the SED. The broadening of SED peaks with increasing
temperature indicates enhanced anharmonicity, stronger phonon-phonon scattering, and reduced phonon
lifetimes. However, despite this increased anharmonicity, the phonon frequencies and the slopes of the
longitudinal and transverse acoustic branches remain largely unchanged. This suggests that the temperature-
induced phonon broadening (and renormalization) in CsPbls is primarily leading to an increase in phonon

scattering rates rather than changes in acoustic phonon group velocities.

We now attempt to provide a simple analytical model that could help describe the influence of
the 2D spatial correlations of the octahedral tilts in dictating x(7") for CsPbls. In Ref. [56], a sim-
ilar anomalous temperature trend was predicted for MAPbI3, which was described by the sum of
two terms, which includes a term that decreases with temperature (akin to the temperature depen-
dence of crystals, where anharmonic phonon-phonon scattering dominates) and an Arrhenius-like
term (where an energy barrier, £}, controls the temperature dependence) given as,

Ty T

K(T) = () e Bl (o

= )" (11)

Here kg is the Boltzmann constant and 77, 75, u, and c are fitting parameters. The fitting to the
k(T') of CsPbl; yields u ~ 1 and E, ~ 16 meV (see Fig. 6). In Ref. [56], the model fitting for
MAPbI; (as shown in Fig. 6) provided an £, ~ 30 meV, which was prescribed to the activation

energy of the molecular rotations. Our extracted value of £, for CsPbl; is comparatively lower

16



5 T T T T T T

4 § . ”Cstls

-~ 3ry —e- Fitted model 1
¢ L 4 .
o, ¢ e "MmaPbI

E - \ 3

= § -------- Fitted Model
= ¢

&ih [ ) “\

%‘ 1F . ‘\“ -
5 14 ™

S ® A 3 ]
-8 ‘ *\"‘ Qg @ d
8 DI St 1SS 40 i
= { 20 - -4
e

(0] /1. .

|£ H(T) _ (%)u + e—E,,,/A,r;T(%)z,

0.15 L L L L L L
0 100 200 300 400 500 600 700

Temperature (K)

Figure 6. Thermal conductivity as a function of temperature for CsPbl; and MAPbI; (taken from Ref. [56]).
The dashed-dotted and dotted lines represent fits to x(7") using the model: x(T') = ()" 4 e~/ kBT(TlQ)C.
The first term describes a power-law decay of « with temperature, while the second term accounts for an
Arrhenius-type activated process. The extracted energy barrier is £, ~ 16 meV for CsPbls and F} ~ 30
meV for MAPbI3. Notably, for CsPbls, Ej is significantly lower than the activation energy required for

molecular rotations in hybrid perovskites.

than the activation energy of the cation rotations in hybrid MHPs.[54, 102, 103] It should be noted
that similar 2D octahedral correlations have also been demonstrated in MAPbI; computational
domains modeled with the MYP potential.[52] Thus, the higher activation energy barrier in the
case of MAPbI; might be expected since both the 2D correlations and the rotations of the organic
cations add ‘disorder’ to the system.

To investigate the relationship between the activation energy and phase transitions, we per-
form nudged elastic band (NEB) calculation, which is a widely used technique for identifying
the minimum energy path and the corresponding energy barrier between two states.[104, 105]
Our calculations yield an energy barrier of ~33 meV for the activation of the octahedral tilts (see
Fig. S21), which is consistent with prior works that have considered the activation energy for the
tilts.[106, 107] This value is twice the activation energy extracted from the fit to x(7"). However,
it is important to note that the ~16 meV value represents the energy barrier for the dynamic 2D

correlations of octahedral tilts (as opposed to the activation of the tilts).
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The dynamic disorder originating from the highly anharmonic nature in the lead-based hy-
brid and fully inorganic perovskites results in their peculiar temperature dependence (or the lack
thereof) of thermal conductivity at relatively higher temperatures. Although not yet demonstrated
for a range of MHPs, it could be expected that the highly anharmonic nature of these materials
(in general) could lead to the peculiar temperature-independent «(7") at higher temperatures for
a wider range of MHPs. As such, our work advocates the need for further studies where exper-
imental measurements at higher temperatures are combined with atomistic simulations based on
accurate interatomic potentials to provide insights into the thermal transport properties of different

MHPs.

It should be pointed out that the plateau in «(7") for several complex unit cell crystals has been
described more rigorously with the recently developed Wigner formulation, which accounts for
the contributions from the wave-like interbranch tunnelling between phonon modes.[16, 19] These
contributions from the non-propagating (diffuson) modes are shown to increase with temperature,
and can even become the dominant mechanism of heat conduction at higher temperatures. In
fact, Simoncelli et al. have shown that in CsPbBr; at room temperature, the particle-like phonon
transport has a minor contribution with just 30% of the total thermal conductivity while the con-
tributions from the wave-like tunneling provides the dominant 70% contribution.[16] Such a de-
scription is beyond the typical PGMs based on three-phonon scattering, which predict a 1/7" trend
for crystalline solids.[12] Inclusion of higher-order phonon scattering processes (such as quar-
tic phonon-phonon interactions) can change this temperature trend in solids, especially at higher
temperatures where these higher-order processes can be important.[ 108—110] However, to explain
the temperature independence (or the plateau) of thermal conductivity at higher temperatures for
highly anharmonic crystals requires a unified approach (such as the Wigner formalism)[16, 19]
that can fully account for the particle-like phonon-phonon scattering processes and the contribu-

tions from the wave-like tunneling between vibrational eigenstates.

The 2D correlations of the octahedral tilts in the halide perovskites have been shown to be dy-
namic in both space and time,[51, 53, 111] thus requiring large supercell sizes and long simulation
times. These layered correlations (that are a few unit cells thick) are shown to be extended over
the entire plane and occur dynamically over long timescales.[51, 53, 111] In such a case, MD sim-
ulations might be well-poised since they can account for such longer spatiotemporal correlations
and intrinsically incorporate higher-order phonon interactions. Although such short-range local

correlations of the atoms dictating the thermal transport properties has yet to be revealed in other
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crystalline solids, our work advocates for a unified ab initio-based approach that can capture the
contributions of (short-range) local correlations in the lattice dynamics of the atoms and the cou-
pling mechanism between such correlations and the phonons. Similarly, experimental evidence of
such a phenomenon requires accurate measurements of the thermal conductivity of diverse MHPs

at relatively higher temperatures and preferably going up-to the melting temperature of the solid.

Finally, we emphasize that our results add to the recent body of works that have shown that the
thermal transport in these materials is at the intersection of crystal-like and glass-like regimes.[16,
35, 38, 112, 113] The increasing thermal conductivity at low temperatures suggests anharmonic
scattering (akin to pure crystalline semiconductors) dictates the low-temperature dependence,
whereas the plateau at higher temperatures suggests a more glass-like trend in this regime. While
thermal transport in the PGM for crystals is dictated by the scattering mechanisms of phonons
that have plane wave characteristics and well-defined phase and group velocities, in glasses, non-
propagating vibrational modes (that do not possess plane wave characteristics) dominate heat con-
duction. This prompted Allen and Feldman to propose a taxonomy of vibrational heat carriers that
exist and transfer energy at different length scales in amorphous solids.[13, 114] In this refined
picture, three classes of vibrational modes exist: i) propagating, phonon-like delocalized modes
(propagons); ii) non-propagating, delocalized modes (diffusons); and iii) non-propagating, local-
ized modes (locons). For glasses, the harmonic coupling between the non-propagating (diffuson)
modes, which arises from the off-diagonal elements of the velocity operator, increases with tem-
perature. The Wigner formalism mentioned above seamlessly integrates the particle-like phonon
scattering and the diffuson contributions from the off-diagonal term, providing a unified approach
to model the thermal conductivity of both glasses and crystals.[16, 19] In this regard, for our
MHPs, it could be that the dynamic 2D correlations potentially alter not only the dynamics of
propagating modes but also influence (and facilitate) the diffusonic processes in these materials
leading to higher contributions at the relatively higher temperatures. Insights into the coupling
of such intrinsic lattice dynamics (that varies over space and time) and the intrinsic vibrational
physics of the material could reveal novel phonon transport processes yet to be realized. For this
purpose, with their large range of selections for the choices of the ABXj3 constituents, MHPs
provide the ideal materials platform for unraveling and comprehensively understanding such phe-

nomena.
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IV. CONCLUSION

In summary, we have systematically explored the lattice dynamics and thermal transport proper-
ties of CsPbl; through a combination of MD simulations and inelastic and diffuse neutron scatter-
ing calculations. Our findings reveal a unique temperature-independent thermal transport regime at
relatively higher temperatures, primarily driven by local 2D correlations of the octahedra. We have
shown that these local correlations, that facilitates heat conduction at relatively higher tempera-
tures, are a consequence of the interactions of the A-site cations with the octahedra. Therefore,
even though the Cs™ ions do not directly affect the heat current, they are indirectly responsible
in dictating x(7") of MHPs. This is a completely different mechanism than the conventionally
accepted picture of ‘rattling’ where the vibrational modes associated with the Cs™ ions are be-
lieved to scatter the low frequency acoustic modes, providing resistance to heat transfer in these
solids. Our results reveal a new heat transfer mechanism in MHPs that can not be described with
the conventional phonon gas models, paving the way for a comprehensive understanding of the

structure-property relationships in these highly anharmonic solids.
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