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Wavelike tunneling of phonons dominates glassy thermal conductivity in crystalline Cs;Bi,ICl;
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Intrinsically low lattice thermal conductivity «1. in halide perovskites is of great interest for energy conversion
applications. Here, based on first-principles calculations, we systematically study the lattice thermal conductivity
of the recently synthesized layered perovskite Cs3;Bi,I¢Cls. By using renormalized force constants extracted from
lattice dynamics, our calculated «; is 0.227 and 0.130 W m~! K~! along the in-plane and cross-plane directions
at 300 K, respectively, which agrees well with the experimental values (0.223 and 0.209 W m~' K~ parallel and
perpendicular to the Bridgman growth direction). Meanwhile, «; follows a nonstandard x; o< T~%237 dependence
on heating, originating from the dual particle-wave behavior of heat-carrying phonons where wavelike tunneling
dominates > 72% of the contribution to the total kg, when T > 300 K. Further analyses imply that Cs;Bi,I¢Cl;3
manifests the coexistence of metavalent bonding, loosely bonded rattling atoms with thermally induced large-
amplitude vibrations, and stereochemical lone pair activity, which induces strong anharmonicity with the soft
low-lying modes, causes a mixed crystalline-liquid state, and, finally, produces unexpectedly glassy thermal
conductivity. Our work pinpoints the microscopic origin of ultralow «. in Cs3;BiI¢Cls, which is important for

designing efficient materials in halide perovskites for energy conversion.
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I. INTRODUCTION

Solid-state materials with intrinsically ultralow lattice ther-
mal conductivity &, have instigated renewed interest owing to
their importance in thermal management [1], thermal barrier
coatings [2], and thermoelectrics [3]. Thus, understanding the
mechanism of heat transport and the ability to reduce thermal
conductivity are crucial to the development of energy conver-
sion materials for the world’s energy economy [4]. Most of
these approaches to reducing «, have focused on introducing
extrinsic scattering centers of all-scale and multidimensional
defects into the matrix, where the resulting lattice distortion
strongly strengthens the anharmonicity and significantly im-
pedes the heat flow [5]. Although these strategies effectively
lower «, they often adversely affect other properties [4,5].
Alternatively, it is desirable to uncover the intrinsic lattice
dynamics of a material with ultralow & from both theoretical
and experimental perspectives.

Up to now, a number of materials, mostly with complex
atomic structures such as phonon glass electron crystals, have
been proposed to hold ultralow glassy «;, such as skut-
terudites [6], clathrates [7], and tetrahedrites [8], in which
anharmonic rattling modes strongly scatter heat-carrying
phonons and produce low «; in materials. In the meantime,
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many liquidlike materials [9], such as Cu,Se;_,S, [10,11],
AgCrSe, [12], KAg;Se, [13], and argyrodites [14], have lig-
uidlike ions that are weakly bonded and disorderly distributed
inside the sublattice, leading to the observation of damaged
transverse modes that decrease C, and reduce «p [5,12].
Nevertheless, these crystalline compounds, in principle, have
large unit cells and complex structures, and some of them
incorporate a large amount of disorder [11,14]. In contrast, ul-
tralow k. is relatively rare in simple crystals with well-ordered
atomic structures.

Halide perovskites [15,16], spanning from organic-
inorganic hybrid halides [17] to all-inorganic halide materials
(such as CsPbCls [18] and Csp,AgTIClg [19]), hold great
promise for a diverse array of applications [16] in light-
emitting diodes [20], x-ray detectors [21], field-effect transis-
tors [22], solar cells [23], thermochromic smart windows [24],
and semiconductor lasers [25]. In addition to this multifunc-
tional nature, their reemergence as possible contenders for
future thermoelectrics has received increasing interest due to
their ultralow thermal conductivity coupled with decent mo-
bility and charge carrier tunability [15]. Cs3BiI¢Cls [26], as
one of the all-inorganic metal halide perovskites, was recently
synthesized and has an ultralow « (~0.223 Wm~'K~! at
300 K) with glasslike temperature dependence [27]. This
feature is rare in a crystalline material in the absence of
impurity, disorder, and a complex cell [5]. However, funda-
mental study of its thermal transport is still lacking despite its
practical importance. It is thus significant to provide a detailed
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atomistic understanding of ultralow & in Cs3;BiyI¢Cl; for
future applications.

In this work, we fully study the lattice thermal trans-
port mechanism of Cs;BiyI¢Cl; from the perspective of
chemical bonding and lattice dynamics by means of first-
principles calculations and a unified theory of the thermal
transport equation [28,29] that includes both particlelike
and wavelike phonon conduction. By involving anharmonic
second- and third-order force constants extracted from molec-
ular dynamics, our theoretically calculated «p of 0.227
Wm~!'K~! coincides well with the experimental data [27]
(~0.223 Wm~'K~!) at 300 K. More fundamentally, the
coherence contributions from wavelike tunneling of phonons
are preponderant (>72%) in the heat transport process when
T > 300 K. In-depth analysis reveals that the presence of a
lone pair of electrons of I atoms; metavalent bonding; and
rattling vibrations of Cs, I, and CI atoms in Cs3Bi;1¢Cls cause
strong lattice anharmonicity, with the resulting existence of
low-energy Einstein modes and thermally induced part-liquid
states with an even flow of species atoms. These results will
provide a valuable reference for further exploring thermal
transport in halide perovskites.

II. RESULTS AND DISCUSSION

Cs3BisIgCl; crystallizes in the trigonal space group
P3ml1 (No. 156) as a new member of the layered halide
perovskites [26]. It is isostructural to zero-dimensional
a-Cs3Sboly  [30] and CszBinBrg [31] but in the
two-dimensional (2D) structure with corner-connected
[Bi,ClgI3]*~ octahedra manifested in one layer in the inset
of Fig. 1(d). Our optimized lattice constants of a = 8.43 A
and ¢ = 10.29 A coincide with the refined values (a = 8.24 A
and ¢ = 10.03 A) [27] and the single crystal x-ray powder
diffraction data (a = 8.24 A and ¢ = 10.02 A) [26]. The Bi-I
and Bi-Cl bond lengths in Cs3Bi;I¢Cls are 2.97 and 2.94 A,
respectively, which are nearly identical and agree well with
the experimental values [26]. Nevertheless, we should note
that each octahedron is slightly distorted since it comprises
three capping iodine atoms and three bridging chlorine atoms.

Similar to other halide perovskites [33,34], the phonon dis-
persion of Cs3;Bi;I¢Cl; based on the harmonic approximation
exhibits multiple imaginary phonon branches in Fig. 1(a). The
anharmonic phonon dispersion at 300 K calculated using the
TDEP software is also plotted in Fig. 1(a). Clearly, we see that
the frequencies of the unstable modes sensitively change with
the renormalized force constant by capturing the effect of
higher-order anharmonic phonon-phonon interactions from
molecular dynamics. Due to the large frequency shifts, there is
no imaginary frequency observed in Cs3BiI¢Cl5 at 300 K in
the whole Brillouin zone, indicating its inherent dynamic sta-
bility [35] and strong anharmonicity. Figure 1(b) displays the
calculated total spectral function S(q, €2) from three-phonon
scattering and mass imperfections (at 300 K) along the high-
symmetry directions in the Brillouin zone. Usually, the very
broad linewidth of the phonon bands points to their short
lifetimes. Due to the strong phonon-phonon scattering, the
character of the dispersion disappears, and most of branches
merge [36]. Compared to the phonon dispersions in Fig. 1(a),
S(q, 2) clearly produces the collapse of softened modes
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FIG. 1. (a) Harmonic (gray) and anharmonic (black; 300 K)
phonon dispersions. The anharmonic phonons are calculated using
the temperature-dependent effective potential theory. (b) Calculated
spectral function S(q, $2) of Cs3;BiIsCl; at 300 K. The color satura-
tion increases linearly from zero to the maximum value. The finite
width of the bands is given by physical lifetimes due to phonon-
phonon scattering. (c) The corresponding phonon density of states at
300 K. (d) Theoretical (lines) and experimental (squares for Ref. [26]
and circles for Ref. [27]) atom displacement parameters for Cs (red),
Bi (green), I (blue), and Cl (olive) atoms in Cs3Bi,;ICl;. The dashed
lines indicate the in-plane direction, while the solid lines show the
cross-plane direction. Inset: crystal structure of Cs3;Bi,I¢Cl; created
by VESTA [32].

close to 0 meV along the high-symmetry lines, although the
unstable modes have been anharmonically stabilized. This
demonstrates the giant phonon anharmonicity in Cs3BiyI¢Cls.
Figure 1(c) shows the anharmonic phonon density of states
of Cs;Bi,ICl; at 300 K. The collective motions of Cs and I
atoms dominate the acoustic modes and low-frequency optical
modes and cause giant anharmonicity, as discussed below,
while the high-frequency phonon branches above the phonon
gap are governed primarily by the motions of Bi, I, and Cl
atoms. Notably, the vibrations of I atoms contribute over the
whole frequency range, indicating that I atoms form the de-
localized bonding with Bi atoms which is derived from the
electronic localization function analysis in Fig. 6. This easily
softens the crystal lattice and enhances the anharmonicity of
the title material.

Generally, introducing low-energy Einstein modes is an ef-
fective way to scatter heat-carrying phonons and, accordingly,
reduce «p, [37,38]. As shown in Figs. 1(a)-1(c), many flattened
low-energy optical branches, with suppressed group velocity,
cut off the acoustic phonons from 1.5 to 4 meV. These soft
vibrations, which behave like Einstein oscillators, are con-
firmed by the existence of three Einstein modes (1.65 meV
for I atoms, 3.52 meV for Cs atoms, and 6.63 meV for I
and Cl atoms) in the fitted Debye-Einstein model, as indi-
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TABLE 1. The atom displacement parameters (ADPs; in A?)
extracted from Ref. [26], nearest-neighbor distances Ryy (in A), and
Lindemann parameters § for Cs, Bi, I, and Cl atoms in Cs;Bi,14Cls
at 300 K. In addition, the transferred (er) and shared (es) charges
between atoms in Cs3;BiyI¢Cl; are also provided.

Atom
Cs Bi 1 Cl
ADP 0.066/0.079 0.029 0.062 0.064
Rnn 3.920/4.070 2.900 2.900 2.930
1) 0.066/0.069 0.059 0.086 0.086
er 0.809/0.807 0.956 —0.428 —0.588
Bond
Cs-Cl Cs-1 Bi-Cl Bi-1
es 0.054/0.076 0.124/0.104 0.554 0.890

cated in previous work [27]. They are usually associated with
weakly bound atoms that randomly fluctuate as rattlers with
ultralarge atom displacement parameters (ADPs) in Fig. 1(d).
The experimental ADPs of atoms in Cs3BiI¢Cls at 300 K
extracted from Ref. [26] are very large (> 0.062 10\‘2) except
for those of Bi atoms (0.029 A~2) in Table I. Such large ADPs
of Cs, I, and Cl atoms indicate that they are loosely bound
in the lattice, and the corresponding sublattice can even be
considered to be “melted” on the basis of the Lindemann cri-
terion of melting [39]. The Lindemann parameter § of atoms
in Cs3Bi,16Cl3 is calculated to be 0.066/0.069, 0.059, 0.086,
and 0.086 for Cs, Bi, I, and CI atoms, respectively, using § =
ADP!/? /RnN, wWhere Ry is the nearest-neighbor distance. &
of I and Cl exceed the Lindemann criterion of melting (0.07
or above), while the values for Cs are in close proximity to
the limit. This indicates that the sublattices of Cs, I, and Cl
atoms are nearly in a liquid state. In this respect, Cs3BiyICls
should have the crystal-liquid duality [40], containing both a
crystalline framework and noncrystalline rattling atoms with
large-amplitude random movements [41], due to the existence
of hierarchical chemical bonds [42].

To validate the crystal-liquid duality in Cs3Bi;I¢Cl3, we
calculate the velocity autocorrelation function (VACF) as a
function of time from molecular dynamics (MD) simulations.
In Fig. 2(a), the behavior of Bi atoms follows a damped
oscillating VACF as in a solid, while the VACF of Cs atoms
exhibits a widely distributed and damped single-valley be-
havior. For I and Cl atoms, a serious deformation exists in
the first valley, and the VACFs rapidly weaken in oscillation.
The VACFs of Cs, I, and Cl atoms behave partially as in
a liquid, whereas for the liquid-only case one single-valley
minimum is present due to the large-amplitude random fluc-
tuating behavior of these atoms [41,43]. The inset in Fig. 2(a)
plots the simulated trajectory of atoms in the y-z plane of
Cs3Bi[¢Cl3 at 300 K in MD. The oscillation amplitude for
atoms goes in the order Cl > I > Cs > Bi. Although Cl, I, and
Cs have large vibrational amplitudes with fluidlike diffusion,
they are still constrained to around their equilibrium positions
like local rattling of fillers in skutterudites [44], which is
different from the well-known liquidlike materials involving
site disorder of atoms, such as AgCrSe, [12], Cu,Se [11],
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FIG. 2. (a) The decay patterns of the velocity autocorrelation
function as a function of time from MD simulations for Cs, Bi, I,
and Cl atoms. Inset: Trajectory of atoms in the y-z plane from MD
simulations at 300 K for Cs;Bi,1Cls. (b) Calculated self-part of the
van Hove correlation functions at 300 K for Cs, Bi, I, and CI atoms.

and argyrodites [14]. As shown in Fig. 2(b), we investigate
the diffusion dynamics by calculating the self-part of the van
Hove correlation function of Cs, Bi, I, and Cl atoms [45].
Figure 2(b) shows the correlation function has a constant and
strong peak for each atom, clearly demonstrating the feature
of ordered structures. In the meantime, it smears with large
amplitudes of Cs, I, and CI atoms and ends up with a liquid-
like feature. Thus, Cs3BiICl; shows a mixed crystal-liquid
state feature, which strongly deviates from the homogeneous
crystalline picture of classical solids.

As previously reported, Cs3BiyI¢Cl3, as a solid-liquid hy-
brid phase, has an ultralow «p, (~0.20 Wm~'K~! at room
temperature) with glasslike temperature dependence [27].
To understand the mechanism, we calculate the unified xp
in the framework of the Wigner formalism of quantum
mechanics [28,29] by using separate solidlike (population
conductivity from particlelike phonon propagation «,) and
glasslike (coherence conductivity from wavelike phonon tun-
neling «) terms:

KL = Kp + K. (1)

In this way, «;, coincides with the standard Peierls-Boltzmann
thermal conductivity in crystals from the diagonal (s = s’)
terms of the Wigner heat-flux operator, while the off-diagonal
(s #5') terms give rise to k. as described by the Allen-
Feldman equation for glasses [28,29]. By considering force
constant renormalization, the converged «; at 300 K along the
in-plane direction is boosted to 0.227 Wm ™' K~!. We note
the value agrees well with the experiment result (0.223 and
0.209 W m~! K~! parallel and perpendicular to the Bridgman
growth direction). Our calculated «;, along its stacking direc-
tion reaches an extremely low value of 0.130 Wm™!' K~
only five times that of air (0.025 Wm™' K~! at 300 K). Sim-
ilar to Bi,Tes [46], Cs3BiyI¢Cl; exhibits highly anisotropic
k. with a ratio of 1.74 between the in-plane and cross-plane
directions due to its intrinsic layered structure with the stack-
ing of 2D [BiyIsCl3]*~ layers along the crystallographic c
direction. The average ;= of Cs3Biyl6Cl5 is further av-
eraged along the three principal crystallographic axes and is
calculated to be ~0.19 Wm~!K~! at 300 K, which is the
same as the theoretical minimum estimated using Cahill’s
model [27,47]. Figure 3(a) demonstrates the coexistence of
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FIG. 3. (a) Calculated temperature-dependent thermal conduc-
tivity of Cs3Bi,I6Cl3: «;, (pink), . (olive), and ki, (black). The solid
and dotted lines indicate x along the in-plane and cross-plane di-
rections, respectively. The experimental results (blue) along parallel
and perpendicular to Bridgman growth direction are extracted from
previous work [27] for comparison. (b) Phonon-mode-resolved ther-
mal conductivity of populations (k,; pink) and coherences (k.; olive)
at 300 K. Inset: Cumulative total thermal conductivity («; black)
as a sum of the population contribution (xp; pink) and coherence
contribution (k. ; olive) at 300 K.

kp and k¢, and k. dominates 270% of the total xp, for heat
conduction above 200 K. Upon heating, «. increases with
T, while «p, by contrast, shows the opposite trend. This
leads our calculated «; to a nonstandard « o< T~9237 de-
lay and glassy feature. This nearly temperature independent
kL is infrequent but, nevertheless, is found in some com-
plex and strong anharmonic crystals [14,48,49]. In Fig. 3(b),
we show the predominance of the coherence conductivity
over the population conductivity with respect to the phonon
frequency at 300 K. More specifically, the population con-
tribution originates mainly from the low-frequency modes,
while all phonons contribute to the coherence term in the
random distribution. The behaviors of the two terms result in
the low-energy rapid growth of «, and the increase of «. over
the whole energy range in the inset in Fig. 3(b).

To analyze the strength of particlelike and wavelike con-
duction mechanisms, we resolve the phonon lifetime 7(q);
as a function of the phonon energy at 300 K. In Fig. 4(a),
three regions can be distinguished in time by the Ioffe-
Regel limit (Toffe—Regel = 1/ [50]) and the Wigner limit
(twigner = 1/ Awayg [28]). Phonons with T > Twigper (i-€., with
a long lifetime) contribute mainly to k,, and phonons with
Tloffe—Regel < T < Twigner OVern k.. When, instead, phonons
are those with T < Tioffe—Regel, they are overdamped and re-
quire spectral-function approaches [51,52] to describe them.
Unlike well-defined crystals, we note that, in Cs3BiyIsCl3,
almost all of the phonons are above the loffe-Regel limit
and below the Wigner limit in time, where the heat mainly
diffuses in a wavelike fashion (73% and 77% along the
in-plane and out-plane directions at 300 K) as in glasses.
In addition, very few low-frequency modes appear close to
Tloffe—Regel, Where many low-energy optical phonons cut off
acoustic phonons. These strongly localized modes, usually
accompanied by avoided crossing of rattler modes, can cause
resonant scattering effects and, accordingly, extremely low
phonon lifetimes [53]. As a matter of fact, x. in Fig. 3(b)
can be decoupled in terms of the pairs of coupled modes (wy,

i' Particlelike propagation

0 5 10 15
E (meV)

FIG. 4. (a) Phonon lifetimes 7(q) as a function of the energy at
300 K for Cs;BiyI¢Cls. The intensity of the color depends on the
density of the q points. (b) Two-dimensional density of states for the
thermal conductivity K 4, «,, Which resolves how much a Zener-like
coupling between two vibrational modes with frequencies w; and w,
contributes to the coherences’ conductivity.

wy), as shown in Fig. 4(b). Clearly, the major contributors
to k. locate near the diagonal of the frequency plane with
quasidegenerate vibrational frequencies, which is similar to
the case of harmonic glasses [28].

Astoundingly, from the analysis above, we know
Cs3BiyIgCl3 has the crystal-liquid duality of ultralow ther-
mal conductivity containing a greater than 74% glasslike
heat transport contribution [18,54], which is widely dif-
ferent from well-defined crystals. To explicitly probe the
underlying mechanism, we calculate the spherical electron
localization function [55] to see hierarchical chemical bonds
in Cs3BisI¢Cl;. In general, iodine as a p-block element is
frequently chemically active with localized lone pair electrons
when it is unsaturated in bonding [56]. Naturally, lone pair
electrons tend to be in one direction with a mushroomlike
shape. In Cs3BiyI¢Cl3, each I atom is solely bonded to a Bi
atom, with Cs atoms filling in the interspaces. The six nearest
I atoms form a hollow octahedron which stockpiles lone pair
electrons. This complex coordination environment of I atoms
causes hybridized lone pair electrons to be stereochemically
active in Fig. 5(a) as a ring distributed on one side of the crest
angle. It will lead to the emergence of rattling atoms as well
as other atoms with large-amplitude fluctuations and weakly
bound bonds in Cs3Bi,1¢Cls, which we pointed out above. As
a tool for studying chemical bonding, noncovalent interaction
analysis can directly show weak atomic interactions based on
the reduced density gradient (RDG) as a function of sgn(i,)p,
where p is the electron density and sgn(A;) is the sign of the
second eigenvalue of the electron density Hessian matrix. In
Fig. 5(b), we see that many weak interactions exist in the
RDG approaching zero (<0.003 e A~3) at the critical point
within the low electron density region. As a result, such weak
interactions cause phonon instability with suppressed group
velocity and enhanced scattering phase space [59]. To further
quantify the bonding, we calculate the shared and transferred
charges between atoms in Cs3Bi;I¢Cl; in Table I [60-62], so
they can fit into a 2D map of the bonding mechanism [58].
In fact, the material studied herein lies in the region of the
metavalent bond in Fig. 5(c) alongside other well-known
low-«, thermoelectric materials [63]. This specific metavalent
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FIG. 5. (a) Calculated electronic localization function for
Cs3Bi,ICl; at an isosurface level of 0.90 e bohr—>. (b) Noncovalent
interaction analysis [57] based on the reduced density gradient versus
the electron density multiplied by the sign of the second Hessian
eigenvalue. Negative sgn(1,)p indicates attractive interactions, while
positive sgn(A,)p means repulsive interactions. Weak interactions
spread all over the region close to sgn(X,)p = 0. (c) Charge sharing
vs charge transfer map, where Cs;BiyI¢Cl; studied herein belongs
to the metavalent bonding category with strong intrinsic phonon
anharmonicity. The data for materials other than Cs;Bi,IsCl; are
taken from Ref. [58].

bonding drives strong anharmonicity [64] (y = 3.35 calcu-
lated using the TDEP software), which greatly disrupts the heat
propagation and ensures glassy behavior of . in Cs3Bi,[Cl;.

III. CONCLUSIONS

In summary, using a complex and complete first-principles-
based computational framework, we found there are dynamic
lone pair electrons that are stereochemically active as the
weak chemical bonding origin of rattling atoms and sup-
pressed low-energy Einstein modes, which eventually drives
large phonon anharmonicity and largely inhibits heat propa-
gation. Meanwhile, the strong chemical bond hierarchy, with
some atoms weakly bonding to the rest of the lattice, thermally
induces the coexistence of soft crystalline sublattices, metava-
lent bonding, and fluctuating noncrystalline rattlers, leading to
a mixed crystalline-liquid state and rattlinglike thermal damp-
ing. Finally, crystalline Cs3Bi;I¢Cl3, with dual particle-wave
behavior of the heat-carrying excitations, exhibits ultralow
kp of ~0.223 Wm~! K=" at 300 K and glassy temperature-
dependent thermal transport. We stress that this finding is a
significant result in its own right by theory, as it represents the
discovery of the heat transport mechanism for extremely low
k1, in halide perovskites.

IV. COMPUTATIONAL METHODS

First-principles calculations were performed within the
framework of the Perdew-Burke-Ernzerhof generalized gra-
dient approximation [65,66], as implemented in the Vienna
Ab initio Simulation Package (VASP) [67,68]. The cutoff en-
ergy for the plane wave expansion was 500 eV on the 5
x 5 x 3 I'-centered k mesh [69]. All structures were fully
relaxed until the residual forces on each atom were less than
0.01 eV A~1. A 3 x 3 x 2 supercell with 252 atoms was
used to calculate the harmonic phonon dispersion within the
finite-displacement method using the PHONOPY code [70,71]
bundled with VASP.

The molecular dynamics calculations were performed with
a3 x 3 x 2 supercell via a canonical ensemble using a Nosé-
Hoover thermostat, which provided force and displacement
for extracting renormalized force constants at high temper-
atures in the TDEP package [72-74]. A total of 50 ps with
1 fs/step for 300 K was calculated with a plane wave cut-
off of 500 eV. The cutoff radii of the second-, third-, and
fourth-order force constants were set as 15, 8.6, and 6.0 A,
respectively. The computation of the particlelike and wavelike
contributions used the Wigner transport equation [28,29] as
implemented in the PHONO3PY package [75-77], in which
the force constants were converted from the TDEP format
using our in-house scripts [78,79]. The thermal conductivity
(kL = Kp + k) was computed based on a converged q mesh
of 10 x 10 x 10.
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APPENDIX A: ELECTRONIC LOCALIZATION
FUNCTION ANALYSIS

The electron localization function (ELF), put forth by
Becke and Edgecombe [80], can effectively describe the
nature of chemical bonding in molecules and crystals em-
pirically. In general, an ELF value close to 1 indicates fully
localized electrons, and the zero region corresponds to a low
electron density area. As shown for Cs;BiyIgCl; in Fig. 6, the
ELF values are zero between I and Cs/Cl atoms. They are
about 0.4 between I and Bi atoms. This means I atoms form
a delocalized bond with Bi atoms with a delocalized electron
distribution.
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FIG. 6. Calculated electronic localization function maps parallel
to the Cs-I-Cs (left) and Bi-I-Cl (right) planes. Red and blue regions
refer to the highest (1.0) and lowest (0.0) values, indicating the
fully localized electron area and the ultralow electron density area,
respectively.

APPENDIX B: CONVERGENCE TEST OF &,

Here, we focus on the convergence of «;, with respect to the
Brillouin zone sampling density. Figure 7 shows the values of
Kk, obtained along the in-plane and cross-plane directions. It
seems that «; already reaches its converged value with the
10 x 10 x 10 q grid used in this work.

(@) 6 (b) 200
3L %‘ 1.5+
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FIG. 8. Mode (a) Griineinen parameters and (b) group velocity
as a function of frequency for Cs;BiI¢Cl; at 300 K.

APPENDIX C: MODE GriiNEINEN PARAMETERS
AND GROUP VELOCITY

The Griineinen parameter y can describe the anharmonic
interactions of a crystal, which is useful for analyzing the
physical nature of ;. In general, a large y means strong
phonon anharmonicity, which can greatly suppress heat trans-
port and, accordingly, lead to low «,. Herein, we calculate
the mode Griineinen parameters of Cs3BiI¢Cl; and present
them in Fig. 8. Figure 8 shows an unexpected large y
at around 2.5 meV in the low-energy zone dominated by
the collective motions of Cs and I atoms. Acoustic modes
and low-frequency optical modes strongly overlap in this

0.00

(a) v zone. This will lead to ultralow «; since low-energy modes
w02 are mainly responsible for heat transport in semiconductors.
0308 S According to the Boltzmann transport equation, , is propor-
@ 01 tional to the group velocity. Here, we calculate mode group
= 5 locities using v;q = 224, where w;q is the phonon fre-
= 025 0.0 ve Mg Vig = ¢ » > Pig p
E ’ quency. In Fig. 8(b), large v; ¢ mainly locate near 2.5 meV
g in the low-energy zone, which is the same as y in Fig. 8(a).
5 All v; ¢ are less than 2.5 km/s. Such low values of v; 4 can
greatly lower «;, of Cs3BiI¢Cl; [5].
eres oo o1
0.15- ©122 014 © 16 © 18 ©20°
APPENDIX D: MODE AND CUMULATIVE &,
. 1‘\9,? © © © © € The cumulative , and their mode distribution are plotted
- o013 v in Fig. 9 with respect to frequency. Clear'ly,'large values of
0.18 mode k, can be found near 2.5 meV, similar to those of
2 010 Viq and v; q. This range is made of acoustic and low-energy
() %\ optical phonon modes, which dominate «, from particlelike
fzj 0.05 phonon propagation in the Peierls-Boltzmann transport equa-
~ 0.15- 0.00 tion. The cumulative «, quickly reaches 72.8% and 79.1%
= with frequency below 5 meV along the in-plane and cross-
g plane directions, respectively.
¥ a2
(a) 0.24- (b) 0.15F
ores ocosolr’ ~ PO
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FIG. 7. Calculated temperature-dependent lattice thermal con-
ductivity of Cs3Bi,IsCl; with N x N x N (N3, N = 2-20) q meshes
along the (a) in-plane and (b) cross-plane directions. Inset: «; at
T =300 K for different q meshes. The black arrow in the inset of
each plot indicates the q mesh used in the text.
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FIG. 9. Mode and cumulative «, of Cs3BiIsCl; at 300 K along

the (a) in-plane and (b) cross-plane directions.
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TABLE II. Calculated iy, «,, and x, (in Wm™' K~!) at 300 K
for Cs;Bi,1¢Cl; with four-phonon interactions [83,84].

Kp i iR K K5 [KE Interaction

0.227/0.061/0.165
0.173/0.056/0.117

0.131/0.030/0.101
0.147/0.027/0.120

Three phonon
(3+4) phonon

APPENDIX E: EFFECT OF FOUR-PHONON
INTERACTIONS ON k;,

Recently, many studies supported the significant role of
four-phonon scattering processes in heat transport [81,82].
Here, to check the effect in our system, we recalculate
kz, using the modified FOURPHONON [83], which contains
four-phonon interactions and the off-diagonal terms of the
heat-flux operator, an additional contribution of the lattice
thermal conductivity k.. Table II shows the values of «,
at 300 K with and without four-phonon interactions. For
the in-plane direction, four-phonon scattering reduces the in-
trinsic k;” of Cs3Biy1Cls. Conversely, «; slightly increases
along the cross-plane direction, which seems counterintuitive.
To see it, we revisit the formula for the Wigner transport
equation [28,29]. For the particlelike phonon conduction, the
equation, including both three-phonon and four-phonon scat-
tering, can be described as

1 _
kpaes =5y Vel +n) . (ED
A

Here, A stands for the phonon mode (q, j) with j labeling
the phonon dispersion branch. V is the crystal volume, v is
the phonon group velocity, and ¢, is phonon specific heat per
mode. In this form, four-phonon scattering always reduces the
intrinsic «, of solids by decreasing the phonon lifetime (t7! =
12y Ly Ty l) due to Fermi’s golden rule [85]. It works well
for the population conductivity in Cs3Bi;I¢Cl; (see Table 1)
and for materials in which particlelike phonon propagation
dominates «;, [85]. For wavelike phonon conduction, it depicts
the off-diagonal terms of the heat-flux operator as

hz wfl—i_wfl, 5,8 s's
Ke = ———— — vty
7 kgT2VN, ;; 2 a 79

wflnfl(nfl + 1) + a)flnfl(nf] + 1)
4w —w? )2 :
Ll 4 (ry+1y)

(E2)

Clearly, the mode thermal conductivity from wavelike coher-
ent phonons is

A(wq, vq, nq)
Kq,e X E — .
R R T i (s +T%) (E3)
S#S AT a1 q

Here, I'y = Tq 1 and A(wq, vg, nq) is the prefactor indepen-
dent of the phonon lifetime. In this case, adding four-phonon
4wy —w}
T3+Ts
(I'q + I'y)- This means four-phonon scattering does not nec-
essarily reduce the coherent thermal conductivity «. and has
the potential to enhance the lattice thermal conductivity where

scattering decreases and. conversely, increases

400

350

300 -
250 -

200 - ===C, calculated by Phonopy

150 | ——C, calculated by TDEP
—3NK,

C (J/K/mol)

v

0 | 1 n | 1 n | 1
0 100 200 300 400 500 600 700

T (K)

FIG. 10. Calculated heat capacity under constant volume of
Cs;3Bi,I4Cl; as a function of temperature. The red and olive curves
depict the values calculated by PHONOPY and TDEP, respectively. The
black line indicates the classical limit (3Nkg) of the phonon heat
capacity.

wavelike tunneling of phonons is crucial in heat transport. In
Cs3BiI¢Cls, we see that four-phonon scattering leads to an
abnormal enhancement of the cross-plane thermal conductiv-
ity due to the increase in k7.

APPENDIX F: HEAT CAPACITY
AND THERMAL EXPANSION

In our work, the second-order force constant, used to
produce the heat capacity, is directly computed from molec-
ular dynamics simulations. This means our calculated heat
capacity C, is temperature dependent and contains phonon
anharmonicity. To make this clear, we calculated the heat
capacity using TDEP [72—74] and PHONOPY [70,71]. In Fig. 10,
the two codes give the same result, and C, eventually ap-
proaches 3Nkp at high temperatures. In addition, to study the
effect of thermal expansion on «;, NPT dynamics at 300 K
are performed at atmosphere pressure. The lattice parameters
are further calculated as the average in each simulation. Our
computed a = 8.62 A and ¢ = 10.52 A are larger than
the initial values of @ = 8.43 A and ¢ = 10.29 A due to
the thermal expansion effect. We then use the temperature-
dependent lattice structure as the initial configuration using
the same computational methods in the main text to calculate
k1. The values of « are 0.159 and 0.070 Wm~' K~! along
the in-plane and cross-plane directions, respectively, which is
on the same order of magnitude as our initial result and the
experiment.

APPENDIX G: TEMPERATURE-DEPENDENT
PHONON DISPERSIONS

To check the effect of temperature-dependent force con-
stants on k., we perform molecular dynamics calculations at
500 K and recalculate «; using the same method described
above. The temperature-dependent phonon dispersions are
shown in Fig. 11. Figure 11 indicates that there is a down-
shift in high-energy mode frequency (above 10 meV) with
the increase in temperature. As for low-energy phonons with
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20

— 300K
— 500K

FIG. 11. Calculated temperature-dependent phonon dispersions
at 300 K (pink) and 500 K (olive) for Cs3;BiI¢Cl;. The finite-
temperature dispersions are calculated using the TDEP software from
molecular dynamics at 300 and 500 K.

frequency below 10 meV, it is complicated and changeable
at finite temperatures. The acoustic and low-energy optical
modes unexpectedly harden at the ', M, A, and L points. Us-
ing temperature-dependent second and third force constants.
Our calculated «;” («}) at 500 K is 0.202 (0.126) and 0.198
(0.132) Wm~! K~! using temperature-dependent second and
third force constants from molecular dynamics at 300 and
500 K, respectively. These results indicate that it is reasonable
to use the renormalized force constants from the simulations
at 300 K to estimate «;, at 500 K.

N

Energy (meV)
P
=)

— —~———

= o =T N

r 0, r o r 0 I O

FIG. 12. Calculated phonon dispersion of Cs;Bi,IsCl; at 300 K
along the off-symmetry directions. The off-symmetry points of O,
0,, 03, and Oy are (0.37, 0.25, 0), (0.4, 0.19, 0), (0.44, 0.12, 0), and
(0.48, 0.04, 0), respectively. These points locate along the M-K line.

APPENDIX H: OFF-SYMMETRY PHONON DISPERSIONS

To check whether there is an imaginary phonon dispersion
of Cs3BiyI¢Cl; in the whole Brillouin zone, we calculate the
phonon dispersion along selected off-symmetry directions,
I'-0; (i = 1-4), where O; is the point along the M-K line. As
shown in Fig. 12, there are no negative frequencies, agreeing
with the result for phonon dispersions along high-symmetry
lines.
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