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Abstract: The thermal transport in a lattice is governed by the structural chemistry, which is critically important for heat flux
management in thermoelectric conversion. Here, we reveal the structural chemistry origin that determines the thermal transport
behavior and the marked anisotropy in single-crystalline Cs;Bi,lo. Along the crystallographic c-axis direction, the particle-
behavior-dominated thermal conductivity () is approximately 0.3 W/(m K) at room temperature and decreases with increasing
temperature. In contrast, the thermal transport perpendicular to the c-direction is primarily wave-like behavior, exhibiting a
room-temperature x of 0.17 W/(m K) that increases at elevated temperatures. This fundamental difference in thermal transport
mechanisms arises from distinct chemical bonding environments, specifically the strong binding force between the face-
sharing [Bilg] octahedrons parallel to the c-direction and the weak rattling behavior between corner-sharing [Csl;,] cubocta-
hedrons perpendicular to the c-direction. These findings provide a design principle for manipulating thermal transport through
crystal chemistry engineering, opening avenues for developing anisotropic thermoelectric materials with thermal management
capabilities.
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INTRODUCTION

Halide perovskites with low thermal conductivity have attracted increasing attention in thermal management
[1-3] and thermoelectric conversion [4,5], due to their unique structural properties and lattice dynamics [6—
8]. By suppressing heat conduction, these materials have the potential to extend the lifespan of equipment and
promote the development of high-efficiency energy conversion technologies [9]. Lead-free metal halides
have emerged as ideal candidates for thermal management, offering tunable structures, excellent optoelec-
tronic properties, good stability, and environmentally friendly characteristics [10,11]. Among these prop-
erties, low thermal conductivity is an important indicator for achieving efficient thermal management [12—
14].

Recently, Biswas et al. [15] reported an all-inorganic halide perovskite Cs;Bi,lg with thermal conductivity
() as low as 0.2 W/(m K). Thus, it is considered one of the most promising candidates for thermoelectrics
and has attracted extensive research interests in recent years. For instance, the thermal transport properties of
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Cs;3Bi,ly and Bil; have been investigated by the time-domain thermo-reflectance technique [16]. The results
reveal that Cs;Bi,ly thin films exhibit a substantially lower x of 0.15 W/(m K) compared to Bil; thin films
with k 0f 0.31 W/(m K). Reducing the grain size can further reduce the thermal conductivity of Cs;Bi,19 [17].
The results demonstrate that when the grain size decreases from 200 to 20 nm, the room-temperature thermal
conductivity drops from 0.25 to 0.18 W/(m K). More importantly, the enhanced grain boundary scattering
weakens the temperature dependence of thermal conductivity.

Intrinsically, the change of temperature dependence of x is described by the complex interplay between
particle-like and wave-like transport mechanisms [18-20]. In crystalline materials, heat carriers exhibit
particle-like collisions governed by the Boltzmann transport equation [21]. Conversely, in glasses, heat
carriers display wave-like coherence via Zener tunneling between quadratically coupled vibrational eigen-
states, as formalized in the Allen-Feldman equation [22]. The temperature dependence of thermal con-
ductivity is the critical indicator of these microscopic mechanisms. The dominance of either particle-like or
wave-like transport is fundamentally determined by a material’s structural chemistry, which governs the
phonon scattering pathways and the degree of wave localization [23,24].

For particle-like dominated phonon transport in K,AgsSes, Li et al. [25] reported that the Ag atoms display
rattling-like vibrations, inducing low-frequency phonon softening and enhanced anharmonicity. The long-
range Se-Se interactions cause high-frequency optical branch softening. The [AgSe;] structural units si-
multaneously suppress both particle-like collisions and wave-like coherence of phonons, leading to sig-
nificantly reduced thermal conductivity. Similarly, Xiong et al. [18] reported a particle-dominated thermal
transport mechanism in XgResSgly (X=Rb/Cs). The interplay between the strongly covalent [Reﬁsgl6]4_
clusters and the weakly ionic framework formed by Rb"/Cs’-I" induces phonon band flattening and low-
frequency phonon localization. The resulting phonon flat bands significantly enhance anharmonicity, en-
abling the ultralow thermal conductivity below 0.2 W/(m K).

For wave-like dominated transport in Cu,PSg, Shen et al. [20] revealed that the wave-like ultralow thermal
conductivity originates from the low-temperature cubic P2,3 phase. The crystal structure comprises a [PS,]*~
tetrahedral framework, which incorporates a four-coordination Cu-S tetrahedron and a five-coordination
Cu-S polyhedron. Computational results further elucidate that this wave-dominated thermal transport pri-
marily arises from the contribution of low-energy overlapping optical phonons associated with copper atoms.
For an all-inorganic halide perovskite Cs3;Bi,Bry, Li et al. [26] reported that the crystal structure features an
alternating stack of [Bi,Bre]’~ layers and Cs* ions. The wave-like thermal conductivity originates from the
suppressed heat transport by acoustic phonons and from the increased contribution of optical phonons
through coherent transport. Chen et al. [27] reported stronger wave-like phonon transport along the a-axis
and stronger particle-like phonon transport along the c-axis in KCu;S,. These results demonstrate that the
conventional anisotropy of lattice thermal conductivity could be altered through the construction of poly-
crystalline textured materials.

The diverse geometry configurations of polyhedral in Cs;Bi,Iy make it an ideal material for investigating
the structural chemistry origin of particle-like and wave-like thermal transport phenomena. Although the
previous results reported preliminary x values for the polycrystalline Cs;Biyly [15], the effect of micro-
structures naturally existing in polycrystalline materials on heat insulation behavior cannot be ruled out.
Cs;Biy]g crystallizes in a highly anisotropic hexagonal crystal structure with the space group P63/mmc. The
lattice includes Cs atoms occupying two distinct positions (Wyckoff 2b and 4f), Bi atoms located at a single
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Figure 1 (a) Room-temperature crystal structure of Cs;Bi,ly indexing the hexagonal P63/mmc phase. Local coordination environments for
corner-sharing [Csl;,] cuboctahedrons (b), face-sharing [Csl;,] cuboctahedrons (c), and face-sharing [Bils] octahedrons (d).

site (Wyckoff 4f), and I atoms occupying two distinct sites (Wyckoff 6h and 12k). Specifically, the Cs,, and
Csys (the subscript here denotes the Wyckoff site) coordinate with the adjacent I, and g, atoms, forming the
corner-sharing and face-sharing cuboctahedrons, respectively. Centrally located Bir atoms bond with sur-
rounding I, and Ig, atoms, where two [Bilg] octahedra connect through face-sharing, forming a [Bi219]3 -
dimer.

In this work, we synthesized polycrystalline samples using the high-temperature melting method and grew
single crystals via the vertical gradient freezing method. The material exhibits distinct thermal conductivity
values along different crystallographic axes, approximately 0.29 W/(m K) parallel to the c-direction and
0.17 W/(m K) perpendicular to the c-direction. The strong binding forces between the face-sharing [Csl;;]
cuboctahedrons and [Bilg] octahedrons facilitate the particle-like transport parallel to the c-direction, while
the weak rattling behavior in corner-sharing [Csl;,] cuboctahedrons and localized rattling motion of Csy,
atoms indicate predominantly wave-like transport perpendicular to the c-direction.

RESULTS AND DISCUSSION

The crystal structure of Cs;Bi,ly obtained from single-crystal X-ray diffraction (XRD) refinement is shown in
Figure la, revealing lattice parameters of a=b=8.38 A and ¢=21.11 A, which are in good agreement with
previously reported data [28]. The detailed refinement parameters are shown in Table 1. The hexagonal
P63/mmc phase of Cs;Biyly contains three types of polyhedrons. Figure 1b displays eight corner-sharing
twelve-coordination cuboctahedrons within the unit cell, each polyhedron consisting of one Csyy, six I, and
six Ij,, atoms. The bonding environment consists of six Cs,,—Ig, bonds (4.19 A) and six Csyy—I;2 bonds
(4.29 A). Figure 1c illustrates four similar twelve-coordination cuboctahedrons, with a bonding environment
of three Cs—Ig, bonds (4.25 A) and nine Csg—1I, bonds (4.19/4.21 A). This series of face-sharing cu-
boctahedrons is parallel to the c-direction. As depicted in Figure 1d, the unit cell contains two six-co-
ordination octahedra [Bilg] consisting of one Biys, three Igp,, and three I;,, atoms, with bond lengths of three
BiseIg, bonds (3.23 A) and three Bis—I;, bonds (2.93 A), respectively. Two of these octahedra constitute a
[Bilo]*~ dimer through face-sharing parallel to the c-direction. The shapes of the thermal vibration ellipsoids
of the I¢, and I, atoms qualitatively reflect the inter-atomic binding force, where the anisotropic atomic
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Table 1 Crystallographic information from single-crystal XRD refinements at 300 K
Parameters Values
Formula Cs;3Bislg
Molar mass (g/mol) 1958.79
Crystal size (mms) 0.04x0.08%0.12
Crystal system Hexagonal
Space group P63/mmce
T (K) 300
a (A) 8.3793(2)
b (A) 8.3793(2)
c (A) 21.1104(10)
a (°) 90
£ 90
7 ) 120
V(A% 1283.64
V4 2
Degiea (kg/m?) 5.068
F (000) 1616
u (mm™) 28.686
6 range (°) 2.81-27.39
Reflections collected 5838
Independent reflections (Rj,) 607
Reflections observed [I > 20(])] 597
Data/restraints/parameters 607/0/19

Ry, wRy (I > 20(I))
R, wR; (all data)
GooF on F?
Apmas Apimin (/A7)
Position x/y/z of Csy,
Position x/y/z of Csy¢
Position x/y/z of Biys
Position x/y/z of Ig,

Position x/y/z of 1y

Mean-square displacements U,/ Uy/Us3/U,»/U;3/Uys of Csy, (Az)

Mean-square displacements U};/U,y/Us3/ U,/ U3/ Uz of Csyp (Az)
Mean-square displacements U}1/U,y/Us3/Uo/U;3/ Uy of Bigg (Az)
Mean-square displacements Uy,/U,y/Us3/U»/Uy3/Uss of gy (AZ)
Mean-square displacements U,/ Uy,/Us3/U; /Uy 3/ Uy of 1y (A%

0.0416, 0.0861
0.0427, 0.0865
1.297
2.444/-2.280
0.00000/0.00000/0.25000
0.66667/0.33333/0.41869
0.33333/0.66667/0.34548
0.50746/0.49254/0.25000
0.66667/0.33333/0.41869
0.0423/0.0423/0.0625/0/0/0.0212
0.0468/0.0468/0.0477/0/0/0.0234
0.0203/0.0203/0.0219/0/0/0.01016
0.0379/0.0379/0.0384/0/0/0.0300
0.0341/0.0483/0.0459/0.0097/0.0195/0.0170

displacement parameters (U) between Bi and I are much smaller than those between Cs and I, as listed in

Table 1.

The XRD patterns of Cs;Bi,lg single-crystalline and polycrystalline samples are shown in Figure 2a, all

diffraction peaks index the hexagonal crystal structure (ICSD#410726) with no impurity peaks observed. The

lattice structure is consistent with the results reported in reference [15]. As shown in Figure 2b, the rocking
curve analysis shows that the (006) diffraction peak exhibits a wide full width at half maximum (FWHM) of
0.47°, indicating the existence of lattice defects. Xu et al. [29] investigated these point defects by calculating

the defect formation energies and transition energy levels. The article provides a detailed list of the formation

energies of intrinsic point defects in various perovskite materials, such as MAPbI;, FAPbI;, and CsPbBr;. For
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Figure 2 (a) X-ray diffraction (XRD) pattern of single-crystal and polycrystalline Cs;Bi,ly. (b) High-resolution XRD rocking curve of the
(006) diffraction peak and the optical photograph of single-crystal Cs;Bi,l (inset). (¢) Scanning electron microscope (SEM) image and
corresponding EDS mappings for the single-crystal Cs;Bi,lo.

example, the formation energy of iodine vacancies (VI) in MAPbI; is 0.19 eV. Minns et al. [30] proposed that
there are iodine antisite defects in MAPbI;. Therefore, there may also be iodine antisite defects in Cs;Bi,lo. In
addition, Cs;Bi,ly is a vacancy-ordered perovskite, and the vacancy at the A site (i.e., the Cs site) leads to a
reduction in structural dimensionality. Thus, it may also contain cesium vacancies. These point defects can
lead to broadening of the rocking curves, thereby indicating lower single-crystal quality.

An optical image of the single crystal is provided in the inset of Figure 2b. Additionally, scanning electron
microscope (SEM) images and the elemental analysis further confirm the phase purity and homogeneity, as
shown in Figure 2c. These features provide the data for evaluating the quality of the single crystal.

The temperature-dependent XRD results for polycrystalline Cs;Biylg are shown in Figure 3a. As the
temperature increases, the diffraction peaks shift to the left. The experimental results reveal incipient de-
composition of the sample above 550 K. The changes in the lattice constants are illustrated in Figure 3b,
indicating positive thermal expansion behavior. The thermal expansion coefficients are consistent with those
reported in the literature [31]. Lattice expansion behavior reflects the lattice anharmonicity, which leads to
the enhanced phonon-phonon scattering for the reduction of thermal conductivity [32].

Figure 3¢ presents the temperature-dependent thermal conductivity for both single-crystalline and poly-
crystalline samples. The polycrystalline data agree well with the previously reported values [15]. Notably, the
anisotropy in thermal transport exhibits a x of 0.29 W/(m K) parallel to the c-direction and a x of
0.17 W/(m K) perpendicular to the c-direction. Within the temperature range from 300 to 500 K, the thermal
conductivity parallel to the c-direction gradually decreases with increasing temperature, exhibiting weak
temperature dependence, which is commonly observed in disordered or complex materials [33,34]. Based on
the Cahill model [35], the amorphous-limit lattice thermal conductivity parallel to the c-direction is estimated
to be 0.18 W/(m K), nearly half of the measured thermal conductivity, indicating the dominant particle-like
thermal transport. This is the result of the high sound velocity (discussed later) parallel to the c-direction, due
to the strong binding forces between the face-sharing [Csl;,] cuboctahedrons and [Bils] octahedrons.

In contrast, the measured thermal conductivity perpendicular to the c-direction increases at elevated
temperatures, approaching the amorphous-limit estimation of ~0.15 W/(m K). This indicates that the thermal
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Figure 3 Temperature-dependent powder XRD patterns (a), lattice parameters (b) and thermal conductivity (c) for Cs;Biyly. Literature in
the plot is polycrystalline Cs;Bi,lo [15]. (d) Room-temperature thermal conductivity for single-crystal and polycrystalline Cs;Bily along with
a comparison to that of literature thermal insulators [6,7,26,36—40].

transport is primarily dominated by a wave-like mechanism, which suggests that the mean free path of
phonons is below the Toffe-Regel limit (i.e., shorter than the interatomic spacing). In terms of the lattice
dynamics, the ultralow thermal conductivity of Cs;Bily mainly originates from Cs-related low-frequency
optical phonon and their overlapping transport. The relatively large values of the refined anisotropic atomic
displacement parameters (U) for Cs,, atoms (Table 1) indicate the presence of significant weak rattling
behavior associated with the Cs—I bonds around Cs atoms. This characteristic may facilitate the generation of
relatively abundant low-frequency phonons and promote the coherent propagation of phonons. The theo-
retical calculations of the phonon spectrum and density of states indicate that Cs-related low-frequency
optical phonons indeed exist [15]. The weak rattling behavior in corner-sharing [Csl;,] cuboctahedrons and
localized rattling motion of Cs,;, atoms indicate predominantly wave-like transport perpendicular to the c-
direction. Comparative analysis with conventional thermal insulating materials (Figure 3d) identifies that
Cs3Biy]y possesses the lowest thermal conductivity among the studied systems.

Figure 4a presents the sound velocities of polycrystalline and single-crystalline Cs;Bi,ly, including the
transverse (v,), longitudinal (v;), and average sound velocities (vs). The relatively low sound velocity values
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Figure 4 (a) Room-temperature sound velocity for single-crystal and polycrystalline Cs;Bi,lo. (b) The comparison of sound velocity in
thermal insulating materials [6,15,26,36,37,39]. Room-temperature Raman spectra (c) and the enlarged view (d) for single-crystal Cs;Bi,lo.

indicate the overall weak chemical bonds, which suppress thermal propagation and ultimately lead to the
ultralow thermal conductivity [41,42]. Along the c-direction, the distortion of the [Bi,lo]*~ bioctahedra
increases atomic disorder, reducing the transverse sound velocity. However, in polycrystalline Cs;Bi,lo, this
effect is averaged out due to the random orientations of individual grains. Consequently, the transverse sound
velocity in polycrystalline Cs;Bi,lg falls between the values observed in single crystals for sound velocity
parallel and perpendicular to the c-direction.

In single-crystalline Cs3;Bislg, the strong binding forces between face-sharing [Csl;,] cuboctahedrons and
[Bilg] octahedrons induce the high sound velocity parallel to the c-direction, while the weak rattling effect in
corner-sharing [Csl;,] cuboctahedrons and localized rattling motion of Cs,, atoms result in the low sound
velocity perpendicular to the c-direction. This observation is consistent with the nanoindentation measure-
ments on the cleavage (00L) lattice plane. It is revealed that the elastic modulus of 11.6 GPa perpendicular to
the c-direction (approximately) is responsible for the low sound velocity. The average sound velocity of
Cs3Biyly is much lower compared to that of other thermal insulating materials (Figure 4b). Table 2 sum-
marizes and compares the elastic properties based on polycrystalline and single-crystalline Cs;Bisl.
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Table 2 Room temperature transverse (v;), longitudinal (v;), and mean (v;) sound velocities, bulk (B), shear (G), and elastic (£) moduli,
Poisson ratio (), Gruneisen parameter (y), as well as Debye temperature (@p) for polycrystalline and single-crystalline Cs;Bi,lo

Sample v (m/s) v (m/s) v, (m/s) B(GPa) G (GPa) E (GPa) r y Op (K) «(W/(mK))
Polycrystalline 975 1655 1080 7.2 4.6 11.4 023 14 89 0.20
Single-crystal // ¢ direction 1200 2105 1334 12.4 7.1 18.0 026 1.5 110 0.29
Single-crystal L ¢ direction 962 1770 1073 8.9 4.4 11.2 029 1.7 87 0.17
2 0.25 b 0.25 0.25
1 o
1 didy=97% Cs;Bi,l, ] 300K
0.20 - 0204 ©
1 1 (m]
— —_ ] o 40.20
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Figure 5 (a) Temperature-dependent thermal conductivity curves of Cs;Biyly polycrystalline for different relative densities. (b) Relative
density-dependent thermal diffusivity and thermal conductivity of Cs;Bi,lo at 300 K.

The hexagonal phase exhibits pronounced anisotropy in elastic properties, where the sound velocity,
modulus, and thermal conductivity parallel to the c-direction are much higher than those perpendicular to the
c-direction. Additionally, the higher Gruneisen parameters () correspond to the stronger anharmonic effects
and increased phonon scattering.

In addition, a room-temperature Raman spectrum for the single crystal was performed using a 633 nm laser
excitation source. Figure 4c shows the characteristic Raman-active modes in the wavenumber range from 25
to 150 cm™'. Notably, we have experimentally observed previously unreported Raman activity below
25 cm™', which may correspond to low-frequency vibrational modes. As shown in Figure 4d, the enlarged
Raman spectra in the 5-25 cm™' range reveal a prominent peak at 9 cm ™' accompanied by multiple weaker
signals between 15-25 em™'. These observed vibrational features prove the previously predictions for dy-
namics of corner-sharing [Csl;,] cuboctahedrons and localized rattling motion of Cs,, atoms [15,17].

The temperature-dependent thermal conductivity of polycrystalline Cs;Bilg samples was systematically
investigated for different relative densities, as shown in Figure 5. It is obvious that the relative density has a
significant impact on the x of Cs;Bi,lg. When the material’s relative density (d/dp, in which d is the measured
volume density and d, is the theoretical volume density of 5 g/cm?) decreases from 97% to 60%, the x
substantially decreases (Figure 5a). The reduction in thermal conductivity with decreasing density is con-
sistent with previous reports [43]. Nine distinct density porous samples were synthesized by controlling the
hot-pressing pressures and sintering temperatures. It is revealed that the room-temperature thermal con-
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Figure 6 (a) Optical absorption spectra of Cs;Bi,ly. X-ray photoelectron spectroscopy of Cs;Biyly (a), Cs 3d (b), Bi 4f (c), and I 3d (d).

ductivity and thermal diffusivity exhibit negative temperature dependence. Particularly, the samples with
60% relative density show a remarkably low thermal conductivity of 0.07 W/(m K) (Figure 5b). This density-
dependent thermal transport behavior suggests the enhanced phonon scattering at internal pores and lattice
defects in the material with low-density configurations [44,45].

The room-temperature optical bandgap of Cs;Bily was determined through ultraviolet-visible (UV-vis)
diffuse reflectance spectroscopy. The absorption spectrum reveals an absorption edge at ~2.05 eV with a
distinct excitonic transition near 2.6 ¢V (Figure 6a). The bandgap width measured in this work is consistent
with literature reports [15,31,46]. X-ray photoelectron spectroscopy (XPS) analysis was further conducted to
probe the surface valence states of the sample. All spectra were charge-corrected using the C 1s peak at
284.8 eV as a reference. In Figure 6b, the Cs 3ds,, and Cs 3ds/, peaks at 724.86 and 738.78 eV, verifying the
presence of Cs'. The +1 oxidation state of cesium reflects its strong metallic character, demonstrating that Cs
tends to form ionic bonds. Figure 6¢ displays the Bi 4f;,, and Bi 4f;), peaks, confirming Bi*" states, consistent
with literature [47]. Deconvolution of the I 3d doublet in Figure 6d reveals I 3ds, (619.34 ¢V) and I 3d3),
(630.81 eV) components, demonstrating the existence of I~ [48].
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Table 3 The hot-pressing parameters for obtaining polycrystalline Cs;Bi,lo with different density method

Temperature (K) Pressure (MPa) Time (min) d/dy (%)
Hot-pressing 500 60 40 97
Hot-pressing 500 45 30 90
Hot-pressing 500 30 20 88
Hot-pressing 500 20 10 82
Hot-pressing 500 10 5 80
Hot-pressing 450 10 5 79
Hot-pressing 400 10 5 72
Hot-pressing 350 10 5 70
Hot-pressing 300 10 5 60

CONCLUSIONS

In summary, we synthesized polycrystalline Cs;Bily samples using the high-temperature melting method
and grew single crystals via the vertical gradient freezing method. The material exhibits distinct thermal
conductivity values along different crystallographic axes, approximately 0.29 W/(m K) parallel to the
c-direction and 0.17 W/(m K) perpendicular to the c-direction. The strong binding forces between the face-
sharing [Csl;,] cuboctahedrons and [Bil¢] octahedrons facilitate the particle-like transport parallel to the
c-direction, while the weak rattling behavior in corner-sharing [Csl;,] cuboctahedrons and localized rattling
motion of Cs,, atoms indicate predominantly wave-like transport perpendicular to the c-direction. These
findings provide a design principle for manipulating thermal transport through crystal chemistry engineering,

opening avenues for developing anisotropic thermoelectric materials with thermal management capabilities.

METHODS

The high-purity Csl (99.9%, Aladdin) and Bil; (98%, Aladdin) with a stoichiometric mixture were loaded
and sealed in the quartz ampules under high vacuum. For the synthesis of polycrystalline Cs;Bi,lo, the
ampule was heated up to 973 K and held for 6 h, and then quenched in cold water, followed by annealing at
550 K for 48 h. The resulting ingot was hand-ground into fine powder for hot pressing at 500 K for 40 min
under a uniaxial pressure of 60 MPa. The dense pellets were obtained (>97% of the theoretical density),
which were further fabricated with various geometries for different measurements. Polycrystalline pellets
with varying densities were obtained through the hot-pressing method, and the corresponding hot-pressing
conditions required to achieve specific densities are listed in Table 3.

A vertical gradient freezing method was used for the growth of single-crystal Cs;Bi,lg. The ampoule was
placed in a vertical temperature gradient furnace, and the temperature (7,) located at the tip of the ampoule
was heated to 973 K and held at this temperature for 10 h. From 973 to 733 K, the ampoule was slowly
cooled down at a rate of ~2 K/h, and then slowly cooled to room temperature at a cooling rate of 10 K/h.

The phase composition of the pellets was examined by XRD (DX-2700) using Cu Ka radiation
(A=1.5406 A). The 26 angle range was set from 10° to 90°, with a step size of 0.02° and an exposure time of
0.60 s per step. Temperature-dependent XRD (Rigaku SmartLab, Cu-Ka radiation) of Cs;Bi,ly powders
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shows no phase transition or phase decomposition up to 500 K. The diffraction data of single crystals were
collected by a single crystal X-ray diffractometer (Bruker D8 VENTURE diffractometer with a PHOTON II
CCD detector, Mo-Ka radiation). The crystal was maintained at 300 K during data collection.

The microstructure and element distribution were confirmed using a scanning electron microscope (SEM,
Phenom Pro) equipped with an energy dispersive spectrometer (EDS). Room temperature Raman spectra of
Cs;Bi,1y were measured in the back-scattering configuration using a Jobin-Yvon HR800 Raman system. The
instrument was equipped with a liquid nitrogen-cooled CCD detector, a 100x objective lens (numerical
aperture, NA=0.90), and a 1800 lines/mm grating. A He-Ne laser operating at 633 nm excitation wavelength
was employed, with plasma lines removed from the laser signals using BragGrate Bandpass filters. Three
BragGrate notch filters (OptiGrate Corp.), each exhibiting an optical density of 4 and a FWHM of 5 cm™
[49], enabled measurements down to 5 cm™' for each excitation. To minimize sample heating effects, the
laser power was maintained at approximately 50 uW during measurements. The sound velocity was mea-
sured using a pulse receiver (Olympus-NDT) equipped with an oscilloscope (Keysight). The optical band gap
was measured by UV-3600 Plus (Shimadzu). XPS (Al-Ka radiation) was conducted with ESCALAB 250Xi
(Thermo Fisher Scientific). Cs;Bi,ly single crystal with dimensions of 6 mmx5 mm was selected for the
experiment. The sample was secured to the sample stage using rosin. A Nano Indenter G200 system equipped
with a diamond Berkovich tip was employed for nanoindentation measurements. The maximum indentation
depth was set to 500 nm. To minimize sampling bias, seven randomly distributed locations were selected for
testing. The average group velocity from the nanoindentation experiment was calculated with v, =(v;+2v,)/3,
where v, represents the transverse sound velocity.

In the temperature range from 300 to 500 K, x was measured by the laser flash method (Netzsch LFA467)
via k=pCyA, where p is the density, C,, is the heat capacity (using the Dulong-Petit limit of heat capacity in this
work, about 0.178 J/(g K) [15]), and 4 is the thermal diffusivity. All samples were ~1.2 mm thick and tested

in an argon atmosphere.
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