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ABSTRACT: Earth-abundant, nontoxic crystalline compounds with intrinsi-
cally low lattice thermal conductivity (k) are centric to the development of
thermoelectrics and thermal barrier coatings. Investigation of the fundamental
origins of such low kj, and understanding its relationship with the chemical
bonding and structure in solids thus stands paramount in order to furnish such
low thermally conductive compounds. Herein, we synthesized earth-abundant,
cost-effective, and nontoxic n-type ternary sulfide Cu, ¢Bi,¢Ss, which exhibits
an intrinsically ultralow «,, of ~0.71—0.44 W/m-K in the temperature range of
296—736 K. Structural analysis via atomic refinement unveiled large atomic
displacement parameters (ADPs) for interstitial Cu clusters, demonstrating
intrinsic rattling-like behavior. Electron localization function (ELF) analysis
further shows that these rattling Cu atoms are weakly bonded and thus can
generate low-energy Einstein vibrational modes. Low-temperature heat
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capacity (C,) and temperature-dependent Raman spectra concord the presence of such low-energy optical modes. Density
functional theory (DFT)-based phonon dispersions reveal that these low-lying optical phonons arise primarily due to the presence of
chemical bonding hierarchy and simultaneous rattling of weakly bonded interstitial Cu atoms. These low-energy optical modes
strongly scatter the heat-carrying acoustic phonons, thereby reducing the phonon lifetime to an ultrashort value (2—4.5 ps) and ki
to a very low value, which is lower than that of the many state-of-the-art metal sulfides.

B INTRODUCTION

The discovery and development of environmentally benign
materials for efficient thermoelectrics, thermal barrier coating,
and refractories necessitates developing earth-abundant crys-
talline solids with low lattice thermal conductivity (k). >
Heat in crystalline solids is carried out using free charge
carriers and lattice vibrations (phonons). While free charge
carriers are essential for improving the electrical conductivity
of a material, lattice thermal conductivity (k) provides an
independent variable to control the thermoelectric figure of
merit (zT).

Lowering of ki, is traditionally carried out via extrinsically
perturbing the lattice using point defects,’ alloying,” nano-
structuring or grain-boundary engineering,® multiscale hier-
archical architectures, and mesoscale structuring.” All of these
aforementioned methods are efficient in scattering a wide
range of phonon frequencies to lower the i, sufficiently by
decreasing the phonon lifetime but inevitably impose a
devolving effect on carrier transport by scattering the charge
carriers. Crystalline solids with inherently low x,, are thus
regarded as an emerging alternative to achieve high-perform-
ance thermoelectrics, and understanding the impact of lattice
dynamics on phonon transport becomes essential to
developing novel materials that can intrinsically impede
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phonon flow.'® Although metal sulfides are known to show
higher ki, compared to that of the selenides and tellurides due
to the lighter mass of S, ultralow xj,, in crystalline metal sulfides
is desirable due to the low cost and high earth abundance of
sulfur.

Intrinsically low ki, values in crystalline solids are seen in
solids possessing complex crystal structures,'' ™" a 2D-layered
structure with substantial lattice anisotropy (e.g,, BiSe, BiTe,
SnSe, and SnS),"*"? liquid-like random ionic movement with
a superionic lattice substructure resembling a “phonon glass-
electron crystal (PGEC)”*° (e.g, Cu,S, Cu,_,Se, and
Cu,8b,S;3),”' ™’ intrinsic rattling motion (e.g.,
Na, ;CoO, T1;VSe,, T1Se, AgBi;S;, TlInTe,, and
CsAg;Te;),”* ! resonant bonding,”* ferroelectric instability,*
heterogeneous bonding, and lone pair driven anharmonicity
(e.g., AgPbBiSe;, AgSbTe,, CuBiS,, Cs,Pbl,Cl,, and
AgBiS,).” ™
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Figure 1. (a) Monoclinic structure of Cu, ¢Bi, ¢S viewed along the b axis. Structure can be divided into two different types of slabs. (b) PXRD
pattern of Cu, ¢Bi,¢Ss. (c) Partial representation of square pyramidal Bi;S substructures with interstitial Cu clusters (Slab I). Shared face between

two square pyramidal units is shown by dashed red-colored lines.

Although compounds with inherently low ki, values are
fundamentally rich and overcome the problems that traditional
phonon-scattering methods exhibit, utilizing them for mass-
market application would require an earth-abundant, less
expensive, and environmentally benign material. In this case,
nontoxic metal sulfides are therefore viewed as an alternative
and promising substitute to overcome such obstacles. Here, S,
also being earth abundant and low cost as compared to Te and
Se (Figure S1, Supporting Information, SI), provides long-term
availability and price stability, and thus, significant attention
has been diverted toward producing the next generation of
intrinsically low kj,, materials, which are primarily S
based,12192127,38,40-51

Herein, we investigate the origin of intrinsically low K,
(0.71—0.44 W/m-K in the temperature range of 296—736 K)
of an eco-friendly and earth-abundant n-type Cu, ¢Bi,sSg. The
ultralow ki, measured in Cu, ¢Bi,¢Sg is indeed lower than that
of many state of the art metal sulfides. Cu, (Bi,4Ss adopts a
monoclinic structure with seemingly two different substruc-
tures (Figure 1a) comprised of distinct chemical bonding
environments. Structural analysis of Cu;¢Bi,sSs revealed
bonding hierarchy throughout the lattice with weakly bonded
interstitial Cu clusters, which exhibits intrinsic rattling
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dynamics, thus generating low-energy optical phonon modes.
The presence of such low-energy modes has been verified
through low-temperature heat capacity (C,) and Raman
spectroscopy measurements. Density functional theoretical
calculations further shed light on the bonding of Cu, 4Bi,¢Ss,
where we observed that the interstitial Cu atoms are weakly
bonded with the surrounding S atoms. Phonon dispersion
spectra revealed the presence of low-lying optical phonon
modes, optical—acoustic phonon coupling, and significantly
high anharmonicity (very large Griineisen parameter (y > 15)),
all of which hinder the acoustic phonon propagation with an
ultrashort phonon lifetime (2—4.5 ps), resulting in an ultralow
Kioe in Cu, ¢BiySs.

B METHODS

Reagents. High-quality elemental copper (Alfa-Aeser, Cu,
99.999%), bismuth (Sigma-Aldrich, Bi, 99.999%), and sulfur (Alfa
Aesar, S, 99.99%) were used, and no further purifications were done.

Synthesis. Crystalline ingot of Cu,¢Bi,4Sg was synthesized via
stoichiometric mixing of high-quality constituent elements of Cu, Bi,
and S in a quartz tube. The quartz ampule was vacuum sealed at
~107° Torr. The tube was kept in a box furnace and gradually heated
to 723 K in 7 h to minimize S evaporation and then to 1323 Kin 6 h.
The tube was then kept at 1323 K for 10 h with frequent shaking to
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ensure sample homogeneity. Then the sample was cooled to 873 K
over 5 h and annealed for 24 h followed by slow cooling to room
temperature over 15 h. The as-synthesized sample was finely
powdered using a mortar and pestle in an inert atmosphere glovebox,
and spark plasma sintering (SPS) (SPS211-LX, Dr. Sinter Lab) was
then performed to consolidate the sample. Powdered samples were
filled into a graphite die (10 mm diameter) which was subjected to
450 °C under vacuum conditions (~1073 Torr) in $ min followed by
a dwelling time of 10 min and subsequently cooled to room
temperature (RT). The consolidation of the powder was done under
3.9 kN uniaxial pressure all through the sintering process. For
transport properties measurement a cylindrical sample (~10 mm
diameter, 12 mm height) was cut by a diamond saw followed by
further polishing. The relative density of the SPS-processed sample
was estimated to be >96% of the theoretical value.

Powder X-ray Diffraction (PXRD). A PANalytical diffractometer
with Cu Kal (1 = 1.54059 A) radiation was used to collect the
powder XRD pattern at RT. Rietveld refinement was performed using
the FullProf program.

Band Gap Measurement. The optical band gap of the finely
powdered sample was estimated by diffuse reflectance spectroscopy
(DRS) using a FT-IR Bruker IFS 66 V/S spectrometer in the
wavelength scale of 6000—400 cm™" at room temperature. From the
reflectance (R) data, absorption (a/S) data were calculated using the
Kubelka—Munk formula: /S = (1 — R)?/(2R), where a, S, and R
correspond to absorption, scattering coefficient, and reflectance,
respectively. The band gap was determined from the a/S vs E, (eV)
plot.

Thermal Conductivity. Laser flash analysis (LFA) was employed
to measure the thermal diffusivity (D) of the sample in the
temperature range of 296—736 K under N, atmosphere using a
Netzsch LFA-457. Disc-shaped samples with dimensions of 10 mm X
2 mm and a square-shaped sample with dimensions of 8 mm X 8 mm
X 2 mm were used for measurement parallel (]|) and perpendicular
(L) to the pressing (SPS) directions, respectively. Total thermal
conductivity (x) was then estimated using the formula ¥ = DC,p,
where C, and p are the heat capacity considering the Dulong—Petit
limit and density (>96%) of the sample, respectively. The
experimental errors of all of the measured data obtained are within
5%. The electronic thermal conductivity (k) was then subtracted
from the total thermal conductivity (k) to obtain the lattice thermal
conductivity (kj,,). kg was estimated using the Wiedemann—Franz
law, x = LoT, where L, 0, and T are the Lorenz number, electrical
conductivity, and temperature, respectively. L was calculated by
considering the SPB (single parabolic band) model on the basis of
fitting the temperature-dependent experimental Seebeck values.*®

A minimum thermal conductivity of ~0.347 W/m-K was calculated
using Cahill’s formulation,™ that is k., = 1.2 1n*3) kyvs, where n
denotes the atomic number density, kg is the Boltzmann constant, and
g is the average sound velocity estimated from heat capacity (Cp)
measurements. A mean sound (vg) velocity of ~1686 m/s is
determined using the equation xz®p = n(6mn)?vg,>* where Oy, A,
and n are the Debye temperature, reduced Planck constant, and
number density of atoms, respectively.

Electrical Transport Properties. A ZEM-3 (ULVAC-RIKO)
instrument was used to measure both the electrical conductivity (o)
and the Seebeck coefficients (S) concurrently in the temperature
range of 296—736 K under He atmosphere. For the measurement,
parallelepiped-shaped samples were used. The electrical and thermal
transport properties were measured along the same pressing direction.

Hall Measurement. Hall measurement was done under a variable
magnetic field of 0—1 T and a dc current of 90 mA at RT in an in-
house set up developed by Excel Instrument. The carrier
concentration (n) is measured to be ~4.3 X 10'® cm™. The carrier
mobility is estimated to be ~220 (parallel to the SPS pressing
direction) and ~209 cm® V™' 57" (perpendicular to the SPS pressing
direction).

Heat Capacity. The heat capacity (C,) of Cu,¢Bi,sSs was
measured using a physical property measurement system (PPMS) by
Quantum Design from 2 to 200 K.
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Raman Spectroscopy. Raman measurements were conducted
using a Jobin-Yvon Horiba LabRAM HR evolution Raman
spectrometer with a Peltier-cooled CCD detector in back-scattering
geometry using a 1800 gr/ mm grating and 532 nm excitation
wavelength (1.50 mW power) for a 20 s acquisition time. For
observing low-lying Raman modes, which are close to the Rayleigh
line, the ultralow-frequency filters are used. In addition, temperature-
dependent Raman measurements were performed using a closed cycle
cryostat (Montana Instruments) in the range of 4—200 K.

Computational Methods. All of the calculations were carried out
using first-principles density functional theory as implemented in the
Vienna ab initio simulation package (VASP). We used the projector
augmented wave (PAW) potentials to represent the electron—ion
interactions.The Perdew—Burke—Ernzerhof (PBE) functional within
the generalized gradient approximation (GGA) was used to consider
the electronic exchange and correlation. The optimized structure was
achieved by employing a conjugate gradient scheme with the criteria
of forces on individual atoms being less than 0.001 eV/A. The second-
order interatomic force constants were calculated by solving the
phonon Boltzmann transport equation (PBTE) within Phonopy code
using a supercell size of 1 X 4 X 1. The group velocity and Griineisen
parameter were calculated using a similar supercell system and
interatomic force constant. A strict energy convergence condition of
107° eV with an energy cutoff of 600 eV has been used to ensure the
accuracy of the harmonic force constant.

The basic frame structure of the synthesized compound is
monoclinic BisSg. Adding Cu atoms into the interstitial position of
the host framework does not alter the basic structure significantly, but
substituting Cu atoms in place of Bi considerably perturbs the
structure with a variation of occupancies. As it is quite complicated to
accomplish theoretical calculations (DFT) with substituting atoms
having fractional occupancies, we considered the most fundamental
structure CuBisSg as determined by Ohmasa et al,** by taking care of
charge neutrality. CuBisSg has interstitial Cu ions and a BisSg
framework. Therefore, the DFT-modeled structure does not include
the substitution of Bi atoms by Cu atoms. We further used the
modeled structure of CuBi;Sg for subsequent calculations. ELF has
been calculated for three structures: the BisSg framework, after adding
Cu in the interstitial position, i.e., CuBisSg, and then Cu, ¢Bi,Ss.

B RESULTS AND DISCUSSION

A high-quality polycrystalline ingot of Cu,¢BiysSs, an earth-
abundant metal sulfide,"” " was synthesized via melting
reaction in a sealed quartz tube at 1323 K and then densified
into pellets using spark plasma sintering (SPS). It is a low band
gap compound ~0.37 eV (Figure S2, SI) which crystallizes in a
monoclinic structure (Figure 1a) having C2/m space group.
Figure 1b confirms the formation of pure Cu, ¢Bi,sSs with no
second-phase impurities within the detection limit of the
PXRD instrument. Rietveld refinement (Figure S3 and Table
S1, SI) of the obtained PXRD data yielded lattice parameters
values of a = 13.2188 (1) A, b = 4.0299 (1) A, ¢ = 14.0912 (2)
A, a0 =y=90°and = 115.5238 (8)° and unit-cell volume =
67738 (2) A%V Cu, ¢Bi,¢Sg possesses a complex crystal
structure with seemingly two distinct alternating slabs (slab I
and slab 1I) being interconnected to each other (Figure la).
The complexity of the structure is illustrated by the fact that
there are multiple Wycoff positions in which these atoms
reside. For simplicity, every element occupying a separate
lattice has been assigned different numerical values. For
example, the three bismuth positions are marked as Bil, Bi2,
and Bi3, five different Cu atoms are labeled as Cul—CuS, and
four different S positions are labeled as S1—S4. Slab I consists
of face-shared square pyramids of Bi;S; substructures
(comprised of Bil, S3, and S4) along the crystallographic b
direction where each S atom is shared between three Bi atoms
(Figure 1c). Along the a direction, these square pyramidal
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Bi;S; substructures are separated via interstitial Cu atoms
(Cul, Cu2, and Cu3) having fractional occupancies (Figure
1c). These interstitial Cu atoms are weakly bonded and remain
distributed along the b axis. Slab II consists of Bi atoms (Bi2
and Bi3) which are octahedrally surrounded by six S atoms
(Figure 1a). The octahedra are connected via edge sharing.
These Bi atoms are partially occupied and share its Wycoft site
with substitutional Cu atoms (Cu4 and CuS$). The occupancy
of each atom obtained from Rietveld refinement is given in
Table S1, SI. The presence of such contrasting substructures
with interstitial disordered Cu atoms in slab I and positional
disorder between Bi and Cu in slab II may lead to enhanced
phonon—phonon scattering and subsequently lower the &, in
this compound.

Cu, ¢Bi, ¢S exhibits a low total thermal conductivity (k) of
~0.80—0.57 W/m-K in the temperature range of 296—736 K
(Figure S4a, SI) both parallel (||) and perpendicular (L) to the
SPS pressing directions. kj,, obtained by subtracting the
electronic thermal conductivity (k) estimated from the
Weideman—Franz law (k, = LoT, where L, 6, and T are the
Lorenz number, electrical conductivity, and temperature,
respectively) (Figure S4b, SI), from k, has a ultralow value
throughout the measured temperature range (296—736 K)
(Figure 2a). We achieved similar ki, values both parallel (||)
and perpendicular (1) to the SPS pressing directions,
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Figure 2. (a) Lattice thermal conductivity (ki) of Cuy¢Bi,sSs
measured along the parallel (||) and perpendicular (L) directions
with respect to SPS pressing directions. (b) Comparison of kj,, of
Cu, ¢Bi,¢Ss with different metal sulfides (SnS,' PbS,* Bi,S;**
TiS,,* CoSbS,*® CuFeS,,'> MnBi,S,,”" and AgBi;S;”"). (c) Debye—
Einstein fit of C,/T vs T? plot of Cu,¢Bi,sSs with individual
contributions from electronic (y), Debye (f8), and two Einstein modes
(E; and E,). (d) C,/ T® vs T plot shows a Boson-like peak feature and
can be fitted solely by applying the combined Debye—Einstein model.
In b, ky, data are adapted with permission from refs 19 (Copyright
2019 The American Association for the Advancement of Science), 43
(Copyright 2011 American Chemical Society), 44 (Copyright 2012
John Wiley and Sons), 45 (Copyright 2011 AIP Publishing), 46
(Copyright 2018 The Royal Society of Chemistry), 12 (Copyright
2019 American Chemical Society), S1 (Copyright 2019 John Wiley
and Sons), and 27 (Copyright 2017 American Chemical Society).
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indicating an isotropic structure of Cu,Bi,gSs with three-
dimensional (3D) connectivity. kj,, decreases from ~0.71 W/
m-K at 296 K to ~0.44 W/m-K at 736 K (Figure 2a), which is
just above the theoretical minimum thermal conductivity (Ko
= 0.347 W/m-K) estimated from Cahill’s model for disordered
crystals (see Methods).”” ki, of Cu, ¢Biy¢Sg has an exception-
ally low value compared with well-known metal sulfides
(Figure 2b).12192743=4651

To elucidate the origin for such low ki, in Cu, ¢Bi,4Sg, we
measured its low-temperature (2—200 K) heat capacity (Cp)
(Figure SS, SI). Fitting a C,/T vs T* plot using only the Debye
model was found to be insufficient as the compound consists
of weakly bonded interstitial Cu atoms which can vibrate
rather independently, akin to Einstein oscillators. Thus, for
proper analysis of the C,/T vs T* plot, we applied the
combined Debye—Einstein model,"**® which is given as

C 2 N
T =y+pT" + Zn: A,(05)(T) @T 1)y

(1

The temperature-independent parameter y in this Debye—
Einstein model represents electronic contributions, while the
second term f = B(122*N,ky/5)(Op)~° corresponds to
contributions arising from Debye modes. Here, k3, N,, and
Oy are the Boltzmann constant, Avogadro’s number, and the
distinctive Debye temperature, respectively,and B=1 - X A,/
3NR, where R and N are the universal gas constant (R = 8.314
J mol™ K™') and the number of atoms for each formula unit,
respectively. The last summation term in eq 1 accounts for the
contribution originating from Einstein oscillators, where A,
corresponds to the Einstein prefactor for the nth Einstein
mode, O,. Figure 2c depicts the fitting for the C,/T vs T plot
along with contributions from the individual parameters. The
derived fitting parameters are presented in Table S3, SI. Two
Einstein oscillator modes with characteristic temperatures of
O, = 37.31 K (~26 cm™) and O, = 74.21 K (~51.5 cm™})
were used for an accurate description of the data. These low-
energy Einstein modes evidence for low-lying optical modes
which couple with the acoustic phonons, thereby reducing the
K of the material. A derived characteristic Debye temperature
(®p) of Cu, ¢Bi,¢Ss is found to be ~142 K. As above at Op, all
of the phonon modes are excited; hence, lower Debye
temperatures mean that the optical—acoustic phonon inter-
action originates at low temperature and thereby lowers ki, via
a resistive Umklapp process.” A broad Boson-like hump is also
observed in the C,/T° vs T plot (Figure 2d), which is fitted by
a combined Debye—Einstein model, affirming the presence of
Einstein oscillator modes. We ascribe this Boson-like broad
hump to the excess phonon density of states (PhDOS)
originating due to the presence of low-frequency optical
modes.”

To comprehend the nature of chemical bonding in
Cu, (Bi,¢Ss, we performed electron localization function
(ELF) analysis, which is the probability of finding a second
electron having same spin in the vicinity of the first reference
electron. Quantitively, this probability is restricted to having
possible values lies between 0 and 1. According to the color
bar, ELF = 0, 0.5, and 1 correspond to complete delocalization
(blue regions without electrons), a homogeneous electron
distribution (green regions where the bonding is metallic), and
perfect localization (red regions im lzring covalent bonds and
the possibility of lone pairs).***>*® Electron localization
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functions projected on the XZ plane [010] for BisSy host
matrix, CuBisSg, and Cu, ¢Bi,Ss (Figure 3a, 3b, and 3c) are

0.0

Figure 3. Electron localization function (ELF) projected on the XZ
plane [010] of (a) BisSg host system, (b) CuBisS;, and (c)
Cu, ¢Bi, 4Sg. Color bar represents the value of the ELF corresponding
to different bondings.

calculated and compared to evaluate the variation of bonding
with introducing Cu atoms at different positions. Figure 3a
shows the ELF plot for the BisSg host framework, where the
green region between the Bi and the S atoms (corresponding
to ELF = 0.5) indicates a strong localization around the atoms
with larger electron localization around the S atoms. With the
addition of only Cu interstitial atoms, delocalization around
the Cu atoms is observed (ELF =~ 0) in CuBi;Sg, indicating a
weak interaction between interstitial Cu and S, while
localization around the S atoms increases more (ELF ~ 0.7)
as compared to that of the Bi—S host framework (Figure 3b).
ELF for Cu, ¢Bi, ¢Sy (Figure 3c), which consists of substituted
Cu atoms in the Bi position along with interstitial Cu atoms,
exhibits complete electron delocalization (ELF =~ 0) around
the Cu atoms for both the interstitial and the substitutional
sites, even with stronger localization around S. The larger
localization around the S atoms for each case can be attributed
to the higher electronegativity of S. Since Cu is more
electropositive as compared to Bi, with substitution of Cu,
more charges get localized around S. Therefore, Cu
incorporation results in bonding heterogeneity among the
constituent elements. The delocalization around both types of
Cu atoms (interstitial and substitutional) signifies the weaker
interaction of Cu with the lattice framework, while larger
localization around Bi—S leads to comparatively stronger
bonding.

Weaker bonding of the Cu atoms in the lattice framework
probably leads to the rattling of these atoms, which can
generate low-energy Einstein modes as indicated via heat
capacity measurements. To validate the presence of the rattling
motion in these interstitial Cu clusters, we calculated the
potential energy landscape with respect to the atomic
displacement of each atom from their respective equilibrium
positions of the modeled system CuBisS; where only
interstitial Cu atoms are present for simplicity (Figure S6,
SI). The corresponding plot, shown in Figure 4a, reveals that
the Cu atoms show a shallow potential well, which signifies
that these atoms are weakly bonded to the lattice, consistent
with the large atomic displacement parameters (ADP) of
interstitial Cu (Table S2, SI) and ELF analysis (Figure 3).
Such a shallow potential well indicates that even with a little
perturbation or thermal excitation these interstitial Cu atoms
will rattle or vibrate from their equilibrium positions, thus
inducing low-energy optical modes. Bi and S have a deeper
potential energy surface, which is evidence of their
comparatively stronger bonding character, corroborating with
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Figure 4. (a) Potential energy vs displacement plot, (b) phonon
dispersion with corresponding group velocity (km/s), (c) zoomed
view of phonon dispersion in the low-frequency region, (d) projected
phonon density of states (PhDOS), and (e) mode Griineisen
parameter (y) of CuBiS;.

the ELF analysis. Eigenvectors visualization (Figure S7a—f, SI)
also indicates that the Cu atoms have larger vibrations than
others, indicating an intrinsic rattling motion in the interstitial
voids created by square pyramidal Bi;Ss substructures. The
potential energy landscape shows that Cu in the y direction has
the shallowest potential energy surface, thus indicating a larger
rattling motion in the y direction, as compared to that of the x
and z directions (Figure 4a).

To understand the mechanism of the low kj,, we performed
density functional theory (DFT)-based phonon calculations in
the modeled structure CuBisSg (only with interstitial Cu
atoms). The absence of any imaginary frequencies in the total
phonon dispersion of CuBisSs (Figure 4b) confirms the
dynamic stability of CuBisSg (Figure S6, SI). Figure 4c shows
the zoomed-in phonon dispersion of CuBi;Sg, where the first
three low-frequency phonon modes are acoustic branches
shown in red, green, and blue and the optical phonon branches
are represented with black curves. From Figure 4c, several
avoided crossings between the longitudinal acoustic (LA)
phonon mode and the low-lying optical phonon modes within
the frequency range of 20—50 cm™" are observed (highlighted
by magenta circles). The presence of such avoided crossing
points implies a strong optical—acoustic hybridization arlsm%
due to the presence of soft vibrational optical modes.”””
These hybridized modes are one of the signatures of rattling
motion and lead to strong acoustic—optical phonon
interaction, which aids in lowering the «j,, in this material.
The atom-projected phonon density of states (PhDOS)
evidence that Bi and Cu mainly contribute to the low-
frequency vibrational modes (Figure 4d), whereas high-
frequency phonon modes are mostly dominated by lighter S
atoms. The soft vibrations of the Cu atoms arise mostly due to
its weak bonding character and rattling nature, whereas Bi due
to its heavier atomic mass also contributes significantly to the
low-frequency region. Bonding hierarchy along with avoided
crossing of phonon modes suggest the presence of significant
anharmonicity®” in the lattice. To quantify this anharmonicity,
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Figure 5. Room-temperature Raman spectra of Cu, ¢Bi, S in the spectral range (a) 20—65 and (b) 65—350 cm™. (c) Temperature-dependent
Raman spectra from 4 to 200 K. (d) Temperature-dependent normalized intensity and (e) variation of phonon lifetime (ps) (with error bars) with

the temperature for first two low-frequency Raman peaks.

we calculated the Griineisen parameter (y) with respect to the
phonon frequency (Figure 4e). A considerably large value of y
(>15) in the 0—65 cm™' region is observed, indicating
significant anharmonicity in the lattice, which is mainly caused
by the presence of bonding heterogeneity, rattling of interstitial
Cu atoms, and the overall complexity in the structure.'®**
This large value of y with high lattice anharmonicity also
indicates enhanced phonon scatterinﬁg and thereby reduces the
lattice thermal conductivity (Klar)-m' 0

The room-temperature Raman spectra of Cu,¢Bi,Sg are
shown in Figure Sa and Sb, where Figure Sa shows the Raman
spectra from 20 to 65 cm™' and Figure Sb shows the spectra
from 65 to 350 cm™'. The Raman modes are assigned as
and B, symmetries from the DFT calculation of the modeled
CuBisSg structure. At room temperature, we observed five A,
modes at ~46, 53.8, 69, 182.6, and 257.3 cm™! and six B,
modes at ~33, 36.2, 51.3, 98.4, 165.6, and 237.1 cm™". We
have not been able to assign the mode at ~120 cm ™!, which is
probably related to substitutional Cu in CullsBiMSs.Gl’éz The
temperature-dependent (4—200 K) Raman spectra of
Cu, ¢Bi, ¢S are shown in Figure Sc (also see in Figure S8a—
¢, SI). With increasing the temperature from 4 to 200 K, most
of the modes showed a red shift. The PhDOS indicates the
low-frequency modes (from ~33 to 53.8 cm™") involve mainly
the vibrations of Bi and weakly bonded interstitial Cu cations.
Low-energy Einstein modes obtained from the low-temper-
ature heat capacity measurement closely match with low-
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energy Raman modes. These low-lying optical modes couple
with the acoustic modes, resulting in a reduction of i,
significantly in Cu, ¢Biy ¢S5.°“%> The normalized intensity vs
temperature plot (Figure Sd) of two low-frequency modes
shows an increase in intensity with increasing temperature,
indicating an increase of the phonon population. The higher
phonon population causes phonon—phonon scattering, there-
by lowering the K207 The phonon lifetime (7;)

_ 1 . .
(Ti = 72ﬂc(fwhm)i) estimated from the full width at half-

maximum (fwhm) of the Raman peaks (~33 and 39 cm™)
shows a decrease with increasing temperature (Figure Se). We
obtained a phonon lifetime in the range of 2—4.5 ps in
Cu, ¢Bi,Ss. As phonon scattering rates are inversely propor-
tional to the phonon lifetime, such a short phonon lifetime
rationalizes the presence of multiple phonon-scattering path-
ways that lead to an ultralow kj,, value in Cu, ¢Bi,3Sg. The
obtained phonon lifetime is much lower than that of a high
thermally conductive material like MoS, (~38 ps at 300 K),**
but the values are comparable with low thermally conductive
perovskite halides and complex chalcogenides.’”*®

The electrical conductivity (6) and Seebeck coefficient (S)
of Cuy¢Bi,¢Sg in the temperature range of 296—736 K are
shown in Figure S9a and S9b (SI), respectively. The peak
thermoelectric figure of merit (zT) of the compound is found
to be 0.23 (parallel to the SPS pressing direction) and 0.26
(perpendicular to the SPS pressing direction) at 736 K (Figure
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S9¢, SI), which is reasonable in terms of pristine n-type metal
sulfide.

B CONCLUSIONS

Cu, ¢BiysSs, a nontoxic, earth-abundant, narrow band gap
degenerate semiconductor, exhibits an ultralow lattice thermal
conductivity (k) of ~0.71—0.44 W/mK in the temperature
range of 296—736 K. Cu,Bi,sSg shows intriguing structural
variety consisting of the interstitial rattling of Cu atoms.
Electron localization function analysis investigations indicate
the presence of bonding hierarchy in Cu, Bi,4Ss, where Cu
atoms are weakly bonded, whereas Bi—S shows strong covalent
interaction within them. Low-temperature heat capacity
analysis reveals the existence of low-frequency optical phonon
branches, which play a vital role in damping the heat flow by
scattering the heat-carrying acoustic phonon branches. A
temperature-dependent Raman study further confirms the
presence of several low-frequency optical modes and phonon
scattering via anharmonic coupling of acoustic and optical
phonon modes, respectively. Theoretical analysis of the
phonon dispersion indicated significant anharmonicity in the
lattice and rattling of interstitial Cu atoms, which is also
evident from a shallow potential well for Cu atoms compared
to Bi and S. This synchronized constructive influence of the
complex crystal structure, bonding heterogeneity, and intrinsic
rattling atoms drastically affects the phonon propagation, thus
resulting in an intrinsically ultralow &, in Cu, ¢Bi,¢Sg,
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