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Copper-rich sulfides are promising materials for energy-conversion applications due to their environmental
compatibility, cost-effectiveness, and earth abundance. Their structural diversity and chemical flexibility
offer a fantastic playground for the discovery of new structures and compounds with various properties.
We demonstrate that the presence of triangular copper in the ordered Cdl,-type Zry,;3Cuy/3S; layers of
Cu,ZrSz induces a high potential for polytypism in this sulfide. Two new layered polytypes, P31c(ABCB)
and R3(ABC), are synthesized. Based on a comprehensive analysis by single-crystal X-ray diffraction, 3D
ED and HRSTEM analyses, we highlight that these polytypes differ in their stacking sequences while
sharing identical tetrahedral copper layers and ordered Zr,;3Cuy3S, layers. Both polytypes are
characterized by large anisotropic vibrations of copper in triangular coordination. Low-temperature heat
capacity and Raman spectroscopy, supported by phonon calculations, identify low-energy optical
phonons associated with Cu atoms, which couple strongly to acoustic modes, yielding non-Debye
behavior and extremely short phonon lifetimes. The R3 polytype displays intrinsically ultralow lattice
thermal conductivity, reaching 0.35 W m™ K™ at 673 K, among the lowest reported in sulfides. Our
findings provide new insights into the complex crystal chemistry and polytypism of copper-rich sulfides

rsc.li/materials-a

Introduction

Heat propagates through a solid primarily via electrons or
lattice vibrations."” In crystalline electrical insulators, where the
electronic contribution to thermal conductivity, «., is negligible,
phonons become the dominant carriers of thermal energy.?
Understanding thermal transport in such materials remains
a fundamental challenge, as it involves complex many-body
interactions at both structural, nano- and microscopic levels.
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in relation to vibrational properties, opening new perspectives for the exploration of these materials.

This has spurred significant interest in analyzing lattice thermal
conductivity, ki, in relation to crystal structure features and
chemical bonding.* The ability to control «;, is indeed crucial for
a wide range of applications. While materials with high «;, are
crucial for applications such as heat dissipation in electronics
and thermal energy transmission,” low «;, is required for tech-
nologies like thermal barrier coatings, hot phonon bottlenecks
in photovoltaics, and thermoelectrics.®®

The search for optimized thermoelectric materials with low
k1, poses an interesting conundrum because of the delicate
balance that must be achieved between charge and thermal
transport. Extrinsic phonon scattering approaches have been
widely developed, such as alloying, grain boundary engineering,
mesoscale structuring, and nanostructuring, which work by
introducing point defects and creating nano-precipitates and
interfaces that effectively scatter phonons and suppress thermal
conductivity. Another approach and challenge consists in
developing materials where intrinsic phonon-phonon interac-
tions within the crystal structure generate phonon scattering
and intrinsic low lattice thermal conductivity, while preserving
high power factors. Low «;, in crystalline solids can be achieved,
for example, in complex crystal structures,’ rattling in caged

This journal is © The Royal Society of Chemistry 2026
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structures, anisotropic cationic vibrations, incipient
ionic conductivity,"® correlated rattling of one-dimensional
atomic chains,” resonant bonding,* low dimensionality,
anharmonicity and weak bonding? in relation (or not) to the
stereo-chemical activity of lone pairs,**?° and ferroelectric
instability.** These strategies have been especially studied in
heavy metal selenides and tellurides over the last few decades.
Nevertheless, selenides and tellurides, while offering excellent
thermoelectric performances, fall outside the category of
sustainable materials. With an overall abundance of 4 to 5
orders of magnitude greater than Se or Te, sulfur is a much
more desirable substitute.*” Metal sulfides indeed have signifi-
cant advantages, for most of them, of being inexpensive,
abundant, non-toxic, and ensuring long-term price stability and
availability. However, the main drawback of sulfides is that they
generally exhibit higher «;, due to the lighter atomic weight of
sulfur compared to selenium or tellurium. This has driven
considerable efforts from the thermoelectric community in the
last decade to develop sulfide-based materials with ultralow
k1> As shown in Fig. 1, it includes Sn- and Bi-based
compounds characterized by low structural dimensionality
and weak bonding due to the stereochemical activity of their
lone pairs (e.g., SnS,*® Bi,S3,>” CuPbBisSo,*® PbBi,S,,* and
PbSnS, (ref. 40)), Sn-based colusites with structural disorder,**>
and structures with large anisotropic atomic vibrations (e.g.,
Cu;BiS;,* Cu,Sn;S;6,** and tetrahedrite®”). The three-fold
coordination of copper is the key factor for large anisotropic
vibrations in the structure and consequently is a trump for the
appearance of ultra-low thermal conductivity.

In this context, Z. Li et al.* recently reported an intrinsically
low lattice thermal conductivity of 0.35 W m ™ K" at 683 K in
the new compound of bi-dimensional character Cu,ZrS;. The
unique structural feature of this compound is based on the
existence of Cu in an axially distorted triangular coordination,
which, according to the authors, leads to pronounced lattice
anharmonicity and low lattice thermal conductivity.
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Fig. 1 Lattice thermal conductivity, at 700 K, in state-of-the-art
thermoelectric polycrystalline sulfides 1536-4143-53

This journal is © The Royal Society of Chemistry 2026

View Article Online

Journal of Materials Chemistry A

Interestingly, the supplementary information of this study
shows powder diffraction patterns of alternative samples
synthesized with different thermal histories. The patterns,
although showing a good resemblance, slightly differ in the
number of peaks and intensity ratio. This observation has
drawn our attention and motivated us to investigate the rela-
tionship between synthesis parameters, structure, microstruc-
ture, thermal and vibrational properties of Cu,ZrS;. Our study
reveals that the formation of two new structural polytypes is
driven by the synthesis conditions, with significant differences
both at the structural and microscopic levels, including distinct
stacking arrangements and structural defects of different
natures. The combination of heat capacity (Cp,) fitting, Raman
spectroscopy analysis and phonon calculations further
confirms the existence of Cu associated low-energy optical
phonons, enabling pronounced interactions between optical
and acoustic modes, leading to ultra-low thermal conductivity.
Based on both experimental approaches and computational
modelling, our findings provide in-depth insights into the
relationship between the crystal structure and thermal trans-
port properties of layered metal sulfides, and open new
perspectives for the exploration of cost-effective and sustainable
sulfide compounds for thermal management applications.

Experimental section
Synthesis

Cu,ZrS; powders were synthesized by a two-step solid state
reaction in evacuated silica tubes from the precursors (Cu (99%,
Alfa Aesar), Zr (99.5%, sponge, Alfa Aesar), and S (99.5%, Alfa
Aesar). All sample preparations and handling of powders were
performed in an argon filled glovebox with oxygen content below
1 ppm. Cu, Zr, and S were mixed in an agate mortar with the
appropriate stoichiometric ratio, sealed in an evacuated silica
tube, and heated to 1373 K at a rate of 50 K h™*. The powder was
held at that temperature for 48 hours, followed by two different
cooling processes. (1) In the first approach, the 48-hour temper-
ature plateau was followed by rapid quenching in open air. The
resulting powder was then ground and subjected to the same
heat treatment again. (2) In the second approach, the sample was
slowly cooled down to room temperature at a rate of 50 K h™".
The resulting Cu,ZrS; powder was then crushed and compacted
for a second firing under the same conditions.

In both cases, the obtained sample was once again ground
and sieved down to 200 pm to remove large agglomerates. The
powders were then placed in a graphite die of 10 mm diameter
and densified by SPS (FCT HPD 25) at 873 K for 30 min under
a pressure of 64 MPa. However, only the powder obtained via
the slow-cooling route could be successfully densified. The final
dimensions of the pellets are around 8 mm in thickness and
10 mm in diameter. Densities are about 92-93% of the theo-
retical ones, determined from Rietveld refinement.

X-ray diffraction analysis

The batch synthesis yielded grains of matter measuring several
tens of micrometers in size. These grains were not single
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crystals and were manually broken with a scalpel, and then
selected under a stereomicroscope. They were mounted on
microloops, and their diffraction quality was assessed. Single-
crystal X-ray diffraction was performed using a Rigaku Synergy
S diffractometer equipped with a micro-focus sealed Mo X-ray
tube and an Eiger 1M Dectris photon-counting detector. Data
reduction was carried out with CrysAlisPro, while structure
determination was performed using Jana and Superflip.®***

It is worth noting that, for both quenched and slow-cooled
samples, despite the synthesis batches containing some crys-
tals larger than 50 pm, the structure solution by direct or charge-
flipping methods only converged for extremely small crystals, less
than 10 pm in size. This limitation is due to the high defective-
ness of the crystals, as explained in the discussion. Specifically,
the crystal used for X-ray diffraction structure determination was
found to be fourfold twinned (obverse-reversed and inversion
twinning). Even the selected crystal of the slow-cooled sample
used for 3D ED, less than 200 nm wide and dominated by the
reverse twin variant, included an additional observed twin
component corresponding to about 10% in the refinement.

Powder X-ray diffraction (PXRD) data were collected during
24 h at RT using a Bruker D8 Advance Vario 1 two-circle
diffractometer (6-26 Bragg-Brentano mode) using Cu Ko radi-
ation (1 = 1.5406 A) with a Ge (111) monochromator (Johansson
type) and a Lynx Eye detector.

The synchrotron PXRD data of the slow cooled sample were
collected at room temperature on the end-station CX2 of the
MARS (Multi-Analysis On Radioactive Samples) beamline at
Synchrotron SOLEIL (Saint-Aubin, France). High-resolution
data were acquired in Debye-Scherrer geometry using a set of
24 detectors equipped with a Ge (111) crystal analyzer.*® The
white beam coming from the bending magnet was mono-
chromatized using a Si(220) double-crystal monochromator at
20 keV. Higher harmonics rejection and vertical collimation
were achieved using Pt coated mirrors.

XRD data analyses were performed using the Jana2020,
FullProf, Faults and WinPlotr software packages.>**”">

TEM sample preparation and characterization

The preparation of TEM lamellae was conducted using a dual-
beam focused ion beam system (FIB, Thermoscientific Helios
5 CX). The general procedure is as follows: a small bar-shaped
specimen with dimensions of 12 x 2 x 5 pm® was extracted
from a bulk polycrystalline sample and transferred onto
a dedicated copper TEM grid. The operating voltage for this
process was 30 kV with a beam current of 9.3 nA. Subsequent
thinning of the specimen was performed at 30 kV, during which
the beam current was gradually reduced from an initial 0.77 nA
down to 80 pA. The thickness of the lamella was controlled
within the range of 100-200 nm. Finally, surface cleaning was
carried out at low voltage and low beam current conditions (5
kv, 40 pA; 2 kV, 25 pA) to remove the amorphous surface layer,
thereby achieving the final thinning of the specimen with the
final thickness approximately 50 nm.

TEM characterization, including electron diffraction and
atomic-resolution HAADF-STEM imaging, was performed using
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a double spherical-aberration-corrected electron microscope
(Thermoscientific Spectra 300) operated at 300 kV with a beam
current of ~50 pA.

Scanning electron micrographs and electron energy disper-
sive spectroscopy (EDS) images were collected using a JEOL JSM
7200F scanning electron microscope (SEM) equipped with an
EDX X-Flash Bruker detector.

3D electron diffraction

3D Electron Diffraction (3D ED)* is a technique that uses elec-
tron diffraction patterns collected from a single crystal to deter-
mine its crystal structure. For this study, precession-assisted 3D
ED data were collected using a JEOL F200 transmission electron
microscope working at 200 kV, equipped with an ASI Cheetah M3
detector and a Nanomegas Digistar precession unit. Cu,ZrS;
pellets were ground in ethanol with an agate mortar, and a drop
of the resulting suspension was deposited onto a holey carbon
membrane on a Cu mesh grid. 3D ED data were collected at room
temperature using the Instamatic program,* with a precession
angle of 1.25°, and a tilt step of approximately 1° between
successive patterns. Data processing was performed with
PETS2,> and structural refinements were carried out in
Jana2020,* accounting for both dynamical diffraction effects and
electron beam precession. The refined structural parameters of
the slow cooled Cu,ZrS; sample are summarized in Table S3. The
selected 3D ED dataset was collected over a total rotation range of
113°using a 100 nm beam from a thin crystal edge approximately
140 nm wide, as estimated from bright-field imaging, and 32 nm
thick (refined value).

Electrical and thermal property measurement

The electrical resistivity, p, and Seebeck coefficient, S, were
measured simultaneously using a ULVAC-ZEM3 instrument on
bar shaped samples with dimensions 2 x 3 x 10 mm? from 300
K up to 700 K, at around 0.1 bar of He. A NETZSCH LFA-457
apparatus was used for measuring the thermal diffusivity
under an argon flow. The thermal conductivity, k, was deter-
mined as the product of the volumetric mass, thermal diffu-
sivity, and theoretical heat capacity estimated using the
Dulong-Petit approximation. Heat capacity (C,) measurement
have been realized on the Cu,ZrS; sample to confirm the
agreement with the experimental Dulong-Petit values. The
lattice contribution to the thermal conductivity, ;, was deter-
mined by considering «. as negligible, given the high electronic
resistivity (Fig. S1). The value of «;, is therefore estimated to be
equivalent to the total thermal conductivity k. The estimated
measurement uncertainties are 8% for the electrical resistivity
and 11% for the thermal conductivity.**

Hall effect measurements over the temperature range of 5-
300 K were carried out using a Physical Properties Measurement
System (PPMS; Quantum Design) under an applied magnetic
field of £9 T.

First-principles calculations

We employ first-principles calculations based on density func-
tional theory (DFT), as implemented in the Vienna Ab initio

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5ta10102f

Published on 10 February 2026. Downloaded by INIST-CNRS - (Biology) on 6/5/2026 1:59:22 PM.

Paper

Simulation Package (VASP).**"*” Projector augmented wave
(PAW) potentials are used to model the interaction between
valence electrons and ionic cores. Valence electronic configu-
rations of these elements are S: 3s*3p4, Cu: 3d'%4s1, and Zr:
4s®55'4p®4d’. The exchange-correlation energy functional of
electrons is treated within the generalized gradient approxi-
mation (GGA) with the Perdew-Burke-Ernzerhof for solids
(PBE-sol) parametrization.®®* To capture on-site electronic
correlations, we use a Hubbard-U of 4 eV for Cu-3d orbitals.
Kohn-Sham (KS) wave functions are represented using a plane
wave basis truncated with an energy cutoff of 444 eV. The KS
equations are solved iteratively to achieve self-consistent solu-
tion such that the total energy per unit cell converges within
10~® eV. Brillouin zone integrations are carried out using
uniform k-meshes of 8 x 8 x 2 for P31c and R3 structures. To
speed up the convergence of the self-consistent cycles, Gaussian
smearing of 0.01 eV is applied to the electronic occupation
numbers. Structural optimization is performed until the
magnitude of the force on each atom in each direction is less
than 1 x 1072 eV A~ In electronic structure calculations, we

use the mBJ method to estimate the band gap. Phonon
dispersion is obtained from the interatomic force constants

determined with the frozen phonon method ina 2 x 2 x 1
69,70

supercell, using Phonopy code.

a)

ScSg
octahedron

9.

Fig. 2 Structures of CuScS, (a

ZrSg
octahedron

c) and of Cu,ZrSsz as determined by Li et al.*¢ (b)—(d). The CuScS; structure is built up of ScS; layers (a) of edge-
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Results and discussion

Crystal structure analysis: high potential of Cu,ZrS; for
polytypism

The existence of Cu,ZrS; was recently reported for the first time
by Li et al.*® The trigonal structure (P31c, a = 6.475 A, ¢ = 12.164
A) of this compound consists of an alternate stacking along the
¢ axis of layers of corner-sharing CusS, tetrahedra and CdlI,-type
layers of edge-sharing ZrS¢ octahedra, with one Cu substituting
Zr at every third Zr position, and adopting a distorted CuS;
trigonal planar geometry.

It was described by the authors as a derivative of the ZrS,
structure involving the intercalation of Cu between the CdI,
layers and the substitution of Zr by Cu within the CdI, layers. In
fact, this structure can be alternatively described as a derivative
of the CuScS, structure (P3m1, a = 3.7333(5), ¢ = 6.098(1)).”
Bearing in mind that the CuScS, structure (Fig. 2a and b)
consists of octahedral ScS, layers with CdlI, type configuration
(Fig. 2a) stacked with layers of CuS, tetrahedra (Fig. 2b), the
Cu,ZrS; structure determined by Li et al.*® can be described by
the structural formula Cu[Cuy;3Zr,/3]S,. In this way, the Li's
Cu,ZrS; structure can be described as being built up of new
[Cuy/3Zry35]S, layers (Fig. 2c) derived from the CdI, type config-
uration of “unbalanced CuZrS,” by replacing one octahedral

Cus, & o Cus;
tetrahedron triangle

sharing ScSe octahedra (dark green coloured) of Cdl;, type layers stacked with (c) layers of corner-sharing CuS, tetrahedra (blue coloured). The
Cu,ZrSs structure can be described as being derived from CuScS, by forming Cuy,3Zr,/3S, layers with the Cdl, configuration (b) stacked with
layers (d) of corner-sharing CuS, tetrahedra (blue coloured). Note that in the Cuy,3Zr,/3S; layers, the CuSs triangles (red coloured) correspond to
the ordered substitution of Zr by Cu in the edge-sharing ZrSg octahedra (green coloured) of the « unbalanced ZrS, » layer of the Cdl,-type
configuration.

This journal is © The Royal Society of Chemistry 2026 J. Mater. Chem. A, 2026, 14, 14224-14240 | 14227
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Zr*" out of three by one triangular Cu” in order to maintain the
electro-neutrality.

Note that this ordered Cu for Zr substitution corresponds to
a displacement of Cu” from the center toward the face of the Zr
octahedron allowing a threefold coordination for Cu’. This
leads to a new two-dimensional hexagonal lattice with cell
transformation @' = a — b, b’ = 2b + a (see Fig. 3). Both struc-
tures, CuScS, and Cu[Cuy/3Zr,,3]S,, can be described as stacks
along the caxis of double layers of Cu tetrahedra and Zr (or
CuZr,) polyhedra. In the case of CuScS,, these layers (labeled A)
exhibit an AA stacking along the caxis, leading to a periodicity of
6 A along this direction (Fig. 2c). In contrast, for Cu[Cuy/3Zr,,3]S,
an ABAB stacking is observed (Fig. 2d), leading to a doubling of
the ¢ parameter. Such a feature avoids clustering due to
substitution along the ¢ axis, by introducing a displacement
vector in the (ab) plane during the stacking of the layers along
the ¢ axis. In the case of the Cu,ZrS; structure reported by Li
et al., the displacement vector is [100] in the CuScS, cell (blue
cell in Fig. 3b) or equivalent (orange arrows in Fig. 3a) with an
ABAB stacking.

In summary, the structure reported by Li et al. considers an
AB stacking arrangement with a vector sequence [3, £, 1] (thick
orange arrows) followed by [—3, —2, 1] (thick violet arrows),
using the substituted CuScS, layer as a reference. Here, the ¢
axis defines the stacking direction of the successive layers
(Fig. 3). There exist other equivalent directions for the shifting
of the layers (see thin arrows in Fig. 3a), suggesting that this
sulfide exhibits a high potential for polytypism. This convention
will be used hereafter to describe all other vectors generating
new polytypes. Cu,ZrS;, as already reported for CuScS,, has
a high degree of strain due to the rigid geometric constraint
induced by the structure. This strain may explain the limited
number of compounds adopting this type of structure, despite

Fig. 3 (a) Representation of Cu,ZrSs considering the substitution of Zr
by Cu every three Zr atoms in CuZrS,. The thick orange (or violet)
arrows represent the displacement vector necessary in the stacking of
CuZrSz in order to avoid the superposition of substitution. The thin
arrows represent all equivalent directions by translation. (b) Repre-
sentation of the relationship between the cells corresponding to
CuyZrSz and Cuy3Zrp5S, (CuScS, type) layers, in red and blue,
respectively.
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its apparent simplicity. Specifically, the coordination of sulfur
atoms by metal atoms involves significant distortions to
accommodate the substantial difference between Cu-S and Zr-S
bond lengths.”

Synthesis and structural characterization of two new polytypes
and evidence for stacking faults

In order to investigate the impact of different synthesis condi-
tions on the phase composition, two different syntheses were
carried out. The first sample was held at 1373 K for 48 hours
before being air-quenched (similar to the synthesis conditions
reported by Li et al. (quenched at 1423 K)), while the second
sample underwent slow cooling to RT over 21 hours. Fig. 4a
shows the powder X-ray diffraction (PXRD) pattern of our
sample quenched from 1373 K, compared with the diffraction
pattern calculated from the structure reported by Li et al.*® The
two patterns have some similarities but differ in several super-
structure peaks, which are in different 26 positions (inset,
Fig. 4a). As those additional reflections cannot be assigned to
impurities, it tends to indicate that they probably correspond to
the existence of a possible polytypism in this layered
compound. Note that polytypism is a special case of poly-
morphism in which the two-dimensional translations within
the layers are essentially preserved but differ only in their
stacking sequence. Our hypothesis is supported by the existence
of a known polytype, CuCrSe, (R3m, a = 3.679(1), ¢ =
19.385(5)),”* differing from CuScS, only by the stacking order.
A thorough X-ray diffraction investigation of a single crystal
extracted from the air quenched sample (1st tube) was carried
out. It allowed us to identify a new polytype of Cu,ZrS; char-
acterized by the P31c space group (¢ = 6.47548(16) A, ¢ =
24.3290(5)). The agreement factors and atomic parameters are
reported in Table S1. The ABCB stacking sequence of the double
octahedral/tetrahedral layers of this polytype (Fig. 5d) corre-
sponds to a quadrupling of the ¢ parameter of the parent
structure CuScS, (Fig. 5a) and to a doubling of the ¢ parameter
of the Li's Cu,ZrS; structure that we describe here as a polytype
with an AB sequence (Fig. 5b). Coming back to the PXRD
patterns, we observe that the calculated PXRD derived from the
quenched single-crystal X-ray diffraction (SC XRD) data (green
coloured in Fig. 4) shows good agreement with our experimental
PXRD pattern. However, both patterns present some discrep-
ancies regarding the relative intensity of some reflections and
the existence of broad diffraction peaks in the experimental
PXRD pattern, as highlighted by the black arrows in the inset of
Fig. 4a. The interpretation of such discrepancy could be sup-
ported by a careful examination of SC XRD data and the refined
structural model. First, this structure suggests several mixed Zr/
Cu occupancy sites (see Table S1) within the octahedral layers,
which are unexpected, and even crystallochemically unlikely,
considering their respective coordination preferences, namely
octahedral for Zr** and tetrahedral for Cu®. Second, a careful
examination of the reciprocal space map reconstruction of the
studied crystal reveals diffuse intensity along the c-axis, specif-
ically between %kl reflections where 2,/ # 3n and [ = 2n + 1
(Fig. 4b green ovals). These two observations suggest the

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 (a) PXRD pattern of the quenched sample (violet curve), powder diffraction diagram of the slowly cooled sample (red curve), calculated
PXRD pattern of the P31c structure with ABCB stacking resolved from single crystal data (green curve), calculated PXRD pattern of the R3 crystal
structure with ABC stacking resolved from single crystal data (orange curve) and structure reported by Li et al.*® (blue curve). The inset shows
a focus of the experimental PXRD pattern of the quenched sample. Black and red arrows show anomalous broadening and unindexed peaks,
respectively. (b) Reciprocal space reconstruction of layer hO!l for the (a) experimental quenched sample and (c) simulated sample.

presence of stacking faults along the c-axis, as the partial a partial loss of translational periodicity along the c axis. The
occupancy describes a structure with different substitutional absence of this feature in common reflections with the CuScS,
order superimposed, while the diffuse scattering describes type structure strongly indicates that the stacking faults are

CuScS, structure From Li et al. Cooled sample Quenched sample

Fig. 5 Comparison of the different polytypes: (a) CuScS, structure (@ = 3.733 A, c = 6.098 A), (b) P31c structure reported by Li et al.*® with AB
stacking (a = 6.475 A, ¢ = 12.165 A), (c) R3 structure determined for the quenched sample with ABC stacking (a = 6.475 A, ¢ = 18.176 A) and (d)
P31c structure determined for the slowly cooled sample with ABCB stacking (a = 6.475 A, ¢ = 24.329 A).
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related to the position and ordering of Cu in the CdI, layer,
while the parent structure remains unaffected. Taking these
observations into account, it was possible to simulate the
diffraction pattern using the DIFFaX algorithm,” considering
an intergrowth of the structure reported by Li et al.*® with the
structure solved by single crystal, modified to enforce full
occupancy at each site. Mathematically, the system was
modeled as alternating stacks of two-layer blocks corresponding
to the AB and CB stackings discussed previously, with a small
probability of missing a layer block. The simulation of the 40!
reciprocal plane presented in Fig. 4c has been obtained using
a 5% probability of stacking error. For the powder diffraction
simulation, this probability was increased to 15%. The observed
difference between powder and single-crystal diffraction data is
likely attributable to the arbitrary selection of single crystals,
which typically focuses on less defective specimens.

Although the introduction of stacking faults improved the
agreement between the model and the experimental data, as
shown in Fig. S2a, the low-intensity sharp peaks (indicated by
red arrows in the inset of Fig. 4) remain unaccounted for.
Indexing these peaks suggests a trigonal unit cell with lattice
parameters a = 6.47 A and ¢ = 24.33 A, which is consistent with
a potential polytype that quadruples the ¢ axis of CuScS,, cor-
responding to a structure composed of four block layers.

Based on those results and with the aim of obtaining
a material with fewer stacking faults, we synthesized a new
batch of powder by cooling down the sample at 50 K h~* instead
of quenching to avoid the formation of stacking faults and to
stabilize a crystal structure with three block layers. The struc-
ture of this slowly cooled sample was determined using SC XRD,
3D ED and synchrotron PXRD analyses. From SC XRD and 3D
ED analyses (Tables S2 and S3, respectively), we found that the
crystal structure corresponds to a new polytype (R3 space group)
characterized by a tripling of the ¢ axis compared to the hypo-
thetical CuS, structure. In this polytype, the stacking follows an
ABC sequence with stacking vectors [1/3, 2/3, 1] (Fig. 5c). The
Rietveld refinement of the synchrotron PXRD pattern, consid-
ering this structural model, resulted in excellent agreement
between the experimental data and the model, with the pres-
ence of stacking faults also being modeled for this slowly cooled
sample, as shown in Fig. S2b. In such a case, the stacking
sequence has been modelled as an ABC sequence with a 15%
probability of passing to a ACB sequence and vice versa. It is
worth noting that although the probability of a defect is the
same as that for the quenched sample, the nature of the defect
is different, resulting in a minor perturbation of the lattice. The
coordination environments of the atoms have strong similari-
ties to the structure reported by Li et al. (P31c, AB stacking).
Both Zr atoms occupy slightly distorted octahedral sites with an
average bond distance to S of 2.65 A, and the Cu(1) atoms are
located in a distorted tetrahedral environment with an average
bond distance to S of 2.34 A. These findings suggest that the
atomic layers are only marginally affected by the different
stacking arrangements. However, the Cu(2) site shows a notable
difference. In both refined structures, obtained from the
quenched (P31c, ABCB stacking) and cooled (R3, ABC stacking)
samples, it lies nearly in the plane (0.01 A) of the trigonal
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coordination (triangular coordination), whereas, in the struc-
ture reported by Li et al., the Cu(2) site is significantly displaced
from the plane (0.44 A). The anisotropic displacement param-
eters determined by SC XRD data and 3D ED data in Tables S2
and S3 reveal that the Cu atom in triangular coordination
exhibits greater displacements compared to the other cations,
as observed in Cu;BiS; and even more pronouncedly in the
tetrahedrite Cu,,Sb4S;3.

To verify the crystal structure and assess potential atomic-
scale defects, electron diffraction (ED) and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-
STEM) analyses were carried out on Cu,ZrS; samples subjected
to different thermal treatments (Fig. 6). The quenched spec-
imen shows a largely ordered arrangement but also contains
dense stacking faults (Fig. 6a and b). High-resolution observa-
tions (yellow-framed region) reveal a structure close to that
determined by SC XRD, characterized by an ABC-type stacking
sequence (ie., the R3 structure). However, local twinning is
observed both in HAADF images and SAED patterns (red arrows
in Fig. 6a and c), suggesting partial cation disorder. This
interpretation is consistent with the corresponding ED patterns,
which exhibit diffuse and weakened intensities along the c-axis
(white arrows in Fig. 6a and f), features indicative of stacking
faults and comparable to those reported in Fig. 4a. The diffuse
scattering further confirms the existence of long-range disorder
involving copper atoms. Altogether, these observations point
toward a local deviation from the ideal R3 stacking, ultimately
leading to the ABCB-type (i.e., P31c structure) sequence identi-
fied by single-crystal refinement. Notably, the ABC-type stacking
observed by TEM is not revealed by SC XRD and 3D ED, which
reflect the average long-range structure. This apparent
discrepancy arises from the coexistence of stacking faults and
partial cation disorder, evidenced by single-crystal data and
DIFFaX simulations.

In contrast, the slowly cooled sample displays a far more
homogeneous and regular structure (Fig. 6d and e). Defects are
relatively more abundant in the quenched specimen, whereas in
the slowly cooled sample twins are still present but at a much
lower density and generally appear as larger well-developed
domains, while stacking faults are rarely observed. Elemental
mapping (Fig. S3) corroborates this result, revealing a uniform
distribution of the constituent elements, with only traces of
ZrO, detected in a few localized areas (highlighted by a red
circle). These findings clearly demonstrate that Cu,ZrS; is
highly sensitive under cooling conditions: rapid quenching
induces structural disorder and stacking faults, whereas
controlled slow cooling favors stacking reorganization and
yields a thermodynamically stable crystalline phase.

DFT calculations

The calculated formation energies of the three polytypes,
described in Fig. 5, are comparable within the margin of error
(Table S4), which is consistent with the experimental finding
that the atomic layers are only marginally affected by the
different stacking arrangements. Optimized lattice parameters
for both ABCB and ABC polytypes are consistent with the

This journal is © The Royal Society of Chemistry 2026


https://doi.org/10.1039/d5ta10102f

Published on 10 February 2026. Downloaded by INIST-CNRS - (Biology) on 6/5/2026 1:59:22 PM.

Paper

View Article Online

Journal of Materials Chemistry A

Quenched

g ¢
@0 o0 o0
s 005000500
900000000
092009909
oo o0 o0 o
seo@s00500
00000000
o0 0099000
@ 090 o090 oo
Q@ o 2 2 40 20
900 o0/eoooooe
REELEERER]
00 foo oo
L s 00 000
eo0o0fo00o0o0o0
s of2 9939 9 9
00 [oo o0 o
v 9 s 00 5 00
e/e0 000000
ofc 9 o0 900 9
o /oo o0 oo
o 20 0 40 0 0
900000000
REREEERRERR]
- ! o

Fig. 6 TEM characterization of the Cu,ZrSs samples: quenched (a)—(c) and (f), slowly cooled (d) and (e), and atomic structure viewed along the
[010] crystallographic orientation (g). The regions marked with yellow dotted lines in (a) and (d) correspond to images (b) and (e), respectively. The
selected electron diffraction pattern of the quenched sample is shown in (c), with the highlighted region shown in (f). In HAADF images, the white
lines are guided for the stacking sequences, and the white and red arrows indicate the stacking faults and twin boundaries, respectively.

experimental data, summarized in Table 1. Error in lattice
parameters is negative, which is attributed to the use of PBEsol.

To understand the properties of Cu,ZrS;, we examine the
electronic structure and orbital projected density of states
(pDOS) of the two structures (with ABC and ABCB stacking).
Valence band maxima (VBM) and conduction band minima
(CBM) for the ABC stacked structure are at I' and 7'(0.5, 0.5, 0.5),
respectively, while that for ABCB stacked structure are located at
I' and M (0.5, 0, 0), respectively, with an indirect bandgap of
0.99 eV in both the structures. The electronic states near the
conduction band minimum (CBM) are dominated by Zr-
d states, while that for the valence band maximum (VBM) are
arising from Cu-d orbitals (Fig. 7). Visualizations of

Table 1 Lattice parameters of the Cu,ZrSs structure with ABC and
ABCB stackings. Comparison between experimental and optimized
values along with percentage error

ABCB ABC
Parameter  Expt. Opt. % Error  Expt. Opt. % Error
a(d) 6.47 6.38 -1.39 6.47 6.38 —1.39
b (&) 6.47 6.38 -1.39 6.47 6.38 —1.39
c(d) 24.32  23.83 -2.01 18.24 17.88 —-1.97

This journal is © The Royal Society of Chemistry 2026

wavefunctions at the VBM and CBM show that the VBM is
composed of S-p and the CBM comprises (i) wavefunctions
which that overlap between Zr-Zr and Zr-S and (ii) Zr-
d (Fig. S4c-f).

To study the stability of these structures, we determine their
phonon dispersion using conventional unit cells. The systems
do not exhibit any imaginary frequencies in the Brillouin zone,
which confirms their dynamical stability. The highest frequency
mode is at w = 382 cm " for the ABC stacked structure and at
354 cm™ " for the ABCB stacked structure (Fig. 7b and f). There
are four gapped regions in the phonon dispersion of the ABC
stacked structure: 0-150 cm ™', 150-200 cm ™', 200-280 cm ™
and greater than 280 cm™'. However, in ABCB stacking, there is
mixing and merging of 200-280 cm ™' and greater than
280 cm ™' regions. The ionic motion projected phonon DOS
(phDOS) reveals that S dominates at frequencies above
200 cm™', whereas the low-frequency modes are mainly
contributed by Cu and Zr, with an overall higher phDOS
intensity observed for ABCB stacking compared to the ABC one
(Fig. 7c and g). Additionally, a distinct peak corresponding to Cu
appears near 280 cm ™ in the case of ABC, which is absent in the
ABCB stacked structure. Since Cu atoms in Cu,ZrS; occur in
distinct three-fold (S;) and four-fold (S,) coordination environ-
ments, the projection has been resolved for the two Cu
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Fig. 7 Electronic structures and orbital projected density of states (pDOS) of (a) ABC and (e) ABCB stacked structures. An indirect bandgap of
0.99 eV is present in both cases. The CB is dominated by Zr-d and the VB comprises Cu-d. Phonon dispersion and density of states (phDOS) of
Cu,ZrSz in structures with ((b) and (c)) ABC and ((f) and (g)) ABCB stacking confirm their dynamical stability. The phDOS of Cu projected onto

three and four fold coordinations ((d) and (h)) shows dominant contribution of Ss coordinated Cu at frequencies below 80 cm™.

coordinations, revealing that Cu in three-fold coordination
contributes more significantly to modes below w = 80 cm™"
(Fig. 7d and h). In the frequency range of 100-230 cm™", the
phonon modes are dominantly contributed by four-fold coor-
dinated Cu atoms while above this frequency, the contribution
from three-fold coordinated Cu atoms increases once again.

Vibrational properties

To understand the optical phonon characteristics of the P31c
and R3 space groups in Cu,ZrS;, Raman spectroscopy was per-
formed across a temperature range of 77-343 K, focusing on the
spectral range 53-500 cm ™. At room temperature (300 K), the
Raman spectrum for the R3 phase displays eight modes: three
are found in the low-frequency region below 150 cm ™" and five
are located between 150 and 500 cm ™. In contrast, for the P31¢
phase, only seven modes are observed at room temperature,
with three in the low-frequency region and four in the high-
frequency region (Fig. S5). The symmetry analysis of the ABC
stacked structure (R3 space group) indicates that the Raman-
active phonon modes correspond to the irreducible represen-
tations A and E (E; and E,). In contrast, for the ABCB stacked
structure (P31c space group), the Raman-active modes corre-
spond to 4; and E representations. We visualized the Raman-
active modes of ABC and ABCB polytypes (shown in Fig. S6
and S7, respectively) to find their mutual correspondence.
Assignment of irreducible representations to modes of ABC and
ABCB stacked structures are listed in Table 2, respectively.

14232 | J Mater. Chem. A, 2026, 14, 14224-14240
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Vibrational modes at 89 and 120 cm ™" of the ABC stacked
structure are comparable to those in the ABCB stacked struc-
ture, appearing at 94 and 116 cm ™, respectively. Despite the
comparable frequencies, their Raman intensities are higher in
the ABC structure. Zr displacements dominate the lower
frequency mode of the ABC stacked structure (Fig. S6), while
displacement of Cu in the four-fold coordination dominates in
the ABCB stacked structure (Fig. S7). In the higher-frequency
vibration, both structures involve the same atomic species,
but the ABC stacked structure shows larger eigen-displacements
oriented along the S-Cu bond, leading to its enhanced Raman
activity and hence stronger intensity. Another noteworthy

Table 2 Comparison of the measured and calculated frequencies of
Raman modes for R3 and P31c phases

R3 P31c

Exp. Estimated Exp. Estimated
(em™) (em™) Irrep.  (cm™%) (em™) Irrep.
65 56 A 65 64 A,
89 83 A 94 91 A
120 129 E 116 114 E
166 172 E 174 161 E
231 240 A 241 241 Ay
256 262 A 330 339 Ay
334 334 E 371 354 Ay
374 367 A

This journal is © The Royal Society of Chemistry 2026
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feature is the presence of two A modes at 231 and 256 cm™ " in
the ABC stacked structure, whereas a single mode is observed at
241 cm "' in the ABCB stacked structure.

Temperature dependent Raman spectra of Cu,ZrS; (Fig. 8a)
exhibit a red shift of peaks towards lower frequencies, providing
a clear picture of phonon softening with increasing tempera-
ture. This behavior is typically associated with anharmonic
lattice interactions and thermal expansion effects. We have
estimated the phonon lifetime, a key parameter that charac-
terizes phonon propagation and scattering behavior within
a material, by applying the energy-time uncertainty relation,

r 1 . o .
— = —,7*7% where 7 is the phonon lifetime, I' is the FWHM of

nooT

Raman modes in cm ™Y, and
h

h=-— =53 x 102 cm™ s,
2T

The corresponding FWHM values shown in Fig. 8b and the
calculated phonon lifetimes () for the Raman-active modes at
65, 166, and 374 cm " are presented in Fig. 8c. As clearly
observed, the phonon lifetimes of the optical modes decrease
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Fig. 8 (a) Temperature-dependent Raman spectra of Cu,ZrSs
measured from 77 to 343 K. (b) Full width at half maximum (FWHM) of
the Raman modes at 65, 166, and 374 cm™* as a function of temper-
ature. (c) Calculated phonon lifetimes corresponding to the 65, 166,
and 374 cm~! Raman modes. (d) and (e) Decomposition of the FWHM
of the 65 cm™ and the 166 cm™! Raman modes into anharmonic
contributions from three-phonon and four-phonon scattering
processes in Cu,ZrSs.
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progressively with increasing temperature. This reduction in
phonon lifetime reflects the increase in the lattice vibrations
and points to strong phonon scattering processes, which play
a crucial role in limiting lattice thermal conductivity.

To calculate phonon anharmonicity we fitted the FWHM
using the Klemens model, as described by the equation
below.””7®

F(T)=T0+A<l + ﬁ)

3 3
+B<1 + o 1}+ oo 1}2)

. cw
The variables x and y are expressed as: x = % and
2K T
hCCL)Q . .
Y=ok where w, represents the intrinsic frequency of the
B

optical phonon mode and I', denotes the peak broadening
attributed to disorder and scattering. A and B are fitting
parameters corresponding to three-phonon and four-phonon
anharmonic interactions, respectively.

The anharmonic contributions for the low-frequency
65 cm ' and 166 cm ' modes are shown in Fig. 8d and e,
respectively, and the extracted values of the fitting parameters
(A and B) are listed in Table S5. The significantly larger three-
phonon parameter (4) than the four-phonon parameter (B)
clearly indicates that three-phonon scattering is the dominant
anharmonic decay mechanism in Cu,ZrS;. Furthermore, we
conducted temperature-dependent Raman spectroscopy (133-
348 K) on the ABCB stacked structure to explore the
temperature-induced changes in the optical phonon modes. A
thorough analysis, akin to that performed for the R3 space
group, employed the Klemens model for the phonon mode at 65
em™ ', as depicted in Fig. S8. The results reveal that similar to
the ABC-stacked structure (R3 space group), the anharmonicity
in the ABCB-stacked structure (P31c space group) for this mode
is predominantly governed by three-phonon scattering
processes, which correlate with a pronounced reduction in
phonon lifetimes as the temperature increases. The promi-
nence of three-phonon processes, especially in low-frequency
modes, indicates effective phonon scattering pathways that
play a role in decreasing the lattice thermal conductivity (k) in
Cu,ZrS;.

Thermal properties

The total thermal conductivity (k) of the slowly cooled sample
was measured in the direction perpendicular to the pressing
axis during sintering over a wide temperature range from 5 to
673 K, as shown in Fig. 9a. No thermal conductivity measure-
ments were performed on the quenched sample. As explained in
the experimental section, it was not possible to obtain a suffi-
ciently dense bulk sample free of oxides, which is suitable for
reliable measurements. Note that XRD analyses, performed on
the slowly cooled sample before and after LFA measurement,
evidenced that no notable structural changes occur during
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Fig.9 The temperature-dependent total thermal conductivity () of the slowly cooled Cu,ZrSs sample measured using PPMS (5-300 K) and LFA
(300-673 K). (b) Low temperature C,/T versus T? plot of Cu,ZrSs fit with the Debye—Einstein model. The inset illustrates the presence of
a pronounced peak in the Cp/T3 vs. T plot. (c) The lattice thermal conductivity data for Cu,ZrSs are presented, with the red solid line representing
the fit to the data using the Debye—-Callaway model. (d) The calculated phonon relaxation time for different scattering mechanisms involved in
lattice thermal conductivity is depicted as a function of frequency, where wp denotes the Debye frequency.

measurement, as shown in the Fig. S9. This confirms that the R3
phase remains stable through the processing and measurement
steps. Furthermore, a thermal cycling test was performed
during the thermal conductivity measurements, covering the
temperature range up to 700 K under a controlled atmosphere.
The observed hysteresis in the data is minimal, further sup-
porting the thermal stability of the R3 phase under the studied
conditions. The electrical resistivity and Seebeck coefficient
data were only successfully measured below room temperature
(Fig. S10). Indeed, it was not possible to perform electrical
transport measurements above room temperature. The phase
instability is most probably related to ionic migration and
sensitivity of Zr to oxidation. Further investigations are neces-
sary to clarify these instability issues.

In the low-temperature regime, the electronic and lattice
contributions were calculated using the Wiedemann-Franz law,

LT . .
ke = —, where L is the Lorenz number, was applied. The model
p

of the single parabolic band™ is utilized to consider the
temperature dependence of the Lorenz number. At low
temperatures, ki, initially increases with increasing tempera-
ture, reaching a well-defined peak at 38 K, where it attains
a maximum value of 2.08 W m~" K~ '. Beyond this point,
begins to decline due to the growing influence of phonon-
phonon Umklapp scattering, which restricts thermal transport
in crystalline solids. With increasing temperature, the lattice
thermal conductivity (k) decreases progressively from 0.83 W

14234 | J Mater. Chem. A, 2026, 14, 14224-14240

m~' K" at room temperature to 0.34 W m~' K ' at 673 K,
reflecting the growing influence of phonon-phonon Umklapp
scattering, which increasingly limits thermal transport in crys-
talline solids.

To elucidate the origin of the experimentally observed low
lattice thermal conductivity (k) in the slowly cooled Cu,ZrS;
sample, we have measured the low-temperature heat capacity in
the range of 5-49 K, as shown in Fig. S11. The C,, data were
analyzed using the Debye-Einstein model, as the single Debye
model alone was insufficient to accurately capture the experi-
mental behavior. The Cp/T versus T> plot shows good agreement
with the fitted model, as shown in Fig. 9b. The following
equation was used to model the data within the Debye-Einstein
framework:*w

g, /T
Cp (5] h”/

T BT D | (A (05) X (T7)

[\S1[%

>< S —
(/T — 1)

here the first term in the equation, v known as the Somerfield
constant, denotes the electronic contribution. The next term,
G relates to the lattice contribution and is expressed as, § =
C(127*N,Ky/5) x (6p) %, where N, denotes Avogadro's number,
kg is the Boltzmann constant, and fp represents the Debye
temperature. The parameter C is defined by the equation
C =1- > A,/3NR, where N indicates the number of atoms per
n

formula unit, and R is the universal gas constant. The third term
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in the equation accounts for the influence of Einstein oscilla-
tors, with A, acting as the prefactor and 6 denoting the Ein-
stein temperature associated with the nth oscillator mode. The
analysis of the fitted C,, data reveals three distinct Einstein
temperatures, 50.83 K (35.27 cm ™), 95.68 K (66.38 cm ™), and
156.47 K (108.56 cm ). These characteristic energies corre-
spond well with the phonon features identified in the disper-
sion curves, namely the flat phonon branches at ~107 and ~56
em ', associated with local vibrations of 4- and 3-fold-
coordinated Cu ions, and the weakly dispersed parabolic
modes near 34 cm ! at the I' point, involving coupled Zr-Cu
motions. The former reflects localized structural disorder of Cu
ions, while the latter corresponds to out-of-phase collective
oscillations of adjacent layers, together accounting for the low-
frequency vibrational modes captured in the heat-capacity fit.
Additionally, the Debye temperature (fp) for Cu,ZrS; was found
to be 285 K. The fitting parameters are given in SI Table S6.
Based on the calculation from phonon DOS, the Cu and, to
some extent, Zr atoms contribute to the low energy optical
phonon modes. The inset of Fig. 9b illustrates the non-Debye
behavior from the Cp/T3 vs. T plot. In Cu,ZrS;, a distinct
boson peak is present at 18 K. The presence of the boson peak at
low temperatures indicates a strong coupling between heat-
carrying acoustic modes and low-energy localized optical
phonons, thereby contributing to a reduction in lattice thermal
conductivity («.) to a value of 0.34 W m™" K" at 673 K.

Determining sound velocity is very important for grasping
the energy dynamics of heat-transmitting acoustic phonon
modes.*" For Cu,ZrS; in the R3 polytype, the experimentally
measured longitudinal (V1) and transverse sound velocities (Vr)
are 3206 m s " and 1769 m s~ ', respectively, resulting in an
average velocity (Vs) of 1971 m s~ (eqn S(1)). The relatively low
sound velocity, in comparison to the Cu,S system,* indicates
weak phonon transport, which significantly contributes to the
inherently low lattice thermal conductivity. In addition, the
Griineisen parameter of 1.660 further reflects anharmonicity
within the lattice, which promotes phonon-phonon scattering
and thus reinforces the suppression of thermal transport.

In order to understand the distinct scattering mechanisms
that influence lattice thermal conductivity (x.), the Debye-
Callaway model was used to interpret our experimental data
(Fig. 9¢). The Debye-Callaway model is given as:**

3 b
KL = 7]{]3 (M) JT —x“e" dx
. 2m? Vs h 0 Tph71 (x)(ex — 1)2

In the above equation kg signifies the Boltzmann constant, 7
ho .

denotes the reduced Planck constant and x = Torisa dimen-
B

sionless frequency variable that simplifies the Debye integra-

tion. The term 1}, represents the phonon relaxation time, which

is linked to phonon scattering. According to Matthiessen's rule,

the scattering rate is mathematically defined as, tpn ' =15 ' +

'+ 1y ', where 13 ' represents boundary scattering

vs . ) , _
(tlf1 = f)’ tp ! signifies point defect scattering (tp " = Aw?),
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—fp
' = Bw?TemT

and 1y ' pertains to Umklapp scattering
Including boundary scattering in the model is essential for
accurately representing thermal conductivity at low tempera-
tures, while other scattering processes are significant at
moderate to high temperatures.***” Here, V, denotes the sound
velocity, 0p represents the Debye temperature, L signifies the
grain size, m is a dimensional constant, and A and B are fitting
parameters, as detailed in Table S7. Fig. 9d depicts the phonon
relaxation times as a function of phonon frequency for the three
main scattering mechanisms in Cu,ZrS;. The trend indicates
that the intrinsic Umklapp scattering has a shorter phonon
relaxation time and it dominates over point defect scattering.
Stacking faults in Cu,ZrS; may also suppress thermal conduc-
tivity by breaking phonon propagation paths. They introduce
local lattice distortions and act as phonon scattering centres for
long wavelengths phonons. This disorder, together with the
intrinsically soft lattice and low-lying phonon modes, enhances
anharmonic interactions and shortens phonon lifetimes,
leading to the observed low «;. However, as no dense and phase-
pure bulk sample of the quenched material was successfully
synthesized, these interpretations remain speculative and lack
direct experimental confirmation.

Conclusion

This comprehensive study demonstrates that two new polytypes
of Cu,ZrS; can be stabilized by carefully tuning the synthesis
conditions. Analyses combining powder and SC XRD/3D ED
diffraction with high-resolution TEM reveal that the structure
cannot be captured by a single crystallographic model. Instead,
the compound exhibits a strong tendency toward polytypism
and stacking faults. In particular, multiple structural variants
coexist, most notably the P31c¢ (ABCB) and R3 (ABC) polytypes,
in addition to the previously reported P31c (AB) form reported
by Li et al. These polytypes share very similar local arrange-
ments but differ in their stacking sequences. Theoretical
modeling also confirms the stability of the two experimentally
observed polytypes and provides insight into their electronic
and vibrational properties. Both exhibit an indirect band gap of
~1 eV, with conduction bands dominated by Zr d orbitals and
valence bands by Cu d orbitals. Despite their close energetic
proximity, subtle differences in the electronic structure and
phonon dispersion between the two stacking variants point to
possible variations in carrier mobility and thermal transport
efficiency. These distinctions highlight the decisive impact of
the stacking sequence on the macroscopic properties of
Cu,ZrS;, even though the local structural motifs remain nearly
identical.

Regarding transport properties, the polycrystalline Cu,ZrS;
(R3 polytype) bulk compound displays an ultralow lattice
thermal conductivity of 0.35 W m™* K ' at 673 K, ranking
among the lowest ever reported for metal sulfides. The threefold
coordination of copper promotes anisotropic vibrations that
couple with low-energy optical phonon modes, thereby driving
the emergence of such exceptionally low thermal conductivity.
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Both DFT calculations and Raman spectroscopy measurements
highlight the crucial role of triangularly coordinated Cu cations
in phonon scattering.

The findings reported here open several promising direc-
tions for future work. First, the pronounced tendency of Cu,ZrS;
toward polytypism and stacking disorder suggest that synthetic
control over stacking sequences could be leveraged as a power-
ful strategy to tune both electrical and thermal transport
properties. Exploring how synthesis parameters (temperature
profiles, cooling rates, or chemical environment) govern the
relative stability and distribution of polytypes could lead to
tailored structures and microstructures with optimized ther-
moelectric properties. Second, the exceptionally low lattice
thermal conductivity identified in the R3 polytype highlights the
potential of Cu,ZrS; as a potential thermoelectric material.
Future studies should investigate carrier doping and defect
engineering to adjust electrical conductivity and the Seebeck
coefficient, thereby unlocking the full potential of this
compound for energy conversion applications. Third, the
similarities with other Cu-rich systems such as tetrahedrite
Cuy,Sb,S;3 and Cu;BiS; confirm that triangularly coordinated
copper environments represent a more general design principle
for achieving ultralow thermal conductivity in sulfides.
Extending this concept to related sulfide compounds or to
mixed-anion frameworks could provide a broader family of low-
thermal-conductivity materials.
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