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ABSTRACT

Comprehending the relationship between crystal structures and transport properties is crucial
for developing materials with improved electrical and thermal properties for thermoelectric
applications. In this article, we report on the complex crystal structure and physical properties
of Cr2SnsS7, an n-type magnetic semiconductor with a low energy band gap and low thermal
conductivity. Importantly, we demonstrate that the high level of structural complexity is
related to the coexistence of two sublattices: a host lattice, [CraSn2S1:]*", characterized by a
mixed Sn*"/Cr** occupancy of its cationic sites, and a guest lattice characterized by [SnaSs]**
chains, containing only Sn?* cations, closely related to those encountered in the orthorhombic
SnS compound. By combining experiments, including X-ray diffraction, with ab initio
calculations of electrons and phonons, we elucidated the origin of the low thermal
conductivity in Cr2SnzS-. We demonstrate that the low dimensionality of the [SnaS3]** chains,
which generates weak Sn---S interactions with the 3D host lattice, is induced by the lone pair
stereochemical activity of Sn?*. This lattice softening favors strong anisotropic vibrations at
low frequencies, highlighting the primordial role played by Sn** cations in both crystal
structure dimensionality and low thermal conductivity in tin-based sulfides.




Introduction

Transition and post-transition metal (M) sulfides form a vast family of materials that
have been extensively investigated for their optical, ionic, electrical, and thermal properties.
These properties are crucial for various applications, including optoelectronic devices (Refs. 1,
2), catalysis and photocatalysis (Refs. 3), magnetism (Ref. 4), and energy-related applications
such as solid-state batteries (Refs. 5—7), magnetocalorics (Ref. 8), solar cells (Refs. 9, 10), and
thermoelectricity (Refs. 11-13). A significant aspect of research on thermoelectrics is
identifying a material that can exhibit both high electrical conductivity and low thermal
conductivity simultaneously (Ref. 14). The antagonist nature of these two properties means they
cannot be easily optimized within the same metal-sulfur (M-S) lattice, leading to a compromise

between the two effects.

This challenge is exemplified by the large family of thermoelectric (TE) mineral
derivative copper sulfides (Ref. 15), such as tetrahedrite (Refs. 16-20), colusite (Refs. 11, 21—
24), stannoidite (Refs. 25, 26), and mohite (Refs. 27, 28), whose electrical conductivity can
generally be enhanced through adequate doping of the Cu—S framework based on the Cu(I)—
Cu(II) mixed valence concept (Ref. 29). In addition to optimizing mineral derivative materials,
the design of synthetic phases is another approach to developing attractive TE materials,
particularly those made from nontoxic, eco-friendly, and earth-abundant elements (Ref. 30).
This is exemplified by the copper-tin-sulfide system (CTS), which includes notable TE
synthetic phases such as CusSnsSis (Refs. 31, 32), CusSn2Ss (Refs. 33, 34), and Cu22SnieSs2

(Refs. 35-37).

While there is ongoing debate about the conditions necessary to achieve low thermal
conductivity without impacting carrier mobility, similar phenomena have been observed in non-
copper-based TE sulfides. Notably, numerous studies on SnS are significant in this context. SnS

exhibits a layered crystal structure with low symmetry and possesses a relatively large band gap
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of 1.05 eV at room temperature (RT) (Ref. 38). Despite the intrinsically low carrier
concentration in wide band gap semiconductors, the high carrier mobility in SnS crystals

mitigates the negative effects on electrical conductivity, allowing it to exhibit a relatively high

anisotropic TE figure of merit, ZT (= S 2T/ pi), where S, p, K, and T represent the Seebeck

coefficient or thermopower, electrical resistivity, total thermal conductivity, and operating
absolute temperature, respectively). This anisotropy in the crystal is primarily observed in the
electrical conductivities, with significantly higher values along the b and ¢ axes (~20 S cm™)
compared to the a axis (~4 S cm™) (Ref. 39). The Seebeck coefficient demonstrates isotropic
behavior, and the ¢ direction exhibits a high power factor (~700 pW m™"-K2 at 823 K) (Ref.
39). Combined with low thermal conductivity (~0.78 W-m™-K™" at 873 K), this results in a
high ZT value close to 1 at 873 K along the ¢ direction in a SnS single crystal (Ref. 39). In
contrast, polycrystalline samples prepared using conventional ceramic methods fail to achieve
such high ZTs, yielding modest power factors (124.8 uW m™'-K2 at 823 K) (Ref. 40) and ZTs

not exceeding 0.21 at 877 K (Refs. 40, 41).

To achieve high TE performance in polycrystalline SnS samples, several innovative
approaches have been employed. For instance, doubling the thermoelectric performance (ZT =
0.41 at 848 K) was accomplished by halving the thermal conductivity (0.29 W-m™-K™! at 848
K) through a chemical precipitation synthesis method (Ref. 42). Additionally,
nonstoichiometric Sn,S samples synthesized via a microwave hydrothermal method exhibit
notably higher ZT values, reaching 0.76 at 523 K (x = 0.13) (Ref. 43). This enhancement is
attributed to the increased power factor (830.6 pW m™'-K™2 at 523 K) without compromising
the total thermal conductivity (0.57 W-m'-K™") (Ref. 43). Another alternative approach to
enhancing the ZT of SnS material involves increasing charge carrier concentration through
doping, such as SniAS (with A = Ag, Na, Tl, Li, and Pb) (Refs. 41, 44-47) and SnS:-Bx
(with B = Br, Cl, and Se) (Refs. 48—51). Among these dopants, Ag and Li (which are p-type
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dopants that increase carrier concentration) have been particularly effective, allowing for ZT
values of 0.66 at 848 K (x =0.02) (Ref. 44) and 1.1 at 877 K (x = 0.005) (Ref. 41), respectively.
A consistent feature across all synthesis approaches is the remarkably low total thermal
conductivity of SnS samples, which does not exceed 1 W-m™-K™, resulting from strong lattice
anharmonicity (Ref. 52). From this discussion, it is evident that extensive research has been
conducted to optimize the TE performance of polycrystalline SnS. However, despite the
considerable number of scientific publications on this promising material, the role of the lone

electron pair of Sn** in optimizing these antagonistic properties is not yet fully understood.

Recently, we proposed a strategy to simultaneously optimize electrical and thermal
conductivities within the same crystal structure of copper-based sulfides. This approach
involves frameworks characterized by the coexistence of two different and independent Cu—S
sublattices: one devoted to high electrical conductivity (the tetrahedral “CuS4” sublattice) and
the other to low thermal conductivity (the threefold “CuSs” sublattice) (Ref. 53). We believe
that this strategy of employing two sublattice systems within the same compound could also be
a promising direction for developing high-performance non-copper-based systems.
Consequently, we have embarked on research into new synthetic Sn**-rich sulfides containing
environmentally friendly elements, with frameworks composed of two different M-S

sublattices.

In this report, we present the sulfide Cr.SnsS-, which, like SnS, exhibits a low lattice
thermal conductivity (kL) of 0.77 W-m™-K™" at 300 K. We highlight that the complex crystal
structure of this sulfide is composed of two sublattices: a tunnel host framework
[(Cr*)a(Sn*")2S11]*, which is filled by guest chains [(Sn**)4S3]**. Remarkably, the geometry of
the guest [(Sn®")4S3]** chains, which is closely related to the SnS structure, plays a key role in
the low kL of this material due to the low vibration frequencies of the Sn** cations. Additionally,

we show that the random cationic distribution within the host framework [(Cr**)s(Sn*")2S11]*
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contributes, albeit to a lesser extent, to the low kL of Cr.SnsS-. However, this distribution also

results in lower electrical conductivity and power factor.

Thus, this study paves the way for the exploration and investigation of transition metal

sulfides with complex structures composed of different and independent sublattices.

Experimental section

Cr2SnsS7 was synthesized using a ceramic method adapted from that reported by Jobic
et al. for preparing the selenide phase Cr2SnsSe- (Ref. 54). Chromium powder (~60 mesh, Fluka
AG, 99.9%), tin powder (~100 mesh, Strem Chemicals, 99.8%), and sulfur pieces (Strem
Chemicals, 99.999%) were mixed in a molar ratio of 2:3:7 to achieve a total mass of 5 g. The
mixture was ground together and then sealed in an evacuated silica tube. It underwent heat
treatment for 4 days at 1098 K with a heating rate of 1 K min™'. The laboratory X-ray powder
diffraction (XRPD) pattern of the as-prepared products revealed minor impurities (Cr.Ss and
Cr2SnS.).

The synthesized powders were densified using spark plasma sintering (SPS, FCT HP D
10) for 60 minutes at 1023 K under a uniaxial pressure of 64 MPa. The heating and cooling
rates were 50 K min™" and 20 K min™', respectively. The final pellet had dimensions of
approximately 8 mm in thickness and 10 mm in diameter, with a density of ~97% of the
theoretical value. Post-sintering, the quantity of impurities was significantly reduced, and no
unusual hazards were noted.

Single crystals suitable for single-crystal X-ray diffraction (SCXRD) were grown under
similar conditions to those used for powder samples, with the exception of an extended dwell
time of 6 days at 1098 K. Several pinacoid-shaped crystals, averaging ~50 % 50 x 10 um?, were
obtained and analyzed. SCXRD was performed at 293 K using a Rigaku XtaLAB Synergy
diffractometer, equipped with a microfocus sealed X-ray tube (Mo—Ka X-ray wavelength, A =

0.71073 A) and an Eiger 1 M hybrid pixel array detector.



Purity and structural characterization of powder samples were conducted using XRPD
in 6—20 Bragg—Brentano geometry with a D8 ADVANCE diffractometer. This setup included
a Cu Ka radiation source, a Ge(111) monochromator, and a silicon strip LynxEye detector.
Additional synchrotron XRPD data were collected on a 2-circle diffractometer in
Debye—Scherrer geometry at the CRISTAL beamline of the SOLEIL synchrotron (Saint-Aubin,
France), with a wavelength A = 0.58143 A. The beamline uses an undulator source
monochromated by a Si(111) double-crystal monochromator. To avoid absorption correction,
the powder sample was mixed with fumed silica in a 50:50 weight ratio and placed in a
borosilicate capillary (@ = 0.5 mm).

Diffraction pattern analysis was performed using Rietveld profile refinement with
FullProf and WinPLOTR software packages (Refs. 55, 56). The diffraction peaks were modeled
with a Thompson—Cox—Hastings pseudo-Voigt profile function (Ref. 57). Structural
parameters, zero-point shift, and asymmetry parameters were systematically refined, and
background contribution was modeled with a Chebyshev polynomial function (Ref. 58). The
March—Dollase model (Ref. 59) was used to quantify and correct the degree of preferred
orientation in the XRPD pattern.

Structural characterization of the powder sample at high temperature was performed
using XRPD in Debye—Scherrer geometry. For this, a quartz capillary with a 0.3 mm diameter,
sealed under vacuum, was used, along with a D8 ADVANCE diffractometer equipped with a
Mo Ko radiation source (selected by a focusing multilayer mirror) and a LynxEye HE detector.
Data were collected in the angular range 4 < 26/° < 35 with a step size of 0.0120° at every 30

K increment from 300 to 810 K.

The low symmetry of Cr2SnsSs, combined with the low resolution and ordinary statistics

associated with laboratory in situ experiments using a Mo source, makes Rietveld refinement



of individual patterns less reliable and precise for the total experiment. To achieve more reliable
results, the data were analyzed using a parametric approach or surface plot within the Topas
academic software (Ref. 60).

In this approach, patterns were considered collectively, and the parameters defining both
the phase and instrumental contributions to the signal were constrained as a function of
temperature. Four typical constraints were applied: (i) The zero-displacement error and atomic
site coordinates were assumed to be common for all patterns (Table S1), meaning they were
independent of temperature. (ii) The unit cell parameters were constrained to an Einstein-like
model.

CIQE

a(T) =ay + ———~——
07 0/T) _

with ag, c1, and Ok as refinable parameters; (iii) the angle f was constrained to follow a
polynomial function of degree 3 with respect to temperature; and (iv) isotropic thermal
parameters (Biso) were restrained to three variable groups (M1 and M2 sites; M3, M4, and M5
sites; S sites) without additional constraints. All other parameters were refined independently.
Note that despite employing this constrained refinement procedure, the accordance of the fitted
curves with the experimental data remains high (Figure S1).

Bulk polycrystalline samples were analyzed by EDX (energy dispersive X-rays)
equipment implemented on a JEOL JSM-7100F scanning electron microscope. These analyses
provide a chemical formula of Cri.98(1)Sn3.301)S7 (Cr: 16.1% % 0.3; Sn: 26.9% £ 0.2; S: 57.0%
+ 0.2) which is in satisfactory agreement with the expected composition (i.e. Cr2Sn3S7), and the
experimental compositions determined by single-crystal diffraction (i.e. Cri.894)Sn3.013)S7) and
synchrotron XRPD (i.e. Cri1.990)Sn2.932)S7). Considering the intrinsic experimental errors,
variability of the different synthesis batches, and for the sake of simplicity, this new ternary

phase will be mentioned in the rest of the article using its nominal composition, i.e. CroSnzS7.
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223 Electron diffraction (ED) studies were conducted on powder samples using a JEOL
JEM 2100 LaB6 microscope operated at 200 kV, equipped with a GATAN ORIUS 200D CCD
camera. A transmission electron microscopy (TEM) specimen was prepared by grinding the
material in an agate mortar with ethanol and then depositing a drop of the resulting suspension
onto a Cu carbon grid. The diffraction patterns were analyzed using TEMpcPlot, a Python code
designed for indexing TEM image sequences.(Ref. 61) Magnetic measurements were
performed on polycrystalline sample after SPS using a SQUID magnetometer (MPMS XL5,
Quantum Design). For dc measurements, the sample was first cooled down in zero field up to
1.8 K, the field was applied at 0.1 T and the measurements taken with increasing the temperature
up to 300 K (ZFC curves). Then the samples were cooled down again at constant field and a
new set of measurements done with increasing the temperature (FC curves). At high
temperature paramagnetic regime, the inverse magnetic susceptibility y was fitted using the

Curie-Weiss law:

1 (T-6y)
(T C

With C the curie constant, T the temperature and 6,, the paramagnetic Curie temperature. The

effective moment of the magnetic atom psf is deduced from the curie constant by the relation:

Merr = V8C pg/at
1198n Mdssbauer spectra of powder sample were measured at 7 = 300, 120, 50, 40, 30,
and 4 K in transmission geometry with a spectrometer operating in the conventional constant-
acceleration mode. Polycrystalline absorber with a natural abundance of ''°Sn isotope and a
real density of ~15 mg cm™ was used. The Ba!'”SnOs source with a nominal strength of 10 mCi
source was kept at room temperature (RT). A palladium foil of 0.5 mm thickness was used as

a critical absorber for tin X-rays. Velocity calibration was done at RT using a 12 um-thick a-



Fe foil. Mossbauer spectra were fitted with a least-squares method program assuming
Lorentzian peaks. ''°Sn isomer shifts (IS) are referred to BaSnOs at RT.

The optical properties of the powder sample were investigated using a PerkinElmer
Lambda-8 UV—vis spectrophotometer with a reflectance spectroscopy accessory to collect
diffuse-reflectance UV—vis spectra. The sample was ground for a few minutes and loaded into
a custom sample holder, and the spectra were collected at an interval of 4 nm at a scan rate of
120 nm min ! with a slit size of 3 nm.

The electrical resistivity (p) and Seebeck coefficient (S) were measured simultaneously
from 3 x 3 x 8 mm? ingots, from 300 to 700 K using an ULVAC-ZEM3 instrument under partial
helium pressure. Laser flash analysis performed by A NETZSCH LFA-457 apparatus was used
for measuring the thermal diffusivity under argon flow from 6 x 6 x 2 mm? pellet. Thermal
conductivity xk (W m K!) was calculated from the product of thermal diffusivity (D), density
(d) and heat capacity (Cp):

3nN kg
M

k=D XC, xd with: C, =
C, has been estimated with the Dulong-Petit approximation (Ref. 62), where » is the number of
atoms in the chemical formula, N, Avogadro number (6.022x10* mol™'), and Boltzmann
constant: kp (1.381x102 kg m? s? K'') and molar weight M (kg mol'). The estimated
measurement uncertainties are 6% for the Seebeck coefficient, 8% for the electrical resistivity,

11% for the thermal conductivity, and 16% for the final figure of merit, ZT. (Ref. 63).

Ab initio calculations were performed for the structure optimization and evaluation of
the physical properties of CroSnzS7. The plane-wave basis projector augmented wave (PAW)
method (Ref. 64) was used as implemented in the Vienna Ab initio Simulation Package (VASP)
(Refs. 65, 66). We employed the generalized gradient approximation (GGA) of PBEsol
proposed by Perdew et al. (Ref. 67) for the exchange—correlation functional, after finding better

reproducibility of structures compared with the PBE functional (Ref. 68). The Hubbard model
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for the GGA + U scheme was also employed to consider localization of 3d orbitals of Cr, with
a U value of 3.5 eV (Ref. 69). A plane-wave energy cutoff was set to 380 eV. The first Brillouin
zone was sampled with Monkhorst—Pack k-point grids of 3 x 7 x 3 for the ordered models and
3 x 3 x 3 for the semiordered model, respectively (see below for the details of the models). The
criteria of total energy convergence and residual forces acting on atoms were set to 1.0 x 1076
eV/cell and 8.0 x 10 eV/A, respectively. The PAW pseudopotentials for Cr, Sn, and S used in
this study contain the valence electrons of 3p® 3d° 4s!, 4d'° 552 5p?, and 3s? 3p*, respectively,
with the rest core electrons frozen. High-spin states of cations were assumed in the beginning
of all of the electronic structure calculations after finding from preliminary calculations with
various initial spin states that Cr*" and Sn**/Sn*" ions arrive at high-spin and low-spin states,
respectively, independent of the initial spin state.

We considered four structure models of CroSn3S; with the ordered and semiordered
cationic arrangements. For the three ordered models, we assumed that two of the three cation
sites (M3, M4, and M5) were occupied by Cr atoms, and the other sites, including M1 and M2
sites, were occupied by Sn atoms (see the section of crystal structure analyses for the details of
cationic sites and models in Supporting Information). For the semiordered model, we created a
1 x 3 x 1 supercell to represent partial occupancies of the cations. The partial occupancies of
Sn (Cr) were approximated to 1.0 (0.0) for M1 and M2 sites and 1/3 (2/3) for M3, M4, and M5
sites, to maintain the nominal composition in each supercell. For the random distributions of
the cations at M3, M4, and M5 sites in the semiordered model, special quasi-random structures
(SQSs) (Ref. 70) were used as the best representation of the completely random structure within
a given model sizes in general were generated using the corrdump and mesqs codes (Ref. 71).
The lattice parameters of the optimized structure are a=11.157 A, b=3.6569 A, c=12.125 A,

and =105.46° for the semiordered model, consistent with experimental results.
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The electronic band structures of a semiordered and three ordered Cr2Sn3S7 models were
calculated using the reciprocal path generated by the method reported by Hinuma et al. (Ref.
72). The electronic density of states (DOS) was calculated using finer I'-centered k-point grids
of 7x15x77 \times 15 \times 77x15x7 for the ordered model and 7x7x77 \times 7 \times
77x7x7 for the semiordered model, respectively. The phonon DOS and band structures of the
ordered and semiordered Cr2Sn3Sswere calculated using the Phonopy code (Refs. 73-75).
Atomic displacements of 0.01 A were given to each symmetrically nonequivalent atom to
calculate the forces acting on atoms and derive the second-order force constant tensors of
second rank. For the ordered models, unit cells were repeated three times along the b axis to
construct supercells to minimize the self-interactions between the displaced atoms beyond the
periodic boundaries. Nonanalytical term correction (Ref. 76) was applied to all the models, with
Born effective charges and dielectric constants calculated by density functional perturbation
theory (Refs. 77, 78) implemented in the VASP code. Pairwise scalarized interatomic force
constants were calculated according to the preceding study (Ref. 79). Thermal displacement
ellipsoids were calculated within the harmonic approximation from 0 to 2000 K in order to
comprehend anisotropic atomic vibrations, especially of the cations. Mode Griineisen
parameters were calculated within the quasi-harmonic approximation using the volumes under

pressures of +1 GPa.

Results

Crystal structure analyses

Laboratory X-ray powder diffraction (XRPD) analysis reveals that the Cr.Sn3S; powder
sample prepared by sealed tube synthesis is mainly constituted of a phase crystallizing in a
monoclinic space group P2, /m with unit cell parameters a = 11.268(1) A, b =3.648(1) A, c =

12.209(1) A, and B = 105.42(1)° (Figure S1). The electron diffraction from transmission
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electron microscopy study also revealed the monoclinic phase of CrSn3S; with a lattice
parameter of a=11.5A, b=3.7 A, c=12.5 A and = 105°, Figure S2). This is in line with a
previous report by Corps (Ref. 80) and crystal data on related InoSn3S7 and CrSn3Se; phases
(Refs. 54, 81, 82). Considering the smaller ionic radius of chromium compared to indium on
one hand, and the smaller ionic radius of sulfur compared to selenium on the other hand, it is
reasonable to conclude that the primary phase identified by XRPD and TEM corresponds to the
sulfide Cr2Sn3S7. This phase likely crystallizes either in the semi-ordered Cr2SnzSes-type
structure or in the supposed ordered In2Sn3Ss-type structure.(Ref 81,82)This assumption is
supported by the chemical formula of Cri.98(1)Sn3 30(1)S7 determined by EDX analyses. However,
attempts to confirm, from Rietveld refinement, the structural model of CrSn3S; was
unsuccessful, mainly due to large uncertainties due to a very strong preferential orientation of
the crystallites along the [100] direction (Figure S1). This preferential orientation is confirmed
by transmission electron microscopy showing that the main phase is composed of grains with
a platelet crystal habit (Figure S2) similar to the one reported for [noSn3S7. (Ref 81) In addition
to the diffraction peaks arising from the monoclinic phase, few spurious low-intensity peaks
ascribed to the CroSnS4 (Ref 83,84) and Cr2S; (Ref 85) phases are also detected on the XRPD
pattern. Note that XRPD analysis of the sample after SPS shows that the Cr,S; phase is no
longer present while traces of CroSnSy4 are still present (Figure S3), indicates that SPS improves
the sample purity.

In order to confirm the structural model of the main phase, a platelet shape single-crystal has
been extracted from the powder sample and analyzed by X-ray diffraction. The results confirm
the monoclinic lattice (a = 11.273(4) A, b =13.643(2) A, ¢ =12.220(5) A and = 105.358(10)°,
Table S1) with space group P21/m, the chemical composition of Cr2Sn3S7 and the similarity of
the crystal structure with that of CroSn3Se; (Table S2 and S3 ). Indeed, in Cr2Sn3S5, sulfur and

metallic atoms are located on seven and five different 2e sites (x, %, z). As reported for
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Cr2Sn3Ser (Ref 54) the agreement factor for single-crystal X-ray diffraction (SCXRD) is
significantly improved when there is a mixed occupancy of Cr and Sn atoms in the octahedral
coordinated sites (i.e., M3, M4, and M5), while M1 and M2 sites are occupied solely by Sn
atoms. Moreover, the Fourier difference map also indicates a weak electron deficiency on the
M2 site and possibly on the M1 site, which is eventually attributed to vacancies after
considering crystal chemistry aspects (i.e., site symmetry and coordination of cations).
Refinement of the site occupation factors reveals that, in CroSn3S7, the M1 and M2 sites are
almost entirely occupied by Sn, whereas the M3, M4, and M5 sites are occupied approximately
two-thirds by Cr and one-third by Sn (Table S3). This leads to the refined chemical composition
Cr1.894)Sn3.013)S7, in good agreement with the nominal composition.

In order to obtain a representative analysis of the entire sample, high-resolution
synchrotron X-rays powder diffraction was performed at the CRISTAL beamline at
Synchrotron SOLEIL in Debye-Scherrer configuration. The data collected in Debye-Scherrer
geometry do not exhibit any sign of preferential orientation and have been analyzed by Rietveld
refinement (Figure 1 and Figure S5). These data confirm the structural model of Cr2Sns3S7
(Table 1) determined from single-crystal XRD, the presence of traces of Cr,SnS4, and a refined
chemical composition of Criog2)Sn2.932)S7 in excellent agreement with the nominal

composition.
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Figure 1: Rietveld refinement of the high-resolution synchrotron XRPD pattern recorded at
RT (4 =0.58143 A) on the Cr2Sn3S7 sealed tube synthesis sample.

Table 1: Crystallographic data of Cr2Sn3S7 from the Rietveld refinement of the synchrotron X-
ray powder diffraction data recorded at RT.

P2,/m,a=11.2690(1) A, b=3.6466(1) A, c = 12.2020(1) A, = 105.412(1)°

Label Element  Site X y z SOF Uisz%;q”“’
s1 S 2¢  0.9009(3) ¥  0.8906(3) 1.00 0.0122(20)
2 S 2¢  03958(3) Y% 0.1835(3) 1.00 0.0104(19)
3 S 2  06108(3) ¥ 0.5842(3) 1.00 0.0120(20)
sS4 S 2e  0.3499(3) Y 0.6720(3) 1.00 0.017(2)
S5 S 2¢  062712) %  0.0627(3) 1.00 0.0138(19)
S6 S 2¢  0.9080(3) ¥  0.2583(3) 1.00 0.015(2)
s7 S 2¢  08872(3) % 0.5276(3) 1.00 0.0097(19)
M1 sn 2¢  0.16316(9) Y 0.28299(10)  0.981(3) 0.0239(7)
M2 sn 2e  0.15667(10) Y 0.95893(11)  0.935(1) 0.0364(9)

M3 Sn/Cr 2 0.11310(11) % 0.61140(12) 0.37(1)/0.63(1) 0.0066(9)
M4 Sn/Cr 2¢e  0.48565(12) Y% 0.87343(13) 0.29(1)/0.70(1) 0.0080(8)
M5 Sn/Cr 2¢  052536(12) Y% 0.38090(12) 0.35(1)/0.65(1) 0.0075(8)

The crystal structure of Cr2Sn3S7, shown in Figure 2, can be described as a tunnel

structure whose [CrsSn2S11]* host framework forms four-sided tunnels running along the b-

15



axis, where guest [SnsS3]** chains are located. The host framework [CraSn2S11]* is built up of
edge and corner-sharing CrSe and SnSe octahedra, where Cr*" and Sn*" cations are randomly
distributed (M3, M4 and MS5 sites, in blue in Figure 2). The octahedral host framework
[CrsSn2S11]* is composed of Cdl-type puckered layers (M4, MS sites), similar to those
observed in misfit sulfides. However, two successive layers along the c-axis are linked one to
another through two-octahedra-thick [010] rock salt ribbons of edge-sharing octahedra (M3
site) by sharing the apices of their octahedra, leading to tunnels oriented along the b-axis. The
guest [SnsS3]** chains hosted in the tunnels are formed by units of Sn*" cations (M1, M2 site,
in grey in Figure 2a-b) linked to three S*" anions (M1-S1, M1-S6 and M2-S1), showing strong
similarity with a-SnS (herzenbergite, GeS structure type (Ref 86)). The environment of these
cations, completed by the lone pair electrons (L) of Sn**, can be viewed as pseudo-tetrahedral
SnSsL and is responsible for ef the weak bonding of the guest [SnsS;]*" chains to the

[CraSnzS11]*- host framework (see below).

Note that the crystal structure of CrSn3S7 is isotypic to the monoclinic form of
Cr2SnzSe7, (Ref 54) but shows also some similarities with the orthorhombic form. (Ref 87) The
latter also exhibits a tunnel structure but with a different host framework composed of six edge-
sharing octahedra ribbons alternatively stacked within two different orientations, and with guest
unit composed of ribbons of Sn atoms linked to three S atoms located in the tunnels (Figure

S6), equivalent to those encountered in Cr2Sn3S».

All cationic sites forming the [CrsSn2S11]* host framework (M3, M4 and M5) exhibit a slightly
distorted octahedral coordination characterized by average M-S distances of 2.496 A, 2.470 A
and 2.480 A, respectively (Table S6). Note that the slightly longer M-S4 distances, compared
to the other ones constituting MSe octahedra, is related to the four-fold coordination of S4 atoms
(S2, S3, S5, S6, and S7 atoms having a three-fold coordination) since this sulfur atom is shared

between one octahedral slab and one octahedral ribbon. Bond valence sum (BVS) calculation®?
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(Table S6) shows that all octahedral sites exhibit the valences Sn*" and Cr*" exclusively, as
shown for example for the M3 site (Table S4), whose the expected BVS value are close to the
experimental one of 3.23 (1.689 + 1.540), while the expected value with Sn>" is 2.63 and the
experimental one is 3.37 (= 1.831 + 1.540). Hence, BVS calculation allows to exclude the
presence of Sn?" in the octahedral sites (i.e. M3, M4 and M5). Thus, based on these crystal
chemistry investigations, octahedral MSg sites (i.e. M3, M4 and M5) are statistically occupied
by both Cr*" and Sn*" cations, while the two other sites (i.e. M1 and M2) are fully (or almost
fully) occupied by Sn** cations. This leads to a formal oxidation states formula, of

(Cr3%)1.08(2)(SM**)1.92(2) (S1*)1.01(2)(§%7)7 in excellent agreement with the expected one,

(CT37)2(Sn*1),(Sn*)1(S%7).

The guest ribbons are composed of cationic sites M1 and M2, almost fully occupied by Sn**,
according to the formulation [SnsS3]*". BVS calculation (Ref 88) (Table S6) clearly shows the
presence of Sn?*exclusively for both sites. If all interacting Sulphur atoms are taken into
account, Sn** cations are located in strongly distorted bi-capped trigonal prismatic
environments (CN = 8). This local structure has already been observed in the SnS—SnS:—In=Ss
system (Refs. 80—82, 89-90), where the two valences, Sn**/Sn**, can also coexist, as seen, for
instance, in In2SnsS; (Refs. 81, 82) and InsSnsSis (Ref. 89). The polyhedra around Sn** are
composed of two sets of Sn—S distances: three relatively short distances (M1: 2 Sn1-S1 and 1
Sn1-S6, and M2: 3 Sn2—S1) ranging from 2.742 to 2.810 A (similar to the herzenbergite, Ref.
86) and five much longer distances (M1: 1 Sn1-S2, 2 Sn1-S3, and 2 Sn1-S7, and M2: 1
Sn2-S2, 2 Sn2-S5, and 2 Sn2-S6) ranging from 3.110 to 3.293 A (Table S6). Importantly,
from a vibrational perspective in these chains, the long-distance interactions are of secondary
importance compared to the three shorter Sn—S bonds. In this context, the coordination shell of
Sn** is better described as a SnS;sL tetrahedron with the 5s? lone electron pair (L) of Sn** (Figure

2).
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Consequently, the guest ribbons [SnaS;]** can be described as chains of corner-sharing SnSsL
tetrahedrons running along b. The nature of the chemical bonding within these chains and
between the chains and the host framework [CraSn2S11]* is expected to play a crucial role in
the thermal conductivity of this sulfide. It is worth underlining that the [Sn4S3]*'chains are
anchored to the walls of the tunnels through the S6 atom, but that their S1, Snl (M1), Sn2 (M2)
atoms can vibrate rather freely due to the fact that they exhibit much weaker Sn---S interactions
with the host framework. This is attested by the significantly longer Sn---S distances (ranging
from 3.11 to 3.29 A) between the chains and the host lattice, compared to the strong iono-
covalent Sn-S bonds within the chains (2.74 to 2.81 A). As discussed further, this point suggests
a significant anisotropy of the thermal conductivity which is expected to be higher along b due
to the stronger Sn-S bonds than in the perpendicular directions where the Sn---S interactions

are much weaker.

a)

Figure 2 : Projections of the crystal structure of Cr2Sn3S7 along the b axis highlighting: (a) the
three-fold sulfur coordination of M1 and M2 sites occupied only by Sn*' cations and
completed by its lone pair (L) electrons, and the octahedral M3, M4 and MS5 sites occupied by
Cr’* and Sn*" cations in an almost 2/1 ratio; (b) the host edge and corner-sharing octahedron

]2+ -

[CraSnzS11]* framework (blue colored) and its guest [SnaS3]** “ribbons (grey colored).
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High temperature PXRD

To evaluate the structural stability and estimate the thermal expansion for the typical
temperature range of thermoelectric (TE) generators based on sulfide materials, a Cr2SnsS;
sample was investigated by in situ X-ray powder diffraction (XRPD) at high temperatures. The
XRPD patterns collected during warming to 800 K and subsequent cooling are shown in Figure
3. These data suggest that, under vacuum, the Cr.SnsS- phase demonstrates excellent stability
and reversibility. This is evidenced by (i) the sample remaining in a single phase throughout
the experiment (Figure S1) and (ii) the diffraction patterns recorded at room temperature before
and after high-temperature exposure being very similar. Therefore, any variation in peak

positions can be attributed solely to thermal expansion and contraction.
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Figure 3: PXRD data of Cr2Sn3S7 in sealed capillary as a function of the temperature (4 =
0.71073 A)

The thermal evolution of the unit cell volume and isotropic thermal parameters is
depicted in Figures 4a and 4c, respectively. These results confirm that Cr.SnsS- exhibits good
thermal stability under vacuum, up to at least 800 K, and shows excellent reversibility upon

warming and cooling.
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In the context of thermoelectricity, considering the mechanical compatibility of different
components of the device is crucial. Hence, the volumetric thermal expansion coefficient was
calculated using high-temperature diffraction data, assuming isotropic orientation of the
crystallites. Using this approximation, a pseudo-cubic unit cell parameter a. was derived from
the actual volume data, and consequently, a linear thermal expansion coefficient o(T) (Ref. 91)

as

da(T) 1

T ah)

a(T) =

Both volumetric (B(T), Figure 4(b)) and linear (a(T), Figure 4(c)) thermal expansion
coefficients of CroSn3S7 follow the same trend. These coefficients increase up to ~ 450 K,
reaching a value of ~40.0 x 10 K" and 13.5 x 10° K, respectively, and then remain relatively
constant up to 800 K, reaching an average value between 450 K and 800 K of 44 x 10° K™! and
14.7 x 10° K, respectively. The linear thermal expansion coefficient of CrSnsS;7 is
comparable to other sulfide materials such as Cr2S; (a(660K) = 12.3 x 10° K! (Ref 92)),
Cua6NbaGesS3o (a553% ~ 16.9 x 10 K (Ref 93)), CuzsV2GesSsa (a9 = 17.6 x 10 K!
(Ref 94)), but much lower than the one of SnS (a358K =37.67 x 10 K™! (Ref 95)) which, unlike
Cr2Sn3S7, has a 2D structure.

Finally, these high temperature XRPD data reveal that isotropic thermal parameters (Bis) and
their thermal evolution are highly dependent on site coordination (Figure 4(d)). Indeed,
metallic sites in an octahedral environment (i.e. M3, M4 and M5) exhibit a B;s, value and a
thermal dependence equivalent to anionic sites (i.e. S1 to S7). Conversely, Sn*" sites in three-
fold coordination (i.e. M1 and M2) are characterized by a twice higher B, value at RT and
~2.5 times higher at 800 K. These results support the crystal chemistry investigations showing

weak interactions between the guest [SnsS3]°" chains and the [CrsSn»S11]* host framework.
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Figure 4: Temperature dependence of (a) unit cell volume, (b) volumetric thermal expansion
coefficient S(T), (c) linear thermal expansion coefficient a(T), and (d) refined isotropic

thermal parameters (Biso) 0f Cr2SnsS7 during warming (red curves) and cooling (blue curves).

1Sn Mossbauer spectroscopy

As aforementioned, the formal oxidation states in CrSn3S; are expected to be
(Cr3%),(Sn?7),(Sn*"),(5%7),. In order to confirm the mixed oxidation state of tin in this
compound, ''?Sn Mdssbauer spectroscopy was performed. The Mdssbauer spectrum recorded
at 300 K evidences two absorption peaks: one with isomer shift §=3.72 mm s!, and the other
one with 6= 1.25 mm s™! (Figure 5 and Table 2). Based on typical ¢ values of tin cations in a
sulfide environment®>**? these peaks can be ascribed to Sn*" and Sn**, respectively.
Moreover, !'?Sn Méssbauer spectroscopy is a quantitative technique allowing the estimation of
Sn**/Sn*" ratio by measuring the area fraction of the corresponding absorption peaks. However,

Lamb-Md@ssbauer factors are needed to convert relative spectral areas of the two components
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of the 1°Sn Mdossbauer spectrum into tin abundances.”> At RT, these factors have largely
different values for Sn?* and Sn*,*°3 explaining the higher intensity of the Sn** absorption peak
at such temperature (Figure 5 and Table 2), opposite to the expected Sn**/Sn*" ratio in
Cr2Sn3S7. In order to estimate this ratio, it is crucial to conduct the measurement at a sufficiently
low temperature to limit the difference in the absorption statistics between Sn>" and Sn** (i.e.
near the helium liquid temperature). Unfortunately, in the present case, !'’Sn Méossbauer
spectrum recorded at 4.2 K evidences a broad signal compared to that observed at 300 K
(Figure S7), suggesting a magnetic ordering of CrSn3S7 at low temperature. Note that the
magnetic order of Cr2Sn3S7 was confirmed by magnetic measurements (see below) and seems
to occur between 40 K and 30 K (Figure S7). This magnetic ordering avoids an unambiguous
interpretation of Mossbauer spectrum at helium liquid temperature, and consequently an
accurate estimation of the Sn?*/Sn*" ratio. However, !'?Sn Mdssbauer spectra recorded at
several temperatures in the paramagnetic state clearly show that the signal related to Sn**
dominates below 50 K and continues to increase at lower temperatures (Figure 5 and Table 2).
Hence, considering (i) the area fraction of the two components of the 11°Sn Mdssbauer spectrum
recorded at 40 K (i.e. 57% for Sn?* and 43% for Sn**, Table 2), a temperature still far from 4.2
K, and (ii) the presence of CroSnS4 impurity in the sample (revealed by XRPD and confirmed
by magnetic measurement, see below) that contains exclusively Sn in its +11 oxidation state, it
is reasonable to consider that the expected Sn?*/Sn*" ratio of 2 in Cr.Sn3S7 is correct. This
assumption is in fair agreement with area fractions of 40% and 47% assigned to Sn?* signal
from 119Sn Mosshauer spectrum of In,SnsS7 samples recorded at 80 K. (Ref 82) Moreover,
refinement of ''”Sn Mossbauer spectra of Cr2Sn3S7 recorded at several temperatures in the
paramagnetic state (Figure 5 and Table 2) reveals that (i) the Sn** component is in fact a
doublet with a typical linewidth and a value of quadrupole splitting (QS) of ~ 0.53 mm/s, and

(i) the Sn*" component exhibits a QS value close to zero and a linewidth slightly higher than
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the typical one. This suggests that Sn** cations are located in sites of higher symmetry than that
of Sn?* cations. Hence, these results support the occupation of the strongly distorted M1 and
M2 sites by the Sn** cations (i.e. trigonal pyramidal coordination plus five more distant sulfur
atoms interacting), allowing a better accommodation of its 5s> electrons, (Ref 90) the Sn*"
cations being mainly localized on the octahedral M3, M4 and MS5 sites. Similar results and
conclusions are reported by Adenis et al. (Ref 82) on In2Sn3S7 indicating negligible influence
of mixed cationic occupancy Cr**/Sn*" on the local environment of the octahedral M3, M4, and
M35 sites or a mixed occupancy also for In2Sn3S7. Note that the none-zero QS value refined at
40 K for Sn*" (Table 2) probably reflects the local magnetic interactions occurring just below
the magnetic ordering temperature instead of a symmetry site modification. Finally, according
to Lippens, (Ref 96) the isomeric shift (IS) value of ~3.77 mm/s determined for Sn in its +II
oxidation state in Cr,Sn3S7, suggests that, in this compound, this cation exhibits a valence

electron density at the nucleus slightly higher at 80%. Consequently, the non-bonding doublet

of 55 electrons associated to Sn** is probably hardly delocalized from the nucleus.

Table 3: ''°Sn hyperfine parameters of Cr2Sn3S7: isomer shifts (IS), quadrupole splittings (QS),
FWHM (I') and relative areas fraction (A) for the two sites of the Mdssbauer spectra recorded

in its paramagnetic state.

. —
Temperature (K) Sites IS (mm/s) QS (mm/s) I (mm/s) Area fraction (%)

+ 0.01 + 0.01 +0.01 +3

300 Sn** 1.25 0.00 1.06 76
Sn?* 3.72 0.52 0.84 24

120 Sn** 1.26 0.00 1.01 55
Sn?* 3.75 0.52 0.80 45

50 Sn** 1.27 0.00 1.03 46
Sn?* 3.77 0.54 0.84 54

40 Sn** 1.28 0.40 1.07 43
Sn** 3.77 0.53 0.93 57
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Figure 5: ''Sn Mossbauer spectra (black crosses) and corresponding fits (red lines) of the

Cr2Sn3S7 sample measured at 7= 300 K, 120 K, 50 K and 40 K.

Magnetic properties

Field-cooled magnetic susceptibility (y) of CrSn3S7 is presented in the left part of Figure 6.
This curve reveals at least two magnetic transitions, one at 113(2) K and the second around
36(2) K. The first magnetic transition can be assigned to the ferromagnetic ordering of the
Cr2SnS4 impurity detected by XRPD (Figure S2 and Figure S8) and the second one to the
magnetic ordering of the CroSn3S7 compound itself. These interpretations are supported by the
119Sn Méssbauer analyses revealing a clear magnetic ordering only between 40 K and 30 K
(Figure S7). Unfortunately, the presence of a ferromagnetic impurity in the sample prevents a
deeper interpretation of the magnetic order of CroSn3S7.

The right part of the Figure 6 shows the temperature dependence of the inverse magnetic

susceptibility (1/y), fitted with the Curie-Weiss law from 150 to 300 K. This fit leads to a
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paramagnetic Curie temperature 6, of -7.1(3) K, indicating a weak predominance of
antiferromagnetic interactions, and an effective magnetic moment u.;per chromium of 4.03 u3.
This latter value is in good agreement with the spin-only magnetic moment value of Cr** ion

(i.e. 3.87 up(Ref 100)) confirming the expected formal oxidation state of chromium in Cr2SnzS.
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Figure 6: a) Temperature dependence of the magnetic susceptibility (y) for Cr.SnzS;
recorded in field cooled (FC) mode from 300 K down to 2 K under an applied magnetic field
of 0.1 T and b) inverse (1/y) corrected for diamagnetism and fitted from 150 to 300 K with

the Curie-Weiss law.

Optical properties
The optical properties of Cr2Sn3S7 have been investigated by UV—Vis spectroscopy in diffuse
reflectance geometry at RT. It was converted into absorption spectrum using the Kubelka-Munk

function F(R), as shown in Figure S9:

FR) = a (1-R)?
K 2R
where R is the fractional reflectance, a is the absorption coefficient, K is the scattering
coefficient and F(R) the Kubelka-Munk function (Km). Using the optical absorption coefficient,
the optical band gap of Cr2Sn3S7 was determined using Tauc's law. The method is based on the

approximation near the absorption edge that (F(R) - E)" = A(E — E;) where Ej is the optical
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band gap and n a constant characterizes the transition process, (n =2 or 'z for dipole-allowed
transitions occurring at a direct or indirect band gap). Theoretical calculations (see below) show
an indirect band gap for the Cr2Sn3S7 (n = '%2). The fits of the Tauc plot are shown in Figure S9.
The curve has a good straight line fit over a higher energy range above the absorption edge,
indicative of an indirect optical transition near the absorption edge. The linear fit leads to an
extremely narrow band gap of ~0.16 eV. Such value is significantly lower with respect to the
binary compounds SnS (1.34 eV (Ref 101)) and Cr2S; (0.45 eV (Ref 102)). This difference
could be ascribed to the important cations mixing (Sn** vs Sn**/Cr**) or by a confinement effect

of the CdI layer as suggested by a similar band gap found for a Cr.S3; multilayers. (Ref 103)

Transport properties and further analyses by ab initio calculations

The optimized structures of the three ordered models and the semi-ordered model (See
experimental section and Figure S10) are slightly distorted due to non-uniform arrangements
of Sn and Cr at M3, M4 and MS sites. The internal energies of the three ordered models are
lower than that of the semiordered model by 10.7, 7.9, and 11.8 meV/atom, with their variations
being as small as the thermal energy of an atom at 27 K. A slightly higher internal energy of
the semiordered model would be readily overcome by the entropy term at finite temperature,
supporting the stability of the partial occupancy of the cations at those sites at finite temperature
from a thermodynamic viewpoint. Effective charges of Sn atoms in the ordered (semiordered)
structure, calculated using Bader population analysis (Ref 104), confirm the mixed valence of

Sn?* and Sn*" in this compound.

Figure 7 shows the electron localization function (ELF), which can intuitively display lone
electron pairs(Ref 105), for an ordered model in comparison with SnS. Due to interaction with

the surrounding 8 S atoms, the lone electron pair of Sn** in the Cr-SnsS7 model is less directional

26



compared to the lone pair in SnS and remains close to the nucleus, as shown by Mdssbauer

spectroscopy.

Figure 8 shows the calculated electronic band structure and DOS curves near the Fermi level
of the semiordered and ordered models. Orbitals of Cr, Sn, and S contribute to forming the
bottom of conduction bands and the top of valence bands. Indirect band gaps are small or almost
closed, in agreement with the experiment (see optical properties). On the other hand, direct
band gaps in the ordered models are substantial in any model. This suggests that electrons
cannot be excited alone, at least locally, without interaction with phonons, for example, and
thus, a doping strategy for better electronic conduction needs to be carefully considered,

although it is beyond the scope of this study.

The temperature dependence of the electrical resistivity (p) is shown in Figure S11. In
agreement with optical properties and band structure calculations, the p(T) curve follows a
nondegenerate semiconducting behavior with values decreasing from 0.025 Q-m at 325 K to
0.004 Q-m at 673 K. The high electrical resistivity in our sample is consistent with its relatively
high Seebeck coefficient (S) of around —350 pV-K™' at RT (Figure S11). The carrier
concentration measured at RT is equal to 3.75 x 10" cm™, which is consistent with the p and S
values. The calculated carrier mobility at RT is equal to 0.6 cm?-V~'s'. Such a low value is
mainly explained by the disorder (point defects) due to the mixed cationic occupancy in the

[CraSn2S1:]* host framework
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Figure 8: Electronic band structures and density of states (DOSes) of (a) semi-order model and

(b) one ordered model. Two other ordered models are in Figure S12.

Thermal properties

Cr2SnsS7 exhibits a low lattice thermal conductivity (kx = kL due to the negligible electronic
contribution) of 0.77 W-m™*-K™ at 325 K, which slightly decreases as the temperature
increases, reaching 0.69 W-m™-K™ at 673 K (Figure 9). The same magnitude of kL is reported

in SnS, which shares common structural features with Cr.SnsS~. Note that there is a correlation
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between the crystal structures (i.e., Sn. environment and oxidation state) and . in Sn-rich

sulfides is discussed in the last paragraph of this section.
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Figure 9: Lattice thermal conductivity from 300 to 700K in Sn-rich sulfides. The full lines
correspond to compounds with only Sn?*, dotted lines to compounds with Sn** and Sn**, and

dashed lines to compounds constituted of only Sn*'.

We have carried out heat capacity, Cp, (2-280 K) measurements to understand the
ultralow . in Cr2SnsSy (Figure S13a). We observed that the plot of Co/T vs. T2 can be well
fitted by a combination of the Debye and Einstein models rather than the Debye model alone in
the temperature range of 2-50 K (Figure S13b) and the combined Debye-Einstein model can

be expressed as: (Ref 106, 107)

a

=y +BT*+ Z A (85,)" (T7)73/2 e%en/T
T 4 n\YEn/) - .(eeEn/T _ 1)2
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Where y is define as Sommerfeld coefficient (represent the electronic contribution), 3 depicts
the lattice contribution. The third term in the equation is Einstein oscillators corresponding to
the localized lattice vibrations (Ax is the prefactor and 6 is the Einstein temperature of the n®
Einstein oscillator mode). We have observed a good fit using this Debye-Einstein model with
three Einstein mode of 8z, = 14 K (10 cm™), 8g,= 50 K (35 cm™) and, 6g,= 115 K (80 cm™)
(Figure S13b). These low energy Einstein modes can be attributed to the localized vibration of
Sn (M1, M2) atoms (Figure 10). These low energy optical phonon modes strongly interact with
the heat carrying acoustic phonon modes which inhibits the phonon propagation through the

lattice resulting in very low xr in Cr2Sn3Ss.

To further shed light on the origin of low xL in Cr2Sn3S7, we have performed DFT
calculations of phonon band structures and element-deconvoluted DOSes of the semi-ordered
and ordered models, as shown in Figure 10. For Sn, DOSes are further decomposed to the one
for M1 and M2 sites (i.e. Sn*") and the one for the three other cationic sites (i.e. Sn*", M3, M4
and M5). It was found that Sn cations vibrate at low frequency region while S and Cr ions
vibrate at intermediate and high frequency regions, reflecting their atomic masses (52.0 g/mol
for Cr, 118.7 g/mol for Sn, and 32.1 g/mol for S). Among Sn cations, the ones at M1 and M2
sites (i.e. Sn*") with lone pairs of electrons mainly contribute to lower frequency bands
including acoustic modes. On the other hand, Sn*" cations at M3, M4 and M5 sites are more
coupled with Cr** and S* up to 6 THz. The overlap of partial DOSs of Cr and S, especially at
high frequencies, implies coupled vibrations between them. Overall, the dispersion of bands is
rather flat, corresponding to small group velocities. Figure 11a shows probable atomic
displacements calculated for the semiordered model within the harmonic approximation.
Unsurprisingly, Sn** cations at M1 and M2 sites exhibit a rather ellipsoidal shape of atomic
vibrations, deviating more from a perfect sphere than ions at other sites. Thermal displacements

of Sn** and Cr** at other sites (M3, M4, and M5), along with those of S*, are also ellipsoidal
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but to a much lesser extent. These disoriented atomic vibrations deteriorate the coupled

vibrations of atoms.

The large calculated atomic displacements of Sn** in M1 and M2 sites align well with
the large anisotropic atomic displacement parameters (ADP) determined from SCXRD (Figure
11b). As shown in Table S4, the ADP values at M1 and M2 sites are significantly larger
compared to those at M3, M4, and MS5 sites. Note also that the shapes of the ellipsoids and the
magnitudes of vibration are in excellent agreement with both experimental and theoretical data
(Figure 11). These results confirm that the unique atomic arrangement and weak chemical
bonding of the guest [ SnaS;]** chains to the [CraSn2S11]*~ host framework provide a permissive
environment for strong oscillations of Sn?* cations. Such rattling behavior associated to lattice

anharmonicity induced by the lone pair of Sn?* results in ultralow thermal conductivity in

Cr2SnsSy.
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Figure 10: Phonon band structures and density of states (DOSes) of (a) semi-orderer model and
(b,c,d) three ordered models. Partial DOS of Sn at M1 and M2 sites (in orange) are separated
from that at M3, M4 and M5 sites (in green).

31



a)

O K oA -
[ ;e—~ % ‘{,‘? — "é’_p-fﬁ‘
y‘» = é'- 2 \ = S 5o\ \
¢ (8, ) O~ \ \
\ & - Y

Q 0,:‘ % Qy‘:f Db e 1 a:}? \ & :“f‘: \> DA :‘:\,‘\.‘
a y \ Q' \ " Z \ | N \o) Sn
. POUEN - Y\ |o
o\ PP sl L.\ g |0

A% AV Ja

- /17—

Figure 11: (a) Thermal displacement ellipsoids of ions at 1000 K in the semi-ordered model,
and (b) anisotropic atomic displacement parameters determined through single crystal X-ray
diffraction. To facilitate comparison, the experimental results are presented for 3 unit cells

along the b-axis. The ellipsoids are depicted at the 50% probability level.

To better understand how the phonons determine thermal conductivity, Cv? of the semi-
ordered and ordered models were calculated as a function of frequency, w (Figure S15). Lattice

thermal conductivity & can be calculated according to the equation:

K= f Cy(w)vé (w)T(w)
where Cy(w) is the constant-volume heat capacity, vg(w) is group velocity, T(w) is the
relaxation time as a function of frequency, w. Thus, Cv? corresponds to the thermal
conductivity when the phonon relaxation time is assumed to be unity independent of frequency,
thus giving an estimate of the thermal conductivity. In the Figure S15, Cv? of the ordered
models are divided by that of the semi-ordered model while Cv? of the semi-ordered model is
indicated by a dotted line at Cv? = 1. Curves of the three ordered models deviate from one
another, indicating that the phonon states differ due to partial occupancies of Cr and Sn cations
and associated local distortions. All of them are higher than unity. In other words, Cv? of the
semi-ordered model is lower than those of the ordered model by factors of magnitude, even
though local composition in the parallelepiped of ca. 1 nm along each axis is the same. Heat

capacity barely changes when local composition and its crystal structure remain the same. Thus,
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the significant change in Cv? of the semi-ordered model as compared to those of the ordered
model can be attributed to the change in the group velocities of phonons which can be seen in
Figure 10. It is no doubt that phonon relaxation time or phonon mean free path is shortened
when spatial distributions of Cr and Sn cations are more randomized due to the partial
occupancies of the cations. This suggests that the cationic disorder in the [CrsSnzS11]* host
framework probably also contributes to the low lattice thermal conductivity of CroSnzS7. Mode
Griineisen parameters, which show phonon anharmonicity due to volume change,(Ref 108) of
the ordered model are shown in Figure 12 as a function of frequency, there is a peak of 30 at
around 1 THz, coinciding with peaks in Sn** phonon DOS, while the values converge to 1 at
higher frequencies. This indicates that, despite being acoustic phonons, Sn?* vibrations exhibit
anisotropy 30 times stronger than that of optical phonons. This underscores the role of Sn** in
reducing the lattice thermal conductivity of Cr.SnsS-, a phenomenon that would similarly apply
to the semiordered model.

From our experimental and theorical investigations, we succeeded to disentangle the origin of
low thermal conductivity (0.77 W m?* K @ 325 K, Figure 9) in Cr.SnsS;. The crystal structure
of this compound is rather complex, and comprises two sub-networks weakly bonded one to
another, as discussed earlier. Those weak interactions are induced by the stereo-chemical
activity of Sn?* and is mainly governed by the presence of SnSsL chains of tetrahedrons. The
lattice softening, vibration and anharmonicity at the origin of the low thermal conductivity are
directly related the presence of Sn?* in the structure. This is also verified in SnS and PbSnS;
(constituted of Sn in only 2+ oxidation state) which exhibit low thermal conductivity of 1.04

W m? K?tand 0.51 W m? K?at 300 K (Figure 9) (Refs. 39, 41, 48, 109).
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Figure 12. Calculated mode Griineisen parameters of an ordered model

Bearing in mind that, in SnS and isostructural PbSnS>, each Sn**/Pb*" cation exhibits a
tetrahedral coordination PbS3L or SnS;L similar to that observed for Sn*" in Cr2Sn3S7, we can
describe the 2D crystal structure of SnS and PbSnS; as the stacking along the c-axis of puckered
[PbSnS»] layers built up of corner-sharing (Pb,Sn)SsL tetrahedra, with very weak interlayer
interactions between the Pb>" or Sn**cations of two consecutive layers. (Ref 109) This lattice
softening explains the extremely low thermal conductivity of SnS and PbSnS. Note that
PbSnS; has x. values substantially lower compared to SnS, due to additional cationic disorder
in the former compound. The key role of Sn?* on the generation of low thermal conductivity is
further evidenced by the increasing trend of x. from SnS (1.04 W m™ K1 at 300 K), (Ref 48)

to SnpSs (1.39 W m? K at 310 K) (Ref 110) and SnS; (3.13 W m*? K at 370 K)(Ref 111)
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also suggests that there is a correlation between the presence of Sn?* and the generation of low
thermal conductivity (Figure 9). While SnS is only constituted of Sn?* in layers built up of
corner-sharing SnS;L tetrahedra, Sn,S; contains both Sn?" and Sn** and the structure is-consists
of 1D chains of six-eeerdinate Sn*'S¢ octahedra capped by tetrahedral Sn>*, with one anionic
eoordination site occupied by the lone pair L (Sn*>*SsL, similar to the CrSn3S7). In contrast,
SnS; contains only e£Sn*'located in Cdl>-type edge shared octahedra layers. J. Skelton ef al.'%,
based on theoretical investigations, confirm the lower magnitudes of lattice thermal

conductivity in SnS and Sn»S3; compared to SnS; as reported in experimental results.

Conclusions

We have demonstrated that high-purity Cr2Sn3S7 can be prepared by ceramic method and spark
plasma sintering. The analysis of the structure shows that Cr.Sn3S7 can be described by two
sub-lattices, one host constituted of [Cr’*4Sn,*"Si1]* entities forming tunnels where guest
[Sn**4S3]** chains containing lone pair electrons cations are located. We have determined that
this sulfide is magnetically ordered at low temperature and exhibits a n-type semiconducting
behavior with a low energy band gap and low thermal and electrical conductivities. By
combining experiments and theory, we succeeded in disentangling the origin of low xL in
Cr2Sn3S7. The presence of Sn?* induces weak bonds between the chains and host framework,
leading to which-induees lattice softening and associated low frequency vibrations including
acoustic modes. The present investigation highlights-en the fundamental role of Sn** in the
generation of low lattice thermal conductivity in sulphides and opens new perspectives for the
exploration of transitien metal sulphides characterized by the coexistence of both, strong and
weak chemical bonds in the same matrix. eenstituted-of-wealkly-bonded-cationteframeweorks.
In particular, pointing to the construction on the existence of crystal structures composed of

multiple subunits with decoupled vibrational properties.
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