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Abstract

We report here a rich variation of the thermoelectric properties of a series of Cu-Sn based thiospinels of
composition CuM;,Sn; S, upon partial substitution at the Sn-site with a variety of transition elements
M =Ti, V, Cr, Co). The optimized synthesis and processing conditions we used enabled us to realize
highly densified and homogeneous compounds. The V-series was found to exhibit the lowest performing
thermoelectric properties, whereas Co and Ti substituted compounds showed moderate thermoelectric
properties with a maximum figure of merit (z7p,x) of ~0.02 and ~0.07 at 673 K, respectively. In contrast,
the Cr substituted compounds exhibited better thermoelectric performance with z7'~0.2 at 673 K for the
composition CuCr;,SnggS4. Both p- and n-type compounds were obtained; specifically, the Co and Ti
series were found to be n-type, and the Cr series was found to be p-type. Besides the suppressed thermal
transport, the attractive thermoelectric properties with the Cr-series can be attributed to the simultaneous
increase of the Seebeck coefficient and electrical conductivity with increasing temperature, thus resulting
in an improved power factor. Experimental and DFT theoretical calculations also predict a considerable
interaction between the carriers and magnetic moments, contributing to a higher effective mass, thus
leading to higher thermopower and power factor for the Cr-series. Computed electronic density of states
and band structures, in agreement with the experimental findings, envisaged n-type half-metallic character
for the CuTi;«Sn; S paramagnetic compounds, n-type conducting behavior for the CuCo;.Sn; Sy
compounds, p-type weak half-metallic character for the CuV;4Sn; <S4 compounds, and p-type
semiconducting behavior for the CuCr;+Sn;_S, ferromagnetic compounds. Computation of the electronic
transport coefficients using the Boltzmann Transport Equation also suggests a better thermoelectric
property, especially the thermopower, for the Cr-series when compared to its T1/V/Co counterparts.
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1. Introduction

Thermoelectric (TE) materials and devices with their potential to convert waste heat into useful electricity,
while also enabling cooling via electricity, postulate the likelihood of an all-solid-state technology for
refrigeration, power generation, temperature stability, and control.!® The TE material’s performance is
quantified by a dimensionless figure of merit, zT' = S’¢T/x where o, S, T and k are the electrical
conductivity, Seebeck coefficient, absolute temperature and total thermal conductivity (sum of the
electronic contribution, x., and the lattice contribution, #i,), respectively.

The other vital consideration in the design of compounds for TE is the cost factor and the availability of
constituent elements, especially for the eventual mass-production for industrial applications. Regrettably,
most of the high-performance TE materials are composed of expensive, scarce, and/or toxic elements.” 13
In this aspect, sulfides have emerged as a viable alternative, particularly the copper-based sulfide
compounds such as Cu,S, chalcopyrites, cubanites, colusites, stannoidites, tetrahedrites, high-entropy
copper sulfides and other derivatives of these compounds.!428 Of late, in this category of economically
feasible and environmentally friendly TE compounds, ternary Cu-based thiospinel materials with a
general composition of CuM,;S, (M = Ti, Cr, Co, efc.) have gained some prominence due to their
promising crystallographic structural arrangements and appealing thermodynamic, magnetic, electrical
and thermal transport behaviors.?-3? Incidentally, some tellurides with spinel-related structures have also
been found lately with relatively high thermoelectric performance.’33* Although some attractive
themoelectric properties have been reported for thiospinel compounds in the family of the general
composition CuM,;S,, such as CuCo,S4, CuTi,S4, CuCr,S, and their derivatives (where Co, Ti, Cr are
partially substituted for each other),>323° not much information is available on the thermoelectric
properties of Sn-based thiospinel compounds and their derivatives.

The cubic structure of Sn-based thiospinel (Fd3m; n° 227) compounds are relatively complex (Figure 1)
owing to their large cell parameter (a ~10.2 A) and a significant number of atoms per unit cell (N = 56).
The basic structural framework is composed of mixed occupied [(M/Sn)Ss] octahedra sharing their edges
and [CuS4] tetrahedra, which are corner-shared with four octahedra, thus forming a 3-D network assembly
similar to that of CuyMTi;Sg (M = Mn, Ni) thiospinel compounds.’® By modifying the octahedral
occupancy atoms and/or by optimizing the vacancies in the large unit cell, the electronic band structure
can be manipulated to tune their electrical transport properties, as reported in several thiospinel
structures.3%-3237 The stable tetravalent state of Sn renders the quaternary thiospinel charge balance, i.e.,
Cu'M3*Sn*(S*), for most of the transition metal (M). Padiou et al. (1980)3® reported that these Cu-Sn
based thiospinel compounds exhibit a narrow domain of thermodynamic stability. Considering the generic
formula CuM +,Sn;,S,, the thiospinel phase was known to exist only in the constricted range of (-0.1 <x
<D)forM=Ti, (-0.15<x<1)forM=V, (-0.2<x<1) for M =Crand x =-0.5 for M = Co, according
to the previous thermodynamic and radius-crystallographic study.’® However, this general charge balance
description is not fully valid in all situations, especially depending to the x content. Indeed, various authors
have confirmed in the case of Co-Ti based compounds that the Co** ion appears, but it tends to reduce in
the presence of Cu” and Ti**, leading to a formal charge of Co?" (low spin (LS)).3!-3¢ This 2+ oxidation
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state for Co allows only the stoichiometric composition of CuCogsSn; S, (as per the charge balance
CuCog5**Sn; 5*"(S*),) to follow the charge neutrality rule. In the Ti-based compound case, the material
follow the general description for x = 0 with a charge balance of Cu ™ Ti® * Sn* * (S2-),. For x > 0, the Cu?*
and/or Ti*" formation is necessary for keeping the charge neutrality. It appears that the formation of Ti*"
is favorable3? and conducts to the following equilibrium, Cu*(Ti**)(Ti*"),(Sn*"); «(S*)4. For the Cr-based
compound, the charge balance can be described theoretically as Cu*Cr3*Sn**(S*), for x = 0. However,
some reports have confirmed the formation of Cr** for the x > 0 composition, according to the magnetic
moment expected for a high spin state of Cr, leading to a global charge balance of Cu*Cr3*(Cr*"),(Sn*"),.
(82,3940

To the best of our knowledge, the thermoeelctric properties have never been investigated on dense samples
at a higher temperature range for such Cu-Sn based thiospinel compounds before. This propels the
motivation for this work, where a large variety of compositions of CuM;.,Sn;,S4(M =Ti, V, Cr, Co) are
explored regarding their thermeoelectrtic properties for the first time. In most of these cases, modifications
of the structural and magnetic properties via processing conditions and electronic band structure
engineering are expected to allow for modifications of the transport properties, thus providing avenues
for tuning or tailoring of the thermeoelectric properties.?®-31-41,35:42-45 In addition, the Sn-based thiospinel
compounds can possess intrinsically lower thermal conductivity due to the large molar mass of Sn, which
might enable the promotion of the mass fluctuation effect,**#’ which we hope to exploit to tune their
thermal transport properties. Besides the thermoelectric aspects, this work also sheds some light on the
crystallography, magnetic properties together with thermoelectric correlations, electronic band structures
and density of states of these CuM+,Sn;S; (M = Ti, V, Cr, Co) thiospinel compounds.

2. Materials & Methods

2.1 Synthesis

The samples of CuM;.4Sn;,S4s (M = Ti, V, Cr, Co) were prepared by vacuum sealed-tube processing,
followed by extensive annealing and finally consolidation by Spark Plasma Sintering (SPS). In each case,
the composition or the x content were carefully chosen based on the work of Padiou et al. (1980),3® where
they have reported the optimized content of x to achieve pure thiospinel compounds. Based on the findings
from that work, the compositions of CuV,Sn;_,S4(—0.15 <x < 1), CuCo1,Sn;_xS4(x =-0.5), CuTi+Sn;.
S4(—0.1 <x <1)and CuTi;Sn;S4(—0.2 <x < 1), were synthesized here in a three-step process. Firstly,
the stoichiometric mixture of the powder elements was grinded using a mortar and pestle and sealed in
evacuated quartz tubes, heated until the synthesis temperature (100 K/h) and soaked at that temperature
for 24 h before cooling down to the room temperature at the same rate. The synthesis temperatures varied
based on the composition,® i.e., 1043 K for CuV+,Sn;_ S, series, 943 K for CuCoy+,Sn;.S; compound,
943 K for CuTi+,Sn; xSy series and 973 K for CuCr4,Sn; S, series. Secondly, the obtained powders were
then grinded in a mortar and cold-pressed into pellets (uniaxial pressure of ~100 MPa) and evacuated
again in the quartz tube for the second annealing of 72 h at the synthesis temperature. This extended
annealing process was later found to be crucial in obtaining the single-phase compounds. The annealed
pellets were again crushed and sieved down to < 180 pm. Thirdly, the finely sieved powders were then
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sintered (SPS-1080 — SPS Syntex Inc.) at the same temperature as that of the synthesis temperature for 30
mins (heating rate ~50 K/h) with an axial pressure of ~60 MPa (10 mm diameter graphite dies were used)
in a partial vacuum atmosphere. The sintered pellets were then cut and polished to the required shapes
and dimensions for various transport property measurements.

2.2 Powder X-ray diffraction

X-ray powder diffraction (XRD) patterns were recorded at room temperature in the 26 range of 10° — 90°
using Rigaku Smart Lab 3 diffractometer (Cu K, radiation) with a step size of 0.02° and a scan speed of
2°/min. Le Bail fitting and the Rietveld refinement were performed using FullProf program included in
the WinPLOTR software.*®-5% The shape of the diffraction peaks was modeled using a pseudo-Voigt
profile function.’! Zero-point shift, asymmetry parameters, the atomic positions and lattice parameters
were systematically refined, and the background contribution was manually estimated. The Biso has been
fixed in order to enable a systematic refinement of the atomic occupancies. The mix occupancy of the 16¢
position was set with the Sn and transition metal (M = Co, Ti and Cr) with an initial ratio of 0.5 before
being refined for trying to extract a trend of the octahedral site occupancy. The result has been summarized
in supplementary information (SI — Table S1). The mixed occupancy of the Cu and the transition metal in
the tetrahedral 8a site has not been investigated considering the too close Z values between the elements
(Cuand M).

2.3 Microscopic analysis

Observation of microstructural aspects of samples was performed on the fractured surface of the sintered
samples using a Hitachi SU-8000 Scanning Electron Microscope (SEM).

2.4 Electrical and thermal transport measurements

The electrical resistivity and Seebeck coefficient were measured on ~2x2x8 mm? bars simultaneously
using a commercial (ZEM-2, ADVANCE RIKO Inc.) instrument under a partial pressure of He.

The temperature-dependent thermal diffusivity, D, was measured on graphite coated disc-shaped samples
of 10 mm diameter and ~2 mm thickness using the laser flash diffusivity method in LFA-467 Hyperflash
(Netzsch). The temperature-dependent heat capacity, C,, was derived using a standard sample
(pyroceram-9060) in LFA-467, which is in good agreement with the Dulong—Petit C, value. The total
thermal conductivity was calculated using the formula, x = D xC, xp, where p is the density of the sample
(measured using Archimedes’ principle). In some cases, to better understand the thermal transport
properties, the contributions from electronic and lattice parts were calculated. The lattice thermal
conductivity (xj,¢) was estimated from x by subtracting the electronic contribution (x;) via the
Wiedemann-Franz law, as in the following equation,

Ke = LoT (D
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where x, is the electronic thermal conductivity, and L is the Lorenz number computed by the condensed
version of Single Parabolic Band model with acoustic phonon scattering (SPB-APS),>? as in the following
equation,

N )

L= 15+exp _1_16

where the Seebeck coefficient (S) is in uVK-!, and Lorenz number (L) is in 108 WQK=2.

The uncertainty in the results for the values of electrical and thermal transport properties was 5% and 7%,
respectively, and for the overall z7 was 12%. To improve the readability of the figures, the error bars are
not shown.

2.5 Magnetic measurements

Zero-field-cooled (ZFC), field-cooled-cooling (FCC), and field-cooled-warming (FCW) magnetization
measurements were carried out on powder samples (~20 mg) from 4 to 300 K under 100 and 1 kOe, and
50 kOe just in the case of CuCogsSn; sS4, using a Magnetic Properties Measurement System (MPMS,
Quantum Design).

2.6 Computational procedures

Spin-polarized geometry optimizations of CuM;4Sn;S4 (x = 0 with M =Ti, V, Cr and x = -0.5 with M
= Co) were performed using the VASP code based on density functional theory (DFT).3* Because of the
presence of localized d-electrons, an additional Hubbard-like term was introduced for V, Co, Ti, and Cr.
The simplified Dudarev approach> was used with U= U—J=3.5 eV for Ti, V, Co, Cu 3d orbitals, and
2.5 eV for Cr 3d orbitals (U and J are Hubbard and Hund values, respectively).>> The exchange-correlation
interaction was described within the generalized gradient approximation in the parametrization of the
Perdew-Burke-Ernzehof (PBE) functional.’® Projector-augmented wave potentials were used for all
atoms.>’ Calculations were performed with cut-off energy of 400 eV. The electronic wave functions were
sampled on dense densities in the irreducible Brillouin Zone (BZ) using the Monkhorst-Pack method.*®
Geometry optimizations, including cell parameters and atomic positions, were carried out without any
symmetry constraints. For the electronic band structures and the density of states (DOS), the full-potential
linearized augmented plane wave (FLAPW) approach was used, as implemented in the WIEN2K code.>-6°
Since GGA exchange-correlation functionals are known to underestimate experimental band gaps, the
modified Becke-Johnson (mBJ) functional proposed by Tran and Blaha was utilized.®! This functional
yields band gaps with an accuracy similar to hybrid functional or GW methods but are obtained at a
considerably reduced computational effort. A plane wave cut-off corresponding to Ry,7K,,.. = 7 was used.
The radial wave functions inside the non-overlapping muffin-tin spheres were expanded up to /,,,, = 12.
The charge density was Fourier expanded up to G, = 16 A-l. Total energy convergence was achieved
with a BZ integration mesh of 500 k-points, generating 60 k-points in the irreducible BZ. Electronic
dispersion curves and DOS were shifted to set the Fermi level to 0 eV arbitrarily.
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The effective carrier mass (m*), derived for each sample using a single parabolic band model,®>%3 was
calculated using the measured room temperature Seebeck coefficient (S) and the computed carrier
concentration (7). For the purpose of a qualitative comparison,SI the chemical potential (1) was estimated
using equation (3) with a scattering parameter 4 = 0 (assuming that acoustic-phonon scattering
predominates), and where F(u) are the Fermi integrals given by equation (4). The effective carrier mass
can then be determined from equation (5).

_ k(@ +DF1 (W) (3)
- ?{ A+ DRW ”}
©  Jdg 4
= [ e
R n PR (5)
™ 2kgT|4nF 1 (W)

Note that the effective carrier masses were also computed with a scattering parameter 4 = 2 (to diminish
the acoustic phonon-carrier scattering). Values somewhat decrease, but the trend observed with A = 0
remains (see Table S2, SI). Transport properties were computed using a semi-classical approach. The
electronic transport coefficients for CuMSnS, (M =V, Co, Ti, Cr) were calculated using the Boltzmann
Transport Equation (BTE) and the constant scattering time and the rigid band structure approximation,463
as implemented in the BoltzTrap-1.2.5 code.%® 5000 k-points were used in the BZ to compute the band
derivatives for the transport calculations.

3. Results & Discussion

3.1 Structural and microstructural properties

The room temperature X-ray powder diffraction (XRD) patterns of the SPS processed thiospinel
CuM;,Sn;,S4 (M = Co, Ti, Cr) compounds are displayed in Figure 2a. The major diffraction peaks can
be attributed to the thiospinel structure that was described above (Figure 1), and few noticeable low-
intensity peaks were also observed. The very low intensities attested to a small amount of the secondary
phase and made it difficult to attribute these to a specific sub-phase. Only the low-intensity peak observed
systematically at 260 = 26.5° can be assigned to the residual graphite of the SPS process (some residual
graphite paper particle might have stayed even after the polishing). The Rietveld refinement of the samples
M =Ti, Cr, Co converged, and the obtained agreement/reliability factors (Table 1) for the majority of the
samples attested to the homogeneity in the composition ranges that were investigated. An illustrative
refinement pattern is presented in Figure 2b. For the Ti series, the reliability factors were found to be
higher in the case of x = -0.1 and +0.1, due to the slight anisotropic peak broadening arising due to the
presence of some possible defects and/or heterogeneous grain morphology. Indeed, it is recently reported
that the Ti-based thiospinel can tend to have a Cu off-stoichiometry.’/ This feature presents scope for
further investigation at a later stage. Rietveld parameters and refined patterns for all the samples are
provided in the SI (Table S1 and Figures S1-S3). The mixed occupancy of the octahedral site can be
followed through the evolution of the lattice parameter, a (Table 1). This lattice parameter increases
systematically with the Sn-content, which is expected given the differences in the ionic radii of transition

6



Page 7 of 29 Journal of Materials Chemistry C

metals, 7 (assuming the oxidation state of +III for Ti and Cr, and +IV for Sn, their corresponding » value
would be 0.670 A, 0.615 A, and 0.690 A, respectively). Moreover, for Ti and Cr compositions, the mixed
occupancy refinement of the octahedral site seems to be consistent with this lattice parameter trend with
Sn content. The density of the sintered samples was found to be > 94% of the theoretical density.

Though homogeneous compounds were obtained for the Co, Ti, and Cr-series, the V series was found to
be quite challenging (to produce a pure thiospinel phase) by this optimized synthesis methodology.
CuV.4Sn;_4S4 compounds contained a large proportion of the secondary phase (Figure S4a, SI). The pure
phase was obtained only for the Sn-rich CuVgsSn; 5S4 (x = -0.15) composition in the V series. In any
case, the thermoelectric properties, especially the Seebeck coefficients, were found to be quite poor for
the V series (Figure S4b, SI). A large number of stable oxidation states for V (2+, 3+, 4+, 5+) might have
made propitious the formation of several thermodynamically stable secondary phases, which we could
not avoid with our synthesis method. Owing to their abysmal transport properties, the TE results of the V
series were not discussed any further. However, their electronic band structures are given in this paper for
comparison.

The microstructures at the fractured surface of the sintered CuM;.,Sn;S4s (M = Ti, Cr, Co) thiospinel
compounds are depicted in Figure 3. The microstructure of the CuCo(sSn;sS; and CuTi;1SngoSy
compounds (Figures 3a and 3b) revealed an apparent bimodal distribution of grain size, typically
representative of abnormal grain growth. A large number of finely sized grains (< 5 pum) and a
considerable proportion of coarse grains (10 — 25 pm) can be observed. The chemical composition of
large and small grains were found to be identical. At the outset, the microstructure of the CuTi; 1Sng ¢S4
compound (Figure 3b) does have a larger proportion of equiaxed®’ finer grains (1 - 2 um). The presence
of the abnormal grain growth gives evidence of high local rates of interface migration during the sintering
process and potential liquid phase formation at the grain boundaries.®®7° In the present study, the long
step during SPS (30 min) can be a factor for promoting grain growth. The relatively poor mechanical
properties observed in these samples can be attributed to the hardness reduction induced by a decrease of
the Hall-Petch strengthening.”!:’> The microstructure of the CuCr; ,Sng sS4 compound (Figure 3¢) looks
quite different compared to that of the Co and Ti series and closely resembles that of transgranular failure
with noticeable micro-pores existing throughout the fractured surface. This specific microstructure is also
the origin of quite poor mechanical properties of the samples.

3.2 Magnetic Properties
The inverse magnetic susceptibility, y/, of the compounds CuCr;,SnggS4 and CuCoysSn; sS4 was fitted
in the temperature region of 100 — 300 K and 150 — 300 K, respectively, using the modified Curie-Weiss

law,
C

X=T7_g% Xo (6)
with C, 6, and y, are the Curie constant, the Curie-Weiss temperature, and the temperature-independent
magnetic susceptibility, respectively. The temperature-independent magnetic susceptibilities were
determined through the curve fittings. The magnetic susceptibility of CuCr; ,Sng S, (Figure 4a) follows
the Curie-Weiss behavior in the high-temperature region but deviates below 100 K due to competing
ferromagnetic and antiferromagnetic interactions caused by geometric frustration showing a pronounced
peak in the ZFC curve at T, ~19 K, indicative of a spin-glass transition.>>”3 The effective magnetic
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moment g = 3.97 pg per Cr atom obtained from the fitting of the high-temperature region is close to the
theoretical value u.; = 3.87 pp for octahedral coordination of Cr¥* with S = 3/2 and an electronic
configuration of t,,® (@° configuration), which is consistent with a previous report.>* The temperature
dependence of the magnetic susceptibility of CuCogsSn; 5S, is shown in Figure 4b. The material itself
appears to be close to be paramagnetic. An increase in the magnetic susceptibility can be attributed to
ferromagnetic impurities of most likely CoS, with a Curie temperature 7= 122 K which agrees well with
the observed transition.”*”> The measurement has been made at high field (H = 50 kOe) in order to saturate
this impurity phase possessing strong magnetic behavior. The material shows paramagnetic behavior in
the high-temperature region above ~150 K with a Curie-Weiss temperature 6 = 11.7 K derived from the
fit of the inverse magnetic susceptibility. The effective magnetic moment obtained from the Curie-Weiss
fitting is u.;= 2.93 ug per Co atom. The theoretical values (spin only) for octahedrally coordinated Co?*
is sty = 3.87 pp for the high-spin configuration t;,> e,2 (S = 3/2) and p.; = 1.73 pp for the low-spin
configuration ty,°e,! (S = 1/2). Co** has no unpaired electrons in the low-spin configuration t,,® (S = 0)
and, therefore, no net magnetic moment. The theoretical effective magnetic moment of Co** in the high-
spin configuration ty,*e,? (S = 2) is u.r=4.90 pg. The experimentally derived value is comparable to Co?*
in the high-spin configuration. However, in the past, the existence of both Co?" and Co*" has been
observed by XPS in the related compound CuCo,S,.>? The temperature dependence of the magnetic
susceptibility and the effective magnetic moment could indicate ferromagnetic ordering due to the
existence of both Co (2+) and Co (3+). Such CoS, impurity phases are more sensitive under a magnetic
field at low temperature and are hard to be detected from room-temperature X-ray diffraction if they are
in tiny proportion, say less than 1 wt.%. Therefore, additional investigations need to be realized to resolve
this question unambiguously and to correlate it to the thermoelectric properties at low-temperature range.
The magnetic susceptibility of CuTi; 1Sng ¢S4 (Figure 4c) shows low values, which are almost independent
of the temperature, indicative of Pauli paramagnetism originating from delocalized conduction of
electrons, which is corroborated in the forthcoming section with the half-metallic character evidenced in
the electrical resistivity of the material.

3.3 TE transport properties

The TE transport properties of CuCo,sSn;sS; compound are presented in Figure 5. The electrical
conductivity, o, which increases almost linearly with temperature (Figure 5a), varies within ~0.2 x 103
S/m at 323 K to ~0.75 x 103 S/m at 673 K and is much lower than other Cu-based thiospinels such as
Cr-Sb and Co-Ti based compounds.?*3! The negative Seebeck coefficient, S (Figure 5b), confirms the n-
type charge transport in the system, i.e., electrons as predominant charge carriers. Careful consideration
of the specific charge balance in this Cu-Co-Sn thiospinel compound is required to understand its
structural and transport properties. As described in the introduction, the expected charge balance of the
Co based compound could be described as Cu™Co s>*Sn; 5*"(S?7)4. This is consistent with the magnetic
results described in the previous section, where Co seems most probably to sustain its 2+ oxidation state.
The electrical transport properties are consistent with this theoretical charge balance and the absence of
Cu?* formation, which otherwise will induce the formation of holes and p-type conduction. The absolute
Seebeck coefficient, |S| marginally increases with temperature from 323 to 673 K, ranging between ~170
pV/K to ~195 pV/K. Based on the tendencies of ¢ and S, CuCog sSn; sS4 compound is found to have a
semiconducting behavior. The CuCogsSn; sS, thiospinel compound with such temperature-dependent
tendencies for o and |S| (and their poor ¢ values), is close to that of two-dimensional (2D) Mott’s variable

8
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range hopping (VRH) systems such as disordered anisotropic materials.3>780 Though the values of S are
considerable, relatively low o has resulted in lower power factor (PF = S%0) in this CuCoqsSn;sS,
compound, as shown in Figure 5¢. PF increases with temperature to reach ~0.3 x 10-* W/m.K? at 673 K,
but it is almost an order of magnitude lower than other such similar n-type thiospinel compounds like
CuTi,S4.3%3" The CuCogsSn;sS; compound exhibited intrinsic low thermal conductivity, x and it
remained almost constant with temperature from 323 to 673 K, ranging around ~1.0 W/m.K, as portrayed
in Figure 5d. The majority of the contribution to the total thermal conductivity comes from the lattice
phonons (k ~ ki), as the electronic contribution, «., is almost negligible due to its low . The contribution
of the localized-vibrations hopping can also affect x.3! The large mass difference between Sn and Co can
induce a mass fluctuation effect, which suppresses the thermal transport, as reported in several sulfide-
based materials such as TiS,.4*7 The beneficial effects of lower x has however been negated by the poor
PF, thus resulting in a mediocre figure of merit, zT' (Figure 5¢). Nevertheless, the zT},,, value of ~0.02 at
673 K for this CuCoy sSn; 5S4, compound is still slightly higher than that of some similar n-type thiospinel
compounds that were reported earlier, such as ¢-CuTi,S; and CuCrTiS,.3!.76

The TE transport properties of CuTi;+,Sn; <S4 (x =0, 0.1) compounds are presented in Figure 6. For x = -
0.1, the sample was found to be quite brittle (as described in the earlier section — Figure 3b), and it broke
either after SPS processing or during the cutting and polishing step. Hence, only the thermoelectric
properties of compounds with x = 0 and 0.1 are discussed here. The electrical conductivity, o, decreased
monotonically with temperature (Figure 6a). This suggests a metallic/half-metallic behavior, in agreement
with band structure calculations that are described in the later section. Increasing the Ti content in
CuTi;+Sn; S, raises o, which varied between ~70 X 10° S/m at 323 K to ~60 x 10°> S/m at 673 K for the
CuTiSnS, composition, while it is higher for the CuTi; ;Sng ¢S4 composition, varying between ~80 x 103
S/m at 323 K to ~65 x 10° S/m at 673 K. When compared to that of CuCosSn; 5sS, compound, o values
of this Ti series are two orders of magnitude higher. The negative Seebeck coefficient, S (Figure 6b),
confirms the n-type charge transport in the Ti series, i.e., electrons as predominant charge carriers. As
described above (i.e., introduction), for most of the transition metals, the stable tetravalent state of Sn
renders the quaternary thiospinel charge-balanced, i.e., Cu* Ti3 * Sn* * (S%), for x = 0. For x > 0, the
formation of Ti*" is favorable3? and conducts to the charge balance as Cu™(Ti**)(Ti*"),(Sn*");«(S*)s4. The
electrical conductivity is significantly influenced by the Ti content. DFT calculations, shown in the later
section, predicts that Ti orbitals contribute more to the DOS in these compounds (Figure 8a), and for x >
0 (i.e., more Ti content), due to the extension of this conductive Ti/S network, the electron mobility (and
thus o) will be enhanced. This fact is further supported by the shorter bonding distances between the S
atoms and the octahedrally coordinated M atoms (dy.s = 2.4720 A for x = 0.1 and dy.s = 2.4976 A for x
= 0). These factors can explain why with the raise in Ti content, ¢ was improved. However, the variation
in Ti/Sn content (x = 0 or 0.1) did not influence much the S values, as both those compositions exhibited
roughly the same S values throughout the whole temperature range. With Sn not contributing much, the
formation of Ti*" (i.e., 3d° electronic configuration) for x > 0, do not induce any significant variation in
the carrier concentration, thus resulting in a comparable S-values between the CuTiSnS, (x = 0) and
CuTi; 1Sng 9S4 (x = 0.1) thiospinel compounds. The absolute Seebeck coefficient, |S|, increases with
temperature, ranging between ~ -30 uV/K at 323 K to ~ -52 uV/K at 673 K. The vastly enhanced ¢ and
considerably lower S values have resulted in moderate PF values, ranging between 0.16 — 0.18 mW/m.K?
at 673 K for these CuTi;,Sn; Sy (x =0, 0.1) compounds (Figure 6¢). These values of PF for the Ti series,
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which increases with temperature, are notably an order of magnitude higher than those of the
CuCoy5Sn; 5S; compound and comparable with that of similar n-type thiospinels such as CuTi,S;.3%3! The
lattice thermal conductivity, xy,, for this Ti series (x = 0, 0.1) was found to be appreciably lower, ranging
between ~1.4 W/m.K at 323 K to ~0.9 W/m.K at 673 K. The heterogeneous grain morphology (Figure
3b) with the presence of pockets of small grain regions (equiaxed grains)®’ throughout the microstructure
of the CuTi;Sn; S, compound, as described in the earlier sections with XRD (resulting in slightly higher
values of reliability factors during the structural refinement) and SEM results, justifies its low phononic
contribution to the thermal conductivity. Notwithstanding the lower xi,, the thermal conductivity, x, was
not significantly suppressed due to the large contribution coming from the x, part (arising from higher o).
x reaches a minimum of ~1.9 W/m.K and ~1.65 W/m.K at 673 K for x = 0 and 0.1 compositions,
respectively. These values of x coupled with the moderate values of PF has made the n-type CuTi;+Sn;.
S4(x=0,0.1) compounds to exhibit modest z7},,x ~ 0.07 at 673 K, a touch higher than the CuCog sSn; 5S4
compound.

The TE transport properties of CuCr+xSn; Sy (x = 0.1, 0.2) compounds are presented in Figure 7. The
CuCrSnS; (i.e., x = 0) compound exhibited very low ¢ and was found to be impossible to be measured
(i.e., it was outside the operating limits of our ZEM-2 apparatus); hence it is not presented here. Increasing
the Cr content in CuCri,Sn;4S; (from x = 0.1 to 0.2) emphatically increases ¢ (Figure 7a). ¢ also
progressively increases with temperature for both the compositions (x = 0.1, 0.2), suggesting a
semiconducting behavior, consistent with the band structure computations that are described in the later
section. o reaches a maximum of ~1 x 103 S/m at 673 K for the CuCr,; ;Sng ¢S4 compound, while ~4.7 X
103 S/m at 673 K for CuCry ,Sng sS4 compound. This increasing o trend with Cr content could be attributed
to the rise in charge carrier density. ¢ for this Cr series is found to be intermediate, i.e., an order of
magnitude higher than the Co series and an order of magnitude lower than the Ti series. Unlike the Co
and Ti series, the Cr series possesses positive S (Figure 7b), confirming the p-type charge transport in the
system, i.e., holes as predominant charge carriers. In the same way as that of Cu-Ti-Sn thiospinel, the
charge balance for x = 0 can be described Cu'Cr3*Sn*'(S*); and a global charge balance of
Cu'Cr¥(Cr*)(Sn*") 1 «(S%)4.3%40 for composition x > 0. The octahedral occupancy by Cr3" is responsible
for the p-type conduction. The inception of the re-entrant spin-glass feature for these compounds, as
indicated by the magnetic data shown in the previous section, can be correlated to the underlying Cr3* —
Cr*" double exchange ferromagnetism,*>’” that could be favored as the applied external magnetic field
can tend to align the ferromagnetic neighboring Cr cation spins in CuCr;;,Sn; <S4, especially when x > 0.
The Cr*" ion signaled the formation of a hole in the matrix and raised the carrier concentration for the
composition x > 0. If Cr** is unlikely, then the missing electron charge is probably a hole associated with
sulfur sublattice.®? Given that the variation in Cr content significantly influences the carrier concentration,
the S values were also affected proportionately. CuCr; ;Sng ¢S, compound exhibits high S values of ~350
uV/K, and it remains almost constant in the whole temperature range 323 — 673 K, while the
CuCry ,Sng ¢S4 compound exhibits relatively lower § values, with a gradual increase from ~210 pV/K at
323 K to ~260 pV/K at 673 K. Comparing the absolute Seebeck coefficients, |S]|, of all the three series
(Co, Ti, Cr), it can be noted that the Cr series exhibits the best thermopower values over the whole
temperature range. Though the Co series and Cr series have the same temperature-dependent tendency for
o and || (i.e., both g, |S| increases with T), the Cr series is more interesting, particularly the CuCr; ;Sng gS4
composition due to its better electrical transport properties compared to the cobalt compound. There are
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not many such cases where both ¢ and § increase with temperature, as these transport properties are
inversely related as per Boltzmann transport equation. Some VRH systems like higher borides show such
features,®3-87 where both ¢ and S increase with T, however such materials are thermoelectrically viable
only at higher temperature ranges. The CuCr;,Sn, ¢S, compound, though it shows similar behavior, is
doubtful to be a VRH system due to its superior electrical conductivity. The possible effect of phonon-
drag in addition to the electron diffusion of the degenerate electron systems contributing to the improved
electrical transport properties, especially in the CuCr,SngS4 compound cannot be ruled out, since
phonon-drag effect has been previously observed in some thiospinel compounds.’®#-° However, the
possibility can only be speculated now, since direct evidence of phonon drag effect such as sharp peaks
in S(7) data typically occur only at lower temperature ranges (10 — 300 K), which is beyond the range of
our present measurements. On the other hand, the conventional magnon drag contribution to the Seebeck
coefficient is likely to be negligible, as the magnetic data for CuCr;,Sng§S4 compound did not indicate
any long-range magnetic order. The improved electrical transport properties have yielded high PF (Figure
7¢) for this Cr series when compared to the Co and Ti series. The PF value, which increases with
temperature, reaches a maximum of ~0.1 x 10> W/m.K?at 673 K for the CuCr; ;Sng ¢S4 compound, while
it reaches as high as ~0.35 x 10> W/m.K? at 673 K for the CuCr; ,Sng sS4 compound. This is comparable,
and in some cases, even better than some of the other reported thiospinels such as CuTi,S4, CuCo,S,,
CuCo,TiyS4, CuCrTiSy, and other In-based thiospinel compounds.39-3283-90 Among the studied materials,
the Cr series manifests the highest effective mass, m* (Table 2). The considerable interaction between the
charge carriers and magnetic moments indicated from the magnetic measurements, may have helped in
enhancing m* without extensively affecting the carrier mobility, which explains the reason for high
thermopower and reasonable electrical conductivity (thus high-power factor). Such strategies of utilizing
magnetic interactions and dilute magnetic semiconductor systems have yielded striking improvements in
TE performance in chalcopyrites and various systems.!>-?2:2343-91.92 The CuCry.,Sn;S4 (x = 0.1, 0.2)
compounds exhibited low x (Figure 7d), which decreased with temperature from 323 to 673 K, ranging
between 1.35 — 1.1 W/m.K for CuCr;;Sny¢Ss and 1.35 — 1.2 W/m.K for CuCr;,SnogS4. The lattice
phonons contribute majorly to the thermal transport in the Cr series (k. >> x.). The presence of some
surface defects and/or micro-porosity, as observed from the SEM images presented in the previous section
(Figure 3c), could have also played a role in this suppressed thermal transport.”> In addition, the
intrinsically low x in such Sn-based thiospinels can arise from the mass fluctuation effect, induced by the
large molar mass of Sn (heavy element). The suppressed thermal transport combined with the enhanced
electrical transport properties (PF) has helped the Cr series to manifest higher thermoelectric z7 (Figure
7e) when compared to the Co and Ti series. In particular, CuCr; ,Sng gS4 displayed z7 1, ~ 0.2 at 673 K,
which is quite respectable for this category of thiospinel compounds. Except for the Sb-doped CuCr,S,
thiospinel, this value of z7,,x for the Cr compound is on par with some of the best-reported values for
thiospinel compounds (both n and p-types).223283-9 Results were reproducible and fairly reliable during
the heating and cooling cycles.

3.4 Electronic density of states and band structures

Density functional theory calculations (DFT) calculations were performed on a series of CuM;_,Sn;+,Sy4
thiospinel compounds with specific stoichiometries to understand further the electrical transport
properties of these thiospinel compounds. To conveniently compare the electronic structures of CuM;.
SnpxS4 thiospinel compounds and to model the ‘static’ substitution of M atoms (M =V, Co, Ti, Cr), the
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crystal structures of CuM,.,Sn;.,S4 were described in lower symmetrical space groups than Fd3m, such
as P4m2 for M =V, Ti, Cr (x = 0) and P43m for M = Co (x = -0.5). The optimized unit cell parameters
and relevant distances are displayed in Table 3. The optimized unit cell parameters computed by DFT
were found to be marginally larger than the ones obtained from XRD analysis (especially for the case of
Co compound). However, this deviation in lattice parameter values between the experimental XRD and
theoretical DFT results falls within the admissible range of 1 —3%. Cu-S contacts were found to be slightly
shorter than those obtained from the XRD analysis, except for CuCogsSn; 5S4, where it is larger. Such
similar effects of slight but acceptable variation in the crystallographic parameters between XRD and DFT
were also observed in other cases of thiospinels such as CuCrSbS,.?° No noticeable distortions were found
in the tetrahedral environment of Cu, but the Sn-S and M-S (M = Co, Ti, Cr, V) octahedral environments
are significantly distorted (refer SI — Table S3 and Figure S5), and this might explain the reason for the
reduction in thermal conductivity in some of these thiospinel compounds.

Spin moments (orbital moment are usually very weak for 3d transition metal elements) were computed to
be in the range of ca. 3 pg for both Cr and Co atoms (2.87 and 3.3 pg, respectively), and only 0.80 g, and
1.81 pgp for Ti, and V atoms, respectively. The values or, more specifically, the trend from the calculated
magnetic moments seem to be reasonably consistent and comparable with the experimental magnetic data
that were discussed above.

The computed spin-polarized total and atom-projected density of states (DOS) of CuM;Sn;Sy4
thiospinel compounds are sketched in Figure 8, and their calculated electronic band structures along high
symmetry lines in the BZ for spin-up and spin-down bands are shown in Figures 9-12. The DOS (Figure
8a) and the band structure (Figure 9) for the CuTiSnS,; compound predict it to have a half-metallic
behavior with metallic spin-up electrons, but with the spin-down bands which show a semiconductor
behavior with a gap of ~0.8 eV. The bottom of the spin-up conduction band is strongly titanium in
character with d,, and d,, components. It is in agreement with a formal oxidation state of 3+ for Ti and
the computed total spin magnetic moment of 0.80 ug (close to one unpaired electron) in CuTiSnS,. The
top of the valence band is mainly copper in character with d,, and dy, + dy, components. The computed
band structure and DOS for CuTiSnS, agree with the n-type half-metallic character proven experimentally
(rather large ¢ and low negative S, as shown in Figure 6). The half-metallic character computed for
CuTiSnS; is in agreement with the slope of ¢ (Figure 6a). It is noteworthy that, assuming a rigid band
model, increasing the Ti content in CuTi;Sn; S, should bring the Fermi level in a higher Ti-based peak
of DOS (Figure 8a) and consequently should increase ¢ as experimentally observed for CuTi; 1Sng 9S4
with respect to CuTiSnS, (Figure 6a).

For CuCoysSn; 5S, compound, the DOS (Figure 8b) and band structure (Figure 10) predict it to have a
weak conducting behavior. The vicinity of the Fermi level and the band conduction shows a potential n-
type charge transport mode in this compound. The bottom of the spin-down conduction band and the top
of the spin-down valence band are cobalt in character with dy,.,» + dyy, components. On the other hand the
top of the spin-up valence band is mainly made of Cu 3d components. On the other hand the top of the
spin-up valence band is mainly made of Cu 3d components. This expected weak metallic character is not
in full agreement with the rather small electrical conductivity measured experimentally (Figure 5a), which
is strongly weaker than that of the half-metallic CuTiSnS, compound and its slope, and it indicates rather
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a semiconductor behavior. This may put into question the stoichiometry CuCogsSn;sS; proposed
experimentally. Indeed, in addition to x = -0.5 composition, complementary calculations were also
performed for this Co series with x = 0.00 and -0.25 (SI — Figure S6). The modulation of the Fermi level
position based on the composition (value of x) was observed, modifying somewhat the electrical
properties. A half-metallic situation is expected for low values of x. It also confirms that a Co/Sn
substitution rate between 0.5 and 0.75, probably nearer to x = -0.5 to have a Fermi level in the vicinity of
the band conduction edge, and the Co charge (positive) is estimated to be between 2.00 and 2.66. However,
it must be noted that the thiospinel structure seems to be stable experimentally only when x = -0.5 for this
CuCo;4xSn;_4S4 compound.

The DOS (Figure 8c) and band structure (Figure 11) for CuVSnS, compound predict it to have a very
weak half-metallic (almost semiconducting-like) behavior with Er lying quite close to the valence band
in agreement with the p-type charge transport mode that was shown experimentally (Figure S4b, SI). An
important V character with 3d components is observed in the spin-up valence band but not in the
corresponding spin-down band, reflecting the computed magnetic moment (1.81 pg) of vanadium atoms.
Additionally, the both spin-up and spin-down valence bands contain a strong 3d copper contribution. The
bottom of the spin-up and spin-down conduction bands is vanadium in character with d,, components.

The DOS (Figure 8d) and band structure (Figure 12) for CuCrSnS, compound predict a semiconducting
behavior with a bandgap of ~0.9 eV, in agreement with the slope of ¢ measured experimentally. The Cr-
projected DOS indicates strong participation of Cr in the spin-up valence band but hardly any contribution
in the spin-down valence band that is mainly Cu character with 3d component. This militates for magnetic
Cr3" ions. Finally, the computed band structure and DOS for this CuCrSnS, compound agree with the p-
type semiconducting character proven experimentally (large positive S and medium o, as shown in Figure
7).

The impact of the substitution at the Sn-site with Ti, V, Cr, and Co atoms was also studied, especially on
the electronic part of the transport properties, using a semi-classical approach. Computed Seebeck
coefficients as a function of the chemical potential (at 300 K and 700 K) for the CuM,_,Sn;+,S4 (x =0 for
M =Ti, V, Cr, and x = -0.5 for M = Co) compounds are presented in Figure 13. Indeed, the best Seebeck
coefficient with respect to the optimal chemical potential is found to be displayed by the CuCrSnS,
compound at room temperature and at a higher temperature, which is coherent with the experimental TE
results, where the Cr series outperforms in terms of thermopower when compared to its V/Ti/Co
congeners. It must, however, be noted that the values of the computed S-values that are presented in Figure
13 are just qualitative, as the acoustic phonon-carrier scattering was the only scattering contribution taken
into account (i.e., 4 = 0 in equation 3).

4. Conclusion

By a carefully optimized synthesis and processing methodology, including annealing and sintering
conditions, homogeneous 7 and p-types thiospinel compounds of the composition CuM;_,Sn;S; (M =
Ti, V, Cr, Co) were successfully produced and reported for thermoelectrics for the first time. Based on
the measurement of magnetic, electrical and thermal transport properties, and the computation of
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electronic band structures and density of states using the first-principles (DFT) calculations, it can be
summarized as, in this studied family of Cu-Sn based thiospinel compounds CuM;.,Sn;S4 (M =Ti, V,
Cr, Co), (i) the p-type weak half-metallic CuV:,Sn;S; compounds exhibited the lowest performing
thermoelectric properties (very low zT); followed by (ii) the n-type conducting CuCoy.+,Sn;_,S, compound
with suppressed x and poor PF (high S, but quite low ¢) resulting in a low z7},,,x ~0.02 at 673; (iii) the n-
type half-metallic and paramagnetic CuTi;+Sn;S; series with modest PF and x exhibiting an
intermediate zT,,x ~0.07 at 673 K; and finally (iv) the p-type semiconducting and ferromagnetic
CuCrSn; S, series with a better trade-off between the PF (high S, considerable ¢) and x manifesting
an enhanced z7 .« ~0.2 at 673 K.

Based on the combined experimental and theoretical findings, an interesting plethora of factors seems to
have contributed to the improved thermoelectric performance in Cr-Sn thiospinel compounds. Factors
such as higher effective mass arising due to the synergistic interaction between carriers and magnetic
moments, probable effects of phonon-drag and charge carrier diffusion, simultaneous increase of ¢ and S
with temperature, facilitated to boost the power factor. Other factors such as the mass fluctuation effect
due to the large molar mass of Sn, presence of some surface defects and/or micro-porosity contribute to
the lower thermal transport, and thus cumulatively lead to an overall superior thermoelectric property for
Cr-Sn thiospinel compounds when compared to the other Sn-based isoelectronic thiospinel counterparts.
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Thiospinel Cu(M/Sn).S4 [(M/Sn)Sg] octahedral [CuSs] tetrahedral
Crystallographic structure framework framework

Figure 1. Standardized crystallographic structure of the CuM..Sn;..Sy thiospinel (Fd3m) compound.
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Figure 2. (a) Room-temperature XRD patterns of the SPS processed CuM...Sn,;..S, (with M = Co, Ti,
Cr) thiospinel compounds and (b) an illustrative Rietveld refinement for the CuCr; ;Sng S, compound.
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Figure 3. SEM images showing the microstructure at the fractured surface of the SPS processed (a)
CuCoys8Sn; 58Sy (b) CuTi; ;SnypoSy (c) CuCr1SngsSy thiospinel compounds.
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Figure 4. Temperature-dependent magnetic susceptibility of (a) CuCr;,8nsS4, (b) CuCoysSn; sS, and

(c) CuTi; ;Sny.oS4 thiospinel compounds.
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Figure 5. Temperature-dependent transport properties for CuCo;+.Sn; .Sy (x = —0.5) compound — (a)
electrical conductivity, o, (b) Seebeck coefficient, S, (c) Power factor, PF, (d) Total thermal

conductivity, k, and (e) figure of merit, zT.
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Figure 7. Temperature-dependent transport properties for CuCr;..Sn; Sy (x = 0.1, 0.2) compounds — (a)
electrical conductivity, o, (b) Seebeck coefficient, S, (c) Power factor, PF, (d) Total thermal
conductivity, k, and (e) figure of merit, zT.
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Figure 8. Total and atom-projected spin-polarized density of states (DOS) of (a) CuTiSnS, (b)

CuCoysSn; 5S4 (c) CuVSnS,, and (d) CuCrSnS, thiospinel compounds.
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Figure 9. Spin-polarized band structures for CuTiSnS, thiospinel compound (spin-up (left) and spin-
down (right) channels)
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Figure 10. Spin-polarized band structures for CuCoy sSn; sS, thiospinel compound (spin-up (left) and
spin-down (right) channels)
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Figure 11. Spin-polarized band structures for CuVSnS, thiospinel compound (spin-up (left) and spin-
down (right) channels).
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Figure 13. Computed Seebeck coefficient at T = 300 K (a) and 700 K (b) as a function of the chemical
potential for CuM;..Sn;.,Ss (x= 0 with M = Ti, Cr, V and x = -0.5 with M = Co) thiospinel compounds.

Table 1. Cell parameters and reliability factors obtained from Rietveld refinement of XRD patterns (Ac,
= 1.54056 A) and relative densities of the SPS processed CuM;,.Sn ;.S (with M = Co, Ti, Cr) thiospinel
compounds.

Cu(M;Sn),S,; Fd3m; ¢, = 1.54056 A; 300 K

2 VA 2 Res  Re GO
CuCoysSn;sS, 10.313(1) 1096.7(1)  4.30 3.90 3.22 97.81
_CuTigSny, S, 10233(1) _107L5() 920 1270 774 9629
______ CuTiSnS,  10228(1) 1070.1(1) 457 693 521 9643
CuTi; ;Sny oS, 10.196(1) 1060.0(1) 9.76 13.70 9.11 94.53
___CuCrSnS, __10.172(1) 1052.5(1) 249 395 289 9636
_CuCry Sn,S, _ 10.152(1) 10463(1) 292 418 302 9694
CuCr,Sny3S, 10.133(1) 1040.5(1) 2.56 3.57 3.45 96.93

Table 2. Computed carrier concentration and effective mass values at room temperature for CuM;...Sn;.
g (x=0for M =Ti, Cr, and x = -0.5 for M = Co)* and for 1. = 0.

Computed transport

properties CuCoy5Sn;5S4| CuTiSnS, CuCrSnS,

(based on band structures)

Carrier concentration, n |y ¢y o2 | 1.9 10 3.3x 10"
(cm™)

Effective mass, m* 3.03 0.49 4.68
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2 The values of carrier concentration (n) were computed from the electronic band structures, and hence
their absolute values are higher than what it could result from experimental studies (from Hall
measurements, for instance). The tendency of » with M must be considered, rather than their absolute

values.

Table 3. DFT optimized cell parameters and pertinent distances (A) of CuM;.Sn; .Sy (x = 0 for M = Ti,

V, Cr, and x = -0.5 for M = Co) thiospinel compounds.

Structural )
Tt CUC00_5S111,5S4 CllTlSllS4 CllCl'SllS4 CllVSIlS4
a 10.384 7.259 7.229 7.179
b 10.384 7.259 7.229 7.179
c 10.384 10.376 10.252 10.177
Cu-S 2.322 2.320 2.310 2.311
Sn-S 2.583-2.662 2.534-2.609 2.517-2.594 2.535-2.590
M-S
(M = Co, Ti, Cr, V) 2.466-2.623 2.511-2.601 2.440-2.567 2.465-2.537
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