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Abstract

:

Following the trend of finding better thermoelectric materials among synthetic analogs of copper–chalcogenide minerals, we have synthesized iron-bearing colusites of a general formula Cu26−xFexV2Sn6S32. They crystallize in the cubic space group P-43n with the unit cell parameter increasing linearly with the iron content. At a low iron concentration, the crystal structure features disorder manifested by an anti-site effect and a shift of a part of the tin atoms from their ideal positions, which is absent for higher iron contents. The magnetization and 57Fe/119Sn Mössbauer studies showed that, for x = 1, iron is present as Fe3+, whereas for x > 1, Fe2+ and Fe3+ coexist. Additionally, weak antiferromagnetic interactions between iron atoms and fast on the 57Fe Mössbauer time scale (107–109 s−1) electron transfer between adjacent Fe2+ and Fe3+ centers were revealed. Thermoelectric studies showed that iron-bearing colusites are p-type semiconductors with low thermal conductivity stemming from their complex crystal structure and structural disorder. The highest ZT of 0.78 at 700 K was found for the x = 1 iron content, where iron is present as Fe3+ only.
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1. Introduction


State-of-the-art thermoelectric materials can be subdivided into two principal groups. Those operating near room temperature are always based on bismuth telluride, which outplays all other thermoelectric materials at these temperatures. However, at elevated temperatures, from ca. 450 K and up to above 1000 K, other materials have found applications as they exhibit a reasonably high thermoelectric figure-of-merit, ZT ≈ 1, and considerable chemical and thermal stability [1,2,3]. Their main drawback is that most of them consist of toxic or expensive chemical elements. In this respect, efforts have been made to create materials for thermoelectric power generation that contain low-cost and environmentally friendly constituents.



Recent reports have proven that copper-based materials mimicking natural chalcogenide minerals can be viewed as promising candidates for developing thermoelectric materials for mid-temperature power generation [4,5,6,7,8,9,10,11,12,13,14,15].



Among copper sulfides, binary Cu2−xS demonstrates superior thermoelectric properties, reaching ZT = 1.9 at 973 K, mainly due to its cubic structure that combines a rigid sulfur framework with fluid-arranged copper atoms; however, mechanical instability caused by electron migration prevents the use of this compound [16,17,18,19]. With regard to complex sulfides, widely investigated Cu12−xTMxSb4S13 (TM = Mn, Fe, Co, Ni, Zn) tetrahedrites possess the highest ZT, varying from 0.5 to 1.2 in the 550−700 K temperature range depending on the composition. Their high thermoelectric efficiency is explained by a unique combination of the crystal and electronic structure and involve variable-range hopping of charge carriers, facilitated by the thermally activated electron exchange, and low thermal conductivity of the complex yet slightly disordered cubic crystal structure [20,21,22,23,24,25,26,27].



Less studied colusites are another family of naturally occurring copper sulfides that show promises as thermoelectric materials for mid-temperature power generation. Although natural colusites are toxic as a rule as they contain arsenic, synthetic colusites can be prepared from cheap and environmentally friendly elements. Among them are synthetic colusites of a general formula Cu26−xTMxT2M6S32, where TM = Co, Ni, or Zn, T = Ti, V, Nb, Ta, Cr, Mo, W, and M = Ge, Sn, Sb. [28,29,30,31,32]. Similar to tetrahedrites, colusites crystallize in the cubic crystal structure with a unit cell volume of about 103 Å3. Both tetrahedrite and colusite are degenerate semiconductors with metallic-like behavior. This is explained by the concept of Cu+-Cu2+ copper mixed valency, resembling that of “Cu2+-Cu3+” in superconducting cuprates [33]. It is worth noting that static Cu2+ does not occur in sulfides with the exception of CuS. The existence of the Cu+-Cu2+ mixed valency, however, is undeniable and controls the hole doping in TE sulfides, with a high proportion of “mobile” divalent copper being achievable. In both phases, the partial substitution of copper by transition metals is possible, which leads to a change in the formal charge distribution over the metal sites of the crystal structures. However, the crystal structures exhibit a very important difference. In tetrahedrites, copper atoms occupy two sites with a distinctly different coordination, in which only those having a tetrahedral coordination can be partially replaced by another transition metal. In contrast, colusites feature three independent copper atom positions possessing similar tetrahedral coordination, and some difference can be found only in their second coordination spheres. As a consequence, the exact mechanism of charge transfer that may involve each of the three metal sites is not known, which hampers the optimization of the thermoelectric efficiency of synthetic colusites by the partial substitution of d-metals for copper [34,35,36,37].



In this work, we present a series of iron-substituted colusites. We report on the range of iron solubility in Cu26−xFexV2Sn6S32, analysis of the crystal structure, charge distribution within the transition metal substructure, and thermoelectric properties. The choice of iron as a substituent is explained by the fact that previous studies have shown that iron is present in congenial tetrahedrites in +2 and +3 oxidation states [38] and that the Fe2+/Fe3+ balance may be a key to finding the optimal composition and achieving the highest thermoelectric performance. Therefore, we pay utmost attention to the interplay of the Fe2+/Fe3+ distribution and thermoelectric properties within the studied series of synthetic colusites.




2. Materials and Methods


2.1. Starting Materials and Synthesis


Elemental Fe (powder, 99%), V (powder, 99.5%), Sn (powder, 99%), S (powder, 99.9%), and polycrystalline CuO (99.9%) were used as received (all from Reachim, Moscow, Russia). Copper was obtained by heating CuO under hydrogen flow.



Cu26−xFexV2Sn6S32 (x = 1.0, 2.0, 3.0, 4.0, 4.2, 4.5, and 5.0) samples were prepared by a standard ampoule technique. The mixtures of the starting materials were sealed in evacuated quartz ampules under vacuum, 1 × 10−2 Torr. The ampules were heated to 523 K for 3 h, annealed at this temperature for 8 h, then heated up to 1373 K in 8 h, annealed for 50 h, and finally cooled down to room temperature in a switched-off furnace. The reaction products were finely ground and pressed into pellets at a pressure of 80−100 bar at room temperature. The pellets were sealed in evacuated quartz ampules and heated up to 1073 K in 8 h, annealed at this temperature for 50 h followed by switching off the furnace and cooling down to room temperature. After that, the pellets were ground and used for phase and composition analyses.



Samples for 57Fe Mössbauer spectroscopy measurements enriched in 57Fe for increasing the rate of signal accumulation were obtained by the same method using elemental iron 10% enriched by the respective isotope.



Samples for the thermoelectric property measurements were compacted by spark plasma sintering (SPS). Densification was performed using a Labox-625 machine (Sinter Land Inc., Nagaoka, Japan) in 10 mm graphite dies by heating the samples to 723 K at 60 K min−1 under a pressure of 60 MPa in vacuum, keeping it at this temperature for 10 min, and then cooling down to room temperature. The purity of the product, which had a relative density of 91−92%, was verified by X-ray diffraction (XRD) and energy-dispersive X-ray spectroscopy (EDXS) analyses, which confirmed that neither chemical nor phase composition changed during the densification.




2.2. Phase Composition, Characterization, and Crystal Structure Investigation


Phase composition of all obtained samples was initially investigated on an Imaging Plate Guinier Camera (Huber G670, Cu-Kα1 radiation, λ = 1.540598 Å, Rimsting, Germany) with the 2θ ranging from 3 to 100 deg. The data were collected by scanning the image plate 4 times after an exposure time of 1200 s at room temperature. The program package STOE WinXPOW (v. 1.06) was used for data processing.



Energy-dispersive X-ray spectroscopy (EDXS) was employed to study the elemental composition of the samples using a scanning electron microscope (SEM, JEOL Ltd., Tokyo, Japan) JSM JEOL 6490-LV operated at 30 kV and equipped with an EDX detection system INCA x-Sight. The data were collected from 10 points for each sample and then averaged. In all cases, pure elemental Co was used as a standard.



Thermal analysis was performed in an argon atmosphere using a STA 409 PC Luxx thermal analyzer (Netzsch, Selb, Germany) in the temperature range of 300−1223 K with a ramp rate of 10 K min−1. For each sample, three cycles of heating and cooling were performed to check for the data reproducibility.



High-resolution (HR) powder X-ray diffraction (XRD) data for the precise phase composition analysis and structure refinement were collected at the ID22 beamline of the European Synchrotron Radiation Facility (ESRF, France) (λ = 0.35422 Å, 2θmax = 35 deg.). Measurements were performed at room temperature on powder samples enclosed in glass capillaries with an outer diameter of 0.5 mm. The capillaries were spun during the measurement. The Crystallographica Search-Match program was used for phase analysis of the obtained data, while JANA2006 software was used for the structure refinement [39].




2.3. Mössbauer Spectroscopy


Mössbauer spectra were recorded using a conventional constant-acceleration spectrometer MS-1104Em in the transmission geometry (Condor, Rostov-on-Don, Russia). 57Fe spectra were recorded at 15 and 298 K using a 57Co(Rh) radiation source kept at room temperature, whereas 119Sn spectra were recorded at 298 K with a Ca119mSnO3 radiation source. The sources were kept at room temperature. All isomer shifts are referred to α-Fe and CaSnO3 at 298 K in the cases of 57Fe and 119Sn spectra, respectively. Experimental spectra were processed and analyzed using methods of spectral simulations implemented in the SpectrRelax program [40].




2.4. Magnetization Measurements


Magnetic susceptibility of Cu26−xFexV2Sn6S32 for x = 1, 2, 3, and 4 was measured on cylindrical pellets with a diameter and height of 3 mm and 1 mm, respectively, pressed from the powder samples at room temperature at the external pressure of 1.5 kbar. Measurements were conducted using the Vibrating Sample Magnetometry Setup of a Physical Property Measurement System (Quantum Design) in the temperature range of 1.8−380 K in 0.1 T, 0.5 T, 2 T, and 5 T magnetic fields. Magnetization was measured by raising the magnetic field from 0 T to 14 T at the base temperature of 2 K or 5 K.



A modified Curie–Weiss formula χ = χ0 + C(T − Θ)−1 was used for fitting the paramagnetic parameters, where χ is the observed magnetic susceptibility in 5 T magnetic field, χ0 is the temperature-independent Pauli paramagnetic term, C is the Curie constant, T is measured temperature, and Θ is the Weiss constant. Effective magnetic moment (μeff) was extracted from the Curie constant according to the formula C = NAμ0μeff2(3kB)−1, where NA is the Avogadro number, μ0 is magnetic permeability of free space, and kB is the Boltzmann constant.




2.5. Thermoelectric Properties Measurements


High temperature electrical resistivity (ρ) and Seebeck coefficient (S) were simultaneously measured with an ULVAC ZEM-3 system by using the four-probe method and differential method, respectively. The measurements were conducted in the temperature range from 300 K to 700 K under partial pressure of helium on approximately 10 × 2 × 2 mm3 samples cut from the SPS-compacted pellets. The thermal diffusivity (α) was measured by the laser flash method using an LFA-457 apparatus on square samples (6 × 6 × 1 mm3) from 300 K to 700 K. The specific heat (Cp) was calculated with the Dulong–Petit approximation. Finally, the thermal conductivity (κ) was calculated as a product of measured thermal diffusivity, specific heat, and sample density, which was measured geometrically.





3. Results and Discussion


3.1. Phase Composition and Homogeneity Range


All synthesized samples of the Cu26−xFexV2Sn6S32 series appeared as black polycrystalline powders. They were stable in moist air for months. The thermal analysis showed that all samples melted incongruently, releasing sulfur in the range of 825−975 K depending on the iron content.



XRD analysis indicated that all the samples with 1 ≤ x ≤ 4.2 were phase pure, whereas the samples with higher iron contents contained several admixtures, of which CuS, FeS, and VS2 were unambiguously identified. The cubic unit cell parameter linearly increased within the homogeneity range as shown in Figure 1. EDXS analysis confirmed the purity of all but x = 4.5 and 5 samples. For the latter two, admixtures containing iron and sulfur and/or vanadium and sulfur were detected (Figure 1). Based on those data, the limit of the homogeneity range was found to lie between x = 4.2 and 4.5. We note that the formal charge distribution in iron-free colusite can be written as (Cu+)22(Cu2+)4(V5+)2(Sn4+)6(S2−)32, suggesting that exactly four copper atoms are expected to be replaced by a divalent metal. The actual homogeneity range being wider, and the presence of Fe3+ (see Section 3.3) in Fe-rich samples suggest that a partial reduction of vanadium down to the oxidation state of +4 may take place; however, this issue requires further investigation.




3.2. Crystal Structure


The crystal structure was refined for the samples with the composition x = 1, 2, 3, and 4 against the synchrotron radiation diffraction data (Figure S1). The crystal data and refinement parameters are summarized in Table 1, whereas atomic parameters and interatomic distances are listed in Tables S1 and S2.



We start the discussion of the crystal structure with the sample having the highest iron content, x = 4. Given the small concentration of iron, the initial refinement was performed assuming the idealized iron-free composition Cu26V2Sn6S32. The compound crystallizes in the cubic space group P-43n, and the crystal structure features three independent copper positions with tetrahedral coordination by sulfur atoms (Figure 2). Although very similar, the coordination spheres around the three copper atoms display small differences. The Cu1 atom is surrounded by a proper tetrahedron of sulfur atoms with the Cu−S distance of 2.31 Å, whereas a tetrahedron around the Cu2 atom shows a certain distortion of the tetrahedral environment with the Cu−S distances of 2.28−2.42 Å. The Cu3 atom is even more different; besides four sulfur atoms at 2.34−2.35 Å, it has a vanadium atom in the second coordination sphere separated by 2.72 Å, which is too distant to be a covalent bond but is close enough to have an impact on the electronic structure in total [41].



The other metal atom sites in the crystal structure of Cu22Fe4V2Sn6S32 are vanadium and tin. The V atom has four sulfur atoms in the first coordination sphere, d(V−S) = 2.32 Å, supplemented by six Cu3 atoms in the second coordination sphere, d(V−Cu) = 2.72 Å. The Sn atom possesses a regular tetrahedral coordination by sulfur atoms with the Sn-S bond length of 2.39 Å. The latter distance is typical for this kind of Sn4+ cations, whereas the V−S bond is only slightly longer than expected for V5+ in a sulfur environment.



The occupancies of all metal sites were refined independently to check for possible anti-site effects. It was found that, within the experimental error, the tin atom fully occupied its position and no sign of tin entering positions of other metal atoms was found. On the next step, the occupancies of all sulfur atoms were verified and found to be equal to 100% within the uncertainties of the refinement. Therefore, the results of the X-ray diffraction powder study showed, within the accuracy of the method, the absence of anti-site defects or sulfur non-stoichiometry in Cu22Fe4V2Sn6S32.



The remaining question was which metal position(s) in the crystal structures was(were) occupied by iron? Unconstrained refinements of three copper and one vanadium sites have led to surprising results. It was found that a heavier atom—iron or copper—entered the 2a position of vanadium. Furthermore, the Cu1 and Cu3 positions contained lighter elements—vanadium or iron—admixed to copper. Assuming that, according to the results of 57Fe Mössbauer spectroscopy (below), iron occupies only one position with a symmetrical environment, several models were refined and the best fit yielded copper and iron mixing on 6d and copper and vanadium mixing both on 2a and 12f sites, which led to the total composition Cu21.97(6)Fe3.96(8)V2.07(11)Sn6S32, the latter being close both to the nominal composition and to that obtained by the EDX spectroscopy (Table S3).



The refinement of the site occupancies for the samples with x = 3 and 2 exhibited the same atomic distribution as for the structure of Cu22Fe4V2Sn6S32, although less accuracy of the refinement was achieved. Given that the total number of iron atoms was 3 or 2 per 34 metal atoms, it was difficult to reliably refine the occupancies of the metal sites against the powder diffraction data. However, it became clear that iron mixed with copper on the 6d site (for x = 2, the Cu/Fe ratio was fixed), whereas the population of the 2a position by copper and the 12f position by vanadium were close to zero; specifically, the vanadium content in the 12f position was so close to zero that it could not be reliably calculated.



Contrastingly, for the sample with x = 1, a different distribution of atoms was observed. First of all, the check for a possible anti-site effect revealed a clear admixture of tin to the position of vanadium; the occupancy refinement revealed that the corresponding 2a site contained 80% V and 20% Sn. As a consequence, the distance from this position to the S(1) atom increased from 2.25 Å in Cu24Fe2V2Sn6S32 to 2.34 Å in Cu25Fe1V2Sn6S32. Secondly, the tin atom (the 6c site) was split into two. Part of the tin atoms remained in the original 6c position, whereas the rest of tin shifted to a nearby 24-fold position with partial occupancy such that the originally regular Sn−S tetrahedron became distorted (Figure S2). Unfortunately, due to the partial occupancy of these positions, it was not possible to determine whether Sn mixed with lighter metals (Cu, Fe, or V) on this site or not. We also note that, in contrast with the literature data for Cu26T2Sn6S32 (T = V, Nb, Ta) [37,42], neither interstitial atom at the 6b (0, ½, ½) position nor sulfur deficiency were observed in the crystal structure of Cu25Fe1V2Sn6S32. The refined composition was Cu25Fe1V1.6(1)Sn6.4(7)S32, compared to Cu24.1(3)Fe1.18(7)V2.11(7)Sn6.51(7)S32.1(3) obtained by the EDX spectroscopy; however, it was difficult to decide whether the structure was vanadium-depleted or the complexity of the crystal structure, that included mixed occupancy of several positions and a split of the tin position, hampered determination of the exact composition by the Rietveld refinement.



We note that, for all samples, the EDXS results show a slight systematic overestimation of tin content. However, the apparent Sn-rich composition of all samples observed by EDX spectroscopy may be a systematic deviation, which is close to the limiting precision of this method.




3.3. Mössbauer Spectroscopy


The 57Fe Mössbauer spectrum for the Cu25Fe1V2Sn6S32 sample (Figure 3) recorded at 298 K has a rather different shape compared to those for the samples having higher iron contents. This spectrum can be presented as the superposition of two quadrupole doublets, major Fe(1A) and minor Fe(1B), which differ from each other by the values of the isomer shift, δFe, and quadrupole splitting, ΔFe (Table 2). The δFe values for both components are typical for high-spin Fe3+ cations in the sulfur tetrahedral environment. The quadrupole splitting of the Fe(1A) component is frequently observed in various compounds having Fe3+ in a regular tetrahedral coordination of sulfur atoms [38,43,44]. The high quadrupole splitting, ΔFe = 0.63 mm s−1, found for the Fe(1B) doublet can indicate either a distortion of the sulfur regular tetrahedral symmetry, or the existence of disordered region embedded into a matrix of the regular structure, as was previously observed for iron-free colusites [35], or the major influence of the second coordination sphere consisting of the asymmetric distribution of copper and iron ions. Given that iron atoms are located in the 6d positions, the latter scenario seems to be more probable. The same kind of the second sphere influence was previously examined in detail for Fe-substituted tetrahedrites [45].



Upon increasing the iron content to x = 2, 3, and 4, the shape of the 57Fe Mössbauer spectra at 298 K changed drastically (Figure 4a). The spectra could be fitted as a superposition of three components with the parameters presented in Table 2. The Fe(1) doublet corresponds to Fe3+ in the symmetric tetrahedral coordination, similar to the Fe(1A) component in Cu25FeV2Sn6S32. The Fe(2) component clearly represents high-spin Fe2+ ions in a tetrahedral sulfur environment [46]. The third component labeled “relax” has a very broad and diffuse shape, which cannot be represented as a discrete partial spectrum with Lorentzian components. Moreover, at low temperatures (Figure 4b), this component is completely split into Fe(1) and Fe(2) subspectra. Previously, similar partial components were observed for the Cu12−xFexSb4S13 tetrahedrite-like family [45] and were assigned to iron ions involved in the fast electron hopping Fe2++ Fe3+ ↔ Fe2+ + Fe3+ [38,45]. However, taking into account the localization of iron only in the “isolated” 6d sites, such behavior (i.e., the appearance of averaged values of hyperfine parameters and their temperature evolution) may be associated with electron hopping Cu+ + Fe3+ ↔ Cu2+ + Fe2+. Since the Fe3+/2+ redox level is known to be at a higher energy than the Cu2+/+ redox couple in sulfides, such electron-transfer reaction brings no particular surprise. However, the electron exchange between cations of different elements in this case is not as pronounced as in tetrahedrites, which corresponds to a higher activation energy of the transfer process. Our assumption is also supported by experiments conducted with several sulfides [47]. The observed indistinguishable iron sites (i.e., “average valence”) on the 57Fe Mössbauer time scales means that the electron transfer rate is greater than ~107 s−1. In this case, both isomer shift and quadrupole splitting “fluctuate” simultaneously between the characteristic values for Fe2+ and Fe3+ ions. Clearly, for the x = 2 sample, the “relax” component constituted the majority of the spectrum, amounting to ~75%, and pointed to the fact that the overwhelming majority of iron atoms were involved in the electron hopping process. The same scenario was previously exhibited by the Cu12−xFexSb4S13 tetrahedrite-like family with a ratio of Fe3+/Fe2+ of approximately 1:1, thus underlying that the electron hopping energy barrier EA [45] has a minimum value for the composition with the same amounts of iron cations having different oxidation states. Upon increasing the iron content to x = 3 and further to x = 4, the contribution of the “relax” component decreased to 65% and then to about 29%, whereas the Fe(2) component became dominant. This showed that the Fe2+ state was becoming prevailing for the greater iron contents, but the Fe3+ and the relaxation components were still present in the compound.



Taking into account the above relaxation processes, we analyzed the spectra using a stochastic Tjon–Blume model [48]. A satisfactory description of the spectra at 298 K was achieved under the assumption that there is a distribution of averaged relaxation frequency (Ω) value. The resulting distribution p(Ω) function (Figure S4) demonstrates a bimodal profile with two maxima which can be attributed to different crystallographic iron sites. Such analysis enables us to determine the mean electron hopping frequencies <Ω> (Table 2), which reflect the average rate of the electron transfer between the adjacent Fe2+/Fe3+ centers. The calculated values of (1.7–2.0)·107 s−1 are greater than the respective values for Fe-substituted tetrahedrites (~0.9·107 s−1 at RT) [45], pointing to the faster electron hopping in Fe-bearing colusites. Seemingly, the observed electron hopping is a thermally activated process, as deduced from the disappearance of the continuous absorption upon decreasing the temperature. The spectra at T = 15 K can be described as a superposition of two narrow distributions of quadrupole patterns (Figure 4b) corresponding to the Fe3+ (Fe(1)) and Fe2+ (Fe(2)) ions in the nonequivalent local environments.



The 119Sn spectra shown in Figure 5 reveal that, for the x = 1 sample, the spectrum could not be fitted as a single quadrupole doublet with narrow resonant lines; therefore, we performed the reconstruction of the quadrupole splitting distribution (Figure 5b). The average value of the isomer shift <δSn> was close to 1.5 mm s−1, which is typical for tin(IV) in a tetrahedral environment [49]. The resulting almost symmetric quadrupole splitting distribution p(ΔSn) was presented as a superposition of two Gaussians components. The first Gaussian had a lower value of average quadrupole splitting, with <ΔSn1> ≈ 0.61 mm s−1 and an area ASn1 ≈ 68%, while the second one had a higher value of <ΔSn2> ≈ 0.89 mm s−1 and an area ASn2 ≈ 32%. This result is in good agreement with the crystal structure data for the Cu25FeV2Sn6S32 sample, where the share of the more symmetric tin environment (positions 2a and 6c) is about 73%. Thus, the lowest values of the quadrupole splitting could be assigned to the almost regular tetrahedral environment, whereas the right part of the distribution pointed at the asymmetrical coordination of tin. Therefore, the 119Sn spectroscopy data indicated that tin atoms were present at least at several different sites in the crystal structure of Cu25FeV2Sn6S32. The average values of the quadrupole splitting and deviation of this hyperfine parameter (Table 3) were in good agreement with the theoretical calculations of the electric field gradient (EFG). These quantitative calculations were performed using the crystal data in terms of monopole and dipole contributions to the main component VZZ; they are described in detail.



As the iron content increases, the shape of the spectra changes. For the samples with x = 2, 3, and 4, each spectrum, fitted as the distributions of quadrupole splittings (Figure 5b), exhibited a more narrow and symmetric shape of the quadrupole splitting distributions. It could be represented as a single quadrupole doublet with the close to unchanged isomer shift and the quadrupole splitting ΔSn decreasing from 0.66 down to 0.43 mm s−1 (Table 3). These spectra indicate that tin(IV) occupies a single position in the crystal structure with a tetrahedral coordination or the resonant linewidth exceeds the distortion effects in more iron-enriched compositions. Finally, all 119Sn spectra exhibit no sign of tin being reduced to a lower oxidation state.



It should be emphasized that, in this work, we used one of the possible relaxation models, which describes well the entire series of experimental spectra. Taking into account the inhomogeneity of the crystalline environment of iron cations, we used the distribution of the values of some relaxation parameters. We do not exclude the possibility of using other relaxation models, which are also capable of achieving good description of the spectra. However, our main task was to demonstrate that iron cations in the reported colusites take part in the electronic exchange with their environment, which should undoubtedly be considered when interpreting the properties of these systems.




3.4. Magnetic Properties


Temperature and field dependencies of magnetic susceptibility were measured for the samples with x = 1, 2, 3, and 4. All the samples exhibited Curie–Weiss paramagnetism in the entire range of measurements, from 2 to 380 K. No sign of phase transition known for pristine tetrahedrite and associated with the charge ordering [50,51] was observed. Except for the very low-T region, the magnetization curves recorded for each sample at different fields coincided, showing the absence of the field dependence. The linear increase in the reciprocal magnetic susceptibility with temperature was found for all magnetic fields (Figure S3). Application of the modified Curie–Weiss law revealed low negative Weiss constants for each sample, from −14.5 to −40.9, pointing at weak antiferromagnetic interactions of spins, which was additionally supported by almost linear M(H) dependencies at 2 K.



The dependence of the effective magnetic moments per formula unit on the iron content, extracted from the Curie–Weiss fits (Figure 6), provided further information on the behavior of the spin system. The moment increases with the increase in the iron content. For the sample with x = 1, the magnetic moment is 5.64 μB per formula unit. Given that all iron in the Cu25FeV2Sn6S32 sample is present, according to the 57Fe Mössbauer spectra, in the high-spin state, e2t23, the magnetic moment for this sample is reduced compared with the expected moment for Fe3+ in a high-spin configuration (5.92 μB). The reduction in the moment as compared to the free-ion value can be related to partial spin transfer to the ligands. The TC/C = λ relation provides further insights into the spin system behavior [24]; for the sample with x = 1, λ is equal to 3.65, pointing at a rather weak exchange energy; hence, the degree of d-electron localization on iron atoms is reduced. We also note that, for the x = 1 composition, the charge-balanced formula includes two divalent copper centers: (Cu+)23(Cu2+)2(Fe3+)1(V5+)2(Sn4+)6(S2−)32, which implies that the observed moment per formula is expected to be even greater than predicted for solely one Fe3+.



Upon increasing the iron content, the magnetic moment increases, remaining at lower levels than expected for localized iron moments. We note that, in Cu25FeV2Sn6S32, electron transfer can occur between the Cu1+/2+ and Fe2+/3+ centers, which should lead to the change in the electron field gradient around an iron center and manifest itself as increased quadruple splitting in the 57Fe Mössbauer spectrum, which was indeed observed for this composition (Figure 3). It is worth noting that the significant difference between the copper and iron energy levels, εCu(I/II) << εFe(II/III), precludes fast electron transfer with a relaxation component in the spectrum. In all samples with higher iron contents, the Fe2+/Fe3+ exchange is fast and does manifest in the relaxation component.




3.5. Thermoelectric Properties


The thermoelectric properties of Cu26−xFexV2Sn6S32 (x = 1, 2, 3, and 4) colusites were measured in the temperature range of 300–700 K. The temperature dependencies of the electrical resistivity, Seebeck coefficient, and thermal conductivity are shown in Figure 7. Additionally, shown are the temperature dependencies of the thermoelectric figure-of-merit calculated as ZT = S2T(ρκ)−1.



Electrical resistivity decreases with temperature for all compositions. The ρ vs. T function is linear on the logarithmic scale pointing at the semiconducting behavior; however, all dependencies except for x = 4 exhibit a change in the slope between 450 and 500 K (Figure 7).



For all samples, the Seebeck coefficient is positive over the entire temperature range, meaning that holes are dominant charge carriers. It is worth noting that the values of the Seebeck coefficient for all samples are high; they exceed 200 µV∙K−1 in the entire temperature range. However, the behavior of the temperature dependencies of the Seebeck coefficient is different for different samples. For the Cu25Fe1V2Sn6S32 sample, a gradual decrease in the Seebeck coefficient from 320 to 200 µV∙K−1 with increasing temperature was observed. For three other samples, the Seebeck coefficient varies only in a narrow range, the difference between the highest and lowest values does not exceed 15%.



Clearly, the S(T) dependencies discriminate the samples into two groups. The first group is presented by the sample with x = 1 exhibiting decreasing S(T), whereas the second group combines the samples with x ≥ 2 that exhibit very slight dependencies of the Seebeck coefficient on temperature. Such a discrimination seems to be in line with the 57Fe Mössbauer spectra and magnetic behavior. In particular, the properties of the colusites’ spin system should have an impact on the Seebeck coefficient, similar to that observed for diluted magnetic semiconductors [52,53]. However, other factors such as effects of stoichiometry cannot be ruled out.



Thermal conductivity (κ) was calculated from measured thermal diffusivity (α) according to κ = αdCp, where d is the density of the substance (g∙m−3), Cp is the heat capacity (J∙g−1∙K−1). The heat capacity was calculated according to the Dulong-Petit approximation Cp = 3R∙M−1, where R is the universal gas constant and M is the reduced molar mass of colusites. The thermal conductivity for all samples is low in the entire temperature range and decreases with the temperature as typical for semiconductors.



The total thermal conductivity increases with the degree of substitution of iron for copper; at 700 K, the total thermal conductivity increases from 0.40 to 0.57 W∙m−1∙K−1. The electronic part of the thermal conductivity, κe, was calculated using the Wiedemann–Franz law as κe = L0σT, where L0 is the ideal Lorenz number, 2.45∙10−8 W∙Ω∙K–2, σ is the electrical conductivity, and T is the absolute temperature (Figure 8). The lattice part of the thermal conductivity is calculated as the difference of the total thermal conductivity and its electronic part is also shown in Figure 8 for comparison. Clearly, the electronic contribution of the thermal conductivity for Cu26−xFexV2Sn6S32 with x = 2, 3, 4 is small and constitutes less than 15% of the total thermal conductivity. The Cu25Fe1V2Sn6S32 compound is different; it exhibits almost similar electronic and lattice contributions at 700 K. Therefore, this sample demonstrates the highest electronic thermal conductivity but the lowest lattice and total thermal conductivity. Normally, the lattice part of thermal conductivity diminishes with increasing disorder in the crystal structure. It can be proposed that, in the case of the x = 1 sample, low values of the lattice thermal conductivity may originate by such structural features as the splitting of the tin 6c atomic position and mixing of tin and vanadium on the 2a site; both features are absent in the crystal structures of all other samples. Additionally, other factors than phonon scattering on the lattice defects may influence the phonon part of the total thermal conductivity, which requires further investigations.



The relatively high values of the Seebeck coefficient and the electrical conductivity as well as low thermal conductivity result in appreciably high values of the thermoelectric figure-of-merit, ZT, for all samples. In general, the ZT increases with the temperature. Specifically, for the sample with x = 1, ZT = 0.78 is reached at 700 K. We note that the literature gives a range of ZT values for iron-free Cu26V2Sn6S32 between 0.01 and 0.93 evidently depending on the synthetic route [37,42,54,55,56]. We propose that such a discrepancy may stem from the intrinsic nonstoichiometry in Cu26V2Sn6S32. For comparison, it is documented in the literature that pristine tetrahedrite is always sulfur-deficient, Cu12Sb4S13−x, where x is about 0.2, and the stoichiometric composition does not belong to the homogeneity range of this phase [50,57].



The ZT value of 0.78 found for the composition with x = 1 is the greatest of all studied samples and is comparable with the high thermoelectric figure-of-merit for other synthetic copper-based minerals, such as germanites of the general formula Cu22Fe8Ge4S32 [13,58] and tetrahedrites featuring partial substitution of a d-metal for copper [22,23,59]. Comparing iron-bearing colusites studied in this work with iron-based tetrahedrites, one can notice that the greatest ZT is observed for the compositions, in which all iron is present in the oxidation state of +3 [23,24].





4. Conclusions


We have prepared iron-bearing colusites of the general formula Cu26−xFexV2Sn6S32, with x(max) lying between 4.2 and 4.5. The crystal structure formally belongs to the colusite type. The compounds with x = 2, 3, and 4 feature a slight mixing of cations in an ideal colusite structure. For x = 1, various structural defects including the anti-site effect and positional disorder of the tin atom were found. The Mössbauer spectroscopy and magnetization study have shown that iron is present in different forms in the title colusites. For x = 1, only Fe3+ is observed, whereas for colusites with higher iron content, Fe3+ and Fe2+ coexist. Moreover, whereas the magnetization study revealed weak antiferromagnetic interactions between iron cations, the Mössbauer study pointed to the fast, on the 57Fe Mössbauer time scale (107–109 s−1), electron hopping Cu+ + Fe3+ ↔ Cu2+ + Fe2+, which is manifested as a relaxation component in the spectra. The analysis of the thermoelectric properties revealed the substantial influence of the iron oxidation state on the transport properties. Specifically, the sample with x = 1 demonstrated the highest slope of the temperature dependence of the Seebeck coefficient, the lowest electrical resistivity, and the greatest electronic contribution, almost 50%, to the total thermal conductivity. Combined, these peculiarities resulted in the greatest thermoelectric figure-of-merit demonstrated by this sample, reaching ZT = 0.78 at 700 K. Although the exact reasons for the increased thermoelectric figure-of-merit for the samples where iron is present in the oxidation state of +3 are not fully understood, we note that this trend is shared by at least two synthetic Fe-bearing minerals, colusites, and tetrahedrites. Evidently, further studies are necessary to understand the role of electronic correlations in synthetic analogs of sulfide minerals, which will pave a way to more efficient non-toxic thermoelectric materials.
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Figure 1. Dependence of the unit cell on the iron content in the Cu26−xFexV2Sn6S32 series. Data for x = 0 are taken from the literature [35]. Insets show EDXS analysis data for x = 4.5 (top left) and x = 3 (bottom right). 
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Figure 2. View of the crystal structure of Cu26−xFexV2Sn6S32 colusites and coordination of Cu, Sn, and V atoms. 
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Figure 3. 57Fe Mössbauer spectrum of Cu25Fe1V2Sn6S32 sample recorded at 298 K. 
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Figure 4. 57Fe Mössbauer spectra of Cu26−xFexV2Sn6S32 (x = 2, 3, and 4) colusites recorded at 298 K (a) and 15 K (b). 
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Figure 5. 119Sn Mössbauer spectra of Cu26−xFexV2Sn6S32 (x = 1, 2, 3, and 4) samples recorded at 298 K (a); and corresponding distributions p(ΔSn) of the quadrupole splittings (b). Colored areas represent contributions of SnS4 tetrahedra of high (blue) and low (green) local symmetries (see text). The dashed blue line is shown to demonstrate a monotonic decrease in ΔSn with increase in the iron content. 
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Figure 6. Effective magnetic moment per formula versus iron contents, x, for Cu26−xFexV2Sn6S32 samples; see text for details. 
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Figure 7. Electrical resistivity (top left), Seebeck coefficient (top right), thermal conductivity (bottom left), and thermoelectric figure-of-merit (bottom right) as functions of temperature for Cu26−xFexV2Sn6S32 (x = 1, 2, 3, 4) colusites. 
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Figure 8. Electronic (circles) and lattice (squares) parts of the total thermal conductivity for Cu26−xFexV2Sn6S32 (x = 1, 2, 3, 4) samples. 
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Table 1. Data collection and refinement parameters for the crystal structures of Cu26−xFexV2Sn6S32.
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Nominal Composition

	
Cu25Fe1V2Sn6S32

	
Cu24Fe2V2Sn6S32

	
Cu23Fe3V2Sn6S32

	
Cu22Fe4V2Sn6S32






	
Crystal system

	
Cubic




	
Space group

	
P-43n




	
a, Å

	
10.78020(3)

	
10.7900(1)

	
10.79847(2)

	
10.80704(7)




	
V, Å3

	
1252.797(7)

	
1256.22(3)

	
1259.177(3)

	
1262.18(1)




	
Z

	
1




	
dcalc

	
4.6187

	
4.5959

	
4.575

	
4.554




	
Wavelength, Å

	
0.35422

	
0.35451

	
0.35451

	
0.35451




	
Temperature, K

	
293




	
2θ range (data collection)

	
1.00–45.00

	
1.00–37.914




	
R/Rw (I > 2σ(I))

	
0.0733/0.0810

	
0.0414/0.0717

	
0.0415/0.1231

	
0.0506/0.0556




	
Rp/Rwp

	
0.1278/0.1621

	
0.1441/0.1849

	
0.1279/0.1649

	
0.1304/0.1788




	
GoF

	
1.89

	
2.66

	
1.86

	
2.45
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Table 2. Hyperfine parameters of the 57Fe Mössbauer spectra for Cu26−xFexV2Sn6S32 (x = 1, 2, 3, and 4) at 298 K.
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Sample

	
Sites

	
δFe (mm s−1)

	
ΔFe (mm s−1)

	
<Ω> * (s−1)

	
W (mm s−1)

	
I (%)






	
Cu25FeV2Sn6S32

	
Fe(1A)

	
0.32(1)

	
0.29(1)

	

	
0.28(1)

	
79(2)




	
Fe(1B)

	
0.10(1)

	
0.61(3)

	

	
0.28(1)

	
21(2)




	
Cu24Fe2V2Sn6S32

	
Fe(1)

	
0.33(1)

	
0.26(1)

	

	
0.25(1)

	
10(1)




	
Fe(2)

	
0.60(1)

	
2.84(1)

	

	
0.25(1)

	
16(1)




	
“relax”

	
**

	
**

	
1.7(1)·107

	
0.25(1)

	
74(2)




	
Cu23Fe3V2Sn6S32

	
Fe(1)

	
0.34(1)

	
0.29(1)

	

	
0.25(1)

	
7(1)




	
Fe(2)

	
0.61(1)

	
2.94(1)

	

	
0.25(1)

	
28(3)




	
“relax”

	
**

	
**

	
2.0(3)·107

	
0.25(1)

	
65(3)




	
Cu22Fe4V2Sn6S32

	
Fe(1)

	
0.35(1)

	
0.29(1)

	

	
0.27(1)

	
10(1)




	
Fe(2)

	
0.60(1)

	
2.94(1)

	

	
0.27(1)

	
61(3)




	
“relax”

	
**

	
**

	
1.8(2)·107

	
0.27(1)

	
29(3)








(*) <Ω> is a mean frequency of electron hopping between Fe3+ (Fe(1) and Fe2+ (Fe(2) states; (**) the isomer shift and the quadrupole splitting of the “relax”. Component linked with Fe(1) and Fe(2) components.
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Table 3. Hyperfine parameters of the 119Sn Mössbauer spectra for Cu26−xFexV2Sn6S32 (x = 1, 2, 3, and 4) at 298 K.






Table 3. Hyperfine parameters of the 119Sn Mössbauer spectra for Cu26−xFexV2Sn6S32 (x = 1, 2, 3, and 4) at 298 K.





	Sample
	δSn (mm s−1)
	ΔSn (mm s−1)
	W (mm s−1) *





	Cu25Fe1V2Sn6S32 **
	1.54(1)
	0.70(1)
	0.95



	Cu24Fe2V2Sn6S32
	1.49(1)
	0.66(1)
	0.95(1)



	Cu23Fe3V2Sn6S32
	1.52(1)
	0.54(1)
	0.95(1)



	Cu22Fe4V2Sn6S32
	1.51(1)
	0.43(1)
	0.95(1)







(*) W parameters were constrained to be the same for all sites, (**) average values of hyperfine parameters are presented.
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