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Abstract

:

The high-pressure behavior of jamesonite (FePb4Sb6S14, a = 4.08(3) Å, b = 19.08(3) Å, c = 15.67(3) Å, β= 91.89°, space group P21/c) has been investigated using in situ HP synchrotron X-ray single-crystal diffraction up to ~17 GPa with a diamond anvil cell under hydrostatic conditions. Results of the volume isothermal equation of state (EoS), determined by fitting the P-V data with a third-order Birch–Murnaghan (BM) EoS, are V0 = 1207.1(4) Å3, K0 = 36(1) GPa and K’ = 5.7(7). At high pressure, jamesonite undergoes a phase transition to an orthorhombic structure with a Pmcb space group (β-jamesonite). The analysis of β-jamesonite’s compressibility up to 16.6 GPa, studied by fitting the data with a second-order BM-EoS, gives V0 = 1027(2) Å3, K0 = 74(2) GPa. The comparison of the structural refinements at different pressures indicates that Fe, Pb and Sb do not change their coordination number over the whole investigated P range, respectively, 6 for Fe, 7 and 8 for Pb and 5 + 2 for Sb. However, a significant change occurs on the orientation of Sb lone electron pairs upon the phase transition in accordance with the change in symmetry. Furthermore, a discontinuity in the Fe chain evolution at the transition pressure is observed.
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1. Introduction


The term “sulfosalts” was proposed for complex salts in which sulfur plays the role of the anion instead of oxygen, with a general chemical formula of AxXySz, where A stands for metallic cations (e.g., Pb2+, Ag1+; Cu1+); X for semimetal elements As3+, Sb3+, Bi3+ and Te4+; and S for sulfur [1]. Chalcogenides, because of their distinctive characteristics, are interesting as next-generation smart materials, such as thermoelectrics [2], photoelectrics [3], photovoltaics [4], materials for optical data storage [5] and solid-state electrolytes [6]. The wide application range of sulfosalts in these fields is due not only to their chemical and structural construction units but also to their physical properties, such as the band gap, which can be adjusted from almost 0 eV to more than 2.0 eV [7]. This allows sulfosalts to be used in a wide range of semiconductor materials.



Jamesonite (FePb4Sb6S14) belongs to the group of rod-based sulfosalt structures made of infinite rods of M-S polyhedral clusters [8]. Jamesonite crystals are commonly found with needlelike morphology associated with sulfides such as pyrite (FeS2), stibnite (Sb2S3), galena (PbS) and sphalerite (ZnS) in hydrothermal veins [9]. The crystals are lead-gray in color, up to a centimeter long and filling the quartz veins [10]. Due to its morphology and properties, jamesonite attracted scientific interest for applications in selective absorption and catalysis [11] and microelectronic devices [7]. In addition, jamesonite is one of the most important antimony resources [12]. With benavidesite (Pb4MnSb6S14), jamesonite forms a complete solid-solution series in the PbS-FeS-MnS-Sb2S3 system with a melting point from 583 ± 3 °C (Fe) to 592 ± 3 °C (Mn) [13].



Jamesonite’s crystal structure was first described and determined by Niizeki and Buerger [14] with space group P21/a and unit-cell dimensions equal to the following: a = 15.07 Å, b = 18.98 Å, c = 4.03 Å and β = 91.48°. Recently, Léone et al. [15] refined the crystal structure of jamesonite in the space group P21/c and unit-cell dimensions equal to the following: a = 4.02 Å, b = 19.07 Å, c = 15.73 Å and β = 91.89°. The (Pb6Sb6S14)∞ rods extending along a are connected by the Fe coordination octahedra into layers parallel to (010). Each rod shares its Pb2 atoms with four rods, two from each (010) neighboring layer, leaving for each rod four Pb on average. The Fe coordination octahedra share two opposite edges with the neighboring two Fe coordination octahedra to form the chains (FeS4)∞, parallel to the a axis. All orientations refer to the P21/c setting (Figure 1).



The rods are four atomic planes thick and three coordination pyramids long in the direction perpendicular to the rod extension. They are based on the SnS archetype [16] with a mutual 2 Å shift of their two halves along the rod’s extension, when compared to a simple PbS-like arrangement. The middle of a rod comprises a lone electron pair’s (LEP) micelle, where Sb atoms orient their LEP. The full coordination of Sb atoms can thus be described as a monocapped trigonal prism (CN 7) in which tight Sb-S bonds, forming a square pyramid, are supplemented by two S atoms across the micelle at significantly longer distances, forming the body of the prism together with the pyramid’s base. The coordination is, strictly speaking, a 5 + 2 one, or even a 3 + 2 + 2 one, because of a bond-length gap between the closest three and the next-closest two in the distorted square pyramid. The Sb configuration is described in Comodi et al. [17] and, as shown by Balic-Zunic and Makovicky [18], the centroid of the coordination, calculated considering the seven coordination, expresses the maximum of the electron density of the lone electron pairs. The additional two long distances between Sb and S, measured in all three Sb polyhedra, indicate that at room pressure, there are just weak interactions between the Sb and S across the LEP micelles (in Figure 1, these bonds are represented with red dashed lines).



Pb polyhedra are significantly distorted. Pb1 has a 6 + 1 coordination with six distances lower than 3.1 Å, and Pb2 has a 7 + 1 coordination with seven bond distances lower than 3.2 Å. The longest distances are at 3.3 and 3.5 Å, respectively.



Figure 2 shows the jamesonite structure projected along the a axis, where the octahedral iron chains, running along the a axis, are well evident. That projection shows the layered character of the jamesonite structure, i.e., layers with Fe octahedra are alternated with Sb and Pb polyhedra along the a axis.



The distance between the iron and the sulfur shared with other iron is significantly longer (over 2.6 Å) than the distance between the iron and sulfur not shared with other iron (2.4 Å), producing a distorted Fe octahedron. The same behavior is observed at room pressure on the edges of iron polyhedra: S3-S3 (shared edges) = 3.445 Å and S3-S3 (unshared edges) = 4.023 Å.



In jamesonite, the strength of covalent bonds Sb-S and Pb-S can drastically modify the octahedral coordination and thus also influence the nature and degree of the two-spin superposition interference on the contiguous centers of the transition metal [19,20]. A possible polymorph of jamesonite, the orthorhombic parajamesonite, has been debated in the literature record [19,21,22]. To date, there is only one report containing mineralogical information on the parajamesonite phase [22]. However, in recent studies, no evidence of the potential presence of parajamesonite in nature has been obtained [21]. It must be noted, however, that the structure of the monoclinic jamesonite is conspicuously close to an orthorhombic one.



Although the interest in the flotation, smelting, selective leaching and extraction of antimony prompted serious investigations [10,23], analyses on the crystal structure of jamesonite at nonambient conditions are extremely limited [19].



Jamesonite has remarkably interesting electric and magnetic properties. Having low electric conductivity, this compound is an intrinsic semiconductor with an optical band gap equal to 0.48 eV. In magnetic measurements, Matsushita and Ueda [18] found a 1d-HAF behavior and a change in the magnetic susceptibility at 120 K, together with other anomalies at lower temperatures. Furthermore, Leone et al. [15] showed an unusual magnetic anisotropy: the susceptibility parallel to the a axis is superior that the susceptibility perpendicular to that axis. The a axis is an easy axis of magnetization.



High-pressure studies of selected sulfosalts such as heyrovskyite Pb6Bi2S9 [24], lillianite Pb3Bi2S6 [25] and chalcostibite CuSbS2 [17] evidenced the occurrence of pressure-induced phase transitions, and these physical parameters could play a key role in the structural properties of these thermoelectric compounds.



In this work, the high-pressure (HP) behavior of a natural jamesonite sample was investigated, for the first time, by means of in situ synchrotron single-crystal X-ray diffraction (SC-XRD) to study the effect of pressure on the jamesonite crystal structure, to evaluate the possible occurrence of pressure-induced phase transitions and to measure the lattice parameters’ compressibility as well as the main components of the elastic tensors. Moreover, the effect of pressure on the lone pair activity of Sb and Pb, and the change in Fe coordination, which might have a profound influence on the magnetic properties, were studied.




2. Materials and Methods


2.1. Experimental Procedure


A natural jamesonite sample was provided by Yves Moëlo. The quality of the mineral sample was first evaluated by means of SC-XRD at the Department of Physics and Geology of the University of Perugia (Italy), confirming its typical diffraction pattern. A crystal with the dimensions 80 × 20 × 30 μm was selected for the HP SC-XRD analyses (ESRF synchrotron in Grenoble, France). The HP SC-XRD experiments were performed on the ESRF synchrotron in Grenoble (France) at the ID-15B beamline. The measurements were made using a membrane-type diamond anvil cell with an opening angle of 64°, equipped with 600 μm culet diamonds. The pressure-transmitting medium was helium, and a ruby sphere was loaded with the sample as the P-calibrant. The pre-indented stainless-steel gasket had a 300 μm diameter hole and 80 μm thickness. A monochromatized beam (λ = 0.41125 Å) was used, focused down to a 10 × 10 μm2 area. Data were registered with an angular step of 0.5° using an MAR555 flat-panel detector with a 430 × 350 mm2 (555 mm diagonal) active area. The wavelength and the sample-to-detector distance (279.88 mm) were calibrated using Si standard and Fit2D software [26].



The investigated pressure range varied from 1.26 to 16.6 GPa. Measurements were made in 7 steps in increasing pressure. Pressure was measured before and after each data collection, and the gasket relaxation was ensured by waiting ~15 min after changing the load. CrysAlisPro software (Agilent Technologies U.K. Ltd., Yarnton, UK) was used for data extraction, reflection intensity correction, reflection merging and refinement of the lattice parameters. Diffraction peak indexing and integration of the peak intensities were performed using the CrysAlisPro package (Rigaku Oxford Diffraction 2018, Agilent Technologies U.K. Ltd., Yarnton, UK). X-ray absorption effects corrections were made by applying the semiempirical ABSPECK routine present in CrysAlisPro.




2.2. Refinement Protocol and Elasticity Analysis


The structural refinements were performed using ShelXle software [27]. The crystal structure of jamesonite was refined up to 6.76 GPa, starting from the crystal structure published in Léone et al. [15], in the space group P21/c. The unit cell and crystal structure refinements of data collected from 9.70 to 16.60 GPa showed the beta angle of jamesonite approaching 90° and the x atomic positions of all the atoms in the unit cell approaching special positions. Thus, the occurrence of a phase transition from monoclinic to orthorhombic symmetry was checked, and SHELXT [28] software was used to solve the crystal structure of jamesonite after phase transition. Satisfactory structure refinements were performed in the Pmcb space group for the last four data collections. The crystal structures before and after phase transition are hereafter named α-jamesonite and β-jamesonite, respectively, which can be explained by a displacive character of the phase transition. The good crystallinity of the jamesonite sample was maintained during the whole experiment.



The unit-cell parameters and volumes are reported in Table 1 together with data collection and refinement details. Figure 3 shows the evolution of lattice parameters with pressure, normalized to the room-pressure value and to 9.7 GPa for α- and β-jamesonite, respectively. Atomic coordinates at different pressures (Table S1) and crystal information files (CIFs) are deposited in the Supplementary Materials section.



The compressibility of jamesonite before and after phase transition was analyzed using EosFit GUI [29] (Figure 3). The f–F plots in Figure 4 [30] show that data for α-jamesonite lie on an inclined straight line (Figure 4a), that is, they can be adequately described by a 3rd-order Birch–Murnaghan (BM) equation of state (EoS), whereas, data for β-jamesonite lie on a horizontal line of constant F (Figure 4b), meaning that a 2nd-order BM-EoS (K’ fixed to 4) is the best choice to describe its volumetric elastic behavior [30]. Results of the BM-EoS fittings are listed in Table 2 and shown in Figure 3.





3. Results


3.1. Compressibility


Results of the BM-EoS fittings show that α-jamesonite has an anisotropic compressional behavior with the highest compressibility along [100] and the lowest compressibility along [001], whereas the [010] direction has an intermediate value close to [001] (Table 2). The monoclinic beta angle decreases with P approaching the 90° at the transition pressure (>9 GPa) (Table 1). The β-jamesonite (dashed lines in Figure 3) shows a more isotropic rigid behavior with respect to the α polymorph. Moreover, while in α-jamesonite, the most compressible lattice parameter is a, in the β polymorph, it becomes the stiffest direction.



This behavior is well shown, considering the ratio between the lattice parameters moduli, which indicates a quite anisotropic compressional behavior in both α and β polymorphs, with 1/M0a:1/M0b:1/M0c = 1.24:1.00:1.02 in the former and 1/M0a:1/M0b:1/M0c = 1.00:1.24:1.1 in the latter.




3.2. High-Pressure Structural Evolution from α-Jamesonite to β-Jamesonite


The geometry and distortion of the coordination polyhedra were analyzed by means of the IVTON program [31]. Table 3 reports the bond distances for all Fe, Sb and Pb polyhedra, and Figure 5 reports the compressibility of all polyhedra normalized to the room-pressure values.



The stereochemical activity of the lone electron pair (LEP) of Sb and Pb, quantified by measuring the eccentricity, namely, the distance of the cation from the centroid of the coordination polyhedra (centroid = the point with the smallest standard deviation of distances from all the coordinated ligands), as well as their evolution with P, are given in Table 4. In addition, in Table 4, sphericity values, defined as the inverse standard deviation of ligands from the sphere fitted to the positions of ligands, are also given.



The comparison of the structural data collected at different P allows us to describe the evolution of Sb, Pb and Fe polyhedra.



3.2.1. Sb polyhedra







	(a)

	
All Sb polyhedra turn out to have quite similar compressibilities: the polyhedral bulk moduli, calculated as the reciprocal value of the average polyedral compressibilities in the investigated P range, are 53, 53 and 31 GPa for Sb1, Sb2 and Sb3, respectively, in α-jamesonite; in contrast, they become 100, 90 and 96 GPa for Sb1, Sb2 and Sb3, respectively, in β-jamesonite. A similar value was measured for Sb polyhedra in chalcostibite by Comodi et al. [17]. The pyramid apexes are directed perpendicular to the rods, and the lone electron pairs of Sb are located in the LEP micelle. However, a significant change occurs in the orientation of the LEP upon the phase transition in accordance with the change in symmetry (Figure 6). Note that the three shortest Sb-S bonds from which the LEP is pointing include the apical atom of the square pyramid and the two atoms in its base; in α-jamesonite, these are the two below or above Sb (looking along the rod extension), whereas in the β polymorph, they are both on the side of the Sb atom. In other words, the LEP becomes perpendicular to the rods, which is a consequence of their mutual repulsion from Sb atoms to those Sb on the opposite side of a micelle (Figure 7). With increasing P, the distances between Sb and S on the opposite side of the micelle drastically decrease: at 1.6 GPa and 16.6 GPa, Sb1-S1 changes from 4.125(5) to 3.234(5) Å, Sb2-S6 from 3.992(5) to 3.108(5) Å and Sb3-S5 from 4.169(5) to 3.467(6) Å.




	(b)

	
The stereochemical activity of Sb LEPs at room pressure is quite high: the eccentricities are 0.32, 0.29 and 0.33 for Sb1, Sb2 and Sb3, respectively, very similar to the value measured in chalcostibite by Comodi et al. [17] that is equal to 0.31 (Table 4). With increasing P, the stereochemical activity of the three Sb decreases (Table 4) in a similar way as can be observed with the reduction in the eccentricity (Figure 8a) and the increase in the sphericity (Figure 8b) of the Sb polyhedra. At the same time, the distorted quadratic bases of Sb polyhedra become more regular as P increases, as indicated by the Sb-S distance in Table 4, with a usually equalizing trend observed in other sulfosalts, where the longest Sb-S distances decrease more strongly than the shortest ones. This behavior can be also evaluated by the reduction in distortion (Figure 9) and eccentricity evolution (Table 4) with P. The regularization of polyhedra is a common behavior in high-pressure structures [32], as regular polyhedra have lower volume with respect to distorted polyhedra with the same superficial extension.










3.2.2. Pb polyhedra


Lead atoms are located along the rod edges, and Pb-S bonds connect two adjacent rod layers. At ambient P, the coordination of Pb1 is 6 + 1 and that of Pb2 is 7 + 1, considering the 6 and 7 distances less than 3.2 Å in Pb1 and Pb2 coordination polyhedra, respectively. With increasing pressure, both Pb atoms increase their coordination as the Pb1-S6 distance decreases from 3.272 to 2.8 Å and the Pb2-S4 distance decreases from 3.37 to 2.94 Å. The bulk moduli of Pb1 and Pb2 (by considering 7 and 8 for Pb1 and Pb2 coordination, respectively) are 54 and 54 GPa, respectively, for the α-jamesonite and 98 and 95 GPa, respectively, for the β-jamesonite. They represent the most rigid polyhedra in the jamesonite structure.



Again, this is the well-known high-pressure behavior in which atoms, both cations and anions, tend to increase their coordination number with increasing pressure to increase packing efficiency. In jamesonite, the increase in the lead coordination number promotes better bonding between the rods in the 3D directions.



Usually, the LEP activity of lead is less expressed than that of Sb or Bi, and in some cases, as in galena, it is completely suppressed [34]. In α-jamesonite at room pressure, the LEP activity of Pb atoms is lower than in Sb; the eccentricity and sphericity values of Pb1 and Pb2 are 0.076 and 0.976 for Pb1 and 0.072 and 0.965 for Pb2, respectively. The same behavior is observed in in β-jamesonite, where eccentricity and sphericity are 0.025 and 0.988 for Pb1 and 0.012 and 0.977 for Pb2 at 16.6 GPa (Table 4), respectively.




3.2.3. Fe polyhedra


FeS6 octahedra are connected by two opposite edges and form chains parallel to [100]. The iron polyhedral bulk moduli results are equal to 50 and 72 GPa in α- and β-jamesonite, respectively.



The evolution of the Fe chain can be described considering that the S-S shared edges are shorter with respect to the S-S unshared edges to increase the distance between the two iron atoms.



With pressure, the shared and unshared edges have a different compressibility. In Figure 10, the FeS6 chain is shown and both the shared and unshared edges (S3-S3 distances) are indicated. The evolution with P of the shared and unshared S3-S3 distances are in Table 5. The plot in Figure 11 shows how the compressibility of shared edges is higher than that of the unshared ones, that is, the distortion of Fe polyhedra increases with P (Figure 9).



This apparently anomalous behavior, i.e., the increase in polyhedral distortion with P (exactly the opposite of what is observed in Sb polyhedra) may be related to the balancing effect whereby the reduction in volume must avoid the strong approach of the Fe atoms, which would produce a strong increase in repulsive power.



Looking in more detail at the evolution of iron edges along the chains, at the transition from the α to the β polymorph, a sharp drop in the evolution of the shared edges of the Fe polyhedra is clear (Figure 11). Polyhedral iron evolution could be associated with the high–low spin transition of iron, as observed in other sulfide structures, which occurs at pressures around 10 GPa, very low compared to similar oxygenated compounds [35]. Indeed, Huang et al. [35] observed in greigite Fe3S4, a mineral isostructural with magnetite Fe3O4, the high-spin–low-spin transition of the Fe2+ and Fe3+ at approximately 9 GPa and at 17 GP, respectively.



However, new high-pressure spectroscopic measurements, currently in progress, are needed to determine whether the electron–iron transition in jamesonite occurs around the same pressure (~9 GPa) as in the other S-structures.






4. Discussions and Conclusions


In conclusion, this in situ HP-synchrotron SC-XRD study of natural jamesonite allowed the carefully study of the high-pressure phase transition from α-jamesonite (P21/c space group) to β-jamesonite (Pmcb space group) and the compressibility of the two polymorphs. Both crystal structures showed an anisotropic compressional behavior, with the a lattice parameter being the softest and the stiffest one in α-jamesonite and β-jamesonite, respectively. At 9.7 GPa, a change in the structural evolution and a phase transition to β-jamesonite occurs, which has a much more rigid behavior [K9.7 = 74(2) GPa, K’ = 4] with respect to the α polymorph [K0 = 36(1) GPa, K’ = 5.7(7)], as also reflected in the increased bulk moduli of Sb, Pb and Fe polyhedra in the β polymorph. A similar behavior was observed in lillianite [25], for which the authors measured K0 = 44(2) GPa and K’ = 7(1) for lillianite, and K4.9 = 67(3) GPa and K’ = 5.1(4) for its high-pressure polymorph β-Pb3Bi2S6.



Sulfosalts have a rather compressible behavior with pressure, with bulk moduli ranging from 27 to 72 GPa and a value of the first derivative of the bulk modulus ranging from 4 to 8, as measured in stibnite by Lundegaard et al. [36]. The classic inverse behavior between the bulk modulus and its first derivative observed in several mineral groups is also shown in sulfosalts. The bulk modulus of α-jamesonite has an intermediate value among those measured in other sulfosalts, as can be seen in Figure 12, being close to other Sb sulfosalts, such as berthierite and chalcostibite, but with a lower first derivative. β-jamesonite shows the highest bulk modulus and the lowest first derivative (akin to heyrovskiite).



Satisfactory crystal structure refinements of α- and β-jamesonite were performed, and the results pointed out, on the one hand, a significant change in the orientation of Sb lone electron pairs upon the phase transition, in accordance with the change in symmetry, and, on the other hand, a discontinuity in the Fe chain evolution at the transition pressure. A complex cooperative mechanism between the structural modules should be involved, as well as the different LEP activities, which impacts on polyhedral distortion and in turn on structural compressibility.



Jamesonite shows an interesting physical characteristic, in particular the strong anisotropy in magnetic susceptibility. In fact, as described by Leone et al. [15], the magnetic susceptibility of jamesonite along the a axis is significantly higher than the susceptibility values measured along b and c. As P increases, the proximity of the Fe atoms increases this effect even more, and the magnetic anisotropy is expected to increase with pressure; however, if suspicion of the high- to low-spin transition is correct, the magnetism vanishes after the phase transition to β-jamesonite.



The 1D magnetic property as well as the band-gap properties should change in quite interesting ways in the new β-jamesonite polymorph, following the different anisotropic compressibility of the observed lattice parameters. That is, the next measurements of band-gap and magnetic susceptibility at high-pressure conditions are welcome.



Finally, the possibility of a high- to low-spin iron transition is under investigation through the elaboration of additional diffractometric and spectroscopic data. The new results might explain the role of the electron spin transition in the phase transition here reported and the relationship with stereochemical activity of Pb and Sb.
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Figure 1. Crystal structure of jamesonite along [100]. The color legend for the atoms is on the right. The red dashed lines represent the longest S-Sb distances (see text). 
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Figure 2. Jamesonite structure viewed along [001]. The colors of the atoms are the same as in Figure 1. It shows the red iron polyhedra running along the a axis and the Pb and Sb polyhedra in the interchain region (see text). 
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Figure 3. High-pressure evolution of the lattice parameters of α-jamesonite (continuous lines and full symbols) with respect to β-jamesonite (dashed lines and empty symbols). All values are normalized to room pressure for α-jamesonite and to 9.7 GPa for β-jamesonite. Lines are the results of the Birch–Murnaghan equation-of-state fitting (details are given in the text). 
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Figure 4. F–f plot. Eulerian finite strain (f) versus normalized stress (F) with the weighted linear regression through the volume cell data points for α-jamesonite (a,b) β-jamesonite. 
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Figure 5. Polyhedral evolution in α- and β-jamesonite. All values are normalized to room-pressure value. 
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Figure 6. The orientation of the LEP in α-jamesonite at 1.26 GPa (a) and in the β-jamesonite at 14.4 GPa (b). The LEPs are projected as white spheres centered on the centroids of coordination. Only one wall of a micelle is depicted, and the projection is slightly inclined from perpendicular to give a better view. 
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Figure 7. Distribution of the 3 Sb-S shortest distances in the Sb1, Sb2 and Sb3 polyhedra. On the left, distances in α-jamesonite are shown, and on the right, the distances in β-jamesonite. All the projections are on the plane [100]. From α- to β-jamesonite, a significant change in the orientation of the LEP is observed, considering the LEP point from the three shortest Sb-S distances. 
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Figure 8. Evolution with P of eccentricity (a) and sphericity (b) of the different polyhedra in α- and β-jamesonite. 
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Figure 9. Evolution with pressure of the volume distortion [33] of the different polyhedra in α-jamesonite and β-jamesonite. 
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Figure 10. View along y (above) and z (below) axes of the Fe chain. The shared and unshared edge dimensions at 1.26 GPa are reported. 
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Figure 11. Evolution of the octahedral edge, normalized to the room-pressure values, with P. At the transition pressure, a strong drop in the evolution of the shared S-S edge is well evident. 






Figure 11. Evolution of the octahedral edge, normalized to the room-pressure values, with P. At the transition pressure, a strong drop in the evolution of the shared S-S edge is well evident.



[image: Crystals 13 01258 g011]







[image: Crystals 13 01258 g012 550] 





Figure 12. Bulk moduli (K0) vs. their pressure derivative (K’) for different sulfosalts taken from [17,24,25,34,36,37,38,39]. 






Figure 12. Bulk moduli (K0) vs. their pressure derivative (K’) for different sulfosalts taken from [17,24,25,34,36,37,38,39].



[image: Crystals 13 01258 g012]







[image: Table] 





Table 1. Unit-cell parameters of α- and β-jamesonite and details of data collection and refinement at different pressures. P precision ± 0.05 GPa.
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	P

(GPa)
	P1

1.26
	P2

4.50
	P3

6.76
	P4

9.70
	P5

12.30
	P6

14.40
	P7

16.60





	a (Å)
	3.9848 (1)
	3.8858 (1)
	3.8348 (1)
	3.7457 (1)
	3.70526 (9)
	3.6852 (1)
	3.6624 (2)



	b (Å)
	18.901 (6)
	18.514 (2)
	18.322 (2)
	18.039 (1)
	17.845 (2)
	17.715 (3)
	17.565 (3)



	c (Å)
	15.5453 (6)
	15.2605 (1)
	15.1042 (4)
	14.8801 (3)
	14.7276 (3)
	14.6271 (5)
	14.5040 (6)



	Beta (°)
	91.609 (2)
	91.158 (1)
	90.899 (2)
	
	
	
	



	Space group
	P21/c
	P21/c
	P21/c
	Pmcb
	Pmcb
	Pmcb
	Pmcb



	V (Å3)
	1170.3 (3)
	1097.65 (8)
	1061.13 (1)
	1005.42 (8)
	973.79 (9)
	954.90 (9)
	933.04 (2)



	Density (g/cm3)
	5.857
	6.245
	6.460
	6.818
	7.039
	7.178
	7.346



	All reflect.
	2610
	2365
	2419
	2279
	2194
	2144
	2057



	Unique reflect.
	1134
	1046
	1418
	966
	923
	899
	880



	Rint
	0.0122
	0.0209
	0.0203
	0.0210
	0.0222
	0.0176
	0.0218



	Rσ
	0.0157
	0.0248
	0.0239
	0.0256
	0.0225
	0.0227
	0.0200



	2θ max
	41.53
	41.72
	39.45
	39.91
	40.04
	40.18
	43.02



	Range hkl
	−5 < h < 5

−10 < k< 8

−21 < l < 21
	−5 < h < 4

−10 < k< 8

−20 < l < 20
	−5 < h < 5

−15 < k< 14

−20 < l < 21
	−5 < h < 5

−13 < k< 15

−20< l < 21
	−5 < h < 5

−13 < k< 14

−20 < l < 20
	−5 < h < 5

−13 < k< 14

−20 < l < 20
	−5 < h < 5

−12 < k< 14

−19 < l < 22



	Reflect.

F0 > 4sig(F0)
	1075
	1003
	1338
	930
	877
	815
	785



	Refine n. parameters
	116
	116
	116
	78
	78
	78
	78



	Goodness of fit
	1.2
	1.1
	1.2
	1.1
	1.1
	1.1
	1.1



	wR2
	0.0648
	0.0558
	0.0962
	0.0603
	0.0956
	0.1074
	0.1179



	R1 (F0 > 4σ > F0)
	0.0254
	0.0219
	0.0329
	0.0244
	0.0371
	0.0527
	0.0475



	Highest peak

In difference

Fourier
	0.71
	0.57
	3.11
	2.01
	2.75
	2.64
	3.23



	Deepest hole in difference Fourier
	−0.73
	−0.74
	−2.22
	−1.31
	−1.77
	−1.90
	−1.92
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Table 2. Results of the EoS fittings for α- and β-jamesonite using a 3rd-order BM-EoS and a 2nd-order BM-EoS, respectively.
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	α-Jamesonite
	
	β-Jamesonite





	V0 (Å3)
	1207.1 (4)
	V9.7 (Å3)
	1027 (2)



	K0 (GPa)
	36 (1)
	K9.7 (GPa)
	74 (2)



	K’
	5.7 (7)
	K’
	4.0



	a0 (Å)
	4.024 (2)
	a9.7 (Å)
	3.768 (5)



	M0 (GPa)
	105 (2)
	M9.7 (GPa)
	252 (18)



	b0 (Å)
	19.073 (8)
	b9.7 (Å)
	18.19 (1)



	M0 (GPa)
	130 (3)
	M9.7 (GPa)
	204 (6)



	c0 (Å)
	15.73 (2)
	c9.7 (Å)
	15.00 (1)



	M0 (GPa)
	128 (7)
	M9.7 (GPa)
	213 (9)







Notes: V indicates volume; a, b and c indicate cell parameters; K and M indicate bulk moduli parameters.
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Table 3. Selected bond distances (Å), average bond length (Å) and polyhedral volume (Å3) with estimated standard deviations in parentheses for α- and β-jamesonite. The apexes mean different atoms related by symmetry operations. P values are given in Table 1.
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Bond Types and Coordination Numbers

	
α-Jamesonite

	
β-Jamesonite






	

	

	
P0

	
P1

	
P2

	
P3

	

	
P4

	
P5

	
P6

	
P7




	
Pb 1

CN = 7

	
S4

	
2.873(1)

	
2.871(3)

	
2.857(2)

	
2.843(2)

	
S4(x2)

	
2.827(2)

	
2.806(2)

	
2.792(3)

	
2.775(3)




	
S4

	
2.901(1)

	
2.901(2)

	
2.893(2)

	
2.876(3)

	

	

	

	

	




	
S1

	
2.899(1)

	
2.904(6)

	
2.859(5)

	
2.822(4)

	
S1

	
2.775(3)

	
2.760(3)

	
2.749(6)

	
2.732(6)




	
S7

	
2.950(1)

	
2.919(7)

	
2.868(6)

	
2.838(5)

	
S7

	
2.847(4)

	
2.826(5)

	
2.804(7)

	
2.778(7)




	
S2

	
3.033(1)

	
2.991(4)

	
2.914(3)

	
2.873(3)

	
S2(x2)

	
2.842(2)

	
2.811(3)

	
2.789(4)

	
2.768(4)




	
S2

	
3.065(1)

	
3.019(4)

	
2.931(3)

	
2.886(3)

	

	

	

	

	




	
S6

	
3.345(1)

	
3.264(4)

	
3.147(3)

	
3.091(3)

	
S6

	
3.011(2)

	
2.961(2)

	
2.938(4)

	
2.903(4)




	
Average bond length

(CN = 7)

	

	
3.010

	
2.982

	
2.924

	
2.890

	

	
2.85

	
2.83

	
2.80

	
2.79




	
Pb 2

CN = 8

	
S2

	
2.939(1)

	
2.931(2)

	
2.894(2)

	
2.877(2)

	
S2(x2)

	
2.853(2)

	
2.836(2)

	
2.824(2)

	
2.806(2)




	
S2

	
2.955(1)

	
2.940(2)

	
2.911(2)

	
2.893(2)

	

	

	

	

	




	
S3

	
3.047(1)

	
3.014(4)

	
2.941(4)

	
2.917(3)

	
S3(x2)

	
2.917(3)

	
2.892(3)

	
2.863(5)

	
2.846(5)




	
S3

	
3.056(1)

	
3.024(4)

	
2.957(4)

	
2.927(3)

	

	

	

	

	




	
S6

	
3.048(1)

	
3.028(7)

	
2.970(6)

	
2.942(4)

	
S6

	
2.923(1)

	
2.902(4)

	
2.886(7)

	
2.862(7)




	
S5

	
3.076(1)

	
3.107(6)

	
3.121(5)

	
3.128(4)

	
S5

	
3.072(2)

	
3.049(3)

	
3.039(6)

	
2.900(4)




	
S4

	
3.474(1)

	
3.372(4)

	
3.070(3)

	
3.031(3)

	
S4(x2)

	
2.990(2)

	
2.947(3)

	
2.925(4)

	
2.900(4)




	
S4

	
3.230(1)

	
3.165(4)

	
3.196(4)

	
3.121(3)

	

	

	

	

	




	
Average bond length (CN = 8)

	

	
3.103

	
3.073

	
3.007

	
2.979

	

	
2.94

	
2.91

	
2.89

	
2.87




	
Sb 1

CN = 7

3 + 2 + 2

	
S2

	
2.450(1)

	
2.472(6)

	
2.468(6)

	
2.453(4)

	
S2

	
2.438(3)

	
2.438(5)

	
2.434(7)

	
2.424(7)




	
S5

	
2.584(1)

	
2.558(4)

	
2.540(3)

	
2.536(3)

	
S5 (x2)

	
2.642(2)

	
2.618(2)

	
2.604(3)

	
2.589(3)




	
S1

	
2.577(1)

	
2.569(4)

	
2.583(3)

	
2.604(3)

	
S1(x2)

	
2.734(2)

	
2.717(2)

	
2.711(4)

	
2.704(4)




	
S5′

	
3.006(1)

	
2.997(4)

	
2.894(3)

	
2.833(3)

	

	

	

	

	




	
S1′

	
3.074(1)

	
3.043(4)

	
2.977(3)

	
2.936(3)

	

	

	

	

	




	

	
S1′’

	
3.537(1)

	
3.429(7)

	
3.303(5)

	
3.263(4)

	
S1″(x2)

	
3.382(3)

	
3.321(3)

	
3.278(5)

	
3.234(5)




	
S1′’’

	
4.268(1)

	
4.124(6)

	
3.827(5)

	
3.696(4)

	

	

	

	

	




	
Average bond length (CN = 7)

	

	
3.071

	
3.028

	
2.942

	
2.903

	

	
2.85

	
2.82

	
2.75

	
2.78




	
Sb 2

CN = 7

(3 + 2 + 2)

	
S3

	
2.444(1)

	
2.449(6)

	
2.453(6)

	
2.445(4)

	
S3

	
2.435(3)

	
2.441(3)

	
2.446(7)

	
2.431(6)




	
S7

	
2.486(1)

	
2.483(4)

	
2.482(3)

	
2.484(3)

	
S7(x2)

	
2.553(1)

	
2.534(2)

	
2.523(2)

	
2.510(2)




	
S5

	
2.714(1)

	
2.666(5)

	
2.669(4)

	
2.680(3)

	
S5(x2)

	
2.778(2)

	
2.759(2)

	
2.743(4)

	
2.726(4)




	
S7′

	
2.871(1)

	
2.873(4)

	
2.775(3)

	
2.725(3)

	

	

	

	

	




	
S5′

	
3.113(1)

	
3.077(4)

	
2.993(4)

	
2.942(3)

	

	

	

	

	




	
S6

	
3.331(1)

	
3.260(7)

	
3.181(5)

	
3.147(4)

	
S6(x2)

	
3.252(3)

	
3.187(3)

	
3.149(5)

	
3.108(5)




	
S6′

	
4.107(1)

	
3.991(6)

	
3.726(5)

	
3.592(4)

	

	

	

	

	




	
Average bond length

(CN = 7)

	

	
3.009

	
2.971

	
2.897

	
2.859

	

	
2.80

	
2.77

	
2.75

	
2.73




	
Sb 3

CN = 7

3 + 2 + 2

	
S4

	
2.435(1)

	
2.444(6)

	
2.439(6)

	
2.425(6)

	
S4

	
2.421(3)

	
2.416(5)

	
2.406(7)

	
2.393(7)




	
S6

	
2.478(1)

	
2.484(4)

	
2.493(3)

	
2.495(3)

	
S6(x2)

	
2.550(2)

	
2.536(2)

	
2.524(3)

	
2.518(3)




	
S6′

	
2.807(1)

	
2.775(4)

	
2.706(3)

	
2.670(3)

	

	

	

	

	




	
S1

	
2.889(1)

	
2.866(4)

	
2.829(3)

	
2.805(3)

	
S1(x2)

	
2.858(2)

	
2.824(2)

	
2.802(3)

	
2.768(3)




	
S1′

	
3.193(1)

	
3.141(4)

	
3.039(3)

	
2.981(3)

	

	

	

	

	




	
S5

	
3.642(1)

	
3.594(7)

	
3.522(5)

	
3.492(4)

	
S5(x2)

	
3.583(3)

	
3.535(3)

	
3.504(6)

	
3.467(6)




	
S5′

	
4.297(1)

	
4.169(6)

	
3.931(5)

	
3.825(4)

	

	

	

	

	




	
Average bond length

(CN 7)

	

	
3.106

	
3.067

	
2.994

	
2.956

	

	
2.92

	
2.89

	
2.87

	
2.84




	
Fe

CN = 6

	
S7(x2)

	
2.396(1)

	
2.374(6)

	
2.340(5)

	
2.327(4)

	
S7(x2)

	
2.230(3)

	
2.195(5)

	
2.185(7)

	
2.173(7)




	
S3(x2)

	
2.614(1)

	
2.588(3)

	
2.544(2)

	
2.509(2)

	
S3(x2)

	
2.380(1)

	
2.337(1)

	
2.326(2)

	
2.309(2)




	
S3(x2)

	
2.682(1)

	
2.646(3)

	
2.560(2)

	
2.518(3)

	
S3(x2)

	
2.380(1)

	
2.337(1)

	
2.326(2)

	
2.309(2)




	
Average bond length

(CN = 6)

	

	
2.564

	
2.536

	
2.482

	
2.451

	

	
2.33

	
2.28

	
2.27

	
2.26
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Table 4. Polyhedral eccentricity, sphericity, total polyhedral volume (Å3) and volume distortion at different pressures in α- and β-jamesonite. P values are given in Table 1.
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Polyhedra

	
Phase

	
P

	
Eccentricity

	
Sphericity

	
Total Polyhedral

Volume

	
Volume

Distortion






	
Pb1

	
α

	
P0

	
0.0757

	
0.9758

	
39.224

	
0.09




	

	
P1

	
0.0606

	
0.9771

	
38.179

	
0.0894




	

	
P2

	
0.0427

	
0.9781

	
35.905

	
0.0933




	

	
P3

	
0.0372

	
0.9788

	
34.59

	
0.0957




	
β

	
P4

	
0.035

	
0.9865

	
32.852

	
0.1077




	

	
P5

	
0.0303

	
0.9882

	
31.902

	
0.1082




	

	
P6

	
0.0283

	
0.9877

	
31.332

	
0.1069




	

	
P7

	
0.0249

	
0.9882

	
30.631

	
0.1058




	
Pb2

	
α

	
P0

	
0.0719

	
0.9647

	
52.431

	
0.0383




	

	
P1

	
0.0544

	
0.9666

	
50.875

	
0.0387




	

	
P2

	
0.0288

	
0.9682

	
47.616

	
0.0394




	

	
P3

	
0.0199

	
0.9683

	
46.198

	
0.0408




	
β

	
P4

	
0.0160

	
0.9766

	
44.270

	
0.0422




	

	
P5

	
0.0131

	
0.9776

	
43.009

	
0.0430




	

	
P6

	
0.0102

	
0.9765

	
42.150

	
0.0431




	

	
P7

	
0.0116

	
0.9765

	
41.223

	
0.0443




	
Sb1

	
α

	
P0

	
0.32

	
0.9388

	
38.72

	
0.1515




	

	
P1

	
0.2974

	
0.9434

	
37.368

	
0.1439




	

	
P2

	
0.2547

	
0.9556

	
34.818

	
0.133




	

	
P3

	
0.2362

	
0.9611

	
33.708

	
0.1291




	
β

	
P4

	
0.2026

	
0.9668

	
32.284

	
0.1253




	

	
P5

	
0.1923

	
0.9676

	
31.344

	
0.1235




	

	
P6

	
0.1850

	
0.9694

	
30.754

	
0.1220




	

	
P7

	
0.1786

	
0.9716

	
30.134

	
0.1206




	
Sb2

	
α

	
P0

	
0.2948

	
0.941

	
36.653

	
0.1575




	

	
P1

	
0.2783

	
0.9469

	
35.454

	
0.1532




	

	
P2

	
0.2397

	
0.9585

	
33.335

	
0.1449




	

	
P3

	
0.2207

	
0.9647

	
32.281

	
0.141




	
β

	
P4

	
0.1841

	
0.9779

	
30.611

	
0.1453




	

	
P5

	
0.1714

	
0.9795

	
29.661

	
0.1470




	

	
P6

	
0.1639

	
0.9798

	
29.083

	
0.1465




	

	
P7

	
0.1588

	
0.9820

	
28.363

	
0.1470




	
Sb3

	
α

	
P0

	
0.3281

	
0.9363

	
39.941

	
0.1460




	

	
P1

	
0.3107

	
0.9392

	
38.651

	
0.1403




	

	
P2

	
0.2811

	
0.9461

	
36.361

	
0.1312




	

	
P3

	
0.2704

	
0.9488

	
32.281

	
0.141




	
β

	
P4

	
0.2524

	
0.9525

	
34.016

	
0.1242




	

	
P5

	
0.2455

	
0.9521

	
33.118

	
0.1229




	

	
P6

	
0.2427

	
0.9519

	
32.431

	
0.1223




	

	
P7

	
0.2387

	
0.9522

	
31.667

	
0.1220




	
Fe

	
α

	
P0

	
0

	
0.9479

	
22.101

	
0.0169




	

	
P1

	
0

	
0.9494

	
21.383

	
0.0168




	

	
P2

	
0

	
0.9557

	
20.059

	
0.0154




	

	
P3

	
0

	
0.9606

	
19.332

	
0.0155




	
β

	
P4

	
0

	
0.9666

	
16.359

	
0.0304




	

	
P5

	
0

	
0.9681

	
15.433

	
0.0353




	

	
P6

	
0

	
0.9680

	
15.232

	
0.0346




	

	
P7

	
0

	
0.9689

	
14.924

	
0.0353
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Table 5. Evolution with pressure of significant interatomic distance along the Fe chain and in the interchain region (See Figure 1) in α- and β-jamesonite.
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	Pressure

(GPa)
	
	S3-S3

Shared Edges
	S3-S3

Unshared Edges





	P0
	α
	3.46
	4.02



	P1
	
	3.40
	3.99



	P2
	
	3.31
	3.89



	P3
	
	3.25
	3.84



	P4
	β
	2.94
	3.75



	P5
	
	2.85
	3.71



	P6
	
	2.84
	3.69



	P7
	
	2.81
	3.66
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