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1 Introduction There is a growing interest in the applications of SnS2 and SnS which are inexpensive, environmentally benign and offer various properties of technological interest. SnS2 has been considered as anode material for Li-ion batteries for several decades because its specific capacity and its voltage vs. Li + /Li 0 are higher than those of commonly used carbon based materials, improving the energy density and the safety of the batteries, respectively [1][2][3]. Recently, new synthesis methods were proposed to control the morphology and the size of SnS2 particles in order to increase the specific area and improve the electrochemical performances. Different types of nanomaterials have been obtained including nanosheets and nanoplates [4][5][6][7][8], nanoflowers [9], nanoflakes [10], three-dimensional hierarchical microspheres [11], nanowalls [12], nanotubes [13] and graphene anchored SnS2 [14][15][16][17]. There are many other uses of SnS2 especially in photocatalysis [18][19][20][21][22], as photoconductors [23], photoluminescence devices [24], photodetectors or field-effect transistors [25][26][27][28], gas sensors [29,30] and solar cells [31,32].

SnS has been proposed for photovoltaic applications [33][34][35][36][37] due to its band gap energy of about 1.1 eV and its high absorption coefficient. It represents a good alternative to CdTe or Cu(In,Ga)Se2 because of the natural abundance and the low toxicity of tin and sulphur elements. As anode material for Li-ion batteries, SnS exhibits a lower irreversible capacity loss at the first cycle than SnS2 and interesting performances [38][39][40][41][42][43][44][45]. Other applications of SnS concern photocatalytic and photoelectrochemical properties [46][47][48][49][50], hydrogen storage [51], supercapacitors [52], electronic devices [53] and thermoelectricity [54].

The electronic structures of SnS2 and SnS are of particular importance for most of these applications, providing some physical quantities such as electrochemical voltage, band gap, electronic conductivity or optical absorption. A good knowledge of the electronic structure of the bulk materials is also required as a starting point to understand the effect of ion insertion, doping, surface, amorphization, etc. Many experimental works were dedicated to this topic and reported in the literature. X-ray photoemission spectroscopy (XPS) [55], angular resolved XPS (ARXPS) [56], X-ray emission spectroscopy (XES) [57,58], polarised XES [59] and ultraviolet photoemission spectroscopy (UPS) from energy distribution curves [60] were used to investigate the valence band structure of SnS2, while the conduction band was studied by electron energy loss spectroscopy (EELS) [61], UPS by taking constant initial state curves (CIS) [60], bremsstrahlung isochromat spectroscopy (BIS) [62] and Xray absorption spectroscopy (XAS) [63]. In what concerns SnS, optical absorption was used to determine the electronic structure near the band gap of both thin films [64] and single crystals [65] whereas the valence band was examined by XPS [66,67] and XES [57,68]. Finally, additional information about the local electronic structure of Sn in SnS2 and SnS were obtained by 119 Sn Mössbauer spectroscopy [69][70][71][72].

On the theoretical side, early works on binary tin sulphides were based on semi-empirical tight-binding [73][74][75][76][77][78] and semi-empirical pseudopotential [59,60,[79][80][81][82][83][84] methods. They mainly concern calculations of electronic band structures, charge densities and densities of states of the valence bands and the bottom of the conduction bands in order to analyse the spectroscopic data. More recent first-principles calculations based on density functional theory (DFT) were performed for both SnS2 and SnS by using the local density approximation (LDA) or the generalized gradient approximation (GGA) providing a more quantitative description of the electronic properties including the effect of high pressure [85] and lithiation [86,87], the evaluation of the 119 Sn Mössbauer parameters [88][89][90][91] or the determination of the thermophysical [92,93] and optical properties [94,95]. Theoretical aspects of defects [96][97][98] and surfaces [99] were also investigated. Structural optimizations have provided correct values of the lattice constants compared to the experimental data except for SnS2 where interlayer distance is strongly overestimated with GGA except by considering van der Waals corrections [100,101]. Finally, the GW many-body theory was also used for a better description of the band gap region [102,103].

The main objective of the present paper is to provide a consistent analysis and a comparison of the electronic structures of SnS2 and SnS by combining DFT calculations and previously published experimental data. Additional XAS experiments were also performed for a better characterization of the conduction band of SnS. Some correlations between experimental data obtained by different techniques, such as Mössbauer and X-ray absorption spectroscopies, are highlighted and some specific aspects, such as core-hole effects on XAS spectra or the origin of the Mössbauer parameters, are treated in details. The experimental and theoretical methods are described in section 2. Section 3 is devoted to the presentation and the discussion of the results that includes a description of the crystalline structures (3.1), a discussion on the valence (3.2) and conduction (3.3) bands, and an analysis of the tin local electronic structure from 119 Sn Mössbauer parameters (3.4). Finally, a short summary and the conclusions are given in section 4.

2 Experimental and theoretical methods SnS was synthesized by heating a stoichiometric mixture of the elements in an evacuated silica tube to 800°C during 2 days. The product was finely ground and sieved to 5 m. Then, 10 to 20 milligrams of the powder were dispersed in 25 ml cyclohexane by means of an ultrasonic bath and filtered through a microporous membrane. The purity and the crystallinity were controlled by X-ray diffraction and 119 Sn Mössbauer spectroscopy.

The X-ray absorption spectra were recorded at the Su-perACO storage ring (Orsay) for the S K-edge and at the DCI ring for the Sn L1 and L3 edges. They were obtained in transmission geometry using Si (111) double crystal monochromators which give a spectral resolution of approximately 0.3 eV at the S K edge and 1 eV at the Sn L1 and L3 edges. The monochromators were calibrated as follows: for the domain of the S K edge (2472 eV) the maximum of the white line in FeS2 was set to 2472.1 eV [58] and for the domain of the Sn L1 and L3 edges (3900 -4500 eV) the first absorption peak at the K edge of a titanium metal foil was set to 4966 eV [104].

The calculations of the electronic structures, spectra and Mössbauer parameters were performed with the density functional theory (DFT) [105] by considering the linear augmented plane wave method (LAPW) as implemented in the WIEN2k code [START_REF] Blaha | An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties[END_REF] except for valence electron density maps that were obtained from pseudopotential calculations with the Castep code [START_REF] Segall | [END_REF]. In the two cases, the generalized gradient approximation (GGA) with the Perdew, Burke, Ernzerhof (PBE) functional [108] was used. With the LAPW method, the core states are treated fully relativistically while the semicore and valence states are computed in a scalar relativistic approximation. The muffin-tin radii used in the calculations were Rmt(Sn) = 2.6 a.u and Rmt(S) = 2.0 a.u. To improve the energy linearization, the basis sets were extended with Sn 4d and S 3s local orbitals. In the interstitial region, the wave functions were expanded in plane waves with wavenumbers K such as min(Rmt).max(K) = 8 and the charge density was expanded in a Fourier series with Gmax = 15 Ry -1/2 . The irreducible wedges of the Brillouin zones were sampled using up to 1500 k points. The selfconsistency was achieved with an energy tolerance of 10 -4 Ry. The Mössbauer parameters were evaluated from the electronic density and the electric field gradients (EFG) at the nucleus (see details in section 3.4). The EFG were evaluated from the second derivatives of the Coulomb potential [109]. A particular attention was devoted to the accuracy of the EFG to about 10 19 V m -2 by increasing the number of k points in the irreducible wedge of the Brillouin zone.

The partial densities of states (PDOS) were evaluated within the muffin-tin spheres. The XAS spectra at the Sn L1, Sn L3 and S K edges were calculated with the dipolar approximation [110] from the dipole transition strengths and the PDOS of the conduction band as in previous works [111][112][113]. After the self-consistency of the total energy calculation was achieved for energies lower than about 10-20 eV above EF, additional local orbitals were added in order to improve the linearization and expand the energy range up to about 60 eV. In principle, different broadening effects should be taken into account for a comparison with experiments. First, the finite lifetime of the core-hole created by removing one electron from the core state at the origin of the transition leads to a Lorentzian-type broadening with FWHM = 0.6 eV, 3 eV, 2.8 eV for S K, Sn L1 and Sn L3 edges, respectively [114]. The broadening of the spectra due to the finite lifetime of the final electronic states is energy dependent and is responsible of the loss of the structures of the spectra for energies typically greater than 20-30 eV [115]. Finally, the apparatus resolution gives an additional Gaussian type broadening of less than 0.5 eV. For simplicity, we considered a Lorentzian-type broadening with FWHM = 1 eV and 3 eV for the S K and Sn L1/L3 edges, respectively. In order to evaluate the effect of the core-hole on the spectra, two series of XAS calculations were performed by considering the potential of the final state in ground state and with a fully relaxed core-hole, respectively. In the latter case, the S 1s, Sn 2s, and Sn 2p1/2 core-holes were considered for the S K, Sn L1 and Sn L3 edges, respectively, and 2x2x2 supercells were used to reduce unphysical effects due to hole-hole interactions. The S K emission spectra were calculated within the dipolar approximation from the dipole transition strengths and the S p-type PDOS of the valence band. We considered that the valence hole in the final state was screened and the calculations were performed for the ground state potential. For simplicity, a Lorentzian broadening with FWHM = 1 eV was used to take into account the core-hole finite lifetime and the experimental resolution.

3 Results and discussion 3.1 Crystal structure The structure of SnS2 is of CdI2 type with the space group P-3m1 (n°164). The experimental values of the lattice parameters at room temperature are: a = b = 3.639 Å and c = 5.868 Å [START_REF] Wyckoff | Crystal Structures[END_REF]. The unit cell contains one Sn atom at the Wyckoff positions 1a (0, 0, 0) and two S atoms at the positions 2d (1/3, 2/3, z) with z = 0.25. The crystal is formed by layers perpendicular to the c axis of regular SnS6/3 octahedra with Sn-S distances of 2.56 Å (Fig. 1a). Each octahedron shares six S-S edges with the neighboring octahedra and two opposite triangular faces are on the opposite surfaces of the layer. Thus, each layer is composed by three parallel monolayers of S, Sn and S atoms, respectively. The overall cohesion of the crystal is due to interlayer interactions between S atoms at the distance of 3.60 Å, which is typical of weak van der Waals interactions. The structure of SnS is orthorhombic with the space group Pnma (n°62). The experimental values of the lattice parameters at room temperature are a = 11.180 Å, b = 3.98 Å and c = 4.33 Å [START_REF] Wyckoff | Crystal Structures[END_REF][START_REF] Wiedemeier | [END_REF][118]. The unit cell contains four Sn and four S atoms at the Wyckoff positions 4c (x, 0.25, z) with x(Sn)= 0.119, z(Sn) = 0.119, x(S)=0.851 and z(S) = 0.479. SnS can be described as a deformed NaCl lattice, where Sn and S atoms form layers stacked along the a axis (Fig. 1b). Within the layers, each Sn atom is bonded to three nearest S atoms at 2.63 Å and 2 x 2.67 Å and two more distant S atoms at 3.28 Å. Sn is also bonded to a sixth S atom in the adjacent layer at 3.38 Å, leading to strongly distorted SnS6 octahedron, although the additional Sn-Sn interlayer bond of 3.48 Å could also be taken into account.

Valence bands

The valence bands of SnS2 and SnS are analysed by considering the total (TDOS) and partial (PDOS) densities of states. For a comparison with experiments, the calculated TDOS were convoluted by a gaussian function with FWHM = 1 eV and the energy scale of the experimental spectra was shifted so that the position of the lowest binding energy peak coincides with that of the calculated broadened DOS. The origin of energy is located at the top of the unbroadened theoretical valence band and corresponds to the Fermi level. The XPS [56] and UPS [60] valence bands of SnS2 exhibit five (a-e) and four (B-E) peaks, respectively (Fig. 2). 
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Figure 2 Theoretical PDOS and TDOS of the valence band of SnS2 compared to XPS [56] and UPS [60] spectra. The origin of the energy is taken at the top of the valence band of the unbroadened TDOS. The energies of these peaks match very well the corresponding peaks of the TDOS labelled 1-5. The comparison with the PDOS indicates that peak a, at about -12 eV, is mainly formed by S 3s states and is separated from the upper part of the valence band by about 4 eV. The width ( 3 eV) and the asymmetrical shape of peak 1 are due to hybridisations between S 3s and Sn 5s orbitals ( -13 eV) and between S 3s and Sn 5p orbitals ( -12 eV). The upper part of the XPS valence band and the UPS band show four peaks labelled b-e and B-E, respectively, at the same energies. The peaks b and B, at about -7 eV, correspond to the TDOS peak 2 that reflects hybridisation between Sn 5s and S 3p orbitals while the other three peaks are mainly due to hybridisation between Sn 5p and S 3p orbitals. The peaks e and E coincide with the TDOS peak 5 close to the Fermi level which is mainly formed by S 3p states. The relative intensities of the XPS peaks are similar to those of the broadened TDOS in agreement with the rather close values of the S 3p, Sn 5s and Sn 5p photoionization cross sections for the Mg K  or Al K  radiations used in experiments [119]. The effect of the structural anisotropy of SnS2 on the valence band was previously examined by ARXPS [56]. As a main result, the intensity of peaks c and d increases with the polar angle referred to the crystallographic axis c, i.e., from near-normal to near-grazing angles, while that of peaks b and e slightly decreases and there is no significant change for peak a. The peaks a and b correspond to the TDOS peaks 1 and 2 that have mainly S 3s and Sn 5s characters, respectively, and are not expected to be very sensitive to the emission angle. The peak e corresponds to the peak 5 formed by S 3p states. In this energy range, the S 3 px (or S 3 py) DOS in the plane parallel to ab is lower than the S 3pz DOS in the direction of the c axis (Fig. 3), which explains the decreasing intensity of the corresponding ARXPS peak with increasing polar angle. In the energy range between -5 and -2 eV the S 3px (or S 3 py) contribution is greater than that of S 3pz in line with the observed increasing intensity of the corresponding ARXPS peak with increasing polar angle.

A simple molecular picture of SnS2, considered as weakly interacted SnS6/3 octahedra, allows to roughly describe the p-type bands in terms of Sn 5p -S 3p bonding and antibonding states and S 3p non-bonding states [69,120]. The bonding states can be associated to the DOS between -5 and -1 eV, while the peak 5 corresponds to non-bonding states. The anti-bonding states are located in the conduction band. The S 3p non-bonding molecular orbitals are directed along the three octahedral axes and the combination of these orbitals arising from the three octahedra connected by S atoms leads to the electron density within the interlayer region. Finally, it is worth noting that the splitting into two peaks of the electronic states labelled 2 in the DOS is due to the structural anisotropy of SnS2 since they arise from Sn 5s -S 3px/py and Sn 5s -S 3pz interactions, respectively (Fig. 3). 
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Figure 4 Theoretical PDOS and TDOS of the valence band of SnS compared to XPS spectra labeled 1 [66] and 2 [67]. The origin of the energy is taken at the top of the valence band of the unbroadened TDOS.

The XPS data of SnS show four peaks labelled A-D (Fig. 4). For the two reported experimental spectra XPS 1 [66] and XPS 2 [67], the positions of the peaks match well those of the broadened TDOS. An overall agreement is also obtained for the peak intensities except for the peak D of XPS 1 which is more intense than the corresponding peak of XPS Copyright line will be provided by the publisher 2. The XPS peak A coincides with the TDOS peak 1 and is due to hybridisation of S 3s states with both Sn 5s and Sn 5p states. Compared to the peak A of SnS2, the position of this peak is shifted downward by about 1 eV, its width is lower by about 1 eV and its shape is more symmetrical. The peak B of SnS is found at the same energy as the peak B of SnS2 but is narrower and more intense. This peak corresponds to the TDOS peak 2 arising from the hybridisation of Sn 5s and S 3p states with a larger contribution of the Sn 5s states for SnS than for SnS2 due to the Sn/S ratio. The Sn 5s states are more localized in SnS than in SnS2 in both peaks 1 and 2, in line with the observed difference in the shape of the XPS peaks A and B between the two compounds. In the case of SnS2, this reflects the anisotropy of the layered structure that leads to different orbital hybridisations in the direction of the c axis and within the perpendicular plane, leading to different energy splittings. This can be clearly observed for the electronic states labelled 2 of the unbroadened TDOS that shows two peaks at about -5.5 and -7 eV (Fig. 2) due to Sn 5s -S 3pz and Sn 5s -S 3px,y hybridisations, respectively (Fig. 3). The broad and asymmetrical XPS peak C of SnS corresponds to the TDOS band 3 that originates from the hybridisation of Sn 5p and S 3p states and is found in the same energy range as the two XPS peaks C and D of SnS2. Finally, the XPS peak D of SnS is found at the same energy as the XPS peak E of SnS2 but their intensities differ, showing a strong increase from SnS to SnS2. However, these two peaks do not originate from the same states. The XPS peak D of SnS coincides with the TDOS peak 4 arising from the hybridisation of Sn 5s, Sn 5p and S 3p states in contrast with the TDOS peak 5 of SnS2 formed by S 3p non-bonding states. As discussed below for the analysis of the 119 Sn Mössbauer effect, the Sn 5p contribution to the upper part of the valence band of SnS is due to the Sn(II) lone pair within the interlayer region which is mixed with the Sn 5s states as shown by the Sn PDOS. In terms of chemical bonds, the TDOS band 3 arises from Sn 5p -S 3p bonding states and the width reflects short and long Sn-S bonds within the layers, while the peak 4 is due to low lying Sn 5p -S 3p bonding states and Sn 5s -S 3p antibonding states. Thus, most of the Sn 5s states are within the valence band for SnS while this contribution of the Sn 5s states at the upper part of the valence band is not found for SnS2. This difference is due to both the chemical bonds that determine the position of the different DOS structures and the Fermi level that is above the antibonding Sn 5s -S 3p states for SnS and below them for SnS2. The Fermi level is obviously fixed by the number of valence electrons that is lower in SnS than in SnS2 and reflects the composition of the tin sulphides.

There is a general agreement between the published experimental S K XES spectra of SnS2 as shown by the spectra labelled XES 1 [57] and XES 2 [58] in Figure 5. For SnS, the spectrum reported by Sugiura et al is similar to that of SnS2 except for a narrower band [58] whereas the spectrum measured by Belin et al is broader and clearly shows a shoulder at the lower energy side [57]. By considering the dipolar approximation, the S K XES spectra represent transitions from the S p-like valence states to the S 1s core level with photon energies in the range 2460 -2470 eV. However, for a comparison with the theoretical spectra, the energy scale has been shifted so that the positions of the maxima of both experimental and theoretical spectra coincide, the origin of the energy being fixed at the calculated Fermi level.

The experimental XES spectra of SnS2 are formed by an asymmetrical broad peak with a maximum labelled B at transition energy of about 2467 eV. There is an excellent agreement between the shapes of the calculated and experimental spectra (Fig. 5). Since the calculated transition probability increases slowly with increasing energy, by a factor of about 2, the XES spectrum almost reflects the shape of the S 3p PDOS of the valence band. Thus, the maximum of the XES spectrum B corresponds to the S 3p states at the top of the valence band and the asymmetry at the low energy side is due to the hybridisation of S 3p with Sn 5p states. There is a small shoulder A in XES 1 which does not clearly occur in the theoretical spectrum but corresponds to the hybridisation of S 3p and Sn 5s states as indicated by the PDOS at about -7 eV (Fig. 2). The weak intensity of A is due to the small contribution of the S 3p states, the broadening effect and the lower transition probability in this energy range. Polarised S K emission experiments have shown that increasing the polar angle, referred to the crystallographic axis c, from 15° to 70° tends to increase the intensity between A and B [59]. This agrees with the higher contribution to the S 3p PDOS of the S 3px+3py compared to S 3pz between -5 and -2 eV (Fig. 3). This result is in line with the observed changes in ARXPS although the XPS peak B has a relative intensity higher than the XES peak A due to the significant Sn 5s contribution in the former case.

Copyright line will be provided by the publisher The present theoretical XES spectrum of SnS is similar to the experimental spectrum obtained by Belin et al [57] and clearly differs from that of SnS2 both in shape and position (Fig. 5). The position of the main experimental peak B' is found at transition energy of 2465.5 eV, which is about 1.5 eV lower than the position of the main peak B of SnS2. This agrees with the energy difference between the theoretical XES peaks 1 of SnS2 and 2' of SnS that correspond to the S 3p PDOS contributions to the TDOS peaks 5 for SnS2 and 3 for SnS, respectively. The XES spectrum of SnS also exhibits a shoulder C' at 1.8eV above the peak B' and a small structure A' at 5 eV below the peak B' which coincide with the theoretical XES structures 3' and 1', respectively. According to the S p-type PDOS, the XES structures 2' and 3' both arise from the hybridisation between S 3p and Sn 5p states although some hybridised S 3p and Sn 5s states also contribute at the top of the valence band. These two structures can be associated with the S 3p contributions to the XPS peaks C and D of SnS, respectively, and the differences between the XES and XPS spectra in this energy range are mainly due to the contribution of the Sn states in the latter case and to different broadening effects for these two techniques. The experimental XES structure A' coincides with the theoretical XES structure 1' that arises from hybridisation of S 3p and Sn 5s states and has the same origin as the XPS peak B. Although hybridised S 3p -Sn 5s states also occur in this energy range for the XPS spectrum of SnS2 (peak B), the S 3p contribution is more visible in the XES spectrum of SnS (peak A') than in that of SnS2. This can be related to the relative intensity of the S 3p PDOS around -6 eV compared to the S 3p main peak that is higher for SnS than for SnS2.

Conduction bands

The conduction band of SnS2 was previously investigated with UPS-CIS [60] and BIS [62]. For a comparison with the experimental spectra, the TDOS have been broadened by a 1 eV FWHM Gaussian function. The origin of energy is taken at the Fermi level of the calculated DOS. As expected from DFT calculations, the value of the theoretical band gap (1.4 eV) underestimates the experimental one (2.2 eV). Thus, the experimental spectra have been energy shifted in order to align the main peaks obtained by CIS (peak C) and BIS (peak b) with the main peak of the broadened TDOS labelled 3 (Fig. 6).

The BIS spectrum shows two main peaks a and b, and rather delocalized states for energy greater than 10 eV. The peak a corresponds to the TDOS peak 1 arising from hybridised Sn 5s -S 3p states while the peak b originates from the hybridisation of Sn 5p and S 3p states. The CIS spectrum exhibits six structures labelled A-F. The peak A is spurious due to the onset of photoemission and has not been considered in the present analysis of the conduction band [121]. Although the position of some structures is somewhat uncertain due to their small intensity, an overall correct agree-ment is obtained with the present calculation. A larger discrepancy is observed for the energy of the peak D which is lower by about 0.6 eV than that of the corresponding theoretical peak 4. The two main peaks B and C can be identified with the theoretical peaks 2 and 3 both due to the hybridisation of Sn 5p and S 3p states and have the same origin as the BIS broad band b. The other three structures D-F correspond to the TDOS peaks 4-6 arising from the mixing of different Sn and S states, except for the Sn 5s states that are only found at the bottom of the conduction band and were not detected by CIS. u.)
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Figure 6 Theoretical PDOS and TDOS of the conduction band of SnS2 compared to CIS [60] and BIS [62] spectra. The origin of the energy is taken at the top of the valence band of the unbroadened TDOS.

The calculated broadened TDOS of the conduction band of SnS shows many structures including a rather pronounced peak at the bottom of the conduction band (Fig. 7). The lowest energy band of the broadened TDOS is formed by two structures labelled 1 and 2 that are mainly due to the hybridisation of the Sn 5p and S 3p states. This differs from SnS2 which shows a strong Sn 5s -S 3p hybridisation at the bottom of the conduction band (peak 1 in Fig. 6). There are also some Sn 5s empty states around 2 eV in the conduction band of SnS but they do not contribute significantly to the TDOS. As discussed above, the top of the valence band of SnS2 is formed by non-bonding S 3p states while SnS shows Sn 5s -S 3p hybridised antibonding states. For SnS2, the Sn 5s -S 3p antibonding states are found at the bottom of the conduction band (peak 1) while upper states at around 6 eV (peaks 2 and 3) come from Sn 5p -S 3p antibonding states. Thus, the latter states have the same character as the peaks Copyright line will be provided by the publisher 1 and 2 of the conduction band of SnS. For energies greater than 10 eV the TDOS shows rather delocalised states with many structures arising from the mixing of the other empty states, including a large contribution of Sn and S d-type states. The experimental XAS spectra of SnS2 [63] and SnS at the Sn L3, Sn L1 and S K edges are compared to the calculated spectra in figures 8, 9 and 10, respectively. The energy scales of the calculated spectra have been shifted so that the position of the lowest energy peak labelled 1 coincides with that of the experimental spectra for the three edges. A particular attention has been focused on the calibration of the experiments for a comparison between the two compounds and all the spectra were plotted with the experimental transition energy scales. Significant differences between the spectra calculated with and without core-hole were observed at the S K edge especially for SnS2 (Fig. 10). The absence of noticeable changes at the Sn L3 and L1 edges due to corehole effect suggests that the Sn 2s and Sn 2p core-holes do not modify noticeably the potential experienced by the conduction electrons. This could be related to the stronger screening effect of the inner core hole by the valence electrons in heavy atoms as Sn compared to light atoms as S. For SnS2, the intensity of the first peak A of the XAS spectrum at the S K edge was enhanced by considering the S 1s core-hole but there is no significant change in the positions of the different structures. In contrast, the position and the shape of the first peak A' of SnS were modified. However, the observed changes in the peak position induced by the core-hole are rather small and the main features can be analysed from the ground-state electronic structure. 
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Figure 8 Theoretical XAS spectra at the Sn L3 edge calculated with and without Sn 2p core-hole (c-h) compared to the experimental spectra of SnS2 [63] and SnS (present work).

By considering the dipolar approximation, the Sn L3 edge reflects the electronic transitions from the Sn 2p3/2 core level to the Sn s-like and d-like empty states. For SnS2 the experimental spectrum shows a progressive increase of the absorption in the first 20 eV with three rather-well defined structures A, B and C that correspond to the first three peaks 1-3 of the theoretical spectrum (Fig. 8). The other three theoretical peaks 4-6 should be found in the broad and rather flat experimental structures D and E. The absence of resolved experimental structures in the latter case is due to energy-dependent broadening effect that was not included in the theoretical model used in the present work. The comparison between the PDOS of the conduction band (Fig. 6) and the theoretical spectrum shows that only the peak A has a significant s-like character arising from Sn 5s -S 3p hybridisation. Thus, this peak has the same origin as the BIS peak labelled a discussed above. The remainder of the XAS spectrum has Sn d-like character and the observed strong absorption compared to the intensity of the peak A is due to the ratio of the transition probabilities (10 for Sn(d)/Sn(s)). The peaks B and C reflect hybridisations between Sn states with d-like symmetry and S states with p-and d-like symmetries, respectively. The experimental spectrum of SnS also shows a progressive increase of the absorption due to the Sn d-like states but there are not any well-defined peaks as observed for SnS2 except for the shoulder labelled A' that coincides to 1' in the calculated spectrum. This structure is found at the same energy as the peak A of SnS2 ( 3932 eV) and corresponds to the small peak of the Sn 5s PDOS found in the conduction band of SnS at about 2 eV. Thus, the difference between the intensities of the peak A of SnS2 and the peak A' of SnS reflects the decrease of the Sn s-like PDOS amplitude at the bottom of the conduction band from SnS2 to SnS. As discussed in section 3.4, the area of the peaks A and A' can be related to the Sn 5s electron population and reveals the Sn(IV) and Sn(II) oxidation states in SnS2 and SnS, respectively.

The XAS spectra at the Sn L1 edge concern the electronic transitions from the Sn 2s core level to the Sn p-type empty states. The experimental spectrum of SnS2 exhibits a white line labelled A at 4471 eV and broadened structures B and C at 4479 eV and 4489 eV, respectively (Fig. 9). 
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Figure 9 Theoretical XAS spectra at the Sn L1 edge calculated with and without Sn 2s core-hole (c-h) compared to the experimental spectra of SnS2 [63] and SnS (present work).

The calculated spectrum shows a high intensity peak 1 that corresponds to A and four well-defined structures 2-5 instead of the two experimental peaks B and C. This could be due to energy-dependent broadening of the final states that was not taken into account in the calculations, especially for the peak 5 at high energy. In addition, the absence of splitting for B, compared to 3 and 5, could be due to the overestimation of the intensity of peak 3. Comparison with PDOS indicates that peak A is mainly due to the hybridisation between Sn 5p and S 3p states and has the same origin as the BIS peak B. The XAS peak B corresponds to peaks 2 and 3 of the theoretical spectrum and reflects the two small peaks of the Sn p-type PDOS around 13 eV mixed with the S d-type empty states (Fig. 6). The experimental spectrum of SnS exhibits a main peak A' at about 4468 eV that is more asymmetrical that the peak A of SnS2, in line with the shape of the theoretical peak 1'. This asymmetry is somewhat more pronounced for the theoretical spectrum obtained with core-hole although the differences between the two theoretical spectra are very weak. The peak A' is shifted downward by about 3 eV from the peak A of SnS2 in line with the Sn p-like PDOS of the conduction bands of the two compounds. This reflects changes in the Sn 5p -S 3p hybridisation and is indirectly related to the existence of the Sn 5s states at the bottom of the conduction band that repeal the Sn 5p states in the case of SnS2. The asymmetrical shape of the peak A' can be related to the more widespread distribution of the Sn 5p empty states in this energy range for SnS. These states arise from Sn 5p -S 3p hybridisation (anti-bonding states) and the shape of A' reflects the more dispersed bond lengths in SnS compared to SnS2. Finally, the XAS spectrum of SnS is featureless for energies greater than 4476 eV, which reflects the delocalised Sn p-type empty states of the conduction band above the main TDOS peaks 1 and 2 (Fig. 7).

The XAS spectra at the S K edge concern the electronic transitions from the S 1s core level to S p-type empty states. The XAS experimental spectrum of SnS2 is formed by three well-resolved peaks labelled A (2470.4 eV), B (2474.2 eV) and C (2478.4 eV) and two rather broad and flat bands D and E at energies higher than 2482 eV (Fig. 10). 
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Figure 10 Theoretical XAS spectra at the S K edge calculated with and without S 1s core-hole (c-h) compared to the experimental spectra of SnS2 [63] and SnS (present work).

The three peaks A, B and C coincide with the three peaks 1-3 of the two theoretical spectra (with and without S 1s core hole) that correspond to the S p-type PDOS structures of the conduction band at about 2, 6 and 10eV, respectively (Fig. 6). The intensity of the PDOS structures decreases with increasing energy while the XAS theoretical spectra show that peak 2 has the maximum intensity. This is directly related to the variations of the transition probability Copyright line will be provided by the publisher with energy that shows a maximum at the position of the peak B. However, the S 1s core hole creates an attractive potential leading to a significant increase of the S p-type PDOS at the bottom of the conduction band and of the intensity of the XAS peak 1 as shown by the comparison between the theoretical spectra with and without S 1s core hole (Fig. 10). This clearly improves the agreement with experimental data and reveals the importance of the S 1s corehole effects at the S K edge of SnS2. The inspection of Sn and S PDOS indicates that the three peaks A, B and C mainly arise from hybridisation of Sn 5s -S 3p, Sn 5p -S 3p and Sn 5d -S 3p states, respectively. There is also a small contribution of the Sn 5d -S 3p hybridised states at the high energy side of the peak B which causes the asymmetry. Thus, the peaks A, B and C of the XAS spectrum at the S K edge can be put in correspondence with the XAS peak A at the Sn L3 edge, the XAS peaks A at the Sn L1 edge and B at the Sn L3 edge, and the XAS peak C at the Sn L3 edge, respectively. The rather flat absorption for energies greater than 2480 eV reflects the delocalised character of the S p-like states as observed in the S p-type DOS. The spectrum of SnS at the S K edge strongly differs from that of SnS2. It is formed by an asymmetrical and rather broad band A' at about 2472 eV and a small structure B' at about 2482 eV that coincide with the peaks 1' and 2' of the theoretical spectra, respectively. The S 1s core hole increases the absorption intensity at the bottom of the conduction band, which enhances the asymmetry of the peak 1' at the low energy side in better agreement with the experimental spectrum. This is due to the increase of the S 3p-type PDOS at the bottom of the conduction band due to the attractive potential of the S 1s core hole as in the case of SnS2. The main peak A' reflects the hybridisation of Sn 5p and S 3p states and its shape is similar to that of the peak A' of the XAS spectrum at the Sn L1 edge.

The Mössbauer parameters

The 119 Sn Mössbauer spectrum of SnS2 is formed by a single peak and the reported experimental values of the isomer shift  are of about 1.1 mm s -1 with weak temperature dependency [70,71]. The spectrum of SnS is formed by an asymmetrical doublet originating from a significant quadrupole effect [71,72,122]. The isomer shift is of about 3.4 mm s -1 at nitrogen temperature (NT) and decreases to 3.3 mm s -1 at RT while the quadrupole splitting decreases from about 0.9 mm s -1 at NT to 0.8 mm s -1 at RT. The observed asymmetry is due to the anisotropy of atomic vibrations (Goldanskii-Karyagin effect).

The theoretical values of  were evaluated from the calculated electron density at the Sn nucleus, (0), by the relation

 =  ( (0) -ref(0) ) (1)
where ref(0) is the electron density at the Sn nucleus of the reference material CaSnO3 and is a nuclear constant that depends on the ground and first excited state properties of the 119 Sn nucleus. Both of them can be considered as calibration constants that can be evaluated from the correlation between the experimental values of  and the calculated values of (0) for a series of tin based compounds [123,124]. This gives  = 1.03 mm s -1 for SnS2 and  = 3.40 mm s -1 for SnS, in good agreement with experimental values. The contributions of the core and valence electrons to (0) are for SnS2: c(0) = 262 086.2 a.u. -3 and v(0) = 73.9 a.u. -3 , and for SnS: c(0) = 262 086.4 a.u. -3 and v(0) = 107.0 a.u. -3 . The contributions of the core electrons are similar for the two compounds, which indicates that the difference between the values of the isomer shift arises from the Sn valence electrons. Since the electronic density at the nucleus is mainly due to s-type electrons, the variations of v(0) can be correlated with those of the Sn 5s valence electrons, although the effect of the Sn 5p electrons should be included for a quantitative analysis as shown previously from a tight-binding approach [69]. In the present work, the number of Sn 5s electrons, N5s, was evaluated by integration of the Sn 5s PDOS over the valence band, which corresponds to the Sn 5s electron number within the Sn muffin-tin sphere. The calculated values increase from N5s = 1.0 for SnS2 to N5s = 1.4 for SnS in line with the observed increase of  from SnS2 to SnS. These values of N5s differ from the ionic limits: N5s = 0 for Sn 4+ and N5s = 2 for Sn 2+ because of the covalency of the Sn-S bonds and reflect tin oxidation states in Sn(IV)S2 and Sn(II)S as discussed previously [69,74]. This increase of N5s from SnS2 to SnS can be related to the shift of the Sn 5s PDOS peak close to the Fermi level from the bottom of the conduction band for SnS2 to the top of the valence band for SnS. In the latter case, these Sn 5s states are filled by valence electrons while they are empty for SnS2, which explains the difference in the numbers of Sn 5s electrons. As discussed in section 3.3, the lowest energy peak of the XAS spectra at the Sn L3 edge arises from the empty Sn 5s states at the bottom of the conduction band. The intensity of this peak is directly related to the area of the Sn 5s-type PDOS in this range of energy that decreases from SnS2 to SnS and indirectly reflects the increase in the number of Sn 5s electrons. Thus, the observed increase of the Mössbauer isomer shift from SnS2 to SnS, which mainly reflects the increase in the number of Sn 5s occupied states, can be correlated to the decrease of the intensity of the lowest energy peak of the XAS spectra at the Sn L3 edge, which reflects the decrease of the number of empty Sn 5s states. This correlation between Mössbauer isomer shift and XAS peak intensity highlights the complementarity between 119 Sn Mössbauer spectroscopy and XAS at the Sn L3 edge to determine the Sn oxidation state.

The 119 Sn Mössbauer quadrupole splitting is given by

2 / 1 2 ZZ 3 1 V eQ 2 1             ( 2 
)
where e is the electron charge, Q = 10.5 fm 2 [91] is the nuclear quadrupole moment of the first-excited nuclear state and Z belong to the principal axis system (PAS). The EFG tensor can be evaluated from the second derivatives of the electrostatic potential and only the V2M term of the LM expansion of the potential into the muffin-tin sphere must be considered [125]. The theoretical values of the EFG,  and  are reported in Table 1. In the case of SnS2, the theoretical value of  is lower than 0.1 mm s -1 . This explains why the experimental data do not exhibit a resolved doublet since the natural linewidth 2 (0.64 mm s -1 ) and other experimental broadening effects are responsible for a strong overlapping of the two peaks. The theoretical value obtained for SnS is higher (0.85 mm s -1 ) and agrees with the reported experimental values. As shown by Eq. 2, the main contribution to  comes from VZZ since the influence of is lower than 16% (for = 1). In the present case, the calculated values of  are 0 and 0.28 for SnS2

and SnS, respectively, and we can consider the quadrupole splitting as originating only from VZZ for the two compounds.

The EFG can be considered as the sum of valence and lattice EFG [125]. In the present case, the lattice contribution represents only several percent of the total values for both compounds and can be neglected. The valence contribution can be further decomposed in s-d, p-p and d-d terms. In the case of SnS2, VZZ is given by the only non-zero term V20 and is dominated by Vpp = 1.47 10 21 V m -2 although the contribution of the d-type orbitals is significant with Vdd = -0.29 10 21 V m -2 and tends to reduce the charge anisotropy. The situation is somewhat more complex for SnS due to the lower symmetry of the Sn crystallographic site. Different LM terms contribute to the Cartesian components of the EFG tensor but they are all dominated by the p-p terms for more than 95% of the values. It is thus possible to neglect the effect of the Sn 4d electron anisotropy and consider that Vzz arises from the only anisotropy of the Sn 5p electrons for both compounds that can be evaluated by [125,126]:

∆𝑁 𝑝 = 1 2
(𝑁 𝑝 𝑋 + 𝑁 𝑝 𝑌 ) -𝑁 𝑝 𝑍 (4) where 𝑁 𝑝 𝑋 , 𝑁 𝑝 𝑌 , 𝑁 𝑝 𝑍 are the partial numbers of Sn 5p electrons within the Sn muffin-tin sphere along the three axes of the PAS. The orientation of the PAS depends on the Sn site symmetry and does not generally coincide with the crystallographic axes (a, b, c). In the case of SnS2, the Sn site symmetry is -3m with Z along the 3-fold axial symmetry parallel to the c axis, while X and Y are in the plane perpendicular to Z with Y parallel to b. For SnS, the Sn site symmetry is m with X in the direction of b and perpendicular to the mirror plane YZ parallel to the plane ac. In the latter case, our results indicate that Y and Z are not parallel to the crystallographic axes but are rotated by about = 28° from c and a, respectively. Due to the axial symmetry of Z in SnS2, VXX = VYY (= 0) and VZZ = -2VXX whereas the three values are different for SnS. VZZ is positive for SnS2 and negative for SnS in agreement with the opposite signs of the anisotropy numbers, evaluated from Eq. 4, that indicate a depletion (∆𝑁 𝑝 = 0.0089) and an accumulation (∆𝑁 𝑝 = -0.0607) of Sn 5p electrons along the Z axis for SnS2 and SnS, respectively. These anisotropy numbers reveal different asymmetries of the charge density around Sn in these two compounds and the ratio ∆𝑁 𝑝 (𝑆𝑛𝑆) ∆𝑁 𝑝 (𝑆𝑛𝑆 2 ) ⁄  -7, can be compared to that of the main EFG components: VZZ(SnS)/VZZ(SnS2)  -10, the difference being due to the Sn 4d anisotropy. To compare and analyse more deeply the origins of the EFG in SnS2 and SnS, we have made use of different structural models. SnS2 is formed by layers perpendicular to the axis c that contain three atomic planes of S, Sn and S atoms, respectively. Each Sn atom of the central plane is octahedrally bonded to six S first-nearest neighbours of the two nearby planes and is hexagonally bonded to six Sn second-nearest neighbours within the same plane. As a consequence, the Z axis is parallel to the c axis and intercepts two opposite triangular surfaces formed by S atoms at their geometric centers, while X and Y are within the central Sn plane. To determine the origin of VZZ, a calculation was performed for noninteracting unrelaxed S-Sn-S layers obtained by increasing the interlayer distance from d = 0.5c (experimental cell) to d = c, and then d = 1.5c. VZZ was found to decrease from 1.2 10 21 V m -2 for d = 0.5c to about 0.9 10 21 V m -2 for d = c and d = 1.5c, without change of the PAS orientation. Very close values were obtained for d = c and d = 1.5c showing that the effect of interlayer interactions on the Sn quadrupole splitting can be neglected for d > c. In the latter case, VZZ represents more than 75% of the value obtained for the experimental cell, which indicates that most of the VZZ value arises from the Sn 5p electron anisotropy due to intra-layer interactions. Thus, the quadrupole splitting of Sn in SnS2 mainly reflects the anisotropy of the SnS2 layered structure. This effect is small because of the symmetrical Sn local environment and is mainly due to intra-layer interactions. The S-S interlayer interactions, that indirectly change the Sn-S bonding by decreasing 𝑁 𝑝 𝑍 and increasing 𝑁 𝑝 𝑋 + 𝑁 𝑝 𝑌 , enhance the Sn 5p electron anisotropy but only increase VZZ by about 25%, which does not noticeably change the value of the weak quadrupole splitting.

Copyright line will be provided by the publisher The Sn local environment is more distorted in SnS than in SnS2. Each Sn atom has three short and two long Sn-S bonds within the layers perpendicular to the crystallographic axis a (Fig. 1b). There are one Sn-S and two Sn-Sn longer bonds between adjacent layers. The difference between the charge densities of SnS and neutral atoms in the plane parallel to ac shows strong anisotropies due to electron transfer from Sn to S first-nearest neighbours within the layers and electron accumulation in the inter-layer region along the Z direction (Fig. 11a). The variations of 𝑁 𝑝 𝑍 and ∆𝑁 𝑝 vs.  both show extrema for  close to 28° that correspond to the maximum Sn 5p electron anisotropy (Fig. 12). This explains the PAS orientation and confirms that the rather high value of VZZ originates from the accumulation of electrons in the inter-layer region . in line with the electron density map that does not show noticeable changes with d (Fig. 11b). In addition, the asymmetry parameter  varies by only 2% by increasing d from a to 1.5a. This clearly indicates that the long Sn-Sn and Sn-S bonds between the layers have only weak influence on the EFG tensor. Thus, the Sn quadrupole splitting mainly arises from intra-layer interactions, i.e., the 3+2 Sn coordination.

The unit cell considered for the second structural model is formed by undistorted Sn-S layers, i.e., Sn bonded to 5 S within the layers at the same distance of 2.7 Å and bond angles of 90° forming a regular SnS5 environment, and d = a. This corresponds to weakly interacting NaCl-type layers perpendicular to a. Due to the axial symmetry, the main axis Z is now found in the direction of the crystallographic axis a, leading to = 0, and the PAS is oriented as the crystallographic system (= 0°). These results are consistent with the electron density map that shows high electron density between the layers close to the Sn atoms and oriented along a (Fig. 11c). The calculated VZZ (-10.40 10 21 V m -2 ) has a lower absolute value than that of the distorted layer obtained with d = a, (-13.65 10 21 V m -2 ) but still provides high quadrupole splitting. This means that VZZ mainly arises from the missing Sn-S bond in the octahedral environment of Sn that creates a Sn 5p lone pair pointing towards the missing S atom. In the experimental SnS structure, the intra-layer distortion induces some variations in the Sn-S bond lengths of this regular SnS5 environment and increases VZZ while the inter-layer interactions tend to decrease its value. However the two latter effects do not strongly modify the value of the quadrupole splitting. On the other hand, the PAS orientation changes noticeably with intra-layer distortion but is also weakly affected by interlayer interactions.

(a) (b) (c)
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The decomposition of the Sn 5p PDOS in the valence band along the directions of the PAS confirms this interpretation. The three projected PDOS Sn 5pX, 5pY and 5pZ along the main EFG axes all contribute to the Sn 5p PDOS in the range between -5 and -2 eV that concerns the Sn-S bonding states within the layers (Fig. 13). For energies higher than about -2 eV, the Sn 5p PDOS is dominated by the pZ component. In the case of a single layer (d > a), this corresponds to the lone-pair pointing outside the layer (Fig. 11b). By reducing the interlayer distance, weak Sn-S bonding interactions are formed between the layers but the lone-pair direction does not change leading to almost non-bonding Sn 5pZ states at the top of the valence band. The energy-dependent electron anisotropy function can be defined as the integration of the (pX+pY)/2-pZ PDOS as a function of energy. The variations of this function for the Sn 5p electrons clearly indicates that the negative sign and the value of Np both arise from the contribution of the Sn 5pZ PDOS at the top of the valence band (Fig. 13). This confirms that the quadrupole splitting of Sn in SnS mainly originates from the Sn 5p lone pair pointing in the interlayer region.

Conclusion

The electronic structures of SnS and SnS2 have been analyzed from first-principles calculations. Experimental information about the valence and conduction bands, previously studied by different spectroscopies or reported in the present work for the XAS spectra of SnS, have been interpreted from the DOS and the theoretical XES and XAS spectra including transition probabilities. An overall good agreement between experimental data and theoretical results has been obtained that allowed to interpret the observed main features in terms of chemical bonding and local atomic environments. In the case of XAS, the core-hole effect has been found to be significant at the S K edge. The value of the 119 Sn Mössbauer isomer shift has been correlated to the intensity of the lowest energy peak of the XAS spectra at the Sn L3 edge which both reflect the Sn oxidation states: Sn(IV)Sn2 and Sn(II)S. This correlation has been related to the position of a Sn 5s PDOS structure located at the top of the valence band for SnS and at the bottom of the conduction band for SnS2 due to changes in both the local environment and the valence electron population of Sn. The origin of the quadrupole splitting has been elucidated by an approach including simplified structural models and has been related to the Sn 5p asymmetry count. In both compounds, the quadrupole splitting mainly arises from intralayer interactions. In SnS2, the theoretical quadrupole splitting is small and reflects the structural anisotropy of this layered compound through the 5p electrons of Sn located at the centers of the layers. The higher value observed for SnS is mainly due to the accumulation of Sn 5p electron along the main EFG axis Z in the interlayer region that forms a lone-pair. This is mainly due to the 3+2 Sn coordination within the layers and this distorted local environment is responsible for the direction of Z.

Figure 1

 1 Figure 1 Structures of SnS2 (a) and SnS (b) represented by 1x2x2 and 1x2x3 supercells, respectively. The big (blue) and smaller (red) spheres represent Sn and S atoms, respectively. The unit cells are delimited by black lines and the directions of the crystallographic axis are given by a, b and c.

2 Figure 3

 23 Figure 3 Theoretical PDOS of the upper part of the valence band of SnS2 with the px, py and pz components of the p-type PDOS along the crystallographic axes a, b and c, respectively. The origin of the energy is taken at the top of the valence band of the unbroadened TDOS

Figure 5

 5 Figure5 Theoretical and experimental S K XES spectra of SnS2 and SnS. The experimental spectra are denoted XES 1[57], XES 2[58] and XES 1'[57]. The origin of the energy is taken at the top of the valence band.

SnSFigure 7

 7 Figure 7 Theoretical PDOS and TDOS of the conduction band of SnS. The origin of the energy is taken at the top of the valence band of the unbroadened TDOS.

Figure 11

 11 Figure 11 Differences between the valence electron densities of crystals and neutral atoms in the plane perpendicular to the crystallographic axis b containing Sn (grey spheres) and S (yellow spheres) atoms: (a) experimental cell of SnS, (b) unrelaxed cell with three times higher interlayer distance (d = 1.5a) and (c) unrelaxed cell with three times higher interlayer distance (d = 1.5a) and undistorted intra-layer structure. Negative and positive density differences are plotted in blue and red, respectively, from -0.1 Å -3 (dark-blue) to 0.1 Å -3 (dark-red).

Figure 12

 12 Figure 12 Variation of the number of Sn 5p electrons in SnS projected on the z' axis, 𝑁 𝑝 𝑍 ′ plotted versus the angle  between z' and the direction of the crystallographic axis a, and variation of the Sn 5p electron anisotropy count defined by Eq. 4, Np, vs. . The dashed line represents the theoretical direction of the principal axis Z of VZZ = 28°)Additional calculations were performed with other hypothetical structural models of SnS in order to analyse more deeply the origin of VZZ. First, the EFG tensor was calculated

Figure 13 2 (

 132 Figure 13 Variations of the Sn 5p PDOS in SnS, np(E), and the projections along the Z axis of the PAS, 𝑛 𝑝 𝑍 (𝐸), and in the perpendicular plane XY: (npX(E)+npY(E))/2. Inset: variations of the Sn 5p anisotropy DOS defined by 1 2 (𝑛 𝑝 𝑋 (𝐸) + 𝑛 𝑝 𝑌 (𝐸)) -𝑛 𝑝 𝑍 (𝐸) and its integral curve that represents the Sn 5p electron anisotropy count function.

Table 1

 1 Theoretical values of the EFG components in the PAS (X, Y, Z), asymmetry parameter  and quadrupole splitting .

		VXX	VYY	VZZ		
		(10 21 V m -2 )	(10 21 V m -2 )	(10 21 V m -2 )		(mm s -1 )
	SnS2	-0.57	-0.57	1.15	0	0.08
	SnS	4.31	7.67	-11.98	0.28	0.85
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Author, Author, and Author: Short title Copyright line will be provided by the publisher of 119 Sn, VZZ is the main component of the diagonalized EFG tensor and ≤ ≤  is the asymmetry parameter defined by

The three components VXX, VYY and VZZ of the diagonalized EFG tensor are defined by ZZ V  YY V  XX V , where X, Y