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Introduction

The possibility of converting a thermal gradient into useful electrical power and vice versa makes thermoelectric modules an attractive solid-state technology for waste-heat recovery and coolers.1,2 This technology requires thermoelectric materials with high efficiency which is determined by the dimensionless thermoelectric figure of merit 𝑍𝑇 = 𝛼 2 𝑇/𝜌𝜅 where 𝛼 is the thermopower or Seebeck coefficient, 𝜌 is the electrical resistivity, 𝜅 is the total thermal conductivity and 𝑇 is the absolute temperature.1,2 Among the families of thermoelectric materials, PbTe-based compounds, which crystallize in a simple face-centered cubic rocksalt structure, have for long been the materials of choice for powering deep-space probes and rovers.2 Over the last decade, these materials have attracted further attention with the aim at further enhancing their thermoelectric performances through band-structure engineering or nanostructuring. [START_REF] Wang | [END_REF][4][5][6] Compared to PbTe, the isostructural analogue SnTe has received much less attention, largely due to its inherent Sn vacancies that act as double electron acceptor and make it naturally heavily hole doped.7-28 Early studies on the Sn-Te phase diagram have reported that the Te concentration can vary appreciably between 50.1 and 51.1 at% resulting in significantly inferior thermoelectric performances than those achieved in PbTe. [29][30][31][START_REF] Chigikov | Schastliviy in Tellure and Tellurides[END_REF] Recently, this binary chalcogenide has reemerged as an interesting Pb-free alternative to PbTe. The electronic band structure of both compounds features strong similarities with the notable presence of two, nondegenerate valence bands that contribute to transport at high temperatures. [START_REF] Rogers | [END_REF][34][35] The abovementioned Sn vacancies and the larger energy offset between these two valence bands in SnTe compared to PbTe are the two main characteristics that distinguish both compounds.29-35 A large body of studies have shown that SnTe exhibits a rich chemistry with many elements substituting for either Sn or Te.7-28 These elements can help to compensate holes provided by the Sn vacancies and, meanwhile, to enhance the convergence of the two valence bands, beneficial for achieving high thermoelectric performances at high temperatures. Another widely-used strategy to lower the vacancy concentration is to intentionally introduce excess Sn in the nominal composition, that is, starting from Sn1+xTe compositions with x  0.03. Unlike PbTe for which the transport properties have been thoroughly studied down to liquid helium temperatures, little is known on the low-temperature transport properties of Sn1+xTe. Herein, we explore in detail the low-temperature transport properties of the binary Sn1+xTe for x = 0 and 0.03 prepared by direct quenching of the melt and slow cooling. For comparison purposes, data collected on a sample prepared by melt-spinning have been added. 36 These three distinct synthetic routes enable tuning the hole concentration over more than one order of magnitude in agreement with pioneering studies on SnTe.29-33 Surprisingly, the Hall mobility 𝜇 𝐻 does not follow the 𝑇 -1 dependence characteristic of acoustic phonon scattering in degenerate systems and usually assumed to prevail in SnTe. Our results evidence that 𝜇 𝐻 shows a 𝑇 -1/2 law that persists across the entire concentration range indicating that the electronic transport is dominated by alloy scattering attributed to the atomic disorder caused by the Sn vacancies.

Experimental Section

Synthesis

Polycrystalline samples of Sn1+xTe (x = 0.0 and 0.03) were synthesized by powder metallurgy using stoichiometric quantities of pure Sn (99.999%) and Te shots (99.999%). Prior to use, both elements were purified in order to eliminate possible traces of oxygen. Sn was washed in successive baths of hydrochloric acid diluted in water and a mixture of ethanol and distilled water. Te was purified at 500°C in a silica tube sealed under inert atmosphere (He/H2).

For all samples, stoichiometric weights of purified Sn and Te were loaded into silica tubes sealed under secondary vacuum. The sealed tubes were heated in a rocking furnace to 860°C in 10h. After 5h at 860°C, the tubes were either quenched in room-temperature water or allowed to slowly cool down by switching off the furnace. Details about the melt-spinning process can be found in Ref. 36. Unless otherwise specified, the notation Sn1+xTe with the nominal x values will be used hereafter to label the samples.

The obtained ingots were ground into fine powders which were densified by spark plasma sintering in graphite dies at 500°C for 5 minutes under a pressure of 65 MPa. For all samples, the experimental density of the consolidated ingots, determined by weight and geometrical dimensions, were above 95% of the theoretical density from X-ray diffraction data.

Structural and chemical characterizations

Powder X-ray diffraction (PXRD) was performed on powders both prior and after SPS at 300 K using a Bruker D8 Advance diffractometer (CuK1 radiation) in reflection mode.

Rietveld refinements were performed using the Fullprof software. 37 The spatial distribution of the elements and the possible presence of secondary phases were assessed by scanning electron microscopy (SEM) coupled with energy dispersive spectroscopy (EDS). Transmission electron microscopy (TEM) was performed on the quenched sample Sn1.03Te in order to determine the localization of the excess Sn. Thin slices were prepared from the consolidated samples by the dual focused ion beam (FIB) -scanning electron microscope system using the in situ lift-out technique. Scanning TEM (STEM) in high-angle annular dark-field (HAADF) mode, annular bright-field (ABF) and high-resolution TEM (HRTEM) were carried out using a JEOL ARM 200F -cold FEG TEM/STEM microscope which operates at 200 keV. The microscope is equipped with a spherical aberration probe (Cs) and image correctors.

119Sn Mössbauer spectra were measured at 300 and 4.2 K, in order to exalt the response of possible Sn0-containing phase, in transmission geometry with a spectrometer operating in the constant-acceleration mode. A Ba119mSnO3 source (strength of ~10 mCi) operating at 300 K was utilized. 119Sn isomer shifts (IS) are given with respect to BaSnO3 at 300 K and quadrupole splittings are denoted as QS. A mass of 12 mg of powdered samples was used on a surface of 1.75 cm2. Mössbauer spectra were fitted with a least-squares method assuming Lorentzian peaks. Further details about the analysis of the Mössbauer data can be found in the Supplemental Material.

Transport properties measurements

For transport property measurements, samples were cut from the consolidated ingots with a diamond-wire saw. At low temperatures (5 -300 K), the electrical resistivity, thermopower and thermal conductivity were measured simultaneously using the thermal transport option (TTO) of a physical property measurement system (PPMS, Quantum Design). Good thermal and electrical contacts were realized by attaching four copper bars onto a bar-shaped sample ( 1.5×1.5×8 mm3) using a small amount of silver epoxy.

Hall effect measurements were performed on bar-shaped samples with a five-probe configuration between 5 and 300 K under magnetic fields 𝜇 0 𝐻 ranging between -1 and +1T using the ac transport option of the PPMS. Ohmic contacts were achieved by brazing copper wires onto the sample with a low-melting-point braze. The Hall resistivity 𝜌 𝐻 was determined from measurements of the transverse resistivity 𝜌 𝑥𝑦 under magnetic field reversal following the formula 𝜌 𝐻 = [ 𝜌 𝑥𝑦 (+𝜇 0 𝐻) -𝜌 𝑥𝑦 (-𝜇 0 𝐻)]/2. The Hall coefficient 𝑅 𝐻 was derived from the slope of the 𝜌 𝐻 (𝜇 0 𝐻) data assuming a Hall factor 𝑟 𝐻 equal to unity (𝑝 𝐻 = 𝑟 𝐻 /𝑅 𝐻 𝑒 where 𝑝 𝐻 is the Hall hole concentration and 𝑒 is the elementary charge). In the field and temperature ranges covered here, no deviations of the 𝜌 𝐻 (𝜇 0 𝐻) data from linearity was observed.

Results

Phase purity and localization of excess Sn in Sn1+xTe

Regardless of the synthetic conditions used, all the samples crystallize in the rocksalt cubic crystal structure of SnTe. The lattice parameters, inferred from Rietveld refinements against the PXRD patterns, are consistent with those determined in prior studies (Table 1).7-36

In particular, the unit cell parameter a tends to increase with increasing the Sn excess, which suggests a decrease in the vacancy concentration. For samples with the highest Sn excess (x = 0.03), additional reflections corresponding to elemental Sn are visible. These reflections disappear after the SPS treatment but without leading to a change in the lattice parameter within experimental uncertainty, indicating that no additional Sn has been inserted into the unit cell.

Given that stoichiometric SnTe is not thermodynamically stable according to the Sn -Te phase diagram,38-41 all the samples synthesized should possess elemental Sn in their microstructure. While the very small amount of excess Sn makes these areas invisible in SEM experiments, our TEM investigations clearly evidence that elemental Sn is located at the grain boundaries in samples prepared by melt-quenching (Figure 1a 

Low-temperature transport properties of Sn1+xTe

The temperature dependences of the electrical resistivity of the two series are shown in Figures 2a and2b. As expected from the heavily-doped nature of these materials, all the samples are metallic with a negligible influence of the synthesis process on the low-temperature behavior. At 300 K, the  values are correlated to the Sn concentration and increase from 1.2 to 1.5 .m upon introducing Sn excess (x = 0.03) for both series. The small hump visible near 100 K coincides with the ferroelectric transition which is accompanied by a cubic-torhombohedral distortion of the lattice.46-48 The fact that this transition is not visible in all samples is in agreement with prior studies showing that this transition is strongly sensitive to the hole concentration. 46,49 This trend is confirmed by the temperature dependence of the apparent hole concentration 𝑝 𝐻 (Figures 3a and3b). 𝑝 𝐻 is very sensitive to the synthetic route with a difference of more than one order of magnitude existing between the melt-quenched (𝑝 𝐻 ~ 21021 cm-3) and slowly-cooled (𝑝 𝐻 ~ 1020 cm-3) samples. Slightly increasing x to 0.03 has a spectacular impact on 𝑝 𝐻 that decreases to 81019 cm-3 at 300 K for the x = 0.03 melt-quenched sample. As shown in Figures 3c and3d, the reduction in 𝑝 𝐻 with x has also a significant influence on the hole mobility 𝜇 𝐻 which strongly increases with x. At temperatures below 30 K, 𝜇 𝐻 is constant for all samples suggestive of hole scattering by neutral impurities. Between 50 and 300 K, 𝜇 𝐻 follows approximately a 𝑇 -0.25 law for x = 0 while 𝜇 𝐻 varies more strongly with temperature for the other samples following a temperature dependence close to 𝜇 𝐻 ~𝑇-1/2 .

Consistent with the metallic nature of these samples, the 𝛼 values are moderate near room temperature (Figures 4a and4b) and decrease from 30 to 15 V K-1 at 300 K when x varies from 0 to 0.03 for both series. Due to the highly-degenerate character of transport in these compounds, a linear temperature dependence may be expected along with 𝛼 values that decrease with increasing 𝑝 𝐻 . However, neither of these expectations are observed in the present case with all samples exhibiting strong deviations from linearity. Furthermore, the 𝛼 values do this trend reverses at temperatures higher than 300 K due to the contribution of the second heavy-hole valence band.

In addition to governing the electronic transport, the introduction of excess Sn also significantly influences the thermal transport, as shown in Figures 5a and5b. The main difference between the different samples is observed below 100 K where the magnitude of the Umklapp peak, typical of crystalline compounds, clearly increases with increasing x. This trend is consistent with Sn vacancies acting as efficient point defect scatterers. Below 10 K, 𝜅(𝑇)

follows approximately a 𝑇 3/2 law suggesting that the phonon relaxation time still depends on temperature.

Discussion

Sensitivity of the hole concentration to the synthetic conditions

Our results evidence the strong sensitivity of the transport properties of Sn1+xTe 1, a very good agreement between theory and experiment is obtained for samples with hole concentrations below 1020 cm-3 indicating that the above-mentioned assumptions are reasonable. However, clear differences emerge for samples exhibiting hole concentrations above 31020 cm-3, the discrepancy being even more pronounced as the hole concentration further increases. The breakdown of this simple approach is a signature of the second, heavy-hole valence band whose contribution to transport cannot be neglected at very high hole concentrations. In this regime, significant deviations of 𝑟 𝐻 from unity are mainly responsible for this discrepancy, as suggested in early reports indicating that 𝑟 𝐻 can deviate from unity by up to 40%, that is, fall in the range of 0.6 -0.9.29,30 Alternatively, estimates of the Sn content in these samples can be obtained by using instead the experimental lattice parameters yielding 𝛿 values of 0.66% and 1.76% for the Sn1-Te samples prepared by slow cooling and melt-quenching, respectively.

The strong sensitivity of the vacancy concentration to the synthetic conditions is a consequence of the high vapor pressure of both SnTe and Te2 above the congruent melting point single relaxation time can no longer be defined for all the mechanisms due to the inelastic nature of these collisions. Since this effect occurs in samples with carrier concentrations higher than 21018 cm-3, that is, an order of magnitude lower than the hole concentrations measured in Sn1+xTe, a possible contribution of these inelastic processes cannot be strictly ruled out in the present case.

We further tried to model the variations in 𝜇 𝐻 with 𝑝 𝐻 using expressions of the relaxation solely acoustic phonon scattering, the variation of 𝜇 𝐻 with 𝑝 𝐻 can be consistently explained at 300 K with a Ξ value of 12.5 eV (see Figure 6). However, because the alloy scattering and acoustic phonon relaxation times vary similarly as a function of energy, their relative importance cannot be determined by this model. This drawback is due to the fact that, while alloy scattering is fixed at a given temperature and hole concentration, 𝑝 𝐻 should remain constant in order to clearly disentangle the roles of these scattering mechanisms on 𝜇 𝐻 .

Moreover, the alloy scattering potential 𝑈, which determines the magnitude of the reduction in 𝜇 𝐻 for a given chemical composition, is unknown for SnTe-based systems.

The non-trivial evolution of the thermopower as a function of both temperature and 𝑝 𝐻 is another interesting finding evidenced by these results. The highly-degenerate character of these samples should result in a linear increase in 𝛼 with temperature so long as the temperature dependence of the density-of-states effective mass is negligible. In contrast to this simple expectation, significant deviations from linearity emerges below 100 K. In lead chalcogenides, the density-of-states effective mass has been shown to be practically temperature-independent below this temperature. [START_REF] Ravich | Semiconducting Lead Chalcogenides[END_REF] The strong similarities between these materials and SnTe suggest that such variation does not provide a consistent explanation for this low-temperature behavior.

Furthermore, the shape of the 𝛼(𝑇) curves below 100 K is strongly sensitive to the synthetic conditions used or, equivalently, to 𝑝 𝐻 . This is further confirmed by measurements performed on a x = 0.01 sample synthesized by melt-quenching which shows a distinct 𝑝 𝐻 value and 𝛼(𝑇) curve (see Figure S3 in Supplemental Material, Ref. 42). Several possible explanations may be considered to understand these variations in 𝑇 and 𝑝 𝐻 , that is, modifications in the electronic band structure, variations in the scattering mechanism or a phonon drag contribution. ) where 𝑘 𝐵 is the Boltzmann constant, 𝑒 is the elementary charge, 𝜖 𝐹 is the Fermi level and 𝜖 𝑔 is the band gap.52 While an increase in 𝑟 with 𝑇 would yield an additional 𝑇 dependence giving rise to deviations of 𝛼(𝑇) from a diffusive regime for which 𝛼 ∝ 𝑇1 , the 𝜇 𝐻 data do not show differences from sample to sample and thus, does not make such variations in 𝑟 a viable explanation in the present case.

A consistent mechanism explaining the observed trend is rather provided by a phonondrag contribution besides the diffusion thermopower. The strongest effect is observed in samples which exhibit the lowest hole concentrations with a maximum in 𝛼 of about 10 V.K-phonon-drag contribution. In addition, it was shown in lead chalcogenides that, at high charge carrier concentrations, phonons exert less drag due to the influence of phonon scattering off free charge carriers resulting in a lower contribution to the thermopower.52 This fact is consistent with the lower maximum in 𝛼 observed for the melt-quenched SnTe sample which shows the highest hole concentration. The overall behavior of 𝛼 in Sn1+xTe samples is thus qualitatively similar to what has been observed in PbTe-based compounds with a phonon-drag contribution superimposed to the diffusion thermopower whose magnitude sensitively depends on the chemical composition.61

The 𝛼(𝑇) data also provide another experimental evidence that band parameters depend on temperature as those in lead chalcogenides do. Above 200 K, most of the samples experience a steeper rise in 𝛼 which is more clearly visualized when the high-temperature data are added (see Figure S4 in Supplemental Material, Ref. 42). This stronger-than-linear increase in temperature is likely a direct signature of the temperature dependence of the density-of-states effective masses, determined between 300 and 800 K,14 that extends to temperatures below 300 K.

The thermopower and Hall effect data measured at 300 K can be combined and compared to the Ioffe-Pisarenko curve calculated by a two-valence-band model which predicts the hole concentration dependence of the thermopower.12,29,30 The theoretical curve, shown as a solid black line in Figure 7, has been calculated considering a two-valence band model with acoustic phonon scattering, first developed by Brebrick et al.29,30 The experimental data are well described by the theoretical curve for hole concentrations ranging between 31020 cm-3 up to 1.21021 cm-3, that is, in a region dominated by the parabolic, heavy-hole valence band. For hole concentrations lower than 31020 cm-3, some deviations between theory and experiment can be observed with the experimental points being systematically above the predicted values.

Since this region is dominated by the non-parabolic, light-hole valence band, the density-of-states effective mass depends on the hole concentration. Because a single, average value is used to calculate this theoretical curve, this may explain the slight difference observed in this region.

Lorenz number and lattice thermal conductivity

The low 𝜌 values measured in all the samples give rise to a large electronic contribution to the thermal conductivity 𝜅 𝑒 = 𝐿𝑇/𝜌. In order to disentangle the electronic and the lattice contributions, an estimate of the Lorenz number 𝐿 needs to be obtained. In principle, the twoband model used to generate the Ioffe-Pisarenko plot may be used to determine the Lorenz numbers. However, this approach, applicable to the Sn1+xTe samples with the lowest hole concentrations, cannot be extended to the samples with the highest hole concentration at 300 K. For this sample, the calculated Lorenz numbers are close to the degenerate limit leading to overestimated 𝜅 𝑒 and hence, to unphysical 𝜅 𝐿 values. This breakdown is the result of the presence of the two valence bands which tend to decrease the Lorenz numbers despite the degenerate behavior of the samples. Recent theoretical studies have indeed shown that the presence of multiple bands acts as an energy filter that contributes to lower 𝐿 despite the degenerate nature of the charge carrier gas.62,63 This effect cannot be adequately captured by transport models and thus, gives rise to difficulties in estimating correctly the lattice thermal conductivity, especially above 300 K where 𝐿 is strongly temperature-dependent.

At low temperatures, these inherent difficulties can be partially circumvented by considering a simple single-parabolic band model with acoustic phonon scattering.7-28 This approach has been shown to yield reasonable 𝜅 𝐿 values in SnTe despite its strict applicability is questionable. Adopting this approach, the results show that the variations in the concentration of Sn vacancies with the synthesis process employed has also a significant impact on 𝜅 𝐿 (Figure 8). The main effect is tied to a strong reduction in the Umklapp peak at low temperatures evidencing a clear trend between the amount of Sn vacancies estimated from the Hall data and the magnitude of the peak. The samples that exhibit the lowest hole concentrations and hence, the lowest concentration of Sn vacancies, exhibit the highest Umklapp peak that reaches 16 W m-1 K-1 near 30 K. These results indicate that Sn vacancies act as a significant source of point defect scattering at low temperatures. This conclusion is further corroborated by a fit of the experimental data using the Debye-Callaway model. 64 In this model, the phonon relaxation time was assumed to be the sum of three independent terms that describe grain boundary scattering, point-defect scattering and phonon-phonon Umklapp scattering (see equations in Supplemental Material, Ref. 42). As shown in Figure 8, this simple model describes very well the experimental results. In addition to yielding an average grain size on the order of few microns, these fits show that the A parameter, related to point defect scattering, decreases by one order of magnitude with increasing the Sn excess (Table 2). The parameter A is expected to scale as 𝑥(1 -𝑥) where 𝑥 is the concentration of point defects in the sample. Assuming 𝑥 = 𝛿 in the present case (see Table 1 for the 𝛿 values; for the slowly-cooled and melt-quenched SnTe samples, the estimates of 𝛿 obtained from the experimental lattice parameters have been used) indeed results in a quasi linear correlation between A and 𝛿(1 -𝛿), as shown in Figure 9.

Finally, the evolution observed in 𝜅 𝐿 at low temperatures reinforces the scenario of a phonon-drag effect which also depends on the low-temperature phonon mean free path 𝑙 𝑝ℎ .

Because large 𝑙 𝑝ℎ values will favor a significant phonon-drag contribution, high vacancy concentrations, which tend to decrease 𝑙 𝑝ℎ , will strongly limit the phonon-drag effect. Thus, the interplay between the amount of vacancies, the lattice thermal conductivity and the phonondrag effect provides a consistent framework to explain the low-temperature transport data in these samples. 

Tables

  ; Ref. 42). These results show that similar Sn-rich areas are also likely present in the other SnTe samples, the amount of which depends on the Sn excess introduced in the nominal composition. The diffraction patterns taken at different zones indicate the absence of short-range vacancy ordering and are thus consistent with a random distribution of Sn vacancies within the SnTe matrix. These conclusions are further corroborated by the 119Sn Mössbauer spectrum recorded at 4.2 K (Figure 1b, left panel), which is in agreement with prior Mössbauer studies performed on this compound.43-45 A slight asymmetry on the left of the main peak is due to the presence of a small amount of elemental Sn0. The presence of the characteristic doublet of Sn0 can be better appreciated on the sharpened spectrum shown in the right panel of Figure 1b (see Ref. 42 for additional details about this procedure). These results demonstrate that elemental Sn is present in the melt-quenched Sn1.03Te sample in addition to a minute amount of SnO2.

  not trend with the hole concentration, the x = 0.03 melt-quenched sample showing concomitantly the lowest 𝛼 and 𝑝 𝐻 values. Of note, the very low 𝛼 values observed in the x = 0.03 samples result in significantly lower ZT values than those obtained in the slowly-cooled and melt-quenched x = 0.0 samples (Figure S2 in Supplemental Material, Ref. 42). However,

at 806°C. 41 ,

 41 51 The partial pressures of gaseous SnTe and Te2 are on the same order of magnitude above this temperature (1 and 0.4 mbar, respectively, around 800°C) leading to a loss of both elements during the synthetic process and, eventually, to variations in the concentration of Sn vacancies in the final composition. Because the melt-spinning process is performed in an open silica tube, the sublimation also explains why the sample prepared by this technique exhibits a hole concentration equivalent to that of the Sn1.03Te sample prepared by melt-quenching.In addition to the synthetic conditions employed, excess Sn also acts as an efficient parameter to adjust the vacancy concentration. Our TEM and Mössbauer investigations nevertheless show that the introduction of excess Sn does not lead to an enhancement in the solubility of Sn into the unit cell of SnTe. Considering the Sn-rich and Te-rich solidus lines in the Sn-Te phase diagram, the excess Sn shifts the path followed upon cooling towards the Snrich side and, meanwhile, lessens the impact of sublimation at high temperatures. These combined effects help to maintain a chemical composition close to the lowest Te concentration of 50.1at% resulting in the lowest hole concentrations.Scattering mechanism and Ioffe-Pisarenko plotOne important general finding evidenced by our results is the temperature dependence of the Hall mobility 𝜇 𝐻 . Below 20 K, all samples exhibit constant 𝜇 𝐻 values suggesting neutral impurity scattering as the main source of hole diffusion. Above this temperature, 𝜇 𝐻 (𝑇) follows a power law 𝑇 -𝑟 with an exponent 𝑟 close to 0.5, except for the sample with the highest 𝑝 𝐻 (1.11021 cm-3 at 300 K) where an exponent of 0.25 is observed. 𝑟 barely varies with 𝑝 𝐻 over nearly an order of magnitude between 71019 cm-3 and 41020 cm-3 at 300 K and is insensitive to the synthetic conditions used. Both variations significantly deviate from the 𝑇 -1 law expected for acoustic phonon scattering in degenerate semiconductors with non-parabolic bands.[START_REF] Ravich | Semiconducting Lead Chalcogenides[END_REF] The 𝑟 value inferred is closer to the 𝑇 -0.5 dependence characteristic of alloy scattering and usually observed in solid solutions or in strongly disordered compounds.53-56 The robustness of the 𝑟 value indicates that 𝜇 𝐻 in Sn1+xTe is mainly limited by the level of disorder induced by the Sn vacancy concentration. Noteworthy, as we shall see below, the alloy scattering and acoustic phonon relaxation times exhibit similar energy and density-of-states effective mass dependences, which explains why assuming acoustic phonon scattering provides an adequate description of the transport data in SnTe-based compounds.Another interesting question is whether the deviations of 𝑟 from unity could be due to either temperature-dependent density-of-states effective masses 𝑚 * as observed in lead chalcogenides or, alternatively, to the presence of other scattering mechanisms. The first possibility cannot account for a decrease in 𝑟 since, in lead chalcogenides, the temperature dependence of 𝑚 * ~ 𝑇 0.4 combines with the temperature dependence of the relaxation time (𝜏 ~ 𝑇 -3/2 𝑚 * -3/2 and 𝜏 ~ 𝑇 -1 𝑚 * -2 for non-degenerate and degenerate semiconductors, respectively, both with acoustic phonon scattering),52 systematically giving rise to an increase in the exponent value 𝑟 (𝜇 ~ 𝜏/𝑚 * ). The possible presence of other scattering mechanisms such as ionized impurity, polar optical phonon, interband and electron-electron scattering, which have all been discussed in lead chalcogenides,52 is restrained by available experimental data on SnTe and PbTe. Ionized impurity is strongly lessened in SnTe due to its high dielectric constant (1700).56 Although the partial ionicity of the chemical bonding and the very low Debye temperature (140 K) of SnTe suggests that polar optical phonons may also play a role in the scattering mechanisms below 300 K, this mechanism yields a temperature dependence of 𝜇 𝐻 ∝ 𝑇 -1 in degenerate semiconductors with non-parabolic bands, that is, similar to that expected for acoustic phonon scattering.[START_REF] Ravich | Semiconducting Lead Chalcogenides[END_REF] The presence of the two valence bands in SnTe raises the question of interband scattering between the two inequivalent band maxima. A comparison with PbTe and PbTe-SnTe alloys indicates, however, that this mechanism is expected to become important only at high temperatures (typically above 400 K) where the energy offset between the two bands is significantly lowered.52 Finally, electron-electron scattering has been shown to lower the exponent value 𝑟 in PbTe to values ranging between 0 and 0.3.52 In such a case, a

  times for acoustic phonon and polar optical scattering and taking into account the non-parabolic character of the light-hole valence band (see equations in Supplemental Material, Ref. 42). The results of these calculations, plotted in Figure 6, first confirm that polar optical scattering does not significantly modify 𝜇 𝐻 in the hole concentration range covered. In contrast to PbX (X = S, Se and Te) compounds, 𝑝 𝐻 in Sn1+xTe is too high to reach a regime where polar scattering would affect noticeably the carrier relaxation time. While most of the parameters used in this model have been derived from experimental data or theoretical calculations, the deformation potential Ξ remains less well documented in SnTe compared to PbX.49 This parameter, which determines the degree of coupling between acoustic phonons and charge carriers, has been determined only for few semiconductors and usually ranges between 8 and 35 eV.58 In lead chalcogenides, Ξ was found to vary between 20 eV in PbS up to 35 eV in p-type PbSe.59 For SnTe, only the optical deformation potential 𝐷 𝑖𝑠𝑜 = -8.68 eV has been evaluated theoretically by subtracting the isotropic deformation potential of the valence band from that of the conduction band (the negative value is due to the band inversion at the L point of the Brillouin zone).60 Assuming

  Intuitively, it seems unlikely that the very small variations in the Sn vacancy concentration between the different samples can alter significantly the valence band structure beyond a rigid shift of the chemical potential. A change in the energy dependence of the scattering mechanism could in principle induce a variation in 𝛼. Both quantities are related via the scattering exponent defined generally by 𝑟 = 𝜕ln[𝜏(𝜀)]/𝜕ln (𝜀) where 𝜏(𝜀) is the relaxation time, 𝜀 is the energy. For a degenerate semiconductor with non-parabolic bands, 𝛼 depends on 𝑟 via the expression 𝛼 =
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 3 Figure 3. Temperature dependences of the hole concentration 𝑝 𝐻 (panels a and b) and Hall mobility 𝜇 𝐻 (panels c and d) of the SnTe and Sn1.03Te samples prepared by melt-quenching
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 6 Figure 6. Hall mobility 𝜇 𝐻 as a function of the hole density 𝑝 𝐻 measured at 300 K (red
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 7 Figure 7. Thermopower 𝛼 as a function of the hole concentration 𝑝 𝐻 at 300 K. The solid black
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 9 Figure 9. Parameter 𝐴 inferred from fits of the lattice thermal conductivity to the Debye-
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Table 1 .

 1 Brebrick et al.50 have established a relation that relates the percentage of Te, 𝑦, in the chemical

	formula to the lattice parameter 𝑎 = 6.3278 -3.54(𝑦 -0.5). With 𝑦 = 1/(2 -𝛿), the
	theoretical lattice parameters can be thus compared to the experimental values inferred from
	Rietveld refinements. As shown in Table

to the synthetic conditions employed which dictate the final concentration of Sn vacancies in the samples. The actual concentration of Sn vacancies [𝑉 𝑆𝑛 ] can be estimated if we assume that each vacancy acts as a double acceptor and that the Hall factor 𝑟 𝐻 is close to unity. In such a case, [𝑉 𝑆𝑛 ] is simply equal to 𝑝 𝐻 /2 and can be further expressed as [𝑉 𝑆𝑛 ] = 𝑆𝛿, with 𝑆 = 1.581022 cm-3 the number of Sn sites in the crystal lattice. Taking these two hypotheses as valid, an estimation of the actual Sn content (expressed as 𝛿 in Sn1-Te) is given in

Table 1 .

 1 Theoretical Sn vacancy concentration  in the Sn1-Te samples prepared by meltspinning (MS), melt-quenching (MQ) and slow cooling (SC). The corresponding Te content and theoretical lattice parameters 𝑎 𝑡ℎ are also given. The experimental lattice parameters 𝑎 𝑒𝑥𝑝 have been inferred from Rietveld refinements against the PXRD data obtained on powdered samples. The different samples have been sorted out according to the hole concentration 𝑝 𝐻 measured by Hall effect. Note that using the 𝑎 𝑒𝑥𝑝 values, estimates of 𝛿 of 0.0066 and 0.0176 are obtained for the SnTe SC and MQ samples, respectively.

	Sample	𝑝 𝐻 (cm-3) 𝛿 (Sn1-Te)	Composition	at. %Te	𝑎 𝑡ℎ (Å) 𝑎 𝑒𝑥𝑝 (Å)
	SnTe MS	7.31019	0.0023	Sn0.9977Te	50.06	6.3258	6.3240
	Sn1.03Te MQ	8.01019	0.0025	Sn0.9975Te	50.06	6.3258	6.3242
	Sn1.03Te SC	1.21020	0.0038	Sn0.9962Te	50.10	6.3244	6.3231
	SnTe SC	3.31020	0.0104	Sn0.9896Te	50.26	6.3185	6.3219
	SnTe MQ	1.11021	0.0348	Sn0.9652Te	50.90	6.2964	6.3120

Table 2 .

 2 Values of the parameters L, A and B determined by fits of the low-temperature lattice thermal conductivity data of the Sn1+xTe samples to the Debye-Callaway model. The letters MQ, SC and MS refers to the preparation process (melt-quenched, slow-cooling and melt-

	spinning, respectively).			
	Echantillon	L (m)	A (10-42 s3)	B (10-18 s.K-1)
	SnTe (MQ)	1.5	42	1.3
	Sn1.03Te (MQ)	1.3	5	6.0
	SnTe (SC)	1.0	18	3.0
	Sn1.03Te (SC)	1.1	8	4.6
	SnTe (MS)	1.4	4.6	6.6

near 50 K. Upon increasing 𝑝 𝐻 to 1021 cm-3, this maximum is still clearly discernable but strongly lessened. This behavior can be explained by considering that, at low 𝑝 𝐻 values, electron-phonon interactions that give rise to the phonon-drag effect are favored compared to phonon-alloy scattering due to the very low amount of Sn vacancies. As 𝑝 𝐻 increases to higher values, phonon-alloy scattering competes with electron-phonon interactions which modifies the
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Summary and Conclusion

In summary, the transport properties of polycrystalline Sn1+xTe (0  x  0.03) have been measured down to liquid helium temperatures to determine the influence of the synthetic route employed. The different synthesis methods lead to strong variations in the hole concentration controlled by the Sn vacancy concentration. Samples prepared with excess Sn systematically show elemental Sn located at the grain boundaries. Transport properties measurements have further highlighted the complexity of the transport in Sn1+xTe arising from the multiband nature of the valence band structure and various physical phenomena responding to variations in temperature and hole concentration. The robustness of the exponent describing the temperature dependence of the Hall mobility, the strongly non-linear temperature dependence of the thermopower due to a phonon-drag contribution and the apparent significant deviations of the Lorenz number from the degenerate limit are all important experimental manifestations of the complexity of the transport in SnTe. These results call for further investigations in order to fully determine the role played by the heavy valence bands at high hole concentrations on the lowtemperature electronic and phonon transport in Sn1+xTe. In addition, our findings provide a good basis for better understanding the role played by substituting elements on the transport properties of this important chalcogenide compound.