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Crystal Structure and Transport Properties of the Homologous Compounds (PbSe)5(Bi2Se3)3m (m = 2 and 3)

We report on a detailed investigation of the crystal structure and transport properties in a broad temperature range (2 -723 K) of the homologous compounds (PbSe)5(Bi2Se3)3m for m = 2 and 3. Single-crystal X-ray diffraction data indicate that the m = 2 and m = 3 compounds crystallize in the monoclinic space groups C2/m (No. 12) and P21/m (No. 11), respectively. In agreement with diffraction data, high-resolution transmission electron microscopy analyses carried out on single crystals show that the three-dimensional crystal structures are built from alternate Pb-Se and m Bi-Se layers stacked along the a axis in both compounds. Scanning electron microcopy and electron-probe microanalyses reveal deviations from the nominal stoichiometry suggesting a domain of existence in the pseudo-binary phase diagram at 873 K.

The complex atomic-scale structures of these compounds leads to very low lattice thermal conductivities 𝜅 𝐿 that approach the glassy limit at high temperatures. The comparison of the 𝜅 𝐿 values across this series unveiled an unexpected increase with increasing m from m = 1 to m = 3, contrary to the expectation that increasing the structural complexity should tend to lower the thermal transport. This result points to a decisive role played by the Pb-Se/Bi-Se interfaces in limiting 𝜅 𝐿 in this series. Both compounds behave as heavily-doped n-type semiconductors with relatively low electrical resistivity and thermopower values. As a result, moderate peak ZT values of 0.25 and 0.20 at 700 K were achieved in the m = 2 and m = 3 compounds, respectively. The inherent poor ability of these structures to conduct heat suggests that these homologous compounds may show interesting thermoelectric properties when properly optimized by extrinsic dopants.

Introduction

Thermoelectric materials that enable solid-state conversion of heat into electricity and vice-versa can be used in applications related to waste-heat recovery, power generation or cooling of electronic devices or small systems.1-3 So far, a widespread use of this technology has been hampered by the low efficiency of thermoelectric materials which is governed by their dimensionless figure of merit ZT defined as 𝑍𝑇 = 𝛼 2 𝑇/𝜌𝜅.1-3 Achieving high efficiency at a given absolute temperature T requires an unusual combination of high thermopower , low electrical resistivity  and low total thermal conductivity . The challenge in designing an ideal thermoelectric material thus lies in scattering efficiently acoustic phonons without causing a concomitant strong reduction in the charge carrier mobility. Materials exhibiting simultaneously high mobility and low lattice thermal conductivity are usually referred to as "phonon glass, electron crystal" (PGEC) in the literature. 4,[START_REF] Chen | Nanostructured thermoelectric materials: Current research and future challenge[END_REF] Materials crystallizing in a complex unit cell provide a possible route to finding novel efficient thermoelectric materials. Their structural complexity gives rise to extremely low lattice thermal conductivity 𝜅 𝐿 , the temperature dependence of which often mirrors that of glassy compounds. In addition to Zintl phases, clathrates or cluster compounds,6-20 complex crystal structures also prevail in homologous compounds. [START_REF] Mrotzek | Design" in Solid-State Chemistry Based on Phase Homologies. The Concept of Structural Evolution and the New Megaseries Am[M1+lSe2+l]2m[M2l+nSe2+3l+n[END_REF][START_REF] Kanatzidis | Structural evolution and phase homologies for ″design″ and prediction of solid-state compounds[END_REF] Their crystal structure is formed by fundamental building blocks that expand along one or several dimensions by regular increments. The structural complexity can be easily manipulated by varying the number of building blocks which, in turn, offers a tuning parameter of the physical properties. Examples of naturally-occurring homologous series are found in sulfosalt minerals such as the lillianite and pavonite series of general chemical formula Mn+1BiSn+5 (M = Ag/Bi or Cu/Bi; n  2) and Pbn-1-2xBi2+xAgxSn+2, respectively, with n being either integer or non-integer. [START_REF] Makovicky | The Crystals Structure of Synthetic Pavonite, AgBi3S5, and The Definition of the Pavonite Homologous Series[END_REF][START_REF] Pring | Disorder and compositional variation in the lillianite homologous series[END_REF] Recent investigations on the synthetic lillianites Pb7Bi4Se13 and Pb6Bi2Se9, both belonging to the series of general formula PbN-1Bi2SeN+2 with N = 4.5 and 7, respectively, have demonstrated their potential as thermoelectric materials.25,26 These compounds are narrow-band-gap n-type semiconductors and remarkably, exhibit very low lattice thermal conductivity (0.3 W m-1 K-1 and 0.9 W m-1 K-1 at 300 K for Pb7Bi4Se13 and Pb6Bi2Se9, respectively) resulting in a peak ZT value of 0.9 at 775 K in Pb7Bi4Se13. [START_REF] Olvera | Pb7Bi4Se13: a lillianite homologue with promising thermoelectric properties[END_REF] The minerals called cannizzarite are naturally-occurring Pb-Bi sulfosalt that provide another interesting example of homologous series. [START_REF] Graham | Studies on mineral sulpho-salts: XVII -Cannizzarite[END_REF][28][START_REF] Ferraris | Crystallography of Modular Materials[END_REF][START_REF] Makovicky | Non-commensurate (misfit) layer structures[END_REF][START_REF] Makovicky | Incommensurate misfit sandwiched layered compounds[END_REF][START_REF] Topa | The crystal structure of 7K : 12Q cannizzarite from Vulcano, Italy[END_REF][START_REF] Borisov | The crystal structure of (Cd, In)-rich cannizzarite from Kudriavy Volcano, Iturup Island, Kuriles, Russia[END_REF] The crystal structure is composed of pseudo-tetragonal layers (Q) that alternate with a double-octahedron layer (H) of pseudohexagonal symmetry. The general formulas of these layers can be written as M2S2 and M4S6, respectively, where M is Pb/Bi. When m H layers match n Q layers, the structure is referred to as semi-commensurate and then correspond to a variable-fit homologous series written as mH : nQ.31-33 Various H : Q matches have been predicted and evidenced experimentally in minerals with, among others, the shortest possible type 3H : 5Q that leads to the chemical formula Pb5Bi6S14. [START_REF] Borisov | The crystal structure of (Cd, In)-rich cannizzarite from Kudriavy Volcano, Iturup Island, Kuriles, Russia[END_REF] The selenide counterpart of this last compound belongs to the sub-series (PbSe)5(Bi2Se3)3m (m = 1, 2, 3 and 4) which has recently attracted attention for its interesting physical properties.34-39 Their crystal structure consists in an alternate stacking of Pb-Se layers separated by m Bi-Se layers interacting via van der Waals gaps. This multilayer heterostructure formed by a topological insulator (Bi2Se3) and an ordinary insulator (PbSe) harbors non-trivial topological states for m = 2. [START_REF] Nakayama | Manipulation of Topological States and the Bulk Band Gap Using Natural Heterostructures of a Topological Insulator[END_REF][START_REF] Fang | Dirac fermions and superconductivity in the homologous structures (AgxPb1-xSe)5(Bi2Se3)3m (m = 1, 2)[END_REF][START_REF] Sasaki | Superconductor derived from a topological insulator heterostructure[END_REF] The intercalation of Cu into the van der Waals gap between the two Bi2Se3 adjacent layers results in bulk superconductivity at 2.9 K making this system an interesting platform for the search of topological superconductivity.42 Bulk superconductivity was also observed in the m = 1 compound upon inserting Ag atoms that were shown to dope both the Pb-Se and Bi-Se layers by atom probe tomography. [START_REF] Fang | Dirac fermions and superconductivity in the homologous structures (AgxPb1-xSe)5(Bi2Se3)3m (m = 1, 2)[END_REF][START_REF] Ren | Atom Probe Tomography Analysis of Ag Doping in 2D Layered Material (PbSe)5(Bi2Se3)3[END_REF] Investigations of the thermoelectric properties of the m = 1 compound evidenced a peak ZT of 0.5 at 723 K arising from a combination of n-type semiconducting-like electrical properties and very low 𝜅 𝐿 values. [START_REF] Ohta | Low lattice thermal conductivity in Pb5Bi6Se14, Pb3Bi2S6, and PbBi2S4: promising thermoelectric materials in the cannizzarite, lillianite, and galenobismuthite homologous series[END_REF][START_REF] Sassi | Thermoelectric Properties of Polycrystalline n-Type Pb5Bi6Se14[END_REF] Although the crystal structure and some physical properties of the m = 1, 2 and 4 compounds have been reported,34-39 the thermoelectric properties of the stable m = 2 and 3 members (the m = 4 member is metastable) have not been explored in detail so far. In addition, a full determination of the space group and atomic coordinates of the m = 3 compound is still lacking. Here, we report on the synthesis, crystal structure determination and transport properties measurements in a broad range of temperatures (2 -700 K) of the m = 2 and m = 3 compounds of this series. A combination of single crystal X-ray diffraction, high-resolution transmission electron microscopy (HRTEM), scanning electron microscopy in high-angle annular dark-field mode (STEM -HAADF) was used to provide a precise description of the crystal structure by direct observation of the alternating layers at an atomic scale. In order to determine general trends in the crystal structure and transport properties with varying m, we further characterized the crystal structure and some basic physical parameters of the m = 1 compound. Our results show that both the m = 2 and m = 3 compounds behave as degenerate n-type semiconductors. Intriguingly, despite an increase in the structural complexity with increasing m, the lattice thermal conductivity increases concomitantly suggesting that the interfaces between both types of layers play a decisive role in the thermal transport. These two main characteristics yield moderate ZT values that reach  0.25 and 0.20 at 700 K in the m = 2 and m = 3 compound, respectively.

Experimental Section

Syntheses. All manipulations were carried out in an argon-filled, dry glove box.

Polycrystalline samples of the target compositions Pb5Bi12Se23 (m = 2) and Pb5Bi18Se32 (m = 3) were synthesized by a two-step process. In a first step, the two precursors PbSe and Bi2Se3 were prepared by direct reaction of stoichiometric quantities of high-purity powders of Pb (99.999%), Bi (99.999%) and Se (99.999%). The mixtures were placed in evacuated quartz tubes sealed under secondary vacuum, heated to 1393 K in a rocking furnace, held at this temperature for 12 h and finally cooled to room temperature over 2 h. In a second step and after verification of phase purity of each precursor by laboratory powder X-ray diffraction, appropriate stoichiometric ratios of PbSe and Bi2Se3 were ground into fine powders, pelletized and loaded into evacuated quartz tubes sealed under secondary vacuum. The pellets were annealed for 10 days at 873 K, that is, below the peritectic decomposition temperatures of 973 K and 993 K for the m = 2 and m = 3 phase, respectively, according to the pseudobinary phase diagram PbSe -Bi2Se3 determined by Zemskov et al.36 After quenching the tubes in room-temperature water, the pellets were reground into fine powders and consolidated in a graphite die by spark plasma sintering at 673 K for 10 min. under a pressure of 80 MPa. The experimental density of the two samples, determined by geometrical dimensions and weight, were above 97% of the theoretical density.

Powder X-ray Diffraction. The crystal structure and phase purity of the precursors and of the final compounds were verified by powder X-ray diffraction (PXRD). These measurements were performed at 300 K using a D8 Bruker Advance diffractometer equipped with a LynxEye detector (Cu K1 radiation, λ = 1.54056 Å).

Single Crystal X-ray Diffraction and Structure Determination. Single crystals grown on the surface of the pellets during the annealing treatment could be isolated and employed for crystal structure determinations. The single crystals of needle-like shape (Figure S1 in Supporting Information) were glued on the tip of a quartz fiber and mounted on a goniometer head. Data acquisition was performed at 300 K using a Bruker APEX-II diffractometer equipped with CCD detector using Mo K radiation (λ = 0.71073 Å). The structure solution was obtained by direct methods and refined by full-matrix least-squares techniques with the Sir97 and SHELX-2013 softwares, respectively, implemented through the WinGX suite. [START_REF] Farrugia | WinGX and ORTEP for Windows: an update[END_REF] In agreement with prior studies,34-37 the intensity data collected for the m = 2 compound were best indexed in the monoclinic space group C2/m. The crystal structure of the m = 3 compound has been successfully solved in the monoclinic space group P21/m. Possible mixed Pb/Bi occupancies on several Pb crystallographic sites has been suggested in Pb5Bi6Se14 based on resonant scattering at high energy K-edge experiments.45 Despite the possibility of similar disorder in the m = 2 and 3 compounds, the similar atomic scattering factors of Pb and Bi (Z = 82 and 83, respectively) did not allow to consider mixed occupancies in our refinements. We further tried to discriminate the Pb from the Bi atoms by considering bond strength-bond length relationships between Pb2+, Bi3+ and Se2-ions using the VALENCE software which is based on the bond valence model. [START_REF]VALENCE software[END_REF][START_REF] Brown | The Chemical Bond in Inorganic Chemistry, The Bond Valence Model[END_REF] The results obtained within this model tend to indicate that the atoms located in the distorted octahedra (atomic positions labeled Pb1 and Pb2 in the following) exhibit a  3+ valence state suggesting that these atoms are in fact mostly Bi atoms. The other atoms in this layer, located in square-based pyramidal polyhedra, are found to exhibit a  2+ valence state consistent with the presence of only Pb atoms. The Pb-Se and Bi-Se distances calculated considering these valence states are in agreement with the refined bond lengths. The two remaining Pb atoms would be then distributed over the 6, 12 and 18 Bi positions in the m = 1, 2 and 3 compounds, respectively.

The analysis of the Bi-Se interatomic distances does not allow further determining whether Pb preferentially occupies specific positions. It should be kept in mind that this attempt at discriminating both atoms relies on the values used in the valence bond model for the measure of the size of the two ions involved in the bonding, that is, Pb2+-Se2-and Bi3+-Se2-. This tentative assignment should therefore be taken with some caution. Nevertheless, it can be noted that, according to the ionic radii of the Pb2+, Bi3+ and Se2-ions, that is, 1.17, 1.33 and 1.84 Å, respectively,48 the interatomic distances given in Tables 4 andS5 to S7 in the Supporting Information (see below) fairly agree with these above-mentioned hypotheses. In the absence of an unambiguous model for the mixed occupancies, we will consider in the following a structural model where the Pb and Bi atoms occupy distinct layers in agreement with the description of the crystal structure used in the literature. [START_REF] Shelimova | Composition and properties of compounds in the PbSe-Bi2Se3 system[END_REF][START_REF] Shelimova | X-ray diffraction study of ternary layered compounds in the PbSe-Bi2Se3 system[END_REF][START_REF] Zemskov | Thermoelectric materials with low heat conductivity based on PbSe-Bi2Se3 compounds[END_REF][START_REF] Ohta | Low lattice thermal conductivity in Pb5Bi6Se14, Pb3Bi2S6, and PbBi2S4: promising thermoelectric materials in the cannizzarite, lillianite, and galenobismuthite homologous series[END_REF][START_REF] Sassi | Thermoelectric Properties of Polycrystalline n-Type Pb5Bi6Se14[END_REF][START_REF] Segawa | Pb5Bi24Se41: A new member of the homologous series forming topological insulator heterostructures[END_REF][START_REF] Nakayama | Manipulation of Topological States and the Bulk Band Gap Using Natural Heterostructures of a Topological Insulator[END_REF][START_REF] Fang | Dirac fermions and superconductivity in the homologous structures (AgxPb1-xSe)5(Bi2Se3)3m (m = 1, 2)[END_REF][START_REF] Sasaki | Superconductor derived from a topological insulator heterostructure[END_REF] The relevant information of data collection and refinements for these two compounds are summarized in Table 1. The atomic coordinates and isotropic displacement parameters for all atoms are given in Table 2 for the m = 3 compound (for comparison, the crystallographic parameters determined for the m = 1 and m = 2 compounds are given in the Supporting Information in Tables S1 to S4). The anisotropic thermal displacement parameters are listed in Table 3. The Pb-Se interatomic distances are gathered in Table 4 for all of the three compounds for comparison purposes while the Bi-Se interatomic distances are provided in Tables S5 to S7 in the Supporting Information.

Scanning Electron Microscopy (SEM)

. SEM experiments were performed on polished bulk pieces cut from the consolidated ingots using a Quanta FEG 650 (FEI) with energy-dispersive X-ray (EDX) microanalysis. Backscattered electron (BSE) images and elemental X-ray maps were taken to assess phase purity and determine the spatial distribution of Pb, Bi and Se.

Electron Probe Microanalysis (EPMA).

Bulk pieces of the consolidated samples were carefully polished using alumina powders. The chemical composition of each specimen was examined by EPMA using a JEOL JXA 8530F instrument equipped with wavelengthdispersive spectrometers. PbTe, elemental Bi and SnSe were used as standards to determine the Pb, Bi and Se concentrations, respectively. The chemical formulae were normalized to 40 and 55 atoms per chemical formula for the m = 2 and m = 3 compounds, respectively.

Transmission Electron Microscopy (TEM).

Thin slices were prepared from the single crystals perpendicular to the growth direction (which corresponds to the b axis of the crystal structure) 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 performed in a JEOL ARM 200Fcold FEG TEM/STEM microscope operating at 200 keV and equipped with a spherical aberration (Cs) probe and image correctors.

Absorption Spectroscopy. Optical measurements were carried out at room temperature on powdered samples using diffuse reflectance spectroscopy on a Thermo Scientific Nicolet 6700 FTIR spectrophotometer equipped with an integrated sphere. Raw reflectance data R were used to estimate the absorption coefficient using the Kubelka-Munk relation 𝐹(𝑅) = (1 -𝑅) 2 /2𝑅. [START_REF] Kubelka | Ein Beitrag Zur Optik Der Farbanstriche[END_REF] The data were then plotted as (𝐹(𝑅)ℏ𝜔) 𝑛 versus ℏ𝜔, where ℏ𝜔 is the incoming photon energy, to estimate the transition onset energies corresponding to the optical band gap Eg. In the absence of electronic band structure calculations, both direct (n = 2) and indirect (n = 1/2) extrapolations of the absorption edge to zero were considered.

Transport properties measurements. Due to the layered crystal structure of the samples, the transport properties were measured on samples cut perpendicular and parallel to the pressing direction in appropriate shape and size with a diamond-wire saw. Electrical resistivity, thermopower and thermal conductivity were measured simultaneously on bar-shaped samples (typical dimensions 2×2×8 mm3) between 5 and 300 K using the thermal transport option of a physical property measurement system (PPMS, Quantum Design). Good electrical and thermal contacts were ensured by gluing copper bars using conductive silver epoxy. Hall effect measurements were performed on the same samples using a five-probe configuration and the AC transport option of the PPMS. The five copper wires were brazed onto the samples using a low-melting-point braze. The transverse electrical resistivity 𝜌 𝑥𝑦 was measured between 5 and 300 K under magnetic fields 𝜇 0 𝐻 ranging between -1 and +1T.

Possible magnetoresistive contributions were dismissed by considering the antisymmetric part of 𝜌 𝑥𝑦 under magnetic field reversal following the formula [𝜌 𝑥𝑦 (+𝜇 0 𝐻) -𝜌 𝑥𝑦 (-𝜇 0 𝐻)]/2.

The Hall electron concentrations 𝑛 𝐻 and mobilities 𝜇 𝐻 were inferred by the single-band formulae 𝑛 𝐻 = -1/𝑅 𝐻 𝑒 and 𝜇 𝐻 = 𝑅 𝐻 /𝜌 where 𝑅 𝐻 is the Hall coefficient and 𝑒 is the elementary charge. The experimental uncertainty associated with the low-temperature measurements of the electrical resistivity, thermopower, thermal conductivity and Hall coefficient are estimated to be 5% for each.

Electrical resistivity and thermopower were measured simultaneously on bar-shaped samples (typical dimensions 1.5×1.5×7 mm3) between 300 and 700 K under a low-pressure helium atmosphere using a ZEM-3 setup (Ulvac-Riko). The thermal conductivity was determined between 300 and 700 K by combining thermal diffusivity a and specific heat 𝐶 𝑝 measurements according to the relation 𝜅 = a𝐶 𝑝 𝑑 where d is the experimental density.

Thermal diffusivity was measured on graphite-coated disc-shaped (perpendicular direction, 10 mm in diameter and 1 mm in thickness) and prism-shaped (parallel direction, 6×6×1 mm3) samples by a laser flash technique using a LFA 427 instrument (Netzsch). Specific heat was approximated by the Dulong-Petit law while the temperature dependence of the density has been neglected in the present case. The experimental uncertainty in the measurements of the electrical resistivity, thermopower and thermal conductivity are estimated to be 5%, 5% and 10%, respectively. The combined experimental uncertainty in the ZT values is estimated to be 17%.50

Results and discussion

Crystal Structure. On the basis of the single-crystal X-ray diffraction data, both compounds crystallize in a monoclinic structure with space group C2/m for m = 2 and P21/m for m = 3 (Table 1). The lattice parameters a, b and c and monoclinic angle  obtained for the m = 2 compound are in good agreement with prior diffraction studies.34-37 The phase purity of the single crystals used for structural characterizations was confirmed by X-ray diffraction performed on ground crystals (not shown). The PXRD results further revealed that single crystals of both the m = 2 and m = 3 compounds grew simultaneously on the surface of the polycrystalline ingot of the m = 3 compound. Surprisingly, a large majority of these single crystals were found to correspond to the m = 2 phase. Some crystals of the m = 3 compound could nevertheless be isolated.

Figure 1 shows a representation of the crystal structure of the three compounds projected along the b-axis. The structure is divided into two alternating structural units made of PbSe-type and Bi2Se3-type layers, with the number of Bi-Se layers specified by the integer m. The Pb-Se layers correspond to two layers cut perpendicularly to the 100 direction of the fcc lattice of PbSe. The Bi-Se layers correspond to five-layer slabs (that is, one quintet) that build the crystal structure of Bi2Se3. These two structural units interact via weak Pb/Bi-Se bonds. The misfit between these two types of layers gives rise to strong lattice distortion near the boundaries. Within the Bi-Se layers, Bi atoms show distorted octahedral environments formed by Se atoms (Figure 2). These octahedra share faces to form a two-octahedra thick, slightly modulated ribbon that runs along the c axis of the crystal structures. Regardless of m, the structure contains five crystallographically independent Pb atoms. Both Pb1 and Pb2 are located at the center of a distorted octahedron. Pb3 and Pb4 atoms occupy an eight-fold coordinated position with tricapped square-based pyramidal geometry while the Pb5 atoms show a seven-fold coordination environment with bicapped square-based pyramidal geometry (see Figure 2). The Pb and Bi atoms in the m = 2 and 3 compounds show similar polyhedral environments with varying degree of distortion (Table 4 and Tables S5 to S7 in Supporting Information). In the m = 2 compound, the two Bi-Se ribbons are connected by Se-Se bonds with distances varying between 3.436(4) and 3.550(4) Å, reflecting a slight modulation of the ribbons. In the m = 3 compound, the Bi2Se3 layer intercalated between the two other adjacent Bi2Se3 layers (see Figure 1) is formed by two rows of Bi-Se octahedra, which are shifted from each other along the c axis. The insertion of this third layer slightly modifies the Se-Se distances observed in the m = 2 compound resulting in distances varying between 3.447(2) and 3.546(2) Å.

The results further reveal two important characteristics in the present series of compounds which are nearly insensitive to the value of m. First, the Pb atoms exhibit the highest thermal displacement parameters (Table 2 and Phase Purity and Chemical Homogeneity of Polycrystalline Specimens. We next turn to the characterizations of the polycrystalline specimens of the m = 2 and 3 compounds. The PXRD patterns (Figure 4) collected on both samples are consistent with the theoretical patterns inferred from the single-crystal X-ray data suggesting the absence of secondary phases within the detection limits of PXRD. Of note, the anisotropic crystal structure of these compounds leads to a strong renormalization of the intensities of the diffraction peaks with the (h00) reflections (equivalent to 00l reflections in the present case) appearing as the most intense peaks in the m = 2 and m = 3 compounds. This preferential orientation did not allow further analyses of these patterns by Rietveld refinements. SEM analyses performed on both pressed samples (Figure 5) revealed a more complex situation. While the elemental X-ray maps reveal a uniform distribution of Se, some slight but discernable spatial fluctuations in the Pb and Bi concentrations can be observed in these images with Pb-rich (Bi-poor) and Pb-poor (Bi-rich) zones (see Figure 5). This slight inhomogeneous distribution suggests a possible domain of existence at 873 K for each compounds or an exsolution process similar to that observed in tetrahedrites for instance.58-61 EPMA measurements corroborate this observation and show that the distribution of Pb and Bi corresponds to two phases with close chemical compositions. The average compositions are Pb4.64Bi12.35Se23.20 and Pb6.56Bi10.68Se23.20 and Pb4.04Bi18.32Se32.52 and Pb5.71Bi17.13Se32.52 for the m = 2 and 3 compounds, respectively. The absence of clear peak splitting or peak broadening in the PXRD patterns suggests that these phases exhibit very similar lattice parameters which is consistent with their close chemical compositions and with the similar ionic radius of Pb2+ and Bi3+. Of note, in both compounds, the sum of the Pb and Bi concentrations is found to be close to the expected value (that is, 17 and 23 for the m = 2 and 3 compounds, respectively) to within experimental uncertainty. Optical Measurements. Figure 6 shows the optical absorption spectra collected on the m = 2 and m = 3 compounds assuming direct transitions (see Figure S3 in Supporting Information for indirect transitions). For comparison, data collected on the m = 1 sample are also shown.

The spectrum of the m = 1 sample shows a very slow increase up to around 0.4 eV where a steep rise is observed which likely corresponds to the optical band gap Eg with an estimated value of 0.43 eV. The featureless and nearly flat increase observed further suggests that this compound is a direct band gap semiconductor. In contrast, the spectra of the m = 2 and 3 compounds show a maximum near 0.22 eV followed by a shallow increase up to about 0.4 eV which marks the onset of a faster rise in the absorption. The first absorption edge near 0.15 eV might be associated with interband transitions or with the oscillating electron plasma near the plasma frequency due to the heavily-doped nature of these two compounds (see below). The second increase at higher energies is likely due to optical transitions across the band gap yielding estimated values of 0. Both the n-type nature of the transport and the increase in the metallic character on going from m = 1 to m = 3 are consistent with Hall effect measurements carried out below 300 K (Figure 8a). The negative Hall coefficients 𝑅 𝐻 are in agreement with the sign of the thermopower and nearly temperature independent indicating that both compounds can be viewed as heavily-doped semiconductors. The n-type heavily-doped nature of these two compounds has been attributed to the presence of Bi atoms on the Pb sites which would act as donors assuming Pb2+, Bi3+ and Se2-valence states. [START_REF] Zhang | Determining metal ion distributions using resonant scattering at very highenergy K-edges: Bi/Pb in Pb5Bi6Se14[END_REF] The increase in the electron concentration on going from m = 1 to m = 2 is thus possibly related to a concomitant increase in the concentration of Bi atoms occupying the Pb positions. The Hall coefficient is not further influenced by the addition of a third Bi-Se layer suggesting that the possible mixed Pb/Bi occupation is similar in the m = 2 and m = 3 compounds. Within a single-carrier type model, the room-temperature 𝑅 𝐻 values correspond to electron densities 𝑛 𝐻 of 2.91020 and 2.81020 cm-3 for m = 2 and 3, respectively. We note that these two values should be taken with some caution due to the strongly anisotropic crystal structures of these compounds which gives rise to galvanomagnetic properties described by a tensor with up to five independent components. [START_REF] Akgöz | Space-time symmetry restrictions on the form of transport tensors. I. Galvanomagnetic effects[END_REF] The anisotropy in the 𝑅 𝐻 values is nevertheless limited in the present case (see Figure 8a) indicating that the above-mentioned values can be considered as reasonable estimates of the actual electron concentrations.

The temperature dependence of the Hall mobility 𝜇 𝐻 is shown in Figure 8b. As expected from the layered crystal structure of these compounds, the 𝜇 𝐻 values measured in the parallel direction are significantly lower than in the perpendicular direction. The 𝜇 𝐻 (𝑇) curves are similar for both compounds and suggestive of electrons scattered by neutral impurities below ~ 50 K. With increasing temperature, the 𝜇 𝐻 values tend to decrease indicating that acoustic phonon scattering becomes dominant above 100 K. What is more surprising, however, is the 𝜇 𝐻 values that increase with increasing m in the perpendicular direction. This trend seems to be at odds with the general expectation of a decrease in charge carrier mobility with an increase in the structural complexity of the unit cell. This result suggests that the number of interfaces between the Pb-Se and Bi-Se layers is a critical parameter. As we shall see below, a similar trend is observed for the lattice thermal conductivity.

The total thermal conductivities  of the m = 2 and m = 3 samples are shown in Figure 9a. The data measured on the m = 1 compound are added for comparison. With no exception, these compounds exhibit glass-like thermal transport marked by the absence of Umklapp maximum at low temperatures and very low  values in the parallel direction in the whole temperature range. For the m = 2 and m = 3 compounds, the  values are similar at 300 K ( 0.7 W m-1 K-1) and slightly decrease upon warming to reach  0.6 W m-1 K-1 at 723 K. The strong anisotropy observed in the  values is reversed and of comparable magnitude, with the values measured parallel to the pressing direction roughly twice lower than those measured perpendicular to the pressing direction. The significantly higher values observed in the perpendicular direction for these two compounds reflect their lower electrical resistivity which gives rise to higher electronic contributions to the thermal conductivity.

In order to unveil the trend in the lattice thermal conductivity with m, the electronic contribution has been estimated from the Wiedemann-Franz law 𝜅 𝑒 = 𝐿𝑇/𝜌 where 𝐿 is the Lorenz number. The temperature dependence of 𝐿 was determined using a single parabolic band model as a first approximation. The calculated values vary between 2.4510-8 V2 K-2 at low temperatures for both compounds down to 1.9010-8 and 1.8510-8 V2 K-2 at 723 K in the m = 3 and m = 2 compounds, respectively. The lattice thermal conductivity 𝜅 𝐿 = 𝜅 -𝜅 𝑒 is very low, approaching 0.5 W m-1 K-1 at 723 K and only weakly temperature dependent (Figure 9b). The 𝜅 𝐿 values have been compared to the minimum thermal conductivity 𝜅 𝑚𝑖𝑛 estimated using the transverse 𝑣 𝑇 and longitudinal 𝑣 𝐿 sound velocities determined to be 1144 and 1191 m s-1 and 2637 and 2382 m s-1 for the m = 2 and 3 compounds, respectively.37,65 At high temperatures, 𝜅 𝐿 is close to 𝜅 𝑚𝑖𝑛 ≈ 0.30 W m-1 K-1 indicating only little room for further lowering 𝜅 𝐿 .

As seen in the 𝜇 𝐻 data, 𝜅 𝐿 increases with increasing m in both directions despite an increase in the structural complexity of the unit cell. This variation does not follow the simple and general relationship between 𝜅 𝐿 and the volume of the unit cell 𝑉 observed in several thermoelectric compounds for which 𝜅 𝐿 roughly scale as 𝑉 -1 .66 This unusual trend is another evidence showing that the number of Pb-Se/Bi-Se plays an important role in efficiently scattering acoustic phonons. These data overall imply that further increasing m beyond 3 would most probably result in a further increase in 𝜅 𝐿 values and, in the limit of 𝑚 → ∞, one would expect 𝜅 𝐿 (and probably 𝜇 𝐻 ) to tend to the values of the binary Bi2Se3. The role of the number of interlayer interfaces and the presence of misalignment of lattice planes at these interfaces on 𝜅 𝐿 has been also underlined in the Pb7Bi4Se13 and Pb6Bi2Se9 compounds. [START_REF] Olvera | Pb7Bi4Se13: a lillianite homologue with promising thermoelectric properties[END_REF][START_REF] Casamento | Crystal Structure and Thermoelectric Properties of the 7,7L Lillianite Homologue Pb6Bi2Se9[END_REF] In the latter, the 𝜅 𝐿 values show a fourfold increase despite the presence of similar types of alternating layers in both structures. [START_REF] Olvera | Pb7Bi4Se13: a lillianite homologue with promising thermoelectric properties[END_REF][START_REF] Casamento | Crystal Structure and Thermoelectric Properties of the 7,7L Lillianite Homologue Pb6Bi2Se9[END_REF] In addition to the number of Pb-Se/Bi-Se interfaces, several other ingredients may contribute to scatter efficiently acoustic phonons resulting in the low 𝜅 𝐿 values measured in the m = 1 compound. First, the large number of atoms per unit cell results in a large number of optical modes that limit the available phase space for acoustic phonons and give rise to 

Summary and Conclusion

We reported on a detailed characterization of the crystal structure and transport properties of the Pb5Bi12Se23 and Pb5Bi18Se32 compounds which belongs to the homologous series (PbSe)5(Bi2Se3)3m with m = 2 and 3. The crystal structure of these compounds, investigated using a combination of single-crystal X-ray diffraction data and high-resolution transmission electron microscopy, consists in alternating Pb-Se and m Bi-Se layers described in the monoclinic space groups C2/m (m = 2) and P21/m (m = 3). In contrast to the m = 1 compound which shows a more semiconducting character, the m = 2 and 3 compounds behave as degenerate narrow-band-gap n-type semiconductors possibly due to mixed occupation of Bi and Pb on some sites of the crystal structure. The complex, low-symmetry crystal structure of these compounds results in very low lattice thermal conductivity (0.5 W m-1 K-1 at 723 K).

The comparison of the 𝜅 𝐿 and 𝜇 𝐻 values in this series indicate that increasing the complexity of the unit cell does not systematically lower the thermal transport and impede charge carrier mobility. Rather, these data underline the essential role played by the number of Pb-Se/Bi-Se interfaces in determining both the electron and phonon transports. These results indicate that their thermoelectric performances might be improved by aliovalent substitutions to drive these compounds closer to a semiconducting state. Furthermore, the possible deviations from the ideal stoichiometry suggested by our chemical analyses require further experimental studies to better understand the complex chemistry of these interesting phases. Tables Table 1. Selected Crystal data and structure refinements of the (PbSe)5(Bi2Se3)3m phases for m = 2 and m = 3.

Empirical formula Pb5Bi12Se23 Pb5Bi18Se32

Molar mass (g mol- 

  3 and S1 to S4 in Supporting Information), with values similar to those typically observed in cage-compounds such as clathrates or skutterudites.51-53 This first characteristic is not confined to this series and has already been observed in several other Pb-containing sulfide and selenide structures.[START_REF] Olvera | Pb7Bi4Se13: a lillianite homologue with promising thermoelectric properties[END_REF][START_REF] Casamento | Crystal Structure and Thermoelectric Properties of the 7,7L Lillianite Homologue Pb6Bi2Se9[END_REF][START_REF] Makovicky | Incommensurate misfit sandwiched layered compounds[END_REF][START_REF] Topa | The crystal structure of 7K : 12Q cannizzarite from Vulcano, Italy[END_REF][START_REF] Borisov | The crystal structure of (Cd, In)-rich cannizzarite from Kudriavy Volcano, Iturup Island, Kuriles, Russia[END_REF] The second characteristic is tied to the chemical environment of the Pb and Bi atoms. All of the Pb atoms show a distorted environment with short Pb-Se bonds and elongated Pb-Se bonds along the long axis of the polyhedra (Table4and Figure2). Similarly, the Bi atoms exhibit slightly distorted octahedral environment with systematically three short Bi-Se distances of ≈ 2.85 Å and three longer distances of ≈ 3.08 Å (see Tables S5 to S7 in Supporting Information). This strong asymmetric environment is likely the result of the stereoactivity of the Pb2+ and Bi3+ lone pair electrons.54,55 Similar distortions attributed to stereoactive lone-pair electrons were also observed in the ternaries Pb7Bi4Se13 and Pb6Bi2Se9 and in the monoclinic compound K2Bi8Se13 for instance.[START_REF] Olvera | Pb7Bi4Se13: a lillianite homologue with promising thermoelectric properties[END_REF][START_REF] Casamento | Crystal Structure and Thermoelectric Properties of the 7,7L Lillianite Homologue Pb6Bi2Se9[END_REF][START_REF] Pei | Multiple Converged Conduction Bands in K2Bi8Se13: A Promising Thermoelectric Material with Extremely Low Thermal Conductivity[END_REF] Transmission Electron Microscopy on Single Crystals. For a more detailed structural characterization, high-resolution transmission electron spectroscopy was used to examine the as-grown single crystals of the m = 2 and 3 compounds. For comparison purposes, single crystals of the m = 1 compound have been also studied. Figure3shows the HAADF-STEM images of the m = 1, 2 and 3 compounds taken along the 010 zone axis. The corresponding electron diffraction patterns along this axis are also shown. All of the diffraction patterns are consistent with the monoclinic crystal structure of these compounds and can be well indexed with the P21/m (m = 1 and 3) and C2/m (m = 2) space groups. Both the lattice parameters and monoclinic distortion angles determined from these patterns are consistent with those refined by single-crystal X-ray diffraction. The high-resolution STEM images agree with the X-ray diffraction data and show the presence of alternating Pb-Se and m Bi-Se structural units. In these images, only the Pb and Bi atoms are visible due to the brightness of the atomic layers which are proportional to Zn (where Z is the element number of the atom and 1 < n < 2).[START_REF] Pennycook | Chemically sensitive structure imaging with a scanning transmission electron microscope[END_REF] The similar Z number of Pb and Bi did not enable us to further distinguish possible mixed occupancies on the Pb and Bi sites. The Se atoms were visualized by collecting annular bright-field (ABF) images (FigureS2in Supporting Information). No additional modulation of the crystal structure, arising from charge-density waves, additional atomic occupations or insertion between the layers or stacking faults, is observed in the diffraction patterns corresponding to these images. Line profiles (not shown), taken perpendicularly and parallel to the layers, did not provide any clear experimental evidence of the presence of vacancies on the Pb, Bi or Se sites in these single-crystals in agreement with our X-ray diffraction data.

  38 and 0.40 eV (for direct transitions) and 0.26 and 0.27 eV (for indirect transitions) for the m = 2 and 3 compounds, respectively. While the difference observed between the spectra of the m = 1 and m = 2 compound indicates that the addition of a Bi2Se3 layer modifies the electronic band structure of the former, the similar spectra and Eg values on going from m = 2 to m = 3 suggest a weaker influence of the third Bi2Se3 layer. In the present case, the slight difference observed between the two Eg values for m = 2 and 3 is likely due to modifications of the electronic band structure by the addition of the third Bi2Se3 layer. The influence of the Burstein-Moss effect observed in heavily-doped semiconductors,62,63 that is, a shift of the optical band gap towards higher energies with increasing the carrier concentration, seems unlikely due to the very similar electron concentrations measured in these two compounds (see below). Should it be direct or indirect, the optical Eg values of these three compounds are in line with those determined for other narrow-band-gap Pb-Bi-Se compounds such as Pb7Bi4Se13 (0.29 eV) or Pb6Bi2Se9 (0.58 eV).25,26 Transport Properties. The temperature dependence of the electrical resistivity of the m = 2and m = 3 compounds is shown in Figure7a. For the former,  increases with increasing temperature below 300 K suggestive of a metallic behavior. The anisotropy between the parallel and perpendicular directions is significant for both compounds with the values measured along the pressing direction being twice higher than those measured perpendicularly. This property indicates that the polycrystalline samples are textured after the SPS process due to the anisotropic crystal structure of these compounds and the strong anisotropy of the electrical properties measured in single crystals.39 Above 300 K, 𝜌(𝑇) tends to saturate and varies only weakly upon further warming up to 723 K. The overall complex behavior of the high-temperature part of 𝜌(𝑇), similar to that observed in the m = 1 compound,37,38 is no longer visible in the m = 3 sample which features significantly lower 𝜌 values. The nearly linear increase in the whole temperature range indicates a more pronounced metallic character with respect to the m = 1 and 2 compounds.The general trend observed in the electrical resistivity is confirmed by the temperature dependence of the thermopower (Figure7b). For both compounds, the  values are isotropic to within experimental uncertainty. As in the m = 1 compound, these two compounds show negative  values suggesting that electrons are the dominant charge carriers. Below 300 K,  increases linearly with temperature up to approximately -30 V K-1 for both compounds. At higher temperatures, the measured values slightly differ with maximum values (in absolute values) of -130 and -100 V K-1 achieved at 723 K for m = 2 and m = 3, respectively.

enhanced

  Umklapp scattering. The large thermal displacement parameters of the Pb atoms are indeed likely associated with low-energy optical modes as observed, for instance, in clathrates or in tetrahedrites.11-13,70-72 Second, the presence of stereochemically active lone-pair electrons of Pb and Bi likely responsible for the distortion of their octahedral environment might contribute to lowering the thermal transport as recently proposed in the other ternaries Pb7Bi4Se13 and Pb6Bi2Se9 and in several minerals such as tetrahedrites or CuSbS2.25,26,66,68,70,71 Finally, the possible presence of numerous nanoscale interfaces and stacking faults in polycrystalline specimens, which potentially act as additional phonon scatterers, as observed for instance in K2Bi8Se13,56 may also play a significant role in impeding heat transport. The dimensionless thermoelectric figure of merit ZT is shown in Figure 10 as a function of temperature for the m = 2 and 3 compounds. Similar peak ZT of 0.25 and 0.20 are achieved at 723 K in the m = 2 and 3 compounds, respectively. These values are lower than that obtained in the m = 1 compound (0.5 at 723 K, Refs. 37 and 38) due to the more pronounced metallic character of these two compounds.
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 1 Figure 1. Crystal structure of Pb5Bi6Se14 (m = 1), Pb5Bi12Se23 (m = 2) and Pb5Bi18Se32 (m = 3)
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 2 Figure 2. Coordination polyhedral of Pb and Bi atoms in the m = 3 compound. The chemical
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 3 Figure 3. HAADF-STEM images of the m = 1 (upper left panel), m = 2 (upper middle panel)
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 4 Figure 4. Powder X-ray diffraction patterns of the polycrystalline (a) m = 2 and (b) m = 3
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 5 Figure 5. SEM images and corresponding X-ray elemental maps of the (a) m = 2 and (b) m =
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 6 Figure 6. Optical absorption spectra for Pb5Bi6Se14 (m = 1), Pb5Bi12Se23 (m = 2) and Pb5Bi18Se32 (m = 3) plotted as [𝐹(𝑅) × 𝐸] 2 𝑣𝑠 (𝐸 = ℏ𝜔) (that is, for direct transitions). The
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 7 Figure 7. Temperature dependences of the (a) electrical resistivity and (b) thermopower for
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 8 Figure 8. Temperature dependences of the (a) Hall coefficient 𝑅 𝐻 and (b) Hall mobility 𝜇 𝐻
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 9 Figure 9. (a) Total thermal conductivity  as a function of temperature for Pb5Bi12Se23 (m =
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 10 Figure 10. Temperature dependence of the dimensionless thermoelectric figure of merit ZT
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  Bi1 0.0126(5) 0.0103(9) 0.0082(5) 0.0031(5) Bi2 0.0130(5) 0.0105(7) 0.0078(5) 0.0033(1) Bi3 0.0117(5) 0.0110(6) 0.0074(5) 0.0022(1) Bi4 0.0152(5) 0.0135(6) 0.0103(5) 0.0036(2(2) 0.0116(1) 0.0098(3) 0.0015(9) Se5 0.0084(3) 0.0095(1) 0.0085(3) 0.0019(2)

Table 2 .

 2 Atomic coordinates and equivalent isotropic displacement parameters (Å2) for the m = 3 compound. Ueq is defined as one-third of the trace of the orthogonalized Uij tensor.

	1)	5360.07	7324.68
	Symmetry	Monoclinic	Monoclinic
	Space group	C2/m	P21/m
	a (Å)	53.168 (4)	35.667 (2)
	b (Å)	4.1786 (3)	4.1670 (2)
	c (Å)	21.550 (2)	21.530 (1)
	 (°)	107.491 (3)	102.275 (2)
	V (Å3)	4566.4 (6)	3126.7 (1)
	Z	4	2
	ρcalc (g cm-3)	7.79	7.78
	2θ range (°)	1.60 -60.63	1.64 -50.05
	Radiation (Å)	Mo K;  = 0.71073	Mo K;  = 0.71073
	Absorption coefficient (mm-1) 82.74	82.48
	Index range	-73  h  74	-25  h  25
		-5  k  5	-4  k  4
		-30  l  30	-42  l  42
	Data/restraints/parameters	7688 / 0 / 242	6356 / 0 / 386
	R indices [Fo>4σ(Fo)]	R1 = 0.066	R1 = 0.060
		wR2 (all) = 0.2339	wR2 (all) = 0.2151
	Goodness-of-fit on F2	0.963	1.028

Table 3 .

 3 Anisotropic thermal displacement parameters (Å2) for the m = 3 compound at 300 K.By symmetry, U23 and U12 are both equal to zero for all atoms.

	Atom	U11	U22	U33	U13
	Pb1	0.0180(5) 0.0191(7) 0.0207(6) 0.0034(1)
	Pb2	0.0200(6) 0.0213(7) 0.0233(6) 0.0035(2)
	Pb3	0.0349(7) 0.0195(8) 0.0241(6) 0.0080(4)
	Pb4	0.0341(7) 0.0254(8) 0.0266(6) 0.0105(4)
	Pb5	0.0387(8) 0.0322(9) 0.0370(8) 0.0027(7)

Associated Content Supporting Information

The Supporting Information is available free of charge on the ACS Publications website. SEM image of as-grown single-crystals of the m = 1 compound, tables S1 to S4 of the crystallographic parameters of the m = 1 and 2 compounds, tables S5 to S7 of the Bi-Se interatomic distances for the m = 1, 2 and 3 compounds, annular bright-field images collected on single crystals of the m = 1, 2 and 3 compounds and optical spectra of the m = 1, 2 and 3 compounds assuming indirect transitions. CIF files of the m = 2 and m = 3 compounds. 
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The crystal structure of the homologous compounds (PbSe)5(Bi2Se3)3m for m = 2 and 3 has been examined by high-resolution transmission microscope and single-crystal X-ray diffraction. Their transport properties, investigated in a broad temperature range, revealed that both compounds behave as n-type degenerate semiconductors and show moderate thermoelectric performances at high temperatures due to too high electron concentrations.