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Electronic Structure and Conductivity of Off-stoichiometric and Si-doped Ge 2 Sb 2 Te 5 Crystals from Multiple-Scattering Theory

The transport properties of the phase-change material Ge2Sb2Te5 can be tuned by controlling its atomic structure and concentration of charge carriers. Moving away from the "225" stoichiometry or doping with atoms of different chemical species are major methods to reach this aim. The transport properties of these doped samples are challenging to study experimentally, since their crystalline phase generally possesses a complicated microstructure, consisting of grains with different compositions. They are also challenging to investigate by first-principles methods based on the calculation of Kohn-Sham wave functions, as larger supercells are needed to describe the unavoidable chemical disorder among Ge, Sb, dopant atoms, and vacancies. In this work, we perform firstprinciples calculations of the electronic structure and electrical conductivity of off-stoichiometric or Si-doped cubic Ge2Sb2Te5 crystals, using the spin polarized relativistic Korringa-Kohn-Rostoker (KKR) method based on the multiple-scattering theory. The doped crystals have all been described with a rock-salt unit cell, in which the chemical disorder is taken into account through the coherent potential approximation (CPA). The accuracy of the results obtained using this method is verified by comparing, for several crystal compositions, the density of electronic states calculated with this method and with a method that uses Kohn-Sham wave functions and big supercells. We calculated the Bloch spectral function, which shows the dispersion of the electron states and its modification with the deviation from the 225 stoichiometry, silicon doping, and chemical disorder. We describe the composition dependence of the electrical conductivity, which we discuss in terms of the concentration of charge carriers and of the modification of their scattering by the intrinsic chemical disorder in the crystal. These results can be used to model real samples, the microstructure of which consists of grains with different concentrations of Ge, Sb, or Si atoms, each grain being described by a conductivity that depends on its composition.

I. INTRODUCTION

The high contrast between the values of the electrical resistivity of the amorphous and crystalline states of phase change materials (PCMs) can be used to design efficient random access memories (RAMs). 1 In addition to their non-volatility, PCM-based RAMs offer important advantages like scalability, high storage density, and fast reading and writing performances. For recent reviews on PCM and PCM-based RAMs, see references 2 and 3. PCMs have also been used in efficient rewritable optical data storage, owing to the large optical contrast between their amorphous and crystalline phases. 4 Among the wide family of phase change materials, 5 germanium-antimony-tellurium (GST) chalcogenide compounds located near the tie-line between GeTe and Sb 2 Te 3 in the Ge-Te-Sb phase diagram are particularly interesting and have successfully been used, both in non-volatile resistive memories and in rewriteable optical data storage. 6,7 They generally present a stable hexagonal phase and a metastable phase with the rock-salt structure. In the latter, one of the two atomic sites of the unit cell is randomly occupied by Ge, Sb, and vacancies, while the other one is occupied by Te atoms. 8 This description of the metastable phase holds for most of the [GeTe] (1-x) [Sb 2 Te 3 ] x compounds with 0<x <2/3 and corresponds to a huge fraction of vacancies in the crystal. 9 Bonding, crystal distortion, chemical species and vacancy ordering in the hexagonal and cubic phases of most of these compounds have been intensively studied by first-principles methods. 10,11 Special stacking of GeTe and Sb 2 Te 3 , including chemically ordered hexagonal Ge 2 Sb 2 Te 5 , have also been reported to behave like topological insulators. 12,13 With a fast phase change, a crystallization temperature of 100-150 • C, and a melting temperature 600 • C, 14 Ge 2 Sb 2 Te 5 shows the best performances along the GeTe-Sb 2 Te 3 line, and is one of the most intensively studied GST materials. The precise crystal structure of this 225 compound may depend on the actual crystallization and annealing conditions. The metastable phase shows the rock-salt cubic structure with random distribution of Ge, Sb and vacancies on one of the atomic sites, [15][16][17][18] but vacancy ordering can occur in the cubic crystal, leading to different more or less ordered crystalline phases [18][19][START_REF] He | Inorg[END_REF][21] which have also been studied by first-principles methods. 22 It has been reported that Ge atoms may also occupy tetrahedral atomic sites instead of octahedral ones in the cubic crystal. 23 However, this issue is still controversial, 24,25 and the occurring of this defect is not abundant in atomistic DFT simulations of the crystallization process. [26][27][28] Above 250 • C, Ge 2 Sb 2 Te 5 changes its phase from metastable cubic to stable hexagonal, 29 for which several atomic structures have been proposed which differ by the precise location of Ge and Sb atoms in the successive atomic layers: 16 the actual structure of the hexagonal phase may change from one sample to the other, and different ordering of Ge and Sb atoms can even coexist within the same sample. 30,31 The differences in the physical properties of the amorphous, cubic and hexagonal crystalline phases of stoichiometric Ge 2 Sb 2 Te 5 have been studied in great details by several teams. [32][33][34] The density of electron states (DOS) of its cubic phase has also been calculated by first-principles methods [35][36][37] and recently measured by photoelectron spectroscopy. [37][38][39] Several research teams have further explored the possibilities of improving the performances of PCMbased RAMs, using non-stoichiometric and/or doped Ge 2 Sb 2 Te 5 . It has been experimentally shown that the crystallization temperature of samples having a high Ge content is higher than that of Ge 2 Sb 2 Te 5 samples. [40][41][42][43] In these samples, excess Ge atoms partly segregate during crystallization. The literature does not give detailed experimental results on slightly Ge-rich or Ge-poor Ge 2 Sb 2 Te 5 samples. The consequences of a deviation of the Sb-content from that of perfect Ge 2 Sb 2 Te 5 has been studied by several experimental teams, who observed that the rock-salt structure of Ge 2 Sb 2+y Te 5 samples is preserved for relatively small deviations from the perfect 225 composition, while the excess of Sb atoms tends to concentrate at grain boundaries for higher Sb contents, leading to an increase of the crystallization temperature. 44,45 Strong deviations from the 225 stoichiometry can even be responsible for a modification of the phase change, that may directly occur from the amorphous to the hexagonal phase. 46 The consequences of a small excess or deficiency of Ge or Sb atoms on the density of states of the Ge 2 Sb 2 Te 5 crystal have been studied by first-principles methods, using big supercells to mimic the chemical disorder. 36 Finally, even in devices based on a perfectly stoichiometric Ge 2 Sb 2 Te 5 layer, electromigration of the different chemical species, both in the amorphous and the crystalline phases, can be responsible for nonuniform deviations from the ideal composition and for a finite gradient of the Ge, Sb and Te concentrations. 47 Several methods have been considered to dope Ge 2 Sb 2 Te 5 crystals, the most important one consisting in using nitrogen atoms as the dopant chemical species. Such doping enhances the thermal stability of Ge 2 Sb 2 Te 5 , increases its crystallization temperature, crystallization time, electrical resistivity and modifies the optical band gap. [48][49][50][51][52][53] From a structural point of view, it has been shown that part of the nitrogen atoms/molecules occupy specific sites in the Ge 2 Sb 2 Te 5 crystal, [53][54][55][56] while all the others precipitate in the Ge 2 Sb 2 Te 5 grains or at grain boundaries where they form germanium nitrides. [49][50][51]57,58 Alternative routes have further been explored for doping Ge 2 Sb 2 Te 5 with chemical species other than nitrogen. Several teams have, in particular, considered the consequences of substitution or doping with atoms of the same column in the periodic table as those of Ge, Sb or Te: They have shown that doping with Se, 59,60 Bi, 61-68 Sn 61,66,67,69-76 preserves the rocksalt structure at low dopant-atom concentration, while structural changes and phase separation occur otherwise.

Last but not least, the most intensively studied method for doping Ge 2 Sb 2 Te 5 with chemical species of the same columns as those of Ge, Sb or Te in the Mendeleev table, consisted in using Si atoms. Doping (or substitution of Ge) by Si atoms allows an important improvement of the devices, in particular a lowering of the electrical current inducing the phase change, due to an increase of the resistivity of Ge 2 Sb 2 Te 5 . [77][78][79][80][81][82][83] It has been shown that Si-doped Ge 2 Sb 2 Te 5 can crystallize in the rock-salt structure, at least at low Si content. 77,83,84 The stability of the doping-sites have been studied by first-principles methods. 53 At higher Si-atom concentration, GST samples can also present a phase separation, with Si-rich phases separating Ge 2 Sb 2 Te 5 domains. 80,84,85 In this work, we present calculations of the electronic structure and electrical conductivity of GST crystals with the rock-salt structure and a composition slightly different from that of Ge 2 Sb 2 Te 5 (off-stoichiometric crystals), and possibly doped with Si atoms (Si-doped GST crystals). The calculations are done using the firstprinciples code SPRKKR. [START_REF] Ebert | The Munich SPR-KKR package (version 6.3[END_REF][START_REF] Ebert | [END_REF] This code is based on the density functional theory (DFT), and on the relativistic Korringa Kohn Rostoker (KKR) Green's function formalism, which is based on the multiple scattering theory and uses the coherent potential approximation (CPA) for describing the disorder between different chemical species occupying the same atomic site. 88 The KKR-CPA method is different from those based on the Kohn-Sham wave functions of a disordered system described in big supercells. The latter are the first-principles methods that have mostly been used, up to now, to calculate the properties of GST crystals. KKR-CPA possesses the big advantage of explicitly taking into account the inherent random disorder involving Ge, Sb and vacancies within a small crystal cell, while larger simulation cells would be required with other DFT-based methods in order to describe the chemical disorder. Moreover, KKR-CPA naturally allows to calculate the effects of disorder on the electrical conductivity of GST crystals, without using empirical parameters, like the relaxation time τ which is often needed (after neglecting its band index and wave vector dependence) in codes based on the Boltzmann equation. 89 The KKR-CPA method, however, possesses the disadvantage of neglecting the small local distortions of the rock-salt structure, inherent to the random distribution of different chemical species and vacancies. After an explanation of the technical details of our calculations in Sec. II, we compare in Sec. III the DOS curves calculated with the code SPRKKR (using small unit cells, and taking into account the random disorder, but not crystal distortions) with those calculated with conventional first-principles methods (using larger supercells describing the chemical disorder as close as possible to random, taking crystal distortions into account). This comparison allows to validate the results calculated with SPRKKR, which are rather satisfactory despite the fact that crystal distortions are neglected. The electronic structure and the dispersion of the electron states are described in Sec. IV for Ge-or Sb-rich or deficient crystals; the conductivity calculated for these off-stoichiometric crystals is described in this section. Results for Si-doped crystals are shown in Sec. V. We discuss our results in section VI and finally conclude in section VII.

II. THEORETICAL BACKGROUND AND CALCULATION DETAILS

In the following, we first describe the general theoretical background adopted for calculating the physical properties, in particular the electronic structure and electrical conductivity, of doped GST alloys. All the calculations are performed using the code SPRKKR. In this code, the fully relativistic Green's function G(r, r , E) is calculated using the KKR-CPA method [START_REF] Ebert | The Munich SPR-KKR package (version 6.3[END_REF] and the density-functional theory (DFT). This is a method of choice to calculate the Green's function of GST alloys, as the random chemical disorder inherent to these rock-salt crystals can be efficiently described through the CPA. 88 Unlike other DFT-based methods which use Kohn-Sham wave functions and sufficiently big supercells, KKR-CPA allows a suitable description of the chemical disorder with relatively small crystal unit cells.

The density of electronic states is obtained directly from the calculated Green's function as 87

n(E) = - 1 π Tr Ω d 3 r G(r, r, E), (1) 
where, Ω is the volume of the crystal unit cell. The Green's function also gives access to the spectral electron-density function which, for a periodic system, corresponds to the Bloch spectral function (BSF) A B (E, k). 90,91 It corresponds to the k-resolved DOS calculated from the lattice Fourier transform of the Green's function as 87

A B (E, k) = - 1 πN Tr N n,n e ik•(Rn-R n ) × Ω d 3 rG(r + R n , r + R n , E), (2) 
where R n and R n are Bravais lattice vectors. The zero-temperature dc electrical conductivity tensor can be calculated as the configuration (c) averaged product of the single-electron Green's function and current operator (J) as

σ µν = J µ GJ ν G c , (3) 
where µ, ν are the indices used for the orthogonal space coordinates x, y, and z, and

J µ = -i e m ∂ ∂µ
. The code SPRKKR employs the Kubo-Greenwood formalism, 92,[START_REF] Greenwood | Proc. Phys. Soc[END_REF] in order to obtain the symmetric part of the conductivity tensor (σ µµ , where µ ∈ {x, y, z} ) from Eq. (3). [START_REF] Ebert | [END_REF][START_REF] Butler | [END_REF] A detailed discussion on the implementation of Kubo-Greenwood formalism within the KKR-CPA framework can be found in Ref. 94 and Ref. 95.

We now describe the calculation parameters that have been used to study the GST crystals. We exclusively focused on the face-centered cubic (FCC) rock-salt phase of these compounds. It presents two atomic sites: site A is randomly occupied by Ge, Sb, and vacancies (Vac), and also by Si atoms in the case of Si-doped crystals, while site B is totally occupied by Te atoms. The physical properties of the off-stoichiometric and Si-doped Ge 2+x Sb 2+y Si z Te 5 crystals are here mostly calculated with the code SPRKKR. In this case, the random distribution of the different chemical species and vacancies on site A of the undistorted rock-salt crystal is taken into account through the CPA: scattering potentials are calculated self-consistently in the atomic sphere approximation (ASA), using the generalized gradient approximation (GGA) Perdew-Ernzerhof-Burke 96,97 (PBE) exchange-correlation energy functional.

The CPA potential describing the scattering potential of the atomic site A is calculated within CPA self-consistent loops, from the potentials of Ge, Sb, Si and empty atomic spheres embedded in the CPA crystal, taking their respective concentrations into account, according to the formula

[Ge 2+x Sb 2+y Vac 1-x-y-z Si z ] A [Te 5 ] B .
The irreducible wedge of the first Brillouin zone (BZ) has been sampled with 1000 k-vectors for BZ integrations during the SCF cycles, and with 4000 k-vectors for the calculations of the DOS and conductivity σ. The Fermi level was accurately determined using Lloyd's formula. [START_REF] Ebert | [END_REF] Although this formula helps circumventing problems due to the necessary truncation of the angular momentum expansion of the Green's function for numerical conveniences, [START_REF] Ebert | [END_REF] we observed that the convergence of a self-consistent calculation remains difficult to reach when the deviation from the stoichiometry of Ge 2 Sb 2 Te 5 tends to vanish. For this reason, we have chosen to only consider off-stoichiometric and doped GST crystals, for which the Fermi level is clearly either in the conduction band or in the valence band. Green's functions inside the atomic spheres have been expressed in terms of spherical harmonics, up to the maximum angular momentum l max =2.

The values of the lattice parameter (and its dependence with Ge, Sb, and Si concentrations) that we used in all the KKR-CPA calculations have formerly been obtained from preliminary calculations based on supercells having 300 atomic sites. Such calculations are indeed more accurate to compute lattice parameters of chemically disordered crystals, as they explicitly allow local atomic structure relaxation due to the actual distribution of Ge, Sb, Si atoms and vacancies on atomic sites A, whereas the KKR-CPA approach is based on a mean-field description of the chemical disorder. The scheme employed for the calculation of the lattice parameter is as follows. The supercell which was built up by stacking 12 FCC (111) atomic layers, consisted of 300 atomic sites, half of which are occupied by Te atoms (on sites B), while others (on sites A) are occupied by Ge, Sb, and dopant Si atoms and vacancies, as shown on the top panel of figure 1. To study GST crystals with concentrations of Ge and Sb atoms deviating from those of Ge 2 Sb 2 Te 5 and doped with Si atoms, we have created different 300 atomic-site supercells, all corresponding to the same composition Ge 2+x Sb 2+y Si z Te 5 , but with different random distributions of Ge, Sb, and Si atoms on atomic sites A. We only kept the supercell of which the pair distribution function is the closest to that of a perfect random distribution.

The equilibrium positions of the atoms, and the shape and size of each supercell have been obtained using the ab initio simulation package VASP 98,99 . The Kohn-Sham wave functions in these big supercells were calculated at the Gamma point of the BZ, using a plane-wave basis set truncated at a cutoff energy of 275 eV (≈ 20 Ry), and the GGA PBEsol 100-102 functional for exchange and correlation potentials. The atom positions have further been relaxed, minimizing the interatomic forces on each atom, until the forces became smaller than 10 -3 eV/ Å. The lattice parameter is finally obtained from the volume of the relaxed structure. The pair correlation functions describing one of the relaxed supercells are shown on the bottom panel of figure 1. They show that the rock-salt structure is distorted with nearest neighbor distributions that slightly deviate from the value a/2 of the undistorted crystal. The choice of the exchange-correlation functional (PBEsol) is solely based on the fact that it gives a lattice parameter for Ge 2 Sb 2 Te 5 closer to the experimental values than those obtained using PBE or the local density approximation (LDA).

III. VALIDITY OF THE KKR-CPA RESULTS FOR GST CRYSTALS

We have checked that the electronic structure calculated with the KKR-CPA method for a non-distorted rock-salt crystal and with a mean-field description of the chemical disorder on site A does not suffer from these limitations of this method. This has been done by comparing the DOS curves calculated with KKR-CPA with those obtained from Kohn-Sham wave functions calculated for the same compositions, but with big supercells that allow for local distortions of the rock-salt structure. This comparison is shown in figure 2, where we compare the DOS curves calculated with the codes SPRKKR and VASP for the Ge-rich and Ge-deficient Ge 2+x Sb 2 Te 5 crystals with x = -0.2, -0.1, 0.1, and 0.2. In this figure, the DOS curves calculated with SPRKKR are shown with blue lines, while those calculated with VASP are shown with red lines.

We found a good agreement between the DOS curves calculated with the two methods over a wide range of energy, as shown in the left panel of figure 2. The results shown in this figure also agree with those calculated by Caravati et al., 36 for similar systems. The right panel of figure 2 gives more details on the energy range around the Fermi energy (E F ): the DOS curves calculated with SPRKKR agree nicely with those calculated with VASP in the continuum of states where E F is located. In particular, the x -dependence of the position of E F in this continuum is the same for the two methods. This indicates that electron states do not strongly depend on the local distortions of the rock-salt structure. The physical information provided by a mean-field description of the disorder, as included in the KKR-CPA method, can further be considered as reliable. However, DOS curves calculated with SPRKKR show small differences with those calculated with VASP, in particular for the continuum of states just above the band gap near E F for x < 0 or just below it for x > 0. This can be attributed to the fact that the width of this band gap slightly depends on the calculation method; it may, in particular, slightly depend on the fact that the small distortions of the rock-salt structure are taken into account or not. These small differences do not have strong consequences on the electronic properties of the off-stoichiometric and doped crystals, which all behave like metals for which the concentration of charge carriers depends much more on the deviation from the stoichiometry of Ge 2 Sb 2 Te 5 , than on the value of the band gap. However, it is worth mentioning that for a better estimation of the band gap, more elaborated techniques like the use of modified Becke-Johnson exchange potential 103 or the GW approximation, 104 not available with the code SPRKKR, would be necessary. Within SPRKKR, one could also employ the semi-empirical DFT+U formalism, 105 to have a better description of the band gap. However, this method would require to use empirical U parameters which would increase the complexity of the calculations and necessitate extra care to ensure a reasonable reliability of the results.

IV. EFFECTS OF A MODIFICATION OF THE Ge OR Sb CONCENTRATION

In this section, we describe the physical properties of Ge 2+x Sb 2 Te 5 and Ge 2 Sb 2+y Te 5 GST crystals, in which the concentration of Ge or Sb atoms deviates slightly from that of Ge 2 Sb 2 Te 5 .

A. Lattice parameter versus Ge or Sb content

The supercells that have been used to calculate, with the code VASP, the lattice parameter of the GST crystals have been obtained by filling some of the vacancies in the Ge 2 Sb 2 Te 5 300-atom supercell with Ge or Sb atoms (x or y > 0), or by removing Ge or Sb atoms to create additional vacancies (x or y < 0). For example, the supercell describing the Ge 2 Sb 2. The lattice parameters which has been calculated for Ge-rich/deficient GST crystals (x = 0 and y = 0) or Sbrich/deficient GST crystals (or x = 0 and y = 0) are presented as a function of the composition in figure 3: it changes slightly with the composition and this effect is more sensitive to the Sb concentration than to the Ge concentration. This can be traced back to the fact that Sb atoms are larger than Ge atoms: when occupying vacant sites in the supercell, they are responsible for a bigger increase of the volume. In figure 3, we have also shown the lattice parameter of the rock-salt phase of Ge 2 Sb 2 Te 5 measured experimentally by Nonaka et al., 15 Matsunaga et al., 16 and Shamoto et al. 106 The calculated lattice parameter is in good agreement with experimental values for this composition.

B. Dispersion and broadening of the electron states versus Ge and Sb content

As already mentioned in section II, the BSF gives a deeper insight to the electronic structure of the GST crystal, since it gives access to the k-dependence of the electron states and to its modification with disorder. Such information would not have been accessible with a method based on the calculation of Kohn Sham wave functions for supercells, as the dispersion of the electron states, in this case, would have been folded many times on itself and very difficult to analyze. The BSF describes the k-dispersion of the electron states for a disordered crystal, as the band structure does for a perfectly ordered crystal. Figure 4 shows that it keeps rather a good recollection of the energy bands that would exist for an ordered crystal, although the chemical disorder between Ge and Sb atoms or vacancies on atomic site A is responsible for a strong broadening of these bands. The maximum value of the BSF (shown in red on figure 4) indicates that different valleys of the conduction band are occupied in the first BZ, in particular near the L-points. From figure 4, we can predict that the main valleys that will be occupied by holes for Ge-poor GST crystals (E F just below the band FIG. 6. Map of the Bloch Spectral Function calculated with the code SPRKKR for three different planes of the first BZ of Ge2.005Sb2Te5: (100) in upper-row panels, (110) in middle-row panels, and (111) in lower-row panels, and for each of them at three different energies: (EF -1 eV) on the left side, EF in the middle, and (EF + 1 eV) on the right side. The color coding is the same as in fig. 4. gap) will be located at the L-points, at the W-points, between Γ and X-points, and between Γ and K-points.

Broadening of the electron states:

For a given wave vector, the strong Lorentzian broadening of the electron states shown in figure 4 is inversely proportional to their lifetime τ , and therefore, directly proportional to the imaginary part of the energy. [START_REF] Butler | [END_REF]107,108 This broadening strongly depends on the disorder rate on atomic sites A, as it can be seen in figure 5, where we compare the BSF of Ge 1.5 Sb 2 Te 5 (in this case the Fermi level is in the valence band) and of Ge 2.5 Sb 2 Te 5 (for which E F crosses the conduction band): the reminiscence of the band structure of an ordered crystal is much more clear for the latter. This is due to the fact that vacancies on atomic sites A are a more important cause of electron-state broadening than the statistical disorder between Ge and Sb atoms. We can also notice in this figure that the broadening depends on the energy E, and on the wave vector k. Chemical disorder does not actually suppress the band gap near E F at the L-point of the first BZ: the broadening of electron states on both sides of this band gap gives the impression that the band gap vanishes, in particular at higher vacancy-concentration. However, these states remain clearly split (giving rise to the band gap), and the energy difference between them (i. e. the energy width of the band gap) does not seem to decrease when the chemical disorder increases, and thus, does not lead to the suppression of the band gap. The stoichiometry modifies the broadening of electron states on both sides of the band gap, without changing their energy splitting.

Map of the electron states in the first Brillouin zone: Figure 6 shows a plot of the BSF A B (E, k) for k belonging to three different planes in the first BZ of Ge 2.005 Sb 2 Te 5 and for three different energies. The three upper panels show the BSF map in the (100) BZ plane containing two perpendicular directions (Γ-X-W-K plane), the middle panels show similar plots for the (110) BZ plane containing , Σ, and Λ directions (Γ-X-U-L plane), and the lower panels show similar plots for the (111) plane containing six Σ directions (Γ-K). The left side, central, and right side columns respectively correspond to the energies (E F -1 eV), E F , and (E F + 1 eV). The color coding is exactly the same as in figure 4. Figure 6 helps to perform deeper inspections of the k-resolved states as compared to figure 4, which only focuses on the high-symmetry directions of the BZ: it confirms that the main valleys occupied by conduction electrons of this metallic Ge-rich GST compound are mostly located at the L points, and between Γ and K points on the Σ directions. Figure 6 also gives additional information on the anisotropy of these valleys, and on the disorder induced broadening of the electron states, which is proportional to their lifetime τ (k, E). The figure shows that the Lorentzian broadening actually depends on wave vector and energy. This is a major constraint for calculating accurately the conductivity of a disordered system using the semi-classical Boltzman transport equation, where τ is generally considered as identical for all the states. 89,109 The results presented in figures 4, 5, and 6 can be very useful for experimentalists who measure the dispersion of electron states in GST crystals with photoemission or inverse photoemission techniques. Angle resolved photoemission spectroscopy (ARPES) has, for instance, been recently used to measure the dispersion of the occupied electron states in samples of cubic metastable Ge 2 Sb 2 Te 5 . 39 Our results shown in figure 6 for the (111) cut of the first BZ near E F resemble the ARPES measurements presented by these authors. 

C. Electrical conductivity versus Ge or Sb content

The dc conductivity σ of the Ge 2+x Sb 2 Te 5 and Ge 2 Sb 2+y Te 5 crystals is represented in figure 7 as a function of the composition for Ge-rich or deficient (red lines) and Sb-rich or deficient (blue lines) compounds. These results have been calculated with the code SPRKKR, using the lattice parameters computed with VASP for the same compositions. These values of the conductivity, which all fall in the range of 10 5 -10 6

[Ω • m] -1 , have been calculated from ground-state DFT calculations and would correspond to the temperature 0 K. The values of the conductivity that we calculated for off-stoichiometric GST crystals are of the same order of magnitude as those measured for GST crystals in experiments. [110][111][112] They are however higher than those measured in experiments. This is not surprising for the two following reasons: firstly, the conductivity has been measured for GST compositions closer to that of Ge 2 Sb 2 Te 5 (i.e. for crystals with a lower densities of charge carriers than in the off-stoichiometric and doped GST crystals that we considered); secondly, we calculated the electrical conductivity at T=0 K, while experimental values have been measured at finite temperature (electrons being scattered by phonons, the conductivity of a metal decreases when the temperature increases).

The conductivity has not been explicitly calculated for Ge 2 Sb 2 Te 5 (x = 0 and y = 0): at the temperature 0 K, this compound being a semiconductor, its conductivity would vanish. As soon as the composition deviates from the stoichiometry of Ge 2 Sb 2 Te 5 , the crystal becomes metallic and its conductivity increases. The modification of the conductivity of the GST crystals is due, on the one hand, to changes in the density of the charge carriers, and on the other hand, to modifications of the chemical disorder that scatters the electrons with an energy near the Fermi level. The density of charge carriers increases with the deviation from the 225 stoichiometry. This increase holds for both x (or y) > 0 (electrons populate the conduction band), and x (or y) < 0 (holes populate the valence band). This tends to increase the conductivity. However, the scattering of the charge carriers by disorder on the atomic site A is higher when there are more vacancies in the crystal, i.e. for Geor Sb-poor GST compounds, x (or y) < 0. This higher disorder-induced scattering of the charge carriers tends to increase the resistivity of the crystal, thus making Geor Sb-poor GST compounds less conductive as compared to Ge-or Sb-rich GST compounds, for the same density of charge carriers (i.e., for the same |x| or |y|). The conductivity of GST compounds is always higher when Sb atoms have been added to the crystal (or removed) than when the same quantity of Ge atoms have been added (or removed). This is due to the fact that the variations of the number of valence electrons is higher in the former than in the latter case: the electronic structure of an isolated Sb atom is [Kr]4d 10 5s 2 5p 3 , while that of an isolated Ge atom is [Ar]3d 10 4s 2 4p 2 . In this section, we describe the electronic properties of the GST crystals Ge 2+x Sb 2 Te 5 , doped with Si atoms. With an electronic structure given by [Ne]3s 2 3p 2 , isolated Si atoms possess the same number of s and p valence electrons as Ge atoms. We first calculated the lattice parameter of Si-doped GST compounds, using the code VASP and the same supercells as those used to study Ge 2+x Sb 2 Te 5 , in which some of the vacant sites have been gradually filled with Si atoms: the calculated lattice parameter (not shown here) increases slightly with the number of Si atoms. It increases, for instance, by 0.3% only between Ge 1.9 Sb 2 Te 5 and Ge 1.9 Sb 2 Si 0.6 Te 5 . Of course, the contribution of Si is higher for Ge 1.7 Sb 2 Si 0.4 Te 5 than for Ge 1.7 Sb 2 Si 0.2 Te 5 . Figure 9 shows the total and s-and p-partial DOS per Ge, Sb and Si atom, for the same Sidoped GST crystals as in figure 8. For both crystals, the partial DOS curves are very similar for Si and Ge atoms, with electron bands in exactly the same energy ranges: replacing vacancies by Si instead of Ge atoms does not strongly change the nature of the electron states. We also note in this figure that, whatever the density of Si dopant atoms is, electron states mostly involve p atomic orbitals of Ge, Sb, and Si atoms at energies in the vicinity of the band gap.

V. EFFECTS OF Si DOPING

The BSF of Ge 2+x Sb 2 Si z Te 5 (not shown here) is very similar to that of Ge 2+x+z Sb 2 Te 5 , which confirms that replacing Ge by Si atoms does not strongly increase the broadening of the electron states, despite the additional chemical disorder induced by this substitution. The variations of the conductivity as a function of doping depend on the value of x. If x <0 (brown curve), the conductivity first decreases with z up to the critical concentration at which the crystal becomes a semiconductor (σ = 0 at T = 0 K), before increasing again when electrons from additional dopant atoms start populating the conduction band above the band gap. If x = 0 (black curve), the undoped crystal is a semiconductor and starts behaving like a metal when dopant atoms are added, which increases the conductivity. If x >0 (green curve), even the undoped crystal is a metal, and doping increases the occupation of the conduction band and the conductivity.

VI. DISCUSSION

In the previous sections, we have described the modifications of the dc conductivity with the concentration of Ge, Sb, or dopant Si atoms in GST crystals near the 225 stoichiometry. We have considered different situations, which all belong to the same general formula Ge 2+x Sb 2+y Si z Te 5 : the x-, y-, and z-dependences of the conductivity displayed in figures 7 and 10 look very different, and the values shown in these figures strongly depend on the chemical species, the concentration of which is changed with respect to that of Ge 2 Sb 2 Te 5 . We now present an overall discussion of these results in terms of the concentration of charge carriers and of the electron scattering induced by chemical disorder in the GST crystal. We have only considered the number of p-valence elec-trons of Ge, Sb, and Si atoms to evaluate n e , since the electron states near E F that become occupied or unoccupied when x, y and z vary, mostly involve the p-orbitals of these atoms, as shown in figure 9. n e is then given by n e = 2x + 3y + 2z.

(5)

Figure 11 shows that all the values of the conductivity that we have calculated for different GST crystals, more or less belong to the same curve when plotted as a function of n e . However, non-negligible differences can be observed in figure 11 These differences are only due to the excess of chemical disorder resulting from the substitution of Ge by Si atoms in the crystals. They are more important for n e > 0, than for n e < 0. However, the conductivity differences between crystals with the same concentration of valence electrons and the same number of vacancies on atomic sites A are smaller than those between GST crystals with the same number of valence electrons but different concentrations of vacancies (compare, for instance, the conductivity curves of Ge-poor and Sb-poor crystals for the same values of n e in figure 11) Although figures 11 and 12 have shown that the conductivity of off-stoichiometric or Si-doped GST crystals depend both on the number of valence electrons and on the chemical disorder rate (in particular, the concentration of vacancies in the crystal), this dependence is not easy to analyze. We can, for instance, compare the values of the conductivity with those of the DOS at the Fermi level, represented in figure 13 as a function of n e for the same crystals as in figures 7 and 12. This comparison shows that σ and the DOS at E F behave quite similarly with n e . However, σ is not only determined by the DOS at E F : the nature and rate of the chemical disorder responsible for electron scattering also play significant role. This has been shown in former theoretical investigations on the conductivity of alloys with random disorder. [START_REF] Butler | [END_REF]113,114 

VII. CONCLUSION

We have presented a numerical study of the electronic structure and conductivity of pure and Si-doped GST crystals, with the rock-salt structure and a stoichiometry close to that of Ge 2 Sb 2 Te 5 . The numerical calculations have been performed with the first-principles code SPRKKR, which uses the KKR-CPA method, based on the multiple-scattering theory and on a description of the random disorder among Ge, Sb, Si (dopant) atoms, and vacancies in the crystal through the coherent potential approximation. The accuracy of this method for studying off-stoichiometric and doped GST crystals has been verified, by comparing the DOS curves calculated with this method and with a Kohn-Sham wavefunction based method using supercell in the code VASP. Although KKR-CPA does not take distortions of the rock-salt structure into account, this comparison shows that the DOS curves calculated with the code SPRKKR remarkably agree with their VASP counterparts: this validates the applicability of the KKR-CPA method, with a reasonable accuracy for calculating electronic properties of off-stoichiometric and doped GST crystals. In comparison with Kohn-Sham wave function based methods, the KKR-CPA method is advantageous as it takes less time and less computational resources.

The KKR-CPA method has been applied to Geor Sb-rich or deficient GST crystals (with respect to Ge 2 Sb 2 Te 5 ), which all present a metallic behavior. We have used this method to calculate the Bloch spectral function and the zero-temperature dc electrical conduc-tivity. The calculated Bloch spectral function has given a clear information on the valleys that will be occupied by charge carriers in these crystals as a function of their composition. The Fermi level is shifted below the band gap for Ge-or Sb-poor GST compounds, and it has been shown that the broadening of the electron states increases in this case with the concentration of vacancies. This broadening is lowered for Ge-or Sb-rich compounds (E F above the band gap). We have given values for the zero-temperature dc electrical conductivity of the off-stoichiometric GST compounds (Ge 2+x Sb 2 Te 5 and Ge 2 Sb 2+y Te 5 ), and shown that it increases with deviations from the 225 stoichiometry, in particular for Ge-or Sb-rich crystals. We have also described the electronic properties of Si-doped GST compounds and calculated their conductivity. It has been shown that doping with Si atoms has similar effects on the electron states, their broadening, and the conductivity as increasing the concentration of Ge atoms in the crystal. However, Si-doping slightly modifies the conductivity since it increases the chemical disorder.

We have finally shown that the calculated conductivity mostly depends on the overall density of valence pelectrons in the GST crystal, which results both from off-stoichiometry and doping. However, the conductivity also depends on the intrinsic chemical disorder due to random distribution of Ge, Sb, Si atoms and vacancies. We have shown that, increasing the vacancy concentration has a bigger impact on the conductivity than replacing Ge by Si atoms for the same density of valence electrons. These results, although calculated using a meanfield description of the chemical disorder, show the effects of the chemical composition on the zero-temperature conductivity of GST crystals. We believe that they will be useful in modelling GST samples, with micro-metric grains having compositions close to that of Ge 2 Sb 2 Te 5 .

FIG. 1 .

 1 FIG. 1. Top: 300 atomic site supercell relaxed with the code VASP. The c direction corresponds to the [111] axis of the rock-salt Ge2Sb2Te5 crystal, along which layers of Te (yellow) and of Ge (purple) and Sb (orange sphere) atoms are alternatively stacked. Bottom: pair distribution functions calculated for the supercell after relaxation of the atomic coordinates; vertical lines show the first to fourth neighbor distances for the non-distorted crystal.

FIG. 2 .

 2 FIG. 2. Left: Density of states calculated with the codes SPRKKR (blue lines), and VASP (red lines) for GST compounds Ge2+xSb2Te5 with x = -0.2, -0.1, 0.1, and 0.2. Right: Same results, but for energies near the fermi level.

3

 3 Te 5 crystal (x = 0, y = 0.3) contains 60 Ge atoms, 69 Sb atoms, 21 vacant sites, and 150 Te atoms; similarly, the supercell corresponding to Ge 1.6 Sb 2 Te 5 contains 48 Ge atoms, 60 Sb atoms, 42 vacant sites, and 150 Te atoms (x = -0.4, y = 0).

FIG. 3 .

 3 FIG.3. Lattice parameter calculated with VASP for the GST compounds Ge2+xSb2Te5 (in red) and Ge2Sb2+yTe5 (in blue). Three experimental results are also indicated for Ge2Sb2Te5.

FIG. 4 .

 4 FIG. 4. Bloch Spectral Function calculated for Ge2.005Sb2Te5 with the code SPRKKR, shown on a wide energy range (left side), and for energies near the Fermi level (right side). E=0 corresponds to the Fermi level.

  Figure 4 shows the BSF calculated for the Ge-rich crystal Ge 2.005 Sb 2 Te 5 along the high-symmetry directions of the first Brillouin zone, on a wide energy range on the left panel and for energies near the Fermi level on the right panel. The values of the BSF correspond to the color coding shown on the right hand side of the figure.The BSF becomes vanishingly small in a narrow energy window just below the Fermi level, which corresponds to the band gap found in the literature between the valence and conduction bands of stoichiometric Ge 2 Sb 2 Te 5 .35,36 

FIG. 5 .

 5 FIG. 5. Bloch Spectral Function calculated with the code SPRKKR for the GST compounds Ge2+xSb2Te5 with x = -0.5 (upper panel) and x = 0.5 (lower panel). E=0 corresponds to the Fermi level. The color coding is the same as in fig. 4.

FIG. 7 .

 7 FIG. 7. Electrical conductivity of Ge2+xSb2Te5 (in red) and Ge2Sb2+yTe5 (in blue) GST compounds, as a function of the Ge or Sb concentration.

FIG. 8 .

 8 FIG. 8. Total DOS and contribution of each chemical species for Ge1.7Sb2Si0.2Te5 (upper panel) and Ge1.7Sb2Si0.4Te5 (lower panel).

FIG. 9 .

 9 FIG. 9. Contribution of single Ge, Sb, and Si atoms to the DOS of Ge1.7Sb2Te5 crystals doped with different concentrations of Si atoms. The s and p partial DOS curves are also shown. Upper and lower panels respectively correspond to Ge1.7Sb2Si0.2Te5 and Ge1.7Sb2Si0.4Te5.

Figure 8

 8 Figure8shows the DOS curves calculated for the GST compound Ge 1.7 Sb 2 Si z Te 5 doped with two different concentrations of Si atoms: z = 0.2, for which the Fermi level is below the band gap, and z = 0.4, for which it is above it. The doped GST crystals behave like metals for these two compositions. The contribution of the different chemical species is also shown in the figure. The contributions of Ge, Te, and Sb do not strongly change with the concentration of Si atoms. Of course, the contribution of Si is higher for Ge 1.7 Sb 2 Si 0.4 Te 5 than for Ge 1.7 Sb 2 Si 0.2 Te 5 . Figure9shows the total and s-and p-partial DOS per Ge, Sb and Si atom, for the same Sidoped GST crystals as in figure8. For both crystals, the partial DOS curves are very similar for Si and Ge atoms, with electron bands in exactly the same energy ranges: replacing vacancies by Si instead of Ge atoms does not strongly change the nature of the electron states. We also note in this figure that, whatever the density of Si dopant atoms is, electron states mostly involve p atomic orbitals of Ge, Sb, and Si atoms at energies in the vicinity of the band gap.The BSF of Ge 2+x Sb 2 Si z Te 5 (not shown here) is very similar to that of Ge 2+x+z Sb 2 Te 5 , which confirms that replacing Ge by Si atoms does not strongly increase the broadening of the electron states, despite the additional chemical disorder induced by this substitution.

FIG. 10 .

 10 FIG. 10. Electrical conductivity of Ge2+xSb2SizTe5 compounds calculated for x = -0.1 (in brown), x = 0.0 (in black), and x = 0.1 (in green) versus concentration of dopant Si atoms.

Figure 10

 10 Figure10shows the electrical conductivity of three different Ge 2+x Sb 2 Si z Te 5 crystals (x = -0.1, 0.0, and 0.1) as a function of the concentration of dopant Si atoms. The variations of the conductivity as a function of doping depend on the value of x. If x <0 (brown curve), the conductivity first decreases with z up to the critical concentration at which the crystal becomes a semiconductor (σ = 0 at T = 0 K), before increasing again when electrons from additional dopant atoms start populating the conduction band above the band gap. If x = 0 (black curve), the undoped crystal is a semiconductor and starts behaving like a metal when dopant atoms are added, which increases the conductivity. If x >0 (green curve), even the undoped crystal is a metal, and doping increases the occupation of the conduction band and the conductivity.

Figure 11

 11 Figure 11 shows exactly the same conductivity values as in figures 7 and 10, but plotted as a function of n e , the variation of the number of valence electrons per for-

  mula unit, due to the deviation from the 225 stoichiometry and due to Si-doping, in the Ge 2 Sb 2 Te 5 crystal. In other words, n e is given by n e = n e (Ge 2+x Sb 2+y Si z Te 5 ) -n e (Ge 2 Sb 2 Te 5 ). (4)

  Figure11shows that all the values of the conductivity that we have calculated for different GST crystals, more or less belong to the same curve when plotted as a function of n e . However, non-negligible differences can be observed in figure11, between the conductivities of GST crystals possessing the same number of p-valence electrons (same value of n e ) but different compositions. This is clearly visible from the comparison of the two curves describing the conductivity of Ge 2+x Sb 2 Te 5 (red) and Ge 2 Sb 2+y Te 5 (blue) crystals versus n e < 0. These differences are due to the differences of chemical disorder in these crystals. To emphasize this last point, we have calculated the conductivity of three different families of Si-doped GST compounds: Ge 1.4+x Sb 2 Si 0.6 Te 5 , Ge 1.6+x Sb 2 Si 0.4 Te 5 , and Ge 1.8+x Sb 2 Si 0.2 Te 5 , which exactly correspond to the same values of n e = 2x, and to the same concentrations of vacancies on site A. The values of the conductivity of these three families of Sidoped GST crystals are represented in the upper panel of figure 12 as a function of n e . The values of the conductivity for the undoped Ge 2+x Sb 2 Te 5 crystals are also shown in this figure for reference. The differences σ = σ(Ge 2+x-z Sb 2 Si z Te 5 ) -σ(Ge 2+x Sb 2 Te 5 ) (6)between the conductivities of the Si-doped and undoped GST crystals are shown in the lower panel of figure 12. These differences are only due to the excess of chemical disorder resulting from the substitution of Ge by Si atoms in the crystals. They are more important for n e > 0, than for n e < 0. However, the conductivity differences between crystals with the same concentration of valence electrons and the same number of vacancies on atomic sites A are smaller than those between GST crystals with the same number of valence electrons but different concentrations of vacancies (compare, for instance, the conductivity curves of Ge-poor and Sb-poor crystals for the same values of n e in figure11)

FIG. 13 .

 13 FIG.13. Density of electron states at EF as a function of ne for Ge2+x-zSb2SizTe5 crystals with z = 0.0 (red), 0.2 (orange), 0.4 (violet), and 0.6 (magenta), and for Ge2Sb2+ySizTe5 crystals (blue).
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