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The würtzite-type ionic compounds exhibit flattened tetrahedral sites with a decentering of the central atom. The tetrahedral distortion and the relationship between the atom parameter (z) and the c/a ratio were explained on the basis of cell volume optimization respecting the bond valence model, and the role of anharmonic atomic vibrations was emphasized.

Introduction

AX ionic compounds (A and X for cation and anion respectively) can be stabilized into various structure types as würtzite, blende, rocksalt, etc. Many works in literature deal with the phase transitions that can occur for zinc oxide between würtzite, blende and/or rocksalt forms [1][2][3][4][5] . For instance, the influence of the doping on the stability of the different allotropic forms of zinc oxide was investigated by first-principles calculations [6] , or experimentally from X-ray powder diffraction using synchrotron [7][8][9] . The würtzite-type compounds can be described as a hexagonal close-packed structure (space group P63mc) where both A cation and X anion are in tetrahedral coordination. Usually, the atomic parameter z = 3/8 and the ratio c/a = (8/3) ½ , corresponding to the perfect hexagonal eutaxy, i.e. values for which the four bond lengths are equal (L 0 bond length), are not observed in crystals of the würtzite type. In most of the würtzitetype compounds, the tetrahedral sites are flattened along c axis and the central atom is not located at the geometrical center (Fig. 1). The central atom decentering over-compensates the tetrahedral cage flattening: the A-X L 2 bond parallel to c is longer than the three L 1 bonds. 

Experimental

The solver of Microsoft Excel ® was used in order to minimize the cell volume, while varying in a semi-free way the structural parameters. The chemical bond lengths of the wurtzite-type structures can be varied but these bond lengths should, in the same time, respect the Brown and Altermatt [START_REF] Brown | The Chemical Bond in Inorganic Chemistry, The Bond Valence Model[END_REF][START_REF] Brown | [END_REF] law for imposed valence and r 0 bond parameter: see hereafter, Equation (1).

Density Functional Theory (DFT) and the generalized gradient approximation (GGA) for the exchange-correlation (xc) functional, as implemented in the VASP package [12][13][14][15][16] , were used. Projected augmented wave potentials were chosen to describe ionic core-valence interactions. Thresholds were set to 10 -5 eV and 10 -4 eV/Å for electronic and structural convergence, respectively, with a plane-wave cutoff energy of 400 eV and a set of 30 k-points for the irreducible wedge of the Brillouin zone.

Results and discussion

Cation decentering

The cation decentering is directly correlated to the divergence of L 2 and L 1 bonds lengths. In 1978, O'Keeffe and Hyde proposed to consider a direct correlation between the non-bonded interactions (X-X or A-A non-bonded distances) and the A-X bond lengths [17] . Their critical assumption was that non-bonded distances are all the more short (i.e. under compression) than the A-X bond lengths are lengthened (i.e. under tension). They hence obtained a linear equation linking the c/a ratio and the z parameter (Fig. 2), in good agreement with the (z, c/a) parameters of various würtzitetype compounds. This important work was the raw material for lot of posterior publications [18][19][20][21][22][23] . Nevertheless, this proposition is neither more nor less the reformulation in a mathematical way of the observation of a systematic overcompensation of the tetrahedral cages flattening by the central atom decentering. Moreover, the tension and compression strains attributed to non-bonded interactions remained only a theoretical proposition. From our knowledge, no further works were devoted to the subject so far.

The situation cannot be easily explained, even from first principles. Using DFT and the generalized gradient approximation, we performed a careful structural optimization for ZnO within the P6 3 mc space group. The z atomic parameter was optimized for a set of (c/a, a) values (Fig. 3a). The optimized values were a = 3.2944 Å, c/a = 1.607, z = 0.3803; thus, the chosen DFT/GGA scheme retrieves the correct trends in c-axis flattening and metal atom decentering (z), but clearly underestimates both. In principle, the agreement with experimental data can be improved by testing other xc functionals. Nevertheless, it is not straightforward to identify, from DFT alone, the driving forces for the structural features in würtzite-type compounds. Also, our calculations did not reveal any unstable phonon mode, whose freezing could explain the observed distortions. ). The values obtained by Albertsson et al. [24] for zincite analyzed at different temperatures are also plotted in the gray area.

In this paper, we propose a new explanation of this phenomenon. The z versus c/a was calculated in order to minimize the cell volume, with a constrain to respect for all the metal-oxygen distances: the Brown's bond valence model [START_REF] Brown | The Chemical Bond in Inorganic Chemistry, The Bond Valence Model[END_REF] . Actually, it was considered that, whatever the structural distortion, the A-X bond lengths of würtzite-type compounds shall first satisfy the valences. The relation between the bond lengths and valences is given by the wellknown Brown & Altermatt equation [START_REF] Brown | [END_REF] . For A V+ X V-compositions, with V being the valence of the anion or cation, the equation becomes:

where r 0 is an empirically-determined parameter, characteristic of the A-X bond. The valence is then a function of L 1 and L 2 bond lengths, which can be then expressed as functions of z, c/a and c parameters only:

Finally, it can be noted that the tetrahedral sites or würtzite cell volumes depend only on c and c/a parameters. Hence, for various c/a fixed values, the c and z parameters can be treated both as variables and were refined in order to minimize the cell volume (or equivalently, the tetrahedral site volume) and to satisfy the Brown & Altermatt equation. Indeed, the two imposed conditions allow the refinement of the two parameters. Correlation laws between c/a and z parameters can be obtained using the solver of Microsoft Excel ® or other common software. The law was thus calculated on both sides of the isotropic state (c/a = (8/3) ½ , z = 0.375) (Fig. 3b andc). Laws exhibiting a high proximity with the linear dependence proposed by O'Keeffe & Hyde were found, illustrating the overcompensation mechanism of the tetrahedral cages distortion versus the decentering. 

fixed c/a and a values), the optimum value of the z atomic parameter was calculated (in brackets). Relation between z and c/a from cell volume minimization obtained for würtzite-type compounds with: b) Different cation-anion L 0 distances (but with same ion valences); c) Different ion valences (but with

same bond lengths). In both cases, the calculation was made to satisfy Equations ( 1), ( 2) and to minimize the cell volume.

First, the law was calculated for various cation and anion sizes, i.e. for various isotropic L 0 bond lengths, i.e. with different r 0 values, and a fixed valence, for instance, V = 2 (Fig. 3b). The choice for the starting r 0 values of 1.5 and 2 was made from the typical values found for würtzite compounds; as examples, r 0 for CdS, one of würtzite compound with the longest bond lengths, is 2.3, and for BeO, one of the würtzite compounds with the shortest bonds, it is 1.4 [START_REF] Brown | The Chemical Bond in Inorganic Chemistry, The Bond Valence Model[END_REF] . The correlation law slightly depends on the A-X bond lengths. The results show that the shorter the A-X bonds, the higher the overcompensation of the central atom decentering: the z atomic parameters vary more intensely for the shorter bonds.

Second, the law was calculated for various anion/cation valences but fixed L 0 bond length (for instance, 1.75 Å) (Fig. 3c).

There is clearly no influence of the valence on the correlation law between z and c/a ratio.

The "overcompensation mechanism", i.e. the arrangement of würtzite-type structures to exhibit the longest A-X bond parallel to the cell flattening axis is illustrated in Fig. 4. It may be noticed that for flattened cages (c/a < (8/3) ½ ), the L 2 bond parallel to c is longer than the other three L 1 bonds. Moreover, the L 2 bond is all the more lengthened, and the L 1 bonds all the more shortened, than the tetrahedral cages are flattened. 

Tetrahedral flattening

In a second step, we tried to propose an explanation of the c/a distortion alone, i.e. the source of the tetrahedral flattening itself at the origin of the cation decentering.

Albertsson et al. showed that anharmonic thermal vibrations take place into zincite compounds [24] . In this way, it is easy to consider, as the 6 3 axis is parallel to c, that the c axis corresponds to the anisotropic axis of the atomic thermal vibrations. In a very simple model, we treated the zincite structure as the temporal superimposition of two crystals exhibiting a central atom decentering equal to +Δz and -Δz, respectively, i.e. in a frozen phonon approach. In other words, the zincite was treated as a new crystal which exhibits central atoms distributed equally on two sub-positions as represented in Fig. 1 (right).

Then, for crystals with various c/a ratios and their associated z atomic parameters as previously established, the corresponding reticular energy (except for a constant) was calculated: the crystal reticular energy was estimated from the electrostatic potential between the cations and anions in first neighboring, i.e. considering the first term equal to 1/L 2 + 3/L 1 sum in an ionic approach.

These reticular energies calculated for "different temperatures" are reported in Fig. 5. It can be shown that for a nonvibrating central atom, the perfect hexagonal eutaxy (c/a = (8/3) ½ and z = 0.375) is the more stable situation. However, increasing the central atom splitting to simulate the temperature increase, it can be seen that the most stable situation is shifted to more and more flattened tetrahedral cages. It can be noted that the four more distorted würtzite compounds: GaN, BeO, ZnO and AlN, in ascending order of distortion degree, correspond to the more ionic and lighter compounds. Moreover, the covalent würtzite compositions built on heavier elements as cadmium/zinc sulfides and selenides are isotropic. These different behaviors can be interpreted as the increase of the ions thermal vibration with the decrease of the bond covalency and the ion atomic number.

Conclusion

In conclusion, the würtzite-type structures show distorted hexagonal close-packed structure with a decentering of the cations from the tetrahedral sites geometrical center. To our knowledge, the driving forces for the departure of the c/a and z parameters from the isotropic situation were not well known. Furthermore, anharmonic thermal vibrations play an essential role in the tetrahedral cage distortion. Indeed, even if for fixed atoms, the most stable situation in würtzite-type systems (i.e. the lowest reticular energy first term) is the perfectly isotropic situation, the occurrence of atomic thermal vibrations along c axis induces a significant tetrahedral flattening.
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 1 Fig. 1. Representation of an isotropic tetrahedral site (left), a würtzite tetrahedral site (center), the positioning of splitted sub-positions of the central atom to simulate thermal vibration (right).
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 2 Fig. 2. The linear relation between the z atomic parameter and c/a ratio for würtzite-like compounds as proposed by O'Keeffe and Hyde (the lawwas drawn in regard of experimental values from literature[4] 
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 3 Fig. 3. a) Valence energy vs. c/a ratio and a cell parameter, calculated from DFT/GGA, within the P6 3 mc space group. In each case (i.e.fixed c/a and a values), the optimum value of the z atomic parameter was calculated (in brackets). Relation between z and c/a from cell volume minimization obtained for würtzite-type compounds with: b) Different cation-anion L 0 distances (but with same ion valences); c) Different ion valences (but withsame bond lengths). In both cases, the calculation was made to satisfy Equations (1),(2) and to minimize the cell volume.
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 4 Fig. 4. Evolution of the L 1 and L 2 bond lengths with the cell flattening/extension for a structure with ion valence V = 2 and r 0 = 1.723 Å (i.e., parameters as in ZnO würtzite-type compound).

Fig. 5 .

 5 Fig. 5. Plot of the -(1/L 2 + 3/L 1 ) sum calculated for various c/a ratios and central atom splitting: a) Δz = 0, b) Δζ = 0.005, c) Δz = 0.01.

  First-principles approaches (DFT), at least in their standard use, allow only a qualitative prediction of trends in c/a and z = f(c/a) values. In this work, it was firstly shown that the z = f(c/a) law is directly linked to the minimization of the cell volume. The satisfaction of the bond valence law as imposed criterion and the minimization of the tetrahedral site volumes let refine c and z parameters for various c/a values. The z = f(c/a) curve was determined for würtzite-type materials with different cell dimensions and for ions with different valences. Ion size has a small impact, valences have no impact.
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