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We have performed first-principles evolutionary searches for all stable titanium nitrides and have found, in addition to the well-known rocksalt-type TiN, new ground states Ti 3 N 2 , Ti 4 N 3 , Ti 6 N 5 at atmospheric pressure, and Ti 2 N and TiN 2 at higher pressures. The latest nitrogen-rich structure presents encapsulated N 2 dumbbells with a N-N distance of 1.348 Å at 60 GPa and TiN 2 is predicted to be mechanically stable (quenchable). Our calculations of the mechanical properties (bulk modulus, shear modulus, Young's modulus, Poisson's ratio, and hardness) are in excellent agreement with the available experimental data and show that the hardness of titanium nitrides increases with increasing nitrogen content. The hardness of titanium nitrides is enhanced by strengthening directional covalent bonds and disappearance of Ti-Ti metallic bonds. Among the predicted compounds, TiN 2 has the highest hardness of 27.2 GPa.

Introduction

The discovery of new ultra-incompressible, superhard materials with novel mechanical and electronic properties is of great fundamental interest and practical importance. Conventional superhard materials are often formed by light elements (B, C, N, O), such as diamond [START_REF] Occelli | Properties of diamond under hydrostatic pressures up to 140 GPa[END_REF], γ-B 28 [START_REF] Oganov | Boron: a hunt for superhard polymorphs[END_REF], c-BN [START_REF] Zheng | Superhard hexagonal transition metal and its carbide and nitride: Os, OsC, and OsN[END_REF], B 6 O [START_REF] He | Boron suboxide: As hard as cubic boron nitride[END_REF], and BC 5 [START_REF] Solozhenko | Ultimate metastable solubility of boron in diamond: synthesis of superhard diamondlike BC 5[END_REF]. An alternative is to combine these elements with transition metals [START_REF] Holleck | Material selection for hard coatings[END_REF][START_REF] Kaner | Designing superhard materials[END_REF], e.g., OsB 2 [START_REF] Cumberland | Osmium diboride, an ultra-incompressible, hard material[END_REF], ReB 2 [START_REF] Chung | Synthesis of ultra-incompressible superhard rhenium diboride at ambient pressure[END_REF], IrN 2 and OsN 2 [START_REF] Young | Synthesis of novel transition metal nitrides IrN 2 and OsN 2[END_REF]. Here we explore the Ti-N system, which gives promise for materials with superior properties: chemical stability, thermal stability, oxidative resistance, good adhesion to substrate, high fracture toughness and high hardness, and these properties make them suitable for many applications, as a thin film or coating for highspeed cutting tools.

TiN was first separated by Story-Maskelyne [START_REF] Bannister | Osbornite, meteoritic titanium nitride[END_REF] from a meteorite, followed by numerous studies on the film growth [START_REF] Dubois | Model studies of low temperature titanium nitride thin film growth[END_REF][START_REF] Dubois | Infrared studies of the surface and gas phase reactions leading to the growth of titanium nitride thin films from tetrakis (dimethylamido) titanium and ammonia[END_REF][START_REF] Sherman | Growth and properties of LPCVD titanium nitride as a diffusion barrier for silicon device technology[END_REF], elasticity and mechanical properties [START_REF] Liu | Structural and elastic properties of TiN under high pressure[END_REF][START_REF] Brik | First-principles studies of the electronic and elastic properties of metal nitrides XN (X= Sc, Ti, V, Cr, Zr, Nb)[END_REF][START_REF] Yang | First-principles calculations of mechanical properties of TiC and TiN[END_REF]. The crystal structure of TiN has been intensively investigated, however its phase transition under pressure is still a controversy [START_REF] Zhao | Isostructural phase transition of TiN under high pressure[END_REF][START_REF] Ojha | Pressure-induced structural phase transformation and elastic properties of transition metal mononitrides[END_REF][START_REF] Chauhan | Structural stability of TiO and TiN under high pressure[END_REF]. The other well-known compounds are Ti 2 N and Ti 3 N 4 . ε-Ti 2 N [START_REF] Holmberg | Structural studies on the titanium-nitrogen system[END_REF] (P4 2 /mnm) is the most stable structure at normal conditions, while the δ' phase (I4 1 /amd) can only exist at high temperatures [START_REF] De Novion | Order and disorder in transition metal carbides and nitrides: experimental and theoretical aspects[END_REF]. Ivashchenko et al. [START_REF] Ivashchenko | Firstprinciples study of phase stability of Ti 2 N under pressure[END_REF] predicted phase transformation sequence ε-Ti 2 N → Au 2 Te-type → Al 2 Cu-type with transitions occurred at 77.5 and 86.7 GPa, respectively. For the metastable Ti 3 N 4 , Kroll et al. [START_REF] Kroll | Assessment of the Hf-N, Zr-N and Ti-N phase diagrams at high pressures and temperatures: balancing between MN and M 3 N 4 (M= Hf, Zr, Ti)[END_REF] proposed that it adopts the CaTi 2 O 4 -type structure at normal conditions. With increasing pressure, it was proposed to transform first into the Zr 3 N 4 -type structure, and then into the cubic Th 3 P 4type structure.

Although titanium nitrides have been studied for decades, a detailed theoretical study of their phase equilibria, electronic and mechanical properties would help to reconcile controversies and possibly predict new technologically useful materials. This is exactly the purpose of the present paper. We hope this study will provide guidance for experimental groups aiming to synthesize those novel crystal structures.

Computational Methodology

To find all potential Ti x N y structures in the binary Ti-N phase diagram, we performed an extensive computational search for the most stable ground-state structures with the lowest enthalpy at selected pressures (P=1 atm, 20 and 60 GPa), using the evolutionary algorithm approach as implemented in the USPEX code [START_REF] Oganov | Crystal structure prediction using ab initio evolutionary techniques: Principles and applications[END_REF][START_REF] Oganov | How evolutionary crystal structure prediction works and why[END_REF] in its variable-composition mode [START_REF] Oganov | Evolutionary crystal structure prediction as a method for the discovery of minerals and materials[END_REF], interfaced with the VASP density functional package [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF]. This approach of crystal structure prediction is based on purely chemical composition with no experimental input required. In our searches, we allowed all possible compositions in the Ti-N system with structures containing up to 24 atoms in the unit cell. The first generation of structures was produced randomly, and the succeeding generations were obtained by applying heredity (50%), atom transmutation (20%), lattice mutation (15%) operations and produced randomly (15%).

The first-principles electronic structure calculations were carried out within the framework of density functional theory (DFT) with exchange-correlation functionals in the generalized gradient approximation (GGA) according to Perdew-Burke-Ernzerhof (PBE) parameterization [START_REF] Perdew | Generalized gradient approximation made simple[END_REF]. The interactions between the ions and the electrons are described by the projectoraugmented wave (PAW) method [START_REF] Blöchl | Projector augmented-wave method[END_REF] with a cutoff energy of 600 eV. Structures were optimized until the maximum residual force component was smaller than 1 meV/Å. All the enthalpy calculations are well converged to an accuracy of <10 -6 eV/atom. Brillouin zone was sampled by uniform Γ-centered Monkhorst-Pack meshes [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF] with the resolution 2π×0.06 Å -1 . The most stable structures were studied further with increased accuracy. k-points meshes of resolution better than 2π×0.03 Å -1 were adopted.

Theoretical phonon spectra were calculated based on the supercell method using the PHONOPY package [START_REF] Togo | First-principles calculations of the ferroelastic transition between rutile-type and CaCl 2 -type SiO 2 at high pressures[END_REF] in order to probe the dynamic stability of the predicted Ti x N y compounds at different pressures. The elastic constants were calculated from the stress-strain relations, and Voigt-Reuss-Hill (VRH) approximation [START_REF] Hill | The elastic behaviour of a crystalline aggregate, Pro-ceedings of the Physical Society[END_REF][START_REF] Voigt | Lehrbuch derkristallphysik[END_REF][START_REF] Reuss | A calculation of the bulk modulus of polycrystalline materials[END_REF] was employed to obtain the bulk modulus B, shear modulus G, Young's modulus E, and Poisson's ratio ν. The theoretical Vickers hardness H v was estimated by using the Chen's model [START_REF] Chen | Modeling hardness of polycrystalline materials and bulk metallic glasses[END_REF], according to the expression:

H v = 2(κ 2 G) 0.585 -3 ( 1 
)
where κ is the Pugh ratio: κ=G/B. The directional dependence of the Young's modulus for crystals of different symmetries encountered in this study is given in Supplementary Materials.

Results and Discussion

Thermodynamics of titanium nitrides can be quantified by constructing the thermodynamic convex hull, which is a complete set of phases stable against transformation into any other phase and decomposition into any set of other phases. These thermodynamically stable phases can be synthesized in principle [START_REF] Ghosh | First-principles calculations of the structural and thermodynamic properties of bcc, fcc and hcp solid solutions in the Al-TM (TM=Ti, Zr and Hf) systems: A comparison of cluster expansion and supercell methods[END_REF]. The convex hull curves were reconstructed after phonon calculations for the selected thermodynamically stable phases, which are shown in Figure 1. Noticeably, our evolutionary simulations succeed in finding the well-known NaCl-type TiN and ε-Ti 2 N observed by experiments at ambient conditions. In addition, we uncovered three new stable compounds, the orthorhombic Ti 3 N 2 , and monoclinic Ti 4 N 3 and Ti 6 N 5 . At 60 GPa, ε-Ti 2 N transforms into the orthorhombic Cmcm phase, and a new stable nitrogen-rich compound is identified as TiN 2 . The detailed crystallographic data and enthalpies of formation are listed in Table 1s (see Supplementary Materials). Note that the enthalpies of formation without the ZPE correction are only ∼0.01 eV/atom different from the ZPE-corrected energies, and it will not change the relative phase stabilities without considering ZPE correction. Thus, for the computational intensity reason, the zero point energy is omitted for the systematic structural search. 

Rocksalt TiN and related subnitrides Ti n+1 N n

While TiN has the ideal cubic rocksalt structure, Ti 3 N 2 , Ti 4 N 3 and Ti 6 N 5 are versions of this structure with ordered N-vacancies (see Figure 2) -in Ti 3 N 2 one third of nitrogen sites are vacant, in Ti 4 N 3 -one quarter, and in Ti 6 N 5 -one sixth. Similar vacancy-ordered phases were earlier reported to be stable for hafnium and titanium carbides M n+1 C n (M=Hf and n=2, 5 [START_REF] Zeng | Prediction of stable hafnium carbides: Stoichiometries, mechanical properties, and electronic structure[END_REF]; M=Ti and n=1, 2, 5 [START_REF] Jiang | Pressure-composition phase diagram of Ti-C from first principles[END_REF]). Generally, the decrease of vacancy concentration makes the structure denser, less compressible, harder, and more stable under pressure. Indeed, among defective rocksalt-type phases only Ti 6 N 5 (with the lowest vacancy concentration) survives as a (barely) stable phase at 60 GPa. Ti 3 N 2 has space group Immm, while Ti 4 N 3 and Ti ε-Ti 2 N has the anti-rutile structure with space group P4 2 /mnm. At pressures above 20.8 GPa, tetragonal ε-Ti 2 N transforms into an orthorhombic Cmcm structure (see Figure 2e). This structure contains a distorted close packing of Ti atoms, where one half of octahedral voids are occupied by nitrogen atoms, and edge-sharing NTi 6octahedra form double slabs alternating with nitrogen-free layers. It is noteworthy that the enthalpy of Cmcm-Ti 2 N is lower by more than 0.24 eV/f.u. than that of the Au 2 Te-type or Al 2 Cu-type structures proposed by Ivashchenko et al. [START_REF] Ivashchenko | Firstprinciples study of phase stability of Ti 2 N under pressure[END_REF]. Having investigated the crystal structures and energetics of the various titanium subnitrides Ti n+1 N n and TiN, we now consider their electronic properties. The total and partial densities of states (DOS) of the understudied compounds are shown in Figure 3(a). The crystal orbital Hamilton population (-COHP) curves for all Ti-N compounds were calculated by using the LOB-STER package [START_REF] Dronskowski | Crystal orbital hamilton populations (COHP): energy-resolved visualization of chemical bonding in solids based on density-functional calculations[END_REF] and are displayed in Figure 3(b). These orbital-pair interactions can provide a quantitative measure of bond strengths. The positive and negative energy regions in the -COHP curves correspond to bonding and antibonding states, respectively.

For Ti n+1 N n structures, the DOS are decomposed into three well separated regions energy: (1) a deeply lowest valence band, s N ; (2) a hybridized Ti-3d/N-2p band, d M p N ; (3) a partially filled higher lying Ti-3d band, d M . The s N band is dominated by the 2s orbitals of the nitrogen atoms. Therefore, the contribution of this band to the bonding is not so large. The following upper group of valence bands d M p N is a result of strong hybridization from the 3d states of Ti atoms and the 2p states of N atoms. These peaks correspond to the Ti-3d/N-2p bonding orbitals contribution. Their antibonding counterparts appear well above the Fermi level.

When n goes from 1 to 5 in Ti n+1 N n series, e.g., the number of N-filled Ti 6 octahedra increases, the energy region for the Ti-3d/N-2p peaks is expanded. This energy dispersion is caused by more extensive mixing between Ti-3d and N-2p orbitals, and suggests the enhancement of the covalency of titanium-nitrogen bonding network. Let turn our discussion on the upper energy region. From both DOS and COHP analyses, one may see that the bottom of the d M band is mainly dominated by the bonding orbitals of 3d Ti atoms and the corresponding DOS exhibits a feature of "near free electron" responsible for metallicity (see Figure 3 As N content increases, valence band broadens (d M p N band), valence electron concentration increases, and covalent interactions become stronger. This is reflected in shortening of Ti-N bonds: the shortest bond lengths are 2.082, 2.071, 2.069 and 2.022 Å for Ti 2 N, Ti 3 N 2 , Ti 4 N 3 and Ti 6 N 5 at 0 GPa, respectively. In the same sequence the N(E F ) gradually decreases, reaching the lowest value ∼0.098 states/eV/electron for TiN (see Figure 3(a)). To further explore the bonding nature in each Ti n+1 N n and TiN structures, we examined the electron localization function (ELF) [START_REF] Becke | A simple measure of electron localization in atomic and molecular systems[END_REF] of these Ti-N compounds (see Figure 4). We find that there are relatively large ELF values between Ti and N atoms, indicating the partially covalent Ti-N interactions. ELF=0.5 can be identified between titanium atoms, suggesting that the metallic Ti-Ti bonding. All of these results are consistent with the discussion about the DOS and COHP for each structure of Ti x N y . At 60 GPa, we uncovered a nitrogen-rich compound TiN 2 with the CuAl 2 -type structure (SG: I4/mcm, see Figure 5a). The energy of this I4/mcm structure is lower than that of the previously proposed thermodynamic ground state, the CaC 2 -V-type structure predicted by Kulkarni et al. [START_REF] Kulkarni | Structure prediction of binary pernitride MN 2 compounds (M= Ca, Sr, Ba, La, and Ti)[END_REF] at 60 GPa. This new structure is stable against the decomposition into the mixture of TiN and N 2 at pressures above 26.6 GPa. To examine the stability of the I4/mcm structure, the phonon frequencies were calculated at atmospheric pressure and at 60 GPa. Imaginary frequency mode was not observed in the entire Brillouin zone (see Figure 5b and Supplementary Materials), indicating that the predicted I4/mcm structure is dynamical stable and, if synthesized, might be quenchable at atmospheric pressure.

TiN 2 , a high-pressure structure with N 2 dumbbells

The structure of TiN 2 contains TiN 8 face-sharing tetragonal antiprisms stacked along the c-axis. Unlike in normal CuAl 2 -type structures, here we have N 2dumbbells encapsulated in cubic Ti 8 hexahedra. The N-N bond length is calculated as 1.348 Å and 1.378 Å at 60 GPa and 1 atm, respectively. Projected N-2p DOS shows that antibonding 1π g * levels are almost fully occupied at 60 GPa (see Figure 5c). Consequently, for electron counting purposes, the dinitrogen units should be formally considered as N 2 4-, a pernitride unit isoelectronic to fluorine F 2 molecules. Its electronic ground state configuration is 1σ g 2 , 1σ u 2 , 1π u 4 , 2σ g 2 , 1π g * 4 for 14 valence electrons and its bond order is one. Formally, this leaves the titanium atoms of TiN 2 in a d 0 configuration (Ti 4+ ). Note that a large variety of structures are known with the square antiprismatic geometry and a formally d 0 metal center such as TaF 8

3-in Na 3 TaF 8 [START_REF] Burdett | Eight-coordination[END_REF]. Stabilizing Ti-Ti interactions in binary Ti-N structures are weakening when nitrogen content increases, e.g., when formal valence d electrons d n decrease (Ti oxidation number increases). This behavior is structurally reflected by the elongation of the Ti-Ti distances upon the nitrogen content (shortest Ti-Ti bonds of 2.255 Å and 2.517 Å in Ti 2 N and TiN 2 at 60 GPa, respectively). Note that the pernitride N 2 4-units point directly towards the tetragonal faces of the eight-coordinated titanium atoms (Ti-N bonding length is 2.088 Å at 60 GPa) and are perpendicular to each other in or-der to minimize the steric clashes between the nitrogen σ-lone pairs (Pauli repulsions). Based on these considerations, the covalent networks in TiN 2 with the CuAl 2 -type structure are built on transition metal -main group elements and main-group-based directional covalent bonds, a prerequisite for superhard materials.

Mechanical properties of Ti-N stable structures

The dynamical stability of the predicted Ti-N compounds has been confirmed by the absence of any imaginary phonon modes (see Supplementary materials). The mechanical stability was examined using the calculated elastic constants (see Table 1), and we found that all these phases satisfy the Born-Huang stability criteria [START_REF] Wu | Crystal structures and elastic properties of superhard IrN 2 and IrN 3 from first principles[END_REF]. Our calculated elastic constants are in good agreement with the available data [START_REF] Liu | Structural and elastic properties of TiN under high pressure[END_REF][START_REF] Ahuja | Structural, elastic, and high-pressure properties of cubic TiC, TiN, and TiO[END_REF][START_REF] Kim | Elastic constants of single-crystal transition-metal nitride films measured by linefocus acoustic microscopy[END_REF][START_REF] Wang | Structural and elastic properties of cubic and hexagonal TiN and AlN from first-principles calculations[END_REF]. One can note the large C 33 values for Ti 2 N, Ti 4 N 3 , TiN and especially TiN 2 (691 GPa), which indicate very low compressibility along the c-axis. For TiN 2 , we also find a very large elastic constant C 44 (350 GPa).

The calculated bulk modulus B and shear modulus G are also listed in Table 1 and the trend of these mechanical properties as a function of N content is shown in Figure 6. Our calculated results for the well-known rocksalt TiN and ε-Ti 2 N are in good agreement with reported values [START_REF] Ahuja | Structural, elastic, and high-pressure properties of cubic TiC, TiN, and TiO[END_REF][START_REF] Liu | Structural and elastic properties of TiN under high pressure[END_REF][START_REF] Kim | Elastic constants of single-crystal transition-metal nitride films measured by linefocus acoustic microscopy[END_REF][START_REF] Wang | Structural and elastic properties of cubic and hexagonal TiN and AlN from first-principles calculations[END_REF], supporting the accuracy and reliability for other Ti-N compounds. TiN has the largest B of 317 GPa, slightly larger than TiN 2 of 310 GPa. Both values are very high and comparable to WB 4 with a bulk modulus of 328 GPa [START_REF] Wang | Origin of hardness in wb4 and its implications for ReB 4 , TaB 4 , MoB 4 , TcB 4 , and OsB 4[END_REF]. Bulk modulus is mainly related to valence electron density (VED) [START_REF] Gilman | Design of hard crystals[END_REF], and indeed the VED of TiN 2 (0.478 e -/Å 3 ) is very close Figure 7 shows the directional dependence of Young's moduli of the considered Ti-N compounds, and one can clearly see anisotropy from the deviations of its shape from sphere. The Young's modulus along the caxis direction is higher than that along the other directions for Ti 2 N, Ti 4 N 3 , and TiN 2 , which agrees well with our above analysis on elastic constants. The Young's modulus is more isotropic in Ti 4 N 3 , while TiN 2 shows more anisotropy than other Ti-N compounds, because of its high C 44 .

Poisson's ratio ν and G/B ratio [START_REF] Pugh | Relations between the elastic moduli and the plastic properties of polycrystalline pure metals[END_REF] are indicative of the degree of directionality of the covalent bonding. A typical value for ν is ∼0.2 for strong directional covalent materials and ∼0.4 for good metals. A low Poisson's ratio results from directional bonds, which increase the shear modulus and limit the motion of dislocations, thereby increasing a material's hardness. From Table 1, we find that ν drops down from 0.276 in Ti 2 N to 0.218 in TiN 2 with increasing N content, except Ti 4 N 3 , which shows a local maximum. For Ti 4 N 3 , we can find that there are large Ti-Ti metallic bonding in contrast with other Ti-N compounds (see Figure 3(b)). The large Ti-Ti metallic bonds impair the covalency of this phase, which lead to a local minimum of hardness (see Figure 6f). The Vickers hardness was estimated by Chen's empirical method and listed in Table 1. Among the studied Ti-N compounds, TiN 2 has the largest hardness of 27.2 GPa. Note that this is an orientationally averaged value (anisotropy is not considered in Equation 1). It is no wonder that increasing nitrogen content changes bonding to more directional, the more N is added, the more Ti-N bonds are formed and the less Ti-Ti bonding remains. Together with the analyses on electronic properties and chemical bonding in those stable Ti-N compounds, We can conclude that with increasing N content, the enhancement of directional covalent interactions and decline of metallicity lead to the increase of the hardness.

Conclusions

In summary, we have extensively explored the stable structures and possible stoichiometries in the Ti-N system by first-principles evolutionary crystal structure prediction. In addition to the well-known phases Ti 2 N and TiN, we have uncovered three new intriguing structures at ambient conditions (Ti 3 N 2 , Ti 4 N 3 and Ti 6 N 5 ). At high pressures, two new phases Cmcm-Ti 2 N and I4/mcm-TiN 2 were discovered. All those phases are mechanically and dynamically stable at ambient conditions. The calculated elastic constants C i j of Ti-N compounds are in good agreement with the available reported data. Other mechanical properties including bulk modulus, shear modulus, Young's modulus, and Poisson's ratio have been further computed from C i j . Among the studied Ti-N compounds, TiN 2 exhibits significant elastic anisotropy and possess the highest hard-ness of 27.2 GPa. We found a strong correlation between the mechanical properties and N content, e.g., the more N content, the more directional covalent Ti-N bonding and the less Ti-Ti metallic bonding, which lead to the enhancement of the hardness. The materials discovered here are attractive for technological applications because of a compromise between hardness and ductility, due to a peculiar interplay between metallicity and covalency.

Figure 1 :

 1 Figure 1: (Color online). Convex hull diagrams for Ti-N system at ambient pressure (a) and at 60 GPa (b). Circles denote stable (solid circles) and metastable (open circles) structures. The hexagonal ω-Ti [38] and α-N 2 [39] are adopted as reference states.

Figure 2 :

 2 Figure 2: (Color online). Crystal structures of subnitrides Ti-N compounds. (a) Immm-Ti 3 N 2 at 0 GPa, (b) C2/m-Ti 4 N 3 at 0 GPa, (c) C2/m-Ti 6 N 5 at 0 GPa, (d) Cmcm-Ti 2 N at 60 GPa. The Ti and N atoms are represented as big blue and small gray spheres, respectively, nitrogen vacancies are shown in the green octahedra.

  6 N 5 belong to space group C2/m. It is convenient to visualize these structures by N-centered octahedral (NTi 6 ), as shown in Figure 2. In the Ti n+1 N n series, Ti 5 N 4 is missing as a stable compound. Nevertheless, a structure (SG: I4/m, No. 87) is very close to the convex hull curve but lies above it (15 meV/atom), i.e., Ti 5 N 4 is a metastable phase.

Figure 3 :

 3 Figure 3: (Color online). (a) The total and partial density of states (DOS), (b) Crystal orbital Hamilton population (-COHP) for the Ti n+1 N n subnitrides and TiN at zero pressure. Vertical dashed line is the Fermi energy.

  (a)). Vacant antibonding Ti-3d/N-2p and antibonding Ti-3d/N-3d states compose the bottom of the conduction band. These results confirm the mixed covalent Ti-N and metallic Ti-Ti bonding nature in titanium subnitrides and TiN compounds.

Figure 4 :

 4 Figure 4: (Color online). Calculated electron localization function (ELF) maps for (a) P4 2 /mnm-Ti 2 N, (b) Immm-Ti 3 N 2 , (c) C2/m-Ti 4 N 3 , (d) C2/m-Ti 6 N 5 , (e) Fm 3m-TiN, and (f) I4/mcm-TiN 2 , blue spheres represent Ti atoms while gray spheres represent N atoms.

Figure 5 :

 5 Figure 5: (Color online). (a) Crystal structure of I4/mcm-TiN 2 , (b) phonon dispersion curve at 60 GPa, (c) projected and total DOS with symmetry labels of molecular N 2 4-filled valence orbitals assigned to each DOS peak at 60 GPa, and (d) -COHP of I4/mcm-TiN 2 at 60 GPa.

Figure 6 :

 6 Figure 6: (Color online). Calculated bulk modulus B, shear modulus G, Young's modulus E, Poisson's ratio ν, G/B ratio, and Vickers hardness H v of titamium nitrides as a function of N content. The structures from left to right are ε-Ti 2 N, Immm-Ti 3 N 2 , C2/m-Ti 4 N 3 , C2/m-Ti 6 N 5 , Fm 3m-TiN, and I4/mcm-TiN 2 .

Figure 7 :

 7 Figure 7: (Color online). Directional dependence of Young's moduli (in GPa) for (a) P4 2 /mnm-Ti 2 N, (b) Immm-Ti 3 N 2 , (c) C2/m-Ti 4 N 3 , (d) C2/m-Ti 6 N 5 , (e) Fm 3m-TiN, and (e) I4/mcm-TiN 2 .

Table 1 :

 1 The calculated elastic constants C i j , bulk modulus B (GPa), shear modulus G (GPa), Young's modulus E (GPa), Poisson's ratio ν, κ=G/B ratio, and Vickers hardness H v (GPa) of the Ti-N compounds at 0 GPa.

	Phase		C 11	C 12	C 13	C 16	C 22	C 23	C 26	C 33	C 36	C 44	C 45	C 55	C 66	B	G	E	ν	κ	H v
	Ti 2 N	GGA	300 214 115					442		157			137 214 112 287 0.277 0.523 11.87
	(P4 2 /mnm) LDA	353 235 138					489		184			147 246 130 332 0.275 0.528 13.38
		Ave	327 225 127					467		171			142 230 121 310 0.276 0.526 12.63
	Ti 3 N 2	GGA	458 99	125		400 115		332		119		145 86	206 124 309 0.250 0.602 15.53
	(Immm)	LDA	545 113 140		449 140		370		127		172 92	237 138 347 0.256 0.583 16.00
		Ave	502 106 133		425 128		351		123		159 89	222 131 328 0.253 0.593 15.77
	Ti 4 N 3	GGA	368 150 155 -17	393 119 3	421 -29	140 10	126 114 225 125 317 0.265 0.556 14.05
	(C2/m)	LDA	412 181 179 -16	444 135 8	484 -42	167 19	139 130 258 141 357 0.269 0.547 14.84
		Ave	390 166 167 -17	419 127 6	453 -36	154 15	133 122 242 133 337 0.267 0.552 14.45
	Ti 6 N 5	GGA	424 140 145 -20	429 146 20	429 1	147 21	158 171 238 151 373 0.239 0.634 18.97
	(C2/m)	LDA	484 161 175 -33	490 175 33	481 1	166 34	187 201 275 170 424 0.243 0.618 20.07
		Ave	454 151 160 -27	460 161 27	455 1	157 28	173 186 257 161 399 0.241 0.626 19.52
	TiN	GGA	590 145								169				294 189 466 0.235 0.643 22.55
	(Fm 3m)	LDA	704 157								183				339 215 533 0.238 0.634 24.22
		Ave	647 151								176				317 202 500 0.237 0.639 23.39
		GGA[15] 583 129								179				278					24.19[45]
		LDA[15] 698 139								198				321				
		Exp[46] 625 165								163				320					23.00[47]
	TiN 2	GGA	535 279 71					653		336			148 284 197 481 0.218 0.693 25.64
	(I4/mcm) LDA	631 301 106					729		364			185 335 233 567 0.218 0.696 28.75
		Ave	583 290 89					691		350			167 310 215 524 0.218 0.695 27.20
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