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Introduction

A modern electronics technology called spintronics has attracted considerable interest in data processing for magnetic memory devices applications, ultrahigh density information storage and longer-term design of new electronic components [START_REF] Boeck | Technology and materials issues in semiconductor-based magnetoelectronics[END_REF]. Spin (or spintronic) electronics [START_REF] Wolf | Spintronics: A spin-based electronics vision for the future[END_REF] exploits the magnetic spin of electron for the technology of electronics devices; it is originated from the discovery of giant magnetoresistance [START_REF] Baibich | Giant magnetoresistance of (001) Fe/(001) Cr magnetic superlattices[END_REF][START_REF] Binasch | Enhanced magnetoresistance in layered magnetic structures with antiferromagnetic interlayer exchange[END_REF]. Spintronics technology is focused on the simultaneous control and manipulation of the electron charge as well as its magnetic moment (spin) in order to realise substantial applications in memory devices and sensors to improve the performance of new logical and information storage devices [START_REF] Wolf | Spintronics: A spin-based electronics vision for the future[END_REF][START_REF] Žutić | Spintronics: Fundamentals and applications[END_REF]. The expected benefit of spintronics over conventional electronics would be non-volatility, increased data processing speed, increased transistor density and reduced power consumption [START_REF] Kaminska | Mn and other magnetic impurities in GaN and other III-V semiconductors-perspective for spintronic applications[END_REF].

A revolution has been marked by the integration of spintronics into spintronics devices based on magnetic semiconductors by the possibility of combining the storage and manipulation functions through both magnetic and semiconductor elements [START_REF] Wolf | Spintronics: A spin-based electronics vision for the future[END_REF][START_REF] Žutić | Spintronics: Fundamentals and applications[END_REF][START_REF] Ohno | Making nonmagnetic semiconductors ferromagnetic[END_REF]. The doped magnetic semiconductors called diluted magnetic semiconductors (DMS) based on II-VI semiconductors are considered as innovative candidates for the development of new spintronics devices. Many researchers have extensively studied these compounds because they exhibit a half-metallic feature [START_REF] Doumi | First-principles investigation of half-metallic ferromagnetism in V-doped BeS, BeSe, and BeTe[END_REF][START_REF] Mokaddem | Investigations of electronic structure and half-metallic ferromagnets in Cr-doped zincblende BeS semiconductor[END_REF] and owing to their ferromagnetic stability at temperatures above room temperature [START_REF] Sato | Material design of GaN-based ferromagnetic diluted magnetic semiconductors[END_REF][START_REF] Wu | Synthesis, characterization, and modeling of high quality ferromagnetic Cr-doped AlN thin films[END_REF]. The calcium chalcogenides CaX (X = S, Se, Te) belong to the II-VI type alkaline earth chalcogenides, which are important compounds because of their extensive applications ranging from catalysis to microelectronics as well as in the field of electro-and photo-luminescent devices [START_REF] Rao | The preparation and thermoluminescence of alkaline earth sulphide phosphors[END_REF][START_REF] Versluys | Photoluminescent and structural properties of CaS: Pb electron beam deposited thin films[END_REF][START_REF] Hakamata | Preparation of CaS: Cu, F thin-film electroluminescent devices with an emission including purple region[END_REF][START_REF] Kravtsova | Electronic structure of M S (M = Ca, Mg, Fe, Mn): X-ray absorption analysis[END_REF][START_REF] Jeanloz | Equations of state of FeO and CaO[END_REF][START_REF] Zimmer | High-pressure phase transitions in CaTe and SrTe[END_REF][START_REF] Richet | Static compression and equation of state of CaO to 1.35 Mbar[END_REF][START_REF] Luo | Structural phase transformations and the equations of state of calcium chalcogenides at high pressure[END_REF][START_REF] Yamanaka | B1-B2 transition in CaO and possibility of CaSiO3-perovskite decomposition under high pressure[END_REF][START_REF] Speziale | High-pressure elasticity of calcium oxide: A comparison between Brillouin spectroscopy and radial X-ray diffraction[END_REF][START_REF] Murtaza | Shift of band gap from indirect to direct and optical response of CaO by doping S, Se, Te[END_REF]. The CaO calcium oxide wide-bandgap semiconductor is one of the families of calcium chalcogenides, which crystallised in the NaCl-type structure (B1) and undergoes a firstorder phase transition from NaCl (B1) phase to the CsCl (B2) structure under high pressure [START_REF] Jeanloz | Equations of state of FeO and CaO[END_REF][START_REF] Zimmer | High-pressure phase transitions in CaTe and SrTe[END_REF][START_REF] Richet | Static compression and equation of state of CaO to 1.35 Mbar[END_REF][START_REF] Luo | Structural phase transformations and the equations of state of calcium chalcogenides at high pressure[END_REF][START_REF] Yamanaka | B1-B2 transition in CaO and possibility of CaSiO3-perovskite decomposition under high pressure[END_REF][START_REF] Speziale | High-pressure elasticity of calcium oxide: A comparison between Brillouin spectroscopy and radial X-ray diffraction[END_REF]. The CaO is considered a potential DMS material for spintronics according to first-principle theoretical studies of Kenmochi et al. [START_REF] Kenmochi | New class of diluted ferromagnetic semiconductors based on CaO without transition metal elements[END_REF][START_REF] Kemmochi | New class of high-TC diluted ferromagnetic semiconductors based on CaO without transition metal elements[END_REF] and An Dinh et al. [START_REF] Dinh | Exchange interaction and TC in alkaline-earth-metal-oxide-based DMS without magnetic impurities: First principle pseudo-SIC and Monte Carlo calculation[END_REF], which investigated the origin of magnetism and room-temperature ferromagnetism in CaO induced by the substituting effect of non-magnetic carbon (C) and nitrogen (N) impurities. Recently, Jun et al., [START_REF] Jun | Research on new rare-earth half-metallic ferromagnets X0. 75Eu0. 25O (X = Ca, Sr and Ba) based on the first-principles calculations[END_REF] have predicted new rareearth half-metallic ferromagnets based on CaO doped with europium (Eu).

The objective of this study is to elucidate the structural, electronic and magnetic properties of CaO under the substituting effect of titanium (Ti) magnetic impurities such as the Ca 1-x Ti x O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75. The calculations of these properties have been made by the first-principle concepts of density functional theory (DFT) [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF][START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] within the full-potential linearised augmented plane-wave (FP-LAPW) method [START_REF] Singh | Planewaves, Pseudopotentials, and the LAPW Method[END_REF], the generalised gradient approximation of Wu-Cohen (GGA-WC) [START_REF] Wu | More accurate generalized gradient approximation for solids[END_REF] and the Tran-Blaha-modified Becke-Johnson (TB-mBJ) exchange potential [START_REF] Tran | Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential[END_REF][START_REF] Koller | Merits and limits of the modified Becke-Johnson exchange potential[END_REF] as implemented in WIEN2k package [START_REF] Blaha | WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties[END_REF].

Computational method and details of calculations

We have performed the calculations of structural, electronic and magnetic properties of Ca 1-x Ti x O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75 by the use of WIEN2k code [START_REF] Blaha | WIEN2k, An Augmented Plane Wave + Local Orbitals Program for Calculating Crystal Properties[END_REF] within the first-principle computations of DFT [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF][START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF] theory and FP-LAPW method [START_REF] Singh | Planewaves, Pseudopotentials, and the LAPW Method[END_REF]. The structural parameters are computed by Wu-Cohen gradient generalised gradient approximation (GGA-WC) [START_REF] Wu | More accurate generalized gradient approximation for solids[END_REF], whereas the appropriate Tran-Blaha-modified Becke-Johnson (TB-mBJ) exchange potential [START_REF] Tran | Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential[END_REF][START_REF] Koller | Merits and limits of the modified Becke-Johnson exchange potential[END_REF] is employed to characterise the magnetic properties, electronic structure and accurate band-gaps.

The wave functions are extended to plane waves in the interstitial zone with K max = 8.0/R MT , where the K max presents the largest K vector of plane wave and R MT defines the average radius of muffin-tin sphere. Inside the atomic sphere, we have chosen the value of l max = 10 for maximum partial waves. The Fourier charge density is extended up to G max = 14 (a.u.) -1 , where G max is the largest vector in the Fourier expansion. In the Brillouin-zone integration, we have employed the Monkhorst-Pack mesh [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF] of (4 × 4 × 4) k-points for CaO, Ca 0.75 Ti 0.25 O and Ca 0.25 Ti 0.75 O, (4 × 4 × 2) k-points for Ca 0.875 Ti 0.125 O and (4 × 4 × 3) k-points for Ca 0.5 Ti 0.5 O.

Results and discussions

Structural properties

The CaO calcium oxide belongs to the family of II-VI type semiconductors, which crystallises in the rocksalt NaCl (B1) structure with space group of Fm 3m No. 225, where the (Ca) calcium atom occupies the (0, 0, 0) position and the oxygen (O) at (0.5, 0.5, 0.5) site. The Ca 1-x Ti x O compounds at concentrations (x = 0.125) and (x = 0.25, 0.5 and 0.75) are generated respectively by using the supercells of 16 and 8 atoms. The Ca 7 TiO 8 (1 × 1 × 2) supercell of 16 atoms is created from Ca 8 O 8 structure by substituting one Ca cationic site with Ti impurity. We get the Ca 0.875 Ti 0.125 O tetragonal structure with concentration x = 0.125 and space group of P4/mmm No. 123. The Ca3TiO4 (1 × 1 × 1), Ca 2 Ti 2 O 4 (1 × 1 × 1) and CaTi 3 O 4 (1 × 1 × 1) supercells of 8 atoms are obtained by substituting Ca cationic sites respectively with one, two and three Ti impurities. We get the cubic structures of Ca 0.75 Ti 0.25 O for x = 0.25 and Ca 0.25 Ti 0.75 O for x = 0.75 with space group of Pm 3m No 221, and tetragonal structure of Ca 0.5 Ti 0.5 O with space group of P4/mmm No. 123.

The optimised structural parameters are determined by fitting the variations of energies as a function of equilibrium volumes using the empirical Murnaghan equation of state [START_REF] Murnaghan | The compressibility of media under extreme pressures[END_REF]. The computed structural properties such as the lattice constants (a), bulk modules (B) and their pressure derivatives (B') of CaO and Ca 1-x Ti x O at concentrations x = 0.125, 0.25, 0.5 and 0.75 with other theoretical [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF][START_REF] Cinthia | Structural, electronic and mechanical properties of alkaline earth metal oxides MO (M = Be, Mg, Ca, Sr, Ba)[END_REF][START_REF] Salam | Theoretical study of CaO, CaS and CaSe via first-principles calculations[END_REF][START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF] and experimental [START_REF] Mammone | Equations of state of CaO under static pressure conditions[END_REF] results are given in Table 1. The lattice constant and the bulk modulus of CaO are close to theoretical values [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF] of GGA-WC [START_REF] Wu | More accurate generalized gradient approximation for solids[END_REF] and appeared to be consistent with the experimental ones [START_REF] Mammone | Equations of state of CaO under static pressure conditions[END_REF]. Also, these parameters are improved than that of the results of Refs. [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF][START_REF] Cinthia | Structural, electronic and mechanical properties of alkaline earth metal oxides MO (M = Be, Mg, Ca, Sr, Ba)[END_REF][START_REF] Salam | Theoretical study of CaO, CaS and CaSe via first-principles calculations[END_REF] and Ref. [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF] calculated respectively by the generalised gradient approximation of Perdew-Burke-Ernzerhof (GGA-PBE) [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] and the local density approximation (LDA) [START_REF] Perdew | Self-interaction correction to density-functional approximations for many-electron systems[END_REF]. The better performance of GGA-WC approximation for optimising structural parameters is due to its fourth-order gradient expansion of exchange and correlation functional [START_REF] Wu | More accurate generalized gradient approximation for solids[END_REF][START_REF] Doumi | First-principle investigation of half-metallic ferromagnetism in octahedrally bonded Cr-doped rock-salt SrS, SrSe, and SrTe[END_REF][START_REF] Sajjad | The half-metallic ferromagnetism character in Be1-xVxY (Y = Se and Te) alloys: An abinitio study[END_REF][START_REF] Bourega | Electronic structures and magnetic performance related to spintronics of Sr 0[END_REF]. In addition, Table 1 shows that the lattice parameter decreases with increasing concentration (x) of substituted Ti impurity owing to smaller size of the Ti ionic radius with respect to the Ca. Consequently, the Ca 1-x Ti x O doping compound becomes harder due to the increase in bulk modulus with increasing Ti concentration.

Spin-polarised electronic structures and half-metallic properties

The results of the lattice parameters found by GGA-WC [START_REF] Wu | More accurate generalized gradient approximation for solids[END_REF] were used to determine the spin-polarised electronic structures such as the densities of states, the band structures as well as the band-gaps of the compounds under study. Figures 12345show the plots of calculated band structures with TB-mBJ [START_REF] Tran | Accurate band gaps of semiconductors and insulators with a semilocal exchange-correlation potential[END_REF][START_REF] Koller | Merits and limits of the modified Becke-Johnson exchange potential[END_REF], respectively for CaO, Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O and Ca 0.25 Ti 0.75 O. It is clear that Figure 1 exhibits the identical band structure with bandgap for two spins channels, implying that CaO is a semiconductor with indirect band-gap positioned between valence bands maximum and the conduction bands minimum respectively at Γ and Χ high symmetry points. For high concentration x = 0.75, the Fermi level is crossed by overlapping bands, leading to metallic nature for Ca 0.25- Ti 0.75 O compound. For concentrations x = 0.125, 0.25 and 0.5, the Ca 0.875- Ti 0.125 O, Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O are semiconductors for spins down, while the spins up are metallic as 3d-Ti bands intersect Fermi level. Thus, these compounds have a half-metallic ferromagnetic character.

The half-metallic ferromagnetic materials are described by two important band-gaps; the first is called the half-metallic ferromagnetic gap localised [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF] 116 [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF] GGA-WC 4.841 [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF] 105 [START_REF] Tran | Performance on molecules, surfaces, and solids of the Wu-Cohen GGA exchange-correlation energy functional[END_REF] GGA-PBE 4.843 [START_REF] Cinthia | Structural, electronic and mechanical properties of alkaline earth metal oxides MO (M = Be, Mg, Ca, Sr, Ba)[END_REF] 107 [START_REF] Cinthia | Structural, electronic and mechanical properties of alkaline earth metal oxides MO (M = Be, Mg, Ca, Sr, Ba)[END_REF] 4.2 [START_REF] Cinthia | Structural, electronic and mechanical properties of alkaline earth metal oxides MO (M = Be, Mg, Ca, Sr, Ba)[END_REF] GGA-PBE 4.836 [START_REF] Salam | Theoretical study of CaO, CaS and CaSe via first-principles calculations[END_REF] 102.3 [START_REF] Salam | Theoretical study of CaO, CaS and CaSe via first-principles calculations[END_REF] 4.17 [START_REF] Salam | Theoretical study of CaO, CaS and CaSe via first-principles calculations[END_REF] GGA-PBE 4.734 [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF] 119.54 [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF] 4.23 [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF] LDA 4.8105 [START_REF] Mammone | Equations of state of CaO under static pressure conditions[END_REF] 115 [START_REF] Mammone | Equations of state of CaO under static pressure conditions[END_REF] 4.1 [START_REF] Mammone | Equations of state of CaO under static pressure conditions[END_REF] Experimental around Fermi level between the valence bands maximum and the conduction bands minimum, and the second is known as the half-metallic gap, which is defined as the absolute value of the maximum energy of valence bands of majority (minority)-spin or the minimum between the minimum energy of conduction bands of majority (minority)-spin with respect to the Fermi level [START_REF] Yao | Half-metallic ferromagnetism of zinc-blende CrS and CrP: A first-principles pseudopotential study[END_REF][START_REF] Gao | Half-metallic ferromagnetism in zinc-blende CaC, SrC, and BaC from first principles[END_REF]. Table 2 summarises the computed values of half-metallic ferromagnetic gaps (G HMF ) and half-metallic gaps (G HM ) for Ca 1-x Ti x O at concentrations x = 0.125, 0.25 and 0.5, and indirect gap (E GX ) of CaO with other theoretical [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF][START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] and experimental [START_REF] Whited | Exciton thermoreflectance of MgO and CaO[END_REF] values. Due to the accurate TB-mBJ potential for computing electronic structures, our calculated indirect gap of 5.38 eV for CaO is in good agreement with the value of 5.35 eV [START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] found by the same potential and it is better than that of the results of Refs. [START_REF] Santana | Cohesive energy and structural parameters of binary oxides of groups IIA and IIIB from diffusion quantum Monte Carlo[END_REF][START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] and Ref. [START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] using GGA-PBE [START_REF] Perdew | Generalized gradient approximation made simple[END_REF] and LDA [START_REF] Perdew | Self-interaction correction to density-functional approximations for many-electron systems[END_REF] approximations, GGA-PBE 3.67 [START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] GGA-PBE 3.49 [START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] LDA 5.35 [START_REF] Tran | Importance of the kinetic energy density for band gap calculations in solids with density functional theory[END_REF] TB-mBJ 7.00 [START_REF] Whited | Exciton thermoreflectance of MgO and CaO[END_REF] Experimental band [START_REF] Bourega | Electronic structures and magnetic performance related to spintronics of Sr 0[END_REF]. It is an important property that characterises the half-metallic materials for spintronics applications [START_REF] Yao | Half-metallic ferromagnetism of zinc-blende CrS and CrP: A first-principles pseudopotential study[END_REF][START_REF] Gao | Half-metallic ferromagnetism in zinc-blende CaC, SrC, and BaC from first principles[END_REF]. The Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O compounds have half-metallic (HM) gaps of 1.345, 1.134 and 0.094 eV, respectively. We have noticed that the HM gap decreases with increasing Ti concentration because conduction bands minimum shifted towards the Fermi level. Besides, the Ca 0.875 Ti 0.125 O at concentration x = 0.125 has higher HM gap of 1.345. Consequently, the Ca 1-x Ti x O material doped with a lower Ti concentration is a perfect half-metallic ferromagnetic with a spin polarisation of 100%, making it a suitable candidate for spintronics. Furthermore, the total and partial densities of states (DOS) of Ca 0.875 Ti 0.125- O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O and Ca 0.25 Ti 0.75 O are given by Figures 6789. The plots of DOS show that the Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O materials have a half-metallic ferromagnetic character described by the metallic nature of spins up and the semiconductor feature of spins down, where the metallic property of majority-spin states results from large p-d hybridisation between p states of oxygen (O) and 3d states of Ti atom. From Figure 9, we have depicted that the Ca 0.25 Ti 0.75 O at concentration x = 0.75 is metallic because the DOS of both majority and minority-spin states dominate the Fermi level. The partial DOS of Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O show that the 3d states of Ti impurity are separated into two levels such as the three low-lying t 2g (d xy , d xz , d yz ) partially filled states and two high-lying e g (d z 2 , d x 2 -y 2 ) unfilled states. This is due to crystal field produced by the surroundings oxygen (O) ions. We have noticed that the e g states occur above t 2g states, meaning that the Ti atom is sited in an octahedral crystal field environment [START_REF] Doumi | First-principle investigation of half-metallic ferromagnetism in octahedrally bonded Cr-doped rock-salt SrS, SrSe, and SrTe[END_REF][START_REF] Doumi | A novel theoretical design of electronic structure and half-metallic ferromagnetism in the 3d (V)-doped rock-salts SrS, SrSe, and SrTe for spintronics[END_REF].

The metallic nature and ferromagnetism in Ca 1-x Ti x O doping materials are originated from the itinerant electrons of localised 3d-Ti majority-spin states. For minority spin, the bonding states of valence band are originated principally from DOS of p-O states, while the empty 3d-Ti states are located at the bottom of conduction bands. Therefore, the density of states are absent around Fermi level and a band gap is formed between the maximum and minimum of valence and conduction bands, respectively. In addition, the spin polarisation (P) of a half-metallic material is measured from the contributions of total DOS of spins up N (E F ) and spins down N (E F ) at Fermi level (E F ); it is given by the following expression [START_REF] Soulen | Measuring the spin polarization of a metal with a superconducting point contact[END_REF]: 

P = N (E F ) -N (E F ) N (E F ) + N (E F ) (1 

Magnetic properties

Magnetic moments

In the diluted magnetic semiconductors, the ferromagnetic state stability is originated from the double exchange mechanism when the 3d states are partially filled [START_REF] Sato | Ab initio materials design and Curie temperature of GaN-based ferromagnetic semiconductors[END_REF][START_REF] Sato | Curie temperatures of III-V diluted magnetic semiconductors calculated from first-principles in mean field approximation[END_REF]. According to this rule, the 3d unfilled states of Ti transition metal in the Ca 1-x Ti x O, suggest the stability of ferromagnetic state arrangement related to the double exchange mechanism [START_REF] Akai | Ferromagnetism and its stability in the diluted magnetic semiconductor (In, Mn) As[END_REF]. The origin of ferromagnetism in Ca 1-x Ti x O materials is due to the itinerant electrons of 3d-Ti partially occupied levels. For the Ca 1-x Ti x O systems at concentrations x = 0.125, 0.25 and 0.5, the Ti (4s 2 3d 2 ) impurity occupies the Ca site and provides two electrons to host valence bands, resulting in Ti +2 (4s 0 3d 2 ) ion. Therefore, the 3d states keep two unpaired electrons that generate a total magnetic moment of 2 μ B per Ti ion, where the μ B is the Bohr magneton. However, the strong p-d exchange interactions arise between p-O and 3d-Ti states, which reduce the magnetic moment of Ti less than 2 μ B and induce less important partial magnetic moments for Ca and O atoms. The calculated total and partial magnetic moments of Ca 1-x Ti x O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75 are given in Table 3. The total magnetic moments equal to 2 μ B per Ti atom for concentrations x = 0.125, 0.25, 0.5, confirming that the Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O are half-metallic, but the Ca 0.75 Ti 0.25 O compound at higher concentration x = 0.75 is metallic ferromagnetic with total magnetic moment of 1.33 μ B per Ti atom. On the other hand, the ferromagnetic interactions occur between the positive magnetic moments of Ti, Ca and O for Ca 1-x Ti x O at concentrations x = 0.125, 0.5 and 0.75, and between positive Ca and Ti magnetic spins for Ca 1-x Ti x O at x = 0.25. In contrast, the anti-ferromagnetic interaction is formed between positive Ti magnetic spin and negative magnetic moment of O atom for Ca 1-x Ti x O at x = 0.25.

Exchange constants and exchange splittings

In this section, we have computed the exchange constants to investigate the exchange couplings between valence and conduction bands with the 3d-Ti magnetic atoms. The exchange constants are determined by the use of the mean-field theory with the following expressions [START_REF] Sanvito | First-principles study of the origin and nature of ferromagnetism in Ga 1-x Mn x As[END_REF][START_REF] Raebiger | Intrinsic hole localization mechanism in magnetic semiconductors[END_REF]:

N 0 a = DE c x〈s〉 (2) 
N 0 b = DE v x〈s〉 (3) 
where the DE c = E c -E c and DE v = E v -E v are the valence and conduction band-edge spin-splittings at Γ high symmetry point for Ca 1-x Ti x O at concentrations x = 0.125, 0.25 and 0.5, respectively. The 〈s〉 represents the half total magnetic moment per Ti atom [START_REF] Sanvito | First-principles study of the origin and nature of ferromagnetism in Ga 1-x Mn x As[END_REF] and the x correspond to the concentration of Ti (Table 4).

The N 0 α constant defines the exchange coupling between the 3d-Ti levels and the s-type conduction bands, whereas the exchange coupling between the 3d-Ti levels and the p-type valence bands is explained by the N 0 β parameter. For Ca 1 -x Ti x O compounds at concentrations x = 0.125, 0.25 and 0.5, the positive values of N 0 β reflect the p-d anti-ferromagnetic couplings between valence bands and 3d levels as shown in Table 4. The N 0 α parameter is positive for concentration x = 0.125 and it is negative for x = 0.25 and 0.5, indicating that the interaction between 3d-Ti levels and valence bands is ferromagnetic for Ca 0.875 Ti 0. peaks of t 2g and 3d states of spins up are situated at the same level of energy for the concentrations x = 0.25 and 0.5. In contrast, for the d-Ti states of spins down with respect to the e g states of spins up, the d-Ti states are more dominated than that of the e g states for the concentrations x = 0.25 and 0.5, but for the smaller concentration x = 0.125, the pick of the e g majority-spin states have a higher energy compared to the d-Ti minority-spin states. 

Conclusion

The structural, spin-polarised electronic structures and magnetic properties of Ti-doped CaO semiconductor such as the Ca 1-x Ti x O compounds at various concentrations x = 0.125, 0.25, 0.5 and 0.75 were studied by using the WIEN2k code based on the GGA-WC approximation and the TB-mBJ potential.

The structural parameters and indirect band gap of CaO computed respectively by GGA-WC and TB-mBJ potentials show a good concordance with other recent theoretical calculations found by the same potentials. The lattice parameter of Ca 1-x Ti x O is reduced than that of the CaO, which decreases with increasing concentration of Ti due to the difference between the sizes of ionic radii of Ca and Ti atoms. The Ca 0.25 Ti 0.75 O at high concentration x = 0.75 has a metallic ferromagnetic nature. For other concentrations, the Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O are perfect half-metallic ferromagnets with a spin polarisation of 100% and a large half-metallic gap of 1.345 eV for x = 0.125. The ferromagnetism is explained by both crystal field and direct exchange splittings, where it is more appropriate by the contribution of crystal field splitting mechanism for Ca 1-x Ti x O at low concentration x = 0.125. Therefore, Ca 1 -x Ti x O material doped with lower concentration of titanium is considered as potential candidate for exploration in the future spintronics applications.
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 1 Figure 1. Band structures of CaO. (a) Majority spins (up) and (b) Minority spins (dn).
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 2 Figure 2. Band structures of Ca 0.875 Ti 0.125 O. (a) Majority spins (up) and (b) Minority spins (dn).
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 3 Figure 3. Band structures of Ca 0.75 Ti 0.25 O. (a) Majority spins (up) and (b) Minority spins (dn).
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 4 Figure 4. Band structures of Ca 0.5 Ti 0.5 O. (a) Majority spins (up) and (b) Minority spins (dn).

Figure 5 .

 5 Figure 5. Band structures of Ca 0.25 Ti 0.75 O. (a) Majority spins (up) and (b) Minority spins (dn).

Table 2 .

 2 Calculated indirect band gap (E GX ) of CaO, half-metallic ferromagnetic (HMF) (G HMF ) and half-metallic gap (G HM ) of minority-spin bands for Ca 1-x Ti x O at concentrations x = 0.125, 0

  ) the spin polarisation P = 1 of the Ca 1-x Ti x O at concentrations x = 0.125, 0.25 and 0.5 because the total DOS of minority spins N (E F ) equal zero. Therefore, the Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O compounds are half-metallic ferromagnets with spin polarisation of 100%.

Figure 6 .

 6 Figure 6. Spin-polarised total and partial densities of states (DOS) of Ca 0.875 Ti 0.125 O.

Figure 7 .

 7 Figure 7. Spin-polarised total and partial densities of states (DOS) of Ca 0.75 Ti 0.25 O.

Figure 8 .

 8 Figure 8. Spin-polarised total and partial densities of states (DOS) of Ca 0.5 Ti 0.5 O.

Figure 9 .

 9 Figure 9. Spin-polarised total and partial densities of states (DOS) of Ca 0.25 Ti 0.75 O.

  125 O and it is anti-ferromagnetic for Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O compounds. Besides, the typical attraction in the half-metallic ferromagnetic Ca 1-x Ti x O compounds is determined from the indirect D x (pd) = E v -E v exchange splitting that represents the difference between E v and E v energies of valence band maximums respectively for spins down and spins up. The indirect exchange splittings of Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O, Ca 0.5 Ti 0.5 O are -3.40, -3.91 and -3.93 eV, respectively, indicating that spin-polarised Ca 1-x Ti x O materials exhibit an important feature for the spins down, which have a effective nature of potential compared to spins up [57-59]. Furthermore, we have characterised the ferromagnetism in the Ca 0.875 Ti 0.125 O, Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O compounds by computing the magnitudes of the crystal field and direct exchange splitting. The crystal field energy DE CF = E eg -E t2g is calculated from the difference energies between of e g and t 2g levels. The direct exchange splitting D x (d) = d -d corresponds to the energy separation between the peaks of d-Ti (d ) and d-Ti (d ) respectively for spins down and spins up. From the partial DOS, we have depicted that the

Table 4 .

 4 Computed conduction band-edge DE c (eV) and valence band-edge DE v (eV) spinsplittings, sp-d exchange constants N 0 a and N 0 b, crystal field DE CF (eV) and direct exchange D x (d) (eV) splittings for Ca 1-x Ti x O at concentrations x = 0.125, 0.25 and 0.5.

  These behaviours are reflected by the energies of crystal field and direct exchange splittings (DE CF and D x (d)) of (4.46 and 4.41), (2.48 and 3.24) and (2.29 and 3.24 eV) respectively for the Ca 0.875- Ti 0.125 O, Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O compounds. Consequently, the crystal field splitting is more dominated than that of direct exchange splitting for Ca 0.875 Ti 0.125- O at low concentration x = 0.125, while for the Ca 0.75 Ti 0.25 O and Ca 0.5 Ti 0.5 O compounds the crystal field is confined in the direct exchange splitting. We understand that the ferromagnetism is more favourable by the crystal field splitting in the Ca 0.875 Ti 0.125 O compound at the lower concentration x = 0.125.

Table 1 .

 1 Calculated lattice constants (a), bulk modules (B) and their pressure derivatives (B') for CaO and Ca 1-x Ti x O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75.

	Material	a (Å)	B (GPa)	B'	Method
	This work				GGA-WC
	CaO	4.775	115.23	4.36	
	Ca 0.875 Ti 0.125 O	4.706	119.81	4.27	
	Ca 0.75 Ti 0.25 O	4.640	125.22	4.39	
	Ca 0.5 Ti 0.5 O	4.478	132.56	3.90	
	Ca 0.25 Ti 0.75 O	4.311	166.41	4.30	
	Other calculations				
	CaO				
		4.777			

Table 3 .

 3 Calculated total and partial magnetic moments at Ti, Ca and O sites and in the interstitial site of Ca 1-x Ti x O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75.

	Material	Total (μ B )	T i( μ B )	C a( μ B )	O( μ B )	Interstitial (μ B )
	Ca 0.875 Ti 0.125 O	2	1.568	0.016	0.041	0.375
	Ca 0.75 Ti 0.25 O	2	1.498	0.037	-0.072	0.537
	Ca 0.5 Ti 0.5 O	4	3.036	0.037	0.044	0.883
	Ca 0.25 Ti 0.75 O	3.988	2.274	0.017	0.15	1.547