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ABSTRACT

In this study, we have computed the structural, electronic and half-metallic
ferromagnetic properties of Ca;4Ti,O compounds at concentrations x = 0.125,
0.25, 0.5 and 0.75 by employing the first-principle approaches of density functional
theory. The generalised gradient approximation of Wu and Cohen (GGA-WC) is
used to calculate the structural parameters, whereas the electronic structures and
magnetic properties are characterised by the accurate Tran-Blaha-modified Becke-
Johnson potential (TB-mBJ). The lattice constant, bulk modulus and indirect gap of
CaO are in good agreement with other theoretical and experimental results. The
Ca0.25Ti0.750 at x = 0.75 has metallic ferromagnetic nature. The Cagg75Tip125 O,
Cag75T10250 and Ca0.50Ti0.500 compounds have total magnetic moments of 2 uB
per Ti atom with a half-metallic character, a spin polarisation of 100% and a large
half-metallic gap of 1.345 eV for x = 0.125. Therefore, the Ca;_,Ti,O material with a
low concentration of Ti is a true half-metallic ferromagnet and seems to be a
promising candidate for semiconductor spintronics.

1. Introduction

A modern electronics technology called spintronics has attracted considerable
interest in data processing for magnetic memory devices applications, ultra-
high density information storage and longer-term design of new electronic com-
ponents [1]. Spin (or spintronic) electronics [2] exploits the magnetic spin of
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electron for the technology of electronics devices; it is originated from the dis-
covery of giant magnetoresistance [3, 4]. 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 [2, 5]. The expected benefit of spintronics over con-
ventional electronics would be non-volatility, increased data processing speed,
increased transistor density and reduced power consumption [6].

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 [2, 5, 7]. The doped magnetic semiconductors called diluted magnetic
semiconductors (DMS) based on II-VI semiconductors are considered as innova-
tive candidates for the development of new spintronics devices. Many researchers
have extensively studied these compounds because they exhibit a half-metallic
feature [8, 9] and owing to their ferromagnetic stability at temperatures above
room temperature [10, 11]. 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 [12-22]. The CaO
calcium oxide wide-bandgap semiconductor is one of the families of calcium chal-
cogenides, which crystallised in the NaCl-type structure (B1) and undergoes a first-
order phase transition from NaCl (B1) phase to the CsClI (B2) structure under high
pressure [16-21]. The CaO is considered a potential DMS material for spintronics
according to first-principle theoretical studies of Kenmochi et al. [23, 24] and An
Dinh et al. [25], 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., [26] have predicted new rare-
earth 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 impuri-
ties such as the Ca,_, Ti,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) [27, 28] within the full-potential line-
arised augmented plane-wave (FP-LAPW) method [29], the generalised gradient
approximation of Wu-Cohen (GGA-WC) [30] and the Tran-Blaha-modified
Becke-Johnson (TB-mBJ]) exchange potential [31, 32] as implemented in
WIEN2k package [33].

2. Computational method and details of calculations

We have performed the calculations of structural, electronic and magnetic prop-
erties of Ca;_, Ti,O compounds at concentrations x =0.125, 0.25, 0.5 and 0.75 by



the use of WIEN2k code [33] within the first-principle computations of DFT
[27, 28] theory and FP-LAPW method [29]. The structural parameters are com-
puted by Wu-Cohen gradient generalised gradient approximation (GGA-WC)
[30], whereas the appropriate Tran-Blaha-modified Becke-Johnson (TB-mB}J)
exchange potential [31, 32] 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
Kinax = 8.0/Ryit, where the K., presents the largest K vector of plane wave and
Ryt defines the average radius of muffin-tin sphere. Inside the atomic sphere, we
have chosen the value of I, =10 for maximum partial waves. The Fourier
charge density is extended up to Gp,.x =14 (a.w.)”!, where G, is the largest
vector in the Fourier expansion. In the Brillouin-zone integration, we have
employed the Monkhorst-Pack mesh [34] of (4 x4 x4) k-points for CaO,
Cag75Tip 250 and Cag,s5Tip 750, (4x4x2) k-points for CaggysTip 250 and
(4 x 4 x 3) k-points for Cay5Tij50.

3. Results and discussions
3.1. 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
Fm3m 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;_,Ti,O compounds at concen-
trations (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;TiOg (1 x 1 x 2) supercell of
16 atoms is created from CagOg structure by substituting one Ca cationic site
with Ti impurity. We get the Cag 75Ty 1250 tetragonal structure with concen-
tration x = 0.125 and space group of P4/mmm No. 123. The Ca3TiO4 (1 x 1 x
1), Ca,Ti,04 (1x1x1) and CaTiz04 (1 x1x1) 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 Cag;5Tip,50 for x=0.25 and
Cag25Tip750 for x=0.75 with space group of Pm3m No 221, and tetragonal
structure of CaysTiysO 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 [35]. The computed structural properties such as the lattice
constants (a), bulk modules (B) and their pressure derivatives (B’) of CaO and
Ca,_,Ti,O at concentrations x = 0.125, 0.25, 0.5 and 0.75 with other theoretical
[36-39] and experimental [40] results are given in Table 1. The lattice constant
and the bulk modulus of CaO are close to theoretical values [36] of GGA-WC
[30] and appeared to be consistent with the experimental ones [40]. Also,
these parameters are improved than that of the results of Refs. [36-38] and



Table 1. Calculated lattice constants (a), bulk modules (B) and their pressure derivatives (B’) for
Ca0 and Ca;_,Ti,O compounds at concentrations x = 0.125, 0.25, 0.5 and 0.75.

Material a () B (GPa) B Method

This work GGA-WC

Ca0 4775 115.23 436

Cag.g75Tip.1250 4.706 119.81 427

Cag.75Tig.250 4.640 125.22 439

Cag5Tigs0 4478 132.56 3.90

Cag2sTig 750 4311 166.41 430

Other calculations

Ca0
4.777 [36] 116 [36] GGA-WC
4.841 [36] 105 [36] GGA-PBE
4.843 [37] 107 [37] 4.2 [37] GGA-PBE
4.836 [38] 102.3 [38] 4.17 [38] GGA-PBE
4.734 [39] 119.54 [39] 4.23 [39] LDA
4.8105 [40] 115 [40] 4.1 [40] Experimental

Ref. [39] calculated respectively by the generalised gradient approximation of
Perdew-Burke-Ernzerhof (GGA-PBE) [41] and the local density approximation
(LDA) [42]. The better performance of GGA-WC approximation for optimising
structural parameters is due to its fourth-order gradient expansion of exchange
and correlation functional [30, 43-45]. 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;_,Ti,O doping compound becomes harder due to the increase in bulk
modulus with increasing Ti concentration.

3.2. Spin-polarised electronic structures and half-metallic properties

The results of the lattice parameters found by GGA-WC [30] 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 1-5 show the plots of calculated band structures with
TB-mB] [31, 32], respectively for CaO, Cagg;5Tip 1250, Cag75Ti250,
CagsTips0 and Cag,s5Tip750. 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
I' and X high symmetry points. For high concentration x=0.75, the Fermi
level is crossed by overlapping bands, leading to metallic nature for Cag,s.
Tip7,s0 compound. For concentrations x=0.125, 0.25 and 0.5, the Caggys.
Ti9.1250, Cag75Tip250 and CagsTipsO 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
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Figure 1. Band structures of Ca0. (@) Majority spins (up) and (b) Minority spins (dn).

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 [46, 47]. Table 2 summarises the computed values of half-metallic ferro-
magnetic gaps (Gupmp) and half-metallic gaps (Gyy) for Ca;_,Ti,O at
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Figure 4. Band structures of CagsTip50. (a) Majority spins (up) and (b) Minority spins (dn).

concentrations x =0.125, 0.25 and 0.5, and indirect gap (E™X) of CaO with
other theoretical [39, 48] and experimental [49] values. Due to the accurate
TB-mB] 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 [48]
found by the same potential and it is better than that of the results of Refs.
[39, 48] and Ref. [48] using GGA-PBE [41] and LDA [42] approximations,
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Table 2. Calculated indirect band gap (E™) of Ca0, half-metallic ferromagnetic (HMF) (Gywr) and
half-metallic gap (Gym) of minority-spin bands for Ca;_,Ti,O at concentrations x =0.125, 0.25
and 0.5.

Material Gy (V) Gum (eV) E™X (eV) Method
This work
Ca0 5.38 TB-mBJ
Cag g75Ti0.1250 4.742 1.345 TB-mBJ
Cap 75Ti0.250 5.049 1.134 TB-mBJ
Cag5Tip 50 4019 0.094 TB-mBJ
Other calculations
Ca0
3.658 [38] GGA-PBE
3.67 [48] GGA-PBE
3.49 [48] LDA
5.35 [48] TB-mBJ
7.00 [49] Experimental

respectively. The minority spins of Caggr5Tip1250, Cag75Tip250 and
Cag5Tip50 compounds are characterised by direct half-metallic ferromagnetic
(HMF) gaps of 4.742, 5.049 and 4.019 eV located at I' high symmetry
point. However, the conduction bands minimum of minority spins moves
to lower energies near Fermi level due to the widening of 3d-Ti shells in
the gap as the concentration of Ti increases. Owing to broadening of 3d-Ti
bands in the gap, the bottom of conduction bands overlaps with the Fermi
level and hence the Cag,5Tip;s0 compound at concentration x=0.75
becomes metallic.

The HM gap or flip-gap occurs between the conduction bands minimum and
Fermi level, which defines the lowest energy to create an electron in conduction



band [45]. It is an important property that characterises the half-metallic
materials for spintronics applications [46, 47]. The Cag g75T1i9.1250, Cag75Tig 250
and CagsTips0 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 increas-
ing Ti concentration because conduction bands minimum shifted towards the
Fermi level. Besides, the Cagg;5Ti0 1250 at concentration x =0.125 has higher
HM gap of 1.345. Consequently, the Ca;_,Ti,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 Cagg75Tig 125.
O, Cag75Tip 250, CagsTips0 and Cag,5Tip750 are given by Figures 6-9. The
plots of DOS show that the Cag g75Tig 1250, Cag75Tig250, CagsTigsO 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 Cag,5Tiy ;50 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 Cagg;5Tio.1250, Cag75Tip250, CagsTigsO show
that the 3d states of Ti impurity are separated into two levels such as the
three low-lying t, (dyy, dxz, d,.) partially filled states and two high-lying e,
(dz, d2_y2) unfilled states. This is due to crystal field produced by the sur-
roundings oxygen (O) ions. We have noticed that the e, states occur above
t,g states, meaning that the Ti atom is sited in an octahedral crystal field
environment [43, 50].

The metallic nature and ferromagnetism in Ca;_,Ti,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 1 (Er) and spins down N | (Ef) at Fermi level (Ep); it is
given by the following expression [51]:

_ N1 (Ep) =N | (Ep)

" N1 (Ep) + N | (Ep) M

the spin polarisation P=1 of the Ca;_,Ti,O at concentrations x =0.125, 0.25
and 0.5 because the total DOS of minority spins N | (Ep) equal zero. There-
fore, the Cagg75Ti9.1250, Cag75Tip 250, CagsTipsO compounds are half-met-
allic ferromagnets with spin polarisation of 100%.
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3.3. Magnetic properties

3.3.1. Magnetic moments

In the diluted magnetic semiconductors, the ferromagnetic state stability is
originated from the double exchange mechanism when the 3d states are par-
tially filled [52, 53]. According to this rule, the 3d unfilled states of Ti tran-
sition metal in the Ca;_,TiO, suggest the stability of ferromagnetic state
arrangement related to the double exchange mechanism [54]. The origin of
ferromagnetism in Ca;_,Ti,O materials is due to the itinerant electrons of
3d-Ti partially occupied levels. For the Ca;_,Ti,O systems at concentrations
x=0.125, 0.25 and 0.5, the Ti (4s> 3d*) impurity occupies the Ca site and pro-
vides two electrons to host valence bands, resulting in Ti*? (4s° 3d%) ion.
Therefore, the 3d states keep two unpaired electrons that generate a total mag-
netic moment of 2 ug per Ti ion, where the pp 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 pg and induce
less important partial magnetic moments for Ca and O atoms. The calculated
total and partial magnetic moments of Ca;_,Ti,O compounds at concen-
trations x = 0.125, 0.25, 0.5 and 0.75 are given in Table 3. The total magnetic
moments equal to 2 ug per Ti atom for concentrations x=0.125, 0.25, 0.5,
confirming that the Cag g75Ti0.1250, Cag75Tig250, CagsTip 5O are half-metallic,
but the Cag75Tip,50 compound at higher concentration x=0.75 is metallic
ferromagnetic with total magnetic moment of 1.33 ug per Ti atom. On the
other hand, the ferromagnetic interactions occur between the positive mag-
netic moments of Ti, Ca and O for Ca;_,Ti,O at concentrations x=0.125,
0.5 and 0.75, and between positive Ca and Ti magnetic spins for Ca;_,Ti,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;_, Ti,O at x=0.25.

3.3.2. 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

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

Material Total (pg) Ti (up) Ca (up) O (up) Interstitial (ug)
Capg7sTio.1250 2 1.568 0.016 0.041 0.375
Cag.75Tig.250 2 1.498 0.037 -0.072 0.537
CagsTips0 4 3.036 0.037 0.044 0.883

Cag2sTip.750 3.988 2.274 0.017 0.15 1.547




mean-field theory with the following expressions [55, 56]:

N()a = AEC (2)
x(s)

Nop = 22 3
x(s)

where the AE, = Ef — ECT and AE, = Ej — EJ are the valence and conduction
band-edge spin-splittings at I' high symmetry point for Ca;_,Ti,O at concen-
trations x=0.125, 0.25 and 0.5, respectively. The (s) represents the half total
magnetic moment per Ti atom [55] and the x correspond to the concentration
of Ti (Table 4).

The Ny« 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 Nof parameter. For Ca,;
_x11,0O compounds at concentrations x = 0.125, 0.25 and 0.5, the positive values
of Npf3 reflect the p-d anti-ferromagnetic couplings between valence bands and
3d levels as shown in Table 4. The Ny« 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 Cagg5Ti5 1250
and it is anti-ferromagnetic for Cag;5Tip,50 and CasTipsO compounds.
Besides, the typical attraction in the half-metallic ferromagnetic Ca;_,Ti,O com-
pounds is determined from the indirect A,(pd) = E} — E exchange splitting
that represents the difference between E}and E] energies of valence band maxi-
mums respectively for spins down and spins up. The indirect exchange splittings
of Cagg75Tip.1250, Cag5Tip 250, CagsTigsO are —3.40, —3.91 and —3.93 eV,
respectively, indicating that spin-polarised Ca;_,Ti,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 Cag g;5Tig 1250,
Cag75Tip 250 and CagsTips0 compounds by computing the magnitudes of the
crystal field and direct exchange splitting. The crystal field energy
AEcp = Eg; — Epyg is calculated from the difference energies between of e, and
trg levels. The direct exchange splitting A,(d) =d | —d 1 corresponds to the
energy separation between the peaks of d-Ti (d | ) and d-Ti (d 1 ) respectively
for spins down and spins up. From the partial DOS, we have depicted that the

Table 4. Computed conduction band-edge AE. (eV) and valence band-edge AE, (eV) spin-
splittings, sp-d exchange constants Noa and Ny, crystal field AEc (eV) and direct exchange
A, (d) (eV) splittings for Ca,_,Ti,O at concentrations x =0.125, 0.25 and 0.5.

Material AEC AEV Nga NoB AECF Ax(d)
Caos7sTip1250 030 287 1.20 1148 446 414
Cap 75Tig250 -1.17 —2.98 —2.34 —5.96 248 3.24

Cap5Tips0 -1.65 -3.42 -1.65 -3.42 2.29 3.54




peaks of ,; 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, states of spins up, the d-Ti states are more dominated than that of
the e, states for the concentrations x = 0.25 and 0.5, but for the smaller concen-
tration x = 0.125, the pick of the e, majority-spin states have a higher energy com-
pared to the d-Ti minority-spin states. These behaviours are reflected by the
energies of crystal field and direct exchange splittings (AEcr and A,(d)) of
(4.46 and 4.41), (2.48 and 3.24) and (2.29 and 3.24 eV) respectively for the Cagg;5.
Tig.1250, Cag75Tip 250 and Cag5TipsO compounds. Consequently, the crystal field
splitting is more dominated than that of direct exchange splitting for Cag g75Tio 125
O at low concentration x = 0.125, while for the Cag 75Ty 250 and Cag 5Tiy 50 com-
pounds the crystal field is confined in the direct exchange splitting. We
understand that the ferromagnetism is more favourable by the crystal field split-
ting in the Cagg;5Tig 1,50 compound at the lower concentration x = 0.125.

4, Conclusion

The structural, spin-polarised electronic structures and magnetic properties of
Ti-doped CaO semiconductor such as the Ca; ,Ti,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-mB] 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 par-
ameter of Ca;_,Ti,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 Cag,5Tip ;5O at high concentration x =0.75 has
a metallic ferromagnetic nature. For other concentrations, the Cagg,5Tig 1250,
Cag75Tip 250, CagsTipsO 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 split-
tings, where it is more appropriate by the contribution of crystal field splitting
mechanism for Ca,_,Ti,O at low concentration x=0.125. Therefore, Ca,
_Ti,O material doped with lower concentration of titanium is considered as
potential candidate for exploration in the future spintronics applications.
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