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The new Ba1 – xTixS compounds based on the titanium (Ti)-doped BaS at various concentrations ,
0.5, and 0.75 were characterized using the first-principle concepts of density functional theory. We investi-
gated the doping effect of titanium on the structural and electronic properties, induced ferromagnetism, half-
metallicity, and exchange splittings in Ba1 – xTixS materials. The origin of ferromagnetism in the Ba1–xTixS
compounds is due to the localized partially occupied 3d (Ti) states related to the double exchange mecha-
nism. The electronic structures of Ba1 – xTixS at concentrations  and 0.5 show half-metallic ferro-
magnetic character with spin polarization of 100%. For the concentration , the Ba0.25Ti0.75S com-
pound exhibits a metallic nature for two spins channels due to widening 3d (Ti) states in the gap. Therefore,
Ba1 – xTixS at concentrations  and 0.5 seems to be a candidate for spintronics.
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1. INTRODUCTION
The progress of electronic device technology

requires reducing the size of electronic components
and increasing the speed of data processing. In this
respect, a modern field of electronics known as spin-
based electronics or spintronics [1, 2] has been devel-
oped, where the spin of electron is exploited as a sec-
ond advantage in addition to its charge aspect in order
to create new functionalities in innovative spin-based
devices [3–5]. The dilute magnetic semiconductors
(DMS) have been studied extensively due to their elec-
tronic and magnetic performances, which have con-
siderable interest for various applications in new spin-
tronics devices [6–11]. The advanced technologies of
spintronic devices such as magnetic sensors, giant and
tunnel magnetoresistance are based on half-metallic
(HM) ferromagnetic materials [12–16]. The emer-
gence of the half-metallic ferromagnetic character in
DMS allows to benefit from both magnetic and semi-
conductor properties [6, 17, 18], which make them
ideal materials for spintronics where the two proper-

ties of the electron, spin and charge, are utilized to
achieve a multifunction variety [19, 20].

The barium chalcogenides BaS, BaSe, and BaTe
are binary compounds of the alkaline earth type,
where they crystallize in the NaCl (B1) structure
under normal conditions and undergo a phase transi-
tion to the CsCl type phase (B2) under pressure [21–
25]. These materials are characterized by indirect wide
band-gap semiconductors and their important tech-
nological applications in optoelectronics such as laser
diodes in blue-light wavelength region and light-emit-
ting diodes [26]. The electronic and half-metallic fer-
romagnetic properties of DMS based on transition
metal-doped BaS, BaSe, and BaTe compounds have
been the subject of several first-principle theoretical
studies in order to predict their use for possible spin-
tronics applications [27–29]. According to these
works, the DMS compounds obtained from magnetic
impurities at low concentrations such as BaS doped
with vanadium (V) [27], the BaTe doped with chro-
mium (Cr) [28] and the BaS doped with Cr [29] are
promising materials for future spintronics applica-
tions.
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Table 1. Computed lattice constants (a), bulk moduli (B) and their pressure derivatives  for BaS, Ba0.75Ti0.25S,
Ba0.5Ti0.5S, and Ba0.25Ti0.75S other experimental data and theoretical calculations

Compound a, Å B, GPa GGA-WC method

Our calculations
BaS 6.348 46.73 4.47
Ba0.75Ti0.25S 6.102 50.79 4.51
Ba0.5Ti0.5S 5.825 55.79 3.67
Ba0.25Ti0.75S 5.364 66.12 5.94
Other calculations
BaS 6.387 ± 0.002 [21] 55.1 [39] 5.5 [39] Experimental

6.372 [27] 46.21 [27] 4.66 [27] GGA-WC
6.343 [41] 44.51 [41] 4.205 [41] GGA-WC
6.343 [42] 38.35 [42] 4.205 [42] GGA-WC
6.343 [43] 44.399 [43] 4.167 [43] GGA-WC
6.335 [44] 45.725 [44] GGA-WC
6.41 [40] 47.32 [40] 4.75 [40] GGA-PBE
6.435 [44] 40.8031 [44] GGA-PBE
6.274 [44] 51.0230 [44] LDA

( ')B

'B
In this study, we have studied the electronic struc-
tures, induced ferromagnetism, half-metallic property
and exchange splittings in titanium (Ti)-doped BaS
such as Ba1 – xTixS materials under the effect of doping
with Ti impurities at concentrations , 0.5, and
0.75. The calculations were performed using the ab
initio methods of density functional theory [30, 31].

2. COMPUTATIONAL METHOD AND DETAILS 
OF CALCULATIONS

We have utilized the WIEN2K package [32] based
on the computational ab initio approaches of DFT
[30, 31] and full-potential linearized augmented
plane-wave (FP-LAPW) [33] to study the structural,
electronic, and magnetic properties of Ba1 – xTixS at
various concentrations , 0.5, and 0.75. Under
normal conditions, the BaS adopts the rock-salt NaCl
(B1) type structure with space group no. 225 . In
the conventional structure of BaS, the Ba and S atoms
are located at the (0, 0, 0) and (0.5, 0.5, 0.5) sites,
respectively. We have substituted the Ba4S4 supercells
by one, two and Ti atoms at the Ba sites to generate
respectively the Ba3TiS4, Ba2Ti2S4, and BaTi3S4 super-
cells equivalent to Ba0.75Ti0.25S for concentration

, Ba0.5Ti0.5S for  and Ba0.25Ti0.75S for
. The Ba0.5Ti0.5S owns tetragonal structure

with space group no. 123 , whilst the
Ba0.75Ti0.25S and Ba0.25Ti0.75S have cubic structures
space group no. 221 .

The generalized gradient approximation proposed
by Wu and Cohen (GGA-WC) [34] is employed to
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calculate structural parameters of Ba1 – xTixS materi-
als, while the Tran–Blaha modified Becke–Johnson
(TB-mBJ) potential [35, 36] is used to obtain mag-
netic properties, exchange splittings, and perfect elec-
tronic structures with improved gaps. We have selected
the mean radii of Muffin-tin spheres for Ba, S, and Ti
atoms to ensure that the spheres do not overlap. The
valence and core states are separated by a cutoff of
‒6 Ry. The wavefunctions have developed to plane
waves by means of a cutoff  at the
interstitial sites, where the  corresponds to the
average radius of the muffin-tin sphere and 
describes the size of the largest  vector in the plane
wave. The charge density is extended in Fourier up to

 (au)–1, where  describes the largest vec-
tor in the Fourier expansion. The Brillouin zone sam-
pling is performed with the Monkhorst–Pack mesh
[37] by the use of (4 × 4 × 4) special k-points for
Ba0.75Ti0.25S and Ba0.25Ti0.75S, (4 × 4 × 3) for
Ba0.5Ti0.5S and (10 × 10 × 10) for BaS. The self-con-
sistent is reached when the total energy converges
towards 0.1 mRy.

3. RESULTS AND DISCUSSIONS

3.1. Structural Properties

We performed the optimization of structures by
varying of total energies as a function of the volumes of
supercells of Ba1 – xTixS systems. These variations were
adjusted by the Murnaghan equation of state [38] to
determine the equilibrium structural parameters of
BaS, Ba0.75Ti0.25S, Ba0.5Ti0.5S, and Ba0.25Ti0.75S materi-

= .max MT9 0/K R
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Fig. 1. (Color online) Spin-polarized band structures of Ba0.75Ti0.25S for (a) majority spins (up) and (b) minority spins (down).

spin-down

F F
als. The results for lattice constants, bulk moduli (B)
and their pressure derivatives  are given in Table 1.
For comparison purposes, we have also presented with
our results other experimental data [21, 39] and theo-
retical calculations [27, 40–44] obtained by GGA-WC
[34], local density approximation (LDA) [45], and
generalized gradient approximation of Perdew–
Burke–Ernzerhof (GGA-PBE) [46]. The calculated
lattice parameter and bulk modulus of BaS are consis-
tent with experimental values [21, 39], theoretical
GGA-WC calculations, and with GGA-PBE approx-
imations. The better performance of the GGA-WC
approximation for characterizing structural parame-
ters is due to the fourth order expansion of its gradient
of exchange and correlation functional [34]. On the
other hand, the difference between the sizes of ionic
radii of the Ba atom and the substituted Ti impurity
causes variation of the lattice parameter. As a result,
the bulk modulus increases when the lattice parameter
decreases with raising the Ti concentration, leading to
the hardness of Ba1 – xTixS ternary systems compared
to the BaS binary compound.

3.2. Spin-Polarized Electronic Structures 
and Half-Metallic Properties

We consider in this section the electronic struc-
tures as well as the half-metallic behavior of Ba1 – xTixS
materials at concentrations , 0.5, and 0.75.
The calculations of the electronic properties were per-
formed using the TB-mBJ potential [35, 36], which
improves the band structures and gives perfect values
for the gaps. Figures 1–3 show the computed spin-
polarized band structures of Ba0.75Ti0.25S, Ba0.5Ti0.5S,

( ')B

= .0 25x
and Ba0.25Ti0.75S, respectively. For the two concentra-
tions  and 0.5, the Ba0.75Ti0.25S, Ba0.5Ti0.5S
compounds reveal a half-metallic ferromagnetic
behavior resulted from metallic nature of majority-
spin bands and semiconducting minority-spin bands.
In contrast, the Ba0.25Ti0.75S at high concentration

 has metallic character because the Fermi
level EF is dominated by bands for both majority-spin
and minority-spin directions. The semiconductor
minority spins of both Ba0.75Ti0.25S, Ba0.5Ti0.5S materi-
als are characterized by the half-metallic ferromag-
netic gap, which corresponds to the separation
between the maximum of the valence band and the
minimum of the conduction band. Another gap used
for characterizing minority spins is known as half-
metallic gap; it determines the smallest energy
between the absolute value of energy of valence band
maximum for majority (minority)-spin and the energy
of the conduction band minimum for majority
(minority)-spin with respect to the Fermi level
[47, 48].

The computed half-metallic ferromagnetic gaps
 and half-metallic gaps  are summarized

in Table 2. The metallic character of the Ba1 – xTixS
compounds is due to the localized 3d states of titanium
(Ti) in the gap that overlap with Fermi level. In the
case of both Ba0.75Ti0.25S, Ba0.5Ti0.5S materials, the 3d
(Ti) levels are located at the bottom of conduction
bands of minority spins far than Fermi level. The
Ba0.75Ti0.25S compound has a large half-metallic (HM)
gap of 1.35 eV, which represents the absolute value of
energy of valence band maximum for minority-spin
bands with respect to the Fermi level. For concentra-
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Fig. 2. (Color online) Spin-polarized band structures of Ba0.5Ti0.5S for (a) majority spins (up) and (b) minority spins (down).

spin-down
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Fig. 3. (Color online) Spin-polarized band structures of Ba0.25Ti0.75S for (a) majority spins (up) and (b) minority spins (down).

spin-down
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tion , the 3d (Ti) levels positioned at the bot-

tom of conduction bands of minority spins moves

towards Fermi level due to increase in concentration of

(Ti), leading to the shift of HM gap above Fermi level.

In this case, the HM gap of the Ba0.5Ti0.5S equals to

0.51 eV, which corresponds to the energy of the con-

duction band minimum of minority-spin bands with

respect to the Fermi level. For the high concentration

, the 3d levels of the minority spins broaden

= .0 5x

= .0 75x
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strongly in the gap, where their states dominate Fermi

level. Thus, the Ba0.25Ti0.75S exhibits metallic nature

for two spins channels.

The total and partial densities of states for

Ba0.75Ti0.25S, Ba0.5Ti0.5S, and Ba0.25Ti0.75S materials are

given by Figs. 4–6. The contributions of total densities

of states of majority and minority spins around Fermi

level determine the polarization of spin-polarized
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Table 2. Computed half-metallic ferromagnetic (HMF) gap ( ) and half-metallic (HM) gap ( ) of minority-spin

bands for Ba0.75Ti0.25S, Ba0.5Ti0.5S, and Ba0.25Ti0.75S

Compound , eV , eV , states/eV , states/eV P, %

Ba0.75Ti0.25S 2.73 1.35 1.346 0 100

Ba0.5Ti0.5S 1.73 0.51 0.1528 0 100

Ba0.25Ti0.75S No No 4.646 1.591 48.98

HMFG HMG

HMFG HMG ↑ F( )D E ↓ F( )D E

HMFG HMG
material. The polarization  of each Ba1 – xTixS dop-

ing compound is given by the expression [49]

(1)

where  and  are the total densities of

states (DOSs) for majority and minority spins at the

Fermi level EF, respectively. The values of DOS at EF

for both spin directions as well as the polarization 

of Ba1 – xTixS compounds at different concentrations

are given in Table 2. The non-zero values of 

and  at the Fermi level for the high concen-

tration  suggest that the Ba0.25Ti0.75S is metal-

lic in nature. For both Ba0.75Ti0.25S and Ba0.5Ti0.5S

materials, the majority-spin states are metallic due to

p–d hybridization between p (S) and 3d (Ti) levels

around Fermi level, while the minority spins have no

states at the Fermi level. Therefore,  are not

zero, whereas  equals to zero, meaning that

( )P

↑ − ↓= ,
↑ + ↓

F F

F F

| ( ) ( )|

| ( ) ( )|

D E D EP
D E D E
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Fig. 4. (Color online) Spin-polarized total and partial densities 

and (b) partial DOSs of d (Ti),  (Ti),  (Ti), p (Ba), and p (S

spin-down

F

2gt ge
. Consequently, Ba1 – xTixS at concentrations

 and 0.5 are half-metallic ferromagnetic with
spin polarizations of 100% and appear to be good can-
didates for spintronics applications.

Moreover, Figs. 4a and 5a show that the upper part
of valence bands for majority spins are dominated by
the main contribution of Ti atoms and small contribu-
tions of Ba and S atoms. The valence bands for two
spins directions are mainly populated by the p (S)
states with minor contributions of p (Ba) and 3d (Ti)
states in the range of –3.6 to –1.2, –4.6 to –1.3 eV for
Ba0.75Ti0.25S and Ba0.5Ti0.5S. In Ba1 – xTixS materials,

the S ions create an octahedral crystal field around Ti
site, which splits the five-fold degenerate 3d levels into

three low-lying  ( , , and ) and two high-

lying  (  and ) symmetry states as shown in

Figs. 4b, 5b, and 6b. The partial densities of states

demonstrate that the  states are located at high ener-

gies compared to  states, confirming that the Ti ion

is positioned in the octahedral environment. The dou-
ble-exchange model is used by Sato et al. [50, 51] to

= 1P
= .0 25x

2gt xyd xzd yzd

ge 2zd −2 2x yd

ge

2gt
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Fig. 5. (Color online) Spin-polarized total and partial densities of states (DOS) of Ba0.5Ti0.5S. (a) Total DOS of Ba, S, and Ti

and (b) partial DOS of d (Ti),  (Ti),  (Ti), p (Ba), and p (S).

FF

spin-down

spin-down

2gt ge

Fig. 6. (Color online) Spin-polarized total and partial densities of states (DOS) of Ba0.25Ti0.75S. (a) Total DOS of Ba, S, and Ti

and (b) partial DOS of d (Ti),  (Ti),  (Ti), p (Ba) and p (S).

spin-down

spin-down

F F
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elucidate the origin of magnetism in DMS doped with

transition metals (TM) in which the 3d (TM) states are

partially occupied. In Ba1 – xTixS materials, the 3d (Ti)

levels are partially occupied because the  states are

empty sited at the bottom of conduction bands and 

are partially occupied states. Consequently, 3d (Ti)

partially filled states suggest the stability of ferromag-

netic configuration in Ba1 – xTixS compounds associ-

ated with double exchange mechanism [52].

ge

2gt
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3.3. Magnetic Properties

3.3.1. Magnetic moments. In Ba1 – xTixS materials,

the Ti magnetic impurity substituted at Ba site con-
tributes two electrons to the p states of S ion and keeps
two unpaired electrons in the 3d levels. Thus, the 3d
(Ti) partially occupied states are localized at the Fermi
level and create hole-type acceptor carriers, which
produce magnetism in the Ba1–xTixS compounds. The

two unpaired electrons of the partially occupied 3d
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Table 3. Computed total and partial magnetic moments (in
Bohr magneton μB) of relevant Ti, Ba, and S muffin-tin
spheres and in the interstitial sites for Ba0.75Ti0.25S,
Ba0.5Ti0.5S, and Ba0.25Ti0.75S

Magnetic moment 

per atom
Ba0.75Ti0.25S Ba0.5Ti0.5S Ba0.25Ti0.75S

Cr number 1 (μB) 1.7409 1.7125 1.3586

Cr number 2 (μB) No atom 1.7125 1.3006

Cr number 3 (μB) No atom No atom 1.2785

Ba number 2 (μB) 0.0003 No atom No atom

Ba number 3 (μB) 0.0018 0.0057 No atom

Ba number 4 (μB) 0.0018 0.0057 0.0199

S number 5 (μB) 0.0001 0.0138 0.0440

S number 6 (μB) 0.0114 0.0138 0.0475

S number 7 (μB) 0.0046 0.0115 0.0531

S number 8 (μB) 0.0046 0.0115 0.0083

Interstitial (μB) 0.2346 0.5132 0.8181

Total (μB) 2.0001 4.0002 4.9286

Table 4. Computed exchange couplings  and  and

indirect exchange splittings  of Ba0.75Ti0.25S and

Ba0.5Ti0.5S

Compound , eV

Ba0.75Ti0.25S –0.273 –1.940 –1.347

Ba0.5Ti0.5S 0.216 –0.791 –1.221

α0N β0N
Δ ( )x pd

α0N β0N Δ ( )x pd
(Ti) states induce a total magnetic moment of 2μB per

Ti ion, where μB is the Bohr magneton. Table 3 sum-

marizes the calculated total and partial magnetic
moments of relevant Ti, Ba, and S atoms and in inter-
stitial sites for Ba0.75Ti0.25S, Ba0.5Ti0.5S, and

Ba0.25Ti0.75S compounds. The positive partial mag-

netic moments of Ti, Ba, and S for all Ba1 – xTixS mate-

rials reveal that the magnetic spins of Ti, Ba, and S
interact ferromagnetically. For Ba0.75Ti0.25S and

Ba0.5Ti0.5S compounds, the magnetic moments of Ti

atoms are reduced less than 2 and 4 μB as well as weak

moments result on the Ba and S sites due to the p–d
exchange interaction between p (S) and 3d (Ti) states.

3.3.2. Exchange constants and exchange splittings.
The exchange couplings between the substituted mag-
netic Ti impurity and the conduction and valence

states are described by the two parameters  and

 known as the exchange constants. The parameter

 corresponds to the exchange coupling between
the s-type conduction bands and 3d (Ti) levels,
whereas the exchange coupling between the p-type
valence bands and 3d (Ti) levels is characterized by the

constant . These two parameters are determined
by the mean-field theory using the expressions
[53, 54]

(2)

(3)

where  and  represent

the difference energies at the high symmetry point 
respectively of the conduction and valence band-edge

spin-splittings. The quantities  and x correspond to
half the total magnetic moment per Ti ion and the
concentration of Ti, respectively [53]. The calculated

exchange parameters  and  are presented in

Table 4. The parameter  is negative for Ba0.75Ti0.25S

and Ba0.5Ti0.5S, indicating antiferromagnetic coupling

between p-type valence bands and 3d (Ti) states. The

parameter  is negative and positive for concentra-

tions  and 0.5, respectively, demonstrating
that the exchange couplings between 3d (Ti) levels and
s-type conduction bands are antiferromagnetic and
ferromagnetic for Ba0.75Ti0.25S and Ba0.5Ti0.5S, respec-

tively.

In the Ba1 – xTixS materials, the  states are empty,

while the  partially occupied states creates one

acceptor hole type carrier and hybridize with the host
valence band. Therefore, the localized electrons of
3d (Ti) states at the top of valence bands generate
ferromagnetism mediated by holes [55, 56]. The

 indirect exchange splitting is
important parameter to describe the magnitude of fer-

α0N
β0N
α0N

β0N

Δα = ,
 

0
cEN

x s

Δβ = ,
 

v

0

EN
x s

↓ ↑Δ = −c c cE E E ↓ ↑Δ = −
v v v

E E E
Γ

 s

α0N β0N
β0N

α0N
= .0 25x

ge
2gt

↓ ↑Δ = −
v v

( )x pd E E
romagnetism in spin-polarized materials. It is deter-

mined from the difference between  and  ener-
gies of valence band maximums respectively for
minority-spin and majority-spin bands. The calcu-
lated indirect exchange splittings of Ba0.75Ti0.25S and

Ba0.5Ti0.5S compounds are given in Table 4. The values

for Ba0.75Ti0.25S and Ba0.5Ti0.5S materials are negative

because the valence band maximums of majority spins
overlap with the Fermi level, while the valence band
maximums of the minority spins are located at lower
energies below Fermi level. This process results in a
more attractive (negative) potential for the minority
spins compared to the majority spins [57], generating
strongly localized electronic states that endorse the
ferromagnetic state in the Ba0.75Ti0.25S and Ba0.5Ti0.5S

materials.

4. CONCLUSIONS

The structural parameters, electronic structures,
half-metallicity, ferromagnetic properties and
exchange splittings in the Ba1 – xTixS compounds at

different concentrations , 0.5, and 0.75 were

↓
v

E ↑
v

E

= .0 25x
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investigated by the use of the first-principle computa-
tions of DFT. The results of structural parameters of
BaS are consistent with the experimental data and
recent theoretical calculations due to better perfor-
mance of GGA-WC functional for characterizing
structural properties. The difference between the size
of Ba and Ti ionic radii leads to the decrease in lattice
parameter and increase in bulk modulus, and hence
the Ba1 – xTixS compounds become harder than BaS.

The calculations of electronic and magnetic properties
with TB-mBJ potential allowed us to find that
Ba0.25Ti0.75S is metallic in nature, while the

Ba0.75Ti0.25S and Ba0.5Ti0.5S compounds are half-

metallic ferromagnetic with 100% spin polarizations.
In Ba0.75Ti0.25S and Ba0.5Ti0.5S, the ferromagnetic con-

figuration is stabilized by 3d (Ti) partially occupied
states associated with double exchange. The negative
values of indirect exchange splittings suggest that the
minority spins have attractive potential, which
endorses the ferromagnetic state in the Ba0.75Ti0.25S

and Ba0.5Ti0.5S compounds. In addition, the

Ba0.75Ti0.25S at weak concentration  exhibits

large half-metallic gap than that of Ba0.5Ti0.5S. Conse-

quently, Ba1 – xTixS materials doped with titanium at

low concentration appear to be useful candidates for
spin-injection in semiconductors spintronics.
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