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Abstract—The object of this study is to investigate the half-metallicity, electronic structures and magnetic in
the Ba1 – xMnxO compounds under the effect of substitution of Mn impurity at the different composition x =
0.25, 0.5, and 0.75 by the use of density functional theory (DFT) based first principle calculations. The half-
metallic ferromagnetism is explained by analyzing the density of states. The ferromagnetic states configura-
tion is originated from the 3d-eg (Mn) partially filled states associated with p–d exchange mechanism. For
the three concentrations, the total magnetic moment is integral member, which is mainly contributed by the
magnetic moment Mn atom. We have found that Ba0.75Mn0.25O, Ba0.5Mn0. 5O and Ba0.25Mn0.75O com-
pounds have direct half-metallic ferromagnetic gaps of 0.834, 0.58 and 0.368 eV, respectively, which decrease
with increasing Mn concentration. Therefore, the Ba1 – xMnxO materials seem to be potential candidates for
possible applications of semiconductor spintronics.

Keywords: FP-LAPW method, Mn doped BaO, ferromagnetism, electronic structures, spintronics appli-
cations
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INTRODUCTION
The spintronics technology is a modern field of

electronics, which has various advantages over con-
ventional electronics. The spintronics use the spin of
electron in addition to it charge in electronic devices
because low energy is required to manipulate the spin
orientation.

Spintronics has many potential beneficial applica-
tions for spintronics-based transistors, for example the
ability to integrate data process and storage at the same
time and controlling of spin currents with an external
magnetic field. Among the spintronics applications,
the ferromagnetic electrodes that serve as reservoirs of
spin-polarized electrons from which nonequilibrium
spin population is injected in a typically nonmagnetic
or insulating material. These polarized spins are then
transferred within times typically shorter than their
characteristic spin relaxation time through aforemen-
tioned nonmagnetic or insulating material and finally
detected at another ferromagnetic or superconducting
electrode [1], that is the concept of spin-field effect
transistor (spin-FET) has been proposed by Datta and
Das the “Datta-Das” spin modulator [2].

In ferromagnetic semiconductors doped with small
fraction of the magnetic impurities such as ions of

manganese (Mn), each magnetic ion is substituted on
a cationic site and induces a local magnetic moment,
as well as an extra hole due to the mismatch of the
electronic structure of the two ions. These holes are
weakly correlated to the acceptor ions and circulate
throughout the system. They interact with the mag-
netic ions, d orbitals via the p–d hybridization. Among
the recent work which treats the effect of defects
resulting from the substitution of transition metals in a
semiconductor, we can cite the study of Ivády et al.,
[3], which analyzes the correction of the hybrid func-
tion HSE06 on the possibility of locating defect states.

In literature, several ferromagnetic semiconductors
such as EuS, EuO, CdCr2S4 and CdCr2Se4 [4],
Ga1 ‒ xMnxN [5–7], Ba1 – xCrxO [8] and Ba1 – xCrxSe
[9] have been studied in order to characterize their
electronic and magnetic properties. Besides, some
first-principle calculations have been carried out to
investigate the phase stability of transition metals
implanted in MgO and BaO. Misra et al., [10] found
that TM dopants in the BaO are localized on intersti-
tial sites instead of cation sites for a diluted doping
limit.

According to Strewlow and Cook [11], the experi-
mental value of the energy gap for BaO is equal to

1Ba Mn Oxx−
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Table1. Lattice constants a, bulk modulus B and its pressure
derivative B ' of 

a, Å B, GPa B '

Ba0.75Mn0.25O 5.3056 87.098 4.35

Ba0.5Mn0.5O 5.0811 100.187 4.62

Ba0.25Mn0.75O 4.8035 123.33 3.83

( )− =1Ba Mn O 0.25,0.5, and  0.75x x x

4.8 eV, whereas, the theoretical values previously
found are 2.08 [12], 2 [13], and 1.75 eV [14]. Several
experimental and theoretical studies have studied the
behavior of the electronic structure of manganese
oxide MnO. Kuneš et al., [15] use the LDA + DMFT
approach to describe the Mott transition in MnO,
which is considered as the example of the canonical
Mott insulators and it has the partially filled 3d states
leading to a spherical magnetic moment. The elec-
tronic structure of MnO shifts from metal to an insu-
lator with a change of structural phase under the effect
of pressure due to the very sensitive 3d bandwidth [15].
According to the study of Pask et al., [16], the MnO is
an insulator with an antiferromagnetic order AFII.

Solovyev [17] found that the electronic structure of
the narrow band MnO is in good agreement with the
photoemission spectra.

The theoretical calculations performed by the Har-
tree–Fock approximation revealed that the electronic
structure of the ground state of MnO has an insulating
character with a wide band gap about ~13 eV [18]. On
the other hand, the Massidda et al., [19] and Fujimori
et al., [20] found that MnO has gap width around
~3.5–4.0 and ~7.5 eV, respectively. This means that
most of the theoretical calculations underestimate the
experimental energy gap for both BaO and MnO. The
high Curie temperature and the growth technology are
important features sought in novel diluted magnetic
semiconductors (DMS). T. Dietl and al., [21] have
used the Zener’s model of ferromagnetism to explain
Curie temperature (TC) for various p-type zinc-blende
magnetic semiconductors, where the magnetism is
originated from sp–d hybridization.

However, most of the work published on high tem-
perature magnetic order DMS materials has involved
n-type materials such as Co-doped ZnO or Mn-doped
GaN.

Recently, ferromagnetic semiconductors have
attracted the intention of the scientific community for
new applications of spintronic devices. In this context,
we provided a detailed study on a magnetic semicon-
ductor, which has properties suitable for spintronics
applications.

The object of this study is to investigate the elec-
tronic structures, magnetic properties and half-metal-
licity in the Ba1 – xMnxO alloys, using the density func-
tional theory (DFT) [22], where the exchange et cor-
relation potential is treated by the generalized gradient
approximation functional of Wu and Cohen [23].

Calculation Details

All calculations were performed using full-poten-
tial linearized augmented-plane-wave (FP-LAPW)
method [24] as implemented in the WIEN2k package
provided by Blaha, Schwartz, and coworkers [25–27].
The Wu and Cohen version of the generalized gradi-
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
ent-approximation (GGA) to the exchange correla-
tion functional of DFT was adopted [23].

The muffin-tin radii were chosen to minimize the
interstitial space and ensure that the muffin-tin
spheres do not overlap. We have taken the muffin-tin
radii (RMT) of 2.59, 2.1, and 2.05 for Ba, O, and Mn
atoms, respectively. The RMT × Kmax = 7 was used for
the number of plane waves, and the expansion of the
wave functions was set to lmax= 10 inside of the muffin-
tin spheres. The charge density was Fourier expanded
up to Gmax = 12 a.u.–1, where Gmax is the largest vector
in the Fourier expansion. The 13 × 13 × 13 k-points
meshes were used for the integration in the sampling
Brillouin zone. The energy convergence criterion was
set to 10–7 Ry.

RESULTS AND DISCUSSIONS
Structural Properties

To characterize the electronic and magnetic prop-
erties, we calculate in this section the structural
parameters of the Ba1 – xMnxO alloys at concentrations
x = 0.25, 0.5 and 0.75, the binary BaO compound has
the rock-salt NaCl (B1) structure with space group
( ) no. 225. We have substituted the Ba4O4 super-
cells of eight atoms by one, two and three Mn atoms at
Ba cationic sites to get respectively the concentrations
x = 0.25, 0.5 and 0.75. We have obtained the
Ba0.75Mn0.25O for x = 0.25 and Ba0.25Mn0.75O for x =
0.75 with cubic structures corresponding to space
group of  no. 221, while Ba0.5Mn0.5O supercell
for x = 0.5 has tetragonal structure with space group of

 no. 123.
The variations of total energies as a function of

equilibrium volumes of Ba1 – xMnxO compounds are
fitted with the empirical Murnaghan’s equation of
state [28] to determine the structural parameters. The
calculated lattice constants (a), bulk modules (B) and
their pressure derivatives (B ') of Ba1 – xMnxO alloys at
concentrations x = 0.25, 0.5, and 0.75 are summarized
in Table 1.

From the Fig. 1, we have depicted that the stiffness
increases with decreasing the lattice constant as the

3Fm m

3Pm m

4P mmm
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Fig. 1. Variation of lattice constant a (Å) and bulk modulus
B (GPa) of Ba1 – xMnxO as a function of composition x.
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Fig. 2. Band structures of majority spin (red) and minority
spin (green) for  (x = 0.25, 0.5, and 0.75).
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concentration of Mn increases. The decrease in the
lattice constant is due to the fact that the size of
the ionic radius of Mn atom is smaller than that the
Ba atom. The same behaviors of lattice constant and
bulk modulus were found by Lakhdari et al., [29] for
Ba1 – xCrxO at concentrations x = 0.25, 0.5 and 0.75.
We have noticed that there are no experimental or the-
oretical results to compare them with our results.

Electronic Properties
In this section, we have performed the calculations

of the electronic structures by the use of computed
theoretical values of lattice parameters. The electronic
states such as 5p66s2 of Ba, 2s22p4 of O and 4s23d5 of
Mn are treated as valence electrons.

To represent the band structure, the energy is cal-
culated as a function of the wave vector by the energy
dispersion relation  in the Brillion zone. Firstly,
we have found that our compounds have semiconduc-
tor behavior with direct gaps for minority spins
because the valence band maxima and the conduction
band point minimum occur at the Γ point (k = 0),
whereas majority spins have a metallic character.
From the band structures, it can clearly be seen that
the increase in the concentration of the substituted
Mn atom has a direct effect on the decrease in the
half-metallic ferromagnetic gap of minority spins.

The analysis of electronic structures shows that the
rather large shift of the occupied majority d-states for
different concentrations is compensated by a shift of
the unoccupied minority d-Mn states, which keeps the
exchange splitting.

The band structures of Ba1 – xMnxO at concentra-
tions x = 0.25, 0.5 and 0.75 are displayed by Fig. 2.

We can see that the substituting manganese (Mn)
impurities in BaO compound have considerable effect

( )�E k
PHYSICS OF METAL
on electronic structures. In the case of the minority
states, the half metallic gap decreases with increasing
Mn concentration. The majority-spin bands are more
in number (bands in green colors) than the minority-
spin bands (bands in red colors), consequently the
S AND METALLOGRAPHY  Vol. 122  No. 13  2021
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Fig. 3. Total and partial density of states DOS of

 (x = 0.25, 0.5, and 0.75).
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half-metallic ferromagnetic gap (GHMF) and half-

metallic gap (GHM) are created in the minority-spin

bands (see Fig, 2). The half-metallic gap is an import-
ant factor to determine the importance of the DMS
[30, 31].

The Density of States

The essential features in spintronic devices are the
injection, the transfer and the control of the spin
polarized carriers. The half-metallic ferromagnetic
materials have an unequal density of states (DOS) of
majority-spin and minority-spin states at the Fermi
level. In Figs. 3a–3c, we can see that Ba1 – xMnxO

compounds for all concentrations x = 0.25, 0.5, and
0.75 have half-metallic ferromagnetic gaps for in
minority-spin states. The common point for alloys at
different concentrations is that Fermi level is located at
the top of the valence band for majority-spin states.

From the DOS of majority-spin states, we can see
that the upper part of 3d-Mn states centered at
‒3.05 eV for Ba0.75Mn0.25O are shifted to –2.6 eV for

Ba0.5Mn0.5O.

After examining the electronic structure in more
peculiarity detail, some particular-changes are found.
For example, the displacement considerable shift of
the occupied majority d-states is compensated by a
move of the occupied minority d-states, and this keeps
the exchange splitting rather fixed.

This result is revealed by the splitting of the occu-
pied minority d-Mn states (seen at 1.45, 1.77, and
2.05 eV for 0.25, 0.5, and 0.75 Mn composition,
respectively) thus, that. The unoccupied d-Mn states of
the minority spin move toward Fermi level with
increasing Mn concentration, and the half-metallic gap
is reduced from 0.12 eV for Ba0.75Mn0.25O to 0.044 eV

for Ba0.5Mn0.5O to 0.019 eV for Ba0.25Mn0.75O. The

Ba1 – xMnxO materials maintain a half-metallic behav-

ior, which make them possible candidates for spin-
tronics applications. our calculations are given in
Figs. 3a–3c. Ba-6s states are approximately localized
in intervals [3, 12] and [–9, –12]. Mn-3d states are
observed around EF, we found that the spin polariza-

tion at the Fermi level is about 100%. Our findings are
encouraging for spintronics applications, due to the
robustness of the half-metallicity of our materials.

The disorder improves the resistivity without much
reduction in Curie temperature for most types of
chemical disorder materials.

Magnetic Properties

We find that the exchange nature in our compound
is of the double-exchange type which stabilizes the fer-
romagnetic state. The exchange splitting has to be
larger than the crystal field splitting between t2g and eg

orbitals.
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1
Usually, in the II–VI DMS doped Mn, the intrin-

sic characteristic is preserved and the exchange cou-

pling of local moments is dominated by the super-

exchange coupling [32]. Since the magnetic impurity

concentration is small in the diluted magnetic semi-

conductors (DMS), the magnetic interactions in this
22  No. 13  2021
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Fig. 4. Density of states of the eg twofold generate and t2g

threefold degenerate DOS for Mn atom of 

(x = 0.25, 0.5, and 0.75).
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Fig. 5. Variation the half-metallic gap  and total mag-

netic moment of  as a function of composition.
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kind of material are mainly caused by itinerant holes,
which align the magnetic moments and create ferro-
magnetic arrangement. In our compounds, the t2g-d
PHYSICS OF METAL
(Mn) states occur below the states eg (Mn) because the

atom Mn is situated in the octahedral surroundings.

The 3d-Mn of majority-spin states is located
almost below Fermi level (see Figs. 4a–4c), meaning
that these states are fully filled. Where the t2g (Mn)

majority-spin states are wholly fill with five electrons,
yet the eg (Mn) states are empty (see Figs. 4a–4c).

Therefore, the 3d (Mn) states are completely filled by
five electrons, which give rise a total magnetic
moment of 5 μB per Mn atom. The calculated total

magnetic moment and the partial magnetic moment
of the Ba, O and Mn atoms are summarized in Table 2.

In Table 2, We give the total and partial magnetic
moment of the Ba, O, and Mn atoms. From the Table 2,
we can draw the following results:

Firstly, it shows that the magnetic moment of the
Mn atom is 4.3 μB for the three concentrations x =

0.25, 0.5, and 0.75.

Secondly, it is clear that the total magnetic
moments are mainly originated from the partial mag-
netic moments of the Mn atoms, while the contribu-
tions of partial magnetic moments of the Ba and O
atoms are negligible. We show that the total magnetic
moment increases with the increasing Mn concentra-
tion by step of 0.01 μB for the magnetic moment of Mn

(see Fig. 5).

The computed total magnetic moment  and

half-metallic ferromagnetic band gap  at versus

concentration were fitted by the polynomial equation
given by the following expressions:

Totm
gE

 = − + −


= − +

2

Tot

2

HMF

0.058 20.264 0.24

1.13 1.268 0.336

m x x

G x x
S AND METALLOGRAPHY  Vol. 122  No. 13  2021
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Table 2. Calculated total, local magnetic moment, half-metallic ferromagnetic gap  and half-metallic gap  of

minority-spin bands for 

4.993 4.296 –0.0001 0.0588 0.834 0.019

10.014 4.306 0.072 0.198 0.580 0.044

15.005 4.311 0.0048 0.353 0.368 0.12

HMFG HMG
( )− =1Ba Mn O  0.25, 0.5, and  0.75x x x

Tot B(μ )m Mn B(μ )m Ba B(μ )m O Bm (μ ) ( )g HMF , eVE G hm  V, eG

0.75 0.25Ba Mn O

0.5 0.5Ba Mn O

0.25 0.75Ba Mn O
Exchange Coupling

The DMS material becomes highly disordered due
to magnetic impurities that are randomly scattered
and that rise the magnetic exchanges interactions.
Consequently, As the result, the DMS fall under cate-
gory of strongly correlated systems where static mean-
field approach is too homely to capture the complexity
of the material to obtain a magnetic order between the
host atoms and the magnetic atom.

It is very useful to treat exchange coupling in DMS
by exchange constants, which are important parame-
ters characterizing DMS for spintronic applications.

The sp–d exchange constant  and  are
determined from the following mean-field theory
expressions [33, 34]:

where  is the conduction band-edge

spin splitting and  is the valence band-
edge spin splitting at the Γ symmetry point, x is the
concentration of Mn per atom, and s is half magneti-
zation per Mn ion. The results of the exchange con-
stants are displayed by the Table 3. We have noticed

that the  with the increase of Mn concentration,

whereas  decreasing with increasing Mn concen-

tration. The  and  parameters are positives for
all concentrations. Therefore, the exchange couplings
between the 3d-Mn and the valence and conduction
bands are ferromagnetic. The variation of the

α0N β0N

Δ Δα = β =c v
0 0and ,

E EN N
xs xs

↓ ↑Δ = −c c cE E E
↓ ↑Δ = −v v vE E E

β0N
α0N

α0N β0N
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Table 3. Calculated conduction and valence band-edge

spin splitting  and  and exchange constants 

and  for 

0.831 0.017 1.561 0.031

0.604 0.11 0.526 0.102

0.554 0.195 0.257 0.120

Δ cE Δ vE α0 N
β0N ( )− =1Ba Mn O  0.25, 0.5,  and  0.75x x x

( )Δc
pdx ( )Δv

pdx α0N β0N

0.75 0.25Ba Mn O

0.5 0.5Ba Mn O

0.25 0.75Ba Mn O
exchange constants with the concentration were
adjusted by the polynomial equation:

the small value of  is due the weak ferromagnetic
exchange coupling between the magnetic Mn atoms
and the nearest neighbors. This exchange decreases as
the concentration of magnetic Mn atoms increases.

SUMMARY

The results of the our theoretical calculations that
we performed using the FP-LAPW method to
describe the electronic and magnetic properties of the

 coumpound. Within the GGA approach,
one can demonstrate the appearance of a minority
spin band gap. However, for d-character electrons, the
calculated gap is signicantly reduced, states appearing
around the Fermi level.

The substitution of a host semiconductor BaO by
the transition metal atom Mn influence in the nature
of the material, so, we notice that the gap of the
minority spins decrease with increasing the concen-
tration Mn, this substitution procedure opens a way to
control the gap depending on our technological needs.

According to our results, the material 
Keep the half-metallic behavior and is a good poten-
tial candidates in the technological application espe-
cially in the spintronic field.
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