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In this study, our goal is to analyze the origin of magnetization in non magnetic cubic structure perovskite BaSnO3 doped with 2p-X (X=C,
N) using the full potential linearized augmented plane wave (FP-LAPW) method based on density functional theory (DFT). For the exchange
and correlation potential we have applied two approaches: generalized gradient (GGA) and GGA plus-modified Becke and Johnson potential
(mBJ-GGA). The results show that BaSnO3 doped with C then with N and finally with C plus N exhibit half-metallic ferromagnetism
behavior with the integer magnetic moment of 1, 2 and 3µB per cell respectively. The origin of the ferromagnetism that occurs within these
compounds is mainly caused by the p-p hybridization between 2p-impurities and its neighboring oxygen atoms. These results allowed to
conclude that doped perovskite could provide a new type of materials, called half-metallic for future spintronics devices.
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1. Introduction

Perovskite oxides of the general formula ABX3 [1] have been
the subject of much research in recent decades due to their
potential applications in spintronics devices [2, 3]. Among
these, BaSnO3 is an important candidate because of their in-
teresting proprieties such as wide band gap semiconductor
(Eg = 3.1−3.4 eV) [4–6], high electron mobility at the room
temperature is reported to be up to 320 cm2V−1s−1 in bulk
single crystal [7, 8] and up to 150 cm2V−1s−1 in epitaxial
thin films of La-doped BaSnO3 [9], It is stable at high tem-
peratures up to 1273 K [10, 11]. A high Seebeck coefficient
of 58.9µV/K was achieved for the Sb-substituted BaSnO3 at
820 K [12].

Bouhemadou and Haddadi [13] studied the structural,
elastic, electronic and thermal properties of BaSnO3 using
the first principles calculations. The electronic, structural and
optical properties of perovskite BaSnO3 have been studied
using first principle calculations by Soleimanpour and Kan-
jouri [14]. S.Chahibet al. [15] studied the structural, elec-
tronic and optical properties of cobalt-doped BaSnO3 by first
principles calculations. Nandarapu Purushotham reddy and
et al. [16] prepared and characterized Sb-doped BaSnO3

for dye-sensitized solar cell. Yasukawaet al. [17] analyzed
the thermoelectric properties of La-doped BaSnO3 and they
found the value of ZT equal to 0.11 at 1073 K. However, a
deep study of the magneto-electronic properties of 2p-X(X=
C, N) impurities in BaSnO3 have not been done.

In this study, we are focusing on the possibility of the
magnetization for non magnetic perovskite doped with impu-
rities 2p-X (X= C, N).Our calculations are studied using the
full-potential linearized augmented plane wave (FP-LAPW)
method within the framework of density functional theory

(DFT). The results reveal that our systems doping by C, N
and C with N (Co-doped) present half-metallic behaviors
with the integer magnetic moments about to 2.00 , 1.00 and
3.00µB respectively.

Our paper is organized as follows: the computational de-
tails used in our calculations are presented in Sec. 2. Results
and discussion are presented in Sec. 3. Finally a brief con-
clusion is given in Sec. 4.

2. Computational details

The perovskite BaSnO3 crystallizes in a cubic structure
(space group Pm̄3m) where Ba , Sn and O atoms are lo-
cated at Ba: 1b (1/2, 1/2, 1/2), Sn: 1a (0, 0, 0) and O: 3d (0,
0, 1/2) respectively. In order to simulate BaSnO2.875X0.125

compounds, we have composed a super-cell of 40 atoms then
we replaced the O atom by 2p-X impurities (X= C, N) which
are positioned in the middle of the super cell. Using first prin-
ciple methods which are based on density functional theory
(DFT), we have studied the ground state properties of doped
and undoped BaSnO3 compounds by applying the method
of linearized augmented plane waves at total potential (FP-
LAPW) which is implemented in the Wien2k code [17]. As
exchange- correlation potential we have used the generalized
gradient (GGA) [18] and the modified Becke-Johnson poten-
tial (mBJ-GGA) [19]. The values of the muffin-tin (MT) radii
used for our calculations are 2.5, 2.3 and 1.6 u.a for Ba, Sn, O
respectively. The parameterRMT ×Kmax = 8 whereRMT

is the average radius of the MT spheres andKmax is the mag-
nitude of the largest k vector. Our self consistent calculations
are repeated until the convergence energy is less than or equal
to the value of10−5 Ry as well as the limit of the convergence
of charge is fixed at10−4 e.
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TABLE I. Tolerance factort, lattice constanta, bulk modulusB and its pressure derivativeB′, enthalpy of the formation energy∆H0f and
bonds length of the cubic perovskite BaSnO3 compared with the experimental data and other theoretical works.

BaSnO3

Our work Exp Theo

t 1.021

a(Å) 4.1917 4.116 [22] 4.1916 [13]

4.156, 4.186 [24]

B(GPa) 144.6 145.8 [22] 144 [13]

B′ 3.75 3.78 [13]

∆H0f (KJ/ mol) -16.6

Sn-O(Å) 2.088 2.058 [25] 22.028 [26], 2.071 [27]

Ba-O(Å) 2.954 2.910 [25] 2.868 [26], 2.929 [27]

Ba-Sn(̊A) 3.618 3.564 [25] 3.512 [26],3.587 [27]

3. Results and discussion

3.1. Structural properties

In order to determine the stability of BaSnO3 perovskite in
cubic phase, we have firstly calculated the Goldschmidt tol-
erance (t) factor [20] using the formula:

t =
(rBa + rO)√
2 (rSn + rO)

. (1)

The ionic radii arerBa2+ = 1.61 Å, rSn4+ = 0.69 Å and
rO2− = 1.4 Å [21]. The divergence of the tolerance factor t
with respect to the unit decreases the prospect of forming the
cubic phase as the stable structure. However; it increases the
prospect of forming less symmetrical states. The value of the
tolerance factor t obtained for BaSnO3 is equal to 1.021 (Ta-
ble I). Therefore, the structure of our material is cubic since
the value of t is between 0.99 and 1.06. On the other hand,
the thermodynamic stability of perovskite BaSnO3 was con-
firmed by calculating the enthalpy of the formation energy
∆H0f by using the following equation:

FIGURE 1. The total energy versus volume of BaSnO3.

∆H0f = EBaSnO3
T −

(
EBa

T + ESn
T +

3
2
EO2

T

)
, (2)

EBaSnO3
T , EBa

T , ESn
T andEO2

T represents the minimum total en-
ergy of the BaSnO3 , Ba, Sn and O2 respectively. From the
results reported in Table I, the energy of formation of BaSnO3

is negative and this confirms its thermodynamic stability, tak-
ing into consideration that this compound has already been
synthesized experimentally [22].

In order to find the ground states properties of BaSnO3

such as the lattice parameter a, bulk modulus B and its first
pressure derivative B’, we optimize the total energy for dif-
ferent volume which will then be adjusted to the Murnaghan
equation of state [23] as shown in Fig. 1. The lattice param-
eter; bulk modulus and its first pressure derivative are given
in Table I. It is clear that the lattice constant is underesti-
mated from the experimental results of1% . The small dif-
ference between the experimental and theoretical lattice con-
stant shows the reliability of our theoretical work. The bulk
modulus B obtained is in good agreement with the experi-
mental work [22] and theoretical investigations [13,24].

Turning now, to the average bond distances in BaSnO3

perovskite, as mentioned in Table I. The results obtained are
in good agreement with the experimental and theoretical val-
ues cited in the references [25,26].

3.2. Mechanical stability and isotropic character

The elastic constants play an important role in determining
the mechanical properties and offer information about the sta-
bility and the stiffness of the materials. By using the volume
conserving tetrahedral and rhombohedral distortions on the
cubic structure [28,29], we can calculate the elastic constants,
into three independent ones named C11, C12 and C44. The
traditional mechanical stability in this cubic structure leads
to the following restrictions on the elastic constants [30]:

Rev. Mex. Fis.70061602
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TABLE II. Elastic constantsCij , the shear modulusG, young modulusE, Poisson ratio, Zener coefficientA and Pugh ratioB/G of BaSnO3.
The units forCij , G, andE are gigapascals.

BaSnO3

Our work Exp Theo

C11 261.4 - 251.0 [27],358.5 [13], 285.2 [13]

C12 85.75 - 82.3 [27], 93.5 [13], 68.5 [13]

C44 87.38 - 98.1 [27], 110.3 [13], 84.3 [13]

G 87.55 99.9 [22] 118.7 [13] ,93.2 [13], 84 [24]

E 218.47 244 [22] 292.4 [13],229.1 [13], 207 [24]

v 0.24 - 0.232 [13], 0.229 [13], 0.23 [24]

A 0.99 - 1.16 [27], 0.83 [13], 0.78 [13]

B/G 1.65 - 1.53 [13],1.51 [13].

C11 − C12 > 0, C44 > 0,

C11 + 2C12 > 0, C12 < B < C11. (3)

According to the results of Table II, the compound BaSnO3 is
mechanically stable because the satisfaction of these stability
conditions. Moreover, our elastic constants achieve in agree-
ment with the other results available in the literature [13,27].
On the other hand, the bulk modulus calculated from theoret-
ical values of elastic constant:B = 1/3(C11 +2C44) for this
compound corresponds to that obtained in the fit Murnaghan
equation [23].

Moving now to the mechanical properties, the shear mod-
ulus G which describes the response to shear stress, the
young modulusE represents the ability of a material to de-
form elastically, Poisson’s ratiov which can give an idea
about the nature of the deformation have been calculated and
presented in Table II. The relationship between these param-
eters and elastic constants are displayed as follows [30–33]:

E =
9BG

3B + G
, (4)

G =
GV + GR

2





GR = 5C44(C11−C12)
[4C44+3(C11−C12)]

GV = [C11−C12+3C44]
5

(5)

v =
3B − 2G

2(3B + G)
. (6)

The Brittle and ductile nature of a material, Pugh [34]
proposed an empirical relationship ofB/G where the shear
modulusG represents the resistance to plastic deformation
while B shows the resistance to fracture. According to him,
if the B/G ratio is greater than 1.75 the material is consid-
ered to be ductile, otherwise is brittle. So, we deduce from
the Table II that this compound is classified as a brittle mate-
rial.

Frantsevich [35] separated the ductility and the brittleness
of materials in terms of Poisson’s ratio and according to

FIGURE 2. Band structures of BaSnO3 with GGA and mBJ-GGA.
The Fermi level is located at 0 eV.

their rule, the critical value is equal to 0.26 as barrier term,
if the Poisson’s ratio is lower than this value, the compound
is brittle otherwise it is ductile. From Table II, the value of
the Poisson’s ratio is observed to be 0.24 indicating that the
fragility of this compound which supports the above conclu-
sion.

Another important parameter is a shear anisotropic factor
A (also named Zener coefficient) that gives a measure of the
anisotropy of the elastic wave velocity in the crystal and is
given by the following expression:

A =
2C44

(C11 − C12)
. (7)

For an isotropic crystal A is equal to 1 while the devia-
tion of A from unity indicates the anisotropic nature. From
Table II, it can be observed that the Zener anisotropy factor of
BaSnO3 is equal to 0.99, a value close to unity which allows
us to conclude that our compound is elastically isotropic.

3.3. Band structures and density of states

The electronic properties of a compound can be studied from
the band structure and density of states. The band structures

Rev. Mex. Fis.70061602
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TABLE III. Calculated exchange constants with GGA and mBJ-GGA for BaSnO2.875C0.125, BaSnO2.875N0.125 and BaSnO2.75C0.125N0.125.

GGA mBJ-GGA

N0α N0β N0α N0β

BaSnO2.875C0.125 1.39 −1.15 1.47 −1.65

BaSnO2.875N0.125 0.98 −1.89 1.08 −2.07

BaSnO2.75C0.125 N0.125 0.61 −0.45 0.97 −0.68

FIGURE 3. The total density of states and partial of BaSnO3.

for BaSnO3 along the high symmetry direction in the first
Brillouin zone are calculated by using GGA and mBJ-GGA
approaches (Fig. 2). We can observe that the calculations
of the band structures by both approximations are identical
but the calculations obtained by mBJ gives a clear improve-
ment in the value of the gap energy. The top of the valence
band is positioned at R point and the bottom of the conduc-
tion band is located at(Γ) point. As a result this compound
has an indirect band gap(R − Γ) which is consistent with
refs [22,27,36]. The value of the indirect gap energy(R−Γ)
calculated by the GGA approximation is equal to 0.65 eV and
the direct gap(Γ−Γ) is equal to 1.1 eV. The results obtained
are in good agreement with other calculations [22,27,36] but
they have lowered the experimental value [4, 6]. Based on
our results and literature, the GGA approximation strongly
underestimates the value of the band gap energy. To improve
our results, we used mBJ approach which is a modified ver-
sion of the exchange potential proposed by Becke and John-
son in order to give precise gaps very close to the experimen-
tal values [19]. By applying the mBJ approximation, we got
the value of the indirect gap energy which is equal to 2.61 eV
and the direct gap is 2.9 eV in which this last is close to the
experimental value [4,6].

To better understand the band structure of the studied, it
is important to calculate density of the states. The total and
partial densities of states are shown in Fig. 3. The energy
zone located in the interval [-11.4; -9] eV is mainly due to
the 2p-Ba and 4d-Sn orbitals. Then, the energy range−4 eV

FIGURE 4. Cubic structure of BaSnO2.875C0.125.

at the Fermi level is dominated by the 2p-O and 5p-Sn states.
Finally, the conduction band is mainly due to the 5s-Sn and
5d-Ba states.

3.4. Electronic and magnetic properties of BaSnO3
doped by C and N

In this part, we’ll study the electronic and magnetic proper-
ties of the BaSnO3 compound doped by non-magnetic 2p-
impurities such as C, N and analysis the influence of these
substitution impurities in our system. For this purpose, we
create a super-cell containing 40 atoms in which the impu-
rity 2p-X (X= C, N) replaces one oxygen atom centered in
BaSnO3 perovskite to obtain the system BaSnO2.875X0.125

(Fig. 4).
In order to confirm the stability of our compound in mag-

netic and non-magnetic states, we calculated the energy dif-
ference∆E between spin-polarized and non-spin-polarized
states. This difference is given by the following relation:
∆E = EM − ENM whereEM andENM are the total ener-
gies of the magnetic and non-magnetic states of our systems
respectively. The different energy values∆E for BaSnO3

doped with C, N and C plus N are:−76.8, −530.4 and
−892.8 meV respectively, which indicates that the magnetic
states are more stable compared to non-magnetic states for
our compound.

For deeper analysis the doping effects of 2p-impurities
and the origins of the magnetic behaviors, we calculated the
total and partial densities of states for the doped perovskite

Rev. Mex. Fis.70061602
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TABLE IV. Calculated local, total magnetic moments (in Bohr magnetonsµB) and polarizationP (%) with GGA and mBJ-GGA for
BaSnO2.875C0.125, BaSnO2.875N0.125 and BaSnO2.75C0.125N0.125.

Compounds Approach MBa MSn MO MX MTot P

BaSnO2.875C0.125 GGA 0.019 0.002 0.007 0.867 2.001 100

mBJ-GGA 0.000 0.0002 0.0002 0.976 2.000 100

BaSnO2.875N0.125 GGA 0.009 0.003 0.006 0.537 1.000 100

mBJ-GGA 0.0001 0.002 0.0004 0.651 1.000 100

BaSnO2.75C0.125N0.125 GGA 0.005 0.001 0.005 0.848 3.001 100

0.586

mBJ-GGA 0.0001 0.0006 0.0004 0.968 3.000 100

0.671

FIGURE 5. The total density of states and partial ( spin up and spin down) of BaSnO2.875C0.125, BaSnO2.875N0.125 and BaSnO2.75C0.125N0.125.
The Fermi level is located at 0 eV.

Rev. Mex. Fis.70061602
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using GGA and mBJ-GGA approximations. The figures of
both functional GGA and mBJ-GGA are equivalent in shape.
Therefore, only the results obtained through mBJ-GGA func-
tional are presented in Fig. 5. That means, the cited com-
pounds present half metallic behaviors when C and N atoms
are included. On the other hand, these inclusions give an im-
portant magnetic moment for our systems where its origin
is due to the hybridization between the 2p-impurities and its
surrounding 2p-O.

3.5. Exchange coupling and magnetic properties

The ferromagnetic band structures can also be used to esti-
mate two important parameters, the exchange constantsN0α
(conduction band) and the exchange constantN0β (valance
band). These exchange constants can be defined as [37,38]:

N0α =
∆Ec

x〈s〉 , N0β =
∆Ev

x〈s〉 , (8)

where∆Ec, ∆Ev are the band-edge spin splitting of the con-
duction bands and valence bands respectively,x is the con-
centration of dopant and〈s〉 denotes the average magnetiza-
tion of the dopant atoms.

Our calculated values ofN0α andN0β are reported in
Table III, they show that the exchange constants confirm the
magnetic character of these compounds. Notice that, the
exchange constants of the valence band and the conduction
band obtained are in an opposite sign (Table III). That means
that the valence band and the conduction band have an oppo-
site behavior during the fission exchange process.

The calculations of the total magnetic moments for our
systems give integer numbers which are in conformity with
the half-metallic behavior of these compounds (Table IV).
These total magnetic moments which come from the 2p-X (C,
N) ions and originate from Hund’s rule coupling are found to
be equal to the number of doped holes and distributed mainly
on the p-orbital near the neighboring dopant [39].Thus, it
gives rise to a moment magnetic total equal to 2, 1 and 3µB

per unit cell for C, N and C plus N doped BaSnO3 respec-
tively. On the other hand, the values of the spin polarization
are important (P = 100%) which confirms the half-metallic
character of our compound. It is important to stress that, to
our knowledge, the scientific community has no experimental
or theoretical value of magnetic moments for our compounds
so we consider these results to be an early prediction.

4. Conclusion

To summarize, we have studied the magneto-electronic prop-
erties of 2p-X (C, N) impurities in perovskite BaSnO3 by first
principles calculations. According to Hund’s rule, the calcu-
lations disclose that half-metallic ferromagnetism can lead to
BaSnO3 doped with 2p-X impurties. The total magnetic mo-
ments of BaSnO3 doped with C, N and C plus N are 2.00,
1.00 and 3.00µB per cell respectively and they are caused
mostly by impurity atoms. The origin of the ferromagnetism
that occurs within these compounds is mainly caused by the
p-p hybridization between the X-impurities and the surround-
ing oxygen atoms. Our results show that these doped per-
ovskites can reveal to a new type of materials, called half-
metallic ferromagnets which are favorable materials for fu-
ture spintronics devices.
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