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Abstract First-principle study has been conducted using the full potential linearized aug-
mented plane wave plus local orbital method (FPLAPW + LO) within the scope of density
functional theory with generalized gradient approximation (GGA) and Generalized Gradient
Approximation plus Hubbard parameters U (GGA + U) as exchange correlation potentials
to study the mechanical, structural, electronic and magnetic properties of two spinels type
structure compounds MgX2O4 (X � Fe and Co). The structural parameters evaluated from
the solution of equation of state with GGA are consistent with experiment. For the calculation
of electronic as well as magnetic properties of these compounds, we have used the GGA +
U formalism to treat the d state of transition metals Fe and Co more efficiently. Moreover,
the crystal fields splitting for both of the compounds are also explored. The electronic band
structure and density of states predicts the half metallic/metallic nature of MgFe2O4 and
MgCo2O4, respectively. The spin polarized total magnetic moments of the compounds under
investigation reveal the ferromagnetic behavior of these compounds. Moreover, the elastic
properties of these compounds are also calculated with GGA and compared with available
calculations. These compounds are founds to be elastically stable and ductile in nature. Half
metallic/metallic ferromagnetic nature of MgFe2O4 and MgCo2O4, respectively, predicts the
important of these spinels in spintronic devices.

1 Introduction

Density functional theory has proved itself to be the only model that could be compatible,
just due to its marvelous ability to carry out almost accurate prediction and produce decision-
based results that could have a vast range of applications in the field of material engineering.
It is very reliable technique to predict and understand the structural, electronic, magnetic,
optical and mechanical properties of the conductive metals, half metals, semiconductor and
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insulators. Recently, half metallic compounds have gained much more attention due to their
wide spread applications in spin-based electronics [1]. For practical devices in spintronics
area, it is necessary to investigate new materials with ferromagnetism at room temperature
while it shows 100% spin polarization at the Fermi level. A half metallic ferromagnet is
proved to be the efficient material in spintronics. These are the promising materials which
have large interest in technological devices such as “colossal” or “giant” magneto-resistive
(C-MR or G-MR) materials while magneto-resistance in metallic thin films is able of varying
the resistivity as a function of external magnetic field. Although the major application of G-
MR can be applied in spin filters, spin valves and magnetic field sensors, which are used in
the mechanism of computer hard disk drives, micro-electromechanical systems (M-EMS),
biosensors and other designed devices. In such materials, we are not limited to investigate
the electronic charge but also its spin to enhance the speed in electronic devices.

Huge number of alloys including cobalt and iron are found to be ferromagnetic as well
as half metallic demonstrating 100% charge carriers spin polarization over the Fermi level
[2]. This is the reason that Co, Fe-based alloys are found to be potential candidates for spin-
injectors in spintronic. Moreover, their Curie temperature is the highest among the HMFs
which are still discovered. Therefore, the deep analysis of the physical properties of these
alloys is very important and is of technological uses. Many ternary chalcogenides that are
possessing the general formula XY2Z4 (X and Y are cations; Z is an anion) (Z � O, S, Se,
Te) have the same structure as that of MgAl2O4, which is the root compound in a group
of specified compounds called spinels. Many of such spinels are possessing outstanding
electrical, magnetic and other physical properties [3]. The spinels are both thermally and
chemically very stable. Spinel-type mixed-metal oxides are versatile materials that could be
used as a catalyst material for a variety of useful reactions. Due to their chemical and physical
properties, they are potential candidates for redox reactions, which would solve the fuel or
energy crises. The redox reactions involve biomass-derived building blocks that could be
used as a fuel [4].

Cobaltites are very important class of spinels. Researchers are busy to quest for the labora-
tory and industrial uses of these types of spinels which are termed as metal cobaltite systems,
owing to their versatile importance. When forming a spinel one of the Co atoms in the Co3O4

is being replaced by the other metal ions to form MCo2O4 (M � Zn Mn, Cu, Fe, Ni, Mg).
Numerous methods and synthesis are used to form MCo2O4, these includes hydrothermal
method, combustion of urea, molten salt method and electro spinning [5]. MgCo2O4 is also
cobaltite spinel that exhibit outstanding charge storage properties as electrodes in 3MLiOH
in electrolytes. The MgCo2O4 shows reasonable columbic efficiency and cycling stability
[6]. On the other hand spinel ferrites crystals, that possess a common formula MFe2O4

(where M � Ni, Mg, Zn and Cu) are the most important class of magnetic materials due to
their delicate and unique properties such as low melting higher heat capacities, low melting
low magnetic transition temperatures and larger expansion coefficient [7, 8]. Due to these
properties, ferrite materials are widely used in ferro fluid technology, information storage
and magnetic pigments [9, 10]. Magnesium ferrite (MgFe2O4) possesses cubic spinel-type
structure [11, 12]. It is well-known as soft magnetic n-type semi conductive material, with
high resistivity and low magnetic and dielectric losses. Among the many ferrites, magnesium
ferrites, MgFe2O4 gain a special attention because of their versatile applications i.e., it is one
of the candidates for relatively dense magnetic recording [13], sensor, microwave absorbents
and the electronic device (high frequency), color imaging. Magnesium ferrites-based mate-
rials have great potential for so many applications, just due to their high unique electrical
resistivity, small magnetic and dielectric losses [13, 14].
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Fig. 1 Crystal structures of Mg (Co (a), Fe (b)) 2O4

Table 1 Atomic positions of
various atoms in MgX2O4 (X �
Co, Fe) spinels

X Y Z

MgFe2O4

Mg 0.125 0.125 0.125

Fe 0.5 0.00000 0.00

O 0.48613 0.48613 0.264

MgCo2O4

Mg 0.125 0.125 0.125

Co 0.5 0.000 0.000

The present article focuses on the first-principle study of two spinels ferrite MgFe2O4

and cobaltite MgCo2O4 owing to their importance as discussed above using the full potential
linearized augmented plane wave method with generalized gradient approximation (GGA)
plus U parameters (GGA + U) to estimate the structural, electronic and magnetic properties
of these two materials. Most of the results obtained in the present work are carried out for the
first time which will cover the theoretical lack on these compounds and will provide platform
for further experimental test.

2 Computational details

MgX2O4 (X � Co, Fe) spinels compounds possess a cubic symmetry with space group Fd-3 m
(#227) as shown in Fig. 1 [15]. Their crystallography are as follows a � b � c, α � β � γ �
90. Table 1 contains the atomic positions along x, y, z coordinates, respectively, of the atoms
of both of MgX2O4 (X � Co, Fe) compounds. The original values of the atomic positions of
both the spinels were obtained from the material project, and the ground state or minimum
atomic positions were obtained after running optimization in the present calculations.

FPLAPW is an active candidate for the solution of the well-known Kohan–Sham set of
equations [15, 16]. This uses first-principle density functional theory and could be utilized
by variety of the exchange–correlation functional, these include GGA (generalized gradient
approximation) [1, 2]. Most often, simple GGA might cause a very large amount of percentile
error in the output results. Therefore, a suitable U parameter combined to it which as illustrated
by GGA + U [17–20]. The GGA + U technique is employed to handle those interactions in
the systems which have a complex nature.
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In the current work, the energy gap that exists between the core and valence state is about
− 6.0 Ry. Moreover, the values of RMT are chosen in such a way that there is no leakage of
charge from the core, and the total energy convergence is ensured. RMT values of 1.7400,
1.84 and 1.58 a.u. for the corresponding atoms of MgFe2O4 and 1.75, 1.86 and 1.60 a.u for
the constituent atoms of MgCo2O4, respectively, are obtained. The number of k points for
initialization and density of states are set to be 500. We have used the GGA approximation
as exchange correlation potential for the treatments of structural and elastic properties while
the electronic and magnetic properties were more improved by GGA + U. The U parameters
in the GGA + U were adopted in the range from 7 to 7.9 eV by the method introduced in our
previous work [20]. A significant variation in the DOS were noted at U � 7.3 eV.

Elastic properties of any material are usually expressed in terms of elastic constants. The
elastic constants are the ratios that we get by employing the concept of minimum possible
ground state energy E (x, mij). This type of process is termed as the energy approach [21],
or theorem of the stress [22]. Most of the time volumetric or dilation strain is employed to
change the internal energy of solid and also by the isochoric strain (variation in shape but
not in the volume, i.e., volume is conserved). This energy could then be expanded in the
form of the Taylor series, which is usually expanded up to the second-order about unstrained
situation for the smaller defects within the range of the Hooke’s law:

(E{ε k }) � E0 + V 0

⎛
⎝

6∑
i�1

σiεi +
1

2

6∑
i j�1

Ci j εiε j

⎞
⎠ (1)

where (m k) refers to m1; m2;;m6 are the internal strained parameters; V (V0) denotes the
volume, E (E0) is for the energy of the unstrained cubic system (which we are working on),
and Cij is the symbol used for the elastic constants [23]. At zero strains:

Ci j � 1

2

[
∂2E

∂εi ∂εi j

]
(2)

The stability of cubic crystals usually satisfies the following set of equations [24].

C11 > 0,C44 > 0

C11 − C12 > 0

C11 + 2C12 > 0 (3)

In order to evaluate the elastic anisotropy of both the spinels, we have calculated anisotropy
factor A from the existing values of the elastic constants using the following expression:

A � 2C44/(C11 + C12) (4)

Voigt (V) and Reuss (R) are calculated from the elastic constants of the single crystal, in
the following form

G � Gv+GR

2
,Gv � C11 − C12 + 3C44

5
, BV � BR and ,GR � 5(C11 − C12)C44

4C44 + 3((C11 − C12)

(5)

These Young modulus and Poisson ratio are related to the bulk modulus B and the shear
modulus G by the following equation

E � 9GB/(G + 3B)

ν � 3B − 2G/2(3B + G) (6)
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3 Results and discussion

3.1 Structural properties

Structural properties of two MgX2O4 (X � Co, Fe) spinels are calculated with GGA by
solving the Birch-Murnagham EOS in the process of optimization [25]. From optimization
process, the optimized minimum ground state values of various parameters are calculated
and are listed in Tables 2 and 3, respectively. To determine the exact ground state of these
compounds, we have computed three different structures: nonmagnetic (NM), ferromagnetic
(FM) and Afm structures. The optimization plots of these compounds are presented in Figs. 2
and 3, respectively. From optimized plots, it has been cleared that both of the compounds
are stable in FM order. Obviously the ground state energy in both of the compounds in
FM phase is the lowest between the two phases. Furthermore, the structural parameters
are compared with available experimental and theoretical results. The computed values of
lattice constants calculated from optimization are 8.2119 Å and 8.1294 Å for MgCo2O4 and
MgFe2O4, respectively. As clear from Table 2 that our calculated values of lattice constants
for MgCo2O4 and MgFe2O4 are in excellent agreement with experiment as compared to
other theoretical calculations for MgCo2O4 which shows the consistency of the present
calculations in further computing the magneto-electronic properties. We have also computed
the bulk modulus, derivative of bulk modulus and ground state energies of MgCo2O4 and
MgFe2O4, respectively, from the same process in Table 2. Derivative of bulk modulus is a
dimensionless parameter, which shows the change in bulk modulus with respect to pressure,
that’s why it is called pressure derivative of bulk modulus. The bulk modulus and its derivative
are usually obtained from fits to experimental data and are defined as: B � −V

(
∂P
∂V

)
, BP �(

∂B
∂P

)
. The observed larger value of the bulk modulus of Mg Fe2O4 predicts that MgFe2O4

is harder and less compressible than MgCo2O4. Moreover, the magnesium ferrite has a
ground state volume being calculated as 934.2620 (a.u)3

, and the ground state energy is −
12,188.286934Ry. Similarly, for MgCo2O4 the two quantities are 921.8915 (a.u) 3 and −
13,153.673332(a.u)3

, respectively. The ferromagnetism in these compounds is also predicted
by computing the difference in the ground state energy of FM and Afm order. The negative
value of 	E in both of these compounds predicts their ferromagnetic nature. As far as we
know there is no experimental/theoretical data concerning the bulk modulus and ground state
energies of MgCo2O4 to be compared with our results, therefore further research on these
materials could be tested these results.

3.2 Magneto-electronic properties

In order to find the detail of Magneto-electronic nature of both of these spinels, we have
adopted the GGA + U method, the electronic band structure of the compounds under inves-
tigation is utilized and are shown in Figs. 4 and 5. First refer to MgFe2O4, in the spin up
state, one could be seen in the band structure, that there is a reasonable band gape around
the Fermi level, however the same region is filled in the spin down state given in Fig. 4a,
b, so for in the spin up state there is a little contribution of density state that ends beyond
the Fermi level into the conduction band as seen from Figs. 6 and 7 in the density of state
of MgFe2O4 that rarely shows a slight electrical conductivity while in the spin down state
there are significantly larger peaks in and around the Fermi level into conduction band, which
specifically depicts larger electrical conductivity in the spin down state. Hence, MgFe2O4 are
half metallic in nature with metallic in one spin state and semiconductor in other. Moreover
the calculated band gap for MgFe2O4 is found to be in good agreement as calculated in the
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Table 2 Calculated structural parameters (GGA) and Magnetic moments (GGA + U) of MgX2O4 (X � Co,
Fe) spinels

Present work Experimental Other Work

MgFe2O4

a0(A) 8.2119 8.352 [36] 8.71 [15]

V0(a.u)3 934.2620 – –

B(GPa) 210.1646 – 129.97 [15]

Bp 4.8160 – –

E0(Ry) − 12,188.286934 – –

Mag. moment(μB) 0.91 0.86 [35] –

MgCo2O4

a0(A) 8.1294 8.104 [37], 8.303 [38] –

V0(a.u)3 921.8915 – –

B(GP) 207.1626 – –

Bp 3.9442 – –

E0(Ry) − 13,153.673332 – –

Mag. moment(μB ) 3.054 3.05 [28] –

Table 3 Ground state energies of MgX2O4 (X � Fe, Co) spinels at ferromagnetic and antiferromagnetic
phases using GGA

Compounds EFerro EAnti-ferro 	E � EFerro- EAnti-ferro

MgFe2O4 − 12,173.382873 − 12,173.379029 − 24,346.761902

MgCo2O4 − 13,138.346291 − 13,138.332897 -26,276.679188

work of Kora et al. [15]. For MgCo2O4, the valence band is filled for both spin up and spins
down states, and they extend into the conduction band as seen from Fig. 5. So, this com-
pound is comparatively good conductor as compared to the first one (metallic in nature). The
asymmetry in and around the Fermi level for MgCo2O4 could easily be seen in the density
of state curve given in Figs. 9 and 10.

In order to discuss the magnetic properties, we refer to the total density of states curves
of both the compounds one by one given in Figs.6 and 9. Both of the spin up and spin down
are totally asymmetric especially around the regions near the Fermi level for MgFe2O4.
Though there is a little bit symmetry in the spin up and spin down state, still there is a slight
bit variation in the positions of peaks around the Fermi level. In the valence band for this
compound, the peak in the spin up state is just below the Fermi level while in the spin down
state there are significant peaks on the Fermi level and also into the valence band as well,
this asymmetry of peaks in the density of states creates a shift of energy that might leads
to ferromagnetism. The DOS indicates a relatively small magnetic behavior due to small
number of peaks, and so called the band gap in the spin up state, between the Fermi level and
conduction band. This typical behavior is also pointed out in the work of Abraham et al. [26],
that MgFe2O4 has low saturation of magnetization in hysteresis loop. Moreover, it also has
a small magnetic moment as calculated in Table 2. Moreover as seen in the total and partial
density of states curves as given in Figs. 6, 7, for ferrite spinel there is quite a reasonable gap
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Fig. 2 Ferro magnetic and anti-ferro magnetic optimization plots of MgFe2O4 with GGA

in the spin up state around the Fermi level, as there is no contribution of states at that point in
the density of states plots. This band gap in the spin up state attributes a typically unique half
metallic behavior to this ferrite spinel, and it could be verified in the work of Yonatan et al.
[27]. It is confirmed that magnesium in ferrite MgFe2O4 has n-type semi conductive nature.
By looking close at the density of state curve Fig. 8, it could be seen that the density of states
in the core region and in the conduction band are degenerate in both spin channels. In order
to examine the magnetic behavior of the compound MgCo2O4, refer to Figs. 9, 10, 11, here
it is observed that there is absolutely no degeneracy in the spin up and spin down state in
the density of states curve, however there is just a little bit contribution in the conduction
band in the spin up state as well (as compared to the first one), while at the same point in
the spin down state a sharp peak indicates a significant contribution in the density of state.
This big difference in contributions in the DOS of both spin channels attributes a shift of
energy and hence an obvious magnetic movement to this compound as calculated in Table 1.
Interestingly our computed magnetic moments are consistent with experiment as indicated
in the work of Fatima et al. [28].

To further explore the shift in energy recall the partial density of states of Figs. 7 and 10
for MgFe2O4 and MgCo2O4, respectively. In Fig. 7, the main contribution of the atoms in
the shift of energy for the spin down state is due to Fe-d state as it has a highest peak just
above on the Fermi level. The O-p and Mg-p are also has contribution in shift of the energy
toward the conduction band. Similarly from Fig. 10, it could be concluded that in the partial
density of state curve of the MgCo2O4, density of the state is shifting due to Co-d and O-p
state mainly and slightly due to Mg1-p, as it could obviously see in the spin down state. Co-d
has the highest contribution in and around the valence band, especially in the spin down
state. For MgFe2O4, the conduction band is mostly occupied by O-p state, as O-p state has
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Fig. 3 Ferro magnetic and anti-ferro magnetic optimization plots of MgCo2O4 with GGA

significant contribution in the conduction band as shown in Fig. 7. Similarly for MgCo2O4,

the conduction band is occupied by O-p and Mg1-p state as clear from Fig. 10.

3.3 Elastic properties

For the calculation of elastic constants C11, C12 and C44 of these compounds, we have adopted
the Charpin method [29] like in our previous work [21]. Since the studied system of MgX2O4

(X � Co, Fe) compounds are cubic in nature with space group Fd-3 m, therefore we have
adopted the cubic elastic package as interfaced in the WIEN2k. The elastic constants denote
the ratio of the stress to strain of a material. These are essential for describing the type of
bond, mechanical properties and the presence of various forces and the mechanical stability
of compounds [30]. They are also used in estimating the aging behavior of materials [31,
32]. There are three independent elastic constants C11; C12 and C44 for the cubic crystals.
The calculated values of the elastic constants of these compounds are tabulated in Table 4.
From Table 4, one can notice that the computed value of C11 in both of the compounds is
larger than C44, therefore one can predict weak resistance to the shear deformation (C44) as
compared to the resistance to the unidirectional compression (C11).

The computed values of C11, C12 and C44 listed in Table 4 satisfied Eq. 3, therefore the
compounds under study are mechanically stable. The anisotropy in terms of elastic properties
of the crystals has a reasonable and significant influence in the field of material engineering.
Anisotropy is more correlated with the possible creation of micro cracks within the materials.
In isotropic system, the quantityA is equal to 1, while any value smaller or larger than 1 depicts
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Fig. 4 Electronic band structure of MgFe2O4 Spin up (a) and Spin down (b) using GGA + U

Fig. 5 Electronic band structure of MgCo2O4 Spin up (a) and Spin down (b) using GGA + U

anisotropy. The deviation from 1 is a measure of the degree of elastic anisotropy possessed
by the crystal. From the computed values of anisotropy (Eq. 4) listed in Table 4, one can
conclude that both compounds shows larger value of A, indicating that they are characterized
by a profound anisotropy. It is very important to evaluate the corresponding moduli for
the polycrystalline species. We have used Voigt-Reus-Hill approach. In this approach, the
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Fig. 6 Total density of states of MgFe2O4 for spin up (top) spin down (below) using GGA + U

Fig. 7 Partial Density of States of MgFe2O4 in both spins using GGA + U

effective modulus associated with the poly crystals could be approximated by the arithmetic
mean of the two well-known bounds for mono crystals according to Voigt [33] and Reuss
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Fig.8 Crystal Field Splitting of MgFe2O4 in both spins using GGA + U

Fig. 9 Total density of states of MgCo2O4 in both spins using GGA + U

[32]. Then, for cubic system, the shear moduli G in the two mentioned approximations are
computed using Eq. 5. We have also calculated the Young modulus E and Poisson ratio ν

using Eq. 6, which are frequently measured for polycrystalline materials when investigating
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Fig. 10 Partial Densities of States of MgCo2O4 in both spins using GGA + U

their hardness. The obtained results are listed in Table 4. The Poisson ratio ν for covalent
materials is small, whereas for ionic materials a typical value of ν is 0.25. The computed
values of ν listed in Table 4 for the compounds under investigation are greater than 0.21,
hence an ionic and metallic mix contribution in intra-atomic bonding of these compounds
are predicted.

Just as we obtained the basic data, we have further explains, the ductility/brittleness
behavior of these compounds. There are many ways by which we can predict the ductile/brittle
nature of the given material: Cauchy pressure (C12 − C44), Pugh’s index or ductility (B/G)
and Poisson’s ratio ν. The Cauchy’s pressure, is the difference between two of the particular
elastic constants (C12–C44), is considered to serve as an indication of ductility: if the pressure
is positive/negative), the material is expected to be ductile/brittle [34]. Here the values of the
Cauchy’s pressure are round to be equal to 25.631 GPa for MgFe2O4 and 23.414 GPa for
MgCo2O4, which clearly highlights that both of them are ductile in nature. Another index of
ductility is the (B/G) ratio. According to Pugh’s ratio, the high/low B/G ratio is associated
with the brittle/ductile nature of the materials [30]. The critical values which separate the
ductile/brittle nature are 1.75. The computed value of B/G listed in Table 4 is larger than this
value, therefore MgX2O4 (X � Co, Fe) compounds are ductile in nature. The ductile nature
of these compounds can also be confirmed from Poisson ratio. According to Frantsevich
rule, the critical value of material is 0.26. From Table 4, the Poisson ratio for MgX2O4

compounds are larger than 0.26, clarify the ductile nature of these compounds. Overall the
computed values of elastic constants and its derived parameters for MgFe2O4 are consistent
with other calculations [15], while it is worth mentioning that there is no experimental or
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Fig. 11 Crystal field splitting of MgCo2O in both spins using GGA + U

theoretical work on the elastic properties of MgCo2O4 to make comparison, therefore these
data could be used for further experimental and theoretical test.

4 Conclusion

We used two normal spinels MgX2O4 and explored their structural electronic and magnetic
properties. The structural parameters are consistent with experiment. GGA + U technique
were also adopted for the improvement of electronic as well magnetic properties. MgFe2O4

is half metallic, and MgCo2O4 is metallic in nature. From the study, we have concluded that
both of these compounds are having ferromagnetic and ductile in nature. The density of states
curve indicates that for MgFe2O4, there is a little contribution to density of states for both spins
so this compound has a small magnetic moment. For the other compound, the contribution
to the density of states is more comparatively, thus attributing more magnetic moment to
it. Furthermore, the partial density of states curve indicates that the main contribution to
their metallic and ferromagnetic nature comes from B (Fe and Co) cations for both of these
compounds (Fe-d for MgFe2O4. Co-d for MgCo2O4). Crystal field splitting is also occurs
for spin up and spin down state. Our study indicates that MgFe2O4 is soft magnet, and may
find numerous applications in various fields (high density recording and Ferro fluids). Our
study also indicates that MgCo2O4 can be used in lithium ion batteries.
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Table 4 Elastic constants Cij
(GPa), Young’s moduli E (GPa),
Shear moduli G (GPa), Poission
ratio v, Anisotropy factor A and
B/G ratio of MgX2O4 (X � Fe,
Co) spinels using GGA

Compounds Present calculations Other Work[15]

MgFe2O4
C11 183.125 180.93
C12 106.151 104.49
C44 80.50 80.47

E 34.92 163.98

G 59.868 63.57

0.4 0.28

A 2.09 0.69

B/G 3.5 2.04

MgCo2O4 –
C11 179.2 –
C12 101.541 –
C44 78.127 –

E 23.778 –

G 55.6 –
ν

0.4 –

A 2.01 –

B/G 3.7 –
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