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Abstract

The electronic behavior, ferromagnetism and optical characteristics of MgTM,0, (TM =V, Fe) cubic spinels are investigated
using the full-potential linearized augmented plane wave (FP-LAPW) approach, which involves concepts of density functional
theory. The calculated band structures reveal half-metallic behavior in MgV,0, and a ferromagnetic semiconducting nature
in MgFe,0,. Moreover, the density of states (DOS) reveals that the magnetism results from the strong hybridization between
Fe/V-3d and O-2p states, due to which Fe/V magnetic moments are reduced because magnetic moments appear at Mg and
O sites. Hence, the spinels have importance for spintronic applications. The ferromagnetic phase stability is confirmed by
the values of released energy, which are consistent with the computed values of the crystal field and exchange energies.
The dielectric constant and refractive index values are large for MgV,0, but small for MgFe,O, due to their half-metallic
and semiconducting nature, respectively. The blueshift of the absorption spectrum makes the spinels attractive for optical
applications. The electrical and thermal conductivity are also computed using BoltzTraP code, and potential energy conver-
sion applications are suggested.

Keywords Half-metallic ferromagnetism - DFT-based material simulation - crystal field energy - exchange mechanism -
dielectric behavior

Introduction

Among the various materials that play a vital role in the
development of science and technology, spinels are the
subject of immense interest as magnetic materials. Spinels
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are minerals that are composed of aluminum, magnesium,
iron and manganese oxides, which are widely distributed
in the earth’s crust, moon rocks and meteorites.! Because
of their high stability over a wide pressure and temperature
range, spinels are present in many igneous and metamorphic
rocks.? Spinel crystals exhibit space group 227-Fd3m and
have a general structural formula AB,O,, where the divalent
A and trivalent B cations are tetrahedrally and octahedrally
coordinated, respectively.’® MgFe,0, and MgV,0, are mag-
netic oxide spinels that have interesting electromagnetic
and magnetic properties. The n-type cubic MgFe,O, spinel
exhibits a soft magnetic nature.* The face-centered cubic
(FCC) close-packed spinel structure with chemical formula
AB,O, has eight formula units, where the oxygen ions
involve 32 e-sites (depicting the anionic locations), while A
and B atoms occupy the 8a and 16d locations. The octahe-
dral and tetrahedral sites are produced in the unit cell by the
FCC close packing of O ions.’

Because of their low cost and high electromagnetic
response over a large frequency range, spinel ferrites are
attractive candidates for a large array of technological appli-
cations.® The small dielectric and magnetic losses and large
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resistivity make magnesium ferrite suitable for microwave
device applications.” They can also be used in the fields of
catalysis, sensing and magnetic technologies, among others.®
Recently, ferrite nanoparticles have attained great achieve-
ments in different fields.””'* Different growth methods have
been used to prepare and study the properties of spinel
oxides.'*1>2° Among these applied methods, the choice of
the appropriate method is based on the ability to provide a
final product with uniform composition,?!' because the prop-
erties of magnetic spinels are significantly influenced by the
ionic distribution.?? This also suggests the effectiveness and
usefulness of theoretical computational methodologies.
MgFe,0, nanoparticles prepared by chemical beneficia-
tion of iron ore were found to exhibit dielectric behavior.>
By using the polymeric precursor method, MgFe,O, pig-
ment stabilized as a single phase was studied at low tem-
perature and showed reflection to a reddish-yellow color
within 600-650 nm.>* Similarly, the microstructure and
humidity-sensing properties of MgFe,O, ferrites were inves-
tigated under the influence of Sn and Mo substitutions.?
The nanocrystalline structure of MgFe,O, was analyzed
using x-ray diffraction. The most important Rietveld refine-
ment technique and atomic pair distribution investigation
showed that the nanocrystalline ferrite had limited struc-
tural coherence and a large degree of disorder. This struc-
tural information was used to explain the unusual magnetic
behavior demonstrated.”® The band gap of the FeAl,0, spi-
nel structure theoretically calculated using the generalized
gradient approximation (GGA) and GGA+U methods was
found to be consistent with the literature.?” Similarly, in
another experimental report, MgFe,O, was prepared using
a combustion reaction. The single phase elucidated using
x-ray diffraction exhibited average crystallite size between
11.24 nm and 57.91 nm.?® The hydrothermal growth of
NiFe,O,/carbon nanotube compounds showed great purity
and uniform particle size.?’ Despite the number of experi-
mental reports on MgFe, 0,4, no comprehensive work on the
theoretical computation of the physical properties exists in
the literature. Similarly, MgV,0, has not been well explored
either experimentally or theoretically. The stabilized cubic
phase and the magnetic properties exhibited by MgV,0,
and Mg(V,¢sAl; 5),0, have been explored experimen-
tally, and a magnetic order up to 65 K has been reported.*
Furthermore, an experimental study reported that MgV,0,
exhibited highly coupled lattice, spin and orbital degrees
of freedom and a trigonal distortion at room temperature.>'
MgFe,0, nanopowder prepared using a co-precipitation
route confirmed a single cubic phase as observed from
the measured x-ray diffraction (XRD) pattern. The satu-
ration magnetization was recorded by a vibrating-sample
magnetometer (VSM).? Tian et al. prepared MgFe,0,/
metal-organic framework materials using a solvothermal
method for organic dye removal. MgFe,0, demonstrated

excellent magnetic responsivity and fast absorption.>* In
the present work, we demonstrate that the electronic struc-
ture, magnetism and optical characteristics of MgV,0,
and MgFe,0, spinels computed after the application of the
modified Becke—Johnson (mBJ) potential are quite accurate.
The investigations of the magnetic and optical characteristics
suggest that these spinels may find use in novel spintronic
and optical device applications.

Method of Calculation

The most versatile all-electron WIEN2k code based on the
full-potential linearized augmented plane wave (FP-LAPW)
method was used to simulate the spinel oxides.** To evalu-
ate the exact Hamiltonian for accurate measurement of the
ground-state energy and subsequently the structural proper-
ties, we used the Perdew—Burke—Ernzerhof generalized gra-
dient approximation (PBE-GGA).*>* The exact electronic
nature was calculated to determine the precise band gap by
employing the mBJ potential,’” because this potential yields
a computed band gap consistent with the experiments.**
Spin—orbit coupling (SOC) was also included in the calcula-
tions to attain accurate results. The electronic configurations
for the Mg (35s22p°), Fe (45*3d%), V (45*34d°) and O (25°2p*)
atoms were used to study the exchange mechanism.*!
Because the selection of k-points is very important for
energy convergence, we apply a 13 x 13 X 13 k-mesh after
testing a number of k-meshes for the best execution of the
computations, as the energy of the system remains invariant
for further higher-order k-meshes.*? Additionally, the value
of the muffin-tin radius (Ry;r) multiplied by the reciprocal
lattice wave vector (K,,,,) was set as 10, while the value of
G,,.. Was taken as 9. Energy convergence up to 107> mRy
was permitted, while employing an iterating sequence. The
Ryp values taken for Mg, V, Fe and O were 1.8 a.u., 2.0 a.u.,
2.05 a.u. and 1.76 a.u., respectively. For optimization, a 5%
reduction in Ry, was chosen. The electrical and thermal
conductivity were computed using BoltzTraP code.*

Results and Discussion
Structural and Thermodynamic Stability

The magnesium-based spinel oxides (MgX,0,) were found to
exhibit a face-centered cubic (FCC) phase (Fd3m-227). The
spinel (cubic) structure comprises a total of 56 atoms, consist-
ing of 8, 16 and 32 Mg, Fe/V and O atoms, respectively. The
Mg atoms occupy tetrahedral sites (8a) with atomic locations
(1/8, 1/8, 1/8). The Fe/V atoms occupy octahedral sites (16d)
with atomic sites (1/2, 1/2, 1/2), while the 32 oxygen atoms
are associated with a parameter u that defines their locations
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Fig. 1 Structures for both spinel oxides.

Table | The lattice constant a, (10\), bulk modulus B, (GPa), Curie
temperature (7)) and enthalpy of formation H; (V) determined for
both spinels.

Compound a, (10\) B, (GPa) Tc k) H; (eV)
MgV,0, 6.035 185 330 -2.70
MgFe,0, 6.050 170 341 —2.26

in the spinel oxides. Therefore, the eight FCC unit cells of ani-
ons use 32 oxygen atoms (8x4 = 32) because of four tetrahe-
drons. The electronic structures computed for the MgV ,0, and
MgFe,0, spinels are presented in Fig. 1. Various parameters
at the ground state are shown in Table I, including the lattice
constant [a, (A)] and bulk modulus B,,. These two parameters,
extracted from the structural optimization curves, are found to
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be inversely linked, because MgV,0, has larger B, and smaller
a, as compared with that for MgFe,0,.

To determine the ferromagnetic (FM) state stability, the
ground-state energies in the ferromagnetic (FM), paramagnetic
(PM) and antiferromagnetic (AFM) states were calculated and
are presented in Fig. 2a and b. The lower energy values for the
FM state relative to the PM and AFM states indicate that the
FM states are stable. The positive values of the energy differ-
ence between the FM and AFM states are listed in Table 1.**
FM state stability is also confirmed using the computed for-
mation energy (AH;), which is elucidated using the relation:

AH; = Eqy(V/IFeMg,,0,) — IEy g, — mEy, — nEq €))]

Here, Eq,(V/FeMg,,0,), Eype. Ey and Eg represent the
total energy of the spinel and energy for the crystals of the
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Fig.2 The optimized energy—volume curves for (a) MgV,0, and (b) MgFe,0O, in the FM, PM and AFM states.
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respective elements. The negative sign of the computed
formation energy indicates that spinel formation results in
greater released energy, demonstrating the high thermody-
namic stability of the cubic spinel in the FM state. The Curie
temperature (7) is predicted using a classical approach
according to the Heisenberg model: T = 2AE/3xKy, where
K5 and X are the Boltzmann constant and doping concentra-
tion of transition metal ions which has been taken as unity in
the un-doped spinel.*> The Curie temperature (see Table I)
determined for the spinels exhibits above room-temperature
ferromagnetism (RTFM), which makes them potential can-
didates for spintronic applications.

Electronic Properties

The band structure (BS) is calculated for both MgV,0,
and MgFe,0, spinels using the PBE-GGA functional and
mBJ potential, with respect to the spin-polarized nature,
as shown in Fig. 3. MgV,0, exhibits half-metallic ferro-
magnetic characteristics after computation using either the
PBE-GGA or mBJ functional, which occurs because spin-up
and spin-down channels exhibit a metallic and insulating
nature, respectively. In the spin-up channel, the Fermi level
(Ey) crossing the valence state reveals that holes are avail-
able for conduction, while the spin-down channel shows a
Fermi level within the band gap that illustrates an insult-
ing nature. On the other hand, the BS for MgFe,O, shows
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semiconducting and metallic behavior in the spin-up and
spin-down channels, respectively, when computed using
PBE-GGA. However, with the use of the mBJ potential, both
channels exhibit a semiconducting nature, and hence, fer-
romagnetic semiconducting behavior becomes quite attrac-
tive for practical applications in novel devices. The metallic
and semiconducting nature of both MgV,0, (metallic for up
spin) and MgFe,O, (metallic for down spin only for PBE-
GGA) may be justified due to the odd number of electrons in
the V 3d states and even number of electrons in Fe 3d states.
The use of the mBJ potential is found to improve the band
gap, as apparent from Fig. 3. The electronic states move
away from the Fermi level, resulting in enhanced band gap
for the semiconducting channels. MgV,0, exhibits a gap
energy of 2.80 eV for the spin-down channel when the PBE-
GGA functional is employed, which improves to 3.90 eV
when the mBJ potential is applied. For MgV,0,, this gap
is 3.50 eV for the spin-up channel when computed using
the PBE-GGA functional, and it improves to 6.34 eV when
the mBJ potential is used. In Fig. 3, the energy differences
between the maxima of the valence bands and minima of
the conduction bands for both channels are also labelled,
because these energy differences directly reflect exchange
energies induced due to hybridization.

The spin polarization (P) for MgV,0, and MgFe,0, was
computed using P = (N, — N;/N, + N,) X 100, where N,
and N, are the states present at Fermi energy (Ef) for the
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Fig. 3 Spin-polarized band structures calculated for MgX,0, (X =V, Fe) using the mBJ potential.
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respective spin channels. It is revealed that MgV,0, exhibits
100% spin polarization after computations by both the PBE-
GGA and mBJ potential, because the spin-up and spin-down
channels show metallic and insulating behavior, respectively.
On the contrary, MgFe,O, reveals P =100% when computed
using the PBE-GGA and P = 0% when the mBJ potential
is employed, which evidences a shift from half-metallic to
ferromagnetic semiconducting behavior due to the choice of
exchange correlation functional.***’ The integer and frac-
tional values of the total magnetic moment might be due to
half-metallic and ferromagnetic semiconducting behaviors,
respectively.

To further illustrate the reasons that the stabilized ferro-
magnetic state arises, the density of states for the spinels and
individual constituent elements are computed using the mBJ
potential and plotted in Fig. 4a and b. The total density of
states (TDOS) indicates that the half-metallic ferromagnetic
state is stabilized in MgV,0,, while the ferromagnetic

semiconducting nature of MgFe,0, is evident, and similar
results are observed from the calculated BS plots. The shift-
ing of states around Eglower in the spin-up and spin-down
channels occurs due to the splitting of the V/Fe 3d states that
reduces the total energy of the spinels to stabilize the fer-
romagnetism.*® Moreover, the partial density of states
(PDOS) of V/Fe, Mg and O shows that the major contribu-
tion to the exchange mechanism around the E; comes from
V/Fe 3d states, with minor involvement of the O 2p and Mg
4s states for both spin channels. The O 2p and Mg 4s states
contribute significantly within the energy range of —4 eV to
—7 eV and do not contribute to the exchange process because
these are the filled core states. However, the V/Fe 3d states
within —2 eV to 3 eV around Ep, actively hybridize with the
O 2p states to induce ferromagnetism. Furthermore, the
octahedral and tetrahedral environments of O ions split the
V/Fe 3d states into doublet (e,) and triplet (,,) states, which
is due to the crystal field energy for both spin channels of
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Fig.4 (a) Total (TDOS) and partial density of states (PDOS) computed for MgV,0, after applying the mBJ potential. (b) TDOS and PDOS

computed for MgFe,O, after applying the mBJ potential.
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Fig.4 (continued)

the spinels. The e, states split into d,,_,, and d,, substates,
while 7,, states split into d,, d,, and d,, substates. The crys-
tallographic environment of O increases the energy of the
dy,_> and d, substates in comparison with the d,,, d,,, and
d,, substates in both spin channels. We computed the crystal

field energy for the up (AEF:t;g—eg) and down

(AéF = ig - eé) spin channels.*’ The difference between AgF
and AéF can be employed to determine the crystal distortion
defined as the Jahn-Teller energy (A;r). The comparison of
the crystal distortion and the exchange energies [Ax (d) and
Ax (pd)] can also be employed to evaluate the stability of the
ferromagnetic state (see Table II). The Ax(d) is the direct
exchange energy parameter calculated from the energy

difference of the 3d states in both spin channels, while Ax
(pd) is the indirect exchange energy computed from the
valence band edge splitting in both channels. The lower
value of Ay relative to the exchange energies indicates sta-
ble ferromagnetism.>® The negative Ax (pd) illustrates that
the energy is released from the spinels due to strong underly-
ing p-d hybridization (see Table II), which lowers the energy
of the system and indicates the stability of the dominant
ferromagnetic behavior. Furthermore, the double exchange
mechanism may be responsible for mediating ferromag-
netism in the MgV,0, half-metallic spinel, while the super-
exchange mechanism might be responsible for inducing fer-
romagnetism in the semiconducting MgFe,O, spinel.
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Table Il Various parameters

C d AE- (eV Ax (d A Ax (pd N, N,
extracted from the computed ompoun c (V) x (d) (Ayr) X (pd) 0% o/
elefctrlonic properties for both MgV,0, —2.23 2.849 -3.369 -3.109 2.468 —1.998
SPINEIS. MgFe,0, 0.414 —1.709 0.141 —1.068 -0.723 -0.311

Magnetic Properties

To further investigate the magnetic properties of MgV,0,
and MgFe,O,, the calculated total and partial magnetic
moments of the spinels and constituent elements (Mg, O
and V/Fe), respectively, are presented in Table III. The
total magnetic moments are mainly contributed by the V/Fe
atoms; however, interstitial sites also contribute to the total
magnetic moment, which occur due to the hybridization phe-
nomena, while small magnetic moments are also exhibited
due to Mg and O. Such small magnetic moments induced at
Mg and O are basically shifted from the V/Fe sites because
of the considerable p-d hybridization, which evidences the
dominant role of the electronic spin instead of the clustering
of the magnetic atoms. Such sharing of magnetic moments
is further elucidated by computing the spin density plots as
presented in Fig. 5. The yellow flowered shapes around the
V/Fe atoms show their main contribution to the total mag-
netic moment, while shifting of small magnetic moments
toward Mg and O sites is also apparent.”!

Table lll Total and partial magnetic moments.

Compound  Total Mg-site  O-site V/Fe-site  Int-site
MgV,0, 3.0000 0.00435 0.01238 1.76706 0.82401
MgFe,0, 5.0000 0.01853  0.38093  3.99353 0.78024

The ferromagnetism can also be analyzed by the valence
(AE,) and conduction band edge splitting (AE,), which
occurs due to s-d and p-d exchange mechanisms, respec-
tively. These exchange energies can be written in terms of
exchange constants N a and N f according to the relations
Nya = AEC/x(S), N = AEV/x(S), where x is the concen-
tration of V/Fe, which is taken as 1 in the present case.’>
For MgV,0,, Nja is positive and N f is negative, indicat-
ing antiparallel coupling, while for MgFe,0,, both exchange
constants N, and N f are negative, indicating parallel cou-
pling. In both spinels, N3 (which measures the valence band
edge splitting) remains negative, indicating a decrease in
energy and improvement in the stability of the ferromag-
netic state. The changes in the sign of N a might be caused
by quantum confinement effects that influence the density
of states in both spin channels.’® The exchange constants
also distinguish the underlying mechanism determining the
half-metallic or semiconducting ferromagnetic nature. The
mechanism responsible for the half-metallic ferromagnets is
double exchange, while for ferromagnetic semiconductors,
super-exchange is most appropriate.>*>>

Optical Parameters
The optical behaviors of half-metallic and semiconducting

ferromagnets depend upon the intra-band (within the band)
transitions and inter-band (conduction to valence band)

Fig.5 Spin charge density plots computed for both compounds (Color figure online).
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transitions, respectively. For metals, the dielectric constants
have large values, small absorption, and large polarization
and dispersion, while semiconductors have small values of
dielectric constants, large absorption and small dispersion
in the low-frequency range of the spectrum. For computing
the optical properties, the OPTIC program was employed
and Kramers—Kronig relations were used.’®>” The optical
behaviors of MgV,0, and MgFe,O, spinel oxides are stud-
ied by computing the complex dielectric constant e(w) =
€,(w) + ie,(w), where €,(w) and &,(w) represent the real and
imaginary parameters of e(w), respectively, which are related
according to Kramers-Kronig relations.’®>’ The refraction
is also calculated for the energy range 0—15 eV and is pre-
sented in Fig. 6.

Both the real &,(w) and imaginary &,(w) parts of e(®)
calculated for MgV,0, and MgFe,O, spinels, as presented
in Fig. 6a and b, show the dispersion/polarization and
absorption of light, respectively. The static value of &,(w)
is very high (at zero frequency) for MgV,0, because of
its half-metallic behavior, while for MgFe,0,, it is small
because of the ferromagnetic semiconducting behavior
(as evident from the computed electronic properties).
The value of &,(w) falls sharply from a constant value and
becomes negative at 0.5 eV, indicating the reflection of
incident radiation, after which it increases a small amount
to become constant, indicating that the dispersion of light
is suppressed, as shown in Fig. 6a. For MgFe,0,, the &,(w)
remains constant up to 7 eV and then increases to a peak
value at 8 eV, indicating that light is dispersed and polar-
izes at the resonance frequency and drops to the minimum

MgV,0,
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value. Moreover, the ¢,(0) and band gap E, determined
from the BS are not consistent with Penn’s model, which
might be due to the exchange split process of the interact-
ing states. The violation of Penn’s model for MgV,0, may
be due to its metallic nature and strong p—d hybridiza-
tion.”®> The &,(w) indicates the absorption of light by the
spinel. The plots of &,(w) for MgV,0, and MgFe,0, are
presented in Fig. 6a and b. For MgV,0,, the &,(w) shows
strong absorption at low energy, which is due to the half-
metallic nature of the spinel. On the other hand, MgFe,0,
does not exhibit maximum absorption until the incident
energy exceeds the critical value, which is due to the band
gap of this semiconducting spinel. The strong absorption
peak at low energy is due to intra-band transitions in the
half-metallic MgV,0,, which also exhibit low absorption
around 6eV. In contrast, the semiconducting/insulating
nature of MgFe,0, results in a blue shift in the computed
absorption edge that appears at around 7.0 eV. The refrac-
tive index n (w) represents a transparent nature, while the
extinction coefficient k (w) describes absorption exhibited
by the spinels to the impinging light. The computed n (@)
and k (w) are given in Fig. 6¢ and d, which indicate the real
and imaginary dielectric constant and are linked according
to the relations n? — k% = €,(w) and 2nk = &,(w), respec-
tively.%*-%> Moreover, the zero-frequency limit of refractive
index n (0) and €,(0) fulfill the condition n02 = £,(0), as
evident from Fig. 6. It is clear that the computed optical
parameters are consistent with the electronic properties
of both spinels (half-metallic and semiconducting), which
demonstrates the accuracy of the computations.

MgFe O,

(b) Re ¢ (w)

Ime(w)

Dielectric Constant

Refraction

0 5 10 15
Energy (eV)

Fig.6 The dielectric function, refractive index and extinction coefficient for MgV,0, (a, c¢) and MgFe,0, (b, d) calculated using the mBJ poten-

tial.
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Electrical and Thermal Conductivity

The electrical conductivity (o/7) and electronic thermal con-
ductivity (x./7) of MgX,0, (X =V, Fe) are computed and
presented in Fig. 7a and b, respectively. The electrical con-
ductivity o/7 increases with increasing temperature for both
spinels, as evident from Fig. 7a, because at high temperature
more free carriers are available for conduction. The o/7 for
MgV,0, (a half-metallic ferromagnet) is higher than that
for MgFe,O, (a semiconducting ferromagnet) because the
V-based spinel has lower activation energy than the Fe-based
spinel for free electron conduction. Similarly, electronic
thermal conductivity (k./7) increases with temperature, as
evident from Fig. 7b, because thermal conduction is also
increased due to these free electrons. The «./z is higher for
MgV,0, than MgFe,0, at lower temperature, but it is lower
at higher temperature, which might be due to the compara-
tively large thermal agitation of the lattice sites in MgV,0,
that impedes the thermal flow due to free electrons. Further-
more, the electronic thermal conductivity is highly sensitive
to the crystal dimension, crystalline quality and nature of
the stabilized phase. Generally, the major requirements for
designing the most efficient thermoelectric material are a
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Fig.7 The computed (a) electrical conductivity and (b) electronic
thermal conductivity of MgX,0, (X =V, Fe).
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higher value of electrical conductivity and lower electronic
thermal conductivity. As evident from Fig. 7a and b, the
magnitude of ¢/7 is higher than x./z, which could be impor-
tant not only for spintronic devices but also for thermoelec-
tric device applications.®?

Conclusions

The electronic and optical properties of MgTM,0, (TM =
V, Fe) magnetic spinels were calculated for potential appli-
cations in modern devices. The MgV,0, was found to be
half-metallic ferromagnet, while MgFe,O, is a ferromag-
netic semiconductor. The greater stability of the FM state
than the AFM state was confirmed by the release of more
energy in the FM state. The negative enthalpy of formation
indicates that spinels are thermodynamically stable in the
FM state. The comparatively larger exchange energy than the
crystal field and Jahn-Teller energy confirm a stable ferro-
magnetic nature governed by spin interactions. The negative
sign of indirect exchange energy reveals energy lowering
to stabilize ferromagnetism in the spinels. The strong p—d
hybridization across the Fermi level results in half-metallic
and semiconducting ferromagnetism due to the double-
exchange and super-exchange mechanisms in MgV,0, and
MgFe,0,, respectively. Finally, the high dispersion and
transparency and minimum absorption of MgV,0, shows its
metallic behavior, while absorption of light in the ultraviolet
region for MgFe,O, with lower dispersion and transparency
makes it appropriate for novel optical device fabrication.
The computed thermoelectric parameters reveal that the
greater values of electrical conductivity than thermal con-
ductivity are well suited for spintronic and energy conver-
sion applications.
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