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Abstract

Magnesium-based spinel chalcogenides are remarkable materials for spintronic and energy harvesting
applications. Therefore, the electronic, ferromagnetism, and thermoelectric characteristics of
MgFe,(S/Se), spinels are addressed comprehensively by modified Becke Johnson potential (TB-mB]J).
The stability of cubic phase has been illustrated by formation energy and energy released during
optimization. The Curie temperature and spin polarization have been calculated by Heisenberg model
and density of states at Fermi level. Ferromagnetism has been studied by exchange energies, double
exchange mechanism, exchange constants, and hybridization process. The reduction of magnetic
moment of Fe and its shifting on nonmagnetic (Mg, S/Se) sites shows the ferromagnetism is due to the
exchange of electrons spin rather than the clustering effect of internal magnetic of Fe atoms in the
structure. Moreover, thermoelectric analysis of studied spinels has been illustrated by electrical and
thermal conductivities, Seebeck coefficient (S), and power factor.

1. Introduction

Chalcogenide spinels, having large colossal magnetoresistance (CMR), giant magnetoresistance, and
magnetoelectric effect are the leading parameters for spintronics. The ferromagnetic semiconductor materials
contain semiconducting nature in one spin channel and insulating nature in another spin channel with complete
spin polarization (SP). The SP is essential for reducing heat problems of ICs and other electronic devices.
Therefore, the materials having a significant magnetic moment, phase transition temperature, and spin
polarization are considered important to boost the spintronic technology like magnetic random access
memories (MRAM), magnetic switches, spin valves, magnetic sensors, and magnetic recorders [1-3].

In last few decades, various materials like dilute magnetic semiconductors, Heusler alloys, transition metal
oxides, Perovskites, double perovskites, and spinel’s have been elaborated vastly for spintronic applications
[4-10]. For ferromagnetic semiconductors of type AB,X, with high Curie temperature has been remained the
primary consideration of researchers [11]. The geometrical distortion of these materials creates magnetic
frustration, which can be overcome by the exchange mechanism [12—14]. The combination of magnetic and
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semiconductor nature of these spinels is the main subject of research because of their technological spintronic
applications. Furthermore, the existence of colossal magnetoresistance in these ferromagnetic spinels boosted
their demand for spin based technology [15].

The magnesium chalcogenides MgCr,(S/Se), exhibit ferromagnetic nature with a substantial negative
magnetoresistive effect which is close to their Curie temperature [16]. The transition temperature of CdCr,S,
and CdCr,Se, were recorded as 84.5 Kand 129.5 K, respectively [17]. Wustrow et al [18] had also been studied
another Mg-based thiospinel, MgCr,S,, to tackle the high voltage Cr3p/Cr4p couple. The high voltage coupling
effect and divalent Mg ion had reduced the value of diffusion barrier and asserted to soft anionic lattice system
[19]. Nazar et al [20] described the interpolation mechanism of Mg ion with Ti-based thiospinels at different
temperatures and found fruitful results for electrochemical recycling. The Colossal Magnetoresistance in ferro-
spinels introduces a fascinating platform for researchers to explore the ferromagnetism [21, 22]. Therefore, the
MgCr,S, and MgMn,S, are outstanding ferromagnets because of complete spin polarization and large magnetic
moments of Mn and Cr [23, 24]. Furthermore, Mehmood et al described the magnetic and thermoelectric
characteristics of MgPr,(S/Se), for spintronics by DFT based analysis [25].

The literature on spinel’s MgFe,(S/Se), about HM ferromagnetism and thermoelectric properties is limited.
Therefore, in the present article, we have comprehensively addressed the electronic structure, spin polarization,
Curie temperature, HM ferromagnetism, and thermoelectric characteristics of Mg-based thiospinels
MgFe,(S/Se),. The main findings are ferromagnetism due to exchange mechanism and complete spin
polarization without clustering of Fe. The BoltzTrap code probes the thermoelectric properties because thermal
conductivity and temperature significantly influence the spin polarization that reduces the device’s life.
Therefore, thermoelectric influence on spin polarization is elaborated comprehensively.

1.1. Method of calculations

The full potential-linearized augmented plane wave (FP-LAPW) method have been applied to elaborate the
electronic behavior and ferromagnetism in MgFe,S, and MgFe,Se, using Wien2k software [26]. The GGA
approximation and TB-mBJ exchange potential have been used to explore ferromagnetic properties. Because the
TB-mB]J potential calculates the accurate electronic band gap [27]. Generally, the spherical harmonics inside
muffin-tin spheres and plane waves in interstitial regions have been used for analysis. For energy convergence,
the value of Ryt X Kooy = 8and G, = 24 R}f1 are used. Energy convergence criteria are set up to

0.00001 Ry to obtain the best convergence. The k-mesh of 12 x 12 x 12 has been incorporated for both band
structures and the density of states. Finally, the BoltzTraP code is employed to evaluate the thermoelectric
properties [28].

2. Results and discussion

2.1. Structural properties
The cubic crystal structures of the studied spinels, MgFe,(S/Se), with space group 227_Fd 3 m has been shown
in figure 1. The cubic unit cell of the spinel structures contains 56 atoms in which 32 atoms of S/Se formed FCC
lattice, which occupies the tetrahedrons and octahedrons of Mg and Fe atoms. Each corner of tetrahedrons
shared (1/8) to 8 atoms of Mg and 16 atoms of Fe shared to octahedrons (1/2). The atomic coordinates Mg (1/8,
1/8,1/8),Fe(1/2,1/2,1/2),and S/Se (1/4,1/4,1/4) are used according to the mentioned space group. To
relax the cubic structures, the strain present among atom inside the structures has been reduced to 0.0001 GPa.
After relaxing the structures, the energies in ferromagnetic (FM), anti-ferromagnetic (AFM), and paramagnetic
(PM) states are noted to confirm the most favorable and stable state. The energy versus volume graphs in AFM,
FM, and PM states are presented in figures 2(a), (b). The lowest ground state energy in the FM state confirms the
stability of MgFe, X, (X = S, Se). The bulk modulus and lattice parameters of MgFe, X, (X = S, Se) compounds
have been computed by the fitting equation of state [29] to total energy versus volume data. The calculated values
for structural properties have been given in table 1. The low Curie temperature (T.), increase in lattice
parameters from 10.28 to 10.79 is due to an increase anionic radii from 1.700 A and 1.840 A for S and Se,
respectively. In contrary to this decrease in covalent character between cations and anions can be attributed to
larger atomic radius and smaller electronegativity of selenium (Se).

Furthermore, the decrease in hardness from MgFe,S, to MgFe,Se, is due to increase of bulk modulus. It is
reported that the MgFe,S, [30] and MgFe,Se, [31, 32] are more stable than other possible magnesium-based
chalcogenides. To support the above statement the formation energy has been calculated by the relation

AHf = EToml(MglFem(S/Se)n) - lEMg — mEp, — nES/Se (1)

Where Eryq (Mg Fe,, S/ Se,) is the total energy, (Eng,, Er. and Eg)s.) are the energies of (Mg, Fe,and S/Se)
atoms. The calculated values of AHgare reported in table 1, whose negative sign ensure the thermodynamic
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Figure 1. Crystal structure of MgFe,(S/Se),, [Fe: pink color, Mg: yellow color, S/Se: blue color].
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Figure 2. Energy (Ry) versus Volume (a. u.) plots of (a) MgFe,S, and (b) MgFe,Se, in PM, FM, and AFM states.

Table 1. The computed ground state parameters, Curie
temperature, and spin polarizations.

Parameters MgFe,S, MgFe,Se4
Lattice constanta (&) 10.28 10.79
Bulk modulus B (GPa) 67.46 56.18
Curie temperature T, (K) 331 302
Formation energy AH(eV) —2.30 —2.15

Up spin density N (T)Eg 0.00 0.00
Down spin density N (] )Eg 0.10 0.10

Spin polarization SP 1.00 1.00

stability in FM states [33]. Moreover, the Curie temperature has been found by Classical Heisenberg model
analysis through the relation Tc = AE/3Kp, where Ky is constant, and AE is the energy difference of AFM and
FM states [34]. The computed Tc in table 1 ensures the room temperature ferromagnetism which is mandatory
for advanced spintronic technology. Furthermore, for the studied magnetic system, the spin-polarized density of

states is computed by relation
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Figure 3. Band structure of (a) MgFe,S, and (b) MgFe,Se,.
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Where the density of states (N ( T ), N( | )) are computed at the Fermi level for both spinel channels (T & |).
The calculated SP density ensures the 100% spin polarization at Eg, which is the important factor of studied
spinels for spintronics [35].

2.2. Electronic properties

For the study of electronic properties, discussion about the band gap and density of states is a matter of keen
interest. The Mg-based spinels show an interesting electronic property to elucidate ferromagnetism. The
evaluation of correct band gap is essential because it helps to explore physical properties accurately. For this
purpose, TB-mB] potential has been used to predict correct band gap of studied materials [36]. The calculated
BS with the help of this technique are represented in figures 3(a), (b). A Fermi level (zero energy level) is
represented with horizontal dotted lines between the conduction and valence band. The valence band maxima
and conduction band minima meet at " point in both spin channels. Hence, it is justified that both the spinels,
MgFe, X, (X = S, Se), exhibit direct band gaps. The BS shows the up-spin channel is insulating and down spin
channel is semiconducting.

For spin up channel, the states are near the Eg in valence band maxima and away in conduction band minima
for MgFe, X, (X = S, Se). In spin down channel, the valence states are present at E, and conduction states are
near Eg, which form the narrow band gap as shown in figures 3(a), (b). Hence, change in anion can affect the BS
of the studied compound, revealing its potential applications and importance [37]. The movement of Eg
discriminates the up spin as insulating and down spin as a semiconductor, leading to the combined effect as
ferromagnetic semiconductors.

Furthermore, for the detailed discussion of DOS, the density of states is elaborated in figures 4(a), (b). The
TDOS exhibits a ferromagnetic nature similar as BS. In usual trends of ferromagnetic semiconductors, spin up
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Figure 4. The density of states of MgFe,S, and MgFe,Se,.

behaves as a semiconductor and spin down as an insulator because of the exchange mechanism. Here, in the
present case, the spin-up and spin-down states are reverted due to the quantum confinement effect in which
wave functions of electrons are bound in the quantum well [38]. A strong hybridization exists between Fe-3d and
S/Se-p states, which manipulate ferromagnetic interaction [39]. In lower energy region, —4 eV to —1eV, 3d-e ;.
states are highly contributed to spin up channel as compared to spin down channel. In upper energy region, the
3d-e 4 states are highly contributed to hybridization for MgFe,S,, but their contribution reduces as anion
changes from S to Se. If we discuss the 3d-t,g states, their contribution is almost identical for both anions, as
discussed in the upper energy region 0.3 eV—1.7 eV (see figure 4). The crystal field splits Fe-3d states into 3d-e 5
and 3d-t,, states. The 3d-e , states are doubly degenerate and 3d-t,, states are triply degenerate. The 3d-e , states
move to higher energy, and 3d-t,, states move to lower energy levels. Therefore, the energy difference
3d-ty,-3d-e , is measured as crystal field energy Ay, which tries to frustrate ferromagnetism.

The direct exchange energy A(d) is measured by the energy difference of 3d states of Fe in spin up and spin
down states by the relation A(d) = A (dY- A (d"). The computed values of A(d) are presented in table 2. By
makinga comparison between A(d) and Acg, it is observed that A(d) has more values than Acg which is
evident that ferromagnetism is due to the exchange of electrons [40]. Another factor is that the indirect exchange
energy comes from the exchange of electrons of p states of anions (S/Se) and 3d states of cations (Fe). The
computed values from DOS are presented in table 2. Its values are noted from the position of p-states of S/Se in
down spin channel. The A(pd) increases as the anion changes from S to Se which make the studied spinel’s
excellent for spintronic applications. The lowering of energy of the system by exchange mechanism and negative
A(pd) are exactly according to the exchange mechanism and Zener’s model, which illustrate ferromagnetism
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Table 2. Computed exchange energies, exchange constants,
and magnetic parameters.

Parameters MgFe,S, MgFe,Se,
crystal field energy Acp 0.40 0.50
direct exchange energy A(d) 1.72 1.02
indirect exchange energy A(pd) —0.58 —0.22
exchange constant (sd) N,cv 0.855 0.703
exchange constant(pd) N,3 —0.027 —0.037
Total MM (uiz) 4,000 4.000
Int MM(p45) 1.388 1.696
MgMM(15) 0.022 0.023
Fe MM(115) 3.941 3.863
XX = S,Se)(up) 0.350 0.351

due to transition metals [41-43]. The studied thiospinels MgFe,(S/Se), are also the ideal candidates band gap
engineering.

2.3. Magnetic properties

To understand the magnetic properties the magnetic moments of studied spinel’s are taken in Bohr magneton
(up) as presented in table 2. According to Hund’s rule and Pauli exclusion principle, the magnetic moment
(MM) is calculated from the software. The MM for spinels, individual elements (Mg, Fe, S/Se), and interstitial
sites are represented in table 2. The electronic configuration of Fe-3d show 4 partially filled states, therefore, its
total MM should be 4 (15 as described Pauli exclusion principle [44]. The reduction in MM and its growth on
interstitial and nonmagnetic sites illustrate the exchange of electrons has been taken place. In the case of
MgFe,S,, MM is reduced from 4 pup to 1.33 i and for MgFe,Se, is reduced from 4 pip to 1.69 pi3 due to p-d
hybridization among p-states of S/Se and Fe-3d states (see table 2). This hybridization causes VB and CB edge
splitting which introduce exchange splitting constants like Ny and N3 [45]. In these exchange constants, Noov
is positive while N3 is negative, which shows the antiparallel alignment of s-d coupling at VB, p-d coupling at
CB. Therefore, the exchange constants are calculated by using Ngow = AE./x(S) and No3 = AE,/x(S), where
AE, and AE, are the difference in energies at valence band edges and conduction band edges for both spins. The
(S) is the average MM of Fe, and x is the concentration of Fe. The negative values of N3 show that the exchange
of electrons lowers the energy of studied system to stabilize ferromagnetism when Ey. operates through the
energy gap region [46, 47].

2.4. Thermoelectric properties

The thermoelectric characteristics of the studied spinels reveal their importance utilization in thermoelectric
applications. The thermoelectric parameters of MgFe,S, and MgFe,Se, are computed using BoltzTraP code and
deliberated in figures 5(a)—(d). The electrical conductivity (0), thermal conductivity (), and Seebeck coefficients
(S) values are calculated by combining their values for both spin up and spin down channels using following
equation

o) +a(l) 3
2
L k(D +kCD) @
2
s oS + (1S )
a(1)+o(Cl)

The o shows the motion of free charge carriers, and its value increases by increasing temperature because
temperature increase the energy of the free carriers. The increase in o is minor up to 350 K and then after
increases faster at faster rate up to 800 K as illustrated in figure 5(a). The observed o at 800 K, for MgFe,S, is

2 x 10*(1/92m.s), and for MgFe,Se4is 2.5 x 10*(1/92m.s). Here, only electronic thermal conductivity (#.) has
been calculated (figure 5(b)) because the classical theory based BoltzTraP code has limitations. However, total
thermal conductivity has two parts, i.e., the electronic («.) and phonon () parts. A potential thermoelectric
material contained ultralow &, [48, 49]. The k. rises gradually with the rise in temperature similarly as electrical
conductivity but its values extremely low as compared to o [50]. The comparative analysis of o and x ensures that
o is 10* times larger than r.. Therefore, the studied materials are suitable for energy harvesting and spintronic
application.
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Figure 5. Calculated (a) electrical conductivity, (b) thermal conductivity, (c) Seebeck coefficient (S), and (d) power factor of MgFe,(S/
Se), spinels.

The Sillustrate about the change in potential due to temperature changes when two dissimilar metals are in
contact. At 50 K, S is significant for both MgFe,S, and MgFe,Se, which rapidly decreases up to 250 K, and after
this decrease in S becomes slow up to 800 K. The positive values of S show the studied spinels are
semiconductors. The thermoelectric strength of studied spinels is calculated from power factor as presented in
figure 5(d). The PF does not include the contribution of thermal conductivity. Its values increase parabolically
up to 800 K. The comparative analysis shows MgFe,Se, has a more PF than MgFe,S, at 800 K. The thermal
properties can be improved further by applying external pressure, which directly influences band gap and hence
the thermal transports [51, 52].

3. Conclusion

This research work illustrates the detailed study of electronic, magnetic, and thermoelectric properties of
MgFe,S, and MgFe,Se, to explore them for spintronic and energy devices. The lowest energy of FM states as
compared to AFM and PM states shows the FM states are more stable. The thermodynamic stability of FM states
has been ensured by negative formation energy. The analysis of hybridization and exchange energies from BS
and DOS ensure the ferromagnetic semiconducting nature of studied materials. The computed direct exchange
energy is more than crystal field energy, which confirms the ferromagnetism is due to electrons spin.
Furthermore, the negative A(pd) and N3 lower the energy of studied system in FM states because of strong
interaction of p-d electrons. Furthermore, the large electrical conductivity and ultralow thermal conductivity
increases the power factor which make them suitable for thermoelectric applications.
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