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1. Introduction

In materials science, spinel compounds play a significant role;
owing to their potential applications in device fabrication, consid-
erable research interest has been devoted both from academia
and industry.[1–3] The spinel compounds are a series of minerals

having the general formula X IIY II, III
2 ZVI

4 .
They crystallize in the cubic crystal struc-
ture. The anions (ZVI) are arranged in a
cubic closed-packed lattice while the cati-
ons (XII and YII,III) occupy some or all of
the lattice’s octahedral and tetrahedral posi-
tions.[4] Wang et al[5] investigated the elastic
and electronic properties of 30 AB2X4

spinel compounds (A¼ Be, Mg, Ca, Sr,
Ba; B¼Al, Ga, In; X¼O, S). They
highlighted the influence of cation and
anion variance on the above-mentioned
properties. Some correlations between lat-
tice constants, bulk modulus, ionic radii,
and electromagnetism of constituent ions
were identified.

The significance of this research stems
from the fact that it will shed more light
on the well-known properties of spinel that
could be employed in diverse scientific and
technological fields. The novelty of this
work principally anchors on finding and
proving the half-metallic ferromagnetic
character of MgEu2S4 and MgEu2Se4
Spinel compounds. The half-metallic com-
pounds are technologically attractive; as

they have wide technological applications in spintronics, thermo-
electric and optoelectronic devices. These studied compounds
can be used for further experimental investigations in spin-
tronics and optoelectronics. In addition, we have found that
the two compounds are mechanically stable, as concluded from
elastic calculations. Recently, Koettgen et al. investigated

The structural, elastic, electronic, magnetic, and thermoelectric properties of
MgEu2X4 (X¼ S and Se) spinel compounds are investigated computationally.
Calculations are performed using the full-potential linearized augmented plane
wave (FP-LAPW) method within the Perdew, Burke, and Ernzerhof generalized
gradient approximation (PBE-GGA), GGAþU, and modified Becke–Johnson
(mBJ-GGA) approximations. The band structure and density of states results
from the three exchange-correlation approximation methods (mBJ, GGAþU,
and PBE) show that these spinel compounds are fully spin-polarized. Also, they
possess a half-metallic character in the spin-down channel with a direct bandgap
(Γ–Γ) of about 3.44, 2.712, and 2.472 eV for MgEu2S4 and 2.89, 2.285, and
2.017 eV for MgEu2Se4, respectively. The formation of both compounds is
energetically favorable based on the results of the total energy and cohesive
energy calculations. Furthermore, the two compounds are chemically and
mechanically stable, as concluded from cohesive energy and elastic calculations.
The elastic calculations reveal that both spinel compounds are ductile materials.
The ionic bonds are predominant. The quasi-harmonic model has also been used
to investigate the influences of temperature and pressure on thermal charac-
teristics. The thermoelectric behavior is studied using the BoltzTraP code. Both
systems show good thermoelectric properties for the spin-down channel.
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computationally seven MgLn2X4 (Ln¼ lanthanoid, X¼ S, Se)
chalcogenide spinels to calculate Mg2þ mobility and stability.[6]

They concluded that the size of the cation decreases the Mg
ion migration barrier, but this leads to a decrease in the stability,
and the non-spinel structures are favored. These interesting
results encourage the possibility to find similar behaviors in asso-
ciated crystal structures. Mg-based spinels could be promised
materials for batteries, thermoelectric, and optoelectronics appli-
cations and this motivates more research to find new suitable
materials. Also, nanoparticles of spinel ferrite have received con-
siderable attention among researchers due to their widespread
technological applications such as magnetic resonance imaging
(MRI) contrast agent, drug-delivery, magnetically recoverable
efficient photo-catalyst, gas sensor, hyperthermia cancer treat-
ment, magnetic refrigeration (MR), anode material for Li-ion bat-
tery, magnetic recording media with higher storage density,
microwave devices, spintronic devices, super-capacitors, paint
industry, water splitting for hydrogen production, etc.[5,7]

Idrissi et al recently studied the physical properties of
NiFe2O4

[8] and ZnFe2O4
[9] spinels using density functional the-

ory (DFT), Monte Carlo simulation, and mean-field theory. They
found that NiFe2O4 spinel shows a second-order ferromagnetic-
paramagnetic phase transition around Tc¼ 844 K and this result
is in good agreement with the experiment. Jebari et al. investi-
gated theoretically the electronic and magnetocaloric properties
of the Bi25FeO40 compound.[10] It shows good magnetocaloric
properties around Tc. Furthermore, many other studies on dif-
ferent spinel compounds have been carried out in extensive
research using Monte Carlo simulations, first-principles calcula-
tions, mean-field, and series expansions to calculate magnetic
properties as well as the nearest neighbor exchange interaction
between atoms.[11–16]

In this study, we will investigate undoped magnetic semicon-
ductors MgEu2X4 that have a periodic arrangement of magnetic
elements on their own. Also, the europium chalcogenide
spinels appeared as very exotic materials which motivated us
for further investigations. The full-potential linearized aug-
mented plane waves (FP-LAPW) method was used to determine
the structural, elastic, electronic, and thermoelectric properties
for MgEu2X4 (X¼ S and Se) spinel compounds. The following
is the format of this article: Section two discusses computa-
tional approaches. Section three contains the results and discus-
sion. Finally, Section four summarizes the major conclusions of
this research.

2. Calculation Method

MgEu2X4 (X¼ S and Se) compounds have a cubic structure with
a space group Fd-3m (#227). The self-consistent computations
were carried out with the FP-LAPW technique,[17] which is based
on DFT,[18] and Wien2k.[19] The unit cell of the crystal is divided
into two sections in this method: the non-overlapping spheres
(atomic spheres) and the interstitial region (the region outside
the atomic spheres). Spherical harmonic functions inside the
non-overlapping spheres encircling the atomic sites (muffin
tin spheres) and a plane wave basis set in the remaining space
of the unit cell increase the wave function, charge density, and
potential (interstitial region). To derive the energy-volume rela-
tion, the calculated total energies are fitted to the Murnaghan
equation of state.[20] The GGA-PBE,[21] Hubbard-like correction
GGAþU,[22,23] and mBJ-GGA approaches[24] are used to treat
the exchange-correlation potential.

For the Eu 4f states the value of the effective Hubbard
interaction potential of 0.55 is used in GGAþU scheme.
For a correlated system and for a full potential calculation,
we used an effective Hubbard parameter defined as
Ueff ¼ U � J. It can be calculated with the augmented plane-
wave methods. For the Eu 4f states, Ueff ¼ E4f" nþ1

2 , n
2

� ��
E4f" nþ1

2 , n
2 � 1

� �� EF
nþ1
2 , n

2

� �� EF
nþ1
2 , n

2 � 1
� �

, where n is the
orbital occupation number. The Eu 4f states lead to the value
of 0.038 Ry for the calculated J constant. Combined with the
value of 0.59 Ry for the Hubbard parameter, it leads to the
effective Hubbard potential of 0.549 Ry (7.48 eV) for both
compounds.[25]

The wave-function expansion inside the atomic spheres has a
maximum quantum number of lmax ¼ 10. For the expansion of
wavefunctions in the interstitial area, the core cutoff energy of
81.66 eV, and the plane wave cutoff Kmax ¼ 8=Rmt are used
(Rmt is the lowest muffin-tin radius in the unit cell, and Kmax

is the magnitude of the biggest K vector in the plane-wave
expansion).

The Rmt values for Mg, Eu S, and Se atoms are 2.2, 2.5, 2.2,
and 2.4a:u:, respectively. For all compounds, the Brillouin
zone integrations within the self-consistency cycle are done
using a tetrahedron method, which uses the 56 k-points in the
irreducible wedge of the irreducible Brillouin zone (IBZ). The
self-consistence calculations are considered converged when
the force and charge convergence tolerances are less than
0.1mRy a:u�1 and 1m electron charges, respectively.
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3. Results and Discussion

3.1. Structural Properties and Cohesion Energies

In this subsection, we investigate the structural parameters and
cohesive energies for MgEu2X4 (X¼ S and Se) spinel com-
pounds. The cubic spinel structure of MgEu2X4 (X¼ S, Se) com-
pounds used in this study is shown in Figure 1. Murnaghan’s
equation of state (EOS) has been used to fit the obtained data
and to calculate the equilibrium volume, lattice constant (a), bulk
modulus (B), and first pressure derivative (B’).[20] Figure 2 shows
the relationship between the total energy of the compound versus
its volume. Our results with available previous studies are listed
in Table 1. The equilibrium lattice parameters for both com-
pounds are within accepted differences from the previous val-
ues.[4] To our knowledge, this study is the first detailed study
of MgEu2X4 (X¼ S, Se) spinel structures; Therefore, it is difficult
to compare the results with previous studies.

The cohesive energy (Ecoh) is one of the most important indi-
cators of the stability of the compounds in their ground state,
where it is the energy that must be supplied to the solid to sepa-
rate its constituents into neutral free atoms. The negative value of
the cohesive energy is an indication of the chemical stability of
the compound. The cohesive energy (Ecoh) is defined as[26,27]

Ecoh ¼ EMgEu2X4
tot � ðEatom

Mg þ 2Eatom
Eu þ 4Eatom

X Þ (1)

where EMgEu2X4
tot represents the total bulk energy of MgEu2X4

(X¼ S, Se) compounds in the cubic structure and Eatom
Mg ,Eatom

Eu ,
Eatom
X are the energies of Mg, Eu, and (X¼ S, Se) as isolated

atoms, respectively. The calculated values of cohesive energies
are listed in Table 1. Both compounds’ cohesive energy
values are obviously negative; thus, we draw the conclusion that
they are chemically stable.

3.2. Elastic Properties

In material research, estimating elastic and mechanical charac-
teristics is critical for process control and formation. The IRelast
package[28,29] was used to calculate elastic and mechanical char-
acteristics. Cubic crystal symmetry necessitates the calculation of
three independent elastic constants, C11, C12, and C44, to
determine the system’s characteristics. The elastic constants
for MgEu2X4 (X¼ S and Se) spinel compounds are listed in
Table 2.

One can tell whether a compound is mechanically stable or not
by looking at the single-crystal constants. Born and Huang[30]

provide three widely recognized elastic stability criteria for cubic
crystals: C11 > 0, C11 � C12 > 0, C11 þ 2C12 > 0, C44 > 0. From
Table 2, it is noticed that the results of the elastic constants for
MgEu2S4 and MgEu2Se4 compounds satisfy the above-
mentioned stability criteria, ensuring their respective mechanical
stability. However, no study has reported or compared the elastic
constant calculations for MgEu2S4 and MgEu2Se4 compounds in
the literature. Therefore, this research may serve as inspiration
for other researchers.

In contrast, and as expected, Table 2 shows the agreement of
the values of the bulk modulus calculated from the elastic con-
stants (B ¼ C11þ2C12

3 ) with the one calculated using Murnaghan’s
equation (in the structural properties subsection). Both com-
pounds have low bulk modulus, which corresponds to less volu-
metric resistance to compression.

The anisotropy factor A ¼ 2C44=ðC11–C12Þ was used to count
the elastic anisotropy of MgEu2S4 and MgEu2Se4 compounds.
This factor has significant implications for engineering research
since it is linked to the ability to create micro-cracks in materials,
with micro-cracks being the tiniest component of the failure
chain.[31–34] These cracks become more important if they start
to run together and form a failure pattern. For an isotropic crys-
tal, A equals one, but any deviation from one indicates anisotropy
behavior. Table 2 shows that MgEu2S4 and MgEu2Se4 com-
pounds have elastic anisotropy.

The Voigt–Reuss–Hill (VRH) method can be used to calculate
the shear modulus (S) using elastic constants.[35–37] The Hill
shear modulus SH is calculated as follows

SH ¼ 1
2
ðSV þ SRÞ (2)

where SV and SR are the Voigt and Reuss shear moduli,
respectively. We can come up with these moduli by utilizing
the following formulas

SV ¼ 1
5
ðC11 � C12 þ 3C44Þ (3)

SR ¼ 5C44ðC11 � C12Þ
4C44 þ 3ðC11 � C12Þ

(4)

The bulk modulus B and the shear modulus SH are connected
to Poisson’s ratio ν, and Young’s modulus Y via the following
equationsFigure 1. Crystal structure of MgEu2X4 (X¼ S, Se) spinel compounds.
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Y ¼ 9BSH
3Bþ SH

, ν ¼ 3B� 2SH
6Bþ 2SH

(5)

Table 2 summarizes the results of these parameters for the
MgEu2X4. According to our knowledge, there are no previous stud-
ies for these compounds’ elastic constants, thus according to our
belief, this is the first theoretical prediction of these quantities. The
material hardness can be measured using Young’s modulus and
the shear modulus.[38] When the SH and Y values are increased, the
materials get stiffer in general. The obtained values of thesemoduli
suggest that MgEu2S4 is stiffer than MgEu2Se4.

The ratio of the bulk modulus to the shear modulus, B=SH, an
empirical relationship relating to the elastic properties of the
material, is used to characterize the brittle and ductile behaviors
of a material. A high B=SH value is connected with ductility,

while a low value is associated with brittleness, according to
the Pugh ratio.[39] The critical value of the Pugh ratio that distin-
guishes between the two behavior is identified as 1.75. Table 2
clearly shows that the B/SH ratio of MgEu2X4 compounds is
greater than the threshold value of 1.75, indicating that both
MgEu2S4 and MgEu2Se4 compounds are ductile. We also used
Cauchy’s pressure rule, which is defined as the difference
between the elastic constants C12–C44,

[40] to determine if the
materials were ductile or brittle. If Cauchy’s pressure is positive
(negative), the material will be ductile (brittle), according to this
rule. Table 2 shows that Cauchy’s pressure is positive for both
compounds, indicating that they are both ductile. Also, the
Poisson ratio (ν) can be used to calculate the ductility and brit-
tleness of the material, where if the Poisson ratio exceeds 0.26,
the material will be ductile, otherwise, it will be brittle.[41] From
Table 2, the Poisson ratios are 0.277 and 0.284 for MgEu2S4 and
MgEu2Se4, respectively, this means that both compounds are
ductile. These results are compatible with those obtained by
B=SH ratio and Cauchy’s pressure rule.

In contrast, the Poisson ratio (ν) can be used to forecast the
type of chemical bonding. Poisson ratio is approximately equiv-
alent to 0.25 or more for ionic materials, while it is less than 0.25
for covalent materials.[42] Table 2 lists the values of ν for MgEu2S4
and MgEu2Se4 (0.277 and 0.284 respectively), and the calcula-
tions demonstrate that ν > 0.25, indicating an ionic bonding
nature.

Figure 2. The total energy values as a function of unit cell volumes for the MgEu2X4 (X¼ S, Se) spinel compounds.

Table 1. Lattice constant (a), bulk modulus (B), and cohesive energy
(Ecoh) of MgEu2S4 and MgEu2Se4 spinel compounds.

– a [Å] B [GPa] Ecoh [Ry]

MgEu2S4 11.356 54.1 �2.82

11.420[4] – –

MgEu2Se4 11.893 43.9 �2.22

11.959[4] – –

Table 2. Calculated elastic properties for MgEu2S4 and MgEu2Se4 spinel compounds.

– C11 [GPa] C12 [GPa] C44 [GPa] B [GPa] SH [GPa] A (anisotropy) Young’s modulus Poisson’s ratio B=SH C12 � C44

MgEu2S4 107.922 30.339 24.367 56.200 29.381 0.628 75.061 0.277 1.913 5.972

MgEu2Se4 92.041 24.929 18.967 47.300 23.881 0.565 61.324 0.284 1.981 5.962
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3.3. Electronic Structure and Magnetic Properties

In this subsection, the electronic structure and magnetic proper-
ties for both MgEu2S4 and MgEu2Se4 spinels will be discussed.
The spin-polarized density of states (DOS) and band structure
calculations of both MgEu2S4 and MgEu2Se4 are performed
using GGA-PBE, GGA-mBJ, and GGAþU schemes at their
equilibrium ferromagnetic lattice parameters. The spin-polarized
band structure combined with corresponding atom-resolved
DOS for both MgEu2S4 and MgEu2Se4 spinels is plotted in
Figures 3 and 4, respectively. Both spinel’s band structure and
DOS show that they possess a half-metallic character. They form
a direct (Γ� Γ) energy bandgap (Eg) in the minority channel
(spin down), which possesses the values 3.44, 2.712, and
2.472 eV for MgEu2S4 and 2.893, 2.285, and 2.017 eV for
MgEu2Se4 when the exchange-correlation potential was treated
using different approximation schemes: GGA-mBJ, GGAþU,
and GGA-PBE, respectively, as tabulated in Table 3. After bond-
ing, each Eu atom loses three electrons and becomes Euþ3 with
an f 6 electron configuration. The 4f electrons occupy gradually
the majority spin t1g states, thus the total magnetic moment
increases. Indeed, the 4f states show a large spin exchange split-
ting and a small crystal field splitting. Our results of the band
structure and the energy bandgap for both compounds contradict
the literature, where the GGA-mBJ method gives a wider band
gap than the GGAþUmethod for localized 4f state. The effect of
the additional orbital-dependent Coulomb term was shifting
upward the occupied and unoccupied 4f orbital rather than split-
ting between them. Furthermore, in the case of MgEu2Se4 using
the GGAþU approximation makes some bands cross the Fermi
level and form a pseudo-gap. The total DOS for both compounds
show the existence of a large exchange splitting between majority
and minority spin states illustrating the half-metallic feature for
both spinel compounds.

The two band structures show bimodal (Eu� 4f ) peaks near the
Fermi level in themajority channel (spin up) which form flat bands.
These structures appear clearer in the MgEu2Se4 spinel than
MgEu2S4 spinel. The important conclusion from this structure,
the peak near the Fermi level at spin-up and the EF fall in, is that
both spinel compounds are hard to stable or hard to synthesize.

The spin-polarized total and partial DOS for MgEu2S4 and
MgEu2Se4 spinels are plotted in Figures 5 and 6, respectively.
The spin-projected DOS shows that the states above the Fermi
level (at 2.5–5 eV) are primarily showing Eu� 4f character
peak. The states in (�4.5–0) eV are primarily composed of
(S� 3p=Se� 4p) states with a considerable admixture of the
Eu� 4f orbitals at the upper band and (Mg� 2s)/(Mg� 2p) orbi-
tals at the lower band. This hybridization suggested a strong
covalent bond. The states from�12 to�10 eV are primarily com-
posed of (S� 3s=Se� 4s) states with an admixture of the
(Mg� 2p) orbitals. These strong overlapping between Mg(2p)-
S(3s)/Mg(2p)-Se(4s) orbitals demonstrate covalence bonding.
The deepest valence states are from (Eu� 5p) orbitals (from
�19 to �17 eV). The (Eu� 4f ) spin-up orbitals show bimodal
peaks near the Fermi level in both compounds. The (Eu� 4f )
states are dominant around the Fermi level for both compounds.
Also, the (Mg� 3d) states are empty and do not play a significant
role in the gap established.

In Table 3, we display the calculated electronic and magnetic
properties for both MgEu2S4 and MgEu2Se4 spinel compounds.
According to our knowledge, there is no previous data to compare.

Figure 3. The spin-polarized band structure combined with its
corresponding DOS for MgEu2S4 within generalized gradient approxima-
tion-modified Becke–Johnson (GGA-mBJ), GGAþU, and GGA Perdew,
Burke, and Ernzerhof (PBE) approximations.
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The two spinels have an open spin gap (Es), the Es as defined in
ref.[43] is the energy difference between the EF and the HOMO
energy in theminority channel, and a full polarization also equal to
the total spin magnetic moment which means that the chalcogen

elements do not affect the total spin magnetic moment. The most
of magnetic moment per cell comes from (localized in) europium
atoms. This state was described in detail within the Heisenberg
model framework. The opposite signs of the atom-resolved spin
magnetic moment for Eu and chalcogens reveal that their valence
bands interact antiferromagnetically. The electrons spin polariza-

tion is given by the relation p ¼ N"ðEFÞ�N#ðEFÞ
N"ðEFÞþN#ðEFÞ � 100%, where

N"ðEFÞ/N#ðEFÞ are spin-up/down DOS at EF.
[44] In our work,

both spinels have integer total magnetic moment in GGA and
p ¼ 100% which obey Pauli–Slater behavior and confirm that they
are full half-metal materials.

3.4. Thermodynamic and Thermoelectric Characteristics

The effect of temperature on both thermodynamic and thermo-
electric properties of MgEu2S4 and MgEu2Se4 is discussed in this
section. In general, the impact of heat absorbed by crystalline
materials causes a variety of phenomena on atoms and electrons
inside the crystal lattice. The atoms forming solids vibrate around
their equilibrium position as a result of gaining external thermal
energy, so this energy is absorbed and stored. The value of the
absorbed energy varies according to the heat capacity of the com-
pound. The increase in temperature may generate an induced
thermoelectric current caused by the movement of electrons,
which contributes to the transfer of part of the heat. The thermal
conductivity, heat capacity, and thermal expansion coefficient of
lattices for MgEu2S4 and MgEu2Se4 compounds are pressure
and temperature dependent. They are computed using Gibbs2
code[45,46] that is based on the quasi-harmonic Debye model.[47]

The results are plotted in Figure 7.
The heat capacity of solid materials expresses the ability of a

substance to absorb thermal energy. It increases with the increas-
ing number of degrees of freedom of the particles.[48] The calcu-
lations conducted on the evolution of this property of both
compounds at different temperatures and under the influence
of external pressures with values 0, 10, and 20 GPa showed that
it increases exponentially with � T3 at low temperatures. In con-
trast, it converges toward the limits of Dulong–Petit limit

Figure 4. The spin-polarized band structure combined with its
corresponding DOS for MgEu2Se4 within GGA-mBJ, GGAþU, and
GGA- PBE approximations.

Table 3. The electric and magnetic properties for both MgEu2S4 and
MgEu2Se4 spinel compounds.

MgEu2S4 MgEu2Se4

mBJ GGAþU GGA mBJ GGAþU GGA

LUMO [eV] 2.703 2.627 2.071 2.432 2.363 1.854

HOMO [eV] �0.740 �0.092 �0.401 �0.460 0.077 �0.163

Eg [eV] 3.442 2.712 2.472 2.893 2.285 2.017

DOS(EF)" 110.44 106.44 115.73 150.82 141.91 127.46

DOS(EF)# 0 0 0 0 15.59 0

Spin polarization [%] 100 100 100 100 80 100

Es [eV] 0.740 0.092 0.401 0.460 �0.077 0.163

MMTOT [μB] 12.00 12.452 11.99 12.00 12.573 12.00

MMMg [μB] 0.005 �0.003 �0.002 0.005 �0.0052 �0.0037

MMEu [μB] 6.262 6.655 6.356 6.341 6.7208 6.4226

MMS/Se [μB] �0.143 �0.285 �0.182 �0.173 �0.1996 �0.2008
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(Cv ¼ 3NR)[49] at high temperatures, for temperatures equal to
or greater than 700 K for both compounds. At room temperature,
we notice that the heat capacity of the MgEu2Se4 is greater than
that of the MgEu2S4. Furthermore, it decreases with increasing
external pressure.

The contribution of the lattice to the thermal conductivity κl
can be estimated using the Slack model formula given by

Ref. [50]: κl =
AθD3 V1=3 m

γ2n2=3T
, where A is a physical constant equal

to A ¼ 2.4310�8

1�0.514
γ þ0.228

γ2
and θD, γ, V, n, and m are the Debye tempera-

ture, Grüneisen parameter, the volume per atom, the number of
atoms in the primitive unit cell, and the average mass of all the
atoms in the crystal, respectively. The findings revealed that the
atoms of both compounds contribute significantly to heat trans-
port at low temperatures, but even this contribution decreases
dramatically as the temperature rises. The curves plotted in
Figure 7 also show that the atoms of MgEu2S4 have a higher

Figure 5. Spin-polarized total and partial DOS for cubic MgEu2S4 spinel compound.

Figure 6. Spin-polarized total and partial DOS for cubic MgEu2Se4 spinel compound.
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contribution to the lattice thermal conductivity than the atoms of
MgEu2Se4 at the same pressure and temperature, as well as the
direct proportionality between pressure and the lattice thermal
conductivity of the crystal lattice, which seems that increasing
the external pressure on the crystal lattice increases κl.

We have also plotted the variation of the thermal expansion
coefficient for both compounds in terms of temperature at three
pressures (0, 10, and 20 GPa), and we discovered that the
MgEu2Se4 compound has a larger thermal expansion ability than
MgEu2S4 at the same pressure and temperature, and that the ther-
mal expansion coefficient of both compounds increases sharply at
low temperatures (less than 150 K), as shown in Figure 7. In terms
of the influence of external pressures on the coefficient of thermal
expansion, we found that an increase in applied pressure reduces
both compounds’ thermal expansion ability.

The thermoelectric properties are explored for both com-
pounds and in both spin channels up and down at different tem-
peratures as a function of the relative chemical potential using
the BoltzTraP program;[51] this code is based on the semiclassical
Boltzmann theory. The first coefficient that has been studied is
the Seebeck coefficient, which expresses the potential difference
generated between the two ends of a substance when it is
exposed to two different temperatures. As a first remark, we
can easily observe through Figure 8 that the Seebeck coefficient
in the spin-down direction is larger than in the other case for

both compounds with maxima of 3.0mV K�1 at 300 K for
MgEu2S4 and MgEu2Se4. In the case of spin-up orientation,
the Seebeck coefficient of MgEu2S4 is higher than MgEu2Se4,
and its value reaches 2.0mV K�1 for the first compound at a tem-
perature of 300 K. Also, we point out that the Seebeck coefficient
affected directly by temperature changing and decreases with
increasing temperature for both compounds and in both spins.

The electrical conductivity and electronic thermal conductivity
have also been computed for both compounds in the majority
and minority spin directions and plotted in Figure 8, as these
two parameters are proportional to each other according to
Weidman–Franz formula (Ke ¼ LσT (where L is Lorentz num-
ber)), According to what has been indicated in these figures, we
can notice that both compounds have a high electrical and thermal
conductivity in the relative chemical potential range between �2.0
and�1.5 eV in both spin cases, in addition to the decrease in elec-
trical and thermal conductivity with the increase in temperature.

Figure 9 shows the effect of temperature on the electronic heat
capacity and the Pauli magnetic susceptibility. From this figure,
we notice that each of these two coefficients has larger values in
the case of spin up, unlike the other case, where both coefficients
take low values, as for the electrical heat capacity, we notice that
the MgEu2Se4 compound has a thermal electronic capacity
greater than that of the MgEu2S4 compound, from where its max-
imum value is confined from �0.5 to 0 eV in the case of spin up
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Figure 7. Pressure and temperature dependence of lattice thermal conductivity, heat capacity at volume constant, and the thermal expansion coefficient
of MgEu2S4 and MgEu2Se4.
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Figure 8. Variation of Seebeck coefficients, electrical conductivity and electronic thermal conductivity as function of relative chemical potential of
MgEu2Se4 and MgEu2S4 in both spin channels.
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in the range ½�1.5;�1� eV in the case of spin down. In the spin-
down case, one can also notice the effect of temperature on these
two electronic heat capacity coefficients, where the electronic
heat capacity increases as the temperature increases. As for
the changes in Pauli magnetic susceptibility for both com-
pounds, which are plotted in Figure 9, we found that the mag-
netic susceptibility takes its maximum values in the range
(�0.5� 0) eV in the spin-up case and it is inversely proportional
with the increase of the temperature.

To know if these two compounds are suitable for use in the
thermoelectric field, either as thermal sensors or in thermoelec-
tric generators, we can refer to the figure of merit ZT (ZT ¼ S2σT

κ

where S is the Seebeck coefficient, σ is the electrical conductivity,
κ ¼ κe þ κl is the total thermal conductivity, and T is the absolute
temperature) and the power factor (PF ¼ S2⋅σ) criterions, where
these two parameters have been calculated and plotted in
Figure 10. Through this figure, it can be noticed that the
MgEu2S4 has a higher power factor (PF) thanMgEu2Se4, and that
the values of this coefficient of both compounds in the case of
spin down are higher than in the case of spin up, in addition
to the direct proportionality between this coefficient and temper-
ature. Regarding the coefficient of merit ZT , we note that both
compounds have similar values set up to 0.55 at T¼ 300 K in
spin-down direction, and this coefficient is also directly

proportional to temperature and rises to 0.83 for both com-
pounds at T¼ 700 K; whereas the value of this parameter did
not exceed 0.5 in the case of spin up at room temperature.

The different thermoelectric parameters of both MgEu2S4 and
MgEu2Se4 are calculated at the Fermi level for each compound
and plotted in Figures 11 and 12. From the reported curves in
Figure 11, the maximum values of the Seebeck coefficient
reached at 100 and 200 K for MgEu2Se4 and MgEu2S4, respec-
tively, in the case of spin down, and its decrease with the increase
of temperature above these two temperatures values, however in
the case of spin up, they have negative values and almost null.

Regarding the evolution of electrical conductivity and elec-
tronic thermal conductivity estimated in the two spin cases in
terms of temperature changes shown in Figure 11, we recorded
an increase of electronic thermal conductivity with increasing
temperature in the spin-up case, while the electrical conductivity
decreases with increasing temperature, and in the case of the
spin down that shown in Figure 11, the electrical and the thermal
conductivities have similar shapes so the electrical conductivity
has negligible values and is equal to zero at low temperature for
both compounds, as it starts to increase significantly and has an
exponential coefficient for MgEu2Se4 from a temperature of
300 K, while it takes low values and with an exponential coeffi-
cient from the temperature of 600 For MgEu2Se4. According to
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Figure 9. Variation of electronic heat capacity and Pauli magnetic susceptibility as a function of relative chemical potential of MgEu2Se4 and MgEu2S4 in
both spin channels.
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Figure 11, the electronic heat capacity calculated at the Fermi
level increases near-linearly in the spin-up case for both com-
pounds, while in the spin-down case it starts to increase at
250 K for MgEu2Se4 and 550 K for MgEu2S4.

As for the ZT and the PF calculated at the ground case and
plotted in Figure 12, it was found that these two coefficients
increased with temperature and have almost negligible values
in the case of spin up compared to spin down at temperature
greater than 300 K, where in the spin-down direction these
two coefficients have zero value for temperature lower than
200 and 500 K for MgEu2S4 and MgEu2Se4, respectively, and they
increase with the increase of the temperature beginning from
250 K for MgEu2Se4 and slightly from 550 K for MgEu2S4 com-
pound in spin-down case. In spin down, the power factor (PF)
and ZT of MgEu2Se4 increase rapidly and dramatically after
room temperature whereas in the case of MgEu2S4 they increase
less after 550 K. In contrast, upon spin up, both spinels have a
similar trend evolution.

4. Conclusions

Ab-initio calculations are used to investigate the structural, elas-
tic, electronic, and thermoelectric properties of the MgEu2X4

(X¼ S and Se) spinel compounds. In these calculations, it is
shown that these two compounds have a half-metallic character
in a minority channel with a direct (Γ-Γ) energy bandgap (Eg) and
they have a value of 3.44, 2.712, and 2.472 eV for MgEu2S4 and
2.893, 2.285, and 2.017 eV for MgEu2Se4. In addition, both com-
pounds have a high total spin magnetic moment (12 μB). These
high magnetic moments make both compounds potential candi-
dates for magnetocaloric applications. Investigation of the
mechanical and elastic properties showed that all the studied
compounds are mechanically stable and classifying these com-
pounds as ductile anisotropic materials. The chemical bonding
for both spinels is of mixed ionic- covalent type formed by ionic
Mg–Eu and covalent–ionic Mg–S/Se bonds. The main conclu-
sion from this study about thermoelectric properties is that
the spin-down ZT value of MgEu2Se4 spinel increases dramati-
cally from 0.05 at 300 K to reach about 0.9 at 800 K, whereas the
spin-down ZT value of MgEu2S4 start to increase after 550 K to
reach 0.6 at 800 K. In contrast, it was found that the Seebeck coef-
ficient is affected directly by temperature changes and decreases
with increasing temperature for both compounds and in both
spins. The Seebeck coefficient in the spin-down channel is larger
than in the other channel for both compounds with maxima of
2.5mV K�1 at 200 K for MgEu2S4 and 1.85mV K�1 at 100 K for
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Figure 10. Variation of the figure of merit ZT and power factor (PF) as a function of relative chemical potential of MgEu2Se4 and MgEu2S4 in both spin
channels.
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MgEu2Se4. At the normal pressure and temperature conditions,
the study of the thermal behavior demonstrates that MgEu2Se4

has a larger coefficient of thermal expansion and heat capacity
than MgEu2S4.
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Figure 11. Temperature dependence of Seebeck coefficient, electronic heat capacity, electrical conductivity, and electronic thermal conductivity at the
ground state chemical potential for MgEu2Se4 and MgEu2S4 in both spin channels.
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Figure 12. Temperature dependence of the figure of merit ZT and power factor (PF) at the ground state chemical potential for MgEu2Se4 and MgEu2S4 in
both spin channels.
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