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Abstract. Effect of functional on structural, elastic, optoelectronic and thermoelectric characteristics of semiconducting

MgX2Se4 (X = Lu, Y) spinels has been realized by WIEN2k code. The lattice constant of MgY2Se4 is slightly greater

than that of MgLu2Se4, and these quantities are slightly deviated from the experimental values, where the error does not

exceed 1.3%. The cohesive energy proves that both spinels are chemically stable in the normal case, and this stability is

more pronounced in MgLu2Y4. The large ionic radius of Lu compared to Y explains the high bulk modulus of MgY2Se4 as

well as its hardness. The spinels under study have U ? U direct band gap located between 1.178 and 1.4 eV for all the

functionals, proving their semiconductor nature. Se-s, Y-d, Lu-d states in MgY2Se4 and MgLu2Se4 dominate the upper

valence band, while the first conduction band located between Fermi level and 1.5 eV is empty. There is a strong coupling

between Se-p–Lu-p sites for MgLu2Se4 and Se-p–Y-p states in MgY2Se4, which reflects their hybridization. The high

absorption in the ultraviolet range, the band gap between 1 and 2.4 eV and the refractive index in the range of 2.29–2.61

favour these spinels as absorbers in solar cells. Peaks of all the optical quantities studied relating to the mBJ–GGA

functional are shifted to the right compared with GGA and GGA?SO approximations. The thermoelectric parameters

were investigated as a function of photon energy and temperature using GGA?SO functional.
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1. Introduction

Spinel materials crystallize in a cubic structure, have the

stoichiometric formula AB2C4 and show a particular interest

because of their applications in energy storage, optical and

photonic devices. The C anions are arranged in a closed cubic

lattice, while the A and B cations occupy the octahedral and

tetrahedral positions. Magnesium-based spinels are of more

interest for their use as metallic cathodes in batteries [1], and

have appropriate electrochemical and thermoelectric prop-

erties [2,3]. Wang et al [4] investigated the effect of cation

and anion variances on the elastic and electronic properties of

a variety of spinels. The novelty of this study lies in the search

of new spinels, such as MgLu2Y4 and MgLu2Se4 having

adequate electronic, optical and thermoelectric parameters.

Mg-based spinels are promising materials for batteries, in

thermoelectric and optoelectronic applications and motivate

researchers to find new suitable materials. Adequate optical

and electrical properties of such spinels allow their use in

lasers, optoelectronic devices and energy storage, such as

super capacitors and solar cells [5–8]. Mechanical, opto-

electronic and thermoelectric properties of CdLu2X4 (X = S,

Se) were carried out by Fasih Zareef et al [9] using WEIN2k.

Mustafa et al [10] studied optoelectronic and transport

properties of MgLu2Se4. Pham et al [11] investigated the

structural, elastic, electronic and optical properties of

MgSc2X4 (X = S, Se). Among a variety of spinel materials

based on yttrium and lutetium, we explore in this study

MgX2Se4 (X = Lu, Y) compounds using density functional

theory (DFT) based on WEIN2k code. We report a detailed
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Table 1. The values of RMT�Kmax, RMT of each constituent and k-point for MgX2Se4 (X = Lu, Y) using GGA and GGA–mBJ and

GGA?SO.

Spinel Approach RMT�Kmax RMT (Mg) RMT (X) RMT (Se) k-point

MgLu2Se4 GGA 8.5 2.14 2.50 2.37 1000

MgY2Se4 GGA 8.5 2.10 2.50 2.32 1000

Table 2. The values of lattice constant, bulk modulus and its pressure derivative, volume, and minimum energy of MgX2Se4

(X = Lu, Y) spinels.

Compound Parameter

GGA

Normal Inverse

MgLu2Se4 227 Fd3m a (Å) 11.536 11.5756

11.43 exp. [18] 11.43 exp. [18]

11.539 [19]
Da
a

�
� 0.009 0.0127

B (GPa) 58.813 57.266

58.874 [19]

B0 4.078 4.1186

4.062 [19]

V0 (Å)3 2590.5590 2616.7649

Emin (Ry) -156336.037374 -156335.884101

MgY2Se4 227 Fd3m a (Å) 11.6845 11.7313

11.57 exp. [18] 11.57exp. [18]
Da
a

�
� 0.0098 0.0139

B (GPa) 56.6178 54.6073

B0 4.1029 4.0233

V0 (Å)3 2691.3485 2723.8104

Emin (Ry) -66772.627836 -66772.496660

Figure 1. Spinel structure in the (a) normal and (b) inverse states for MgX2Se4 (X = Lu, Y) spinel.
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investigation of structural, elastic, electronic, optical and

thermoelectric properties of these spinels [12–14]. In this

paper, all the properties relating to MgY2Se4 are investigated

for the first time. The study of various properties of these two

spinels was carried out using GGA, mBJ–GGA and

GGA?SO. The intense amount of absorption located in the

ultraviolet light as well as their band gap in the range of

1.1–2.2 eV validate the candidature of these spinels as

absorbers in solar cells and optoelectronic applications. The

rather high absorption of MgX2Se4 (X = Lu, Y) spinels in the

Table 3. Elastic constants, Cij (GPa); Cauchy pressure, CP (GPa); bulk modulus, B (GPa); shear modulus, G (GPa); Young’s modulus,

E (GPa); Poisson’s ratio, r; and Pugh’s index, B/G for both spinels MgX2Se4 (X = Lu, Y).

Spinel C11 C12 C44 CP B G E r B/G

MgLu2Se4 81.66 56.72 27.11 29.61 65.03 21.25 57.49 0.35 3.06

128.63 [19] 23.99 [19] 28.96 [19] -4.97 [19] 58.87 [19] 36.78 [19] 91.33 [19] 0.24 [19] 1.60 [19]

MgY2Se4 78.08 55.47 24.57 30.90 63.00 19.26 52.44 0.36 3.27

(b) (a) 

(c) (d) 
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Figure 2. The 3D surfaces of Young’s modulus for (a) MgLu2Se4 and (b) MgY2Se4 and (c and d) their

cross-sections in different planes, respectively.
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ultraviolet compared to the visible region is a sign of their

applications in optoelectronic and thermoelectric fields. The

amount of absorption and band gap validate the candidature

of MgX2Se4 (X = Lu, Y) spinels as absorber materials for

photovoltaic devices. The study of thermoelectric charac-

teristics in this work shows that these two spinels are candi-

dates in thermoelectric application, but MgY2Se4 is more

advantageous [15].

2. Calculation details

Computations were performed using the WIEN2k code’s

implementation of the augmented plane-wave plus local

orbitals basis functions utilizing the GGA, mBJ–GGA, and

GGA?SO approximations [16]. To calculate structural and

optical properties, the generalized gradient approximation

(GGA) of Perdew, Burke and Ernzerhof is utilized [13]. The

modified Becke–Johnson technique is used to calculate the

electronic characteristics [17]. The DFT?U approximation

is used to handle the electron–electron correlation effect

[15]. Table 1 reports the RMT radius of Lu, Y, Mg and Se.

With angular moments up to Imax = 10, the spherical har-

monic expansion is used to express the charge density and

potentials. We employ a plane wave basis with an RMT-

Kmax = 8.5. For the Brillouin zone integration, a mesh of

1000 k-points guarantees convergence and overall energy

minimization. The energy difference between the valence

and core states was set to -8 Ry. Convergence was charged

at 0.001 e. Due to the dearth of experimental results, our

objective is to compare the outcomes of GGA, mBJ–GGA,

and GGA?SO functional. In comparison with the func-

tional mBJ, the influence of RMT on electronic parameters is

not considerable.

3. Results and discussion

3.1 Structural and elastic stabilities

The spinel structure shows the molecular formula AB2C4,

where the C anion forms a compact face-centred cubic

Figure 3. Band structure of MgLu2Se4 is calculated by (a) GGA, (b) mBJ–GGA and (c) GGA?SO functionals.
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packing and the A and B cations share octahedral and

tetrahedral sites. We discuss in this subsection, the beha-

viour of structural parameters and cohesive energy for

MgX2Se4 (X = Lu, Y) spinels. In table 2, we report the

lattice constant, bulk modulus and its pressure derivative,

volume and minimum energy of the cubic spinel structure

MgX2Se4 (X = Lu, Y) in the normal and inverse cases

using GGA approximation as shown in figure 1. The lattice

constants of MgLu2Se4 and MgY2Se4 in the normal and

inverse cases agree well with the experimental values of

11.43 and 11.57 Å, which were reported in the literature

[17]. Note that the lattice constant of MgY2Se4 is slightly

greater than that of MgLu2Se4. It is also noted that the

relative error in the calculation of the lattice constant

compared to the experimental value is understood to be

between 0.9 and 1.3%. The lattice constant and pressure

derivative of bulk modulus of MgLu2Se4 are in good

agreement with their theoretical ones quoted in the literature

[18]. The bulk modulus of MgY2Se4 is slightly smaller than

that of MgLu2Se4, which is explained by the large ionic

radius of Lu compared with that of Y. Cohesion energy is a

quantity that provides information on the chemical stability

of a material. It is expressed by the follow relation:

Eco ¼ E
MgX2Se4

tot � Eatom
Mg þ 2Eatom

X þ 4Eatom
Se

� �

: ð1Þ

Cohesive energy values are listed in table 2. The negative

value of total energy is a sign of the chemical stability of

these spinels. It is noticed that the two spinels are more

Table 4. Values of band gap for MgX2Se4(X = Lu, Y) spinels

using GGA, mBJ–GGA and GGA?SO approximations.

Compound

Eg (eV)

GGA mBJ–GGA GGA?SO

MgLu2Se4 1.40 2.44

2.48 [2]

1.253

227 Fd3m C–C C–C C–C
MgY2Se4 1.312 2.153 1.178

227 Fd3m C–C C–C C–C

Figure 4. Band structure of MgY2Se4 is calculated by (a) GGA, (b) mBJ–GGA and (c) GGA?SO functionals.
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stable in the normal case, and the stability in MgLu2Se4 is

more pronounced.

Elastic constants, Cij; Cauchy pressure, CP; bulk modu-

lus, B; Shear modulus, G; Young modulus, E; Poisson’s

ratio, r and Pugh’s index, B/G for both spinels MgX2Se4

(X = Lu, Y) are listed in table 3. The knowledge of the

elastic constants informs us about the elastic stability of the

structure and the heterogeneous bond between neighbouring

atoms. Computed elastic moduli of MgX2Se4 (X = Lu, Y)

are positive and satisfying the following generalized con-

ditions to ensure their elastic stability [19]:

C11 þ 2C12i0;C44i0;C11 � C12i0;C12 Bh C11h : ð2Þ

The bulk modulus of MgLu2Se4 is larger than that of

MgY2Se4, and then, MgLu2Se4 is more resistant to defor-

mations. Also, shear modulus and Young modulus values of

MgLu2Se4 are larger than those of MgY2Se4, indicating that

MgLu2Se4 is more resistant to shear and longitudinal

deformations and stiffer than MgY2Se4. Poisson’s ratio

predicts the nature of bonding and the value of 0.26 sepa-

rates the ductility to the brittleness. Poisson’s ratio values of

MgX2Se4 (X = Lu, Y) confirm their metallic bonding class

and ductility.

Poisson’s ratio in the range of 0.25–0.50 also classifies

these two spinels as non-central forces. Shear and Young’s

moduli describe the stiffness of the bond and the resistance

to deformation and fracture. Cauchy pressure specifies the

nature of bonds. The positive value of Cauchy pressure

CP = C12–C44 indicates that these spinels are ionic bonding

in nature. Pugh’s index B/G for both spinels MgX2Se4

(X = Lu, Y) are larger than 1.75, which confirms their

ductility. The 3D surface of Young’s modulus for

MgLu2Se4 and MgY2Se4 and their cross-sections in differ-

ent planes (x = y red colour, xy, xz and yz blue colour) are

visualized in figure 2. A material is considered isotropic

when the 3D shape of the Young’s modulus is spherical. We

noticed that the shape of Young’s modulus and cross-sec-

tions for various planes are completely deformed, indicating

the presence of a strong anisotropy. The cross-sections in

the figure of the two spinels show that the anisotropy is less

pronounced in the x = y plane. The maximum value of

Young’s modulus for MgLu2Se4 (MgY2Se4) is 40, 20 and

10 GPa (60, 30 and 0 GPa) along (x, y and z axes).

3.2 Electronic band structure and density of states

The lattice structure is a determining factor in the electronic

structure of a semiconductor. The functional affects the

energy gap and its nature, hence, the use of multiple func-

tional to elucidate this effect. Band structures of MgLu2Se4

and MgY2Se4 calculated by GGA, mBJ–GGA and

GGA?SO, are reported in figures 3 and 4. All these func-

tionals reveal a U ? U direct band gap in spinels under

study. All band gap values are reported in table 4 and prove

that these spinels are semiconductors. GGA?SO is reported

to give the smaller band gap, while mBJ–GGA has the

higher band gap for both spinels. The important point that

we noted is that the direct band gap is desired in opto-

electronic applications. It is reported that the band gap of

MgLu2Se4 using the GGA–PBE sol is 2 eV [10]. There is

no experimental value of the band gap quoted in the liter-

ature for the two spinels under study. The lack of an

experimental value of a quantity requires the use of several

functionals to have the accurate of such quantity. The

exploration of electronic behaviour in depth requires

the calculation of total and partial densities. TDOS of

MgLu2Se4 and MgY2Se4 calculated by GGA, GGA–mBJ

and GGA?SO and PDOS of Mg, Lu and Y atoms computed

by GGA are visualized in figures 5 and 6. For both spinels,

Se-s, Y-d, Lu-d states dominate in the valence and con-

duction bands, while the first conduction band located

between Fermi level and 1.5 eV is empty.

In the PDOS spectrum, we distinguished a strong cou-

pling Se-p–Lu-p sites and Se-p–Y-p states for MgLu2Se4

and MgY2Se4. The TDOS in valence and conduction bands

are similar to Se-p and X-d spectrum for MgX2Se4

(X = Lu, Y) in all functional, then, there is a hybridization

between Se-p and X-d sites.

3.3 Optical characteristics

The interaction of light with matter is transduced by

photon energy transformation, such as absorption, reflec-

tivity and diffusion. (a and b) Real and imaginary parts

of dielectric function, (c) refractive index, (d) extinction

coefficient, (e) absorption coefficient and (f) reflectivity

of MgLu2Se4 and MgY2Se4 computed by GGA,

GGA?SO and mBJ–GGA are reported in figures 7 and

8a–f. The real component explains scattering and reflec-

tivity, while the imaginary part determines the absorption

features. The static dielectric function values of

MgLu2Se4 and MgY2Se4, computed using GGA,

GGA?SO and mBJ–GGA, are reported in table 5. The

similarity in the effect of photon energy on the real and

imaginary components in these two spinels indicates that

their optical characteristics are also similar. The extremes

situated at 2.5 eV (GGA and GGA?SO) and 3.25 eV

(mBJ–GGA) correspond to interband transitions between

Mg-p/d and Se-p to the empty conduction band located

between Fermi level and 2 eV for both spinels. The static

refractive index values of MgLu2Se4 and MgY2Se4 cal-

culated using GGA, GGA?SO and mBJ–GGA approa-

ches are given in table 5. The maximum of the refraction

angle is obtained at photon energies of 3, 3 and 4 eV

(2.6, 2.6 and 2.37) using GGA, GGA?SO and mBJ–GGA

for MgLu2Se4 (MgY2Se4). At about energy of 7.5 eV, all

the propagating waves are attenuated, because the atten-

uation coefficient passes through its maximum. The

absorption edges at about 1.3 eV (2.2 eV), which corre-

sponds to the band gap located between 1.178 and 1.4 eV
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Figure 5. TDOS of MgLu2Se4 is calculated by (a) GGA, (b) GGA–mBJ and (c) GGA?SO. PDOS of (d) Mg atom, (e) Lu atom and

(f) Se atom is calculated by GGA.
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Figure 6. TDOS of MgY2Se4 is calculated by (a) GGA, (b) GGA–mBJ, (c) GGA?SO. PDOS of (d) Mg atom, (e) Y atom and

(f) Se atom is calculated by GGA–mBJ.
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(a) (b)

(c) (d)

(e) (f)

Figure 7. Spectra of (a) real and (b) imaginary dielectric functions, (c) refractive index, (d) extinction coefficient, (e) absorption

coefficient and (f) reflectivity of MgLu2Se4 calculated by GGA, mBJ–GGA and GGA?SO.
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(a) (b)

(c) (d)

(e) (f)

Figure 8. Spectra of (a) real and (b) imaginary dielectric functions, (c) refractive index, (d) extinction coefficient, (e) absorption

coefficient and (f) reflectivity of MgY2Se4 calculated by GGA, mBJ–GGA and GGA?SO.
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(2.153–2.44 eV) for MgLu2Se4 (MgY2Se4) and stimulates

the transition of electrons. The absorption in the two

spinels is maximum (&140.104 cm-1) in the ultraviolet

range (5–15 eV), which can be used in molecular

absorption spectrophotometry or molecular fluorescence.

Optical characteristics, such as absorption and thermal

conductivity are influenced by the interaction of electrons

with photons. The rate of absorption or transmission of

light influences in the generation of electron–hole pairs.

The ultraviolet absorption values and the band gap are

factors that favour these two spinels as absorbers in solar

cells. In the visible region located between 1.5 and

3.5 eV, MgLu2Se4 reflects 15–25% of the incident radi-

ation, while MgY2Se4 reflects 17–28%. The reflectivity is

lower for mBJ–GGA functional compared with two other

approximations. It is pointed out that the peaks of all the

(a) (b)

(c) (d)

Figure 9. (a) Seebeck coefficient, (b) figure of merit, (c) thermal conductivity and (d) power factor for MgLu2Se4 calculated by

GGA?SO computed using BoltzTrap code.

Table 5. Static dielectric constant and refractive index of MgX2Se4 (X = Lu, Y) spinels using GGA, mBJ–GGA and GGA?SO

approximations.

e1 (0) n(0)

Approach GGA GGA–mBJ GGA?SO GGA GGA–mBJ GGA?SO

MgLu2Se4 6.88 5.25 6.89 2.62 2.29 262

MgY2Se4 6.81 5.47 6.81 2.61 2.33 2.60
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optical quantities studied relating to the mBJ–GGA

functional are shifted to the right compared with GGA

and GGA?SO approximations.

3.4 Thermoelectric characteristics

Band structure and electronic transitions play an important

role in optical and thermoelectric properties. Phonons

contribute to both thermal transports. We study the phe-

nomenon of transport as a function of chemical energy at

300, 600 and 850 K within GGA?SO and BoltzTrap code,

through Seebeck coefficient, figure of merit (ZT), thermal

conductivity and power factor. The chemical potential is

positive for n-type material and negative for p-type mate-

rial. Seebeck coefficient is the sensitivity of the induced

voltage to the temperature gradient across a material. The

effect of temperature and chemical potential on Seebeck

coefficient of MgLu2Se4 and MgY2Se4 is displayed in

figures 9a and 10a. Energy levels and band gaps influence

the rate of conversion of temperature differences into the

voltage. The temperature gradient generates an induced

thermoelectric current, which aids in heat transfer according

to Thomas Seebeck. The maximum Seebeck value of

2100.12 and 1983.7 lV K-1 is obtained at room tempera-

ture in p-type region for MgLu2Se4 and MgY2Se4. It can be

seen that the Seebeck value decreases with increasing

temperature, and its value at the Fermi level (l = 0) is

253.06 and 247.07 lV K-1 for MgLu2Se4 and MgY2Se4.

These positive values explain that these two spinels are

p-type semiconductors. The Seebeck coefficient is slightly

symmetric with respect to origin point because of the mass

difference between electrons and holes. The dependence of

ZT on temperature and chemical potential for MgLu2Se4

and MgY2Se4 is reported in figures 9b and 10b. ZT is a

dimensionless quantity that provides information on

(a) (b)

(c) (d)

Figure 10. (a) Seebeck coefficient, (b) figure of merit, (c) thermal conductivity and (d) power factor for MgY2Se4 calculated by

GGA?SO computed using BoltzTrap code.
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thermoelectric efficiency. ZT in p- and n-type regions for

MgLu2Se4 and MgY2Se4 are nearly identical. It is reported

that the ZT for p- and n-type regions are symmetrical with

respect to Fermi level axis. ZT is close to unity with opti-

mum value at ambient temperature on both sides in the

vicinity of Fermi level. The crystal structure of a material

affects its thermal conductivity and optical transparency. A

material with a thermoelectric potential shows low thermal

conductivity. The maximum of thermal conductivity in the

p- and n-type regions is 0.2 and 0.3 W m-1 K-1 s-1 (0.13

and 0.27 W m-1 K-1 s-1) for MgLu2Se4 and MgY2Se4.

From this result, we deduced that MgY2Se4 is more per-

forming as thermoelectric material than MgY2Se4. A ther-

moelectric material converts waste heat into electrical

energy. The transport of these charge carriers is decisive in

thermoelectric performance. High optical absorption of a

material implies that incident light is absorbed and con-

verted to heat. The thermal conductivity is caused by free

electrons. The effect of temperature on thermal conductivity

is displayed in figures 9c and 10c. We note that for n- and

p-type regions, the peak magnitude of thermal conductivity

increases when the temperature is enhanced. Compound

with strong covalent bonds have lower thermal conductivity

and those with good optical transparency often have weaker

bonds with significant electron and phonon scatterings. We

also note the presence of a valley located on either side of

the Fermi level, where the thermal conductivity is low and

has the same width in the two spinels, which can be

explained by their neighbouring band gap. The maximum

observed conductivity is 0.28 9 1015 W m-1 K-1 s-1

located in the n-type region and corresponds to a chemical

potential of about 2.75 Ry at 850 K. The conductivity

increases almost continuously in the p-type region, while in

the n-type region, the growth is followed by some oscilla-

tions. Power factor is the product of the square of the

Seebeck coefficient with the electrical conductivity

(PF = S2r), so, it is positive. The effect of temperature and

chemical potential on power factor is visualized in

figures 9d and 10d. The power factor is a parameter that

determines the strength of a material. The maximum of PF

in the p-type region is greater than that which corresponds

to the n-type region. The spinel having a large Seebeck

value exhibits a greater power factor value. A thermoelec-

tric material shows lattice stability, low thermal conduc-

tivity and high ZT. The study of the thermoelectric

characteristics shows that these two spinels are candidates

in thermoelectric application, but MgY2Se4 is more

advantageous.

4. Conclusions

Ab initio electronic structure calculations indicate that

MgLu2Se4 (MgY2Se4) is direct U-U band gap semiconductor of

1.4, 2.44 and 1.253 eV (1.312, 2.153 and 1.178 eV) using GGA,

mBJ–GGA and GGA?SO functionals. The high absorption in

the ultraviolet range for the two spinels, their adequate band gap

and refractive index factors favour them as absorbers in solar

cells. The lattice stability and maximum power factor in the

p-type region, zenith value close to unity at ambient tempera-

ture, large Seebeck coefficient, lower thermal conductivity and

high ZT make these two spinels as candidates in thermoelectric

application. The main effect of replacing Lu ions by Y ions is a

reduction in the band gap by about 0.08, 0.28 and 0.07 eV.

Origins of the electronic conductivity observed can be

related to the existence of intrinsic defects Mg, Y, Lu and

Se vacancies and the presence of undesired electron con-

ducting secondary phases in the MgLu2Se4 and MgLu2Se4.

The lack of the experimental results for MgX2Se4

(X = Lu, Y) could be useful for other investigations. The

two spinels under study are chemically and elastically

stable. The PDOS in valence band shows the hybridization

between Se-p and X-d sites for MgX2Se4 (X = Lu, Y),

which reflects their covalent bonding.
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