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Systematic investigation of magneto-electronic, structural, thermoelectric and
optical properties of Nd;MgX, (X =S, Se) compounds
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The structural, magnetic, optoelectronic, and thermoelectric (TE) characteristics of
Nd,MgX, (X = S, Se) are determined by utilizing the density functional theory (DFT)
based full potential linearized augmented plane wave (FP-LAPW) method as employed in
WEIN2k code. The exchange and correlation energies along with Coulomb interactions
are brought into consideration by employing local density of approximation with Hubbard
model (LDA+U). Tolerance (1) factor and formation enthalpy were utilized to confirm the
stability of both spinels. T values are 0.70 and 0.68, and formation enthalpy values are
(AHy) are -3.34 eV and -2.19 eV for Nd,MgX, (X = S, Se), respectively. For Nd,MgX, (X
=S, Se) metallic behavior is found in spin up case while considerable bandgaps are found
in spin down with half metallic bandgap (E,) values of 1.82 and 1.26 eV (in spin down),
correspondingly. The calculated magnetic moment for Nd,MgX, (X = S, Se) are 12.0008
pp and 12.0003 pg, respectively. Furthermore, optical features including refractive index
n(w), dielectric constant e(w), reflectivity R(w), optical conductivity o(w), absorption
coefficient a(w) and extinction coefficient k(w) are computed. The maximum calculated
real part of dielectric constant &;(w) values for Nd,MgX, (X = S, Se) are 9.2 and 10.8,
respectively. For Nd,MgX, (X = S, Se), o(®w) has maximum value of 7642.9 at 6.6 and
75925 (Q cm)' at 599 eV, respectively. The various temperature dependent
thermoelectric (TE) parameters along with figure of merit (ZT) are determined to get full
insight into the TE behavior for both compounds by using BoltzTraP code. The computed
ZT value for Nd,MgSe, is 0.81 at 800 K while Nd,MgS, has ZT value of 0.80 at 800 K.
Results showed that both spinels have potential in spintronics and in cooling industries.
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1. Introduction

Spintronics is being helpful for electronic charge and spin in condensed matter physics and
has materialized as the fundamental for subsequent generation of digital devices [1]. Magneto-
electronics is sub-discipline which deal with such type of devices that make the use of
ferromagnetic materials [2]. Recently spinels have attracted a lot of attentions of the researchers
due to interesting optical, electrical, magnetic and mechanical properties [3] that play a significant
role in a variety of technical applications such as magnetic cores, superconductors[4], data storage,
dielectrics, lasers, high-frequency devices[5], different sensors[6], biotechnology and giant
magneto resistance [7]. The general formula of spinel compounds is AB,X, where X is
chalcogenides (O, S, or Se), A and B are any cations with 2+ and 3+ oxidation state respectively.

Zanib et al. explained the structural, optoelectronic, and transparent features of spinels
MgY,M, (M =S, Se) by utilizing DFT method. The bandgap observed for MgY,S, was 2.687 eV
and MgY,Se, had bandgap of 2.020 eV. The calculated ZT values for MgY,X, (X = S, Se) were
0.731 and 0.739, respectively [8]. Tahir et al. reported the opto-electronic and TE characteristics of
MgSc, X, (X = S, Se) using DFT. Modified Becke-Johnson (mBJ) potential functional was
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employed to obtain precise E, of 2.334 and 1.727 eV for MgSc,S, and MgSc,Se,, correspondingly.
The calculated E, indicated that such compounds were suitable in photovoltaics and optoelectronic
devices that are operating in UV and visible region [9]. Chaudhry et al. explored optoelectronic
and structural features of spinels Sc,XS, (X = Be, Mg, Zn) by employing DFT. The bandgaps (E,)
were calculated as 1.60, 2.30, and 1.62 eV, for Sc,BeS,, Sc;MgS, and Sc,ZnS,, correspondingly
and suggested for solar cells and photovoltaic applications. The maximum value of refractive
index calculated for Sc, XS, (X = Be, Mg, Zn) were 3.75, 3.22 and 3.49, respectively [10].

In this proposed research work the structural, magneto-optoelectronic, and TE features of
Nd,MgX, (X =S, Se) are examined by FP-LAPW method. Materials like Nd,MgX, (X = S, Se)
have a strong tendency for high carrier mobilities, acceptable band profiles, and a wide range of
applications in optoelectronic devices. Despite these qualities, research on Nd,MgX, (X =S, Se) is
minimal, therefore the potential of Nd,MgX, (X =S, Se) can be estimated from the knowledge of
thermoelectric (TE), electronic and optical features that reported in this work.

2. Computational details

The FP-LAPW method based WIEN2k package is employed to investigate electronic,
magnetic structural, thermoelectric (TE) and optical features of Nd,MgX, (X =S, Se). A unit cell,
in FP-LAPW scheme, consists of two parts. The first part consists of the interstitial region whose
potential is increased with the help of plane wave orbitals while second part consists of the muffin
tin region. Local density of approximation (LDA + U) was used in the investigations [11].
BoltzTraP code is used to compute TE parameters for Nd,MgX, (X = S, Se) by employing the
rigid band approximation (RBA) and constant scattering time approximation (CSTA). Structurally
cubic nature unit cell of Nd,MgX, (X = S, Se) is found to have (0.5, 0, 0), (0.125, 0.125, 0.125)
and (0.25, 0.25, 0.25) Wyckoff positions for Nd, Mg and X (X =S, Se), respectively. Ryr x Kyax
=7 is set to regulate the plane wave expansion, where Ry is the lowest of all atomic sphere radii
while Kyax is the cut-off of the interspatial plane wave having a sampling of 1000 k-points in the
part of the Brillouin zone (BZ) [12]. The valance and core state are splitted by cut-off energy
having value of -6.0 Ry while the extension of angular momentum inside the MT sphere is set to be
Imax= 10 [13]. Ryt (muffin-tin radius) values used for A, B, and X were 2.5, 2.39 and 2.39,
respectively. In order to get self-consistence, total energy convergence is obtained smaller than 10
> hartrees/cells [14].

3. Results and discussions
3.1. Structural properties

Studied sulfo and seleno-spinels Nd,MgX, (X = S, Se) have cubic geometry with space
group Fd3m (No. 227) (Fig. 1b & d). In this cubic structure, there are 56 atoms in each cell [15].
The atomic locations in primitive cells are described as Nd = (0.5, 0, 0); (Mg = (0.125, 0.125,
0.125) and S/Se = (0.25, 0.25, 0.25). In order to obtain optimized equilibrium crystal structure,
total energy must be minimized. Murnaghan’s equation is helpful for calculation of the structural
optimization of Nd,MgX, (X =S, Se). Murnaghan equation of state [16] is given below.

B0 = (2o {[(2) - 187 ()1 2322 g
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Fig. 1. (a) Optimization and (b) Crystal Structure of Nd,MgS, and (c) Optimization and (d) Crystal
Structure of Nd,MgSe,.

The ground state parameters including lattice parameter (A), equilibrium energy E, (R,)
and volume V, (a.u)’, bulk modulus B, (GPa) and its derivative B” with respect to pressure, and
enthalpy of formation AH; (eV) are described in Table 1 along with structural parameters reported
in previous literature [17], [18]. Bulk modulus (By) helps to determine the hardness of material.
After replacing sulfur (S) atom with selenium (Se) atom the bulk modulus (By) and lattice constant
(A) show inverse relation [19]. The curve obtained from the energy verses volume is useful to
determine optimized lattice constant [20]. The energy verses volume plot of Nd,MgX, (X =S, Se)
in term of nonmagnetic (NM) and ferromagnetic (FM) is plotted in Fig. 1(a&c).

Formation enthalpy (AHy) is computed to analyze the stability of studied spinels and
mathematical expression for AH;is given as [21]

AHf: Etotal 7lENd + mEMg + nEX (2)

In the above equation E,y, stands for total formation energy for Nd,MgX, (X = S, Se),
End, Emg, and Ex represent the formation energies of respective ions, while I, m and n are number
of corresponding ions present per unit cell. The thermal stability for both spinels is demonstrated
by negative values of AH;[22]. The computed AH; for Nd,MgS, is -3.34 eV and for Nd,MgSe, is -
2.19 eV. Formation energies indicate that the thermal stability decreased from S, to Se, because
ionic radii change from S4to Se,. Also, tolerance factor (1) is computed to examine the structural
stability of spinels and if T values lies close to unity the material is said to be structurally stable. It
can be determined by using following formula.
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From above relation, R represents the corresponding ionic radii. The calculated t for
Nd,MgS, and Nd,MgSe, are 0.88 and 0.86, respectively (see Table 1). As the values are nearly
close to unity, both spinels are structurally stable.

Table 1. Computed Mror per Co atom (uB), interstitial magnetic moments and atomic magnetic
moment of each site for BaTi; .Co,O;.

Current Study (LDA+U) PBEsol+GGA [17] Others [18]
Parameters Nd,MgS, Nd,MgSe, Nd,MgS; | Nd,MgSe; | Nd,MgS; | Nd,MgSe,
Lattice constant in 11.2641 11.7624 11.22 11.73 11.48 12.00
A

Bulk modulus B, 67.0956 53.2243 64.25 55.39

(Gpa)

B’ 5.6292 3.8140

Tolerance factor 0.88 0.86

(v

Volume (a.u)’ 2411.1935 | 2745.5472

Ground state -84190.89 -11670.98

energy E, (Ry)

AH{eV) -3.34 -2.19 -1.82 -1.22 -2.18 -1.65

3.2. Electronic and magnetic properties

Electronic nature has significant impact on other physical characteristics including optical
and thermoelectric features so electronic behavior is necessary to compute [23]. To discover the
electronic characteristics, the band structures (BS) of Nd,MgS, and Nd,MgSe, along highly
symmetric path W-L-['-X-W-K and density of states (DOS) have been computed (see Fig.2-4).
The dotted line (Fermi level) in band structures and DOS plots separating the conduction band
(CB) and valence band (VB). In BS, both Nd,MgS, and Nd,MgSe, show metallicity in spin up and
semiconductive gap in the down spin configuration with bandgap of 1.82 and 1.26 eV,
correspondingly. It is noted that the incorporation of Se in place of S anion in studied spinels
results in decrementing the half metallic bandgap.
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Fig. 2. Calculated BS for cubic Nd,MgX, (X = S, Se).

To understand the BS completely, it is necessary to compute total (T) and partial (P) DOS.
The spectra of TDOS and PDOS are drawn against energy range of -4 and 4 eV (Figs. 3 & 4).
TDOS behavior of Nd,MgS, shows that in spin up channel Mg and S elemental states are
responsible for making it half-metallic ferromagnetic (HMF) while Nd,MgSe, is HMF due to
clemental states of Mg and Se. Dispersive bands foster from Nd-f and S-p states due to their
delocalized nature. More dispersion was seen in VB than CB (see Fig. 4). In the PDOS spectrum
of Nd,MgX, (X =S, Se) VB is mostly contributed by Nd-f and S-p states and CB is filled by Se-p
and Nd-d orbitals with minor influence from Mg-p and S-p orbitals in both spins.
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Fig. 3. TDOS of Nd>MgSe, (left) and Nd,MgS, (right).

The magnetic characteristics are examined by partial and total magnetic moments (uB).
Magnetic spinels based on rare earth cations are considered very interesting and crucial to study
because they majorly influence the magnetic moment. The interstitial sites are helpful for
confirmation of magnetic moment [24]. The positive and negative values of uB are helpful to
describe the spin alignment. The spin orientation of cations along the same direction is due to
positive sign of magnetic moment and anti-ferromagnetic or ferrimagnetic interaction is described
by negative sign[25]. The computed values of interstitial. local, and total magnetic moment of Nd,
Se, S and Mg are summarized in Table 2.

Table 2. The calculated value of magnetic moment for Nd,MgX, (X= S, Se).

Spinels Total (uB) Int.(uB) Mg (uB) Nd (pB) S/Se(uB)
Nd,MgS, 12.0008 0.2629 -0.0029 3.0003 -0.0328
Nd,MgSe, 12.0003 0.2439 -0.0045 3.0032 -0.0309
Others [17]
Nd,MgS, 3.000 0.2722 0.0026 2.9066 0.012
Nd,MgSe, 3.000 0.2815 0.0017 2.9053 0.011

Nd,MgS, and Nd,MgSe, have puB of 12.0008 uB and 12.0003 uB, correspondingly. The
integer values of this uB confirm the stable and robust ferromagnetism (FM) of both spinels. The
uB of Nd,MgS, is greater than Nd,MgSe,. The Nd atom is majorly contributing for total magnetic
moment in both compounds. Total uB for S and Se, encourages parallel uB alignment and Mg
favors antiparallel uB alignment. Nd has a major contribution while Mg and S/Se have minor
contribution in total uB.
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Fig. 4. PDOS of Nd,MgS, (left) and Nd,MgSe, (right).

3.2. Optical properties

Optical characteristics of a compound are related to its response to the incident light and
transfer of electrons in different states. Different optical spectra including reflectivity R(m),
dielectric function &(w), optical conductivity o(w), refractive index n(w), absorption coefficient
a(m) and extinction coefficient k(w)for Nd,MgX, (X=S, Se) are plotted at 0-10 eV (see Fig. 5-6).
Dielectric function g(®) is explained in terms of real g;(®) and imaginary &(®) parts, i.e., &(®) = &
(o) + ig; (®) [26]. Material polarization and absorption are portrayed by €;(®) and &(w),
respectively [27]. €(®) is calculated by using &(®) by solving Kramers-Kronig equation [28] as
given
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2 bw'e; (w
81(00)=1+;pf0w z(w)

2l dw’ (4)
where p is a Cauchy Principle value. The calculated value of static real part €;(0) for Nd,MgS, and
Nd,MgSe, are 6.15 and 6.95, respectively while peak is obtained at 2.5 eV for Nd,MgS, and at 2.3
eV for Nd,MgSe,. The calculated &;(®) values reveal that while replacing anion S with Se then the
value of g;(®) increases from 6.15 to 6.95 (depicted in Fig. 5(a)). Additionally, the mathematical
expression which relates €,(®) and E, is termed as Penn's Model and is given below [29].

£,(0) =1+ (‘ﬁ)z )

Eg

The €y(®w) shows the absorptive behavior for the materials. The maximum peak of &, (w) for
Nd,MgS, and Nd,MgSe, appears at 6.2 and 5.7 eV, respectively (see Fig. 5(b)). Material
transparency is explained by n(w) when light is incident on a surface of a compound [30].
Following equation is solved to calculate the n(w) [31].

1 1
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Fig. 5. (a) £)(w), (D) £:(w), (c) n(w) and (d) k(w) of Nd,MgX, (X =S, Se).

Energy (eV)

The calculated static n(w) values (at 0 eV) for Nd,MgS, and Nd,MgSe, are 2.5 and 2.6,
correspondingly, while Nd,MgS, shows extreme n(w) value of 3.1 at 2.6 eV and Nd,MgSe, shows
extreme n(®) value of 3.4 at 2.4 eV (see Fig. 5(c)). €;(w) and n(w) are associated together by the
relation & (w)=n>-k’*[25]. When EM waves travel through a substance, the quantity k(w) describes
how much light is absorbed during that process [32]. k(w) peak value of 2.1 appears at 6.7 eV for
Nd,MgS, while for Nd,MgSe, it has highest value of 2.2 at 6.1 eV (see Fig. 5(d)).
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Absorption coefficient a(®m) measures the absorption energy of electromagnetic (EM)
wave [33]. A linear behavior with little fluctuations is observed for both compounds and the peak
for Nd,MgS, is found to be 143.16 (10%/cm) at 8.6 while for Nd2MgSes, it is 143.16 (10*/cm) at
6.4 ¢V (Fig. 6a).

The findings demonstrate that both spinels are viable options for photovoltaics.
Conductivity influenced by transport of electrons which jump towards CB in response to incident
light can be termed as optical conductivity o(w)[34]. Highest value of o(®) is found to be 7642.9
(Q cm)’ at 6.6 eV while Nd,MgSe, has first highest peak value of 7592.5 (Q cm)™’ at 5.99 eV
(Fig. 6b). The spectrum of o(®) is same as that of &,(®) and k(w).
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Fig. 6. (a) a(w), (b) o(w) and (c) R(w) of Nd>MgX, (X =S, Se).

R(w) is the measure of the tendency of a material to reflect the incoming photons and
mathematically can be expressed as [35].

_|n-1) m(D)-1)%2+k2(0)
R= |n’+1 T ((D)+1)2+k2(0) @
The computed R(w) value for Nd,MgS, is 0.18 at 0 eV while the uppermost peak appears
as 0.39 at 6.9 eV. The R(w) value for Nd,MgSe, is 0.21 at 0 eV and has the extreme value 0.44 at
6.4 eV (Fig. 6¢). The calculated optical parameter values are tabulated below.
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Table 3. The computed value of optical parameters for Nd,MgX, (X= S, Se).

Optical Present Study Existed Data [17]
parameters Nd,MgS, Nd,MgSe, Nd,MgS, Nd,MgSe,
€1(0) 6.15 6.95 5.24 5.99

n(0) 2.5 2.6 2.29 2.45

R(0) 0.18 0.21 0.15 0.18

3.3. Thermoelectric properties

Thermoelectric (TE) properties are crucial and are frequently employed to address energy
crises [36]. The study of spinel chalcogens are getting more interest by the researchers because of
the valuable usage in TE material [37]. By applying relaxation time within the BoltzTraP code, TE
parameters like o/t, S, k/t, PF, and ZT have been investigated. A material that has the greatest
value of ZT is suitable for the working of TE devices, such a highest value related to low k/t, and
higher o/t and S values [38]. The o/t is directly related to temperature and carrier concentration
[39]. Initially, linear increasing behavior is observed with the rise of temperature for both spinels
and the highest value of o/t for Nd,MgS; and Nd,MgSe, are 0.68 and 0.65 (Q.m.s)’,
correspondingly at 800 K (see Fig. 7(a)).

e Nl MgS
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Fig. 7 The calculated values of (a) o/t (b) S, (c) k/t and (d) PF of Nd,MgX, (X = S, Se).

S can be obtained by dividing the potential difference to a gradient temperature i.e
S=AV/AT[40]. S values for both compounds initially rise with temperature increase, but after 500
K, values of S fall with temperature increases and the highest values of S are 255 and 260 puV/k for
Nd,MgS, and Nd,MgSe,, respectively (see Fig. 7(b)). Both positive S value indicate the holes as
majority carriers (p-type) while n-type bandgap materials give negative S values [41]. The current
investigation exhibits positive values of S, indicating that the major carriers are holes (p-type).
Nd,MgSe, has higher S values than Nd,MgS, which can be attributed to the lower bandgap of
former spinel. Another important TE phenomenon is thermal conductivity (k/t) which determines
heat flows [42] and it is sum of parts of phononic k;, and electronic k. sections [43]. It is expressed
mathematically as k = k. + k, from which k. is electrons mediated heat conduction parameter
while k,, is phonons-based heat conduction [44]. Because of low phononic thermal conductivity at
high temperatures, only k. is computed. The k./t gradually rises with increase of temperature (see
Fig. 7(c)). The maximum calculated value of k/t for Nd,MgS, and Nd,MgSe, are 3.9 and 4
W/mKs, respectively at temperature of 800 K.
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PF is obtained by square of S and electrical conductivity (PF=S’c/1) [45]. PF is gradually
increased with the rise of temperature and both Nd,MgS, and Nd,MgSe, have highest values of PF
of 4.1 and 3.9 W/mK?s, respectively at 800 K (see Fig. 7(d)). ZT is computed to understand
effectiveness of studied spinels for TE applications. ZT can be written as [46]

__S2%0T

ZT p (®)

The maximum calculated values of ZT for Nd,MgS,; and Nd,MgSe, are 0.80 and 0.81,
respectively at 800 K temperature (see Fig. 8). As ZT values are approaching unity which serves
as a standard for TE device efficiency [47]. Furthermore, all the thermoelectric parameter values at
800 K temperature are listed in Table 4. Presented analysis shows that both suggested spinels
Nd,MgS, and Nd,MgSe, are highly desirable for TE devices.

Table 4. TE parameters of Nd,MgX, (X = S, Se) at 800 K.

Spinels (6/7) Seebeck coefficient | (k/t)x10'" | PF(¢S*)x10" | ZT
x10°(Q.m.s)! | (uV/k) (W/mKs) (W/mK?s)

Nd,MgS, | 0.68 255 3.9 4.1 0.8

Nd,MgSe, | 0.65 260 4 3.9 0.81

4. Conclusion

The first principles based DFT within WEIN2k code is employed to analyze the structural,
magneto-optoelectronic, and TE properties of Nd,MgXy (X = S, Se). The calculated half metallic
gaps for Nd,MgX, (X =S, Se) are 1.82 and 1.26 ¢V (spin down). The calculated lattice constants
for optimized Nd,MgX, (X = S, Se) structures are 11.2642 A and 11.7624 A, respectively. Both
spinels Nd,MgS, and Nd,MgSe, are half metallic ferromagnets having integer magnetic moments:
12.0008 puB and 12.0003 uB, correspondingly. For Nd,MgS, and Nd,MgSe,, the static n(w)
calculated to be 2.5 and 2.6, respectively. The optical absorption peak is determined to be 143.16
(10"/cm) at 8.6 eV for Nd,MgS, and 143.16 (10'*/cm) at 6.4 eV for Nd,MgSe,.The calculated
value of ZT for Nd,MgX, (X=S, Se) are 0.80 and 0.81, respectively at 800 K. Findings show that
both spinels are promising applicants for optoelectronics and TE coolers.
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