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To comprehend the mechanical, electronic, and magnetic properties of chalcogenides 
HgSm2S/Se4, a DFT-oriented thorough investigation is carried out. The elastic constants 
and spin-dependent electrical characteristics are determined by using the PBEsol-GGA 
functional and (mBJ) potential correspondingly. Through optimization, a sufficient 
amount of energy is discharged by the FM state as compared to nonmagnetic states. By 
investigating Born stability criteria and formation energy, the structural stabilities of both 
spinels are verified. The calculated Poisson's and Pugh's ratios showed that both spinels 
are ductile. The estimation of Curie temperature has supported the existence of a 
ferromagnetic nature at room temperature. Moreover, the presence of ferromagnetism in 
both spinels is confirmed by spin-oriented electrical characteristics, owing to the coupling 
between component states associated with Sm and S/Se. 
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1. Introduction 
 
Owing to properties like reliability, strong core electronic conductivity, and unanticipated 

phase intensity, Strong thiospinel frameworks in the cubic Fd-3m space group are particularly 
noteworthy [1-3]. In octahedral patterns (O2-, S2-, and Se2-), the bonding amongst the B-cations, as 
well as Y-anions chalcogenide, conduces to spinel compounds having composition AB2X4. In a 
three-dimensional framework created by edge-sharing ABX6 octahedral, tetrahedrally coordinated 
positions are inhabited by A-cations. Good chemical and thermal stability as well as significant 
electromagnetic properties are remarkably inherent in the majority of spinels [4], one of the 
applications of chalcogenides that resemble mixed metal spinel is to function as catalysts in a 
variety of procedures. Moreover, these are useful in redox processes to address power concerns on 
account of their superior chemical and physical properties [5]. Ferromagnetic spinels also play a 
vital role in the production of spintronic applications, proving them particularly interesting 
substances [6-8]. Such materials acquired technical and scientific uses in microelectronic devices 
through the modification of their intrinsic spin orientation feature, which allows for a variety of 
data processing and storage operations [9, 10]. 

Semiconducting and ferromagnetic compounds are thought to be very advantageous 
technologies. Spintronic properties can be improved by doping certain semiconducting substances 
[11-12]. The most ancient known magnetic semiconductors are thought to be the compounds 
having composition AB2Z4 (Z = S, Se, A= Mg, Zn, B = Sm based atoms) [13, 14]. A comparative 
study of these spinels to compounds like MgYb2S4 depicted better ferromagnetic behavior in 
spinels [15]. However, spinels with significant ferromagnetic traits are widely used in memory and 
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spintronic applications [16, 17]. Material researchers are especially fascinated with rare-earth-
based spinels in view of their ferromagnetic characteristics leading to enormous magneto-
resistance [18, 19]. Magnetic field sensors, biosensors, RAM, and multiple electronic appliances 
are novel applications on account of their gigantic magneto-resistive distinctive features. The 
working of electronic devices can be powered by the spinels' synchronous execution of electric 
charge and spin. 

The comprehensive study on Magnesium cells reported them as an excellent framework 
for researching the Mg2+ intercalation process, but their insufficient operating voltages proved 
them incapable of achieving significant energy density. The solid-state electrolytes that comprise 
spinels containing Mg2+, such as MgTm2S4 and MgTm2Se4, are employed under their great 
structural durability with Ehull value of less than 50 meV/atom [20, 21]. Through a thorough 
investigation, we came to know that there has been no experimental research history on 
HgSm2S/Se4 spinels. In this letter, we have conducted an in-depth theoretical investigation of 
HgSm2S/Se4 to study the mechanical, optoelectronic, and magnetic characteristics by using the 
DFT-oriented WIEN2k program [22]. This is because it can be harder to disclose accurate 
electronic characteristics of the spinels indicating novel applications [23, 24]. 

 
 
2. Research methodology 
 
The spin-polarized physical properties of HgSm2S/Se4 are examined by means of the FP-

LAPW+lo method coupled with the WIEN2k software package. PBEsol-GGA is used to calculate 
mechanical and structural properties amid numerous calculations for determining VXC[25]. Under 
the umbrella of the density functional theory approach, the PBEsol-GGA approximation operates 
as an outstanding exchange-correlation functional. In order to calculate the semiconductor band 
gaps appropriately, the electronic characteristics are estimated via mBJ potential [26-28]. To get 
precise details of structures that modulate the crystal structural behavior of the concerned 
composition, a reduction will occur in internal forces (reduced <1mRy/au). The valence electron 
calculations appeared quasi-reliant in comparison to the core electrons, which resided at a 
relativistic stage, as demonstrated using the FP-LAPW approach. For both spinels, the cut-off 
energy value required to distinguish the valence from the core states at the specific level was 
6.0Ry. When it comes to the energy convergence requirement, the reciprocal lattice's RMT×Kmax 
= 8 chemical formula represents the increment in the uttermost values of Kmax, the wave vector, 
and RMT, the muffin-tin radius. Additionally, the peak point of the Gaussian factor, Gmax = 22, 
and that of lmax = 10, were measured. In order to improve (SCF), we constructed 2000 k-points 
utilizing a 12×12×12 k mesh grid in Ist BZ. 

 
 
3. Discussion on results  
 
In this letter, first, we discussed the structural stabilities and mechanical properties in 

detail. Figure 1 depicted a cubic unit cell of HgSm2S/Se4 chalcogenides in a ball and polyhedral 
format having space group Fd-3m (227). Using the WIEN2k code, the studied spinel structure is 
built by positioning the Hg atom on lattice points (0.125, 0.125, 0.125), the Sm atoms on lattice 
points (0.5, 0, 0), and the S/Se atoms on lattice points (0.25, 0.25, 0.25). According to 
Murnaghan's state equation, it is exhibited (Fig. 2) that optimization pertains to the lowest ground 
state energy. By applying the formulae ΔE = ENM-EFM, the energy difference is computed, which 
in turn validates the long-term viability of the examined compositions in the FM state. 
Consequently, one has come to know that the ferromagnetic state emits more energy than the 
nonmagnetic state. Likewise, ferromagnetic phases have been discovered to have greater stability 
per unit cell than non-magnetic phases and their calculated values are 21.14 eV and 25.62 eV for 
HgSm2Se4 and HgSm2S4 respectively. 
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Fig. 1. Chalcogenides crystal structure of HgSm2S/Se4 (a) ball format and (b) polyhedral format 
Silver, red, and yellow ball show Hg, Sm, and S/Se atoms. 

 
 

 
 

Fig. 2. (a) HgSm2S4 and (b) HgSm2Se4 compounds energy versus volume plot in ferromagnetic  
and non-magnetic phases. 

 
 
In order to determine the reliability of concerned spinels in the FM phase, we additionally 

computed the ground-level energies of the ferromagnetic (FM) as well as anti-ferromagnetic 
(AFM) phases per unit cell. The retention of both spin orientations amongst the Sm elements has 
permitted for alignments throughout the AFM phase. To calculate the energy differences between 
the phases are estimated by applying the formula ∆𝐸𝐸 = 𝐸𝐸𝐹𝐹𝐹𝐹 − 𝐸𝐸𝐴𝐴𝐴𝐴𝐴𝐴. Table 1 displayed the 
computed ∆E values, which indicated that AFM phases are not as durable as FM states. 
Heisenberg model and the mean-field technique 𝑘𝑘𝐵𝐵𝑇𝑇𝐶𝐶 = 2

3
∆𝐸𝐸 played a vital role (by employing 

the connection) for estimating the Tc value [29, 30]. In the above equation, 𝑇𝑇𝐶𝐶, ΔE, 𝑘𝑘𝐵𝐵, are Curie 
temperature, energy differences, and Boltzmann constant, correspondingly. Table 1 revealed that 
the expected Tc values variated between 600-1000 K [31]. By summarizing the results, it’s become 
clear that the larger the energy differences (∆𝐸𝐸), the greater will be Curie temperature Tc values. 

Till now, there is not any experimental research history that would support a comparison 
of the aforementioned conclusions. The compounds' thermodynamic stability was ascertained by 
energy formation, or ∆Hf (refer to Table 1). The following is the equation for ∆Hf [32]; 

 
𝛥𝛥𝛥𝛥𝑓𝑓 = 𝐸𝐸Total(Hg𝑙𝑙Sm𝑚𝑚𝑆𝑆/𝑆𝑆𝑆𝑆𝑛𝑛) − lEHg − mESm − nE𝑆𝑆/𝑆𝑆𝑆𝑆       (1) 

 
𝐸𝐸Total(Hg𝑙𝑙Sm𝑚𝑚𝑆𝑆/𝑆𝑆𝑆𝑆𝑛𝑛) is the computed total ground state energy of the spinels under 

consideration. EHg, ESm, and ES/Se are the energies of individual atoms. The thermodynamic 
stability of the examined spinels is confirmed by the negative values of ∆Hf (see Table 1).  
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A decline is observed in ∆Hf values from -3.04 eV to -2.34 eV after swapping anions S 
with Se, which is a clear view of the exceptional thermodynamic stability of HgSm2S4. After the 
structures are optimized, a0 and B0 are calculated using Murnaghan's equation-of-state (depicted in 
Table 1). In both spinels, the a0 grew while the B0 declined. It results from the atoms' increasing 
separation with increasing anion sizes. The stability of studied compounds is confirmed by 
estimated values of formation energies. 

 
 

Table 1. Optimized lattice constant (ao(Å)), ground state bulk modulus (Bo(GPa)), Energy difference 
value (∆E(eV), Curie temperature (Tc), Enthalpy energy ∆Hf(eV), Shear modulus G(GPa), Young 

Modulus Y (GPa):, B/G, υ and Anisotropy Factor for HgSm2Z4 (Z = S, Se). 
 

Parameters HgSm2S4 HgSm2Se4 
 PBEsol-GGA PBEsol-GGA 
ao(Å) 11.31 11.81 
Bo(GPa) 62.88 51.90 
∆E(eV) -66.40 -49.80 
Tc 640 610 
∆Hf(eV) -3.04 -2.34 
C11 84.05 67.48 
C12 52.65 44.18 
C44 14.05 10.95 
B 63.11 51.94 
G 14.68 11.22 
Y  40.89 31.42 
B/G 4.29 4.63 
υ 0.39 0.40 
A 0.89 0.93 

 
 
For chalcogenide, spinels HgSm2S/Se4, the mechanical properties offer far more important 

information on structural stability [25, 33]. For instance, to evaluate the structural viability of the 
concerned compositions, the elastic constants are estimated via Tensor Matrix Analysis. It is 
claimed that for cubic structures, C11, C12, and C44, are the only requirements to assess systems. 
The Born criterion (C11 + 2C12 > 0, C44> 0, C12 < B0< C11, and C11 – C12 > 0) was implemented to 
ascertain that our compounds are stable [34]. The morphological durability in the concerned 
compositions was validated by acquired positive outcomes. The B0 values acquired via graphs 
(optimized) using Murnaghan's equation-of-state and the relation B0 = (C11+2C12)/3 are 
comparable. The findings reported the durability of the spinel structure and supported the 
hypothesis that the elastic and structural characteristics are interrelated. A ductile character is 
necessary for materials to be employed in real-world uses. Poisson's ratio (υ) (with a critical limit 
of 0.26), measured how brittle and ductile the spinels are. The ductility of the compound is 
validated for υ<0.26. Brittleness is taken into consideration if the value is more than this limit 
value. The ductile character is confirmed by our computed Poisson's ratio values (>0.26) for 
HgSm2S4 and HgSm2Se4 (see Table 1). Moreover, The B0/G (Pugh ratio) is also estimated for the 
confirmation of the studied compound's ductility trait with its critical limit of 1.75 [35, 36]. 
Besides this, the anisotropic (A) response is determined via Elastic Constant A = 2C44/(C11–C12). If 
the magnitude of A is in proximity to unity, the spinels are considered as isotropic. If the 
compounds do not meet this criteria they may be regarded as anisotropic. Results conclude that 
both spinels are anisotropic as shown in Table 1.  
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Fig. 3. Calculation of band structures for HgSm2S4 and HgSm2Se4 (in minority & majority spin channels). 
 
 

 

 
 

Fig. 4. TDOS and PDOS calculated for HgSm2S4 spinels (spin down (↓) and spin up (↑) orientation). 
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The optimized structures of HgSm2S/Se4 are used for the computation of band structures 
(BS) and DOS (density of states), and from these spin-oriented electronic characteristics are 
determined. The BS is assessed using modified Becke Johnson potentials (see Fig. 3). The Fermi-
level in the BS figure appears at 0 eV. A metallic character has been incorporated into the spin-up 
channel and free charge carriers contribute as a result of the valence states overlapping the Fermi 
level. Contrarily, due to the collaboration of the Fermi level (in the spin-down medium) inside the 
forbidden gap, which resulted in the semiconductor trait. Consequently, the materials under 
investigation can be classified as half-metallic ferromagnetic, indicating that they ought to 
demonstrate full spin polarization. The computed spin-down gap (↓Eg) values of MgPr2X4 
compounds based on rare earth elements have shown comparable patterns to ferromagnetic 
semiconductors [37]. Figs. 4 and 5 displayed PDOS and TDOS trends in the limits of -3.1 eV to -
1.0 eV and -3.4 eV to -4.0 eV for Hg, Sm, as well as S/Se, correspondingly. In contrast, its values 
for spin-down domains lie within -0.8 eV to -3.0 eV. In addition, hybridizing among Sm-4f, S/Se-
p, and Hg-5d atomic orbitals took place in the conduction band (0.8 eV to 1.4 eV) during spin-up 
medium and between 1.6 eV and 2.8 eV in the spin-down module. For cubic spinels, theoretical 
approximations of the electronic properties known as valence and conduction band edges may be 
computed in various scenarios [38, 39]. 

In general, the verification of spinel stability is done by the fact that comparatively 
sufficient energy is liberated in the FM phase than in the AFM phase. Twofold exchange 
mechanism with an electrical exchange between down and up spin channels was additionally 
validated by the p-states and f-states hybridization amongst Sm and S/Se states. Furthermore, the 
replacement of energy across the channel resulting from FM bonding along with a decline in 
energy in FM states serve as supplementary means of verifying ferromagnetism. The magnetic 
moment was strongly generated by such magnetic compounds particularly composed of rare earth 
elements. 

 

 

 
 

Fig. 5. TDOS and PDOS calculated for HgSm2Se4 spinels (spin down (↓) and spin up (↑) orientation). 
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Table 2 represented total magnetic moments (Mtot) and the local magnetic moments (MSm, 
MSe, MS, and MHg) that were determined using mBJ potential to ascertain the magnetic 
characteristics of HgSm2S/Se4. There was a clear link between the integer magnetic moment and 
electronic states moments in VB and CB. When combined with full spin polarization, this integer 
magnetic moment allowed for an easier comprehending view of spin orientation in up & down 
spin mediums. The magnetic field induced in Sm and other lanthanide-based materials is caused 
by lanthanides' f states. The inherent magnetic moments that exist in these elements are partly due 
to the existence of unbound e-,s in f and d atomic orbitals. Remarkably, the computed value for 
Mtot=10µB corresponds to the fact that both spinels show ferromagnetic traits. The calculated 
values of local magnetic moments for the atoms of Se, S, and Hg, or µHg µS, and µSe, are displayed 
in Table 2. The substantial coupling among Sm element’s d orbitals and the p state of host 
semiconducting compounds produces moments on the S/Se and Hg positions. The calculations of 
Mtot and the individual magnetic moments of Sm atoms were comparable (refer to Table 2). 
Significant ferromagnetic exchange splitting produced the compounds' magnetic fields, and Sm 
acted as a magnetically receptive element. Moreover, a combination of S/Se and Hg components 
verified ferromagnetic properties in both compounds. 

 
 

Table 2. Magnetic moments value for spinels HgSm2S4 and HgSm2Se4,  
total and their local MHg, MSm, and MS/Se, interstitial (MInt.). 

 
 MTotal MInt. MHg MSm MS/Se 

HgSm2S4 10.000 0.1125 0.006 5.054 -0.043 
HgSm2Se4 10.000 0.0123 0.002 5.172 -0.085 

 
 
4. Conclusion  
 
The theoretical DFT-oriented current study extensively analyzed the mechanical, optical, 

thermoelectric, and magnetic characteristics of chalcogenide spinels HgSm2S/Se4. The diligent 
preference for the ferromagnetic state is highlighted by the cubic spinels' volume optimizations. 
Moreover, the determined energy formation is in favor of the spinels' strong foundation, which 
ideally preserves the magnetic phase. The thermodynamic and mechanical stabilities of both 
spinels have been verified by their respective parameters (negative enthalpy values and positive 
elastic constants). The calculated Pugh's and Poisson's ratios met the criteria of ductile nature 
which is more than 1.75 and 0.26, respectively. From BS calculations, the overall half-metallic 
nature absorbed due to the semiconducting nature in spin down and metallic nature in spin up is 
comparable to existing literature. A relatively solid ferromagnetic state is produced by the 
significant hybridization of component states as a consequence of exchange interactions. The 
marvelous results of the current study on chalcogenides highlighted novel applications employing 
spintronics technology. 
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