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ABSTRACT: Ferrites are remarkable compounds for energy harvesting and spintronic applications. For this purpose,
mechanically stable, thermodynamic, photo-catalytic, and ferromagnetic characteristics of ferrites Al2Mn(S/Se)4
have been investigated significantly using PBEsol-GGA and modified Becke Johnson potential (TB-mBJ). In order
to determine structural stability, we calculate formation energy (Ef) and Born stability criteria that confirm the
structural stability of the Al2Mn(S/Se)4. 2D and 3D plots of Poisson’s ratio (υ) and linear compressibility are also
used to indicate the stability of these materials. Additionally, thermodynamic characteristics reveal that both ferrites
are stable. Spin-polarized electronic properties indicate that both ferrites are ferromagnetic semiconductors with
bandgap values of 2.0 eV and 1.3 eV. The hybridization process, exchange constants, double exchange mechanism,
and exchange energies are useful in ferromagnetism. The ferromagnetism has been produced due to exchange of
spin of electrons rather than the clustering effects of the interior magnetic field of Mn atoms in the structures. It
was confirmed through the decrease of magnetic moments of M and its movement towards nonmagnetic (Al, S/Se)
sites. Finally, photo-catalytic properties are investigated to show appropriate choice for the oxidation of H2O at pH
values 0–7.

KEYWORDS: Ferrites; DFT-calculations; thermodynamic properties; ferromagnetism; elastic constant; photo-catalytic
properties

1 Introduction

Ferrites usually have wide optical and electronic bandgaps. Additionally, ferrites offer the ability
to engineer bandgap and other optical and electronic properties through doping or substitution [1,2].
Ferrites have been studied as potential candidates for a number of applications, such as solar cells [3],
LEDs [4], electroluminescence, and electro-photocatalysis [5], laser diodes [6]. Particular thermoelectric
and transport properties along with their optoelectronic properties, make ferrites remarkable. Many spinel
compounds possess a large Seebeck coefficient, low thermal conductivity, and high electrical conductivity,
making these compounds attractive for thermoelectrics [7]. Chalcogenide-based compounds are the most
explored spinels. Thermodynamic and mechanical stability of these spinels are essential requirements

Copyright © 2026 The Authors. Published by Tech Science Press. This work is licensed under a Creative Commons Attribution 4.0 International
License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

https://www.techscience.com/journal/cl
http://www.techscience.com
http://doi.org/10.32604/cl.2026.076592
https://www.techscience.com/doi/10.32604/cl.2026.076592
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


2 Chalcogenide Lett. 2026;23(1):7

for device manufacturing. For this, different compounds such as spinels, perovskites, double perovskites,
transition metal oxides, heusler alloys, and dilute magnetic semiconductors have exclusively been studied
for spintronic purposes over the last few years [8–10]. The prime focus of the researcher is the ferromagnetic
semiconducting nature of A2BX4 ferrites with high Curie temperature [11].

The exchange mechanism can overcome the magnetic frustration due to the geometrical distortion of
these compounds [12–15]. The combination of semiconducting and magnetic behavior of such compounds,
due to their technological use in spintronic is essential. A ferromagnetic behavior of the magnesium
chalcogenides MgCr2(S/Se)4 was found due to negative magneto-resistive. This is seen as Curie temperature
of the same magnesium chalcogenides [16]. The observed temperature for CdCr2Se4 and CdCr2S4 as 84.5 K
and 129.5 K, respectively [17]. The higher voltage Cr3+/Cr4+ couple, Mg-based thiospinel, MgCr2S4, was
studied by Wustrow et al. [18]. Thus, the divalent Mg ion and higher voltage coupling effects minimized
the rate of diffusion barrier, asserting to some yielding anionic lattice system [19]. In addition, the
interpolation of Mg ion was further observed at various temperature as reported by Long et al. [20]
with Ti-based thio-spinels and is suitable for electrochemical recycling. The ferromagnetic spinels with
the Colossal Magnetoresistance, introduced as an interesting platform for the researchers in the field of
ferromagnetism [21,22]. The large magnetic moments and entire spin polarization of Cr and Mn, MgMn2S4
and MgCr2S4 have been observed as best ferro-magnets [23,24]. Further, thermoelectric and magnetic
features of MgPr2(S/Se)2 through DFT-oriented analyses have been reported for spintronic applications [25].
However, there are very limited studies on ferrites Al2Mn(S/Se)4 on physical characteristics. We explored
elastic, ferromagnetic, thermodynamic, photo-catalytic, and electronic structure features of both ferrites in
this research work. The prime findings of the research are entire spin polarization with no clusters of Mn
and ferromagnetism due to the exchange mechanism.

2 Research Methodology

The compounds under discussion have been investigated through the most accurate and versatile
DFT based WIEN2k code [26]. For exploring the electronic structures of the compounds, the FP-LAPW
technique was brought into use along with PBEsol approximations. In addition, modified Becke and Johnson
(TB-mBJ) potential was also utilized for other physical features along with electronic characteristics [27].
This approach is believed to be the best one in order to explore the Band Gaps of inorganic compounds.
Similarly, for the exposure of band gaps and electronic structures of the atoms containing huge atomic
numbers, the version two of TB-mBJ is also suitable. The elastic characteristics have been investigated with
the help of EiaTools [28]. Some fundamental inputs are necessary in DFT analysis to execute the software.
So, the solution of density was further analyzed into plane wave in the interstitial region and spherical
harmonic in the muffin-tin region. The cut of values of muffin-tin radius and wave vectors have been set as
RMT × Kmax = 8. The angular momentum allowed the optimal values 𝓁max = 10, whereas the value of Gussain
factor remained Gmax = 18. The k-mesh order is set through iteration process the best order to which was
12 × 12 × 12. The conversion or exchange of energy was obtained up to 10−3 Ry by the same k-mesh order.

3 Results and Discussion

3.1 Structural Properties

Fig. 1 shows the cubic crystal structures of ferrites Al2Mn(S/Se)4 having space group 227_Fd-3m.
There are 56 atoms in cubic unit cell wherein FCC lattice was formed by 32 atoms of S/Se occupying the
octahedrons and tetrahedrons of Mn and Al atoms. Each corner of the octahedral shared (1/2) to 16 atoms
of Mn, while the same of the tetrahedrons shared (1/8) to 8 atoms of Al. The atomic coordination S/Se
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(1/4, 1/4, 1/4), Fe (1/2, 1/2, 1/2), and Al (1/8, 1/8, 1/8) have been employed quite in line with the mentioned
space group.

Figure 1: (a) ferro-magentic unit cell and (b) optimization plot of ferrites Al2Mn(S/Se)4.

The lattice parameters and bulk modulus of ferrites Al2Mn(S/Se)4 were evaluated by setting Equation
of State [29] to volume data versus total energy. Table 1 exhibits the computed values for structural features.
The increase in anionic radii up to 1.840 Å from 1.700 Å for Se and S correspondingly caused an increase
in lattice parameter up to 10.04 Å from 10.60 Å. On the other hand, smaller electro-negativity and bigger
atomic radius of selenium is perceived from the reduction in covalent character between anions and cations.
Similarly, increase in bulk modulus caused reduction in stiffness from Al2MnS4 to Al2MnSe4.

Table 1: The computed lattice parameter, bulk modulus values and formation energy of ferrites Al2Mn(S/Se)4.

Ferrites ao (Å) Bo (GPa) 𝚫Hf

Al2MnS4 10.04 90.49 −0.94
Al2MnSe4 10.60 69.81 −0.68

Both ferrites Al2Mn(S/Se)4 reportedly possess more stability than that of other Mn-based compounds.
The formation energy is computed by the equation as under:

ΔHf = 𝐸Total(Al𝑙𝑀𝑛𝑚𝑆/𝑆𝑒𝑛) − lEAl −mEMn − nE𝑆/𝑆𝑒 (1)

where 𝐸Total(Al𝑙𝑀𝑛𝑚𝑆/𝑆𝑒𝑛) is the total energy, (EMn, EAl and E𝑆/𝑆𝑒) are the amounts energy levels of (Al,
mn, and S/Se) atoms. The computed figures of ΔHf in Table 1 displaying the negative sign confirms that the
compounds are thermodynamically stabile in FM states [30,31].

3.2 Mechanical Properties

Mechanical analysis requires three independent elastic constants computed for the studied ferrites
Al2Mn(S/Se)4. Charpin method is used to set a criterion for mechanical stability [32,33]. It is ensured that
our examined DPs are mechanically stable from the Reuss-Voigt approximations and other criteria for
stability [34]. Furthermore, the relation B = C11 + 2C12/2 is used to compute bulk modulus from elastic
constants. Calculations done for Young, shear moduli (E, G), Pugh’s ratio B/G, anisotropy factor (A) and
Poisson’s ratio (υ), elaborate the mechanical character of the material given in Table 1. The examined DPs
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have the malleable character due to relatively small moduli (B, Y, G). Pugh’s (B/G) ratio determines the
ductility and brittleness nature of a crystal. It is observed that compounds under investigation retain their
ductile nature regardless of the pressure exerted [35]. The B/G > 1.75 confirms the ductility of the studied
compound. In our studied ferrites Al2Mn(S/Se)4 the ferrite Al2MnS4 has greater ductility while ferrite
Al2MnSe4 reveals lesser ductility. The directional response of the studied ferrites are determined by the
anisotropic factor A. It demonstrates the changing physical behavior along particular axis. The material is
isotopic when A = 0 but when it deviates the material’s character becomes anisotropic. Our studied ferrites
explicitly show anisotropic behavior. The nature of the bonding of the material is revealed by the Poisson
ratio (υ), ionic bonding is observed when υ = 0.26, υ < 0.26 reveals covalent nature while υ > 0.26 is for
metallic nature of bonding. Covalent nature of bonding is observed in all atmospheric conditions for the
DPs under examination as the value for Poisson ratio remains greater than 0.26. Moreover, Poisson ratio
also determines the ductility υ > 0.26 and brittleness υ < 0.26 [36], ductility of our compound is further
testified by its value.

To investigate elastic anisotropy, three-dimensional surface plots (see Figs. 2 and 3) of bulk modulus
(B), shear modulus (G), Young’s modulus (Y), Pugh (B/G) and Poisson’s ratio (υ) were created. The bulk
modulus is almost spherical, confirming its isotropic nature.

However, G, Y, and ν show considerable departures from spherical geometry, indicating elastic
anisotropy in both ferrites. This anisotropy is further demonstrated by the variations in minimum and
maximum G and Y values, which show the directional dependence of mechanical reaction. The estimated
elastic constants, moduli, and anisotropy analysis reveal that ferrites Al2Mn(S/Se)4 are mechanically stable,
ductile material with noticeable elastic anisotropy, making it an attractive candidate for possible applications
in energy-related and optoelectronic devices.

3.3 Thermodynamic Properties

One of the main thermodynamic parameters that is frequently studied in proteins is heat capacity (C).
It is the most difficult of these quantities to comprehend physically, yet it offers the most knowledge, with
over six definitions [37]. Fig. 4a shows that heat capacity at constant pressure (Cp) increases rapidly at low
temperatures and then starts to level off. Among the three compounds, ferrites Al2MnSe4 (green) has the
highest heat capacity, followed by Al2MnS4 (black). This pattern most likely reflects the chalcogenide rising
atomic mass (S < Se), which influences vibrational modes and, consequently, heat capacity. Heat capacity at
constant volume (CV) can provide information about solid phase transition, energy band structure, lattice
vibration, etc. [38]. The CV calculation result is displayed in Fig. 4b. At temperatures below 200 K, CV rises
quickly but for temperatures greater than 200 K there is very small increase in it. From 400 K it tends to be
a constant, reaching a maximum of 241 J/kg⋅K. Consequently, CV for S is more than Se for all temperatures.
Since materials experience energy conversion and dissipation during the operation, so it is important to
understand their thermal behaviour. The product of entropy (S) and temperature (T), i.e., S × T, enthalpy (H),
and free energy (F) variations with temperature are depicted in Fig. 4c. The thermodynamic potentials given
as enthalpy H = U + PV and Helmholtz free energy F = U − TS, where U, P, and V stand for the system’s
internal energy, pressure, and volume, respectively. Fig. 4c shows that T*Enthalpy increases, while there is
very small rise in enthalpy with increase in temperature. But Free energy decreases with temperature rise,
indicating thermodynamic stability at higher temperatures. Al2MnSe4 (green) consistently has the highest
T*S and enthalpy, but also the most negative free energy, implying better thermal stability. Enthalpy rises
as a result of the system’s thermal motion being intensified by temperature increases, which also raise
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internal energy, pressure, and volume. F = U − TS < U + PV − TS = H − TS, F < H − TS < 0 since H < TS
and the three materials’ enhanced range of H is less than TS.

 

Figure 2: Calculated 2D and 3D plots of (a) bulk modulus, (b) shear modulus, (c) young modulus, (d) linear
compressibility, (e) Pugh ratio and (f) Possion ratio of ferrite Al2MnS4.
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Figure 3: Calculated 2D and 3D plots of (a) bulk modulus, (b) shear modulus, (c) young modulus, (d) linear
compressibility, (e) Pugh ratio and (f) Possion ratio of ferrite Al2MnSe4.
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Figure 4: Calculated thermodynamic properties of ferrites Al2Mn(S/Se)4. (a) heat capacity of at constant pressure
vs. temperature (Cp); (b) heat capacity of at constant volume (Cv) vs. temperature; (c) T*entropy vs. temperature,
enthalpy vs. temperature, free energy vs. temperature.

3.4 Ferro-Magnetic Properties

In electronic properties, spin polarized analysis of electronic band structure are investigated for
ferromagnetic behavior of studied ferrites Al2Mn(S/Se)4. In spin-polarized electronic band calculations, we
used TB-mBJ potential for the accurate calculations of bandgap of both ferrites Al2Mn(S/Se)4 that depict in
Fig. 5a,b. In Fig. 5, the horizontal dotted lines between valence band (VB) and conduction band (CB) show
the Fermi level. In both spin channels, CB minima and VB maxima convene at Γ point. Thus, the both
ferrites are justified to exhibit direct bandgap having calculated values of 2.0 eV and 1.3 eV respectively. The
band structure ensures that both channel are semiconductor behavior. The states are away from the EF in
CB minima whereas near the EF in VB maxima for Al2Mn(S/Se)4 for minority spin. On contrary, conduction
states have been found away the EF whereas the valence states have been observed existing at the EF in
majority channel forming the narrower bandgap (see in Fig. 5). Resultantly, the BS of the materials can be
affected by the change in anions showing its importance and potential [39].



8 Chalcogenide Lett. 2026;23(1):7

Figure 5: Calculated spin-polarized band structures for (a) Al2MnS4 and (b) Al2MnSe4 majority spin and minority
spin.

However, in the work in hand, spin down and spin up states have been reverted because of quantum
confinement effects where the wave function of electrons remained limited in quantum [40]. Thus, powerful
hybridization takes place among S/Se-p and Mn-3d states manipulating the ferromagnetic interaction [41].
3d-eg states remained exclusively donated to (↑) channel as compared with (↓) channel in lesser energy
region, −3 eV to −1 eV whereas the same states higher energy region remained greatly contributed towards
hybridization for Al2MnS4. However, the contribution of theirs reduced as anion changing from S to Se. As
far as the matter of 3d-t2g states is concerned, the contribution was approximately the same for the both
anions. It has been discussed in details in the high energy region 1 eV–3 eV (see Fig. 5).

3.5 Photo-Catalytic Properties

Solar energy can be captured and hydrogen can be produced by dissociating water with the right direct
bandgap semiconductors [42]. Thus, clean, sustainable energy can be produced by photocatalytic water
splitting [43]. Electrons reduce water during the photocatalytic process, while holes oxidize it [44]. The
conduction and valence band photocatalytic water splitting must be greater than the oxidation (reduction)
potential of 0 (1.23) eV for this activity for all materials considered [45]. For photocatalytic water splitting,
the typical oxidation as well as reduction potentials are −4.44 eV and −5.67 eV, respectively, on the hydrogen
scale, as shown in Fig. 6. The Fermi level is set to (−4.44) eV in order to determine the band edge positions
of the VB and CB with respect to standard oxidation [46]. At 0 eV = −4.4 eV and 1.23 eV = −5.67 eV,
respectively, the CB and VB are positioned. Normal redox potentials can be affected by the pH of the water.
One can use the formula to determine the redox potential at various pH values: E H/H2 = 4.44 eV + pH ×
0.059 eV and E O2/H2O = 5.67 eV + pH × 0.059 eV. At pH = 0 (typical aqueous acid conditions for redox
processes), the standard potential is 4.44 eV for water reduction and 5.67 eV for oxidation. The figure makes
it evident that Al2Mn(S/Se)4 showing for the oxidization of H2O at pH values 0–7. So ferrites Al2Mn(S/Se)4
fail to reduction of water from pH = 0–7, but being good response for the oxidization of water.
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Figure 6: Calculated photo-catalytic properties of ferrites Al2Mn(S/Se)4.

4 Conclusion

The thermodynamic, mechanical, photo-catalytic, and ferro-magnetic characteristics of ferrites
Al2Mn(S/Se)4 were comprehensively investigated using density functional theory. Both materials have
cubic structures with a certain space group. The elastic stiffness constants verified the mechanical stability
of materials, and the calculated Pugh and Poisson ratios are observed as 0.27 and 1.76, respectively showing
ductility of these materials. Formation energies (ΔHf), measured as −0.94 eV for Al2MnS4 and −0.64 eV
for Al2MnSe4 confirmed the thermodynamic stability. The exothermic reaction with negative magnitude
validates the thermodynamic stability. Moreover, the S-based compound was found to be more stable due to
larger amplitude of ΔHf. The direct bandgaps of 2.0 eV and 1.3 eV in up-spin configuration for Al2MnS4 and
Al2MnSe4, respectively, spin-polarized electronic band structure verified the semiconducting properties.
Photo-catalytic calculations are evident that ferrites Al2Mn(S/Se)4 show for the oxidation of H2O at pH
values 0–7.
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