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Abstract

A promising class of materials, chalcogenide perovskites (CPs), are characterized by their
exceptional stability, environmentally friendly composition, and intriguing optoelectronic
properties. To comprehensively analyze the structural, mechanical, and thermodynamic
characteristics of MgBS; (where B = Hf, Ti, and Zr), one of the most promising members of the
metal chalcogenide perovskite family, we employed density functional theory (DFT) simulations.
Our theoretical results indicate that MgHJS}; is the most stable compound, aligning well with the
reported syntheses of other chalcogenide perovskites. These materials exhibit anisotropy, robust
mechanical stability, and significant resistance to deformation under external stress, fulfilling
the Born stability criteria. Pugh ratio analysis confirms that MgZrS; (1.99) is ductile, as well as
MgHfS; (1.91) while MgTiS; (0.05) is brittle. Thermodynamic calculations reveal the Debye
temperatures of MgHfS; (282.94 K), MgZrS; (325.67 K), and MgTiS; (376.76 K), along with
vibrational energies, entropies, and constant volume heat capacities of MgHfSs (115 JK ‘Nmol™)
and MgZrS; (112 JK'Nmol™). Notably, the free vibrational energy decreases rapidly with
increasing temperature. These characteristics underscore the potential of MgBS;-based CPs in
developing more robust and efficient optoelectronic devices and indoor photovoltaics.
Furthermore, due to its lower Debye temperature compared to other CPs, MgHfS; emerges as a
significant candidate for thermodynamic applications. Our findings suggest that MgBS;
chalcogenide perovskites (B = Hf, Ti, and Zr) possess substantial promise for advancing
ferromagnetic materials, renewable energy solutions, and optoelectronic devices.

Keywords: Chalcogenide-perovskites, mechanical, structural, thermal, photovoltaic and
optoelectronics.

Introduction

The global energy landscape is currently moving toward sustainable and renewable energy
sources to lower greenhouse gas emissions and lessen the effects of climate change. Scientific
communities throughout the world have been investigating new materials that may help create a
more sustainable, highly productive, and long-lasting future to solve these issues [1-3].
Perovskites, skutterudite, metal-organic frameworks, covalent organic frameworks, metal
chalcogenides, and intermetallic have all been identified as having the capacity to provide
alternative energy. Metal chalcogenides, which are composed of elements from the chalcogen
group (oxygen, sulfur, selenium, and tellurium), have attracted interest among these materials
due to their varied characteristics. Chalcogenide nanomaterials have their roots in the early
research on amorphous chalcogenide semiconductors (Figure 1a) conducted in the 1960s. The
unique combination of optical, electrical, thermal, and catalytic properties of chalcogenide
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semiconductor nanoparticles makes them ideal for a variety of uses in environmentally friendly
nanotechnology and remediation (Figure 1) [4, 5].

Chalcogenide perovskites represent a promising class of materials that aim to integrate the
advantageous application-specific characteristics of both halide perovskites and chalcogenides.
A particularly noteworthy application is their potential use in tandem solar cells built on silicon
platforms. While halide perovskites demonstrate high efficiency, they suffer from limited long-
term stability and the presence of toxic elements [6-10]. Conversely, established chalcogenide
alternatives, including CdSe, CdTe, Cu(In,Ga)(S,Se),, and Cu,ZnSn(S,Se)s, are recognized for
their stability [9]. However, they tend to experience significant voltage losses relative to the
Shockley-Queisser limit when their band gaps are adjusted to the optimal range for tandem cells,
approximately 1.6 to 1.8 eV [11-14]. Other emerging wide-gap chalcogenides show limited
evidence of high photovoltaic potential, particularly in terms of strong luminescence quantum
yield. In contrast, chalcogenide perovskites overcome the drawbacks associated with both
material groups. They primarily consist of earth-abundant and non-toxic elements, demonstrating
exceptional environmental stability [15-17]. Furthermore, they possess higher absorption
coefficients than any mainstream chalcogenide or halide perovskite, with some exhibiting
external luminescence efficiencies that theoretically enable a V. reaching 90% of the Shockley-
Queisser limit. These attributes are promising for the application of chalcogenide perovskites as
the top cell in tandem solar cells, as well as in other energy conversion applications, including
solid-state lighting [18-20]. In terms of the discovered (or predicted) chalcogenide perovskites, it
is evident that this family is less extensive than many authors have previously imagined [21].
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Fig. 1. Overview of the chalcogenide’s energy and environmental applications

Despite some conflicting claims, the prevailing understanding is that all practically applicable II-
IV-VIz-type ABX3 compounds are sulfides, with BaZrS; and BaHfS; definitively exhibiting a ground
state perovskite structure. Other compounds, such as the Sr-equivalents, may form as high-temperature
phases [22-25]. Several III-II-VI;-type ABX;3 perovskites have been demonstrated, but their
exploration has been limited to basic structural parameters thus far. The relative scarcity of
chalcogenide perovskites can be attributed to nonideal structural factors, particularly the lack of
sufficiently large B-site cations necessary to meet the minimum octahedral factor requirement [26].
Nevertheless, there is considerable potential for tuning bandgap and other properties through alloying
at any of the lattice sites of BaZrS;, while high-temperature phases may still be applicable in areas
such as solid-state lighting [27]. These observations clarify the limited number of publications on
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chalcogenide perovskites beyond BaZrSs, allowing us to concentrate our efforts on this more restricted
family of materials for which more information is accessible. There are several gaps and uncertainties
in the existing literature regarding structural stability and characterization, which we have identified
[28-32]. The incorporation of chalcogenides, including selenium and sulphur, offers a significant
opportunity to improve the efficiency and stability of perovskite solar cells (PSCs). Nevertheless, this
integration poses several challenges. Primarily, the comparatively higher cost of these materials
relative to alternatives utilized in PSCs may result in elevated manufacturing expenses, thereby
requiring meticulous optimization to avoid substantial increases in production costs. To improve
structural stability, Md. Zillur Rahman et al. (2024) introduced new CP materials featuring adequately
large B-site cations that meet the minimum octahedral factor requirement, along with their
characterization [33].

The existing literature, primarily based on powder samples, demonstrates the favourable
optoelectronic properties of chalcogenide perovskites [34]. These powder materials have confirmed
exceptionally strong optical absorption; however, there is a notable lack of consensus regarding the
size and nature of the bandgap, particularly in BaZrS;. In terms of photoluminescence (PL) emission,
the high-temperature phases SrZrS; and SrHfS; have shown superior results compared to BaZrS; [35-
36]. Nevertheless, the limited data points raise questions about whether this indicates an intrinsic
difference, and the influence of impurities and secondary phases remains unclear [37]. The PL
broadening observed in BaZrS3 is concerning and warrants evaluation in better-characterized materials
produced under more controlled conditions. Meanwhile, sensitive measurements of absorptivity will
be crucial for understanding the potentially unusual band structure and the nature of any sub-gap states.
Additionally, the reported high dielectric constant of BaZrS; holds significant technological promise,
particularly for enhancing charge carrier lifetimes [38]. The distinctive combination of a Dirac-like
band structure, elevated carrier mobility, and a three-dimensional framework in Ba.HfTes positions it
as a highly promising material for diverse applications. In the realm of energy conversion, its superior
carrier mobility has the potential to greatly enhance the efficiency of photovoltaic devices by
facilitating improved charge transport. Additionally, in sensing technologies, the material's stability
and electronic characteristics may pave the way for the creation of more sensitive and reliable sensors.
Recently, Njema ef al. (2024) conducted a review that outlines methods for enhancing charge carrier
lifetimes and achieving a high dielectric constant in other conductive polymers, thereby advancing
their technological potential [39].

In terms of defect tolerance, which is a cornerstone of the success of halide perovskites, the
available information regarding chalcogenide perovskites remains limited. Consequently, a
comprehensive comparison between halide and chalcogenide perovskites in this context is currently
unfeasible. The two theoretical studies, albeit focused solely on BaZrSs, suggest that BaZrS; exhibits
defect tolerance, as it lacks low-energy defects with deep energy levels that could lead to Shockley—
Read-Hall recombination [40-42]. This conclusion is further corroborated by existing
photoluminescence (PL) measurements. Nevertheless, while the findings are promising, the
information remains fragmented. More work is still needed to make a direct and detailed comparison
of the defect chemistries at this stage, including on the roles of other defect types, including ever-
present impurities such as O and Hf. Clearly, there is scope for material processing to impact defect
concentrations, and several chalcogenide perovskites [43] have demonstrated the technologically
useful feature of variable doping level and type. Reasonable charge carrier mobilities for emerging
materials have been reported, especially promising to consider that most optoelectronic and transport
measurements have been made on relatively poor-quality materials from high temperature synthesis,
which is expected to lead to degenerate doping and large off stoichiometry. This suggests there is room
for improvements in all characteristics thus far determined [44, 45]. G.G. Njema and J.K. Kibe (2025)
have presented both theoretical and experimental findings that offer an alternative approach to
enhancing the defect tolerance of conducting polymers (CPs). Their research focuses on optimizing
doping levels, stoichiometry, and related factors to facilitate technological advancements in CP
materials [46].
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Thin film synthesis has emerged as a significant challenge for chalcogenide perovskites. The
appropriate synthesis methods appear to be more like those used for other chalcogenides rather than
for halide perovskites. While solution processing is often regarded as a competitive advantage of halide
perovskites, it is likely not feasible for chalcogenide perovskites. This limitation is presumably due to
the necessity for thermal activation of chemical rearrangements, which is influenced by the stronger
chemical bonds present. However, these characteristics also contribute to the inherent stability of the
materials. Although solution-processable materials facilitate rapid advancements in research and
development, the requirement for high-temperature processing may ultimately result in enhanced
stability. For instance, both CdTe and CIGS necessitate high-temperature processing yet do not face
the significant stability challenges associated with halide perovskites. Furthermore, the primary
obstacles for CdTe and CIGS technologies are unrelated to their high-temperature processing, and
their embodied energy remains considerably lower than that of Si-based technologies, owing to their
thin film characteristics [46. 47,48]. Synthesis efforts for chalcogenide perovskite thin films,
specifically BaZrSs, have predominantly utilized physical vapour deposition methods. A prevailing
notion suggests that chalcogenide perovskites necessitate unusually high growth temperatures and are
incompatible with conductive substrates, posing significant challenges for photovoltaic integration.
However, our review of the literature indicates that this characterization may be premature [49]. Two
primary bottlenecks are evident. The first is a notable issue of low diffusivity, which hinders phase
formation and grain growth of BaZrSs. The second challenge involves the difficulty of substituting
oxygen with sulfur when employing oxide precursors, which has been the most common approach to
date. Insights from the solid-state synthesis literature offer valuable guidance for thin film growers.
One key takeaway is the complete avoidance of oxide precursors [50]. Additionally, a phase formation
pathway through BaS; appears to exhibit much faster kinetics, enabling lower temperature growth that
is comparable to other chalcogenides. This method should be straightforward to replicate in thin film
growth, yet it has remained unreported thus far. The combination of these insights, along with the use
of additives to enhance crystallization—already a standard practice for other chalcogenides, indicates
significant potential for improving material quality through thin film techniques, surpassing the
advancements achieved with bulk samples. Such enhancements are anticipated to foster a deeper
understanding of the optoelectronic properties of emerging chalcogenide perovskites and facilitate
progress toward device integration [51].

As aremedy, sustainable synthesis pathways and alternate chalcogen sources are being researched.
We aim to support a renewed push for development of chalcogenide perovskites and to create clarity
in the face of some early misconceptions and disappointing experimental outcomes that sit alongside
various impressive claims, and to identify the critical hurdles that would need to be overcome for
chalcogenide perovskites to emerge fully onto the PV stage. This has motivated us to perform a
detailed study of the mechanical, thermodynamic, and structural characteristics of the MgBS; (B = Hf,
Ti, and Zr) perovskite as a functional pressure using density functional theory-based first-principles
calculations (DFT). Details of the lattice parameters under pressure are provided. In the meantime, the
elastic constant and other mechanical parameters, such as elastic moduli, are also established. In
Section 2, the computational details of the calculations are presented. Our results are in Section 3. An
overview of the findings is provided in Section 4.

Computational Methodology

The exchange-correlation functional was described using the generalized gradient approximation
(GGA) in the form of Perdew-Burke-Ernzerhof (PBE) [52] in first-principles calculations carried out
with the Quantum Espresso algorithm [53]. (XC). For atoms having valence electrons in Hf, Zr, Ti,
and S, the all-electron projector augmented wave (PAW) technique was used. of [Xe] 4f'* 5d? 6s?, [Kr]
4d? 55 [Ar] 3d? 4s?, and [Ne] 3s? 3p*, respectively. A plane wave set with an energy cut-off of 50 Ry
served as the foundation for the expansion of the electronic wave functions' plane waves. The
Monkhorst-Pack [54-55] 4 x 4 x 4 k-point mesh was merged with the irreducible Brillouin zone. Every
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structure was compressed between 0 and 15 GPa, and it was relaxed at each pressure point under
investigation. To attain high pressures, the volume of the original existing structure was later decreased
from ambient pressure. To maintain a balance between speed and precision, the plane-wave basis
cutoff was set at 750 eV. The ionic cores and the valence electron interactions were described by an
ultrasoft pseudo-potential [56]. The energy levels were widened using the Methfessel-Paxton [57]
smearing with a Gaussian spreading ¢ = 0.01 Ry to enhance the convergence of the solution of the
self-consistent Kohn-Sham equations. A well-converged ground state energy was obtained by setting
the total energy convergence in the iterative solution of the Kohn-Sham equations [58,59] at 1.0 x 10~
Ry. The BFGS algorithm [60] was utilized to fully relax all structures, using a threshold force of 107
Ry/Bohr.

Results and Discussions

Structural properties
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Fig. 2. Predicted material structures of: a) MgHfS;; b) MgTiS;; ¢) MgZrS;

Based on the output data presented in Figure 2., we observed that the materials exhibit an
orthorhombic perovskite structure. The software XCRYSDEN was utilized to create the anticipated
figures [60-61]. Table 1. illustrates the three-dimensional arrangement of the structure along with all
essential properties of the perovskites. The results align closely with previous studies on both
experimental and theoretical values of lattice constants. Figure 3. illustrates a parabolic curve
generated by plotting the total energy of MgBSs against the lattice constants. The minimum energy
values are 9.59A for MgHfS3, 9.27A for MgTiSs, and 9.19A for MgZrS;. In comparison to the k-point
sample curve, this minimum exhibits the lowest total energy cut-off and demonstrates convergence,
indicating it is the most favourable point for optimization, as analyzed in Figure 3.

Table 1. Table showing calculated GGA lattice constant ay (A), b (‘A), ¢(‘A) bulk modulus B and Moduli derivative B

Crystals Space group  a(‘A) b(‘A) c("A) B’ (GPa) B!
MgHfS;, Pnma 6.56 7.02 9.59 78.9 5.57
MgZrS; Pnma 6.56 7.03 9.19 251.3 6.01
MgTiSs Pnma 6.66 7.03 9.27 170.6 4.43
BaZrS;-f* Pnma 7.02 7.05 9.98 - -
BaZrSs-a* Pnma 7.04 7.15 10.03 - -

* Ref 40
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Table 2. The calculated GGA lattice constant a, (A), bulk modulus B, equilibrium volume V, (A%) and band gap E, for
MgTiS;, MgHfS; and MgZrS; compared to other theoretical studies and experiment

Physical parameter MgTiSs MgZrS; MgH{S3 Theory Experiment
Lattice constant a, (A) 9.27 9.19 9.59 10.077[39] 9.98[40]
Bulk modulus B (GPa) 251.3 170.6 78.9 - -
Volume Vo (&%) 117.06 424.09 439.53 511.059[38] 441.89 [40]
Band gap E; (eV) 11 13 1.43 0.9-1.6[40],1.0-  1.73-1.85[38],
) ) ) 1.75[36],1.12[37] 0.99[38]
Emin (Ry) -517.07 -2125.22 -2470.2 - -
Tolerance factor 0.79 0.75 0.76 B B

A well-established principle regarding the stability of materials is that it is closely linked to their
formation energy. Generally, a more stable material is characterized by lower formation energy, while
for thermal stability, the formation energy must be negative. The calculated volume parameters for the
materials are as follows: 117.06 A for MgTiS;, 439.53 A for MgHfS;, and 424.04 A for MgZrSs, as
illustrated in Table 5. and Fig. 3. The method of approximation employed significantly influences the
compound's volume, leading to discrepancies when compared to other studies [62]. Additionally, the
choice of pseudopotential is crucial for enhancing structural properties [63-65]. The structural
parameters obtained were utilized to compute various other physical properties of the materials.
Further details derived from the Murnaghan equation of state are provided in Table 2.

Evidence regarding elastic characteristics provides crucial details about the mechanical strength of
materials, encompassing moduli and Poisson's ratio. The strength of each crystal structure is
determined by its mechanical stability criteria, which for orthorhombic crystals are outlined in
references [66]. When evaluating the hardness of approach line materials, the most significant elastic
parameters include the bulk modulus (B), shear modulus (G), Young's modulus (E), and Poisson's
ratio (n). Utilizing the values of these moduli, the following relationships are established based on the
computed data, as presented in Table 3. This knowledge encompasses the moduli and Poisson’s ratio
(v). The strength of every crystal structure is a function of its mechanical stability criteria, with the
stability criteria for orthorhombic crystals detailed in references [67].
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The bulk modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ratio (n)
represent key elastic properties for line materials when assessing their hardness. Utilizing these
moduli, calculations can be performed based on the computed data, as outlined in the relations
provided in references [64-67] and summarized in Table 3.

Ci1+Cyp —2C15 > 0,011 +C33 —2C13>0 €))
Cop +C33—2C,3>0 2)

Ci1 + Cyy + C33 + 2C15 + 2C13 + 20,3 >0 3)
C11>0,05,>0,033>0,044 > 0,055 > 0,046 >0 @)

The equations 1 to 4 are utilized to determine the nine elastic constants of the orthorhombic
structure of the materials under investigation, employing the strain-stress method derived from
Hooke’s law [68]. Following the calculation of the elastic constants for MgHfS3, MgZrS3, and
MgTiSs, as presented in Table 3, we subsequently applied the relationships outlined in equations
(4) to (10) to derive the elastic constants from Table 3, resulting in the findings illustrated in
Tables 4. and 5. Our analysis of Table 3 indicates that the values of the elastic constants align
with the stability criteria, suggesting that the materials exhibit mechanical stability. The hierarchy
of stability among the materials is as follows: MgHfS; > MgZrS; > MgTiS;. The limited stability
of MgTiS; can be attributed to the negative values of C;;, Cz2, and Css, leading to the conclusion
that this material is mechanically semi-stable at temperatures below 300K, but lacks stability at
elevated temperatures. Due to the polycrystalline nature of the materials in technological
characterization, it is imperative to calculate the moduli of bulk B and shear G from their elastic
values using relations (5) and (6). The B and G are being calculated within the Voigt-Reuss-Hill
(VRH) approximation [69-70]. The calculated approach for bulk and shear modulus is according
to these formulations.

B = (By + Bg) (5)
G = (Gy + Gg) (6)

where subscript V = Voigt bound, subscript R = Reuss bound.

The comprehensive analysis of the mechanical properties, specifically the moduli of E, G, and
B, for the materials MgHfS3;, MgZrS3, and MgTiS3 is presented in Table 4. The bulk modulus B
is recorded as 51.58 GPa for MgH{S3, 51.56 GPa for MgZrSs;, and 5.78 GPa for MgTiS;. These
findings are in closer alignment with the theoretical values of 69.9 GPa for the GdFeO;-type and
75 GPa for another distorted theoretical result [37-40]. The bulk modulus serves as an indicator
of the materials' compressibility under hydrostatic pressure, with higher values signifying greater
compressibility. The shape of the material is influenced by the area shear modulus, where a higher
value indicates increased resistance to dislocation. Notably, MgTiSs exhibits the lowest resistance
to dislocation, as detailed in Table 4. Additionally, the Young’s modulus reflects the hardness of
the solids; as illustrated in Table 4., the hafnium and zirconium chalcogenides display similar
hardness values, while titanium demonstrates the least hardness among the materials analyzed.
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Table 3. Table showing calculated elastic constants of MgH{fS;, MgTiS; and MgZrS;

Crystals Cn C»n Css Cus Css Ces Cn2 Cis Cx

MgHfS:; 1213.65 1238.9 1207.2 169.44 159.68 155.71 152.76 164.84 193.4
MgTiS3 -69.66 -131.58  -133.58  179.76 188.13 185.77 110.82 134.11 160.1
MgZrSs 1275.7 1224.1 1231.7 143.6 149.56 153.24 158.51 144.11 165.7

The investigation into the brittleness and ductility of the materials was conducted using the
Pugh ratio (B/G) [71]. The calculated B/G values of > 1.75 for MgHfS; and MgZrS; indicate
ductility, while the titanium counterpart is classified as a brittle material. Further analysis of the
ductile and brittle characteristics was performed through Cauchy pressure calculations, as
expressed in the relation (Cp = Ci2—Ca4), detailed in Table 5. The Zener anisotropic factor (A)
quantifies the degree of elastic anisotropy in materials [72]. An anisotropy factor of 1 signifies
an isotropic nature, whereas values deviating from this indicate varying degrees of elastic
anisotropy; specifically, materials with A greater than 1 are highly anisotropic, while those with
A less than 1 exhibit lower anisotropy [73]. Our findings reveal that the materials are indeed
anisotropic, as illustrated in Table 5. This characteristic suggests a potential for crack initiation
during crystal growth [74]. Finally, we assessed the bonding characteristics of the materials
through Poisson ratio estimations, which fall within the range of 0.25 to 0.42, as shown in Table
5. The data indicates metallic bonding for MgHfS3; and MgZrS;, while MgTiS3 is associated with
non-metallic bonding.

In confirming their stability, Born’s mechanical stability criteria was adapted.

sz + C33 - 2C23 > 0 (7)

The mechanical stability of the three materials is ranked as follows: MgHfS; exhibits the
highest stability, followed by MgZrS;, with MgTiS; demonstrating the least stability. A
comparison of our MgZrSs; with the findings in reference [75] revealed similarities in the elastic
constants when subjected to pressures ranging from 2 to 8 GPa. The observed discontinuities
between 6 and 8 GPa can be attributed to a reduction in bond length due to increased compression;
however, the material effectively accommodates higher pressure effects, stabilizing between 8
and 18 GPa, which corresponds with a thermodynamic increase in temperature from 300K to
800K. Structural analysis, conducted using the Birch-Murnaghan equation of state, also yielded
comparable values. Discrepancies noted between our findings and those in the cited paper may
stem from the extended potential of HSE06 employed to fine-tune the peaks and results.
Additionally, the results obtained using the exchange-correlation GGA approximation aligned
with our findings and those of reference [76], as well as other selected chalcogenide perovskites
listed in the table. Furthermore, the influence of spin-orbit coupling and the SOC formulation
utilized in the paper may also contribute to the observed discrepancies in results.

Figure 4.0 illustrates the dynamic stability of the three chalcogenide perovskites. Despite being
subjected to varying angles and pressure levels, these materials demonstrate a degree of stability
within the range of 0 to 20 GPa. Our study indicates that the lattice characteristics of the materials
diminish as hydrostatic pressure increases, reinforcing the notion that a material's strength
declines with heightened supplemental pressure. The results reveal that MgHfS3 exhibits greater
pressure stability compared to MgZrS; and MgTiSs, with MgTiS; showing the least strength
under stress, as depicted in Figures 4.a. and 4.b. In Figure 4, the comparison of unit cells under
pressure yielded results consistent with previous findings, maintaining the same trend as pressure
escalated. Meanwhile, Figure 5. demonstrates that MgHfS3, at an elastic constant of 200 GPa,
achieves a maximum pressure stability of 8-10 GPa. In contrast, MgZrS3;, with an elastic constant
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of 1200 GPa, can endure pressure influences ranging from 8 to 15 GPa, while MgTiS3, at an
elastic constant of 1100 GPa, withstands pressure stability between 8 and 13 GPa.
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Fig. 4. Lattice parameters variation with pressure for: a) MgHfS;; b)MgTiS;; ¢) MgZrS;
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Thermal properties

Two primary parameters influence the thermal properties of a solid: melting temperature (M)
and Debye temperature (8p). The elastic constants, melting temperature, and specific heat
capacity are all contingent upon the Debye temperature, as referenced in [77]. Additionally, the
sound velocities—mean, longitudinal, and transverse—calculated through the Debye
temperature, are presented in Table 4.

0p = () o ©

Kp \47mV,

I
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where V,, = average sound velocity, kg = Boltzmann’s constant value, # = Planck’s constant
value, n = number of atoms/molecules, N = Avogadro’s number. The sound average velocity Vp,
can be obtained by [55]

-1

=l

3B+4G
vV, = /% (11)

The calculated Debye temperatures for MgHfS;, MgZrS;, and MgTiS;, along with their
stability, are detailed in Table 5. Previous studies, including those on BaZrS3, indicate that the
Debye temperature of materials correlates with thermal conductivity; specifically, higher
temperatures are associated with increased thermal conductivity [78,79]. As shown in Table 4.,
the Debye temperatures of the materials are ranked as follows: MgHfS; < MgZrS; < MgTiSs.
Notably, MgTiS; exhibits the highest Debye temperature, which is related to its larger density,
consequently resulting in superior conductivity. Given that the Debye temperature is influenced
by the strength of chemical bonds, a higher Debye temperature in any compound suggests
stronger chemical bonding. Specifically, MgHfS; has the lowest Debye temperature at 282.94 K,
while MgTiS; has the highest at 376.76 K, indicating that MgTiS; possesses better chemical
bonds compared to the other two materials. Additionally, the melting temperature of a material
is proportional to its Debye temperature [80], a relationship that holds true for the materials listed
in Table 4. However, to the best of our knowledge, there are no existing reports on the theoretical
and experimental investigations of the melting and Debye temperatures for MgHfS3;, MgZrSs,
and MgTiS;. Literature comparisons between other chalcogenides and selected Heusler alloys are
available [81-83]. Therefore, our theoretical findings on melting and Debye temperatures could
serve as a valuable reference for future research.

Table 4. Table showing bulk modulus B(GPa), shear modulus G(GPa), Young Modulus E(GPa), Pugh ratio B/G,
density p (g/cm?), Debye temp8p (K) with average speed of sound v, (m/s) and melting point M, (K) thru Voigt-Reuss-
Hill approximation for MgHfS;, MgTiS; and MgZrS;

Material B G (GPa) B/G E (GPa) p 0p Vm M
(GPa) @em)  (K) (m/s) K)
MgHf{S; 51.58 27.04 1.91 68.85 3.9451 282.94 2717.57 802.567
MgZrS3 51.56 25.81 1.99 66.08 2.7936 325.67 3138.46 839.239
MgTiSs 5.78 109.05 0.05 33.58 2.2215 376.76 - 441.29
BaZrS;** 69.9 33.5 2.09 86.6 4.269 315.9 - 1179
CaTiOs* 72.1 38.6 1.87 98.2 4.209 337.6 - 1409

** ref 62 *ref 61

Table 5. Table showing calculated Cauchy pressure, C'(GPa), Anisotropy nature of the materials and Born’s
Mechanical stability criteria

Crystals C' A BM Poisson
MgHIfSs 1044.22 0.31942 Stable 0.27805
MgZrSs 1132 0.2569 Stable 0.28024
MgTiS; -249.24 -1.992 Unstable -0.89993
BaZrS; ** - 0.330 Stable -
CaTiO; * - 0.419 Stable -

** ref 55 *ref 20
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Thermodynamic properties

The thermodynamic qualities of the materials' vibrational energies, vibrational free energies,
entropies, and fixed volume heat capacities are computed within the temperature range of 0 to
800 K for MgHfS;, MgZrS;, and MgTiSs, as illustrated in Figures 6 and 7 for MgHfS; and
MgZrS;, while MgTiS; exhibits a Debye temperature of zero. The variational trends between
MgHfS; and MgZrS; are nearly identical. According to the pseudo-potential used, the specific
heat capacities (Cv) for MgHfS3; and MgZrS; are 115 and 112 JK'Nmol™, respectively. The
similarity of these values at ambient temperature renders the compounds suitable for applications
under such conditions. An inverse relationship between vibrational free energy and temperature
is observed for both MgHfS; and MgZrSs, as depicted in Figures 6 and 7, making them effective
cooling devices, such as refrigerants in freezers and air conditioners, as well as coolants in
automobiles. Additionally, these material-based devices may serve as ferromagnetic materials.
The pressure supports the temperature, as shown in Figure 3 for the pressure-volume relationship,
while Figures 6 and 7 illustrate the pressure effect on thermodynamic properties, correlating the
proportional relationship between pressure and temperature. The entropy of the materials
increases with rising temperature, as both figures demonstrate continuous increases in entropy
with temperature, validating the second law of thermodynamics.
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Fig. 6. Showing: a) heat capacity variation with temperature; b) Debye entropy-temperature variation; c) vibrational
free energy variations with temperature for MgH{fS;; d) Debye heat capacity- temperature variation for MgHfS;
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Fig. 7. Showing: a) heat capacity variation with temperature; b) Debye Entropy-temperature variation; c¢) vibrational
free energy variations with temperature for MgHfS;; d) Debye heat capacity- temperature variation for MgZrS;

Conclusions

The theoretical research on the structural, mechanical, and thermal properties of magnesium
chalcogenide compounds, specifically MgBS; (where B = Hf, Zr, and Ti), has been systematically
investigated using first principles methods within the Generalized Gradient Approximation
(GGA). Our analysis of the elastic constants and mechanical properties reveals the significant
stability—both mechanical and thermodynamic—and ductile characteristics of MgHfS; and
MgZrS;. In contrast, MgTiS3 is identified as an unstable and brittle perovskite material. These
findings suggest that our materials could serve as superior alternatives for those facing issues
with stability and reliability, potentially enhancing their longevity. Furthermore, based on our
results, particularly regarding mechanical and thermal properties, these chalcogenide perovskite
materials are well-suited for various applications, including photovoltaics, coolants, refrigerants,
ferromagnetic devices, and optoelectronic devices. Density Functional Theory (DFT) analysis
indicates their highly favourable thermal stability and environmental sustainability for
photovoltaic applications. Therefore, additional efforts are necessary to synthesize and explore
these transition metal chalcogenide perovskite materials for practical applications and future
advancements in solar cell fabrication within the relevant temperature range.
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