#® ROYAL SOCIETY
PP OF CHEMISTRY

RSC Advances

View Article Online

View Journal | View Issue

Mechanically robust and thermodynamically stable
FeSc,Z,4 (Z = S, Se) spinels for future spintronic
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Spintronics, an emerging paradigm in next-generation electronics, fundamentally relies on materials that
exhibit spin polarization, often achieved through intrinsic magnetic ordering in semiconductors as well as
in metals. In this paper, the structural, mechanical, electronic, and thermodynamic characteristics of
FeSc,Z4 (Z =S, Se) spinel compounds are systematically investigated using the density functional theory-
based WIEN2k code. The calculated lattice constants are found to be 10.35 A for FeSc,S,4 and 10.83 A for
FeSc,Sey, comparable to the experimental lattice constants. Negative formation enthalpies of —1.67 eV
(FeSc,S4) and —1.13 eV (FeSc,Sey) confirm that FeSc,S4 exhibits comparatively higher thermodynamic
stability. Additionally, positive values of phonon frequency indicate both spinels are structurally stable.
Elastic properties reveal mechanical robustness and ductility, as reflected by Poisson ratios of 0.31 and
0.32, and Bo/G ratios of 2.31 and 2.44, respectively. However, electronic properties reveal that with
increasing pressure from 0 to 4 GPa, both FeSc,S, and FeSc,Se, exhibit a monotonic reduction in their
direct band gaps, with FeSc,S4 undergoing a transition to a half-metallic ferromagnetic state at higher
pressures. Magnetic analysis yields a total magnetic moment of 4.00ug per formula unit in both
materials, primarily originating from the Fe-site, indicating ferrimagnetic behavior. Furthermore, the
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1. Introduction

The escalating demand for faster, energy-efficient, and minia-
turized electronic devices has outpaced the capabilities of
traditional charge-based electronics, prompting the exploration
of alternative paradigms for information processing and
storage.' Spintronics has emerged as a transformative tech-
nology that leverages the intrinsic spin of the electron, along-
side its charge, to enable multifunctional device operations
with reduced power consumption and enhanced performance.”
By exploiting spin degrees of freedom, spintronic devices
promise non-volatility, higher data processing speeds, and
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the phonon
thermodynamic insights further support the thermal stability and vibrational integrity of FeSc,Z4 (Z = S,

softening, lattice stiffening, and anharmonic effects. These

Se) spinels, underscoring their potential for spintronic and magneto-electronic device applications.

seamless integration with existing CMOS architectures, thereby
addressing key limitations in conventional semiconductor
technologies.* The advent of magnetic tunnel junctions, spin-
transfer torque mechanisms, and spin-orbit torque switching
has already revolutionized applications such as magnetic
random-access memory (MRAM) and logic in memory devices.*
Moreover, the integration of spintronic materials with emerging
platforms, including two-dimensional systems, topological
insulators, and multiferroics, has unlocked novel quantum
phenomena, enabling reconfigurable architectures for neuro-
morphic computing and quantum information technologies.>®
In the context of next-generation electronics, where sustain-
ability, speed, and functionality converge as core imperatives,
spintronics holds profound potential to reshape device design
and system-level architectures.” Thus, understanding and har-
nessing spin-dependent phenomena at the nano-scale is central
to the development of scalable, low-energy, and intelligent
electronic systems for future information and energy
technologies.®

Among the diverse classes of materials investigated for
spintronic  applications, half-metallic compounds have
garnered particular attention due to their unique electronic

© 2025 The Author(s). Published by the Royal Society of Chemistry
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structure exhibiting metallic response for one spin configura-
tion and insulating or semiconducting character for the oppo-
site. This results in 100% spin-polarization at the Fermi-level,
a critical requirement for achieving highly efficient spin injec-
tion and detection in spintronic devices. Half-metallic ferro-
magnets, such as Heusler alloys, manganites, spinel
chalcogenides, and certain transition metal oxides, offer
tunable magnetic and transport properties, thermal stability,
and compatibility with conventional fabrication processes.”'®
Building upon the foundational role of half-metallic materials
in enabling spin-polarized transport, transition-metal spinels
have emerged as a pivotal class for next-generation spintronic
technologies. These compounds, typically with the general
formula AB,X, (X = O, S, Se), exhibit tunable ferrimagnetism
and electronic structures conducive to achieving half-meta-
llicity."* Spinel chalcogenides, in particular, exhibit higher
electrical conductivity and reduced carrier scattering, making
them excellent candidates for low-resistance spin injection and
detection.”*  Notably, spinel chalcogenides exhibit
pronounced pressure sensitivity due to their more compressible
lattices and covalent bonding characteristics, making them
ideal candidates for tunable spintronic architectures.'***

Ozdemir and Balmumcu (2024) conducted electronic and
mechanical property calculations of VCo0,0, using the same
computational approach employed by Ak et al,’® which
confirmed its half-metallic ferromagnetism with 10.00ug fu ™!
magnetic moment, an equilibrium lattice constant of 8.34 A,
and increasing band gaps from 1.262 eV (GGA) to 1.286 eV (GGA
+4 eV); in addition, the material exhibited mechanical stability,
ductility, and a Debye temperature of 565 K."”** Extending the
scope, Ozdemir et al. (2024) investigated the VRu,Br, spinel
using a methodology similar to that employed in their previous
study, where FM phase was found to be stable, with lattice
parameter about 10.93 A, magnetic moment of 10.00up f.u.™*
and tunable band-gaps from 0.210 (GGA) to 1.718 eV (GGA + 3
eV); notably, material exhibited ductile behavior at 0 GPa (B/G =
2.48, v = 0.322) which shifted to brittleness under 10 GPa
pressure, and showed a Debye temperature of 257.22 K.**?° Raza
et al. (2025) investigated MnSc,X, (X = S, Se) spinels and found
them to possess direct band gaps, static dielectric constants of
6.5 and 8.5, and high Seebeck coefficients (242-251 pvV K '). The
materials further demonstrated ferromagnetism with a high
local magnetic moment and exhibited both thermodynamic
and mechanical stability, thereby making them promising for
optoelectronic and thermoelectric devices.”*?* In a comple-
mentary investigation, Jamai et al. (2024) evaluated XIn,M, (X =
Cd, Zn; M = S, Se, Te) spinels and reported indirect band gaps
ranging from 2.294 eV (CdIn,S,) to 0.219 eV (ZnIn,Te,), along
with strong UV-visible absorption and excellent structural
stability. The figure of merit values between 0.725-0.803 at 300
K further supported their appropriateness for thermoelectric
devices.”

The primary purpose of the current study is to comprehen-
sively examine the structural, mechanical, electronic, magnetic,
and thermodynamic characteristics of FeSc,Z, (Z = S, Se)
spinels under varying pressures using first-principles calcula-
tions. Specifically, we explore their structural stability, elastic
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anisotropy, electronic band-gap modulation under pressure,
magnetic ordering, and thermodynamic response using the
quasi-harmonic Debye model. This holistic approach not only
establishes the suitability of these compounds for spintronic
and magneto-electronic devices but also provides insights into
their pressure-dependent multifunctionality, which has
remained largely unexplored in prior studies.

2. Computational methodology

In this study, spin-polarized density functional theory (DFT) was
utilized to explore structural, electronic, magnetic, and ther-
modynamic response of spinel-type chalcogenides FeSc,Z, (Z =
S, Se). All simulations were conducted utilizing the full-
potential linearized augmented plane wave plus local orbital
(FP-LAPW + lo) approach, as executed in the WIEN2k compu-
tational code,***” which offers high accuracy for complex tran-
sition metal compounds due to its all-electron nature and
flexible treatment of potential within atomic spheres and
interstitial regions. To accurately capture the ground-state
structural parameters, we employed the Perdew-Burke-Ern-
zerhof revised for solids (PBEsol) function within the general-
ized gradient approximation (GGA), owing to its improved
performance in predicting equilibrium geometries and cohesive
energies for crystalline solids. For detailed electronic structure
analysis, particularly to address the well-known underestima-
tion of band gaps within conventional GGA, we utilized Tran-
Tran-Blaha modified Becke-Johnson (TB-mBJ]) exchange
potential.>® The PBEsol functional was employed for structural
optimization and mechanical property calculations because it is
specifically designed to improve the description of equilibrium
properties of densely packed solids and generally provides more
accurate lattice constants compared to standard GGA. In
contrast, the Tran-Blaha modified Becke-Johnson (TB-mBj)
potential was used for electronic structure calculations, as it
is widely recognized for yielding significantly improved band
gap estimations for semiconductors and correlated materials
compared to conventional GGA or LDA approaches. The
combined use of PBEsol and TB-mB] thus ensures reliable
structural stability analysis alongside more realistic electronic
property predictions for FeSc,Z, (Z = S, Se) spinels.

Numerical convergence was ensured through careful selec-
tion of computational parameters. The product of the smallest
muffin tin radius (Ryrr) and plane wave cut-off (Ky,y) was fix at
RyrKmax = 8, consistent with convergence criteria established
for systems containing heavy elements and transition metals.
The muffin-tin radii were chosen as: 1.90, 1.70, 1.85, and 2.10
a.u. for Fe, Sc, S, and Se, respectively. These values were opti-
mized to avoid overlap between adjacent spheres while
ensuring sufficient basis function flexibility inside the atomic
spheres. An energy cutoff of —6 Ry was applied to separate core
and valence states, ensuring stable and accurate treatment of
semi-core states. Additionally, the maximum angular
momentum quantum number [, = 10 was selected for partial
wave expansion inside the muffin-tins, which is adequate for
capturing the d- and f-electron character of transition metals.
The charge density's Fourier expansion was truncated at Gyax =
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18 Ry, providing a balanced trade-off between computational
efficiency and accuracy. The Brillouin zone was sampled
utilizing a dense Monkhorst-Pack grid comprising 1000 -
points, which was determined to yield converged total energy
values. Beyond this k-point density, the total energy variation
was found to be negligible, indicating convergence with respect
to reciprocal space sampling. In addition, the thermodynamic
properties of FeSc,Z, (Z = S, Se) were evaluated utilizing the
quasi-harmonic Debye model as applied in the Gibbs2 program
interfaced with WIEN2k. This model enables computation of
key thermodynamic parameters against temperature and
pressure.*

3. Results and discussion

3.1. Structural analysis

Fig. 1 demonstrates the crystallographic structure of cubic
spinel FeSc,Z, (Z = S, Se) compounds, depicted in both ball-
and-stick and polyhedral representations. In this spinel
framework, Fe atoms (blue) occupy tetrahedral (A) sites, while
Sc atoms (pink) are located at the octahedral (B) sites, coordi-
nated by S or Se anions (yellow) to form a face-centered cubic
lattice. These compounds crystallize in the well-known Fd3m
(#227) space group.® To determine the magnetic ground state,
total energy computations were performed for both ferromag-
netic (FM) and antiferromagnetic (AFM) configurations using
spin-polarized DFT. The total energy was computed against unit
cell volume, and energy-volume (E—V) curves are presented in
Fig. 2(a) and (b) for FeSc,S, and FeSc,Se,, respectively. A clear
energetic preference for the FM configuration was observed, as
the FM state consistently exhibits lower total energy relative to
the AFM counterpart. This energy difference confirms the
greater thermodynamic stability of the FM phase. Furthermore,
to analyze the thermodynamic stability of these spinels, the
enthalpy of formation (AH¢) was computed using the following
expression:**

AI_If = Elotal(FeISCmZn) - lEFe - mESc - nEZ (1)

(a)

a 0¢g Go @ W W
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Here, Erota represents total ground-state energy per formula
unit of spinel structure, and FEg., Es., and E; denote the
respective ground-state energies of the elemental constituents
in their stable forms. The coefficients [, m, and n represent the
number of Fe, Sc, and S/Se atoms per formula unit.

The computed values of formation energy, as tabulated in
Table 1, are negative for both spinel compounds, indicating that
the materials are thermodynamically stable relative to their
constituent elements. Notably, AH; is less negative for FeSc,Se,
than for FeSc,S,, suggesting a slight reduction in stability upon
substituting S with the larger Se anion. This trend is consistent
with the weaker Sc-Se bonding due to increased bond length,
arising from the larger ionic radius of Se>~ compared to $*>". To
extract the fundamental structural parameters at equilibrium,
including the lattice constant a, and bulk modulus B,, volume
optimization was performed in the FM state. The equation of
state proposed by Murnaghan, in conjunction with the PBEsol-
GGA functional, was employed to fit the E-V data and determine
the equilibrium volume. As expected, an increase in the lattice
constant from FeSc,S, and FeSc,Se, was observed, attributed to
the substitution of S by the larger Se anion, which increases the
average interatomic distance. Same trend of lattice constant
were also absorbed in other theoretical reported work for
spinels MnSc,S, and MnSc,Se,.*> Correspondingly, a decrease
in bulk modulus is noted, reflecting the more compressible
nature of the Se-based compound. This inverse relationship
between lattice parameter and bulk modulus is consistent with
fundamental principles of solid-state physics, where larger unit
cell volumes generally correlate with softer mechanical behavior
due to weaker interatomic bonding. In Table 1, calculated value
of lattice constant for FeSc,S, is comparable to experimental
values.*

3.2. Mechanical properties

The mechanical behavior of FeSc,S, and FeSc,Se, spinel
compounds was systematically investigated by evaluating their
independent second-order elastic constants as C;1, Cy, and Cyy.
These constants are fundamental for describing the elastic

(S)s)

Fig.1 Unit cell of FeSc,Z4 (Z =S, Se) (a) ball-stick format and (b) polyhedral format. The Fe, Sc and S/Se ions are represented by purple, pink and

yellow color balls.
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Fig. 2 The volume optimization plots of spinels (a) FeSc,S4, (b) FeSc,Se,4 in FM and AFM spin-orientations.

response of cubic crystals and serve as the basis for determining
key mechanical moduli.** The calculated elastic constants were
found to satisfy the Born mechanical stability condition for
cubic systems, namely Cy; > 0, Cy; — C15 > 0, and Cy4 + 2C;, > 0,
thereby confirming the mechanical stability of both composi-
tions under ambient conditions. Using the obtained elastic
constants, the bulk (B), shear (G), and Young's (E) moduli were
obtained from standard Voigt-Reuss-Hill averaging schemes.
The calculated values are summarized in Table 1. Notably, the
bulk modulus values derived from elastic constants show
excellent agreement with those obtained from structural opti-
mization, validating the mechanical robustness of these spinel
structures. Such agreement further indicates the intrinsic
resistance of these materials to volumetric compression. To
assess the brittle or ductile character of the investigated spinels,
Pugh ratio (B/G) and Poisson (v) ratios were evaluated. Accord-
ing to established criteria, a B/G value exceeding 1.75 and
a Poisson's ratio > 0.26 are indicative of ductile behavior. The
calculated values of B/G are 2.31 for FeSc,S, and 2.44 for
FeSc,Se,, while the corresponding Poisson's ratios are 0.31 and
0.32, respectively.* These results consistently suggest a ductile
mechanical response in both compounds, which is a favorable
attribute for applications requiring mechanical resilience, such
as thermo-mechanical energy devices and robust electronic
platforms. The calculated B/G ratios and Poisson's ratios for
FeSc,S, and FeSc,Se, are well above the critical values, con-
firming their ductile nature. Such ductility is advantageous for
applications requiring resistance to fracture and mechanical
resilience under operational stress. Similar trends of

mechanical robustness have also been reported in recently
synthesized MAX-phase compounds and solid solutions, where
a strong correlation between elastic constants and ductility
indicators was established.***” These comparisons validate that
the mechanical behavior of FeSc,Z, (Z = S, Se) spinels is
consistent with other ductile and thermodynamically stable
systems, thereby highlighting their suitability for spintronic
and device-oriented applications.

Elastic anisotropy is an intrinsic and critical characteristic of
crystalline materials, directly influencing their mechanical
stability, deformation behavior, and phonon transport proper-
ties.*® Anisotropy arises from the direction-dependent variation
in mechanical response, whereby physical quantities such as
elastic moduli vary with crystallographic orientation. In
contrast, isotropic materials exhibit uniform mechanical
behavior regardless of direction, maintaining constant elastic
responses across all axes. To assess the elastic anisotropy of
FeSc,Z, (Z = S, Se), three-dimensional surface representations
of linear compressibility (8), Young (Y), shear (G) moduli, and
Poisson ratio (v) were constructed and are illustrated in Fig. 3.
In an ideal isotropic solid, these surfaces assume a perfect
spherical geometry, whereas any deviation from sphericity
provides a direct visual and quantitative indication of aniso-
tropic behavior. The pronounced deformation from spherical
symmetry observed in FeSc,S,, particularly in the 8 and G
surfaces, underscores its substantial elastic anisotropy. Quan-
titative insights are provided by calculating the 98 maximum
and minimum values for each elastic parameter, along with
their corresponding ratios (Bmax/Bminy Ymax/Yminy Gmax/Gmin, and

Table1 The ground state lattice constants ag (A), bulk modulus B (GPa), enthalpy of formation AH; (eV), and elastic parameters, calculated for

FeSc,S/Seqy

Composition ao (A] B, (GPa) AH; (eV) Ciy Ciz Cua B, G Y v Bo/G
FeSc,S, 10.35 74.33 —1.67 118.73 50.37 30.03 73.15 31.62 82.92 0.31 2.31
EXp. 10.51¢

FeSc,Se, 10.83 82.90 —-1.13 121.74 62.08 36.80 82.80 33.71 88.99 0.32 2.44
“ Ref. 33.
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Fig. 3 3-D representation of linear compressibility (8), Young's modulus (Y), shear modulus (G) and Poisson's ratio (v) for FeSc,Z4 (Z =S, Se).

Vmax/Vmin), as cited in Table 2. In isotropic media, these ratios
approach unity, whereas deviations signal the extent of anisot-
ropy. For FeSc,S,, the computed ratios were: Siax/Bmin = 1.00,
Yimax/Ymin = 1.54, Grmax/Gmin = 5.48, and vyax/Vmin = 0.42. These
values clearly indicate that FeSc,S, exhibits significant anisot-
ropy in both shear and Young's moduli, with particularly high
anisotropy in shear response. In contrast, FeSc,Se, show rela-
tively lower anisotropic ratios, implying a more uniform elastic
behavior. The pronounced elastic anisotropy observed in
FeSc,S, can be attributed to the stronger directional bonding
characteristics associated with Fe-S and Sc-S interactions,
which impart significant variation in mechanical stiffness and
resistance to deformation along different crystallographic
axes.*® In contrast, the substitution of sulfur with the larger and
more polarizable selenium anion in FeSc,Se, introduces
increased lattice softness and enhanced flexibility, which act to
homogenize the mechanical response across directions and
thereby reduce the extent of elastic anisotropy. This reduction
in anisotropy from FeSc,S, to FeSc,Se, underscores a well-
defined structure-property relationship, wherein chalcogen
substitution influences not only the equilibrium lattice
constants and bonding geometry but also directional depen-
dence of elastic properties.*” So, such anisotropic behavior plays

a pivotal role in analyzing mechanical stability and functional
applicability of these compounds, particularly in fields where
stress-induced mechanical response and directional mechan-
ical integrity are critical, such as in magnetostriction, spin-
tronic, and pressure-tunable optoelectronic applications.

3.3. Electronic structure analysis for FeSc,S,

The electronic configuration of a material fundamentally
influences its intrinsic properties and determines its suitability
for various electronic applications. Among these properties, the
energy band-gap serves as a pivotal parameter for devices such
as memory units, smart electronics, and spintronic systems, as
it directly affects both their operational efficiency and perfor-
mance capabilities. This band-gap plays a crucial role in
modulating charge transportation and spin within electronic
architectures, thereby enabling essential functionalities like
data storage, signal processing, and spin manipulation. To
obtain a precise estimation of the electronic characteristics of
the FeSc,Z, (Z = S, Se) compounds, the TB-mBJ potential was
employed as depicted in Fig. 4 and 5. At 0 GPa (Fig. 4(a)), the
band edges of FeSc,S, lie at the same (I') symmetry point,
exhibiting a direct band-gap semiconducting nature in the spin

Table 2 Anisotropy (A) in the elastic moduli and Poisson's ratios of FeSc,X4 (X = S, Se)

Linear compressibility

(8) (TPa™") Young's modulus (Y) (GPa) Shear modulus (G) (GPa) Poisson’s ratio (»)
Parameters 6min ﬂmax A Ymin Ymax A Gmin Gmax A Vmin Vmax A
FeSc,S, 224 500 224500 1 0.007639 0.011756 1.54 0.005945 0.032595 5.48 —0.8588 —0.3575 0.42
FeSc,Se, 245900 245900 1 0.0082142 0.010612 1.29 0.0083808 0.027174 3.24 —0.8268 —0.5099 0.62
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Fig. 4 The electronic band structures for spinel FeSc,S, at pressure (a) O GPa, (b) 2 GPa and (c) 4 GPa computed with mBJ potential.

up configuration, whereas it reveals metallic nature in the spin
down configuration. The electronic band structure, traced along
the high symmetry path, shows a moderate degree of band
dispersion, particularly in the conduction region.** The spin-
resolved bands reveal a clear asymmetry between spin-up (red)
and spin-down (green) states, particularly near the Fermi level
(Eg), confirming the existence of magnetic ordering in the
system. This spin splitting arises from the exchange interaction
of Fe 3d orbitals, typical for magnetic spinel compounds. The
observed band structure suggests localized carrier behavior
under ambient pressure. At 2 GPa (Fig. 4(b)), the electronic
structure displays significant pressure-induced modifications.
The direct band-gap reduces, as both the CBM and VBM are
located at the I'-point, the CBM in the spin-up channel shifts
downward, whereas the VBM in the spin-down channel exhibits
a slight upward shift.** This band-gap narrowing indicates
enhanced orbital hybridization and electronic delocalization
due to lattice compression. The pressure-driven enhancement
in Fe-S-Sc orbital overlap facilitates stronger coupling among
Fe-3d, Sc-3d, and S-3p states, which is reflected in the broader
conduction band features. At 4 GPa (Fig. 4(c)), the system
undergoes further band structure evolution, with the direct
band gap decreasing. The CBM at the I'-position continues to
shift toward the Er, while the VBM at I" shows negligible
movement, maintaining the direct nature of the band gap.
Importantly, the spin polarization is preserved across the entire
Brillouin zone, confirming the stability of magnetic exchange
interactions under high pressure, likely mediated by Fe-S-Fe

superexchange mechanisms intrinsic to the spinel lattice. This
pressure-driven tuning of the electronic structure demonstrates
the feasibility of modulating spin and charge transport prop-
erties, positioning FeSc,S, as a promising candidate for spin-
tronic and magneto-functional applications under external
pressure stimuli.

3.4. Electronic structure analysis for FeSc,Se,

Fig. 5(a—c) presents the spin-polarized electronic band struc-
tures of the FeSc,Se, spinel under pressures of 0 GPa, 2 GPa,
and 4 GPa, calculated using the TB-mB] potential. The energy
states are plotted against high symmetry directions of the FCC
Brillouin zone. The spin-resolved states provide a detailed
depiction of the material's magnetic and electronic response
under compression. At 0 GPa, FeSc,Se, exhibits a direct semi-
conducting character because both band edges (VBM and CBM)
are positioned at the I'-point. Upon increasing the pressure to
2 GPa (Fig. 5(b)), the electronic structure displays a reduction in
band gap. This band-gap narrowing results from increased
orbital overlap due to the contraction of interatomic distances,
enhancing the hybridization between Fe-3d, Sc-3d, and Se-4p
orbitals. The CBM in spin-up configuration moves downward,
and the VBM in the spin-down state shifts upward. This
behavior is indicative of increased electronic conductivity and
suggests potential for improved thermodynamic performance.*
At 4 GPa (Fig. 5(c)), a further reduction in band gap was
observed. This consistent decrease in the direct band-gap values
at 0, 2, and 4 GPa, along with the emergence of spin asymmetry

(a)6 FeSc,Se, (b)6 FeSc,Se, © 6 FeSc,Se,
Spin uD GHa | Spin oy P4 \Pjﬂ P> P
4\\\‘1\\ 4\\‘\\ dn 4
3 2 3 % 2
~ B ~ = 9 ~— 7
g 2 8 2 2 -2
a3} =2 D
4 4 4
WL T XWwk WL T XWwk WL T xXwk

Fig. 5 The electronic band structures for spinel FeSc,Se,4 at pressure (a) 0 GPa, (b) 2 GPa and (c) 4 GPa computed with mBJ potential.
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and half-metallicity, highlights the potential of FeSc,Se, as
a pressure-tunable quantum material for future spin-based and
energy-related device architectures.

To get further insight, total and partial density of states
(DOS) profiles are presented in Fig. 6 and 7 offer a detailed
understanding of the pressure-dependent electronic behavior of
spinel compounds FeSc,S, and FeSc,Se,. Fig. 6(a and b) illus-
trates the total DOS for both materials under hydrostatic pres-
sures of 0, 2, and 4 GPa, resolved into spin-up and down
configurations. For FeSc,S,, a distinct asymmetry between spin
channels at 0 GPa indicates a spin-polarized ground state with
a significant exchange splitting near the Eg. The Er is located
within the band gap in spin spin-down configuration, while the
spin-up channel remains semiconducting. As pressure
increases to 2 and 4 GPa, the band edges in both spin states
shift, and a progressive reduction in the gap is observed.** This
narrowing of the band-gap and increased DOS at the Fermi level
imply enhanced electronic delocalization and possible
pressure-induced modifications in magnetic exchange interac-
tions, likely associated with augmented Fe-S-Fe superexchange
coupling due to lattice compression.

In contrast, FeSc,Se, displays the weaker exchange splitting
and reduced spin polarization as demonstrated in Fig. 6(b). The
total DOS at 0 GPa reveals finite states at the Er in both spin
channels, consistent with semi-metallic or weakly metallic
behavior. Upon applying pressure, modest changes in the DOS
distribution occur, which suggest that FeSc,Se, retains a rela-
tively low-spin character, likely due to weaker hybridization
between Fe-3d and Se-4p orbitals, and broader band dispersion
arising from the larger atomic radius and lower electronega-
tivity of Se, which weakens magnetic exchange pathways.

Fig. 7(a and b) provides partial DOS (PDOS) at 0 GPa,
decomposing the total electronic states into orbital contribu-
tions from Fe and chalcogen atoms. In FeSc,S,, the Fe-3d states,
split into t,, and e, orbitals due to octahedral ligand fields,
dominate the DOS near the Eg. A pronounced exchange splitting
is evident, with the spin-up e, states located well below Er and
the t,, states lying just above Eg, supporting a high-spin Fe*"
configuration. The 3p orbitals of S show strong hybridization
with Fe-3d states in the valence region (—6 to 0 eV), reflecting
significant p-d covalency that contributes to the magnetic
ordering and electronic transport properties. For FeSc,Se,, the

TDOS (states/eV)

6 -4 -2 0 2 4 6

Energy (eV)

View Article Online
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Fe-3d orbitals appear more delocalized, with reduced exchange
splitting and broader band features. The Se-4p states extend
across a wider energy range and hybridize less strongly with Fe-
3d orbitals, resulting in diminished localization of magnetic
moments and weaker spin polarization.*” The less distinct
orbital separation and broader DOS reflect weaker ligand field
effects and support the inference of a lower magnetic ordering
in FeSc,Se,.

Overall, the electronic structure analysis reveals that FeSc,S,
possesses robust spin-polarized features with a pressure-
tunable half-metallic character, while FeSc,Se, demonstrates
a more delocalized, weakly magnetic nature. The application of
pressure modifies the electronic landscape in both materials,
but the response is more pronounced in the sulfide analogue,
where lattice compression enhances orbital overlap and
magnetic interactions. These contrasting behaviors underscore
the crucial role of chalcogen anions in dictating the balance
between electron localization and delocalization, as well as the
stability of magnetic order. Such insights are critical for
designing spinel-based materials with tailored magnetic and
electronic functionalities for advanced applications in spin-
tronics, magnetoelectrics, and energy conversion technologies.

3.5. Magnetic properties

The magnetic behavior of spinel-structured compounds is
a critical determinant of their functional viability across a range
of spintronic and magneto-electronic applications. In this
study, the magnetic properties of FeSc,Z, (Z = S, Se) spinels
were systematically evaluated by computing both the total and
site-resolved magnetic moments using DFT. The quantitative
results are summarized in Table 3, which details the total,
interstitial,
expressed in Bohr magnetons (ug). For both FeSc,S, and

and atomic site-specific magnetic moments
FeSc,Se,, the total magnetic moment of the unit cell was
calculated to be 4.000ug. This net moment primarily arises from
the Fe*" ions, which occupy tetrahedral sites in the spinel lattice
and contribute substantially to the magnetism through their
partially filled 3d orbitals.*® The localized magnetic moment on
the Fe site was found to be ~3.36uy for FeSc,S, and ~3.31ug for
FeSc,Se,. These values are slightly lower than the ideal high-
spin configuration of Fe>" (4ug), a deviation that can be attrib-
uted to covalent interactions and hybridization effects between

FeSc_Se
(b) 00 % 12 Y .LI L T L
80 T 0GPal Total (DOS
60 2 GPa!

TDOS (states/eV)
S

L L L I L L L L L B B

_____..-..
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Energy (eV)
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Fig. 6 Total DOS for spinels (a) FeSc,S4 and (b) FeSc,Se4 at different pressure in spin-up (1) and spin-down (), computed with mBJ potential.
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Fig. 7 Partial DOS for spinels (a) FeSc,S4 and (b) FeSc,Se, at 0 GPa in spin-up (1) and spin-down (| ), computed with mBJ potential.

Table 3 The total, and the local magnetic moments (in Bohr
magneton) calculated for FeScyZ4 (Z =S, Se)

Total (ug) Int. (ug) Fe (ug) Sc (ug) Z (us)
FeSc,S, 4.0000 0.6536 3.3586 0.0647 0.0464
FeSc,Se, 4.0000 0.6991 3.3079 0.0793 0.0459

Fe-3d orbitals and the surrounding anion (S or Se) p-orbitals.
The minor but non-negligible magnetic moments on the
nominally non-magnetic sites Sc and the chalcogen Z (S or Se)
further support the presence of hybridization-induced magnetic
polarization.” In both compounds, the Sc atoms contribute
magnetic moments of 0.0647ug and 0.0793ug in FeSc,S, and
FeSc,Se,, respectively. These induced moments likely stem
from superexchange interactions mediated via Fe-Z-Fe path-
ways and the partial delocalization of spin density into neigh-
boring atoms, especially at the anion sites. Additionally, a small
magnetic contribution was noted in the interstitial regions of
the unit cell, amounting to ~0.65ug for FeSc,S, and ~0.70uB for
FeSc,Se,. This observation implies a non-trivial degree of spin
delocalization, likely due to the extended character of the Fe-3d
states and the larger radial extent of Se-4p orbitals compared to
S-3p orbitals, resulting in enhanced orbital overlap and
magnetic exchange.*®

3.6. Thermodynamic properties

To elucidate the temperature and pressure-dependent thermo-
dynamic behavior of FeSc,Z, (Z = S, Se) spinels, we employed
quasi quasi-harmonic Debye model, as employed in the GIBBS2
computational framework.*” This methodology allows the
accurate estimation of various thermal quantities, including the
entropy (S), Debye temperature (6p), heat capacity (Cy), and
thermal expansion coefficient («) over a wide temperature range

© 2025 The Author(s). Published by the Royal Society of Chemistry

of 0-1000 K under hydrostatic pressures of 0, 2, and 4 GPa. It
should be noted that the thermodynamic results presented up
to 600 K are based on the quasi-harmonic Debye model, and
while this temperature window is chosen to explore general
thermodynamic trends, the physical applicability is constrained
by the actual melting and Curie temperatures of FeSc,Z,.
Therefore, results at temperatures beyond these limits should
be interpreted as theoretical extrapolations rather than direct
experimental predictions. These thermodynamic quantities
provide insight into the anharmonic vibrational entropy,
mechanical robustness, and phonon behavior of spinels, which
are essential for evaluating their applicability in energy-related
technologies.>

Among these parameters, entropy (S) is particularly indica-
tive of the degree of configurational disorder and phonon

FeSc,S, 440
~ [ (.a) L o oy T T ]
¥ 600 . E 1
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£ 400 — 0GPa 4 < 4251 -
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Fig. 8 Calculated values of (a) entropy, (b) Debye temperature (c) Cp
and (d) coefficient of thermal expansion («) for spinel FeSc,S, at
different pressure.
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population within a crystal lattice. As shown in Fig. 8 and 9(a), S
increases monotonically with temperature, approaching zero at
0 K, consistent with the third law of thermodynamics.* The rate
of entropy increase is steep at lower temperatures due to rapid
phonon excitation, eventually tapering off at higher tempera-
tures as phonon modes become fully populated. Notably, the
effect of pressure on S is more pronounced in FeSc,Se, at higher
temperatures. At 300 K and 0 GPa, the entropy values were
found to be 340 for FeSc,S, and 405 ] mol* K for FeSc,Se,, as
illustrated in Fig. 8 and 9(a). This progressive increase from S to
Se reflects the higher atomic mass and increased number of
vibrational degrees of freedom in the heavier spinels.*

The evolution of entropy with temperature and pressure is
intrinsically linked to the behavior of Debye temperature (fp),
which describes the vibrational spectrum and stiffness of the
material. As illustrated in Fig. 8 and 9(b), the Debye temperature
(fp) remains relatively constant at cryogenic temperatures but
exhibits a noticeable linear decline beyond approximately 280 K
for FeSc,S, and 220 K for FeSc,Se,. This behavior is attributed to
phonon softening and enhanced anharmonic effects at elevated
temperatures.” In contrast, 0, decreases nearly linearly with
pressure for FeSc,S,, whereas it increases for FeSc,Se,, indi-
cating enhanced interatomic interactions and stiffer lattice
dynamics under compression in the latter. This pressure-
induced hardening of the phonon modes complements the
observed suppression of entropy and signifies an ordered, rigid
structure at high pressure. At 300 K and 0 GPa, the ¢, values
were calculated to be 450 K (FeSc,S,), and 360 K (FeSc,Se,),
revealing an inverse correlation with atomic mass. This inverse
trend further confirms that lighter elements form stronger
bonds and possess higher phonon frequencies, which, in turn,
influence both entropy and thermal conductivity.

The interplay between S and 6y, also governs the behavior of
the heat capacity (Cy), which is primarily governed by phonon
excitation. Fig. 8 and 9(c) show that Cy exhibits a characteristic
T® dependence at low temperatures, consistent with Debye
theory, and approaches the classical Dulong-Petit limit at
elevated temperatures as all phonon modes are thermally
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Fig. 9 Calculated values of (a) entropy, (b) Debye temperature (c) C,
and (d) coefficient of thermal expansion (a) for spinel FeSc,Se, at
different pressure.
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activated. This transition from quantum to classical regime
occurs more prominently below 220 K, after which the heat
capacity increases slowly and asymptotically saturates. Impor-
tantly, pressure exerts only a marginal influence on Cy, causing
a slight decrease due to suppression of lattice vibrations under
compression.” At 300 K and 0 GPa, the computed Cy values are
305 for FeSc,S, and 325 J mol * K ' for FeSc,Se,, demon-
strating a mass and structure-dependent increase that parallels
the trends observed in entropy.*® In addition, the coefficient of
thermal expansion («) was also computed to assess the volu-
metric response of these spinels to thermal stimuli under
varying pressures. As depicted in Fig. 8 and 9(d), « demonstrates
a pronounced sensitivity to both temperature and pressure,
with its behavior closely paralleling that of Cy, albeit with
a heightened pressure dependence. At lower temperatures,
a exhibits a steep increase, indicative of anharmonic lattice
vibrations becoming more prominent as thermal energy accu-
mulates. This trend gradually attenuates at elevated tempera-
tures, where « tends to plateau, reaching quasi-saturation
a characteristic response of materials approaching their clas-
sical Dulong-Petit limit.”” Quantitatively, at ambient pressure (0
GPa) and 300 K, a was determined to be 6.147 x 107> K™ * for
FeSc,S,, and 5.0 x 107> K for FeSc,Se,. The relatively higher
« value in the selenide compound compared to its sulfide
counterpart can be attributed to the larger atomic radius and
increased polarizability of selenium, which reduces lattice
stiffness and enhances vibrational anharmonicity under
thermal excitation. This intrinsic softening of the Fe-Se and Sc-
Se bonds facilitates a greater volumetric response to tempera-
ture. Furthermore, with the application of hydrostatic pressure,
a noticeable decline in « is observed for both systems, consis-
tent with the general thermodynamic behavior of condensed
matter under compression.*® This reduction arises from
pressure-induced suppression of lattice vibrations and dimin-
ished anharmonic interactions, leading to increased rigidity
and reduced thermal dilatation.

3.7. Phonon dispersion

In the present communication, the Phonon dispersion analyses
were performed using the Phonopy package.®® For cubic
symmetry, the dynamical stability of the investigated spinels
requires that the phonon frequencies remain positive at the I'-
point. Our unit-cell-based phonon calculations within the
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Fig. 10 Phonon dispersion curve for spinels (a) FeSc,S, and (b)
FeSc,Sey.
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Brillouin zone confirmed that FeSc,Z, (Z = S, Se) is dynamically
stable, as illustrated in Fig. 10(a and b). The primitive cell of
each spinel structure contains seven atoms, giving rise to three
acoustic branches and eighteen optical vibrational modes, as
displayed in Fig. 10(a and b). The absence of gaps between the
optical branches indicates a uniform distribution of atomic
masses in the lattice. Moreover, phonon spectra obtained from
the pre-optimized geometries further verify the dynamical
robustness of these compounds, suggesting their suitability for
potential spintronic applications.®

4. Conclusion

In the current report, the structural, mechanical, electronic,
magnetic, and thermodynamic characteristics of FeSc,Z, (Z =S,
Se) spinels were comprehensively investigated using the density
functional theory-based WIEN2k code. The optimized structural
parameters were noted as 10.35 A, and 10.83 A for FeSc,S, and
FeSc,Se,, respectively. The calculated formation enthalpies of
—1.67 eV for FeSc,S, and —1.13 eV for FeSc,Se, confirmed the
thermodynamic stability of both compounds, with FeSc,S,
exhibiting comparatively higher thermodynamic stability.
Mechanical property evaluation exhibited the Poisson's ratio of
0.31 (FeSc,S,) and 0.32 (FeSc,Se,), along with By/G ratio of 2.31
and 2.44. From electronic analysis, both materials exhibited
a pressure-induced narrowing of the direct band gaps, retaining
semiconducting behavior in the spin-up channel and metallic
character in the spin-down channel. Magnetic calculations
yielded a total magnetic moment of 4.00uy per formula unit for
both compounds, primarily contributed by the Fe atoms, con-
firming the presence of robust ferrimagnetic ordering. Addi-
tionally, pressure and temperature-dependent thermodynamic
response was evaluated utilizing quasi quasi-harmonic Debye
model through the GIBBS2 code. The results demonstrated that
entropy and Debye temperature varied systematically with
temperature and pressure, providing valuable insights into
anharmonic lattice vibrations and thermal stability. The
entropy values at 300 K and ambient pressure were calculated to
be 340 J mol ™' K~ for FeSc,S, and 405 ] mol ' K™ * for FeSc,Se,,
while the corresponding Debye temperatures were 450 K and
360 K, respectively. These trends highlighted the potential of
FeSc,Z, (Z = S, Se) spinels for next-generation spintronic
devices, magneto-optoelectronic systems.
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