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Compositional tuning and property evolution in
cubic Mg-based perovskite and anti-perovskite
compounds (MgBOz; and MgzBO; B = Si, Ge, Sn,
Pb): a comparative first-principles study for
multifunctional device applications

Md. Rony Hossain, 2 **® Mst. Shamima Khanom,® Prianka Mondal, {0 ¢
Akash Kumer Paul® and Farid Ahmed®

This study presents a comprehensive and comparative first-principles analysis of cubic-phase perovskite
(MgBOs3) and anti-perovskite (MgzsBO) compounds, where B = Si, Ge, Sn, Pb, with a focus on their
structural, electronic, mechanical, thermodynamical and optical properties. Structural optimization
confirms phase stability through tolerance factor evaluation and Birch—Murnaghan equation of state,
revealing a systematic increase in lattice constants from Si to Pb due to cationic radius expansion. For-
mation energy calculations reveal that anti-perovskite compounds exhibit greater thermodynamic stability
than their perovskite counterparts, with values decreasing systematically from Si to Pb. The dynamic and
thermodynamic stability of MgBOs perovskites and (MgzBO) anti-perovskites investigated via phonon
dispersion analysis and thermodynamic potential calculations, reveal that anti-perovskites exhibit superior
dynamic stability, higher entropy, and enhanced heat capacity making them promising candidates for
thermoelectric and high-temperature applications. All compounds satisfy mechanical stability criteria,
with elastic moduli decreasing across the series, indicating reduced stiffness. Perovskites exhibit superior
ductility and mechanical robustness compared to anti-perovskites, as supported by Cauchy pressure,
anisotropy, and Kleinman parameter analyses. Electronic band structure calculations using GGA-PBE,
GGA-PBEsol and HSEO6 functionals reveal indirect band gaps in perovskites, transitioning from
semiconducting to metallic behavior with heavier B-site cations while anti-perovskites display narrow
direct band gaps (<0.5 eV). Density of states analysis highlights dominant O-p and B-p orbital
contributions near the Fermi level, with most compounds classified as p-type semiconductors, except
MgPbOs, which exhibits metallicity. Thermal evaluations identified MgGeOs and MgSnOs as the most
stable, with Debye parameters and phonon conductivity decreasing with heavier cation substitution.
Optical investigations including dielectric function, reflectivity, refractive index, and optical conductivity
demonstrate strong tunability across the series. Perovskites show enhanced UV conductivity and low
reflectivity, ideal for photodetectors and antireflective coatings, while anti-perovskites excel in visible-light
absorption, positioning them as promising candidates for photovoltaics and energy storage. These
findings underscore the multifunctional potential and compositional flexibility of Mg-based perovskite and
anti-perovskite systems for next-generation optoelectronic, photonic, and memory device applications.

cation, B is a tetravalent or pentavalent cation, and X is an anion.
When X is oxygen, the resulting compound is known as a

Perovskite materials, in their normal form, are generally repre-
sented by the formula ABX;, where A is a monovalent or divalent
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perovskite oxide, a class of materials renowned for their unique
structural and electronic properties. These oxides possess a broad
spectrum of technological applications, including electrocataly-
sis, sensor devices, spintronics, magneto-resistive devices, and
electrode materials.'™ In addition to the conventional cubic
structure, perovskites can also stabilize in alternative structures
such as orthorhombic and hexagonal phases, further broadening

© 2026 The Author(s). Published by the Royal Society of Chemistry
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their functional versatility. If the positions of the A and X
elements are interchanged, the resulting compounds form a
related class of materials known as anti-perovskites (APs), with
a general formula A;BX.* APs typically exhibit cubic or pseudo-
cubic structures, often retaining the same space group (Pm3m) as
their perovskite counterparts. This inversion of cation and anion
positions can lead to novel structural and electronic behaviors,
enabling a wide variety of physical properties. Depending on their
chemical composition, APs may behave as metals, non-metals,
semiconductors, or superconductors.’

The versatile characteristics of oxide perovskites have long
attracted significant interest in basic research, technological
development, and commercial applications.® However, despite
extensive investigations into oxide perovskites, certain closely
related materials especially oxide Aps have remained relatively
underexplored.” APs are of growing scientific interest due to their
potential to exhibit diverse functionalities, including magnetic
ordering,® superconductivity,’ and semiconducting behavior,
photovoltaic devices,'" energy storage'? all strongly dependent
on their atomic configuration. Notably, Sr;SnO has been synthe-
sized via a facile method and found to exhibit superconducting
properties.” Similarly, Ca;XO (X = Pb, Sn) compounds, possessing
cubic geometry, have shown enhanced TE power generation
performance at room temperature.'* Liang et al.'® explored the
optical and thermoelectric (TE) behavior of (Li/Na/K);OI, revealing
strong light absorption that positions these compounds as promis-
ing candidates for perovskite solar cell applications. Sharma
et al.'® examined Rb-based anti-perovskites and identified several
favorable physical properties suitable for renewable energy tech-
nologies. In addition, Zhong et al.'” reported that K;AuO possesses
exceptionally low thermal conductivity and high carrier concen-
tration, indicating its potential for TE device applications. Zhao
et al."® also investigated RbAuO, contributing further insight into
the properties of noble-metal-based oxide APs.

Mg-based perovskites and anti-perovskites are valued for their
versatile properties and broad scientific applications. E. O. Chi
et al'® synthesized and characterized Mg-based pnictogen anti-
perovskites PnNMg; (Pn = As, Sb), revealing cubic structures,
unusual oxidation states, and ionic bonding consistent with elec-
tronic calculations. Yasuhide Mochizuki et al.*® reported that Mg-
based anti-perovskites such as Mg;PN featuring direct band gaps
and strong optical absorption, are promising earth-abundant
semiconductors for light absorption and emission applications.
Yangyang Cai et al”" demonstrated that Mg-based perovskites,
particularly a magnesium-manganese double anti-perovskites with
in situ quantum wells, achieve 20.2% external quantum efficiency
and high luminance in green LEDs, highlighting their potential in
lead-free optoelectronics. Ezekiel Oyeniyi et al.”*> showed Mg-based
anti-perovskites Mg;XN (X = P, As, Sb, Bi) have promising optoelec-
tronic properties with band gap types and spin orbit effects varying
by element. MgSiO; undergoes multiple phase transitions under
varying temperature and pressure, including the post-perovskite
phase studied by Motohiko Murakami et al.,* relevant to Earth’s
mantle dynamics. Ionic vacancy formation and diffusion behavior
were detailed by Bijaya B. Karki,” while Juan Gao> explored
monoclinic and trigonal polymorphs with distinct mechanical

© 2026 The Author(s). Published by the Royal Society of Chemistry

View Article Online

Materials Advances

properties. Thermoelectric properties were analyzed by Q. Mah-
mood, high-pressure effects by Lin-Gun Liu,*® and microwave
dielectric characteristics by Myung-Eun Song.”” Mg-based per-
ovskites AGeO; exhibit stable structures, indirect band gaps,
and favorable mechanical and thermoelectric properties.>® DFT
and transport studies highlight their potential for thermoelec-
tric and optoelectronic uses.*® Luminescence and high-pressure
phase analyses reveal unique optical behavior and stability
relevant to both applications and geophysics.*® B. B. Dumre
et al® and Q. Mahmood et al?® reported that MgSnOj; is
mechanically and dynamically stable with high hardness, while
the perovskite and ilmenite phases exhibit mechanical stability
but dynamic instability, supporting its thermoelectric applica-
tions. Xiang-Fu Xu et al.** demonstrated that compressive strain
enhances MgSnO;.’s stability, band gap, and ferroelectric prop-
erties, thereby improving its optoelectronic performance.

Despite these advances, experimental studies on oxide APs
remain limited, which has motivated theoretical researchers to
model and predict their structural, electronic, and transport
properties. Such efforts are critical for unlocking their potential
in next-generation energy technologies. Currently, there are no
detailed theoretical or experimental studies on Mg;BO (B = Si, Ge,
Sn, Pb) antiperovskites. In this work, we aim to comprehensively
investigate their structural, optical, electronic, and mechanical
properties using density functional theory, comparing them with
related perovskite structures MgBO; (B = Si, Ge, Sn, Pb) to assess
their potential for multifunctional device applications.

2. Computational details

The DFT-based CASTEP computer software with the generalized
gradient approximation GGA+PBE and GGA+PBEsol has been used
for first-principles calculations.***® For structural optimization
and optical property calculations, the GGA-PBE functional was
used due to its balanced accuracy and widespread applicability in
predicting electronic and optical behavior in semiconductors and
insulators.*® For elastic constant and thermodynamic property
evaluations, the GGA-PBEsol functional was adopted, as it offers
impved accuracy in predicting equilibrium structural parameters
and mechanical properties of densely packed solids.*” For band
structure calculations, a combination of GGA-PBE, GGA-PBEsol,
and the hybrid HSE06 functional was utilized to ensure a com-
prehensive and accurate description of electronic states. The
HSEO06 functional, in particular, is known for its superior perfor-
mance in predicting band gaps by incorporating a portion of exact
exchange.®® In the calculation of lattice optimization, the conver-
gence parameters were set as follows: (i) the maximum ionic
displacement 0.002 A, (ii) the maximum stress component 0.10
GPa, (iii) 0.05 eV A™' is set for the maximum ionic force. The
electromagnetic wave function extension in a plane-wave basis set
uses an energy cut-off of 520 eV, and the Brillouin zone is sampled
using 8 x 8 x 8 k-points for anti-perovskites calculations and
500 eV cut-off energy with Brillouin zone is sampled using 10 X
10 x 10 k-points for perovskite calculations. This grid size provided
a good balance between accuracy and computational cost. The
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cutoff energy was adjusted until further increases resulted in
negligible changes in total energy, ensuring convergence. These
parameters ensure the reliability of our calculations. The applica-
tion of the Broyden has optimized the geometric structure using
the Fletcher-Goldfarb-Shanno (BFGS) minimization technique.®
UPPs achieve a substantially softer pseudo-wave function, requir-
ing a significant reduction in plane waves for calculations with the
same level of precision.”® Ultrasoft pseudopotentials (UPPs) yield
smoother pseudo-wave functions, enabling accurate calculations
with fewer plane waves. Elastic constants were computed via first-
principles by applying small homogeneous strains (£0.5%) and
optimizing internal atomic positions. The resulting stress-strain
data were linearly fitted to extract elastic moduli.

3. Result and discussions
3.1 Structural properties

Fig. 1 illustrates the unit cells of perovskite and anti-perovskite
structures. In perovskites, Mg occupies the center, O ions the
face centers, and B-site cations (Si, Ge, Sn, Pb) the corners; in
anti-perovskites, Mg and O positions are reversed. Fig. 1 pre-
sents optimized cubic-phase (Pm3m) geometries for MgBO; and
Mg;BO compounds. Demonstrated the total energy for varying
volume for investigated compounds using BM-EOS,*°

B AN
e g ()

+(V =V <§) (1)

The parameter B and V denote the equilibrium bulk modulus

and the equilibrium volume of the unit cell, respectively. The

bulk modulus (B) is calculated using eqn (2), which relates it to

the second derivative of the total energy with respect to volume:
d?E

The pressure derivative of the bulk modulus, represented as B/,
describes how B changes with pressure at constant temperature
and is defined by eqn (3):

(3

Fig. 1 Crystal Structure of Mg-based cubic (a) Anti-perovskites & (b)
perovskites where cyan atom represent Si, Ge, Sn, Pb and red atom
represent oxygen.
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Fig. 2 illustrates the variation in total energy as a function of
volume for the perovskites and anti-perovskites compounds, as
obtained using the generalized gradient approximation (GGA)
method. The computed structural parameters from optimiza-
tion structures reported in Table 1. The calculated lattice
constants increase from Si to Pb, consistent with the rising
cationic radius down the group. This expansion in atomic size
leads to larger unit cell dimensions. The results align well with
existing literature, confirming the accuracy of our computa-
tional approach.

The bulk modulus, which reflects a material’s resistance to
compression, is reported in Table 1 and plotted in Fig. 3. For
both perovskite and anti-perovskites compounds, the bulk
modulus decreases systematically with the variation of the
B-site cation from Si to Pb. This trend indicates that as the
cation size increases, the material becomes more compressible.
The corresponding increase in lattice constant leads to a larger
unit cell volume, resulting in a reduced bulk modulus. The bulk
modulus of the perovskite compound is notably higher than
that of the anti-perovskite counterparts, and the disparity in
values gradually diminishes as the B-site cation transitions
from silicon (Si) to lead (Pb). The structural parameters of the
studied compounds can be adjusted by choosing different
cations, making this knowledge crucial for designing devices
that can endure mechanical stresses during use.

Material stability plays a crucial role in device fabrication.
We evaluated the structural stability of the studied compounds
in their cubic phase using the Goldschmidt tolerance factor*
given by,

f—_IMgFro (4)
2(}"]3 + ro)

where ryg, s and ro represent the ionic radii of magnesium,
the B-site cation (Si, Ge, Sn, Pb), and oxygen, respectively. This
factor indicates the geometric fit between cations and anions,
helping to reduce lattice strain. For a stable cubic perovskite,
the tolerance factor usually lies between 0.90 and 1.04.*> The
results in Table 1 show that our compounds meet the stability
requirements for oxide perovskites. These structural features
help improve their optoelectronic performance and are impor-
tant for designing advanced materials.*?

The formation energy of a compound is a critical thermo-
dynamic parameter that quantifies the energy change asso-
ciated with the synthesis of a material from its constituent
elements in their most stable reference states. It serves as a
fundamental indicator of thermodynamic stability, guiding the
prediction of phase formation, defect energetics, and material
synthesis feasibility.** Furthermore, the thermodynamic stabi-
lity is also important for device fabrication which is ensured
from the enthalpy of formation calculations using relation,*®

AH; = Egotal (Mg1B,,0,) — [Enyg — mEx — NEg (5)

where E, represent the total energy and Eyg, Ex, Eo represent
the energies of individual elements, where [, m, n represent the
number of atoms of Mg, X, and O in the unit cell. Negative AH¢
values imply that these compounds can form spontaneously

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00961h

Open Access Article. Published on 01 December 2025. Downloaded on 3/1/2026 10:42:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
2000 -3000
f=— PBE- MgSSiO = PBE- Mg3G90
—— PBE- MgSiO, _4000 | —— PBE- MgGeO,
b
-3000 |- (a) (b)
~—5000 -
S >
© <
<
254000 | ?*6000 -
; L
= =
= = 7000 |
=5000 [
-8000
6000 . A . . . 9000 . . L L .
40 50 60 70 80 90 40 50 60 70 80 90
3
Volume V(a®) Volume V(a”)
-2000 -2000
|—— PBE- Mg,SnO [~ PBE- Mg;PbO
[~ PBE- MgSnO, [—— PBE- MgPbO,
-3000 | E
—4000 | @
~
% 4000
© 4000 | ~
> 2 -6000 |
EIJ ~
2 5000 - E’?
= 2-8000 |
-6000 |- =
-10000 [
-7000 |-
-8000 L L 1 L ~12000 L . . 1
50 60 70 80 90 50 60 70 80 90 100
Volume V(a®) Volume V(a®)
Fig. 2 (a)-(d) Volume optimization of the studied perovskites and anti-perovskites.

Table 1 Structural properties of Mg-based perovskites MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Mg;SiO Mg;GeO Mg;SnO Mg;PbO Mg;SiO3 Mg;GeO3 MgSnO; MgPbO;
ao (A) 4.22 4.24 4.39 4.43 3.53 3.72 4.02 4.21
Other cal. a, (A) — — — — 3.52,31 3,538 3.71,31 3.69% 4.02,* 4.00%® —
Vo (A 75.39 76.70 84.72 87.49 44.11 51.69 65.10 75.12
B, (GPa) 225.78 106.98 92.23 53.27 385.77 315.46 225.71 91.64
Other cal. — — — — 246.23%8 230°8 225°%¢ —
E, (eV) —5683.99 —8052.27 —7562.43 —10942.72 —3184.94 —5549.14 —5058.71 —8436.05
t 1.02 0.97 0.93 0.91 1.02 0.97 0.93 0.91
H; (eV) —2532.4 —2531.85 —2530.96 —2530.25 —33.35 —28.72 —27.24 —23.58
Other cal. — — — — —2.70% —2.10% —1.90% —

under standard conditions, consistent with the principle that
spontaneous processes reduce Gibbs free energy. Since crystal
stability depends heavily on strong atomic bonds arising from
electron-electron interactions, these negative values reported
Table 1 indicate favorable bonding, contributing to a stable
crystal structure.*®

3.2 Dynamical stability

Phonon refers to a quasi-particle that is connected to a progressive
elastic wave. Furthermore, the phonon modes are essential for
explaining physical phenomena like ferroelectricity,”” phase
transitions,*®"® and superconductivity,>® all of which are crucial
for the functionality of both well-established and newly developed
material technologies. We use the finite displacement method by
examining the phonon dispersion curve to identify the dynamic

© 2026 The Author(s). Published by the Royal Society of Chemistry

qualities. Phonics frequencies are distinctive and linked to the
> A dynamic stable crystal
requires positive values for the phonon frequency. Fig. 4 show
band gaps between the lower and upper optical modes in all eight
compounds. The reason for the gap is that atoms with greater
weights cause the acoustic and lower optical modes to overlap,
whereas atoms with significantly lower masses cause other upper
optical branches to separate from lower optical modes. Because
the phonon band gaps only reflect off the surface and do not
propagate sound, they can be used in a variety of applications,
including sound filters and mirrors.>>>® Evaluating the dynamic
stability of a material is essential for determining its viability in
practical applications subject to time-dependent external perturba-
tions. The phonon dispersion curve (PDC) serves as a critical
indicator of this stability.**> In this study, the dynamic behavior

crystal lattice’s vibrational modes.

Mater. Adv., 2026, 7, 618-640 | 621
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Fig. 3 Variation of bulk modulus of cubic perovskites MgBOs (B = Si, Ge,
Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb).

of MgBO; (B = Si, Ge, Sn, Pb) perovskites and MgBO; (B = Si, Ge,
Sn, Pb) anti-perovskite compounds were assessed by calculating
their phonon dispersion profiles along the high-symmetry direc-
tions (G-F-Q-Z-G) of the Brillouin zone, as illustrated in Fig. 4. A
dynamically stable crystal structure is characterized by the absence
of imaginary phonon frequencies throughout the Brillouin zone,
as their presence signifies lattice instability.>* The phonon disper-
sion curves (PDCs) of all investigated anti-perovskite compounds
MgBO; (B = Si, Ge, Sn, Pb) show no imaginary frequencies across
the Brillouin zone, confirming their dynamic stability.”® This
stability is crucial for applications requiring robust thermal and
mechanical properties, such as thermoelectric devices and high-
temperature optoelectronics.

In contrast, the presence of imaginary modes in the perovs-
kite compounds MgBO; (B = Si, Ge, Sn, Pb) indicates lattice
instability, rendering them dynamically unstable under ambient
conditions.>” These instabilities are mirrored in their mechanical
profiles, where higher stiffness C;; > 220 GPa and elevated
hardness values suggest rigid bonding networks that suppress
phonon activity and reduce thermal capacity. Phonon instability in
the symmetry points depends on how well the exchange-correla-
tion potential and pseudopotential, which represent the inter-
action between the core and valence electrons, are demanded.>®
This is only a rough estimation, though as the atoms bounce
around their equilibrium locations at limited temperatures or may
experience more substantial anharmonic motion independently of
their ideal crystallographic locations. Even at T = 0 K, the zero-
point atomic oscillation plays a role in the internal energy.> Since
dynamic instabilities’ imaginary modes are essentially anharmo-
nic, a quantitative description necessitates going beyond the
harmonic approximation.®® Therefore, this possibility must be
classified using a complete phonon calculation considering the
anharmonic effects. But as of right now, this kind of computation
still presents significant difficulties.®" Since the calculated phonon
dispersion spectra correspond to zero pressure and zero tempera-
ture. It's important to remember that the circumstances may differ
under pressure or at extremely high temperatures. We also inves-
tigated the phonon spectrum up to 80 GPa pressure, but no
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significant changes were observed. These soft modes often lead
to phase transitions, which can be advantageous in applications
like ferroelectric memory devices and sensors. Such behavior is
reminiscent of the soft phonon modes observed in CsPbCl;, where
they facilitate transitions between different crystal phases.®” These
dynamics instabilities can be measured by using inelastic-
scattering techniques, such as inelastic neutron scattering® or
high energy resolution inelastic X-ray scattering (HERIX).**

We calculated the phonon characteristics to assess the
thermodynamic stability. By analyzing these characteristics,
we were able to establish the values of the thermodynamic
potentials - enthalpy (H), free energy (F), and entropy (S) at a
constant temperature. Eqn (6)-(8) represent the impacts of
vibrations on enthalpy, free energy, and entropy, respectively,®®

1 7
H(T) = Eior + EJg(w)hw do + Jh_wl—w(w)dw (6)
e/\'BT —1
1 e
F(T) = Eot + ijg(w)hw do + kBTJg(w) In (1 _ ekBT> do (7)
o
_ kBT ﬁw
S(T) = kg | |—5,—=¢(w)do — [g(w)In| 1 —esT |dw| (8)
ek — |

where the phonon density levels are represented by g(w), and the
Boltzmann constant is denoted by kg. As a result, a change in
temperature leads to an increase in enthalpy and free energy,
while causing a decrease in entropy. The three thermodynamic
potentials H, F, and S approach zero as the temperature
approaches zero, as depicted in Fig. 5. This observation aligns
well with the third law of thermodynamics. Rising temperatures
result in more vibrational modes and configurations, leading to
increased entropy. From Fig. 5, anti-perovskites Mg;BO (B = Si,
Ge, Sn, Pb) compound exhibits higher entropy, enthalpy and free
energy than their perovskite counterpart’s MgBO; (B = Si, Ge, Sn,
Pb), making them promising candidates for thermoelectric
applications due to their enhanced scattering and entropy-
driven transport behavior.*®

Fig. 5 depicts the relationship between heat capacity (Cp)
and temperature (K) for our studied compounds. We observed
that heat capacity increases with temperature, which is a typical
trend indicating that materials absorb more heat at higher
temperatures. Up to 1000 K, the graph shows a gradual increase
in heat capacity. Among the compounds, perovskites compounds
have the lower heat capacity compare to anti-perovskites com-
pounds across the temperature range, suggesting that it absorbs
less heat compared to the other materials at the same tempera-
tures. The anti-perovskite compounds Mg;BO (B = Si, Ge, Sn, Pb)
exhibit closely aligned but subtly distinct heat capacity curves,
with a progressive increase in heat capacity observed from Si to
Pb at the B-site. This trend reflects the increasing atomic mass
and lattice softening across the series, which enhances phonon
contributions to thermal properties. In contrast, the perovskite
counterparts MgBO; (B = Si, Ge, Sn, Pb), display more pro-
nounced distinctions in their heat capacity profiles. At low

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Phonon dispersion curve of cubic perovskites (a—d) MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites (a’-d’) MgzBO (B = Si, Ge, Sn, Pb).

temperatures (around 150-300 K), the differences in heat capacity findings on anti-perovskite systems, where the cubic symmetry

between the compounds are more pronounced. These observa-
tions align with theoretical predictions and experimental

© 2026 The Author(s). Published by the Royal Society of Chemistry

and metallic or semi-metallic behavior contribute to smoother
thermal transitions.®® The smoother heat capacity curves of anti-
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MgsBO (B = Si, Ge, Sn, Pb).

perovskites, coupled with their lower hardness and elastic
anisotropy, make them promising candidates for thermoelectric
and high-temperature applications, where entropy-driven trans-
port and mechanical compliance are advantageous.®” Beyond
600 K, all the curves begin to flatten, indicating that the heat
capacities are reaching their upper limits and saturating.

Computed properties create new possibilities for contem-
porary industrial applications. A precise prediction of a materi-
al’s mechanical stability can serve as a basis for its development
and evaluation in real-world situations.

3.3 Electronics properties

Understanding a material’s electronic properties is essential for
controlling quantum-scale electron interactions and advancing
innovations in materials science, electronics, and photonics.
For perovskites and anti-perovskites this entails a detailed

624 | Mater. Adv., 2026, 7, 618-640

View Article Online

Paper

w
S
T

(b)

Mg,SiO
—— Mg;GeO
——— Mg;SnO
—— Mg,PbO

Ny
o
T

)
=
T

e
T

Heat Capacity Cy(Jmol'K™)

0 1 1 1 1
0 200 400 600 800 1000

Temperature (K)

w

Mg;GeO

— = Enthalpy

— — Free Energy
- Entropy

Enthalpy
- Free Energy
Entropy

= —_ o
T T

Enthallpy, Free Energy & Entropy

I
~

o

200 400 600 800 1000
Temperature (K)

5 [ MePb Mg,PbO
Enthalpy Enthalpy >
Free Energy — — Free Energy _ 7 ®
2 Entropy

— — Entropy _ -~
~

-

py, Free Energy & Entropy

|
-

Elnthal

0 200 400 600 800
Temperature (K)

1000

(a)-(f) DFT calculated heat capacity, enthalpy, free energy and entropy of cubic perovskites MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites

analysis of the energy band structure along with precise calcu-
lations of the total and partial densities of states (TDOS and
PDOS), enabling a deeper comprehension of its electronic
behavior and potential device applications. Fig. 6 and 7 illu-
strated the band profile of MgBO; (B = Si, Ge, Sn, Pb) and
Mg;BO (B = Si, Ge, Sn, Pb) compounds along the Brillouin zone.
For the studied cubic-phase, the minimum of the conduction
band and the maximum of the valence band are situated at
distinct symmetry points within the Brillouin zone. This spatial
separation along the Q-Z direction reveals their indirect band-
gap nature, thereby classifying them as semiconducting mate-
rials. The variation of cation B (Si, Ge, Sn, Pb) shows significant
influence on the overall band profile. Our calculations, as
illustrated in Fig. 6 demonstrate that as the B-site cation in
perovskite MgBO; (B = Si, Ge, Sn, Pb) progresses from Si to Pb
the electronic band gap systematically narrows indicating a

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00961h

Open Access Article. Published on 01 December 2025. Downloaded on 3/1/2026 10:42:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Materials Advances
GGA-PBE HSEO06 GGA-PBEsol
a a! al/
10
d —

NoA o @

I

1
—~ <) I - !
o g s [E2.55eV X -
™ @ < g
o o =3 BoF-—-—-7-= S .
%) ? 5 5 [ -~ |
B 3er & & e '://_
= Bl T \: ~ S —i
-6 _'/\ —
T
8 -8 [ T S [ T
1 1 1 1 1
-10 G F Q VA G G F Q z G
HSE06 GGA-PBEsol
b b[ bll
10
8
s
4F = o~
o0 %2 ?‘.‘, 5
T @ g 3
& B : :
E &, = =
1 | | |
6
-8 | I o ! !
—10 1 1 1 1 1 1
F Q z G G F Q z G
GGA-PBE GGA-PBEsol
c c( c”
10 T T T T T T
8 8
6 I I
1 1 1
4f af
s g g
=} 20 :, <
n £ &0 &
o0 22 E 19
= =y = =]
-6 T
8
4 4 1 1 1
-10 G G F Q Z G
GGA-PBEsol
dll
10
8 8t 8
6k
4 4 4
” Ez % s
2 @ : :
~ = & 0 g0
@2 = =
(=] 5 2 o)
= Hat = = ! ' !
-6 - -4
1
-8 ! ! 1 1 1
o -8 1 I 1 |

— 1
G ’G F Q Z G
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transition from semiconducting behavior toward metallicity.
This trend is consistently observed across all exchange-correla-
tion functionals employed GGA-PBE, GGA-PBEsol and HSE06 as
evidenced by the conduction band minimum shifting progres-
sively closer to the Fermi level. A similar trend was reported by
Q. Mohammad et al.®® during their investigation of MgXOj; (X =
Si, Ge, Sn) compounds, indicating that our findings are

© 2026 The Author(s). Published by the Royal Society of Chemistry

consistent with previously published result. MgSiO; (2.60 €V)
is appropriate for UV-selective optoelectronics and transparent
oxide applications,”® while MgGeO; (1.006 eV) andMgSnOj;
(0.84 eV) target NIR photodetection and extended-spectrum
devices.”! The metallic MgPbO; can serve as a conducting oxide
electrode layer and, more generally, in plasmonic/photonic archi-
tectures.””’® The anti-perovskites compounds studied using
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three different functional displayed in Fig. 7 Mg;BO (B = Si, Ge, photodetection”* and thermoelectric energy conversion,” consis-
Sn, Pb) possess narrow direct band gaps all below tentwith established design rules for narrow-gap semiconductors.
0.5 eV. Given their narrow band gaps (0.13-0.33 eV), Mg;BO As shown in Table 2 and further illustrated in Fig. 8, the
compounds (B = Si, Ge, Sn, Pb) are well-suited for infrared calculated band gaps for MgBO; (B = Si, Ge, Sn, Pb) perovskites
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Table 2 Calculated bandgap for cubic perovskites MgBOsx (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Band gap (eV) Mg;Sio Mg;GeO Mg;SnO Mg;PbO Mg;Si03 Mg;GeO3 MgSnO; MgPbO;
GGA-PBE 0.136 0.131 0.33 0.251 2.60 1.006 0.84 0.00
Nature Direct Direct Direct Direct Indirect Indirect Indirect —
GGA-PBEsol 0.147 0.109 0.331 0.352 2.55 1.17 0.97 0.00
HSE06 0.279 0.294 0.346 0.00 4.04 3.05 2.12 0.00
Other — — — — Indirect®® Indirect®®*32 Indirect®®* —

Reported gap — — — —

and Mg;BO (B = Si, Ge, Sn, Pb) anti-perovskites with HSE06
consistently predicting approximately double the band gap values
compared to the semi-local GGA functionals, except for the Pb-
based compounds, which exhibit metallic behavior under all
approximations due to complete band gap closure. A similar trend
of higher band gap values obtained using the HSE06 functional
compared to GGA-PBE and GGA-PBEsol has been reported by Min
Chul Choi et al’® and Krishna Kumar Mishra et al”’ These
observations reinforce the consistency of our findings with estab-
lished literature and validate the reliability of our computational
approach. The ability to tune the band structures and corres-
ponding band gap values through B-site cation substitution in
cubic perovskites and anti-perovskites renders these materials
highly promising for diverse optical applications.

The DOS allows us to calculate the general arrangement of
states about energy. The DOS parameter significantly determines
the bulk properties of conductive materials, such as heat capacity,
magnetization susceptibility, and various transport processes. The
total density of states Fig. 9 exhibits trends similar to those in Fig.
6 and 7. An interesting observation from Fig. 9 is that anti-
perovskites materials exhibit a more fluctuating behavior of the
density of states (DOS) in the valence band than perovskites
materials. These fluctuating states in the valence band, often
referred to as valence band tail states or localized states signifi-
cantly impact the optical and electronic properties of materials.
Localized energy states in the valence band arise from structural
disorder, impurities, or defects present in the material. In LEDs
and perovskite solar cells, these localized states can capture photo-
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Fig. 8 Calculated bandgap for cubic perovskites MgBOs (B = Si, Ge, Sn,
Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb) using GGA-PBE, HSE06
and GGA-PBEsol functionals.
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2.55,131 2,5%8

1.08,"*' 3.36,"%? 1.10°® 0.83,"%' 0.85%®

generated carriers, thereby reducing radiative recombination and
affecting the overall effectiveness of the devices. By controlling the
density and energy distribution of these states, researchers can
enhance device performance.”®”® Additionally, localized states
near the valence band edge in thermoelectric materials signifi-
cantly affect thermal and electronic transport properties. These
states create energy barriers that scatter phonons, thereby redu-
cing thermal conductivity while maintaining a high Seebeck
coefficient and electrical conductivity, which are beneficial for
thermoelectric applications.®*5!

Analysis of the partial density of states Fig. 9 indicates that
O-p states dominate the valence band in perovskites, while B-
cation p states contribute most in anti-perovskites near the
Fermi level. In all compounds, the conduction band is primar-
ily composed of Mg-s states. The valence band maximum at the
Fermi level classifies the materials as P-type semiconductors,
except for MgPbO; which exhibits metallic behavior.

3.4 Mechanical properties

Since MgBO; (B = Si, Ge, Sn, Pb) and Mg;BO (B = Si, Ge, Sn, Pb)
compounds are cubic structure with a high degree of symmetry,
the elastic constant reduces to three independent elastic con-
stants: Cy;, Cy,, and Cy,.%” The following is an expression of the
conventional mechanical stability conditions in cubic crystals
at equilibrium in terms of elastic constants,®*%

Cyq > 0, Cy; > |Cyp|, C1q +2Cy5 > 0. 9)

All the investigated compounds satisfy the above criteria indi-
cate mechanically stable to deform forces. The formulations
associated with the calculations of bulk modulus (B), shearing
modulus (G), young’s modulus (E), anisotropy (4), Poisson’s
ratio (v), Pugh’s ratio (B/G), plasticity measurement (B/C,,),
Kleinman parameter ({) have been computed using the follow-
ing are given by the following expressions, respectively,®>*°

1
B = g(cll +2Cpy) (10)
G- Gvtor (11)
2
GV:CII —Cip+ Cyy (12)
5
5Cu(Cn — C)
= 13
87 4Cu +3(Ch — Cn) (13)
Mater. Adv,, 2026, 7, 618-640 | 627
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The stiffness constant Cy; is related to the longitudinal defor-
mation, while C;, and C,, relates to the shearing deformation.
As seen from Table 3, C;; decrease linearly with cation
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changing Si to Pb, implying low resistance of the compound
against longitudinal compression. Also, Cy; is greater than both
of Cy, and C,, implying that our investigated compounds have
lowest resistance against shear deformation. All the three
moduli of elasticity namely the Bulks modulus (B), Young’s
modulus (E) and the Shear Modulus (G) decrease as cation
shifted from Si to Pb as shown in Fig. 10. All the compounds
have bulk modulus greater than 40 GPa classified them as hard
materials. From the listed value in Table 3 perovskites com-
pounds possesses greater elastic modulus compare to anti-
perovskites compounds indicating the perovskites compounds
potentiality for strong and flexible electronic applications.
Cauchy’s pressure (C;,-C44) also accounts for the brittle or
ductile nature. A positive C;,-C,4 implies ductile characteristics

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Mechanical properties of cubic perovskites MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Mg;SiO Mg;GeO Mg;SnO Mg;PbO Mg;Si0; Mg;GeO3 MgSnO, MgPbO,
C11 (GPa) 157.58 152.95 127.76 118.25 354.32 322.62 300.01 228.79
Other cal. — — — — 4118 300°¢ 2518 —
Cy, (GPa) 39.04 34.94 38.64 38.26 154.37 114.28 75.56 57.83
Other cal. — — — — 164%8 195%8 210% —
Cy4 (GPa) 60.45 57.53 51.15 45.51 178.73 109.86 55.01 27.68
Other cal. — — — — 2008 220%8 235%8 —
G (GPa) 79.31 74.37 71.71 68.94 303.55 204.85 109.09 68.16
Other cal. — — — — 1658 124%8 978 —
Y (GPa) 178.02 167.29 159.39 152.75 624.67 448.04 263.55 170.71
Other cal. — — — — 405°8 317%¢ 25458 —
B (GPa) 78.55 74.27 68.34 64.92 221.02 183.72 150.37 114.81
Other cal. — — — — 246°8 230°8 235%8 —
Cp (GPa) —21.41 —22.59 —12.51 —7.25 —24.36 4.42 20.55 30.15
A 1.01 0.97 1.14 1.13 1.78 1.05 0.49 0.32
v (km s™") 0.12 0.12 0.11 0.10 0.028 0.09 0.20 0.25
B/G 0.99 0.99 0.95 0.94 0.72 0.89 1.37 1.68
4 0.39 0.37 0.44 0.46 0.56 0.59 0.40 0.40
uM 1.29 1.29 1.33 1.42 1.23 1.67 2.73 4.14
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Fig. 10 (a)-(d) Variation of mechanical properties with B cation change in cubic perovskites MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B =

Si, Ge, Sn, Pb).

whereas negative value of Cauchy’s pressure implies brittle
nature. All the anti-perovskites compounds have negative Cau-
chy pressure indicating brittle in nature while except from
MgSiO; all the perovskites’ compounds possess positive Cauchy
pressure indicating ductile nature.

Microcracks significantly influence material behavior due to
their link with elastic anisotropy (4). This factor, calculated via

© 2026 The Author(s). Published by the Royal Society of Chemistry

eqn (15), quantifies directional stiffness A = 1 denotes isotropy,
while deviations indicate anisotropic nature. The computed A4
values are listed in Table 3. These findings suggest that both class
of the selected compounds are anisotropic, whereas MgSiO;,
Mg;GeO, MgSiO; and MgPbO; exhibits a pronounced degree
of anisotropy compared to Mg;SnO, Mg;PbO, MgSnO; and
MgPbO;.
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The Pugh (B/G) and Poisson v ratios are the other crucial
parameters employed to determine the mechanical properties,
such as brittleness and ductility, of a material. For ductile
materials, the necessary criterion is that the B/G and v values
must be greater than 1.75 and 0.26, respectively; otherwise, the
material will be brittle.®>®" All the investigating compounds
has less value indicating ductile nature.

The Kleinman parameter ({) assesses bond rigidity, where
{ =1 implies strong bonding and { = 0 reflects bond flexibility. A
value near 0.5 suggests that deformation resistance arises from
both bond strength and bending.®* From Table 3, we observed
all the compounds except MgSiO; have ( less than 0.50
indicates less resistance toward bond bending.

The machinability index (i) characterizes a machine operation’s
plastic deformation behavior, cutting performance and overall cost-
efficiency. The value can be calculated using following equation®

B

aon (18

Hm

As shown in Table 3, MgSnO; and MgPbO; exhibit machinability
index (1) values of 2.13, exceeding the critical threshold of 2. This
indicates reduced friction and enhanced lubricating behavior, which
are advantageous for industrial machining, wear-resistant coatings,
and tribological applications. In contrast, all other compounds
possess iy values below 2, suggesting comparatively higher friction
and lower lubrication efficiency, limiting their suitability for high-
performance cutting or sliding-contact environments.**

For single and polycrystalline solids, the degree of elastic
anisotropy is essential to the evolution of the microscopic
behavior of solid materials. Anisotropic nature strongly depends
on several elastic constants, Cy; in particular.95 Consequently,
for the compounds being studied, it is imperative to investigate
the directional dependency of the elastic tensor. Improving a
solid material’s mechanical resistance and applicability under
external stress is feasible by examining the degree of elastic
anisotropy. Furthermore, accurate characterizations of these
characteristics can play a crucial role in fundamental crystal
physics and applied engineering sciences for application
reasons.’®

(2C4s + C12)

Az =1+
‘ Cp

(19)

View Article Online

Paper
Ay —1)?
AG — # (20)
3(Az — 1)>4254,
5Gy
Ay =22V 21
U= Gn 5 (21)
Ay =+/51n (ﬂ> (22)
GRr

The Zener anisotropy factor®” 4, deals with the elastic anisotropy
of cubic ABO; compounds. Shear anisotropy is primarily asso-
ciated with 4. The particular value of Ay for isotropic compounds
is 1. Ag is the new elastic anisotropy (4g) requirement for cubic
compounds developed by Chung and Buessem et al.”® Anisotropy
factor (4) is often given as a percentage, and a material is
considered “isotropic” if Ag = 0. The universal elastic anisotropy
factor (Ay) is related to all the components of a material’s
elasticity tensor and can be determined using the formula given
in eqn (26).°° The Logarithmic Universal Euclidean anisotropy"*
4y, is an alternative anisotropy factor for cubic Gy crystals. It is
associated with the Voigt and Reuss limits on the bulk modulus.
Table 4 displays all of the values related to Az, Ag, Ay, and A;; the
non-zero values of these parameters describe the anisotropic
nature of the specified materials. For a cubic compound, the
strain along (110) and the equivalent transverse strain along
(001) and (110) provide the peak values of Poisson’s ratio.

242C
Poisson’s ratio is as'® follows: ¥(110,001) = ﬁAZDC“ and
3B—AzC
V(110,110) = Wflid: to these directions. The differences in

bond strengths and atomic arrangements among different
crystallographic orientations account for this variation in Pois-
son’s ratio, indicating the anisotropic nature of the materials
under study.

HV(Teter] = 0.151G (23)
ENEIEL
Hy(Tian) = 0.92 (E) GO-708 24)
5 70.585
G
Hy(Chen) = 2 {(B) G _3 25)

Teter et al.,'** Tian et al.'® and Chen et al.,"** have proposed
various estimations for the Hy (Vickers hardness) ABO;. Table 4

Table 4 Calculated values of Vickers hardness (Hy), anisotropic parameters and extreme Poisson’s ratio for of cubic perovskites MgBOs (B = Si, Ge, Sn,

Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Mg;SiO Mg;GeO Mg;SnO Mg;PbO Mg;SiO; Mg;GeO; MgSnO; MgPbO;
Ay 2.01 1.98 2.10 2.09 2.44 2.03 1.61 1.49
Ag 0.05 0.05 0.06 0.06 0.09 0.05 0.02 0.01
Ay —1.96 —1.79 —2.44 —2.71 —-3.39 —-3.21 —2.22 —2.03
Ay, —1.11 —0.99 —1.5 —1.74 —2.54 —2.30 —1.31 —1.16
|4 (100, 001) 0.28 0.26 0.34 0.36 0.49 0.38 0.26 0.25
\4 (100, 110) —0.14 —0.15 —0.13 —0.11 —0.13 —0.08 —0.03 0.003
Hy (Teter) 11.97 11.23 10.82 10.41 45.83 30.93 16.47 10.29
Hy (Tian) 20.56 19.47 19.99 19.70 74.93 44.97 17.83 10.22
Hy, (Chen) 23.12 21.91 22.76 22.53 79.10 4411 18.38 9.84
630 | Mater. Adv, 2026, 7, 618-640 © 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 (a)-(g) Optical properties of cubic perovskites MgBOsz (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb).

lists the estimated values for these parameters. The estimated scientific data in the literature, these results cannot be directly
Hy, values for both alloys show that they are both hard since compared. However, they can provide valuable insights for
they are all positive in all estimations. Due to the dearth of future experimentation.
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Table 5 Static dielectric, refractive and reflectivity of cubic perovskites MgzBO (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Mg;SiO Mg;GeO Mg;SnO Mg;PbO Mg;SiO3 Mg;GeO; MgSnO; MgPbO,

81(0) 23.74 27.10 29.65 34.77 3.21 3.97 4.33 6.58
Other cal. — — — — — 2.74132 — —
Static refractive index R(0) 4.87 5.20 5.46 5.91 1.79 1.99 2.08 2.56
Other cal. — — — — — 2.10"2 — —
Extinction (max) 3.03 3.64 3.21 3.15 1.69 1.38 1.11 1.32
Other — — — — — 1.32"%° — —
Static reflectivity R(O) 43.5% 45.9% 47.9% 50.8% 8.07% 11.01% 12.3% 19.2%
Other cal. — — — — — 6.08%"3> — —

3.5 Optical properties

When a material absorbs incoming radiation, electrons are
excited from the valence band to the conduction band, gen-
erating its optical response. Thus, the optical characteristics of
cubic A;SnO (where A = Ca, Sr, and Ba) are closely connected to
their electronic band structures and are essential for exploring
their practical applications. Fig. 11 illustrate several calculated
optical properties as functions of the photon energy. Studying
the complex dielectric function, including both its real and
imaginary parts, allows for a detailed understanding of these
optical properties.

The real part of the dielectric constant ¢(w), is a key optical
parameter for assessing amaterial’s suitability for practical opti-
cal applications. Fig. 11(a) presents the calculated real dielectric
function of investigated compounds and plotted as a function of
the incident photon energy. The value of ¢,() is obtained via the
Kramers-Kronig relations.® The static dielectric constant, &,(0),
reflects the material’s ability to become polarized in response to
incident electromagnetic radiation and reported in Table 5. The
increment of real dielectric function in perovskites can be
compared with the decreasing E, and consistent with the Penn’s

model & (0) = 1 + Tp.ms The static dielectric function provides
g
insight into the extent of charge recombination, which directly

influences the performance of optoelectronic devices. Materials
exhibiting higher dielectric constants tend to have lower charge
recombination rates, thereby enhancing device efficiency.'® Anti-
perovskites exhibiting significantly higher static dielectric values
than their perovskite counterparts as shown in Fig. 12. From
Table 5, the static dielectric constant of the perovskites is below
10, indicating their suitability for microelectronic applications
and high optical transparency.'®” In contrast, the anti-perovskites
exhibit static dielectric constants exceeding 10, making them
promising candidates for energy storage and various optical
device applications.'® As the energy increases further, the real
part of the dielectric function becomes negative, indicating that
the material behaves as a reflective medium in these energy
regions. This complete reflection of incident electromagnetic
waves signifies the emergence of metallic characteristics in the
material. The anti-perovskite compounds exhibit negative values
in the real part of the dielectric function starting at approximately
3 eV, whereas the perovskite counterparts begin to show negative
values around 13 eV. Additionally, the dielectric function of
perovskites is relatively lower in magnitude compared to that of

632 | Mater. Adv, 2026, 7, 618-640

anti-perovskites, indicating distinct optical responses between
the two material classes.

Reflectivity, R(w), describes the surface characteristics of a
material and is defined as the ratio of reflected power to the
incident power. Reflectivity R(0), owing to its anti-reflective
coating, emerges as a crucial parameter for assessing the
suitability of a material for shielding applications. The static
reflectivity R(0) measurements yielded values listed in Table 5.
Fig. 11(f) shows that perovskites exhibit lower static reflectivity
than anti-perovskites, with values increasing as the B-site cation
changes from Si to Pb in both material classes. The low reflectiv-
ity values observed in the infrared and visible regions indicate
that perovskites are more transparent compare to anti-
perovskites within these energy ranges, making them promising
candidates for antireflective coating applications. With increas-
ing energy, the reflectivity rises, exhibiting slight fluctuations and
reaching maximum values within the UV energy range can
therefore use as UV shielding.'” Since reflectivity is primarily
influenced by free electrons in the material, the sharp increase in
reflectivity at certain energies is likely due to enhanced optical
conductivity within those energy ranges.

The refractive index, n(w), characterizes the propagation of
electromagnetic radiation through a material and is shown in
Fig. 11(b). Both the refractive index n(w) and the extinction
coefficient k(w) are calculated using the relations. The static
refractive index n(0), reported in Table 5, satisfies the relation
£4(0) = n*(0), confirming the accuracy of the calculations.'*°
Based on the reported values in Table 5 and illustrated in
Fig. 12, anti-perovskite compounds exhibit significantly higher
static refractive indices compared to their perovskite counter-
parts, indicating stronger light-matter interaction. This makes
them promising candidates for photonic applications such as
waveguides, modulators, and optical sensors."'" In contrast, the
relatively lower refractive indices of perovskites suggest better
transparency, making them suitable for use as window layers in
solar cells and other optoelectronic devices.''* Fig. 11(b) reveals
that n(w) increases with incident photon energy, reaching a
maximum between 0.01361 eV and 2.5 eV, corresponding to the
infrared region. We observed that as cation changing from Si to
Pb the value rises. Within this range, the material exhibits
maximum transparency, which can be tuned by varying the B-
site ions (A = Si, Ge, Sn, Pb). Beyond this energy range, n(w)
decreases, indicating reduced transparency and increased
absorption of higher-energy radiation. Moreover, the n(w)
curves recorded for compounds closely align with the & ()

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Calculated values of thermal factors of Mg-based perovskites MgBOs (B = Si, Ge, Sn, Pb) and anti-perovskites MgzBO (B = Si, Ge, Sn, Pb)

Compounds p(gmem™) Vv, (kms") Vi (kms') V,(kms) 0 (K KpinWm™' K™y op (THz) Ty (K)

Mg;SiO 2.22 9.11 5.97 5.19 640.37 1.12 1.03 13.34 2481.82
Mg,;SiO 3.21 7.35 4.81 4.35 537.07 0.94 1.03 11.19 2417.25
Mg;SiO 3.69 6.66 4.40 4.02 440.04 0.88 1 9.17 2082.72
Mg;SiO 6.18 5.03 3.33 3.18 350.70 0.66 0.99 7.31 1950.33
Mg;SiO 3.79 12.84 8.94 6.97 640.37 0.89 0.80 13.34 4252.48
Mg;SiO 4.78 9.77 6.54 5.54 726.35 0.74 0.95 15.14 4709.23
Mg;SiO 4.82 7.83 4.75 4.41 539.17 0.65 1.31 11.23 4398.78
Mg;SiO 7.16 5.36 3.08 3.07 349.77 0.52 1.51 7.29 3442.35

curves, especially within the energy ranges corresponding to the
observed peaks. The noticed identical nature arises from their
inter connectedness via established relationships ¢,(0) =
n* — K."° Beyond its peak, the refractive index n(w)
drops below 1 at photon energies above 4 eV for anti-
perovskites and 16 eV for perovskites implying that the group
velocity V, = c/n of the photons exceeds the speed of light. This
decline corresponds to reduced transparency, resulting in
increased absorption of high-energy incident radiation by the
material.

The optical conductivity of a material fundamentally
depends on its ability to produce free carriers when absorbing
incident photons, originating from bond disruptions caused by
photon-electron interactions."** Fig. 11(d) demonstrates that the
optical conductivity and absorption coefficient of the studied
materials exhibit similar trends as functions of photon energy,
reflecting their interrelated electronic transitions. A closer exam-
ination reveals that the perovskite compounds show higher
optical conductivity predominantly in the ultraviolet (UV) region.
Notably, the peak optical conductivity shifts toward lower photon
energies as the B-site cation varies from Si to Pb, indicating
tunable electronic structures and band gap narrowing. This
tunability makes perovskites attractive candidates for UV photo-
detectors and optoelectronic devices requiring selective absorp-
tion in the UV spectrum.'” In contrast, the anti-perovskite
materials exhibit their maximum optical conductivity within
the visible energy range, which suggests strong interaction with

© 2026 The Author(s). Published by the Royal Society of Chemistry

visible light photons. This characteristic is especially promising
for photovoltaic applications and visible-light-driven photocata-
lysis, where efficient absorption and charge carrier generation
are essential."">""” The enhanced optical conductivity in the
visible region can facilitate higher photo response and energy
conversion efficiencies, positioning anti-perovskites as potential
materials for next-generation solar cells and optoelectronic
devices."'®

In summary, the optical parameters of the perovskites and
anti-perovskites structures can be tailored by altering the cation
type (Si, Ge, Sn, Pb), offering promising potential for advanced
devices sensitive to infrared radiation.

3.6 Thermodynamics properties

Thermodynamic stability is a fundamental requirement for
materials intended for high-temperature applications, necessi-
tating a comprehensive evaluation of their thermal behavior.
Thermodynamics governs the principles of energy exchange
and heat flow within physical systems, and parameters such as
Debye temperature (0p) and acoustic wave velocities serve as
critical indicators of thermo-physical performance. Key proper-
ties including 0p melting temperature (Ty,), and minimum
thermal conductivity (Kn,in) can be derived from longitudinal
(V1), transverse (V), and average sound velocities (Vi),
in conjunction with material density (p), as detailed in
Table 6. These sound velocities were calculated using
established theoretical relations and are presented in Table 6
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The Debye temperature (0p) is a key parameter linking a
material’s mechanical properties to its thermal behavior,
including lattice vibrations, thermal expansion, melting point,
specific heat, and thermal conductivity. It represents the upper
limit of vibrational modes in a solid and serves as an indicator
of lattice stiffness. Although not directly measurable, 0y, can be
reliably estimated from elastic modulus data using the follow-

ing expressions,'"’
I
AT
o kB 47 M m

As presented in Table 6 and Fig. 13(c), the Si- and Ge-based
compounds exhibit the highest Debye temperatures among the

ép (29)

materials studied, indicating stronger interatomic bonding and
superior phonon-mediated thermal conductivity.
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The minimum thermal conductivity (K) of solids typically
decreases with increasing temperature and can be estimated
using the Clarke model,'*°

M \ 73
Kiin = kB Vi (HNA/))

Table 6 and Fig. 13(d) reveal a pronounced decline in thermal
conductivity (K) as the cation transitions from Si to Pb.

The melting point is a fundamental property of crystalline
materials, defined as the temperature at which the solid and
liquid phases coexist in equilibrium under standard atmo-
spheric pressure. This parameter plays a critical role in deter-
mining the thermal stability, performance, and applicability of
materials across various scientific and industrial domains,
including alloy design, nanoparticle stability, and high-
temperature technologies.’”* The melting temperature (Ty,) is
calculated using the following relation.'*

(30)

2C1 + C33
— 31
. (1)

T, =354+4.5
As illustrated in Table 6 and Fig. 13(b), the perovskite compounds
exhibit notably higher melting temperatures compared to their
anti-perovskite counterparts, indicating superior thermal stability.
Among the perovskites, MgGeO; and MgSnO; demonstrate the
highest melting points, which reflect their relatively stronger
interatomic bonding and enhanced lattice cohesion. This suggests

© 2026 The Author(s). Published by the Royal Society of Chemistry
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that these materials may be more suitable for high-temperature
applications where structural integrity is critical.

The Debye frequency (wp) is a fundamental parameter for
characterizing the thermal behavior of crystalline solids, parti-
cularly in relation to specific heat and thermal conductivity. It
provides insight into atomic-scale heat transport and signifi-
cantly influences material performance at low temperatures.
The Debye frequency for a given solid is calculated using the
following expression."*"

0o

Qp =kp-

(32)
Table 6 and Fig. 13(d) indicate a notable decline in Debye
frequency (wp) across both perovskite and anti-perovskite com-
pounds as the cation substitution progresses from Si to Pb,
with the exception of MgGeOj;, which exhibits the highest wp,
value. A higher Debye frequency reflects an extended phonon
spectrum, contributing to enhanced thermal conductivity and
heat capacity. Accordingly, the elevated wp of MgGeO; corre-
lates with its superior thermal transport properties.

Table 6 and Fig. 13(c) also report the Griineisen parameter
(y), which characterizes the phonon anharmonicity within the
crystal lattice. This parameter is derived from Poisson’s ratio
using the following relation.'*°

3(1+v)

I'=30=3)

(33)
The Griineisen parameter plays a critical role in characterizing
phonon damping and thermal expansion behavior in crystalline
solids. Materials with lower y values typically exhibit more
harmonic lattice vibrations, which contribute to enhanced
phonon-mediated thermal conductivity. As shown in Table 6,
Mg;PbO, MgSiO; and MgGeO; possess the lowest y values among
the compounds studied, indicating their potential for efficient
phonon transport. This parameter is fundamental for evaluating
the interplay between thermal expansion and specific heat, and is
essential for understanding thermo-mechanical properties and
lattice dynamics in solid-state systems."**

Overall thermodynamic properties of Mg-based perovskite
and anti-perovskite compounds reveal distinct application
potentials across advanced technologies. Mg;SiO, with moder-
ate Debye temperature and low Griineisen parameter, is suita-
ble for thermoelectric devices and infrared sensors.">* Mg;GeO
offers balanced thermal conductivity and phonon transport,
making it promising for strain-tuned thermoelectric modules
and low-power electronics.'®> Mg;SnO, with moderate melting
point and phonon conductivity, supports mid-temperature
thermoelectric applications.'”® Mg;PbO shows the lowest ther-
mal conductivity and Debye frequency but favorable phonon
transport due to reduced anharmonicity, making it suitable for
phonon filters and low-power dielectric layers."*” Among per-
ovskites, MgSiO; demonstrates high Debye temperature and
melting point with low y, ideal for UV photodetectors and
thermal barrier coatings Springer. MgGeO;, with the highest
Debye temperature and melting point, is well-suited for high-
performance thermoelectric and memory devices.'*® MgSnO,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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supports infrared detection and thermoelectric modules due to its
strong thermal stability and phonon conductivity.'* Finally,
MgPbO; with high dielectric constant and visible-light absorption,
is promising for energy storage and photovoltaic applications.'*°
These findings highlight the compositional tunability and multi-
functional potential of Mg-based compounds in optoelectronics,
thermoelectric and energy systems.

4. Conclusion

In this study, we conducted a comparative first-principles
investigation of Mg-based cubic perovskite (MgBO;) and anti-
perovskite (Mg;BO) compounds, where B = Si, Ge, Sn, Pb, to
explore their structural, electronic, mechanical, and optical
properties. Structural optimization confirmed phase stability
across all compositions, with lattice parameters and unit cell
volumes increasing systematically from Si to Pb, consistent
with the trend in cationic radii. The more negative formation
energies of anti-perovskites indicate stronger thermodynamic
favorability, while the decreasing trend across the B-site series
reflects reduced cohesive strength with heavier cations. Elec-
tronic band structure analysis revealed indirect band gaps in
perovskites, transitioning from semiconducting to metallic
behavior with heavier B-site cations. Anti-perovskites main-
tained narrow direct band gaps (<0.5 eV), making them
suitable for infrared detection and thermoelectric applications.
Density of states analysis further confirmed p-type semiconduct-
ing behavior in most compounds, with MgPbO; displaying
metallicity. Mechanical evaluations showed that perovskites pos-
sess significantly higher elastic constants, bulk modulus, and
Young’s modulus, reflecting superior stiffness and ductility.
Anisotropy and Kleinman parameters revealed directional depen-
dence and bond flexibility, particularly in systems with heavier
cations. MgGeO; and MgSnO; demonstrate the highest thermal
stability and phonon conductivity among the compounds stu-
died. The decline in thermal performance with heavier cation
substitution highlights the role of lattice dynamics. Perovskites
outperform anti-perovskites in high-temperature resilience,
with select anti-perovskites showing promising phonon trans-
port due to reduced anharmonicity. These findings support the
use of Mg-based compounds in thermoelectric, optoelectronic,
and energy-related applications. Optical analyses demonstrated
Perovskites exhibited low reflectivity and high UV conductivity,
making them promising for photodetectors and antireflective
coatings. Anti-perovskites showed elevated dielectric constants
and strong visible-light absorption, suggesting potential
for energy storage and photovoltaic applications. Overall,
Mg-based perovskite and anti-perovskite compounds offer com-
plementary advantages: perovskites excel in mechanical robust-
ness and UV-optical performance, while anti-perovskites
provide narrow band gaps and enhanced dielectric response.
This compositional tunability positions both material classes
as versatile candidates for multifunctional engineering applica-
tions, including optoelectronics, thermoelectric, and memory
devices.
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