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TWireow SReFTw  Aifvee ™ 9SS (SnZrMoO,) T SEHIcH,
AAFAA, DA, AMAF Tq JHR EEH AT TRUH F |
MUTTSHT AT Todb YTAATHT Perdew—Burke—Ernzerhof (PBE-GGA) d9l ¥deg T
SRR LTI Perdew—Burke—Ernzerhof for Solids (PBEsol) Q_q"ﬂ%lf_vf—
ﬁﬁﬁ'ﬂ? EENEN] PRIE ‘ﬁ:@'{ﬁ g | Ultrasoft Vanderbilt Pseudopotential
(USPP) T plane-wave basis set &1 JIRT T aH-THgdd AT A6 Beca®] AT
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A SAH] AW HHT: G0 eV T 90 eV/A B AWET AT
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AEITT T stress—strain (IS Fearedgar i (elastic constants) TUTAT
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termination model) dIT QTJF‘TOﬁ?T (monolayer) YLD T, SmMnO, HI
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TEUST F 99 Eu T Y UAEAUEUly T9Hl sAFS-TAT TdHT gl |
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ABSTRACT

Perovskites are crystalline materials represented by the general formula ABX3. Their
simple crystal structure leads to a broad range of electrical, catalytic, optical, magnetic,
piezoelectric, dielectric, and magnetoresistive properties. Due to their remarkable
properties, perovskites have been widely utilized in thin-film capacitors, optoelectronic
devices, non-volatile memory, solar cells, data storage technologies, spintronic devices,
lasers, sensors, high-temperature coatings, and frequency filters. In the present work,
we investigate the mechanical, electronic, magnetic, and optical properties of zirco-
nium silicate (ZrSiO3) perovskite (under different hydrostatic pressures, surface termi-
nations, different layer configurations, and its monolayer form); europium (Eu)- and
yttrium (Y)—doped samarium manganite (SmMnO3); and the double perovskite stron-
tium zirconium molybdate (Sr2ZrMoOQg) using first-principles density functional theory
(DFT) calculations. For bulk calculations, the Perdew—Burke—Ernzerhof (PBE-GGA)
exchange—correlation functional was used, whereas the Perdew—Burke—Ernzerhof for
solids (PBEsol) functional was employed for surface and layered structures. Ultrasoft
Vanderbilt pseudopotentials (USPPs) were adopted with plane-wave cutoff of 70 Ry
for the wavefunctions and 560 Ry for the charge density. Brillouin zone sampling was
performed using Monkhorst—Pack grids of 14 x 14 x 14 for bulk property calculations
and 14 x 14 x 1 for the monolayer. Convergence thresholds were set to 107 eV for the
total energy and 10~3 eV/A for the atomic forces. The elastic constants were calculated
using the stress—strain method. The present study shows that the bulk ZrSiO3 is an
indirect band gap semiconductor. Its band gap value increases with rise in pressure and
decreases with the increasing number of layers. The termination model has a smaller
band gap (2.585 eV for ZrO- and 1.639 eV for SiO,— termination model) than the bulk
model. Electronic band gap of ZrSiO3; monolayer increases under compressive strain
and decreases under tensile strain. Pristine SmMnOj3 shows ferromagnetic half-metallic
behaviour, and has the band gap of 2.72 eV. Its value substantially reduces with the in-
troduction of Eu and Y dopants. The Sr,ZrMoOg double perovskite exhibits an indirect
band gap semiconductor with ferromagnetic behaviour. Elastic property calculations
confirmed the mechanical stability and ductility of bulk ZrSiO3 up to 100 GPa. Both
ZrO- and SiO,—terminated models of ZrSiO3 are also mechanically stable and ductile.
The ZrSiO3 monolayer exhibits mechanical stability and ductility from -6% to +6%
strain values. The pristine and Eu— and Y- doped SmMnQO3, the material preserves
its mechanical stability and ductility, even at a 25% substitution level. The stiffness of
pristine SmMnO3 decreases with Eu— doping and increases with Y- doping. Elastic
calculations of double perovskite Sr;ZrMoOg under isotropic pressures from 0 to 80

GPa reveal significant elastic anisotropy, with distinct pressure—dependent behaviors.
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Magnetic analysis reveals that the magnetic moment of SmMnO3 increases with Eu—
doping, whereas Y- doping leads to a reduction. Curie temperature of pristine SmMnQOj3
raises with Eu— doping, whereas lowers with Y- doping. The real and imaginary parts
of dielectric function of ZrSiOs increase with pressure, with absorption edges and sharp
peaks shift to higher energies as pressure increases from 0 to 100 GPa. The refractive
index and reflectivity of SmMnO3 decreases with Eu— and Y- dopings. The tunable
electronic and optical properties of ZrSiO3 under pressure, mechanical strain, surface
termination and 2D form indicated the material is suitable for flexible electronic devices
and nano—electronics. The enhanced magnetic and electronic properties of Eu—and Y-

doping on SmMnOQO3 indicate its application in magnetic sensors and data storage devices.

Key words: Perovskite materials, First-principles calculation, Electronic structure,

Optical properties, Magnetic properties, Ductile, Mechanical stability, monolayer
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Chapter 1

1. INTRODUCTION

1.1 General background

Materials science is an interdisciplinary field that influences on multiple areas of modern
society. Among various materials, perovskites have gained significant attention because
they enable the integration of fundamental scientific research with practical technologi-
cal applications. Perovskites are not only a development of extant material families, but
they also represent a new category of materials with specific characteristics. Perovskites
demonstrate improved properties, such as greater efficiency in solar energy conversion
and improved performance in optoelectronic devices (Lin, 2016). In the present disser-
tation, we utilized first-principles approaches to examine mechanical, electronic, optical
and magnetic properties of perovskites to optimize them for specific applications. Recent
advancements in computational tools and algorithms enable first-principles calculation
easier and faster. This helps the researchers to study larger systems and more complex
materials. First—principles methods, like density functional theory (DFT), are very use-
ful tools for studying materials at the atomic level. They predict material properties by
directly solving the basic quantum mechanical equations which describe the electrons

behavior, without the need for empirical parameters (Hautier ez al., 2012).

A perovskite crystal structure is a widely studied structure in material science with a
general chemical formula ABO3. In this structure, the A site is typically occupied
by alkaline or alkaline-earth, or rare-earth cations with coordination number 12. The
transition metal cations with coordination number 6 are located at the B site. X is oxide
or halide anion. Most commonly, X site is occupied by oxygen in oxide perovskites
or a halide (X = Cl, Br, I) in halide perovskites (Mishra and Parida, 2023). Halide
perovskites can be further categorized as alkali halide perovskites and organometallic
halide perovskites or hybrid perovskites, based on the nature of the A cation. Usually,
the A cation has a larger size than the B cation, and their combination is governed
by charge balance and the stoichiometric requirements of the perovskite. The ideal
perovskite structure exhibits cubic symmetry, Figure 1. In this configuration, the A
ion is coordinate with 12 neighboring atoms, while the B ion coordinates with 6. The
structure can be described by a set of BZg octahedra that share corners and have B-Z-B
bond angles of 180° (Wang and Cheng, 2013).



Figure 1: Ideal crystal structure of ZrSiO3 perovskite.

Later, it was studied by Count Lev Alexevich von Perovski, and the name "perovskite"
was given in his honor (Rose, 1842). Historically, materials with a crystal structure
comparable to CaTiO3 have been referred to as perovskites. Perovskite and perovskite—
based materials have great importance in material science due to their simple crystal
structure, which allows them to exhibit an extensive range of electrical, catalytic, optical,
magnetic, piezoelectric, dielectric, and magnetoresistive properties. These features
make them useful in memory devices, solar cells, thin—film capacitors, hard disk read
heads, data storage technologies, spintronic devices, infrared-blocking windows, lasers,
high-temperature coatings, and frequency filters for wireless technology (Pokharel ez al.,
2024).

For example, nanosized BaTiO3 perovskite ceramics are widely used in multilayer ce-
ramic capacitors and are also applied in microwave devices, such as antennas (Kumari,
2023). The PbTiOs3 perovskite is known for its ferroelectric and piezoelectric properties,
which make it suitable for use in medical imaging and energy harvesting devices (Zhang
et al., 2015). In addition, SrFeO3_s, has been investigated for its electrochemical per-
formance and has demonstrated its potential as an electrode material in solid oxide fuel
cells (SOFCs) Kumar (2023). Studies on SrTiO3 have also revealed superconducting
behavior due to electron—phonon coupling (Kumar, 2023). The magneto-caloric and
thermoelectric characteristics of LaMnO3 have been explored for magnetic refrigeration
applications near their Curie temperature (Tahiri er al., 2021). Additionally, synthesis
methods of LaCoOj3 perovskite significantly influence its properties and performance in

the catalytic oxidation reforming of diesel fuel (Villoria et al., 2011).

In perovskite structures, the Goldschmidt tolerance factor (¢) is a dimensionless parame-



ter used to predict the structural stability and symmetry of perovskite materials. An ideal
cubic perovskite structure is formed when t ~ 1. As the tolerance factor drops just below
unity, the structure may remain cubic, although minor distortion can occur. In terms of
the tolerance factor, oxide perovskites generally maintain a cubic crystal structure when
0.89 < t < 1, whereas for halide perovskites 0.85 < t < 1 (Tidrow, 2014). When t is
between 0.8 and 0.89, the perovskite structure gets distorted, and the symmetry changes
to orthorhombic or tetragonal. When t > 1, perovskites tend to adopt hexagonal shapes
because the larger A-site cation or smaller B-site cation makes octahedra share faces.

Hexagonal perovskites usually have a tolerance factor greater than 1 t > 1 (Li, 2016b).

Double perovskite

Double perovskites are generally originate from conventional perovskites of the formula
ABX3. In the conventional perovskite, the B-site cation creates a 3D network of BXg
octahedra. Double perovskites are produced by replacing two divalent B ions with single
monovalent (B) ion and a trivalent (B’) ion, resulting in the formula A, BB’ X¢. In double
perovskites, the B and B’ cations occupy alternating octahedral sites, while the X anions
are located in interstitial positions, Figure 2a. While the A-site cations are located in

the spaces between the corner-sharing octahedra (Ji et al., 2024).

Double perovskite structures have two types of octahedra BOg and B’Og. These two
types of octahedra have different cation electronegativities, which makes the bond
lengths and sizes of octahedra different, Figure 2b. This structural distortion reduces
the symmetry compared to single perovskites, which exhibit 3D network of uniform
octahedra. The double perovskite compounds have been known about since the early
1950s and have become more famous because of their distinctive properties and broad
range of industrial uses. More than 1,000 double perovskites have been studied in
last few years. Double perovskites have a number of distinct characteristics, such as
high-temperature thermoelectric performance, novel electronic, optical and magnetic
properties. These have opened up new possibilities in many fields (Roy, 1954). High-
temperature thermoelectric qualities in double perovskites have been studied in detail
because they can convert thermal waste to useful energy. Their tunable electronic,
magnetic and optical properties enable their applications in many electronic devices
such as in optoelectronics, spintronic devices and next-generation technologies. The
double perovskites such as CspAgBiBrg and Cs;NaBilg demonstrate potential uses in
optoelectronic device (Chu et al., 2019). In addition to these, double perovskites can be
used in solar cells (Kung, 2020), LEDs (Zheng et al., 2024), photocatalysts (Idris et al.,
2020), lasers, (Kumar and Radhakrishnan, 2018), photodetectors (Ghosh et al., 2022),
scintillators (Zaghrane et al., 2024), field-effect transistors (FET) (Abiram et al., 2022),

electrochemical cells (Tarutin ef al., 2023), and fuel conversion and energy conversion



devices (Yang et al., 2023).

(a) (b)

Figure 2: Standard unit cell of double perovskite (a) in polyhedral form, (b) ideal crystal structure
(Pokharel et al., 2025).

Surface termination of perovskites

In the surface termination models of perovskites, the atoms constituting the bulk material
are distributed in a specific pattern at the outermost layers, which can vary depending
on the crystallographic orientation (Tomar ez al., 2018). For perovskites, with general
formula ABO3, common surface terminations include AO and BO, atomic termina-
tion models along certain crystallographic (001) plane. The surface energy, charge
distribution, and atomic distortions influence the stability, reactivity, and properties of
these types of terminations. Different surface terminations result in unique physical and
chemical behaviors due to differences in surface structures, compositions, and charge
distributions. For [001] orientation, the slab models are created by slicing bulk material

along [001] direction and adding a 15 A vacuum to prevent periodic images.

Two-dimensional (2D) layered materials

The 2D layered materials are a new class of nanomaterials that possess exceptional
physical properties, making them ideal for next-generation electrical appliances. For
example graphene, MoS,, black phosphorus, and 2D perovskites consist of atomically
thin layers bonded together in-plane by strong covalent bonds. A perovskite mono-

layer is an ultra-thin nanostructure composed of a single atomic or molecular layer,



typically made up of inorganic slabs of corner-sharing metal oxide octahedra (Ricciar-
dulli et al., 2021). The slabs are separated by layers of monovalent and divalent cations
to get stable and well-ordered atomic arrangements. These monolayers have significant

applications in electronics, catalysis, supercapacitors, batteries, and energy technologies.

The layers of 2D perovskites generally consist of inorganic metal-halide octahedral
sheets (BXg) separated by organic cations that act as spacer layers (Dey et al., 2021).
The inorganic layers are confined to two dimensions, which restricts the movement of
charge carriers and enhance quantum confinement effects (Dey et al., 2021). The in-
organic layers are limited to two dimensions, which restricts the movement of charge
carriers and makes quantum confinement effects stronger. Strong covalent bonds be-
tween the inorganic layers give 2D perovskites structure. Nanosheets, nanoplatelets, and
nanodisks of perovskite are examples of two-dimensional (2D) perovskite materials. 2D
perovskites exhibits with alternating octahedral stacking pattern, which is different from
stacking pattern of graphene and transition metal dichalcogenides (TMDC). In octahe-
dral configuration, the B-site cations maintain their octahedral coordination with the
layers. Mixed stacking is a combination of various configurations within a single mono-
layer, whereas the alternating stacking refers to a periodic repetition of distinct stacking

configuration.

Quasi-2D perovskites

Quasi-2D perovskites represent an intermediate structural class between two-dimensional
and three-dimensional structures. They consist of n layers of corner-sharing (BXg) oc-
tahedra with organic spacer cations (A’) between each layer. This layered structure
takes advantage of the better electronic qualities and structural stability of their 3D

counterparts.

The general formula for 2D and quasi—2D perovskites is A’>A(,-1)B,X3,+1, where A’
denotes organic spacer and A,_1)B,X3,41 represents inorganic slabs. A a mono- or
divalent cation responsible for separating the inorganic layers. B represents divalent
metal cations, and X is oxide or halide anions that form octahedra with B cations.
Where n represents number of inorganic layers of perovskite slab between organic layers.
Where, n = 1 represents 2D perovskites, where an isolated layer of BX¢ octahedra is
sandwiched between two organic spacer layers. Whereas n = (2— 4) represents quasi-
2D perovskites, which have 2 to 4 layers of BXg octahedra that balance the quantum
confinement of 2D structures with better charge transport properties than that of 3D
perovskites (Lee et al., 2025).

Compared to the 3D counterparts, 2D and quasi—2D perovskites have many benefits,



such as tunable electronic properties, and greater structural flexibility. This makes them

suitable for solar cells, optoelectronics, and flexible electronic devices.

Structural and mechanical properties of perovskites

The perovskite structure exhibits different shapes and properties due to the presence
of distinct cations and anions. The structural properties of perovskites depend upon
the atomic radii, atomic arrangement and bonding interactions between the constituents
cations and anions. Surface modification, doping with other elements, and changes in
dimensionality also influence the structural stability of the material. The mechanical
behavior of perovskites plays an important role in determining how they respond to

external forces and strain. Which affects its performance across various applications.

The mechanical characteristics of a material are evaluated using different elastic param-
eters. Young’s modulus measures the stiffness or rigidity of materials and indicates its
resistance to elastic deformation under applied stress. It is the ratio of normal stress
to longitudinal strain in linear elastic region. Bulk modulus is ratio of change in pres-
sure to volumetric strain. It measures the resistance of material to bulk compression.
The shear modulus determines how well a material can resist shear deformation and
how well it can handle changes in shape without changing its volume. Poisson’s ratio
describes the bonding characteristics and mechanical behavior of materials. A ratio
of shear modulus to bulk modulus (G/B) value lower than the critical value measures
ductile to brittle properties of materials. This ratio lower than critical value of 0.57
shows ductility, whereas above 0.57 implies brittleness. Elastic anisotropy refers to the
variations in mechanical properties in different crystallographic directions. It is crucial
for determining the mechanical stability, crack propagation, and structural reliability of

materials.

Electronic properties of perovskites

Electronic properties of perovskites play a crucial role in their performance in electronics
and optoelectronic applications. These electronic properties are mainly governed by
band structure and density of states of substance. The band structure describes the
relationship between electron energy with the wave vector (k) in a crystal lattice. It gives
important information regarding the energy bands and band gap E,, which determine

that the material is conductor, semiconductor or insulator.

Optical properties of perovskites

Optical properties of the material are evaluated through their dielectric response,

absorption behavior, refractive index, and reflectance. Dielectric function, €(w) =



€1(w) +ie;(w) is a complex function that depends on frequency of incident photons.
It describes interaction of materials with electromagnetic radiation. The real part of
€(w), €1(w), gives the dispersion and polarization response of a material to an external
electromagnetic fields. Whereas the imaginary part €, (w), highlights the absorption of
electromagnetic radiation due to inter—band transitions between occupied and unoccu-
pied electronic states. Refractive index indicates the extent of bending of light when it
enters the material. Whereas absorption coefficient describes how strongly the material
absorbs incident radiation as a function of photon energy. The reflectivity of a surface
relates how much light it reflects back. These properties help determine effectiveness

of perovskites in optoelectronic applications.

Magnetic properties of perovskites

The magnetic properties of perovskites, such as paramagnetism, ferromagnetism and
antiferromagnetism, are significantly influenced by the arrangement of cations within
their crystal structure. These magnetic properties are the result of interactions between
unpaired electrons in d-orbitals of transition metal ions that are located at the B-sites
in the perovskite lattice. The total magnetic moment of perovskite materials is a vector
sum of individual atomic magnetic moments. The study of magnetic properties of
perovskites is important for data storage technologies, magnetic sensors, spintronic

devices and more.

Novelty and Practical Relevance

Zirconium silicate (ZrSiO3) is a promising zirconium-based perovskite for use under
diverse conditions because of its high thermal stability, strong mechanical strength, and
tunable electronic and optical properties. Although zirconium-based perovskites have
been widely studied, the effects of surface termination, strain and pressure on structural,
electronic, elastic, and optical properties of ZrSiO3 are still not well understood. In
addition, limited information is available on how strain influences the stability, electronic
band structure, and elastic anisotropy of ZrSiO3 monolayers, even though these effects
are critical for nanoscale device applications. Both the double perovskite SrpZrMoQOg
and the ZrSiOs; monolayer exhibit elastic anisotropy that affects their stability and
thermal behavior, suggesting that Zr-based perovskites may possess similarly significant

and useful anisotropic characteristics.

The novelty of this work is first-principles study of effect of hydrostatic pressure, strain,
surface termination, and elemental doping on mechanical, electronic, optical, and mag-
netic properties of selected perovskites. This study addresses existing knowledge gaps

and makes reliable predictions. The result suggest that the ZrSiOs is a strong candidate



for use in scaffold materials. The strain-dependent activity of the ZrSiO3 monolayer

points out its potential in nanoelectronics and flexible devices.

1.2 Problem statement

Knowledge of the experimental synthesis of zirconium-based perovskites and double
perovskites is essential for the characterization, fabrication, and design of new materials
with superior properties. Zirconium-based materials have been extensively studied in
various manners, such as zircon-type silicates, amorphous zirconium silicate dielectrics,
and zirconate perovskites. In addition, Zr— based double perovskites and atomic substi-
tution on SmMnO3 have attracted significant interest because they have a lot of distinct
structural, electronic, magnetic, and mechanical properties. Experimental investigations
are difficult and costly for the synthesis and characterization of atomically thin layers, for
monitoring surface terminations, and for examining high-pressure or strain-dependent
states of these materials. Therefore, we use DFT study of electronic, optical, elastic, and
magnetic properties of selected zirconium-based perovskites, double perovskites, and
SmMnOs perovskites under hydrostatic pressure, applied strain, reduced dimensionality,

and elemental doping.

1.3 Objectives of the Work

This work will provide detailed theoretical knowledge of fundamental physical proper-
ties of selected single and double perovskite materials using first-principles calculations.
Perovskites have useful properties, which makes them suitable in electronics, optoelec-
tronics, and spin-based technologies. It is important to understand their structural
stability, mechanical response, electronic behavior, and magnetic characteristics for op-
timizing their performance and guiding future material design. In this context, objectives

of the present work are divided into a general and specific objectives, as outlined below:

General Objective

* To study the mechanical, electronic, magnetic, and optical properties of single

and double perovskites.
Specific Objectives

* To study the structural stability of single perovskites (ZrSiO3, SmMnO3) and the
double perovskite (Sr,ZrMoQg) through the tolerance factor, cohesive energy, and

formation energy.



To study the mechanical properties, such as elastic moduli, Poisson’s ratio, and

anisotropy, of ZrSiO3, SmMnOs3, and Sr,ZrMoQOg perovskites.

To study the electronic properties (band structure and density of states) of ZrSiOs,
SmMnO3, and Sr;ZrMoQg perovskites.

To study the magnetic moments and Curie temperature of SmMnQOj3 and Sr,ZrMoOg

perovskites to evaluate their magnetic properties.

To study the dielectric constant, refractive index, absorptance, and transmittance
of ZrSiO3 and SmMnO3 perovskites.

1.4 Organization of the work

This dissertation is arranged in subsequent chapters:

Chapter 1: "Introduction" presents the background of perovskite materials, their signif-
icance in materials science, the motivation behind the present work, and the objectives
of this thesis.

Chapter 2: "Literature Review" presents the brief review of existing literature helpful
for carrying out this work. It also includes research gaps and method we have employed
to address the scientific issues.

Chapter 3: "Materials and Methods" presents the theoretical background, necessary
formulas and the computational framework employed throughout the entire work. It
includes a fundamental overview of DFT too.

Chapter 4: "Results and Discussion" contains the principal findings of this research.
Section 4.1 presents and discusses structural electrical and elastic properties of bulk
ZrSiO3 under different hydrostatic pressures and for different surface termination mod-
els. Section 4.2 presents the findings on structural, electrical, elastic characteristics of
ZrSiO3 monolayer. Section 4.3 summarizes structural, electronic, magnetic, and elastic,
properties of Eu and Y- doped SmMnQOj3 perovskite. Section 4.4 discusses and presents
the elastic and thermal anisotropy of Sr,ZrMoQOg double perovskite.

Chapter 5: "Conclusions and Recommendations" presents the important conclusions
drawn from the work along with recommendations for future work.

Chapter 6: "Summary" presents a concise summary of this work.



Chapter 2

2. LITERATURE REVIEW

This study systematically explores structural, electronic, mechanical, optical, and mag-
netic properties of perovskites using DFT. Researchers have been studying perovskites
since 1892 as they can be used in different fields. This chapter gives a short overview of

the research on single perovskites (ZrSiO3, SmMnOs3) and double perovskite (SrpZrMoQOg).

2.1 Zr-based perovskite

Zirconium—based perovskites are a significant class of functional oxide materials with
high structural stability, wide electronic band gaps, and tunable physical properties
Li et al. (2016). These qualities make them good candidates for optoelectronics, micro-

electronics, energy devices, and high temperature devices.

Ozkan et al. (1974) experimentally synthesized zircon (ZrSiO4) and determined their
elastic constants. These measurements showed that the d ifferences in the reported
elastic constants of zircon were mainly due to metamictization in natural samples
Cheng et al. (2004). Natural zircon commonly incorporates uranium and thorium impu-
rities, which induce radiation damage and lead to metamictization, thereby significantly
modifying its mechanical response. Ultrasonic pulse superposition and phase com-
parison techniques were used to redetermine elastic constants of both synthetic zircon
crystals and high-purity natural single crystals and verified to be non-metamict. When
zircon with lattice parameters ag = 6.606 A and ¢y = 5.980 A was taken, accurate elastic
constants were obtained and metamictization lowered acoustic velocities by approxi-
mately 20% relative to structurally intact samples. These findings clearly indicate high
sensitivity of Zr—O-Si bonding networks to structural disorder and radiation-induced
defects. Although ZrSiOy4 crystallizes in a zircon-type structure, which is structurally
distinct from the perovskite phase, its mechanical behavior provide valuable guidance for
understanding the behavior of ZrSiO3 perovskite systems. The mechanical properties of
both perovskite and nonperovskite materials are governed by strength and flexibility of
Zr-0 polyhedral units. In ZrSiO3, zirconium occupies the B-site within corner-sharing
ZrOg¢ octahedra; consequently, variations in bond lengths, coordination environment and
strain, or surface termination can markedly influence elastic anisotropy and mechanical

stability.

10



Wilk and Wallace (2000) stated that zirconium-based silicate materials are substitutes
for standard gate dielectrics since they work well electrically and are very stable at high
temperatures. Thin films of zirconium silicate (ZrSi,O,) with a low zirconium con-
centration (3-5 atomic percent) were formed directly on silicon substrates and had an
equivalent oxide thickness of about 21 A for a 50 A film substrates. These films also had
very low hysteresis values (<10 mV), which means that contact on the film and the silicon
substrate was quite good. These films also have very low leakage current densities of
107 A/cm? at 1.0 V, which indicates they might be used in low-power microelectronics.
The dielectric characteristics of ZrSi, O, have been found to be significantly influenced
by the film composition. Films with ZrSiO4 compositions near stoichiometric demon-
strated high permittivity due to stronger Zr-O bonding. Hence, Si-rich ZrSi,O, films a

good balance between better dielectric performance and structural stability.

Elmore et al. (2003) conducted a comprehensive study on various silicate-based mate-
rials, such as zirconium silicate, magnesium silicates, aluminosilicates, and other clay
minerals frequently used in industrial and cosmetic applications. Silicon and oxygen
create a network bonded with metal cations (M), such as Zr, Mg, Al, Ca, or Na, in all of
these minerals. Chemical stability of these materials is maintained by metal cation (M)—
O-Si bonding network. They simultaneous studied natural and synthesized silicates, and
their physical and chemical properties are affected by particle size, composition, crystal
structure and moisture content. Zirconium silicate and related silicates demonstrated
little toxicity upon oral or skin exposure, with no notable adverse effects identified in
either short-term or long-term investigations. The effects of inhalation, however, were
shown to depend on the size and form of the particles. Very small particles or fiber-
like structures at high concentration had stronger impacts on the lungs. They further
found that lungs diseases mainly result from long-term inhalation of mineral dust during
mining and processing activities, rather than from the chemical properties of zirconium

silicates. This confirms that Zr—O-Si bonds are chemically stable and less reactive.

Shah et al. (2024) investigated mechanical, optical and thermoelectric properties of
lead-free zirconate perovskites XZrO3 (X = Ca, Sr, Ba) using WIEN2k code. The cal-
culated results agreed with experimental data. The BaZrO3 perovskite was found to be
the most stable among the studied compounds. These materials exhibited mechanical
stability, ductile behavior and excellent resistance to external stress. These zirconate
perovskites possess semiconducting nature with E, = 3.25, 3.71 and 3.80 eV for CaZrOs3,
SrZrO3 and BaZrOs3, respectively. Furthermore, these materials have favorable optical
properties, with refractive index values between 1.0 and 2.0 and high light absorption

mostly in the UV region (about 5.0 V). In addition, these materials exhibit strong ther-
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moelectric properties, such as high power factors and large Seebeck coeflicients. They
also possess good mechanical strength, remarkable optical activity. These combined
properties indicate that Zr-based perovskites possess significant potential for various

technological applications.

Later, Gupta et al. (2024) conducted first-principles calculation to study electronic, op-
tical, mechanical and thermoelectric behaviour of Zr-based perovskites ZrXH3 (X = Zn,
Cd). Their findings revealed that these materials have thermodynamic and mechani-
cal stability even at high pressure. These perovskites showed metallic behaviour, and
exhibit significant elastic anisotropy. The study also showed that Zr—centered bonding
networks which influenced physical properties of these materials under pressure. These
findings have drawn concern of modern day researchers towards oxide perovskites such
as ZrSiOs.

2.2 Surface termination model

Structural and electronic properties of perovskites also depend upon types of surface
terminations. Different terminations in ABO3 perovskites (AO— and BO, —terminated
surfaces) can cause significant differences in surface relaxation, electronic band struc-

ture, and optical response.

In this regard, de Lazaro and Longo (2004) studied the structural and electronic char-
acteristics of cubic PbTiO3 [001] surfaces with TiO,— and PbO- terminations by first—
principles calculation. They found that surface structure relaxation is significantly
influenced by the types of termination. On TiO,—terminated surfaces, Ti atoms show
large displacements, whereas on PbO- terminated surfaces, the Pb atoms on top layer

display the greatest displacement.

In addition to this, they investigated the electronic structure, dipole behavior, and bonding
characteristics for each termination model. The band gap of the bulk material, TiO,—
terminated, and PbO—terminated models had different values. The TiO,—terminated sur-
face induced band splitting in conduction bands and PbO-termiated in valence bands.
The electron density distribution indicates a covalent nature of both Ti—O and Pb—O
bonds, with the Ti—O bonds exhibiting stronger electron sharing than the Pb—O bonds.
Their findings showed how surface termination affected atomic relaxation, electronic
configuration, and bonding in perovskite oxides. Their concept was used in the present

work.
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Luo (2015) examined the structural and electronic characteristics of KNbO3 (001)
surfaces using DFT method. The structural and electronic properties of KNbO3 per-
ovskite depends upon types of surface terminations, i.e. KO-termination and NbO,—
termination. A detailed analysis of surface energies, atomic relaxations, and charge
distributions were carried out for both terminations. The top surface layer had the
most atomic displacements for NbO,—terminated surface, while second layer below
the surface had the most atomic displacements for the KO—terminated surface. They
further showed that the surfaces were very different in terms of stability. The NbO;
—termination had a lower surface energy (0.75 eV) than that of the KO-termination
(1.21 eV), indicating it to be more stable and easier to fabricate. Electronic properties of
the material was significantly influenced by surface termination. The band gap is 1.70
eV for KO-termination and 1.30 eV for NbO,—termination. Charge study showed that
K and O atoms had weaker ionic bonds and Nb and O atoms had stronger covalent bonds.

Sokolovic et al. (2025) demonstrated that cubic ABOs3 perovskites exhibit two distinct
surface termination models along [001] direction. These are AO-surface termination
model and BO,—surface termination model. Surface termination plays significant role
on thin-film growth and surface properties. Therefore, careful control of the growth
of each AO or BO; layer is essential to control electrical and chemical behavior of
perovskites. Pulsed laser deposition is widely employed to create perovskite thin films,
but it does not provide precise control over surface composition and termination. On
the other hand, oxide molecular beam epitaxy offers atomic—level accuracy and better
control of surface chemistry. Therefore, it is more suitable method for surface termina-
tion studies. They demonstrated that the resistivity, carrier density, and photoresponse
due to AO- terminations model differ from BO,— type terminations model. Addition-
ally, angle-resolved X-ray photoelectron spectroscopy proved that surface species other
than perovskites are mostly linked to the StO- termination, moreover, TiO,— terminated

surfaces maintained a more stoichiometric perovskite nature.

Most of these insights come from well-studied systems such as PbTiO3, KNbOs3, and
SrTiO3. While these studies provide useful comparisons, termination-dependent be-
havior in ZrSiOs surfaces remains largely unexplored. The knowledge acquired from
well-studied systems such as PbTiO3, KNbO3, and SrTiO3 with AO- and BO;-type
terminations, can be easily applied to ZrSiOs perovskite systems, where ZrO and SiO,

serve analogous roles.
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2.3 2D monolayer of perovskites

Ahn et al. (2004) studied the optical properties and interfacial layer formation in ultrathin
zirconium silicate films grown on silicon substrates. The microstructure and thickness
of interfacial layer were analyzed using variable—angle spectroscopic ellipsometry and
high-resolution transmission electron microscopy (HRTEM). Chemical composition
of the films were analyzed using X-ray photoelectron spectroscopy (XPS). The films
were deposited by pulse-mode metal-organic chemical vapor deposition (CVD) using
oxygen—based zirconium and silicon precursors. They also examined the effect of dif-
ferent gases (O, or NO) during oxidation and film growth. HRTEM images showed an
amorphous layer formed at the interface below the zirconium silicate films. XPS results
confirmed that this layer was free from zirconium but was rich in silicon. Ellipsometry
analysis showed that the interfacial layer consists of mostly a mixture of SiO, and SiO.
When an ultrathin oxynitride buffer layer was added under optimized conditions, the
thickness of the interfacial layer decreased significantly. However, when oxygen was
present during film formation, the interfacial layer got thicker, and it was unable to its
further growth. These results show that both factors, interfacial chemistry and growth
atmosphere strongly affects the structural quality and optical response of zirconium-

based silicates.

Freiman et al. (2009) reported the growth of zirconium oxide thin films using a layer-
by-layer deposition method. For that purpose diluted zirconium alkoxide solutions were
successively applied to silicon substrates. This method made it feasible to control film
growth at the molecular level. They observed that film thickness increased gradually and
the film density slightly decreased at higher alkoxide concentrations. These thin films
demonstrated thermal stability up to 600°C with moderate dielectric constant. These

films were suitable for microelectronic applications.

Tsai et al. (2016) demonstrated that layered perovskites are more structurally stable and
resistant to damage from the environment compared to three-dimensional perovskites.
Their work showed that when perovskites are made into two-dimensional structures,
their electronic structure is changed due to quantum confinement. This provides better
for the band gap and the transport of charge carriers. These findings have motivated the
present computational analysis of their structural, mechanical and electrical properties

of perovskite monolayer.

Tsai et al. (2016) showed that two-dimensional layered perovskites possess better struc-
tural stability and higher resistance to environmental degradation than their three-

dimensional counterparts. Their study demonstrated that converting perovskites into
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a two-dimensional form modifies their electronic structure because of quantum con-
finement, making it possible to tune the band gap and charge-carrier transport. These
findings have motivated the present computational investigation of inorganic perovskite
monolayers to systematically examine the effects of reduced dimensionality on their

structural, mechanical, and electronic properties.

Phuc et al. (2018) used first-principles calculation to study how biaxial strain affects
monolayer phosphorene. They found that strain strongly changed the band gap. Even
a small compressive strain of 1% modified the band gap along both x— and y— axes.
When compressive strain was further increased, band gap value continuously decreased
and reached 0 eV at critical strains of €, = —13%. Whereas, direct to indirect band gap
transition occurred when the tensile strain along the x-direction exceeded €, = 5%. The
band gap increased for 0 < €, < 5% and then decreased beyond this strain value. How-
ever, tensile strain along the y-direction led to a steady increase in the band gap. These
results showed that electronic properties of phosphorene are significantly affected by
applied strain. The biaxial strain changed the bond lengths and interactions between the
orbitals. These changes directly influenced the band structure and optical response. Al-
though this study focused on phosphorene, the underlying mechanism is highly relevant
to two-dimensional perovskite monolayers. Similar strain-induced variations in orbital
hybridization and lattice distortion can effectively tune the electronic and optical proper-
ties of 2D perovskites. Because monolayer perovskites possess reduced dimensionality
and a large surface-to-volume ratio, their electronic structure is particularly sensitive
to external strain, making strain engineering an effective approach for optimizing band

gaps, charge transport, and optoelectronic performance.

Sando (2022) provided a detailed review of ABOs perovskite, discussing their key
properties such as ferroelectricity, magnetism, strong electronic interactions, supercon-
ductivity, and optical behavior, with a focus on thin-film systems. The review showed
that when perovskite films were grown on single-crystal substrates, new and unusual
phases could appear. These phases are not present in bulk materials. This happens
because the substrate imposes mechanical constraints such as lateral strain, crystal ori-
entation, symmetry disorder, and interactions between oxygen octahedra. In addition,
the biaxial strain and substrate orientation could break crystal symmetry and trigger
phase transitions. These structural changes directly affect the functional properties of
the materials. These effects were much stronger in low-dimensional perovskites, such
as monolayer structures. In these materials, strain has a more significant and noticeable
impact. In this context, the ideas of lateral strain and structural coupling developed for
perovskite thin films provided a clear framework in understanding and tuning electronic,

and functional properties of perovskite monolayers.
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2.4 Doble perovskites

Double perovskites are widely studied for their diverse structural, electronic, magnetic,
and dielectric properties. Their behavior can be easily tuned for various applications by
applying external effects such as strain, cations doping, or suitable choice of B— and B’

— site cations.

Tellez et al. (2013) studied structural, magnetic, ferroelectric, and electronic proper-
ties of Sr,ZrMnOg double perovskite. The material was synthesized using a standard
solid—state reaction process, and its structure was examined using X—ray diffraction and
theoretical optimization method. The results showed that Sr,ZrMnOg exibited a cu-
bic double perovskite structure. Magnetic measurements revealed long-range magnetic
ordering at about 53.2 K. Temperature-dependent magnetic susceptibility indicated a
transition from a paramagnetic to a ferrimagnetic state, with an effective magnetic mo-
ment of approximately 3.3 ug. Furthermore, magnetization measurements at 4.0 K
displayed clear ferromagnetic hysteresis, confirming magnetic ordering at low temper-
atures. Polarization—electric field measurements also demonstrated ferroelectric behav-
ior, from which a high dielectric permittivity of about 330 was obtained. To support their
experimental results, they performed DFT calculations to study electronic and magnetic
properties. The calculations showed that the material was semiconducting, with an
effective magnetic moment of 2.84 up. These findings indicated that Zr—containing
double perovskites are multifunctional materials. They combine magnetic ordering,
ferroelectricity, and semiconducting behavior. Because of these properties, they are

promising materials for spintronic and magnetoelectric applications.

Li (2016a) examined structural and electrical characteristics of Sr,ZnWOQOg double per-
ovskite under high pressure. They employed X-ray diffraction and Raman spectroscopy
to investigate how the structure and lattice vibrations changed. They employed AC
impedance measurements to evaluate the changes on electrical properties of the ma-
terial. At ambient pressure, Sr.ZnWOg crystallizes in a monoclinic structure. When
pressure increased the crystal structure transformed from monoclinic to triclinic phase at
about 9 GPa. This transition was primarily caused by increased distortion of the corner-
sharing (Zn,W)Og octahedra which lowers the crystallographic symmetry. The Raman
spectroscopy results further supported this finding, and showed noticeable changes in
vibrational modes associated with the WOg octahedra. Furthermore, electrical measure-
ments reveal a significant change in transport behavior at higher pressures. Around 11
GPa pressure, the electrical resistivity increased significantly and an electronic transi-

tion occurred together with the structural distortion. This phenomenon is due to the fact
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that pressure makes O 2p—W 5d hybridization stronger, which makes covalent bonding

stronger and reduces the charge-transfer energy and carrier localization.

Bao et al. (2019a) examined structural, elastic, and thermal properties of TMIr com-
pounds (TM = Sc, Y, Lu, Ti, Zr, and Hf). The calculated parameters and formation
energies were close to experimental data. The results showed that the stability followed
the order Sclr > Lulr > HfIr > YIr > Tilr > Zrlr. Their calculations of polycrystalline elas-
tic constants revealed that all TMIr intermetallics were ductile, with elastic anisotropy
increasing in the order Zrlr > HflIr > Tilr > Lulr > YIr > Sclr. The Debye temperatures
ranged from a maximum of about 370 K for Sclr to a minimum of around 183 K for HfIr.
Their results further showed that Zr—containing compounds exhibited enhanced elastic
anisotropy and strong ductile behavior. This behavior was attributed to the extended

nature of Zr—4d orbitals and strong metal ligand bonding.

Dar et al. (2019) studied half—metallic properties of Sr,MnTaOg double perovskite us-
ing ab initio DFT calculations. They employed GGA, GGA+U, and mBJ approaches to
study spin —polarized band structure. Their results showed that Sr,MnTaOg¢ exhibited
half-metallic behavior with ferromagnetic ordering and a total magnetic moment of 4
uB. The electronic structure showed metallic behavior in spin-up channel and semicon-
ducting behavior in spin-down channel. Elastic and mechanical properties calculations
indicated that Sro,MnTaOg was a hard and stiff material with a brittle nature. The mate-
rial exhibits high ultraviolet (UV) light absorption, and a suitable refractive index and
dielectric constant values. That make its potential for solar and optoelectronic appli-
cations. The calculated Debye temperature (fp) indicated high thermal conductivity,
along with characteristic specific heat capacity behavior. These findings provided a
useful comparison for Zr—based double perovskites such as SroZrMnQOg. Substituting
Ta atom with Zr was expected to enhance lattice stability due to stronger Zr—O bonds

and to allow tunable elastic anisotropy and thermal properties under pressure.

2.5 Rare earth- based perovskite

Liu (2018) reported an efficient and cost-effective method for synthesizing mesoporous
SmMnOs; perovskite sheets using a one-step calcination process, in which citric acid was
used to promote perovskite formation and pore generation. Structural and morphologi-
cal analyses revealed uniformly distributed mesopores across the sheets, which gives the
wide surface area of the material. Their studies on the structure of the SmMnQOj3 sheets

indicated that mesopores are equally spaced out across the sheets. The synthesized
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SmMnO3 showed excellent catalytic activity for toluene oxidation, and it sustained its
performance for 36 hours. These findings demonstrate that SmMnQOj3 is an environ-
ment friendly catalyst that can be produced on a large scale. Furthermore, they also
noticed that there was strong link between its electronic structure, magnetic behavior,

and metal-oxygen bonding.

Many oxide materials have low redox activity, slow oxygen exchange, and limited chem-
ical stability. This makes them less effective for solar thermochemical CO; splitting.
Gao et al. (2022) demonstrated that cation-doped SmMnO3 perovskites perform better
on CO; splitting, doping with Ca and Al had the better performance. For example,
Smg ¢Cag.4Mng g Aly 2,03 produce lots of CO, 595.56 mol g‘1 at 1100°C — 1350°C. This
value has remained consistent over multiple cycles and is nearly four times of pristine
SmMnO3. The better performance is due the oxygen vacancies form which spread
more easily in the perovskite lattice. These processes are primarily influenced by the
electronic structure, defect formation, and metal-oxygen bonding. In addition, doped
SmMnOs3 shows strong absorption of solar-light, emphasizing the key role of its optical

properties.

Mahalik et al. (2023) demonstrated that rare—earth perovskite oxides are suitable non-
precious metal catalysts for energy applications. They used hydrothermal method at 200
°C to synthesize SmMnOs3 perovskite and then evaluated its oxygen reduction reaction
(ORR) activity on alkaline medium. XRD, FTIR, SEM, TEM, and XPS all showed that
the material had a well- crystallized perovskite structure. When tested with a rotating
ring—disk electrode (RRDE), the SmMnOj3 carbon catalyst exhibits lower onset potential
and higher current density than commercial Pt/C catalyst. It also showed higher stability
and tolerance to methanol. The composite material can behave as an effective and stable
ORR catalyst in alkaline medium according to these findings. Magnetic ordering in
SmMnOs3 may also affect charge transport by changing the spin polarization and ex-
change interactions. The strong mechanical stability of the perovskite helps it to remain

stable during long-term use.

Electronic and magnetic properties of rare-earth manganites had been effectively tuned
through A-site cation substitution. Vedmid et al. (2024) demonstrated that when the
ratio of Mn>*/Mn** was altered when the Sm site in SmMnO3 was substituted with a
Sr atom. As a result, double-exchange interactions became stronger and the Jahn-Teller
distortion occurred. In a similar way, doping on SmMnQO3 with Eu or Y at the Sm

site was expected to slightly change the lattice distortions and bond angles. Even small

18



structural distortion strongly affect the electronic structure and magnetic behavior of the

material.

2.6 Research gaps

Zirconium—based materials have been studied in various forms, such as zircon-type
silicates, amorphous zirconium silicate dielectrics, and zirconate perovskites. However,
most of the existing research are focused only on specific compound. A complete
understanding of Zr-based perovskites is still missing. In particular, Zircon (ZrSiO4) and
other Zr-based perovskites have been studied for their elastic, dielectric, and chemical

properties. The perovskite phase of ZrSiO3 has received much less attention.

First-principles studies on zirconium—based perovskite oxides, particularly Zr—containing
perovskites such as BaZrOs3, SrZrOs, and ZrSiOs, have attracted considerable attention
because of their excellent structural stability, wide band gaps, and tunable physical
properties. Furthermore, comprehensive DFT investigations that simultaneously ex-
plore structural stability, electronic structure, optical behavior, elastic anisotropy, and
pressure effects in ZrSiOj3 are still limited. Therefore, more study is necessary to com-
prehend how pressure influences its mechanical properties, electronic band structure,
phase stability, and potential applications in high-pressure optoelectronics, biomedical
devices, and catalysis (Mahmood et al., 2019)(Mahmood et al., 2019).

Even though, previous experimental and first-principles studies on surface termina-
tion (AO- and BO,-terminations) in ABOj3 perovskites have shown significant effects
on surface relaxation, stability, electronic behaviors, and optical response. However,
well-studied systems such as PbTiO3, KNbOj3, and SrTiO3 provide most of these in-
sights. While these studies provide useful comparisons, termination-dependent behavior
in ZrSiO3 surfaces remains largely unexplored. Therefore, a comprehensive DFT in-
vestigation of ZrSiO3 surface terminations is essential to understand and predict its

surface-dependent electronic, mechanical, and optical properties.

Previous experimental and first-principles studies have shown that surface termination
(AO- and BO,-terminated surfaces) strongly influences the structural stability, elec-
tronic structure, and optical properties of ABO3 perovskites. However, these studies
have mainly focused on well-known materials such as PbTiO3, KNbO3, and SrTiO3,
whereas the surface properties of ZrSiOs remain largely unexplored. Similarly, most
investigations of zirconium-based oxides and silicates have concentrated on thin films,

dielectric properties, and microelectronic applications, with limited attention given to

19



crystalline and low-dimensional ZrSiO3. In particular, the effects of surface termina-
tion, quantum confinement, and external strain on the structural, electronic, optical,
and mechanical properties of ZrSiO3 monolayers have not been systematically investi-
gated. Therefore, a comprehensive density functional theory (DFT) study is needed to
understand these properties and evaluate the potential of ZrSiO3 for nanoelectronic and

optoelectronic applications.

Extensive research has been conducted on rare—earth (RE)-based perovskites such as
SmMnO3;, but most studies have focused on synthesis methods, morphology, and general
properties, despite their high catalytic and thermochemical performances. The effects
of isovalent R-E doping with elements like Eu and Y at the atomic level remain largely
unexplored. Therefore, a comprehensive DFT study of both pristine and Eu/Y-doped
SmMnOs; is essential to elucidate the structure—property relationships and guide their

practical applications.

In double perovskites, strong coupling can occur between magnetic and dielectric proper-
ties, while structural variations primarily influence electronic, elastic, and dielectric be-
havior. Experimental and theoretical studies, particularly on Sr;ZrMnQg, have revealed
its multifunctional behavior, including magnetic ordering, ferroelectricity, and semi-
conducting characteristics. Pressure—dependent studies of related double perovskites
highlight the key role of B-site cations in controlling structural property. First-principles
investigations of other double perovskites show that elastic anisotropy, thermal stability,
and spin-polarized electronic states are highly sensitive to cation chemistry. However, a
systematic understanding of Zr-based double perovskites is still lacking. In particular,
comprehensive DFT studies that simultaneously examine structural stability, electronic
and magnetic behavior, elastic and thermal responses, and their evolution under pres-
sure or strain is limited. This gap limits the ability to establish clear structural property
correlations and to rationally design Zr-based double perovskites for spintronic, magne-

toelectric, and high-stability applications.

To address these gaps, this study uses first—principles DFT computations to systemati-

cally analyze:
* Pressure-dependent properties of Zr-based perovskites: (ZrSiOs3).
e Surface termination effects in ZrSiO3 surface

* Strain-engineered behavior of 2D ZrSiO3 monolayers.
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* The impact of Eu— and Y- doping on SmMnO3 perovskite.

* Elastic anisotropy and thermal properties of the Sr,ZrMoQOg double perovskite.
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Chapter 3

3. MATERIALS AND METHODS

This chapter presents methods employed to accomplish objectives of the current study.
Initially, the theoretical foundations underlying the systems under investigation are out-
lined. The Hamiltonian and Schrédinger equations for electronic and nuclear contribu-
tions of many-body systems are explained. Several approximations are then discussed
to address the challenges of solving many-body Schrodinger wave equation (SWE),
including Born—Oppenheimer approximation (BOA) (Born & Oppenheimer, 1927),
Hartree approximation (Hartree, 1928), Hartree—Fock approximation (Fock, 1930), and
Thomas—Fermi (TF) approach (Fermi, 1927). Finally, a concise overview of density
functional theory is presented, including derivation of Kohn—Sham equation (Kohn &
Sham, 1965). There are many different exchange-correlation functionals that can be used
to describe how electrons interact with each other. Some of them are Local Density
Approximation and Generalized Gradient Approximation. Overall, above theoretical
foundations provide a foundational basis for computational study of physical properties
of perovskite and double perovskite materials under hydrostatics pressure, mechanical

strain, dimensional variation, and atomic substitution.

3.1 Many-body Schrodinger wave equation

For a many-body system, Hamiltonian is expressed as (Martin, 2004)
ﬁl//,' (rior,...rnonN,R1,Ry...Ry) = E; (rioy,...ryon,Ri,Ry...Ry) (3.1)

Here, r; and o0; denote the position and spin states of the electrons, respectively, while
R; represents the positions of the nuclei. The operator H corresponds to Hamiltonian of
system containing N electrons and M nuclei. Wave function, y;, describes the i state

of a system of 3N electronic and 3M nuclear degrees of freedom.

In terms of electrons and nuclei, the SWE for a many-body system is (Born and Oppen-
heimer, 1927)

N N,
ﬁz < h Z]€ Z[ZJ€

_ E \ - § E g g 3.2

i 2m, ' = 2M1 |l'l - 1‘J| Ir; - Ry| |R1 - R/| G-

The index i, j denotes electrons, while 7, J denotes nuclei. In this context, m, represents
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mass of electron, while M; denotes mass of nuclei. So, the Hamiltonian is expressed as
H=T, + Vi + Vet + Tn + Vs (3.3)

with the following definitions:

N
. h?
T, =— Z v, (Kinetic energy of electrons)
= 2me l
~ e?
Vit = Z E— ; (Electron-electron Coulomb repulsion energy)
i<j Y
N Z[€2 . .
Vext = — Z _ (Electron-nuclei Coulomb attraction energy)
— |r; — Ry
N i
Ty = — 2—MIV%; (Kinetic energy of nuclei)
=1
. Z1Z;e?
Vir = Z LI2IC (Nuclei-nuclei Coulomb repulsion energy)
“~ |R; - Ry|

and the Hamiltonian:
AY({R}, {r;}) = E¥({R}, {r:}) (3.4)

SWE gives complete description of the system but it has high computational cost. To
overcome this limitation, the Born-Oppenheimer approximation (BOA), introduced in
1927, separates the nuclear and electron motion based on their mass differences (Born

and Oppenheimer, 1927).

3.2 Born-Oppenheimer approximation (BOA)

This approximation simplifies complex interactions between electrons and nuclei in
a molecule by assuming that their motions can be separated due to the significant
difference in their masses. Since electrons move much faster and are significantly
lighter than nuclei, the nuclear motion can be treated as stationary. Consequently, the
total wave function is written as distinct nuclear and electronic components (Born and

Oppenheimer, 1927) as

YR}, {r;}) = O{R DY ({Ry}, {ri}) (3.5)

where, ®({R;}) describes the state function of nuclei and ¢ ({R;}, {r;}) are for the
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electrons. The electronic Hamiltonian, accounting for electron interactions in a static

nuclear potential, is expressed as (Born and Oppenheimer, 1927)

Xon? Ze? e?
__,le Z Ir; IR,| Z It — 1] G0
1<J

Thus, the SWE for electronic and nuclear components of the Hamiltonian becomes

N B2 Ze?
PNy Zu—

(R} {ri}) = VHR DY ({R}, {ri})
(3.7

O({R;}) = EQ{R,} (3.8)

[ Z —V2 +V{R;}

The energy eigenvalues of the nuclear part, V(R;), are obtained by solving Equation

(3.6). These eigenvalues, when utilized in Equation (3.7), describes the nuclear motion.

3.3 Single-particle approximation

The single-particle approximation simplifies the many-body interactions by assuming
that each particle travels independently under the effective potential provided by other
particles. Which reduces computational cost for calculations of ground state physical
characteristics. There are two main methods to use this approximation:

(a) Wave—function method: In this method, each particle is describe by its own wave
function, which is influenced by an effective potential due to the interaction with other
particles.

(b) Density—functional theory (DFT): It describes the system using electron density
rather than individual wave functions. This makes it widely used and efficient method

for studying systems with many—electrons.

3.4 Wave funcion method

3.4.1 Hartree approximation

The Hartree approximation assumes that each electron moves independently in an av-
erage electric field produced by the nuclei and the other electrons, without considering
direct electron—electron exchange and correlation effects (Hartree 1928). Additionally,
total wave function is product of individual wave functions for each electron and is

expressed as

Y(ri,ra,....rn) =i (r)ya(r2) .. u(ry) (3.9)
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And the total energy can be given as
HY(r1,r2,...,10) = E¥(r1,r2,...,1y) (3.10)
A self-consistent variational approach is used to determine its solution.

3.4.2 Hartree-Fock approximation

The Hartree—Fock (HF) method simplifies the many—electron SWE by using a single
Slater determinant of N orbitals to describe the total wave function. It ensures the
antisymmetric nature of wave function, and is consistent with Pauli exclusion principle.

The wave function can be expressed as (Slater, 1937; Fock, 1930)

i(x1) Ya(x) ... Yn(xp)

1 X x2) ... X
S ‘/’1(. 2) l/’z(. 2) lﬂNF 2) 311
VN! : : :
Yi(xn) Yo(xn) .. Yn(xn)
Thus, the Hamiltonian then becomes
ey [ @) _iwjlw (1) = e (6) 3.12)
> ext r r—r| 4 r—r| Yi(r) = €i(r .
This Hamiltonian incorporates the exchange potential, and is defined as
Ny ()i () (r)
Velwiyjl == (3.13)

j=1 r—r|

By incorporating both Hartree and exchange contributions, the Hartree-Fock approxi-

mation is expressed as (Fock, 1930)

1
|:—§V2 + Vext + Vsc

Vi = €y, (3.14)
where,
Vee =V +V, (3.15)

In Equation (3.14), the 1% term is K.E. of electrons, 2" term corresponds to electron—
ion interaction, and 3" term describes electron—electron interaction, including self—

interaction contribution.
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3.5 Density-based approach: Density-Functional Theory

DFT uses electron density, no(r), as the central variable rather than many—electron
SWE. The electronic structure of atoms, molecules, and solids can be extensively studied
using this well known quantum mechanical approach. Concept of DFT originated from
Thomas and Fermi (Thomas, 1927; Fermi, 1928) and was improved by Dirac (Dirac,
1930) by adding exchange and correlation effects. The later formulation of the HK
theorems and KS formalism established DFT as a powerful and widely used tool in

modern computational physics and chemistry.

3.5.1 Thomas—Fermi-Dirac approximation

Thomas and Fermi proposed that the electron density could serve as the central quantity
for describing a system of interacting particles, rather than conventional wave functions
approach. Within this framework, the total energy, Etg[n(r)] is formulated as a function
of electron density (Thomas, 1927; Fermi, 1928) in the form

n(r)n(r’)

&rd*r (3.16)
Ir —r'|

1
Ere[n(r)] = C / d*rn(r)>3 + / dr Ve (t)n(r) + 3 /
In homogeneous electron gas (HEG), initial term represents K. E. of non-interacting
electrons and expressed in atomic units with the coefficient C; = 13—0(37r2)2/ 3. Second
term represents the interaction of the electrons with the external potential, whereas the
third term represents the classical electrostatic repulsion between electrons, known as

the Hartree energy.

The K. E. of the HEG is derived by integrating the kinetic energy over the free—electron

energy states of Fermi wave vector, kr = [372n(r)]'/3 as

2 kp h2k2
To[n(r)] = 3/ —47rk2dk:C1/n(r)5/3d3r (3.17)
2n)° Jo  2m

The Thomas-Fermi model initially ignored electron exchange and correlation. In
1930, Dirac added a local exchange term on this model, C, / n(r)*3 d®r, where
G = %(3 /m)!/3. This modification led to the Thomas-Fermi-Dirac (TFD) equation
and is expressed as (Dirac, 1930)

Exrp[n(0)] = C; / n(r) dr + / Ve (0)n(1) d*r
+1/Md3rd3r'+6’2/n(r)4/3d3r.

2 r — 1’|

(3.18)

For all densities, n(r), the energy functional maintains the total number of electrons,
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N, while predicting ground-state properties N. This is achieved using the method of

Lagrange’s multiplier, expressed as

Etrp [I’l(l‘)] ) (/ I’l(l’) d3}" - N)] =0 (319)

Here, u is the Lagrange multiplier, that corresponds to the Fermi energy at absolute
zero temperature (0 K). Thus, the Thomas—Fermi—Dirac equation becomes (Tomishima,
1959)

l”(r) &r + 3c ()3 = (3.20)

Solving above equation gives the ground—state electron density. While Thomas-Fermi-

c n(r)?3 +Vext(r)+/

Dirac model was a significant step forward in DFT, it has limitations in atomic shell
structures and molecular bonding. The predictions regarding the electronic structure of

solids using this model are less accurate.

3.5.2 Hohenberg-Kohn theorems

The HK theorems form the foundation of DFT. In this approach, electron density is the
key parameter for describing interacting particles under an external potential (Hohen-
berg and Kohn, 1964).

Theorem I: The ground-state particle density no(r) of any interacting many-particle
system in an external potential Vex(r) uniquely determines the external potential, except
for an arbitrary constant. Therefore, all ground-state properties of the system can be
determined if the ground-state particle density ng(r) is known. For an N-electron
system, if two potentials V;(r) and V,(r) generate same ground-state electron density,
then they correspond to two different Hamiltonians, H; and H,. These Hamiltonians

are expressed as (Hohenberg and Kohn, 1964)

H :T+U+ZV1(r,-) (3.21)
i
H,=T+U+ Z Va(r;) (3.22)
where, K.E. operator (T) is;
1 2
-3 Z v (3.23)

and the inter-electronic potential U is

1
= — 3.24
2; i_rjl ( )

27



The SWE for these two Hamiltonians are H;'¥| = E|¥| and H,¥;, = E»¥P,. If ¥, yields

similar electron density like W1, then

n(r):N/|‘P2(r,r2,...,rN)|2d3r2...d3rN (3.25)

Now, let us consider the energy expectation values of the forms (Hohenberg and Kohn,
1964)

E; =¥ |H|¥1) < (W2l H|¥2) (3.26)

and
Ey = (W2|Ha|W2) < (W1|H2 Y1) (3.27)

This leads to the following inequalities

Ei < Ey+ / n(r)[Vi(r) = Va(r)] &°r (3.28)

and
E, < E| + / n(r)[Va(r) = Vi (r)] &r (3.29)

Sum of Equation (3.28) and (3.29) gives
Ei+Ey, < Er)+E; (330)

This contradiction, demonstrates that the n(r) has a simple influence on Ve (r).
Theorem II: The exact ground—state energy in an external potential, Vex (1), is derived
from the global minimum of the energy functional, E[n]. The density that minimizes

E[n] is the exact ground-state density, n(r). The Hohenberg—Kohn energy functional,

excluding nuclear—nuclear interactions is (Hohenberg and Kohn, 1964)

Euk [1(0): Vex] = T[n(0)] + Ee[n()] + / Veen(® d  (331)

Here T'[n(r)] is K.E. and Ejy[n(r)] represents electron—electron interaction energy.
Both are universal functionals and are independent on external potential. They can be

combined into a single functional as

Fln(r)] = T[n(r)] + Ein[n(r)] (3.32)
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If f Vext(r) describes interaction between electrons and external potential, then energy

functional is expressed as

En [n(0); Vex] = Fln(r)] + / Ve (D (r) &°r (333)

It can be achieved by minimizing Equation (3.21) with variations in n(r), which enables

the computation of all ground—state properties of the system.

3.5.3 Kohn-Sham equations

The KS formalism, proposed by Kohn and Sham in 1965 (Kohn and Sham, 1965),
provides a mathematical framework for performing electronic structure calculations. It
replaces the interacting system with an equivalent non—interacting one which have same
no(r). It overcomes the difficulty of directly solving interacting system by introducing
exchange—correlation functional to represent electron—electron interactions. Whose ex-
act form remains unknown and must be approximated to evaluate the energy functional.
The precision of DFT results is strongly affected by selection of the exchange—correlation
functional. They have demonstrated wide applicability across diverse materials, includ-
ing semiconductors, metals, and insulators (Martin, 2004). In addition, the introduction
of hybrid functionals (Becke, 1993; Adamo and Barone, 1999) and approaches incorpo-
rating van der Waals interactions (KlimeS and Michaelides, 2012) has further extended

the scope of DFT by addressing its limitations in specific systems.

In KS approach, true ground-state electron density is replaced with a comparable density
from a hypothetical system of non—interacting particles. Within the system, electrons
possess an effective potential, Vks(r), rather than the complex potential from the in-
teractive system. The corresponding Kohn—Sham Hamiltonian is (Kohn and Sham,
1965)

X 1 )
As = 5 Z V2 + Vs (r) (3.34)

The Schrodinger equations for N non—interacting electrons is

(%V? + VKS(I')) Yi(r) = €;(r) (3.35)

and the ground state electron densities can be obtained by solving this equation iteratively.
Each electron is assigned to an orbital with the minimum available eigen values ¢;. The

electron—density of the auxiliary system is expressed as

N
n(r) = ) li(r)? (3.36)
i=1
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The ground-state energy functional for a many-body interacting system utilizing the

KS model (Kohn and Sham, 1965) can be expressed in terms of orbital density as

E[n(r)] =Ts[n(r)] + Eg[n(r)] + Exc[n(r)] + / Vex (0)n(r) d°r (3.37)

In this case, T;[n(r)] represents K.E. of the non—interacting particles, Eg[n(r)] rep-
resents Hartree energy while Exc[n(r)] represent exchange-correlation energy for a

many-body interacting system.

To find ground—state energy functional, the above expression can be minimized with
respect to n(r) with same numbers of electrons. This method can be employed to
calculate the equivalent Kohn—Sham one—particle potential, which yields (Kohn and
Sham, 1965)

Vks(r) = Vex(r) + Vu(r) + Vxc(r)
OEq([n(r)] = dExc[n(r)] (3.38)

= r)+ +
ext(T) an(r) an(r)
where Vy(r) = aE{;‘n[?r()r) ] , is the functional derivative of the Hartree energy with respect
to the electron density and is called the Hartree potential. Similarly, Vxc(r) = %&Z)@]

is the functional derivative of the exchange—correlation (X¢) energy with respect to the

electron density and is called the exchange—correlation (X¢) potential.

The Equations (3.36), (3.37), and (3.38) are known as the Kohn-Sham equations. The
KS potential Vks depends on electron density, and this potential is utilized to solve
KS equations to get new electron density. The exchange-correlation functional must
be approximated to acquire reliable results on the KS approach in DFT calculations.
The Kohn—Sham technique depends on universal energy functional along with various

empirical parameters, that are independent to the material system.

3.5.4 Exchange-correlation functionals

The Kohn—-Sham requires a mathematical representation of the electron density as
primary variable in DFT. The charge density is calculated from self—consistent method,
which depends on the KS potential. The KS potential has complex function because it
includes the exchange and correlation effects. Among the available exchange—correlation
functionals, LDA and the GGA are popular functionals (Perdew and Wang, 1992).
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3.5.4.1 Local density approximation (LDA)

In the Local Density Approximation (LDA), the exchange—correlation energy depends
only on the electron density at each point in space (Langreth and Perdew, 1980). LDA
is based on the homogeneous electron gas (HEG) model. For real materials, where the
electron density is not uniform, LDA assumes that each point in the system behaves
locally like a HEG with the same electron density. The total exchange—correlation
energy is then obtained by integrating the local exchange—correlation energy over the
entire space. LDA is most accurate for systems in which the electron density changes
slowly. Therefore, it is widely used in electronic structure calculations and geometry
optimization. Although LDA is a simple approximation, it often provides reliable results
because the errors in the exchange and correlation energies tend to partially cancel each
other. In case of HEG, the exchange-correlation functional (Erpa[7]) is expressed as
(Kohn and Sham, 1965; Martin, 2004):

Evoaln] = / n(r) excln(v)] &°r (3.39)

where exc[n(r)] represents the exchange-correlation energy per electron in a HEG with

electron density n(r).

The exchange, Ex[n] and correlation, Ec[n], contributions to the total exchange-

correlation functional, Exc, is given as
Exc(n] = Ex[n] + Ec[n] (3.40)

And energy functional is given as (Dirac, 1930),

EX\[n] = / n(r) ex [n(r)] d*r (3.41)
where,
3(3 1/3
exn] = -5 (;) [n(r)]'? (342)

The correlation energy of a HEG is complex and only works accurately well at high

concentrations.

At low electron densities, electron—electron interactions become stronger, resulting
in enhanced electron correlation and a tendency for electrons to arrange themselves
into a Wigner crystal-like structure. Ceperley and Alder (1980) obtained accurate
correlation energies over a wide range of electron densities using Quantum Monte Carlo
simulations. Their results were subsequently used to develop several widely adopted

Local Density Approximation (LDA) exchange—correlation functionals, including the
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Vosko—Wilk—Nusair (VWN) functional (Vosko et al., 1980), Perdew—Zunger (PZ81)
functional (Perdew and Zunger, 1981) and Cole-Perdew (CP) (Cole and Perdew, 1982).

3.5.4.2 Generalized gradient approximation (GGA)

The LDA assumes that electron density is locally uniform, which is not true for real
systems with changing electron density. To overcome this limitation, GGA improves
upon LDA by including gradient—based corrections to electron density, which makes it

more accurate for system with non-uniform electron distributions.

In GGA, the functional E)C(;CG A s given as (Perdew, 1986)

ESSA[n(r)] = / FIn(r), Vn(r)] dr. (3.43)

Here, f is functional of n(r) and Vn(r) is its spatial gradient.

Similar to LDA, the GGA exchange—correlation functional, Egg A s splited within the

GGA GGA
exchange component, E E;

(Perdew et al., 1996)

, and the correlation component, , and is expressed as

EGEY = EJ94 + EZOA (3.44)

Several methods have been used to build DFT exchange—correlation functionals. The
Perdew—Burke—Ernzerhof functional (PBE) (Perdew et al., 1996), Perdew—Burke—Ernzerhof
for solids (PBEsol) (Perdew et al., 2008), and BLYP exchange—correlation functional
(Tozer and Handy, 1998) are popular and common GGA functionals. To improve
the accuracy of DFT calculations, several other GGA-type functionals have been pro-
posed and created. Beyond GGA, more advanced approximations such as the modi-
fied Becke—Johnson potential (mBJ), meta-Generalized Gradient Approximation (meta-
GGA), and hyper-Generalized Gradient Approximation (hyper-GGA) are employed to
achieve more accurate and realistic results. These approaches use different parameters

to describe the exchange—correlation energy in certain point in space.

3.5.4.3 GGA with hubbard potential (GGA+U)

LDA and GGA are effective for studying the electronic and magnetic properties of weakly
correlated system, particularly those do not contain partially filled 3d, 4d, 5d, or 41/5f
orbitals. However, for materials containing 3d and 4f electrons, LDA and GGA tend to
give inaccurate results because they cannot accurately describe the strong interactions
between these localized electrons. The GGA+U approach includes an on—site Coulomb

correction term (Hubbard parameter U), to better describe strongly correlated systems
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(Anisimov et al., 1991) and is expressed as

Ecca+u = EGcea + Eu (3.45)

where, Ey is the Hubbard correction term that takes into consideration the Coulomb
interaction between localized electrons. According to (Anisimov et al., 1991) Ey is
given by
u-J
Ey =5 ) [l = )] (3.46)

K
Here, U stands for the screened on—site Coulomb interaction, J stands for the on—site
exchange (Hund’s) interaction, and n,, , denotes the occupation number of the electrons
in the localized orbital m with spin x. The summation runs over all correlated orbitals
and spin channels. The effective on—site Coulomb parameter U, sy = U - J, which reduces
fractional orbital occupancies and provides a better description of strongly correlated d-

and f-electron systems.

3.6 Solution of the Kohn-Sham equations

The KS technique addresses many—electron problem through an iterative, self-consistent
procedure. It simplifies the complex many-electron interactions by modelling them as
an equivalent non-interacting system with the same ground-state electron density. The
KS approach begins with an initial guess for the electron density. This guess is usually
made by adding up the densities of individual atoms. This initial density is utilized
to generate Kohn-Sham potential, Vkg, to solve the KS equations. Then, the electron
density is compared to density obtained from last iteration to assess self-consistency.
The system is considered to converge when a gap between these values decreases below
a specified threshold, and the desired results can be extracted, Figure 3. This procedure

is repeated until convergence is achieved (Kohn and Sham, 1965).

3.7 Pseudopotentials

A basis set is constructed by combining basic mathematical functions to describe molec-
ular or electronic orbitals. A minimum basis set is the smallest number of functions
needed to represent all electrons in an atom. In KS framework, different basis sets
are employed to represent electronic orbitals. In this study, we utilize orthogonalized
plane—wave basis sets in a pseudopotential framework, is ideal for systems with periodic
boundary conditions. Other commonly used basis sets in materials simulations include
Gaussian functions (Frisch and Hanebeck, 2021), Augmented Plane Waves (APW)
(Loucks and Slater, 1967), and Localized Atomic Orbitals (Soler et al., 2002).

33



~

n(r) — initial guess

~

Calculate effective potential:
VKS [n] - ‘/(‘,Xt [n] + VHartrcc [n} + VXC [n]

h

Solve Kohn—-Sham equation:

<_2h;v2 +Vis(r)) i) = i)

~

Calculate the density:

n(r) =0 [ii(r)?

b

NO Self Consistent?

YES

b

Energies, Forces, Stresses
— Geometry optimization

Figure 3: Self-consistency flowchart showing the iterative procedure in Kohn-Sham method.

Bloch’s theorem states that
Ui (r) = uk(r)exp™”, (3.47)

Herein, uy(r) represents periodic part of the wave function that reflects translational
symmetry of the unit cell. Each wave vector in reciprocal space must be evaluated
independently with respect to the SWE. When the core potentials are replaced with
pseudopotentials, plane waves become the preferred basis set in periodic systems, is
explained below. Orthogonal plane waves are unaffected by atomic locations and
energy levels. The KS equations are rewritten as a matrix eigenvalue problem in
DFT. This simplifies the calculation of the expansion coefficients. In practice, its
expansion is limited by a kinetic energy cutoff ( E.,; ). It is important to choose the E.,;
carefully so that the wave functions are smooth and physical measurements like total
energy converges. Consequently, a balance between computational cost and the desired

accuracy is required.

DFT calculations need many basis functions to describe both core and valence electrons.
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Core electron wave functions are highly oscillatory and tightly confined, so they require
many Fourier components. Valence electron wave functions are smoother in bonding
regions but show complex nodal behavior near atomic nuclei. These features require a
higher plane-wave cutoff, which increases the computational expense. To simplify cal-
culations, the valence wave functions are smoothed near the atomic core and neglect the
explicit treatment of core electrons, as they have little effect on most physical properties
of the substance. However, their influence is incorporated into an effective potential
known as a pseudopotential. The pseudopotential replaces strong electrostatic potential
of core electrons with a smoother effective potential, thereby avoiding singularities at the
nucleus. This technique minimizes the size of the matrices that need to be diagonalized

and number of plane waves used by smoothing the valence wave functions.

Figure 4: Schematic diagram of a pseudopotential (Ning, 2011).

The solid lines represent the smoother pseudopotential and its corresponding pseudo
wave function, while the dashed lines depict the Coulomb potential and the highly
oscillatory all-electron wave function in the vicinity of the atomic nuclei, Figure 4.
In the pseudopotential approach, pseudo—potential and pseudo—wave function are de-
signed to align with actual all-electron behavior beyond a certain cutoff radius r.. This
method avoids the difficulties that arise due to severe singularities and quick oscilla-
tions of the wave functions around the atomic nuclei (Bachelet and Filippetti, 2005).
In the pseudopotential framework, the strong Coulomb potential is substituted with a
weaker effective potential which precisely represents the system beyond the core region.
This method eliminates problems such as singularities and complicated nodal structures
around the nucleus, which makes calculations easier by focusing on the most important
features and not getting stuck in the details of core electrons and high—frequency oscilla-
tions in the valence wave functions. Pseudopotentials are classified as either hard (small

r¢, requiring more plane waves) or soft (large r., requiring fewer plane waves). The
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ideal pseudopotential should be easy to use in calculations (soft), work well in various

chemical environments ( transferable), and computationally efficient (Vanderbilt, 1990).

Norm—conserving pseudopotentials preserve electronic charge of the system and are
highly transferable, but they are computationally expensive (Hamann et al., 1979).
On the other hand, ultrasoft—pseudopotentials (Vanderbilt, 1990) reduce computational
costs by using suitable charge density and kinetic energy cutoft values. The choice of

pseudopotential depends on balance between accuracy and computational cost.

3.8 Spin-orbit coupling (SOC)

The motion of an electron around the nucleus (orbital motion) and its intrinsic spin, both
generate magnetic fields. Interaction between spin of electron and its orbital motion is
called spin—orbit coupling. It is a relativistic effect. SOC is very important that strongly
influences the magnetic, electronic, and transport properties of solids and is important

for spintronic applications (Hoffmann, 2013).

In the non-relativistic limit of the Dirac equation, the SOC Hamiltonian for a free

electron moving in an electric field E is expressed as (Saue, 2005)
eh
Hsoc = a2 (EXp) (3.48)

where, p is the electron momentum, m is the electron mass, ¢ is the speed of light,
and o represents the vector of Pauli matrices. This interaction can be interpreted as an
effective Zeeman coupling in the rest frame of a moving electron, in which the electric

field produces an effective magnetic field

Beﬁ =

5 (Exp) (3.49)

which interacts with the electron’s spin. In crystals, electric field arises from gradient
of the crystal potential, E = —VV/(r), and is strongest near the atomic nuclei. Therefore,

SOC mainly originates from regions close to the atoms.

SOC becomes particularly important in materials that lacking inversion symmetry. In
crystals possessing both time-reversal and inversion symmetry, the electronic bands
have spin-degenerate, such as E(k,T) = E(k,]). Time-reversal symmetry requires
E(k,T) = E(-k,]), while inversion symmetry enforces E(k,T) = E(-k,T). When
inversion symmetry is broken, SOC can lift this spin degeneracy even in absence of
external magnetic field, creating E(k, T) # E (K, |). This gives rise to spin-momentum
locking and chiral spin textures, which are central to many spintronic phenomena.

Inversion symmetry often breaks at surfaces and interfaces.
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The Au(111) surface is a well-known example where Rashba spin splitting was first seen
(LaShell et al., 1996). At a surface, electrons experience a confinement potential, V(z),
normal to the surface, creating an electric field VV = E |, Z. For an electron moving in the
surface plane with momentum Kk, this produces an effective magnetic field proportional
to VV x k. The resulting spin—orbit interaction is described by the Rashba Hamiltonian
(Rashba and Sheka, 1991)

Hgr =agro - (Zxk) (3.50)

where, ag is the Rashba coupling strength.

Tight-binding and first—principles calculations have shown that the Rashba effect is not
determined solely by the surface electric field. Instead, breaking inversion symmetry
modifies orbital hybridization near the atomic nuclei, which makes the electron wave-
functions asymmetric and enhances SOC (Hortamani and Wiesendanger, 2012). As a
result, magnitude of Rashba splitting strongly depends on local atomic structure and

chemical environment at the surface.

3.9 Computational details

The calculations were performed with Quantum ESPRESSO code (see appendix A2)
(Giannozzi et al., 2009), which employs pseudopotential plane-wave methods within
DFT (Thomas, 1927; Fermi, 1928). The PBE functional (Perdew er al., 1996) was used
for bulk materials, and PBEsol functional (Perdew et al., 2008) was used for surface
and layer calculations. We used a plane—wave expansion to show the wavefunctions
with energy cutoft E., = 70 Ry and charge density cutoft p.,c = 560 Ry (see Appendix
A4.1, Figure Aj). Ultra-soft Vanderbilt-type pseudopotentials (USPPs) were employed
to implement valence electron—atomic core interactions (Langreth and Perdew, 1980).
We used a 14 x 14 x 14 k-point mesh for bulk calculations in the first Brillouin zone
(see Appendix A4.2, Figure A;) (Monkhorst and Pack, 1976). 12 X 12 X 1 was used for
surface calculations and a 14 x 14 X 1 mesh was used for monolayer calculations. For
Eu- and Y-doped SmMnO3, a 14 x 14 x 14 mesh was used for bulk calculations, while
a 12 x 12 x 12 mesh was adopted for Sr,ZrMoOg to calculate its elastic and thermal
properties. The convergence thresholds were set to E,,, = 107° eV and 1073 eV /A for

atomic forces.

The stress—strain method was employed to determine the elastic constants by introducing
small distortions to optimise unit cells (Golesorkhtabar et al., 2013). The Debye tem-
perature was determined using the average sound velocity derived from longitudinal and
transverse elastic wave velocities (Anderson, 1963). A vacuum gap of 15 A was incorpo-
rated for surface and layer computations of ZrSiOs to avoid interactions between periodic

images in surface and two dimensional systems. GGA+U and SOFC methods were used
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to study the magnetic characteristics of pure and Eu and Y doped SmMnO3. The GGA
(Perdew et al., 1996) was applied to calculate electronic band structures for ZrSiO3,
S1rpZrMoQOg, and Eu— and Y- doped SmMnOs. To account for strong electron-electron
interactions in Mn—3d and Sm—4f orbitals, the GGA+U approach (Anisimov et al., 1991)
was employed. We performed non—self-consistent calculations to obtain the DOS and
PDOS (see Appendix A3.3). For bulk ZrSiOs, pressure-dependent properties were
studied under isotropic pressures ranging from 0—100 GPa, while pressures from 0O to
80 GPa were applied to Sr,ZrMoOg.
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Chapter 4

4. RESULTS AND DISCUSSION

We describe the basic findings of the current study with reference to relevant experi-
mental findings in this chapter. This study examines structural, electronic, optical, me-
chanical, and magnetic behavior of Zr-based two—and three—dimensional perovskites,
double perovskites, and SmMnOj3 perovskite materials. Computational analyses were
conducted using spin-polarized DFT in Quantum ESPRESSO (QE) package. We did
systematic convergence tests to find the best values for kinetic energy cutoff, k-points,
and lattice parameters for stable structures. We analysed the electronic and magnetic
properties via band structure, DOS, and PDOS analysis. Stress—strain method was

employed to determine elastic constants.

This chapter addressed following sections:

Section 4.1: Structural stability of bulk ZrSiO3 at varying pressures, its layered
configurations, surface terminations, and the structural properties of Eu- and
Y-doped SmMnO3 and Sr,ZrMoOg perovskites.

Section 4.2: Electronic properties of the studied materials based on band structure

calculations.

Section 4.3 : Optical properties , including dielectric constants, refractive indices,

reflectance, and absorptance of the study materials.

Section 4.4: Elastic properties of the investigated materials.

Section 4.5 : Thermal properties and related analysis.

Section 4.6: Magnetic properties of Eu— and Y- doped SmMnO3 and Sr,ZrMoOg
perovskites.

4.1 Structral properties

4.1.1 Bulk ZrSiO3 at different pressures

The ZrSiO; perovskite structure exhibits the symmetric cubic structure with Pm3m

space group.
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Table 1: Lattice constant (ag), ground-state energy (Ep), minimum volume (Vj), cohesive energy (AE),
and bond lengths of ZrSiO3 under different pressures.

P ao Eo Vo (AE) | Zr-O | Si—O | Zr-Si

(GPa) | (A) | Ry)x1073 | (A% | (eV/atom) | (A) | (A) | (A)

0 3.627 | -472.512 | 477707 | -7.592 | 2.547 | 1.801 | 3.119

20 | 3.617 | -472.512 | 47.321 -7.592 12547 | 1.801 | 3.119

40 | 3.607 | -472.513 | 46.948 | -7.593 2.547 | 1.801 | 3.119

60 | 3.598 | -472.513 | 46.594 | -7.594 | 2.547 | 1.801 | 3.098

80 | 3.589 | -472.514 | 46.249 | -7.596 | 2.542 | 1.801 | 3.098

100 | 3.581 | -472.516 | 45917 | -7.602 | 2.540 | 1.801 | 3.077

Table 1 displays the structural parameters of the optimized structure of bulk ZrSiOs3,
which includes the lattice constant (ag), ground state energy (Ep), minimum volume
(W), cohesive energy (AE), and bond lengths at pressure range 0 — 100 GPa. As shown
in Figure 5a, the linear compressibility of this compound can be explained by the gradual

decline in ratio of a/ay and V /V|y as pressure increases.

(a) (b)

Figure 5: (a) Ratios of structural parameters (a/ag and V /Vj), (b) cohesive energy for bulk ZrSiOz under
different pressures (Pokharel et al., 2024).

The covalent nature of the silicon—oxygen tetrahedra in ZrSiO3 leads to decrease in
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bond length under isotropic pressure. Figure 5Sb shows a nonlinear relationship between
cohesive energy and pressure. The cohesive energy increases as a result of the reductions
in bond lengths and the strength of interactions. For instance, the Zr—O bond length
decreases from 2.547 A to 2.540 A when pressure increases from 0 GPa to 100 GPa.
Similarly, the Zr—Si bond length decreases from 3.119 A at 0 GPa to 3.077 A at 100
GPa. This consistently decrease in bond length with increasing pressure is due to
lattice contraction and increased covalent character (Hao ef al., 2015). After removal of
pressure, the material retains its initial state that indicates the absence of hysteresis loss

during alternate compression—expansion cycles.

4.1.2 Different layered configurations

(a) (b)

Figure 6: (a) Primitive unit cell, (b) four-layer unit cell of the ZrSiO3; (Pokharel et al., 2024).

The primitive unit cell of ZrSiO3; has chemical formula ABX3, it has three different
atomic locations. Zirconium (Zr) occupies in the A site, where it lies in the middle of
an octahedral coordination environment and forms bonds with nearby oxygen atoms.
Silicon (Si) is typically located on the corners of the structure (B) site, where it forms
silicon—oxygen tetrahedra that constitute a tetrahedral network. The oxygen atoms are
located at the X-sites, where they make both the silicon—oxygen tetrahedra and the

Zr-centered octahedral coordination, Figure 6a.

A 4-layered unit cell is formed by alternating SiO, and ZrO layers in a specific sequence,

such as Si0,-ZrO-SiO,-ZrO, or in the reverse order. This configuration results in a
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layered structure with periodic repetition of SiO; and ZrO layers. The SiO, layer is
made up of a tetrahedral network of Si—O bonds, with each Si atom bonded to 4 oxygen
atoms, which keeps the structural stable. In ZrO layer, oxygen atoms interact with Zr,
with the Zr atoms situated between the SiO; layers, enhancing the overall stability and

integrity of the compound, Figure 6b.

4.1.2.1 Surface energy

Surface energy estimates energy associated with formation of surface due to bonds
breaking. It is the amount of work per unit area that is needed to break the bonds
between molecules and create a new surface (Meyer et al., 1999). To determine the
appropriate slab model thickness, the surface energy was evaluated for slabs consisting
of different numbers of layers. The surface energy (y) of the material is given by
(Ishikawa and Uemori, 1999)

Eglab — nEbulk
=— 4.1
Y A 4.1)
where A is minimum surface area, Ejap and Epyx are the energies of slab layer and bulk,
respectively and n is number of layers.

Table 2: Surface area (A), total energy (E), energy per-atom (Ey), and surface energy (Es) of ZrSiO3
of different layers

No of layers Area A Ebulk Etot Eo per atom | Surface energy
(x1072°m?) | (Ry) (Ry) (Ry) (J/m?)
1 5.915 -472.512 | -472.411 -94.482 2.975
2 5915 -472.512 | -944.902 -94.490 3.274
3 5915 -472.512 | -1417.407 -94.494 3.382
4 5.915 -472.512 | -1889.912 -94.496 3.356
5 5.915 -472.512 | -2362.452 -94.498 3.357

The calculated values of A, Ety, Eg, and E; for different layers of ZrSiO3 are presented
in Table 2. The stability of [001] surface termination was generally examined by surface
energy calculations, which exhibit a distinct convergence with increasing slab thickness.
The surface energy increases rapidly upto third layer and beyond this layer it remains
constant, Figure 7a. This shows that the surface energy has converged for the three
layers. Consistent with this observation, the cohesive energy decreases significantly
upto three layer and then becomes stable with the increases in number of layers, Figure
7b. Cohesive energy convergence provides further evidence that bulk-like bonding

is sufficiently restored after three layers. These results show that a three-layer slab is
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sufficient to describe the surface geometry of both ZrO—terminated and SiO,—terminated

slab models along the [0 O 1] direction.

(a) (b)

Figure 7: (a) Surface energy per cell, (b) cohesive energy per atom versus the number of layers in ZrSiO3
(Pokharel et al., 2024).

4.1.2.2 Surface relaxation of ZrSiO;

In the slab model, surface relaxation occurs when atoms or ions rearrange relative to
their bulk positions due to reduced coordination and the tendency to minimize surface
energy. Consequently, surface relaxation alters the spacing between adjacent layers near
the slab surface (Sun et al., 2002). In this study, we investigate surface and atomic
relaxations of ZrSiO3 (001) surfaces with ZrO- and SiO,— terminations. The atomic

relaxation (AZ;) of the i*" layer can be given as (Beeler et al., 2020)
AZ; = Zi,relaxed - Zi,unrelaxed 4.2)

where, Z; ynrelaxed 1S the unrelaxed Z-coordinate and Z; rejaxed is the relaxed Z-positions
of Zr, Si, and O atoms in the i’ layer. Positive values signify relaxations toward the
vacuum region, and negative values suggest relaxations toward the bulk (de Lazaro and
Longo, 2004). In the same way, if Z; > Zprelaxed> the atom has relaxed toward the

vacuum region, whereas if Z; < Zynrelaxed, indicates that the atom has relaxed toward
the bulk (Skriver and Rosengaard, 1992).

For the first layer from the surface, the calculated AZ values for both Zr and O atoms are
0.001 A, indicating a slight outward relaxation toward the vacuum region. The Si atom
shows a very small outward movement (AZ = 0.001 A). In the first layer, the Si atom

shows a very small outward movement (AZ = 0.001 A). In the second layer, the atomic
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displacements were slightly larger with Zr, Si, and O atoms, each moving outward by
AZ = 0.002 A. This means the outward relaxation is stronger than in first layer. In the
third layer, the atomic displacements of Zr, Si, and O atoms were again small (AZ =
0.001 A). This suggests only minor outward relaxation toward the vacuum region, the Si
atom shows a very small outward movement. Overall, these results indicate that atoms
undergo systematic outward relaxation as they approach the surface of ZrSiO3. Such
behavior reflects the tendency of surface atoms to rearrange to minimize surface energy

of the structure.

Bader charge analysis shows how electronic charge is spread around in a system. The
calculated values of Q for Zr, Si, and O atoms in bulk ZrSiO3 material are +0.27|e|,
+1.02le|, and —0.43|e|, respectively. This shows how charge is transferred and localized
around each atomic species. For the surface layers, the Bader charges (Q) of Zr, Si,
and O atoms in the 1%t, 2nd 31 apd 4t layers are calculated. The corresponding
Bader charges are (+0.32 |e|, +1.08 |e|], —0.48 |e]), (+0.51 |e|, +1.19 |e|, —0.47 |e]),
(+0.56 |e|, +1.07 |e|], —0.44|e|), and (+0.76 |e|, +0.91 |e|, —0.46|e|), respectively.
This difference in Bader charges between layers confirms the redistribution of electronic
charge near the surface, which demonstrates the layer—dependent electronic behavior of

ZrSiO3 perovskite.

4.1.3 Surface termination models and their relaxations

In the surface termination models of perovskites, the atoms constituting the bulk material
are distributed in a specific pattern at the outermost layers, which can vary depending on
the crystallographic orientation (Tomar et al., 2018). For ZrSiO3 in (001) orientation, the
termination slab models are constructed by cleaving bulk material along [001] direction
and adding a vacuum of 15 A to prevent periodic images. Oxygen (O) atoms form
Zr-O and Si-O bonds and resulting in two distinct termination models: silicon-dominant
SiO; — termination and zirconium-dominant ZrO- termination models (Pokharel et al.,
2024). The ZrO-terminated slab comprised a supercell with 17 atoms, Figure 8a, while
the SiO;-terminated slab contained 18 atoms, Figure 8b. The surface energy for several
slab thicknesses were then estimated to decide the size of the slab models. Surfaces with
two possible terminations emerged concurrently when surface energy was distributed
equally on both surfaces. The electronic states of perovskites are significantly influenced
by surface termination, which further influences the behaviour of charge carriers and

overall properties of the material.
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(a) (b)
Figure 8: (a) SiO;-terminated, (b) ZrO-terminated three-layer slab of ZrSiO3 (Pokharel et al., 2024).

To analyze the slab model more precisely, total energy per atom and surface energy
were examined as functions of slab thickness. Relaxation analysis was performed on
the [0 O 1] surfaces of ZrSiOs3, allowing all atoms in each layer on both sides of this
slab to move freely along directions orthogonal to the surface. Surface and atomic
relaxations for the ZrSiO3 [0 O 1] surfaces were analyzed for both ZrO-and SiO,—
terminated configurations. The atomic relaxations relative to the bulk lattice positions
were evaluated for these terminations. Due to inherent symmetry of the slab, atomic
displacements (Az) in top three layers mirrored those in the bottom three layers. For
SiO;-terminated surfaces, both oxygen (O) and silicon (Si) atoms in the first layer (Az
=-1.175 A for O and Az = -1.256 A for Si) and third layer (Az = -0.395 A for O and
Az = -0.675 A for Si) experienced inward relaxation, whereas in the second layer, O
atoms (Az = 0.753 A) experienced outward relaxation and that of Si (Az = -1.030 A)
still experienced inward relaxation. For ZrO-terminated slabs, atoms of O in all three
layers exhibited outward relaxations, with (Az = 0.047 A, 0.061 A, 0.030 A for the 1%,
2" and 3" layers, respectively), whereas Zr exhibited inward relaxations, with Az =
-0.041 A, -0.098 A, and -0.329 A for the corresponding layers. Notably, the second layer
of ZrO-terminated surface displayed the most significant atomic relaxations, while for
the SiO,—terminated surface largest atomic relaxations were observed in the first-layer

atoms.

To verify the convergence of charge distribution with slab thickness, Bader charge
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distributions were calculated for different model geometries (Cargnoni et al., 2000).
The analysis expressed in Table 3, revealed that the charge distribution converge to
values lower than the formal ionic charges of +4|e| for oxygen, +4|e| for silicon, and
—2|e| for zirconium. The charge difference between the bulk and the internal layers was
small, being less than +0.1|e|, +0.2|e|, +0.1]e| for O, Si, and Zr atoms, respectively. The
SiO; molecule with a terminated surface model has partial charges of +0.39|e| on Si
and partial negative charges of —0.43|e| on O. This charge distribution showed that the
Si—O bonds are polar covalent, meaning that the electrons are not shared evenly, which

gives Si a little positive charge and O a small negative charge (Sethi and Satake, 2010).

Table 3: Atomic displacements (Az) and Bader charge distribution (Q) for ZrO- and SiO,—terminated
ZrSi0Os3 slabs

SiO, termination ZrO termination
Si O Zr O
1*" layer
Az (A) -1.256 -1.175 -0.041 0.047
0 (le]) 0.911 7.570 10.309 7.572
2" Nayer
Az(A) -1.030 0.753 -0.098 0.061
0 (le]) 10.176 7.571 0.927 7.571
374 Jayer
Az (A) -0.675 -0.395 -0.329 0.030
0 (le]) 1.181 7.513 10.483 7.513
Central layer
0 (le]) 0.932 7.585 10.398 7.585
Bulk
0 (le]) 1.017 7.570 10.398 -

In the ZrO- termination model, Zr had a partial positive charge of +1.19|e|, and oxygen
O had a partial negative charge of —0.43|e|. The charge distributions indicate that both
SiOp—and ZrO- terminated surfaces exhibit partially covalent Si—O bonds, while the
Zr-0 bonds show a comparatively weaker covalent nature (Pokharel et al., 2024). Due
to inherent symmetry, the relaxation analysis revealed that atomic displacements in the
upper three layers were comparable to those in the lower three layers. In particular,

oxygen atoms in topmost layer of ZrO-terminated surfaces relaxed outward, whereas
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those in the 1°" layer relaxed inward. Both ZrO- and SiO,—terminated ZrSiO3 [001]
surfaces show outward relaxation of second-layer oxygen atoms, while SiO,—terminated

surfaces exhibit the largest relaxations in the first layer.

4.14 ZrSiO; monolayer

Our study examines the formation of the monolayer of ZrSiO3; from its 3D perovskite
structure using visualization and modeling tools such as VESTA. First, the 3D bulk
structure of ZrSiOs, consisting of an arrangement of corner-sharing BX¢ octahedra was

optimized.

To construct the monolayer, the interlayer linkages among the octahedra are removed
by manipulating the crystal along the z-axis, and introducing a 15 A vacuum layer in
VESTA to simulate the isolation of a single layer. This vacuum stops interaction between
repeated slab images and ensures the system behaves like an isolated monolayer. In this
stage, the ZrSiO3 monolayer slab was optimized so that the atomic positions could relax
to the minimum total energy state. This technique considers structural modifications that
happen when dimensions are reduced, changes in bond lengths or bond angles within

the monolayer.

As shown in Figure 9, the 2D crystalline structure contains BX¢ shared X anions
that connect octahedra in a plane. The standard formula of two-dimensional layered
perovskites looks like (A’),,A;B,X3,+1, in which A’ represents heavy cation that is
divalent when m = 1 or monovalent when m = 2, which determines whether the
structure forms a bilayer or monolayer. A denotes a smaller cation located within the
perovskite layer, while B is a metal cation positioned at center of the BXg octahedra.
X is an anion, typically a halide or oxygen, that coordinates with the B cation. The
parameter m indicates number of A’ cations, and n indicates number of BX¢ octahedral

layers.

Figure 9: Optimize monolayer of ZrSiO3; (Pokharel et al., 2024b).
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Table 4: Strain energy (AU), cohesive energy (AE), and bond lengths of a ZrSiO3 monolayer at different
strain

Strain AU AE Zr-0O Si-O Zr-Si
(%) (eV) (eV/atom) (A) (A) (A)

6 2.765 7.625 2722 2.041 3.265

4 1.106 7.699 2.672 2.004 3.235

2 0.394 7.748 2.620 1.965 3.208

0 0.000 7.763 2.569 1.927 3.182
%) 0.410 7.739 2.517 1.889 3.121

-4 1.088 7.666 2.466 1.849 3.046

-6 2.766 7.525 2415 1.811 2.937

After relaxation of ZrSiO3 monolayer, the optimized structural properties, such as bond
length, strain energy, and cohesive energy at different strain percentages (+6%), were
computed and are summarized in Table 4. The tabulated values show that compressive
strain brings atoms closer, shortening the bond lengths, Figure 10a, whereas tensile

strain pushes atoms apart, resulting in longer bond lengths.

In general, cohesive energy measures the bonding strength and mechanical stability of
materials. Higher cohesive energy means that stronger interatomic interactions and
greater structural stability. Whereas lower values correspond to weaker bonds and less
stable structure. For the monolayer, it is given by (Voigt, 1928)

Eeon = Et = ) i (4.3)
i

where E.qp is cohesive energy, Eyy represents total energy of monolayer, E; represents
energy for an isolated atom, n; represents number of atoms. The cohesive energy
decreases as the applied strain deviates from the equilibrium state, indicating a reduction
in the structural stability of the ZrSiO3 monolayer under both compressive and tensile
strains. However, the decrease in cohesive energy is smaller under compressive strain
than under tensile strain, suggesting that the monolayer retains slightly higher stability
under compression. Furthermore, the consistency of the cohesive energy values at +2%
strains suggest that the material responds symmetrically to both compressive and tensile

strains, as illustrated in Figure 10b.
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(a) (b)

Figure 10: Variation of (a) bond length, (b) cohesive energy with strain (Pokharel et al., 2024b).

Strain energy

In the monolayers, there are no bulk interactions, therefore all atoms are exposed
at the surface, and there are no interior atoms to protect the material from strain.
Also, 2D materials are capable of handling bigger elastic deformations than their bulk
counterparts. The study of strain energy gives us important information about how
strain affects the mechanical and structural stability of materials when they deform. The

strain energy per atom (Ej) is given by (Huang et al., 2015)

— Etot - EO
n

Eq (4.4)

where E, stands for the total energy under strain, Ej is total energy without strain, and

n represents number of atoms.
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Figure 11: Variation of strain energy of ZrSiO3; monolayer with strain in the (a) x and (b) y directions
(Pokharel et al., 2024b).
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The uniaxial strain (€;) was applied on both the x and y directions in increments of 2%,
ranging from —6% to +6%, in order to analyze the strain energy under small elastic
deformations. The strain energy versus strain graphs for both directions are displayed
in Figure 11(a, b). This study shows that with a zero strain value (e = 0), the system
reaches its minimum energy state, which shows that the system is in equilibrium at that
state and strain energy increases in both compressive and tensile strains. This material
exhibits harmonic approximation with a linear stress-strain relationship within -2% to
+2% strain. Beyond this range, the presence of the higher-order term causes the curves
to deviate from harmonic behavior. A smaller area on the x—direction curve means

greater material stability in that direction.

4.1.5 Eu- and Y- doped SmMnQO; perovskite

This section discusses the effects of substitutional doping of europium (Eu) and yttrium
(Y) in the SmMnO3; compound. The pristine SmMnO3 material has a general formula
of ABOs3, with Sm occupying A—site and Mn as B-site, Figure 12a. If cations of various
dimensions are substituted at either A or B sites, the cubic structure symmetry may be
changed to tetragonal, orthorhombic, or monoclinic (Jayakrishnan et al., 2021). Since,
the atomic radii of Eu and Y are close to that of Sm; the substitution at the Sm atom
results only in slight variations in the lattice parameters, thereby preserving the cubic

structural symmetry Figure 12b.

(a) (b)

Figure 12: Supercell models of (a) pristine, (b) Eu- or Y-substituted SmMnQOs3 (Pokharel et al., 2024c).

The Goldschmidt tolerance factor (¢) for a doped perovskite is given by (Tidrow, 2014)

_(I=x)ra+xra +ro

4.5
V2 (rg +710) *)

where x is the concentration of the dopant ion at the A-site, r4 is the ionic radius of the
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original A-site cation, r4- is the ionic radius of the substituted (dopant) A-site cation, rp
is the ionic radius of the B-site cation, and r( is the ionic radius of the oxygen anion. For
a doped perovskite, the ideal value of the tolerance factor is ¢+ = 1, which corresponds
to an ideal cubic perovskite structure. The ideal value remains the same for both doped
and undoped systems. However, doping changes the calculated tolerance factor because
it modifies the average ionic radius of the A-site cation through partial substitution. The
calculated tolerance factors for pristine and Eu- and Y-doped SmMnOs lie within this
range, Table 5, confirming that the perovskite structure remains stable at a 25% doping
level. The tolerance factor goes down at higher amounts of Eu and Y doping. This
shows that the shape of SmMnO3 becomes less stable. When Eu is added, the tolerance
factor decreases linearly as the amount of dopant increases. This means that the lattice
geometry changes slowly and uniformly. However, Y substitution results in a more
rapid and nonlinear decrease of the tolerance factor, indicating that the crystal structure

responds more strongly and rapidly to Y- doping, Figure 13a.

The cohesive energy (AE) examines the stability of the complex by measuring the energy

needed to separate into individual atoms. It is given by (Philipsen and Baerends, 1996)

Etot - (EA + Ep +E02)

n

AE =

(4.6)

where E is total energy of compound, E 4, Ep and Eo, are energies of isolated atoms of
A-site, B-site cations, and oxygen, respectively and and n represents numbers of atoms
in the formula unit. The negative cohesive energies observed for pristine and doped

materials suggest that they are thermodynamically stable.

Table 5: Lattice constants, tolerance factor, and cohesive energies of pure and Eu— or Y-doped SmMnO3

Compound Lattice Constant | Tolerance Factor (t) | Cohesive Energy
(A) (eV/atom)
Bulk SmMnO3 7.391 0.873 -6.135
12.5% Eu doped 7.384 0.876 -6.429
25.0% Eu doped 7.375 0.879 -6.525
12.5% Y doped 7.379 0.870 -7.265
25.0% Y doped 7.367 0.867 -7.856
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The value of t for both Eu— and Y- doped SmMnO3 increases with decreasing bond
lengths as dopant concentrations increase. The cohesive energy of SmMnQOj3 increases
continuously as the concentrations of Eu— and Y- doping increase (6.135, 6.429, and
6.525 eV/atom for Eu—doping while are 6.135, 7.265 and 7.856 eV/atom for Y—doping
), which suggests higher structural stability with doping. When Eu is introduced, the
cohesive energy increases gradually because ionic radius of Eu’* is little less than that
of Sm>*. It represents a modest lattice contraction and stronger Eu—O bonding without
inducing significant structural distortion. In contrast, the cohesive energy increases
more rapidly for Y- doping because Y>* has a smaller ionic radius, which causes more
lattice deformation. These results indicate that doped SmMnQO3 exhibits more structural
stability than the pristine SmMnO3, Figure 13b.

(a) (b)

Figure 13: Variation of (a) tolerance factor and (b) cohesive energy of Eu- and Y-doped SmMnO3
(Pokharel et al., 2024b)

4.1.6 Sr,ZrMoOg double perovskite at different pressure

The pressure-dependent structural parameters of tetragonal Sr,ZrMoQg, including the
lattice constants (a and c¢), ground state energy (Ep), minimum volume (Vp), heat of
formation (AH), were evaluated in the range 0—80 GPa. The relative lattice parameters
alag, c/co, and V[V, exhibit monotonic decrement with rise in pressure, which shows
the expected compression of the crystal lattice, Figure 14a. At lower pressures it follows
a linear trend, but at higher pressures it starts to deviate slowly because the lattice

becomes stiffer under compression.

The tolerance factor values of SroZrMoOg at different pressures have been evaluated
using Equation (4.5), indicating structural stability and deformation tolerance. This
material remains stable across the preferred pressure range. This small variation in

the tolerance factor (t) reflects the reliability of Sr,ZrMoQOg under varying pressure
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conditions.
The formation energy (AH y) of Sr,ZrMoQg perovskite is expressed as (Ray et al., 2021)

_ Etotal(erZrMOO6) - (2ESr + EZr + EMO + 6EO)

AH; -

4.7)

Here, Eiota1(Sr2ZrMoQg) is the equilibrium energy of the Sr,ZrMoQOg perovskite, while
Es:, Ez:, Emo, and Eq represent respective energies for strontium, zirconium, molybde-
num, and oxygen atoms in their bulk forms.

Table 6: Lattice constants (ag, cg), volume (Vy), normalized ratios (a/ag, c¢/co, V/Vp), and heat of
formation (AH) of tetragonal Sr,ZrMoOg under different pressures

P a c Vv alag | c/co | VIV AH
(GPa) | (A) | (A) (A3) (eV/atom)

0 4.066 | 8.232 | 136.086 | 1.000 | 1.000 | 1.000 | -3.251
20 | 4.046 | 8.174 | 133.908 | 0.995 | 0.993 | 0.984 | -3.249
40 | 4.025 | 8.133 | 132.819 | 0.990 | 0.988 | 0.976 | -3.248
60 | 4.009 | 8.092 | 132.040 | 0.986 | 0.983 | 0.970 | -3.244

80 | 3.993 | 8.059 | 131.459 | 0.982 | 0.979 | 0.966 | -3.240

(a) (b)

Figure 14: Variation of (a) lattice parameter, (b) formation energy of SrpZrMoQOg with pressure (Pokharel
et al., 2025).
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The formation energy (AH y) of SrpZrMoQOg ranges from -3.251 to -3.240 eV/atom, Table
6. This negative value of AH s confirms thermodynamic stability of Sr,ZrMoOg, which
indicates that the compound can be synthesized experimentally under pressures up to
80 GPa. The formation energy exhibits a nonlinear decrement with increasing pressure.
This tendency has been related to the decrease in structural distortion along with the
stabilization of bond lengths and bond angles, Figure 14b. Furthermore, the same
pattern of variation has been noticed on decreasing pressure, indicating no hysteresis

loss during the expansion and compression cycles.

4.2 Electronic properties

4.2.1 The bulk material at different pressures

The electronic band structure and PDOS of cubic ZrSiO3 perovskite are studied along
the '-X-M-R path in the first Brillouin zone. At zero pressure, ZrSiO3 exhibits an
indirect band gap of 3.164 eV. This gap grows steadily with pressure, reaching up to
3.261, 3.287, 3.318, 3.328, and 3.339 eV at 20, 40, 60, 80, and 100 GPa, respectively,
Figure 15(a—f).

When pressure increases 0 —100 GPa, due to compression the atoms of ZrSiO3 move
closer to each other, which increases orbital overlap. This increased overlap makes the
bonding and anti—bonding interactions stronger. This results in an upward shift of CBM
and downward shift of the VBM. Consequently, E, value progressively increases from
3.164 eV to 3.339 eV. The similar tendency has been observed for cesium lead iodide
perovskites (Cao et al., 2018).

(a) (b)
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Figure 15: Band structures of bulk ZrSiOj3 at (a) 0 GPa, (b) 20 GPa, (c) 40 GPa, (d) 60 GPa, (e) 80 GPa,
and (f) 100 GPa pressures (Pokharel et al., 2024).
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Figure 16: Total density of states of bulk ZrSiO3 at different pressures
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Figure 16 shows the density of states at from 0 to 100 GPa, which is according to band
structure results. As pressure rises, peaks of DOS systematically move toward higher
energies, indicating that electronic states are pushed to higher energy levels and more

electronic states are available at those energies.

4.2.2 Different layered configurations

In this subsection, we analyze the band structure of the bulk and layered ZrSiOs,
considering structures with up to four layers and are evaluated using their respective
high-symmetry points. The results show that the bulk ZrSiO3 exhibits an indirect band
gap, that is also preserved in the different layered configurations, Figure 17(a—e). Band
gap value decreases with increase in number of layers, Figure 17f. This decrement is due
to quantum confinement and interlayer interactions caused by van der Waals forces. This
layer—dependent change in the band gap is in agreement with what other researchers have
found in 2D materials like MoS; and phosphorene (Lépez-Sudrez, 2016; Cai et al., 2014).

(a) (b)

(c) d)
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(e) )

Figure 17: Band structures of different layers of ZrSiO3 (a—e) one to four layers, (f) variation of band
gap with number of layers (Pokharel et al., 2024).

(a) (b)

() (d)

Figure 18: PDOS of (a) first, (b) second, (c) third, (d) fourth layers of ZrSiO3 (Pokharel et al., 2024).

The PDOS for different layered configurations of ZrSiO3 were computed using the
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GGA approximation with ultrasoft pseudopotentials. The PDOS calculations reveal the
contributions from the Zr—4d, Si—3s, and O-2p orbitals. We observed sharp peaks in the
O-2p states within the valence bands, indicating strongly localized oxygen 2p orbitals
that actively participate in bonding with both silicon and zirconium atoms. Similarly,
sharp peaks were identified in the Zr—4d states within the conduction band, suggesting
the significant role of localized zirconium 4d orbitals on the conduction band. These
observations are clearly illustrated in the PDOS plots for different ZrSiOj3 layers, Figures
(18a—d).

4.2.3 Termination model

The band structures of the ZrO-terminated and SiO;-terminated slabs were computed
along the path '-X-M-I'-Z-R—-A-Z-R|M. The predicted band gaps for ZrO-terminated
slab and SiO;-terminated slab are 2.585 eV, and 1.639 €V, respectively, Figure 19(a, b). In
termination slab model, the surface relaxation, reconstruction, and charge redistribution
gives rise to localized electronic states. As a result the termination model has a smaller
band gap than the bulk model. The SiO,—terminated model has more influence on
the conduction band with formation of a relaxed surface state near conduction band
minimum (CBM) and a lower band gap value compared to ZrO-terminated model. These
results indicate that the surface termination has a pronounced effect on the electronic

structure of the material.

(a) (b)

Figure 19: Band structures of (a) ZrO-, (b) SiO,— surface terminations of ZrSiO3 slab (Pokharel ez al.,
2024).

PDOS of different atomic orbitals of Zr, Si and O atoms in different layers of both Zr—
ans Si,— termination models have different contributions. The Zr atom in the 2" layer

shows a higher PDOS peak compared to the central layer, suggesting greater electron
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occupancy, Figure 20a.
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Figure 20: PDOS contributions of (a) Zr (b) Si and (c) O atoms in termination models (Pokharel ez al.,
2024).

The high PDOS peak for the Zr atom in the 2"¢ layer suggests a probability of electron
localization, and the energy inequality among s, p, and d orbitals of Zr atom are typical
characteristic of transition metals. The d orbitals are more spread out in space and
contain more energy than the s and p orbitals. This energy difference can have a big

effect on electrical conductivity of the material.

The 3"¢ layer of oxygen atoms has the largest electron density, which means that the
bonding connections are the strongest. The 2" layer has fewer bonding interactions.
The 1° and central layers have electron concentrations that are in the middle, corre-
sponding to moderate bonding strength. In the case of the ZrO-termination slab, the
Zr—d orbitals exhibit higher energy levels than the s and p orbitals, and the Zr atom in
374 layer has a higher PDOS peak than in the 1 layer, indicating a higher probability of
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electron occupancy in its orbitals, Figure 20c. PDOS study of oxygen atoms in different
levels shows that the 2" layer has the highest electron density, the 1% layer lowers has
the least, and the 3¢ and central layers have intermediate values. The central layer of
silicon atoms has higher energy states, whereas the 2"¢ layer has a more stable electronic

configuration with lower energy levels.

4.2.4 ZrSiO3; monolayer

Spin-polarized band structure and PDOS calculations were carried out to examine
electronic properties of ZrSiO3 monolayer under strain. As shown in Figure 21a, the
electronic band structures for both channels completely overlap throughout the Brillouin
zone, indicating the absence of spin splitting. This observation is further supported by
the PDOS plots in Figure 21b, where identical contributions from both spin states are
observed across the entire energy range. The perfect symmetry between the both spin

channels suggests that the ZrSiO3 monolayer remains non-magnetic.
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Figure 21: Spin—polarized (a) band structure, (b) PDOS of ZrSiO3 monolayer (Pokharel ef al., 2024b).

At zero strain, the ZrSiO3; monolayer has band gap of 2.29 eV with semiconducting
nature. Conduction band is dominated by Zr—4d orbitals, whereas valence band is
primarily contributed by O-2p orbitals as shown in Figure 21b. Compared with the
bulk structure, noticeable changes in band structure are observed in ZrSiO3 monolayer.
These differences arises from the reduction in dimensionality, quantum confinement
effect and the absence of k, dispersion in the two—dimensional system. As a result, the

electronic structure of the monolayer differs significantly from that of the bulk phase.
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Figure 22: Strain dependent band structure of ZrSiO3 monolayer (a—f) (Pokharel et al., 2024b).

structures of ZrSiO3 monolayer. Under com-

increased orbital overlap makes the bonding and anti—-bonding inter-

pressive strain, the in—plane atoms move closer to each other which increases orbital

Figures 22(a—f) illustrate electronic band

overlapping. This

actions stronger. This results the VBM shifts downward and the CBM shifts upward.
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Consequently, E, value progressively increases from 2.29 to 2.59 eV. Tensile strain
causes the in—plane atoms move farther apart from each other, which reduces the orbital
overlap. This reduced overlap weakens the bonding—antibonding interactions. Conse-
quently, a shift of CBM to higher energy and the VBM to lower energy states take place.
Consequently, the E, value gradually decreases from 2.29 to 1.87 eV. The monolayer
exhibits strain-tunable wide band gap, which makes it perfect for strain-sensitive de-
vices, optoelectronics, and flexible electronics (Deb et al., 2024). The total density of
states (TDOS) plots support this trend.

When tensile strain is applied (0% to +6%), the band gap decreases due to weaker orbital
interactions, Figure 23a. Whereas, compressive strain (0% to —6%) increases the band
gap because the stronger orbitals overlap, Figure 23b. Based on these findings, ZrSiO3

monolayers may be suitable for tunable band gap material by mechanical strain.
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Figure 23: TDOS of ZrSiO3 monolayer under (a) tensile, (b) compressive strain (Pokharel et al., 2024b).

4.2.5 Eu-and Y- doped SmMnO;
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Figure 24: Band structure of pristine SmMnQOj3 (a-b) using GGA, (c—d) using GGA + U approach
(Pokharel et al., 2024c¢).

The band structure and DOS of pristine and Eu-doped SmMnO3 were examined using
spin-polarized GGA and GGA+U approaches. The band structure calculations were per-
formed across path '-X-M-I'-R. The GGA+U approach uses the Hubbard U parameter
to enhance localization of electron interactions in partially filled Mn-3d and Eu—4f
orbitals. This change makes it easier for GGA+U to appropriately describe electronic
band structure and PDOS of the material.

For pristine SmMnO3, the calculated band gap is 2.31 eV with, GGA, Figure 24b and
2.72 eV with GGA+U, Figure 24d. These values are consistent with the experimental
measurement of 2.8 eV (Saad H.-E and Alsobhi, 2022). When a Eu atom having partially
filled 4f orbitals ([Xe]4f’6s?) are doped into SmMnO3, it creates new energy levels that

interact with electronic structure of the original material and lowers the E, value.
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Figure 25: Band structure of 12.5% Eu-doped SmMnOj3 (a-b) using GGA, (c—d) using GGA + U
approach (Pokharel ef al., 2024c).

The band gap declines to 1.03 eV at 12.5% Eu doping, Figures 25(a-b) and further
reduces to 0.40 eV at 25% Eu doping on both GGA and GGA+U calculations, Figures
26(a—b). These results suggest that both approximations change electronic structure.
Similarly, Y-doping, which involves partially filled 4d orbitals ([Kr]4d!5s?), also lowers
the band gap value. Figures 27(a—d) indicate that the electronic band gap drops to 1.30
eV with 12.5% Y doping, and it drops even more to 0.76 eV with 25.0% Y doping
(Figures 28a—d).

E-E, (eV)
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Figure 27: Band structure of 12.5% Y-doped SmMnOj3 (a—b) using GGA

(Pokharel et al., 2024c¢).
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Figure 29: PDOS of pristine SmMnO3 using (a) GGA
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Figure 30: PDOS of Eu-doped SmMnO3 using (a) GGA 12.5%, (b) GGA + U 12.5%, (c) GGA 25.0%,
(d) GGA + U 25.0% (Pokharel et al., 2024c¢)

The PDOS results of pristine SmMnOs3 shown in Figures 29a and 29b support the band
structure calculations shown in Figure 24. The valence band is dominated by states
whereas conduction band is contributed by Mn-3d states. These contributions are

responsible for the band gap observed in the material.
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Figure 31: PDOS using (a) GGA, (b) GGA + U for 12.5% Y-doped, (c) GGA, (d) GGA + U for 25.0%
Y-doped SmMnOs3 (Pokharel et al., 2024c).

As Eu- doping increases, influence of O-2p and Mn-3d states to both the valence
and conduction bands decrease, Figure 30(a—d). Similar trends are observed with
different concentrations of Y- doping, Figure 31(a—d). These findings suggest that Eu
and Y doping can reduce and tune the band gap of SmMnQO3, indicating the material’s

potential applications in various fields.

4.2.6 Sr;ZrMoQOg double perovskite

In this study, band structure of Sr;ZrMoQOg was computed along high-symmetry k-points.
Inclusion of on—site Coulomb potential in the GGA method makes it easier to deal with
interaction of localized electron in the partially filled Mo—4d orbitals. This modification
enables a precise analysis of band structure and PDOS of substance. The estimated
band gap is 1.03 eV in spin up channel, Figure 32a and 1.42 eV in spin down, Figure
32b. This band gap value observed in Sr;ZrMoQg is consistant with those reported by
Roknuzzaman et al. for Cs,BiCulg (Roknuzzaman et al., 2019).
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Figure 33: PDOS of Sr,ZrMoOg using GGA + U approach (Pokharel et al., 2025).

Figure 33 illustrates that the PDOS study of Sr,ZrMoQg indicates the conduction band is
primary influenced by Mo—4d orbitals and valence band is contributed by O—2p orbitals.
Additionally, the asymmetry between the two spin channels indicates the magnetic

behavior of material.

4.3 Optical properties of materials

The dielectric function is closely correlated with the behavior of the substance that
interacts with electromagnetic waves, particularly light waves. The dielectric constant,

€(w), which includes both the real part, (¢;(w)) and the imaginary part, (e;(w)) is
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expressed as (Deb and Sarkar, 2021)

€(w) =€ (w) +iex(w) (4.8)
Mathematically, €;(w) is calculated using an expression obtained from the Kramers-
Kronig transformation equations (Harmel et al., 2015) and is expressed as

2 o0 / /
e(w)=1+29 / welw) (4.9)
n 0

w/Z _ wZ

where P denotes principal value of integral.

€>(w) is calculated using following formula (Lu, 2021)

dr
w2

2,2
njz Z Z LZ |P””/(k)|2 fk”(l - fkn')(s(Enk - En’k - hw)d3k (410)

n n

e (w) =

Here, fi, represents the Fermi-Dirac distribution function, while P, (k) denotes the
projection of the momentum matrix elements on the direction of the field for the initial
and final states. The symbol E,; represents energy of a single electron, w is angular
frequency, h represents reduced Planck’s constant, m indicates electron mass and e
represents the elementary charge.

Alternatively, €;(w) can be written in terms of the transition dipole matrix elements as
(Gajdovs et al., 2006)

4n?e? 2 3
aw) = —— D KD £(1 = RIS(Es - Ey — hw)d’k (4.11)
L.J

where, D;; is transition dipole matrix element. E, is energy of electron in n'" state, f;
represents Fermi distribution function. The refractive index (n(w)), reflectivity (R(w))
and absorptance (@(w)) can be determined using the dielectric functions, €(w) and

e (w). R(w) is given by the equation (Egerton, 2009)

: 2
R(w) = Ve (w) +ie(w) — 1 4.12)
Vel (w) +ie(w) + 1
Standard formula for n(w) is (Lu, 2021)
n(w) = [61 (w) + Ve (260)2 + 62(0))2]1/2 (4.13)
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and the absorptance is given by (Gajdovs et al., 2006)

1/2
2w ,/8%(0)) + s%(w) -¢e1(w)

a(w) = - > (4.14)

4.3.1 ZrSiO; at different pressures

The static dielectric constant, €] (0), represents the value of the dielectric function at zero
photon energy. The dielectric function, expressed in Equation (4.9), which describes
response of material to electromagnetic radiation at different photon energies. Figure
34a demonstrates the variation of €;(w) with photon energy. The static dielectric
constant €7 (0) at different pressures about 3.6-3.8 from 0 — 100 GPa. A sharp increase
in €] (w) is observed at 4.4 — 4.8 eV at different pressures.

Imaginary part of dielectric function, €;(w), reveals the ability of material to absorb
electromagnetic radiation. Figure 34b shows that €;(w) approaches zero when the
photon energy is close to zero. This suggests that the material does not absorb much
energy when there are no incident photons present. After the photon energy threshold
has been crossed, €;(w) increases rapidly due to the onset of inter-band electronic
transitions. At 0 Gpa ZrSiO3 has an absorption edge at about 3.15 €V, comparable to
calculated electronic band gap of 3.164 eV. As pressure increases 20 — 100 GPa, onset
values increase from 3.25 — 3.32. The sharp peak are observed at 4.13, 4.37, 4.49, 4.78,
4.90 and 4.92 eV at pressure 0, 20, 40, 60, 80 and 100 GPa respectively. These findings
demonstrate that pressure significantly changes electronic structure and optical response

of material.
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Figure 34: Variation of (a) €] (w), (b) e2(w) (c) refractive index and (d) reflectivity of ZrSiO3 perovskite

The calculated refractive index n(w) for ZrsiO3 at different pressure are shown in Figure
34c. The refractive index describes how fast electromagnetic waves travel through
the material and gives important information about its optical response and electronic
polarization. The static refractive index values n(0) at different pressures are same
(1.38-1.39). The higher peaks are observed in low photon energy range of 2.78-3.62
eV form 0 to 100 GPa.

The reflectivity spectra exhibit relatively low reflectance in the visible region. As the
photon energy increases, the reflectivity spectra exhibit clear peaks in ultraviolet region
around 7.42 — 9.25 €V, corresponding to strong inter-band electronic transitions. As
shown in Figure 34d, the ZrSiO3; compound shows the highest peak reflectivity of
approximately 0.29 at 7.42 eV at 0 GPa, whereas the peak intensities of about 0.34
observed from 7.80 — 9.25 eV for 20 — 100 GPa pressure values.

4.3.2 Eu- and Y- doped SmMnO;

The optical behavior of pristine and Eu— and Y- doped SmMnOs3 has been analyzed
through the calculation of the dielectric response, refractive index, and reflectivity. Fig-
ure 35a illustrates the variation of the &£ (w) with photon energy. The calculated static
dielectric constant, &1 (0), for the pristine compound is 1.58. After Eu doping, the static
dielectric constant slightly decreases to 1.33 at 12.5% doping and further drop to 1.28 at
25%. For Y-doping, the decrease is even more noticeable, with values of 1.20 and 1.15
for 12.5% and 25% doping, respectively. The 25% Y-doped material shows the lowest
static dielectric constant and the smallest peak value of £ (w) among all the studied

materials. This low peak indicates that 25% Y-doped material has a lower electronic
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polarizability than other doped systems.
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Figure 35: Variation of (a) real and (b) imaginary parts of dielectric function (c) refractive index, (d)
reflectivity of pristine and Eu/Y-doped SmMnO3 (Pokharel et al., 2024c).

Figure 35b shows that &;(w) is almost zero for low photon energy. When the photon
energy exceeds the threshold value, &;(w) increases rapidly due to onset of interband
transitions. The pristine system shows an absorption edge at 2.5 eV, comparable to
calculated electronic band gap of 2.73 eV. This shows that the material is a semicon-
ductor. Eu- and Y- doped materials show strong peaks at 5-7 eV photon energy in
the ultraviolet region. This peak arises from high-energy interband transitions from
O-2p states to Mo-3d states. This indicates that the doped materials absorb photons in
the ultraviolet region. The absorption edge of &;(w) for the 12.5% Eu-doped system
appears near 0.95 €V, comparable to estimated band gap 1.03 eV. In addition, higher

peaks appear in the 3—6 eV energy range, indicating stronger optical transitions within
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the visible region. A similar behavior is seen in the Y-doped systems. The absorption
edge is around 1.2 eV for 12.5% Y doping and about 0.7 eV for 25% Y doping, indicating
a significant enhancement of low-energy optical transitions compared with the pristine

system.

Figure 35c displays the calculated refractive index n(w) for pristine and Eu- and Y-doped
materials. The static refractive index values n(0) of pristine, 12.5% Eu-doped, 25%
Eu-doped, 12.5% Y-doped, and 25% Y-doped compounds are 1.45, 1.43, 1.41, 1.39,
and 1.36, respectively. All the materials show strong peaks in the low photon energy
value between 1.8 and 2.5 eV. This peak is due to strong electronic polarization due
to interband transitions. The maximum refractive index value of approximately 1.70 is
observed for pristine SmMnOj3 near 1.8 €V, whereas the Eu- and Y-doped systems show
slightly lower peak values. This decrease in the peak intensity of n(w) after doping indi-
cates the doped materials have lower optical polarizability. This is due to modifications

in the electronic structure of pristine material when Eu and Y atoms replace Sm atoms.

The reflectivity spectra provide insight into the surface optical behavior of the inves-
tigated compounds. Static reflectivity values R(0) for pristine, 12.5% Eu-doped, 25%
Eu-doped, 12.5% Y-doped, and 25% Y-doped compounds are 0.14,0.13,0.15, 0.10, and
0.12, respectively. The reflectivity spectra exhibit pronounced peaks in the ultraviolet
region around 3-6 €V, corresponding to strong interband electronic transitions, Figure
35d. The pristine compound shows the highest peak reflectivity of approximately 0.28
near 3 eV, whereas the doped systems display slightly reduced peak intensities. This
reduction suggests that Eu and Y doping modifies the electronic structure and weakens
the reflection of incident electromagnetic radiation. The relatively low reflectivity in
the visible region indicates minimal energy loss due to reflection, suggesting that these

materials are promising candidates for photovoltaic applications.

4.3.3 Sr;ZrMoQOg double perovskite

Optical behavior of Sr,ZrMoOQg is studied by evaluating the £ (w), and €;(w), and the
refractive index, with the energy of the photons. Figure 36a demonstrates the variation
of £1(w) with photon energy. The static dielectric constant £y(w), for the compound
is 4.9. The peak value of £1(w) is 10.7 at 1.8 eV, indicates the significant electrical

polarizability of the material.
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Figure 36: Variation of (a) real and (b) imaginary parts of dielectric function, (c) refractive index and
(d) reflectivity of Sr,ZrMoOg (Pokharel et al., 2025).

The &;(w) spectra illustrate that the material always absorbs electromagnetic radiation
throughout a range of energy levels, with positive values in all directions. As shown in
Figure 36b, £;(w) approaches zero when the photon energy tends to zero, indicating
there is negligible absorption in the absence of incident photons. After the photon
energy threshold has been crossed, &;(w) increases rapidly due to the onset of inter-
band electronic transitions. The pristine system has an absorption edge at about 1.36 €V,
comparable to calculated electronic band gap 1.40 eV. This confirms that the material
is a semiconductor. For this material, there is also the highest peak in the 4.6 eV ,
UV region of the spectrum, which means that optical transitions are stronger in the UV

range.

The refractive index shows how much the wave bends when it enters the crystal structure.
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It follows a pattern that is comparable to the &;(w) spectra. From Figure 36c, the
refractive index is 2.2, which means the material is optically dense and interacts strongly
with light.

Reflectivity spectra exhibit relatively low reflectance in visible region. The reflectivity
spectra exhibit pronounced peaks in ultraviolet region around 5.2 eV, corresponding
to strong inter-band electronic transitions. As shown in Figure 36d, the Sr,ZrMoOg
compound shows the highest peak reflectivity of approximately 0.29 at 5.2 eV indicating

strong optical response in the ultraviolet region.

4.4 Elastic properties

The elastic stiffness tensors Cy1, C12, and Cy4 are key parameters for evaluating the me-
chanical properties and stability of simple cubic perovskites. Specifically, C;; character-
izes the resistance to longitudinal (Ilength) deformation, while C, and Cy4 represent the
resistance to shear or shape deformation (Birch, 1947). The pressure-dependent elastic
constants for ZrSiOs are calculated through the stress-strain method (Wang et al., 2018)

based on the following relations.

According to Hooke’s law, the stress tensor is linearly related to the strain tensor through

the fourth-rank elastic stiffness tensor as (Golesorkhtabar et al., 2013)
0ij = Cijki€ri, (4.15)

where o0;; and gy, represent the stress and strain tensor components, respectively, and
Ciji is the fourth-rank elastic stiffness tensor. Since the stress and strain tensors are
symmetric, the fourth-rank tensor C;j; can be represented in Voigt notation by an
equivalent 6 X 6 elastic stiffness matrix, C;;. The mechanical properties of cubic system
are determined using second order elastic tensors Cy1, C2 and Cy4. Based on these C;;
values, the system is confirmed to be mechanically stable under the specified conditions.
That is it satisfies the Born—Huang generalized elastic stability criteria for cubic crystals

are given by (Jamal et al., 2014)

Ci1 = [Cr2| >0,
Ci1 +2Cy2 > 0,
Ci2 <B <Cyy,
Cyus >0

(4.16)

The bulk modulus (B), shear modulus (G), and Young’s modulus (E) are evaluated using

the Voigt—Reuss—Hill (VRH) approximation. In this approach, the Voigt approximation
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assumes a uniform strain throughout the crystal and provides the upper bound of the

elastic moduli (Voigt, 1928). Accordingly, the Voigt bulk modulus (By) is expressed as

_ Ci1 +2Cy

3 , 4.17)

14

where C;; are the elastic stiffness constants.

The Reuss approximation assumes a uniform stress throughout the crystal and provides
the lower bound of the elastic moduli (Reuss, 1929). The corresponding Reuss bulk

modulus (Bg) is given by

1

Br= o
k 3511 +6S12

(4.18)

where §;; are the elastic compliance constants.

Similarly, the Voigt shear modulus (Gy) and the Reuss shear modulus (Gg) are given

by
Cii - C1a+3C
Gy = 2 ;2+ aag (4.19)
5Cu(C1 - C
Gr 44(C1y 12) (4.20)

4G4 +3(Ci = Cra)
Hill proposed that the actual elastic moduli of a polycrystalline material can be approx-

imated by the arithmetic mean of the Voigt and Reuss bounds (Hill, 1952). Therefore,

the bulk modulus (B) and shear modulus (G) are calculated as

_Bv+BR

By 5 (4.21)
Gy+G

Gy = —— 2R (4.22)

2
The Young’s modulus (E) is further given as
9BG
= 4.2

3B+ G (4.23)
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The Poisson’s ratio (v) is expressed as (Jamal et al., 2014)

3B-2G
= — 4.24
"= 2(3B+G) (4.24)
and, Cauchy’s pressure (P¢) is given as (Poniznik et al., 2008)
Pc=Cip—Cyy (4.25)

The nature of bonding in a compound can be inferred from the sign of Cauchy’s pressure
(Poniznik et al., 2008) and the value of Poisson’s ratio (Pachori et al., 2022). Cauchy’s
pressure is typically negative for covalent bonds and positive for ionic bonds. For
covalent compounds, Poisson’s ratio (v) < 0.25, while for ionic compounds, it is close
to or exceeds 0.25 (Surucu et al., 2019). The generalized Born-Huang’s mechanical
criteria for tetragonal systems are expressed in following inequalities (Born and Huang,
1955)

Cn >0,

Cs3 >0,

Ci1 +C33-2C12 > 0,

Cys > 0, (4.26)
Ces > 0,

Ci—-Ci2>0,

2C11+2C1p+C33+4Ci13 >0

The tetragonal Voigt bounds are derived from the Voigt approximation or uniform strain
assumption (Voigt, 1928). The bulk modulus (By) is defined in terms of C;; as

BV = [2C11 + C33 + 2C12 + 4C13] (4.27)

O | —

The Reuss approximation gives the lower bound bulk modulus (Bg) as

C2

with M = [Cy1 + Cyp +2C33 — 4Cy4]

and C* = (Cy; + C12)Cs3 — 2C7;

Similarly, the Voigt approximation provides the upper bound of the shear modulus,
known as the Voigt shear modulus (Gy), which is expressed as (Voigt, 1928)
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1

Gy = —
V730

[M +3C11 —3C12 + 12Cy4 + 6C66] . (4.29)

The Reuss approximation provides the lower bound of the shear modulus, known as the

Reuss shear modulus (Gr), and is given by (Reuss, 1929)

Gr = (183R 615 6 , 3 ) (4.30)

c? Cni+Cr2 + Cyy + Ces

According to Hill, the effective bulk and shear moduli of a polycrystalline material are
obtained by taking the arithmetic mean of the Voigt and Reuss bounds (Hill, 1952).
Therefore, the Hill bulk modulus (By) and Hill shear modulus (G ) are given by

_ By + Br

By =k, 431)
G = @ (4.32)

The Cauchy pressure along X-axis (PacaUChy) and y-axis (PgauChy) of a tetragonal system
can be obtained as (Chen et al., 2020)

LM = Ci3 = Cas, PL™ = Cpp = Cog (4.33)

4.4.1 Bulk ZrSiOs; at different pressures

This subsection discusses the mechanical properties and dynamic stability of ZrSiO3
under different pressures. Second-order elastic constants, Cj;, Ci2, C44 can be de-
termined with the stress-strain method employing small strain distortions. These C;;
values are used to obtain different mechanical properties of the compound, including
mechanical strength, ductility, toughness, brittleness, Poisson’s ratio, and anisotropy
(Pokharel et al., 2024).
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Table 7: Elastic stiffness tensors (C;;), elastic moduli (B, G, and E), Poisson’s ratio (v) and Gy / By
ratio of bulk ZrSiOs at different pressures

P C11 C12 C44 E B G 14 G/B

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) - -

0 205.28 | 169.58 | 36.92 | 78.75 | 181.48 | 27.58 | 0.427 | 0.152

20 207.46 | 170.17 | 36.96 | 80.08 | 182.60 | 28.06 | 0.426 | 0.154

40 209.13 | 170.24 | 37.18 | 81.69 | 183.10 | 28.65 | 0.425 | 0.156

60 211.04 | 171.53 | 37.39 | 82.54 | 184.70 | 28.95 | 0.425 | 0.157

80 213.01 | 171.54 | 37.51 | 84.45 | 185.10 | 29.68 | 0.424 | 0.161

100 | 214.84 | 171.61 | 37.78 | 8594 | 186.02 | 29.08 | 0.423 | 0.156

Values of Cy1, C12, and Cyq of ZrSiO3 at various pressures are presented in Table 7. The
calculated C;; values satisfy the stability criteria described in Equation (4.16), indicating

it to be mechanically stable up to 100 GPa.

The Cy; values increase gradually with increasing pressure, whereas C1 and Cy4 increase
slightly with pressure, which is due to slight decrease in anisotropy of the substance with
pressure, Figure 37a. Increase in elastic moduli with pressure indicates that the material
becomes stiffer at higher pressure and improves its resistance to isotropic compression,
shear deformation, and overall mechanical rigidity of the material over the studied

pressure range.

(a) (b)
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Figure 37: Pressure-dependent (a) C;; values, (b) elastic moduli (B, G, E), (c) Cauchy pressure, (d)
Poisson’s ratio of ZrSiO3 (Pokharel et al., 2024).

As per Pugh’s criteria, a material exhibits ductile behavior when the ratio G/B < 0.57
and brittle behavior when G/B > 0.57 (Pugh, 1954; Mouhat and Coudert, 2014). At
all applied pressures, the calculated Pugh ratio for bulk ZrSiOs3 is found to be below
0.57, indicating that the material is ductile. The Young’s and bulk moduli of ZrSiO3
increase with increasing pressure, while the shear modulus remains nearly constant due
to the material’s resistance to shear deformation, Figure 37b. The positive Cauchy
pressure indicates that the material is ductile and has metallic bonding characteristics.
As the pressure of the sample is gradually increased, the Cauchy pressure remains almost
constant, Figure 37c. This suggests that which suggests that the bonding nature of the

material remains stable.

The Poisson’s ratio decreases with pressure, Figure 37d. This result revealed that ZrSiO3

shows less compressibility in the lateral direction compared to the axial direction.
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4.4.2 Termination model

A surface slab was constructed from the (001) plane of bulk cubic ZrSiO3 by introducing
a vacuum region to avoid interactions between periodically repeated slab images. The
bulk ZrSiO3 crystal exhibits cubic symmetry with lattice parameters a = b = ¢. The
introduction of the vacuum region extends the lattice parameter along the z-direction
while maintaining periodicity in the x—y plane, resulting in a tetragonal slab geometry
with a = b # c. The resulting slab consists of alternating SiO, and ZrO layers separated

by the vacuum region.

The stress—strain approach was applied to evaluate elastic stiffness tensors, as previously
mentioned in Section 4.5.1. The mechanical behaviour of a tetragonal system was
characterized by six independent elastic stiffness tensors. The calculated C;; values
for the ZrO-terminated models are Cy; = 135.39 GPa, Cj, = 102.29 GPa, and C;3 =
66.02 GPa, C33 = 28.86 GPa, Cy44 = 90.26 GPa, and Cgg = 41.39 GPa, and those for the
SiO;-termination model are C;; = 130.56 GPa, Ci, = 78.09 GPa, C;3 = 73.91 GPa, Cs;
=16.06 GPa, C44 =91.28 GPa, and Cgs = 41.17 GPa.

Table 8: Elastic moduli (B, G, E), Poisson’s ratio (v), G / By ratio, and Cauchy’s pressure (P¢) of bulk
ZrSiO3, ZrO-terminated slab, and SiO;-terminated slab (Pokharel ef al., 2024)

COIIlpOLlIld B BR BH G GR GH E v GH/BH PC

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) (GPa)

Bulk 181.30 | 181.28 | 181.29 | 29.55 | 14.06 | 21.80 | 62.88 | 0.479 | 0.12 132.06

ZrO- 92.19 | 42.06 | 67.12 | 33.22 | 25.34 | 29.28 | 76.69 | 0.309 0.44 37.16
terminated
SiO;- 89.36 | 24.84 | 57.09 | 30.82 | 19.77 | 25.29 | 66.13 | 0.307 | 0.443 57.85

terminated

The mechanical properties of bulk ZrSiO3 and its ZrO-terminated and SiO,—terminated
slab models were calculated and are summarized in Table 8. Both the ZrO- and SiO;—
terminated slab models fulfill the mechanical stability criteria. However, the SiO,—
terminated slab exhibit higher elasticity and stability compared to the ZrO-terminated
slab. The values of Gy /By < 0.57, Poisson’s ratio v > 0.33 and positive values of
Cauchy’s pressures of ZrO-terminated and SiO,-terminated slab model confirm that

both termination models exhibit ductile nature.
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4.4.3 Eu-and Y- doped SmMnO;

This section provides a detailed study of the mechanical behavior of europium (Eu)
and yttrium (Y) doped SmMnOs3. The study focuses on how doping influences the
mechanical properties of pure SmMnO3.

The presented C;; values in Table 9 satisfy the Born—-Huang generalized mechanical
stability criterion as describe in Equation (4.16) for all pristine and doped materials.
Mechanical properties of SmMnO3 are significantly altered by substitution of Eu and Y.
The Eu- doping results in significant decrease in both the shear and Young’s moduli. In
particular, value of E decreases from 187.78 GPa (bulk) to 123.90 GPa and G decreases
from 72.34 GPa to 44.34 GPa when 12.5% Eu doping is implemented (Table 10). At
25% Eu doping, the value of E further decreases to 138.07 GPa and G is approximately
49.82 GPa. This decrement shows that the material becomes less stiff. In both cases,
bulk modulus increases and the material becomes less compressible due to higher atomic
radii of Eu and Y compared to Sm. This difference in size causes lattice distortions
within the crystal structure, which makes the material harder to compress.

Table 9: Elastic moduli (B, G and E), Poisson’s ratio (v), and Gy /By ratio of SmMnOj at different
doping levels of europium and yttrium (Pokharel et al., 2024c)

Compounds BV BR BH GV GR GH E v Gu

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)

Pristine SmMnO3 | 154.89 | 154.89 | 154.89 | 72.68 | 71.99 | 72.34 | 187.78 | 0.323 | 0.47
12.5% Eu doped | 200.56 | 200.56 | 200.56 | 51.31 | 37.38 | 44.34 | 123.90 | 0.365 | 0.22
25% Eu doped | 201.09 | 201.09 | 201.09 | 56.55 | 43.09 | 49.82 | 138.07 | 0.386 | 0.25

12.5% Y doped | 185.09 | 185.09 | 185.09 | 90.25 | 73.85 | 82.05 | 214.46 | 0.307 | 0.44

25% Y doped 182.47 | 182.47 | 182.47 | 89.86 | 74.58 | 82.22 | 214.45 | 0.304 | 0.45

The Poisson’s ratio values (v > 0.26) for pure and doped SmMnQO3 demonstrate distinct
trends depending on the dopant. The calculated values of v are 0.323 for pure SmMnO3,
0.365 for 12.5% Eu doping, 0.386 for 25% Eu doping, 0.307 for 12.5% Y doping, and
0.304 for 25% Y doping. These values reveal that v increases with europium doping,
while it decreases with yttrium doping. Because of the difference in atomic radii, the Eu
doping increases the lateral expansion when the material is compressed longitudinally.
The increasing Poisson’s ratio with Eu doping indicates the material becomes more
ductile. Conversely, the decrease in Poisson’s ratio with Y— doping results in an increase

in stiffness of the material. Pugh’s criterion shows that, the calculated values of Pugh’s
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ratio (% > 1.75) and positive Cauchy pressure Cj» — C44 indicate that all pristine and

doped compounds remain ductile.

4.44 Sr;ZrMoOQOg at different pressures

This section studies mechanical characteristics and dynamic stability of Sr,ZrMoQOg
at different pressure conditions. Pressure-dependent C;; values of Sr;ZrMoQOg are
provided in Table 10. From these C;; values, the elastic compliance constants, S;;,
were derived (Table 11). The mechanical stability criteria of materials under hydrostatic
pressure were determined using generalized Born-Huang’s lattice conditions, with the

C;; values must meet following inequalities (Born and Huang, 1955)

Ci1-P>0,
Cy3—P>0,
Cy—-P>0,
1Ce6 — P > 0, (4.34)

C11 —C12 - 2P > O,
Ci1+C33—2C13—4P > 0,
2C11 + 2C12 + C33 +4C13 +3P >0

Based on the data presented in Table 10, this equation confirms that the studied compound

satisfies the mechanical stability criteria within 0-80 GPa.

Table 10: Elastic stiffness tensors (C;;) of the Sr;ZrMoOg double perovskite at different pressures
(Pokharel et al., 2025)

P Cn Ci Ci3 Cx Cx3 Cs3 Cyy Css Ces

(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)

0 313.21 | 95.11 | 85.66 | 313.21 | 85.66 | 332.62 | 98.46 | 98.46 | 135.32

20 321.71 | 95.83 | 87.72 | 321.71 | 87.72 | 335.16 | 98.24 | 98.24 | 137.45

40 327.66 | 96.19 | 90.49 | 327.66 | 90.49 | 341.69 | 98.09 | 98.09 | 140.22

60 330.85 | 96.85 | 93.32 | 330.85 | 93.32 | 343.29 | 97.83 | 97.83 | 143.22

80 332.57 | 97.03 | 95.66 | 332.57 | 95.66 | 350.04 | 97.67 | 97.67 | 147.89

Elastic constants show how a material resists stress from different directions. Specif-

ically, Cy1, C22, and Cz3 describe stiffness of the crystal along the a, b, and c axes,
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respectively. A higher value of Cy; indicates high resistance under compression along

a-axis, which makes the material less compressible and stiffer in that direction. Like-

wise, higher values of C»; and C33 have more significant responses to compressive stress

along the b- and c-axes, respectively (Bao et al., 2020).

Table 11: Elastic compliance matrix (S;;) of the SroZrMoOg double perovskite

P St S12 S13 S22 $23 833 Su4 Sss Se6
(GPa) | (GPa™) | (GPa™") | (GPa™!) | (GPa™") | (GPa™') | (GPa™') | (GPa™!) | (GPa™!) | (GPa™!)
0 | 0.004 | -0.001 | -0.001 | 0.004 | 0.001 | 0.003 | 0.010 | 0.010 | 0.007
20 | 0.004 | -0.001 | -0.001 | 0.004 | 0.001 | 0.003 | 0.010 | 0.010 | 0.007
40 | 0.003 | -0.001 | -0.001 | 0.003 | 0.001 | 0.003 | 0.010 | 0.010 | 0.007
60 | 0.003 | -0.001 | -0.001 | 0.003 | 0.001 | 0.003 | 0.010 | 0.010 | 0.007
80 | 0.003 | -0.001 | -0.001 | 0.003 | 0.001 | 0.003 | 0.010 | 0.010 | 0.007

The elastic constants £, B, G and v were computed applying Equations (4.28) — (4.32),

as discussed in Section 4.5.

Table 12: Elastic moduli (B, G, E), Poisson’s ratio (v), and Gy /By ratio of Sr,ZrMoQOg double
perovskite at different pressures (Pokharel et al., 2025)

p By Br By Gy Gr Gu E v |Gu/Bu
(GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa) | (GPa)

0 |165.76165.73 | 165.75|112.31 | 110.51 | 111.41 | 273.04 | 0.225 | 0.67

20 1169.01|169.00|169.01 | 113.78|111.82|112.79 |276.81 0.227 | 0.67

40 | 172.37(172.35|172.36 | 115.27 | 113.09 | 114.18 | 280.58 | 0.229 | 0.66

60 |174.66|174.64|174.65|116.04 | 113.67 | 114.86 | 282.62 | 0.230 | 0.66

80 |176.88|176.79|176.84|117.42|114.68 | 116.05|285.66 |0.231| 0.66
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(a) (b)

Figure 38: Elastic properties of Sr;ZrMoOg at different pressures (a) C;;, (b) E, B, G (Pokharel et al.,
2025).

Figure 38a illustrates that, C;; and Cs3 consistently show the highest values across all
pressure levels, indicating that Sr,ZrMoQOg demonstrates strong resistance to uniaxial
compression. Furthermore, it is observed that C33 consistently exceeds Cq; across the
entire pressure range, indicating stronger atomic bonding in [001] direction than [100]
direction. The C44 and Cgg values vary significantly with pressure and are not equal,
indicating that the shear moduli exhibit strong anisotropy (Table 10).

Figure 38b illustrates that elastic moduli (£, B, G) increase steadily with pressure up
to 80 GPa. When pressure increases, the atoms move closer together and their bonds
become stronger. This makes Sr,ZrMoQg stiffer and more resistant to deformation at

high-pressure conditions.

Even at 80 GPa, the G/B ratio remained above 0.57 (Table 12). This shows that
tetragonal Sr,ZrMoOQg is brittle. The negative Cauchy constant with low Poisson’s
ratio (0.225 to 0.231 ) further verify that the material is brittle, with covalent bonding
up to 80 GPa. The Vickers hardness (Hy) of the material can be determined using a

semi-empirical equation proposed by Tian et al.(Tian et al., 2012) as

1.137
Hy =0.92 (E) G708 (4.35)

The capacity of a material to resist fracture expansion is expressed by its fracture
toughness (Kjc). It can be calculated using the following formula (Wu et al., 2022)

e B 1/2
Kic=V,"G | = (4.36)
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where V) is the volume of a single atom (in m3).

To assess the damage resistance of the compound, the brittleness index (M) is used,

which is expressed in terms of Hy and Kjc as (Boccaccini, 1997)

M =
Kic

(4.37)

The materials with high Kjc values strongly resist crack propagation. Materials with
small M values demonstrate better damage tolerance and are less brittle. The moderate

1/2 at

fracture toughness (Kjc) value of SrpZrMoOg ranges from 3.61 to 3.73 MPa-m
pressures of 0-80 GPa (Table 13). The fracture toughness value for Sr,ZrMoOQOg is more
than those of many superhard materials such as diamond (Field and Freeman, 1981) but
slightly less than cubic boron nitride (c-BN) (Monteiro et al., 2013). It resists cracking

growth better than many brittle ceramics and superhard materials.

Table 13: Fracture toughness (Kic) and brittleness index (M) of the Sr,ZrMoQOg

p Hy Kic M
(GPa) (GPa) (MPa-m'/?) (um~1/%)
0 16.64 3.61 4.61
20 16.74 3.64 4.60
40 16.97 3.66 4.64
60 17.02 3.67 4.64
80 17.02 3.73 4.61

Moreover, the brittleness index (M) values for the material are between 4.60 to 4.64
um~'/2. The relatively low M value, along with moderate fracture toughness, indicates
that SrpZrMoOQg is less brittle and possesses moderate toughness. This combination
of reduced brittleness and outstanding fracture toughness highlights its potential for

high-performance applications in structural, thermal, and electronic fields.

4.4.5 Elastic anisotropy

Elastic anisotropy of perovskite materials refers to the variation of mechanical properties
along different crystallographic directions. It is commonly evaluated using several
anisotropy indices. One of the most widely used is the universal anisotropy index (AY),

which quantifies the overall deviation of a material from ideal isotropic elastic behavior
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(Ranganathan and Ostoja-Starzewski, 2008). In addition, the compressional anisotropy
index (Acomp) and shear anisotropy index (Aghear) are used to evaluate anisotropy in
the bulk and shear responses, respectively. These indices are determined from the
differences between the Voigt and Reuss bounds of the corresponding elastic moduli.
For an isotropic material, the Voigt and Reuss bounds are identical, resulting in A¢omp = 0
and Aghear = 0. As the difference between these bounds increases, the values of Acomp
and Agpear increase, indicating stronger elastic anisotropy. Therefore, these indices
provide a quantitative measure of the directional dependence of the compressional and
shear responses of perovskite materials. They are defined as follows (Nye and Lindsay,
1984).

_ 5By Gy

AV="y 26 (4.38)
Br  Gr
2C44
AZ = T (4.39)
Ci1—-Ci2
By — B
Acomp = ﬁ (4.40)
Gy -G
Ashear = ﬁ (441)

Isotropic properties are characterized by AY, Acomp» Ashear = 0, and A% =1, whereas
any deviation from these values indicates anisotropy. Furthermore, an increase in AV,

Acomps Ashear> and |AZ — 1| correspond to a greater degree of anisotropy.

4.4.5.1 Eu or Y-doped SmMnOj; perovskite

Table 14: Elastic anisotropy indices (AY, AZ, Acomp»> Ashear) of SmMnO3 at different doping levels of
europium and yttrium (Pokharel ef al., 2024c)

Compounds AY AZ Acomp Ashear
Pristine SmMnO3 0.009 6.098 0.000 0.005
12.5% Eu doped 0.373 16.228 0.000 0.157
25% Eu doped 0.312 14.821 0.000 0.135
12.5% Y doped 0.222 12.649 0.000 0.099
25% Y doped 0.204 12.224 0.000 0.093
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(a)

(b)

Figure 39: Polar plots of Young’s and shear modulii for (a) Eu—doped, (b) Y-doped SmMnOs at different
doping levels (Pokharel et al., 2024c).

These pristine and Eu— or Y- doped compounds have an isotropic bulk modulus and a
perfect spherical shape. The values of Agpear and AZ in (Table 14) are not same, and they
demonstrate high anisotropy. Compared with pristine SmMnQ3, all anisotropy indices
increase markedly for both 12.5% and 25% Eu and Y doping levels. This indicates that
Eu- doping enhances the material’s elastic anisotropy, but Y- doping has a lesser effect
than Eu. Figures 39a and 39b present directional dependent Young’s and shear moduli
of the complexes using polar plots. These graphs show that the complexes are elastically

anisotropic.
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4.4.5.2 Sr;ZrMoQg at different pressures

In a tetragonal crystal, apart from elastic anisotropy indices (AY, AZ, Acomps Ashear
other anisotropy factors A[100}, A[o10], and A[oo1] also have significant meanings. These
anisotropy factors are defined as (Ravindran et al., 1998)

4Cy4
A=A = 4.42
! N0 = €11 + C33 — 2C13 (42)
4Cs;5
A=A = 4.43
2 010 €y + Ci3 — 203 (443)
2Ce6

These equations further highlight the anisotropic behavior of the shear modulus along
different crystallographic directions. Elastic anisotropy of Sr2ZrMoOg under pressures
of 0 to 80 GPa, is evaluated using several indices. The universal anisotropy index (AY) is
a comprehensive estimation of overall anisotropy (Ranganathan and Ostoja-Starzewski,
2008). Additionally, the bulk anisotropy index (Acomp) and the shear anisotropy index
(Agnear) provides insights into the specific anisotropies in compression and shear, respec-
tively, and describe the elastic anisotropy of double perovskites at the applied isotropic

pressure (Nye and Lindsay, 1984).

Isotropic properties are represented by AY = 0 and Acomp = Ashear = 0, Whereas any
non-zero values imply anisotropy. Furthermore, degree of anisotropy rises for higher

values of AY, Acomp and Ashear-

Table 15: Elastic anisotropy indices (AY, A%, Acomp, Ashears A1, A2, A3) for the Sr,ZrMoOg double
perovskite at different pressures (Pokharel et al., 2025)

Pressure AY Acomp Aghear Aj Ar Aj
(GPa)
0 0.082 0.000 0.008 0.823 0.823 1.241
20 0.088 0.000 0.009 0.813 0.813 1.217
40 0.097 0.000 0.009 0.803 0.803 1.212
60 0.104 0.000 0.010 0.806 0.806 1.224
80 0.119 0.002 0.012 0.802 0.802 1.256

Table 15 presents the computed values of AY, Acomp, and Agpear 0f S12ZrMoQOg double

perovskite at different pressures.
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Figure 40: Polar plots of variation of elastic moduli (E, B, G) of SrpZrMoQg at different pressures
(Pokharel et al., 2025).

To better illustrate elastic anisotropy of the material under the given conditions, 2D
polar plots of the elastic moduli were generated. These plots are derived from the elastic

compliance constants (S;;) and directional cosines (/;) (Ning, 2011; Pokharel et al., 2025)
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and given as

1

7= S (I} +13) + (2813 + Saa) (51 + [315) + S3315 + (2512 + See) 515 (4.45)
1

E=(511+512+513)—(511+512—513—S33) 5 (4.46)
1 1

el 5(544 +S66) (1] + 15) + Saal3 + [T15[4(S11 = S12) + (Sas — See) |

| (4.47)
+5(1=13) X [2(S11 + S12 — 2813) + 5(566 — Sua)]

The 2D polar plots demonstrate that the elastic moduli are direction-dependent, indicat-
ing that their values vary within the material based on direction. The bulk modulus plot
may appear more circular under different conditions, suggesting that the bulk modulus
remains nearly isotropic across the pressure range. In contrast, the non-circular polar
plots of Young’s and shear moduli reveal a moderate level of anisotropy under these
conditions. Figure 40 shows that the elastic moduli are direction-dependent, indicating
that their values vary with direction. The bulk modulus plot may become more circular
as pressure increases, suggesting that the bulk modulus remains nearly isotropic across
the pressure range. In contrast, Young’s and shear moduli display a moderate level of

anisotropy as pressure increases.

4.4.5.3 Sound velocities at different isotropic axes

In a tetragonal structure, transverse and longitudinal wave modes are feasible only
along specific symmetry directions, such as [100], [010], and [110]. The waves are
composed of a combination of longitudinal and transverse modes in other orientations.

The velocities can be expressed as (Bao et al., 2019a)

/C lc /c
[100] v; = [010] v; =  [—; [001] vy, = 4| =5 [001] vy, = 4 [—2 (4.48)
p P p
/c /c
[001] v, = %;[100] v, = [010] v;, = f;and (4.49)

C C 2C C
[100] v \/ 1nmntCp+ 66 [001] v;, = 4’

0
Cii - C
[110] v, = 4| —2.
Je

In a tetragonal structure, sound velocities depend on the path of wave propagation

=

(4.50)

relative to crystallographic axes. Transverse and longitudinal wave modes are allowed
only along specific symmetry directions, such as [100], [010], and [110]. In other
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orientations, both transverse and longitudinal modes coexist (Bao et al., 2019b). The

calculated sound velocities (v;, v, v4,) for SroZrMoQg at various pressures clearly

demonstrate this anisotropy.

Table 16: Longitudinal (v;) and transverse (v;) sound velocities (ms~!) of Sr,ZrMoQOg under different
pressures and directions

Figure 41: (a) Anisotropy factor, (b) sound velocities of Sr,ZrMoOQg at different pressures

P p [100] direction [001] direction [110] direction

(GPa) (g/cm3) v (m/s)| vy, (m/s)|v,, (m/s)|v; (m/s)|vy, (m/s)|vy, (m/s)|v; (m/s) vy, (m/s)|v,, (m/s)
0 | 5.591 |7485.35|4179.9814920.11|7713.79{4920.11 |4920.11|7792.88|4179.99 | 4416.89
20 | 5.678 |7525.89|4150.13|4919.24|7681.61|4919.24|4919.24 |7807.32|4150.13 | 4459.17
40 | 5.722 |7568.57|4141.09|4951.16|7728.914951.16|4951.16 |7846.26|4141.09 | 4498.15
60 | 5.759 |7578.87(4129.84 |4986.44 |7720.04|4986.44 | 4986.44 |7873.46/4129.84 | 4506.94
80 | 5.782 |7585.38/4127.31|5058.48 |7782.07|5058.48 | 5058.48 |7921.54|4127.31 |4513.92

(a) (b)

The longitudinal velocity increases gradually with pressure in the [100] direction, from
7485.35 m/s at 0 GPa to 7585.38 m/s at 80 GPa (Table 16). The transverse velocities
(vs, and v;,) exhibit similar trends, with v; decreasing slightly from 4179.98 m/s to
4127.31 m/s, while v;, increases from 4920.11 m/s to 5058.48 m/s over the same

pressure range. According to these findings, the wave propagation is significantly more

sensitive to pressure in transverse direction than in longitudinal direction, particularly

along the direction of [100]. In the [001] direction, the variation in both longitudinal and

transverse velocities follow a different pattern than in the [100] direction and on the [110]
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direction, the longitudinal velocity (v;) increases more sharply than in other directions.
This difference is because the material is stiffer in the [001] direction. Overall, the
pressure-induced increase in sound velocities confirms that Sr,ZrMoOg becomes stiffer
during compression, which influences longitudinal and transverse modes along various

crystallographic axes, Figure 41b.

4.5 Debye temperature

Debye temperature (p) describes thermal properties of substances. A higher value of
fp indicates that the material possesses higher thermal conductivity and a high melting
temperature (Verma et al., 2012). In this study, 6p was computed from average sound

velocity using established methods and elastic constant data, expressed as (Anderson,

1963)
/3
h |3n (Nap :
Op=— | —|—— m 4.51

D= s [471( M )] Y @.51)

where h represents Planck’s constant, kp is Boltzmann’s constant, N4 is Avogadro’s
number, M is molecular mass, p is density, and v,, is the average sound velocity. The
average sound velocity is expressed in terms of longitudinal and transverse velocities by
the relation (Wu et al., 2020). It is expressed as

1 2+1
=== +—=
3y v

Navier’s equation gives longitudinal and transverse velocities using the bulk (B) and
shear (G) moduli (Wu et al., 2021).

-1/3
(4.52)

3B+4G

1/2 1/2
, v = [E] (4.53)
3p

Jo,

V) =

4.5.1 Bulk ZrSiO; at different pressures

Table 17 presents the computed values of v;, v; and v,,, indicating minimal change
with increasing pressure, Figure 42a. Figure 42b illustrates that the Debye temperature
(6p) rises gradually under pressure. This rise in p is attributed to the compression of
the atomic structure, reducing interatomic distances and strengthening bonding forces,
which leads to higher vibrational energy and frequencies. Since covalent bond strength
is proportional to fp, the computed values suggest that ZrSiOs exhibits the strongest
covalent character up to 100 GPa. Similar trends were observed by Tian et al. (2017) in
the Al;Cu,Fe alloy (Tian et al., 2017) and by Daoud in the thallium-phosphide (Daoud,
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2017) using DFT.

Table 17: Pressure dependent density (p), acoustic velocities (v, v, v,,,) and Debye temperature (6p) of

bulk ZrSiO;
P p v vy Vi fp
(GPa) (g cm™) (ms™h) (ms™') (ms™') (K)
0 5.823 6127.39 2187.66 2485.47 348.22
20 5.871 6121.70 2186.21 2483.87 348.85
40 5.917 6118.38 2200.77 2500.02 352.14
60 6.007 6097.12 2195.35 2493.80 353.02
80 6.033 6117.60 2216.92 2517.92 356.95
100 6.050 6115.49 2234.12 2536.98 360.00
(a) (b)

Figure 42: Pressure-dependent (a) acoustic velocities, (b) Debye temperature (6p) of bulk ZrSiO3
(Pokharel et al., 2024).

4.6 Termination model

The calculated values of p are 7.040 g/cm3 for bulk ZrSiO3, 2.724 g/cm? for the ZrO-
terminated slab, and 2.278 g/cm? for the SiO»—terminated slab. As expected, the bulk
structure showed the highest density, followed by the ZrO—terminated slab, while the

SiO,—terminated slab exhibits the lowest density.
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Table 18: Calculated density (p), acoustic velocities (v;, v, v;;), and Debye temperature (6p) of bulk

and slabs of ZrSiO3
Compound Jol V] vy Vin 6p
(gem™) (ms™") (ms™) (ms™") (K)
Bulk 7.040 5974.06 3206.22 3550.02 438.04
ZrO-terminated 2.724 5877.07 2935.30 3293.08 321.09
SiO;-terminated 2.278 7429.31 3280.83 3703.21 359.17

Similarly, the sound velocities (v;,v;,v,,) are calculated to be (5974.06, 3206.22,
3550.02 m/s) for the bulk and (5877.07, 2935.30, 3293.08 m/s) for the ZrO-terminated
slab and (7429.31, 3280.83, 3703.21 m/s) for the SiO,—terminated slab, Table 18. The
bulk phase has the lowest sound velocity of the three systems, whereas the SiO,—
terminated slab has the highest. The calculated values of the Debye temperatures (6p)
are 438.04 K, 321.09 K, and 359.17 K for bulk ZrSiO3, ZrO—, and SiO,—terminated
slab models, respectively. These findings suggest that the bulk compound possesses
the maximum thermal conductivity and melting temperature, indicated by its higher
Debye temperature. The SiO,—terminated slab has an intermediate Debye temperature,
whereas the ZrO—terminated slab has the least value. These results predict that surface

termination reduces the thermal conductivity and melting temperature.

4.6.1 Eu- and Y- doped SmMnO;

Table 19: Density (p), acoustic velocities (v, vy, v,,) and Debye temperature (6p) of SmMnOs at different
doping levels of Eu and Y (Pokharel et al., 2024c)

Compounds Jol vy Vs Vin 6p
(gem™) | (ms™) | (ms™") | (ms7) (K)
Pristine SmMnO3 7.042 5974.06 | 3206.22 | 3550.00 | 438.04
12.5% Eu doped 8.194 5994.44 | 2711.99 | 3058.01 418.62
25% Eu doped 8.225 5703.09 | 2461.14 | 2780.55 | 380.55
12.5% Y doped 7.996 6068.78 | 3203.36 | 3551.98 | 487.39
25% Y doped 7.676 6168.66 | 3278.78 | 3628.80 | 496.44
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The longitudinal, transverse, and average sound velocities of pristine SmMnO3 decrease
with Eu- doping, whereas Y- doping leads to an increase in all acoustic velocities,
Figure 43a. In the same way, the Debye temperature (6p) decreases with increasing Eu

content, while Y- doping significantly raises 6p, Figure 43b.

(a) (b)

Figure 43: Variation of (a) acoustic velocities, (b) Debye temperature of SmMnQO3 with different Eu and
Y doping levels (Pokharel et al., 2024c).

4.6.2 Sr;ZrMoOg double perovskite at different pressures

The Debye temperature (fp) represents the vibrational characteristics of a solid. Above
(fp), all vibrational modes are active, whereas below 8p, quantum effects become sig-
nificant. A higher 8p value generally indicates that the material has a high melting tem-
perature and enhanced thermal conductivity (Anderson, 1963; Pokharel et al., 2024b).
In this study, we have computed fp using Equation (4.52) and elastic constants data.

Table 20: Density (p), acoustic velovities (v;, v;, v;,) and Debye temperature (6p) of Srp;ZrMoQOg at
different pressures (Pokharel et al., 2025)

Pressure P \7i vy Vin 6p
(GPa) (g/em?) (m/s) (m/s) (m/s) (K)
0 5.591 7498.32 4464.33 4942.32 531.55
20 5.678 7498.79 4456.16 4934.17 533.50
40 5.722 7533.14 4467.83 4948.01 536.25
60 5.759 7543.82 4465.53 4946.36 537.32
80 5.782 7574.01 4480.83 4963.57 539.81
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The Debye temperature (fp) and calculated sound velocities for Srp;ZrMoQOg at different
pressures are presented in Table 20. As pressure increases, both Debye temperature and
acoustic velocities increase slightly. Variation in the acoustic velocities are nearly linear,
Figure 44a. At low pressure there is harmonic effects on lattice but at high pressure
show anharmonic effects and cause the non-linear increase (fp) with pressure, Figure
44b.

(a) (b)

Figure 44: Variation of (a) acoustic velocities, (b) Debye temperature of Sr,ZrMoOg under different
pressures (Pokharel et al., 2025).

4.7 Mechanical properties of ZrSiO; monolayer

To examine the mechanical strength and stability of the of ZrSiO3 monolayer, elastic
constants (C;;) are computed using the finite distortion method (Li, 2020), and are given
by (Faghihnasiri et al., 2019)

1 { 0%E,
= — 4.54
C] S() ((961'561') ( )

where E;, €, and Sy represent the strain energy, the applied strain, and the area of the

strain-free monolayer, respectively. o; can be expressed as

o1 Cii Cio O |]|g
o = C12 C22 0 € (4.55)
06 0 0 C66 €6

For the crystal symmetry of the 2D square lattice, only Ciy, Cy, Ci2, and Cgg are

identified as significant independent elastic stiffness constants and the total energy is
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expressed as (Le Page and Saxe, 2002)

E = (C] 1 G?X + ngeﬁy + 2C12€xx€yy + 2C66E)%y) (4.56)

| =

Two-dimensional Young’s modulus (Y, and Y}) are given by (Sharma et al., 2022)

C? - C? C3, - C?
11 12 22 12
s =———— and Y,=—"—"—"——=, (4.57)
Cii C»
The corresponding Poisson ratios (v,, vp) are expressed as
C C
Va= =2 and v, =—2, (4.58)
Cii Cxn
And the 2D shear modulus is given by
G = Ces (4.59)

Poisson’s ratio (v) and 2D Young’s modulus (Y 2Dy are used to calculate in-plane stiffness
(K) and shear modulus (G) (Politano and Chiarello, 2015) as
Y2D Y2D

K=— and G=
20—y M 2(1+v)

(4.60)

where bulk modulus denotes resistance to compression, and shear modulus denotes
resistance of a 2D material to deformation. Stiffness, in this context, measures the

resistance to elastic deformation.

The calculated elastic constants under zero strain (Table 21) closely match those reported
for single-layer B,SSe, but they differ substantially from those of the @-Ga,S3 and a-
Ga;Ses monolayers (Yan et al., 2022; Hu and Huang, 2017). Our findings illustrate that
strain has significant impacts on the elastic characteristics of ZrSiOs monolayer. The
estimated values of Cy1, Cy;, Cj2, and Cegg, within the -6% to 6% strain range, meet the

mechanical stability criteria of 2D material (Mouhat and Coudert, 2014), stated as

C11C2—CL, >0 and Cgs >0 (4.61)
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Table 21: Elastic stiffness coefficients (C;;), elastic moduli (Y, K, G), Poisson’s ratio (v), and mechanical
stability conditions of ZrSiO3 monolayer (Pokharel ef al., 2024b)

Strain Ci Cy Cip Ces Y, Y, Va Vp K, Ky

Yo (N/m) (N/m) (N/m)

6 156.74 139.01 49.92 77.02 | 140.84 107.39 | 0.318 0.349 | 103.25 82.48

4 158.57 141.41 50.39 78.65 | 142.56 110.09 | 0.317 0.356 | 104.36  85.48

2 169.52 148.82 52.24 80.73 | 15342 114.55 | 0.308 0.351 | 100.85 88.29

0 196.52 159.82 59.63 81.33 | 178.43 111.88 | 0.303 0.373 | 127.99 88.22

-2 205.04 165.13 56.79 82.04 | 189.31 117.26 | 0.277 0.344 | 130.92 89.37

-4 | 211.04 171.53 57.39 82.54 | 19543 123.81 | 0.272 0.334 | 134.27 92.95

-6 219.52 186.08 59.92 83.73 | 203.16 141.38 | 0.273 0.322 | 139.73 104.26

For 2D materials, longitudinal and transverse sound velocities are computed using

following relationships (Bolen et al., 2021)

B
e e, o |9 (4.62)
P2D P2D

where pop represents mass density per unit area for 2D material. The longitudinal

velocity (v;) represents the speed of pressure waves, while the transverse velocity (v;)

represents the speed of shear waves.

In addition, Table 21 does not include strain values that exceed +6% as a result of
mechanical instability. The Young’s moduli (Y, and Y}) increase with compressive strain,
indicating that the material is stiffer under compression (Table 21). However, tensile
strain lowers the Young’s moduli, indicating that the material becomes less stiff under
tension, which supports the anisotropic behavior of the monolayer due to compression
and tension. Similarly, bulk moduli (K, and K} ) of the material rise under compression
and decrease under tension. The shear modulus is diminished by tensile strain, and
enhanced by compressive strain. Which indicates the substance is less sensitive against
shear distortion during compression. Poisson’s ratio remains approximately 0.3 for both
tensile and compressive strains, indicating ductile and flexible nature of the monolayer.
Notably, Poisson’s ratio increases from approximately 0.303 to 0.318 as the tensile strain
is raised from 0% to 6%. This gradual rise reveals that the material can expand more
laterally under tensile deformation, which shows that it could be good for strain-sensitive

sensor applications.
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Table 22: Calculated sound velocities (v;, v;, v;) and Debye temperatures (6p) of ZrSiOs monolayer
under strain

Strain v Ve Vm Op
(%) (ms™) (ms~") (ms~') (K)
6 8629.17 5812.12 6818.15 1181.82
4 8721.86 5873.29 6889.60 1194.18
2 8767.05 5950.45 6962.87 1206.87
0 9102.59 5972.52 7061.97 1224.05
-2 9167.59 5998.54 7098.14 1230.42
-4 9262.37 6016.79 7135.66 1236.82
-6 9490.12 6060.01 7223.11 1251.98

The equation presented below is employed to determine average sound velocity (v,,) in

terms of v; and v; expressed as (Kong, 2009)

(4.63)

The Debye model is utilized to investigate the thermodynamic characteristics of 2D
materials in further detail. This model includes determining the frequency distribution

function of phonon in the material. The frequency distribution function is given by

(Xue et al., 2024)
/ g(w)dw = / —a)fda) =2N, (4.64)
0 0

Vi,

where w,, is the maximum phonon frequency, and S is surface area of the 2D material.

0p for monolayer can be expressed as

S

— . 4.65
ks ks (4.65)

hw,y, Lo (4xN\'?
Op = = ( ) Vi
where the symbols carry their usual meanings. Both longitudinal and transverse sound
velocities increase with increasing compressive strain. Additionally, the Debye tempera-
ture rises with compressive strain and falls under tensile strain (Table 22). A significantly
higher Debye temperature is observed for the ZrSiO3 monolayer (1224.05 K) compared
with the bulk structure (348.22 K). The 6p = 1224.05 K is larger than that of MoS,

102



monolayer (642 K)and less than that of graphene (1813 K)

Mechanical anisotropy in 2D materials can be measured by Li’s methodologies (Li,
2020). Specifically, we examine the universal, Ranganathan (Ranganathan and Ostoja-
Starzewski, 2008), and Kube (Kube and De Jong, 2016) anisotropy coefficients. Elastic
constants are used to express these anisotropy coeflicients. For this purpose, the follow-
ing formulae are utilized to determine the bulk (K V. K®) and shear moduli (G", G¥)
(Voigt, 1928; Reuss, 1929)

_ Ci1 +Cxn+2Cpp

K" 1 (4.66)
-2 4
G = Cii+Cox 8C12+ Ce6 4.67)
1
KR = 4.68
511+S22+2512 ( )
1
GR (4.69)

~ S11+ 82 — 2812 + Ses

where §;; reciprocal of C;; matrix known as compliance matrix (Nagy and Siegel, 2020).

Further mechanical anisotropy indices are derived using the formulas below.

0, for isotropic systems
2
AU _ [£(C11+ Cop +2C12) (S11 + S22 +2512) — 1]
- 2
+2 [15(C11 + C22 = 2C12 + 4Ce6) (S11 + S22 — 2812 + Se6) |~
for anisotropic systems
(4.70)
ARanganathan _ O,v ) for isotropic systems @71)
% + Zg—R — 3, for anisotropic systems
0, for isotropic systems
AR = > > (4.72)
KV GV . .
(ln F) +2 (ln ﬁ) , for anisotropic systems
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Table 23: Elastic anisotropy and bulk (KV, K®), shear (GY, GR) moduli of a ZrSiO3; monolayer under
strain

Strain GV GR KV KR ASU | ARanganathan | s Kube
(%) (N/m) | (N/'m) | (N/m) | (N/m)

6 62.99 | 59.73 98.89 98.49 | 0.188 0.114 0.033

4 64.23 | 60.85 | 100.19 | 99.82 | 0.186 0.115 0.033

2 67.09 | 64.14 | 105.71 | 105.21 | 0.181 0.097 0.028

0 7030 | 68.09 | 11890 | 117.48 | 0.175 0.077 0.020

-2 73.09 | 71.48 | 12094 | 119.39 | 0.169 0.058 0.015

-4 7474 | 73.45 | 12434 | 122.88 | 0.167 0.047 0.012

-6 77.58 | 76.79 | 131.36 | 130.38 | 0.162 0.028 0.007

And the directional dependent Young’s modulus and Poisson’s ratio as function of

orientation angles 6 are expressed as

C11Cxn - C%,
E(6) = ! . 4.73)
Cry cos*(0) + A cos?(0) sin*(0) + Cy; sin* ()
v(0) = Cia cos*(0) — B cos?(6) sini(@) +Ci2 sini'(@) 4.74)
Cao cos*(0) + A cos?(0) sin“(0) + Cy1 sin*(6)
1
G - [S11 + S22 — S12] cos?(6) sin?()
(©) | 4.75)
+ ZS66 [0054(9) +sin*(0) — 2 cos?(6) sinz(e)]
where
C11Cxn — C? C11Cxn — C?
a2 7C) ad BeCya G 2T e

C66 C66

Figures 45a, 45b, and 45c present 2D diagrams that illustrate the elastic anisotropy of the
two-dimensional material under different strain values, offering more clear and detailed
overview of its behavior. The anisotropic behavior under both tensile and compressive

strain conditions are more easily visualized and analyzed through the use of these graphs.

The anisotropy values of the ZrSiO3 monolayer expressed in Table 23 demonstrates its
mechanical stability and elastic anisotropy. Positive values of ARenganathan apnq pKube

indicate significant anisotropy and stability, as per Ranganathan and Kube’s criteria.
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This anisotropic behavior is further illustrated by polar graphs, Figure 45(a—c).

Figure 45: 2D polar plot of (a) Poisson’s ratio, (b) Young’s modulus, (¢) shear modulus of ZrSiO3
monolayer under strains (Pokharel et al., 2024b).
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4.8 Magnetic properties
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Figure 46: Spin polarized (a) band structure, (b) PDOS of bulk ZrSiO3 (Pokharel et al., 2024).

To examine the magnetic properties of ZrSiO3 monolayer, spin—polarized electronic
band structure calculations and PDOS analyses were conducted across the path I - X -
M - Y -T'. Figure 46a shows that the electronic band structures for both spin channels
are identical across the Brillouin zone, which indicates the absence of spin splitting.
This observation is further supported by the PDOS plots in Figure 46b, where identical
contributions from both spin states are observed. The perfect symmetry on both spin
channels result in non—-magnetic behavior of ZrSiO3 monolayer under strain, which is

further confirmed by calculated zero magnetic moment.

4.8.0.1 Eu-and Y-doped SmMnO3

The SmMnO3 perovskite exhibits strong magnetic properties, especially when doped
with Euand Y. To study the magnetic properties of SmMnQO3, the lattice parameters of the
pristine and doped systems were optimized for different magnetic configurations using
the Birch—-Murnaghan equation of state (see Appendix A4.3). As illustrated in Figure
47(a—e) the calculated results reveal ferromagnetic state is the most stable configuration
for both pure and Eu- or Y-doped SmMnOs.
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Figure 47: Total energy versus lattice constant of pristine and Eu/Y-doped SmMnOj3 (a—e) under different
magnetic configurations.

In general, the europium atom exhibits paramagnetic behavior due to the unpaired elec-
trons in its partially filled 4f orbitals (Nereson et al., 1964). However, when doped into

SmMnO3, it induces ferromagnetic ordering. Similarly, while yttrium is paramagnetic
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in its elemental state, its incorporation into SmMnO3 also triggers the emergence of
ferromagnetic properties. These changes are caused by the interactions among Mn-3d
states, Sm-4f states, along with the participation of Eu-4f and Y-4d states.

Table 24: Total magnetic moment (M) and atomic magnetic moments of Sm (Msp,), Mn (M), Eu

Mgy), Y (My), and O (Mp) sites in SmMnOs at different doping levels of Eu and Y (Pokharel et al.,
2024c¢)

Configuration Compound Mgm | Mgy My | Mmn | Mo Mo
(u) | (uB) | (uB) | (uB) | (uB) | (uB)

GGA Bulk SmMnO3 | 0.011 - - 2.935 | 0.054 | 3.620
12.5% Eu doped | 0.012 | 0.012 - 2.941 | 0.056 | 3.661

25% Eu doped | 0.012 | 0.012 - 2.957 | 0.055 | 3.767

12.5% Y doped | 0.011 - 0.013 | 2.507 | 0.054 | 3.248

25.0% Y doped | 0.011 - 0.013 | 2.501 | 0.054 | 3.224

GGA+U Bulk SmMnO3 | 0.011 - - 3.276 | 0.002 | 3.886
12.5% Eu doped | 0.019 | 0.019 - 3.292 | 0.005 | 3.908

25.0% Eu doped | 0.018 | 0.019 - 3.293 | 0.005 | 3.916

12.5% Y doped | 0.014 - 0.014 | 2.526 | 0.055 | 3.234

25.0% Y doped | 0.011 - 0.014 | 2.518 | 0.055 | 3.207

GGA+U+SOC | Bulk SmMnO3 | 0.011 - - 3.583 | 0.002 | 4.010
12.5% Eu doped | 0.019 | 0.019 - 3.849 | 0.005 | 4.045

25.0% Eu doped | 0.018 | 0.019 - 3.855 | 0.005 | 4.081

12.5% Y doped | 0.014 - 0.014 | 2.572 | 0.055 | 3.248

25.0% Y doped | 0.011 - 0.014 | 2.441 | 0.055 | 3.229

The GGA+U approach effectively accounts for strong electron—electron interactions in
partially filled d and f orbitals. However, the GGA frequently underestimates these inter-
actions, leading to inaccurate predictions of electron localization and magnetic behavior.
The addition of on-site Coulomb interaction for electrons in localized partially filled
d and f orbitals increase the local and hence total magnetic moment of the compound.
For Eu—doped SmMnO3, where both Mn and Eu have partially filled d and f orbitals,
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respectively. So the GGA+U approach exhibits stronger electron—electron interactions,
and exhibit high magnetic moments as compared to pristine and Y- doped SmMnOs.
The inclusion of spin—orbit coupling further increases the total magnetic moment, sug-
gesting that combination of electron—electron interactions and relativistic spin effects
strengthening the magnetic behavior of the material. The data in Table 24 indicate that

Eu and Y doping have distinct effects on the magnetic behavior of SmMnOs.

4.8.0.2 Sr;ZrMoQ¢ double perovskite

Table 25: Total (Mt,) and atomic magnetic moments of Sr, Zr, Mo, and O sites in Sr,ZrMoOg double
perovskite

Configuration Mg, Mz, Mo Mo Mot
(uB) (uB) (uB) (uB) (uB)

GGA 0.001 0.001 0.805 0.006 1.561
GGA +U 0.001 0.001 1.122 0.095 2.432
GGA + U + SOC 0.001 0.003 1.448 0.036 3.601

The study of magnetic properties revealed that the Sr;ZrMoQOg double perovskite is
stable in the ferromagnetic phase. The magnetic moments were computed using GGA,
GGA+U and SOC approaches.

The magnetism in Sr,ZrMoQg is primarily contributed by the Mo site, whereas the
contribution from Sr, O and Zr atoms to overall magnetic moment of the compound is
minimal. The addition of on—site Coulomb interaction of electrons in the localized Mo—
4d orbitals in GGA method increases the local magnetic moments, thereby increasing
the total magnetic moment of the compound. Furthermore, the inclusion of spin—orbit
coupling further increases the total magnetic moment, suggesting that combination of
electron—electron interactions and relativistic spin effects strengthening the magnetic
behavior of the material (Table 25).

4.8.0.3 Curie temperature

The temperature at which magnetic characteristics of material significantly change is
known as the Curie temperature (7¢). Below T, the magnetic dipoles align in a specific
direction resulting in stable magnetic ordering. When the temperature exceeds the
Curie temperature, the dipoles are disoriented and travel in a random direction due to

the thermal energy. Most perovskites have a low Curie temperature. This temperature
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can be calculated using following equation (Kubler, 2007)

kpTc = =AE = =
BiC 3 )

3 4.77)

2 2 (EFM —EAFM)

Table 26: Ground-state energies (Ey) of Eu- and Y-doped SmMnQO3 in paramagnetic (PM), ferromagnetic
(FM), and antiferromagnetic (AFM) phases

Compound NM FM AFM AE= Egm — Eapm Tc
(10 Ry) | (107°Ry) | (107Ry) (107 Ry) (K)
Pristine SmMnO3; | -6667.386 | -6668.694 | -6668.659 0.035 255.35
12.5% Eu doped | -6682.632 | -6683.751 | -6683.714 0.037 268.63
25% Eu doped -6697.236 | -6698.699 | -6698.656 0.043 314.28
12.5% Y doped -6227.853 | -6228.395 | -6228.363 0.031 227.70
25% Y doped -5787.614 | -5788.156 | -5788.129 0.026 187.69

The T¢ values of undoped, 12.5% Eu-doped, and 25% Eu—doped SmMnO3 are 255.35
K, 268.63 K, and 314.28 K, respectively (Table 26). Conversely, the values for Y-doped
samples are 187.69 K and 227.70 K. Figure 48 shows that Y- doping on SmMnO3
substantially decreases the Curie temperature, while Eu— doping leads to a sudden

increment.

Figure 48: Curie temperature of Eu— and Y- doped SmMnOj at different doping levels (Pokharel et al.,
2024c).
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Chapter 5

5. CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

In this work, we systematically investigated the electronic, elastic, optical, and magnetic
properties of ZrSiO3 perovskite under different pressures and surface terminations, as
well as monolayer ZrSiO3, Eu- and Y-doped SmMnQO3, and the Sr;ZrMoQOg double
perovskite using density functional theory (DFT) calculations. The calculated cohesive
and formation energies, together with elastic stability analyses, confirmed the structural

stability of all investigated materials under the considered external conditions.

The results demonstrate that hydrostatic pressure, mechanical strain, surface termination,
and rare-earth doping are effective approaches for tailoring the physical properties
of perovskite materials. Bulk ZrSiOs3 is an indirect band-gap semiconductor whose
electronic, optical, and elastic properties can be systematically tuned by pressure, strain,
and surface termination. The ZrO-terminated surface exhibits higher elasticity and
a smaller electronic band gap than the SiO,-terminated surface, whereas the ZrSiO3
monolayer remains mechanically stable and ductile throughout the investigated strain
range. These findings highlight its strong potential for optoelectronic devices and

scaffold materials.

The investigation of Eu- and Y-doped SmMnO3 revealed that rare-earth doping signif-
icantly modifies the electronic, magnetic, elastic, and optical properties of the parent
material. Eu doping enhances ductility and reduces the band gap and Debye temper-
ature, whereas Y doping increases stiffness and Debye temperature while preserving
structural stability. These results indicate that doped materials have the potential for

multifunctional and magnetoelectric devices.

For Sr,ZrMoQg, the calculations confirmed structural and mechanical stability up to
80 GPa and revealed significant elastic anisotropy. The material exhibits an indirect
band-gap ferromagnetic semiconductor behavior, suggesting its potential for advanced

electronic and spintronic applications under high-pressure conditions.
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5.2 Recommendations

The findings of this study establish a foundation for future studies on these perovskite
materials, both theoretical and experimental investigations. Collaboration with experi-
mental researchers is recommended for the fabrication and characterisation of ZrSiOs3,
based on the computational results. Experimental validation is necessary to substan-
tiate the anticipated structural, electrical, and mechanical properties across different
pressures, surface terminations, and low-dimensional configurations. Such combined
theoretical and experimental work will help to transfer these predictions into practical

applications.

Further theoretical and experimental studies are also recommended to investigate the
high-pressure behavior of the Sr,ZrMoQOg double perovskite and to verify its predicted
mechanical, electronic, magnetic, and optical properties. The present computational
results can serve as a valuable reference for the experimental fabrication of novel

perovskite-based materials, including flexible electronic devices.
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Chapter 6

6. SUMMARY

This dissertation presents an extensive first-principles examination of mechanical, elec-
tronic, optical and magnetic properties of zirconium-based perovskites, including bulk
and two-dimensional ZrSiO3, Eu- and Y-doped SmMnOs3, and the Sr;ZrMoQOg dou-
ble perovskite. We used spin-polarized DFT method within the Quantum ESPRESSO
software package to carry out the calculations. The PBE functional was employed for
bulk materials, and the PBESOL functional was used for surface and layer analysis.
Interactions between valence electrons and atomic cores were described using ultrasoft
Vanderbilt pseudopotentials. We performed systematic convergence tests for kinetic
energy cutoff, k-point sampling, and lattice parameters to verify accuracy. The elastic

properties were calculated by stress—strain method.

This study examines different properties of these materials under different conditions.

The main results are summarised as follows:

1. Mechanical stability: Bulk ZrSiOs and its surface-terminated forms (ZrO- and
SiO,-terminated) demonstrate mechanical stability and ductility up to 100 GPa
pressure. The SiO;-terminated form shows superior elasticity.

2. Electronic properties: ZrSiOs is an indirect band gap semiconductor. Its band
gap increases with increasing pressure and decreases with increasing number of

layers. These results demonstrate that ZrSiO3 possesses a tunable band gap.

3. Strain effects: The ZrSiO3 monolayer exhibits linear elastic behavior up to +2%
strain and remains mechanically stable within the strain range of +6%. Tensile

strain reduces the band gap, whereas compressive strain increases it.

4. Eu-and Y-doping: Doping with europium and yttrium on SmMnOs significantly
modifies its electronic, magnetic and optical properties. The magnetic moment
and Curie temperature of SmMnO3 increases with Eu—doping and decreases with

Y-doping.

5. Elastic behavior: Bulk ZrSiO3; shows mechanical stability and ductility up to
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100 GPa pressure. Whereas ZrSiO3 monolayer shows strain sensitive elastic
anisotropy. The Sr,ZrMoQOg double perovskite shows moderate resistance to

crack propagation (K;¢) and low brittleness index.
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APPENDIX

Al. Simulation and Software

In this section, we discuss our simulation work and the software used in the calcula-
tions. We performed first-principles calculations using the Quantum ESPRESSO (QE)

software package (Malakkal et al., 2016), which is based on plane-wave basis sets.

Moreover, we used XCrySDen to visualize and interpret the crystal structure and the
VESTA software package (Momma & Izumi, 2011) for visualization of the materials
under consideration. XCrySDen, which stands for (X-window) Crystalline Structures
and Densities, is open-source software. It is a crystalline and molecular structure
visualization program, capable of visualizing crystal structures from the pw.x input and
output files (Kokalj, 1999). We also used Xmgrace to plot graphs. It is open-source and
quite flexible. It can read and write many different formats, including EPS, PDF, PNG,
JPEG, and MIF, and it needs the.agrformat to modify graphs (Trangenstein, 2017).

Furthermore, we discuss different codes and their purposes as required for our calcula-

tions.

A2. Quantum ESPRESSO (QE).

Quantum ESPRESSO (QE) is an open-source program for modeling of materials and
calculations of electronic structure (Giannozzi et al., 2009). It is very helpful for first-
principles computations in materials research and condensed matter physics. The
software is based on DFT and uses plane-wave basis sets and pseudopotentials to model
how electrons and ions interact. We used QE to do several calculations, such as:
Ground state calculations of conductors, semiconductors, and insulators, including self-

consistent total energies, forces, stresses and structural optimization of the system.

Additionally, QE allows for ab-initio molecular dynamics (MD) simulations and is
compatible with density functional perturbation theory (DFPT) for analyzing energy
derivatives and related quantities (Baroni et al., 2001). For this work, we calculated the
ground state energy of graphene and boron nitride unit cells using both norm-conserving
and ultrasoft pseudopotentials. We found that ultrasoft pseudopotentials yielded lower

ground state energies for both materials.

A3. Scf input file structure.

A3.1. Scf.in File
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&control

calculation = ’scf’
restart_mode="from_scratch’,
prefix="ZrSi0’,

pseudo_dir = ’.’,

outdir="."

tprnfor = .true., tstress=.true.
/

&system

ibrav= 0, celldm(1)= 13.631359,
nat= 40, ntyp= 3

ecutwfc = 60.0, ecutrho = 600.0,
nspin=2,
starting_magnetization(1l)= 0.0,
starting_magnetization(2)= 0.5,
starting_magnetization(3)= 0.0,

occupations=’'smearing’, smearing=’gauss’, degauss=0.01,

/

&electrons
mixing_mode = ’'plain’
mixing_beta = 0.3

conv_thr = 1.0d-6
mixing_fixed_ns = 0

/

CELL_PARAMETERS

1.000000 0.0000000 0.0000000
0.0000000 1.0000000 0.0000000
0.0000000 0.0000000 1.000000

ATOMIC_SPECIES

Zr 91.220 Zr.UPF [Zr.pbe-spn-rrkjus_psl.1.0.0.UPF]
Si 28.090 Si.UPF [Si.pbe-nl-rrkjus_psl.1.0.0.UPF]
0 15.999 0.UPF [0.pbe-spn-rrkjus_psl.1.0.0.UPF]

ATOMIC_POSITIONS (crystal)

Zr 0.000000000 0.000000000 0.000000000
Zr 0.000000000 0.000000000 0.500000000
Zr 0.000000000 0.500000000 0.500000000
Zr 0.500000000 0.500000000 0.500000000
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O O O O O O O O O O O O O O O O o o o o o o o

0

(= I — R — R~ N — R — R~~~ N — R — N~ N~ R — R — A — I — I~

(=]

(= — R — R — R~ R = — R — R — R — R~ I — I — N —]

.500000000
.000000000
.500000000
.500000000
.749197069
.749197069
.250802931
.749197069
.250802931
.250802931
.749197069
.250802931
.248990645
.248745525
.751009355
.751009355
.248990645
.000000000
.000000000
.000000000
.000000000
.248990645
.751009355
.248990645
.751009355
.751254475
.751254475
.248745525
.500000000
.500000000
.500000000
.500000000
.248745525
.751254475
.248745525
0.

751254475

K_POINTS {automatic}
14 14 14 0 0 O

(=]

[ = R — R R — N~ N — R~ I — I — N — N — N — N — N — I — I — I — A~

(= — R — R~ I — R — R — R~ — I — R — I — ]

.000000000
. 500000000
.000000000
.500000000
.750001044
.750001044
.249998956
.249998956
.750001044
.750001044
.249998956
.249998956
.248849228
.251258350
.751150772
.248849228
.751150772
.249802878
.750197122
.750197122
.249802878
.000000000
.000000000
.000000000
.000000000
.748741650
.251258350
.748741650
.250090696
. 749909304
.749909304
.250090696
.500000000
. 500000000
.500000000
.500000000
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.000000000
.000000000
.500000000
.000000000
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A3.2. PWscf Code

The PWscf code (Scandolo et al., 2005) was used to perform electronic structure calcu-
lations with plane-wave basis sets and pseudopotentials. It made structural relaxation,
electronic structure calculations, and self-consistent computations easier. The primary

components of the QE input file:

* calculation: Tells you what kind of calculation to do, such relax, scf, nscf, or
bands.

* ibrav: ibrav tells you what kind of Bravais lattice is being used. We used ibrav

= 1 to represent the Simple cubic structure of ZrSiO3.

* nat: denotes the total number of atoms in the simulated cell. In the present study,
nat = 5 is used for the primitive unit cell of ZrSiO3, whereas nat = 40 corresponds
to the 2 X 2 x 2 supercell of ZrSiOs3.

* ntype: This tells you how many different sorts of atoms are used. For Zirconium

(Zr), Silicon (Si), and Oxygen (O), we have ntype = 3.

» ecutwfc: This is kinetic energy cut-off value. It cuts off total electronic wave

function.

e celldm(i): i = 1, 2, 3 denote the lattice parameters of the crystal measured in

atomic units.

* Atomic_Species: The name of the atom, together with its symbol, which is written

with atomic mass (in amu) on the pseudopotential (PP) file.

* Atomic_Positions: These are the coordinates of the positions of atoms in the

simulation cell that defines the correct structure.

* k-points: They are the number of points set used to take samples in reciprocal
space. They are used to perform the self-consistent minimization of energy.

Typically, k-points are determined by a convergence test.

A3.3. PostProc

The PostProc module has a lot of scripts for post-processing and assists in analyzing
the data obtained from PW-scf calculations. These codes extract the data files produced

by the PWiscf calculation. Some important codes include:

* bands.x: This script retrieve the data sets generated by the PWscf calculation to

obtain the electronic band structure.
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* plotband.x: This script processes the output of the bands.x file into a simple
format that can be plotted easily by programs like xmgrace or gnuplot, ultimately

producing band structure.

* dos.x: This script is employed to evaluate the density of states (DOS) for various

k-points.

» projwfc.x: This script uses atomic orbitals to project the wave functions in order
to do population analysis and find the projected density of states (PDOS). It allows

the contribution of various atomic orbitals to the total density of states.

A4. Convergence Tests

We independently determined three fundamental parameters for our calculations: the
kinetic energy cut-off (ecutwfc), which signifies the threshold for wave function expan-
sion; the k-points, which assess the efficacy of our discrete grid in approximating the
continuous integral over the Brillouin zone (BZ); and the lattice parameter (a), which

defines the cell dimensions in first-principles calculations.

SSO, the plane wave self-consistent field (PWscf) calculations employ an infinite set of
basis functions, which represent the plane wave expansion of both the ground-state and
electronic wave functions under periodic boundary conditions. This expansion is based

on Bloch’s theorem (Parmenter, 1952):
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First-Principles Investigations of Structural, Electronic, and
Elastic Properties of ZrSiO; Perovskite: Layer Dependence,
Surface Termination, and Pressure Effects

Peshal Pokharel, Shashit Kumar Yadav,* Nurapati Pantha, and Devendra Adhikari*

Zirconium silicate (ZrSiO;) perovskite is a promising material for various tech-
nological applications. The structural, electronic, and thermodynamic proper-
ties of ZrSiO3 perovskite are studied under different conditions, including
pressure and layer configuration variations using density functional theory. The
present investigation includes a thorough analysis of 2D perovskite derivatives
derived from its basic 3D structure. The bulk and surface-terminated silicon-
dominant SiO, and zirconium-dominant ZrO compounds are found to be
mechanically stable with an anisotropy factor above 1. The calculated indirect-
bandgap values for the ZrO termination and SiO, termination are found to
be 2.585 and 1.639 eV, respectively. Moreover, the pore size of the SiO,-
terminated slab model of ZrSiO; is calculated to be 105.39 pm and that for
ZrO-termination to be 129.30 pm. Thus, the material considered for the study
can have potential applications in bone regeneration and tissue engineering.
Further, the possibilities for modifying ZrSiO; for uses in electrical devices,
sensors, sustainable energy materials, and even biomedical applications like
tissue engineering are intriguingly expanded by the present findings.

modern-day scientific concerns due to its
exceptional properties and potential appli-
cations in a wide range of technological
fields. In this regard, researchers are inter-
ested in gathering more information related
to its structural, electrical, magnetic, optical,
and thermal properties. The study and char-
acterization of 2D perovskites is carried out
with the help of elementary knowledge of
their 3D counterparts.? In 2D perovskites,
the inorganic octahedral layers of the 3D
structure are preserved, whereas the ‘A’ cat-
ions are confined within the organic or inor-
ganic spacer layers, resulting in a layered
structure.”’) The general formula for a 2D
perovskite is (A)n (BX3)m or (AX3)n (B)m
which represents the repeated layers of ‘A’
and BX; units or AX; and B units.*! This
maintains the stacking patterns AB, AB,
AB, with the ‘A’ layers serving as spacers or

1. Introduction

Zirconium silicate (ZrSiO;) perovskite is an interesting perov-
skite with a unique crystal structure and properties. The general
formula for this perovskite is ABX3, with zirconium (Zr), silicon
(Si), and oxygen (X) as the A-site cations, B-site cations, and X-
site anions, respectively.l'! The ZrSiO; perovskite attracts most
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insulating layers to separate the perovskite-

type octahedral layers, denoted by ‘B’. The
surface termination of perovskite materials is the arrangement
and composition of atoms or molecules on the outermost layers
of the crystal structure. Surface termination of ZrSiO; perovskite
depends on crystallographic orientation. On the (001) surface,
oxygen (O) atoms terminate alternating layers of zirconium (Zr)
and silicon (Si) atoms. This termination exposes Zr—O and
Si—O bonds on a stable surface. There are two termination models:
silicon-dominant SiO, and zirconium-dominant ZrO. The crystal-
lographic orientation and growth conditions might enable alterna-
tive surface terminations like (110) or (111). The choice of surface
termination has a significant effect on the characteristics of the
material. By changing surface reconstruction, energy, and chemis-
try, it can affect surface reactivity, catalytic activity, and
electrical characteristics.”) In contrast to ZrO termination, the
SiO,-terminated slab model demonstrates promising material to
be used as a scaffold material for bone tissue engineering!” due to
its narrow bandgap and comparable pore size compared to bone. In
addition, the Bader charge distribution data is a valuable resource
for explaining the arrangement of different atoms and their asso-
ciated charges within a material’s layers. These charges and their
positions are crucial for understanding the electronic and structural
properties of the material, including its conductivity, chemical reac-
tivity, and catalytic behavior.” Moreover, pressure changes the elec-
tronic structure, bandgap energy, lattice density, velocity of sound,
and Debye temperature of perovskite materials. Pressure-induced
changes improve solar devices and perovskite-based electronics by
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controlling energy interactions.® Additionally, pressure can signif-
icantly alter the thermal properties, stability, and durability of
perovskite materials, which are essential for their practical applica-
tion. These layer-dependent perovskites are highly promising for
use in solar cells, light emitting diodes, lasers, photodetectors,
memory devices, and field-effect transistors!® due to their unique
properties, which include increased stability, variable bandgaps,
high charge carrier mobility, and extended diffusion lengths.
Therefore, several researchers have studied the pressure-
dependent and surface termination effects on the structural, elas-
tic, thermal, mechanical, and electronic properties of different
perovskites using first-principle calculations.

Terki et al.*” studied BaZrO; and SrZrOs, revealing that they
exhibit insulating characteristics characterized by wide bandgaps
in their electronic structures. Li et al.™) used Cambridge serial
total energy package software and density functional theory
(DFT)-based calculations with generalized gradient approxima-
tion for the study of structural stability and electronic properties
of LaO- and NiO,-terminated LaNiO; (001) surface. Their calcu-
lations showed the impact of surface termination, atomic relaxa-
tion, and the role of Ni 3d electrons in influencing the surface
energy and electronic states of LaNiO; perovskite. Luo et al.*?!
used the Vienna abinitio simulation program VASP, a DFT-
based first-principles calculation for the comprehensive investi-
gation of the electronic structure, surface energy, and charge
distribution of the cubic perovskite KNbO;3 (001) surface with
NbO, and KO terminations. They found that NbO, termination
has a lower surface energy and a smaller bandgap compared to
KO termination. Nazari et al.l'*! analyzed the influence of halo-
gen type and surface termination on the stability and electronic
properties of CsPbX; (X =1, Br, Cl) perovskites. They found that
these materials possessed superior stability and favorable band
alignment of CsX-terminated surfaces, making them promising
for photovoltaic applications. Zhao et al.**) studied charge carrier
mobilities, exciting binding energies, and optical properties of
ultrathin 2D layered phenylethylammonium lead iodide perov-
skite to better understand its potential uses in photovoltaics
and optoelectronic devices. Bakar et al.**! investigated the struc-
tural, elastic, mechanical, and thermal properties of cubic perov-
skites XCoO3 (X =Nd, Pr) under varying pressure conditions.
Their findings revealed the mechanical stability, anisotropic
nature, and changes in the materials’ properties under pressure,
such as the transition from ionic to covalent nature and from
ductile-to-brittle behavior.

Previous investigations of Zr-based perovskite have focused
primarily on its structural and electronic properties under normal
conditions. Therefore, the effects of mechanical pressure on
a material’s structural stability and electronic properties were stud-
ied in the present work. The characteristics of layer-dependent
Z1SiO; perovskite were also calculated. Moreover, the surface
relaxations, structural features, electrical properties, and elastic
properties of ZrO- and SiO,-terminated ZrSiO; surfaces oriented
with the (0 0 1) plane were calculated and predicted.

2. Computational Details

The geometrical stability and electronic properties of bulk and
different layers of ZrSiOs perovskite were studied in this work.

Phys. Status Solidi B 2024, 261, 2400156
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The structural properties of ZrSiO; were investigated using
the Quantum ESPRESSO code!’® employing pseudopotential
planewave approaches based on DFT.'”) The Perdew—Burke—
Ernzerhof (PBE) exchange-correlation functional™® was used
for electronic exchange correlation, along with the revised corre-
lation functional PBESOL.*?! Ultrasoft Vanderbilt-type pseudo-
potentials were used to implement the interaction between
valence electrons and atomic cores.*” The planewave basis set
was given a cutoff energy of 70 Ry. Monkhorst-Pack method
was used to calculate the bulk and surface properties of the sys-
tems.*!! A 14 x 14 x 14 k-point mesh was employed for the cal-
culations of bulk properties whereas a 14 x 14 x 1 k-point mesh
was used for the calculation of surface properties. To examine the
surface relaxation of ZrSiOs;, slab models for various layer con-
figurations were created and their geometries were optimized as
described above. All atoms in various layers on each side of the
slab were free to move in orthogonal directions to the slab sur-
faces until the forces exerted on each atom were minimized. To
minimize contact between adjacent surfaces created by the peri-
odic boundary condition of the model, a 15 A vacuum gap was
created between adjacent layers. To investigate the electronic
properties of ZrSiO; with varying layer thicknesses, band struc-
tures and partial density of states (PDOS) were estimated. The
stress—strain method was employed to calculate the elastic con-
stants, including second-order elastic tensors. The Debye tem-
perature was calculated to understand the thermal properties
of the different terminations of ZrSiOs. It was calculated using
the average sound velocity obtained from the longitudinal and
transverse elastic wave velocities.

3. Results and Discussion

3.1. Structural Properties

3.1.1. Bulk ZrSiO; at Different Pressures

The pressure-dependent structural parameters, such as lattice
constant (ag), ground-state energy (E,), minimum volume
(Vo), cohesive energy (AE), and bond lengths of the bulk
Z1Si0;, are calculated. It can be observed that the ratio of lattice
parameter a/ay and unit cell volume V/V, of the compound
decreases gradually with an increase in pressure (Figure 1a).
This may be due to the linear compressibility of the compound
with increasing pressure. The calculated values of E, increase
gradually with the increase in pressure and are found to be
—472.51209, —472.51211, —472.51249, —472.51273, —472.51363,
and —472.51569 Ry at pressures 0, 20, 40, 60, 80, and 100 GPa,
respectively. Cohesive energy values exhibit a nonlinear trend
with the application of pressure (Figure 1b). ZrSiO; exhibits a
covalent nature because of the presence of strong covalent con-
nections within silicon—oxygen tetrahedra. These covalent bonds
experience compression as the pressure of the compound is
increased. As a result, the bond lengths decrease and the strength
of interactions increases, thereby increasing the cohesive energy.
Therefore, the estimated values of Zr—O, Si—0, and Zr—Si bond
lengths (in A) are (2.5472, 2.5469, 2.5468, 2.5468, 2.5422,
2.5402), (1.8013, 1.8011, 1.8010, 1.8009, 1.8009, 1.8007),
and (3.1193, 3.1192, 3.1190, 3.0987, 3.0987, 3.0779) at pressures
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Figure 1. a) Ratios of structural parameters (a/ay and V/V,) and b) cohesive energy at different pressures for the bulk ZrSiO;.

(in GPa) (0, 20, 40, 60, 80, 100), respectively. Furthermore, com-
parable results are obtained when the pressure is reduced in the
same manner, indicating that there was no hysteresis loss during
expansion and compression.

3.1.2. Different Layer Configurations

In the perovskite structure of ZrSiOs, the primitive unit cell has
the chemical formula ABX; and is made up of three separate
atomic sites. Zr is situated at site A, where it forms bonds with
oxygen atoms in nearby regions and occupies the central octahe-
dral coordination position. Si is found at site B, particularly at the
corners, where it combines with oxygen (O) to form a tetrahedral
network. When oxygen atoms are at the X sites, they make
silicon-oxygen tetrahedra and the octahedral coordination
around Zr (Figure 2a). The four-layered unit cell is composed
of SiO, and ZrO layers that alternate in a particular sequence.
A possible stacking order is SiO,—ZrO-SiO,—ZrO or vice versa.
This alternating arrangement creates a layered structure with a
repeating sequence of SiO, and ZrO layers. The SiO, layer con-
sists of silicon—oxygen tetrahedra, forming a tetrahedral network.

Figure 2. a) A primitive unit cell of cubic ZrSiO; and b) unit cell of four
layers of ZrSiOs; complex.
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Siatoms are bonded to four oxygen atoms, creating a stable struc-
ture. ZrO layer is formed by oxygen atoms interacting with zir-
conium. In the ZrO layer, Zr atoms between SiO, layers improve
the stability and structural integrity of the compound (Figure 2b).

The relaxation analysis is conducted on the (0 0 1) surfaces,
where all atoms in the various layers on each side are allowed
to move freely along orthogonal directions to the slab surfaces.
The layered-dependent surface energies and bond lengths
between different atoms and their cohesive energies have been
calculated using the following expressions.*

AE = [Ezsio, + (Ez + Esi + Eo,) ] 1)

where Ezio, is the total energy per atom, and Ey,, Eg;, and
Ep,are the energies of isolated atoms of Zr, Si, and O, respec-
tively. The surface energy (y) is given as!**!

1

=94 [Estab(N) — NEpyu] (2)

4

where Eg),,(N) and Eyp, are slab layer energy and bulk energy,
respectively.

The optimal number of layers for the slab model is determined
by correlating the total energy per atom and surface energy per cell
values with the number of layers. For this purpose, the surface
area of each layer is taken to be 5.9155 x 1072 m* The surface
energy as a function of number of layers is plotted in Figure 3a.
It can be observed that the surface energy increases gradually at
first (up to layer 3) and then almost remains constant with the
increase in the number of layers.

The bond lengths between different atoms (Zr—Si, Zr—O, and
Si—O) and their respective cohesive energies are calculated for
different slab configurations. The bond lengths for Zr—Si are
calculated to be 3.1529, 3.0740, 3.0077, 2.7552, and 2.5722 A
for the first, second, third, fourth, and fifth slab layers, respec-
tively. Similarly, those of Zr—O and Si—O are estimated to be
2.5556, 2.5182, 2.4558, 2.2496, 2.1012 A, and 1.8184, 1.7982,
1.7365, 1.5908, 1.4850 A, respectively, for the first, second, third,
fourth, and fifth slab layers. Thus, the present investigations
reveal that as the number of slab layers increases, the bond
lengths decrease gradually. The cohesive energy per atom
decreases gradually up to the number of layers equal to 3 and
then it increases with an increase in the number of layers
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Figure 3. a) Surface energy per cell versus number of layers and b) cohesive energy per atom versus number of layers of different layers of ZrSiOs.

(Figure 3b). This can be attributed to the relaxation process,
which allows the atoms to move more freely and form more sta-
ble configurations resulting in the decrease in the cohesive
energy. Once a certain number of layers (three in this case) is
reached, interactions between levels intensify, potentially leading
to energetically unfavorable configurations or increased struc-
tural instability, thereby influencing the overall cohesive energy.

3.1.3. Surface Relaxation of ZrSiOs

The surface relaxation of a slab model refers to the atoms or ions
that adjust their positions at the surface of the slab. This adjust-
ment occurs due to the reduced coordination of surface atoms
and their desire to minimize surface energy. Surface relaxation
results in changes in the spacing between adjacent layers in the
surface region of the slab.**! The surface and atomic relaxations
of ZrSiO; (0 0 1) surfaces and Bader charge distribution around
each atom in different layer configurations are studied in this work.

The atomic relaxation (AZ;) of the i layer from the surface is
expressed as!®!

AZ; = Z; — Z;pux 3)
where Z;y,, is the unrelaxed z-coordinate and Z; is the coordi-
nate of individual atoms of Zr, Si, and O in the i layer after
relaxation. If AZ; > 0, then it indicates relaxation toward the vac-
uum region, and if AZ; < 0, then it indicates relaxation toward
the bulk.?% In the first layer from the surface, the calculated val-
ues of Az for each of Zr and O are 0.001 A. This small and posi-
tive value of Az reveals the displacements of both of the atoms
toward the vacuum region and outward relaxation. Likewise, the
Si (Az = 0.0358 A) atom also experiences a small outward relax-
ation. In the second layer from the surface, each of the atoms has
alarger atomic displacement (Az = 0.0524 A) compared with the
first layer predicting their displacements toward the vacuum
region and outward relaxation. In the third layer from the sur-
face, the calculated values of atomic displacements for each of
the Zr and O atoms (Az = 0.001 A) are small, revealing their dis-
placements toward the vacuum region with slightly outward
relaxation. The Si (Az = 0.0136 A) atom in this layer also experi-
enced a small outward relaxation. In the fourth layer from the
surface, the small and positive values of atomic displacements
were obtained for Zr and O atoms (Az = 0.001 A), indicating
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their respective displacements toward the vacuum region with
slight outward relaxation. Further, the Si (Az = 0.9141 A) atom
experiences a significant outward relaxation. More precisely, the
present investigations have shown that on moving from the bulk
to the surface layers of ZrSiOs perovskite, the atoms of the layer
faced outward atomic relaxations, indicating that the atoms at the
surface tend to adjust their positions to minimize surface energy.
The study of the Bader charge (Q) of each atom in the com-
pound gives the information values about the localization of elec-
tronic charge around it. The Bader charge distributions for Zr, Si,
and O atoms in the bulk material are estimated to be 0.27|e|,
1.02]e|, and —0.43|e|, respectively; indicating the localization
of electronic charge around each atom. Similarly, the Bader
charge distributions around Zr, Si, and O atoms are (0.32]e
1.08Je|, —0.48]e]), (0.51]e|, 1.19le|, —0.47|¢|), (0.56le|, 1.07]e],
—0.44|e|), and (0.76]e|, 0.91|e|, —0.46|e|) for the first, second,
third, and fourth layer configurations of ZrSiOs; perovskite,
respectively. The Bader charge analysis revealed that the electronic
charges are localized around each atom in the different layers.

’

3.1.4. Surface Termination Models and Their Relaxations

The symmetrical slabs of alternating SiO, and ZrO layers are
then created using the optimized cubic ZrSiO; crystal lattice
structure. One of these slabs is terminated by ZrO planes, while
the other is terminated by SiO, planes. These slabs are finite in
the z-direction but periodic in the x- and y-directions and the unit
cells representing both slabs are shown in Figure 4.

A model of the surface is constructed using a periodic slab
consisting of seven layers. The slab is composed of alternating
layers of Si0, and ZrO, with a vacuum region of 15 A separating
them. The ZrO-terminated slab contains a supercell with 17
atoms, while the SiO,-terminated slab contains a supercell with
18 atoms. The surface energy for the thicknesses of several slabs
is estimated to decide the size of the slab models. Surfaces with
two possible terminations emerge concurrently when surface
energy is distributed equally on both surfaces.

The relaxation analysis is conducted on the (0 0 1) surfaces,
where all atoms in the various layers on each side are allowed
to move freely along orthogonal directions to the slab surfaces.
The optimal number of layers for the slab model is determined
by correlating the surface energy values with the number of
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Figure 4. a) A primitive unit cell of cubic ZrSiOj3, b) SiO,-terminated three-layered slabs, and c) ZrO-terminated slabs of ZrSiO; using VESTA and Canva.

layers. The surface and atomic relaxations of ZrSiOs (0 0 1) sur-
faces are examined with ZrO and SiO, terminations. Due to
inherent symmetry, the atomic displacements (Az) of the atoms
in the top three layers are similar to those in the bottom three
layers, Figure 4b,c. Specifically, on SiO,-terminated surfaces,
both O and Si atoms in the first layer (Az = —1.175A for O
and Az = —1.256 A for Si) and third layer (Az = —0.395 A for
O and Az = —0.675A for Si) experience inward relaxation
whereas in the second layer, atoms of O (Az = 0.753 A) experi-
ence outward relaxation and that of Si (Az = —1.030 A) still expe-
rience inward relaxation, as shown in Figure 4b. In the case of
ZrO-terminated slabs, atoms of O in all three layers exhibit out-
ward relaxations (Az = 0.047,0.061,0.030 A for first, second,
and third layers, respectively) whereas those of Zr exhibit inward
relaxations, Az = —0.041, —0.098, —0.329 A for first, second,
and third layers, respectively (Figure 4c). Notably, the second
layer with ZrO termination shows the most significant atomic
relaxations while the largest atomic relaxations are observed in
the first-layered atoms in SiO,-terminated surfaces.

The Bader charge distributions are also estimated at the bulk
terminated geometry for different models to confirm the con-
vergence of the charge distribution for the slab thickness.[*”]
Bader charge analysis indicates that the charge distributions
converge to less than the formal ionic charges of 4|e|, 4|e],

and —2|e| for oxygen, silicon, and zirconium atoms, respec-
tively. The difference between bulk and internal layer charges
is minimal, less than 0.1|e|, 0.2|e|, and 0.1|e| for O, Si, and Zr
atoms, respectively. The charge distribution within a SiO, mol-
ecule on the SiO,-terminated surface model shows partial posi-
tive charges of 0.39|e| on Si and partial negative charges of
—0.43le| on O. This suggests the existence of polar covalent
character in the Si—O bonds, indicating the unequal electron
sharing, such that Si acquires a slight positive charge and O
acquires a slight negative charge.”®! For the ZrO-termination
model, partial positive charges of 1.19|e| are observed on Zr
and partial negative charges of —0.43|e| are observed on O.
These charge distributions suggest the presence of a partial
covalent bond between them, similar to the SiO,-terminated
model. Both SiO,- and ZrO-terminated surfaces exhibit a partial
covalent character in the Si—O bonds, especially in the
SiO,-terminated surface layer. In the Zr—O bonds, a very
low covalent character is observed.”®! The electron density
maps in Figure 5a,b also confirm the existence of the partial
covalent character of the Si—O bonds and Zr—O bonds on each
slab layer.

The ground-state properties such as bond lengths and cohe-
sive energies and surface characteristics are altered when a crys-
tal is terminated with a particular atomic layer.”! In ZrSiOs, the

Figure 5. Electron density maps of different surface layers with a) ZrO terminations and b) SiO, terminations.
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SiO,- and ZrO-terminated slabs show different ground-state
properties than that of its bulk phase. For the slab models,
the bond lengths between the atoms and charge distribution
around them differ from the bulk phase. Therefore, the cohesive
energy values of the various termination models are estimated to
comprehend their thermodynamic stability. Following a similar
process, Meyer et al.*® pointed that on BaTiO; and SrTiOs sur-
faces, both Ba/SrO-terminated and TiO,-terminated surfaces are
thermodynamically stable whereas for the PbTiO; surface, only
the PbO-terminated has been found to be stable. The calculated
values of cohesive energies for the SiO,- and ZrO-terminated
slabs of the ZrSiO; surface are 7.554 and 7.525€V atom ’,
respectively, indicating them to be thermodynamically stable.
The dimension of the pores is a critical factor in the design of
scaffolds used in tissue engineering. The strong effects of the
scaffold on cellular adhesion and activity may make it an ideal
material for the regeneration of bone tissue. The interconnection
of pores is necessary to facilitate nutrient transport, cell migra-
tion, development, and migration.*"! Small pores create a cellu-
lar capsule along the edges of the scaffold, limiting cell
movement. On the other hand, an increase in pore size leads
to a decrease in surface area, which prevents cellular adhesion.
Studies on porous implants show that the ideal pore size of
range 100-135mm is needed to contribute to effective bone
formation.’>*¥ In this regard, the pore sizes of ZrO- and
SiO,-terminated ZrSiOs slabs are calculated in the present work.
The diameters of the pores for the ZrO- and SiO,-terminated slab
models are found to be 129.30 and 105.39 pm, respectively.
Compared to the ZrO-terminated slab, the SiO,-terminated slab
exhibits smaller pore size; however, both of these values fall within
the ideal range required for the bone regeneration materials.

3.2. Electronic Properties

3.2.1. The Bulk Material at Different Pressure

The pressure-responsive changes in the electronic band structure
of bulk ZrSiO; with high-symmetry k-path in the irreducible
Brillouin zone (F'-X-M-T'-R) are represented in Figure 6a—f.
ZrSiO; has a 3.164eV indirect bandgap at zero pressure.
With increasing pressure, the bandgap increases. Their values
are calculated to be 3.261, 3.287, 3.318, 3.328, and 3.339 eV at
20, 40, 60, 80, and 100 GPa, respectively. It is observed that
an increase in pressure can influence the interactions between
atoms, affecting the electronic states involved in the absorption
and emission processes. Consequently, a blueshift may occur in
the energy levels associated with the bandgap which may cause
the shift to higher energy levels. A similar shift in the bandgap
with the application of pressure was observed on cesium lead
iodide perovskite.l*¥

3.2.2. Different Layered Configurations

The analysis of the band structure of bulk ZrSiO; shows an indi-
rect bandgap (Figure 7a). The valence band maximum is located
at the high-symmetric I' point, while the conduction band mini-
mum is situated at the X point. A similar characteristic is shown
by all ZrSiO; (0 0 1) surface layers (Figure 7b—e). It is a

Phys. Status Solidi B 2024, 261, 2400156

2400156 (6 of 15)

www.pss-b.com

well-known fact that the interlayer interaction, potentially influ-
ences by Van der Waals forces, plays a vital role in determining
the energy levels and bandgap. There is a significant decrease in
the bandgap with the increase in the number of layers, ranging
from 2.334 eV for the bulk material to 1.878 eV for the fourth layer
(Figure 7f). Similar types of results related to the layer-dependent
variation of bandgaps are also predicted by other researchers.*>*¢!

The sharp peaks in the O-s state within the valence bands of the
different layers of ZrSiO; PDOS plots are observed (Figure 8a—d).
The observed peak indicates the existence of localized oxygen 2p
orbitals, which actively participate in the bonding processes with
the atoms of silicon and zirconium. A similar event is also
observed where the conduction band contained sharp peaks in the
Zr-d states, indicating the presence of localized zirconium 4d orbi-
tals, which play a substantial role in the formation of the conduc-
tion band. Thus, it states that these localized d orbitals significantly
influenced the conductivity of the material.

3.2.3. Surface Termination Models

Electronic Properties: The band structures of bulk ZrSiOs;, ZrO-
terminated slabs, and SiO,-terminated slabs are also studied
and predicted in the present work (Figure 9a—c). The calculated
values of indirect band gaps are 2.661, 2.585, and 1.639 eV for the
bulk material, ZrO-terminated slab, and SiO,-terminated slab,
respectively. The energy levels of the material are observed to
be affected by the specific surface termination, which affects
its optical and electrical characteristics.

The projected DOS on all atomic orbitals of different atoms
in the sample are calculated and plotted in Figure 10a,b. It is
observed that in the SiO,-termination slab, a higher peak is
obtained for the Zr atom in the second layer than that in the cen-
tral layer. This result indicates that the Zr atom in the former
layer possesses a higher probability of containing electrons in
its orbitals. Moreover, the higher values of energy levels of d orbi-
tals compared with those in s and p suggest that the electrons in
the later orbitals are found to be more stable. The PDOS of Si
atoms shows that the first layer appears to have higher energy
levels on the right side of the Fermi level whereas the third layer
has a more stable arrangement with lower energy states on the
left side of the Fermi level. Similarly, the PDOS plot of oxygen
atoms in different layers shows that the third layer contained
most electrons in its orbitals, the second layer has a lower elec-
tron density, and the first and central layers contained interme-
diate electron densities, Figure 10a.

In the case of the ZrO-termination slab, the higher peaks for
the third-layer Zr atom in comparison to the first layer show that
the third-layer Zr atom has a higher chance of electron presence
in its orbitals, as shown in Figure 10b. The higher energy levels
of the d orbitals suggest that electrons in the s and p orbitals are
more stable or have lower energy levels. The PDOS plot of oxygen
atoms in different layers shows that the second layer has more
electrons in its orbitals, the orbitals of the first layer have a lower
electron density, and the third and central layers have interme-
diate electron density. About Si atoms, the central layer appears
to have higher energy levels on the right side of the Fermi level,
whereas the second layer appears to have a more stable arrange-
ment with lower energy states on the left side of the Fermi level.
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Figure 6. Band structures and density of states of bulk ZrSiO; at different pressures: a) at 0 GPa, b) at 20 GPa, c) 40 GPa, d) 60 GPa, e) 80 GPa, and

f) 100 GPa.

3.3. Elastic Properties

The mechanical properties and dynamic stability of preferred perov-
skite materials are also calculated and studied. There are only three
elastic constants for the simple cubic structure, namely, Cy;, C1y,
and C,,. Among these, Cy, and C,, reflect elasticity in terms of
shape, while Cy; denotes elasticity in terms of length.*”) The

pressure-dependent values of elastic constants for ZrSiO; are com-
puted using the stress-strain method®® using the following
relations.

According to Hooke’s law,” the relationship between stress
(0y and strain () in terms of Cj is expressed as

ojj = Cijklgkl => oy = CU€U (4)
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Figure 7. Band structure of a) bulk ZrSiOs, b) first layer of ZrSiOs3, c) second layer of ZrSiOs, d) third layer of ZrSiOs, €) fourth layer of ZrSiO; and

f) energy bandgap versus several layers of ZrSiOs.

where o;; is the stress tensor component, C;; is the stiffness or
elastic tensor component, and ;; is the strain component.

The Voigt-Reuss-Hill approximation*®*? has been employed
for determining the bulk modulus (B), the shear modulus (G), and
Young’s modulus (E), which are calculated using the relations as
follows.

(Ciy +2Cyy) 1
By =M T2 i = 5
v 3 and Br (3S11 +651) >3
B B
By = % (Sb)
Ch—C 3C
Gy = (Cu 152 +3Cy) (©)

f = 5C4(Cyy — Cpp)
4Cy +3(Cp1 — Cpp)

(7)
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G G
GH:( V'; R) (8)
B
E:M )
3B, + Gpy

The shear moduli of Voigt and Reuss generate isostrain upper and
lower bounds, respectively.*! Combining the Voigt and Reuss lim-
its with a weight parameter is utilized for representing an interme-
diate condition."*

The following formulae are used to calculate the anisotropy factor
(A), Poisson’s ratio, and Cauchy’s pressure. They are expressed as

A=1+ CutCn (10)
Ciy
_ 3By —2Gy 1)
2(3By; + Gy)
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Figure 8. Plots of PDOS versus the energy of different layers of ZrSiO; a) first layer, b) second layer, c) third layer, and d) fourth layer.

and, Cauchy’s pressure;
PC = CIZ - C44 (12)

The types of bonds for a compound under examination can be inter-
preted using the sign of Cauchy’s pressure® and the value of
Poisson’s ratio.*®! Cauchy’s pressure is negative for the majority
of covalent bonds whereas it is positive for the majority of ionic
bonds. For a typical covalent compound, Poisson’s ratio is substan-
tially lower than 0.25 (about 0.1) whereas for a typical ionic com-
pound, it is close to or greater than 0.25.1”!

It is observed that the values of Cj; increase gradually with
the increase in pressure of the compound, whereas those of
Cy, and Cy4 increase slightly with pressure which is due to a
slight decrease in anisotropy of the substance with pressure
(Figure 11a). The calculated value of Cy; > C4 throughout
the entire pressure range indicates that the material became
stiffer and resistant to compression with the increase in the pres-
sure. Further, the material’s resistance to isotropic compression
is found to be stronger than its resistance to shear deformation at
equivalent pressure levels in the simple cubic phase. The pre-
dicted values of elastic constants fulfilled the Born-Huang gen-
eralized elastic criterion*® (C11—C12>0, Cy;+2C;, >0,
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Ciy < B<Cpand Cy >0), revealing the compound to be
mechanically stable within the pressure range of 0-100 GPa.

As per Pugh’s criteria, materials exhibit brittle behavior if the
value of the Pugh ratio is less than 1.75 and ductile behavior if it
is greater than 1.75.1*! At all applied pressures, the computed
Pugh ratio for bulk ZrSiOs is found to be more than 1.75, indi-
cating the material to be ductile in the applied pressure range.

The estimated values of Young’s modulus and bulk modulus of
the compound gradually increase with the increase in pressure
whereas the shear modulus remains nearly constant due to the
shear deformation of ZrSiO; (Figure 11b). These characteristics
are critical for scaffold support, biomaterial-host tissue alignment,
and transplanted cell activity. A positive Cauchy pressure signifies
that the material exhibits greater compressibility when subjected
to hydrostatic stress as opposed to shear stress. As the pressure of
the sample is gradually increased, the Cauchy pressure remains
almost constant (Figure 11c). This result predicts that the aniso-
tropic behavior is stable over the given pressure range.

The study of elastic anisotropy (A) gives information related
to the presence of variable bonding characteristics in different
crystallographic directions and is associated with the potential
to cause small cracks in materials.’% For isotropic materials,
A =1, and deviation from 1 is a measurement of the crystal’s
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Figure 9. Band structure of a) bulk ZrSiOs, b) ZrO-terminated slab, and c) SiO,-terminated slab.

degree of elastic anisotropy. In the present study, the estimated
value of A indicates that the preferred material is anisotropic
(Figure 11d). As pressure is raised from 0 to 100 GPa, the
Poisson’s ratio decreases continuously (Figure 11e). This
result reveals the material to be less compressible in the lateral
direction compared to that of the axial direction. The Pugh
ratio is a measure of the brittleness or ductility of a material.
The Pugh ratio decreases gradually with the increase in the
pressure of the sample, indicating a decrease in its ductility
(Figure 11f).

The mechanical properties of tetragonal systems are also
determined by the application of six second-order elastic con-
stants. According to the mechanical requirements for tetragonal
systems, the elastic constants are calculated by the following
relations.>"

Cll > 0, C33 > O, C44 > 0, CG() > 0, Cll - C12 > 0, Cll

(13)
+ C33— 2Cyp > 0,2Cy; +2C; + C33 +4Cy3 > 0

The tetragonal Voigt bounds are derived from the Voigt
approximation (uniform strain assumption).? The bulk modu-
lus (B,) is defined in terms of C, expressed as
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1
By = 5 [2C11 + C33 +2Cy; + 4Cys] (14)

According to Reuss approximation, By for lower bounds for all
lattices can be given as

BR:_

= (15)

From Voigt and Reuss approximations, the shear constant (G,) of
an upper limit is given b

1
Gy = 30 [M +3Cyq — 3Cyy + 12C44 + 6Cog) (16)
with M = [Cy; + Cyp + 2C33 — 4Cyy]
and CZ = (Cll + Clz)C33 — 2C132
and its lower limit can be expressed in the form as
15
= (17)

R =
18By 6 6 4 3
[ c? + C+Cra + Cas + C66i|
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Figure 10. Projected DOS for different atoms in a) SiO,-terminated slab models and b) ZrO-terminated slab models.

Finally, Voigt and Reuss’s mean values are obtained by

(By + Bg)
2

(Gy + Gg)

BH: 2

and Gy = (18)

The values of the Poisson ratio and Young’s modulus can
be obtained using Equation (9) and (11), respectively. For the
tetragonal system, Cauchy pressures along a- axis and b-axis

are given by:
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PSY = Cy3 — Cyy and PEaUChY = Cpp — Ces (19)

The mechanical properties of tetragonal ZrSiO; and its ZrO-
and SiO,-terminated slabs are calculated and are displayed in
Figure 12a,b. Both the ZrO- and SiO,-terminated slab models
are found to be mechanically stable and ductile. Compared to
the ZrO-terminated slab, the SiO,-terminated slab exhibits
greater values of elasticity and stability. Additionally, the
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Figure 12. Different values of a) Cj and b) elastic moduli for the bulk ZrSiO3, ZrO-, and SiO,-terminated slab models.
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Table 1. Calculated values of the elastic modulus (B, G, E), Poisson’s ratio (v), G/By ratio, and Cauchy’s pressure Pc of the bulk ZrSiO;, ZrO-terminated

slab, and that for SiO,-terminated slab.

Compound By [GPa] By [GPa] By [GPa] Gy [GPa] Gr [GPa] Gy [GPa] E [GPa] v Gw/Bn Pc [GPa]
Bulk 181.30 181.28 181.29 29.55 14.06 21.80 62.88 0.479 0.12 132.06
ZrO-terminated 92.19 42.06 67.12 33.22 25.34 29.28 76.69 0.309 0.44 37.16
SiO2-terminated 89.36 24.84 57.09 30.82 19.77 25.29 66.13 0.307 0.443 57.85
calculated values of Cauchy’s pressure Pc = Ci3— Cy= h [3n (Nap %

37.16 GPa for ZrO-terminated slab models and Pc = 57.85GPa b = ks {E (T)} Vm (20)

for SiO,-terminated slab models. Poisson’s ratios (v) of ZrO-
terminated and SiO,-terminated slab are calculated to be 0.334
and 0.379, respectively. Similarly, Gy;/By ratios are found to be
0.373 and 0.264, respectively. These values of Pc >0, Gy/By
ratio <0.57, and Poisson’s ratio v > 0.33 indicate both termina-
tion models are found to be ductile (Table 1).

The Debye temperature (0p) is an important parameter
that gives information related to the thermal characteristics
of materials, and it distinguishes between the high- and low-
temperature states of solids. A higher value of (0p) indicates
that the material possesses a higher thermal conductivity
and has a high melting temperature.’*! The Debye tempera-
ture, which is effectively computed using the average sound
velocity, has been determined in this study employing well-
established methods and elastic constant data. The expression
for 6p can be given asP®*

(@)

where h represents Planck’s constant, kg is Boltzmann’s con-
stant, N, is Avogadro’s number, M is the molecular mass, p
is the density, and vy, is the average sound velocity.

And v,, is calculated using the relation as follows."!

Y E AT
mo B\

where v and v, are the longitudinal elastic wave velocity and
transversal elastic wave velocity, respectively, and can be obtained
from Navier’s equation®® in terms of B and G as

3B+4G3 Gl3
n=|——-|", andy, = |—
3p P

(21)

(22)
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Figure 13. The calculated values of a) densities (p), b) longitudinal, transverse, and average sound velocities (v, v, and v,,), and c) Debye temperature

(6p) as a function of the pressure for the bulk ZrSiO;.
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The pressure-dependent values of densities (p), longitudinal
velocity (v), transverse velocity (1), average sound velocity
(Vm), and Debye temperature (fp) of the bulk ZrSiO; are calcu-
lated using Equation (20)—(22). The calculated value of density
increases gradually with the increase in pressure, which is as
expected (Figure 13a). The perusal of Figure 13b corresponds
that the calculated sound velocities (v, v; andv,,) of ZrSiO; at
different pressures remain relatively constant regardless of the
applied pressure, indicating that applied pressure has a minimal
effect on the sound velocity. The estimated value of 0y of the
compound increases gradually with the increase in pressure
of the compound (Figure 13c). As pressure increases, the atomic
arrangement within a crystal structure gets compressed. This
results in a reduction in the distances between atoms and an
increase in the strength of the forces holding them together.
This leads to increase in vibrational energy and frequencies, con-
sequently increasing 6p. Furthermore, the covalent bond
strength in solids is proportional to Op. Therefore, computed val-
ues of Oy, revealed that the ZrSiO; complex exhibits the strongest
covalent character up to 100 GPa. Similar types of variations were
observed by Tian et al. in Al,Cu,Fe alloy®”! and Daoud in
thallium-phosphide®® using DFT.

Following a similar procedure, the values of p, v, v, v, and 0
are also estimated for ZrO- and SiO,-terminated slab models.
The calculated values of p are found to be 7.040 gcm > for
the bulk ZrSiOs, 2.724gcm*3 for the ZrO-terminated slab,
and 2.278 gcm ™ for the SiO,-terminated slab. As expected,
the density of the bulk compound is found to be the highest, fol-
lowed by the ZrO-terminated slab model and the lowest for the
SiO,-terminated slab model. Likewise, the values of (v, v, v,,) are
calculated to be (5974.06, 3206.22, 3550.02 ms ') for the bulk,
(5877.07, 2935.30, 3293.08 ms™ ') for ZrO-terminated slab, and
(7429.31, 3280.83, 3703.21ms ') for SiO,-terminated slab.
Thus, the SiO,-terminated slab model possesses the highest
values of sound velocities followed by the bulk material and
ZrO-terminated slab model.

The calculated values of 0, are 438.04, 321.09, and 359.17 K,
respectively for ZrSiO3, ZrO-, and SiO,-terminated slab models.
These results suggest that the bulk compound exhibits the high-
est thermal conductivity and melting temperature, as indicated
by its highest value of Debye temperature. The SiO,-terminated
compound has an intermediate value, while the ZrO-terminated
compound has the lowest Debye temperature, indicating rela-
tively lower thermal conductivity and melting temperature.
These findings provide insights into the thermal properties of
the studied compounds with different terminations.

4, Conclusion

The pressure and layered-dependent structural, mechanical, and
electronic properties of ZrSiO; were studied using first-principle
calculations in the present work. The important conclusions of
the work are highlighted below. 1) With the rise in pressure, no
significant variation in cohesive energy is estimated, but its value
increases nonlinearly with an increase in layer thickness. 2) The
study of elastic properties confirmed that the bulk ZrSiO3 com-
pound remains mechanically stable and ductile even at high pres-
sures up to 100 GPa. Both ZrO-terminated and SiO,-terminated
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models also show mechanical stability and ductility. In compari-
son to the ZrO-terminated slab, the SiO2-terminated form
stands out for its greater elasticity and stability. 3) The calculated
value of Debye temperature is found to be (0p)pux >

(GD)SiOZ—terminatedslab > (gD)Zrofterminatedslab, indicating the bulk
material to have the highest thermal conductivity and melting
temperature followed by SiO,-terminated slab and the least
for ZrO-terminated model. This makes it a valuable material
for high-pressure uses, including high-pressure vessels, and
other high-pressure and hydraulic systems, and ensures that it
can bear mechanical stress and strain in bone tissue engineering
applications. 4) Furthermore, the calculated electronic band
structure identifies bulk ZrSiO; as an indirect-bandgap semicon-
ductor. The bandgap increases with the rise in pressure whereas
decreases with the increase in the number of layers. This type of
variation of bandgap under pressure and layer thickness makes
it promising for optoelectronic applications. It can be used in
the development of high-pressure optical devices, such as
sensors, modulators, and photodetectors. 5) Bader charge
analysis revealed that termination types exhibit pronounced
outward relaxation in the second atomic layer. Remarkably,
SiO,-terminated surfaces display the most substantial atomic
relaxations in the firstlayer atoms rather than the second
layer. 6) The calculated values of pore sizes for SiO,- and
ZrO-terminated slabs of ZrSiO; are found to be small and within
the ideal range required to be used in bone regeneration materi-
als. The possibilities for modifying ZrSiO; material to be used in
electrical devices, sensors, sustainable energy materials, and
even biomedical applications like tissue engineering are intrigu-
ingly expanded by these findings.

Acknowledgements

The authors are grateful to Professor Dr. Narayan Prasad Adhikari (Central
Department of Physics, TU) and Dr. Kapil Adhikari (Prithvi Narayan
Campus, Pokhara) for the continuous support in pursuing the work.
The authors also acknowledge the Department of Physics, Mahendra
Morang Adarsh Multiple Campus, Biratnagar, TU, for providing necessary
facilities to conduct the work.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

P.P. conceptualization, methodology, software, visualization, validation,
and writing the original draft. S.K.Y. resources and writing the review and
editing. N.P. data curation and validation. D.A. resources, supervision, and
formal analysis.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

© 2024 Wiley-VCH GmbH



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Ethical Statement

The work is based on the authors’ original research and the analysis
presented is accurate.

Keywords

bandgap evolutions, biomedical applications, layer-dependent properties,
surface relaxations, ZrSiOsz perovskite

Received: March 28, 2024
Revised: May 6, 2024
Published online: May 19, 2024

[11 Q. A. Akkerman, L. Manna, ACS Energy Lett. 2020, 5, 604.
[2] X. Zhao, T. Liu, Y. L. Loo, Adv. Mater. 2022, 34, 2105849.
[3] G. Wu, R. Liang, Z. Zhang, M. Ge, G. Xing, G. Sun, Small 2021, 17,
2103514.
[4] K. S. Aleksandrov, J. Bartolomé, Phase Transitions 2001, 74, 255.
[5] P. F. Weck, E. Kim, V. Tikare, J. A. Mitchell, Dalton Trans. 2015, 44,
18769.
[6] S. Cao, Y. Zhao, Y. Hu, L. Zovu, ). Chen, Composites, Part B 2020, 202,
108445.
[7] X. Lu, W. Yang, Q. Jia, H. Xu, Chem. Sci. 2017, 8, 6764.
[8] G. Liu, L. Kong, W. Yang, H. K. Mao, Mater. Today 2019, 27, 91.
[9] H. Ullah, F. S. Kayani, R. Khenata, Mater. Res. Express 2019, 6, 126105.
[10] R. Terki, H. Feraoun, G. Bertrand, H. Aourag, Phys. Status Solidi B
2005, 242, 1054.
[11] L. Guan, J. Zuo, G. Jia, Q. Liu, W. Wei, J. Guo, X. Dai, B. Liu, Y. Wang,
G. Fu, Appl. Surf. Sci. 2013, 264, 570.
[12] B. Luo, X. Wang, E. Tian, G. Li, L. Li, Appl. Surf. Sci. 2015, 351, 558.
[13] S. Nazari, Y. T. Azar, A. Doroudi, Mater. Today Commun. 2020, 24,
100961.
[14] Y. Q. Zhao, Q. R. Ma, B. Liu, Z. L. Yu, J. Yang, M. Q. Cai, Nanoscale
2018, 10, 8677.
[15] A.Bakar, A. O. Alrashdi, M. M. Fadhali, A. Afaq, H. A. Yakout, M. Asif,
J. Mater. Res. Technol. 2022, 19, 4233.
[16] P.Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, |. Dabo, A. D. Corso,
J. Phys.: Condens. Matter 2009, 21, 395502.
[17] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.
[18] M. Ropo, K. Kokko, L. Vitos, Phys. Rev. B 2008, 77, 195445.
[19] J. P. Perdew, A. Ruzsinszky, G. |. Csonka, O. A. Vydrov, G. E. Scuseria,
L. A. Constantin, X. Zhou, K. Burke, Phys. Rev. Lett. 2008, 100, 136406.
[20] G. Kresse, D. Joubert, Phys. Rev. B 1999, 59, 1758.
[27] H.S. Patel, V. A. Dabhi, A. M. Vora, Mater. Today: Proc. 2022, 57, 275.
[22] P. H. T. Philipsen, E. |. Baerends, Phys. Rev. B 1996, 54, 5326.
[23] K. Ishikawa, T. Uemori, Phys. Rev. B 1999, 60, 11841.
[24] C. Q. Sun, B. K. Tay, X. T. Zeng, S. Li, T. P. Chen, ). Zhou, H. L. Bai,
E. Y. Jiang, J. Phys.: Condens. Matter 2002, 14, 7781.

Phys. Status Solidi B 2024, 261, 2400156

2400156 (15 of 15)

www.pss-b.com

[25] B. Beeler, A. Casagranda, L. Aagesen, Y. Zhang, S. Novascone,
J. Nucl. Mater. 2020, 540, 152271.

[26] H. L. Skriver, N. M. Rosengaard, Phys. Rev. B 1992, 46, 7157.

[27] F. Cargnoni, C. Gatti, E. May, D. Narducci, J. Chem. Phys. 2000,
112, 887.

[28] S. de Lazaro, E. Longo, J. R. Sambrano, A. Beltrdn, Surf. Sci. 2004,
552, 149.

[29] Y. Sozen, S. Ozen, H. Sahin, J. Magn. Magn. Mater. 2021, 531,
167845.

[30] B. Meyer, |. Padilla, D. Vanderbilt, Faraday Discuss. 1999, 114, 395.

[31] C. M. Murphy, M. G. Haugh, F. J. O’Brien, Biomaterials 2010, 37, 461.

[32] S.F. Hulbert, F. A. Young, R. S. Mathews, ). J. Klawitter, C. D. Talbert,
F. H. Stelling, J. Biomed. Mater. Res. 1970, 4, 433.

[33] J. ). Klawitter, ). G. Bagwell, A. M. Weinstein, B. W. Sauer, J. Biomed.
Mater. Res. 1976, 10, 311.

[34] Y. Cao, G. Qi, C. Liu, L. Wang, Z. Ma, K. Wang, F. Du, G. Xiao, B. Zou,
J. Phys. Chem. C 2018, 122, 9332.

[35] M. L6pez-Sudrez, I. Neri, R. Rurali, J. Appl. Phys. 2016, 119, 165105.

[36] Y. Cai, G. Zhang, Y. W. Zhang, Sci. Rep. 2014, 4, 6677.

[37] F. Birch, Phys. Rev. 1947, 71, 809.

[38] J. X. Wang, Z. B. Chen, Y. C. Gao, J. Phys. Chem. Solids 2018, 116, 72.

[39] R. Golesorkhtabar, P. Pasquale, S. Jurgen, P. Peter, D. Claudia,
Comput. Phys. Commun. 2013, 184, 1861.

[40] S.Yip, L. Ju, T. Meijie, W. Jinghan, Mater. Sci. Eng., A 2001, 317, 236.

[41] W. Voigt, Lehrbuch de Kristallphysik, Terubner, Leipzig 1928.

[42] A. Reuss, J. Appl. Math. Mech. 1929, 9, 49.

[43] R. Hill, Proc. Phys. Soc., London, Sect. A 1952, 65, 349.

[44] M. Jamal, M. S. Abu-Jafar, A. H. Reshak, J. Alloys Compd. 2016,
667, 151.

[45] Z. V. Poniznik, M. Basista, D. Gross, Comput. Mater. Sci. 2008,
44, 813.

[46] S. Pachori, R. Agarwal, B. Prakash, S. Kumari, A. S. Verma, Energy
Technol. 2022, 10, 2100709.

[47] G. Surucu, C. Abdullah, G. Aysenur, |. Mehmet, Int. J. Hydrogen Energy
2019, 44, 30218.

[48] M. Jamal, S. ). Asadabadi, I. Ahmad, H. R. Aliabad, Comput. Mater.
Sci. 2014, 95, 592.

[49] F. Mouhat, F. X. Coudert, Phys. Rev. B 2014, 90, 224104.

[50] S. A. Khandy, D. C. Gupta, RSC Adv. 2016, 6, 97641.

[51] C.Yang, Y. Duan, ). Yu, M. Peng, S. Zheng, M. Li, Vacuum. 2023, 207,
111626.

[52] Y. Wu, Y. Duan, X. Wang, M. Peng, L. Shen, H. Qi, Mater. Today
Commun. 2022, 33, 104651.

[53] S.Sharma, A. S. Verma, R. Bhandari, V. K. Jindal, Comput. Mater. Sci.
2014, 86, 108.

[54] O. L. Anderson, J. Phys. Chem. Solids 1963, 124, 909.

[55] Y. Wu, L. Bao, X. Wang, Y. Wang, M. Peng, Y. Duan, Mater. Today
Commun. 2020, 25, 101410.

[56] ). Wei, L. Zhang, Y. Liu, Solid State Commun. 2021, 326, 114182.

[57] ). Tian, Y. Zhao, Z. Wen, H. Hou, P. Han, Solid State Commun. 2017,
257, 6.

[58] S. Daoud, Int. J. Adv. Res. Phys. Sci. 2014, 1, 1.

© 2024 Wiley-VCH GmbH



Journal of Physics and Chemistry of Solids 193 (2024) 112198

Contents lists available at ScienceDirect
Journal of Physics and Chemistry of Solids

journal homepage: www.elsevier.com/locate/jpcs

Check for

Strain-dependent electronic, mechanical and piezoelectric properties of e
ZrSiO3 2D monolayer: A first principle approach

P. Pokharel “"“, SK. Yadav ™ ', N. Pantha®, D. Adhikari "

2 Central Department of Physics, Tribhuvan University, Kritipur, Nepal
Y Department of Physics, Mahendra Morang Adarsha Multiple Campus, Tribhuvan University, Biratnagar, Nepal
¢ Department of Physics, Central Campus of Technology, Tribhuvan University, Dharan, Nepal

ARTICLE INFO ABSTRACT

Keywords: This study investigated the mechanical stability, elastic anisotropy, electronic and piezoelectric properties of
elastic anisotropy ZrSiOs 2D monolayer subjected to varying degrees of strain. The monolayer films were characterized under
Piezoelectricity

strains ranging from —6% to +6 %, and different material properties were analyzed to understand their response
to mechanical deformation using density functional theory with the Quantum Espresso code. The calculated
values of cohesive and strain energy revealed that the material exhibited a symmetrical response to tension and
compression within a strain value range of —2% to +2 %. Electronic properties showed strain-induced modifi-
cations: the band gap of the material decreases under tensile strain and increases under compressive strain. The
material remained mechanically stable and ductile under the applied strain range of —6% to +6 %. Present
investigations conveyed the modifications produced by strain on elastic anisotropy and piezoelectric charac-
teristics of the material, finding their applications in strain-sensitive sensors, actuators, and energy-harvesting

Stacking order
Compressional strain
Cohesive energy

devices.

1. Introduction

Zirconium silicate (ZrSiO3) perovskite is an interesting perovskite
with a unique crystal structure and rich properties. In ZrSiOs3, zirconium
(Zr) occupies the A-site, silicon (Si) the B-site, and oxygen (O) the X-site,
following the formula ABXs [1]. This material has gained interest for its
potential applications in various technologies due to its structural,
electronic, and mechanical properties. The study and characterization of
2D perovskites usually originate with an elementary knowledge of their
3D counterparts [2]. A 2D monolayer of perovskite is a thin sheet of
material composed of a single layer of atoms or molecules [3]. This
structure comprises one or more inorganic slabs composed of
corner-sharing metal-oxide octahedral alternating with monovalent and
divalent cations for the Dion-Jacobson (DJ) and Ruddlesden-Popper
(RP) phases, respectively [4]. Monolayer perovskites differ from other
2D inorganic materials because they have a soft lattice and a dynami-
cally disordered framework [5]. They exhibit various stacking orders,
unlike graphene and transition metal dichalcogenides (TMDCs). Gra-
phene has a single layer of carbon atoms in a hexagonal lattice, and
TMDCs have layers of chalcogen and transition metal atoms. In contrast,

* Corresponding author.
** Corresponding author.

2D perovskite oxides can have octahedral, alternating, or mixed stacking
orders. In octahedral stacking, layers maintain the octahedral coordi-
nation of the B-site cations, while alternating stacking produces a
repeating pattern, and mixed stacking combines different configurations
within one monolayer.

Experimentally, an oxide perovskite monolayer can be fabricated
effectively by ion-exchange techniques [6] electrochemical deposition
[71, spin coating [8], chemical vapor deposition [9], and pulsed laser
deposition methods [10]. Three-dimensional perovskites are found to be
less efficient due to factors such as moisture. However, reducing them to
2D layers supports to make the material more stable and prolong useable
[11]. Maruyama et al. reported the first layered organic-inorganic halide
perovskite in 1986. This discovery initiated the development of
advanced two-dimensional hybrid perovskites [12]. In the 1990s, Mitzi
and coworkers synthesized organic-based layered halide perovskites
that transition from semiconducting to metallic behavior with
increasing layers [13]. In 2009, Miyasaka et al. carried out extensive
research on halide perovskites for photovoltaic applications by manip-
ulating the properties of bulk organic-inorganic hybrid perovskites [14].
A decade later, perovskite solar cells reached 25.5 % efficiency from 3.8
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%. In 2015, Dou et al. studied bandgap engineering in organic-inorganic
hybrid perovskites, highlighting their findings on the fabrication of
highly efficient photodetectors [15]. In 2021, Ahmad et al. worked to
improve the affordability and stability of perovskite solar cells by using
transition metal dichalcogenides (TMDCs) and other two-dimensional
materials, achieving an efficiency increase of 25.2 % [16]. Recently,
scientists have extended their research on 2D perovskite monolayers
into several application areas, including electronics, sensors, and
catalysis. The electronic and mechanical characteristics of
two-dimensional perovskite monolayers are significantly influenced by
mechanical strain. Variations in the elastic modulus are brought about
by mechanical strain, which impacts the resistance of the material to
deformation. By increasing the elastic modulus, tensile strain improves
flexibility; conversely, compressive strain increases stiffness. The mod-
ifications in the elastic modulus induced by strain are important for a
wide variety of applications [17]. When mechanical stress is applied to
piezoelectric materials such as quartz, they produce electrical energy.
The piezoelectric properties of monolayers, mostly in two-dimensional
materials like graphene [18], transition metal dichalcogenides
(TMDs), and other 2D materials [19], are important for a variety of
applications. Understanding how these materials react to mechanical
stress is crucial for realizing their potential in applications such as en-
ergy harvesting, mobile devices, integrated circuits,
nano-electromechanical systems, biomedical technologies, and
optoelectronics.

This study addresses a literature gap by exploring the impact of strain
on the structural stability, mechanical, electronic, and piezoelectric
properties of the 2D monolayer of ZrSiO3 perovskite, extending its po-
tential applications in various fields. Our current research delves into
strain-dependent structural parameters of a 2D monolayer of the com-
pound, such as bond length, cohesive energy per atom, strain energy,
electronic band structure, the total density of states (TDOS), projected
density of states (PDOS), and elastic properties.

2. Computational detail

We used the Quantum ESPRESSO code [20] to study the mechanical
stability, elastic anisotropy, electronic and piezoelectric properties of
the 2D ZrSiO3 monolayer. This code employs pseudo-potential plane--
wave approaches based on density functional theory (DFT) principles
[21]. We adopt the generalized gradient approximation (GGA) in the
scheme of the updated correlation functional PBESOL for electronic
exchange-correlation [22,23]. Ultra-soft Vanderbilt-type pseudopoten-
tials were used to implement the interaction between valence electrons
and atomic cores [24]. In this computational study, a cutoff energy of 70
Ry was assigned to the plane-wave basis set. For surface calculations, a
12 x 12 x 1 k-point mesh using the Monkhorst-Pack method was
employed [25], with a 2 x 2 x 1 grid used for 20-atom unit cells. The
total energy calculations were systematically improved until conver-
gence was achieved within 107 eV. The integration of bands at the
Fermi level utilized the Fermi distribution function, incorporating a
smearing parameter set at 0.2 eV. A consistent energy cutoff of 560 Ry
was applied for charge density throughout the process. For monolayer
materials, a 15 A vacuum gap was introduced between adjacent layers.
The structure is fully optimized for the ionic positions until the forces on
all atoms are less than 0.01 eV/A. Elastic constants for the 2D ZrSiO3
monolayer were determined by inducing finite distortions and calcu-
lating the corresponding total energies at various strain levels. The
determination of the piezoelectric stress coefficients (ej) was performed
using the DFPT method [26].

3. Results and discussion
3.1. Structural properties

The cubic lattice configuration of the ZrSiO3 perovskite consists of a
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network of corner-sharing BX¢ octahedra, with Zirconium (Zr) as large
spheres at corners, silicon (Si) as the blue sphere in the center of the
cube, and smaller red spheres representing oxygen anions forming the
octahedral structure [Fig. 1(a)]. The respective material is found to be
structurally and mechanically stable under different configurations
when subjected to pressure in the range (0-100 GPa) [27]. A 2D crystal
structure simply involves a connection between the BX and the shared X
anions in a single plane [Fig. 1(b)]. The general formula for 2D layered
perovskites is AmAp_BnXsn+1, where A’ can be a divalent cation form =1
or a monovalent cation for m = 2, forming either a bilayer or monolayer.
The parameter n represents the thickness of the layer or the number of
layers of metal halide sheets. The surfaces of two-dimensional perov-
skite materials are enclosed by cations, with the lateral dimension
ranging from a few hundred nanometers to a micrometer.

The stacking order in 2D monolayer configurations of ZrSiOs is
significantly affected by the physical arrangement of the constituent
particles. Crystal formations have well-defined stacking patterns, and
ZrSiO3 has several stacking orders. Perovskite structures, including 2D
monolayer perovskite, have complex stacking arrangements that are
determined by the arrangement of cations (A and B) and anions (X) in
the crystal lattice. The ABC-type stacking sequence utilized in the simple
cubic perovskite structure is frequently represented in scientific notation
as [0 0 1], which indicates the stacking order in a particular direction.
Octahedral stacking generates a layered structure characterized by a
combination of B and X ions in octahedral layers, with A ions situated in
between these layers.

The estimated values of Zr-O, Si-O and Zr-Si bond lengths (in 10\) are
found to be (2.5688, 2.5175, 2.4662, 2.4149), (1.9268, 1.8882, 1.8494,
1.8112) and (3.1821, 3.1206, 3.0462, 2.9367) at strain values of 0 %,
—2%, —4% and —6%, respectively. These results reveal that when a
compressional strain is applied within the material, strain forces the
atoms closer together. Hence, the bond lengths between the atoms or
molecules decreased [Fig. 2(a)]. Moreover, the calculated values of bond
lengths (in 10\) are found to be (2.5688, 2.6201, 2.6717, 2.7216),
(1.9268, 1.9653, 2.0038, 2.0413) and (3.1821, 3.2083, 3.2347, 3.2647)
at tensile strain values of 0 %, 2 %, 4 %, and 6 % respectively. These
results corresponded that when the material is subjected to tensile
strain, it causes the atoms or molecules to move farther apart from each
other, and hence the bond lengths increase [Fig. 2(a)].

Cohesive energy is computed by subtracting the energies of each
constituent atom from the total energy of the compound. The cohesive
energy of a monolayer of ZrSiOg is calculated using the relation [28].

Feoh = Euot — »_iF m
i

Where E, is the cohesive energy, Eiy is the total energy of the 2D
monolayer, n; is the total number of atoms and E; is the total energy of an
isolated i atom.

The cohesive energy trend in response to various strains offers
valuable insights into the mechanical stability of the ZrSiO3 monolayer.
Strain-free systems are the most stable, as indicated by the observed

Fig. 1. (a) Unit cell of bulk ZrSiO3 and (b) 2D monolayer of ZrSiO3 perovskite.
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Fig. 2. (a) Variation of bond length and (b) cohesive energy with applied strain.

value of the cohesive energy of the material at 0 % strain (—7.764 eV/
atom). In comparison to tensile strain, compressive strain shows less
variation in cohesive energy [Fig. 2(b)]. Furthermore, the consistent
values of cohesive energy per atom at —2% (—7.748 eV/atom) and +2 %
(—7.743eV/atom) strains convey that the preferred material shows a
symmetrical response to tension and compression strains [Fig. 2(b)].

3.1.1. Strain energy

The concept of strain energy provides valuable insights into how
strain affects the structural and elastic properties of materials. The strain
energy per atom (E;) is expressed as [29]:

_ [Etot - EO]
n

E, (2)
where Eg denotes the strain energy per atom, E stands for the total
energy of the system under strain, E, represents the total energy in the
absence of strain and n denotes the number of atoms in the unit cell.
The uniaxial strain (¢;) along a and b are systematically varied in an
incremental manner of 2 % from —6% to +6 % as tension and
compression strains. Fig. 3 illustrates the strain energy versus strain
curves for strain types a and b. The curves demonstrate a monotonic
increase in strain energy with increasing strain for both compressive and
tensile stresses within the investigated range. Within the strain range of
—2% to +2 %, the material exhibits behavior consistent with the har-
monic approximation, following Hooke’s Law. This implies a linear
relationship between stress and strain. However, beyond this range, the
strain energy versus strain curves deviate from harmonic behavior,
suggesting the influence of higher-order terms in the strain energy
expression. Fig. 3 reveals that both uniaxial a-strain and b-strain have
similar effects on strain energy. However, the curve for the a-direction
exhibits a smaller area under the strain energy (E;) vs. strain curve. This

Fig. 3. Variation of strain energy of a 2D monolayer of ZrSiOz with
applied strain.

observation suggests that the material is more stable under strain
applied in the a-direction within the specified strain range. Additionally,
it confirms that the equilibrium condition without applied strain (¢ = 0)
corresponds to the minimum energy state for the monolayer. This
highlights the inherent stability of the unstrained configuration.

3.2. Electronic properties

This study investigates how strain affects the band gap of a two-
dimensional ZrSiO3 monolayer. We accomplish this by computing the
partial density of states (PDOS) and analyzing spin-polarized electronic
band structures. The electronic band structure analysis is conducted
within the first Brillouin Zone along the high-symmetry directions I" - X -
M — Y - T, as illustrated in Fig. 4 (a). The symmetry observed in both the
spin-up and spin-down band structures indicates the absence of mag-
netic characteristics [Fig. 4 (b)]. This symmetry suggests that the ma-
terial is non-magnetic. Similarly, the symmetry observed in the partial
density of states (PDOS) plot [Fig. 4(b)] further supports this conclusion.
In magnetic materials, PDOS typically exhibits asymmetry due to the
presence of magnetic moments. Therefore, the consistent symmetry in
the PDOS further confirms the non-magnetic behavior of the material
under study.

When subjected to tensile strain, the bandgap of the material ex-
pands from 2.29 eV to 2.59 eV. Conversely, the bandgap decreases from
2.29 eV to 1.87 eV under equivalent compressive strain [Figure (5)].
Under tensile strain, the bond length increases which reduces the
overlap of orbitals. This has a different effect on the conduction band
minimum (CBM) and valence band maximum (VBM). More precisely,
the energy of the conduction band minimum (CBM) drops at a faster rate
compared to the energy of the valence band maximum (VBM), which
leads to a narrower bandgap. On the other hand, when subjected to
compressive strain, the length of bonds reduces. Additionally, the en-
ergies of the conduction band minimum (CBM) and valence band
maximum (VBM) change at different rates when the bandgap decreases.
Therefore, the band structure is not consistently affected by the observed
changes in bond length under different strain conditions [Fig. 6(a)] [30].
Due to its wide and tunable band gap semiconducting character, this
material could be helpful in the design of strain-sensitive devices, op-
toelectronics [31,32], and flexible electronics.

From the total density of states (TDOS) plot in the energy range of
—2 eV to +6 eV, we can observe a notable change in the peak of the
conduction band minimum (CBM) in response to applied strain. As
tensile strain increases from 0 % to +6 % [Fig. 6 (b)], the CBM peak
gradually shifts towards the Fermi level, indicating a reduction in the
bandgap. Under tensile strain, the reduction in band gap will likely
occur due to the increased overlap of atomic orbitals and the
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Fig. 4. (a) Band structure of spin-up and spin-down (left and right side) and, (b) the partial density of states (PDOS) of a 2D monolayer of ZrSiOs.

Fig. 5. Band structure of ZrSiO3 monolayer at different strains (a) 6 %, (b) 4 %, (c) 2 %, (d) —2%, (e) —4%, and (f) —6%.

delocalization of electrons. Conversely, as compressional strain in-
creases from 0 % to —6% [Fig. 6 (c)], the CBM peak shifts away from the
Fermi level, leading to an increase in the band gap. Under compression
strain, electrons move farther apart in atomic orbitals, and orbital
overlap decreases. This results in an increase in the band gap. These
trends can be seen in both the density of states and band structure cal-
culations, demonstrating the significant impact of strain on the elec-
tronic properties of the material.

3.3. Mechanical properties of 2D monolayer ZrSiO3

The formula for calculating elastic constants is as follows [33].

1 (K,
Cij :ST) (68i08j> (3)

Where, Eg, €, and Sy represent the strain energy, the applied strain, and
the area of the strain-free monolayer, respectively. To examine the
mechanical strength and stability of the 2D monolayer of ZrSiOsg,
second-order elastic constants (C;) are computed using the finite
distortion method [34]:

1 Ch Cip O €1
o2|=|Ci2 Cn O ) ()]
O¢ 0 0 C66 &6
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Fig. 6. (a) Variation of bandgap with strain, (b) TDOS plot with tensile strain (c) TDOS Plot with compressive strain for ZrSiO; monolayer.

For this crystal symmetry of the 2D square lattice, only Ci;, Co2,Cia,
and Cge are identified as significant independent elastic stiffness con-
stants [35]. These constants are pivotal in assessing the mechanical
strength criteria [36], namely

(C11C22 — C3,) > Oand Cgs > 0. (5)

Ranganathan [40], and Kube [41] anisotropy coefficients. For this
purpose, the following expressions are used to determine the Voigt [42]
and Reuss [43] estimated bulk (KV and K®) and shear moduli (GY and
GR):

KV — (C11+Ca2 +2C12)

; 10(a)
4
The expression for the total energy E as a function of strain for this
crystal system is as follows: GV (C11+Caz — zclz + 4Cgg ) ’ 1005)
1
E= (Cuek +Caaely +2 Craeu €y + 2Csc?, 6) 1
R _
Two-dimensional Young’s modulus (Y, and Y,) along (100) and K= (S11+So2 + 2512 )’ 10(0)
(010) directions are computed using the expressions [37]:
1
2 _ 2 2 _ 2 GR = , 10(d)
Y, = (Ch - ) and Y, = (G5, — Ch) 7 %) (S11+S22 — 2515 + Ses)
Cll Cll
The corresponding Poisson’s ratios are expressed as: In this case, S;j represents the compliance matrix that is reciprocal to the
Cjj matrix [44].
Vay :@ and vy, = Ciz (8) Additionally, the following expressions are used to compute addi-
Cu Ca2 tional mechanical anisotropy indices:
1
v 1 2 1 2\ 2
A = ({Z (C114+Ca2 + 2C12)(S11+S22 + 2512 ) — 1} +2 {E (C114+Ca2 — 2C12 + 4Ces) (Su +S22 — 2812 + 566} ) 11(a)
respectively, and the 2D shear modulus is:
G =Ces (C)] Kv GY
ARanganathan _—_ 4 5 — 3 >0, 11(b
2320 (b)

Subsequently, the in-plane stiffness (layer modulus) K, equivalent to
the bulk modulus, and shear modulus G are given as a function of the
Poisson’s ratio v and the 2D Young’s modulus Y?P [38]:

YZD YZD

K:—2(17 y)’andG:—2(1+y)

10)
Where the bulk modulus signifies resistance to compression, and the
layer modulus represents the resistance of a 2D material to stretching.
Stiffness, in this context, quantifies a material’s resistance to elastic
deformation.

In addition, Li’s elastic anisotropy measurement methodologies [39]
are utilized to compute the mechanical anisotropy. For mechanical
anisotropy measurement, we specifically examine the universal,

KV 2 GV 2
Kube __
A \/(ln—R> +2 (ln—ﬁ) , 11(c)

Anisotropy is closely related to both Young’s modulus Y and Pois-
son’s ratio v of a material. These values are functions of the angles of
direction 6. Which can be formulated as [45].

[CuCa — Ch]

¥e)= [ Caz cos*(©) +Acos®(©)sin®(©) + Cyy sin*(©) | 12)

o) = [ C12 cos*(©) —Bcos?(©)sin*(©) + Ci2 sin* () | 13
»(®)= [ C22 cos*(©) +Acos®(©)sin*(©) + Cyy sin*(©) |’
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Table 1
Calculated values of elastic stiffness coefficient ( Cy), elastic modulus (Y, K, G), Poisson’s ratio (v), and mechanical stability condition of ZrSiO3 2D monolayer.
Strain% Cj (N/m) Y (N/m) v (N/m) K (N/m) Stability Yes/No
Cnn (&) Ci2 Ce6 = Gxy Ya Yy, Va b Ka Ky
6 156.74 139.01 49.92 77.02 140.84 107.39 0.318 0.349 103.25 82.48 Yes
4 158.57 141.41 50.39 78.65 142.56 110.09 0.317 0.356 104.36 85.48 Yes
2 169.52 148.82 52.24 80.73 153.42 114.55 0.308 0.351 100.85 88.29 Yes
0 196.52 159.82 59.63 81.33 178.43 111.88 0.303 0.373 127.99 88.22 Yes
-2 205.04 165.13 56.79 82.04 189.31 117.26 0.277 0.344 130.92 89.37 Yes
—4 211.04 171.53 57.39 82.54 195.43 123.81 0.272 0.334 134.27 92.95 Yes
—6 219.52 186.08 59.92 83.73 203.16 141.38 0.273 0.322 139.73 104.26 Yes

Fig. 7. Variation of elastic constants C; of a 2D monolayer of ZrSiO3 with
applied strain.

1 1
oM [S11+S2 — S12]cos?(O)sin®(©) + 7 See [ cos*(©) +sin* ()

— 2 cos?(©)sin*(O)] a4
where,
CiiCar — C2 CuCan — €
A:M— 2C;; and B= Cy; + Coy —M' 1s)

C66 CGG

The calculated values of elastic constants under zero strain [Table 1]
are close to those reported for single-layer BoSSe whereas they deviate
significantly from those of a-GasS3 monolayer and a-GasSes monolayer
[46,47]. Our calculations reveal a significant influence of strain on the
elastic properties of the 2D ZrSiO3 monolayer (see Fig. 7). Values for
strains exceeding +6 % are not reported due to mechanical instability in
Table (1). Young’s moduli (Y, and Y}) increase with increasing
compressive strain, indicating a stiffening effect on the material under
compression. Conversely, tensile strain leads to a decrease in Young’s
moduli, signifying a reduction in stiffness. The observed difference be-
tween Y, and Yy, under both compressive and tensile strain highlights the
anisotropic behavior of the monolayer. Specifically, under a uniform
strain ranging from —6% to 6 %, Y, continuously decreases from 203.16
N/m to 140.84 N/m. Similarly, Y}, decreases from 141.38 N/m to
107.39 N/m within this strain range. The bulk moduli (K, and Kp) in-
crease with compressive strain, indicating a stronger resistance to vol-
ume deformation under pressure. Conversely, tensile strain has the
opposite effect, and reduces the material’s resistance. The shear
modulus typically increases with compressive strain, signifying higher

resistance to shear deformation under compression. In contrast, tensile
strain decreases shear modulus, implying a lower resistance to shear
deformation under tension. Poisson’s ratio values remain near 0.3 for
both tensile and compressive strains, suggesting ductility and potential
for use in biomedical devices due to their adaptability and flexibility.
Notably, under a uniform tensile strain of 0 %-6 %, the calculated values
of Poisson’s ratio gradually increase from 0.303 to 0.318. This trend
indicates lateral expansion tendencies within the material under tensile
strain, suggesting potential applications in strain-sensitive sensors.

Table 2 presents the anisotropy indexes, which provide valuable
insights into the anisotropic elastic behavior of the ZrSiO3 monolayer.
The calculated non-negative values for both AR®8anathan apnd AKube jndj.
cate the present material has mechanical stability and a high degree of
anisotropy. According to Ranganathan’s and Kube’s rules, these positive
values indicate that the ZrSiO3 monolayer satisfies the mechanical sta-
bility criteria. The Polar plots (Fig. 8) graphically demonstrate its
anisotropic nature and mechanical stability. These mechanical stability
and anisotropy characteristics suggest that the ZrSiO3 monolayer along
the [010] direction, with the highest Young’s modulus emerging as a
highly promising candidate for diverse applications across various
fields, including biomedical devices, electronics, advanced materials
engineering, and even aerospace engineering.

3.3.1. Piezoelectricity

Piezoelectric materials, like ZrSiOs, play a crucial role in various
devices such as power generators, actuators, sensors, and switches.
These materials exhibit a unique property where they can generate
electric charges under mechanical strain due to their anisotropic crys-
tallographic properties. The complex relationship between the polari-
zation tensor (P;), stress tensor (oj), and strain tensor (gk) can be
described by the third-rank piezoelectric tensors (e;) and (dl-jk) [48,49]

as:
dp;

dy = ij (16)
dp;

Cijk = dé‘jk (1 7)

where the stress tensor, strain tensor, and polarization tensor are
denoted by oy, €, and P;, respectively. By utilizing the stress-strain
relationships and Voigt notation [Eq. (4)], we can simplify the equa-
tions further as:

Table 2

Elastic anisotropy, together with the Voigt and Reuss estimated bulk (K", KR®) and shear (G¥,G?) moduli of the ZrSiO3 2D monolayer at different strains.
Strain% GY GR KY KR ASU ARanganathan AKube
6 62.998 59.729 98.898 98.497 0.188 0.114 0.033
4 64.225 60.847 100.190 99.820 0.186 0.115 0.033
2 67.098 64.144 105.705 105.204 0.181 0.097 0.028
0 70.300 68.093 118.900 117.479 0.175 0.077 0.020
-2 73.094 71.477 120.938 119.386 0.169 0.058 0.015
-4 74.744 73.449 124.338 122.880 0.167 0.047 0.012
-6 77.585 76.787 131.360 130.382 0.162 0.028 0.007
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Fig. 8. The orientation dependent (a) Poisson’s ratio, (b) Young’s modulus, and (c) shear modulus for a 2D monolayer of ZrSiO3; under tensile and compres-
sional strains.
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Fig. 9. Calculated (a) piezoelectric stress (e;) and (b) piezoelectric strain (d;) coefficients of a 2D monolayer of ZrSiO3 with applied strain.
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Table 3

Calculated values of the elastic constants Ci; (N/m), piezoelectric coefficients e;; (1071° ¢/m), and dij (pm/V) of ZrSiO3 monolayer.
Strain% Cyj (N/m) e (x107'°C/m) d (pm/V)

Cn Ca Ciz Ceo e e12 diy di2

6 156.74 139.01 49.92 77.02 14.12 8.13 8.07 2.95
4 158.57 141.41 50.39 78.65 13.92 7.95 7.88 2.81
2 169.52 148.82 52.24 80.73 13.89 8.67 7.17 3.31
0 196.52 159.82 59.63 81.33 14.31 8.43 6.41 2.88
-2 205.04 165.13 56.79 82.04 14.77 8.97 6.29 3.26
—4 211.04 171.53 57.39 82.54 14.98 9.62 6.13 3.56
-6 219.52 186.08 59.92 83.73 14.32 9.24 5.66 3.14

ek = dijk.Ci ii. The material shows linear elastic behavior up to +2 % strain

where Cj denotes elastic stiffness coefficients. Furthermore, the ex-
pressions for piezoelectric strain coefficients (di1, di2) in terms of in-
dependent elastic constants (C1;, Cazz, Ci2, Ces) and piezoelectric
coefficients (e11, e12) are derived as [50,51]:

_e1Cy — epCiy

dypy=——"—-"-7 19
T (CiCa — C)

diy _enCu — enCip . (20)
(C11C22 - C%z)

The calculated data reveals some interesting trends, the piezoelectric
coefficients (e;) generally increase with increasing positive strain per-
centages (tensile strain), Table 3 and Fig. 9(a). This indicates an
enhanced ability of the material to convert mechanical energy into
electrical energy under tension. Notably, the piezoelectric strain coef-
ficient (di1) demonstrates a significant rise under tensile strain, with
values increasing from 6.41 p.m./V at 0 % strain to 8.07 p.m./V at 6 %
tensile strain. These values are comparable to those observed in group IV
transition-metal dichalcogenides [52] and are significantly larger than
the value for a-quartz (2.3 p.m./V) [53]. Conversely, as the compressive
strain increases, the value of d;; decreases due to the diminishing effect
of compression on piezoelectricity, Fig. 9 (b). This strain-dependent
behavior of the ZrSiO3 2D monolayer offers valuable insights for
designing future high-performance piezoelectric devices.

4. Conclusions
The key findings of the study are summarized below.
i. The cohesive energy of the 2D monolayer exhibits optimal sta-

bility under strain-free conditions and responds symmetrically to
—2% and +2 % strain values.

(harmonic region), then deforms plastically (inharmonic region).

iii. Electronic properties display strain-sensitive behavior, with the
band gap decreasing under tensile strain and increasing under
compressive strain.

iv. The material remains mechanically stable and ductile under
applied strain conditions from —6% to +6 % and indicates lateral
expansion under tensile strain.

v. Under tensile strain, the material demonstrates enhanced piezo-
electricity that enables the efficient transformation of mechanical
energy into electrical energy
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ABSTRACT

This paper explores the impact of europium (Eu) and yttrium (Y) doping on the electronic, magnetic, optical, elastic, and structural prop-
erties of SmMnO3 perovskites using the Quantum ESPRESSO code. The cohesive energy and tolerance factor calculations revealed that the
perovskite can maintain structural stability up to 25% doping of Eu and Y. Bandgap calculations suggest that when Eu and Y are doped, the
energy bandgap of pure SmMnO3 decreases significantly from 2.72 to 0.47 and from 2.72 to 0.76 eV, respectively. Doped SmMnOj3 exhibits
a UV shift and increased intensity in the absorption coefficient, while the reflectivity peak decreases. These changes in optical properties
and bandgap due to Eu and Y doping make SmMnOj3 a promising material for advanced applications in photovoltaics, UV photodetectors,
and optoelectronic devices. The ferromagnetic property and total magnetic moment of SmMnO3 are found to be increased by Eu doping.
Meanwhile, the magnetic moment gets reduced by Y doping. Curie temperature calculations indicate that Eu doping increases the Curie
temperature from 255.35 to 314.28 K, while Y doping reduces it from 255.35 to 187.69 K. These changes in magnetic moment and Curie
temperature suggest that the doped material is suitable to be used in magnetic sensors and storage devices. The calculated elastic constants,
Young’s modulus, shear modulus, Poisson’s ratio, and B/G ratio suggest that both pristine and doped compounds under study show a ductile
behavior.

© 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0232439

I. INTRODUCTION high-temperature electric and catalytic superconductors.”” In recent

years, the perovskites based on rare earth (RE) metals and their
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The perovskite having a structure of type ABOj3 is one of the
most commonly studied structures in condensed matter physics
due to its natural abundance and remarkable properties. The study
of structural, elastic, electrical, magnetic, optical, and thermoelec-
tric properties of perovskites is essential for several industrial and
biomedical applications. * These materials are primarily used as

derivative compounds have emerged as exciting research areas.
These materials are durable and possess simple crystal structures
based on the chemical formula ABO3, are cost-effective to produce
in the laboratory, and exhibit exceptional optoelectronic and ther-
moelectric properties.”” Samarium manganese oxide (SmMnOj) is
a perovskite compound in the RE oxide family and is fabricated by
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using the sol-gel method and hydrothermal synthesis.” Pristine
SmMnOj3, along with NdMnOs, has been the subject of exten-
sive study due to its remarkable magnetic and electronic transport
properties.'"'* Mahalik et al. investigated the oxygen reduction and
evolution reactions in REMnO3s (RE = Pr, Nd, Sm, Eu, and Gd)
and then discovered that SmMnO3 is more effective at both catalyz-
ing reactions and storing energy.'” Saad and Alsobhi reported the
observation of ferromagnetic half-metallic behavior in the SmMnO3
compound having high electrical conductivity. Their results suggest
that SmMnO3; could be useful in high-efficiency solar cells."* Butt
et al. carried out an extensive investigation and explored the optical
and spintronic properties of SmMnOj3 in greater depth.'”

When cations of different sizes are substituted for either A or
B site, the symmetry of the cubic type Pm3m changes to that of
tetragonal, orthorhombic, and monoclinic forms.'® Since europium
(Eu) and yttrium (Y) have the same sizes as Sm, substituting cations
of comparable size does not alter the space group but may result
in a change in the cell parameters, tilt angles of BOgs polyhedra,
and displacement of A cations.'” These changes may lead to signif-
icant variations in physical properties. Doping of Eu and Y atoms
into the SmMnOj3 perovskite structure enhances its physical proper-
ties, thereby diversifying its potential applications. Due to its unique
electronic configuration and magnetic properties, Eu has the poten-
tial to modify the basic characteristics of materials. Furthermore, it
can alter the structural, thermodynamic, magnetic, and electronic
properties of perovskite compounds. Ke et al. investigated Sr-doped
SmMnOs3 as a potential material for converting CO; into fuel in
a stable and efficient manner at moderate temperatures and under
near isothermal conditions.'® Gao et al. examined different doping
ratios of Ca- and Al-doped SmMnO3 to improve thermochemical
CO; splitting performance and solar absorption for more efficient
solar-driven CO; splitting.'” In this regard, understanding how
Eu and Y doping affects SmMnOs is crucial for maximizing the
material’s advantages and utilizing its changes in applications such
as magnetoelectric devices, catalysis, and electrical devices.

Meanwhile, Y is a versatile element with industrial signifi-
cance, often classified as a rare-earth element due to its chemical
similarities with lanthanides. This transition metal is not naturally
found in its pure form but is commonly found in combination
with lanthanides in rare-earth minerals, emphasizing its rarity and
importance in various industries.”’ Its unique properties make it
valuable for technological advancements, such as in the fabrication
of yttrium iron garnet (YIG) with ferrimagnetic characteristics, fur-
ther expanding its applications in smart materials and magnetic
devices.”' In addition, studies have highlighted the environmen-
tal and health implications of yttrium exposure, showcasing the
need for a comprehensive understanding of its effects on biological
systems.””

In the present study, we compared the structural, electri-
cal, magnetic, and mechanical properties of pristine and doped
SmMnOs3 perovskites using Density Functional Theory (DFT). In
addition, we examined the significant impact of Eu and Y doping on
the various properties of this cubic perovskite material.

Il. COMPUTATIONAL METHOD

In this study, calculations based on density functional the-
ory (DFT)*>*" were employed, utilizing pseudo-potential plane

ARTICLE pubs.aip.org/aip/adv

wave approaches with the Quantum ESPRESSO code.”” These cal-
culations aimed to investigate the geometrical stability and elec-
tronic, optical, mechanical, and magnetic properties of both pristine
and substitutional doped SmMnOs3. For electron-electron interac-
tion, the Perdew-Burke-Ernzerhof (PBE) functional was chosen,”®
while ultra-soft Vanderbilt-type pseudo-potentials’” from the offi-
cial Quantum ESPRESSO site were used for the interaction between
valence electrons and atomic nuclei. A kinetic energy cutoff of 70
Ry was employed for the plane wave expansion. The convergence
criteria for electronic and ionic relaxations were set at 107 eV and
107 eV/A, respectively. A supercell of dimension 2 x 2 x 2
with 40 atoms was considered to enhance the convergence of
the calculations. During the doping procedure, the Sm atom was
replaced by one or two atoms of Eu and Y, resulting in an
overall impurity content of 12.5% or 25.0%. The magnetic prop-
erties of pure and doped SmMnO; were studied using spin-
polarized calculations. The spin-polarized electronic band struc-
tures of the compounds were determined using both the Gen-
eralized Gradient Approximation (GGA)*” and GGA + U™
approaches. We employed GGA + U for the partially filled 3d
orbitals [4s?3d’] in Mn atoms. A Monkhorst-Pack 14 x 14 x
14 k-point sampling mesh was selected for the Brillouin zone.”!
The irreducible tetrahedron method was utilized with a 120-point
k-mesh for the integration of reciprocal space. The elastic con-
stants, including second-order elastic tensors, were determined
using the strain-stress relation technique based on optimized
unit cells.”

I1l. RESULTS AND DISCUSSION
A. Structural properties

SmMnOs; is a perovskite oxide with a general formula of ABO3,
where Sm occupies the A-site and Mn occupies the B-site in the
structure. The ideal lattice parameter values for pure SmMnOs3 are
givenasa = b = ¢ = 3.806 A, indicating a cubic symmetry [Fig. 1(a)].
As the doping level of Eu or Y increases, the crystal lattice contracts,
resulting in a decrease in lattice constant (a,) (3.789 A at 12.5% Eu,
3.725 A at 25.0% Eu, 3.746 A at 12.5% Y, and 3.704 A at 25.0% Y).
This indicates changes in unit cell size due to the replacement of the
Sm atom [Fig. 1(b)]. The lattice parameters of both pure and doped
SmMnO:s differ noticeably due to the varying atomic radii of Eu, Y,
and Sm.

In 1926, Victor Moritz Goldschmidt used the term “tolerance
factor” () to describe the stability of perovskite ABO3 structures.”’
It is defined by as follows:

t= &) (1)
\/E(TB +10)

where ra, rg, and ro are the ionic radii of the A-site cation, B-site
cation, and oxygen anion, respectively, and for substitutional dop-
ing, r4 can be written as r4 = (1 — x)r, + xr,» with r, being the
ionic radius of the initial A-site cation, r,~ being the ionic radius of
the new A-site cation, and x being the proportion of dopant in the
new cation.

For a stable cubic perovskite structure, the tolerance factor lies
within the range 0.8 < t < 1.0. Since the atomic radii of Sm, Eu, and Y
are very similar, the tolerance factor of pure, Eu-doped, and Y-doped
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FIG. 1. Supercell of (a) pristine SmMnO3
and (b) Eu- or Y-doped SmMnOj3.
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SmMnOs is about 0.9, which falls within the stability range. As the
doping concentration of Eu or Y atoms in SmMnOs3 increases, the
tolerance factor decreases linearly. The values for pure, 12.5%, and
25% doped with Eu atoms are 0.913, 0.911, and 0.909, respectively,
and they drop non-linearly and rapidly with Y doping. The values
for pristine, 12.5%, and 25% doped with Y atoms are found to be
0.913, 0.909, and 0.907, respectively [Fig. 2(a)].

The stability of the compound is assessed using cohesive
energy, which measures the amount of energy required to break
down a molecule into its constituent atoms. For perovskite com-
pounds, the cohesive energy can be expressed as follows: ™

AE = [Eapo, — (Ea + Ep + Eo,) ], @)

where Expo, is the total energy per atom of the composite material
and Eg4, Ep, and Eo, are the energies of isolated atoms of the A-site
cation, B-site cation, and oxygen atom, respectively.

As the doping concentration of the dopant increases, the corre-
sponding bond length decreases. Consequently, the cohesive energy

of Eu- or Y-doped SmMnO;3 also increases, with the respective val-
ues of 6.135, 6.429, and 6.525 eV/atom for the Eu-doped sample
and 6.135, 7.265, and 7.856 eV/atom for the Y-doped sample. These
values suggest that the doped SmMnO3 has improved structural sta-
bility [Fig. 2(b)]. Given that the atomic radii of the dopant elements
(Eu and Y) are comparable to that of Sm, the cohesive energy values
and tolerance factor indicate that 0%, 12.5%, and 25% Eu-/Y-doped
SmMnOs3 is stable.

B. Electronic properties

The energy band structure and density of states (DOS) are two
important features for describing the electronic properties of com-
pounds. The GGA and GGA + U approximations are employed
to calculate the spin-polarized distribution of pure and doped
SmMnO; band structures along their high-symmetry k-points in the
first Brillion zone. The GGA + U approach introduces a Hubbard U

FIG. 3. Band structure of spin-up and spin-down states for pristine SmMnOs within (a) the GGA and (b) the GGA + U approaches.
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FIG. 4. Band structure of spin-up and spin-down states for 12.5% Eu-doped SmMnO3 within (a) the GGA and (b) the GGA + U approaches.

FIG. 5. Band structure of spin-up and spin-down states for 25.0% Eu-doped SmMnOj; within (a) the GGA and (b) the GGA + U approaches.

FIG. 6. Band structure of spin-up and spin-down states for 12.5% Y-doped SmMnO; within (a) the GGA and (b) the GGA + U approaches.

term to better account for localized electron interactions in the par-
tially filled 3d orbitals of Mn and the partially filled 4f orbitals of Eu.
By incorporating this term, GGA + U can more accurately describe
the spin-polarized band structure and partial DOS (PDOS) of the
perovskite.

For pure SmMnOs, the calculated indirect bandgap is 2.31 eV
using GGA [Fig. 3(a)] and 2.72 eV using GGA + U [Fig. 3(b)] and
close to the experimental value of 2.8 eV.'* When Eu ([Xe]4f 6s%)
is doped on SmMnOs3, the partially filled 4f orbital of Eu can
lead to strong electron-electron and magnetic interactions. The
new energy states interact with the existing electronic structure of
SmMnOs3, resulting in a decrease in the bandgap. The bandgap
shrinks to 1.03 eV at a doping level of 12.5% Eu [Figs. 4(a) and

4(b)]. When 25% Eu is added, the bandgap shrinks to 0.40 eV
under both spin-up and spin-down conditions [Figs. 5(a) and 5(b)].
This indicates significant changes in the electrical structure for
both the GGA and GGA + U methods. Similarly, for the par-
tially filled 4d orbital of yttrium ([Kr]4d'5s?) in pristine SmMnOs3,
the electronic bandgap is found to be 1.30 eV at a doping level
of 12.5% [Figs. 6(a) and 6(b)] and 0.76 eV at the 25.0% doping
level of Y for both the GGA and GGA + U methods [Figs. 7(a)
and 7(b)].

The PDOS analysis indicates that Sm-3d, Mn-3d, and O-2p
play a dominant role in pristine SmMnOs3 [Figs. 8(a) and 8(b)].
In the spin-up scenario, the Sm-d and O-p states contribute most
significantly to the valence band, while in the spin-down scenario,
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FIG. 7. Band structure of spin-up and spin-down states for 25.0% Y-doped SmMnOj3 within (a) the GGA and (b) the GGA + U approaches.

FIG. 8. PDOS of spin up and down states for pristine SmMnO3 within (a) the GGA and (b) the GGA + U approaches.

FIG. 9. PDOS of spin-up and spin-down states: (a) GGA for 12.5% Eu-doped, (b) GGA + U for 12.5% Eu-doped, (c) GGA for 25.0% Eu-doped, and (d) GGA + U for 25.0%

Eu-doped SmMnO;.

the Mn-d states contribute most significantly to the conduction
band. After Eu doping, the O-p and Mn-d states to the valence
and conduction bands decrease with increasing levels of doping
of Eu [Figs. 9(a)-9(d)]. Similar phenomena are observed with
varying levels of doping of Y [Figs. 10(a)-10(d)]. These results
indicate that doping of SmMnO3 with Eu and Y can reduce
the bandgap or enhance its tunable bandgap capacity, thereby

improving the potential applications of the material in various
disciplines.

C. Optical properties

For a better understanding of the electronic properties of pris-
tine and doped SmMnOs3, it is essential to examine their optical
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FIG. 10. PDOS of spin-up and spin-down states: (a) GGA for 12.5% Y-doped, (b) GGA + U for 12.5% Y-doped, (c) GGA for 25.0% Y-doped, and (d) GGA + U for 25.0%

Y-doped SmMnO;.

behavior. The interaction of these materials with light provides valu-
able insights into their potential applications. Fundamental optical
parameters, such as the absorption coefficient, refractive index, and
dielectric function, are critical in evaluating their viability for vari-
ous optoelectronic technologies, such as solar cells, LEDs, and lasers.
These characteristics not only affect how efficiently these materials
can convert light into energy or emit light but also influence their
overall performance in high-efficiency devices. Thus, studying these
optical properties is essential for optimizing the practical applica-
tions of pristine and doped SmMnO3 compounds. The dielectric
function provides a comprehensive description of a material’s opti-
cal and electronic behavior, capturing how it interacts with electro-
magnetic fields across different energy ranges. This function is cru-
cial to understanding inter-band electronic transitions, which occur
when electrons move between different energy bands in response to
incident light.

The connection between the dielectric function and the wave
vector or leap matrix allows for the determination of the disper-
sion relationship of dielectric functions.” The dielectric function is
represented by the following equation:*®

e(w) = &1(w) +igz(w). (3)

The imaginary component of the dielectric function, & (w), is
calculated using the following formula:’’

(@) = 22 0,5 [ P OF fin(1 = fu)

3
x a(Eﬁ —E - hw) %. (4)

Here, fi, represents the Fermi-Dirac distribution function, while
P} (k) denotes the projection of the momentum dipole matrix ele-
ments on the direction of the field v for the initial and final states.
The symbol EX(k) represents the energy of an individual electron,
with m being the mass of the electron and e being the charge of the
electron.

The real component of the dielectric function, & (w), can
be calculated using the following expression obtained from the
Kramers-Kronig transformation:**

e(w)=1+ f[PfOooI:w,sz(M)dew'. (5)

2 2
w —w

Here, & (w) illustrates the ability of the material to disperse and
polarize light, which in turn affects its refraction and the shift of light
waves. In contrast, the imaginary part, &, (w), represents the capacity
of the material to absorb light energy. These properties collectively
affect the efficiency of material in converting light to energy and its
application in high-efficiency optoelectronic devices.

The linear optical properties, such as absorption coefficient
a(w), refractive index n(w), and reflectivity R(w), are described by
the following equations:

(@) =\ 20\/{e1 ()} + {e2(@)} - &1 (@), ©)

ww =\ WVe@P @@ sa@, 0

R(w):‘\/sl(w)+isz(w)l : ®)
Ve(w) +ie(w) + 1]

The values for various optical parameters, calculated over a photon
energy range of 0-30 eV, are illustrated in Figs. 11(a)-11(e). They
provide detailed insights into the behavior of the material’s opti-
cal properties across this energy spectrum. At static frequency, the
value of & (0) provides knowledge about the polarization response
of the material at various doping levels, with values of 2.96 for pris-
tine SmMnOs, 2.55 for 12.5% Eu-doped, 2.50 for 25.0% Eu-doped,
2.18 for 12.5% Y-doped, and 2.05 for 25.0% Y-doped SmMnOs.
These changes in polarization behavior support the reduction in
the electronic bandgap of Eu/Y-doped SmMnOs3. As photon energy
increases, the peaks in ¢ (w) for Eu- and Y-doped SmMnOs3 occur
around 5.0 eV, while for the pristine material, the peak energy is
at 1.45 eV. The lower energy peak at 1.45 eV suggests that the
pristine material interacts strongly with longer wavelength light,
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FIG. 11. Variation in the (a) real and (b) imaginary parts of the dielectric function, (c) refractive index, (d) absorption coefficient, and (e) reflectivity of pure and Eu-/Y-doped

SmMnOs.

corresponding to visible or near-infrared light. In contrast, the
higher energy peak at 5.0 eV indicates that the doped material
exhibits maximum polarizability at a much higher energy, corre-
sponding to ultraviolet light. This suggests potential applications
in UV filtering, optoelectronics, or high-frequency applications, as
discussed in Sec. 111 B on electronic properties.

Figure 11(c) shows the trends of the refractive index n(w)
with photon energy, and it follows a trend similar to that of
e1(w). Furthermore, the refractive index decreases with Eu/Y dop-
ing on SmMnOs3, which reflects how doping affects the optical
characteristics of the material.

Figure 11(b) shows that both Eu-doped SmMnO3 and Y-doped
SmMnOj exhibit an initial increase in the & (w) spectrum, which
indicates efficient photon absorption at lower energies. This initial
rise can be attributed to electronic transitions from the localized
f orbitals of Eu or the d orbitals of Y to unoccupied states that
involve the Mn-3d and O-2p orbitals, thereby enhancing the absorp-
tion behavior of the material. After this initial increase, a subsequent
decrease in &(w) is observed for both Eu-/Y-doped materials, a
behavior commonly observed in small bandgap semiconductors.
This decrement suggests that at higher photon energies, electronic
transitions to higher energy states become less favorable due to
the saturation of available states or the reduced probability of such
transitions.

The reflectivity spectrum of pristine and Eu-/Y-doped
SmMnOs3, as shown in Fig. 11(e), provides valuable insights into
the reflection and transmission properties of light. At zero energy,
the reflectivity of both pristine and doped materials is relatively

low, around 0.1, indicating that these materials have a moder-
ate ability to reflect light in the absence of external energy. This
suggests that, at lower energies, the materials primarily absorb
light rather than reflecting it. At higher energies, the reflectivity
of the materials also rises, with distinct peaks appearing in the
spectra. For the pristine SmMnOs3, the reflectivity peak of 0.3 is
observed at ~2.34 eV. In contrast, the Eu-doped SmMnO; and
Y-doped SmMnO; show a reflectivity peak of 0.22 at 5.1 eV for
both dopants. This indicates that pristine SmMnOs3 is more effec-
tive at reflecting light at lower energies, while the doped vari-
ants demonstrate enhanced reflectivity at higher photon energies.
The low reflectivity at lower energies makes these materials suit-
able for light absorption in photovoltaic applications, while the
peak reflectivity at higher energies suggests potential for use in
optoelectronics.

The absorption coefficient measures how efficiently a material
absorbs light as photon energy increases. Both pristine and doped
SmMnOs; exhibit significant absorption once photon energy exceeds
their respective bandgaps. A peak appears around 15 eV for both
doped and pristine material, with a slightly higher intensity in
the doped variants. This peak is attributed to inter-band transi-
tions, where photons with sufficient energy excite electrons from
the valence band to the conduction band, thereby increasing absorp-
tion. As shown in Fig. 11(d), doping with Eu and Y shifts this peak
to higher photon energies, reduces the bandgap, and introduces
localized states near both the valence band maximum and conduc-
tion band minimum. These trends highlight the potential of doped
SmMnO;s materials for optoelectronic applications, where their
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FIG. 12. Energy vs lattice constant plots of (a) pristine, (b) 12.5% Eu-doped, (c) 25.0% Eu-doped, (d) 12.5% Y-doped, and (e) 25.0% Y-doped SmMnOj at different magnetic

configurations.

tunable absorption characteristics could be utilized for advanced
technologies.

D. Magnetic properties

Using structure optimization based on Birch-Murnaghan’s
equation of state,” this study thoroughly investigates the mag-
netic properties of the SmMnO3 compounds with varying levels
of Eu and Y doping. The equilibrium volume vs energy curve for
pure and doped compounds in the non-magnetic, ferromagnetic,
and antiferromagnetic phases has been used to determine the opti-
mized lattice constant. Figures 12(a)-12(e) clearly illustrate that the
FM (ferromagnetic) configuration is the most stable phase for all
compounds, and the ground state energies associated with these
phases are presented in Table II. These results indicate that the
ferromagnetic phase is the most stable magnetic phase across all
doping levels.

Eu with partially filled 4f orbitals is typically paramagnetic*’
and alters the magnetic properties of SmMnO3 when introduced
as a dopant, inducing ferromagnetic characteristics. Similarly, Y, in
its pure state, is also paramagnetic; however, its incorporation into
SmMnO;3 leads to the emergence of ferromagnetic properties. This
modification arises from specific interactions between the partially
filled d orbital of manganese (Mn) and the f orbital of samarium
(Sm), as well as the partially filled f orbital of europium or the
partially filled d orbital of yttrium. These interactions can align mag-
netic moments in parallel, enhancing magnetization and inducing
a ferromagnetic state. Consequently, doping of both europium and

yttrium into SmMnOs significantly alters its magnetic properties
and enhances its ferromagnetic behavior.

The GGA + U method incorporates an additional Hubbard U
parameter that specifically addresses the strong electron-electron
interactions within the partially filled d and f orbitals. This correc-
tion improves the accuracy of the estimated magnetic moments by
better representing the localization of electrons in these orbitals. As
a result, the GGA + U method provides a more accurate and reli-
able presentation of the magnetic properties of materials such as
Eu-doped SmMnOs. It yields ~10% greater magnetic moments at
each site and for the total magnetic moment compared to the GGA
method. In contrast, for Y-doped SmMnOs3, there is no significant
change in the total magnetic moment between the GGA and GGA
+ U methods. Spin-orbit coupling (SOC) is a quantum mechani-
cal phenomenon where the orbital motion of electrons around the
nucleus interacts with their spin. In our study, we observed neg-
ative orbital moments at the Mn and Eu sites, indicating that the
orbital contribution opposes the spin contribution, which in turn
affects the overall magnetic properties. Incorporating SOC with the
GGA + U method is essential for accurately calculating magnetic
properties. It effectively accounts for magnetic anisotropy, provides
a realistic description of materials with significant electron cor-
relation and relativistic effects, and offers a comprehensive and
precise representation of the magnetic behavior and electronic struc-
ture of the material. For pristine SmMnOj3, the magnetic moment
of the Mn site calculated using the GGA + U + SOC method is
3.583 us, with a negative orbital moment of —0.9847 pg. This indi-
cates a strong ferromagnetic moment with a notable reduction in
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TABLE . Calculated total magnetic moment (My,) and atomic magnetic moment of each site within Sm (Mg,,), Mn (My,), Eu (Mgy), Y(My), and O (Mg), obtained using the
GGA, GGA + U, and GGA + U + SOC approaches of SmMnOj3 with different doping levels of Eu and Y.

Configuration Compound Mg (up) Mg, (up) My (us) M (uB) Mo (uB) Mot (uB)
Bulk SmMnOs 0.0111 e 2.9352 0.0543 3.620
12.5% Eu doped 0.0115 0.0122 2.9412 0.0558 3.661
GGA 25% Eu doped 0.0115 0.0121 .e 2.9573 0.0548 3.767
12.5% Y doped 0.0112 e 0.0134 2.5070 0.0542 3.248
25.0% Y doped 0.0111 0.0131 2.5008 0.0544 3.224
Bulk SmMnOs3 0.0111 e 3.2763 0.0019 4.000
12.5% Eu doped 0.0185 0.0192 3.2923 0.0052 4.045
GGA +U 25.0% Eu doped 0.0184 0.0194 e 3.2928 0.0048 4,081
12.5% Y doped 0.0144 e 0.0139 2.5262 0.0547 3.248
25.0% Y doped 0.0113 0.0137 2.5176 0.0549 3.229
Bulk SmMnO3 0.0111 . 3.583/-0.9847 0.0019 3.886
12.5% Eu doped 0.0185 0.0192 3.849/-0.4299 0.0052 3.908
GGA + U+ SOC 25.0% Eu doped 0.0184 0.0192 cee 3.855/-0.4532 0.0048 3.916
12.5% Y doped 0.0144 0.0139 2.572/-0.0423 0.0547 3.234
25.0% Y doped 0.0113 0.0137 2.441/-0.014 43 0.0549 3.207

TABLE II. Calculated ground state energy (Eq) in the PM, FM, and AFM phases of SmMnOj3 with different doping levels of Eu and Y.

Non-magnetic phase ~ Ferromagnetic phase

Antiferromagnetic phase

AE= (Epm — Eapm)  Curie temperature

Compounds (Ry) (Ry) (Ry) (Ry) (K)

Bulk SmMnOs3 -6667.3857 —6668.6942 -6668.6591 0.0351 255.35
12.5% Eu doped —6682.6319 —-6683.7510 —6683.7141 0.0369 268.63
25% Eu doped —-6697.2358 —6698.6994 —6698.6562 0.0432 314.28
12.5% Y doped —6227.8531 —6228.3948 —6228.3635 0.0313 227.70
25% Y doped —5787.6143 —5788.1557 —5788.129 94 0.0258 187.69

the orbital moment due to SOC. For Eu-doped SmMnO3, the mag-
netic moments for 12.5% and 25.0% Eu doping are 3.849 and 3.855
us, respectively, with the corresponding negative orbital moments of
-0.429 and —0.4532 pg. In the case of Y-doped SmMnO3, the mag-
netic moments for 12.5% and 25.0% Y doping are 2.572 and 2.441
us, respectively, with the corresponding negative orbital moments
of —0.0423 and —0.0144 pg. Here, the negative orbital moment indi-
cates the antiparallel alignment of the orbital moment with the spin
moment, which reduces the total magnetic moment and influences
the magnetic behavior of the material.

When Eu is added to SmMnO3, the overall magnetic moment,
as well as the magnetic moment at each site of the compound,
increases under all three approximations (GGA, GGA + U, and
GGA + U + SOCQC) [Table I]. This increase occurs because Eu, with
a partially filled f orbital, replaces the Sm atom in SmMnOs. The
additional electrons interact with Mn through a super-exchange
interaction, which improves the alignment of magnetic moments
and increases the overall magnetic properties of the material. In con-
trast, yttrium ([Kr]4d!5s?) does not contribute additional magnetic
electrons when it replaces samarium in SmMnOs. This substitu-
tion can disrupt the magnetic ordering in SmMnQOj3, leading to a
reduction in the overall magnetic moment.

1. Curie temperature

The Curie temperature is the temperature at which the mag-
netic properties of certain substances undergo significant changes.
Below the Curie temperature, magnetic dipoles are aligned, result-
ing in ferromagnetic order. However, the thermal energy above this
temperature disrupts this alignment, causing the dipoles to become
randomly oriented. Most perovskites exhibit a low Curie tempera-
ture. To calculate the Curie temperature, the following equation is
used:"!

2
KgTc = gzij],j ©)

with

_AE _ Epm - Earu
T

where Kp represents the Boltzmann constant and | j represents the
exchange interaction, that is, the energy difference between the
ferromagnetic (Ery) and antiferromagnetic states (Eapu).

The calculated values of Curie temperature (T¢) for pris-
tine, 12.5% Eu-doped, and 25% Eu-doped SmMnO; are 255.35,

, (10)
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FIG. 13. Variation in the Curie temperature with Eu/Y doping concentration on
SmMnO;.

268.63, and 314.28 K, respectively [Table II]. In contrast, for
Y-doped samples, the values are 227.70 and 187.69 K. The Curie
temperature increases rapidly with Eu doping, while it decreases sig-
nificantly with Y doping. As the doping level rises, notable changes
occur in the magnetic properties and Curie temperature of the
material.

Figure 13 illustrates that the Curie temperature of SmMnO3
decreases nearly linearly with increasing Y doping concentration.
This is attributed to the slightly smaller atomic radius of yttrium
than that of samarium, which introduces significant lattice distor-
tion and reduces magnetic exchange interactions between Mn ions.
Conversely, europium, having a similar ionic radius as compared
to Sm and partially filled 4f orbitals, causes less lattice distortion
and enhances magnetic interactions. Thus, the Curie temperature
initially increases with increasing Eu concentration as the magnetic
exchange interactions strengthen.

E. Elastic properties

Here, the mechanical properties and dynamic stability of
SmMnO; with varying europium doping are discussed. The relevant
elastic constants for the simple cubic structure include C,;, C2, and
Cus. Among these, Ci and Cyy reflect elasticity in terms of shape,
while Ci; denotes elasticity in terms of length.*” The stress—strain
method has been employed to calculate these constants for both pure
and doped SmMnOs3 (Table I1I).

pubs.aip.org/aip/adv

According to Hooke’s law," the relationship between stress
(07) and strain (gg) in terms of C;; can be expressed as

O‘ij = Cijklskl = O‘ij = C,jsij, (11)

where 0; is the stress tensor component, C;; is the stiffness or elastic
tensor component, and ¢;; is the strain component.

The Voigt-Reuss-Hill approximation'' " has been used to
determine the bulk modulus (B), the shear modulus (G), and
Young’s modulus (E), which are calculated using the following
relations:

2C 1
By = M, and Bg= ———— (12a)
3 (3511 + 6512)
By = @. (12b)

The shear moduli of Voigt and Reuss provide upper and lower
bounds, respectively,”” and combining these with a weight para-
meter represents an intermediate condition,**

_ (Ci1 = Ci2 +3Cu)

G 13
v 5 (13a)
Gr = 5C44(C11 — C12) , (13b)

4Cyq + 3(C11 - Clz)
Gy = (G720, (130)
2
_ IBuGn_ (14)
3By + Gy

The following formulas are used to calculate the anisotropy factor
(A), Poisson’s ratio, and Cauchy’s pressure:

A=1+ M’ (15)
Cn
By —2
o Bu=2GH (16)
2(3Bu + Gn)
and, Cauchy’s pressure;
Pc =Cip — Cy. (17)

The elastic constants (Cj) of pristine and doped compounds, specif-
ically C11, Cr2, and Cuyy, are critical for describing their mechanical

TABLE lll. Calculated elastic constants (C;), Young's modulus (E), shear modulus (G), Poisson’s ratio (v), and Gy/By ratio of SmMnO3 with different doping levels of europium

and yttrium.

Compounds C11 (GPa) Ci2 (GPa) Cas (GPa) By (GPa) Br (GPa) By (GPa) Gv (GPa) Gr (GPa) Gy (GPa) E(GPa) v  Gu/Bu
Bulk SmMnO3 240.52 112.08 78.32 154.89 154.89 154.89 72.68 71.99 72.34 187.78 0.323 0.471
12.5% Eu doped  229.71 185.99 70.95 200.56 200.56 200.56 51.31 37.38 44.34 123.90 0.365 0.221
25% Eu doped 235.7 183.78 76.95 201.09 201.09 201.09 56.55 43.09 49.82 138.07 0.386 0.248
12.5% Y doped 247.84 153.72 119.04 185.09 185.09 185.09 90.25 73.85 82.05 214.46 0.307 0.443
25% Y doped 246.65 150.38 117.68 182.47 182.47 182.47 89.86 74.58 82.22 214.45 0.304 0.450

AIP Advances 14, 125309 (2024); doi: 10.1063/5.0232439
© Author(s) 2024

14, 125309-10

92:/1:20 S20Z dunr oL



AIP Advances ARTICLE

behavior. These constants are listed in Table 11, and the results con-
firm that both the doped and pristine compounds studied satisfy
the Born stability criteria for mechanical stability," making them
suitable for various technological applications,

Ci - |C12| >0, (183)
Cii +2Ci2 >0, (18b)
Ci < B< Gy, (18¢)
and
C44 > 0.

The bulk modulus (B), shear modulus (G), Young’s modulus (E),
Pugh ratio (G/B), and Poisson’s ratio of both pristine and doped
perovskites are summarized in Table ITI. These moduli are crucial
in determining the material’s behavior under various mechanical
conditions. The bulk modulus indicates the material’s resistance to
uniform compression under pressure. The shear modulus reflects
the material’s ability to withstand deformation in response to shear
stress. Young’s modulus measures the material’s resistance to lon-
gitudinal deformation under tensile or compressive forces. Under-
standing these properties is essential for predicting the material’s
mechanical performance.

From the tabulated values of Ci; and Cu, it is observed that
Y-doping results in higher values compared to both Eu-doped
and pristine SmMnO3, suggesting that Y-doping enhances the
material’s resistance to both compression and shear deformation.
This indicates greater mechanical stability and improved suitability
for structural applications.

The bulk modulus (B) displays a clear trend with doping in
SmMnO3 compounds. For pristine SmMnOs3, B = 154.89 GPa, indi-
cating moderate resistance to uniform compression. Europium (Eu)
doping significantly increases the bulk modulus, with B rising to
200.56 GPa for 12.5% Eu and 201.09 GPa for 25% Eu, suggesting
improved structural stability under pressure. In contrast, yttrium (Y)
doping decreases the bulk modulus, with B falling to 185.09 GPa for
12.5% Y and 182.47 GPa for 25% Y, indicating lower resistance to
compression compared to Eu-doped compounds.

Shear modulus (G) trends are also affected by doping. Pristine
SmMnOj3 has a shear modulus of 65.47 GPa. Europium doping leads
to a reduction in shear modulus, with values of 44.34 GPa for 12.5%
Eu and 49.82 GPa for 25% Eu, indicating decreased resistance to
shear stress compared to the pristine material. Meanwhile, yttrium
doping significantly enhances the shear modulus, with G increasing
to 82.05 GPa for 12.5% Y and 82.22 GPa for 25% Y, surpassing both
the pristine and Eu-doped SmMnO3 compounds.

Young’s modulus (E) shows a significant variation with doping.
Yttrium doping results in the highest E values among the studied
compounds, with 214.46 GPa for 12.5% Y and 214.45 GPa for 25%
Y, reflecting a substantial increase in stiffness compared to pristine
SmMnOs3, which has E = 187.78 GPa. In contrast, europium dop-
ing reduces E considerably, with values dropping to 123.90 GPa for
12.5% Eu and 138.07 GPa for 25% Eu, indicating a marked decrease
in stiffness compared to both pristine and Y-doped SmMnOs3. The
Poisson’s ratio values indicate that europium doping results in
greater lateral expansion under tension, while yttrium doping leads
to less lateral expansion. According to Pugh’s criteria, materials with

pubs.aip.org/aip/adv

a Pugh ratio G/B < 0.57 are considered ductile. All calculated val-
ues of G/B for both pristine and doped compounds are below 0.57,
confirming that these materials are ductile.

1. Elastic anisotropy

Elastic anisotropy, an important parameter describing how
mechanical properties vary with direction, is assessed using the
universal anisotropy index (AY).”" The Zener anisotropy index
(A%) measures the degree of elastic anisotropy in cubic crystals,”’
while percent compression and shear anisotropy indices (Acomp and
Aghear)” describe the elastic anisotropy of both pristine and doped
compounds as follows:**

U:5%+%:,6, (19a)
A7 - 5%, (19b)
Aomp gz - iﬁ (19¢)
Ay = % (19d)

Isotropic characteristics are indicated by AY =0, A% = 1, and Acomp
= Ashear = 0, while all other values indicate anisotropy. In addition,
the extent of elastic anisotropy increases with the magnitudes of
AU, AP pshear ond |AZ — 1|. The calculated anisotropy indices
(AU, AZ, Acomp, and Agpe,r) for pure and Eu- or Y-doped SmMnOs
compounds are presented in Table I'V. These compounds exhibit an
isotropic bulk modulus due to their Acomp values of zero, resulting
in a perfect spherical shape [Fig. 14(a)]. The cubic structure of these
compounds means that they deform uniformly in all [100], [010],
and [001] directions when subjected to the same hydrostatic pres-
sure. The calculated values of Agpeqr and AZ convey that these cubic
complexes are not identical. The Eu-doped compounds demon-
strate relatively greater elastic anisotropy compared to their pure and
Y-doped counterparts.

To better visualize the elastic anisotropy of these complexes, we
have constructed two-dimensional polar plots of Young’s modulus
and shear modulus (Fig. 14). These plots are based on the elas-
tic compliance constants (S;) and directional cosines (;) with the
following expressions for Young’s modulus and shear modulus:™*

=

N
=Su - 2(811 =S - f)(zf L+b-B+ L), (20a)

=S+ 4(311 -S12— %)(zi L+B-B+RE). (20b)

2. Debye temperature (0p)

The Debye temperature (6p) is an important parameter that
determines the thermal properties of materials, distinguishing
between their high- and low-temperature states. A higher value of
Op indicates that the material has a higher melting temperature and
enhanced thermal conductivity.”” In this study, we employed estab-
lished techniques and elastic constant data to compute the Debye
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TABLE IV. Calculated elastic anisotropy indices (AY, A2 Acomp, and Aspear) Of
SmMnO; with different doping levels of Eu and Y.

Compounds AU AZ Acomp Ashear
Bulk SmMnO3; 0.0095 6.0978 0.00 0.0047
12.5% Eu doped 0.3729 16.2283 0.00 0.1571
25% Eu doped 0.3124 14.8209 0.00 0.1351
12.5% Y doped 0.2219 12.6477 0.00 0.0999
25% Y doped 0.2049 12.2239 0.00 0.0929

temperature. The value of p can be efficiently calculated using the
average sound velocity (vy) as follows:

h[3n NA.p)]i
=—\|——— m> 21
O KB[471(M v 1)

where h, Kp, N4, n, M, p, and v, are Planck’s constant, Boltzmann’s
constant, Avogadro’s number, the number of atoms per formula
unit, the molecular mass per formula unit, the density, and the
average sound velocity, respectively. The average sound velocity is
calculated using the following relation:*®

-1

1({ 2 1 3
Um ===+ , 22
" [3(vf )] 22)

pubs.aip.org/aip/adv

where v; and v are the longitudinal and transversal elastic wave
velocities in an isotropic material, respectively, and can be obtained
from Navier’s equation as follows:*”

Ul=[3B+4G]Z andvt:[G]z. (23)
3p P

The introduction of europium atoms into SmMnO; generally
decreases the longitudinal, transverse, and average sound velocities
[Fig. 15(a)]. In contrast, yttrium doping enhances acoustic veloci-
ties, longitudinal, transverse, and average sound velocities. The value
of Op decreases significantly upon the addition of Eu and contin-
ues to decline linearly with increasing doping levels. However, its
value consistently decreases with an increase in the doping level of
Y [Fig. 15(b)]. Overall, yttrium doping enhances the longitudinal,
transverse, and average sound velocities, as well as the Debye tem-
perature, which improves both the mechanical stiffness and thermal
properties of SmMnO3. This makes Y-doped SmMnO3; more suit-
able for applications requiring high resistance to deformation and
better thermal conductivity. The tabulated values of longitudinal
(v1), transverse (vi), and average (vi) sound velocities, along with
the Debye temperature (0p) for Eu- and Y-doped SmMnOs, pre-
sented in Table V, as well as the anisotropic index in Table IV,
exhibit trends that are consistent with the general behavior observed
in ABOs perovskites, such as KSnO3, RbSnO3, CsSnOs3, KSbOs3,
RbSbO3, and CsSbO3, as reported by Ulkii Bayhan and inanq Yilmaz
in their study.™

FIG. 14. Two-dimensional polar plots of (a) Young's modulus and (b) shear modulus of Eu-doped SmMnOj; and (c) Young’s modulus and (d) shear modulus of Y-doped

SmMnO; at different concentrations.

FIG. 15. Variation in (a) acoustic veloc-
ies and (b) Debye temperature of
SmMnO; with different doping levels of
Euand Y.
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TABLE V. Calculated density (p), longitudinal, transverse, and average sound velocities (v;,v¢, Aum), and Debye
temperature (6p) of SmMnO3 with different doping levels of Eu and Y.

Compounds o P(g cm™) v (ms™h) v (ms™h) vm (ms™h) 6p (K)
Bulk SmMnO3 0.323 7.042 5974.06 3206.22 3550.00 438.04
12.5% Eu doped 0.365 8.194 5994.44 2711.99 3058.01 418.62
25% Eu doped 0.386 8.225 5703.09 2461.14 2780.55 380.55
12.5% Y doped 0.307 7.996 6068.78 3203.36 3551.98 487.39
25% Y doped 0.304 7.676 6168.66 3278.78 3628.80 496.44

IV. CONCLUSIONS

The important takeaways from this work are listed as follows:

i. Tolerance factors of ~0.9 are observed in pure, Eu-doped,
and Y-doped SmMnO3, suggesting that these materials are
stable up to a 25% doping level. As the doping concen-
tration increases, the tolerance factor decreases non-linearly
for Y-doped SmMnO3 and decreases linearly for Eu-doped
SmMnO3.

ii. Electronic and magnetic calculations show that pristine
SmMnO;3 exhibits a ferromagnetic half-metallic behavior. The
band reduces significantly on Eu and Y doping. Eu doping
increases the magnetic moment and Curie temperature, while
these properties are reduced by Y doping.

iii. Euand Y doping shifts the peak of the real part of the dielec-
tric function &;(w) from 1.5 eV (pristine SmMnO3) to 5.0 eV
(doped compounds) and increases the peaks of the imaginary
part &2(w), indicating enhanced optical absorption.

iv. The refractive index n(w) decreases rapidly at low energies
and stabilizes at higher energies. Doped SmMnO3 shows a
UV shift with increased absorption intensity and decreased
reflectivity. These modifications in optical properties due to
Eu and Y doping suggest potential applications in advanced
photovoltaics, UV photodetectors, optoelectronic devices, and
broad-spectrum sensors.

v. Eu doping causes a decrease in Young’s modulus and shear
modulus, with an increase in the bulk modulus. Conversely,
Y doping leads to increased shear and Young’s moduli. Fur-
thermore, Eu doping has been shown to increase Poisson’s
ratio (up to 0.386), while Y doping results in a slight decrease
in Poisson’s ratio (~0.304-0.307). Finally, Eu doping increases
elastic anisotropy while decreasing the Debye temperature,
whereas Y doping has the opposite effect.
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Elastic Anisotropy and Thermal Properties of Sr,ZrMoOg
Double Perovskite under Different Pressure

Peshal Pokharel, Shshit Kumar Yadav,* Nurapati Pantha, Bikash Sharma,

and Devendra Adhikari*

This study investigates the elastic and thermal properties of the double perovskite
Sr,ZrMoOg under different pressures from 0 to 80 GPa using first-principles
calculations within the generalized gradient approximation of density functional
theory. The calculated second-order elastic constants confirm the mechanical
stability of the compound up to 80 GPa. The material exhibits significant elastic
anisotropy, with elastic constants C;;, G3, and C,4 showing distinct pressure-
dependent behavior. The elastic properties, including bulk modulus, shear
modulus, Young’s modulus, and Poisson’s ratio, all increase with a rise in
pressure, which enhances the material’s stiffness and rigidity, improving its
resistance to deformation or fracture. The Pugh ratio greater than 0.57, a negative
Cauchy constant, and a low Poisson’s ratio suggest that the material remains
brittle within the examined pressure range. The calculated tolerance factor and
formation energy confirm its thermodynamic stability. The minimum thermal
conductivity k., of the material increases slightly with pressure across all
directions, maintaining the anisotropic order koo1) > k{110 > ki100), indicating
improved phonon transport under compression. The specific heat capacity
increases with pressure at low temperatures and approaches the Dulong—Petit
limit at higher temperatures. These findings suggest Sr,ZrMoOg holds potential
for high-performance optical waveguides and optoelectronic applications.

the late 1950s and mid-1980s.'" Their
structure can be derived from the simple
perovskite and has the formula A,B B'Xj,
where A cations occupy the octahedral
sites, B and B’ cations are located at the tet-
rahedral and octahedral positions, respec-
tively, and X anions are situated at the
interstitial sites (Figure 1). In strontium
zirconium molybdate (Sr,ZrMoOg), St ions
are located at the A site. Meanwhile, Zr and
Mo are situated at the B and B’ sites, and O
anions occupy the X site. Sr,ZrMoQOg, with
its double perovskite structure, has gained
significant attention due to its pronounced
elastic anisotropy and unique thermal
properties (Figure 1). The elastic anisotropy
of this material plays a crucial role in its
mechanical performance, as it exhibits dif-
ferent elastic moduli depending on the
crystallographic direction. This anisotropy
influences the material’'s structural
stability and makes it more promising for
high-performance  applications  where
directional mechanical characteristics are
essential.'”  Sr,ZrMoOs is particularly
noted for its excellent mechanical and ther-

1. Introduction

Perovskite materials have gained considerable interest from the
scientific community for their broad range of applications to
advancements in solar cells,!? photovoltaics,” sensors,*! spin-
tronics,®! data storage,”! advanced electronic devices,® and high-
temperature superconductors.””’ Double perovskites were first
studied in the early 1950s"” and gained popularity between

mal stability, making it suitable for use in extreme conditions.
Furthermore, its thermal properties make it an attractive candi-
date for thermal management and energy-related applications.
With these characteristics, the material finds its utility in
advanced technological fields such as electronics, catalysis,
and thermoelectric devices, where precise structural stability
and heat transport control are required. The pressure-dependent
mechanical properties of double perovskite Sr,MnTaOg were
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Figure 1. Unit cell of Sr,ZrMoOg double perovskite.

explored through first-principle calculations for applications in
optoelectronics and photovoltaics.!**! Recently, double perovskite
oxides with Sr, Ca, and Ba atoms have been extensively investi-
gated using density functional theory (DFT).***®! Specifically,
strontium (Sr) and barium (Ba)-based double perovskites have
attracted considerable attention due to their unique half-metallic
behavior, high electrical conductivity, and strong magnetic
ordering.*'®!”! Feng et al. studied the elastic anisotropic and
thermal properties of Ln,SrAl,O; (Ln=1a, Nd, Sm, Eu, Gd,
Dy) compounds using DFT and the Debye quasiharmonic
approximation.™®!

In the present study, we intend to study the elastic anisotropy
and thermal anisotropy of double perovskite Sr,ZrMoOg
under different isotropic pressure conditions within 0-80 GPa
using DFT.

2. Results and Discussion

2.1. Structural Properties

The pressure-dependent structural properties of the tetragonal
perovskite Sr,ZrMoOg, such as lattice parameters (g, ¢y), ground
state energy (E,), minimum volume (V,), and heat of formation
energy (AH), have been systematically calculated at various pres-
sures and presented in Table 1. As pressure increases, the ratios
a/ag, c/cy, and V/V, decrease gradually, as illustrated in
Figure 2a. It can be observed that the c-axis undergoes greater
compression relative to the a-axis with the rise in pressure.
But the ratio of parameter c/a is constant; also, the a/ay and
c/co curves exhibit a linear decrement. However, as pressure
increases, the resistance to further compression causes a nonlin-
ear response, resulting in a parabolic fall in the unit cell volume.
To calculate the tolerance factor for a perovskite material such as
Sr,ZrMoOQg, the following formula has been used.["”!

A —To

~Valr+ro) W
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Table 1. Calculated values of the lattice constants, ag, and cg, minimum
volume (Vo), a/do, ¢/co, V/[Vo, heat of formation (AH), for the tetragonal
Sr,ZrMoOg perovskite under different pressures.

P[Gpa] a[Al c¢[A] VIA® aja, c¢/cy V/Vo AH [eVatom™']
0 4066 8232 136086 1 1 1 —3.251
20 4046 8174 133908 0995 0.993  0.984 —3.249
40 4025 8133 132819 099 09838 0.976 ~3.248
60 4009 8.092 13204 098 0983 0.9703 —3.244
80 3.993 8059 131.459 0.982 0979 0.966 —3.240

where r,, rg, and rq represent the ionic radii of the Sr cation, the
average ionic radius of the Zr and Mo cations, and the oxygen
anion, respectively. The calculated tolerance factor for the mate-
rial is #0.978, which falls within the stability range of a tetragonal
perovskite structure (0.9 <t<0.98), showing its stability.

The ground state stability has also been evaluated by calculat-
ing the formation energy using the following relation.’*”

_ Etotal(SrZZrMOO(,) - (ZESI + EZr + EMO + 6E0)

AH; = F )

Here, Eyu(sr,ziMoo,) 18 the equilibrium energy of the
Sr,ZrMoOyg perovskite, and Es;, Ez;, Emo, and E, are the respec-
tive energies of strontium, zirconium, molybdenum, and oxygen
atoms in their bulk forms. The calculated formation energy for
Sr,ZrMoQg varies in the range of —3.251 to —3.240eV atom ™!
with the application of pressure (Figure 2b). This negative forma-
tion energy value shows the thermal stability of the compound
and can be synthesized experimentally within the given pressure
range. As pressure increases, the balance of Coulomb force
between cations and anions becomes less effective because of
distorted bond length and angles. As a result, the formation
energy of the compound becomes less negative, which indicates
a reduction in the thermodynamic stability of the material under
high-pressure conditions. Furthermore, similar results were
observed when the pressure was reduced, demonstrating the
absence of hysteresis loss during both compression and
expansion.

2.2. Elastic Properties

The study of elastic properties of double perovskite is important
because it offers fundamental insights into the mechanical sta-
bility, dynamic behavior, and strength of materials under differ-
ent pressure conditions. This section discusses the mechanical
properties and dynamic stability of Sr,ZrMoOQg at different pres-
sure conditions. The tetragonal structure is characterized by six
distinct elastic constants (Cy1, C1z, C13, Cs3, Cas, and Ceg), which
were determined using the stress—strain method. Pressure-
dependent Cj; values of Sr,ZrMoQOg are presented in Table 2.
From these values, the elastic compliance constants, S;
(=Cy "), were calculated (see Table ST1, Supporting
Information).

The elastic constants provide insight into how a material
resists stress from different directions. Specifically, Cyq, Cy,
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Figure 2. a,b) The variation of ratios of structural parameters and formation energy of Sr,ZrMoOg at different pressures.

Table 2. Calculated elastic constants (Cj) (in GPa) of Sr,ZrMoOs at
different pressures.

P[GPa]  Cy; G, Gy Cn Co3 Css Cu Gss Ces

0 313.21 95.11 85.66 313.21 85.66 332.62 98.46 98.46 135.32
20 321.71 95.83 87.72 321.71 87.72 335.16 98.24 98.24 137.45
40 327.66 96.19 90.49 327.66 90.49 341.69 98.09 98.09 140.22
60 330.85 96.85 93.32 330.85 93.32 343.29 97.83 97.83 143.22
80 332,57 97.03 95.66 332.57 95.66 350.04 97.67 97.67 147.89

and Cs3 describe how well the material resists deformation along
the [100], [010], and [001] directions of the crystal. For the tetrag-
onal perovskite Sr,ZrMoQg, it is observed that Cy; is consistently
larger than the corresponding Cs; values at all pressures. This
indicates that the bonding strength along the [100] direction is
greater than that along the [001] direction. As shown in
Table 2, Cy4 values at different pressures are significantly lower
than the corresponding C;; and Cjs3 values. This indicates that
the compound in its tetragonal phase is more likely to deform
than under unidirectional stress along the main crystallographic
axes.?Y The elastic constant Cy denotes the degree of resistance
to shear deformation in the xy-plane along the x- and y-axes. The

a
@) 400
S 300 —e—g¢,
O - 7012
~ e—C,
§ - _c33
3 200 . c
g_ - 7056
o [

100 | ] 3 s °

Pressure (GPa)

elastic constant Cgg represents the resistance to shear deforma-
tion within the [100] plane along the [110] direction. Also, a
higher Cgs value compared to Cyy4, as shown in Table 2 for all
pressure, indicates the anisotropic shear behavior of the material.

The variation of the elastic constants (Cj) of Sr,ZrMoOg with
pressure is shown in Figure 3a. The values of Cyq, C1y, C13, Cs3,
and Cgq increase with an increase in pressure, while C,4 exhibits
the opposite trend. Additionally, C; and Cs; consistently show
the highest values across all pressure levels, indicating that the
material demonstrates strong resistance to uniaxial compression.
Furthermore, it is observed that C;; consistently exceeds Cj;
across the entire pressure range, suggesting that atomic bonds
along the [001] direction are stronger than those along the
[100] direction. Additionally, the shear response of the material
along the [001] direction in the (100) plane is characterized by the
Cyq value, while the shear response along the [110] direction in
the (100) plane is represented by the Cgq value. The calculated
values of Cy44 and Cgg vary significantly with pressure, and the
variations are not equal, indicating that the shear moduli exhibit
strong anisotropy, which are discussed in Section 2.2.1.

The mechanical stability criteria of materials were determined
using Born-Huang’s lattice dynamics theory.*?) The pressure-
dependent form of mechanical stability criteria for the tetragonal
system can be expressed as follows.**!

(b)

300
—_ —_— o———¢©
& A * —e—E
o 250 —e—B
= G
=
'g 200
1S ! o—8© ) [
2 150
[72])
ol
* 100

0 20 40 60 80
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Figure 3. a,b) The variation of C; values and elastic constants (£, B,
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Ch—P>0
Ci3—P>0
Cyu—P>0
Ces—P>0 (3)

Ci1—Cyp—2P> 0
Cll + C33 _ 2C13 74P > 0
2C) +2Cyy + Cy3 + 4Cy3 + 3P > 0

All mechanical stability criteria are satisfied by the calculated
values of (Cj) listed in Table 2 for the tetragonal phases of the
studied double perovskite Sr,ZrMoOg. This confirms that the
material is mechanically stable under applied static pressures
in tetragonal configurations.

Hooke’s law** describes the dependence of stress (o) on
strain () in terms of Cj; as follows.

O_ij = Cilgkl => O'ij = CUE’J (4)

where o is the stress tensor component, Cj; is the stiffness or
elastic tensor component, and ;; is the strain component.

The Voigt-Reuss—Hill method*>?”) can be used to determine
the values of B and G for the tetragonal system, and they are
given as

1

By = 9 [2Cy; + C33 +2Cy; +4Cy3] (5a)
CZ

By = i (5b)

The shear constant (G,) of an upper limit is

1
GV = % [M + 3C11 — 3C12 + 12C44 + 6C66} (SC)

with M =[Cy; + Cj; +2C33 —4Cy] and C* = (Cyy + Cpp)
Cy3 — 2G5
and its lower limit can be expressed in the form as
15

18By 6 6 4 3
C? + Ci1+Cyy + [ + C(,J

Finally, Voigt and Reuss’s mean values are obtained by

(By + Bg)
2

(Gy + Gg)

BH: 2

and Gy = (Se)

www.pss-b.com

9B, G
— _OHYH (59)
3BH —+ GH
3By — 2Gyy
vV=—————— 5
2(3By + Gy) ©e)
U = €3~ Cy,  and Pﬁamhy = Cpp — Ces (5h)

The elastic constants listed in Table 2 were utilized to calculate
additional mechanical parameters, including the bulk modulus
(B), Young’s modulus (Y), and shear modulus (G), using
Equation (5a—g). The computed values, such as elastic moduli
(E, B, G), Poisson’s ratio (v), and Pugh’s ratio (G/B), for the
Sr,ZrMoOQg double perovskite under varying pressures, are pre-
sented in Table 3.

The elastic modulus represents the resistance to structural
deformation of the material. A higher bulk modulus value com-
pared to shear modulus suggests that Sr,ZrMoOg exhibits
greater resistance to volumetric deformation than to shape
changes. Furthermore, the high Y and G values of double perov-
skite indicate the significant mechanical properties and stiffness
of the material.

Figure 3b shows that all three elastic moduli (E, B, G) increase
steadily with pressure up to 80 GPa. The increasing pressure
compresses the crystal structure, strengthening atomic bonds
and reducing interatomic distances. This enhances the material’s
stiffness and rigidity, improving its resistance to deformation or
fracture under high-pressure conditions.

The tabulated values of elastic moduli (E, B, G), presented in
Table 3, as well as the elastic constants (Cj;) in Table 2, exhibit
trends that are consistent with the general behavior observed in
half-metallic double perovskite oxide Sr,MnTaOy, as reported by
Dar et al. in their study.!*®!

The G/B ratio is a critical parameter for evaluating whether
materials exhibit ductile or brittle behavior.?® The materials with
€ > 0.57 are considered brittle, while those with $ < 0.57 are
classified as ductile. For the material under study, the calculated
G/ B ratio consistently exceeds 0.57 across a pressure range of
0-80 GPa (Table 3). This indicates that tetragonal Sr,ZrMoOg
retains brittle behavior even under high pressure. Additionally,
the negative Cauchy constant and low Poisson’s ratio (ranging
from 0.225 to 0.231 up to 80 GPa) further support the brittle
nature of the material.

The linear increase in Cj;, and elastic moduli (B, G, and E) with
pressure, as illustrated in Figure 3a,b, shows that Sr,ZrMoOg is
stiffer under compression. This behavior arises from stronger
interatomic bonds and reduced atomic distances, which improve

Table 3. Calculated values of pressure-dependent elastic moduli (B, G, E), Poisson’s ratio (v), and G /By ratio of Sr,ZrMoOg double perovskites.

P [GPa] By [GPa] Bg [GPa] B, [GPa] Gy [GPa] Gy [GPa] Gy [GPa] E [GPa] v Gu/By
0 165.76 165.73 165.75 11231 110.51 111.41 273.04 0.225 0.67
20 169.01 169.00 169.01 113.78 111.82 112.79 276.81 0.227 0.67
40 172.37 17235 172.36 115.27 113.09 11418 280.58 0.229 0.66
60 174.66 174.64 174.65 116.04 113.67 114.86 282.62 0.230 0.66
80 176.88 176.79 176.84 117.42 114.68 116.05 285.66 0.231 0.66
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the resistance to compression and shape deformation of the
material. The steady rise in B and G with pressure shows that
the material can handle both uniform compression and shape
changes, while the rise in E indicates increased rigidity and
reduced flexibility. These properties make Sr,ZrMoOg highly
suitable for high-pressure applications in advanced technological
applications.

The Vickers hardness test is a common method for determin-
ing the hardness of materials by determining their resistance to
plastic deformation. This method works well with many different
types of materials, like metals, ceramics, and thin films. Vickers
hardness Hy of Sr,ZrMoOg4 double perovskite can be obtained
using a relatively semiempirical equation of hardness proposed
by Tian et al.**!

Hy = 0.92(G/B)"137 G078 (6)

Here, B and G represent the bulk and shear moduli,
respectively.

Fracture toughness K¢ reflects the resistance to crack expan-
sion, which is an important mechanical property. Fracture tough-
ness Kic of the compound can be measured in the following
formula.?%

B\ 1/2
Kic = (Vo)V/*G- <E) (7)

where Vj is the volume of a single atom (in m?), B and G are the
bulk and shear moduli (in MPa), respectively.

For assessing the damage resistance of the compound, the
brittleness index M is used and obtained by Hy and K"

Hy
M=_— ()
Kic
For Kic, a material with a large Kjc possesses a strong resis-
tance to crack expansion and a material with a small M shows a
great damage tolerance. From Table 4, the calculated value of
fracture toughness (Kjc) of Sr,ZrMoOg ranges from 3.61 to
3.73 Mpam'/* under the pressure of 0-80 GPa, indicating mod-
erate toughness. These values suggest that Sr,ZrMoOg possesses
a level of toughness that is greater than many superhard
materials, such as diamond,?? but slightly lower than cubic
boron nitride (c-BN).?* This illustrates how Sr,ZrMoOg balances
toughness and brittleness and offers greater resistance to crack
propagation in comparison to brittle ceramics and the majority of
superhard materials. Furthermore, the calculated brittleness
index (M) values for Sr,ZrMoOg range from 4.60 to

Table 4. Calculated fracture toughness Kic (in MPa m”z) and brittleness
index M (in um~'"?) of Sr,ZrMoQg perovskite.

www.pss-b.com

4.64 pm™ %, which are significantly lower than those of typical
superhard materials such as diamond or cubic boron nitride
(c-BN), with M values >10 pm ™"/, This lower M value indicates
that Sr,ZrMoOg is less brittle and exhibits moderate toughness.
The combination of reduced brittleness and excellent fracture
toughness highlights its potential for high-performance applica-
tions in structural, thermal, and electronic fields.

2.2.1. Elastic Anisotropy

The anisotropy indices are an important tool for evaluating the
mechanical, thermal, and electrical properties of a material. The
universal anisotropy index (A") provides a thorough evaluation
of overall anisotropy.**! Furthermore, the shear anisotropy indi-
ces (Ashear) and bulk anisotropy (Acomp) offer important informa-
tion about how the material behaves under shear strains and
compression, respectively.*®) These parameters are important
for the analysis of the elastic anisotropy of double perovskites
under isotropic pressure.*® These indices are defined as follows.

By G
AV=5Y 1V _ ¢ 9a
B TGy (9a)
2C
AZ =54 9
Cui - Cn o)
By — By
Aomp =5 5 9c
P By + By (9¢)
Gy -G
Ashear = Gz T GE (9d)

Isotropic behavior is indicated when A, Acomp, aNd Agpe,, are
all equal to 0, while any nonzero values indicate the presence of
anisotropy. Moreover, the degree of elastic anisotropy increases
with higher values of AY, Acomps aNd Agpeqr. The calculated
anisotropy indices (AU, Acomp and Agpear) for Sr,ZrMoOg double
perovskites at different pressures are presented in Table 5. The
compound exhibits an isotropic bulk modulus as indicated by
Acomp =0. However, the nonzero values of AY and Agen in
Table 5 suggest that the shear modulus and Young’s modulus
vary across different crystallographic directions, indicating elastic
anisotropy in shear and stiffness. In a tetragonal crystal, the
anisotropy factors Ayig}, Afo10}, and Aggoy are defined ast?”

4Cyy

A=A =
! {100} Cip + C33 — 2Cy3

(10a)

Table 5. Calculated elastic anisotropy indices (AY, A%, Acgmp, Ashears A1, Az, Az)
of the Sr,ZrMoOg double perovskites.

P [GPa] H, [GPa] Kic [MPam'/3| M pm~'?  P[GPa] AY Acomp Aspear A A As

0 16.64 3.61 4.61 0 0.0817 0.0 0.0081 0.8233 0.8233 1.2408
20 16.76 3.64 4.60 20 0.0875 0.0 0.0086 0.8128 0.8128 1.2170
40 16.97 3.66 4.64 40 0.0966 0.0 0.0096 0.8034 0.8034 1.2116
60 17.02 3.67 4.64 60 0.1042 0.0 0.0103 0.8061 0.8061 1.2241
80 17.02 3.73 4.61 80 0.1199 0.0002 0.0118 0.8016 0.8016 1.2558
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A=A = 7> 10b
: 0=, + Cy3 —2Cy3 (10b)
Az = A0y = —Cn —C, (10c)

These equations further illustrate the anisotropic nature of the
shear modulus in different crystallographic directions.

A crystal shows isotropic behavior if A;j =A,=A;=1, any
deviation from 1 indicates the level of elastic anisotropy.
Table 5 displays the values of A;, A,, and Aj; the universal anisot-
ropy index (AU); and shear anisotropy (Agpear) for Sr,ZrMoOg
under various pressures. It is observed that values of both
A[100] and A[010] decrease with increasing pressure.
However, A[001] initially decreases up to 40 GPa and then
increases, similar to the behavior reported for tetragonal
WN,.2# The reduction in A[100] with increasing pressure can
be explained by the rise in longitudinal modes C;; and Css,
alongside the decrease in Cy4. These results suggest that higher
pressure leads to increased elastic anisotropy of Sr,ZrMoOg
(Figure 4a).

Acoustic velocities have a close relationship with elastic
constants and are influenced by the direction of propagation
and crystal symmetry. In a tetragonal structure, transverse and
longitudinal wave modes are only feasible along specific symme-
try directions, such as [001], [001], and [110]. In other directions,
the waves are a combination of transverse and longitudinal
modes, and their behavior can be expressed as the combination
of these modes.?”! We have

1)1[100] _ V{om] _ /—C11 7p, Vt[?m] _ /—C44 7p, 1)£(2)01] _ /—C()() 7o

(11a)
= VT, = 2 = ey )

Vl[loo] = \/(Cll + C13 +2.C)/p V£(1)01] =V Cul/p, Vt[ilo]

= vCn— Cia/p

(11¢)

The variation of sound velocities along different crystallo-
graphic directions ([100], [001], and [110]) of the material under
increasing pressure (see Table ST2, Supporting Information) is
presented in Figure 4b. These sound velocities depend on the

www.pss-b.com

crystallographic direction, and the rate of increase in sound
velocity with pressure varies among the different directions
(1100], [001], and [110]).

To better visualize the elastic anisotropy of the compound at
different pressures, we have constructed 2D polar plots of
Young’s and shear moduli, as shown in Figure 5. These plots
are based on the elastic compliance constants (S;) and directional
cosines (I;).1*

1

i Sult+8)+ (2.53+ Su) (B - B+ 1 - B) (12a)
+ S33 - 15+ (2.5, + Ses) 12 - 3

1

B (S114 S12 + S13) — (S11 + S12 — S13 — S33) - I3 (12b)

l:l(s + Se6) (I +13) + Suuld

G 2 44 66 1 2 443 (12C)

+ 1 - B4(S11 — S12) + (Saa — Se6)] + B(1 — B)

These plots show that the elastic moduli are highly direction
dependent, indicating that their values change according to the
specific crystallographic orientation within the material. As pres-
sure increases, the plot representing the bulk modulus is more
circular. This suggests that under higher pressure, the bulk mod-
ulus remains nearly isotropic, implying that its value is almost
uniform in all directions across the pressure range. In contrast,
the plots of Young’s modulus and shear modulus exhibit differ-
ent behavior. As pressure increases, these moduli display mod-
erate levels of anisotropy, indicating that their values vary
significantly with direction. This directional dependence elastic
modulus illustrates the complex mechanical response of the
material, where stiffness and shear resistance vary in different
crystallographic orientations under pressure.

Similar results are observed in the 3D plots, which illustrate
the elastic anisotropy of a material at different levels of pressure
(Figure 6). The 3D plot of the bulk modulus surface is more
spherical, which indicates a relatively lower degree of anisotropy.
Meanwhile, the shear modulus surface shows a moderate level of
anisotropy, falling between the behavior of Young’s and bulk
moduli.

Figure 4. a,b) The variation of anisotropic factor values and sound velocities at different isotropic directions of Sr,ZrMoOg at different pressures.
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Figure 5. The orientation-dependent elastic moduli (E, B, G) of Sr,ZrMoOg double perovskite at different pressures.

Figure 6. a—c) 3D representation of Young’s modulus, bulk modulus, and shear modulus of Sr,ZrMoOg at 0 and 80 GPa.

2.3. Debye Temperature

The Debye temperature (0p) is a key temperature that represents
the vibrational characteristics of a solid. Above the p, all vibra-
tional modes are active, below which quantum effects play a sig-
nificant role. DFT phonon dispersions can in principle provide a
more direct and more informative approach but due to compu-
tational considerations are replaced with approximations pro-
vided here. A higher value of 6p indicates that the material
has a higher melting temperature and enhanced thermal conduc-
tivity.*?*? In this study, we employed established techniques
and elastic constant data to compute the Debye temperature.

Phys. Status Solidi B 2025, 262, 2400625
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The equation below accurately estimates the 6 value based
on the average sound velocity (vp,).

_ h [3n NA./, %
o= i ()= &

where h is Planck’s constant, Kg is Boltzmann’s constant,
n is the number of atoms in each formula unit, N, is
Avogadro’s number, M is the molecular weight, p is density,
and v,, is the average sound velocity, respectively. Furthermore,
the average sound velocity is calculated using the following
relation.!**
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C[1/2  1\]F ”
VM—HE*EH 4

Here, v and v, represent the velocities of longitudinal and
transverse elastic waves, respectively, and can be obtained from

Navier’s equation.**
3B+ 4G]: Gz
n= {7—’— } , and v, = {—] (15)
3p P

As shown in Table 6, the Sr,ZrMoOs compound becomes
more compact and denser with increasing pressure.
Additionally, as the material’s resistance to longitudinal and
shear deformation increases with pressure, the velocities of lon-
gitudinal, transverse, and average sound waves slightly rise
across the pressure range (Figure 7a). The Debye temperature
Op also increases significantly with pressure. However, in a
tetragonal system, the presence of anharmonic effects and struc-
tural phase transitions causes 0p to increase nonlinearly with
pressure (Figure 7b).

2.4. Thermal Conductivities

Thermal conductivity is a measure of a material’s ability to trans-
fer heat, which represents the heat flux through a material for a
specific temperature gradient. The minimum thermal conductiv-
ity, kmin, refers to the lowest possible thermal conductivity of a
material, where the ability to conduct heat is significantly
restricted, often due to strong phonon scattering. This concept
is crucial in designing materials for thermal management, where
lower heat transfer is essential. In this study, the anisotropy in

Table 6. Calculated density (p); longitudinal, transverse, and average
sound velocities (v, v;, vy); and Debye temperature (6p) of Sr,ZrMoOg
at different pressures.

www.pss-b.com

kmin for the Sr,ZrMoOg double perovskite at various pressures
can be determined using the Cahill model, which is based
on the sum of one longitudinal and two transverse sound
velocities.[*>4¢!

kmin = ﬁ nt (1 +vun +vp) (16)
where n is the number density of atoms per volume.

The minimum thermal conductivity of Sr,ZrMoOQg is affected
by pressure as well as anisotropy in the elastic and acoustic char-
acteristics of the material as presented in Table 7. The minimum
thermal conductivity increases slightly with pressure, indicating
pressure-induced modifications in lattice dynamics and sound
velocity. This trend points to increased phonon transfer during
compression. The anisotropic nature of k,;, arises from changes
in sound velocities along different crystallographic directions.
The values of k,;, are in the order [001] > [110] > [100] direction,
indicating directional variations in heat transmission. A higher
kmin along the [001] direction indicates better acoustic transport,
whereas lower values along the [110] and [100] directions reflect
better acoustic dispersion. The minimum thermal conductivity
of Sr,ZrMoOg at 0 GPa, evaluated using Cahill’s method, exhib-
its values nearly identical to those observed in Ga3;BN, nitrides,
as reported by Yang et al.*”!

The thermodynamic properties, including the specific heat
capacity (Cy), were calculated using the quasiharmonic Debye
model*® across a temperature and pressure range of 0-800 K
and 0-80 GPa, respectively. These computations were performed
based on the equation of state derived from the quasiharmonic
approximation of the Debye model. The specific heat capacity is
given by the following expression

Table 7. The minimum thermal conductivity in (WmK™") of Sr,ZrMoOg at
different pressures evaluated by Cahill's method.

PGPl v plgem™ wims '] wims] vmims] 6k PGP n (0% Kood K Ko ki
0 0.225 5.59 7498.32 4464.33 4942.32 531.55 0 8.79 1.826 1.932 1.804 1.854
20 0.227 5.68 7498.79 4456.16 493417 533.50 20 8.79 1.827 1.932 1.807 1.856
40 0.229 5.72 7533.14 4467.83 4948.01 536.25 40 8.79 1.834 1.945 1.815 1.865
60 0.230 5.76 7543.82 4465.53 4946.36 537.32 60 8.79 1.838 1.956 1.818 1.871
80 0.231 5.78 7574.01 4480.83 4963.57 539.81 80 8.79 1.846 1.971 1.825 1.881

Figure 7. a,b) Variation of acoustic velocities and Debye temperature of Sr,ZrMoOg at different pressures.
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Figure 8. Variation of specific heat capacity of Sr,ZrMoOg double
perovskite with temperature.

CV: 3K

4D % 7
@/ R (17)

where n represents the number of atoms per formula unit, K is
the Boltzmann constant, € is the Debye temperature, and
D(0/T) is the Debye integral and is defined as

3 0/T 3

Figure 8 presents the variation of specific heat (Cy) as a func-
tion of temperature (0-800 K) at constant volume for Sr,ZrMoOg
under different applied pressures (0-80 GPa). The specific heat
at constant volume represents the material’s ability to store ther-
mal energy via vibrational modes in the crystal lattice. At low tem-
peratures (<340 K), Cy increases rapidly with temperature across
all pressures. The gradual increase in vibrational modes is
responsible for this behavior, as thermal energy becomes suffi-
cient to excite lower-frequency phonons. At higher temperatures
(>340K), Cy approaches a plateau near the Dulong—Petit limit
(3R, where R is the gas constant). However, the exact plateau
value decreases with increasing pressure due to pressure-
induced effects on the lattice dynamics. The specific heat (Cy)
decreases systematically as pressure increases, with values of
231.41] (mol'K)™' at 0GPa, 228.26] (mol-K)™' at 20GPa,
225.15 (mol-K) " at 40 GPa, 221.95 ] (mol-K) ' at 60 GPa, and
218.28 ] (mol-K) ' at 80 GPa. This decrease in Cy corresponds
to the compression of the lattice under pressure.

3. Conclusion

This study explores the structural properties, elastic anisotropy,
and thermal anisotropy of double perovskite Sr,ZrMoOg under
isotropic pressures ranging from 0 to 80 GPa. The results reveal
significant elastic anisotropy, with the elastic constants Cy;, Cs3,
and C,, exhibiting distinct pressure-dependent behavior. The
material demonstrates strong resistance to uniaxial compression,
particularly along the [001] direction, which indicates strong
atomic bonding along this axis. As pressure increases, the bulk,
shear, and Young’s moduli rise, indicating improved mechanical
stability. The consistently high G/B ratio, negative Cauchy
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constant, and low Poisson’s ratio suggest that the compound
remains brittle under high pressure, characterized by strong
covalent bonding. Furthermore, the thermal conductivity of
the compound exhibits anisotropy, influenced by different sound
velocities along different crystallographic directions. This aniso-
tropic behavior is supported by the calculated minimum thermal
conductivities, which also vary with pressure and become more
pronounced at higher pressure. This anisotropy in K, follows
the order [001] >[110] >[100] direction, with better acoustic
transport along [001] and greater acoustic scattering
along [110] and [100] directions. The specific heat (Cy) of
Sr,ZrMoOg under pressures ranging from 0 to 80 GPa demon-
strates notable dependencies on both pressure and temperature.
At lower temperatures (<340 K), Cy increases rapidly due to the
excitation of low-frequency phonons. At higher temperatures
(>340K), Cy approaches the Dulong-Petit limit, with the plateau
value decreasing as pressure increases, indicating pressure-
induced alterations in lattice dynamics. The thermal properties
of the material are significantly influenced by lattice compres-
sion, as evidenced by the systematic decrease in Cy from
231.417/(mol-K) " at 0 GPa to 218.28 ] (mol-K) ™" at 80 GPa.

4. Experimental Section

The geometrical stability, as well as the elastic and thermal anisotropy of
the Sr,ZrMoQOg, was examined through computational methods using
Quantum ESPRESSO codel*® based on DFT.%" To deal with the elec-
tronic exchange and correlation,b%33 we used the Perdew—Burke—
Ernzerhof method along with the generalized gradient approximation.
Vanderbilt's nonlocal ultrasoft pseudopotentials®* were used for the
ion-electron interactions. A plane wave basis set with an energy cutoff
of 70 Ry to represent the wave functions accurately was used. The k-point
sampling was carried out with a density of 8 x 8 x 8 for structural optimi-
zation and 12 x 12 x 12 for the calculation of elastic and thermal proper-
ties.’*! The convergence thresholds for total energy and atomic forces
were setat 10 ®eVand 1072 eV A", respectively. We evaluated the elastic
values using the stress—strain approach, which introduced slight deforma-
tions in strain and calculated the resulting stress tensors.>® The pressure-
dependent properties of the material were evaluated by applying isotropic
pressure ranging from 0 to 80 GPa. For thermal property calculations, the
Debye temperature was calculated using the average sound velocity
obtained from the longitudinal and transverse elastic wave velocities."'!
The minimum thermal conductivity was calculated using Cahil's model,
considering the anisotropic sound velocities along different crystallo-
graphic directions.!*”!

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.

Conflict of Interest

The authors declare no conflict of interest.

Author Contributions

Peshal Pokharel: contributed to conceptualization, methodology, software,
visualization, validation, and writing—original draft. Shshit Kumar Yadav:
contributed to resources and writing—review and editing. Nurapati
Pantha: contributed to data curation and writing—review and editing.

© 2025 Wiley-VCH GmbH

d *S ‘STOT ‘166€1TS1

sdny woiy

ASUSOI'T SUOWIWO)) AANEIY) d[qedridde ayy Kq PAUIAA0S Are SI[IIIE V() 98N JO SN 10J AIRIQI SUIUQ AI[IAL UO (SUODIPUOD-PUR-SULIR) W0 KA1 KIRIqI[auI[u0//:sdNY) SUONIPUOD) PUE SWLIA L, A} 398 “[SZOT/90/60] UO AIRIQIT SUIUQ KI[IAN “UDIB"ISSU @) JOQUISW-KYIA[0GIYS> Aq ST900HT0T asSd/2001 0 1/10p/wod Kim”



ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

Bikash Sharma: contributed to data curation and validation. Devendra
Adhikari: contributed to resources, supervision, and formal analysis.

Data Availability Statement

The data that support the findings of this study are available from the
corresponding author upon reasonable request.

Ethical Statement

The work is based on the authors’ original research, and the analysis
presented is accurate.

Keywords

double perovskites, elastic anisotropies, optical anisotropies, sound
velocities, thermal conductivities

Received: November 20, 2024
Revised: January 22, 2025
Published online: February 2, 2025

[11 M. Manzoor, M. W. Igbal, M. Imran, N. A. Noor, A. Mahmood,
Y. M. Alanazi, S. Aftab, J. Mater. Res. Technol. 2022, 18, 4775.
[2] M. W. Igbal, M. Manzoor, S. Gouadria, M. Asghar, M. Zainab,
N. N. Ahmad, T. Zahid, Mater. Sci. Eng., B 2023, 290, 116338.
[3] H. Zhou, Q. Chen, G. Li, S. Luo, T. B. Song, H. S. Duan, Y. Yang,
Science 2014, 345, 542.
[4] M. Manzoor, D. Bahera, R. Sharma, F. Tufail, M. W. Igbal,
S. K. Mukherjee, Int. J. Energy Res. 2022, 46, 23698.
[5] P. Pokharel, S. K. Yadav, N. Pantha, D. Adhikari, Phys. Status Solidi B
2024, 261, 2400156.
[6] M. Husain, N. Rahman, N. Sfina, N. H. Al-Shaalan, S. Alharthi,
S. A. Alharthy, M. Y. Khan, Opt. Quantum Electron. 2023, 55, 920.
[7] Y. Wang, Z. Lv, L. Zhou, X. Chen, ]. Chen, Y. Zhou, V. A. L. Roy,
S. T. Han, J. Mater. Chem. C 2018, 6, 1600.
[8] Y. Meng, X. Li, S. Wang, C. Lau, H. Hu, Y. Ke, Y. Long, Nano Energy
2022, 91, 106632.
[9] Q. Tang, X. Zhu, J. Mater. Chem. C 2022, 10, 15301.
[10] R. Roy, ). Am, Ceram. Soc. 1954, 37, 581.
[11] T. Nakamura, ). H. Choy, J. Solid State Chem. 1977, 20, 233.
[12] R. Li, Q. Shao, E. Gao, Z. Liu, Extreme Mech. Lett. 2020, 34, 100615.
[13] S. A. Dar, V. Srivastava, U. K. Sakalle, J. Magn. Magn. Mater. 2019,
484, 298.
[14] T. Saha-Dasgupta, Mater. Res. Express 2020, 7, 014003.
[15] M. ). Cao, Y. )i, Z. Shao, Energy Environ. Sci. 2022, 15, 2200.
[16] K. W. Kim, S. Ghosh, S. Buvaev, S. Mhin, J. L. Jones, A. F. Hebard,
D. P. Norton, J. Appl. Phys. 2012, 112, 083909.
[17] N. A. Teli, B. Want, J. Magn. Magn. Mater. 2024, 607, 172183.
[18] J. Feng, B. Xiao, R. Zhou, W. Pan, D. R. Clarke, Acta Mater. 2012, 60,
3380.
[19] S. C. Tidrow, Ferroelectrics 2014, 470, 13.
[20] R. B. Ray, G. C. Kaphle, R. K. Rai, D. K. Yadav, R. Paudel, D. Paudyal,
J- Alloys Compd. 2021, 867, 158906.

Phys. Status Solidi B 2025, 262, 2400625

2400625 (10 of 10)

www.pss-b.com

[27] L. Bao, Z. Kong, D. Qu, Y. Duan, Mater. Today Commun. 2020, 24,
101337.

[22] P. Li, L. Ma, M. Peng, B. Shu, Y. Duan, J. Alloys Compd. 2018, 747,
905.

[23] Z. Jiao, Q. J. Liu, F. S. Liu, W. P. Wang, Y. G. Wang, Y. Li, Z. T. Liu,
Braz. J. Phys. 2016, 46, 213.

[24] S.Yip, ). Li, M. ). Tang, ). G. Wang, Mater. Sci. Eng., A 2001, 317, 236.

[25] W. Voigt, Lehrbuch der Kristallphysik, Teubner, Leipzig 1928.

[26] A. Reuss, J. Appl. Math. Mech. 1929, 9, 49.

[27] R. Hill, Proc. Phys. Soc. London 1952, 65, 349.

[28] R. P. Thompson, W. J. Clegg, Curr. Opin. Solid State Mater. Sci. 2018,
22, 100.

[29] Y. ). Tian, B. Xu, Z. S. Zhao, Int. J. Refract. Met. Hard Mater. 2012,
33, 93.

[30] Y. Wu, L. Ma, X. Zhou, Y. Duan, L. Shen, M. Peng, Int. J. Refract. Met.
Hard Mater. 2022, 109, 105985.

[31] A. R. Boccaccini, J. Mater. Process. Technol. 1997, 65, 302.

[32] ). E. Field, C. ). Freeman, Philos. Mag. A 1981, 43, 595.

[33] S. N. Monteiro, A. L. D. Skury, M. G. de Azevedo, G. S. Bobrovnitchii,
J. Mater. Res. Technol. 2013, 2, 68.

[34] S. I. Ranganathan, M. Ostoja-Starzewski, Phys. Rev. Lett. 2008, 101,
055504.

[35] N. Miao, B. Sa, J. Zhou, Z. Sun, Comput. Mater. Sci. 2011, 50,
1559.

[36] J. F. Nye, R. B. Lindsay, Physical Properties of Crystals: Their
Representation by Tensors and Matrices, Oxford University Press,
Oxford, UK 1984.

[37] H. C. Zhai, X. F. Li, ). Y. Du, Mater. Trans. 2012, 53, 1247.

[38] H. Zhai, X. Li, ). Du, Mater. Trans. 2012, 53, 1247.

[39] J. Wei, L. Zhang, Y. Liu, Solid State Commun. 2021, 326, 114182.

[40] Y. H. Duan, Y. Sun, M. J. Peng, Comput. Mater. Sci. 2014, 92, 258.

[41] O. L. Anderson, J. Phys. Chem. Solids 1963, 24, 909.

[42] P. Pokharel, S. K. Yadav, N. Pantha, D. Adhikari, J. Phys. Chem. Solids
2024, 193, 112198.

[43] Y. Wu, L. Bao, X. Wang, Y. Wang, M. Peng, Y. Duan, Mater. Today
Commun. 2020, 25, 101410.

[44] W. Z. Bao, D. Liu, P. Li, Y. H. Duan, Ceram. Int. 2019, 45, 1857.

[45] D. G. Cahill, S. K. Watson, R. O. Pohl, Phys. Rev. B 1992, 46, 6131.

[46] ). )i, H. Bu, Y. Duan, M. Peng, H. Qi, X. Wang, L. Shen, Vacuum 2023,
214, 112232.

[47] C.Yang, Y. Duan, ). Yu, M. Peng, S. Zheng, M. Li, Vacuum 2023, 207,
111626.

[48] M. A. Blanco, E. Francisco, V. Luania, Comput. Phys. Commun. 2004,
158, 57.

[49] P. Giannozzi, S. Baroni, N. Bonini, M. Calandra, R. Car, C. Cavazzoni,
D. Ceresoli, G. L. Chiarotti, M. Cococcioni, |. Dabo, A. Dal Corso,
J. Phys.: Condens. Matter 2009, 21, 395502.

[50] W. Koch, M. C. Holthausen, A Chemist’s Guide to Density Functional
Theory, 2nd ed., Wiley-VCH Verlag GmbH, Germany 2001.

[57] R. G. Parr, W. Yang, Density Functional Theory of Atoms and Molecules,
Oxford University Press, New York, NY 1989.

[52] D. C. Langreth, . P. Perdew, Phys. Rev. B 1980, 21, 5469.

[53] J. P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 1996, 77, 3865.

[54] D. Vanderbilt, Phys. Rev. B 1990, 41, 7892.

[55] H. ). Monkhorst, J. D. Pack, Phys. Rev. B 1977, 16, 1748.

[56] R. Golesorkhtabar, P. Pavone, J. Spitaler, P. Puschnig, C. Draxl,
Comput. Phys. Commun. 2013, 184, 1861.

© 2025 Wiley-VCH GmbH

d *S ‘STOT ‘166€1TS1

sdny woiy

ASUSOI'T SUOWIWO)) AANEIY) d[qedridde ayy Kq PAUIAA0S Are SI[IIIE V() 98N JO SN 10J AIRIQI SUIUQ AI[IAL UO (SUODIPUOD-PUR-SULIR) W0 KA1 KIRIqI[auI[u0//:sdNY) SUONIPUOD) PUE SWLIA L, A} 398 “[SZOT/90/60] UO AIRIQIT SUIUQ KI[IAN “UDIB"ISSU @) JOQUISW-KYIA[0GIYS> Aq ST900HT0T asSd/2001 0 1/10p/wod Kim”



Journal of Institute of Science and Technology, 30(2), 01-13 (2025)
ISSN: 2467-9062 (print), e-LSSN: 2467-9240
https://doi.org/10.3126/jist.v30i2.76851

© IOST, Tribhuvan University
Research Article

FIRST PRINCIPLES STUDY OF THE ELECTRONIC, OPTICAL, ELASTIC, AND THERMAL
PROPERTIES OF DOUBLE PEROVSKITE Sr-MgWOs FOR OPTOELECTRONIC APPLICATIONS

Peshal Pokharel >3, Shashit Kumar Yadav*", Devendra Adhikari?, Nurapati Pantha'
!Central Department of Physics, Tribhuvan University, Kritipur, Nepal.
’Department of Physics, Mahendra Morang Adarsh Multiple Campus, Tribhuvan University, Biratnagar, Nepal.
3Central Campus of Technology, Tribhuvan University, Dharan, Nepal.
*Correspondence: yadavshashit@yahoo.com, mrnurapati@ gmail.com

(Received: May 31, 2025; Revised: October 14, 2025; Accepted: October 16, 2025)

ABSTRACT

The double perovskite Sr-MgWOs exhibits outstanding mechanical, electronic, and optical properties, making it
a potential candidate for high-performance optical and optoelectronic applications. In this regard, we investigated
the electronic, magnetic, optical, elastic, and structural properties of the double perovskite Sr.MgWOs using the
Quantum ESPRESSO code. Structural stability has been confirmed through calculations of formation energy and
the tolerance factor. The material exhibited a wide-band-gap (3.18 eV) semiconductor with intense polarization
(e1(w) = 12.46) and a decreasing s2(w) peak with photon energy. Elastic parameters, including elastic constants,
bulk modulus, shear modulus, and Young's modulus, were determined using the stress-strain method. The
calculated elastic constants satisfied Born-Huang criteria for mechanical stability. Calculated high value of bulk
modulus (B), and Young's modulus (E) indicated the material's high resistance to volumetric deformation and
stiffness, with a moderate shear modulus. A G/B ratio greater than 0.57, a negative Cauchy constant, and a low
Poisson's ratio collectively indicated brittle behavior. The calculated Debye temperature of 492.34 K and specific
heat capacity (Cy) of 373.4 J/mol-K further emphasized the mechanical strength, thermal stability, and high
thermal conductivity of the material. These findings suggest that Sr-.MgWOs could be an excellent material for
optical waveguides, light-emitting devices, and other optoelectronic technologies.

Keywords: Dielectric, Double perovskite, Electronic properties, Formation energy, Structural stability, Tolerance
factor

INTRODUCTION perovskites, represented by the formula A:BB'Xs. In

this structure, A-site cations occupy octahedral

Perovskite materials have garnered significant . ) )
positions, B and B' cations are found in tetrahedral and

attention due to their remarkable structural versatility
and wide-ranging applications in photovoltaics
(Rahman et al., 2023), thermoelectrics (Aziz et al.,
2022), spintronics (Wang et al., 2018), and
optoelectronics (Lu et al., 2020). Among these, double
perovskites (A-BB'Os) are particularly noteworthy for
their unique structural, electronic, magnetic, and
optical properties (Manzoor et al., 2022). The
structural flexibility of perovskites enables the
incorporation of a diverse array of elements, allowing
for the customization of properties tailored to specific

octahedral sites, and X anions fill the spaces between
them [Figure 1]. In strontium magnesium tungstate
(Sr.MgWOs), Srz* ions occupy the A-site, Mg?*, and
We*ions are situated at the B and B' sites, respectively,
and O% anions are positioned at the X sites.
Sr.MgWOs, known for its pronounced elastic
anisotropy and unique thermal properties, crystallizes
in the tetragonal I4/m space group, making it a
promising material for further study. Its crystal

technological applications. Recent advances have
underscored their potential in renewable energy, data
storage, and high-performance electronic systems,
establishing them as vital materials in modern
materials science (Pokharel et al., 2024a).

Double perovskites were first explored in the early
1950s (Meng et al., 2022) and became widely studied
from the late 1950s to the mid-1980s (Tang & Zhu,
2022). Their structure is an extension of simple

structure features Sr2* ions coordinated by twelve 02~
atoms, forming distorted SrO.. cuboctahedra that share
corners and faces with adjacent MgOs and WOs
octahedra. The Sr—O bond lengths range from 2.62 A
to 3.01 A, contributing to the material’s elastic and
thermal anisotropy. Mg?* ions form MgOs octahedra
with uniform Mg—O bond lengths of 2.06 A, while We*
ions are coordinated within WOs octahedra, with bond
lengths ranging from 1.92 A to 1.93 A. These
structural characteristics, including corner-sharing
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octahedral tilts between 0° and 16°, play a critical role
in defining the mechanical stability and electronic
properties of S,MgWOe.

Many double perovskites, particularly those that are

environmentally friendly and lead-free, remain
underexplored, despite the substantial progress that
has been made. These materials provide safer and
more sustainable alternatives to the noxious
compounds currently used in optoelectronic and
thermoelectric applications. Among them, Sr-MgWOs
has garnered attention due to its composition of earth-
abundant, non-toxic elements. In addition, it has the
potential to demonstrate exceptional mechanical
stability, a wide band gap, and desirable optical

properties.

In this work, we employ density functional theory
(DFT) to investigate the ground-state properties of
Sr-MgWOs, focusing on its elastic anisotropy, thermal
stability, and optical characteristics. Our study aims to
elucidate the interplay between structural distortions
and the material's mechanical and electronic properties
under varying pressure conditions. By exploring these
properties, we provide new insights into potential
applications of the material in thermal management,
spintronics, and optoelectronics, contributing to the
broader pursuit of eco-friendly, high-performance
perovskite materials.

Figure 1. Unit cell of Sr,MgWOg double perovskite.

MATERIALS AND METHODS

The geometrical stability, as well as the elastic and
thermal anisotropy of SrZrMoQOs, was examined
through computational methods using the Quantum
ESPRESSO code (Giannozzi et al., 2009) based on
Density Functional Theory (Koch et al., 2015; Parr et
al., 1989) . The spin-polarised electronic band
structure of Sr-MgWOs was calculated using both the
Generalized  Gradient  Approximation (GGA)
(Langreth & Perdew, 1980; Perdew et al., 1996) and
the GGA + U approach (Pokharel et al., 2024). The
GGA + U method was applied to account for the on-
site Coulomb interactions in the partially filled 5d
orbitals of W atoms. Vanderbilt's non-local ultra-soft
pseudopotentials (Vanderbilt, 1990) were used for the
ion-electron interactions. A plane wave basis set with
an energy cutoff of 70 Ry was employed to represent
the wave functions precisely. The k-point sampling
was carried out with a density of 8 x 8 x 8 for
optimization of the structure and the calculation of
elastic and thermal properties, a 12 x 12 x 12 grid was
(Pack & Monkhorst, 1977). The
convergence thresholds for total energy and atomic
forces were taken at 10 eV and 103 eV/A,
respectively. We evaluated the elastic values using the
slight
deformations in strain and calculated the resulting
stress tensors (Golesorkhtabar et al., 2013). The
pressure-dependent properties of the material were
evaluated by applying isotropic pressure ranging from

employed

stress-strain approach, which introduced

0 to 80 GPa. For thermal property calculations, the
Debye temperature was estimated using the acoustic
velocity derived from the longitudinal and transverse

elastic wave velocities (Anderson, 1963). The
thermodynamic properties, such as the specific heat
capacity (Cy), were calculated wusing the

quasiharmonic Debye model (Blanco et al., 2004).

RESULTS AND DISCUSSION
Structural Properties

In the present calculations, the optimized lattice
parameters of the compound are obtained by
minimizing the total energy for the unit cell volume.
A complete structural optimization is achieved for
tetragonal Sr;MgWOg as shown in Figure 2. From the
optimized structure, value of lattice parameter is 5.59
A, and the estimated values of Sr-O, W-O, and Mg-O
bond lengths (in A) were found to be 2.8023, 1.9341,
and 2.0698, respectively.
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Figure 2. Optimization plots of Sr,MgWO; double
perovskite using GGA.

The tolerance factor t helps determine the stable
configuration of the material in its ground state
(Tidrow, 2014). For a double perovskite material, it is
calculated as:

TA+TO
L= V2 (rg+ro) M
Where 74, 13 and 7, represent the ionic radii of the Sr
cation, the average ionic radius of the Mg and W
cations, and the oxygen anion, respectively. The
calculated tolerance factor for the material is
approximately 0.917, which falls within the stability
range of a tetragonal perovskite structure (0.85 <t <
0.98), showing its stability.

Formation energy is an important concept in materials
science and solid-state physics, particularly the study
of defects, doping, and phase stability. It is defined as
the energy required to form a compound, defect, or

(a)
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structure from its constituent elements. The ground
state stability has also been evaluated by calculating
the formation energy using the following relation (Ray
etal.,2021).

Etotal(sry,MgWO0g) ~ (2Esr + Emg + Ew + 6Ep)

AHf = P

@

Here, Eiqtai(sr,zrMo0,) 18 the equilibrium energy of the
SroMgWOs perovskite, and Es;, Emg, Ew, and Eo are
the respective energies of strontium, magnesium,
tungsten, and oxygen atoms in their bulk forms. The
calculated formation energy for the compound is
—7.981 eV/atom. This negative value indicates that the
compound is thermodynamically stable, suggesting it
is likely to be synthesizable under appropriate
experimental conditions (Patwe et al., 2005).

Electronic Properties and Optical Anisotropy

The energy band structure is an important feature for
describing the electronic properties of compounds.
The electronic states of the transition metal ions are
influenced by crystal field splitting and the symmetry
of the crystal structure. In this study employs GGA and
GGA+U approximations to determine the spin-
polarized band structure of double perovskite at high-
symmetry k-points. The GGA+U method includes a
Hubbard U term, which helps to better represent the
localized interactions of electrons in the partially filled
5d orbitals of W (tungsten). This adjustment allows
GGA+U to describe the band structure and PDOS of
the material more accurately. Using both GGA and
GGA + U methods, the calculated band gap of 3.18 eV
and also symmetry on the spin-up and spin-down band
structure indicate that the non-magnetic nature of the
material [Figure 3(a, b)], which matches well with
those reported by Dar et al. for a wide band gap
semiconductor (4.0 eV) double perovskite Ba;InTaOg
(Dar et al., 2019).

(b)

Figure 3. Spin-polarized band structure of Sr;MgWOQOs double perovskite (a) spin up and (b) spin down within the
GGA +U approach.
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The PDOS plot [Figure 4] illustrates the contributions
of different orbitals (s, p, d) from specific atoms (Sr,
Mg, W) to the total density of states (DOS) in the
material. The Sr-s and Sr-p orbitals show a relatively
minor contribution, while the Mg-d, W-s, and W-d
orbitals play a more prominent role, with pronounced
peaks indicating a higher density of states at specific
energy levels. The substantial contributions of the W-
s and W-d orbitals highlight the critical role of
tungsten in shaping the electronic properties of the
material. The W-d orbitals, in particular, dominate
near the Fermi level, making them the primary
contributors to the conduction band. Both W-s and W-
d orbitals also contribute to the valence band, with W-
s orbitals influencing the lower-energy regions and W-
d orbitals affecting the higher-energy regions.

The significant presence of W-d orbitals in both the
conduction and valence bands suggests that tungsten is
a key factor in the material’s electrical conductivity.
As shown in Figure 4, the observed spin-up/spin-down

symmetry confirms the nonmagnetic nature of the
perovskite. Its semiconducting character suggests
potential for applications in optoelectronic devices
such as solar cells.

Optical Properties

Exploring the optical behavior of Sr.MgWOs provides
valuable insights into its electronic properties. The
interaction of these materials with light provides useful
information about their possible applications.
Fundamental optical factors like the absorption
coefficient, refractive index, and dielectric function
are important in determining the feasibility of many
optoelectronic devices such as solar cells, LEDs, and
lasers. The dielectric function describes the material's
optical and electrical properties, including how it
interacts with electromagnetic fields at various energy
levels. This function is important to understanding
how electrons move between energy bands when light
is incident on the material.

]

Sr-s

PDOS (States/eV)

Energy (eV)

Figure 4. Spin-polarized PDOS plot of Sr,MgWOQO; double perovskite within the GGA + U approach.

The dispersion relationship of dielectric functions can
be determined by examining the connection between
the wave vector or leap matrix and the dielectric
function (Yang et al., 2022).

The dielectric function is expressed as (Wu et al.,
2021):

£() = £() +igy() 3)

And the imaginary component of the dielectric
function, &,(w), is given as (Lu et al., 2021).

T[Z 2
£2(0) B B g Pt (O i (1 =
63
fin) OCEL — El, — hw) @)

Here, fi, is the Fermi-Dirac distribution function,
P, (k) is the projection of the momentum dipole

matrix elements on the direction of the field. EX (k) is
the energy of an electron.

An expression derived from the Kramers-Kronig
transformation (Lucarini et al., 2005) can be used to
compute the real component of the dielectric function,
& (w).

wrez(wr)

e1(0) =1+ %P fom [ ] dow’ 5)

w2—@2

The real part,g; (w), describes the ability to disperse
and polarize light through the material. On the other



hand, the imaginary part, &,(w), indicates the
capability to absorb light energy by the material.

These combined optical properties play a crucial role
in determining how well the material converts light
into energy and its potential for use in high-
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The other optical parameters, such as absorption
coefficient a(w), refractive index n(w), and reflectivity
R(w) are expressed in terms of & (w) and &, (w) as;
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Figure 5. Variation of (a) real and (b) imaginary part of dielectric function (c) refractive index (d) absorption
coefficient; (e) reflectivity of Sr,MgWQs double perovskite with photon energy.

Figure 5(a—e) shows the optical parameters that were
computed over a photon energy range of 0-20 eV. As
shown in Figure 5(a), at static frequency, the
polarization response of the material is indicated by the
dielectric constant & (w) of 12.46. As photon energy
increases, peaks in the dielectric function appear
around 2.5 eV, indicating strong interaction with
longer wavelengths of light, such as those in the visible
or near-infrared regions. The other energy peak at 5.8
eV demonstrates reduced polarizability, corresponding
to ultraviolet (UV) light, suggesting potential
applications in UV filtering, optoelectronics, and high-
frequency devices.

Figure 5(b) illustrates the behavior of g(w) with an
initial rise in e(w) which suggests efficient photon
absorption at lower energies. This is a result of
electronic transitions from the f-orbitals of W or d-
orbitals of Mg to unoccupied Sr-3d and O-2p orbitals.
The initial increase in &,(o) is followed by a decrease,
which is a common trend in wide-band-gap
semiconductors. These trends emphasize the potential
of Sr.MgWOs for optoelectronic applications, where
its tunable absorption characteristics could enhance
advanced technologies.

Figure 5(c) shows a variation of refractive index, n(w)
with photon energy. The trend closely follows the real
part & (w), highlighting a direct correlation between
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the R.I. of material and its polarization response. The
R.I. decreases with increasing photon energy,
indicating how doping influences the optical
characteristics of the material. The absorption
coefficient, which is illustrated in Figure 5(d), is a
measure that indicates how well a material can absorb
light as the energy of the photon increases. It is the
interband transitions, which occur when photons with
sufficient energy drive electrons to move from the
valence band to the conduction band, that are
responsible for the significant absorption peak that
occurs at approximately 7 eV. This improves the
absorption capacity of the material.

Figure 5(e) illustrates the reflectivity spectrum, which
offers critical information regarding the light
transmission and reflection characteristics of the
material. At zero photon energy, the reflectivity is
relatively low (0.27), indicating moderate light
reflection and suggesting that the material primarily
absorbs light at lower energies. As photon energy
increases, reflectivity decreases, with distinct peaks at
approximately 3.8 eV (0.07) and 6.9 eV (0.12),
demonstrating less effective light reflection at higher
energies as compared to zero energy. The low
reflectivity at lower energies positions the material as
a promising candidate for photovoltaic applications,
while the peaks at higher energies suggest potential
utility in optoelectronic devices.

Elastic Properties

Analysis of the elastic behavior of double perovskite
proves essential because it offers fundamental insights
into the mechanical stability, dynamic behavior, and
strength of materials. This section discusses the
mechanical properties and dynamic stability of
SroMgWOs. The tetragonal structure is characterized
by six distinct elastic constants (Cii, Ci2, Ci3, C33, Ca4,
and Cess), which were determined using the stress-
strain method. These Cjj values of Sr,MgWOg are (Cy;
-228.6 GPa, C;2=69.86 GPa, Ci3 =101.08 GPa, C33=
229.94, Cy =86.96 GPa and Ce = 71.58 GPa). The
elastic constants provide insight into how a material
resists stress from different directions. Specifically,
Ci1, Cy, and Cs; describe how well the material resists
deformation along the [100], [010] and [001]
directions of the crystal. C;; (228.6 GPa) and Cs3
(229.94 GPa) are nearly identical, suggesting that
SroMgWOs is elastically isotropic along the different
directions. The data of Cs4 and Ces shows that
SroMgWOs exhibits moderate shear resistance. The
calculated values of Cj that satisfy Born-Huang's
mechanical stability criteria (Pokharel et al., 2025) for
a tetragonal system

Ci1>0,C33>0,C4s>0,Cos6 >0, C11—=C12> 0,
Cii+ Ca3—2C13> 0, 2C11+2C 12+ C53+4C 13> 0 (9)

Hooke's law (Bao er al, 2020) describes the
dependence of stress (g;; ) to strain (&) in terms of C;;
as follows

0ij = Cijra€ra = 0y = Cyj&;5 (10)

where 0;; is the stress tensor, Cj; is the stiffness tensor

and ¢;; is the strain component.

The Voigt-Reuss-Hill method (Voigt, 1928) (Reuss,
1929) (Hill, 1952) can be used to determine the values
of B and G for the tetragonal system and are given as

By = 2[2C1; + Caz + 2C15 + 4Cy3] 11(a)

CZ
B, = —
R™y

11(b)
the shear constant (G,,) of an upper limit is

Gy =55 [M +3Cy; = 3Cy5 + 12C4, + 6C46] 11(0)
with M = [Cy; + Cyp + 2C35 — 4Cy,]

and C2 = (Cyq + Cy15)Cs3 — 2Cy35°

and its lower limit can be expressed in the form as

15
Gr = 18By, 6 6 3

e
C2 "C11+C12 Cys C66]

11(d)

Finally, Voigt and Reuss's mean values are obtained
by

By = (By+BRr) and Gy, = (GV*Z'GR)
= 2CHOH 11(e)
3By+GH
_ 3By—2GH
T 2(3By+Gp) 1
Pe = (137 Cyy 11(g)

The elastic constants listed above were utilized to
calculate additional mechanical parameters, including
the bulk modulus (B), Young's modulus (Y), and shear
modulus (G), using equations 11(a-g). The computed
values, such as elastic moduli (E, B, G), Poisson's ratio
(v), and Pugh’s ratio (G/B), for the Sr.MgWOs double
perovskite, are displayed in Table 1. The high bulk
modulus value implies good resistance to volumetric
deformation and indicates the material is relatively
incompressible. The moderate shear modulus suggests
that the compound has a balance between rigidity and
flexibility. Furthermore, the high Y values indicate the
stiffness of the material, illustrating its strong
mechanical abilities as a double perovskite.
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Table 1. Calculated values of elastic moduli (B, G, E), Poisson’s ratio (v), G /By ratio of Sr,MgWOg double perovskites.

B, By By Gy Gr Gy E v Gu/By
(GPa) (GPa)  (GPa)  (GPa) (GPa) (GPa)  (GPa)
129.84 12939  129.61  78.84 77.60 7822 19536 0249  0.603

The tabulated values of elastic moduli (E, B, G), and
the elastic constants (C; ;) described above,
demonstrate patterns that follow the common behavior
noticed in half-metallic double perovskite oxide
SroMnTaOg, as reported by Dar et al. (2019) in their
study (Dar et al., 2019).

The G/B ratio is a critical parameter for evaluating
whether materials exhibit ductile or brittle behavior

(Thompson & Clegg, 2018). The materials with g >

0.57 are considered brittle, while those with % < 0.57

are classified as ductile. For the material under study,
the calculated G/B ratio consistently exceeds 0.57.
This indicates that the material retains brittle behavior
even under high pressure. Additionally, the negative
Cauchy constant further supports the brittle nature of
the material.

Elastic Anisotropy

Anisotropy indexes are useful for assessing the
mechanical, thermal, and electrical characteristics of a
material. The universal anisotropy index (AY) provides
a thorough evaluation of overall anisotropy
(Ranganathan &  Ostoja-Starzewski,  2008).
Furthermore, the shear anisotropy indexes (Ashear) and
bulk anisotropy (Acomp) offer important information
about how the material behaves under shear strains and
compression, respectively (Miao et al., 2011). These
parameters are important for the analysis of the elastic
anisotropy of double perovskites under isotropic
pressure (Nye, 1985). These indices are defined as
follows.

AV =521 1)
BR GR
Az = Zae 12(b)
C11—C12
By—B
Acomp = 5 12(c)
Gy—G
Ashear = GZTG;I: 12(d)

Isotropic behavior is indicated when AY, Acomp, and
Aghear are all equal to O, while any non-zero values
indicate the presence of anisotropy. Moreover, the
degree of anisotropy rises as the values of AY, Acomp,
and Agpear are increased. The compound exhibits an
isotropic bulk modulus as indicated Acomp = O.
However, the non-zero values of AY and Agpear in Table
2 suggest that the shear modulus and Young’s modulus
vary across different crystallographic directions,
indicating elastic anisotropy in shear and stiffness. In
a tetragonal crystal, the anisotropy factors
Ag100p Afo10y and Aggqoy are defines as (Zhai er al.,
2012):

_ _ 4Cqq

Ay = A{loo} T C11+C33-2C13 13()
= —_ %Css

Az = A{010} T Cap+C33-2C23 13(b)
_ _ 2C66

Az = Ag10y = C11-C1a 13(c)

These equations further illustrate the anisotropic
nature of the shear modulus in different
crystallographic directions.

Table 2. Calculated elastic anisotropy indexes (47, 47 s Acomps Ashear A1, Az, A3) of the Sr,MgW O double

perovskites.
AU Acomp Ashear Al AZ A3
1.0956 0.00173 0.0079 1.357 1.357 0.902
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As reported in Table 2, the calculated values of AY, A: of their directional dependence across different
and A: are greater than 1, while that of As is less than crystallographic planes. These parameters are
1. They collectively indicate a significant deviation  expressed in terms of the elastic compliance constants
from isotropic behaviour. To further illustrate this (Si)) and directional cosines (/i) (Pokharel et al.,
anisotropy, 2D polar plots of B, G, and v were  2024b).

constructed, which offer a more precise visualization
1

— =817 +12) + (2.S13 + S4u) (5. 15 + B.15) + S33.13 + (2.512 + Se6) 11. 13 14(a)

% = (511 + 512 + 513) - (Sll + 512 - 513 - 533)' l?z, 14(b)

2= 1(Sus + Se) (U + 1) + Syalh + B[4GS0 — 512) + (Sus — See)] + BU—B) [2(S11 + S12 — 2513) +
1

~ (Se6 = Saa)1 14()

C12c05%(8) —Bcos?(8)sin?(0)+C1,sin*(6) 1

_ 1
and (e) - [ C22c05%(8) +Acos2(B)sin2(8)+Cy1sin*(0) ] 14(d)
—c2 _r2
where, A =&1€22=C12) _ o0 and B = ¢, + C,, — E1227C12) 14(e)
Cee Cee
Figure 6: Polar plots of the variation of Young’s modulus of Sr,MgWOs.
xy plane xz plane yz plane

Figure 7. Polar plots of the variation of bulk modulus of Sr;MgWQOg.
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Figure 8. Polar plots of the variation of the shear modulus of Sr,MgWOQs.

Figure 9. Polar plots of the variation of Poisson’s ratio of Sr;MgWOs.

Figures 6, 7, 8, and 9 present polar plots illustrating the
variation of E, B, G, and Poisson's ratio for
SrMgWOs. These plots reveal a strong directional
dependence of the elastic moduli, indicating that their
values vary with specific crystallographic orientations
within the material. The nearly circular plot of
Young’s modulus in the xy plane suggests an almost
isotropic response, indicating the material offers
uniform resistance to deformation in all directions
within this plane. However, the elliptical plots in the
xz and yz planes reflect anisotropic behavior. This
anisotropic behavior shows that Young’s modulus
changes with the orientation of the applied stress in
these planes [Figure 6]. The circular plot of bulk
modulus in the xy plane indicates an almost isotropic
volumetric response, suggesting that the material
exhibits uniform resistance to compression in all
directions within this plane. In contrast, the elliptical
shapes observed in the xz and yz planes reflect
anisotropic compressibility, showing that the bulk
modulus varies with the direction of applied stress
[Figure 7]. The shear modulus polar plot in the xy
plane exhibits a nearly circular shape, indicating
isotropic shear behavior within this plane. This reflects
a uniform resistance to shear deformation in all

directions of the xy plane. In contrast, the elliptical
contours observed in the xz and yz planes reveal
anisotropic shear behavior [Figure 8], with the
resistance to shear deformation varying with direction.
Figure 9 shows the directional variation of Poisson’s
ratio, with non-circular contour shapes indicating that
the material is not perfectly isotropic. Overall, these
findings reveal that the mechanical properties of
Sr.MgWOs are highly sensitive to crystallographic
direction.

Debye Temperature

The Debye temperature (6p) is a key temperature that
represents the vibrational characteristics of a solid.
Above the 6, all vibrational modes are active; below
which quantum effects play a significant role. The
expression of Debye temperature is established from
acoustic  velocities and elastic constant data
(Anderson, 1963; Pokharel et al., 2024b). The
equation below accurately estimates the 6, value
based on the average sound velocity (v,,).

6p == 3—"(w)]§ o (15)
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Where h is Planck’s constant, Kz is Boltzmann’s
constant, n is the number of atoms in each formula
unit, N is Avogadro’s number, M is the molecular
weight, p is density, and v,, is the average sound
velocity. The average sound velocity is given by (Wu
et al., 2020)

-1
1 2 1 3
Vm = [5(%*%)]

Here, v; and v, represent the velocities of longitudinal
and transverse elastic waves, respectively, and can be
obtained from Navier’s equation (Bao et al., 2019)

_ [3B+46
v = 3
D

(16)

]%, and v, = [%]% (17)

The longitudinal velocity v;, transverse velocity v,
and average sound velocity v, are determined to be
614595 m s, 3466.32 ms™', and 3844.87 ms’,
respectively.

The longitudinal velocity is significantly greater than
the transverse velocity, which highlights the material's
inherent anisotropy in wave propagation between
compressive and shear modes. The Debye temperature
0p is 492.34 K. Overall, the high sound velocities and
Debye temperature indicate that the material exhibits
excellent mechanical strength, thermal resistance, and
potentially high thermal conductivity, making it a
promising candidate for applications in high-
performance electronics and thermal management
technologies.

Thermodynamic Properties

The thermodynamic properties, including the specific
heat capacity (C,), were calculated using the
quasiharmonic Debye model (Blanco et al., 2004)
across a temperature range of 0 - 800 K. These
computations were performed based on the equation of
state-derived from the quasiharmonic approximation
of the Debye model. The specific heat capacity is given
by the following expression:

w
E

¢, =3nK[4D(8/T) () - ] (18)

~S

eT -1

Where n represents the number of atoms per formula
unit, K is Boltzmann constant, 8, the Debye
temperature, and D(6/T) is the Debye integral and is
defined as

3 0/T x3
T.

Figure 10 presents the variation of specific heat (C},),
as a function of temperature (0-800 K) at constant
volume for SroMgWOs perovskite. The specific heat
at constant volume represents the material's ability to
store thermal energy via vibrational modes in the
crystal lattice. At low temperatures (< 300 K), Cy,
increases rapidly with temperature. The gradual
increase in vibrational modes is responsible for this
behavior, as thermal energy becomes sufficient to
excite  lower-frequency phonons. At higher
temperatures (> 300 K), €}, approaches a plateau near
the Dulong-Petit limit. The specific heat €, from
equation 15 is found to be 373.42 J/(mol-K).

D(O/T) = (19)

Debye heat capacity C,, (J / K / (N mol)

100 200

300

400 500 600

T

700 800

Figure 10. Variation of specific heat capacity of Sr2MgWOg double perovskite with temperature.
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CONCLUSIONS

This study demonstrates that the double perovskite
Sr.MgWOs possesses significant elastic, thermal, and
optical anisotropy. This material exhibits strong
resistance to uniaxial compression, particularly along
the [001] direction, indicating strong atomic bonding
along this axis. The rise in bulk, shear, and Young's
moduli indicates enhanced mechanical stability of the
material. However, the high G/B ratio, negative
Cauchy constant, and low Poisson’s ratio indicate that
Sr:MgWOs remains brittle under compression,
characterized by strong covalent bonding.

Thermal conductivity of the material is direction-
dependent, reflecting anisotropic phonon transport.
The minimum thermal conductivity (kmin) varies with
pressure and crystallographic direction, following the
order [001] > [110] > [100], suggesting more efficient
acoustic transport along [001] and increased phonon
scattering along [110] and [100]. The high Debye
temperature (8p) = 492.34 K) supports the material's
strong interatomic forces and thermal stability.
Additionally, the specific heat capacity (C},) increases
rapidly below 300 K due to low-frequency phonon
excitation and saturates at higher temperatures,
reaching a value of 373.42 J/mol-K. These findings
highlight Sr-MgWOs as a mechanically stable,
thermally resistant, and directionally anisotropic
material, making it a promising candidate for
applications in thermal management and high-
performance electronic devices.
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