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Abstract. This study investigates the physical properties of the novel mixed metal oxide Mg3ZnO4, empha-
sizing its potential in optoelectronic manufacturing. We provide a comprehensive analysis of its structural,
optoelectronic, mechanical, and thermodynamic characteristics, focusing on the ternary compound, which
crystallizes in a rocksalt phase similar to the mineral Caswellsilverite. Using advanced density functional
theory (DFT) and the Full-Potential Linearized Augmented Plane Wave (FP-LAPW) method within the
WIEN2k package, we predict the material’s properties in detail. Our structural analysis confirms the stabil-
ity of Mg3ZnO4 in the cubic Pm3m space group, revealing key crystallographic parameters. The electronic
structure calculations indicate a well-defined energy band gap, confirming its semiconducting nature and
suitability for optoelectronic applications. Optical properties, including the dielectric function, absorption,
and reflection spectra, demonstrate significant light interaction, highlighting the material’s potential for UV
photodetectors and photovoltaic solar cells. The investigation of elastic properties provides critical insights
into the mechanical strength and durability of Mg3ZnO4, further supporting its viability for demand-
ing applications. Additionally, our thermodynamic analysis reveals the material’s behavior under varying
environmental conditions, reinforcing its potential in high-performance optoelectronic devices. These find-
ings establish Mg3ZnO4 as a promising candidate for advanced thin-film solar cells and pave the way for
future experimental and theoretical studies to explore its unique properties for innovative technological
applications.

1 Introduction

Metal oxide semiconductors are regarded as promising
advanced functional materials due to their chemical sta-
bility, wide band gap, and low cost [1, 2]. Among these
oxides, the magnesium zinc oxide (MgZnO) alloy has
emerged as a highly promising material in semiconduc-
tor research due to its exceptional optical properties,
particularly in the ultraviolet (UV) photonics spectrum

a e-mail: moufdi.hadjab@univ-msila.dz (corresponding
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[3, 4]. This alloy not only demonstrates superior opti-
cal performance but also features an environmentally
benign chemical profile. Such characteristics position
MgxZn1−xO as a critical material for the next genera-
tion of semiconductor devices, where there is an increas-
ing demand for materials that offer both high perfor-
mance and environmental sustainability. The dual ben-
efits of MgxZn1−xO—its superior optical properties and
eco-friendly nature—make it highly relevant in a range
of applications, spanning both technological innovation
and environmental stewardship [5].
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As a member of the transparent conductive oxides
(TCOs) family, MgxZn1−xO has captured considerable
attention for its potential use in a broad spectrum
of optoelectronic devices [6, 7]. These include ultra-
thin-film solar cells, which benefit from the material’s
excellent transparency and conductivity [8], violet light-
emitting diodes (LEDs) [9], and high-voltage transpar-
ent thin-film transistors (HVTTFT) [10]. The ability
of MgxZn1−xO to function as a transparent conductive
electrode [11, 12] is particularly noteworthy, as it under-
scores the material’s versatility in applications that
require both high electrical conductivity and optical
transparency. Additionally, MgxZn1−xO has shown sig-
nificant promise in the progress of ultra-high response
solar-blind UV detectors, where its optical properties
are leveraged to detect UV light while remaining insen-
sitive to visible light [13].

Despite the significant advances made in the devel-
opment of MgxZn1−xO-based technologies, challenges
remain in identifying stable and efficient Mg–Zn–O
systems under ambient conditions. One of the pri-
mary objectives of this research is to predict and ana-
lyze such systems using the first-principles methods.
The rocksalt structure of the MgxZn1−xO alloy has
been a focal point in both theoretical and experi-
mental studies. Notable theoretical works by Amrani
et al. [14] and Aoumeur et al. [15] utilized the Full-
Potential Linear-Muffin-Tin-Orbital (FP-LMTO) tech-
nique [16] to investigate the electronic, structural, and
thermodynamic characteristics of MgxZn1−xO across
various concentrations. These studies employed sev-
eral density functional theory (DFT) approximations,
including the Local Density Approximation (LDA)
[17], the Perdew–Burke–Ernzerhof Generalized Gradi-
ent Approximation (PBE-GGA) [18] and its enhanced
form, and the Engel–Vosko GGA (EV-GGA) [19],
to provide comprehensive insights into the material’s
behavior across different compositions.

Further investigations by Drissi [20] and Hadjab
[21] extended the focus to the optoelectronic prop-
erties of MgxZn1−xO, using the Full-Potential Lin-
earized Augmented Plane Wave (FP-LAPW) method
with various exchange–correlation functionals, such as
LDA [17], the Wu-Cohen GGA (WC-GGA) [22], and
the more recently advanced Tran–Blaha modified semi-
local Becke–Johnson potential (TB-mBJ) [23]. These
studies highlight the significance of MgxZn1−xO’s elec-
tronic and optical properties, emphasizing its potential
for optoelectronic applications.

On the experimental front, research has primar-
ily concentrated on the growth and characterization
of MgxZn1−xO films, with early efforts successfully
achieving MgO compositions up to 33 mol% through
non-equilibrium growth techniques [24–26]. The major-
ity of these studies focused on MgxZn1−xO/ZnO super-
lattices or layers, examining their optoelectronic prop-
erties under varying growth conditions [27, 28]. More
recently, there has been an increasing interest in syn-
thesizing epitaxial layers of MgxZn1−xO with a rock-
salt structure. Pioneering investigations by Tian et al.
[29], Kaneko et al. [30], and D�luzewski et al. [31] have

demonstrated the feasibility of growing these struc-
tures, albeit with challenges in achieving rocksalt con-
figurations for compositions with x > 0.5. One of the
few successes in this area was reported by Kaneko et al.
[30], who employed the mist chemical vapor deposi-
tion (CVD) method to grow MgxZn1−xO (x > 0.5)
epilayers with a rocksalt structure on MgO(001) sub-
strates. These epilayers exhibited cathodoluminescence
(CL) near the band edge, particularly in the deep ultra-
violet (DUV) region, underscoring the material’s poten-
tial for advanced optoelectronic applications.

The quest for the most stable and low-enthalpy struc-
tures within the MgZnO alloy system has led to the
identification of a novel thermodynamically stable com-
pound, Mg3ZnO4, crystallizing in a Caswellsilverite-
like structure within the rocksalt phase [32]. This dis-
covery was facilitated by an evolutionary algorithm
approach, implemented within the Materials Project
Database [33]. The Mg3ZnO4 compound, characterized
by its space group Pm3m, constitutes a substantial
leap forward in the understanding of MgZnO alloys.
The identification and characterization of this material
were achieved using ab-initio methods, specifically the
Quantum ESPRESSO plane-wave computational pack-
age [34].

Despite the growing interest in MgxZn1−xO alloys
and the recent discovery of Mg3ZnO4, there remains a
notable gap in the literature regarding a comprehensive
exploration of the structural, optoelectronic, mechani-
cal, and thermodynamic properties of Mg3ZnO4, partic-
ularly using advanced ab-initio methods. To our knowl-
edge, no prior studies have utilized the FP-LAPW
method combined with the Tran–Blaha modified semi-
local Becke–Johnson potential (TB-mBJ) [23] in the
WIEN2k computational code to investigate these prop-
erties. This study aims to bridge that gap by offering
a detailed prediction and analysis of these properties
for Mg3ZnO4 in its rocksalt configuration, contribut-
ing valuable insights to the ongoing development of
optoelectronic materials. It is well known that first-
principles methods are effective for analyzing the struc-
tural and physical properties of solids at the electronic
level [35]. The present study aims to address this gap
by providing a detailed prediction and analysis of these
properties for Mg3ZnO4 in its rocksalt configuration, by
the first-principles calculations (FP-LAPW) as imple-
mented in WIEN2k code.

This paper is structured as follows: Sect. 2 offers
a detailed overview of the computational methods
and approaches employed in this research. Section 3
presents the main results, accompanied through a thor-
ough examination of the analyzed ground-state prop-
erties, offering insights into their implications for opto-
electronic applications. Finally, Sect. 4 presents a sum-
mary of the key findings and conclusion drawn from this
study, outlining potential directions for future research.
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Fig. 1 Crystal structure of Mg3ZnO4 in rocksalt structure (cubic, Pm3m, 221), a (111)—plane and b (110)—plane

2 Computational details

The calculations for this study were performed using
the FP-LAPW method, as implemented in the WIEN2k
computational code [36, 37]. This method was employed
to conduct total energy calculations and analyze
the physical characteristics of the rocksalt phase of
Mg3ZnO4. In this approach, the unit cell is divided into
non-overlapping muffin-tin spheres centered around the
atomic sites, with the interstitial regions treated sepa-
rately. This division allows for the application of differ-
ent basis sets in each region, providing a flexible and
accurate computational framework. The Kohn–Sham
equations, derived from (DFT) [38, 39], were solved
iteratively to achieve self-consistency in the calcula-
tions.

The crystal structure of Mg3ZnO4, resembling that
of Caswellsilverite, crystallizes in the rocksalt (cubic)
phase with the space group Pm3m (no. 221). This struc-
ture is illustrated in Fig. 1, which presents the (111)
plane in panel (a) and the (110) plane in panel (b).
Detailed information regarding the geometric arrange-
ments, including atomic positions and lattice parame-
ters, is provided in Tables 1 and 2, along with references
[32] and [40] for further context.

For the exchange–correlation potential, various
approximations were considered, including the LDA
[17], the revised Perdew–Burke–Ernzerhof for solids
(PBEsol-GGA) [41], and the GGA of Wu and Cohen
(WC-GGA) [22], particularly for calculating the struc-
tural properties. To enhance the accuracy of the cal-
culated energy gap values for the rocksalt Mg3ZnO4,
we utilized LDA, PBEsol-GGA, WC-GGA, the Engel-
Vosko GGA approach (EV-GGA) [19], and the semi-
local Becke–Johnson potential along with its modified
form suggested by Tran and Blaha (TB-mBJ) [23]. It is
important to note that the elastic and thermodynamic
properties were computed exclusively using the LDA.

Table 1 Atomic positions in the cubic unit cell for
Mg3ZnO4

Material Phase Atom Atomic
positions
(x , y , z )

Mg3ZnO4 Cubic (rocksalt) Mg1 (0, 1/2,
1/2)

Mg2 (1/2, 0,
1/2)

Mg3 (1/2, 1/2,
0)

Zn1 (0, 0, 0)

O1 (1/2, 0, 0)

O2 (0, 1/2, 0)

O3 (0, 0, 1/2)

O4 (1/2, 1/2,
1/2)

To enhance the precision of our calculations, the TB-
mBJ method was utilized to compute both the imagi-
nary and real components of the dielectric function, as
well as other linear optical parameters of the ternary
Mg3ZnO4 compound in its rocksalt phase. The TB-
mBJ potential, introduced by Tran and Blaha [23], pro-
vides a more accurate representation of semiconductors
and insulators than traditional approximations. This
potential offers improved accuracy in modeling the elec-
tronic structure, particularly for optical properties. The
TB-mBJ potential is expressed as [42]

υmBJ
x,σ (r) = cυBR

x,σ(r) + (3c − 2)
1
π

√
√
√
√ 5

12

√

2τσ(r)
ρσ(r)

.

(1)
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Table 2 Calculated lattice constant (a), bulk modulus (B), first pressure derivative (B’), equilibrium volume (V 0), minimal
energy (Emin), and the percent error (Δa) according to LDA, PBEsol-GGA, and WC-GGA for Mg3ZnO4 compared with
other theoretical works

Mg3ZnO4 a [Å] B [GPa] B ’ V 0 [a.u]3 Emin[Ryd] Δa [%]

Present results (LDA) 4.1822 182.7762 4.6095 493.6402 − 5383.404052 − 0.423

Present results (PBEsol-GGA) 4.2352 164.2879 4.3821 512.6387 − 5389.811992 + 0.838

Present results (WC-GGA) 4.2366 164.5422 4.3802 513.1653 − 5394.180532 + 0.817

Other calculations 4.20 [32]
4.28 [40]

180.4 [32] – 499.9627 [32] – –

In this context, ρσ denotes the electron density, τσ

refers to the kinetic energy, and υBR
x,σ represents the

Becke–Roussel potential [43]. Notably, a system-specific
parameter, c, embodies the Becke–Johnson potential
with its original value set as c = 1. Nevertheless, for
bulk materials, Tran and Blaha [23] proposed a method
to calculate this parameter [21, 42].

In this context, ρσ represents the electron density,
τσ denotes the kinetic energy, and υBR

x,σ signifies the
Becke–Roussel potential [43]. A key element of this
method is the system-specific parameter c, which is
associated with the Becke–Johnson potential and ini-
tially set to c = 1. However, for bulk materials, Tran
and Blaha [23] introduced a procedure to compute this
parameter more accurately [21, 42]

c = α + β

(
1

Vcell
∫ |∇ρσ(r′)|

ρσ(r′)
d3r′
) 1

2

. (2)

In this expression, V cell denotes the volume of
the unit cell, while the parameters α (− 0.012) and
β (1.023) bohr1/2 are fitting constants derived from
experimental data [23]. The TB-mBJ potential is par-
ticularly significant in electronic structure calculations
for solids, as it plays a key role in improving band gap
accuracy [42, 44]. This raises the question: How does
the TB-mBJ potential physically enhance the energy
gap by modifying the exchange–correlation potential
(Vxc), especially in relation to electron behavior and
orbital interactions? It is well known that incorporat-
ing Hartree–Fock (HF) exchange into the energy func-
tional can meaningfully influence the energy band gap
of solids. This effect is evident in the two extremes: pure
HF exchange typically overestimates the energy band
gap, whereas LDA or GGA functionals within DFT
tend to underestimate it. This contrast highlights the
importance of hybrid exchange–correlation (XC) func-
tionals, which incorporate a fraction of HF exchange, in
providing a more accurate calculation of energy band
gaps.

The plane-wave expansion was configured with RMT

× KMAX = 9, where RMT is the smallest Muffin-Tin
radius, and KMAX represents the maximum K -vector
within the Brillouin Zone (BZ). For the Mg3ZnO4

ternary material under study, the Muffin–Tin radii
were set to 1.91, 2.05, and 1.77 atomic units (a.u.) for

magnesium (Mg), zinc (Zn), and oxygen (O), respec-
tively. The cut-off for the Fourier-expanded charge den-
sity was determined at Gmax = 12 (a.u.)−1. Addition-
ally, the spherical harmonic expansion within the non-
overlapping Muffin-Tin spheres was analyzed up to lmax

= 10. A cut-off energy of − 6 Ryd was established
to clearly separate core states from valence states. For
the calculations addressing the structural and electronic
properties of the Mg3ZnO4 compound, a k-point mesh
consisting of 56 special k -points (corresponding to a
grid of 10 × 10 × 10 meshes, which equates 1000 k-
points) was employed to cover the irreducible wedge
of the BZ. In contrast, for the linear optical property
calculations, a finer k -mesh with 3000 k-points (a grid
of 14 × 14 × 14, equivalent to 120 special k -points)
was utilized to achieve the necessary precision. This
dense mesh of eigenvalues and associated eigenvectors
was critical for accurately predicting the linear opti-
cal properties. Moreover, the electronic configurations
were specifically treated as valence electrons for each
element: Mg as 1s2 2s2 2p′ 3s2, Zn as 1s2 2s2 2p′ 3s2
3p′ 3d10 4s2, and O as 1s2 2s2 2p4.

3 Results and discussion

This section is dedicated to an in-depth examination of
the structural, optoelectronic, mechanical and thermo-
dynamic properties of the ternary compound Mg3ZnO4,
focusing on its stability and behavior in the rocksalt
(cubic) phase. Through this analysis, we intend to elu-
cidate the fundamental characteristics that define the
material’s potential for various applications, particu-
larly in the realm of optoelectronics. By exploring these
properties in detail, we provide critical insights into the
compound’s suitability for use in advanced technologi-
cal applications, such as UV photodetectors and thin-
film solar cells.

3.1 Geometry and volume optimization

In recent years, high-pressure research has garnered
increasing attention, with a particular focus on struc-
tural phase transformations and the behavior of mate-
rials under compression. This field has garnered sig-
nificant attention due to its ability to offer deeper
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insights into the fundamental theories governing the
solid state. Geometry and volume optimization of crys-
tals are fundamental tools for understanding, predict-
ing, and designing materials with desired physical prop-
erties, making them indispensable in materials science
and engineering research.

To characterize the structural properties of
Mg3ZnO4, we utilized Murnaghan’s equation of
state (EOS) [45] to analyze the relationship between
total energy (E ) and volume (V ). This approach
enabled us to derive key structural constants, namely
the equilibrium lattice parameter (a), the bulk mod-
ulus (B), and the first pressure derivative of the bulk
modulus (B′).

The EOS fitting was performed using theoretical data
obtained from the Materials Project [40], which pro-
vided the necessary input parameters for the volume
optimization process. We employed various approxi-
mations, including the LDA, PBEsol-GGA, and WC-
GGA, to compute these structural constants.

In Murnaghan’s equation (Eq. 3), E 0 represents the
equilibrium total energy of the material, B0 is the bulk
modulus indicating the material’s resistance to com-
pression, and B0

′
denotes the first derivative of the bulk

modulus with respect to pressure. By fitting the EOS to
the total energy versus volume data, we obtained accu-
rate estimates of these parameters, providing valuable
insights into the mechanical and structural stability of
the Mg3ZnO4 compound

E(V ) = E0 +
B0V

B′
0

(

(V0/V )B′
0

B′
0 − 1

+ 1

)

− B0V0

B′
0 − 1

.

(3)

To determine the structural parameters of Mg3ZnO4,
we analyzed the total energy versus volume curves
using various approximations: LDA, PBEsol-GGA, and
WC-GGA. These calculations allowed us to derive
key structural parameters—namely the equilibrium lat-
tice parameter a, B , and B ′. Figure 2 illustrates the
total energy–volume curves and the corresponding fit-
ted parameters obtained from these approximations.

The minimized values for a, B , and B ′ computed
from LDA, PBEsol-GGA, and WC-GGA approxima-
tions are presented in Table 2, alongside comparisons
with previous theoretical data [32, 40]. Our results indi-
cate that the lattice parameter a calculated using the
LDA approach is slightly underestimated by approx-
imately 0.423% compared to prior theoretical val-
ues [32]. Conversely, the PBEsol-GGA and WC-GGA
methods result in overestimations of a by approxi-
mately 0.838% and 0.817%, respectively. These discrep-
ancies highlight the sensitivity of lattice parameter pre-
dictions to the choice of approximation and underline
the need for careful consideration of functional selection
in theoretical studies.

In terms of the B and its pressure derivative B ′,
our results align well with previously reported theo-
retical works. The agreement suggests that the LDA,
PBEsol-GGA, and WC-GGA approximations provide a
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Present work with LDA
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Fig. 2 Calculated total energy as a function of unit cell
volume for Mg3ZnO4 within LDA, PBEsol-GGA, and WC-
GGA approximations

reliable depiction of the material’s compressibility and
its response to pressure changes. Despite the absence
of experimental data for these structural constants
of Mg3ZnO4, our theoretical findings offer a valuable
reference point for future experimental investigations.
The consistency with the existing theoretical results
enhances the credibility of our predictions and provides
a solid foundation for further experimental and theo-
retical research.

3.2 Electronic properties

Understanding electronic properties, such as band
structure and density of states (DOS), is crucial for
optimizing materials in various electronic applications.
The electronic band structure provides insights into the
energy levels available to electrons, while the density of
states reveals how these levels are occupied. The semi-
conductor band gap, which is a key factor in deter-
mining a material’s suitability for electronic devices, is
influenced by the material’s atomic arrangement and
symmetry. These factors dictate how the band energy
levels are populated around the EF [42].

In this study, we computed the energy band-gap
values for Mg3ZnO4 in its rocksalt cubic phase using
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Table 3 Calculated band gap (Eg) within LDA, WC-GGA, EV-GGA, and TB-mBJ approximations for Mg3ZnO4 compared
with other theoretical works

Mg3ZnO4 Eg [eV]

Approximations LDA WC-GGA PBEsol-GGA EV-GGA TB-mBJ using LDA TB-mBJ using GGA

Present works 2.456 2.217 2.217 3.033 4.668 4.476

Other works 5.95 [32], 2.83 [40]

Fig. 3 Band structure of Mg3ZnO4 within TB-mBJ
approximation

several computational approaches: LDA, PBEsol-GGA,
WC-GGA, EV-GGA, and the Tran–Blaha modified
Becke–Johnson potential (TB-mBJ). The results from
these methods are summarized in Table 3. Although all
approaches provided valuable insights, we focus here
on the results obtained using the TB-mBJ method.
This is because the TB-mBJ approach offers a more
accurate representation of the energy band gap, cap-
turing subtle electronic characteristics that are critical
for understanding the material’s performance in elec-
tronic devices. The patterns observed across different
methods are consistent, reinforcing the reliability of the
TB-mBJ results in characterizing the electronic prop-
erties of Mg3ZnO4.

Figure 3 presents the band structure of Mg3ZnO4,
as calculated using the TB-mBJ approximation, span-
ning an energy range from − 20 to 20 eV along the
high-symmetry directions R → Γ → X → M → Γ in
the Brillouin Zone (BZ). This band structure analysis
reveals that the minima of the conduction band and the
maxima of the valence band occur at different k -points,
which is characteristic of an indirect band gap. When
the EF is positioned at 0 eV, this indirect band gap
is evident, meaning that electronic transitions between
the valence and conduction bands involve a change in
momentum. Such a band structure has implications for

the material’s optical properties and its effectiveness in
various electronic and optoelectronic applications.

Table 3 summarizes the band-gap values (E g)
for Mg3ZnO4 obtained using several computational
approaches, including LDA, WC-GGA, EV-GGA, and
TB-mBJ. These values are compared with those from
prior theoretical studies. The TB-mBJ approach, in
particular, predicts a higher band gap compared
to the other methods. This enhancement can be
attributed to TB-mBJ’s refined treatment of the
exchange–correlation potential (V xc). The TB-mBJ
method incorporates a portion of Hartree–Fock (HF)
exchange, which corrects the underestimation of the
band gap that occurs with pure HF exchange and
the typical underestimation of LDA or GGA function-
als. By blending HF exchange with local or gradient-
corrected exchange–correlation terms, TB-mBJ pro-
vides a more accurate band gap, underscoring its impor-
tance in the precise calculation of electronic properties.

In our study, we calculated the band gap for
Mg3ZnO4 using the modified Becke–Johnson (mBJ)
potential, yielding a value of 4.668 eV. This value
is lower than the 5.95 eV reported in reference [32]
and higher than the 2.83 eV in reference [40]. These
differences arise from the methodologies used in the
respective studies. Reference [32] employed the Local
Density Approximation (LDA), which often underesti-
mates band gaps, while reference [40] used the Gen-
eralized Gradient Approximation (GGA), which also
yields lower values. The mBJ method, which incorpo-
rates a portion of Hartree–Fock exchange, provides a
more accurate representation of electronic properties.
Furthermore, our calculations indicate that the cubic
structure is the most stable form of Mg3ZnO4. The cal-
culated band gap of 4.668 eV emphasizes Mg3ZnO4’s
potential for optoelectronic applications, particularly in
the ultraviolet region.

Figure 4 illustrates the band gap of Mg3ZnO4 as
determined by the TB-mBJ method in relation to
the solar spectrum, including AM0 and AM1.5 irra-
diance conditions. As definition, the AM0 provides a
baseline for maximum solar energy in space, while
AM1.5 simulates real-world conditions for solar pan-
els on Earth, ensuring standardized testing for com-
paring solar cell efficiency and performance. The solar
spectrum is divided into visible (380–750 nm), infrared
(IR), and ultraviolet (UV) regions. The computed band
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Fig. 4 The spectrum of
sun’s solar radiation versus
photon energy values of
Mg3ZnO4 with the
positioning of the Eg within
TB-mBJ approximation
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gap of 4.668 eV indicates that Mg3ZnO4 has substan-
tial absorption in the UV region, specifically at a wave-
length of 265.602 nm (shortwave UVC). This character-
istic suggests that Mg3ZnO4 could be effectively used
in UV optoelectronic applications, where materials with
high-energy band gaps are desirable for absorbing high-
energy photons.

To elucidate the interplay between atomic orbitals
and electronic band structures in Mg3ZnO4, we exam-
ine the projected total density of states (TDOS) and
partial density of states (PDOS) calculated using the
TB-mBJ method. Figure 5 presents the PDOS for each
type of atom in Mg3ZnO4, with the EF set at 0 eV in
all plots. The band gap is identified as the energy range
immediately above EF where no electronic states are
present.

In Fig. 5, the DOS is organized into three dis-
tinct regions: the low-energy valence band (VBlow), the
higher energy valence band (VBhigher), and the conduc-
tion band (CB ). The VBlow, which is primarily influ-
enced by oxygen s-orbitals (Os), spans from − 20.07 to
− 18.49 eV. This region reflects the lower energy states
predominantly occupied by electrons in the valence
band. The VBhigher, which is shaped by zinc d-orbitals
(Znd) and oxygen p-orbitals (Op), extends from − 6.36
to 0 eV. This higher energy valence band features states
that contribute to the band’s width and electronic prop-
erties near the Fermi level. The conduction band (CB ),
ranging from 4.67 to 23 eV, is largely characterized
by magnesium s- and p-orbitals (Mgs and Mgp). This
band’s width and position relative to the valence bands
are crucial for determining the material’s electronic and
optical behavior.
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Fig. 5 Partial and total density of states (PDOS and
TDOS) of Mg3ZnO4 within TB-mBJ approximation
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The TDOS reveals that the overall density of states
in Mg3ZnO4 is predominantly derived from the contri-
butions of magnesium atoms. This distribution of elec-
tronic states is instrumental in understanding the mate-
rial’s electronic structure and its potential applications
in various optoelectronic devices [46].

3.3 Optical properties

The study of optical properties is crucial for driving
technological innovations in fields, such as optoelec-
tronics, medical diagnostics, and environmental sens-
ing. Understanding these properties not only facilitates
the development of cutting-edge materials for energy
applications but also enhances our capabilities in nan-
otechnology and device fabrication. In this research,
we meticulously calculated the linear optical properties
of the Mg3ZnO4 compound, focusing on key parame-
ters such as the dielectric function, absorption coeffi-
cient, reflectivity, refractive index, optical conductiv-
ity, and electron energy-loss spectrum. These calcu-
lations were performed using the Tran–Blaha modi-
fied Becke–Johnson (TB-mBJ) potential, chosen for its
effectiveness in accurately optimizing the band gap of
the material. The band gap plays a critical role in deter-
mining the optical behavior of materials, making the
TB-mBJ approximation particularly suitable for this
study. A finely tuned k -point mesh was employed, con-
sisting of 3000 k-points, corresponding to a grid of 14
× 14 × 14, which is equivalent to 120 special k -points,
to ensure high precision in the results. Additionally, a
broadening parameter of 0.1 eV was applied in the cal-
culations to account for potential smearing effects and
to achieve more accurate representations of the mate-
rial’s optical spectra [47].

The dielectric function, ε (ω) describes the response
of a material to an external electric field at a given fre-
quency ω. It is generally a complex function, expressed
as: ε(ω) = εreal(ω) + i εimaginary(ω) [44, 48–57]. The
real part of the dielectric function aids in determin-
ing other linear optical parameters, such as the absorp-
tion coefficient a(ω), reflectivity R(ω), refractive index
n(ω), optical conductivity κ(ω), and energy-loss func-
tion L(ω). The joint density of states and momen-
tum matrix elements facilitate understanding inter-
band transitions between the valence band (VB) and
conduction band (CB), which are crucial for calculat-
ing εimaginary(ω) [57]. The εimaginary(ω) is defined by
the following relation [44]:

εimaginary (ω)

=
e2�

πm2ω2

∑

∫ [|Mc, v (k)| 2δ [ωc, v (k) − ω]
]

d3k.

(4)

The integral is evaluated across the entire Bril-
louin zone (BZ), where Mc,v (k) symbolizes the dipole
moment associated with direct electronic transitions
between the valence band (VB) and the conduction
band (CB). The transition energy, denoted as ωc,v (k)

= Eck−Evk , represents the energy difference between
the conduction band and valence band at a given wave
vector k. To calculate the real part of the dielectric
function, εreal(ω), the Kramers–Kronig relations are
employed, which allow for the determination of the
dielectric response from the material’s complex optical
properties. This integral approach is crucial for accu-
rately capturing the optical behavior of materials, par-
ticularly in the context of direct inter-band transitions,
which play a significant role in determining the opti-
cal spectra. The Kramers–Kronig relations provide a
robust framework for connecting the real and imaginary
parts of the dielectric function, ensuring that the results
adhere to the principles of causality and are physically
meaningful [44, 53]

εreal(ω) = 1 +
2
π

p

∞∫

0

εimaginary(ω′)
ω′2 − ω2

dω′. (5)

The optical properties, such as the absorption coef-
ficient α(ω), reflectivity R(ω), refractive index n(ω),
extinction coefficient қ(ω), and electron energy-loss
function L(ω), can be systematically derived from the
real and imaginary components of the dielectric func-
tion. These properties are interconnected through spe-
cific mathematical relations, allowing for a comprehen-
sive understanding of the material’s optical response
across different frequencies. By applying these estab-
lished formulas, we can accurately calculate and analyze
each optical property, providing insight into how the
material interacts with electromagnetic radiation. This
approach is critical for evaluating the material’s poten-
tial applications in various optoelectronic and photonic
devices, where precise control over optical behavior is
essential [44, 53, 55, 57–59]

α(ω) =
√

2ω
[√

ε2real(ω) + ε2imaginary(ω) − εreal(ω)
]

(6)

R(ω) =
[√

[ε2real(ω) + iεimaginary(ω) − 1]/

√

[ε2real(ω) + jεimaginary(ω) + 1]
]2

(7)

n(ω) =
1√
2

√
[[

ε2real(ω) + ε2imaginary(ω)
] 1

2
+ εreal(ω)

]

(8)

κ(ω) = (−iω/4π)ε(ω) (9)

L(ω) = Im
(

− 1
ε(ω)

)

=
εimaginary(ω)

ε2real(ω) + ε2imaginary(ω)
.

(10)

3.3.1 Dielectric function

Figures 6 and 7 illustrate the variation of the real
and imaginary components of the dielectric function for

123



Eur. Phys. J. B          (2024) 97:173 Page 9 of 27   173 

Fig. 6 Computed real part of the dielectric function for
Mg3ZnO4 using the TB-mBJ approximation

Fig. 7 Computed imaginary part of the dielectric function
for Mg3ZnO4 using the TB-mBJ approximation

Mg3ZnO4 as a function of photon energy, ranging from
0 to 35 eV. The zero-frequency limit, εreal(0), is a crucial
parameter that is intrinsically linked to the material’s
energy band gap, as highlighted in the previous studies
[53]. The static dielectric constant εreal(0), calculated
using the Tran–Blaha modified Becke–Johnson (TB-
mBJ) approximation, is presented in Table 4. Notably,
εreal(ω) remains positive up to a photon energy of
17.99 eV under polarization conditions, beyond which it
becomes negative, indicating a change in the material’s
optical behavior. Prominent peaks in the real part of

Fig. 8 Computed absorption coefficient for Mg3ZnO4 using
the TB-mBJ approximation

the dielectric function are observed at photon energies
of 7.224, 7.605, 11.115, and 13.782 eV, corresponding
to electronic transitions from the valence band to the
conduction band.

The imaginary part of the dielectric function,
εimaginary(ω), calculated using the TB-mBJ approxi-
mation, reveals various inter-band transitions between
occupied and unoccupied electronic states within the
material. As depicted in Fig. 7, the imaginary com-
ponent exhibits several peaks in response to incident
photon energy up to 35 eV. For Mg3ZnO4, four major
peaks are identified: the first occurs at 8.748 eV, fol-
lowed by subsequent peaks at 12.122, 14.054, and
17.701 eV. These peaks are primarily attributed to the
hybridization between the bonding and anti-bonding
states involving O_s/p and Mg_s/p orbitals, reflecting
the complex electronic interactions within the material.

3.3.2 Absorption coefficient

The absorption coefficient α(ω) is a fundamental lin-
ear optical parameter that indicates the fraction of
light absorbed as it passes through a material. The
calculated absorption coefficients for the longitudinal
and parallel components of light for Mg3ZnO4, deter-
mined using the TB-mBJ approximation, are shown
in Fig. 8. This figure covers the energy range of inci-
dent photons from 0 to 35 eV. It is evident that
the compound exhibits excellent optical absorption
(α(ω)max = 2.286 × 106 cm−1) over a wide energy
range of 4.672–21.238 eV, corresponding to wavelengths
between 58.378 and 265.49 nm, which falls within the

Table 4 Calculated optical
dielectric constant, static
reflectivity, and static
refractive index for
Mg3ZnO4 within TB-mBJ
approximation

Mg3ZnO4 Static parameters

Present work (TB-mBJ) εimaginary(0) R(0) n(0) κ(ω) peak’s

2.58 16.06 1.606 17.728
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Fig. 9 Computed reflectivity for Mg3ZnO4 using the TB-
mBJ approximation

Ultra–Violet (UV) region. Here, the isotropic behavior
in the context of polarization type refers to the uniform
response of a material to light, regardless of the direc-
tion of the light’s electric field. In isotropic materials,
the optical properties, such as absorption and refractive
index, are the same in all directions. This uniformity
leads to a consistent interaction with light, independent
of its polarization. For the compound Mg3ZnO4, the
isotropic behavior means that the material absorbs light
equally well across different polarization states. This
results in a harmonious trend in the optical absorption
characteristics, as the material’s response does not vary
with the polarization of the incident light. Therefore,
the calculated absorption coefficients for both longitu-
dinal and parallel components of light show similar pat-
terns, indicating the material’s isotropic nature. Obser-
vations indicate that Mg3ZnO4 is well suited for appli-
cations requiring absorption of light in the UV region
of the solar spectrum. Therefore, Mg3ZnO4 can be used
in optoelectronic devices (UV photodetectors, LEDs,
laser diodes), photovoltaic cells for enhanced solar effi-
ciency, UV-sensitive sensors, UV-driven catalytic pro-
cesses, and protective coatings to shield materials from
UV radiation.

3.3.3 Reflectivity

Reflectivity R(ω) is a crucial parameter in the analysis
of linear optical properties, as it quantifies the ratio
of the intensity of reflected light to that of incident
light as a function of angular frequency ω. This optical
property provides critical insight into how much light is
reflected from the surface of a material at various fre-
quencies or photon energies. R(ω) is particularly signifi-
cant, because it is highly sensitive to the intricate inter-
actions between the real and imaginary components of
the dielectric function, making it an essential indicator
of how a material interacts with electromagnetic radia-
tion, especially at semiconductor surfaces.

Figure 9 presents the reflectivity spectra of Mg3ZnO4

Fig. 10 Computed refractive index for Mg3ZnO4 using the
TB-mBJ approximation

over a range of photon energies, calculated using
the TB-mBJ functional. This analysis reveals how
the reflectivity varies with photon energy, offering
valuable information about the material’s optical
response. Additionally, the zero-frequency reflectivity
R(0), which represents the reflectivity at the limit of
low frequencies, is provided in Table 4, derived from
the TB-mBJ calculations. The maximum reflectivity for
Mg3ZnO4, as shown in Fig. 9, occurs at a photon energy
of 21.51 eV, corresponding to a wavelength of approx-
imately 0.0576 μm (57.638 nm). This peak reflectiv-
ity indicates the energy at which the material most
effectively reflects incident light, which is important for
applications requiring specific reflective properties.

3.3.4 Refractive index

The refractive index n(ω) is a fundamental parame-
ter for understanding atomic-level interactions in semi-
conducting materials. It serves as an indicator of the
material’s transparency across different wavelengths
of spectral radiation and is critical for predicting its
performance in optoelectronic applications. Generally,
materials with higher refractive indices tend to exhibit
reduced transparency due to increased absorption and
scattering of light, whereas those with lower refrac-
tive indices allow for greater light transmission, thereby
enhancing transparency.

Figure 10 illustrates the calculated refractive index
n(ω) for Mg3ZnO4 across photon energies up to 35 eV,
revealing three significant peaks at 8.53, 11.741, and
13.837 eV, all of which fall within the ultraviolet
(UV) region. These peaks indicate specific energy levels
where the material exhibits notable refractive behavior.
The static refractive index n(0), which represents the
refractive index at zero frequency, is given by n(0) =√

εimaginary(0) = 1.606 and has been derived using the
TB-mBJ approximation. This value is listed in Table 4,
providing a reference for the material’s refractive prop-
erties at low frequencies.

123



Eur. Phys. J. B          (2024) 97:173 Page 11 of 27   173 

Fig. 11 Computed conductivity for Mg3ZnO4 using the
TB-mBJ approximation

3.3.5 Optical conductivity

Optical conductivity κ(ω) is a key parameter that indi-
cates how effectively a material conducts electricity
when exposed to light of varying frequencies or energies.
It reveals the material’s electronic response to incident
photons across the electromagnetic spectrum, which is
crucial for understanding and optimizing its optoelec-
tronic properties. This parameter is directly derived
from the dielectric function, as outlined in Eq. 9.

Figure 11 presents the optical conductivity κ(ω) for
Mg3ZnO4, calculated up to a photon energy of 35 eV
using the TB-mBJ approximation. The graph high-
lights several significant peaks in the optical conductiv-
ity, which correspond to critical interactions within the
material. These peaks are indicative of bulk plasmon
excitations, representing the collective oscillations of
electrons between the valence band (VB) and the con-
duction band (CB). The specific locations of the highest
optical conductivity peaks are detailed in Table 4, with
the most prominent peak corresponding to a value of
6.54 × 1015 s−1. This information is essential for appli-
cations, such as photodetectors, solar cells, and opto-
electronic devices.

3.3.6 Electron energy-loss function

The electron energy-loss function L(ω) represents the
energy dissipated by a fast-moving electron as it inter-
acts with a material, providing essential insights into
the electronic structure of the material. This spec-
trum is particularly valuable for analyzing the mate-
rial’s optical and electronic properties, as it encom-
passes interactions across the entire energy spectrum,
including those involving both elastically scattered and
non-scattered electrons. The energy-loss function is sen-
sitive to interactions that lead to the excitation of elec-
trons, whether through inter-band transitions within
the valence band or from the outer atomic shells [21].

Figure 12 presents the calculated energy-loss func-

Fig. 12 Computed energy-loss function for Mg3ZnO4 using
the TB-mBJ approximation

tion L(ω) for Mg3ZnO4, obtained using the TB-mBJ
approach. The spectrum highlights a critical point at
29.32 eV, which corresponds to the region where the
material experiences minimal energy loss, often referred
to as a lossless region. This region is of particular inter-
est in the study of material properties, as it indicates
energy ranges where the material can sustain electronic
excitations with minimal resistance.

3.4 Mechanical properties

Understanding the elastic properties of a solid is fun-
damental for analyzing its mechanical and dynamic
responses under various conditions. These proper-
ties—such as Young’s modulus, shear modulus, and
Poisson’s ratio—quantify how a material deforms under
applied stresses and are crucial for predicting its behav-
ior in real-world applications. Elasticity reflects how a
material returns to its original shape after deformation,
which is vital for determining its structural integrity
and load-bearing capacity.

Elastic properties are not only important for assess-
ing the mechanical strength of materials but also
play a significant role in understanding their ther-
mal and dynamic behaviors. For instance, the inter-
play between elastic constants and thermal expansion
coefficients can influence the material’s performance in
high-temperature environments, where thermal stresses
might lead to significant deformations or failure. Addi-
tionally, the ability of a material to absorb and dis-
sipate energy, which is governed by its elastic moduli,
affects its vibrational characteristics and stability under
dynamic loading conditions.

By examining these properties, one gains insights
into the internal forces and stress distributions within
the material. This information is essential for evalu-
ating the material’s capacity to withstand mechanical
forces, vibrations, and thermal stresses without under-
going permanent deformation or failure. Consequently,
a thorough understanding of elastic properties is crucial
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for designing and optimizing materials for structural
applications, where mechanical stability and durability
are paramount [60].

3.4.1 Elastic constants

Elastic constants are crucial in correlating the macro-
scopic mechanical properties of materials with their
microscopic behavior, offering profound insights into
the material’s stiffness and crystal stability. These con-
stants act as fundamental parameters that describe how
a material deforms under applied forces, and they play a
significant role in characterizing the material’s mechan-
ical response at different scales. Hooke’s law provides a
fundamental framework for understanding this relation-
ship between strain and stress. Mathematically, Hooke’s
law is expressed as σij = εkl C ijkl, where σij represents
the stress components, εkl denotes the strain compo-
nents, and C ijkl is the fourth-rank elastic stiffness ten-
sor. The tensor C ijkl encapsulates the material’s elas-
tic constants and defines how stress is related to strain
within the material. In the realm of lattice dynamics,
Hooke’s law can be adapted to incorporate lattice sym-
metry, which is particularly relevant for single crystals
such as Mg3ZnO4. When applied to these materials,
the elastic constants help describe how the crystal lat-
tice responds to mechanical perturbations. Specifically,
they characterize the stress–strain relationship within
the crystal structure, capturing how the lattice deforms
in response to external forces and how these deforma-
tions affect the material’s stability.

By analyzing the elastic constants in the context of
lattice dynamics, we can gain a deeper understand-
ing of the material’s mechanical properties, such as its
rigidity, stability, and resistance to deformation. This
understanding is essential for predicting the material’s
performance under various conditions and for design-
ing materials with tailored mechanical properties. Thus,
the study of elastic constants provides critical insights
into the fundamental mechanical behavior of materi-
als and their suitability for diverse applications [61,
62]. When Hooke’s law is applied to lattice dynamics
with lattice symmetry, the stress–strain relationship for
Mg3ZnO4 single crystals can be illustrated in the fol-
lowing form:
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(11)

Here, γi, εi, τi, and σi show the shearing strain, nor-
mal strain, corresponding shearing stress, and the nor-
mal stress, respectively. The elastic flexibility matrix S ij

can be illustrated as the inverse of the elastic stiffness
matrix C ij, i.e., [S ij] = [C ij]−1. For a cubic crystal, due

Table 5 The elastic constants (C 11, C 12, C 44), the bulk
modulus (B), the shear modulus (GV, GR, GH), the
anisotropy factor (A), the melting temperature (Tmelt),
Young’s modulus (EV, ER, EH), Poisson’s ratios (σV, σR,
σH), the BH/GH ratio, the percent shear factor AG , and the
universal elastic anisotropy index AU for Mg3ZnO4 within
LDA approximation

(Mg3ZnO4) Present
results
(LDA)

Other
results
[32]

Elastic
constants

C 11 (GPa) 346.4276 316.9

C 12 (GPa) 113.4690 112.1

C 44 (GPa) 131.6540 132.1

S11 (GPa) 0.0034 –

S12 (GPa) − 0.00085 –

S44 (GPa) 0.0075 –

Bulk
modulus

B (GPa) 191.1218 180.4

Shear
modulus

GV (GPa) 125.5841 –

GR (GPa) 125.133 –

GH (GPa) 125.3586 –

Poisson’s
ratios

σV 0.230 –

σR 0.231 –

σH 0.230 –

Young’s
modulus

EV (GPa) 309.056 –

ER (GPa) 308.147 –

EH (GPa) 308.602 –

Ratio BH/GH 1.5246 –

Anisotropy
factor

A 1.1302 –

Melting tem-
perature

Tmelt (K) 2600.3871 ± 300 –

Percent
shear
factor

AG % 0.1798 –

Universal
elastic
anisotropy
index

AU % 0.0179 –

Bulk
modulus
anisotropy
index

ABc = ABa 1 –

to lattice symmetry, there are three independent vari-
ables in S ij: S 11, S 12, S 44 and C ij: C 11, C 12, C 44. In
this study, the elastic constant calculated for the cubic
Mg3ZnO4 crystal structure is summarized in Table 5,
with the calculated values of S 11, S 12, and S 44 being
0.0034, − 0.00085, and 0.0075, respectively.

For cubic structures (rocksalt phase), three indepen-
dent second-order elastic constants are observed. Par-
ticularly, the C 11, C 12, and C 44 elastic constants of
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Mg3ZnO4 with a Pm3m crystal symmetry are listed in
Table 5. These elastic constants can be calculated using
LDA approximation. To evaluate the elastic stability of
cubic structures, the “Born stability criteria” [63, 64]
is necessary and can be determined using the following
equations [65]:

C11 > 0;C11 − C12 > 0;C11 + 2C12 > 0;
C44 > 0 and C12 < B < C11. (12)

Considering these elastic constants, the determined
values represented in Table 5 meet all the aforemen-
tioned restrictions. Moreover, Mg3ZnO4 compound has
been considered mechanically stable at room temper-
ature and pressure, which was confirmed in Ref. [32].
From our calculations, it has been observed that C 11 is
greater than all other constants, showing that our mate-
rial has further resistance to change in length than in
volume and shape. Additionally, the < 100 > directions
are the densest and stiffest in terms of structure.

The bulk modulus (B) is a compound’s resistance to
volumetric compression under applied pressure. Essen-
tially, B is eligible to quantify the necessary energy
to generate deformation [60]. To calculate B , Pugh’s
(BV ) and Reuss’s bulk modulus (BR) equations can
be employed [66]

BV =
(C11 + 2C12)

3
(13)

BR =
1

3S11 + 6S12
. (14)

Here, with both temperature and pressure at zero,
the obtained value of B for the considered Mg3ZnO4

compound is 191.1218 GPa. This result is fairly reli-
able with the value of 182.7762 GPa calculated using
Murnaghan’s equation of state (EOS) with the LDA
approximation. The Voigt [67] and Reuss [68] methods
are used to calculate the shear modulus (G) from the
elastic constants. These include calculating the Voigt
shear modulus (GV) and the Reuss shear modulus (GR)

GV =
C11 − C12 + 3C44

5
(14)

GR =
15

4S11 − 4S12 + 3S44
. (15)

Hill [69] represented that GV is the Voigt shear mod-
ulus and GR is the Reuss shear modulus, showing the
upper and lower restrictions of G , respectively. He also
indicated that the Navier [70] equation could be used
to calculate the GH -average

GH = G =
GV + GR

2
. (16)

Moreover, Young’s modulus (E ) and Poisson’s ratio
(σ) are calculated using the calculated values of com-
pressibility modulus and shear modulus, which are

replaced into the following formulas [71–74]:

E =
9BG

3B + G
(17)

σ =
3B − 2G

2(3B + G)
. (18)

Pugh [66] proposed a simple equation, known as
Pugh’s ratio (B/G) [66], to estimate the brittleness and
ductility of compounds. A B/G ratio less than 1.75
shows brittleness (fragility), while a B/G ratio greater
than 1.75 shows ductility [75, 76]. According to Table 5,
the estimated value of the B/G ratio determined using
the LDA estimation gives a B/G ratio of 1.5246, rep-
resenting that Mg3ZnO4 is a fragile compound.

Moreover, Frantsevich et al. [77] suggested using
Poisson’s ratio (σ) to distinguish between ductile and
brittle behavior in materials. σ assists not only as a
sign of a compound’s compressibility but also as a sign
of bonding forces characteristics. The Poisson’s ratio
can effectively differentiate between brittle and ductile
compounds: a higher Poisson’s ratio (σ > 0.26) shows
ductility, while a lower value (σ < 0.26) represents brit-
tleness [78].

As represented in Table 5, the σH value for our struc-
ture is 0.23 as determined using LDA approximation,
verifying its fragility. The Poisson’s ratio also allows us
to calculate the type of bond in the crystal structure.
According to Haines et al. [79], σ is 0.1 for covalent
materials, 0.25 for ionic materials, and 0.33 for metallic
materials. The Poisson’s ratio determined for Mg3ZnO4

is close to 0.25, representing an ionic bond material. An
ionic bond material involves the presence of chemical
bonds generated between atoms when one atom gives
one or more electrons to another atom, resulting in the
formation of cations and anions.

Young’s modulus (E ) is the essential characteris-
tic of solids, representing the relationship between
stress–strain and determining the stiffness of the mate-
rials. As described in Table 5, the ternary compound
(Mg3ZnO4) is classified as fragile, as evidenced by its
determined value of 308.602 GPa Young’s modulus
using the LDA function.

The hardness can be calculated according to Vickers
using the below equation [80]

Hv = 0.92
(

G

B

)1.3137

× G0.708. (19)

According to [81], it has been reported that materi-
als with a Vickers hardness value larger than 40 GPa
are considered super hard materials. Given that the cal-
culated H v for Mg3ZnO4 is 16.17 GPa, it is expected
that Mg3ZnO4 exhibits exceptional resistance to dent-
ing and scratching.
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3.4.2 Elastic anisotropy

The universal anisotropic index AU [82] and the percent
anisotropy indexes of shear and compression (AG and
AB ) [83] explain the elastic anisotropy indexes. The
calculation equations are depicted below

AU = 5
GV

GR
+

BV

BR
− 6 (20)

AB =
BV − BR

BV + BR
(21)

AG =
GV − GR

GV + GR
. (22)

Elastic anisotropy plays an essential role in under-
standing the mechanical behavior of materials under
stress, particularly when subjected to different crys-
tallographic directions. The degree of anisotropy influ-
ences various properties, such as fracture toughness,
thermal conductivity, and mechanical durability, which
are essential for potential applications, especially in
optoelectronics and thin-film technologies.

Upon calculations, the universal anisotropy index
(AU ) for Mg3ZnO4 was found to be 0.018, indicating
that Mg3ZnO4 exhibits nearly isotropic behavior. In
isotropic materials, the mechanical properties are iden-
tical in all directions, while deviations from isotropy can
lead to differences in material performance depending
on the direction of applied stress. The low AU value
suggests that Mg3ZnO4 maintains mechanical unifor-
mity, which is advantageous for applications requiring
consistent mechanical responses across different orien-
tations.

In terms of compression, the bulk modulus anisotropy
(AB ) was calculated to be 0, demonstrating that
Mg3ZnO4 experiences isotropic compression. This
means that when pressure is applied uniformly, the
material compresses equally in all directions, indicat-
ing that the bonding strength between atoms is homo-
geneous. Such behavior is critical in high-pressure envi-
ronments where uniform compression is desired, as it
reduces the risk of mechanical failure or distortion.

The shear anisotropy (AG) value of 0.0017 further
reinforces that Mg3ZnO4 has almost isotropic shear
behavior. This suggests that the shear response is
nearly the same along different planes, which is crucial
for materials that undergo shear stresses during defor-
mation. The calculated shear anisotropy values provide
insights into the directional bonding strength, partic-
ularly how atomic bonds behave under non-uniform
forces across different crystallographic planes. In mate-
rials with higher shear anisotropy, these bonds could
exhibit different strengths in various directions, poten-
tially leading to uneven deformation or cracking under
stress.

The shear anisotropy factor of A1 , A2 , and A3 in the
[100], [010], and [001] planes, respectively are expressed

as follows [83]:

A1 =
4C44

C22 + C33 − 2C13
(23)

A2 =
4C55

C33 + C11 − 2C23
(24)

A3 =
4C66

C11 + C22 − 2C12
. (25)

To determine the elastic anisotropy of cubic single
crystals, one method is to calculate the Zener constant
(A), which is appropriate and expressed by the follow-
ing equation [67, 68]:

A =
2C44

C11 − C12
. (26)

For isotropic crystals, the shear anisotropy factor is
conventionally 1, with deviations from this value indi-
cating varying degrees of shear anisotropy [84]. The spe-
cific shear anisotropy factor of 1.13 for Mg3ZnO4 in the
[100], [010], and [001] planes highlights a moderate level
of anisotropy in these directions. While this value is not
significantly higher than 1, it indicates that Mg3ZnO4

has slightly stronger shear resistance in these directions,
suggesting that the material might behave more rigidly
under shear stress along certain planes. This is partic-
ularly relevant for applications that involve mechanical
processing or deformation, as it provides clues about
how the material will behave under operational condi-
tions.

Furthermore, the anisotropic indices of the bulk mod-
ulus along the c- and a-axes can be expressed using
Eqs. (27) and (28), respectively [83]. These equations
quantify the directional dependence of the bulk modu-
lus, providing insights into how the material’s resistance
to volume changes varies with orientation

ABc =
(C11 − C12)(C33 − C13) − (C23 − C13)(C11 − C13)

(C33 − C13)(C22 − C12) − (C13 − C23)(C12 − C23)

(27)
ABa =

(C22 − C12)(C11 − C13) − (C11 − C12)(C23 − C12)

(C22 − C12)(C33 − C13) − (C12 − C23)(C13 − C23)
.

(28)

In the realm of elastic properties, the anisotropy
index serves as a pivotal parameter for characteriz-
ing the degree of elastic isotropy within crystalline
materials. A unit value of this index signifies complete
isotropy, wherein the elastic response remains uniform
across all crystallographic directions. Deviations from
this unit value indicate varying levels of anisotropic
behavior, where directional dependence arises in the
material’s mechanical response. For the Mg3ZnO4 crys-
tal, the calculated anisotropy indices for the bulk mod-
ulus, ABc and ABa , are both found to equal 1. This
outcome confirms that the bulk modulus of Mg3ZnO4 is
isotropic, suggesting that the material exhibits equiva-
lent resistance to volumetric changes irrespective of the
direction of applied pressure.
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The isotropy of the bulk modulus is significant
for theoretical modeling and practical applications,
as it implies a consistent mechanical behavior under
hydrostatic stress conditions, thus facilitating pre-
dictable performance in a variety of operational envi-
ronments. Moreover, this uniformity enhances the reli-
ability of Mg3ZnO4 in structural applications, particu-
larly in optoelectronic devices where uniform mechan-
ical integrity is critical. The absence of directional
dependence in the bulk modulus also simplifies the
analysis of stress distributions and failure mechanisms,
enabling more accurate assessments of material perfor-
mance in engineering applications. Thus, the isotropic
nature of Mg3ZnO4’s bulk modulus positions it as a
favorable candidate for applications demanding high
mechanical reliability and consistent elastic behavior.

To further investigate the isotropic characteristics
of the Mg3ZnO4 crystal, a 3D surface representation
of elastic anisotropy was performed. The directional
dependencies of both Young’s modulus and the bulk
modulus within the cubic crystal system are detailed
in Eqs. (29) and (30), respectively [85]. These equa-
tions provide insights into how the material’s elastic
properties vary with direction and confirm the observed
isotropy in the bulk modulus, while also exploring any
potential anisotropy in Young’s modulus

1
E

= S11 − 2
(

S11 − S12 − S44

2

)
(

l21l
2
2 + l22l

2
3 + l21l

2
3

)

(29)

1
B

= (S11 + 2S12)
(

l21 + l22 + l23
)

. (30)

For the Mg3ZnO4 crystal, the bulk modulus B
exhibits isotropy across the lattice directions (x , y , and
z ), as illustrated in Fig. 13. The three-dimensional (3D)
surface representation of Young’s modulus also confirms
this isotropy, with the surface appearing spherical. In
materials science, isotropy implies that the material’s
properties are uniform in all directions, which is visu-
ally represented by a spherical shape of the 3D surface
plot.

In the case of Mg3ZnO4, Young’s modulus exhibits
a low degree of anisotropy, as illustrated in Fig. 13.
The minimum value of Young’s modulus, measured at
290.436 GPa, is observed along the < 111 > crystal
direction, while the maximum value of 321.204 GPa is
found along the < 100 > direction. These values, along
with their corresponding anisotropy ratio (Emax/Emin),
which quantifies the degree of directional dependence,
are summarized in Table 6. The calculated anisotropy
ratio of 1.1 indicates that the material possesses rel-
atively low anisotropy in Young’s modulus [86]. Fur-
thermore, the three-dimensional (3D) representation of
Young’s modulus, shown in Fig. 13, confirms a near-
spherical shape, characteristic of materials exhibiting
low anisotropy. This slight variation in stiffness sug-
gests that Mg3ZnO4 will maintain relatively uniform
mechanical properties across different crystallographic
directions.

A more detailed examination of Young’s modulus,
which reflects the material’s resistance to deforma-
tion, reaffirms the minimal anisotropy indicated by the
anisotropy ratio of 1.1. The minimum value of 290.436
GPa along the < 111 > direction and the maximum
value of 321.204 GPa along the < 100 > direction indi-
cate some degree of directional dependence, although
this is relatively minor. The near-spherical 3D sur-
face of Young’s modulus, as confirmed in Fig. 13, fur-
ther supports the concept of uniform stiffness. Such a
low degree of anisotropy implies that Mg3ZnO4 is well
suited for applications requiring consistent mechanical
performance, such as thin-film optoelectronic devices or
flexible electronics, where uniform stiffness across vari-
ous orientations is crucial for optimal functionality.

The 3D surface representation of the shear modulus
for Mg3ZnO4 can be expressed using Eq. (30) [87], fur-
ther detailing the material’s directional dependency in
shear response

1
G

= (S44 + 4SJ) (30)

S = S11 − S22 − S44

2
, (31)

where

J = sin2 θ. cos2 θ + 0.125. sin4 θ(1 − cos 4ϕ). (32)

The analysis of the shear moduli of the Mg3ZnO4

crystal along various orientations reveals a notable
degree of anisotropy, as illustrated in Fig. 13. The min-
imum shear modulus, measured at 121.134 GPa, is con-
sistently observed along the < 100 > , < 010 > , and
< 001 > directions. In contrast, the maximum value
reaches 131.654 GPa along the < 111 > direction, high-
lighting the crystal’s directional dependence. This vari-
ation suggests that the material exhibits higher rigid-
ity and resistance to shear deformation along the <
111 > direction compared to the < 100 > , < 010 >
, and < 001 > directions. Such behavior implies that
the atomic bonding characteristics in Mg3ZnO4 differ
depending on the crystallographic orientation, which
may arise from the underlying crystal structure and the
arrangement of atoms within the lattice.

To quantify this anisotropy in shear modulus, we can
use the ratio of the maximum to minimum shear mod-
ulus values, denoted as Gmax/Gmin, which is listed in
Table 6. For Mg3ZnO4, this ratio is calculated to be
1.086, indicating a slight but significant variation in
shear rigidity across different orientations. Generally,
the directional dependence of the shear modulus tends
to be inversely related to that of Young’s modulus,
suggesting that the material exhibits distinct mechan-
ical behaviors in different crystallographic directions
(Fig. 14).

This anisotropic behavior of the shear modulus has
important implications for the material’s mechanical
performance, particularly in applications subjected to
torsional or shear forces. The higher shear modulus
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Fig. 13 Directional dependence of a bulk modulus, b shear modulus, and c Young’s modulus of Mg3ZnO4 crystal

Table 6 Maximum and
minimum and anisotropy
ratios of Young’s modulus
E and shear modulus G in
xy , xz , and yz perspective
planes of Mg3ZnO4 crystal

xy xz yz

Young’s modulus Emax (GPa) 321.204 321.204 321.204

Emin (GPa) 290.436 290.436 290.436

Anisotropic ratio A 1.1 1.1 1.1

Shear modulus Gmax (GPa) 131.654 131.654 131.654

Gmin (GPa) 121.134 121.134 121.134

Anisotropic ratio A 1.09 1.09 1.09

Fig. 14 The counterplot of the plane perspective of a Young’s modulus E and b shear modulus G in xy , xz , and yz planes
of Mg3ZnO4 crystal
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along the < 111 > direction indicates that Mg3ZnO4

is relatively more resistant to shear deformation in that
orientation. Such characteristics could influence how
the material behaves under stress, potentially leading to
different failure modes depending on the orientation of
applied forces. Understanding these anisotropic proper-
ties is crucial for optimizing the material’s use in appli-
cations, such as thin-film optoelectronic devices or flexi-
ble electronics, where mechanical reliability and perfor-
mance under varying loading conditions are paramount.

Additionally, the anisotropy of Poisson’s ratios was
examined by calculating values along three low-index
planes. For a cubic crystal, the Poisson’s ratio ν along
arbitrary directions in the (hkl) planes can be depicted
as described by Zhang [88]

ν(hkl, θ) =

{

S12 +
S

(h2 + k2 + l2)

[(
h2l√

h2 + k2.
√

h2 + k2 + l2
cosθ − hk√

h2 + k2
sinθ

)2

+
(

k2l√
h2 + k2.

√
h2 + k2 + l2

cosθ +
hk√

h2 + k2
sinθ

)2

+

(

l
√

h2 + k2

√
h2 + k2 + l2

cosθ

)2
⎤

⎦

⎫

⎬

⎭
/

[

−S11 + 2S
(hk)2 + (hl)2 + (lk)2

(h2 + k2 + l2)2

]

. (33)

The variations in Poisson’s ratios across different
crystallographic planes of Mg3ZnO4 reveal significant
insights into its mechanical anisotropy. As depicted in
Fig. 15, the Poisson’s ratios for the low-index planes
(100) and (111) are calculated to be 0.247 and 0.1934,
respectively. These values indicate minimal directional
dependence in these planes, suggesting that the mate-
rial exhibits relatively uniform behavior when subjected
to tensile or compressive stresses in these orientations.
In practical terms, this implies that when the material
is stretched or compressed, its lateral expansion or con-
traction will be nearly the same across the (100) and
(111) planes, which is beneficial for applications requir-
ing consistent mechanical performance.

In contrast, the (110) plane exhibits more pro-
nounced anisotropy, with Poisson’s ratios ranging from
0.1884 to 0.2658. Specifically, the minimum Poisson’s
ratio of 0.1884 is observed along the [110] direction,
while the maximum value of 0.2658 is found along
the [001] direction. This notable variation highlights
the directional dependence of the material’s mechan-
ical responses within the (110) plane, indicating that
its properties are more sensitive to the orientation of
applied stresses compared to the (100) and (111) planes.
Such sensitivity suggests that the material may expe-
rience different degrees of lateral deformation under
identical loading conditions, potentially affecting its
mechanical reliability and performance in real-world
applications.

A summary of the Poisson’s ratios for the three low-
index planes of the Mg3ZnO4 crystal is presented in
Table 7, providing a comprehensive overview of the

material’s mechanical anisotropy. This information aids
in understanding the structural behavior of Mg3ZnO4

under various stress conditions. The values indicate
that while the low-index planes (100) and (111) exhibit
stable and predictable mechanical responses, the (110)
plane’s variability necessitates careful consideration in
design applications, particularly where directional load-
ing may be encountered.

In summary, Poisson’s ratio serves as a crucial param-
eter in assessing the elastic anisotropy of Mg3ZnO4.
The relatively low and consistent Poisson’s ratio val-
ues for the (100) and (111) planes reflect a robust
and uniform elastic behavior, advantageous for appli-
cations that demand reliability across multiple orien-

tations. Conversely, the pronounced anisotropy in the
(110) plane underscores the importance of consider-
ing directional effects in engineering applications, par-
ticularly in contexts where the material is subjected
to varying mechanical loads. Mg3ZnO4 demonstrates
near-isotropic behavior in several of its elastic proper-
ties, particularly in terms of its bulk modulus and over-
all stiffness. However, it also exhibits slight anisotropy
in specific shear moduli and Poisson’s ratios across
certain crystallographic planes. This nuanced mechan-
ical behavior is crucial for applications where direc-
tional performance is critical, such as in structural com-
ponents of optoelectronic devices or in other scenar-
ios requiring high mechanical reliability. Understanding
these characteristics allows for optimized design and
selection of materials tailored to specific mechanical
requirements.

3.4.3 Calculation of Debye temperature

The Debye temperature (θD) is essentially correlated
with many physical properties of solids, such as elastic
constants and melting temperature, and specific heat
[83]. One standard approaches to calculate the Debye
temperature is using the average sound velocity (vm)
by Eq. (34) [89]

θD =
�

kB

(
3nNAρ

4πM

) 1
3

vm (34)

where kB is Boltzmann’s constant, � Planck’s constant,
ρ is the density, NA is Avogadro’s number, n is the
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Fig. 15 Direction dependence of Poisson’s ratio on low-index planes of Mg3ZnO4 crystal: a (100), b (110), and c (111)

Table 7 Poisson’s ratios
along two orthogonal
symmetric directions in
three low-index planes of
Mg3ZnO4 crystal

Planes (100) (110) (111)

directions [010]
[
001

] [
110

]
[001]

[
110

] [
112

]

Poisson’s ratios 0.2470 0.2470 0.2658 0.1884 0.1934 0.1934

number of atoms in a molecule, and M is the molecular
weight. The average wave velocity vm is approximately
expressed by the below formulas [89, 90]

vm =
[
1
3

(
1
v3

l

+
2
v3

t

)]− 1
3

(35)

vl =
(

3B + 4G

3ρ

) 1
2

(36)

vt =
(

G

ρ

) 1
2

. (37)

Among these parameters, vt and vl show the trans-
verse and longitudinal elastic wave velocity of the poly-
crystalline compound, respectively, determined using
shear modulus (G) and bulk modulus (B). The cal-
culated elastic properties are listed in Table 8.

The Debye temperature (θD) of 176.42 K offers valu-
able insights into the thermal and mechanical behav-
ior of the material. A relatively low θD indicates sub-
stantial atomic vibrations at room temperature, which
can significantly influence the material’s elastic proper-
ties and overall stability. The vibrational modes asso-
ciated with this Debye temperature suggest that the
material may experience notable phonon contributions
to its mechanical response, particularly under vary-
ing thermal conditions. Increased atomic vibrations can
lead to enhanced thermal expansion and reduced stiff-
ness, affecting the material’s capacity to withstand
mechanical stress. Understanding the implications of
θD is especially crucial for applications in thermo-
electrics and other devices subject to thermal fluctu-
ations, where maintaining the material’s mechanical

integrity is paramount. Thus, the calculated Debye tem-
perature is not merely a numerical value; it serves as
a critical parameter for assessing the material’s ther-
mal dynamics and potential performance in practical
mechanical applications.

3.5 Thermodynamic properties

Determining thermodynamic properties is crucial for
a comprehensive understanding and accurate predic-
tion of a material’s behavior under various conditions.
These properties encompass aspects such as chemical
and thermal stability, mechanical strength, and the evo-
lution of different phases and microstructures. Analyz-
ing thermodynamic data not only aids in optimizing
material development processes but also helps in assess-
ing how materials will perform and behave in real-world
environments.

In this study, we employed Density Functional The-
ory (DFT) to calculate the thermodynamic proper-
ties of Mg3ZnO4. This approach allows us to explore
the material’s behavior under idealized conditions,
with temperature and pressure set to zero, effectively
characterizing its ground-state properties. Using this
method, we gain insights into the intrinsic characteris-
tics and stability of the material, providing a founda-
tional understanding of its fundamental behavior.

The DFT-based calculations offer a detailed view of
how Mg3ZnO4 would perform in ideal conditions, con-
tributing valuable information for both theoretical anal-
ysis and practical applications. This methodology is
instrumental in predicting the material’s performance,
optimizing its properties for specific uses, and guiding
future research and development efforts.
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Table 8 The
corresponding
thermodynamic properties
of Mg3ZnO4 crystal

Mg3ZnO4 ρ[g/cm3] vt[m/s] vl[m/s] vm[m/s] θD[K]

Present results (LDA) 4.5 166.79 282.24 187.42 176.42

The starting point for explicitly including the effect
of temperature and pressure in the calculation is the
Gibbs free energy given by the following equation:

G = U + PV + TS. (38)

This equation is the thermodynamic identity that
describes the Gibbs free energy (G) of a system. Here
is a breakdown of each term in the equation:
G Gibbs free energy, which quantifies the maximum

reversible work that a thermodynamic system can per-
form at constant temperature and pressure. U Internal
energy, which is the total energy contained within the
system. PV Pressure–volume work, where P is the pres-
sure and V is the volume of the system. T Temperature
of the system. S Entropy, which quantifies the disorder
or randomness in the system.

Entropy controls the change in Gibbs free energy as
temperature varies at constant pressure through

(
∂G

∂T

)

= −S. (39)

From a microscopic and statistical point of view,
entropy quantifies the number of configurations accessi-
ble to a system. A phase that offers a greater number of
configurations in phase space has a higher probability
of being explored, which translates into greater stabil-
ity. In the context of vibrations, at a temperature of
0 K, the atoms are immobile, which represents a par-
ticular configuration. The system gains energy at a rate
regulated by the heat capacity at constant volume

(
∂G

∂T

)

V

= CV . (40)

The available energy can be used to increase the
kinetic energy of the ions, which start to vibrate around
their equilibrium position, or to excite the electrons
beyond the Fermi level in a metallic material. At low
temperature, we observe that the heat capacity is the
sum of a linear term in T, attributable to the electrons,
and a term in 3 T, attributable to the vibrations of the
lattice [91].

3.5.1 Formalism of Debye quasi-harmonic model

To investigate the thermodynamic properties of
Mg3ZnO4, we employed the Debye quasi-harmonic
model, which provides a framework for analyzing the
material’s behavior under varying temperature and
pressure conditions. Using the Gibbs2 program [92], we
can determine the Debye temperature (θD) and gener-
ate the non-equilibrium Gibbs function G*(V , P , T )

from the energy of the solid E as a function of molecu-
lar volume V . The minimization of G leads to the ther-
mal equation of state (EOS); V (P,T ) and the chemical
potential G(P ,T )G(P , T )G(P ,T ) of the correspond-
ing phase

G∗(V ;P , T ) = E(V ) + PV + Avib[θD;T ], (41)

where E (V ) represents the total energy per unit cell,
PV indicates the constant hydrostatic pressure, and
Avib[θD;T ] is the vibrational term given by [93, 94]

Avib[θD;T ] = nkT

[
9

8

θD

T
+ 3ln

(
1− e−θD/T

)
− D(θD/T )

]
.

(42)

Here, n denotes the number of atoms per formula
unit, D(θD/T ) represents the Debye integral, and for
an anisotropic solid [93, 95].

By finding the solution to the Eq. (43)

(
∂G∗(V ;P , T )

∂V

)

P ,T

= 0. (43)

The isothermal bulk modulus BT can be obtained as
follows [96]:

BT (P , T ) = −V

(
∂P

∂V

)
= V

(
∂2G∗(V ;P , T )

∂V 2

)

P , T

.

(44)

Based on the quasi-harmonic Debye model, the heat
capacity C v , entropy S , and thermal expansion coeffi-
cient α can be derived as follows [96]:

Cv = 3nk

[

4D(θD/T ) − 3θD/T

eθD/T − 1

]

(45)

S = nk
[

4D(θD/T ) − 3ln
(

1 − e−θD/T
)]

(46)

α =
γCv

BT V
, (47)

where γ is the Grüneisen parameter.
This approach allowed us to effectively compute the

key thermodynamic characteristics of Mg3ZnO4 across
a broad range of temperatures (0–700 K) and pres-
sures (0–20 GPa). The results will provide insights into
the material’s stability, heat capacity, and other critical
properties as they evolve with changes in temperature
and pressure, which is essential for applications where
Mg3ZnO4 is subjected to diverse environmental con-
ditions. In the following section, we will present these
results in detail and discuss their implications.
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Fig. 16 Variation of the unit cell volume as a function
of a temperature and b pressure for Mg3ZnO4 using LDA
approximation

3.5.2 Effect of the V variation as a function of T and P

The variation of the unit cell volume for Mg3ZnO4

as a function of temperature and pressure, based on
the Local Density Approximation (LDA), is depicted
in Fig. 16. In Fig. 16a, it is evident that the unit cell
volume exhibits a slight increase with rising tempera-
ture at a constant pressure. This thermal expansion is
indicative of the material’s response to increased atomic
vibrations and lattice spacing as temperature increases.

Conversely, Fig. 16b illustrates the effect of pressure
on the unit cell volume. As pressure is applied, the vol-
ume decreases, demonstrating the material’s tendency
to contract under compressive forces. This behavior
reflects the lattice’s response to increased external pres-
sure, which effectively reduces the interatomic distances
and, thus, the overall unit cell volume.

The interplay between temperature and pressure
results in a diminishing rate of volume increase with

rising temperature as pressure is increased. While tem-
perature generally promotes expansion due to enhanced
vibrational motion, pressure acts to counteract this
effect by compressing the lattice structure.

For Mg3ZnO4, the calculated unit cell volume at
300 K and 0 GPa is 504.12 Bohr3 (see Table 9). This
value serves as a benchmark for understanding how
thermal and compressive stresses influence the mate-
rial’s structural dimensions and provides a basis for
evaluating its behavior under varying environmental
conditions.

3.5.3 Effect of the BT variation as a function of T and P

The bulk modulus is a critical material property that
quantifies a substance’s resistance to volumetric defor-
mation under applied pressure. In other terms, the bulk
modulus (B) is defined as a measure of the pressure
required to cause a unit change in volume [60]. It is a
key indicator of how a material responds to compressive
forces, providing insights into its mechanical stability
and structural integrity.

Figure 17 illustrates the variation of the bulk mod-
ulus for Mg3ZnO4 as a function of temperature and
pressure, calculated using the Local Density Approxi-
mation (LDA). As depicted in Fig. 17a, the bulk mod-
ulus decreases significantly with increasing tempera-
ture. This trend reflects the material’s reduced resis-
tance to compression at higher temperatures, which
can be attributed to the enhanced atomic vibrations
and increased lattice spacing that facilitate volumetric
expansion.

Conversely, the effect of pressure on the bulk modu-
lus, shown in Fig. 17b, indicates a near-linear increase in
the bulk modulus with rising pressure across all studied
temperatures. This behavior demonstrates that higher
pressures enhance the material’s resistance to volumet-
ric changes, as the atomic or molecular interactions are
compressed, leading to a more rigid lattice structure.

For Mg3ZnO4 at a standard condition of 300 K
and 0 GPa, the calculated bulk modulus is 172.67
GPa (see Table 9). This value provides a reference
for understanding the material’s compressive proper-
ties and highlights the influence of temperature and
pressure on its mechanical behavior. The bulk modu-
lus serves as an important parameter for applications
requiring materials with specific mechanical stability
under varying environmental conditions.

3.5.4 Effect of the Cv variation as a function of T and P

The heat capacity (C ) is the amount of heat required
to change the temperature of one unit mass of a mate-
rial by one degree, making it a fundamental property
for describing the thermodynamic and thermophysical
behaviors of a material system [97]. Specifically, the
heat capacity at constant volume (Cv) of Mg3ZnO4,
as a function of temperature and pressure, is depicted
in Fig. 18. At low temperatures, Cv increases rapidly,
reflecting the growing number of accessible vibrational
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Fig. 17 Variation of the bulk modulus as a function of
a temperature and b pressure for Mg3ZnO4 using LDA
approximation

modes as thermal energy is added. This initial steep
rise is typical of materials where low-energy vibrational
modes are excited first. As the temperature continues
to rise, the rate of increase in Cv slows down. At higher

Fig. 18 Variation of specific heat capacity at constant vol-
ume (Cv) as a function of a temperature and b pressure for
Mg3ZnO4 using LDA approximation

temperatures, Cv approaches the classical limit pre-
dicted by Dulong and Petit [98], where the heat capac-
ity becomes nearly constant, reflecting the saturation
of available vibrational modes.

The effect of pressure on Cv is also noteworthy. At
a constant temperature, Cv decreases approximately
linearly with increasing pressure. This trend indicates
that higher pressure restricts the material’s ability to
absorb heat, due to the reduced vibrational amplitudes

Table 9 Thermal parameters at (T = 300 K): unit cell volume (V), bulk modulus B, specific heat capacities at stable
volume (Cv) and at stable pressure (Cp), entropy (S), thermal expansion coefficient (α), and Debye temperature (θD) for
Mg3ZnO4 within LDA approximation

Mg3ZnO4 T [K] V [Bohr3] BT [GPa] Cv [J/mol*K] Cp [J/mol*K] S [J/mol*K] α [10–5/K] θD [K]

Present
results
(LDA)

300 504.12 172.67 154.73 154.17 114.01 4.134 737.91
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Fig. 19 Variation of specific heat capacity at constant pres-
sure (Cp) as a function of a temperature and b pressure for
Mg3ZnO4 using LDA approximation

and the constrained lattice structure. For Mg3ZnO4 at
300 K and 0 GPa, the calculated heat capacity at con-
stant volume is 154.73 J/mol*K (see Table 9). This
value offers a benchmark for understanding the mate-
rial’s thermal characteristics and highlights the inter-
play between temperature, pressure, and vibrational
behavior.

3.5.5 Effect of the Cp variation as a function of T and P

The heat capacity at constant pressure (Cp) of
Mg3ZnO4 as a function of temperature is depicted in
Fig. 19. The analysis reveals distinct patterns in Cp
behavior across different temperature ranges. At lower
temperatures, the variation of Cp mirrors that of the
heat capacity at constant volume (Cv), reflecting sim-
ilar trends in how thermal energy is absorbed by the
material.

As temperature increases, Cp shows a notable
rise, particularly in the high-temperature range. This
increase indicates that the material’s capacity to absorb
heat grows with temperature, a common characteristic
resulting from the higher energy required to excite addi-
tional vibrational modes of the atoms within the lat-
tice. Furthermore, the impact of pressure on Cp is also
evident. At a constant temperature, Cp decreases with
increasing pressure, demonstrating that higher pressure
conditions limit the material’s ability to absorb heat.
This decrease in Cp with pressure is almost linear, sug-
gesting a direct relationship between pressure and the
material’s thermal capacity.

At standard conditions of 300 K and 0 GPa, the cal-
culated heat capacity at constant pressure for Mg3ZnO4

is 154.17 (J/mol*K) (see Table 9). This value pro-
vides essential information about the material’s ther-
mal properties and its response to changes in tempera-
ture and pressure. Understanding these characteristics
is crucial for applications that involve thermal manage-
ment and material performance under varying condi-
tions.

3.5.6 Effect of the entropy (S) variation as a function
of T and P

Entropy denoted by S is a fundamental thermodynamic
property that quantifies the degree of randomness or
disorder of energy within a system, such as the distri-
bution of energy among atoms or molecules. As entropy
increases, energy spreads more evenly, making the sys-
tem less structured. It varies with the amount of matter
present and reflects the degree of order within a ther-
modynamic system [99].

Figure 20 presents the calculated entropy of
Mg3ZnO4 as a function of temperature, with calcu-
lations taken at various pressures. The data reveal a
nearly linear increase in entropy with rising tempera-
ture, indicating that the disorder within the material
grows as thermal energy is added. This trend reflects
the increasing number of accessible microstates and the
greater randomness in the material’s atomic or molec-
ular arrangement as temperature increases.

Conversely, the entropy values decrease with increas-
ing pressure at a given temperature. This behavior sug-
gests that higher pressure tends to reduce the degree
of disorder in the material due to the compression of
atomic or molecular distances, which limits the system’s
capacity to explore various microstates.

At standard conditions of 300 K and 0 GPa, the cal-
culated entropy for Mg3ZnO4 is 114.01 J/mol*K (see
Table 9). This value provides a baseline for under-
standing the material’s thermodynamic properties and
offers a reference for assessing how entropy evolves
with temperature and pressure. The observed trends in
entropy are critical for predicting the material’s stabil-
ity and behavior under different thermodynamic condi-
tions, influencing its suitability for various applications.
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Fig. 20 Variation of entropy (S) as a function of a tempera-
ture and b pressure for Mg3ZnO4 using LDA approximation

3.5.7 Effect of the thermal expansion (α) variation
as a function of T and P

The thermal expansion coefficient is an important ther-
modynamic parameter that express the volume change
of a substance due to temperature change [100]. This
coefficient is essential for understanding the material’s
thermal behavior, especially in applications where tem-
perature fluctuations are significant. Figure 21 illus-
trates the variation of the thermal expansion coefficient
of Mg3ZnO4 as a function of temperature, calculated at
different pressures. The data reveal that, at constant
pressure, the thermal expansion coefficient increases
markedly with temperature up to 400 K. This sharp
rise indicates that the material’s volume expands signif-
icantly with increasing temperature in this range. How-
ever, beyond 400 K, the rate of increase in the thermal
expansion coefficient slows down, and the relationship
between temperature and thermal expansion becomes

Fig. 21 Variation of thermal expansion as a function of
a temperature and b pressure for Mg3ZnO4 using LDA
approximation

nearly linear. This suggests that at higher tempera-
tures, the material’s volume expansion rate levels off,
and temperature changes exert a diminishing effect on
thermal expansion. Additionally, the sensitivity of ther-
mal expansion to pressure changes is evident from the
data. At atmospheric pressure (P = 0 GPa), the ther-
mal expansion coefficient is notably higher, reflecting
the material’s greater volume expansion in response to
temperature increases. Conversely, at higher pressures,
the thermal expansion coefficient decreases, indicating
that applied pressure inhibits the material’s volumetric
expansion. This effect underscores the influence of pres-
sure on constraining the material’s thermal response.
At standard conditions of 300 K and 0 GPa, the ther-
mal expansion coefficient for Mg3ZnO4 is calculated to
be 4.134 (10–5/K) (see Table 9). This value provides a

123



  173 Page 24 of 27 Eur. Phys. J. B          (2024) 97:173 

Fig. 22 Variation of Debye temperature (θD) as a function
of a temperature and b pressure for Mg3ZnO4 using LDA
approximation

benchmark for understanding how the material’s vol-
ume changes with temperature and highlights its ther-
mal stability and behavior under different pressure con-
ditions.

3.5.8 Effect of Debye temperature (θD) variation
as a function of T and P

The Debye temperature (θD) is a fundamental ther-
mal property that provides insight into various phys-
ical characteristics of a material, including its elastic
constants, specific heat, and melting temperature [101].
This property is crucial for understanding the thermal
behavior of materials, as it reflects the highest temper-
ature at which specific heat capacity approaches the
Dulong–Petit [98] limit.

As illustrated in Fig. 22a, the Debye temperature for
Mg3ZnO4 exhibits a relatively stable value from 0 to

200 K, indicating minimal temperature dependence in
this range. However, a notable trend is observed beyond
250 K, where θD decreases linearly with increasing tem-
perature. This decline is indicative of the temperature-
induced changes in the vibrational modes of the lattice,
which impact the material’s heat capacity and overall
thermal behavior.

Additionally, the effect of pressure on the Debye tem-
perature is significant. Figure 22b demonstrates that
θD increases linearly with applied pressure, reflecting
the enhancement of lattice vibrations under compres-
sive forces. Conversely, at a constant pressure, θD shows
a decreasing trend with rising temperature. This behav-
ior suggests that while higher pressure tends to stabilize
and increase the vibrational frequencies of the lattice,
higher temperatures lead to a broader distribution of
vibrational modes, thereby reducing θD. At standard
conditions (300 K and 0 GPa), the Debye tempera-
ture for Mg3ZnO4 is calculated to be 737.91 K (refer to
Table 9). This value provides a baseline for understand-
ing the material’s thermal properties and its response
to temperature and pressure variations. The observed
trends in θD highlight the interplay between thermal
and mechanical factors in influencing the vibrational
characteristics of the material, offering valuable insights
for applications that require precise thermal manage-
ment and stability.

4 Conclusion

This comprehensive investigation into the structural,
electronic, optical, elastic, and thermodynamic prop-
erties of the cubic mixed metal oxide Mg3ZnO4 in its
rocksalt phase has yielded significant insights into its
fundamental characteristics, demonstrating its remark-
able potential for various advanced applications in opto-
electronics and beyond. The structural analysis con-
firms that Mg3ZnO4 crystallizes in a cubic Pm3m space
group, adopting a crystallographic structure akin to the
mineral Caswellsilverite. The optimized lattice param-
eters and refined atomic arrangement underscore the
inherent stability and high symmetry of the crystal
structure. This foundational understanding is crucial
for predicting the material’s behavior under diverse
conditions and applications, providing a robust basis
for further theoretical and experimental explorations.
Notably, the calculated formation energy confirms the
stability of the rocksalt structure, enhancing its suit-
ability for optoelectronic devices, particularly in appli-
cations where structural integrity is paramount. Key
findings also reveal that Mg3ZnO4 offers high mechan-
ical strength alongside a UV-located band gap, estab-
lishing it as a formidable candidate for a wide range
of optoelectronic devices. The electronic structure cal-
culations reveal a well-defined energy band gap situ-
ated within the ultraviolet range, indicative of its semi-
conducting nature. This band gap not only influences
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the material’s electronic conductivity but also deter-
mines its interaction with light and external electri-
cal stimuli, thereby shaping its overall electronic trans-
port properties. The presence of this wide band gap
suggests that Mg3ZnO4 is particularly well suited for
applications in UV detectors and high-efficiency pho-
tovoltaic cells, where precise control over electronic
behavior is paramount. Thorough investigations of the
optical properties elucidate that Mg3ZnO4 is transpar-
ent in the visible spectrum, exhibiting efficient light
absorption and energy transfer mechanisms. The calcu-
lations of the dielectric function indicate that the mate-
rial has high reflectivity and a tailored refractive index,
making it ideal for use in organic/inorganic photo-
voltaic solar cells and UV light-emitting diodes (LEDs).
Such optical characteristics are critical for enhancing
the performance and efficiency of these devices. Addi-
tionally, the elastic properties of Mg3ZnO4, including
Young’s modulus, shear modulus, and Poisson’s ratio,
offer a comprehensive understanding of its mechani-
cal strength and ductility. This material’s ability to
withstand significant mechanical stress without failure
underscores its robustness, making it suitable for appli-
cations in flexible electronics and protective coatings
where resilience is vital.

The thermodynamic analysis reveals how Mg3ZnO4

responds to changes in temperature, pressure, and
energy, essential for predicting its behavior under vary-
ing environmental conditions. The material’s favor-
able thermal stability and conductivity position it as
a strong candidate for heat management applications,
such as in thermoelectric devices and temperature-
sensitive sensors, where effective thermal management
is crucial. Collectively, these findings underscore the
viability of Mg3ZnO4 for advanced optoelectronic appli-
cations, highlighting its unique combination of struc-
tural integrity, favorable electronic behavior, and effi-
cient optical response. The integration of high mechan-
ical strength, a UV-located band gap, and trans-
parency in the visible range makes Mg3ZnO4 a promis-
ing material for the development of high-performance
organic/inorganic photovoltaic solar cells, UV photode-
tectors, LEDs, and other devices where optical and
electronic performance are critical. The insights gained
from this study pave the way for future research and
development to harness the full potential of Mg3ZnO4’s
properties for innovative technological applications.
Future studies may explore doping strategies to further
tailor its electronic and optical properties, investigate
its behavior under different environmental conditions,
and experimentally validate the predicted properties
to confirm its viability for large-scale production and
deployment in commercial devices. By leveraging the
unique characteristics of Mg3ZnO4, we can potentially
drive advancements in optoelectronic technologies and
expand the boundaries of material science in practical
applications.
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