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In the present study, we investigate first-principles calculations to determine the structural,
electronic and optical properties of spinel-type oxides Zn.MO4 (M = Ti, Si, Pd) using the
pseudo-potential plane wave method within density functional theory (DFT), as implemented
in the BIOVIA Material Studio and the CASTEP code. This study aims to evaluate the optical
properties of three spinels with identical crystalline structures under ambient conditions and
determine which is best suited for optoelectronic applications. We began by proving their
mechanical stability, then calculated their gap energy, as this is closely related to their optical
properties. The exchange and correlation functionals used are generalized gradient
approximation with the Perdew-Burke-Ernzerhof (GGA-PBEsol), for structural and mechanical
properties. The results obtained show that there is a good analogy with previous studies and
also that Zn,TiO4 with its semiconductor behavior (a moderate gap Eg=3.33 eV) and its high
absorption in the UV-visible range makes it the best candidate for opto-electronic applications.

Keywords: Spinel, DFT calculation, Band structure, Density of states (DOS) and Optical
properties.

Introduction

AB:20: is the generic formula for spinel oxides, a class of mixed metal oxides in which A and
B are usually metal cations that occupy different crystallographic positions inside a cubic
close-packed oxygen framework. This structure, which was first discovered in the mineral
spinel (MgAlQO.) [1], is incredibly adaptable and can incorporate a variety of metal ions, which
adds to its remarkable chemical flexibility and vast range of functional uses. Oxygen anions
give spinel oxides their face-centered cubic (fcc) structure, with trivalent B-site cations
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occupying octahedral sites and divalent A-site cations occupying tetrahedral sites. Spinels are
categorized as normal ((A)wt[B2]octOa4), inverted ((B)w[A BloctO4), or mixed ((A1-xBx)wet[AxB2—«
JoctO4 Where 0<x<1) varieties based on the configuration of cations between these sites [2].
Numerous electrical, magnetic, and catalytic characteristics are displayed by spinel oxides.
These result from significant electron—electron correlations in some transition metal-based
spinels as well as the interaction of cation size, charge, and distribution. Spinel’s usefulness in
contemporary materials research is further increased by the capacity to modify its
characteristics through cation replacement, doping, or nanostructuring [3-4]. Notably, the
spinel is extensively utilized in multiple fields due to its advantageous physical, structural,
electronic, and optical properties [5-6]. Recent studies indicate that incorporating different
dopants can significantly alter the electronic band structure, enhancing its suitability for
semiconductor applications [7]. Moreover, its high refractive index and low dispersion make
it ideal for optical devices [8]. The material shows strong catalytic properties, particularly for
environmental remediation and energy conversion, due to its effective charge transfer
processes essential for catalytic activity [9]. Research into spinel-type oxides is driving
innovation across various industries, highlighting their crucial role in modern technology [10].
As researchers explore the complexities of these materials, new applications and enhancements
are expected to emerge, further establishing their significance in advanced ceramics [11].

This study focuses on spinel Zn,MO4 (M = Ti, Si, Pd), which has a closed-packed face-centred
cubic structure, classified under space group Fd-3m (number 227). In this structure, Zn ions
occupy 8a tetrahedral sites, M ions are found in 16d octahedral sites, and O ions reside in 32e
sites Fig.1 [12]. The lattice parameter a, characterizes these compounds, which are analyzed
using ab initio computations to determine their structural, electronic, and optical properties
[13].

Fig. 1: Zn,MOQ, Crystal structure.

1. Computational methods:

Essential physical properties have been calculated using the pseudo-potential plane wave
method within density functional theory (DFT), as implemented in the BIOVIA Material
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Studio [14] and the CASTEP module [15]. The generalized gradient approximation with the
Perdew-Burke-Ernzerhof functional (GGA-PBEsol) was applied for exchange-correlation
interactions. A Vanderbilt-type ultrasoft pseudopotential was employed with the following
electronic configurations:

Zn (2p®,3p®,3d1?), Si (2p®,3p?), Ti (2p®,3p®,3d?), and Pb (2p®,3p°®,3d1?,4d10).

To ensure convergence and achieve precise results a, 7 x 7 x 7 Monkhorst-Pack mesh was used
for k-point integrations over the Brillouin zone for all compounds, with a kinetic energy cut-
off set at 500 eV. The structural parameter a, was determined using the Broyden-Fletcher-
Goldfarb-Shanno optimization technique [16-19].

2. Results and discussion

1.1. Structural properties

The unit-cell parameters and the bulk modulus at zero pressure of the three materials were
initially calculated after optimization and then compared with experimental and theoretical
results. These results are presented in Table 1. The unit-cell of Zn,TiO, calculated in the
present study align closely with both experimental results and some previous theoretical
studies.

Table 1: Calculated lattice parameter ay (A ), bulk modulus B,(GPa) for Zn,MO, (M = Ti, Si,
Pd) with experimental data and other theoretical results.

Materla|S anTi04 ansi04 Zn2Pd04
ag (A°) By (GPa) ag (A°) By (GPa) ag (A°) By (GPa)
Present 8.435 170.672 5.820 177.887 6.065 160.33
study 7
Other work | 8.522[20] | 162.9 [25] | 8.075[23] | 222.2[23] }  -----—-- | -—-----
8.440 [21]
Experimenta | 8.472[22] | 162.0[26] | ......cocco | cevennnnnnn 8.509 [24] | -------
|

The present study also shows that Zn, Pd0, is more compressible than Zn,Ti0O, and Zn,Si0,
because its bulk modulus is the smallest. This is because the atomic mass of Pd is the largest.
Consideration of the mechanical stability of materials was introduced by Born and Huang [27],
who demonstrated that, for a crystal, it is possible to formulate stability criteria as a function
of elastic constants. For cubic structures, the generalized mechanical stability conditions are
expressed as follows:

C11>0,Cqp >0
Ci1—Cip >0 1)
Ci1+2Cyy >0
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In consideration of the values calculated for the elastic constants in Table 2, and following
the application of the established criteria, it is evident that all materials examined in this study

exhibit mechanical stability.

Table 2: Calculated elastic constants in GPa for Zn,MQO,4 (M = Ti, Si, Pd).

Materials  Zn,Ti0O, Zn,Si0, Zn,Pdo,
Ci1 224.32085 243.5924 208.9540

Ci2 143.8482 135,0350 136.0288
Cyy 75.0171 98.6681 53.3468

1.2. Electronic properties

Analysis of the electronic characteristics of Zn, M0, spinels (M=Ti, Si, and Pd) is essential
to understand their possible optical properties. First-principles calculations, using density
functional theory (DFT), have been carried out on all three materials to determine, in
particular, their band structures and densities of states (DOS).
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Fig. 2: Band structures of Zn,MQ, . a) Zn,Ti0,, b) Zn,Si0,, and c) Zn,PdO0,.

A. Band structure

The band structures of Zn,TiO, and Zn,Si0,, as illustrated in Fig 2.a and 2.b, respectively,
show that the valence band maximum and the conduction band minimum are both located at
the same Gamma point of the Brillouin zone, indicating direct transitions or direct gaps. In the
case of Zn,PdO., however, the valence band maximum is located at the L point and the
conduction band minimum is at the Gamma point of the Brillouin zone, presenting an indirect
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L-Gamma gap, as illustrated Fig 2c. The bandgap values of the three materials are illustrated
and compared with other theoretical results in Table 3.

The band structures further reveal the dominance of the valence bands by the O-2p and Zn-3d
hybrid states, while the conduction bands are dominated by the Ti-3d states for Zn,TiO,, Si-
3p for Zn,Ti0,, and Pd-4d for Zn,PdO,.

Table 3: Calculated band gap E, (eV') for Zn.MO, (M = Ti, Si, Pd) with experimental data and
other theoretical results.

Materials Present Other work Experimental
study
Band gap Eg(eV)
Zn,TiO, 3.335 2.660% 3.100°
Zn,Si0, 2.432 2.780° 4.360 ©*
Zn2Pd04 1610 | e e
a: Ref [20]
b: Ref [28]
c: Ref [29]

*: The divergence between the theoretical and experimental values is due to the fact that the
LDA and GGA functionals underestimate the gap energy.

B. Density Of States (DOS)

Fig 3 illustrates the partial state densities of the three materials, with a marked evolution of
electronic properties through this series of materials. Zn2SiO4 in Fig 3.b, shows a typical
semiconductor structure, characterized by dominant O-2p/Zn-3d hybridization in the valence
band (-10 to 0 eV) and conduction states mainly associated with Si-3p. The PDOS in Fig 3.3,
that of Zn.TiOs which shows intermediate behavior, with more marked Ti-3d/O-2p
hybridization and a significant density of states at the Fermi level suggesting semi-metallic
properties. However, in Fig 3.c, Zn.PdOa shows a markedly different electronic structure, with
pronounced Pd-4d/O-2p hybridization at -3.5 eV, a significant density of states at the Fermi
level confirming its metallic character, and conduction states dominated by Pd-4d (intense peak
at 2.5 eV). This progression - from semiconducting (Zn2SiOs) to metallic (ZnPdOs) - can be
explained by the evolution of orbital contributions: while Zn.SiOa is dominated by covalent
Si-O interactions, Zn.PdO. shows a more metallic character due to Pd-4d states. However, all
three materials share a significant hybridization between O-2p and metallic states (Zn-3d, Ti-
3d or Pd-4d), and it is this hybridization that determines their optical properties and
thermochemical stability. These differences in electronic structures suggest distinct
applications: Zn.SiOs for optoelectronics, Zn.TiOs for photocatalytic applications, and
Zn>PdOs as a conductive material or catalyst.
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Fig. 3: Partial Density of States of Zn,MOQs.. a) Zn,TiO,, b) Zn,Si0,, and ¢) Zn,PdO,.
1.3. Optical properties

A more thorough analysis of the graphs shown in Fig 4 reveals distinct optical properties in all
three spinels. Zn.TiOs demonstrates semiconductor characteristics, exhibiting a fundamental
band gap of approximately 3.3 eV, which is indicative of an absorption peak in &:(w) at 4.8 eV
and moderate reflectivity (<25% in the visible). In contrast, Zn,SiO4, which is a wide bandgap
insulator, shows a negligible absorption in the visible and high transparency with low
reflectivity (<10%). However, Zn,PdO, manifests metallic properties, as indicated by its high
reflectivity (>70% in the infrared-visible) and significant UV absorption.

Consequently, Zn.TiO4 and Zn.SiO. exhibit selective UV absorption and differ in their band
gaps, while Zn.PdO. is clearly distinguished by its metallic behavior. Given its optical
properties, Zn.TiO. is regarded as the most promising candidate for optoelectronic
applications, surpassing Zn.SiO4 and Zn.PdO. in this regard. Its moderate bandgap is optimal
for efficient absorption in the near-UV range (3-5eV), making it particularly suitable for
photodetection applications. Furthermore, the high absorption of Zn.TiO. around 4.8 eV
positions it as a premier material for active optoelectronics applications.
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Fig. 4: Optical parameters of Zn,MO4 (M=Ti, Si, Pd). a) Dielectric function b) Absorption,
and c) Reflectivity.

2. Conclusion

First-principles calculations were carried out to determine and compare the structural,
electronic, and optical properties of Zn.TiOs, Zn2SiOa, and Zn.PdO.. The materials analyzed
in this study demonstrate robust mechanical stability. The analysis of the real part of the
dielectric function revealed a significant agreement in the gap energy between the experimental
result and our results, at least for Zn.TiO4. The evolution of the imaginary part of the dielectric
function indicates a strong absorption in the UV energy spectrum and part of the visible
spectrum of the same compound. In the basis of these results, we intend to make this material
the subject of a future study in order to use it for the development of a photovoltaic cell.
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