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Abstract Transition metal spinel oxides have recently been predicted to create efficient 
transparent conducting oxides for optoelectronic devices. These compounds can be easily tuned 
by doping or defect to adapt their electronic or magnetic properties. However, their cation 
distribution is very complex and band structures are still subject to controversy. We propose a 
complete density functional theory investigation of fayalite (Fe2SiO4) spinel, using Generalized 
Gradient Approximation (GGA) and Local Density Approximation (LDA) in order to explain the 
electronic and structural properties of this material. A detailed study of their crystal structure and 
electronic structure is given and compared with experimental data. The lattice parameters 
calculated are in agreement with the lattice obtained experimentally. The band structure of 
Fe2SiO4 spinel without Coulomb parameter U shows that the bands close to Fermi energy 
appear to be a band metal, with four iron d-bands crossing the Fermi level, in spite of the fact 
that from the experiment it is found to be an insulator. 
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Introduction 
 

Transparent conducting oxides (TCOs) are electrically conductive materials with comparably low 
absorption of electromagnetic waves within the visible region of the spectrum. They belong to an 
exceptional family of oxides, possessing two antagonistic physical properties, high optical transparency 
to visible light and high electrical conductivity carrier concentrations [1]. Due to these properties, the 
TCOs are technologically classified as an important class of materials in the field of optoelectronics 
[2,3]. TCOs have found a wide variety of technological applications, such as solar cells, low emissivity 
windows, window defrosters, flat-panel displays, blue or ultraviolet light-emitting diodes (LEDs), liquid 
crystal displays, dimming rear-view mirrors, semiconductor lasers, energy-conserving touch screens, 
light-emitting displays, invisible and security circuits [4,5]. Also, some new applications of TCOs have 
been suggested recently such as holographic recording media, write-once read-many-times memory 
chips (WORM), electronic ink etc. [1,6]. Most of the TCOs have n-type conductivity and the 
development of efficient p-type TCOs is one of the key goals of researchers. High conductivity p-type 
TCOs similar to the high-performance n-type TCOs would be a major breakthrough, facilitating 
advanced devices and applications [7]. Spinel structures have the common formula of TB2X4, where X 
can be oxygen (oxides) or a chalcogens element, such as sulfur (thio-spinels) and selenium (seleno-
spinels) while T and B can be divalent, trivalent, or tetravalent cations. Spinel oxides have been 
recognized as promising p-type TCO semiconductors, which can be a substitute to the n-type indium 
doped tin- oxide (ITO) [8]. The perspectives of usage of the spinel oxides as p-type transparent 
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conducting oxide semiconductors and for other applications have stimulated widespread experimental 
and theoretical studies on this exciting class of materials [9–11]. Spinel oxides are categorized by their 
robust properties, such as high strength, good electrical conductivity, high resistance to chemical 
attack, high melting temperature and large fundamental bandgap [10,11]. Fayalite (Fe2SiO4) is one of 
the promising transparent semiconducting for various technological applications. The spinel oxide 
Fe2SiO4 was synthesized and its crystalline structure was identified a long time ago [12]. Some of the 
fundamental physical properties of Fe2SiO4, such as structural and electronic properties, have been 
already investigated experimentally and theoretically by first-principles calculations [13–16]. However, 
the theoretical band gap value of Fe2SiO4 is still under debate.  
 
Fortuitously, there are many first-principles techniques that can be used to describe accurately the 
electronic structure of semiconductors and insulators [17–20]]. For instance, the recently proposed 
modified Becke–Johnson (MBJ) potential and thereafter the well-known GW approximation, but the 
major problem with these techniques is they are too expensive. However, there are other first-principles 
methods (GGA and LDA) that are cheaper and less time-consuming. Both the GGA and LDA involve 
the use of pseudopotentials (PPs). Here, we apply the latter methods to study systematically the 
structure and electronic band parameters of spinel Fe2SiO4 successively. In addition, we also focused 
not only on predicting the real value of the fundamental band gap in this material but also on other key 
properties in TCOs, like the second bandgap (between the two lowest conduction bands) [21]]. The 
results will resolve the discrepancies where exist on this spinel material and also indicate its suitability 
for optical devices. 
 

Materials and methods 
 
Computational details 
In this work, the electrical properties of the Fe2SiO4 were investigated using density functional theory 
(DFT) with the pseudopotential plane-wave method as implemented in Quantum Espresso (QE) 
package [22]. The electronic calculation was performed using the DFT-GGA/LDA and GGA+U/LDA+U. 
All calculations were spin-unpolarized and the exchange-correlation terms were described using the 
Perdew-Burke-Ernzerhof (PBE) and Perdew-Zunger (PZ) functional. For the DFT- GGA (GGA+U) 
calculation, the norm-conserving pseudopotentials including the Fe(3s,4s,3p , 3d), Si(3s,3p) and O(2s, 
2p) state in its valence shell were used [23]]. The wave functions were expanded in-plane waves up to 
the kinetic energy cutoff of 350 Ry and convergence criteria for the energy of 10$% eV were chosen 
while for the DFT-LDA (LDA+U) the Fe(3s,4s,3p,3d), Si(3s,3p) and O(2s, 2p) state were used. A plane-
wave kinetic energy cut-off of 450 Ry was selected [24]]. These ensure a good convergence of the 
computed lattice constant (see Table 1). In order to take into account the on-site Coulomb interactions 
between 3d electrons, the values of the Coulomb integral U = 6.8 eV and Hund's exchange J = 0.89 
eV (from Ref. [25]) for Fe2+ in Fe2SiO4 in the GGA+U and LDA+U calculations were used. We 
performed our calculations on the 56-atoms unit cell of the Fe2SiO4 spinel structure. An 8 × 8 × 8 
Monkhorst–Pack k-point mesh was used for the cubic structure used to obtain a well-converged 
sampling of the Brillouin zone. 
 

Results and discussion 
 
Crystal Structural 
The spinel Fe2SiO4 fayalite belongs to Fd-3m (227) space group symmetry and it crystallizes in an fcc 
(face-centered cubic) lattice. A unit cell of Fe2SiO4 is shown in Figure 1. There are 56 atoms in the unit 
cell or eight unit formulas (8 Fe2SiO4). It contains 8 Si cations, 16 Fe cations and 32 O anions in the 
unit cell, which are located at the Wyckoff positions: 8𝑎 )*
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octahedral sites, and 32𝑒(𝑢, 𝑢, 𝑢), respectively. Every atom of Si is surrounded by 4 O atoms, forming 
a regular tetrahedron and every atom of Fe is surrounded by    6 O atoms, forming a regular octahedron. 
The FeO6 octahedron and SiO4 tetrahedron are connected to each other through common edges. 
 

At the initial step of our calculation, full structural optimization and convergence test of the considered 
material was performed to determine the equilibrium structural parameters, including the lattice 
parameter (a). To do that, total energy was calculated for a series of primitive cell volumes, where the 
atomic positions were allowed to relax for each volume. The resulting total energy-volume curve was 
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fitted to the Birch-Murnaghan equation of state [26] to determine the equilibrium primitive cell volume, 
bulk modulus 𝑩 and its pressure derivative 𝐁8. The optimized structural parameters using the GGA, 
GGA+U, LDA and LDA+U are displayed in Table 1 together with the existing experimental and 
theoretical data. One can appreciate from the Table 1 that, there is an excellent agreement between 
the GGA+U optimized lattice parameter value and the corresponding experimental one. The relative 
deviation (𝒅) of the calculated lattice parameter (𝒂𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅) from the experimental @𝒂𝒆𝒙𝒑𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍G  one 
which is defined  as:  

 

 
 
Figure 1. The Fe2SiO4 fayalite Crystal Structure: the octahedron Fe sites are represented 
by yellow balls showing 6 O atoms surround every Fe atom and 4 O atoms, forming a 
regular tetrahedron, surround every Si atom. 
 

𝒅 = I
𝒂𝒄𝒂𝒍𝒄𝒖𝒍𝒂𝒕𝒆𝒅J𝒂𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍

𝒂𝒆𝒙𝒑𝒆𝒓𝒊𝒎𝒆𝒏𝒕𝒂𝒍
K × (𝟏𝟎𝟎%) is less than -1.07 % for GGA and -0.27 % for LDA while that of 

GGA+U is -0.97 % and -0.12 % in the case of LDA+U. It is significant that the GGA/LDA and 
GGA+U/LDA+U methods both accurately predict the right shape of the unit cell. All investigated 
properties were calculated at the optimized structural parameters obtained in this work. 

 
Table 1. Optimized equilibrium lattice parameter (a, in Å) for Fe2SiO4 fayalite together with 
the available experimental result in the literature. 

Method a/ Å V/ Å3 

GGA 8.146 540.547 
LDA 8.256 562.742 

GGA+U 8.154 542.141 
LDA+U 8.244 560.291 

Experiment [25] 8.234 558.255 
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Electronic properties 
The use of electronic structure methods, adept for correctly calculating the bandgap for optical 
transparency is useful in finding new or improved optoelectronics materials. The calculated electronic 
energy bands dispersions for the optimized crystal structure of the considered material along the 
particular high-symmetry points within the Brillion zone (BZ) via the DFT and DFT+U are illustrated 
in Figure 2. For both GGA-PBE and LDA-PZ the electronic band gap entirely disappears (see figure 
2). This is due to the well-known band gap underestimation caused by the incorrect treatment of 
electron exchange in DFT[27,28]. As a result, the Fermi level falls within some long, extended bands, 
and the material appears to be metallic. Thus, DFT is insufficient for accurately predicting the 
electronic properties of the ternary oxide under study, and is not appropriate for screening this 
material.  It can be observed from figure 3 that, the studied material using both GGA+U and LDA+U 
is a direct band gap semiconductor, where both the VBM (valence band maximum) and CBM 
(conduction band minimum) are located at the point W in the BZ. The main features (band 
dispersions) of the GGA+U and LDA+U band structures are basically identical, except that the 
GGA+U band gap is much higher than the LDA+U one. The GGA+U band gap is 3.11 eV while 
LDA+U is 2.88 eV. The value of the experimental band gap of the studied material was reported to 
be 4.2 eV obtained using spectroscopic technique.   

      
Thus, one can state that GGA+U provides a reasonable simple method that can be a viable 
alternative to the computationally expensive approaches for the calculation of band gaps of strongly 
correlated materials with an acceptable accuracy. It is worthy to note that the discrepancy between. 
experimental data reported by different researchers for the Fe2SiO4 band gap is probably due to the 
experimental errors that usually arises from the used measurement technique and sample quality. In 
addition, this inconsistency between experimental data can be explained by the fact that the band 
gap value depends on the temperature at which the measurement is done. Also it might be worthy 
revealing that, the minor differences between our GGA+U and LDA+U band gaps and the earlier 
reported results using other techniques could be attributed to the fact that these values are derived 
from calculations performed at slightly different values of the optimized structural parameters; the 
band gap value is sensitive to the structural parameter values.  

 

 
 
Figure 2. Band structure of Fe2SiO4 using (a) GGA-PBE, (b) LDA-PZ, (c) GGA+U/PBE+U, (d) 
LDA+U/PZ+U method. 



 

 
199 

Chiromawa et al. | Malaysian Journal of Fundamental and Applied Sciences, Vol. 17 (2021) 195-201 

 
From the study of the energy band dispersions at the energy band extremes, qualitative data can be 
obtained about the ability of the studied material to easily conduct electricity. Figure 2 shows that the 
valence energy bands around the VBM are more dispersive than the conduction bands around the 
CBM, this indicate that the effective mass of the electron will be heavier than that of the hole [29]. This 
result suggests that the n-doped Fe2SiO4 should be more advantageous for optoelectronic devices 
performance than the p-doped ones, while the electrical conductivity by valence band electrons should 
be more promising than that by conduction band holes. 
 
 

Table 2. Calculated fundamental band gap @𝐸OG for Fe2SiO4  fayalite together with the existing theoretical and experimental findings. 
 

Method 𝐸O 𝑒𝑉⁄  

This work GGA+U 
LDA+U 

3.11 
2.88 

Experiment 4.22 [30] 
Others 2.21[13],2.52 [16] 

 
 
 

 
 
Figure 3. Projected Density of States for Fe2SiO4 using GGA+U and LDA+U 

 
The projected density of states (PDOS) of the bulk Fe2SiO4 calculated by means of both GGA+U and 
LDA+U methods are presented in Figure 3. The bands structure in Fig. 3 are separated by four portions 
using both the two tecniques. The valence bands (VBs) have two portions. The lowest valence band 
located around -19.2 to −16.8 eV arises from the O 2s state and Si 3p state for GGA+U while that of 
LDA+U the two states are situated at -8.2 eV and -3.1 eV respectively. The VBs using GGA+U (LDA+U) 
located from -8.4 eV and -3.1 eV (-8.2 eV and -3.1 eV) mainly consist of the Si 3p state and Fe 4s 
state. The upper ones located between -2.7 eV and the Fermi level for GGA+U and that of LDA+U 
from -2.6 eV – Fermi level, originate from the Fe 3d state and O 2p state. The CBs (conduction bands) 
using the GGA+U (LDA+U) are located around 2.7∼3.9 eV and 4.8 eV ∼ 10.0 eV (2.4 eV ∼ 3.6 eV and 
4.1 eV ∼10.0 eV). The CBs positioned at 2.7 eV∼3.9 eV ((2.4 eV ∼ 3.6 eV) mainly are contributed by 
the Fe 3d state together with the Fe 3p state, and the other ones are mainly contributed by the Fe 4s 
state and Si 3s state. 
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Conclusions 
 

We have successfully used density functional approach within the GGA and LDA approximations and 
demonstrated a good description of the structural and electronic properties of Fe2SiO4 spinel. The GGA 
and LDA energy bands structure of Fe2SiO4 fayalite is qualitatively incorrect since this mineral is 
described as a band metal by GGA and LDA, whereas it is experimentally an insulator with a band gap 
of 4.22 eV. However, when GGA +U/LDA+U was incorporated due to 3d electrons of Fe atom we found 
the band gap to be 3.11 eV (GGA+U and 2.88 eV (LDA+U). Also the bottom most CB for Fe2SiO4 
spinel is well dispersive, which means that in these materials electrical current can be transported by 
CB electrons. In general, the results obtained suggest that, the Fe2SiO4 spinel is potential candidates 
for optoelectronic applications 
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