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Abstract: Structural, electronic,elastic and optical properties of ternary spinel oxides ZnFe204
have been studied by using first-principles calculation. The results show that all elastic
constants are consistent with the mechanical stability criteria for cubic crystals, which
indicated that ternary spinel oxides ZnFe204 are mechanically stable. The perfect spinel ZFO
has the properties of direct bandgap semiconductor, which decreases with the increase of
pressure.The DOS and Mulliken overall analysis shows that the Zn-O bonds and Fe-O bonds
are covalent, and the Zn-O bond is stronger than the Fe-O bond. The results of the calculation
show that the optical properties are in good agreement with the recent experimental results.

1. Introduction

Spinel structure is the important structures for AB204 compounds, which is cubic and has Fd-3m
space group.In formula AB,Os, A is a cation with +2 charges and B is a cation with +3 charges, and
oxygen atoms have cubic close-packed arrangement. Zinc ferrite (ZnFe,O4, shorted as ZFO hereafter)
has obtained great attention due to its excellent properties in many fields, such as photocatalysis'",
application in energy storage!®, electronics®* TiO2 is one of the most popular photocatalysts, however,
with a band gap of 3.20 eV, it can only absorb about 4% of solar energy. The band gap of ZFO is
1.90ev, which is relatively narrow and much smaller than that of TiO2.Hence, ZFO could absorb a
larger percentage of solar energy in visible-light region, which makes ZFO an attractive candidate for
photocatalysis. ZFO not only has photocatalytic effect, but also is an important anode material in
energy storage technology due to its non-toxic, abundant earth resources and large specific capacity.
Jia et al. successfully synthesized a ZFO anode material, which displayed a stable capacity of 1091
mAh/g for 190 cycles at a medium de-lithiation potential of 1.7 V. Vadiyar e al. prepared the
ZFO/NRG composite via a facile solvothermal strategy followed by calcining treatment for
high-performance supercapacitor electrode. The ZFO/NRG showed favorably electrical performance
including specific capacitance, rate capability and cycling performance®. In addition, by using
co-precipitation method, Vinosha et al. synthesized highly crystalline, single phase spinel ZFO
nanoparticles with small particle size and favorable magnetic properties, which is a fitting candidate in
the field of electronics!®.

Compared to numerous experimental investigations’*, there are also a few literatures refer to
theoretical study. For example, Yao ef al. investigated the electronic structures and stability of
In-substituted ZFO by first-principles calculation using a GGA/RPBE scheme!”. After two years, by
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using the same method, Yao et al. studied the geometric and electronic structures of ZFO with various
vacancy defects™.

In the present paper, the structural, electronic, elastic and optical properties of zinc ferrite with
spinel structure at 0 GPa, 11 GPa and 23 GPa were studied by using first-principles calculations, in
which the generalized gradient approximation (GGA) and Hubbard U approach was employed to
describe the on-site Coulomb interactions in the localized d orbital of Fe atoms in ZFO.

2 .Computational details

All the spin-polarized density functional calculations were carried out by using Cambridge Serial Total
Energy Package (CASTEP)Y! ["Iprogram, which uses a total energy plane wave pseudopotential
method!"). The Perdew-Burke-Ernzerhof (PBE)!'? function within the generalized gradient
approximation (GGA) was employed to describe the exchange and correlation interaction among
electrons. The plane-wave basis set was restricted by a cutoff energy of 500 eV. A 3x3x3
Monkhorst-Pack grid!'*! was used for integration over the irreducible part of the Brillouin zone of the
supercells. The convergence criterion of the largest force on atoms was 0.03 eV/A, and the
self-consistent convergence accuracy was set at 1310 eV/atom, respectively.

TThe GGA+U method introduces an intra-atomic electron-electron interaction as an on-site
correction to describe systems with f electrons and localized d. To well interpret the strong correlated
interactions of the iron d orbitals, a moderate on-site Coulomb repulsion U = 5.0 eV was used. When a
Hubbard U correct the iron d orbitals with 5.0 eV, the DFT-optimized lattice parameter (8.52 A) is
consistent with the value measured experimentally. The pressure is applied by the equivalent
hydrostatic pressure.

Figure 1 The spinel structure of ZFO. Grey, purple and red balls represent Zn, Fe and O atoms,
respectively.

3. Results and discussion

3.1 structural properties

The normal spinel ZFO is a close packed face-centered-cubic structure with space group of Fd-3m and
there are eight formula units in the unit cell, as shown in Figure 1. The calculated lattice parameters of
spinel ZFO at different pressures were shown in Table 1, and it is found that the calculated lattice
value of 8.52 A at 0 GPa is consistent with experimental lattice value of 8.52 A" With increasing
pressure, the lattice parameters decrease from 8.52 A to 8.33 A at 11 GPa and 8.18 A at 23 GPa. The
calculated bond lengths of Zn - O, Fe - O and O - O also are shown in Table 1, they decrease with the
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pressure increasing.
Table 1 Calculated lattice parameters (a, in A), Mulliken atomic charge population (e), Mulliken
overlap population of bonds and related bond lengths (A)

a atom charge bond population bond length
Zn 1.06 Zn-0O 0.36 2.00
0 GPa 8.52 Fe 0.89 Fe-O 0.28 2.04
O -0.71 0-0 —0.03 2.76
Zn 1.08 Zn-0 0.39 1.95
11 GPa 8.33 Fe 0.88 Fe-O 0.28 2.00
o -0.71 0-0 —0.03 2.71
Zn 1.10 Zn—0 0.41 1.90
23 GPa 8.18 Fe 0.87 Fe-O 0.28 1.97
0 —0.71 0-0 —0.03 2.67

3.2 Elastic properties
For cubic crystal system, the elastic modulus matrix can be written as follows:

c, ¢, C 0O 0 O

11 12 12
¢, ¢, C, 0 0 0
0]- c, €, ¢, 0 0 0
0o 0 0 ¢, 0 0
0o 0 0 0 ¢, 0
0 0 0 0 0 C,]

Obviously, a cubic crystal has only three different elastic constantsC, , €, and C,, (listed in

Table 2), and all elastic constants satisfy the well-known mechanical stability criterial'®! given by
C,>0,C, >0, >1c,| (@, +2¢,) > 0. (1)

It means that all the investigated spinel structures are mechanically stable. In order to further
investigate the mechanical properties of the zinc ferrite, the bulk modulus (B) and shear modulus (G)
can be obtained from the calculated elastic constants by using Voigt-Reuss-Hill averaging scheme!'®!.
Young’s modulus (£) and Poisson’ ration (¥) can be calculated by the following equations:

12"

o 9BG 2
3B+ G
L 3B-26 )
238 + 6)
The Zener anisotropic factor (4) can be calculated by using the following relation!'”:
A = %1;44 4)
(Cn - C1z>

All calculated values of elastic properties for spinel ZFO are given in Table 2.

Table 2 Calculated elastic constants (Ci1, Ci2 and Ca4, in GPa), bulk modulus (B, in GPa), shear
modulus (G, in GPa), Young’s modulus (£, in GPa), Poisson’s ration (¥), Pugh’s ratio (B/G) and
anisotropic factor (A) under various pressure for ZFO
ZFO C11 C12 C44 B G E ¥ B/G A
0 GPa 219.20 145.84 81.36 170.30 59.10 158.91 0.34 2.88 2.22
11 GPa 210.60 132.52 58.40 158.55 49.69 134.98 0.36 3.19 1.50
23 GPa 232.72 193.76 58.97  206.74 37.87 107.07 0.41 546 3.03

For ZFO under various pressures, B > G, which demonstrates that the shear modulus is the
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parameter that limits the mechanical stability. The Young’s modulus E is an important parameter
which is defined as the ratio of the tensile stress to the tensile strain!’®.It is used to measure the
stiffness of the solid. The higher the value of the Young’ s modulus E, the stiffer is the material. From
Table 2, it can be found that the calculated Young’ s modulus E decreases with increasing pressure,
indicating that The pressure has a great influence on the stiffness of ZFO, and the stiffness is inversely
proportional to the pressure. The stability of the material is reflected by the Poisson's ratio.The
Poisson's ratio is proportional to the plasticity of materials.Additionally, Poisson’s ratio provides
useful information about the characteristic of the bonding forces; Nye reported that the upper and
lower values of Poisson’s ratio for central force solid are 0.50 and 0.25, respectively!'”. The Poisson” s
ratios calculated in this paper are higher than the lower limit value of 0.25, indicating that that the
interatomic force in ZFO is central force.Pugh’s ratio B/G is one of the most widely used empirical
criterion to distinguish the ductile and brittle behavior of a material®. If B/G > 1.75, the material
behaves as ductile, whereas if B/G < 1.75, the material behaves as brittle. In this study, the value of
B/G is higher than 1.75, indicating ZFO is ductile at 0 GPa, 11 GPa and 23 GPa. With respect to A, the
material is elastically isotropic when A is equal to one, otherwise it is elastically anisotropic. The
present calculated Zener anisotropy factors for ZFO at various pressures indicate that ZFO is not an
elastic isotropic material.

3.3 Electronic properties
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Figure 2 The band structure of ZFO at 0 GPa (a), at 11 GPa (b) and at 23 GPa (c) with horizontal dark

cyan lines indicate the energy positions of the VBM and CBM.
The calculated band structure along high symmetry directions in the Brillouin zone of ZFO is shown
in Figure 2, it clearly shows that the perfect spinel ZFO is a direct-gap semiconductor with a band gap
of 1.25 eV. The VBM dispersion characteristic of ZFO is very flat, which leads to large holes with
large effective mass and poor p-type conductivity. Obviously, the band gap decreases with increasing
pressure, which is 0.96 eV at 11 GPa and 0.65 eV at 23 GPa, just as a number of compounds,
ZnALS4?Y, MnIn,S42", BN nanotubes®?!. The reason for such a phenomenon can be attributed to a
high covalency of chemical bond, or significant re-distribution of electron density!®*!. With increasing
pressure, the crystal volume decreases to some extent. Simultaneously, the interatomic distance and
bond-length decreases (Table 1), which improves electron common movement and induce a high
covalency.

Figure 3 shows the calculated spin-polarized total density of states (TDOS) and partial density of
states (PDOS) within the GGA+U framework of ZFO, which gives contributions of different atomic
orbitals in the electronic band structure. The position of the Fermi energy level is indicated by the the
dashed vertical line,and the Fermi energy level corresponds to the energy of zero. Clearly seen from
Figure 3, the density of states near Fermi level is consists of Fe 3d state and O 2p state. Moreover, the
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3d orbital (electrons) of Fe are the primary contributor to conduction band minimum (CBM), the 3d of
Fe and 2p of O are the main contributor to valence band maximum (VBM), which indicates that there
exists a covalence bond character between Fe and O atoms. With respect to Zn atoms, 3d state of Zn
atoms strongly hybridized with 2p state of O atoms in energy region of about —9.0 ~ —1 eV (in lower
valence band). More importantly, in energy region of about 5 ~ 10 eV, 4s and 4p states of Zn atoms
appear, which indicates that Zn atom bond with O atoms in the form of sp® hybridization and form a
stable covalent bond. These results are consistent with the results of Mulliken population in Table 1
and the previous study of Yao!'*! !z /.

It is well-known that a high value of the bond population indicates a covalent bond, whereas a low
value denotes the ionic bonds. A value of zero indicates a perfectly ionic bond and the values greater
than zero indicate the increasing levels of covalency?*. In Table 1, the Mulliken overlap populations
of Zn—O bond are 0.36, 0.39 and 0.41 at pressure of 0 GPa, 11 and 23 GPa, respectively. The results
indicate that Zn—O bond has a covalent character, and the strength is stronger and stronger with
increasing pressure. It can be found that Fe—O bond is also covalent bond, and the strength has no
change with increasing pressure.

With increasing pressure, the shapes of the peaks of DOS have no obvious changes. The results
show that there is no obvious change in the structure of ZFO and no structural phase transformation
under the condition of pressure less than 23 GPa.Additionally, conduction band and valence band
broaden slightly with increasing pressure, which could improve the mobility of photo-generated
electrons and holes. Further, the photocatalytic activity of ZFO could be improved.
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Figure 3 The calculated partial density of states of ZFO at (a) 0 GPa, (b) 11 GPa and (c) 23 GPa. The
vertical dashed line at zero energy level indicates the Fermi level.

3.4 Optical properties

In this present paper, the band gap is underestimated in some extent, a “scissors operator” of 0.65 eV
is used to calculate optical properties, which allowing a shift of the bands situated above the valence
band and a rescaling of the matrix elements. The complex dielectric function is one of the main optical
characteristics of a solid, which is given by &(®) = €/(®) + ie2(®). In CASTEP, the imaginary part €(w)
of dielectric function is calculated numerically by adding direct evaluation of the matrix elements
between the occupied and unoccupied electronic states, the real part €1(w) is calculated by using the
Kramers-Kroning relationship®). Figure 4 shows the real and imaginary parts of the dielectric
functions up to 15 eV, simply because the real and the imaginary parts of spinel ZFO are nearly
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constant after 15 eV. It can be seen that the first optical critical point of the real part appears at about
0.6ev, and then rapidly drops to 1.17ev. Further increase the frequency, the value of ¢ 1( ) increases
slowly and up to a constant of 0.80. For the imaginary part of the dielectric function, the first peak
appears around 0.8 eV, and then gradually decreases to zero around 15 eV. Generally, when absorption
starts, € 2(®) is nonzero. Therefore, ZFO becomes transparent above 15 eV. As a result, ZFO
becomes transparent above 15ev.The value of the static dielectric constant of ZFO is 33.5, which
indicates that ZFO is a promising dielectric material.

80

(a)

real
40 4 —— imaginary

(b)
ID-J
04
80 r T u T =
40 -J
04

T T
0 5 10 15

Dielectric function

(c)

Energy (eV)

Figure 4 Real and imaginary parts of the complex dielectric function of ZFO in spinel structure at (a) 0
GPa, (b) 11 GPa and (¢) 23 GPa.
Correspondingly, Figure 5 shows the calculated absorption spectra of ZFO in the polycrystalline
sample, which indicated the prominent absorption band occurs in UV region. Meanwhile, ZFO also
shows absorption bands in visible region. The results are in agreement with experimental results®®!.
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Figure 5 The absorption spectra of ZFO in spinel structure.

4. Conclusions

In this paper, the structural, elastic, electronic and optical properties of ZFO in spinel structure at
different pressure were studied using DFT, which was performed using the CASTEP module of
Materials Studio package. It is obtained that ZFO satisfy the well-known requirements of mechanical
stability for cubic crystals. The lattice constant and band gap decrease with pressure. The calculated
DOS and Mulliken population results are consistent with previous reportst!*}'%], The optical properties
have also been calculated, the results are in agreement with experimental results.
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