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ABSTRACT

Maghemite (y-Fe,0O3) is one of the promising candidates for its use in biomedical
and in optoelectronics. Density functional theory (DFT) with generalized gradient
approximation (GGA:PBE) is used in order to study structural and optical properties of
iron oxide. By using BAND tool with basis set of TZ2P, geometry optimization is
achieved. Cubic spinel structure is confirmed after geometry optimization with bond
length of 3.55 A between iron and oxygen in y-Fe,Os. Amount of Hirshfeld charge is
observed to be 18.02, 28.39 for Fe(1) and Fe(2), respectively instead of 26.00. While
for all three oxygen atoms its value increases from 8.00 to 9.85. Indirect band gap of y-
Fe,O3 is observed with value of 0.68 eV without applying Hubbard potential U. After
applying Hubbard potential U=3 band gap of 2.1eV is achieved which is in agreement
to the experimental value of 2.0 eV (Zhu et al. 2013). Total density of states along with
partial density of states for iron and oxygen is also studied. It is important to mansion it
here that it is the first time to use Amsterdam Density Functional software to investigate
properties of maghemite and all these calculations were carried out at OK.

1. INTRODUCTION

Among various polymorphs of iron oxide, Maghemite (y-Fe,O3) is the second most
stable polymorph (Riaz et al. 2012a, Crespo et al. 2010) having potential applications in
various fields such as in biomedical (Nan et al. 2014), optoelectronics (Fouineau et al.
2013) and in gas sensors (Capone et al. 2014). Due to its low cost, chemical stability,
bio-compatibility and non-toxicity maghemite is widely used in biomedical applications
along with other nanoparticles since last 20 years (Crespo et al. 2010, Fouineau et al.
2013). Various nanostructures of iron oxide have gained much interest of researchers
as properties of these nanostructures are widely different as compared to properties of
that material in bulk form. Nanoparticles of maghemite with less than 20nm size are
typically used for specific biomedical applications such as for the treatment of
hyperthermia (Nan et al. 2014). Maghemite spheres with doping of various elements
have been used in photocatalysis. Optical and ferromagnetic properties of these
spheres of 10nm diameter with room temperature high saturation magnetization make
applicable for the application separation technology as photocatalysis (Zhu et al. 2013).
Structure of maghemite originates from that of spinel magnetite (Riaz et al. 2013). As
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magnetite structure made up of a face centered cubic oxygen lattice, divalent cations of
iron are occupied at octahedral sites and trivalent cations are distributed at tetrahedral.
Distribution of divant and trivalent cations along with fcc oxygen lattice can be
represented as: (Fe*")re[Fe?*Fe*JoO4. While in case of maghemite, spinel structure is
observed due to fcc oxygen lattice in which iron cation vacancies are present on
octahedral sites (Fouineau et al. 2013).

Maghemite is a semiconductor with energy band gap of 2.0 eV (Zhu et al. 2013).
The magnetic moments in maghemite are oriented in opposite directions on the
octahedral and tetrahedral sites, just like magnetite. This leads to ferromagnetic
behavior of maghemite (Crespo et al. 2010). It has net magnetic moment of 2.5 uB with
high Neel temperature of 950 K and Curie temperature of 820-986K (Riaz et al. 2013).

In order to get improved experimental results it is important to theoretically
investigate various properties of the materials. Density functional theory (DFT) is the
basic method to study electronic properties of materials. Local density approximation
(LDA) and generalized gradient approximation (GGA) are the most famous and widely
used functionals. However, the main problem during usage of GGA and LDA is the
underestimation of band gap for various materials such as insulators and
semiconductors (Guo et al. 2012). The reason for this underestimation is the lack of
self-interaction cancelation. Specially, in case of materials with transition metals, with d
shells, this problem exceeds and as a result wrong prediction of electronic structure of
that material was observed. For example GGA gives 75% smaller value of
experimentally observed band gap of Fe,Os. In order to improve this underestimation of
GGA and LDA for materials having transition metal, Hubbard potential can be added.
This leads to the GGA+U and LDA+U methods (Guo et al. 2012).

There are only a limited number of investigations about of structural and electronic
properties of maghemite by using different softwares and approximations, like Guo, et
al. (2012) reported about the electronic investigation of Fe,O3 by using screened
exchange hybrid density functional. They observed wide indirect band gap energy of
2.41 eV of Fe,0O3; with anti-ferromagnetic behavior. Crespo, et al. (2010) theoretically
investigated vacancy ordering and electronic structure of maghemite. They used the Vienna ab-
initio simulation program (VASP). Hubbard potential (U=4) was used to observe nature of
maghemite as a charge-transfer-type insulator with large band gap of 2eV. Hence, it is important
to theoretically investigate various properties of maghemite and the results obtained by these
studies can be applied in various experiments.

In this paper, we report about the theoretical investigation of structural and optical
properties of maghemite. According to our best knowledge it is the first time to use
Amsterdam density functional (ADF) software to study properties of maghemite at OK.

2. COMPUTATIONAL DETAILS

Density functional theory was used to theoretically investigate structural and optical
properties of maghemite. Amsterdam density functional (ADF) program was used for
density functional theory calculations. Generalized gradient approximation (GGA) was
used for structural optimization of maghemite. The value of Hubbard potential U is set
to (U =4 eV) for maghemite in GGA+U method. This additional Coulomb interaction on
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the d shell of iron results in correct energetic ordering in crystal structure of maghemite.
Hence, increased band gap is obtained by applying Hubbard potential (Schron and
Bechstedt 2013). Hubbard potential was applied to achieve improved explanation of 3d
orbitals of iron in maghemite. All the computational results were taken at OK. TZ2P is
used as basis set, which is of triple-zeta quality and was improved with two sets of
polarization functions: 2p and 3d on iron, 2s and 3p on oxygen. We have used frozen-
core Perdew-Burke-Ernzerhof (PBE) potentials. Lattice parameter was used 8.33 A.
The Brillouin zone was sampled by a 3 x 3 x 3 mesh of k-points for the calculation of
density of states and band structure.

3. RESULTS AND DISCUSSION

We first employ geometry optimization to investigate structure of maghemite along
with bond length between iron and oxygen, oxygen-oxygen and iron-iron. Fig. 1 shows
the cubic spinel-type structure of maghemite in space group fd3m of with bond length of
3.55A between iron and oxygen atoms (Cornell and Schwertmann 1996). The lattice
constant was observed to be 8.34 A (Riaz et al. 2012b). Smallest interatomic distance
of 4.72 A was observed after geometry optimization at OK. Red spheres in Fig. 1
represent oxygen atoms while yellow spheres represent iron atoms.

Fig. 1 Structure of maghemite

In this disordered cubic spinel structure, all 32 sites of fcc cubic lattice are fully
occupied by oxygen. While 8 tetrahedral sites are occupied by trivalent cations of iron
(Fe**) and 16 octahedral sites are also additional occupied by of one third of the 13
Fe®* cations (Guo et al. 2010). This structure of maghemite is more complicated due to
absence of divalent cations and partial occupation of Fe** cations on octahedral sites.
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Fig. 2 Band structure of maghemite in case of GGA+U (red colour indicates spin-up
and blue colour indicates spin-down states)

Fig. 3(a-b) shows the total and partial density of states (DOS) of maghemite at OK
without and with the effect of Hubbard potential U, respectively. These results indicates
that improved description of the band of maghemite can be obtained by using Hubbard
potential as band gap value is improved and came close to experimentally observed
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Fig. 3 Total and partial density of states in case of a) GGA and b) GGA+U (U=4eV) at
0K

In this study, the partial density of states of iron is from just one iron atom, in the unit
cell of maghemite and just distinguished for s, p and d orbitals by spin-up and spin-
down states. Similarly, for oxygen, partial density of states was taken for s and p
orbitals and spin-up and spin-down states are given in Fig. 3(a) and (b). Non-symmetric
density of states can be seen in Fig. 3(b) around the Fermi level in case of GGA+U.
Hence, results indirect energy band gaps at 2.4 eV (Fig. 2) which is comparable to the
experimentally observed value band gap energy of 2.2 eV (Abe and Watanabe 2014).
For two atoms of iron (Fel and Fe2) amount of Hirshfeld charge is observed to be
18.02 C, 28.39C, respectively, instead of 26.00C. While for all three oxygen atoms its
value increases from 8.00 to 9.85. Which indicate that it is a charge transfer type
insulator and due to this property can be used in spintronics such as in spin-filter
devices (Crespo et al. 2010).

4. CONCLUSIONS

Structural and optical properties of iron oxide (maghemite) were studied by using
density functional theory (DFT). Generalized gradient approximation (GGA:PBE) was
used in BAND tool. Geometry optimization was achieved with TZ2P basis set. Cubic
spinel (defective) structure was confirmed with space group Fd-3m. Amount of
Hirshfeld charge was observed to be 18.02, 28.39 for Fe (1) and Fe (2), respectively
instead of 26.00. While for all three oxygen atoms its value increased from 8.00 to 9.85.
Indirect band gap of y-Fe,O3 with value of 0.68 eV at OK was observed without addition
of Hubbard potential U. With the addition of Hubbard potential (U=4) increase in the
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value of band gap energy was observed (2.4eV), which is close to the experimentally
observed value. Study of density of states revealed that interaction between d states of
iron and p states of oxygen were responsible for the stability of the maghemite. This
work represents the first attempt to investigate the structural, electronic and optical
properties of maghemite (y-Fe,O3) by using density functional theory.
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