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a b s t r a c t

First-principles calculations were performed in the framework of Density Functional Theory (DFT) within
hybrid functional (B3LYP) to study the electronic structure and magnetic properties of new ilmenite
FeBO3 (B¼Ti, Hf, Zr, Si, Ge, Sn) materials. In particular, the magnetic exchange interaction between Fe2þ

layers is dependent on the interlayer distance and it can be controlled by ionic radius of B-site cation.
Thus, Fe(Ti, Si, Ge)O3 are antiferromagnetic materials, while Fe(Zr, Hf, Sn)O3 are ferromagnetic. We also
argue that antiferromagnetic materials and FeZrO3 are convectional semiconductors, whereas FeHfO3

and FeSnO3 exhibit intrinsic half-metallic behavior, making them promising candidates for spintronic
devices.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

In recent years, the scientific interest on the development of
devices in the field of spintronic has been intensified. The per-
formance of these devices depends on the spin polarization of the
current used for information storage [1]. The most promising
candidates for these applications have a semiconductor behavior
with respect to the electrons with a spin orientation, whereas they
are metallic in relation to inverse spin orientation, being de-
nominated Half-Metallic Ferromagnets (HFMs) [2,3]. Recently, a
lot of theoretical and experimental studies have been developed to
investigate various HFMs materials, such as metallic oxides (CrO2,
Fe3O4) [4,5] perovskites manganites and double-perovskites
(Bi2FeMoO6, Bi2MnMoO6, etc.) [6], zinc-blend compounds (CrAs,
CrSb, TiSb, CaC, etc.) [7–9] and Heusler alloys [10–13].

In many of these materials, the spin injection is the result of a
complex mixture of transition metals that do not present usual
crystalline structures for semiconductor industry, for instance,
double-perovskites and metastable zinc-blende materials [14,15].
In other cases, extensive doping with rare-earth elements and
transition metals is required hindering the application due to the
increase in costs in production process and the presence of huge
holes’ concentration that does not prevent controlled doping
independent of magnetism [16]. Nowadays, Heusler alloys are the
most researched materials in the field of spintronic [10]. However,
because of the tendency towards device miniaturization and the
large variety of physical properties, transition-metal oxides as
ABO3 compounds provide large advantages for spintronics [15].
Recently, despite the fact that main candidates investigated for
spintronic applications are ferromagnetics, other magnetic mate-
rials (antiferromagnetic) have been the subject of scientific inter-
est. In comparison to the ferromagnetics, such materials have
several advantages such as the capability to operate at higher
frequencies (terahertz) enabling the creation of high-speed de-
vices. Furthermore, antiferromagnetic materials are commonly
semiconductors making it possible to combine the electronic and
spintronic multi-functionality in a single device [17–19].

From this point of view, in the present work we propose new
half-metallic materials design based on antiferromagnetic semi-
conductor FeTiO3. Such ilmenite structure is derived from Cor-
undum (R2O3) structure having an oxygen close-packing array, in
which the cations occupy two thirds of the octahedral interstices
with R-3 (n 148) space group. Octahedral sites are ordered in two
non-equivalent layers consisting of alternated planes from Fe2þ

and Ti4þ cations in the [001] direction and are connected to
oxygen atoms [20–22]. This intermetallic connection is essential to
the development of ferroelectric and magnetic properties on
crystalline structure providing potential applications in electronic
and opto-electronic devices, high temperature integrated circuits,
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Table 1
Theoretical and experimental results for lattice parameters (in Å), unit cell volume
(V, in Å3), total energy difference between different magnetic ordering (E, in meV)
and total magnetic moments ( Tμ , in Bμ ) of FeBO3 (B¼Ti, Hf, Zr, Si, Ge, Sn) materials.

Models Lattice parameters EAFM FMΔ − Tμ

a c V

FeTiO3 5.093 14.226 319.61 �45.8 0.0
FeZrO3 5.453 14.242 366.69 63.3 7.61
FeHfO3 5.414 14.158 359.40 54.2 7.65
FeSiO3 4.762 14.191 278.67 �32.1 0.0
FeGeO3 5.013 14.227 309.61 �17.0 0.0
FeSnO3 5.275 14.437 347.92 94.8 7.65
Theoretical (FeTiO3)a 5.150 14.095 320.27 – –

Experimental (FeTiO3)b 5.087 14.083 316.08 – –

a Ref. [45].
b Ref. [43].

Fig. 1. The crystalline structure for FeTiO3. J1 and J2 refer to the magnetic interac-
tions in the intralayers and interlayers, respectively. Arrows illustrate the orienta-
tion of magnetic moments (μ) on antiferromagnetic alignment.

R.A.P. Ribeiro et al. / Journal of Magnetism and Magnetic Materials 394 (2015) 463–469464
photocatalysis and others [20,23–27]. Several other mixed oxides
adopt the ilmenite structure, for example, ZnSnO3, CdSnO3,
FeGeO3, MgSiO3, etc. [28–31]. However, there are no theoretical or
experimental reports about electronic and magnetic properties
from Fe-based on ilmenite materials, such as FeSiO3, FeSnO3,
FeGeO3, FeHfO3 and FeZrO3.
2. Computational methodology

Extensive experimental routines are required to investigate the
half-metallic behavior in HFMs materials, [32–35] therefore, it is not
surprising that electronic-structure quantum calculations continue
to play an important role in research of new HFMs design [3]. Then,
we carried out first-principles calculations based on Density Func-
tional Theory (DFT) using hybrid functional of a non-local exchange
functional developed from Becke [36,37] combined with a correla-
tion functional based on gradient of electronic density developed
from Lee, Yang and Parr (B3LYP) [38] and implemented in CRYS-
TAL09 package [39]. The basis set used for describing Fe, Ti, Zr, Si, Ge
and O atoms were composed by Gaussian type functions with Tri-
ple-Zeta polarization (TZVP) studied by Peintinger and co-workers
[40] and for Sn, Hf atom it was used pseudopotential basis set Sn-
DURAND-21Gn and Hf-ECP-411d31G, respectively [41,42]. The
crystalline structures for FeBO3 (B¼Ti, Hf, Zr, Si, Ge, Sn) materials
were based on experimental parameters of FeTiO3 material [43].
Both ferromagnetic (FM) and antiferromagnetic (AFM) orderings
were calculated for these materials. All optimizations were per-
formed in relation to the system total energy using mono and bie-
lectronic intregals converged with pre-defined criteria in 10-8 Har-
tree. The diagonalization of the matrix density was carried out using
the grid of k points in reciprocal space according to the Monkhorst–
Pack method [44] and the shrink factor was set to 6 � 6 (Gilat Web)
corresponding to 40 independent points k in the Brillouin zone.
3. Results and discussion

3.1. Structural properties

In order to determine the equilibrium lattice parameters of
FeBO3 (B¼Ti, Hf, Zr, Si, Ge, Sn) materials, the total energy was
optimized as a function of unit cell volume for ferromagnetic (FM)
and antiferromagnetic (AFM) orderings. The theoretical results
obtained from this procedure are shown in Table 1. Regarding
magnetic ordering in ilmenite structure, the positive value of EΔ
indicates that the FM state is more favorable, whereas negative
value indicates that the AFM state is more stable. Theoretical re-
sults (Table 1) show that for FeTiO3, FeSiO3 and FeGeO3 the AFM
state is more favorable, insofar the FM state is more favorable for
FeZrO3, FeHfO3 and FeSnO3 materials.

FeTiO3 is widely known to be an antiferromagnetic material. In
ilmenite structure the Fe and Ti chains are distributed in alter-
nating planes. For magnetic cations (Fe2þ) the structural ar-
rangement provides different exchange interactions, as shown in
Fig. 1. For intrasublattice the Fe2þ interactions, experimental evi-
dences suggest a parallel ordering (FM) of spins (J1¼28.5 K),
whereas for intersublattice Fe2þ it is observed an antiparallel
(AFM) alignment of magnetic moments (J2¼�6.67 K). This AFM
ordering mainly occurs due to the interlayers Fe–Fe direct ex-
change vanishing the total magnetic moment for FeTiO3 ( Tμ ¼0).
Unlike interlayer interactions, intrasublattice magnetic exchange is
indirect, where Fe2þ atoms are mediated by the diamagnetic
oxygen through the overlap of the metal 3d and oxygen 2p orbi-
tals. Thus, it is possible to assume that oxygen 2p orbitals act as a
barrier between the neighboring Fe2þ atoms providing a parallel
alignment.

From an inspection of results shown in Table 1 it is possible to
note that increasing the ionic radius of B-cations in the ilmenite
structure, the energy difference between AFM and FM states in-
creases linearly because the larger distance between Fe2þ layers
favors the parallel coupling in the [0001]-axis. This linear behavior
as a function of distance is characteristic of direct exchange be-
tween neighboring magnetic cations [46]. However, the main in-
fluence of the ionic radius of B-site cation is observed in the
overlap between the d orbitals of neighboring layers of Fe2þ ,
which is reduced giving rise to the ferromagnetism. Lattice para-
meters obtained for FeTiO3 material are in accordance to the ex-
perimental results and the deviations are similar to other theo-
retical studies [45]. From these theoretical results it can be seen
that unit cell volume is modified according to ionic radius of atoms
localized in the B site due to bond distance difference. Never-
theless, the symmetry of the ilmenite was kept fixed for all
models. The calculated magnetic moments for ferromagnetic
FeBO3 materials suggest a magnetic localization, which is not
changed in relation to cation modification in the B-site. Our cal-
culations show that the magnetic moments on Fe2þ are 3.81 Bμ ,
3.83 Bμ and 3.83 Bμ for FeZrO3, FeHfO3 and FeSnO3, respectively;
and are in accordance to 3d6 electronic configuration of the Fe2þ

cation.



Fig. 2. Spin-polarized atom-resolved density of states for FeTiO3, FeSiO3 and FeGeO3 antiferromagnetic materials . The Fermi levels were all set to zero.
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3.2. Electronic properties

To investigate the electronic properties of FeBO3 (B¼Ti, Hf, Zr,
Si, Ge, Sn) materials, the spin-polarized total and atom-resolved
Density of States (DOS) (Fig. 2) and Band Structure profiles (Fig. 3)
were calculated at their equilibrium lattice parameters. For this
study, the materials were divided according to their magnetic
behavior in the ground state.

3.2.1. Antiferromagnetic materials
Antiferromagnetic materials represent the majority of magne-

tically ordered compounds present in nature. However, the use of
these materials for the technological industry is reduced to im-
prove the hardness of ferromagnetic electrodes through the
exchange-bias effect [47]. At the same time, it is believed that such
materials may be useful in the replacement of ferromagnetic
compounds in production of ultra-fast and ultrahigh-density
spintronics devices due to rigidity to external magnetic fields and
the absence of stray fields [18,19]. Energetic calculations demon-
strate that FeTiO3, FeSiO3 and FeGeO3 have antiferromagnetic
ground state (Table 1).

From total DOS results for antiferromagnetic materials (Fig. 2) it
is noted that for both, majority (↑) and minority (↓) spin states, the
valence band (VB) is composed predominantly of O (2p) and Fe (3d,
4s, 4p) atomic states, whereas the Fe (3d, 4s, 4p) and Ti (3d, 4s, 4p)
and Si (3s, 3p, 3d) and Ge (4s, 4p, 4d) atomic states contribute
predominantly for the conduction band (CB). Regarding to energy
range of maximum and minimum of valence (VBM) and conduction



Fig. 3. Band structure for antiferromagnetic materials. (a) FeTiO3, (b) FeSiO3 and (c)
FeGeO3 materials. The Fermi levels were all set to zero.
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band (CBM), respectively; it was observed that for FeSiO3 and
FeGeO3 materials the CBM is shifted to higher energy, in comparison
to FeTiO3. This result can be attributed to the greater electro-
negativity of Si and Ge cations, which increases the covalent char-
acter of Si–O and Ge–O bonds in comparison to Ti–O. Similar results
are found for other kind of materials [48–50].

As discussed above FeBO3 (B¼Ti, Si, Ge) are antiferromagnetic
materials, so the band structure of the two spin-channels are si-
milar and, consequently, one spin-channel has been reported, as
shown in Fig. 3.

We found that FeTiO3, FeSiO3 and FeGeO3 show a semi-
conducting behavior with an indirect band-gap of 2.60 (T-FA), 3.84
(T-Γ) and 3.41 (T-Γ) eV, respectively. The calculated band-gap for
FeTiO3 is in accordance to the experimental results (2.5–2.8 eV)
[27]. Furthermore, it was observed that replacing Ti4þ by Si4þ and
Ge4þ cations, the CBM is shifted to a higher energy increase in the
band-gap. This cation modification changes the band energies in
the different points of Brillouin zone for the first electronic states
of CBM, making them flat-bands and reducing the difference be-
tween direct and indirect band-gap (Fig. 5)

3.2.2. Ferromagnetic materials
Magnetic materials with parallel ordering of spins (ferromag-

netics) are prime candidates for the solidification of spintronics.
Nowadays, the principal aim of spintronics is to develop new
multifunctional materials which exhibit a semiconductor and
metallic behavior. A major difficulty is to discover materials that
exhibit these properties intrinsically [1,51,52].

As well as for antiferromagnetic materials, the DOS for FeZrO3,
FeHfO3 and FeSnO3 exhibit the same pattern of distribution for
electronic states in the valence band (VB) and conduction band
(CB) with O (2p) and Fe (3d, 4s, 4p) predominantly in VB; whereas,
the CB is mainly composed by B-site and Fe atomic states (Fig. 4).
Furthermore, it indicates clearly that FeZrO3 exhibit semi-
conductor behavior and FeBO3 (B¼Hf, Sn) materials show half-
metallic behavior, being semiconductors with majority spin
channels and metals in relation to opposite spin orientation. These
results indicate typical half-metallic magnetism with 100% spin
polarization at Fermi Level (EF).

From numerical integration methods, it is possible to calculate
the number of electrons and holes in the VB and CB, respectively
[53]. These results are shown in Table 2. For FeZrO3 material the
VB is occupied by n¼1.6x1024 e·cm�3 distributed on spin-up (81%)
and spin-down channels (19%); whereas, the CB has p¼1.2 x
1024 e·cm�3, which are distributed on spin-up channels (25%) and
spin-down channels (75%). The same behavior was observed to
FeHfO3 and FeSnO3 models, indicating p-type semiconductor
characteristics.

From band structure profiles (Fig. 5), it was observed that for all
models, the spin-up channel has a semiconductor band-gap
around 3.13, 5.89 and 3.79 eV for FeZrO3, FeHfO3 and FeSnO3, re-
spectively. Furthermore, the nature of the excitation in the FeZrO3

and FeHfO3 materials is an indirect band-gap at L-FA points
(Fig. 5a–d); whereas, FeSnO3 has a direct band-gap at Γ–Γ points
(Fig. 5e and f). For spin-down channel it was observed that only
FeZrO3 has a semiconductor direct band-gap of 5.01 eV at FA–FA
points, while FeHfO3 and FeSnO3 are metallic materials with band-
gap around 0.10 and 0.37 eV, respectively. However, comparing
band structure profiles for FeZrO3 and FeHfO3 materials, we can
observe that the disturbance on VBM caused by the modification
of the B-site cation is very subtle, making the semi-metallic be-
havior for FeHfO3 dependent on thermal and magnetic oscillations.
Such behavior can be proved by the half-metallic band-gap for
these materials; FeSnO3 has a larger band-gap (0.37 eV) in com-
parison to FeHfO3 (0.10 eV) causing a falls for Fermi level in the
band-gap only for iron stannate; while for FeHfO3, the Fermi level
moves to the top of the minority occupied states. Thus, theoretical
band structure and DOS results suggest that ilmenite FeSnO3 is a
good candidate for spintronic applications due to the intrinsic half-
metallic behavior.
4. Conclusions

We apply quantum calculations based on Density Functional
Theory with B3LYP hybrid functional to predict the structural,
electronic and magnetic properties of the FeBO3 (B¼Ti, Hf, Zr, Si,
Ge, Sn) materials in ilmenite structure. Calculated lattice para-
meters for FeTiO3 material are in accordance to experimental and
theoretical results. Total energy calculation indicates that magnetic
ordering for ilmenite structure is dependent to the distance of the
Fe2þ layers in the (0001) direction canning be controlled by the
ionic radius of B-site cation. The spin-polarized DOS results show



Fig. 4. Spin-polarized atom-resolved density of states for FeZrO3, FeHfO3 and FeSnO3 ferromagnetic materials . The Fermi levels were all set to zero.

Table 2
Electrons (n) and hole (p) concentration (n·cm�3 and p ·cm�3) for majority (↑) and minority (↓) spin of FeBO3 (B¼Zr, Hf, Sn) materials.

Models n p

Up Down Up Down

FeZrO3 1.3 � 1024 3.2 � 1023 2.8 � 1023 9.0 � 1023

FeHfO3 1.1 � 1024 4.4 � 1023 3.5 � 1022 9.0 � 1023

FeSnO3 9.6 � 1023 6.9 � 1023 1.1 � 1024 3.9 � 1023
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that FeTiO3, FeZrO3, FeSiO3 and FeGeO3 materials exhibit a p-type
semiconductor behavior, while FeHfO3 and FeSnO3 materials have
showed half-metallic behavior for spin-down channels and p-type
semiconductor characteristics for spin-up. Band structure calcu-
lations showed for half-metallic behavior of FeHfO3 can be very
sensitive to thermal and magnetic changes. Magnetic moment



Fig. 5. Band structure of FeZrO3 (a and b), FeHfO3 (c and d) and FeSnO3 (e and f) materials. Majority spin channel (spin-up) in the left hand side of the figure and minority
spin channel (spin-down) in the right hand side. The Fermi levels were all set to zero.
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results indicate that magnetic behavior is not modified through
B-site modification, making FeHfO3 and FeSiO3 intrinsic half-me-
tallic materials for potential applications in spintronic devices.
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