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Abstract: Electronic structure and magnetism of the rare-earth metals Ac and Th
doped Fe3O4 Fe1−xRexFe2−yReyO4(Re=Ac, Th; x=0, 0.5, 1; y=0, 0.5, 1.0, 1.5, 2.0)
are investigated by first-principle calculations. AcFe2O4, FeAc2O4 and ThFe2O4
are found to be II B-type half-metals. The large bonding-antibonding splitting is
believed to be the origin of the gap for AcFe2O4, FeAc2O4 and ThFe2O4, resulting
in a net magnetic moment of 9.0µB, 4.0µB and 8.1µB, respectively, compared with
4.0µB of Fe3O4. Also, the conductance of AcFe2O4 and ThFe2O4 are both slightly
larger than that of Fe3O4. It can be predicted that the new rare-earth half-metals
AcFe2O4 and ThFe2O4 have wider application ground in spin electronic devices
due to their larger magnetoresistance and higher conductivity than that of Fe3O4.
The half-metallic feature can be maintained up to the lattice contraction of 8%, 3%
and 4% for Fe3O4, AcFe2O4 and ThFe2O4, respectively.

Keywords: Half-metallicity, first-principle, AcFe2O4, ThFe2O4, electronic struc-
ture, magnetic moment.

1 Introduction

Half-metals, as a new kind of ideal spintronic functional materials, have drawn
much attention due to their 100% spin polarization at the Fermi level and being
able to control the spins of electrons and transmission of charges simultaneously to
realize efficient information storage and processing [de Groot et al. (1983); Prinz
(1999); Coey et al. (2002); Kopcewicz et al. (2005); Tan et al. (2012); Zhao
et al. (2012)]. Compared to ordinary semiconductor electronic devices, devices

1 School of Materials Science and Engineering, Dalian University of Technology, Dalian, China.
2 Corresponding author: Man Yao. Email: yaoman@dlut.edu.cn
3 Department of Engineering Mechanics, College of Aerospace Engineering, Chongqing University,

Chongqing, China.
4 Corresponding author: Ning Hu. Email: ninghu@cqu.edu.cn or huning@faculty.chiba-u.jp



74 Copyright © 2014 Tech Science Press CMC, vol.39, no.1, pp.73-84, 2014

made of half-metals have such outstanding features as non-volatile, low power con-
sumption and high integration. What’s more, more dimensions considered in the
research of half-metal materials will produce more new excellent properties and
more applications [Wolf et al. (2001); Ming et al. (2012); Yao et al.(2012)]. To
date, many half-metals have been found experimentally and theoretically [Coey et
al. (2002); Dedkow et al. (2002); Fong et al. (2004); Hou et al. (2011); Chen et
al. (2012)]. Among them, the II B-type half-metal Fe3O4 has attracted much more
attention due to their special advantages, such as stable performance, larger room-
temperature spin-polarization, higher courier temperature, easy preparation [Kim
et al. (2003)]. However, its magnetoresistance is not large enough to give access
to huge magnetoresistance effects when used as magnetic electrodes in spintronic
devices. Consequently, it is an urgent mission to design new spinel half-metals with
larger magnetoresistance and higher conductivity.

First principle calculation has been a very effective method to predict and analyze
the properties of crystal materials and many Fe3O4 based half-metals have been
designed by this method [Liu, Chen et al. (2007); Liu, Wang et al. (2007); Liu et
al. (2008)]. However, this research effort is still in the initial stage of exploration.
Many micromechanisms about spinel half-metals is still unknown, especially ex-
ploration of doping effect of rare-earth metals on the half-metallicity of Fe3O4 is
very limited.

In this paper, we will find out the doping effect of 6d transition rare-earth metals Ac
and Th on the electronic structure and half-metallicity of Fe3O4 by first principle
and manage to predict new spinel half-metals with more excellent properties.

2 Model and method

As shown in Fig.1 is a 14-atom primitive cell of Fe3O4 with two Fe atoms on A-
sites and the other four on B-sites. Fe atoms were suitably doped by Ac or Th atoms
with different concentration to form, namely, Fe1−xRexFe2−yReyO4 (Re=Ac, Th;
x=0, 0.5, 1; y=0, 0.5, 1.0, 1.5, 2.0). The subscript x represents the doping fraction
of A-site Fe atoms while y B-site.

First principle calculation, also known as ab initio calculation, is based on the prin-
ciples of quantum mechanism. It is mainly used to deal with the Hamilton equation,
as shown in Eq.1.
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where on the right side of Eq.1, the parts from left to right represent the kinetic
energy of electrons, the Coulomb potential energy between electrons and nucleus,
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Figure 1: Primitive cell of Fe3O4.

interaction between electrons, kinetic energy of nucleus and Coulomb potential en-
ergy between nucleus, in which r and R represent the positions of the electron and
nuclear respectively, Z the charge number of a nuclear, e the electronic charge, m
and M the mass of the electron and nuclear. By self-consistent calculating electron
motion and the interaction between electrons and nucleus, it can obtain the ge-
ometry structure, electronic, magnetic, thermodynamic properties of the materials
[Kohn et al. (1965)]. To solve this equation, we need to use some approximation-
s. Based on the Born-Oppenheimer approximation [Born et al. (1954)], density
functional theory (DFT) [Kohn et al. (1965)] was proposed in which the ground
state physical properties of electrons, atoms and materials are all functionalized
by electron densities and the energy function E [ρ] is minimized by the electron
density ρ(r). Based on Hohenberg-Kohn principle [Hohenberg et al. (1964)], the
Hamilton energy H is divided into three parts: kinetic energy T, interaction energy
between electrons V and external electric field energy U, as shown in Eq.2

H = T +V +U (2)

Then with Φ presenting wave function the total energy function can be expressed
as:

E [ρ] = 〈Φ |T +V |Φ〉+
∫

drv(r)ρ (r) (3)

Kohn and Sham further derived this equation and by introducing electron exchange
and correlation function Exc [ρ], the total energy function is expressed:
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Through Eq.5
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Kohn-Sham equation is derived as follows:[
-∇2 +VKS [ρ (~r)]

]
Φi (~r) = EiΦi (~r) (6)

where
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Finally the purpose of using DFT method to calculate the total energy of multiple
electrons system and deal with charge density distribution is achieved.

We can see from Eq.6 that Exc [ρ] is the key for the accuracy of the calculating
results.

Two approximation methods are used to treat Exc [ρ]: Local Density Approxima-
tion (LDA) and Generalized Gradient Approximation (GGA) [Kohn et al. (1965)].
Electron density gradient is considered in GGA compared LDA, therefore, GGA
is more suitable for treating systems with very large charge density fluctuation.
Perdew-Wang 91 (PW91) and Perdew-Burke-Ernzerhof (PBE) etc. are all the pa-
rameterized formation for GGA.

In this paper, the spin-polarized structural optimization, electronic structure and
magnetic moments calculations were performed with the PBE parameterized G-
GA and projector augmented wave methods. The interaction between the valence
electrons and ion cores were described by ultrasoft pseudo-potentials [Kresse et al.
(1999)]. The self-consistent calculations were performed with a 5×5×5 k-mesh
and the cutoff energy of plane-wave expansion was 500eV. The relaxations of lat-
tices were performed until the force on each atom was smaller than 0.03eV/Å, and
all components of the stress tensor on the unit cell less than 0.05GPa.

3 Results and Discussion

To obtain the equilibrium lattice constant and determine the stable magnetic state
of Fe1−xRexFe2−yReyO4 (Re=Ac, Th; x=0, 0.5, 1; y=0, 0.5, 1.0, 1.5, 2.0), for
each structure, structural optimizations were performed for the nonmagnetic (NM),
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ferromagnetic (FoM), ferrimagnetic (FiM) or antiferromagnetic (AFM) state. After
optimization the structure of the lowest energy is believed to be stable with the
corresponding lattice parameters and the corresponding magnetism. The electronic
structure of the stable structure will then be calculated and their half-metallicity
will also be determined.

3.1 Half-metallicity and Magnetic properties of Ac and Th doped Fe3O4

Among these structures, besides Fe3O4, only AcFe2O4, FeAc2O4 and ThFe2O4 are
calculated to be half-metallic materials. Population analysis of the resulting half-
metals is then performed using Mulliken formalism. Parameters listed in Table
1 are the equilibrium lattice constants and molecular (Ms) and atomic magnetic
moments for Fe3O4, AcFe2O4, FeAc2O4 and ThFe2O4 within which MA means the
A-site atom moment and MB the B-site atom moment. Our calculated molecular
magnetic moment of Fe3O4 is 4.0 µB at equilibrium lattice constant 5.94Å, agrees
quite well with other’s [Liu, Chen et al. (2007)], which is 4.0 µBat 5.935Å. And MA

is -3.60 µB while MBis 3.60µB, consistent with the reported characteristic that the
A-site atoms have spin directions opposite to the B-site ones in Fe3O4, exhibiting
ferromagnetic [Kim et al. (2007)], all conforming the accuracy of the method
we used. In AcFe2O4, FeAc2O4 and ThFe2O4, there are almost no spin moments
for Ac and Th due to only one and two 6d electrons, respectively. But the Fe
atom magnetic moments in AcFe2O4, FeAc2O4 and ThFe2O4 are 3.90, 3.78 and
3.82µB, respectively, both slightly larger than that in Fe3O4. The impressive finding
is that the calculated Ms of AcFe2O4 and ThFe2O4 are 9.0µB and 8.1µB, much
larger than that of Fe3O4. Higher magnetic molecule moment may cause stronger
spin-correlation scattering for conductive electrons resulting in higher variation of
resistance, and consequently obtaining higher magnetoresistance effects which is
the key for spintronic devices.

Table 1: Calculated lattice constants, molecular and atomic magnetic moments for
Fe3O4, AcFe2O4, FeAc2O4 and ThFe2O4.

Alloys Lattice Constants(Å) Ms(µB) MA(µB) MB(µB) MO(µB)

Fe3O4 5.94 4.0 -3.60 3.60 0.10
AcFe2O4 6.30 9.0 0.04 3.90 030
FeAc2O4 6.47 4.0 3.78 -0.02 0.08
ThFe2O4 6.41 8.1 -0.04 3.82 0.12
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3.2 Electronic structure of AcFe2O4 and ThFe2O4

The total and partial spin-polarized density of states (DOS) of a) AcFe2O4 and b)
ThFe2O4 are calculated and shown in Fig.2. We can see that there is much dif-
ference in DOS of up-spin and down-spin electrons near the Fermi energy level.
Especially, at the Fermi level, the down-spin states cross the Fermi energy level, in-
dicating a strong metallic nature of the spin-down electrons while the spin-up band
structure exhibits a band gap indicating semiconducting nature. Therefore, our re-
sults reveal that AcFe2O4 and ThFe2O4 alloys exhibit half-metallic properties. The
electrons are 100% spin-polarized for AcFe2O4 and almost 100% for ThFe2O4.
High spin polarization is the base for high sensitivity of spintronic devices consid-
ering magnetoresistance effects. So they are of great interest for scientific research
and industrial applications. To show the electronic structures in detail, we plot-
ted the down-spin energy bands of a) Fe3O4, b) AcFe2O4 and c) down-spin and d)
up-spin energy bands of ThFe2O4along high symmetry directions in the Brillouin
zone in Fig.3. It is clear that the bottom of the conductance band touches the Fer-
mi level at the G point but is rather weak, and the calculated spin-polarization for
ThFe2O4is near 99%. Therefore, AcFe2O4 and ThFe2O4 are all considered to be
typical II B-type half-metallic materials. Comparing the down-spin sub-bands of
the three materials, we see that, there are some limited parabolas near the Fermi
level meaning that electrons at the Fermi level are localized but not completely.
And parabolas at both b) and c) are more clear than a), which means down-spin
electrons of AcFe2O4 and ThFe2O4 at the Fermi level are less localized than that of
Fe3O4. It is also seen that there is up-spin sub-bands in ThFe2O4. According to the
two-fluid model of magnetoresistance effect, the up-spin and down-spin electrons
transmit in parallel. So we believe that AcFe2O4 and ThFe2O4 both have higher
conductivity than that of Fe3O4, and ThFe2O4 has the highest. Higher conductivity
is very important for the transmission of charges in half-metallic materials which
plays a significant role in effective function. So AcFe2O4 and ThFe2O4 may be
better than Fe3O4 for spintronic devices.

We can see that for AcFe2O4 and ThFe2O4 in both majority and minority spin
states, the total DOS are divided into bonding, nonbonding and antibonding states
by an energy gap. The region from -7.2eV to -2.2eV corresponds to the bonding
states, -1.8eV ∼ 0.9eV corresponds to the nonbonding states, states from 1.2eV to
6.3eV are associated with the antibonding states in AcFe2O4 while the bonding,
nonbonding and antibonding states of ThFe2O4 are divided into -7.5eV ∼ -2.4eV
region, -2.1eV ∼ 0.7eV region and 0.9eV ∼ 3.6eV region. So the band region
of AcFe2O4 and ThFe2O4 are about 13.5eV and 12.1eV, respectively which are
very broad. The broad bands for AcFe2O4 and ThFe2O4 stem from their greater
dependence on bonding-antibonding splitting and less on exchange splitting. And
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Figure 2: Total and partial DOS of a) AcFe2O4and b) ThFe2O4 at their stable states,
the dotted line represent the Fermi level.

the large bonding-antibonding splitting is exactly the origin of the gap for AcFe2O4
and ThFe2O4.

What’s more, for both AcFe2O4 and ThFe2O4, the partial DOS of Fe shows a two-
peak structure due to the strong hybridization between the Fe 3d states, Ac or Th 6d
state and O 2p states caused by the crystal field effect. In upspin, the antibonding
peak is below the Fermi level and occupied, but in down spin the splitting effect
moves the antibonding peak high above the Fermi level. This distribution results in
a large magnetic moment at Fe and makes Fe 3d electrons mostly responsible for
the magnetization. The Fe 3d down-spin states cross the Fermi level, so they also
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Figure 3: The energy band structure for Fe3O4, AcFe2O4 and ThFe2O4, where the
horizontal lines at 0 eV represent the Fermi energy level.

have main contribution to the down-spin DOS at the Fermi level. The distribution of
majority- and minority-spin of Ac or Th 6d and O 2p states are all nearly symmetry.
So they make almost no contribution to the magnetization. As we have seen in
Table1, the Fe spin moment is very large while the Ac, Th and O spin moments are
all quite small.

3.3 Half-metallicity of AcFe2O4 and ThFe2O4 under lattice distortion

Lattice distortion, mostly compression is often inevitably introduced in the produc-
tion process and application, a small change of the lattice parameter may shift EF

(Fermi level) with respect to the half-metallic gap, which clearly affects the half-
metallicity as well as the transport properties. So it is necessary to consider the
influence of lattice compression on half-metallicity. First, the lattice constants of
the cells of Fe3O4,AcFe2O4 and ThFe2O4 are reduced by 0.05 Å which we consider
as compressing condition. Geometry optimization was performed on the half-metal
under compressing condition so that the optimized cell under compression was got.
Then the magnetic properties and electronic character were performed and ana-
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Figure 4: Molecular magnetic moments and spin polarization rate for
Fe3O4,AcFe2O4 and ThFe2O4 as a function of lattice parameter.

lyzed. The changes of the molecular spin moments, spin-polarization of Fe3O4,
AcFe2O4 and ThFe2O4 with lattice compression are presented in Fig.4. We can
see that the spin-polarization of Fe3O4, AcFe2O4 and ThFe2O4 can maintain al-
most 100% up to 5.49 Å (-8%), 6.10 Å (-3%) and 6.16 Å (-4%), respectively at
which the molecular magnetic moments all witness a sudden decrease. Especially,
ThFe2O4, when compressed to 6.21Å, its atomic spin moments all turn into zero,
which means it lose the magnetism. That is because, as the lattice parameter is
decreased, 3d localization would become weaker, which can reduce the Fe spin
moment. When it is decreased to a certain value, the atomic spin moments will
be strongly reduced, resulting in significant magnetic losing. What is interesting
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is that in 5.49 Å ∼ 5.59 Å region, the magnetic properties of Fe3O4 change sig-
nificantly. A-site Fe spin changes from high and down into high and up while the
B-site Fe spin becomes low and up from high and up, resulting in a 6 µB molecular
magnetic moment compared to its 4.0 µB at the equilibrium lattice constant.

4 Conclusion

The half-metallicity and magnetroresistance of rare-earth metals Ac and Th doped
Fe3O4 are investigated using DFT method. Two better half-metallic candidates for
spintronic devices, i.e., AcFe2O4 and ThFe2O4 are predicted. Both of them are II
B-type half-metallic materials at equilibrium lattice parameter 6.30 Å and 6.41 Å,
respectively. Their molecular magnetic moments are calculated to be 8.1 µB and
9.0µB, both are much larger than that of Fe3O4, i.e., 4.0 µB. The large bonding-
antibonding splitting is believed to the origin of gaps for AcFe2O4 and ThFe2O4.
What’s more, the half-metallicity of AcFe2O4 and ThFe2O4 cannot be affected up
to 3.0% and 4% compression, respectively, while that of Fe3O4 can be maintained
up to 8% compression. That is very important for application.
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