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a b s t r a c t

The structural, electronic and optical properties of BiFeO3 (BFO) were investigated employing the first-
principles within generalized gradient approximation (GGA). The magnetic moments were balanced out
each other by the two irons spinning oppositely in a cell. The band gap of BFO was found to be 2.5 eV by
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the electronic structure calculation. Analysis of the density of states indicated that the valence band was
consisted with Fe-d and O-p states, and the conduction band was composed of Fe-d and Bi-p states. The
dielectric function, absorption, refractive index, extinction coefficient, reflectivity and electron energy
loss were calculated for radiation up to 31 eV in order to understand optical properties of BFO. The
reasons of the absorption were discussed.

© 2010 Elsevier B.V. All rights reserved.
lectronic property
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. Introduction

Multiferroic materials [1–5] have coupled electric, magnetic,
nd/or structural order parameters that result in simultaneous
erromagnetic, ferroelectric, and/or ferroelastic behavior. Signif-
cantly, multiferroics may lead to a new generation of memory
evices [6,7] that can be electrically written and magnetically
ead [5,7]. Room-temperature multiferroic BiFeO3 (BFO) is a rhom-
ohedrally distorted ferroelectric perovskite with space group
3c below the Curie temperature (TC ≈ 1100 K), and shows anti-

erromagnetism blow Néel temperature (TN ≈ 643 K) [8,9]. These
nique multiferroic properties make BFO attracting great interest
or potential applications in novel magnetoelectric devices and fuel
onsiderable theoretical and experimental research [10–13].

Much research has been reported in the open literature aimed
t improving the electrical and magnetic properties of BFO doped
ith various metal oxides by the theoretical and experimental
ethods [14–24]. Du et al. [14] found that the dielectric con-

tant of Bi1−xLaxFeO3 sample increased after La doping. Uniyal and
adav [15] synthesized the nanocomposites of ZnFe2O4–BiFeO3
y sol–gel technique and found that the magnetic behavior was
trongly dependent on the annealing temperature. Simões et al.
16] deposited the Nb doped BiFeO3 films by soft chemical method

nd found that the Nb dopant was effective in improving electri-
al properties of BiFeO3 films. Liu et al. [17] prepared the Ce-doped
i1−xCexFeO3 thin films on Pt/TiO2/SiO2/Si substrates by chemical
olution deposition and found that the saturation magnetization

∗ Corresponding author. Tel.: +86 29 88494463; fax: +86 29 88492642.
E-mail address: hqfan3@163.com (H. Fan).

925-8388/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2010.10.084
increased with the increase of Ce content. Kazhugasalamoorthy et
al. [18] investigated the properties of pure and rare earth mod-
ified BiFeO3 ceramics. Zhang et al. [19] found that the leakage
current decreased with the increasing Eu concentration. Another
research group investigated the band gap, stress constant and opti-
cal properties, respectively [20]. It was reported that the direct
300 K charge gap was observed at 2.67 eV. Mishra and Qi [21] cal-
culated the band gap of the Ni-doped BiFeO3 (2.75 eV) prepared
by using sol–gel method from the absorption data. Theoretically,
Baettig et al. [22] calculated the magnetic nearest-neighbor cou-
pling constants for BiFeO3, Bi2FeCrO6 and BiCrO3 by employing the
LDA + U method. Their results provided a possibility for designing
a multiferroic material with large magnetization above room tem-
perature. In addition, Zhu et al. [23] studied the properties of BiFeO3
(1 1 1) surface by using the full-potential augmented plane wave
method within the LSDA + U. Wang et al. [24] obtained the elas-
tic compliance coefficients of BiFeO3 by using density functional
theory. Simulating the antiferromagnetic property of BiFeO3 was
ignored in their work.

In the present work, the spin directions of Fe atoms in a cell
were set to be aligned in opposite senses along the [1 1 1] direc-
tion to simulate the antiferromagnetic property. This assumption
is justified because BFO is in fact nearly antiferromagnetic, since
it rather exhibits a spiral spin structure, which requires build-
ing much larger supercells containing thousands of atoms and
considering additional interactions. Our assumption should quali-

tatively apply to BFO. The band structure, electronic, optical and
Mulliken charges properties of BFO were calculated by using a
series of first-principles. The optical properties, which contain
the frequency-dependent absorption spectra, reflectivity, refrac-
tive index, dielectric function and loss function, were investigated.

dx.doi.org/10.1016/j.jallcom.2010.10.084
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:hqfan3@163.com
dx.doi.org/10.1016/j.jallcom.2010.10.084
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serious inner structural distortion in geometry optimization in our
simulation than the experimental [11,30–32]. This is attributed to
no defect in ideal crystal, which is different from the practical crys-
tal. We find that the use of GGA + U makes the equilibrium volume
have a 2.4% overestimation than the experimental value. Accord-

Table 1
Experimental and calculated lattice constant a (Å), rhombohedral angel ˛ (◦), vol-
ume V (Å3) and atomic fractional coordinates for BiFeO3 in R3c structure, where the
rhombohedral structure was used.

a ˛ V Fe (x, x, x) O (x, y, z)

Exp.a 5.634 59.348 124.6 0.221 0.528 0.395 0.933
Exp.b 5.637 59.344 124.8 0.221 0.524 0.397 0.934
Exp.c 5.630 59.343 124.3 0.221 0.523 0.422 0.939
Exp.d 5.635 59.348 124.6 0.220 0.527 0.937 0.396
Cal.e 5.459 60.360 116.0 0.231 0.542 0.943 0.398
Cal.f 5.697 59.235 128.5 0.223 0.534 0.936 0.387
Cal.g 5.500 60.180 115.0 0.231 0.399 0.541 0.946
Cal.h 5.660 57.320 120.4 0.221 0.530 0.936 0.390
Cal.i 5.672 59.240 127.7 0.224 0.535 0.937 0.388
Cal.j 5.669 58.349 124.0 0.222 0.368 0.551 0.929

a Ref. [10].
b Ref. [30].
c Ref. [31].
d Ref. [32].
e Ref. [11], VASP-PAW-LDA.
ig. 1. The pseudocubic cell (a) and rhombohedral cell (b) of the structure of the
3c phase of BiFeO3. The Fe atom at A site and at B site is intercalated spinning
ownward and spinning upward, respectively.

he crystal field theory was employed to explain the results of the
bsorption spectra.

. Computational methods

The first-principles calculation is performed using density
unction theory (DFT) [25] within the generalized gradient approx-
mation (GGA) with the correction of Perdew–Burke–Ernzerhof
or the exchange-correction potential [26,27] as implemented in
ASTEP code. In order to build the model of BFO, the Materials
isualizer is implemented. The BFO model is shown in Fig. 1. It

s seen that the perfect BFO cell consists of two Bi, two Fe and six
centered at Bi3+. The electronic configuration of Fe atom, which

s ferric iron in BFO, is 3d64s2. According to the Hund’s rules, the
ystem is more stable when the orbital is full, half-full or empty.
hus, Fe atom contributes three electrons, two electrons of that
n 4s orbit and one of that in 3d orbit, to help the unpaired elec-
ron of O pairing. At the same time, other five unpaired electrons
n 3d orbit will hold the same spin directions but different mag-
etic quantum numbers. On the basis of valence bond theory, it

s easy to form outer-orbital coordination compound for the large
lectronegativity of O when oxygen atom coordinates the central
tom. To constitute the FeO6 octahedral, the oxygen anions furnish
he lone-pair electron to occupy the empty bands which are sup-
lied by the 4s4p4d hybridized orbits of Fe atom in the central of
he octahedral. Thus, the Fe atom, which has five unpaired electron
n 3d orbit, belongs to high spin states. In a word, it is reasonable for
s to set two Fe3+ ions in a cell both at high spin states but opposite
irections to simulate the antiferromagnetic property of BFO. For
he R3c antiferromagnetic state, there is one possibility of lower
ymmetry (↑↓) [28], where the arrows represent the relative ori-
ntation of spins on positions A and B in Fig. 1. The total charge of
he cell are set zero.

In this paper, CASTEP code has been used for the ground-state
lectronic structure calculations under DFT method theoretically
ased on GGA. The different cut-off energy is employed to calcu-

ate process geometry optimization, and the correlation between
otal energy and cut-off energy is shown in Fig. 2. Neighboring dif-
erence between 340 and 380 eV is smaller than 1 × 10−4 eV, so the
lane-wave cut-off energy of 340 eV is chosen. Ultrasoft pseudopo-

entials [29] are used for the Bi, Fe and O atoms. The smaller the
nergy, stress and displacement of system are, the more stable the
ystem is, so optimal atomic positions are determined until the fol-
owing conditions are satisfied: (i) the maximal change of energy
Fig. 2. The variation in system energy as a function of cut-off energy of BiFeO3.

per atom is smaller than 1 × 10−5 eV; (ii) the maximal displacement
is smaller than 1 × 10−4 Å; (iii) the maximal force on them is smaller
than 1 × 10−2 eV/Å; (iv) SCF tolerance = 1 × 10−6 eV/atom. All other
calculations are performed on the basis of the optimized lattice
structure. Then the band structure, density of states, population
analysis and optical properties are calculated.

3. Results and discussion

3.1. Structural properties

The lattice parameters acquired from full structural optimiza-
tion of BFO are listed in Table 1. It is seen that the results are in
better agreement with experimental mean values, which have only
a 0.56% underestimation of the equilibrium volume compared with
the experimental average value. But the length and angle of the
lattice vector are a little longer and smaller than the experimen-
tal mean values, respectively. It is indicated that there is a more
f Ref. [5], VASP-PAW-GGA.
g Ref. [33], ABINIT-NCPP-LDA.
h Ref. [34], PWSCF-USPP-LDA.
i Ref. [35], WIEN2k–FP–LAPW–GGA.
j Present work, MS-CASTEP-USPP-GGA.
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Fig. 5. The calculated total and partial densities of states in BiFeO3 (only show spin
up). From the top down, it is shown total density, the density of Bi, Fe, O atom in
turn.

Table 2
Spilling parameters, atomic Mulliken charges and valence charges calculated for
BiFeO3.

Spilling parameter Anion charge (e) Cation charge (e) Effective
valence (|e|)
ig. 3. Calculated energy band structure of BiFeO3. The energy of the top of the
alence band (EF) is set to zero.

ng to the discussion above, the GGA is sufficient to describe the
tructure of BFO.

.2. Electronic properties

The calculated energy band structure of BFO along the high sym-
etry directions in the Brillouin zone is shown in Fig. 3. The top of

alence is set as zero energy level for BFO. To repair the systematic
rror of GGA, the scissors made a rigid upward shift of conductive
ands by 1.4 eV to represent the experimental band gap [20].

The spin magnetic moment is provided by iron atoms of BFO.
o simulate the antiferromagnetic order, two iron atoms are set
pinning oppositely in a cell, then the magnetic moments are coun-
eracted each other (A site spinning downward and B site spinning
pward shown in Fig. 1). In ideal condition, there is no net mag-
etic moment in infinite periodic structures. As shown in Fig. 4,
OS of the atom spinning upward and downward are completely

ymmetry with no net magnetic moment.
To further elucidate the nature of the electronic band structure,

he total and atomic site partial densities of states (PDOS) of BFO
ave been calculated shown in Fig. 5. The angular momentum char-
cter of the different structures can be identified from the PDOS.

rom the Fig. 5, the lower bands in the range of −11 to −9 eV are
rovided by Bi-6s states and the lone pair lying off center for this site

s difficult to be infected by other atoms. Thus, the origin of ferro-
lectricity in BFO is better described as originating from dynamic O

ig. 4. The calculated total densities of states, showing spin up and down of BiFeO3.
3 × 10−3 O: −0.81 Fe: 0.83 2.17
Bi: 1.62 1.38

p–Bi p hybridization [36]. The top of the valence bands in the range
of −6.5–0 eV is shown to be of predominantly O-p states character
with minor contributions of Bi-p states and Fe-d states. At the lower
conduction bands (2.5–4 eV), Fe-d states provide mostly and O-p
states provide only a little. The middle conduction bands (6–8 eV)
are occupied dominantly by Bi-p states, Fe-s states take over the
range of 10–11 eV in the top of the conduction bands. From the
Fig. 5, there are covalent bonding contributions between Fe and O
atoms and between Bi and O atoms.

The Mulliken analysis is employed to calculate the spilling
parameter, atomic charges (Table 2), populations and chemical
bond lengths (Table 3). It is found that the spilling parameter for
BFO system is very low which is reasonable to a good representa-
tion of the electronic bands using the initializing basis set. A spilling
parameter in the region of 10−3 indicates that only approximately
0.3% of the valence charge has been missed in this work. The effec-
tive valences of the atoms are listed in Table 2. The effective valence
is used as a measure of ionicity: a value of zero implies an ideal
ionic bond and values greater than zero indicate increasing levels of
covalence. It is indicated that there are more covalent bonding con-
tributions between Fe and O atoms than between Bi and O atoms.
Table 3 shows the populations for different species in the crystal.
A value for the population close to zero indicates that there is no

significant interaction between the electronic populations of the
two atoms. It is also found that the bond length decreases with the
increasing values of populations.

Table 3
Mulliken populations and bond length calculated from PW pseudopotential calcu-
lations for BiFeO3.

Bond Population (e) Bond length (Å)

O1,2,3–Fe1 0.40 1.96
O4,5,6–Fe2 0.40 1.96
O1,2,3–Bi2 0.12 2.20
O4,5,6–Bi1 0.12 2.20
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in the imaginary part of the dielectric function also explains the
structures in the refractive index.
ig. 6. Calculated absorption spectrum of BiFeO3. The insert shows the dependence
f the absorption on the energy with a range from 1.1 eV to 1.4 eV.

.3. Optical properties

The complex dielectric constant in Eq. (1) describes the linear
esponse of a system due to an external electromagnetic field with
small wave vector. In general, the difference between the prop-

gation of an electromagnetic wave through vacuum and some
ther material can be described by a complex refractive index dis-
layed in Eq. (2). The correlation between the dielectric function
nd refractive index can be shown in Eq. (3).

(ω) = ε1(ω) + iε2(ω), (1)

(ω) = n(ω) + ik(ω), (2)

(ω) = N2(ω). (3)

2(ω) =
(

�e2

2�h̄m2ω2

)∫
d3K

∑
nn′

∣∣〈Kn
∣∣P∣∣ Kn′〉∣∣2

× f (Kn)(1 − f (Kn′))ı(EKn − EKn′ − h̄ω) (4)

ere ω is the angular frequency. The imaginary part ε2(ω) of the
ielectric function can be thought of as detailing the real transi-
ion between occupied and unoccupied electric states and given
y Eq. (4) [35]. Here h̄ω is the energy of the incident photon, P

s the momentum operator and f(Kn) is the Fermi function. The
ther symbols have their usual meanings. The real part ε1(ω) of the
ielectric function can be obtained by the Kramers–kroning trans-
orm which links the real and imaginary parts. We have calculated
he absorption, refractive index and other optical properties, which
an be derived from the dielectric function.

The calculated absorption spectrum is shown in Fig. 6, and the
nset shows the dependence of the absorption on the energy with

range of 1.1–1.4 eV. It is seen that the major absorption starts
rom about 2.5 eV corresponding to the energy gap and the minor
bsorption begins at 1.18 eV. The 4d orbital of Fe atom is relatively
ar from the nucleus which is easy to overlap with the orbital of O
toms. The evidence of a few overlapping populations between Fe
nd O atoms is shown in Table 3. It is found that there may be minor
lectron occupying the states. On the basis of crystal field theory, in
he FeO6 octahedral the d orbital of Fe splits to threefold degeneracy
2g and eg bands. The PDOS of Fe displays two different states at the
nergy 2.6 eV (t2g band) and 3.8 eV (eg band), the energy difference

s close to the minor absorption edge (shown in Fig. 6). It is indicated
hat the minor absorption happens when the electron is excited
rom t2g bands to eg bands.

The calculated real part ε1(ω) and imaginary part ε2(ω) of the
ielectric function of BFO are shown in Fig. 7(a). It is seen that the
Fig. 7. Calculated the dielectric function ε(ω) (a), optical reflectivity spectrum R(ω)
(b) and energy loss spectrum L(ω) (c) of BiFeO3.

imaginary part ε2 (ω) shows three peaks in the picture. The left peak
is on account of the transition from O-p electron to unoccupied Fe-
d states, the middle one is due to the transition from O-p electron
to Bi-p high-energy conduction bands, and the right one is owing
to the transition of inner electron excitation from O-p to Bi-p or
Fe-d conduction bands [37,38]. The static dielectric constant ε(0)
is about 18 in this work. The loss function is shown in Fig. 7 (c).
The peak of L(ω) is corresponding to the trailing edge in the reflec-
tion spectra. For instance, the prominent peak of L(ω) is situated
at the energy about 30 eV corresponding the abrupt reduction of
the reflectivity (shown in Fig. 7(b)). And it is also corresponding
to the edge where ε2 < 1 and ε1 reaches the zero point. The main
peak in L (ω) spectra represents the characteristic associated with
the plasma response and corresponding frequency is the so-called
plasma frequency ωp.

The refractive index and the extinction coefficient are shown
in Fig. 8. It is found that the static refractive index n(0) is 4.2, the
maximum of that is about 5.8 at 4 eV and the minimum of that is
about 0.3 at 20 eV. As we know, the refractive index and extinc-
tion coefficient are in direct proportion to the real part and the
imaginary part of the dielectric constant, respectively. Comparing
Fig. 7(a) with Fig. 8, it can be found that two dash dot lines have
the same trend, which indicates that the origin of the structures
Fig. 8. Calculated optical refractive index n and extinction coefficient k of BiFeO3.
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. Conclusions

In summary, the structural, electronic properties and optical
roperties of BFO were studied by employing the first-principles
ithin generalized gradient approximations. The calculated equi-

ibrium lattice constant was a little smaller than the experimental
ean value. The electronic structure calculations showed that BFO

ad a 2.5 eV band gap. Analysis of the density of states revealed
hat the valence band was consisted with Fe-d and O-p states,
nd the conduction band was composed of Fe-d and Bi-p states.
he covalence contributions between Fe and O atoms were more
han between Bi–O atoms. The dielectric function, refractive index,
eflectivity and electron energy loss were calculated for radiation
p to 31 eV. It was indicated that the major absorption was believed
o the transition from valence band to conduction bands and the
easons of the minor absorption were attributed to the electrons of
he t2g bands excited to the eg bands.
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