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Systematic variations in the structural and electronic properties of BiFeO3 with A-site substitutions
were studied using first-principles density functional theory calculations. It is found that the
ferroelectric distortion of BiFeO3 with group IIIA element �Sc3+, Y3+, and La3+� substitutions is
significantly affected by the hybridization between substitute d states and oxygen 2p states, while
that with group VB element �Sb3+� substitution is stabilized by the s2 lone pair electrons. For both
groups, the substitute with smaller ionic size and larger electronegativity causes more significant
off-center displacement and narrower band gap. © 2010 American Institute of Physics.
�doi:10.1063/1.3279137�

As the only known room temperature single-phase mul-
tiferroic material, BiFeO3 is attractive for both fundamental
research and applications.1–5 However, BiFeO3 suffers severe
property deteriorations due to defects and nonstoichiometry
such as secondary phases, cation vacancies, oxygen vacan-
cies, and valence fluctuation of iron ions.6–8 Chemical sub-
stitution is an effective way to improve the performance
of BiFeO3, and many substitutes have been studied
experimentally.9–12 Furthermore, chemical substitution could
tailor the structural and electronic properties of BiFeO3, and
induce or enhance many interesting results, such as electrical
modulation of conduction,4 and hydrostatic-pressure-induced
metal-insulator transition.13

In this work, we study the effects of A-site trivalent sub-
stitutes on the structural and electronic properties of BiFeO3
using first-principles density functional theory calculations
within the projector augmented wave �PAW� method imple-
mented in the VASP.14 The pseudopotential approach was
adopted, where Bi 5d106s26p3, Fe 3p63d64s2, and O 2s22p4

orbitals were treated in the basis. The group IIIA elements
Sc3+, Y3+, La3+, and group VB element Sb3+ are considered
as substitutes in this study, as their ionic radii are similar to
that of Bi3+ �Table I�.15 For the substitutes, Sc 3s23p64s23d1,

Y 4s24p64d15s2, La 5s25p65d16s2, and Sb 5s25p3 were
considered as valence electrons. All calculations were per-
formed with an energy cutoff of 500 eV for the plane wave
expansion of the PAW, a 2�2�2 Monkhorst Pack grid of k
points, and the Fermi-smearing for the Brillouin zone inte-
grations. We used the semiempirical LSDA+U method,
where the strong Coulomb repulsion between localized d
states is treated by adding a Hubbard-type term �U� to the
effective potential, leading to a better description of the cor-
relation effect in transition-metal oxides.16 In this study, we
used a value of Ueff=6 eV �U=6 eV and J=0 eV� in the
framework of Dudarev’s approach.17,18

A 2�2�2 supercell was adopted for all the calcula-
tions, where the unit cell is consisted of two formula units. In
view of the well-known deficiency of local density approxi-
mation �LDA� in calculating the lattice parameters of perov-
skite ferroelectrics,19 we use experimental values of the unit
cell �a=5.630, �=59.3°� for our calculations.20 Rock-salt �G-
type� antiferromagetic order with a homogeneous and collin-
ear spin arrangement was used. To study the effects of A-site
substitution, one of the Bi ions in the supercell is replaced
with one substitute, corresponding to a doping concentration
of 6.25%. All structures were relaxed while keeping the lat-
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TABLE I. Calculated structural parameters �O–Fe–O bond angle, Fe–O–Fe bond angle, the shortest A–O and Fe–O bond length, and A–Fe distance�,
one-electron band-width, and energy band gaps for BiFeO3 with A-site substitute. The coordination numbers for group VB and group IIIA substitutes are 6
and 9, respectively. The number in the brackets in the dA–Fe row indicates the larger A–Fe distance. The number in the bracket for the ionic radius of Bi
indicates that with a coordination number of 9.

Substitute

Group VB Group IIIA

Sb Bi Sc Y La

Ionic radius 0.76 1.03�1.24� 0.92 1.08 1.21
Electronegativity 2.05 2.02 1.36 1.22 1.10
�O–Fe–O �deg� 162.5 166.4 165.7 168.7 171.1
�Fe–O–Fe�deg� 157.7 155.6 152.2 154.4 157.0
dA-O �Å� 2.10 2.29 2.13 2.33 2.52
dFe–O �Å� 1.92 1.96 1.95 1.95 1.96
dA-Fe �Å� 2.93�4.03� 3.05�3.88� 2.88�4.08� 3.06�3.87� 3.23�3.65�
W �arb. units� 10.00 9.25 9.43 9.37 9.30
Band gap �eV� 2.28 2.45 2.34 2.39 2.42
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tice parameters fixed until the Hellman–Feynman forces are
less than 10 meV/Å. The electronic structures were also ana-
lyzed by electron localization function �ELF�, which pro-
vides a measure of the local influence of Pauli repulsion on
the behavior of electrons and permits the mapping in real
space of core, bonding, and nonbonding regions in a
crystal.21

The calculated density of states �DOS� and partial DOS
for both spin channels of BiFeO3 �Fig. 1�a�� shows that the
Fe 3d, Bi 6p /6s, and O 2p states are present in both con-
duction band and valence band, indicating both Bi–O and
Fe–O bonding. The Bi 6s2 lone pair forms a space-filling
localized lobe as shown in the ELF plot –�Fig. 2�a��, as a
result of the mixing of Bi 6p states into the filled antibonding
O 2p and Bi 6s states as proposed by Watson et al.22 The
anisotropic nature of the lone pair lobe causes the relative
movements of Bi and Fe ions in the �111� direction leading
to the giant ferroelectricity of BiFeO3. And our calculation
shows two different Bi–Fe distances of 3.05 and 3.87 Å
along the threefold axis �Table I�. All the calculated struc-
tural parameters, DOS and ELF plot of pure BiFeO3 are in
good agreement with the available data from experimental
and other theoretical studies.17,23–25

In the Sb-substituted BiFeO3, the lobelike Sb3+ 5s2 lone
pair is also present. Moreover, Sb3+ 5s2 lone pair induces a
greater localization than Bi3+ 6s2 lone pair, as shown in the
ELF plot �Fig. 2�b��. The more stereochemically active Sb3+

5s2 lone pair lobe stabilizes a more distorted structure around
Sb3+ ion. Our calculation shows a shorter Sb–Fe distance
�2.93 Å� on one side, compared with 3.05 Å for Bi–Fe, and

a longer distance on the other side �from 3.88 to 4.03 Å�.
Collectively, Sb–O bond is shortened to 2.10 Å, compared
with Bi–O bond of 2.29 Å �Note that we only discuss the
shortest A–O and Fe–O bond as they largely determine the
properties of BiFeO3�. This structural shift could be ex-
plained by the stronger hybridization between Sb 5s /5p or-
bitals and O 2p orbitals than that between Bi 6s /6p and
O 2p orbitals �Fig. 1�b��; and hence the stereochemical ac-
tivity of the Sb lone pair is stronger.22

In the La-substituted BiFeO3, the local lattice around
La3+ ion is close to a centrosymmetric structure without sig-
nificant ferroelectric distortion, which is also in agreement
with experimental observations.12,26 In a clear contrast to
Bi3+ and Sb3+ ions, La3+ ion shows a resistance to displace-
ment from its centrosymmetric position, resulting in a longer
La–Fe distance �3.23 Å� along the �111� direction and a
lengthened La–O bond �2.52 Å�. This effect could be ex-
plained by the turning-off of the stereochemically active lone
pairs, as La3+ and Bi3+ have similar ionic sizes �1.21 and
1.24 Å, respectively�.

However, it is striking to find that with reduced atomic
number of the group IIIA substitutes �Sc3+ and Y3+�, the
off-center displacement leading to ferroelectricity becomes
more significant again. With the ionic radius shrinking from
1.21 Å �La� to 0.92 Å �Sc�, A–Fe distance is shortened dra-
matically from 3.23 Å �La–Fe� to 3.06 Å �Y–Fe� and 2.88 Å
�Sc–Fe� on one side, and lengthened from 3.65 to 3.87 Å and
4.08 Å on the other side. It is interesting to see that while the
distortion of Y3+ is similar to that of Bi3+, the off-center
displacement of Sc3+ is even larger, giving rise to a stronger
ferroelectricity. These considerable off-center displacements

FIG. 1. �Color online� Calculated densities of states �DOS� for �a� pure
BiFeO3, and that with A-site substitute �b� Sb, �c� Sc, �d� Y, and �e� La. The
panels from top to bottom show the total DOS, the partial substitutes DOS,
partial Fe and O DOS for both spin channels calculated using the LSDA
+U method with Ueff=6 eV, respectively. The zero is set to the calculated
Fermi level.

FIG. 2. �Color online� Valence ELF plots projected along the polar �111�
axis ��112̄� plane� in �a� pure BiFeO3, �b� Sb, �c� Sc, �d� Y, and �e� La-
substituted BiFeO3. The vertical middle axis follows the order of Bi–Fe–Bi–
Fe–Substitute�Bi�–Fe–Bi–Fe–Bi. The upper end of the scale indicates no
localization, and the bottom end corresponds to complete localization.
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do not originate from the localized electron lobes, as the ELF
plots in Figs. 2�c�–2�e� show that the localized electrons
around the group IIIA ions are nearly spherically distributed.
On the other hand, the partial DOS analysis shown in Figs.
1�c�–1�e� indicate that Sc 3d, Y 4d, and La 5d states are
present in the conduction band from 3.0 to 5.5 eV above the
Fermi level as well as in the whole valence band, overlap-
ping with O 2p states; and the overlapping increases as the
atomic number decreases, indicating stronger A–O covalent
bond. This trend could be explained by the increasing elec-
tronegativity of the cation increases �1.10 for La, 1.22 for Y,
and 1.36 for Sc�. Furthermore, the reduced substitute size
with smaller atomic number makes ionic displacement struc-
turally easier. Therefore we conclude that small ionic size
and large electronegativity of the group IIIA substitute could
cause significant displacement along �111� direction even
without lobelike lone pair electrons.

Our calculations also reveal that the energy band gap of
BiFeO3 is reduced with smaller atomic number of both group
IIIA and group VB trivalent A-site substitutes. For group VB
elements, Sb substitution reduces the band gap to 2.28 from
2.45 eV of pure BiFeO3. For group IIIA elements, with the
reduced atomic number of substitute, the band gap decreases
from 2.42 to 2.39 eV and 2.34 eV for La, Y, and Sc, respec-
tively. This systematic variation of the electronic structure in
BiFeO3 by chemical substitutions could be explained by the
Fe–O–Fe super-transfer mechanism where Fe 3d electron
transfer is mediated by the O 2p states rather than the direct
transfer between the 3d states. The one-electron bandwidth
�W� depends on both the Fe–O–Fe bond angle and Fe–O
bond length, through the overlap integrals between the
Fe 3d orbitals and the O 2p orbitals. Proposed from tight-
binding approximation, this double dependence could be de-
scribed by the empirical formula W�cos � /dFe–O

3.5 , where �
=1 /2��− �Fe–O–Fe��.27,28 In BiFeO3, � is the tilting angle,
�Fe–O–Fe� is Fe–O–Fe bond angle, and dFe–O is Fe–O bond
length. As shown in Table I, for group VB elements, Sb
substitute increases the Fe–O–Fe bond angle from 155.6° to
157.7°, and shortens the Fe–O bond from 1.96 to 1.94 Å. For
group IIIA elements, Fe–O–Fe bond angle decreases from
157.0° �La�, 154.4° �Y�, and 152.2° �Sc�, and the Fe–O bond
length is reduced from 1.96 Å �La� to 1.95 Å �Y and Sc�. All
these structural changes result in a net increase of one-
electron bandwidth �W�. Therefore, substitution by smaller
A-site cation than Bi leads a systematic reduction of band
gap.

Moreover, the A–O hybridizations as well as Fe–O–Fe
super-transfer mechanism may also contribute to the system-
atic variations in energy band gap by the substitutions, as
both Fe 3d states and A-site cation states appear in the va-
lence band and conduction band. For group VB element sub-
stitution, Sb–O bond length decreases by almost 10%. Simi-
larly, significant shortening of A–O bonds is observed with
decreasing atomic number of group IIIA substitutes. The
shorter bond length indicates a stronger A–O hybridization
and is also likely to induce a wider band dispersion and
smaller band gap.

In summary, our theoretical study reveals that Sb3+ sub-
stituted BiFeO3 has a larger ferroelectric distortion than pure
BiFeO3, as strong Sb–O hybridizations lead to a greater ste-

reochemical activity of the Sb lone pair. On the contrary,
La3+ substitution weakens the ferroelectricity in BiFeO3 due
to the fact the electrons localized at La site are spherically
distributed. For other group IIIA elements �Sc3+, Y3+�, it is
striking to find that these substitutes could also lead to sig-
nificant ferroelectric distortion. This off-center displacement
is attributable to the small ionic size and large electro-
negativity of Sc3+ and Y3+, leading to strong Sc–O and Y–O
hybridization. The systematic change of band gap of BiFeO3
with atomic number of group IIIA and group VB substitutes
is closely related to Fe–O–Fe super-transfer and A–O hybrid-
ization as well.
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