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ABSTRACT: BiFeO3 is investigated intensively, mainly as a multiferroic material. In
this paper, the state-of-the-art ab initio hybrid functional approach with atomic basis
sets was employed for a study of the stability range of BiFeO3 with respect to its
decomposition into binary oxides and elementary metals, as a function of temperature
and oxygen partial pressure. The calculated atomic and electronic structure of BiFeO3
was compared with previous LDA+U calculations using plane-wave basis sets. Based
on performed calculations, the phase diagram was constructed, which allows us to
predict the stability region of stoichiometric BiFeO3.

B

gaps) of nonmetallic materials, independently of the oxidation
state of transition metals.17−19
We report here the results of ab initio calculations of BFO
and possible products of its decomposition−binary oxides−
bismuth oxide Bi2O3 and Fe oxides (FeO, Fe2O3, and Fe3O4) in
various phases, in order to determine the range of possible
chemical potentials for all three elements involved (Bi, Fe and
O) at which BFO can exist. These ab initio structure
calculations were used further in the thermodynamic stability
analysis of BFO allowing us to identify its stability region.
Ab initio calculations were performed with CRYSTAL09
computer code.20 This code uses Gaussian-type basis functions
centered at atomic nuclei, to expand one-electron orbitals. The
B3PW hybrid functional20−25 was employed in all ab initio
calculations in this study. It includes a “hybrid” of nonlocal
exact Fock’s exchange, gradient-corrected (generalized gradient
approximation (GGA)), and local (local-density approximation) exchange potentials combined with the GGA correlation
potential of Perdew and Wang. The presence of Fe in the
considered materials suggests strong electron correlation
eﬀects. The use of a hybrid functional allows for a more
appropriate treatment of interactions between electrons, greatly
reducing the self-interaction error of standard density functionals.
Series of Coulomb and exchange integrals were truncated
with overlap thresholds26 of 10−8, 10−8, 10−8, 10−8, and 10−16.
The Monkhorst−Pack grid for integration over the Brillouin
zone in the reciprocal space was chosen such that the distance

iFeO3 (BFO) perovskite-type material has attracted great
attention due to its multiferroic and other important
properties.1−3 Recently, related perovskite solid solutions
(Bi1−xSrxFeO3‑δ and Bi1−xSrxFe1−yCoyO3‑δ)4−13 were also
proposed as cathodes for solid oxide fuel cells (SOFCs)
operating at intermediate (800−1000 K) temperatures. Understanding of thermodynamic stability conditions for BFO is
important and represents the ﬁrst step for future investigations
of intrinsic defects, surface structures, surface chemical
reactions (e.g., oxygen reduction reaction), the formation of
various solid solutions such as the cathode materials mentioned
above, and their possible structures and stability. The data on
BFO stability could provide important information on
conditions for manufacturing this and related materials.
A number of theoretical studies on BFO have been
performed within the past few years. Among them, the relative
stability of various charged defects was considered in refs 14
and 15, whereas the formation enthalpy of defect-free BFO was
analyzed in ref 16 in order to determine parameters for optimal
BFO thin ﬁlm growth. In these simulations, the local density
approximation (LDA) with the on-site Hubbard correction for
interatomic Coulomb interactions (LDA+U) was applied. In
such materials, the eﬀective one-center Coulomb interaction
parameter Ueff usually depends on the oxidation state of the
transition or f-metals, and the use of a single Hubbard U
parameter for diﬀerent oxidation states is not well justiﬁed. This
method deﬁciency could be overcome by using hybrid
exchange-correlation functionals, where the exchange functional
is mixed with precise nonlocal Fock’s exchange. The
calculations employing the hybrid functionals usually give
much better descriptions of the electronic structure (band
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Table 1. Lattice Parameters and Energy Diﬀerences between Two Phases of BiFeO3a
Space group
Obtained from

Magnetic order

label

number

a=b, Å

c, Å

γ, °

Z

ΔE, meV/molecule

FE

Expt.29
Opt.
Opt.
Opt.
Opt.
Opt.
Opt.

AFM
FM
AFM:G
FM
AFM:A
AFM:C
AFM:G

R3C

161

5.581
5.614
5.596
7.854
7.859
7.824
7.829

13.876
14.101
14.000
7.854
7.815
7.860
7.829

120°
120°
120°
90°
90°
90.0°
90°

2
2
2
8
8
8
8

208
0
1280
1166
1057
963

cubic
distorted cubic

a

Lattice parameters

Phase

Pm3̅m

221

Angles α = β = 90° in the unit cells of all crystal structures considered in this table.

Table 2. Optimized and Experimental Atomic Positions (Fractional Units) within Conventional Unit Cell in FE Structure of
BiFeO3
atom

symmetry position

Bi
Fe
O

a
a
b

expt.29

calculated
0.0000
0.0000
0.4378

0.0000
0.0000
0.0169

0.0000
0.2237
0.9547

0.0000
0.0000
0.4452

0.0000
0.0000
0.0176

0.0000
0.2208
0.9520

Table 3. Standard Gibbs Energies of Formation (ΔG0f) and the Formation Energies (ΔEf, equals ΔGf at 0 K) of Bi and Fe
Oxides and BiFeO3a
material
FeO

phase

magnetic order

cubic

AFM:[111]

Fe2O3

α-phase

AFM

Fe3O4

cubic
rhobohedral
α-phase
FE

FiM:↑↑ ↓↓↓↓

Bi2O3
BiFeO3

AFM:G

31

expt.
all-e
expt.31
all-e
expt.31
all-e
expt.31
expt.32
all-e

ΔEf, eV

Δ G0f, eV

−2.88
−3.05
−8.50
−8.26
−11.63
−11.48
−5.97
−7.97(−0.71)
−7.17 (−0.05)

−2.61
−2.77
−7.68
−7.45
−10.55
−10.39
−5.15
−7.15 (−0.71)
−6.35 (−0.05)

error, %
6.5
−3.1
−1.4

−11.2

a

Arrows in the case of Fe3O4 describe magnetic conﬁguration of the ground ferrimagnetic state, where the atomic spins of two iron ions in tetragonal
sites (denoted by two ﬁrst arrows) have opposite direction than the atomic spins of four iron ions in octahedral sites (last four arrows). Values for
BiFeO3 in brackets are formation energies and Gibbs energies with respect to the formation of BiFeO3 from Bi2O3 and Fe2O3. The errors represent
deviations of calculated formation Gibbs energies from experimental values.

between the neighboring points of the net is no more than
∼0.18 Å−1 for all the considered materials and employed unit
cells. The self-consistent procedure in all calculations was
continued until changes in the total energy become less than
10−8 Hartree. When performed, the crystal structure was
optimized completely (both the unit cell parameters and atomic
positions) until simultaneously four thresholds were reached:
the largest absolute (la) and root-mean-square (rms) values of
atomic forces became smaller than 4.5 × 10−4 a.u. and 3.0 ×
10−4 a.u. and the la and rms values of atomic displacements
became smaller than 1.8 × 10−3 a.u. and 1.2 × 10−3 a.u.,
respectively. The Stuttgart/Cologne group eﬀective core
potentials27 (ECP) were used for Bi and the all-electron
approach for Fe and O atoms. The basis set optimization and
details of the thermodynamic analysis of BFO stability will be
described in detail in an upcoming paper.28
At ambient conditions, BFO has the same ferroelectric (FE)
perovskite structure as common ferroelectric LiNbO3 (R3c,
#161 symmetry space group). The calculations of BFO in the
FE atomic conﬁguration were performed with the unit cell
corresponding to the rhombohedral symmetry with two
formula units. The cubic centro-symmetric perovskite conﬁguration of BFO was modeled by unit cells containing 8 formula
units (2 × 2 × 2 extended unit cell with respect to a minimal

perovskite unit cell of 5 atoms), in order to include into the
modeling all possible anti-ferromagnetic (AFM) magnetic
orders. There are three possible AFM orders for the perovskite
lattice: (i) in the A-type AFM the Fe spins have ferromagnetic
ordering within (001) planes, but spins in the nearest
neighboring planes have opposite orientations; (ii) in the Ctype AFM order, spins are ferromagnetically ordered along one
of the [001] directions, but AFM-ordered in the planes
perpendicular to this direction; (iii) in the G-type AFM order,
all nearest-neighboring iron atoms have opposite directions of
their spins. In the cubic perovskite structure, FM and all
possible AFM orders were modeled. For the FE structure of
BFO only FM and one AFM spin orders were considered; the
AFM conﬁguration coincides with the G-type AFM spin order.
The main results are presented in Table 1. In agreement with
experiments, the G-type AFM spin order is the most stable
conﬁguration for both FE and cubic BFO. The structure of the
FE state lowest in energy with the AFM (G) spin order is very
well reproduced in the present calculations as well: the largest
deviation in the calculated vs experimental lattice parameters is
0.9%. The cubic structure is by ∼1 eV higher than the FE one.
The FM state is the highest in energy. The AFM C-type state is
lower in total energy than the A-type state. The calculated and
experimental atomic positions within the FE unit cell of BFO
2848

DOI: 10.1021/acs.jpclett.5b01071
J. Phys. Chem. Lett. 2015, 6, 2847−2851

Letter

The Journal of Physical Chemistry Letters

Figure 1. (a) Phase diagrams for BiFeO3 based on hybrid density functional calculations with all electrons on Fe ions included explicitly. The
formation energies used to build these diagrams are provided in Table 3. The numbered lines in the central panel describe conditions of forming of
(1) FeO; (2) Fe2O3; (3) Fe3O4; (4) Bi2O3; (5) Bi metal. Green area marks the region of BiFeO3 stability. Side panels serve to convert values of
oxygen chemical potential to easily observable values of temperature T and oxygen partial pressure pO2. (b) Enlargement of the region marked by a
rectangular from panel a. See the text and refs 28 and 36−39 for more details on applied technique. The variation of chemical potential for Fe atoms
is deﬁned as the deviation of Fe atoms chemical potential from its value in metallic iron (ΔμFe ≈ μFe − EFe), which is the standard state for the iron
and approximated by the total energy of Fe atom in Fe metal. Similarly, the variation of O atom chemical potential is calculated with respect to the
total energy of O atom in O2 molecule (ΔμO = μO − (1/2) EO2).

Fe3O4. This is because the Gibbs energy of formation for FeO
is approximately a factor of 3 smaller than that for Fe3O4.
Ultimately, the accumulation of error resulted in noticeable
deviations in the formation Gibbs energy for BFO (∼10%).
The formation energies and the formation Gibbs energies for
BFO from Bi2O3 and Fe2O3 are only −0.05 eV/f.u., being
considerably underestimated as compared to the formation
enthalpies calculated from experimental data.31,32 However,
these formation Gibbs energies still have the correct sign,
corresponding to weakly stable BFO with respect to
decomposition into Bi and Fe binary oxides. The formation
energies are important because they determine the width of the
stability region in the phase diagram (Figure 1). A similar
estimate was done previously with LDA+U method and plane
wave basis set yielding the BFO formation energy from the
binary oxides14 equal to −0.2 eV. This value is more negative
than that obtained in our calculations, but it still is much
smaller compared with the experimental results. The deviation
in the calculated formation energy for BFO from the oxides can
arise due to shortcomings of the B3PW hybrid density
functional and due to neglect of the vibrational contributions

are compared in Table 2. The optimized atomic coordinates are
again in very good agreement with experimental results.29
The calculated formation energies and standard formation
Gibbs energies for binary oxides are presented in Table 3; these
were used to draw the phase diagrams necessary for the analysis
of BFO stability. The temperature dependence of the Gibbs
energies of formation is determined here only by the chemical
potential of O2 gas, i.e., vibrational contributions in the solid
phases are neglected. The experimental data on O2 gas were
taken from NIST Chemistry WebBook.30 The energies of
formation were calculated using the ab initio total energies for
the elemental materials; the standard Gibbs energies of
formation account for change in the Gibbs energy of O2 gas
between T = 0 K and standard conditions (T = 298.15 K). The
calculated Gibbs energies of formation for iron oxides allow us
to estimate the quality of the employed hybrid functional and
the procedure for calculating the formation energies. The
largest deviation of the calculated from the experimental
standard formation Gibbs energy is for FeO (5.9% for
calculations with ECP and 7.6% for all-electron calculations).
At the same time, the absolute deviation of the calculated
standard formation Gibbs energy is even smaller than for
2849
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O2 partial pressure. In both these cases, if there is an excess of
Fe atoms, Fe2O3 reduces to Fe3O4 before the chemical
potential of O atoms reaches the value of BFO decomposition.
It is easier to see all described transformations on Figure 1b,
where enlargement of the phase diagram at low values of O
atom chemical potential is provided.
In summary, the atomic structure of multiferroic BFO was
calculated using the B3PW hybrid density functional. In the
ﬁrst approximation, the vibrational contribution into the Gibbs
energy of solid compounds was neglected, and the temperature
dependence of the Gibbs energies of formation arises entirely
due to change in the Gibbs energy for oxygen gas. The obtained
results are in good agreement with experiments. The performed
ab initio calculations allow us to obtain all necessary Gibbs
energies of formation for the considered compounds, in order
to build phase diagrams and analyze the decomposition
products that determine the boundaries of the stability region
of BFO and can coexist with it. The same kind of diagram could
be built using the experimental Gibbs energies of formation.28
All these diagrams allow understanding of possible chemical
transformations in the system, whenever the system contains
equal number of Fe and Bi atoms or there is an excess of Fe or
Bi. The calculated crystal structures and formation energies are
very close and reproduce reasonably well-known experimental
data for iron oxides. Note that the variation range of the
chemical potential of the O atom, within which BFO is stable,
could also be determined from the phase diagrams and then
drawn on a contour map for the chemical potential of the O
atom.28
We have developed here a novel methodology for the
analysis of advanced material stability in terms of external
parameters: temperature and partial gas pressure. The present
advanced hybrid calculations show a surprising underestimate
of the BFO formation energy at 0 K, similar to the previous
standard LDA calculations. This leads to a very narrow area of
BFO stability, which is deﬁned here by the formation energy of
BFO from Bi2O3 and Fe2O3. This could result from deﬁciency
of the employed B3PW functional. Therefore, further testing of
available hybrid functionals is needed.

of solids to the formation energies. Both possibilities have to be
tested in the future.
We limited our consideration to a study of BFO stability with
respect to simple oxides and reduction of the metals. However,
it was found experimentally that BFO becomes unstable in the
temperature interval 720−1040 K with respect to decomposition32−35 to complex ternary oxides Bi25FeO39 and
Bi2Fe4O9. These materials have large size of unit cells and
noncollinear spin ordering. Therefore, theoretical modeling of
such materials is much more diﬃcult and demands large
computational time and resources, preventing us from
including such a study at the present time.
The calculated BFO formation energies (Table 3) were used
to build the phase diagrams presented in Figure 1 (see refs 28
and 36−39 for more details on building such phase diagrams).
The complete diagram in Figure 1a contains 3 panels. The
phase diagram is plotted in the central panel. The numbered
lines represent conditions for precipitation of Bi metal, Bi and
Fe oxides, and BFO, whereas the green area represents the
region of BFO stability. The employed theory assumes that
within the stability regions the stoichiometric ratio of metals is
strictly preserved or, in other words, the number of Bi and Fe
atoms must be equal and the formation of defects is not
allowed. Under this condition, the external environment
(temperature and partial pressure of oxygen gas) determines
only the sum of the chemical potentials of the metals. The
chemical potentials of the involved metals could be determined
separately, if at least one other material is present in the system.
The two side panels in the phase diagrams in Figure 1a serve
for a conversion of the chemical potential of the oxygen atom
to the observables (temperature and oxygen gas partial
pressure). On the right panel, it is presented as a function of
temperature for a set of preselected oxygen gas pressures. On
the left panel, the O atom chemical potential is presented as a
function of pressure for a considered range of temperatures
(the increment between neighboring lines is 100 K).
These panels can be used in two ways. One can draw vertical
lines on the panels for a selected temperature (at the right
panel) or pressure (at the left panel). This is illustrated by
vertical lines at side panels in Figure 1a. Crossings between
these lines and functions plotted at the panels produce scales to
measure pressure (temperature) for the selected temperature
(pressure) at the right (left) panel, correspondingly. Alternatively, one might want to determine temperature (pressure)
at a speciﬁc pressure (temperature) for a point in the phase
diagram. For this purpose, a horizontal line can be drawn
through this point; then the desired temperature (pressure) can
be found at the crossing of this horizontal line with the line for
desirable pressure (temperature) at the right (left) panel. This
approach is illustrated in Figure 1a by a dotted horizontal line
and vertical arrows.
The BFO stability region is restricted by Bi2O3, Bi metal,
Fe2O3, and Fe3O4 precipitation lines for the phase diagram built
using calculations with the all-electron description of the Fe
atoms. This qualitatively coincides with the phase diagram
based on experimental data discussed in ref 28; however, the
phase diagram presented in Figure 1 is much narrower than the
one built from experimental formation energies. The diagram in
Figure 1 predicts that BFO decomposes into Fe3O4, metallic Bi
and O2 gas (3BiFeO3 → Fe3O4 + 3 Bi + O2) when the ratio of
Bi and Fe atoms in the system is maintained, while the chemical
potential of the O atom decreases enough. The latter
corresponds to increase of temperature and/or decrease of
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