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The electronic structure of different phases of BiFeOs were calculated by using density functional theory.
The DFT+U and semilocal Tran-Blaha modified Becke—Johnson potential were used. DFT+U results are in good
agreement with previous calculations. Our results have shown that in case of R3¢, Pnma, Pn2;a BiFeOs has G-
antiferromagnetic ordering and C-antiferromagnetic in case of C'm space group. In all calculated structures BiFeOs3
is a semiconductor with the band gap: 2.26 eV (2.27 eV) for R3¢, 1.91 eV (1.66 eV) for Pnma, 1.99 eV (2.18 eV)
for Pn21a and 2.09 eV (2.55 eV) for Cm within DFT+U (Tran—Blaha modified Becke—Johnson).
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1. Introduction

Bismuth ferrite (BiFeOgs) is the room-temperature
multiferroic compound which have attracted an increas-
ing interest due to its potential applications for magne-
toelectric devices [1]. However the cycloid-type mag-
netic structure prevents the observation of the linear
magnetoelectric effect [2, 3]. To overcome this prob-
lem and improve multiferroic properties, BiFeOj5 is doped
with rare-earth (e.g. Y [4], Gd [5]) or transition metal
(e.g. Ga [6]) atoms. Bulk BiFeOs; has a rhombohe-
dral symmetry (space group R3c) with G-type antifer-
romagnetic ordering, but doping leads to the structural
phase transitions e.g. R3¢ — Pn2;a — Pnma in case of
Gd [5], R3¢ — Pnma for Y [4], and R3¢ — Cm for Ga [6].
The detailed study of the structural and electronic prop-
erties of different phases of BiFeOs have been presented
in [7], where the extension of the density functional
theory (DFT) known as DFT+U have been applied.
DFT+U is based on the Hubbard model for strongly cor-
related electrons, where U is the on-site d—d Coulomb
interaction [8]. In this paper we focus on the electronic
structure of aforementioned phases of BiFeO3 calculated
within DFT+U and meta-generalized gradient approxi-
mation (meta-GGA) approaches. In the latter case we
used the functional based on the formula proposed by
Tran and Blaha which is modified version of the Becke—
Johnson exchange potential (TB-mBJ) [9]. In general,
in meta-GGA functionals the information from the ki-
netic energy density is used and the novel TB-mBJ func-
tional provides a good agreement of band gap values for
various semiconducting and insulating systems [10, 11].
The disadvantage of TB-mBJ is that it is not a func-
tional derivative so cannot be use to calculate forces and
geometry optimization [12].

In this paper the electronic structure of different phases
of BiFeO3 within both GGA+U and TB-mBJ potential
will be presented. According to our knowledge there is
no TB-mBJ calculations of electronic structures for these
phases of BiFeO3.
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2. Method of calculations

The calculations were done by using the projector
augmented wave method (PAW) [13] as implementend
in Vienna ab initio Simulation Package (VASP) [14].
The Perdew—Burke-Ernzerhof (PBE) GGA [15] were
used for exchange-correlation potential. The value of the
U parameter in the DFT+U approach was Up, = 4 eV
and was taken from [7]. The Brillouin zone integrations
were performed by using 4 x4 x4 I'-centered k-point grid.
A kinetic energy cutoff of 520 €V and a total energy con-
vergence thresold of 1076 eV were used. The semicore
d states were treated as core states in Bi. All the struc-
tures were fully relaxed within PBE+U approach and the
obtained lattice constants and atomic coordinates were
used for further studies of the electronic structure within
semilocal TB-mBJ potential [9].

3. Results

The calculated crystallographic data were presented in
one of our previous reports [16]. We compare the to-
tal energies among the Cm, R3¢, Pnma and Pn2;a crys-
tal structures of BiFeOj3 together with the different spin
arrangements (ferromagnetic and antiferromagnetic: A-,
C- and G-AFM). The AFM spin arrangements of BiFeO3

TABLE I

Calculated energy differences (meV/f.u.)
between different phases of BiFeO3 within
PBE-+U approach.

AE = E — E(R3¢-G) [meV /f.u.]

Space group This work [7]
R3c-G 0 0
Pnma-G 109 60
Pn2ia-G 46 14
Cm-C 29 12

means that the spins on the Fe3* ions are aligned in
opposite senses. The ferromagnetic phase stacked anti-
ferromagnetically on the ab planes in the c-axis for A-
AFM. The antiferromagnetic phases stacked ferromag-
netically on the ab plane in the ¢ direction for C-AFM.
The antifferomagnetic phase in three directions stacked
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for G-AFM. The results are given in Table I. From the to-
tal energy calculations within PBE+U the R3¢c-G is the
most stable phase. The G-AFM spin ordering is favor-
able in Pnma and Pn2;a structures and C-AFM in Cm
phase. Our results are in good agreement with previous
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report [7]. The discrepancies in Table I between our re-
sults and previous results from [7] could be connected
with the values of numerical parameters e.g. Gaussian

smearing etc., but general the trend is preserved.
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Fig. 1. Density of states of different phases of BiFeOs calculated within both PBE+U (upper part) and TB-mBJ.

For the AFM phases the results for spin-up and spin-down channel are the same.
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In Fig. 1 we present the total and partial density of
states (DOS) of aforementioned phases of BiFeOs cal-
culated within PBE+U (upper part) and the semilocal
TB-mBJ. In all cases the valence band (VB) is dominated
by O 2p states with some contribution from Bi 6p and
Fe 3d states (from —6 eV to 0 eV). The main difference
in DOS between PBE+U and TB-mBJ results appears
in the middle part of the VB (=6 €V to —8 €V) and con-
nects with the Fe 3d orbitals. In PBE+U approach this
region is dominated by the strongly localized Fe 3d for all
structures and only for R3¢ within TB-mBJ. For other
structures within TB-mBJ the Fe 3d states are shifted
to higher energies and blur along the VB. This leads to
the separation of the bands near the Fermi level. Sim-
ilar behaviour has been observed in case of d-states in
CaCuO; [10] and NiO [17]. The lower part of the va-
lence band consists of Bi 6s state with some admixture
of O 2p states (around —9 €V). The differences in DOS
observed in unoccupied states for PBE+U and TB-mBJ
calculations are associated with exact peak positions and
relative intensities. The correctness of expectation of this
part of DOS for applied approaches may be verified us-
ing experimental electron energy loss spectra. The con-
duction band is characterized mainly by the empty Fe 3d
states with admixture of Bi 6p and O 2p states. The Bi 6s
and O 2p orbitals in the lower part the VB and near the
Fermi level form a pair of occupied bonding and anti-
bonding states, respectively. The contribution from Bi 6s
states near the top of the VB increases within TB-mBJ
functional. Such situation is typical in the formation of
lone pairs [18].

In Table II the band gaps (E;) and Fe magnetic mo-
ments (upe) are given. The band gaps obtained within
both approximation are rather similar. For R3c-G struc-
ture the value of the gap (2.26 eV) is comparable with ex-
perimental measurement determined from the UV-visible
diffuse reflectance spectrum (2.5 €V) [19]. Both applied
approaches give comparable values of magnetic moments
on Fe.

TABLE II

Calculated band gaps (V) and Fe magnetic moments
(uB) for different phases of BiFeOs.

Space group By [eV] jire L]
PBE+U | TB-mBJ | PBE+U | TB-mBJ
R3c-G 2.26 2.27 +4.11 +4.24
Pnma-G 1.91 1.66 +4.12 +4.03
Pn2ia-G 1.99 2.18 +4.11 +4.03
Cm-C 2.09 2.55 +4.09 +4.00

4. Conclusions

The electronic structure of different phases of BiFeOs
within PBE+U and TB-mBJ approaches were presented.
The most stable phase is R3c-G. The band gaps within
both approximations are similar and the calculated value
of band gap for R3c phase is comparable to the experi-
mental gap from the optical absorption spectra. Our cal-

culations suggested that TB-mBJ functional gives satis-
factory results for the band gaps and the magnetic mo-
ments on Fe in BiFeO3.
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