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Electronic structure of BiFeO3 in the presence of strong electronic correlations
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Using density-functional dynamical mean-field theory (DFDMFT) we show the importance of multiorbital
electronic correlations in determining the insulating state of BiFeO3 , a multiferroic material with an electron
band gap larger than its bare bandwidth. Within the Fe3+ oxidation state and using realistic values for the on-site
Coulomb interaction, we unveil strongly correlated key features probed in x-ray photoelectron and absorption
spectra, showing good qualitative theory-experiment agreement. We explore the electronic reconstruction hidden
in ferromagnetic BiFeO3 , predicting broad orbital- and spin-polarized features at low temperatures. Our proposal
for ferromagnetic BiFeO3 is expected to be an important step to understanding the emergent correlated electronic
structure of magnetoelectronic and spintronic materials with persisting ordered localized moments coexisting
with Coulomb reconstructed electronic states.
DOI: 10.1103/PhysRevB.99.045112

I. INTRODUCTION

The coupling between orbital, lattice, and spin degrees of
freedom provides challenges for designing novel advanced
functional materials, both on fundamental and applied perspectives. In this context, perovskite multiferroics, in which
electric and magnetic orders coexist in the same structural
phase, have attracted great interest in recent years [1]. Particularly interesting are bismuth-based perovskites [2–5]. Due
to the large orbital radius of the Bi-6s 2 lone pairs, the crystal structure of Bi perovskites is usually distorted to low
symmetries, producing spontaneous ferroelectric polarization
along certain crystallographic directions [6]. Among the Bi
perovskites, BiFeO3 is the most systematically studied system both from theory [7–14] and experimental [3,4,15–24]
perspectives.
The lattice of BiFeO3 crystal (Fig. 1) is rhombohedrally
distorted with unit cell parameters a = b = c = 5.634 Å and
α = 59.348◦ [17]. By moving Bi and Fe atoms along the pseudocubic [111] direction and O atoms along the pseudocubic
110 direction, the unit cell elongates with the neighboring
octahedrons rotated in different directions along the [111]
crystallographic axis [4]. At ambient pressure conditions,
BiFeO3 has a ferroelectric Curie temperature TC of 1103 K,
[16], and an antiferromagnetic Néel temperature TN of 643 K
[15]. The Fe spins form a G-type antiferromagnetic ordered
structure, in which the spins are coupled ferromagnetically
in the pseudocubic (111) planes and antiferromagnetically
between neighboring (111) planes, so that each Fe atom
couples antiferromagnetically with its nearest Fe neighbors
[25]. Bulk BiFeO3 also reveals weak ferromagnetic order
(of the Dzyaloshinskii-Moriya type) [7] at low temperatures,
which mainly results from the canting of the antiferromagnetic sublattice with spiral spin structure [18]. Interestingly,
this spin circular cycloid state can be suppressed at room
temperature [20], where the coexistence of ferroelectricity and
2469-9950/2019/99(4)/045112(8)

ferromagnetism makes BiFeO3 a potential multiferroic material for future applications on magnetoelectric and memory
devices [26].
Before delving into the details of the strongly correlated electronic structure of paramagnetic and ferromagnetic
BiFeO3 , we remark that bismuth ferrite is expected to be a
potential functional material where ferroelectricity and ferromagnetism coexist at room temperature [2]. Although ferroelectricity and antiferromagnetism have long been known
in BiFeO3 single crystals [27], different experimental approaches have been conducted in recent years to explore
the formation of ferromagnetic BiFeO3 bulk crystals, films
[2,20,28], and heterostructures [29]. Importantly, the latter
study is providing direct evidences that the formation of
interface ferromagnetism is related to electronic orbital reconstruction. Theoretically, magnetically induced electronic
reconstruction in BiFeO3 has been investigated using firstprinciples density functional theories (DFT) [4,8,10,23]. Particularly relevant in this context is the recent density functional dymanical mean-field theory (DFDMFT) study by S.
Paul et al. [14] (see our discussion below), where the spectral
properties of paramagnetic and antiferromagnetic phases of
BiFeO3 were investigated and compared to photoemission
spectra. However, to the best of our knowledge, there have
been no previous DFDMFT investigations on the interplay
between dynamical multiorbital (MO) interactions, oxidation
state, and ferromagnetism, all inducing electronic orbital reconstruction in BiFeO3 . A key aspect of the present study is
thus to shed new light onto this problem of fundamental and
applied interest, showing intrinsic MO fingerprints relevant
for future experiments on bulk and BiFeO3 films. Strong, local
orbital interactions are shown to be the underlying reason
for the correlation features seen in optical and spectroscopy
experiments. As a byproduct of our analysis, we predict broad
orbital- and spin-polarized features, which could be seen in
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FIG. 1. Crystal structure of BiFeO3 . Large turquoise, medium
red, and small blue spheres represent Bi, Fe, and O atoms,
respectively.

future experiments on bulk and ferromagnetic thick films.
Within our DFDMFT treatment, we identify one relevant
among various types of mechanisms, which would lead to
changes in the one-particle spectra of ferromagnetic BiFeO3 ,
that is, the effect of spin ordering in determining the MO
electronic state relevant for magnetoeletronics [30]. In this
contribution, we show how the majority and minority spin
parts of the correlated spectra are shifted by different amounts
depending on the orbital and spin character due to strong MO
many-body scattering processes. To our knowledge, this is the
first study showing such nontrivial orbital- and spin-selective
dynamical transfer of spectral weight across the magnetic
phase transition of BiFeO3 .
Bulk BiFeO3 is known to be a wide band gap Mott insulator above TN [13,14]. The gap value obtained from correlated
[generalized gradient approximation plus dynamical meanfield theory (GGA+DMFT)] band structure calculations for
the rhombohedral R3c structural phase was found to be close
to 1.2 eV [13]. Albeit smaller compared with the experimental value of 1.8 eV for the indirect optical gap at ambient
pressures [31], this result is in very good agreement with the
indirect band gap value of 1.3 eV measured in thin films [32].
According to this GGA+DMFT study, the magnetic moment
of BiFeO3 is 4.6 μB at ambient pressure conditions, consistent
with a high-spin (S = 5/2) state.
The electronic structure, band gap, and magnetic properties of bulk and BiFeO3 films were investigated by different ab initio density functional theories implemented in
the GGA or local density approximation (LDA) as well as
(GGA/LDA)+U and local spin density approximation plus
U (LSDA+U ) schemes [4,8–10,12,22,23]. A perusal of these
DFT+U studies, which explicitly take into account the effect
of local electron-electron interactions, reveal that the on-site
Coulomb interaction U (effective or not) for BiFeO3 could

be in the range between 2 and 9 eV [8,10,22]. However, the
most common values for BiFeO3 crystals and films are in
the range between 5 and 7 eV, which is consistent with U =
6.0 eV used in the GGA+DMFT study of insulator-metal
transition of compressed BiFeO3 [13]. However, in spite of
these theoretical efforts, neither the changes of the Mott insulating state of paramagnetic BiFeO3 with increasing U nor
the electronic spectrum [22,24] hidden in the ferromagnetic
ordered state of bulk [20] and thick BiFeO3 films [11] were
addressed so far. In this work, we shed light onto this problem
within LDA+DMFT approximation [33], showing that the
emergent strongly correlated electronic state is caused by
large transfer of spectral weight with concomitant formation
of orbital-selective localized moments in BiFeO3 .
Recently, Paul et al. [14] have used the LDA+DMFT
approach to compute the valence-band photoelectron and
magnetic excitation spectra of BiFeO3 . The results of this
study were shown to be in good agreement with the experimental data [22] for the occupied states, whereas the LDA+U
method fails to capture the general features of the measured
spectra. This study highlights the importance of incorporating
dynamical many-particle aspects of MO electronic correlation
effects within the Fe-3d orbitals to correctly reproduce the
experimental excitation spectra. Likewise, here we present a
self-consistent study of electronic structure calculations using
the LDA+DMFT approach for BiFeO3 parent compound. The
calculated density-of-states (DOS) is compared with experimental photoemission (PES) [14,22] and inverse photoemission spectroscopy (IPES) [24] data. We show how this can
provide a consistent explanation for the more relevant electron
correlation fingerprints in the occupied and unoccupied states
as well as to optical-absorption spectra of BiFeO3 singlecrystal [21] within the same theoretical framework.
II. THEORY, RESULTS, AND DISCUSSION

Within the rhombohedral (space group R3c) crystal structure and using lattice constants and atomic positions at ambient pressure conditions [17], one-electron band structure
calculations based on local density approximation (LDA) and
local spin density approximation (LSDA) were performed
for paramagnetic and ferromagnetic BiFeO3 using the linear
muffin-tin orbitals (LMTO) scheme, in the atomic sphere
approximation [34]. The LMTO scheme [35] provides reliable
results at one-particle level and has been used to study the
electronic structure of different materials [36], including perovskite titanate oxides [37,38], and iron-based systems [39].
Here, self-consistent solutions for para- and ferromagnetic
BiFeO3 were reached by performing calculations with 560
irreducible k points. The radii of the atomic spheres were
chosen as r = 3.16 (Bi), r = 2.46 (Fe), and r = 1.96 (O) a.u.
in order to minimize their overlap.
Consistent with previous DFT calculations for the nonmagnetically ordered phase of BiFeO3 [40], our LDA result
in Fig. 2 shows that the active electronic states in this Biperovskite compound involve the Fe 3d carriers, where all d
bands have appreciable weight near the Fermi energy, EF =
ω = 0. As seen, in the distorted R3c phase, the five Fe orbitals
split into a nondegenerated t2g1 band and two twofold degenerated t2g2 and eg2 bands [41]. As expected for perovskite
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FIG. 2. Orbital-resolved LDA and LDA+DMFT density-ofstates (DOS) for the Fe 3d orbitals of paramagnetic BiFeO3 . An
important feature to be seen is the narrow bare bandwidth and the
fact that all bands in LDA span a small region near the Fermi level,
EF = ω = 0. This confirms that the electronic states relevant to
Bismuth ferrite [13] are Fe 3d states. Noteworthy is the electronic
reconstruction and the formation of sharp Hubbard satellites with
increasing on-site Coulomb interaction U .

transition-metal oxides, the eg2 states are higher in energy
and almost fully polarized within LDA. However, as shown
below and similar to previous LDA+DMFT calculations for
low-pressure BiFeO3 [13], strong MO electron-electron interactions will scatter electrons among different orbital channels
via the interorbital Coulomb interaction U  and the Hund’s
exchange parameter JH , lowering the electronic eg2 states
towards the valence band and thus reducing the large LDA
orbital polarization. Importantly, the narrow bare bandwidth
W (which is below 1 eV for all active Fe orbitals) in LDA puts
BiFeO3 among the strongest Mott-localized transition-metal
perovskites [37,42].
Although first-principles (GGA/LDA/LSDA)+U calculations have provided reliable structural and magnetic groundstate information for BiFeO3 [4,8–12], they are known to
generically fail to capture the ubiquitous dynamical correlation effects [14], and so cannot access MO Mott localization
and the emergence of Hubbard satellites (local moments) at
high energies. Combining DFT with DMFT is the state-ofthe-art prescription for overcoming this problem [33]. Thus,
as common to correlated materials within GGA/LDA, the oneelectron part of the MO Hamiltonian for BiFeO3 reads H0 =

†
k,a,σ a (k)ck,a,σ ck,a,σ , where a = (t2g 1 , t2g 2 , eg 2 ) denote its
diagonalized 3d orbitals and a (k) is the corresponding band
dispersion, which encodes details of the one-electron band

structure. These five Fe-3d bands are the relevant one-particle
inputs for MO-DMFT, which generates a Mott-Hubbard insulating state with a large band gap at U = 7.0 eV as
shown below. Similar to Ref. [13], the correlated
many-body

reads
H
=
U
n
ni,a,↓ +
Hamiltonian
for
BiFeO
3
int
i,a,↑
i,a


U  i,a=b ni,a ni,b − JH i,a=b Si,a · Si,b . (Here, U is the onsite Coulomb interaction, U  = U − 2JH is the interorbital
Coulomb interaction term, and JH is the Hund’s coupling.)
We evaluate the many-particle Green’s functions [Ga,σ (k, ω)]
of the MO Hamiltonian H = H0 + Hint within LDA+DMFT
[33], using MO iterated perturbation theory (MO-IPT) as impurity solver [43]. The DMFT solution involves replacing the
lattice model by a self-consistently embedded MO-Anderson
impurity model, and the self-consistency condition requiring
the local impurity Green’s function to be equal to the local
Green’s function for the lattice. The full set of equations for
the MO case can be found in Ref. [43] so we do not repeat the
equations here.
It is worth mentioning here that the IPT is an interpolative
ansatz that connects the two exactly soluble limits of the oneband Hubbard model [44], namely, the uncorrelated (U = 0)
and the atomic [(k) = 0] limits. It accounts for the correct
low- and high-energy behavior of the one-particle spectra,
and the metallic Fermi liquid behavior in the large-D limit
(DMFT) [45]. It ensures the Mott-Hubbard metal-insulator
transition from a correlated Fermi liquid metal to a MottHubbard insulator as a function of the Coulomb interaction
U . The IPT is known to be computationally very efficient,
with real frequency output at zero and finite temperatures.
As shown below, the LDA+DMFT(MO-IPT) solution for
BiFeO3 introduces nontrivial effects stemming from the dynamical nature of strong electronic correlations. These processes namely lead to large transfer of spectral weight across
large energy scales in response to changes in the on-site
Coulomb repulsion, a characteristic lying at the heart of
the anomalous responses of correlated electron systems. We
recall that similar perturbative scheme as used here for the
MO Hamiltonian of BiFeO3 has been proposed by P. Pou
et al. [46], where electron correlation effects in local-orbital
electronic structure calculations were applied to Si-bulk crystals and H2 O molecules. It is also worth noting that direct
comparisons between MO-IPT results with numerically exact
methods, like the continuous-time quantum Monte Carlo (CTQMC) have been performed in recent years. In their detailed
work, Dasari et al. [47] provided an extensive comparison of
MO-IPT results and data from CT-QMC method, showing
good agreement between the two impurity solvers. Hence,
in view of this and our previous studies on Fe-based systems showing good theory-experiment agreement [39], we are
confident to use MO-IPT to explore the correlated electronic
structure of para- and ferromagnetic BiFeO3 .
Let us now discuss our L(S)DA+DMFT(MO-IPT) results
obtained within the formal d 5 electronic configuration of the
Fe3+ oxidation state in BiFeO3 . In Fig. 2, we display the
effect of increasing local electron-electron interactions on
the orbital-resolved spectral functions of R3c BiFeO3 parent
compound. As seen at U = 4.0 eV (and JH = 0.7 eV), the
system is an orbital-selective metal [48], where only the t2g2
orbital sector display appreciable spectral weight at EF . In
spite of this selective metallic behavior, lower (LHB) and
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upper (UHB) Hubbard bands at high energies are visible in
a more or less pronounced way, depending on the orbital
character, in all orbital-resolved spectral functions. This behavior highlights the intrinsic tendency towards large transfer
of spectral weight and Mott localization in transition-metal
oxide compounds [42], where U/W ratio is usually sizable.
Moreover, at U = 5.0 eV BiFeO3 is in the all-orbital Mott
localized state with an orbital-selective band gap size followed
by incoherent shoulder features above and below EF . As
seen in Fig. 2, the LDA+DMFT spectral functions are highly
reshaped by electron-electron interactions; at U = 7.0 eV
most of the spectral weight of BiFeO3 is located at narrow
Hubbard satellites, and only depleted shoulder states relevant
optical conductivity responses are found at energies above the
Mott gap.
To provide further insights for the emergent electronic
reconstruction and strong Mott localization in rhombohedral BiFeO3 , we have computed its orbital-resolved optical conductivity response using the correlated spectral functions for U = 7.0 eV, shown in Fig. 2. In the large dimensional limit (DMFT), this quantity is directly evaluated
as convolution of the one-particle Green’s functions [33],
and for MO correlated electron systems like BiFeO3 , the
real part of the optical conductivity
tensor can be evalu 


2 2πe2 h̄
 f (ω )−f (ω+ω )
Ak,a,σ (ω +
ated as σa,σ (ω) = va V
k dω
ω
ω)Ak,a,σ (ω ) [49], where V is the volume of the unit cell
per formula unit, va is the fermion velocity in orbital a and
Aa (k, ω) is the corresponding fully renormalized one-particle
spectral function.
In Fig. 3, we show the orbital-resolved optical conductivity
[σa (ω)] of BiFeO3 . As seen, the smallest optical gap, of
0.9 eV, is found within the t2g2 orbital sector, which in-
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FIG. 3. LDA+DMFT (U =7.0 eV, JH =0.7 eV) orbital-resolved
optical conductivity of BiFeO3 . Notice the low-energy line shape and
optical gaps, which are in qualitative good accord with polarized
optical-absorption spectra of BiFeO3 single-crystal [21]. The inset
displays our results in a large frequency window, showing an intense
enhancement of the optical conductivity response at energies above
6.7 eV originated from optical excitations between the Hubbard
satellites and the low energy shoulders in the LDA+DMFT spectral
functions.

creases up to 1.2 eV for the more Mott localized t2g1 orbital at
U = 7.0 eV. While there is no strict one-to-one correspondence between optical conductivity and optical-absorption
spectra, our results are in qualitative good accord with extant
polarized data for the absorption edged below 1.4 eV [21].
Similar optical low-energy line shape and redistribution of
optical spectral weight among different 3d orbitals shown in
Fig. 3 were reported few years ago for the titanate perovskite
YTiO3 both on theory [38] and experiments [50]. In particular,
the peak structure close to 2.0 eV seen in this strongly correlated d 1 transition-metal oxide has been identified as an effect
arising from interorbital Mott-Hubbard excitations, and this
scenario holds true also for the d 5 electronic state of BiFeO3 .
Moreover, also in close analogy to YTiO3 [50], large-scale
[O(7.0) eV] transfer of optical spectral weight (see inset of
Fig. 3) between the low-energy shoulders above the Mott gap
and the narrow Hubbard satellites at high energies
is obtained

for total optical conductivity [σtotal (ω) = a,σ σa,σ (ω)] of
BiFeO3 and future optical conductivity studies are called for
to corroborate our prediction.
Room-temperature Mössbauer spectrum of BiFeO3
nanoparticles reveal two quadrupole doublets, which were
assigned to coexisting Fe3+ and Fe2+ valence states [23].
The degree of amorphization (or metamictization) in BiFeO3
2+
nanoparticles was found to be Fe3+
0.838 Fe0.162 [23], a ratio
consistent with x-ray photoelectron spectroscopy (XPS) were
19% Fe-ions are in the d 6 (Fe2+ ) electronic configuration
[19]. The changes in the Fe-ionic content in BiFeO3 might
be due to the multiple valences possible for Bi and Fe,
particularly if the Bi ions acquire an average formal valence
of 4+, leaving the Fe ion with a 2+ electronic state [8]. With
this in mind as well as the fact that heating BiFeO3 seems to
enhance Fe3+ /Fe2+ valence fluctuations of the Fe ion [51],
in the main panel of Fig. 4, we compare the LDA+DMFT
total spectral functions obtained for Fe3+ and Fe2+ valence
states. Electron-electron interactions are expected to reach
their maximum at half-filling (or within the d 5 electronic
configuration of the Fe 3d shell) and to decrease away from
this configuration [52]. In spite of the large t2g -eg band
splitting in LDA, this electronic behavior is consistent with
our results in Fig. 4 where strong correlation fingerprints are
found within the Fe3+ valence state. Interestingly, while the
energy difference between the Hubbard bands is reduced,
the size of the Mott-Hubbard gap remains nearly unaffected
with increasing total electron concentration of the Fe 3d
shell. Moreover, in the inset of Fig. 4, we display the total
one-particle spectral function of BiFeO3 solid solution with
19% of metamictization [19], showing that additional low
energy features would be seen in future spectroscopy and
tunneling experiments.
Since the oxidation state of BiFeO3 systems remains uncertain [19,23,53], for a detailed analysis of dynamical MO
electronic interactions we compare our LDA+DMFT results
in Fig. 4 with experimental hard x-ray photoelectron spectroscopy (HAXPES) of bulk [14] and BiFeO3 thick films [22]
as well as with O K-edge x-ray absorption spectra (XAS)
[24]. In view of the fact that only the five 3d bands have
been included in the LDA+DMFT treatment, we focus on
the energy window (which, however, is rather wide) −3.0 
ω  5.0 eV around EF : this is beyond the region where only
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FIG. 4. Comparison between the total 3d LDA+DMFT DOS for
the Fe3+ and Fe2+ oxidation states with experimental hard x-ray photoelectron spectroscopy (HAXPES) of bulk (square) [14] and BiFeO3
thick films (circle) [22] as well as with O K-edge x-ray absorption
(XAS) spectra (diamond) [24], showing good qualitative theoryexperiment agreement at energies between −3.0  ω  5.0 eV
is visible. In particular, the low-energy line shape in HAXPES
and the double-bump feature in XAS are accurately resolved in
the LDA+DMFT spectrum for U = 7.0 eV. Inset shows the total
LDA+DMFT spectral function to be seen in future experiments of
BiFeO3 with 19% of metamictization [19].

the five d bands dominate in LDA [14,54]. As seen, good
quantitative agreement with HAXPES data is obtained at low
energies. Here, the bump feature close to 2.5 eV binding
energy in HAXPES [14,22] is interpreted as arising from collective intra- and interorbital fluctuations within the strongly
correlated Mott insulating state. However, similar to other
correlated transition-metal compounds [55], due to strong
dynamical correlation effects in BiFeO3 , the t2g1 and eg2 LHBs
for U = 7.0 eV are shifted toward energies where the O-2p
and Bi-6p bands start to occur in the LDA [14], i.e., below
1.8 eV binding energy (see Fig. 2). This superposition of
states with p and d orbital character together with background
signals [14] present in the experimental data makes it difficult
to compare our LDA+DMFT results with the valence band
spectra of R3c BiFeO3 . Thus more work is needed to identify
the orbital character relevant to band-gap suppression at low
binding energies in doped BiFeO3 . Remarkable as well is the
fact that our LDA+DMFT result for the Fe3+ valence state is
also in qualitative good agreement with XAS data for BiFeO3
[24]. In particular, the two pronounced t2g − eg peaks and
their energy separation are faithfully reproduced. Only the line
shape of the pre-edged peak close to 3.0 eV above EF is not
well captured as compared to experiment. However, according
to our results in Fig. 4, it is plausible to assume that the preedged peak reflects intrinsic tendency towards metamictization with small amount of Fe2+ valence and conduction band
states in the total electronic structure probed in spectroscopy
experiments. Taken together, our theory-experiment comparison constitute a consistent, quantitative rationalization of
basic strongly correlated one-particle fingerprints and serve as

a basis to explore the orbital reconstruction in ferromagnetic
BiFeO3 [11,20,23], as shown below.
It is instructive to note, however, that, though quantitatively good, the agreement is not quite as perfect in the
high-energy valence and conduction band regions. Particularly, consideration of the spectrum for energies below the
3.0 eV binding energy in HAXPES and for ω > 7.0 eV in
XAS is limited by our restriction to the 3d sector. Since
in our LDA+DMFT calculations we have ignored contributions from the O-2p bands [12,14], we cannot account for
spectral weight changes at high binding energies. We also
see that some spectral weight is lost in the XAS spectra,
possibly due to the lack of Bi3+ bands [12]. Thus our work
should be regarded as an attempt toward a more concrete
LDA+DMFT description of correlation-induced strong electronic reconstruction in BiFeO3 and related Mott insulating
compounds. An additional possible physical reason for the
theory-experiment discrepancy is the lack of core-hole scattering [56], which may induce additional broadening effects
in our theoretical results [57]. Core-hole effects will introduce
additional incoherent excitations (which are usually probed
by x-ray absorption experiments), substantially modifying the
many-body character of the unoccupied electronic states at
moderate to high energies. Thus, to shed more light on the
dynamical many-particle responses of paramagnetic BiFeO3 ,
future DFT+DMFT studies should incorporate the oxygen
p bands as well as the local core-hole potential [56] in the
multiband problem of BiFeO3 .
In earlier studies, it has been shown how the correlated
electronic state changes across different magnetic [38,58]
phase instabilities in MO systems, and why they can be semiquantitatively understood using (GGA/LDA)+DMFT with
sizable MO correlations. Here, we extend this aspect to characterize the electrical properties of ferromagnetic BiFeO3 and
its link to spin- and orbital-selective metallicity. The latter is
relevant for ferromagnetic bulk and thick films, where reduced
dimensionality and surface effects are expected not to play a
detrimental role for the already strongly correlated electronic
structure. To begin with, in the two main panels of Fig. 5,
we show the LSDA DOS of the majority (↑) and minority
(↓) spin channels for ferromagnetic BiFeO3 . As expected for
ferromagnetic systems, the majority spin band is transferred to
lower binding energies across the magnetic phase transition,
while the minority spin channel gets depopulated due to large
spin splitting. Interesting, however, is the fact that the band
broadening is almost not seen in the minority t2g channel,
which remains close to that found in the paramagnetic state,
albeit transferred to energies above EF . On the other hand, an
effective 100% broadening is obtained for the minority eg sector. Taken together, our LSDA results in Fig. 5 suggest strong
spin-orbital differentiation across the para- to ferromagnetic
phase transition in BiFeO3 which would lead to decreased
electron correlation through increasing bandwidth, an undoubtedly significant feature to be seen in future experiments.
The central result to be seen in Fig. 5 is the band broadening
modification observed in the LSDA DOS, which as a consequence is expected to induce partial screening of the Coulomb
potential [59] across the paramagnetic-to-ferromagnetic quantum phase transition in BiFeO3 . Motivated thereby, we have
chosen U = 6.0 eV [9] as representative value Coulomb
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FIG. 5. Spin-resolved L(S)DA total spectral functions of paramagnetic (dotted lines) and ferromagnetic (solid lines) BiFeO3 parent
compound. Notice the ferromagnetism-induced broad bandwidth in
majority spin-↑ channel and robustness of the minority t2g line shape
against ferromagnetic spin ordering. Inset shows the changes in the
L(S)DA+DMFT spin-resolved spectral functions across the para- to
ferromagnetic transition of BiFeO3 .

interaction parameter for ferromagnetic BiFeO3 . The insets
of Fig. 5 show how LSDA+DMFT modifies the LSDA band
structure. As expected, MO dynamical correlations arising
from U, U  , and JH lead to spectral weight redistribution over
large energy scales within the correlated MO electronic states
of ferromagnetic BiFeO3 .
According to our results in Fig. 6, metallicity in ferromagnetic BiFeO3 is of orbital-selective type, where electronic
localization is restricted to a particular subset of the active
orbitals present in the problem. This state usually has Mott
localized or fully polarized electron bands depending on the
magnetic state at a subset of orbitals coexisting with itinerant
(bad-metallic or not) electrons at the less correlated orbitals.
This tendency is clearly visible in Fig. 6 where the majority
t2g bands are fully spin-polarized, while the eg - ↑ channel remains close to half-filling. Interesting as well is the electronic
reconstruction within the minority t2g2 sector, which shows
Mott localization at low-energies and Hubbard like features
similar to that found in the paramagnetic state. Our results
thus suggest the coexistence of distinct electronic and spin
degrees of freedom in ferromagnetic BiFeO3 . This behavior
is expected for ferromagnetic systems close to electronic
delocalization, where strong orbital and spin differentiation
prevents the insulating fixed point. Our work calls for future
photoemission and polarized optical studies on ferromagnetic
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0
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4
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8

FIG. 6. Effect of ferromagnetic spin-ordering on the orbitaland spin-resolved electronic structure of BiFeO3 parent compound. Notice the large transfer of spectral weight yielding orbitaldifferentiated electronic localization and metallicity within the t2g
and eg orbital sectors.

BiFeO3 . These studies will constitute a proof to anisotropic
electronic delocalization and nonglobal electron-frozen ferromagnetism as well as the importance of treating dynamical
correlations adequately to reveal a variety of unexplored pathways of designing metallic ferromagnets for future spintronic
devices [60].
Taken together, this work have shown how one- and twoparticle features can semiquantitatively be understood within
our specific L(S)DA+DMFT(MO-IPT) proposal. The central
message of our approach is thus that a strong coupling picture
of BiFeO3 leads to a satisfying description of the evolution of
the MO electronic structure over the whole range of interest
for orbital reconstruction [29] of paramagnetic and ferromagnetic BiFeO3 . Clearly, being based on a first-principles correlated approach involving the full spin-resolved MO electronic
structure of ferromagnetic BiFeO3 , our proposal goes way
beyond earlier antiferro phase work [14], where only the total
valence band spectra have been compared, showing negligible
electronic reconstruction between para- to antiferromagnetic
phases. Differently to that recent LDA+DMFT(CT-QMC)
study, our results show strong electronic orbital reconstruction between the magnetic phases. Importantly, in the ferromagnetic regime, an itinerant-localized duality underpins the
physical behavior of the system, simultaneously giving rise to
metallic bands and to dynamically fluctuating local moments
putting ferromagnetic BiFeO3 close to selective Mottness.
Based on our results in Fig. 6, we predict coexistence of
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residual pseudogaped states and narrow Kondo quasiparticles
in metallic BiFeO3 . Characteristic strong correlation features
like self-energy corrections, local moment formation, and
Kondo clouds are all predicted to occur towards metallizing
the Mott insulator. Observation of these features would constitute further proof of the strongly correlated MO nature of
BiFeO3 bulk and films relevant for magnetoelectronics [30].
III. CONCLUSION

In this paper, we have performed LDA+DMFT calculations for the multi-orbital Hubbard model to provide a
microscopic description of the excitation spectrum which
emerges within the paramagnetic and ferromagnetic ordered
state of rhombohedral BiFeO3 . Strong electron localization
with pronounced Mott gap and Hubbard bands is found within
the paramagnetic insulating state using realistic values for
the on-site Coulomb interaction. Additionally, we show how
multiorbital electron-electron interactions induce an orbitalselective electronic state [48] for ferromagnetic BiFeO3 with
coexisting ordered magnetic moments and delocalized electronic states. The good qualitative accord between our numerical results with experimental hard x-ray photoelectron
spectroscopy (HAXPES) of bulk [14] and BiFeO3 thick films
[22] as well as with O K-edge x-ray absorption (XAS) spectra
[24,54] provides support to our proposal of orbital-selective
metallization and spin ordering in ferromagnetic BiFeO3 .
The central message of our approach is thus to show that a
strong coupling picture leads to a satisfying description for
the insulating gap and the electronic structure reconstruction
over the range of interest for optical and band-gap experiments. Clearly, being based on a first-principles correlated
LDA+DMFT approach involving the valence and conduc-
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