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The multiferroic BiFeO3 (BFO) as a charge-transfer-type insulator is an interesting system in which to explore
correlated electronic conduction. Here, we substitute divalent Ca ions into the parent BFO and apply an external
electric field at elevated temperatures to spatially redistribute spontaneously created oxygen vacancies, thereby
generating hole carriers in regions of less dense oxygen-vacancy concentrations. X-ray diffraction and photoemis-
sion spectroscopic measurement are employed to quantify a large variation of local oxygen-vacancy concentration,
as much as ∼1021 cm−3, and explore the consequent evolution of electronic band structure. We find that a nonrigid
polaronic band is created by hole doping as a result of a strong electron-lattice coupling. We also show strong
evidence for the disorder-driven formation of a Coulomb-glass state through electronic transport measurements on
a quantitative level. These spectroscopic and transport results can be combined and understood in the framework
of intrinsic spatial inhomogeneity of the polaronic charge density. The finding not only offers a promising platform
and methodology for examining the interplay of functional defects and correlated electronic behaviors, but also
suggests a unique electronic conduction mechanism applicable to systems with coexistence of strong electron
correlation, electron-lattice interaction, and randomness beyond the Coulomb-glass physics in semiconductors.
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I. INTRODUCTION

Oxygen vacancies are omnipresent in oxide compounds
and can critically influence electronic conduction phenomena
in correlated oxides, which manifest themselves, e.g., as
metal-insulator transitions, high-Tc superconductivity, mag-
netoresistance, and resistive switching phenomena [1–4].
Recently, oxygen vacancies have been regarded as an active
control parameter to adjust the physical properties and in-
duce emerging states and functionalities [4–11] beyond their
traditional role as an intrinsic defect formed according to
thermodynamic stability [12]. Since ionized oxygen vacan-
cies are donors to create double electrons, their existence
can directly influence electronic conduction by band filling
[5,13] and increase the extent of disorder, leading to strong
localization [14,15]. In addition, the antiparticle nature of
oxygen anions and the relatively high ionic mobility enable the
transfer of positive defects in an electric way and the creation
of a nonequilibrium state locally [5,6]. Despite the potential
usability of oxygen-vacancy control to find new conducting
quantum phases, studies so far apparently still remain at the
conceptual level, and it is also not entirely satisfactory to
quantify local oxygen-vacancy concentrations. Furthermore,
it has been challenging to understand delicate features of
electronic transport and band structure of local conducting
regions on a quantitative level.

In this respect, Ca-doped BFO (Bi1−xCaxFeO3−δ; BCFO)
is an interesting compound because it contains a large amount
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of oxygen vacancies (δ = x/2) spontaneously produced to
maintain the valence state of Fe3+, and the oxygen-vacancy
density in the as-grown state can be controlled by the Ca con-
tent (x) [5,10,16–19]. The parent compound is a well-known
multiferroic with strong electron correlation and large insta-
bilities both electric and magnetic [20,21], and its electronic
conduction at domain walls has attracted particular attention
[13,22,23]. In this paper, we show that electrical formation
of BCFO at an elevated temperature with large modulation of
the oxygen-vacancy concentration can realize a hole-doped
system with exotic electronic conduction explained within
the context of the Coulomb-glass theory, i.e., the formation
of a system with states localized by disorder and long-range
interactions between particles [24], in conjunction with the
emergence of a nonrigid band associated with strong electron-
lattice coupling. We discuss the experimental observations
based on polaronic charge inhomogeneity and localization at
charge-cloud boundaries, where the emergent band plays an
important role. These prominent property changes by electrical
control of oxygen vacancies hold promise for additional
electronic and optical functionalities.

II. ELECTRICAL FORMATION OF NONEQUILIBRIUM
OXYGEN-VACANCY DISTRIBUTION AND

QUANTIFICATION OF OXYGEN-VACANCY CONTENT

To create the conducting phase by an external electric field,
coplanar platinum electrodes were deposited on top of BCFO
films with homogeneously distributed oxygen vacancies in
the as-grown state [Fig. 1(a); see Appendixes A and B].
Oxygen vacancies as positively charged ions easily migrate
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FIG. 1. Electrical formation process for a nonequilibrium oxygen-vacancy distribution in BCFO films. (a) Schematics of a BCFO thin
film with a pair of platinum coplanar electrodes for the as-grown insulating state (left) and the electrically formed hole-doped state (middle)
where mobile oxygen vacancies are electrically removed. (Right) Proposed microscopic conduction mechanism in the hole-doped state. Phase
separation occurs as a result of the strong electron-lattice coupling and the randomness due to dopants. The major electronic conduction at
low temperatures is done by hopping of the localized holes along the boundaries between the high- and low-hole-density regions. (b) In situ
real-time electrical current measurement as a function of elapsed time during an electrical formation process at a bias of 15 V. (c) Microscopic
images for an as-grown area (top) and the electrically formed area (bottom). (d) X-ray diffractions for (001) film and substrate peaks. (e) c-axis
lattice parameters of BCFO films. The error bar indicates the full width at half maximum of the diffraction peak.

in an external electric field at 250 °C and accumulate near
the negatively biased electrode. Most of the interelectrode
areas contain few oxygen vacancies in contrast to divalent
Ca2+ ions which are homogeneously distributed. Accordingly,
the electrical formation process yields a hole-doped system
because the nonequilibrium distribution of oxygen vacancies
is nearly frozen after quenching to room temperature. For a
better understanding of the electromigration, we monitored
the current between the coplanar electrodes in situ during the
formation. It was observed that the current value abruptly
increased by six orders of magnitude at the moment when
a conducting path connected the electrodes [Fig. 1(b)]. Con-
ducting regions nucleate near the positively biased electrode
and grow toward the opposite electrode. The current after the
steep increase became slowly saturated, commensurate with
the expansion of the conducting regions. The higher the Ca
substitution ratio, the longer time was taken to establish the
first conducting channel because the initial oxygen-vacancy
concentration in the as-grown state is proportional to x. Initial
insulating states for all x were optically transparent with a
yellowish color, but the formed areas exhibited dark contrast
[Fig. 1(c)]. This nonequilibrium distribution could be turned
back into the original homogeneous distribution by keeping
samples at 250 °C for 2 h in atmosphere.

The amount of migrated oxygen vacancies was estimated by
measuring the variation of the c-axis lattice parameter using

x-ray diffraction because the existence of oxygen vacancies
tends to expand the volumes of oxide materials [25,26].
The electrical formation for BCFO also causes significant
changes in c-axis lattice parameters [Figs. 1(d) and 1(e)].
To quantify the oxygen-vacancy content based on Vegard’s
law, we calculated two interpolated lines between the two end
compounds, i.e., x = 0 and 1, for the as-grown compounds
with the fixed valence state of Fe3+ (δ = x/2) and the stoichio-
metric compounds (δ = 0). Oxygen content was determined
by comparing the measured c-axis lattice parameter with a
linear interpolation value between these two Vegard lines at a
given x. Except for x = 0.2 near the phase boundary of the
doping-driven ferroelectric to nonferroelectric transition [5],
the c-axis lattice parameter of all doping ratios approaches the
Vegard line at δ = 0 after the electrical formation, indicating
that the number of migrated oxygen vacancies is of a similar
order of magnitude to that in the as-grown state. We note that
this variation of oxygen-vacancy concentration (e.g., �nov ∼
2.5 × 1021 cm−3 for �δ ∼ 0.15 at x ∼ 0.3) is a huge change
that can have a large impact on physical properties, taking into
account that thermal annealing of bulk samples at x = 0.3 in a
high-pressure oxygen environment at ∼125 bar resulted in an
order-of-magnitude smaller variation (0 < �δ < 0.016) [27].

This estimation of oxygen content can be reconfirmed by
x-ray photoelectron spectroscopy (XPS) for the oxygen 1s

binding energy (Fig. 2). The small peak at 531 eV arises from
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FIG. 2. Estimation of oxygen stoichiometry using XPS. (a) Oxygen 1s XPS spectra measured in the as-grown and electrically formed
regions at the selected x. The XPS intensity was normalized by the integrated intensity of the Fe 2p XPS peak. These spectra can be deconvoluted
into two or three Gaussian peaks which are named high binding (H.B.), medium binding (M.B.), and low binding (L.B.) peaks, according to
the peak position. (b) The areal fraction of the oxygen H.B. peak. (c) The areal fraction of the M.B. and L.B. peaks plotted as functions of x.
(d) The total integrated intensity of the oxygen XPS spectrum represents the oxygen content relative to the Fe content. Assuming the Fe3+ valence
state and charge neutrality in all the as-grown samples, i.e., Bi1−xCaxFeO3−δ (δ = x/2), we can determine the relative oxygen stoichiometry
(3−δ) of the electrically formed area to be nearly 3.

intrinsic screening effects of neighboring Ca ions or oxygen
vacancies as well as from extrinsic surface contaminations.
The extrinsic effect is almost identical for all samples while
the portion of Ca ion contribution linearly increases with x.
Subtraction of the electrically formed spectrum from the as-
grown one gives the oxygen-vacancy contribution. As the total
spectral weight of the oxygen 1s peak is proportional to oxygen
content, it enables quantification of oxygen stoichiometry as
summarized in Fig. 2(d), which is consistent with the above-
mentioned result of x-ray diffraction.

In addition, the major single peak on the right-hand side
became broader and asymmetric after electrical formation,
indicating that the hole-doped samples were spatially
inhomogeneous [see the enlarged schematic in Fig. 1(a)],
due to formation of polaron clouds [28–31]. It is thought that
phase separation occurs on a length scale of less than 100 nm,
because the photoemission electron microscopy (PEEM)
result (which will be addressed later in this paper) turned out to
be uniform at a spatial resolution of ∼100 nm. Moreover, the
correlation length, which could be estimated by the broadness
of the x-ray diffraction peak according to the Scherrer formula
[32], decreased from ∼100 nm, limited by film thickness, in
as-grown films to ∼60 nm at x = 0.3 and 0.4 by electrical
formation.

III. ELECTRONIC CONDUCTION PROPERTY

By virtue of these efforts, we were ready to explore
electronic transport properties at a quantitative level. Although
resistance was measurable even at low temperatures down
to, e.g., 75 K at x = 0.6 owing to the drastic increase of
conductivity, its temperature dependence turned out to be still
semiconducting, indicating an unusual localization mecha-
nism even at such high hole-doping ratios. The logarithmic plot
of the measured resistance exhibited a linear dependence of
T −1/2 at low temperatures [Fig. 3(a)] but it was transformed to
the normal semiconducting curve characterized by an increase
inversely proportional to temperature at high temperatures
[Fig. 3(b)]. The point where the transport behavior starts
to deviate from the T −1/2 dependence, i.e., the crossover
temperature (Tx), is marked by an arrow in the plot. This obser-
vation is reminiscent of the disorder-driven Efros-Shklovskii
variable-range hopping (ES-VRH) [24]. A similar transport
behavior has been observed in doped semiconductors [33,34]
and analyzed in the context of the Coulomb glass [24,35,36].
The clearance of oxygen vacancies lowers the chemical
potential to a level below the valence band maximum and
seems to induce a metallic conduction at high nominal carrier
concentrations. However, disorder can localize the band edge
and thus thermal excitation from a filled state below the lower
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FIG. 3. Electronic conduction property of hole-doped BCFO films. (a) Logarithmic resistivity versus temperature to the power of −1/2.
Each resistivity curve can be fitted to a linear curve (black line) at low temperatures, suggesting the ES-VRH behavior. In addition, thermal
excitation to the delocalized band above the mobility edge can offer another route for electronic transport at high temperatures. (b) Logarithmic
resistivity versus inverse temperature in the high-temperature regime. The linear fit curve (black line) gives the Arrhenius-type activation
energy. (c) The activation energy for the thermal excitation versus x. (Inset) Schematic for the band structure with a soft gap. The shaded area
represents localized states due to disorder. (d) Crossover temperature versus x. (e) Correlation between Tx and �.

mobility edge to an empty state above the Fermi level (holelike
particle) or thermal excitation from the Fermi level to an empty
state above the upper mobility edge (quasielectronic polaron)
is necessary in order to create delocalized carriers. The
resistance follows the typical semiconducting transport, i.e.,
ρ = ρ0 exp(�/kBT ), where � is a thermal activation energy
and kB is the Boltzmann constant. Below Tx , this thermal
excitation is nearly suppressed and instead carrier hopping
via tunneling among Coulomb-interacting localized states is
dominant. In this low-temperature ES-VRH regime, electronic
resistance can be written as ρ = ρE exp[(ce2/εξkBT )

1/2
],

where c is a constant of order unity, ε is the dielectric constant,
and ξ is the localization length [37].

Figure 3(c) summarizes the measured values of � extracted
from the high-temperature data. As x increased, the activation
energy linearly decreased with a minimum value of ∼120 meV
observed at x = 0.5. This trend deviated at x = 0.6, which
is a signature of another phase for x > 0.5. It has been
reported that a charge-ordering phase emerges above x =
0.5 in La1−xSrxFeO3 [38,39]. It is also interesting that Tx

systematically decreased with increase of hole concentration
as well as Ca substitution [Fig. 3(d)]. The relation between �

and Tx can be deduced from the fact that the two resistance
equations give a similar value at Tx . Supposing the prefactors
ρ0 and ρE are of similar order of magnitude, the exponents

of the two equations should be nearly equal and hence Tx is
linearly proportional to ξ�2. Because the localization length
ξ can be expressed as 3�/

√
8m�, where m is the effective

electronic mass and � is Planck’s constant divided by 2π

[40], Tx is linearly proportional to �3/2, as experimentally
confirmed in Fig. 3(e). It is worthwhile mentioning that Masó
and West found that the bulk sample processed in a high
oxygen pressure displayed a perfect activated behavior above
200 K with an activation energy of 0.4 eV at x = 0.3 [27].
This discrepancy with our case of Tx ∼ 220 K at x = 0.3 is
due to the fact that the oxygen-vacancy reduction through the
annealing in high oxygen pressure is an order of magnitude
smaller than in our electrical formation process. The annealed
bulk sample provides a quite different situation in terms of an
order-of-magnitude larger oxygen-vacancy concentration but
an order-of-magnitude smaller hole concentration regardless
of having the same Ca content.

IV. EMERGENCE OF A NONRIGID BAND IN THE
HOLE-DOPED REGIONS

To further clarify the electronic structure, we carried out
two independent spectroscopic measurements, i.e., XPS to
probe the valence band and the PEEM-based x-ray absorp-
tion spectroscopy at the oxygen K edge to investigate the
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FIG. 4. Changes in the electronic structure of BCFO films.
(a) Valence band structure investigated by XPS. (b) Oxygen K-edge
x-ray absorption spectra acquired by PEEM. Subpeaks at 528 eV are
recognized in the spectra obtained in the electrically formed areas.
(c) The Hartree-Fock calculation results for the two-dimensional
Holstein-Hubbard model in the adiabatic limit with different electron-
lattice coupling strengths. (Insets) Charge density maps for 40 × 40
lattices. A phase separation occurs in the case of a large electron-
lattice coupling, creating a soft gap near the Fermi level.

conduction band [Figs. 4(a) and 4(b); see Appendices C for
the experimental details]. The conduction bands of as-grown
samples have two peaks because the fivefold-degenerate Fe 3d

level splits into two levels (t2g and eg) due to the ligand field of
the oxygen octahedron. Regardless of a significant change in
calcium content, the conduction band exhibits a similar feature
of vacant 3d6 orbitals because of the same valence state of
Fe3+. In the spectra for the electrically formed regions, a new
peak at ∼528 eV below the t2g level with a broadness of ∼1 eV
emerges, and the peak intensity consistently increases with x.
Considering that our as-grown films are partially transparent
in the visible range, similarly to a pure BFO film, their optical
gaps are expected to be larger than 2.5 eV [16]. Thus, the
peak emerging in the mid-gap cannot be understood by simple
one-electron band filling. If the vacant upper part of the rigid

valence band ascribed to hole doping were the origin, the peak
would be expected at a lower energy by the band gap.

The emergence of the nonrigid band is most likely due to a
strong electron-lattice coupling effect [41,42]. It is known that
strong electron-phonon interaction can induce low-frequency
phonons and small polarons with a large effective mass,
creating a soft gap [43,44]. We note that similar nonrigid
bands have been observed in other transition metal oxides
such as La1−xSrxFeO3 and La2−xSrxCuO4 and their physical
origins have been discussed in the context of the polaronic
model [45–47] and the Zhang-Rice singlet [48], respectively.
Our Hartree-Fock calculations of the Holstein-Hubbard model
in the adiabatic limit (see Appendix D) also showed a similar
gap formation in the density of states near the Fermi level
alongside a spatial inhomogeneity in charge density at a
strong electron-lattice coupling constant [Fig. 4(c)]. We would
like to emphasize that the nanoscale spatial inhomogeneity is
an intrinsic property similar to the phase separation of the
colossal-magnetoresistance materials, where two insulating
and metallic states are competing [49]. The split of the
major XPS peak, the decrease of the structural correlation
length, and its reversible recovery by thermal annealing in
air at 250 °C (not shown here), as well as the emergence
of the nonrigid polaronic band consistently indicate the
occurrence of intrinsic phase separation in this system. This
model Hamiltonian calculation is also in accordance with
the experimental observations in terms of the fact that the
strong electron-lattice coupling induces Coulomb attraction
among carriers, leading to condensation of charge carriers,
i.e., intrinsic phase separation. Hole-rich regions experience
a more negative potential because of lattice deformation to
screen the charge, and hence the emerging hole band is placed
at a shifted position close to the conduction band minimum,
creating a charge gap.

Despite the successful explanation of the electronic band
structure, the sole consideration of electron-lattice and
electron-electron interactions is not enough to explain the
Coulomb-glass behavior yet. It is necessary to additionally
introduce disorder associated with residual oxygen vacancies
that can be controlled by electrical formation. Disorder causes
irregular distributions of high- and low-hole-density regions.
The states near the charge gap are thus localized and pinned
spatially near the boundaries between the hole-rich and -poor
regions, while electronic states far inside hole-rich regions
produce a delocalized band corresponding to the emerging
peak. The localized carriers interact with each other via a
long-range Coulomb interaction and can hop to neighboring
sites according to the ES-VRH mechanism. The localized
states can also be thermally excited from the Fermi level to
above the mobility edge of the polaronic band by gaining an
energy of � and become itinerant in a delocalized state inside
the charge cloud. In addition to the intrinsic phase separation
and conduction mechanism, the possible engagement of a
nonuniform defect distribution such as filamentary conduction
paths is an important remaining topic to explore.

In addition, the valence band at binding energies ranging
from 1 to 7 eV originates from oxygen 2p orbitals hybridized
with Fe 3d orbitals. We note that the entire spectral weight
of the valence band does not change significantly regardless
of considerable Ca substitution. This seemingly contradictory
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result is due to the fact that the electrical formation induces
a topotactic transition, in which the numbers of constituent
elements are not conserved [50,51]. Although hole doping is
expected to reduce the spectral weight of the valence band, the
addition of oxygen ions accompanied by an increase of oxygen
2p levels compensates the reducing effect and instead the
added spectral weight contributes to the emerging band. These
comprehensive studies on the electrically formed conducting
areas and the systematic comparisons with the as-grown areas
provide useful insights into microscopic electronic behaviors
of defect-controlled oxides.

V. CONCLUSIONS

In summary, the electrical formation turned out to remove
oxygen vacancies at elevated temperatures, thereby generating
significant spectral weight primarily controlled by calcium
content above the chemical potential. In the heavy-hole-doped
BFO with both calcium acceptors and oxygen-vacancy donors,
we found a Coulomb-glass transport phenomenon where
two major conduction mechanisms via thermal excitation
or tunneling among localized Coulomb-interacting states are
competing, leading to a crossover behavior in the temperature-
dependent resistance curves. The ES-VRH hopping mecha-
nism is dominant in the lower-temperature regime, satisfying a
scaling relation where Tx is linearly proportional to �3/2. The
emergent polaronic band involved with intrinsic inhomoge-
neous charge distributions alongside the disorder inevitable for
defect-containing materials is responsible for this Coulomb-
glass phenomenon, originating from strong electron-lattice
coupling effects and the phonon instability inherent in a
quantum paraelectric driven by calcium substitution into a
ferroelectric state. Thermal hopping into the polaronic band
is a unique feature distinct from the semiconductor-based
Coulomb glasses. These findings deepen our understanding of
electronic behavior in hole-doped BFO and the microscopic
interplay of oxygen vacancies and electronic conduction.
Furthermore, the introduction of an additional technique to
control oxygen content in insulating oxides can contribute to
future studies of functional defects.
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APPENDIX A: SAMPLE GROWTH AND
X-RAY DIFFRACTION

BCFO thin films with various Ca substitution ratios (x =
0.1, 0.2, 0.3, 0.4, 0.5, and 0.6) were grown on (001) SrTiO3

substrates using pulsed laser deposition. A KrF excimer laser
(λ = 248 nm) was used to generate a laser fluence of ∼1 J/cm2

at a repetition rate of 10 Hz. Growth temperatures were in the
range of 650 to 700 °C and oxygen pressure for growths was
adjusted to be 50 mTorr. BCFO films were grown to have
approximately 100 nm in thickness. A 2-nm-thick LaAlO3

film as a capping layer was deposited in situ right after
the BCFO growth for the purpose of preventing oxygen
reaction with the atmosphere during electrical formation.
These films were cooled down to room temperature at a rate of
10 °C/min in an oxygen environment of 500 Torr. The crystal
structures of BCFO thin films were examined by using an x-ray
diffractometer (PANalytical X’pert MRD Pro) with Cu Kα1

radiation. The Vegard lines interpolating between the c-axis
lattice parameters of the two end compounds were calculated
as the follow. For the as-grown compounds with the fixed
valence state of Fe3+ (δ = x/2), the c-axis lattice parameters
of BFO and CaFeO2.5 fully strained on a (001) SrTiO3 substrate
are 4.064 and 3.697 Å, respectively [5]. In addition, the case
of stoichiometric compounds (δ = 0) employs CaFeO3 (for
x = 1) which has an orthorhombic structure with a = 5.350 Å,
b = 7.536 Å, and c = 5.324 Å [52] and thus the c-axis lattice
parameter of a fully strained CaFeO3 film on SrTiO3 can
be estimated to be 3.519 Å on the assumption of volume
conservation.

APPENDIX B: DEVICE FABRICATION, ELECTRICAL
FORMATION PROCESS, AND TRANSPORT

MEASUREMENT

UV lithography was used to define electrode patterns on
top of BCFO films and Pt electrodes were deposited by DC
sputtering. In situ Ar ion milling was conducted to remove
the capping layer right before all Pt depositions. An external
formation voltage was applied between the coplanar electrodes
at 250 °C to create nonequilibrium but long-lasting oxygen-
vacancy-deficient states locally. The separation of the coplanar
electrodes and the applied voltage were chosen differently
depending on instrumental spatial resolutions. The in situ
monitoring currents and PEEM spectra were obtained using
pairs of electrodes with a separation of 20 μm to which a
formation voltage of 15 V was applied for ∼1 h, while the
electronic transport measurements were made at formation
conditions of 100 μm, 20 V, and ∼1 h, and the x-ray diffraction
and XPS used a wide gap of 1 mm along with formation at 25
V for ∼3 h. An abrupt increase of in situ monitoring current
during each electrical formation process indicated the moment
that a conducting path formed by showing a dark optical
contrast between the electrodes. Another pair of Pt electrodes
on the same film was prepared to define a reference region not
exposed to electric voltage for comparison. For the electronic
transport measurements, additional Pt electrodes (13 μm
width and interval) were deposited ex situ after the electrical
formation at the central formation region. The resistance was
acquired by measuring the current at a bias of 10 V using
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an electrometer (Keithley 6517B) with cooling temperature at
a rate of −3 K/min inside a physical property measurement
system (Quantum Design, Inc.). The resistivity curves at the
high temperatures were obtained using the four-point-probe
method by detecting voltage between 2-μm-distant electrodes
at a constant current of 100 nA.

APPENDIX C: PHOTOEMISSION SPECTROSCOPIES

The oxygen stoichiometry and the valence band were
examined by XPS. Photoelectrons were emitted by x rays (Al
Kα, 1486.6 eV) incident at 54.7° to the sample surface with an
in-plane projected direction along [100]. They were captured
by an electron analyzer (K-alpha, Thermo Scientific). The
regions concerned were etched in situ by Ar ion milling (EX06
Ion Source) to remove the capping layer and possible surface
contaminants. All spectra were normalized by the integrated
intensity of an Fe 2p peak obtained from the same area.

PEEM measurements were performed at beamline BL25SU
of SPring-8 using circular polarized x rays incident at an angle
of 30° to the sample surface with an in-plane projected direc-
tion along [100]. In order to remove charging effects during
PEEM measurements, a thin Au layer (∼2 nm thickness) was
deposited on the exterior areas of the formed and unformed
regions. The PEEM images were spatially uniform in the
majority of interelectrode areas except for the narrow strip
near the negatively biased electrode where oxygen vacancies
piled up. The oxygen K-edge x-ray absorption spectra plotted
in this paper were acquired at the central regions of the
PEEM images, which exhibited spatially uniform signals.
The spatial resolution of the PEEM was 100 nm. All x-ray
absorption spectra were normalized by the counts measured at
neighboring Pt electrodes.

APPENDIX D: MODEL HAMILTONIAN CALCULATION

To theoretically explore the emergence of the polaronic
band based on the electron-lattice interaction, we employed
the Holstein-Hubbard Hamiltonian [44]

H =
∑
〈i,j 〉σ

tij c
†
iσ cjσ + U

∑
i

ni↑ni↓

−
∑
iσ

gc
†
iσ ciσ (b†i + bi) +

∑
i

ω0b
†
i bi . (D1)

Here, tij and U are the hopping integral and the on-
site Coulomb repulsion energy, respectively. 〈i,j〉 stands for
summation only over the nearest neighbors. c

†
iσ (cjσ ) is the

creation (annihilation) operator for an electron with spin σ at
lattice site i and niσ is the corresponding number operator.
In addition, b

†
i (bi) is the phonon creation (annihilation)

operator, ω0 is a phonon frequency, and g is the electron-lattice
interaction strength. In the adiabatic limit, the last phonon
energy can be replaced by the static lattice deformation
energy, i.e.,

∑
i

1
2Mω0

2Xi
2, where Xi is the ionic coordinate

operator equal to (1/
√

2Mω0)(b†i + bi) and M is the ionic

mass. Accordingly, the Hamiltonian can be rewritten as

H =
∑
〈i,j〉σ

tij c
†
iσ cjσ + U

∑
i

ni↑ni↓

−
∑
iσ

g̃niσ Xi +
∑

i

1

2
Mω0

2Xi
2. (D2)

The electron-lattice coupling strength was renormalized as
g̃ = √

2Mω0g. Since the intercoupling term can be expanded
by mean-field approximation as

niσXi
∼= niσ 〈Xi〉 + 〈niσ 〉Xi − 〈niσ 〉〈Xi〉, (D3)

the Hamiltonian under the Hartree-Fock approximation be-
comes

H = Hel + Hel−lattice + Hlattice,

Hel
∼=

∑
〈i,j 〉σ

tij c
†
iσ cjσ + U

∑
iσ

(
1

2
〈ni〉 − σ

〈
Sz

i

〉)
c
†
iσ ciσ

+U
∑

i

[〈
Sz

i

〉2 − 1

4
〈ni〉2

]
,

Hel−lattice
∼= −g̃

∑
i,σ

〈Xi〉c†iσ ciσ ,

Hlattice
∼=

∑
i

1

2
Mω0

2Xi
2 − g̃

∑
i

〈ni〉Xi + g̃
∑

i

〈ni〉〈Xi〉,

(D4)

where the expectation values of electron and spin densi-
ties were defined to be 〈ni〉 = 〈ni↑〉 + 〈ni↓〉 and 〈Sz

i 〉 =
1
2 (〈ni↑〉 − 〈ni↓〉). Given an electron density, the lattice energy
can be minimized when the lattice is subject to the static de-
formation of Xi = g̃〈ni〉/Mω2

0. Finally, the Holstein-Hubbard
Hamiltonian in the adiabatic limit can be reduced to the
following solvable one-electron Hamiltonian :

H ∼=
∑
〈i,j 〉σ

tij c
†
iσ cjσ + U

∑
iσ

(
1

2
〈ni〉 − σ

〈
Sz

i

〉)
c
†
iσ ciσ

+U
∑

i

[〈
Sz

i

〉2 − 1

4
〈ni〉2

]
− α

∑
i,σ

〈ni〉c†iσ ciσ

+ α

2

∑
i

〈ni〉2, (D5)

where α is the electron-lattice coupling constant defined as
2g2/ω0.

The calculations for the model Hamiltonian for a two-
dimensional square lattice (40 × 40) were performed to clarify
the role of the electron-lattice interaction, which is expected to
be significant because the parent BFO compound is ferroelec-
tric and has strong electron correlation. The calculations were
made at U/t = 4.0 and kBT = 0.2t with an average electron
density of 0.8 per site and varying the electron-lattice coupling
constant α. A periodic boundary condition was used and the
convergence tolerance was 10−7. Despite the simplified model,
it did reflect the essential features of the BCFO. For zero α,
we got a homogeneous electron density and a metallic state
without any gap at the Fermi level at such high hole density. On
the other hand, turning on the electron-lattice coupling gave

035123-7



JI SOO LIM et al. PHYSICAL REVIEW B 94, 035123 (2016)

rise to a charge-density-wave instability. The electron density
was inhomogeneous with a gap opening at the Fermi level.
The part of the lower Hubbard band above the Fermi level
was greatly shifted close to the upper Hubbard band, which
shows a good agreement with the observations in the electronic
structure of BCFO films. The real BCFO system additionally
has high randomness arising from the dopant distribution,
which most likely produces irregular polaron clouds. Since
the localized state near the phase boundaries in real space
corresponds to the one-electron state near the Fermi level, the
hopping among the localized states along the phase boundaries
is thought to be the main route for electronic conduction. We
note that the (001) x-ray diffraction peaks detected in the
electrically formed regions were broader than those of the
as-grown states. This fact can be also related to the phase
separation.

It is worth mentioning that the t2g orbitals, i.e., dxy , dyz,
and dzx , consisting of the conduction band, are orthogonal
to each other and thus on-site interorbital d-d hopping is
not allowed. Moreover, intersite hopping is also prohibited
between different types of orbitals at nearest-neighboring sites
because as-grown BCFO films are tetragonal and no significant
Fe-O-Fe buckling is expected [5]. Only orbitals of the same
type can be hybridized with each other via oxygen π bonding
within the specific two-dimensional plane where the relevant
3d and oxygen 2p orbitals are most probable (e.g., an electron
in a dxy orbital can hop along the x or y axis to a neighboring
dxy orbital within the xy-plane square lattice containing the
orbital). Accordingly, the two-dimensional Hamiltonian can
be a good starting model for understanding the BCFO system
in the limit of small on-site effective U , but the dimensionality
issue still remains unexplored.
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