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Amongst the most interesting phenomena in correlated oxide
systems are the doping-driven competitions between
energetically similar ground states found in, e.g., high-Tc
superconductors and colossal magnetoresistance manganites.
It has recently been reported that doped multiferroics also
exhibit this generic concept of phase competition. Here, we
employ photoelectron emission microscopy (PEEM) to
demonstrate evidence of systematic changes in the electronic
structure of Bi;_,Ca,FeOj3_; treated with electrically controlled
hole carrier doping, the outcome of which clearly correlates
to the local modulation of electronic conductivity observed in
the same material.

Understanding and eventually manipulating electronic conduction in
correlated oxide systems is a major goal of contemporary condensed
matter physics. As a means to this end, considerable attention is
focused on insulator-conductor transitions, which provide a
mechanism for control of electronic states by externally applied
currents or electric fields.' Despite this attention, many aspects of
these transitions are not fully understood, particularly in multiferroic
systems where the same electrons are linked to various other spin,
charge and lattice degrees of freedom. In these materials, quasi-non-
volatile and reversible modulation of electric conduction can be
observed, e.g. through hole doping using an electric field as the
control parameter.” The mechanism of this modulation in Ca-doped
BiFeO; is based on electronic conduction as a consequence of the
naturally produced oxygen vacancies that act as donor impurities to
compensate calcium acceptors. Ongoing research is aimed toward a
quantitative understanding of how band structure, disorder, and
electron-electron interactions interact to determine the electric field
and doping dependence of these effects.
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The fundamental understanding of the influence of hole doping on
properties of doped multiferroics,
Bi,,Ca,FeOs.;, presents a very interesting new aspect of complex
oxide functionality. Recent advances in the control of oxygen
vacancies in transition metal oxides have enabled oxygen vacancy
driven modifications of the magnetic, ferroelectric, and electronic
properties of complex oxide materials.>® Oxygen vacancies also play
a critical role in the electronic properties of ferroelectric domain
walls and other types of oxide interfaces that have recently received
considerable interest.”'* Here, we explore the electronic properties
of Bi;_,Ca,FeOs_s using photoemission electron microscopy (PEEM).
Oxygen K edge spectra are useful to probe the local electronic
properties of these materials on the micro- and nanometer scale. It is
demonstrated that a high degree of control over the electronic
properties of the hole doped material can be attained through local
electrical switching which strongly correlates to their O K-edge
XANES spectra.

the electronic such as

Bi,,Ca,FeOs; is a charge-transfer-type insulator where on-site
Coulomb repulsion is so strong that the lower Hubbard band of the
d-orbital becomes lower than the band of the oxygen 2p orbital. Such
an electronic structure is often found in transition metal oxide
perovskites and related structures consisting of late 3d elements as
like Fe, Co, Ni, and Cu ions which show rather strong localised
character of the d-orbital electrons. The conduction band is mainly
composed of d orbital states whereas valence band consists of
predominantly oxygen 2p states.' Fe in this compound has a valency
of 3+ and a d° high-spin ground state. Correspondingly, the rich fine
structure of the X-ray spectra can be explained by degenerate d
orbital states that are split to a #,, triplet state and a e, doublet state
separated by the crystal field splitting energy (10D,).
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For the characterisation of local electronic structure of poled and
unpoled areas, we acquired PEEM images as a function of incident
X-ray energy, so-called the “image stack”” method." O K-edge X-ray
absorption near-edge structure (XANES) spectra for different Ca-
substitution levels of Bij,CaFeO; 5 were extracted from these
image stacks and are shown in Fig. 1. In the XANES spectra of as-
grown films, we observe two lowest energy peaks located at 530 eV
and 531 eV, which have information on the electronic states near the
conduction band minimum. These peaks originate from the #,, and e,
levels of 3d orbitals'’ and are detectable in the O K-edge spectra
owing to p-d hybridization. When comparing measurements of the
as-grown state (a) and after electrical poling (b) for samples with the
same Ca-substitution level (x), the spectral features of the O K-edge
are similar, except for the first peak at 528 eV (red lines in Fig. 1).

This first peak at 528 eV appears after the electrical poling treatment.

Its intensity increases with increasing Ca-substitution level (from x =
0.1to 0.4).
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Fig. 1. O K-edge XANES spectra for different Ca-substitution ratios (x) of
Bi;«Ca,FeOs s (circles; experimental data, lines; fitting curves): (a) as-grown state,
(b) after electrical poling. Individual peak fitting is shown by coloured curves. The
data have been normalized at 555 eV where the spectra don’t show substitution
dependent structure.” The spectra were produced from the intermediate point
between the electrodes for each sample (“area 4” in Fig. 3).

Peak areas of the first O K-edge peaks, which are electronic bands
of primarily Fe 3d character,'®'” are shown as a function of Ca-
substitution in Fig. 2. The intensity of Peak 2 at 530 eV (blue lines in
Fig. 1) appears to be increasing with the level of Ca-substitution
between x = 0.3 and 0.4, and the electrical poling process. The
intensity of Peak 3 at 531 eV (orange lines in Fig. 1) shows a
decreasing tendency with increasing the Ca-substitution level for the
electrical poling samples (Fig. 2-(b)), whilst that for the as-grown
state samples (Fig. 2-(a)) show a slight increasing tendency between
x = 0.3 and 0.4. As the Ca-substitution level increases, the intensity
of Peak 1 at 528 eV rises with an additional drastic increase between
30 and 40% Ca-substitution for the electrically poled samples (Fig.
2-(b)), whilst that for the as-grown state samples is almost negligible
with a slight increase between 30 to 40% (Fig. 2-(a)).
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Fig. 2. Normalized peak areas of the first three O K-edge peaks as a function of
Ca-substitution ratio (x): (a) as-grown state, (b) after electrical poling. The data
have been normalized at 555 eV where the spectra don’t show substitution
dependent structure.’

This behaviour shows that the peak at 528 eV becomes activated
upon electrical poling and is more prominent for higher Ca contents.
Previous X-ray diffraction measurements have shown that an
increase of Ca substitution decreases the c/a ratio.” With that in mind
and considering Vegard’s law, substitution with 40% Ca should
make the material nearly cubic.? This in turn is expected to reduce
the band gap and change the anisotropy of #,, and e, electron clouds
which are coupled to this structural anisotropy.'® The expected 3d
level splits in octahedral (Oy) symmetry into #,, and e, levels lead to
the observed relative changes in spectral weight, i.e., XANES
intensity, for the peaks at 530 and 531 eV. Lowering of the peak at
531 eV and subsequent rise of the peak at 528 eV indicate a shift of
spectral weight to transitions that involve the created holes in the
poled state, showing that these transitions acquire a higher transition
probability. Oxygen octahedral buckling in this case is reduced,
reducing octahedral tilt and changing Fe-O-Fe bonding angles,
which leads to changed transition probabilities due to changed
orbital mixing angles. The Fe-O-Fe angle is important because it
controls both the magnetic exchange and orbital overlap between Fe
and O, and as such it determines the magnetic ordering temperature
and the conductivity of the material.

One of the advantages of PEEM is to acquire spatially resolved
XANES spectra by creating regions of interest (ROI) on the images.
Fig. 3 shows the local O K-edge XANES spectra at different
positions between the two electrodes used for the electrical poling
treatment (gap = 20 microns, also see Electronic Supplementary
Information (ESI)). When crossing the poled area (the bright
coloured area in Fig. 3-(a)) between the two electrodes from left to
right (i.e., from Area 1 (blue) to Area 7 (brown)), the O K-edge
XANES spectra show an obvious change in the region from 527.0 to
533.0 eV (Fig. S2 in the ESI), whilst the spectral shape at the higher
energy region (above 533.0 eV) is identical for different ROI areas.
The spectral change observed for the lower energy peaks is depicted
more clearly in Figs. 3-(c) and -(d).
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Fig. 3. (a) PEEM image of 30%-Ca substitution sample at 530.0eV. Dark areas within the circle are Pt electrodes used for electrical poling. That is, the right-side
electrode was biased with a positive voltage of 15 V during the electric poling process. Electrode gap is 20 microns. Regions of interest (ROI) for acquiring local XANES
spectra between the electrodes are numbered from 1 to 7 (from left to right). (b) O K-edge XANES spectra of 30%-Ca substitution sample in ROl area 1 which is the
nearest to the left electrode area in (a). (c-d) Enlargement of O K-edge XANES spectra details in (b): (c) region from 527.0 to 529.0eV, (d) region from 529.0 to 532.5

ev.

Changes of peak areas for Peaks 1-3 of O K-edge XANES spectra
are shown in Fig. 4. Peaks 1 and 2 at 528 and 530 eV, respectively,
show a steep increase in area between ROI areas 1 and 2 (close to
the left electrode), whilst their change becomes gentle from ROI
areas 2 to 7. On the other hand, Peak 3 at 531 eV indicates a drastic
decrease between ROI areas 1 and 2, whilst it becomes almost
constant for the rest of the ROI areas. This asymmetric change can
be attributed to the creation of oxygen vacancy rich and poor areas,
which has also been observed over similar distances by local
conductive AFM measurements of poled Bi,CaFeOs5.%> Oxygen
vacancies in this case give rise to the localisation of d orbitals of
neighboring Fe ions, producing defect states in mid-gap. For the case
of 8 > x/2 (n-type material),” which corresponds to ROI area 1, both
the carrier concentration and the defect state density increase
together with the oxygen vacancy density. The Fermi level lies at the
defect levels partially occupying the defect states. For & < x/2 (p-

This journal is © The Royal Society of Chemistry 2012

type material),2 which corresponds to ROI areas 3-7, the Fermi level
is located below the valence band maximum and p-type carriers are
delocalised.
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Fig. 4. Normalized peak areas of the first three O K-edge XANES peaks for
Regions of Interest defined in Fig. 3-(a). The region around ROI area 1 has been
further subdivided into five to show evolution of peak areas close to the
electrode.

Looking at Fe Ly ;-edges XANES spectra (Fig. 5), there is no
significant difference in spectral shapes between the unpoled and
poled samples for the three lower Ca-substitution samples (x = 0.1 —
0.3), whilst the Fe L;; j;-edge peaks broaden towards higher energy
after the poling treatment on the highest Ca-substitution sample (x =
0.4). The spectral shape for the unpoled and poled samples of x = 0.1
— 0.3 and the unpoled sample of x = 0.4 is comparable to that of
Fe*'perovskites,® whilst the observed high-energy shift/broadening
on the poled samples of x = 0.4 indicates possible increase in
valence states of iron, such as Fe*".?' This indicates that the Fe
oxidation state may be changed by the poling treatment particularly
on the x = 0.4 sample.
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Fig. 5. Fe L -edges XANES spectra for different Ca-substitution ratios (x) of Biy
xCa,FeOs5. Black lines: as-grown state, red lines: after electrical poling.

In summary, based on the XAS analysis based on PEEM, we
conclude that the holes created by the charge imbalance in the
electrically poled Bi;.CaFeO;_sgive rise to an additional peak in
the O K edge XANES spectra, which is substitution dependant.
Conductivity of the material and amount of created holes in the
poled state are correlated.” Our results are in qualitative agreement
with other O K-edge XANES studies in hole doped correlated
oxides.”>* The origin of the peak is yet to be understood in detail.
However, it probably relates to the fact that Bi;,Ca,FeO;;sis a
charge-transfer-type Mott insulator where an extra electron is
accommodated on the Fe** ion, whereas holes are located
predominantly on the oxygen sites. Since Bi;.,Ca,FeO;_shas G-type
antiferromagnetic order at room temperature,”® an e, electron with a
spin at the Fe site is hybridized with 2p holes with the opposite spin
on the surrounding oxygen ions leading to the formation of dressed
hole-like particles similar to Zhang-Rice singlet states discussed in
cuprates.”” A detailed investigation of the possibility of a hole-like
dressed particle state will be one possible future direction of our
work. Many transition metal oxides, especially ferrites, have not
shown a metallic state regardless of divalent ion substitutions for
hole carriers. Systematic uprise of a Zhang-Rice singlet-like peak in
the electrically-formed area with increasing Ca-substitution holds
implications for the importance of oxygen vacancies. The
observation leads us to expect that higher Ca®" ion substitutions
along with electrical removal of local oxygen vacancies will be most
likely to yield some metallic states. It might provide a pathway to
phenomena such as  carrier-mediated

exotic  electronic
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ferromagnetism, magnetoresistance and metal-insulator transitions in
doped perovskite multiferroics.
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