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Charge transfer and electronic transitions in polycrystalline BiFeO;
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We report on the electronic energy-level diagram of polycrystalline BiFeO5 using the elemental, optical, and
current-density-electric field (J-E) characteristics. The elemental, electronic composition, and valence-band
structure of BiFeO; ceramics were studied using x-ray photoelectron spectroscopy. The diffuse reflectance
spectrum of a mixture of BiFeO5 and BaSO,, used as a standard, was recorded to test the Kubelka-Munk
model. From the graph of the Kubelka-Munk function versus wavelength, two charge-transfer bands and two
doubly degenerated d-d transitions (6A1gH4T2g and 6A1gH4T1g) were observed in polycrystalline BiFeOs.

The J-E curves measured on the BiFeO; ceramics showed space-charge-limited conduction mechanism.
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Multiferroic materials exhibit the coexistence of two or
more order parameters.'= The possible complex interactions
among these order parameters make such materials very
promising candidates for the development of new spintronic
and optoelectronic devices. However, in many materials, this
cross coupling among magnetic, electric, and structural order
parameters has been found to be small, seriously limiting the
device prospects of these systems. In order to optimize the
magnetoelectric coupling in these multiferroic materials, it is
crucial to first develop a complete understanding of the elec-
tronic structure in these systems. The focus of this investiga-
tion is the promising multiferroic, BiFeO;, which exhibits a
number of intriguing properties, but which is not typically
studied in depth in bulk polycrystalline samples.

The interest in BiFeOj; arises due to the fact that it is one
of only two or three single-phase multiferroic material sys-
tem above room temperature identified in the literature,
which makes it potentially the most relevant material for
device applications. It is a commensurate ferroelectric and
incommensurate antiferromagnetic system at room tempera-
ture. The multiferroic and optoelectronic properties of
BiFeO; make it a potential candidate for next-generation
ferroelectric random access memories, magnetic sensors, !
and photovoltaics.* However, despite the interest in BiFeOj,
several fundamental properties for this system remain con-
troversial; most significantly there is still a debate on the
nature and value of the band gap. Theoretical studies along
with some experimental investigations, report direct band-
gap values ranging from 2.5 to 2.8 eV.*-® However, recent
optical studies, including absorption measurements and
cathode-luminescence spectroscopy, show evidence for a di-
rect optical band gap near 2.5 eV.” An indirect band gap of
~1.84 eV has also been reported for BiFeO,,'” based on
spectroscopic ellipsometry studies. However, recent theoret-
ical studies of the charge-transfer (CT) transitions together
with spectroscopic measurements of the dielectric function
of a BiFeO; single crystal and other related Fe** iron oxides’
show a defect free intrinsic band gap of ~3.0 eV, superim-
posed on a weak absorption band at ~2.5 eV. Optical spec-
troscopy is a widely used probe of electronic structure in
solids and when charge and spin degrees of freedom are
strongly coupled, it is also sensitive to magnetic excitations
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and spin ordering transitions.!""!> A clear understanding of
the in-gap states is necessary for understanding the conduc-
tivity mechanisms and intrinsic leakage currents in multifer-
roics. A better understanding of the mechanisms governing
the optical response in BiFeO; can enable researchers to en-
gineer the band gap and conductivity to enhance the photo-
ferroelectric properties.*

We synthesized single-phase polycrystalline BiFeO5 ce-
ramics using a sol-gel approach. X-ray diffraction and scan-
ning electron microscopy were carried out for structural
analysis. We also performed structural refinement to estimate
the lattice parameters and phase purity of the material. The
magnetic and magnetocaloric properties of these BiFeO; ce-
ramics were also investigated and have been published in a
recent report.'3 In order to understand the fundamental elec-
tronic properties of polycrystalline BiFeO;, we report on the
electronic excitations and band structure of BiFeO5 ceramics
investigated using x-ray photoelectron spectroscopy (XPS),
diffuse reflectance spectroscopy (DRS), and current density-
electric field (J-E) characteristics.

Elemental analysis and valance-band studies of BiFeO;
ceramics were carried out using an XPS system from Perkins
Elmer. Diffuse reflectance spectra and current-density-
electric field (J-E) characterization were recorded using an
Ocean Optics spectrometer (USB2000, USA) and a Precision
Premier II ferroelectric loop tracer (Radiant technologies,
USA), respectively. We used DRS to investigate the optical
properties of the sample using a dilution technique that
eliminates the regular part of the reemitted radiation. This
was done by diluting a 10 wt % of BiFeO; sample by mix-
ing it homogeneously with an inactive, nonabsorbing stan-
dard BaSO, powder and pelletizing the composite with a
pressure ~80 kg/cm? using hydraulic press to record dif-
fuse reflectance spectrum. The spectrum was recorded over
the full spectral range from 200 to 900 nm. This method
facilitates an experimental comparison with the Kubelka-
Munk (K-M) model.'* For the J-E characteristic study, the
sintered pellet was polished on both sides and then cleaned
thoroughly with acetone. The polished BiFeO; pellet was
subsequently annealed at 673 K for 6 h to remove the re-
sidual surface stress left from polishing and then silver paste
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FIG. 1. (Color online) X-ray photoelectron spectra of valence
band and Fe element (inset) of polycrystalline BiFeO3 ceramics.

was applied on both sides of BiFeOj; pellet in parallel plat
geometry to measure the J-E characteristics.

XPS measurements of the electron binding energies cor-
respond to Bi, Fe, and O, confirming the phase purity of the
compound. Figure 1 shows the binding energy of the valence
band, determined using XPS measurements. From these data,
we estimate the separation between the valance-band energy
(Ey) and the Fermi energy (Ep) to be ~1.25 eV. The inset
of Fig. 1 shows the XPS spectrum expanded around the Fe
peaks, in the range from 700 to 740 eV. The 3/2 and 1/2
spin-orbit doublet components of the Fe 2p photoelectron
were found to be located at 710.3 eV and 724.5 eV, respec-
tively. These XPS results confirm the single-phase formation
of BiFeO; ceramic with iron being present in the 3+ valence
state. We do not find evidence for any Fe?* impurities in the
sample, which have previously been proposed as a source of
enhanced electrical conductivity in other BiFeO; samples.!>

The K-M function, F(R)=(1-R)?/2R, which correlates
reflectance is plotted as a function of wavelength (Fig. 2) by
using the measured diffuse reflectance (R) of BiFeO;
sample.'* By extrapolating F(R)"? to zero, we estimate the
direct band gap of BiFeOj; at 300 K to be ~2.5 eV. Previous
electronic-structure investigations have already established
the strongly hybridized nature of the valence bands'®!” and
although the mixing of Fe** d levels with O p and Bi s states
affects the chemical bonding, it does not change the symme-
try of the crystal-field-derived bands. Therefore, in the inter-
est of clarity, the electronic structure will be discussed using
traditional ligand field terminology but with the understand-
ing that these states are, in reality, strongly hybridized. In
particular, by considering the Cs, local symmetry of Fe’*
ions in BiFeO; and using the correlation group and subgroup
analysis of the symmetry breaking from Oy, to Cs,, up to six
d to d excitations are expected for Fe’*(3d°) ions between 0
and 3 eV. Note that the triply degenerate 4T 1 and 4T2g elec-
tronic levels split into two crystal-field levels having A and E
character due to a reduction in symmetry. The near band-gap
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FIG. 2. (Color online) Kubelka-Munk function, F(R) vs wave-
length of polycrystalline BiFeO; by dilution method. CT and
double degenerated d-d transitions of Fe3* ion—f’Alg—>4T2g and
6AlgH4Tlg. Inset shows the plots of (aE)? vs E and (aE)"? vs E
of polycrystalline BiFeO5 sample.

charge-transfer bands (or states) and d-d transitions of Fe*
ions were calculated from the DRS spectrum through a de-
convolution of these data. Two strong transitions observed
near 3.6 and 4.8 eV are assigned as CT excitations.'®!” Two
broad reflectance bands between 1 and 2.5 eV predicted (but
spin forbidden) to be on-site d-d crystal-field excitations of
Fe®* ions in this energy range, can be resolved as four dif-
ferent linear oscillator components having imaginary compo-
nents of susceptibility )(E}).lg The two doubly degenerate d-d
excitation (6A1g—>4T2g and 6Alg—>4T]g) energies of Fe*
ions in BiFeO5; were found to fall at 1.6, 1.7, 2.0, and 2.1 eV
which are close to the reported values of BiFeOj; single crys-
tal and thin films.'” We also carried out the absorption stud-
ies by measuring absorption coefficient («) as a function of
energy of BiFeO; sample using UV-visible spectroscopy (in-
set of Fig. 2). By plotting the dependence of (aE)? and
(aE)"? on E®'0 the values of direct and indirect band gap
can be determined by extrapolating the linear portions of
these plots to (aE)? equal to zero and (aE)"? equal to zero,
respectively. It is found that these data are consistent with a
direct band gap,’ however, it is not possible draw conclu-
sions from the above study as the possibility of an indirect
transition from a flat valence band still remains an issue.'®

Figure 3 shows a typical logarithmic plot of the current
density (J) versus the applied electric field (E). The slope of
this curve in the low-field range (or near origin) is close to
1.27 which is roughly consistent with ohmic conduction. Be-
low an applied voltage of 1.92 kV which corresponds to the
electric field strength of 25.60 kV/cm, the slope of the curve
is smaller than 2, suggesting a trap free conduction mecha-
nism. At higher applied voltages (>1.92 kV), the slope of
the logarithmic plot of J-E increases, in agreement with
space-charge-limited current conduction. The conduction
current in the space-charge-limited current conduction can be
expressed as'®
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FIG. 3. (Color online) A typical logarithmic plot of current
density-electric field (J-E) characteristics of polycrystalline BiFeO5
ceramics.

J= gs,so G/LE ,
where V is the applied field, d is the sample thickness, g is
the permittivity of free space, ¢, is the dielectric constant,
is the mobility, 6 is the ratio of free electrons to trapped
electrons, and n is the power factor. Assuming a single dis-
crete shallow trap level in BiFeOs, the trapped electron den-
sity (N,) can be calculated from the trap-filled limit voltage
(Vrpy) using®

N,= 2(e,.s‘OVLgL,

8q d

where ¢ is the charge. Experimentally, V;x;, €,, and 6 ob-
tained from Fig. 3 are 2710V, 5.6, and 2 X 1073, respectively.
The calculated value of N, at 300 K is 2 X 10'® c¢m™. The
trap-level energy E, can be calculated relative to the
conduction-band energy E, using,?”

. N, exp[(E, - E)/kT]
gN; '

where N, is the effective density of states in the conduction
band and g is the degeneracy factor (~2). For our BiFeO;
samples, N, is assumed to be 10?! cm™. These estimates
suggest the presence of defect trap states at E.—E,=0.2 eV
below the conduction band. We attribute these trap states to
defects in the grain boundaries. Combining these diverse ex-
perimental results on the electronic structure of BiFeO;, we
propose the schematic energy-band diagram for BiFeO; ce-
ramics shown in Fig. 4. From this schematic, it can be ob-
served that the electrical-transport properties are dominated
by the presence of shallow-trapping states ~0.2 eV below
the conduction band and the Fermi energy falls midway be-
tween the valence and conduction bands. Based on these
results, we suggest that the intrinsic band gap in BiFeO;
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FIG. 4. (Color online) Schematic electronic energy-level
diagram of polycrystalline BiFeO;. FEy—valence band,

E——conduction band, Er—Fermi energy level, E.—trap states, and
6Alg—>4T2g and (’A,g—>4T1g—d—d transitions of Fe** ion.

ceramics is ~2.5 eV but that the optical spectrum may be
sensitive to vacancy defects.

We have studied the compositional, optical, and current-
density-electric field (J-E) characteristic properties of
BiFeO; ceramics. X-ray photoelectron spectroscopy studies
confirm a single-phase BiFeO; ceramic with evidence only
for Fe3* valence states with no Fe?* impurities in the sample.
The separation between the valence-band energy (Ey) and
the Fermi energy (Ep) was found to be ~1.25 eV from mea-
surements of the binding energy of the valence band of
BiFeO; ceramics. Diffuse reflectance spectra were recorded
using a dilution method by mixing 10 wt % of BiFeO; pow-
der with an inactive and nonabsorbing standard BaSO, pow-
der. The Kubelka-Munk function, F(R), was plotted and di-
rect band gap of the sample was found to be ~2.5 eV by
extrapolating the relation F(R)"? to zero. The near band-gap
charge-transfer bands and d-d transitions of Fe** ions were
also calculated from the deconvoluted DRS spectrum. Two
strong transitions near 3.6 and 4.8 eV are assigned as CT
excitations. Two doubly degenerated d-d transitions (6A1g
—>4T2g and 6Alg—>4T1 o) were observed in the energy range
from 1 to 2.5 eV. The J-E characteristics of BiFeO; ceramics
followed trap-filled space-charge-limited conduction mecha-
nism above the applied voltage of 1.92 kV and trap level was
found at 0.2 eV below the conduction band. Finally, an
energy-band diagram of BiFeO; ceramics has been proposed
based on the experimental results.
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