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ABSTRACT: Ceramics of Bi1−xYxFeO3 solid solutions (x = 0.02, 0.07, and
0.10) have been prepared by mechanical activation followed by sintering. The
effect of yttrium content on the structural, electrical, and optical properties of the
materials has been studied. Thus, single-phase solid solutions with rhombohedral
R3c structure have been achieved for x = 0.02 and 0.07, while for x = 0.10 the
main R3c phase has been detected together with a small amount of the
orthorhombic Pbnm phase. Multiferroic properties of the samples, studied by
differential scanning calorimetry (DSC), showed that both TN and TC
(temperatures of the antiferromagnetic−paramagnetic and ferroelectric−para-
electric transitions, respectively) decrease with increasing yttrium content. The
nature of the ferroelectric−paraelectric transition has been studied by
temperature-dependent X-ray diffraction (XRD), which revealed rhombohedral
R3c to orthorhombic Pbnm phase transitions for x = 0.07 and 0.10. On the other
hand, for x = 0.02 the high-temperature phase was indexed as Pnma. Optical
properties of the samples, as studied by diffuse reflectance spectroscopy, showed low optical band gap that decreases with
increasing yttrium content. Prepared ceramics were highly insulating at room temperature and electrically homogeneous, as
assayed by impedance spectroscopy, and the conductivity increased with x.

1. INTRODUCTION

Multiferroic materials are characterized by the presence, at the
same time, of two of the following properties: ferroelectricity,
ferromagnetism, and ferroelasticity. These materials are
interesting due to their applications as magnetoelectric sensors,
transducers, or multiple-state memory elements.1−7 BiFeO3 is
probably the best-studied multiferroic material because it is
ferroelectric and antiferromagnetic above room temperature,
with TN and TC at about 370 and 830 °C, respectively,8,9 and it
is well-known that it presents a rhombohedrally distorted
perovskite structure at room temperature with space group R3c.
However, the preparation of BiFeO3 in bulk for future
applications presents several problems related to the presence
of defects and nonstoichiometry and therefore the formation of
undesired impurity phases, mainly Bi25FeO39 and Bi2Fe4O9.
Thus, BiFeO3 obtained by different methods usually presents
leakage current and dielectric loss problems together with a
small spontaneous polarization value.10,11

To overcome these problems, recent works have focused on
preparation of this compound by different methods.12−15

Another way to improve the properties of BiFeO3 is
preparation of mixtures of BiFeO3 with other oxides,16−22

and the addition of substituents in the positions of both Bi and
Fe.23,24 These compounds have been widely studied, with
special emphasis on bismuth substitution by rare earth

elements, transition metals, and alkaline earth metals, because
it has been reported that this avoids the formation of the
undesired phases during the synthesis and improves the
magnetic and dielectric properties of the material.25−30 Thus,
substitution of Bi3+ ions by these elements breaks the long-
range, spin cycloid superstructure of the antiferromagnetic
sublattice responsible for cancellation of magnetization of the
perovskite.31

Yttrium-substituted BiFeO3 has attracted interest in the past
few years due to the magnetic, optical, and catalytic properties
of these compounds. However, the presence of different phases
has been observed for the system Bi1−xYxFeO3 as the yttrium
content (x) increases, with disagreement over the value of x
that induces phase transitions and the structures that the
systems adopt. Thus, while it has been proved that for x < 0.1
the system presents a rhombohedral R3c structure, it has been
suggested that for x ∼ 0.1 a structural phase transition takes
place, because the diffraction patterns tend to that of
orthorhombic LaFeO3 (Pnma).32−34 Other authors propose
that for x = 0.1 the R3c phase is maintained,35,36 and a
tetragonal phase is obtained for x = 0.15.35 However, it has also
been proposed, for materials prepared by different methods,
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that the samples present the R3c phase up to x = 0.2,37−40 and
the appearance of other phases occurs for higher yttrium
content.41

Different methods have been employed for the synthesis of
the Bi1−xYxFeO3 system: conventional and modified solid-state
reactions,37−39 citrate-gel method and modified Pechini
method,32−34,36 tartaric acid modified sol−gel method,41

metal ion ligand complex-based precursor−solution evapora-
tion method35 and coprecipitation methods.40 In general, the
samples obtained are not phase-pure, because it is difficult to
avoid the formation of impurity phases, mainly Bi2Fe4O9.
Despite the presence of secondary phases, the dielectric,

magnetic, and photocatalytic properties of the samples have
been studied and an enhancement in these properties, with
respect to BiFeO3, is generally reported. Electrical transport
properties of yttrium-substituted BiFeO3 samples obtained by a
modified Pechini method were studied by Mukherjee et al.36

They found, by direct and alternating current (dc and ac)
measurements, that the resistivity and dielectric permittivity
increase with increasing yttrium content and that the dielectric
permittivity of the samples depends on grain and grain
boundary resistance. Impedance measurements have also
been made by Minh and Thang,37 who showed that the
samples present microstructural inhomogeneity as grain and
grain boundary effects were observed and that yttrium
substitution improved the boundary impedance.
Mechanical activation produces nanostructured materials by

using mechanical energy to activate chemical reactions and
particle reduction.42−45 The objective of this work is the
preparation of single-phase samples of the system Bi1−xYxFeO3
by mechanical activation followed by sintering and the
characterization of the products by XRD, Raman spectroscopy,
SEM, DSC, dilatometry, and impedance spectroscopy.

2. EXPERIMENTAL SECTION
2.1. Sample Preparation. Samples were synthesized from the

commercially available oxides Bi2O3 (Sigma−Aldrich 223891-500G, 10
μm, 99.9% purity), Fe2O3 (Sigma−Aldrich 310050-500G, <5 μm,
≥99% purity), and Y2O3 (Strem Chemicals 93-3911. 99.9% purity). It
was determined by thermogravimetry (TG) that the starting oxides did
not require drying.
Samples of the system Bi1−xYxFeO3 were prepared by mechanical

activation followed by sintering. The pristine oxides were mechanically
ground for 6 h in 7 bar of O2 in a modified planetary mill, Pulverisette
7 (Fritsch, Idar-Oberstein, Germany). It has been recently
demonstrated that oxygen acts as an inhibitor of bismuth reduction
by the iron of the grinding medium.46 Thus, a rotary valve
incorporated into the mill connected the jar to the gas cylinder
during milling, maintaining the pressure constant inside the jar even if
the gas was consumed. Jars were purged with oxygen several times and
then filled to the desired pressure. Hardened steel jar, 80 cm3 in
volume, and nine balls, 15 mm in diameter, were used in the
experiments, and the powder-to-ball mass ratio was set at 1:20, which
required approximately 6 g of starting oxides. The spinning rate of the
supporting disc was set at 700 rpm. A kinematic study of the balls and
jars during the mechanical treatment gave the following values for
corrected impact energy and total power: ΔE* = 82 mJ/hit and P =
25.8 W. Then 400 mg of the resulting materials for each composition
were pressed into pellets in a hardened steel die, 6.35 mm diameter,
and a uniaxial pressing of 0.93 GPa was applied. The green pellets were
subjected to sintering at 850 °C for 1 min.
2.2. Characterization. X-ray diffraction (XRD) patterns were

collected with a Panalytical X’Pert Pro diffractometer working at 45 kV
and 40 mA, using Cu Kα radiation and equipped with an X’Celerator
detector and a graphite-diffracted beam monochromator. Celref
software was used to determine the lattice parameters of the

compounds. FullProf software was used for Rietveld refinement.47,48

The background was refined by use of a six-order polynomial function
and a pseudo-Voigt function with axial divergence asymmetry profile
was employed to refine peak shapes.

Raman spectra of the samples were collected with a dispersive
Horiba Jobin Yvon LabRam HR800 microscope with a 20 mW green
laser (532.14 nm) and a 100× objective with a confocal pinhole of 10
μm.

Sintering was followed by dilatometric analysis, placing the green
pellets in a Linseis TMA model PT1000 and heating in 100 cm3·min−1

airflow with a 10 °C·min−1 heating rate from 250 to 850 °C. Density of
the ceramics was determined by the Archimedes method, with water as
the immersion liquid. Microstructure of the resulting ceramics was
studied by scanning electron microscopy (SEM) on a Hitachi S-4800
microscope equipped with an energy-dispersive X-ray spectrometer
(EDX) attachment. Pellets were polished and thermally etched for 30
min at 90% of the sintering temperature to reveal the grain boundaries.

Differential scanning calorimetry (DSC) curves were recorded in air
(100 cm3·min−1) on a DSC instrument and a simultaneous TG/DSC
instrument (Q200 and Q600 SDT, respectively; TA Instruments,
Crawley, U.K.). The experiments were performed at a heating/cooling
rate of 10 °C·min−1, from 0 to 850 °C in open alumina pans. The
temperatures of the transitions were taken as the onset of the peaks.

Temperature-dependent X-ray diffraction patterns were recorded in
100 cm3·min−1 airflow in a Philips X’Pert Pro diffractometer equipped
with a high-temperature Anton-Paar camera working at 45 kV and 40
mA, using Cu Kα radiation and equipped with an X’Celerator detector
and a graphite-diffracted beam monochromator.

For electrical measurements, the two parallel surfaces of the sintered
discs were covered with gold by means of a sputtering device to
improve electrical contact with the platinum electrodes. Impedance
measurements used a phase-sensitive multimeter (PSM1735, New-
ton4th Ltd.) over the frequency range 5 Hz−5 MHz, with an ac
measuring voltage of 100 mV and from room temperature to 380 °C.
The data were corrected for pellet geometry.

UV−visible spectra were recorded in the scan range 250−800 nm
on a Shimadzu spectrophotometer (model AV2101), in the diffuse
reflectance mode (R), which was transformed to a magnitude
proportional to the extinction coefficient (K) by means of the
Kubelka−Munk function. Samples were mixed with BaSO4, which was
used as a white standard since it does not absorb in the UV−vis
radiation range.

3. RESULTS AND DISCUSSION

Figure 1 shows the as-obtained XRD patterns of the products
of mechanical activation. Peaks are broad because the crystallite
size is nanometric after a mechanical activation of 6 h.46,49 The
XRD pattern for composition x = 0.10 presents a very weak
peak at about 25.5° (Figure 1c), which could be related to
either a phase transition in the material or the presence of a
secondary phase.
Figure 2 presents the dilatometric curve corresponding to

sintering of the green pellet of composition x = 0.02. Thermal
expansion is observed in the curve from room temperature to
425 °C, and then the pellet begins to contract in a number of
overlapping steps, with a large contraction from 800 °C.
Dilatometric curves for green pellets of compositions x = 0.07
and 0.10 present similar behavior to the pellet with x = 0.02,
with the initial thermal expansion and contraction from about
425 °C (see Supporting Information, Figures S1 and S2). This
behavior also has been observed for La-substituted samples.49

The relative densities of the sintered pellets, calculated by
Archimedes’ method, were 92.1%, 85.4%, and 84.3% for x =
0.02, 0.07, and 0.10, respectively. Therefore, a decrease in
density is obtained as yttrium content increases.
Figure 3 shows the XRD patterns of the sintered samples for

every composition, in the range 20−50° 2θ. Samples x = 0.02
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and 0.07 present similar patterns, and also similar to that of
BiFeO3,

46 which means that, essentially, single-phase materials
have been prepared in both cases, with no evidence of any
other impurity phases.
Sample x = 0.10 presents a weak peak at 25.5°, as was already

observed for the ground material (Figure 1c), and the presence
of other small features confirms either a partial structural phase
transition or the existence of a secondary phase.
The patterns were analyzed by the Rietveld method in order

to obtain qualitative and semiquantitative crystallographic
information on the phases. Compositions x = 0.02 and 0.07
could be refined well by considering rhombohedral structure
with space group R3c, as shown in Table 1 (see also Figures S3
and S4 in Supporting Information). These results are consistent
with those reported by other authors for samples prepared by
other methods.32,33,50 The indexing of composition x = 0.10
was tested in the space groups R3c, Pnma, Pn21a, and Imma,
and none of these accounted for all the observed peaks, which
causes high reliability factor values. For this reason,
combinations of different space groups were tested, and the
best refinement was obtained for R3c + Pbnm space groups.
This structural model accounts for all the features observed in
the XRD pattern (Figure 4 and Table 1). Thus, from the

Rietveld analysis, the weight percent of Pbnm phase was
estimated to be around just 6%, and therefore x ∼ 0.094. The
coexistence of R3c with other space groups for Bi1−xLnxFeO3
samples has been reported by several authors for different
substituents and compositions.51−55 It is important to take into
account that Pbnm is a nonstandard setting. The space groups
Pnma and Pbnm are structurally equivalent and differ only in
the choice of the unique axis. Thus, Pbnm can be described by
an out-of-phase tilting of the FeO6 octahedra in the a and b
planes and an in-phase tilt of the FeO6 octahedra in the c
direction.56

The microstructure of the prepared pellets was studied by
SEM (Figure 5). Pellets were thermally etched for 30 min at
90% of the sintering temperature to reveal the grain boundaries.
In general, the grains present different sizes and are irregular.
Moreover, the average grain size decreases with increasing
yttrium content, from 1.2 ± 0.5 μm for x = 0.02 and
approximately 0.8 ± 0.4 μm for x = 0.07 to 0.5 ± 0.4 μm for x
= 0.10. A similar decrease in grain size with increasing
substituent content has been observed for sintered La-
substituted samples.57 The table portion of Figure 5 shows
the elemental composition of the samples, determined by
semiquantitative analysis of EDX spectra of each composition.
When one takes into account that the nominal atomic
composition Fe/Y/Bi is 50.0/1.0/49.0 for x = 0.02, 50.0/3.5/
46.5 for x = 0.07, and 50.0/5.0/45 for x = 0.10, it is clear that
the materials have maintained in all cases the nominal
stoichiometry after the mechanical activation and sintering
processes.
Figure 6 presents Raman spectra at room temperature for the

three compositions. The selection rules for Raman-active
modes in a rhombohedral R3c symmetry give rise to 13 active
modes: four A1 modes and nine E modes. The spectrum for x
= 0.02 shows 10 lines, four of which can be attributed to A1
modes (at 160, 174, 226, and 412 cm−1) and six of which
correspond to E modes (at 261, 292, 370, 479, 529, and 619

Figure 1. XRD patterns of powders obtained after mechanical
activation of stoichiometric amounts of pristine oxides in oxygen (7
bar) for different compositions: (a) Bi0.98Y0.02FeO3, (b) Bi0.93Y0.07FeO3,
and (c) Bi0.90Y0.10FeO3.

Figure 2. Dilatometric curve for Bi0.98Y0.02FeO3 pellet.

Figure 3. XRD patterns of samples obtained after sintering
mechanically activated powders: (a) Bi0.98Y0.02FeO3, (b)
Bi0.93Y0.07FeO3, and (c) Bi0.90Y0.10FeO3.
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cm−1). The low Raman shift bands are associated with the
relative movement of Bi cations against the FeO6 octahedron,
while high Raman shift bands (above 200 cm−1) correspond to

internal vibrations of the FeO6 octahedron. The spectrum for x
= 0.02 is characteristic of R3c symmetry with small deviations,
probably due to the distortions caused in the structure by
yttrium substitution. The tolerance factor is defined as58

=
+

+
t

r r
r r

( )
2 ( )

A O

B O (1)

where rA is the average of ionic radii of Bi3+ and Y3+, rO is the
ionic radius of O2−, and rB is the ionic radius of Fe

3+. Thus, the
value of the tolerance factor is reduced with increasing yttrium
content (with an ionic radius of 1.019 according to Shannon59)
from 0.888 for x = 0.02 to 0.883 for x = 0.10, which indicates
that yttrium substitution causes distortions in the BiFeO3
structure. These distortions modify the Raman spectra, as
observed by other authors for different substituents.37,41,49,60,61

Compositions x = 0.07 and 0.10 present Raman spectra similar
to that of x = 0.02, but the low Raman shift bands decrease in
intensity due to the reduced number of Bi−O bonds as the
yttrium content increases, which demonstrates that yttrium
atoms are effectively occupying the A sites in the perovskite.
Moreover, for x = 0.10, the band at 370 cm−1 almost disappears
and the bands at 479 and 529 cm−1 appear overlapped.

Table 1. Rietveld Refinement Structural Parametersa

Bi0.98Y0.02FeO3 Bi0.93Y0.07FeO3 Bi0.90Y0.10FeO3

space group R3c R3c R3c Pbnm
a (Å) 5.57702(1) 5.56776(5) 5.56321(3) 5.42433(4)
b (Å) 5.57702(1) 5.56776(5) 5.56321(3) 5.62842(7)
c (Å) 13.86314(2) 13.83335(5) 13.81320(1) 7.84045(8)

Atomic Positions
Bi/Y 0.00, 0.00, 0.00 0.00, 0.00, 0.00 0.00, 0.00, 0.00 0.0020(6), 0.0510(9), 0.25
Fe 0.00, 0.00, 0.2212(3) 0.00, 0.00, 0.2229(4) 0.00, 0.00, 0.2232(3) 0.00, 0.50, 0.50
O(1) 0.4420(1), 0.0065(5), 0.9522(2) 0.4437(1), 0.0129(4), 0.9523(1) 0.4656(4), 0.0308(5), 0.9476(6) 0.0854(3), 0.4899(5), 0.25
O(2) 0.6754(6), 0.2951(8), 0.0110(1)

Bond Angle (deg)
Fe−O(1)−Fe 156.4 154.8 152.3 142.9
Fe−O(2)−Fe 147.1

Confidence Factors
χ2 3.28 2.59 2.80
Rwp 15.5 14.2 14.0

aDetermined from XRD patterns of powders of the system Bi(1−x)YxFeO3, obtained after 6 h of mechanical activation and subsequent sintering at
850 °C.

Figure 4. XRD pattern of Bi0.90Y0.10FeO3 obtained after 6 h of
mechanical activation and subsequent sintering at 850 °C (dots). Solid
lines are the fit from the Rietveld refinement. (Inset) Expanded section
in the range 20−45° 2θ.

Figure 5. SEM micrographs of pellets obtained after 6 h of mechanical
activation and subsequent calcination at 850 °C.

Figure 6. Raman spectra of samples obtained after 6 h of mechanical
activation and subsequent calcination at 850 °C: (a) Bi0.98Y0.02FeO3,
(b) Bi0.93Y0.07FeO3, and (c) Bi0.90Y0.10FeO3.
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Multiferroic character and phase transitions of the samples
were studied by a combination of DSC, dilatometry, and
temperature-dependent XRD. Figure 7 shows DSC traces

obtained upon heating of small pieces of pellets, where the first
peak corresponds to the antiferromagnetic−paramagnetic
transition (TN) and the second to the ferroelectric−paraelectric
transition (TC). The inset presents the DSC traces in the
temperature range from 0 to 420 °C, where the only peak
observed for each composition corresponds to TN, which is a
weak effect with onsets at 363 and 354 °C for x = 0.02 and
0.07, respectively, while for x = 0.10 the peak is broader with
the onset at ∼349.5 °C. Thus, a small decrease in TN is
observed as the yttrium content increases. The ferroelectric−
paraelectric transition also decreases with increasing yttrium
content, as observed by other authors for yttrium-substituted
BiFeO3,

34,36 from 775 °C for x = 0.02 to 530 °C for x = 0.07
(Table 2). This transition appears as a broad band for x = 0.07.
However, the ferroelectric−paraelectric transition is not
observed by DSC for x = 0.10.
Dilatometric curves were registered upon heating from 250

to 850 °C for the dense sintered pellets (Figure 8a). Curves
show a considerable volume reduction at TC for x = 0.02 and
0.07 and at identical temperatures as observed by DSC, but
composition x = 0.10 presents a more gradual decrease in
volume, from 420 to about 525 °C, suggesting that the phase
transition is slow and takes place over a wide range of
temperatures (Table 2). Figure 8b presents the composition
dependence of TC and TN for x = 0.02 and 0.07. From the Neél
temperature determined by DSC and the Curie temperature
obtained by dilatometry, the amount of R3c phase for
composition x = 0.10 was estimated to be 93% if linear
dependences of TN and TC on x are considered. This value is in

good agreement with the value of x calculated by Rietveld
refinement (Figure 4).
These results are confirmed by temperature-dependent XRD.

Figure 9 presents XRD patterns of Bi0.90Y0.10FeO3 recorded in

Figure 7. DSC traces of samples obtained after 6 h of mechanical
activation and subsequent sintering at 850 °C: (a) Bi0.98Y0.02FeO3, (b)
Bi0.93Y0.07FeO3, and (c) Bi0.90Y0.10FeO3. (Inset) Temperature range
from 0 to 420 °C, where the antiferromagnetic−paramagnetic
transition takes place.

Table 2. Curie Temperatures,a Phase Transitions, and Cell Parameters

cell parameters

composition (x) Tc (°C) phase transition T (°C) a (Å) b (Å) c (Å) α = β = γ (deg)

0.02 775 R3c → Pnma 820 5.5911 7.8795 5.5643 90
0.07 530 R3c → Pbnm 620 5.4938 5.6138 7.8871 90
0.10 420 R3c + Pbnm → Pbnm 600 5.4774 5.6294 7.9052 90

aCurie temperatures were obtained by DSC, TMA, and temperature-dependent XRD.

Figure 8. (a) Dilatometric curves of dense pellets prepared by
mechanical activation and subsequent sintering at 850 °C. (b)
Composition dependence of TN and TC for the three prepared
ceramics.

Figure 9. In situ X-ray diffraction patterns for x = 0.10 at different
temperatures, registered from 30 to 600 °C.
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air as a function of temperature, from 30 to 600 °C, in intervals
of 10 °C upon stepwise heating and in the 2θ range from 20° to
35°. The patterns from 30 °C to ∼420 °C are identical,
indicating no phase transition in this temperature range, and
they exhibit peaks corresponding to the starting mixture of R3c
phase with 6% residual Pbnm phase, as presented in Figures 3
and 4. From 420 °C to ∼600 °C, the intensities of the weak
peaks at 25.4°, 32.7°, and 33.8°, which correspond to the Pbnm
structure, increase and the single peak at 22.5° splits into two
overlapped peaks. Moreover, the intensity of the left-hand peak
in the pair at 32° decreases. Therefore, the crystal structure
evolves upon heating from R3c to Pbnm phase, which is
obtained as a single phase at 600 °C. The crystal structure was
indexed at 600 °C by use of the Celref software, and the cell
parameters obtained are included in Table 2.
The same procedure was employed to study the ferro-

electric−paraelectric phase transitions for x = 0.02 and 0.07
(see Supporting Information, Figures S5 and S6). The
transitions take place in the same temperature range as
observed by DSC and thermomechanical analysis (TMA).
Moreover, for x = 0.07, a phase transition between R3c and
orthorhombic Pbnm structure is observed, as detected for x =
0.10. On the other hand, for x = 0.02, the high-temperature
phase corresponds to Pnma, which may be related to the small
amount of yttrium in this phase since the phase transition from
R3c to Pnma structure has also been observed for BiFeO3.
High-temperature phases were indexed by use of the Celref
software, at 820 and 620 °C for x = 0.02 and 0.07, respectively,
and the cell parameters are also included in Table 2.
The nature of the optical band gap (Eg) of the samples was

studied by diffuse reflectance spectroscopy, since the UV−vis
absorption performance of a semiconductor is closely
correlated with its energy band. Figure 10 presents, as an

example, the registered diffuse reflectance spectrum for
composition x = 0.07, converted to the Kubelka−Munk
function in order to obtain the absorption coefficient (α).62,63

The absorption cutoff wavelength is about 600 nm and a slight
absorption is also observed from ∼650 nm. Similar behavior
was observed for compositions x = 0.02 and 0.10 (see
Supporting Information, Figures S7 and S8). Tauc’s plot is a
commonly used method to determine the band gap in
semiconductors,64 which is based on the following expression:

να ν= −h A h E( ) ( )n1/
g (2)

where h is Planck’s constant, ν is frequency, A is a proportional
constant, and Eg is optical band gap energy in electronvolts.
The value of n depends on the type of optical transition when a
photon is absorbed. Thus, n = 1/2,

3/2, 2, and 3 for direct
allowed, direct forbidden, indirect allowed, and indirect
forbidden transitions, respectively.64 For BiFeO3 and related
materials the band gap is direct (n = 1/2),

65−68 and the plot of
(αhν)2 versus hν is drawn. The tangent to the point of
inflection on the curve is drawn and the hν value at the
intercept of the line on the abscissa is the band gap Eg value
(inset, Figure 10). The calculated values for Eg are 2.09, 2.07,
and 2.04 for x = 0.02, 0.07, and 0.10, respectively. Therefore,
the optical band gap decreases with increasing yttrium content,
unlike the results reported by Mukherjee et al.36 Moreover,
these values of Eg are lower than those reported by other
authors for Y-substituted BiFeO3.

32 These results suggest that
the obtained samples are promising visible-light photocatalysts.
Temperature-dependent impedance measurements showed

that all samples present high resistivity at room temperature
and presented modest levels of semiconductivity from
approximately 275 °C. Figure 11 presents impedance data for

x = 0.02 in the temperature range from 300 to 380 °C.
Impedance complex plane plots (Figure 11a) show single but
distorted arcs whose low-frequency intercepts give total
resistance of the sample at each temperature. M″ and Z″
spectroscopic plots measured at 320 °C (Figure 11b) show
single broad peaks with very small differences in the frequency
of their maxima, which may indicate that the samples are
electrically homogeneous. Capacitance data (Figure 11c) show
high-frequency plateaus at approximately 10−14 pF·cm−1,
which correspond to the bulk response of the sample. A
small increase in C′ is observed at low frequencies, which could
indicate a power law response. Conductivity plots (Figure 11d)
show low-frequency plateaus followed by dispersion at high
frequencies, indicating again a possible power law response.69,70

It can be estimated that the equivalent circuit for these data is
composed by a parallel R−C−CPE element shown in the inset

Figure 10. Diffuse reflectance spectrum for composition x = 0.07.
(Inset) Band gap calculated by means of Tauc’s plot.

Figure 11. (a) Impedance plots, (b) Z″/M″ spectroscopic plots, and
(c) C′ and (d) Y′ vs frequency for Bi0.98Y0.02FeO3 obtained after 6 h of
mechanical activation and subsequent sintering at 850 °C.
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of Figure 11c, where R is a resistor, C is a capacitor, and CPE is
a constant phase element responsible for the dispersion
observed in C′ at low frequencies and Y′ at high frequencies.
A similar behavior has been observed for BiFeO3 and La-
substituted BiFeO3 (0 ≤ x ≤ 0.15) samples prepared by direct
mechanosynthesis.49,57,71

Resistance values as a function of temperature, obtained from
intercepts on the real Z′ axis of the impedance complex plane
plots, are shown in Arrhenius format (log σ against inverse
temperature, where σ is conductivity) in Figure 12 for the three

samples prepared, measured from 300 to 380 °C. The resistivity
at room temperature, extrapolated from the Arrhenius plots, is
in the range ∼1015−(9 × 1013) Ω·cm. The conductivity is small
and increases with increasing yttrium content with a slight
increase in the activation energies, calculated from the slopes of
the plots. This result suggests an increase in the number of
charge carriers with x, as has been reported for samples of the
system Bi1−xLaxFeO3 (0 ≤ x ≤ 0.15).49,57 The low conductivity
of the samples indicates that mixed valence of Fe and oxygen
nonstoichiometry have been avoided by the methodology
employed to prepare the samples. The conduction mechanism
was investigated by registering impedance data in air, oxygen,
and nitrogen at 350 °C, as presented in Figure 13 for
composition x = 0.10. As may be observed in the figure, the
resistivity of the sample decreases as the partial pressure of
oxygen increases, which suggests that the conduction is p-type.
Samples x = 0.02 and 0.07 presented identical behavior (see

Supporting Information, Figures S9 and S10). Therefore, the
samples can pick up oxygen by the mechanism:

→ +− •O 2O 4h2
2

(3)

Although the results shown in Figure 13 allow identifying holes
as the main charge carrier in Y-substituted BiFeO3, the origin of
the holes is not known, and further investigation to determine
the charge compensation mechanism is needed.

4. CONCLUSIONS
Dense Bi1−xYxFeO3 (x = 0.02, 0.07, and 0.10) pellets have been
prepared by mechanical activation and sintering at 850 °C.
Single-phase materials have been obtained for x = 0.02 and
0.07, with rhombohedral R3c structure, as assayed by Raman
spectroscopy and X-ray diffraction analysis. On the other hand,
a mixture of 94% rhombohedral R3c and 6% orthorhombic
Pbnm structures has been detected by Rietveld analysis for x =
0.10. EDX semiquantitave analysis revealed that the materials
maintained the nominal stoichiometry after mechanical treat-
ment and sintering. The multiferroic character of the samples
was studied by DSC, dilatometry, and high-temperature X-ray
diffraction. Thus, a slight decrease in the antiferromagnetic−
paramagnetic transition at TN with increasing yttrium content is
observed, and the ferroelectric−paraelectric transition at TC
also decreases, from 775 °C for x = 0.02 to 530 °C for x = 0.07.
For x = 0.10, the Curie temperature was observed by
dilatometry and high-temperature X-ray diffraction that suggest
that the phase transition takes place over a wide range of
temperatures. Moreover, the nature of the ferroelectric−
paraelectric phase transitions was studied by temperature-
dependent XRD, which showed rhombohedral to orthorhom-
bic phase transitions in all cases. High-temperature phases were
indexed as Pnma for x = 0.02 and Pbnm for x = 0.07 and 0.10.
Diffuse reflectance spectroscopic measurements allowed
determining that the samples present low optical band gap,
which could imply that they are promising visible-light
photocatalysts. Moreover, the samples are electrically homoge-
neous, as deduced from impedance spectroscopy measure-
ments, with low conductivity that increases with increasing
yttrium content and a p-type conduction mechanism.
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