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ABSTRACT: (Bi,_,La,)FeO; (0.00 < x < 0.06) ceramics have been synthesized
through a mixed oxide route to investigate their structural, morphological, optical,
dielectric, and magnetic properties. All the samples are revealed to be in
rhombohedral structures along with the R3¢ space group and 161 space group
number. A high relative permittivity and the lowest tangent loss are observed in
BLFO samples at the frequency range 1—100 MHz. The optical studies show that
the excitation energy increases with the increasing La content. Moreover, the
magnetization being strongly affected by crystallite size and microstrain has been
investigated. The band gap energy increases with the increasing La content. The
overall result of pure and doped La contents in BFO ceramics shows enhanced

structural, dielectric, and optical properties.

B INTRODUCTION

The renowned perovskite oxide that shows both optical and
dielectric properties at room temperature is bismuth ferrite
[BiFeO; (BFO)]. BFO is one of the single-phase multiferroic
materials that exhibit the coexistence of ferroelectric ordering
with a Curie temperature (T¢) of 850 °C and antiferromag-
netic (AFM) ordering with a Neel temperature (Ty) of 370
°C. The bulk BFO has a rhombohedral structure along with
the space group R3C at room temperature.' The magneto-
electric effect (ME) has been observed in BFO ceramics by
switching electric magnetization and polarization mutually.” It
is considered that BFO ceramics are a candidate material for
many applications ie., data storage devices, spintronics,
transducers, and electromagnetic devices.” > However, syn-
thesis of BFO (single phase) is very difficult to perform due to
(i) current leakage in samples arising due to impurity contents;
(ii) formation of a thin thermal window; and (iii) oxygen
vacancies and improper stoichiometric ratios.””® Furthermore,
the AFM behavior in BFO ceramics is the main obstacle in
obtaining a larger ME effect and hence avoiding its current
leakage. The doping procedure and modified synthesis method
of BFO ceramics help a certain amount in restraining the
aforesaid impairments. The total magnetization in BFO is
initiated from the spin phase of the Fe®* cation, while the total
polarization may result from the stereochemical approach of
6s* single pair electrons in the Bi** cation.””'” The multiple
sample properties would be modified by the help of doping
elements. There are many reports that expressed one-site
doping at either the A or B site cation."*”' The doping of La
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or Ba will improve the dielectric properties and minimize the
current leakage, while the doping of Mn and Ti ions will
improve optical and magnetic properties.'’~*>* However, the A
site cation doping not only produces strain in the sample but
also added to the magnetic contributions. Besides these, there
have been some reports in this regard to investigate the
multiple properties. For example, the doping of V** and La* in
the BFO sample enhanced the structural, microstructural,
optical, and dielectric properties,”>™*° while very few regorts
show the modified magnetic properties in the framework.”” >’
Many researchers reported that the phase transition and
miniaturization of leaking currents also occur in the BFO
sample due to doping of (La, Pr) and (La, Sm), which further
stabilizes the magnetic properties.”””* The rare-earth metals,
eg, Gd, gplay a key role in increasing the magnetization
behaviors.*° It is very interesting to studies the effect of A-
site doping of La or Gd cations, which may affect the optical,
dielectric, and magnetic properties.’””’

In the present study, an effort is made to synthesize the
(Bi;_,La,)FeO; sintered ceramics (0.00 < x < 0.06) via a
solid-state route. In this method, the ball milling is a
mechanical technique that is broadly used to grind powders
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into fine particles, and its effect on the crystallite size, dielectric
properties, and microstructure development of milled powders
is studied. Due to this importance, we studied the effect of La**
on the relationship between the structural, microstructural,
vibrational, and dielectric properties (dielectric constant and
tangent loss) of the (Bi,_,La,)FeO; materials, which by
varying the frequency as well as temperature are improved.

B RESULTS AND DISCUSSION

Phase Analysis. Figure 1b represents the X-ray diffraction
(XRD) pattern of La-doped BiFeOj sintered ceramics obtained
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Figure 1. (a) XRD pattern of La doped in BiFeO; sintered at 800 °C
for 30 min. (b) Enlarged view of the shift of the lower 26 peak at (1 1
0).

for structural information. All major peaks are indexed properly
(base sample only) and show a rhombohedral structure along
with the lattice parameters (a = b = ¢ = 0.5620 nm) and space
group (R3c) that matched with JCPDs no. 01-086-1518. A
minuscule amount of the secondary phase of Bi,sFeO,, and
Bi,Fe,Oy along with the primary phase is observed for BFO
ceramics.”” The major diffracted peak (1 1 0) is shifted to
lower 26 values with increasing La contents, as shown in Figure
1b. The shifting of the major peak to a lower Bragg’s angle is
due to the variation in the ionic radii of Bi** (1.17 A) and La*
(1.03 A).>®* The compressive stress (lattice distortion)
produced in the La-doped BFO rhombohedral structure is
due to the ionic radius difference.

However, the major peak shifting toward lower Bragg’s angle
shows the induced stress, ascribed to the increasing La
concentration. Moreover, no phase transition is detected for all
compositions. Densification of the samples mostly affected the
microstructural, optical, and dielectric properties. Therefore,
the dignified density and relative density of samples have been
calculated. Additionally, to correlate the crystallite size with La
contents, the average crystallite size is calculated from the full
width at half maximum (fwhm) of the all samples by using the
Debye—Scherer formula, and it is noted to be decrease with
increasing La contents.>”

kA
P cos 6 (1)

where “D” is the crystallite size, “k” is the shape factor (~0.9),
“P” is the fwhm measured in radians, “A” is the wavelength of
Cu Ka, and “@” is the Bragg angle. It was observed that the
average crystallite size decreases with increasing La contents
due to the smaller ionic radius of the La** (1.03 A) ion than

D=

the ionic radius of the Bi** (1.17 A) ion.”" This result confirms
the substitution of the La element in the Bi site inside the host
matrix. The lattice strain (1) was obtained by using the
following equation

_ P cost
L 2)

n is observed to be increase with the La concentration. The
microstructure and crystallite size significantly affect the
optical, magnetic, and dielectric properties.’’ The value of
relative permittivity and magnetization changed with the
increasing La concentration in BFO ceramics. The dislocation
density (5) of the BFO sample is produced by the addition of
La dopants. The dislocation density of each peak in the BFO
sample was calculated by using the following equation.*’

1

5 = —2
D 3)
The dislocation density increases with increasing La
contents in BFO sintered ceramics, as shown in Table I.

Table 1. W—H Calculated Crystallite Size (Dy._g),
Dislocation Density (8y_y), Lattice Strain (fjy_y), and
Microstrain (&y_g) of Bi,_,La ,FeO; (0.00 < x < 0.06)
Ceramics

parameters x=000 x=002 «x=004 x=0.06
average crystallite size 29.0071 32.1703  27.0281 36.3921
“DW_H” (nm)
dislocation density “Oy_y” 1.1880 0.9661 1.3695 0.7553
(X 107°nm™2)
lattice strain “ny_y” 4.1536 2.9848 4.7726 8.2746
(x 107%)
microstrain “ey_y” 1.3375 1.3528 1.4351 1.4573
(x 1072)

The microstrain (&) is the degree of distortion present in the
crystalline lattice. Both crystallite size and microstrain in the
crystal lattice affected the broadening of the XRD lines. This
line broadening can be used to measure both the crystallite size
and microstrain, and it can be calculated by using the following
equation.Ar2

1
€= 4 tan 0 4)

The Williamson Hall (W—H plot) method can be used to
analyze the broadening of peaks.”

kA
B cos9D + 4¢ sin 6 (s)
The above equation represents a straight line, where € is the
slope of the line and kA/D is the y intercept. Now, we plot 4sin
0 on the x-axis and f cos 6 on the y-axis. The value of
crystallite size can be obtained from the y intercept. Figure 2a—
d shows WH plots for Bi;_,La,FeO; (0.00 < x < 0.06)
ceramics. The WH plot is used to analyze crystalline shapes
and strain that contribute to X-ray line broadening because
Scherer’s formula does not take into account the strain
contribution. Therefore, the crystallite size, dislocation density,
and strain of the W—H plot for Bi,_,La . FeO; (0.00 < x <

0.06) ceramics are obtained, as shown in Table 1.
Microstructural Studies. Figure 3 shows the micro-
structural studies of the thermally etched and gold-coated
samples of Bi;_,La FeO; (0.00 < x < 0.06) sintered ceramics.
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Figure 2. W—H plot of Bi,_,La,FeO; (0.00 < x < 0.06) sintered ceramics: (a) BiFeOs, (b) BigggsLag,FeOs, (c) BigggosLagesFeOs, and (d)
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Figure 3. SEM images of Bi,_.La FeO; (0.00 < x < 0.06): (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.06.

All the scanning electron microscopy (SEM) images are
measured with the same magnification of 20,000 by using a
lens detector. The images revealed that all the samples are
highly dense, compact, randomly oriented, and non-uniform
grains. The average grain or crystallite size has been measured
by using Image] software. The grain size increases along with
La concentration. The reticence of grain growth with
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increasing La contents might be attributed to the ionic radius
variation of host and substituted atoms. These disparities of
ionic radii resulted in the lattice distortion and suppression of
grain growth.

Energy-dispersive X-ray spectroscopy (EDX) is used for
elemental analysis (quantitative and qualitative) of the samples.
Results revealed that a clear peak is present in the spectrum for

https://doi.org/10.1021/acsomega.3c00495
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Figure 4. EDX spectra of pure and La-doped BFO ceramics: (a) x = 0.00, (b) x = 0.02, (c) x = 0.04, and (d) x = 0.06.

all the elements, which is the evidence of La ions having been
doged in the BFO structure successfully, as shown in Figure
4.7 For the purity confirmation of samples, the EDX spectrum
is recorded with different weight percentage (wt %) levels on
every sample to determine the homogeneity of La absorption
in BFO ceramics. Increasing La concentration is characterized
by the enlarged intensity of the La peak and a decrease in
intensity of Bi peaks. It is revealed that Bi, O, La, and Fe
elements are present in the samples, and the ratio of the atomic
percentage of elements in the samples matches the
stoichiometric ratio with quantity taken for their research.
There is no impurity found in pure BFO and La-doped BFO.

Fourier Transform Infrared Spectroscopy. Figure S
shows the Fourier transform infrared (FTIR) spectra of
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Figure S. FTIR spectra of (Bi,_,La,)FeO; (0.00 < x < 0.06)
ceramics.

13225

Bi,_,La,FeO; (0.00 < x < 0.06) sintered ceramics. This
analysis is revealed to study the molecular bonding in a
ceramic sample. FTIR spectra have some peaks that
correspond to vibrational frequency of atomic bonds. This
will help classify the bonds present in a material. The peaks at
locations 3095.78 and 1462.30 cm™" show symmetric retching
modes of O—H—O and O—H, respectively, while the peak at
location 544.348 cm™" shows the vibrational bending mode of
Bi/O and O/Fe/O bonds. In octahedral FeOyg, vibrations of
Fe—O show a peak at 520 cm™'. For the out-of-phase
vibration, the peak of the oxygen atom perpendicular to plane
(111) is observed at 577 cm™".** Due to the highest grade of
the crystalline phase, pure BFO has an Fe—O absorption peak
near 600 cm™. The oxygen bond confirmed the formations of
a simple perovskite. The peak below 1000 cm™" wavenumber
shows Bi—O vibration. Some researchers reported that the
peak located near 1000 and 1025 cm™" can be ascribed to the
vibration of the Bi—O bond.** The grain growth increases with
the temperature increase. The vibrational frequency for the
Fe—O bond is determined by the equation.*’

1 [K

T e\ (6)

Optical Studies. A UV—visible diffuse reflectance spec-
trum in the wavelength range of 200—800 nm at room
temperature is recorded to find the ceramics’ optical band gap
energy. The optical band gap energy of BFO ceramic arises due
to the hybridization of 3d and 2p orbitals.*® The energy band
gap of the material can be evaluated using the classical Tau’s
equation47

(ahv)" = A(hv - E,) )
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Figure 6. UV spectra of (Bi;_,La,)FeO; (0.00 < x < 0.06) sintered ceramics
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where A is a constant, hv is the photon energy, a is the
adsorption coefficient, E, denotes the band gap, and # is a
number having values 2 and 1/2. The value of n depends on
electronic transitions: n = 1 for direct band gap energy and n =

48-51

1/2 for indirect band gap energy. Figure 6a—d represents
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the Tauc plots in (ahv)” versus photon energy for all ceramics.
The direct band gap of the samples was extracted by linear
extrapolation of (ahv)? versus energy (E) plots to zero. The
optical band gaps estimated for BFO, x = 0.02, x = 0.04, and «
= 0.06 are 3.024, 3.05S5, 3.071, and 3.093 eV, respectively. The
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band gap energy increases with La contents, which may be due
to the distortion of the lattice system. Therefore, we observe
tremendous optical properties compared to that of conven-
tional ferroelectric materials, which show large band gap
energies of 3.024—3.095 eV and BFO-based materials show a
band gap less than 2.734 eV.>>>

Dielectric Properties. Figure 7 shows the relative
permittivity or dielectric constant (g,) and tangent loss or
dielectric loss (tan §) measured for (Bi;_,La,)FeO; (0.00 < x
< 0.06) sintered ceramics at the 1—100 MHz frequency range.
It is reported that the value of &, increases with La contents
and decreases with frequency. The lowest value of tangent loss
(tan &) is obtained for the highest doping of La, i.e., at content
(x = 0.06), as shown in Figure 8. It has been reported that the
tan O decreases with La contents while the value of relative
permittivity is maintained.”* The particular mechanism for the
decrease in tangent loss value with the increasing La content
has not been understood. However, it can be recommended
that La ions help in (a) the stability of the BFO structure, (b)
reducing Bi losses, and (c) increasing the material density. This
indicated that the valence state of iron (Fe**) arose due to the
loss of Bi with the substitution of La*>* by Bi**. So, reducing the
electronic springing from the Fe®" ion to Fe’" arising due to
ion disproportionality between the oft stoichiometric ratios of
Bi** and Fe** ions reduces the secondary phase formation,
which contributed in the conduction of pure BFO.” This
doping weakens the conductivity, which reduces the tangent
loss. Lastly, increasing density also participated in reducing the
tangent loss.

In pure BFO, the polar activities of the Bi cation are the
main cause for the remark of space charge polarization. In this
study, the recorded relative permittivity is not only due to Bi
ion but also the geometry of the crystal, which results in the
doping-based dielectric properties. The value of ¢, is improved
by La doping and crystal distortion as well. The distortion may
result in the different bond lengths in Fe—O, which lead to the
development of polarization and &, through off-centrosymme-
try. The reducing secondary phases from the BLFO ceramics
contributed in enhancing &, by avoiding the conduction of
electrons from the secondary phase. Additionally, the doping
of La®* ion enables the reimbursement of oxygen vacancies,
and even the energy of bond separation (for the La—O bond)
is greater than that for the Bi—O bond.*® The BLFO with
different contents shows the low tan 6 and the highest g,
which shows that the La*>" ion improves the optical, dielectric,
and magnetic properties effectively for practical applications.

Magnetic Properties. Figure 9 shows the magnetic
properties of BLFO sintered ceramics at room temperature.
All of the samples show hysteretic behavior with linear
components, features of an AFM material, in accordance with
that reported for BLFO samples.”” When compared to the
results for the sample of pure BFO found by Dias et al, an
increasing magnetization is observed.”® The substitution of La
maybe affects the magnetic properties, which further produces
distortion in the unit cell due to the difference in ionic radii of
host and dopant atoms. In BLFO samples, the magnetization is
influenced by the Fe—O-—Fe bond distortions. So, the
observed variations in magnetization for BLFO samples are
affected by the chemical strains.”” The magnetic properties of
BFO are greatly affected by crystallite size, microstrain, doping
elements, etc.”’~> The presence of microstrain is essential to
explain why the variations in magnetization curves also affected

the magnetic properties.63 In fact, magnetization increases with
the decreasing crystallite size.

In this work, we have observed similar results for doped
BFO samples.®* The magnetization increases with the increase
in the La contents and the magnetic field as well, as shown in
Table 2.

Table 2. Magnetic Parameters of (Bi,_,La,)FeO; (0.00 < x
< 0.06) Sintered Ceramics at Different Magnetic Fields (1k,
3k, and Sk Oe)

magnetic field magnetic field magnetic field

1k Oe), 3k Oe), Sk Oe),
sample magnetization magnetization magnetization
compositions ému/g) gemu/g) gemu/g)
BiFeO; 27.34 31.65 33.22
Bigg ggLag o, FeOy 25.97 30.86 31.28
Bigg 9sLLag o4FeO3 23.44 28.54 29.75
Bigg g4LagosFeO; 2145 25.39 26.59

B CONCLUSIONS

The solid solutions of (Bi;_,La,)FeO; (0.00 < x < 0.06)
ceramics are prepared by a mixed oxide route. All the samples
show rhombohedral structure along with the space group
(R3c), and no phase transition is observed. The FTIR spectra
confirmed the perovskite phase and structural distortion in
BFLO ceramics. The obtained band gap values are suitable for
the application of light harvesting and solar radiations. The
optimum value of relative permittivity with a low tangent loss
was recorded at content x = 0.04. The band gap energy
increasing with the increasing La contents is recorded. The
magnetization behaviors are strongly affected by the crystallite
size and microstrain. The overall obtained results are suitable
for practical applications.

B EXPERIMENTAL METHOD
The solid solutions of (Bi;_,La,)FeO;, (0.00 < x < 0.06)

ceramics are synthesized by amixed oxide route. Stoichiometric
ratios of Fe,O; Bi,O; and La,0O; powders are mixed and
milled systematically in an ethanol medium by using horizontal
ball milling for 3 h. The zirconia balls of diameters 5 and 10
mm have been used in this experimental work. The slurry (wet
mixture of raw powders) was kept in a microwave oven at 90
°C for 24 h to dry it. The dried mixture was re-milled for 1 h to
reduce agglomerations. Then, the mixture was calcined at 850
°C for 3 h. Moreover, the pellets were prepared and sintered at
980 °C for 3 h. The phase formation of sintering and milling
samples was performed through an X-ray diffractometer (JDX-
3532, JEOL, Japan) with Cu Ke radiations of wavelength A =
0.1540598 nm, functioning at 45 kV and 40 mA to identify the
phases. The samples were analyzed for their surface
morphology by using SEM (Carl Zeiss Ultra 5SS, USA), and
EDX analysis was carried out for elemental compositions. To
measure dielectric properties, silver was pasted on both sides of
the pellet samples to make the geometry of a capacitor.
Relative permittivity (&,) measurements were carried out by
using an LCR meter (Agilent E4980A, USA) at room
temperature. The magnetic properties of these samples were
studied by using a Quantum Design PPMS-VSM in the
presence of an external magnetic field, and hysteresis loops
were recorded at room temperature.
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