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Abstract

Objectives: The present study focuses on developing La-doped
BiFeO5 multiferroicmaterials for dielectric absorber applications. Methods:
The samples are characterized by X-ray Diffractometer (XRD). Further, the
morphology is examined using field emission electron microscopy (FESEM)
and Transmission Electron Microscopy (TEM). The dielectric parameters and
ac-electrical parameters are carried out by impedance spectroscopy. The mag-
netic properties are studied using a vibrating sample magnetometer VSM, P-E
loop. Findings: XRD confirms the rhombohedral (trigonal) structure of BLFO
nanoparticles. The grain and particle size values are determined by SEM and
TEM, respectively. The dielectric and ac-electrical parameters for all the sam-
ples are thoroughly discussed at room temperature. The Maxwell-Wagner or
interfacial polarization is noticed at low input field frequencies for x=0.2-0.8.
The impedance analysis shows the contribution of grain and its boundary in the
electrical conduction mechanism. The multiferroic behavior is examined using
M-H loops, P-E loops, and p;-f plots. Novelty: The samples are synthesized by
the hydrothermal process to prepare La-doped BiFeO3 nanomaterials.
Keywords: Nanoparticles; Electron Microscopy; Multiferroic; Magnetization;
Polarization; Permeability

1 Introduction

Perovskite materials have been well-known to the scientific community for several years.
Generally, among these perovskites, dielectric, ferroelectric, piezoelectric, pyroelectrics,
ferromagnetic, and multiferroic materials achieved much more significance than other
materials. As we know, the multiferroic perovskites show more than one ordering,
such as magnetic, electric, elastic, etc. The magnetic ordering in multiferroics is
established owing to the exchange interactions between magnetic dipoles within the
ABOj perovskite structure. BiFeO5 (BF) is a familiar multiferroic material that offers
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ferroelectricity, antiferromagnetism, and ferroelasticity. As a result, bismuth iron oxide attracted the scientific community to
work further on it to study various optical, mechanical, photocatalytic, and electrical properties. Moreover, the BF exhibits a
rhombohedral distorted structure and offers applications in memory, spintronic, photocatalytic, and photovoltaic devices V).
However, BF has difficulties providing low retentivity, weak magnetization, low polarization, and high leakage current™. To
avoid this problem, the rare earth elements must be incorporated into the BF perovskite system. Thus, it may enhance the
magnetization and polarization behavior, decreasing leakage current.

1.1 Related work

Based on previuos reports, BE, and La doped BF materials were synthesized through different methods and prepared nano
partcicles size ranges in between 50 -150 nm, and studied the effect of synthesis method on different properties like structure,
electrical, dilectric and magnetic. Like the two-step anodization process?, solid-state reaction technique, sol-gel method ¢,
ball-milled method "%, and spark plasma sintering®. Using different synthesis methods, it is observed that the structural,
electrical, optical, and magnetic properties have been optimized.

1.2 Research Gap

The literature survey indicates that the La-doped BiFeO3 nanoparticles are synthesized via different synthesis methods like
Sol-Gel, auto combustion, solvothermal, hydrothermal, Pechini methods, etc.!~17). All the reports evidenced that the complete
study on structure, morphology, dielectric, magnetic, ferroelectric, and impedance behavior is not provided in the literature.

1.3 Contributions

In the present study, our contributions are as follows:

1. We have prepared the La-doped BiFeO5 nanomaterials by Hydrothermal method at low reaction temperature as it
possesses a few significant benefits like easy preparation, less time-consuming, low operating temperatures, inexpensive,
good crystallinity, high homogeneity, etc.

2. Further, the materials are characterized by XRD, FESEM, TEM, Impedance spectroscopy, VSM, and PE loops.

2 Methodology

The hydrothermal synthesis is employed to prepare Bi;_ xLayxFeO45 (X = 0.2-0.8) (BLFO) nanoparticles (Figure 2). The
starting materials are La(NO3)5.6H,O (99.8 % purity, Sigma-Aldrich), Bi(NO3)5-5H50 (99.8 % purity, Sigma-Aldrich), and
Fe(NO3)5-9H, 0 (99.9 % purity, Sigma-Aldrich). The details of the preparation method can be seen in1®). The characterization
is carried out by XRD, TEM, SEM, Vibrating sample magnetometer VSM, P-E loop (Marain India Ltd.), and LCR controller
(HIOKI 3532-50, 42 Hz-5 MHz) to study the structural, morphological, magnetic, ferroelectric, and dielectric properties,
respectively.

3 Results and Discussion

The X-ray diffraction spectra of BLFO nanoparticles are shown in Figure 1. It was found from the XRD patterns that the x=0.2-
0.8 samples showed well crystalline peaks. The single-phase structure was attributed to all samples, including a few secondary
phases. These secondary phases were incurred owing to the orthorhombic Bi,Fe,Og and cubic Biy5FeO 4. The single phases
were compared with standard JCPDS: 86-1518. The maximum intensity was recorded at (110) plane. It was also observed that
the secondary phases almost disappeared owing to the increase of La-content above 50 % in the BLFO system. This established
that the high La-content induced the reduction of secondary phases. Besides, the average crystallite size (D, ,,,) was calculated
using the Scherrer equation: D=0.9\/5Cos#, where ‘3’ is the full-width half maxima, and ‘¢’ is the angle of diffraction 17,
The results are listed in Table 1. It was understood from these results that the D ,,,, values were increased from 41.5 to 83.6
nm as a function of composition from x=0.2-0.8. This can be ascribed to the decreased full-width half maxima (FWHM) or
microstrain from 0.0034 to 0.0012 with an increase in the X’ value. Further, the lattice constants were calculated and mentioned
in Table 1. The values were increased from 0.5599-0.5619 nm (a=b) and 1.3926-1.3952 nm with an increase in ‘X’ This trend was
attributed to the effect of ionic radii difference between the dopant and parent element. As per the Shannon ionic radii table 7,
the ionic radii of elements were noted to be La*3: 0.136 nm, Bi*3: 0.096 nm, and Fe*?: 0.0645 nm. These values showed that the
La*? cations cannot replace the Fe** cations as the site will fluctuate due to its loose position. Hence, the La** ions can easily
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replace the Bi*? cations. The ionic radii of La*> cations are higher than those of the ionic radii of the ionic radii of Bi** cations.
Therefore, the unit cell dimensions will be increased upon the replacement of Bi** ions by La*? ions. In this connection, the
unit cell volume V .;; was increased from 0.4365 to 0.4405 nm® with X’ Further, the ¢/a ratio was almost constant, varying in
the third decimal from 2.487 to 2.483. The X-ray density (p,,=Z*M.W./(N*V) (for trigonal Z = 1, where Z = effective number of
atoms per unit cell, M.W is the molecular weight of the composition, N is the Avogadro’s number (6.023x10%). V is the unit cell
volume) was decreased from 1.136 to 0.968 g/c.c., as a function of ‘x. This trend was ascertained by the decrease in molecular
weight (MW) from 298.81 to 256.76 g/mol. Besides, the low densities were obtained due to the porous structure followed by
high dislocation density. Moreover, synthesized samples (not sintered at high temperatures) can usually show small density
values. Later, the specific surface area was calculated using a formula $=600/D, ,,,*p,,, where the symbols have their usual
meaning. The results indicated that the ‘S’ values decreased from 127.2 to 74.2 m*/g with <. This evidenced that the ‘S’ values
were inversely proportional to the ‘D, .’ values. A similar type of observation was seen in the literature !®!7), The surface
morphology was examined using the FESEM and HRTEM. The FESEM images are shown in Figure 2. It was observed from
these images that the evolution of nanorods was eventually increasing from x=0.2-0.8. That means the increase of La-content
in the BFO system induces the formation of nanorod-like morphology. However, few nanospheres like grains were seen among
these nanorods. The nucleation process can be responsible for this kind of behavior. Due to the high difference in ionic radii of
the cations, the site will start fluctuating in different directions. Hence, the nanospheres’ deformation in horizontal or vertical
directions. Therefore, the distortions will be formed, leading to the formation of nanorods-like structures in the morphology.
Thus, in the case of x=0.2-0.8, the nanorod-like morphology appeared.
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Fig 1. XRD patterns of BLFO nanoparticles

Table 1. Structural parameters of BLFO nanoparticles

X 0.2 0.4 0.6 0.8
Dy, (nm) 415 60.2 68.6 83.6
FWHM B, (°)  0.0034 0.0024 0.0019 0.0012
a=b (nm) 5599 5604 5612 5619
¢ (nm) 13.926 13932 13.944 13.952
c/a ratio 2487 2486 2485 2483
MW (g/mol) 298.81 28479 27078  256.76
Veerr (nm)? 0.4365 0.4375 0.4392  0.4405
Pz (glem®) 1.136  1.081  1.024  0.968
P, g (nm) 74.8 92.4 1161 1274
S (m?/g) 1272 922 85.4 74.2
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Fig 2. FESEM images of BLFO nanoparticles

The average grain size was determined using the linear intercept method, wherein the formula Gavg=1.5L/MN (where L
indicates the test line length, M indicates the magnification, and N indicates the number of grains intersecting the test line) was
used '®!19). The results ensured that the grain size increased from 96.4 to 168.3 nm with ‘X’ This was attributed to the decrease
of internal microstrain reported in the literature ). Further, the HRTEM images (Figure 3) also showed the nanorods-like
particles, including the nanospheres. The particle size was found to vary from 74.8 to 127.4 nm as a function of X’ Overall, it
was understood that the variation trend of crystallite size, grain size, and particle size values followed a similar order with an
increase in La-content in the BFO system.

100 nm 200 m

200 nm

200 nm

Fig 3. TEM images of BLFO nanoparticles
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The room temperature dielectric properties were studied using an LCR controller as a function of composition (from x=0.2-
0.8) and frequency (from 42 Hz-5 MHz). The dielectric parameters viz., real part of permittivity (¢’) and imaginary part of
permittivity () were carried out for all samples. Herein, the real part indicates the dielectric constant (energy stored), and
the imaginary part shows the dielectric loss (energy dissipated) '*). The frequency-dependent dielectric constant and dielectric
loss plots are shown in Figure 4a and b respectively. It was understood from the dielectric constant versus frequency plots that
the dielectric constant was noted to be very high at low frequencies. Eventually, the dielectric constant was decreased to small
values till log w = 5.864. Beyond log w = 5.864, the resonance behavior was noticed. The reasons behind these observations
are as follows: The high magnitude values of dielectric constant were attributed to the space charge polarization mechanism.
That is, the grain boundaries could be responsible for this. At the small frequencies, the charges will be piled up at the grain
boundaries (high resistive layers). Hence, the carriers will be stopped at these layers. For further frequency increase, the carriers
can attain higher energy than the grain boundary energy. As a result, the grain boundary will be broken up, so the polarization
mechanism comes down. Therefore, one can get a high dielectric constant at low frequencies while the same parameter will be
less at high frequencies. The frequency match of the electric field and oscillating dipole can lead to the resonance or relaxation
trend that is shown in Figure 4 c. Similarly, the dielectric loss plots (Figure 4) showed the high dielectric loss at low frequencies,
whereas the low loss values were obtained at high frequencies. This is attributed to the grain effect. Besides, the relaxations were
seen at two frequencies, such as log w=>5.483 & 7.492. The simplified data of dielectric parameters was listed in Table 2 at a few
selected frequencies like 100 Hz, 10 kHz, 100 kHz, 1 MHz, and 5 MHz.

Table 2. Data on dielectric parameters of BLFO nanoparticles

X 0.2 0.4 0.6 0.8
o
100 Hz 41.5 82.9 346.2 174.8
10 kHz 17.5 334 35.1 79.3
100kHz 10.3 19.4 16.4 45.1
1 MHz 10.9 21.4 17.8 37.9
5 MHz 2.1 4.5 3.9 6.4
27
100 Hz 93.9 166.9 116.1 290.2
10 kHz 17.0 13.2 29.3 25.3
100kHz 4.8 5.1 10.6 15.4
1 MHz 1.9 53 55 11.5
5 MHz 2.0 6.8 59 15.5

Log o, (S/cm)
100 Hz -8.282  -8.0324 -8.189 -7.792
10 kHz -7.805  -7.736 -7.469  -7.308
100kHz -6.953 -6.540 -6.507  -6.243
1 MHz -5.996  -5.689 -5.749  -5.252
5 MHz -5.072  -4.636 -4.727  -4.310
Log o 4. (S/cm)
-6.869  -6.612 -6.536 -6.186

The values showed that the dielectric constant and loss parameters were increasing with an increase in X’ The high dielectric
constant dielectric loss values were seen for the x=0.8 sample. Hence, this sample may be suitable for dielectric absorber
applications. Later, the frequency dependence of electrical conductivity (¢, .= €,¢”) was depicted in Figure 4c (log o, . versus
log w). Using the power law equation: o, = Aw"+ 04, (0,. (£ T) + 0, (T)), the dc-electrical conductivity values were
determined by extrapolating the straight line towards the Y-axis ).

The intersecting portion indicates the o ;.. The o,. & o4, values are listed in Table 2. The o, values were increasing
with frequency for x=0.2-0.8. This was incurred due to the hopping of electrons between ferric and ferrous ions. Both the
conductivity values increased with the increase of La-content. This kind of trend was generally attributed to the hopping
conduction mechanism at room temperature. Moreover, the exponent (n) values were evaluated and found to be varying from
0.364 to 0.872.
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Fig 4. (a) Dielectric constant versus frequency plots of BLFO nanoparticles (b) Dielectric loss versus frequency plots of BLFO
nanoparticles, and (c) AC-conductivity versus frequency plots of BLFO nanoparticles

This evidenced the fact that the M, /M | values were less than 0.5. The multi-domain magnetic nanoparticles will indicate the
squareness values less than half. That means the present BLFO nanoparticles can be multi-domain magnetic ). The coercivity
(H.) was found to vary from 439.3-758.4 Oe., as a function of X’ Figure 5a, b. The variation trend was noticed to be unsystematic,
and the grain size effect, domain wall displacement, domain wall rotation, and dopant may have caused it. Later, the anisotropy
constant K; = H_M,/0.96 and magnetic moment nB = M.W.*Ms/5585?!) were calculated and listed in Table 3. The results
ensured that the K1 varied from 6845-12640 erg/c.c., with X’ unsystematically. Likewise, the magnetic moment decreased from
3.41-2.55 pB/f.u., with an increase in X’ This behavior was attributed to decreased compositional molecular weight, as listed in
Table 1. Although the magnetization increased, the magnetic moment decreased with composition. This happened due to the
magnetic moment’s strong dependence on the composition’s molecular weight. Besides, the initial permeability (1,) versus log
w plots were drawn, as shown in Figure 6.

Table 3. Magnetic parameters of BLFO nanoparticles

X 0.2 0.4 0.6 0.8
M, (emu/g) 132 160 171 215
M,. (emu/g) 6.0 7.9 4.8 5.6
M,./Mg 0.455 0494 0.281 0.261
H. (Oe) 497.8 7584 4393 449.1
K (erg/c.c) 6845 12640 7825 10058
np (uB/fu) 341 274 264 255
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Fig 5. (a) M-H loops of BLFO nanoparticles, (b) LAS plots of BLFO nanoparticles

The p; values of x=0.2-0.8 samples were very small at low magnetic field frequency. For further frequency increase, the
i values gradually increased and suddenly reached the maximum value at log w = 4.1 & 5.68 for x=0.2-0.8. Two relaxation
peaks were seen in the BLFO samples. This occurred due to the multiferroic nature. The first relaxation peak was formed due
to its ferroelectric nature, while the other one was produced due to its ferromagnetic nature. At these relaxations, the x=0.2-0.8
samples offered high permeability. This kind of trend was generally formed owing to the matching of input field frequency
with the oscillating electric/magnetic dipoles ®?. The compositional dependence of permeability confirmed that the 1, was
decreasing from 5.24 to 4.14 for x=0.2-0.6 (at 5 MHz). For x=0.8, it was found to be increasing to 4.96 (at 5 MHz). This kind
of behavior was achieved due to the presence of variable exchange interaction among ferric and ferrous ions. Further, the
ferroelectric hysteresis nature of x=0.2-0.8 was analysed using the P-E loops (Figure 7). It was observed from the P-E loops
that the ‘banana’ shape was predominant for x=0.2-0.8. This indicated fact that the oxygen vacancies seemed to be high in
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Fig 6. Initial permeability (1; ) versus log w plots of BLFO nanoparticles

concentration. Due to this, the 180° ferroelectric spins will be predominant. A similar nature was discussed earlier by several
scientists ?>?%), Moreover, this showed the weak ferroelectric nature wherein the bismuth cations could be responsible for this
nature. The coercive electric field was noticed to be altering from 0.2-0.56 kV/cm as a function of ‘X’ The remanence polarization
seemed to change from 0.0024-0.0048 pC/cm2 with an increase in X. Moreover, the variation trend was unsystematic with

composition 17,

The present study results are well compared with the reported in the literature
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4 Conclusion

The Bi; _ xLaxFeO4 (X = 0.2-0.8) nanoparticles were successfully prepared using hydrothermal methods. The XRD patterns
confirmed the rhombohedral phase structure, including some secondary peaks. Herein, the high La-content reduced the
number of secondary phases. Further, the morphology (FESEM & HRTEM) suggested the formation of nanorods-like
structures. The space charge polarization was well observed among the dielectric properties. La dopant optimized the
conductivity properties of BFO samples. The saturation magnetization (M) values were increased from 13.2 to 21.5 emu/g
as a function of X’ from 0.2-0.8. Later, the squareness (M,/M_) values were computed and found to be altering from
0.261-0.494, which evidenced the existence of a multi-domain magnetic nature. The linear and unsaturated loops suggest
the antiferromagnetic nature of ceramics. Two relaxations were seen in the permeability versus frequency plots, suggesting
the multiferroic nature of BLFO samples. The P-E loops of x=0.2-0.8 showed the ‘banana’ shape, indicating the presence of
oxygen vacancies. The sample Bi; _ yLa xFeOg (X = 0.8) showed high dielectric constant dielectric loss values. Therefore, these
materials are suggested for dielectric absorber applications.
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