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Abstract

Multiferroic barium-substituted nanocrystalline samples having the general formula Bi;_, Ba x
FeO; (where x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25) were prepared by cost-effective sol—gel

method using metal nitrates as oxidants. The prepared samples were annealed at 650 °C for 4
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h using a muffle furnace. The influence of Ba%* doping on the structural, microstructural,
magnetic, and ferroelectric properties of bismuth ferrite (BFO) was studied systematically by
standard techniques. All the samples were characterized by X-ray diffraction (XRD) technique,
and the average crystallite size was calculated using Scherrer’s formula. The surface
morphology of the prepared nanocrystalline samples was studied using field emission
scanning electron microscopy (FE-SEM) technique. FTIR spectra were obtained to confirm
the formation of the perovskite structures. The elemental compositional details obtained were
confirmed by energy dispersive spectrum (EDS) analysis. Room temperature magnetic
measurements were carried out up to a field of 15 kOe, and the parent sample (BFO) shows
weak ferromagnetism. Further on, Ba2* substitution in BFO shows an increase in
magnetization. P—E loops were obtained to study the ferroelectric properties of all the
samples. Obtained enhancement in magnetic and ferroelectric properties at room temperature
is of great interest within the research community due to its wide range of applications in
memory storage, spintronics, sensors, and multi-functional devices.

Similar content being viewed by others

Studies of structural, Structural and Magnetic .
- . - Effect of La3+

ferroelectric, magnetic Properties of Pure and —

- - Substitution on
and electrical Mn-Doped Bismuth .

— - Structural, Magnetic, and
characteristics of... Ferrite Powders - - -

Multiferroic Properties ...

Article 03 February 2021 Article 23 January 2017 Chapter ©2022

Use our pre-submission checklist > =

Avoid common mistakes on your manuscript.

18-06-2024, 16:17

https://link.springer.com/article/10.1007/s10948-017-4515-5



Structural, Microstructural, Magnetic, and Ferroelectric Properties of Ba... https://link.springer.com/article/10.1007/s10948-017-4515-5

1Introduction

The materials with the simultaneous occurrence of at least two primary ferroic orders, i.e.,
anti/ferroelectricity and anti/ferromagnetism or ferroelasticity in a single phase, are called
multiferroic or multifunctional materials (e.g., BiFeOs). Bismuth ferrite has a rhombohedral
distorted perovskite structure with space group R3c and having the general chemical formula
ABOs where A and B are cations [1]. Since the last few decades, multiferroic materials have
attracted many researchers due to their potential application in multifunctional devices like a
giant electrical transformer to compact devices like sensors [2]. Despite the discovery of
BiFeOs in 1960, bismuth ferrite powders are being preparedby various low-temperature wet-
chemical methods such as mechano-chemical method, micro-emulsion method, a co-
precipitation method, hydrothermal method, sonochemical method, sol-gel method, and
low-temperature synthesis methods like sol-gel methods are developed. Among the various
solution-based methods for synthesizing bismuth ferrite (BFO) nanoparticles, we chose the
sol-gel method due to easy control of chemical composition and cost-effectiveness [10]. BFO
is one of the most promising due to coupling between ferroelectric and magnetic ordering at
room temperature, leading to room temperature device application. BFO exhibits higher
ferroelectric Curie temperature (T . ~ 1103 K) and a G-type antiferromagnetic ordering
temperature (T y ~ 643 K) [11, 12]. BFO material is important not only due to its high Neel and
Curie temperatures but also due to its ferroelectric and ferromagnetic properties at room
temperature. BFO is considered as the most likely candidate for magnetic storage or in the
applications of spintronic devices [13];a large leakage current due to oxygen vacancies or
impurities are the major problem in BiFeOs [14]. The room temperature magnetoelectric
coupling in pure-phase BFO makes it applicable for the fabrication of various emerging
electronic devices like multiple state memories, magnetic data storage media, actuators,
transducers, sensors, spintronics, and multifunctional devices [15]; also, the BFO

nanoparticles are applicable in biomedical applications [16].

It is very difficult to prepare phase pure bismuth ferrite because of its narrow stability

temperature range and because it produces secondary phases along with it. Doping with rare
earth cations (La3*, Pr3*, Dy3*, Sm3*, etc.) and divalent cations (Mg2+, Ca2*, Ni%*, Zn2*, Sr2*,

Ba2*, etc.) at the Bi site and doping by cations (Cr3*, Mn3*, Co3*, Ti%*, Nb>*, etc.) at the Fe site
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suppress the secondary phases and also alter the multiferroic properties of BiFeOs [17, 18]. Due

to Ba* substitution in BFO at the Bi site, charge compensation is necessary which results in
the formation of oxygen vacancies and also changes the cycloidal spin of BFO to a canted spin
structure which results in net magnetization at room temperature [19]. The inspiration for the

fabrication of Ba2*-doped BFO comes from the interesting magnetic behavior shown by

BaFeOs. Charge compensation is necessary due to the substitution of Ba2* in the Bi3* site,
which affects the centrosymmetry of FeOg octahedra and this may result in the formation of
oxygen vacancies. Finally, this leads to the alteration of the multiferroic properties of BFO.

In the present work, multiferroic nanocrystalline samples with the general formula Bi;_, Ba x
FeOs (where x = 0.0, 0.05, 0.10, 0.15, 0.20, 0.25) were synthesized by a sol-gel method using
metal nitrates as a starting material. A study was conducted on the effect of Ba doping in BFO
on the structural, magnetic, and ferroelectric properties of bismuth ferrite samples.

2 Experimental

2.1 Materials

Analytical-grade bismuth nitrate pentahydrate (Bi(NOs); - 5H50), ferric nitrate nonahydrate
(Fe(NOs)3 - 9H,0, 99%, Merck), barium nitrate (Ba(NOs),, 99%, Merck), and ethylene glycol
(EG, CoHgO42, 99%, Merck) were used in appropriate amounts without any further

purification.

2.2 Synthesis

Bi;_x Ba , FeOs (where x =0.00, 0.05, 0.10, 0.15, 0.20, 0.25) nanoparticles were successfully
synthesized by sol-gel method at room temperature. High-purity bismuth nitrate (Bi(NOs); -
5H,0), ferric nitrate (Fe(NOs)3 - 9H,0), and barium nitrate (Ba(NOs),) were used as sources of
Bi3*, Fe3*, and Ba* for the synthesis of nanocrystalline samples. Stoichiometric amounts of
bismuth nitrate (Bi(NOs)3 -5H,0), ferric nitrate (Fe(NOs)3 -9H,0), and barium nitrate
(Ba(NOs3)3) were separately dissolved in the ethylene glycol with a stirring speed of around
350—-450 rpm. Then, these solutions were mixed in a 1000-ml beaker. The mixed solution

was stirred at 50 °C for 3 h to obtain a homogeneous solution. The xerogel was obtained by

evaporating the precursor solution on a hot plate at 70 °C for about 5 h; the viscous gel starts to
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bubble giving a large amount of gases. Then, it was ground into powder using a mortar and
pestle and heated at 120 °C for 1 h, followed by treatment at 300 °C for 2 h to remove ethylene
glycol (EG). The cooled powder was finely ground and sintered at 650 °C for 4 h and then

cooled at room temperature. Lastly, the quenched powder was first washed with diluted nitric
acid (10% in volume fraction) to dissolve a small amount of bismuth salt or oxide produced by
the excess of Bi and then the powder was washed with deionized water with the help of a
funnel and filter paper (Whatman no. 42). Using a hydraulic press, each sample was
compressed and the pellets 1 cm in diameter were prepared and sintered at 800 °C for 1 hina
muffle furnace in the air atmosphere to study the ferroelectric properties. The nanocrystalline
samples with different concentrations were characterized using standard measurement
techniques, and the results are described as follows.

2.3 Characterizations

All the sintered samples were characterized by X-ray diffraction (XRD) technique to study the
structure and phase purity using a model (X-Ray Diffraction System Ultima IV of Rigaku
Corporation, Japan) at room temperature. The XRD patterns were recorded using Cu-Ka
radiation (2 =1.540598 A) operated at 45 kV with 40 mA. Fourier transform infrared
spectroscopies (FTIR) of the prepared samples were studied in the wave number range 4000—
400 cm™ ! (PerkinElmer spectrum). The surface morphology and microstructure of the
prepared samples were analyzed using field emission scanning electron microscopy (FE-SEM,
Hitachi Model-S-4800). The magnetic properties of the samples were measured using a VSM
(Lake Shore Cryotronics) at a maximum field of 15 kOe at room temperature. Ferroelectric
hysteresis loops were studied by a P-E loop tracer (Marine India Pvt. Ltd.).

3 Results and Discussion

3.1 Structural Analysis

Figure 1 shows X-ray diffraction (XRD) patterns of Bi;_ Ba  FeO3 (where x = 0.00, 0.05, 0.10,
0.15, 0.20, 0.25)nanoparticles at room temperature. Figure 1 shows strong reflection peaks and
the diffraction peaks of Bi;_y Ba  FeO3; samples were indexed to a rhombohedral-hexagonal
structure (R3¢ space group) which is in agreement with earlier results [20]. The broad and

intense nature of the XRD pattern as obtained confirms that samples are in nanosize form. A
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few secondary phases as Bi,Fe,03 and Bi,sFeOs9 were observed in the undoped sample and
which disappeared in Ba2*-doped BFO samples. It is observed from the XRD patterns that the
impurity phases were reduced significantly for Ba-substituted BFO. All the peaks were
indexed with their respective Miller indices as shown in Fig. 1 according to the hexagonal
system of basis, and it is in agreement with perovskite bismuth ferrite (JCPDS card no-1518).
XRD data were used to find structural parameters as the lattice constant (a = b and c), average
crystallite size (D), X-ray density (d x), bulk density (p g), volume (V'), and average grain size
(G) as tabulated in Table 1. The average crystallite size was calculated by using Debye-
Scherrer’s formula [21].

SS D=\frac{0.9\lambda} {\beta \text{cos}\theta} SS

(1)

The average crystallite size of the diffraction pattern was found in the range 44 to 29 nm. The
average crystallite size of the diffraction patterns was found to be less than the period of spiral
modulated spin order that is 62 nm. The analysis of the XRD pattern confirms lattice
parameters (a and c¢) based on hexagonal distortion of the rhombohedral unit cell with space
group R3c as shown in Table 1 using (2).

$$ \frac{1Hd}=\frac{43}{3}\frac{(hA{2 } +hk+kA{2})}HaA{2}}+ \frac{IA {2} }{cA{2}} SS
(2)

where d is the inter-planar spacing distance of the unit cell, a and c are lattice parameters, and
(hkl) are Miller indices. Figure 2 shows the graph of the lattice parameter versus Ba content x
which reveals that the lattice parameter increases with the Ba concentration increases. The
increase in lattice parameter can be attributed to the large difference in ionic radii of doped
Ba2* (1.35 A) and Bi3* (1.03 A) ions. The bulk density p g of the pellets was measured using the
Archimedes principle using water as a solvent having a density of p = 0.997 g/cm?3 using the
following equation [22]:

SS\rho _{\mathrm{B}}=\frac{w_{\text{dry}}}Hw_{\text{wet}}-w_{\text{sus}}}\times
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d_{\mathrm{H} {2H\mathrm{O}} $$
(3)

where w ywet and w qry are the wet and dry weights of the pellets subsequently measured in the
air before and after drying at 100 °C for 24 h and w 44 is the suspended weight in water of each
pellet. The computed values of the lattice parameter as listed in Table 1 increase with
increasing Ba concentration obeying the well-known Vegard’s law [23]. The diffraction

patterns of pure and Ba-doped samples having the R3c space group are shown in Fig. 1.

Fig.1
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XRD patterns of the nanocrystalline samples of Bi;_, Ba, FeOs (where x = 0.0, 0.05, 0.10, 0.15, 0.20,
0.25)

Table 1 Lattice constant (a = b, ¢), X-ray density (d x), bulk density (p g), volume (V),
crystallite size (D), and grain size (G)
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3.2 Surface Morphology

Figure 3a, b shows the microstructure and surface morphology of undoped and doped BiFeOs;
samples observed using FE-SEM. The obtained photographs reveal uniformly distributed
densely packed grains having well-defined boundaries. The photos show the morphology of
all the nanoparticles to be almost spherical and with an average grain size of 68—98 nm which

is in agreement with the obtained values from Debye-Scherrer’s formula. Ba%* ions doping in

BFO show a significant decrease in grain size [24]. This may be attributed to the difference in
the ionic radius of Bi*3 (1.03 A) and Ba* (1.35 A).
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a, b Typical images of FE-SEM for Bi;_, Ba , FeOs; (where x = 0.0, 0.10) nanocrystalline samples

3.3FTIR Analysis
Figure 4 shows FTIR spectra of Bi;_, Ba x FeOs (where x =0.00, 0.05, 0.10, 0.15, 0.20, 0.25)

nanocrystalline samples, calcined at 650 °C to confirm the Ba2* doping in BiFeOs. Different

wide-range bands are observed for all the samples at a wave number range of 4000—400 cm™1

which are the characteristics of different functional groups. The metal oxygen band in the
region 600—400 cm™! can confirm the formation of perovskite structure in all the samples

[25]. The absorption band around 443 and 552 cm~1 is attributed to stretching vibration of the

Fe—O bond in the FeOg octahedral unit and also due to the BiOg octahedral structural unit.

From the FTIR plot, it is observed that Ba2* substitution in BFO changes the nature of the
absorption peak which is expected as the Fe—0 bond length and bond angle change in doped

samples. The BFO nanocrystalline compound shows Fe—0 absorption at 811 cm™ ! because of
its crystalline phase. The signature of presence of trapped nitrates is seen around 1384 cm™1.
The absorption band around 1634 cm~1 is attributed to H-O—H bending vibration [26]. The
presence of a peak around 2300 cm™ ! can be attributed to the nitrile formation [27], while the

broad band around 3600—3000 cm™ ! is assigned to the antisymmetric and symmetric
stretching of the OH group. Due to CO, elimination, porous samples can be created; for high-

temperature applicability, there is a need of carbonate-free samples which is obtained.

Fig. 4
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Figure 5 shows the typical image of the EDS pattern of a Bi;_, Ba  FeOs; (where x = 0.0)

L
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nanocrystalline sample confirmed the presence of elements in the appropriate proportion with

maintained stoichiometry in the prepared sample with an error of around 3%. EDS confirmed

that the raw materials used for the synthesis have performed a complete chemical reaction to

form the required perovskite structured Bi;_, Ba  FeO3 nanocrystalline samples.
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Typical image of EDAX for Bi;-, Ba, FeOs (where x = 0.00) nanocrystalline samples

3.4 Magnetic Properties

Figure 6 shows the M—H hysteresis loops of the prepared samples of Bi;_x Ba  FeOs (where x =
0.00, 0.10, 0.15, 0.20, 0.25) recorded at room temperature using a vibrating sample
magnetometer (VSM). The values of different magnetic parameters such as saturation
magnetization (M ), remanence magnetization (M ;), and coercivity (H ) were obtained by
M—H plots. The hysteresis loop of the pure sample (x = 0.0) is almost a straight line passing
through the origin exhibiting magnetization of 0.983 emu/g at the highest field of 15 kOe.
Figure 7 shows saturation magnetization (M ) and coercivity (H ) as a function of Ba content

x for BiFeOs. From Table 2, it is observed that the values of saturation magnetization increase
as Ba2* doping concentration increases from 0.0983 to 3.006 emu/g. The reason for the origin
of magnetization and increase in magnetization may be the variation of valence states of Fe in
BFO and doping Ba at the Bi site will require Fe3* charge compensation which results in the
formation of Fe** or oxygen vacancies; the former may distribute statistically with Fe3* in the
octahedron in Bi;_ Ba x FeOs. This leads to a net magnetization and ferromagnetism [28]. A
further change in size and surface morphology of samples may also contribute to the increase

in the magnetic moment by destroying the cycloid magnetic structure.

Fig. 6
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Table 2 Saturation magnetization (M s), remanence magnetization (M), coercivity (H c),
remanence ratio (M /M ¢), magneton number (n g)

The values of saturation magnetization and coercivity can be used to calculate the important
magnetic parameter like magneton number (n g). The magneton number for the entire Ba-
substituted BFO samples can be calculated by using the relation [29]

SS n_{\mathrm{B}}=\frac{M\cdot M_{\mathrm{s}}}{N_{\mathrm{A}}\cdot \mu
_{\mathrm{B}}} $$

(4)

where M is the molecular weight of the different compositions of bismuth ferrite and M g is the
saturation magnetization (emu/g) at a particular composition. N  u g is the constant equal to
5585. The obtained values of the magneton number increase as the Ba content increases in
BFO as shown in Table 2. This increase in the magneton number is attributed to the increase
in the exchange interactions between Bi and Ba cations which finally in- crease the net

magnetization [30].

3.5 Ferroelectric Properties

Figure 8 shows the P—E loops of the nanocrystalline Bi;_, Ba y FeO3 (where x =0.00, 0.05, 0.10,
0.15, 0.20, 0.25) samples at room temperature measured at a frequency of 50 Hz. The loops of
all the samples show unsaturated hysteresis loops with a roundish shape, which is due to a
large leakage current [31]. It is very difficult to get good ferroelectric properties in perovskite
bismuth ferrite due to the presence of oxygen vacancies [32]. With Ba substitution in BFO,
better ferroelectric properties can be observed. The figure indicates that maximum P ; = 5.44
nC/cm? was found for x = 0.05 mol% with P 1.y = 5.51 nC/cm?. All prepared samples exhibit an
unsaturated hysteresis loop at the maximum electric field of 5 kV/cm. The observed roundish
hysteresis loops are due to a large leakage current which can overshadow the real contribution
from the reorientation of electrical dipoles. From Fig. 8, it can be seen that the leakage current

is less or negligible in Ba-doped samples than in the undoped sample.
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4 Conclusion

The nanocrystalline Bij_, Ba x FeO3 (where x = 0.00, 0.05, 0.10, 0.15, 0.20, 0.25) system was
successfully prepared by sol—gel route sintered at 650 °C. Effects of Ba2* substitution on the
structural, morphological, magnetic, and ferroelectric properties have been studied. The XRD
study revealed that the structural transition from rhombohedral to hexagonal happens on
increasing Ba%* concentration in BFO which is in agreement with earlier reported data. These
enhanced magnetic and ferroelectric properties of BFO nanoparticles can be potentially useful
in data storage, actuators, sensors, transducers, and spintronic device applications. The lattice
parameter (a and ¢) increases linearly with Ba2* doping, obeying Vegard’s law. The surface
morphology of the samples determined using FE-SEM exhibited that the grain size was
decreased as the Ba2* concentration was increased in BFO. The EDS analysis confirms the

prepared samples were near stoichiometry. Enhanced magnetic and ferroelectric properties

were obtained on increasing Ba2* concentration in BFO. These results suggest that the
barium-doped bismuth ferrite nanoparticles are a good candidate for data storage applications
and in multifunctional devices. Lastly, the simultaneous existence of ferromagnetic and
ferroelectric hysteresis loops in Ba-substituted BiFeOs; multiferroic materials at room
temperature makes it a potential candidate for information storage, spintronics, and sensor

devices.
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