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Abstract: Bismuth Ferrite (BiFeO₃) nanoparticles were synthesized through the sol-gel technique at 180 °C and 
annealed at 400, 600, and 800 °C to study the influence of thermal treatment on their structural, optical and 
magnetic  properties.  These  nanoparticles  have  multiferroic  properties  at  room  temperature  and  are 
advantageous in a wide range of applications. The structural characterization using X-ray diffraction confirmed 
the rhombohedral perovskite crystal structure in all samples but with an increase in crystallite size and a 
decrease in X-ray density with increasing annealing temperature. The Raman spectroscopy analysis revealed 
vibrational modes that characteristics to BiFeO₃ with peak shifts and widening as the annealing temperature 
increases.  The  optical  properties  of  the  annealed  BiFeO₃  nanoparticles  showed a  red  shift  in  absorption 
characteristics and a decrease in the energy bandgap from 2.9 eV to 2.4 eV as a result of the enhanced crystallinity. 
The magnetic behavior of BiFeO₃ revealed soft  magnetic characteristics and a reduction in the saturation 
magnetization with annealing temperature increase, reaching a value of 0.25 emu/g at 800 °C. The hysteresis  
loops demonstrate that BiFeO₃ nanoparticles deviate from their room temperature multiferroic behavior toward 
paramagnetic  behavior  as  the  annealing  temperature  increases.  These  insights  are  essential  for  BiFeO₃ 
nanoparticles potential use in optoelectronic and photocatalytic applications. 
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1. Introduction

Multiferroic  materials  have  both  magnetic  and  ferroelectric  order  in  the  same  phase  [1].  At  room 
temperature,  these  materials  may show the  magnetoelectric  (ME)  effect.  This  phenomenon is  defined as 
polarization by a magnetic field or induction of magnetization by an electric field. Due to their advantages,  
multiferroic  materials  have  attracted  increasing  research  efforts  [1].  A  noticeable  shortcoming  of  these 
multiferroics is the poor ferroic properties at ambient temperature. This issue has hindered the possibility of 
employing ferroic materials in various applications. The ABO3 type of bismuth ferrite is a perovskite structure. In 
this structure, a Bi cation in a 3+ oxidation state occupies the A-site, a Fe cation in a 3+ oxidation state occupies  
the B-site, and an anion in a 2- oxidation state occupies the O-site. Six oxygen anions surround the Fe cations, 
creating octahedral coordination. The larger-size Bi-cations are enclosed by twelve oxygen anions, making a 
cuboctahedral arrangement [2]. BiFeO3 has received significant attention since it is thought to have stable 
multiferroic characteristics at room temperature [3-5]. Bismuth ferrite has an antiferromagnetic Néel temperature 
of 370 °C. Below this temperature, BiFeO₃ becomes antiferromagnetic. This configuration breaks down and the 
material turns paramagnetic above 370 °C. BiFeO₃ is ferroelectric (having spontaneous electric
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polarization) below its ferroelectric Curie temperature of 830 °C. Above this temperature, the ferroelectric 
property vanishes and the material becomes paraelectric [3]. Bismuth ferrite has various applications in the 
fields of digital recording, radio, television, microwave, and satellite communications industries [3-6]. However, 
its principal use in multiferroics is limited by multiple drawbacks, including: the formation of secondary phases 
during the synthesis process, low magnetic properties, weak magnetoelectric coupling coefficients, broad range 
of ferroic transition temperatures and large leakage current [3]. Multiferroics can be either single-phase or 
composite materials. Single-phase multiferroics exhibit at least two ferroic characteristics at the same phase. On 
the other hand, composites are multiphase systems with distinct ferroic properties at each phase. In composite 
multiferroics, magnetoelectric coupling occurs indirectly through strain-mediated interactions. In contrast, the 
coupling occurs in single-phase multiferroics through the interaction of the magnetic and ferroelectric orders.  
Hence, the magnetic nature of these multiferroics could be controlled by electric field depending on the nature 
of their intrinsic coupling [3]. 

The development of the pure phase of BiFeO3 is significantly influenced by the annealing temperature. 
Additionally, the annealing temperature affects the multiferroic materials' optical, magnetic, structural, and 
morphological characteristics [4]. The optical characteristics of bismuth ferrite exhibit the most notable impact 
of the annealing temperature. In previous studies, an annealing temperature between 600 and 850 °C was used 
in the preparation of bismuth ferrite. These temperatures are reported to be suitable for reducing the band gap. 
The obtained energy gap values ranged between 1.5 and 1.9 eV [5]. It is revealed that the band gap values 
decreased from 2.7 eV to 2.6 eV with temperature increased from 200 °C to 500 °C, indicating a change in the 
rate of electron-hole recombination. The electron-hole pairs in BiFeO3 thin film can be stimulated by a photon 
with a  wavelength of  580 nm.  These  photo-generated carriers  move along domain boundaries  at  higher 
wavelengths during annealing process. It is found that annealing is a more effective method for enhancing 
crystallinity and reducing impurities in BiFeO3 thin films [6]. Homogeneous BiFeO3 nanopowder was prepared 
via the sol-gel approach at 550 °C [7]. The X-ray analysis confirmed that Bismuth Ferrite has a stable perovskite 
structure represented by a rhombohedral shape with a space group R3C. It was also revealed that high calcination 
temperatures are important for promoting the growth of bismuth ferrite crystals and preventing any impurity 
phases that may develop. These findings support other studies that suggested elevated temperatures affect 
optical properties. These characteristics suggest that bismuth ferrite is a suitable material for opto-electronics 
and infrared detectors because of its high refractive index and direct band [7]. The optical band analysis revealed 
that, due to the quantum size effect, the band value in the gap decreased as the calcination temperature increased. 
This phenomenon causes the energy gap values to decrease as the nanoparticle size increases. Bismuth ferrites 
can be employed as a photocatalyst to break down industrial effluents under visible light. Additionally, the 
pure phase of BiFeO3 nanoparticles may find usage in optoelectronic systems [8]. The influence of annealing 
temperature on optical, magnetic, and structural characteristics was investigated in this study. A compound of 
bismuth ferrite made by the Sol-Gel technique, spontaneous combustion, was annealed at different temperatures 
(180, 400, 600 and 800 °C). The annealing temperature is varied to outline the role of structural phases on the  
resulting BiFeO3 nanoparticles. An analysis of the energy bandgap and magnetic properties of the resulted 
nanoparticles is performed. The results obtained may shed a light on the possibility of fabricating bismuth 
ferrite nanoparticles that are useful in optoelectronic applications. Since BiFeO3 loses its magnetic properties at 
elevated temperatures, it can also be manifested in applications that require superparamagnetic characteristics. 
This includes materials for drug delivery, biosensors, hyperthermia therapy and photocatalysts [9]. 
2. Materials and methods
2.1. Materials  
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The Bismuth Ferrite (BiFeO3) powder was prepared by the following materials: Iron Nitrate Fe(NO3)3 9(H
Bismuth Nitrate Bi(NO3)35H2O, citric acid (C6H8O7 H2O), Ammonia solution (NH4OH), and distilled Water. The 
molar mass of each material calculated from its stoichiometric weight percentage where: one mole of Bi nitrate, 
two moles of Fe nitrate and three moles of citric acid. Because it prevents ions from settling out, helps mix the 
solution thoroughly, and reduces the temperature at which crystals form, citric acid is employed as a catalyst  
[10].
2.2. Method

Due to its benefits, such as its high reactivity rate, low reaction temperature requirements, and ability to 
produce tiny particles, the sol-gel process is frequently employed to prepare a variety of compounds, including 
ferrites [11, 12]. 3.9 gm of bismuth nitrate were mixed with 6.5 g of iron nitrate and 5.1 g of Citric Acid and 
dissolved in 80 ml of Distilled Water. The solution is left to homogenize for one hour at room temperature by 
using the magnetic hot plate stirrer model SH-2 at high rotation speed. Then a 10 ml of ammonia solution was  
mixed with solution to equalize it until the pH value became equal to 7 with continuous stirring. After 10  
minutes, we raise the temperature to 80 degrees Celsius for 4 hours while continuing to stir. This leads to the  
liquid solution turning into a viscous solution with a high density, which is known as gel. A fluffy, loose 
structure was formed by burning the gel in a self-propagating combustion manner until all the gel was burned 
off. This structure was then crushed to produce Bi ferrite powder. This powder was annealed afterwards at 
temperatures of 400, 600, and 800 °C for one hour each with vacuum. Figure 1 shows the preparation procedure 
described above. 

Figure 1. Preparation procedure of BiFeO3 nanopowder using the sol-gel method.

2.3. Characterization

The samples were examined utilizing a  Rigaku Ultima IV X-ray diffractometer. The resulting X-ray 
diffraction patterns were refined using "Material Analysis Using Diffraction" (MAUD) program and Rietveld ’s 
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method for the structural analysis and cation distribution calculations. The sintered sample was subjected to 
Raman measurements using a Jobin-Ivon T64000 monochromator. A magnification microscope with a 100x 
magnification was utilized to focus 532 nm irradiation on the specimen using a Coherent Innova 99 Ar + laser. 
The backscattered light was collected using the same microscope. An apparatus for detecting charge-coupled 
devices picked up the scattered light. The spectral range of room temperature Raman spectra is 200–1000 cm -1. 
The BiFeO3 spectra of absorption were obtained via UV-Visible spectrophotometer. At room temperature,  
magnetic characterization is done using a vibrating sample magnetometer (VSM).
3. Results & discussion
3.1. X-Ray analysis

The X-ray diffraction analysis of BiFeO3, prepared at T= 180 °C and annealed at 400, 600 and 800 °C for one 
hour is shown in Figure 2. The spectra of BiFeO3, when compared to the standard ICSD card no.01-086-1518, 
revealed a rhombohedral phase with space group R3c [13, 14]. Secondary phases have been observed such as  
Bi2Fe4O9 orthorhombic phase ICDD Card No. 98-002-6808 and Bi25FeO40 ICDD Card No. 01-078-1543 [15]. The 
increase in annealing temperature affects the bismuth ferrite nanopowder, causing a phase transition at 850 °C. 
This means bismuth ferrite can decompose into Fe2O3 and Bi2O3. The occurrence of secondary phases is a direct 
result of annealing the structure following the drying step of the sol-gel process, as demonstrated by previous 
studies [3, 16].

Figure 2. X-ray diffraction patterns of BiFeO3 nanoparticles prepared at 180 ˚C and annealed at 400, 600 
and 800 °C.

The quantitative analysis of the secondary phases is performed using the Rietveld Refinement method. The 
ratios for each phase, based on their intensity at the annealing temperatures, are noted in Table 1. At 180 °C, the 
sample has a high purity of bismuth ferrite phase. As the temperature rises, the amount bismuth ferrite phase 
decreases, and secondary phases become more noticeable due to bismuth evaporation and the formation of 
iron-rich phases [1].

Table 1. Quantitative phase analysis of BiFeO3 nanoparticles prepared at 180 ˚C and annealed at 400, 600 
and 800 °C.

Temperature (˚C) BiFeO3 (%) Bi2Fe4 O9 (%) Bi25 FeO40 (%)

400 41 31 28
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600 38 32 30

800 31 36 33

Since the bismuth ferrite crystal has a specific structure, a perovskite rhombohedral R3c structure, the 
lattice constant value is calculated for two distinct axes. The lattice constant (a 1) evaluated by applying the 
formula (1) [17]: 

                              1
d2

= 3
4 (h2+ hk + k2

al
2 )+ l2

c2
                 

(1)

Here, Miller indices are denoted by hkl, d is interplanar spacing. The lattice constant (al) is calculated for h, k
 ≠ 0. Thus, we extract the value of (al) in the horizontal plane (1 1 0). In addition, the value of (c) is calculated 
for a vertical plane such as (0 0 4) from Equation (1) [18]. The Material Analysis Using Diffraction (MAUD) 
program and Rietveld refinement approach for structural analysis and cation distribution computations were 
used to refine the X-ray diffraction data. The values of the lattice constants of bismuth ferrite increases with the 
increasing annealing temperature (Table 2), which might be related to thermal expansion. The atoms in the  
crystal structure have a higher vibration when the temperature rises, which disturbs the interatomic distances. 
This thermal expansion may be asymmetric in all directions and therefore the lattice constants vary with the 
different crystal axes. Several studies have found that increasing the temperature to more than 850 °C causes 
the  crystal  phase  to  shift,  such  as  the  transition from the  rhombohedral  phase  to  other  phases,  such as 
orthorhombic or cubic. This results in a sudden or non-linear change in the lattice constant [19]. The size of the 
crystallite (Dcs) is determined in the horizontal plane (1 1 0) with higher intensity using Debye-Scherrer formula 
[1, 8]:

                                      Dcs = 0.94 λ
β cosθ

                    

(2)
λ is the wavelength of Cu-Kα (1.54 A°), β (FWHM in radians) is measured for various X-ray diffraction 

lines that correspond to the various planes, θ is the angle of Bragg diffraction, and 0.94 is a value that depends 
on the shape of lattice. As seen in Table 2, the crystallite size grows as the annealing temperature rises, which is 
in line with the findings of earlier research. The increase in crystallite size can result from several factors,  
including  the  rise  in  atomic  energy  caused  by  heat,  which  enhances  their  movement.  This  leads  to  the 
rearrangement of the atoms in the crystal sites, which enhances the growth of the grains and thus decreases the 
surface energy of the crystal [20]. The X-ray densities (dXRD) were calculated [11]:

dXRD = Z [ M ]

N A  V
                          (3)

Where: Z is the number of atoms per unit cell and equal to 6, [M] is the molecular weight, NA is Avogadro's 
number and V is lattice volume for rhombohedral system is evaluated from the following equation [21]:

V = c  al
2  √3
2

                         (4)

The X-ray density values in Table 2 reveal a slight change in the calculated values due to the change in the 
values of the lattice constants. Previous studies indicate that this constant is a theoretical value that depends 
mainly on the crystal size, which is calculated from the values of the lattice constants (Table 3). These studies  
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also indicate that the effect of annealing temperature on X-ray density values is so small that it can be neglected 
[19-22].

Table 2. X-ray pattern analysis of BiFeO3 nanoparticles annealed at different temperature.

T ˚C d(104) (Å) d(110) (Å) al (Å) c (Å) FWHM 
β(110) 

(deg)

2ϴ(110)

(deg)
dXRD 

(g\cm3)
Dcs 

(nm)

180 2.817 2.789 5.57 13.56 0.22 32.06 8.55 28.7
400 2.823 2.794 5.58 13.90 0.49 32.01 8.29 28.8
600 2.829 2.799 5.59 13.93 0.59 31.95 8.24 34.7
800 2.836 2.805 5.61 13.97 0.593 31.87 8.18 78.7

Table 3. X-ray pattern analysis of BiFeO3 in previous studies.

T ˚C a (Å) c (Å) Dcs (nm) Referenc
e

400-600 - - 47-71 [3]
150-750 - - 6-45 [8]
500-800 5.58 13.86 30-51 [19, 20]
550 5.57 13.86 40 [1]

3.2. Raman spectra

Raman  spectroscopy  was  employed  to  analyze  samples  to  evaluate  changes  in  vibrations  and  the 
polarizability of molecules, as it can identify structural alterations in a wide variety of nano-sized materials [11]. 
Raman mode can be extremely sensitive to the spin correlations, which can be useful for explaining spin–
phonon interactions. In magnetic nanomaterials such as BiFeO3, optical phonon modes are probably impacted 
by exchange coupling between magnetic ions that take place at and below the temperatures of magnetic  
phase transitions. The spin–phonon interaction usually results in a characteristic temperature dependency of 
the Raman phonon frequency, linewidth, or integrated intensity. The departure of the Raman mode frequency 
from the anharmonicity at and below the magnetic phase transition can be used to evaluate the intensity of 
spin–phonon coupling in ferromagnets or antiferromagnets [23]. Figure 3 shows the Raman spectrum of BiFeO3 

prepared by the sol-gel technique at 180 °C and at varying temperatures, annealed (400, 600 and 800 °C). The  
group theory states that 13 Raman active modes (4A+9E) are found for BiFeO3 with a deformed rhombohedral 
structure and an R3c space group [24].  These vibrational  modes are phonon patterns that arise from the 
interaction of light and lattice vibrations in the crystal. The modes (A) represent non-degenerated modes when 
the atoms vibrate along the polar axis and represent the vibration of heavy bismuth ions (Bi3+). While (E) modes 
refers to doubly degenerate modes, which are considered the lateral vibrations of (O3+) ions. There are 10 Raman 
modes in the range from 100 - 800 cm-1 (Fig. 3). High intensity peaks relate to modes A1, A2 and A3. The other 
peaks are weak in intensity and decrease with increasing temperature. These peaks are represented by the 
modes (E1, E2, E3, E4, A4, E5 and E6). The values of all these modes are shown in Table 4. When comparing these 
values with values from previous studies, there is a noticeable shift in the peaks towards higher frequencies. At 
higher  temperatures  (T  >  180  °C),  the  Raman  bands  become broader  due  to  increased  phonon–phonon 
interactions  and  structural  disorder.  This  limits  the  accuracy  of  peak  position  determination.  When  the 
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temperature rises, the atomic bonds of the bismuth ferrite crystal lattice begin to vibrate, which leads to a slight 
decrease in the frequency of the Raman peaks and thus a shift of the peaks towards lower wavenumber (red 
shift). Furthermore, with increasing temperature, the peaks become wider due to atoms vibration. Peaks such  
as A3, E2, E4, A4, E5 and E6 may disappear at elevated temperatures above 180°C, because of changes in crystal 
structure or an increase in its disorder [25].

Figure 3. Raman spectra of BiFeO3 prepared at 180 ˚C and annealed at 400, 600 and 800 °C.

Table 4. Raman modes for annealed BiFeO3 nanoparticles in this study and previous studies.

3.3. UV-visible analysis 

UV-visible spectra were utilized to investigate the optical characteristics (the absorbance and the energy 
band gap) of bismuth ferrite. Figure 4 illustrates the absorption spectrum of BiFeO3 prepared at 180 °C and 
annealed at 400, 600, and 800 °C. The absorption band boundaries of BiFeO₃ were observed at 475.7 nm, 446.8 
nm, 375.5 nm, and 356.3 nm, respectively. The highest absorption peak of BiFeO3 nanoparticles is in the visible 
region. When the annealing temperature increases, these peaks diminish and appear at a lower wavelength 
(blue shift). This shift signifies a modification in the bandgap and electronic transition [26]. The peak at around 

Raman 
Modes

Position of Raman Shifts (cm-1) Previous studies

T=180 ˚C T=400 ˚C T=600 ˚C T=800 ˚C
T=550˚C 
Ref. [1] 

T=450 ˚C 
Ref. [22] 

T=550 ˚C 
Ref.[24], 

A1 160 164 186 158 136 146 138
A2 196 228 235 218 170 175 171
A3 239 311 329 297 217 219 217
E1 265 388 406 363 260 261 261
E2 295 420 428 390 278 282 275
E3 335 442 444 466 345 332 346
E4 410 545 557 498 365 367 372
A4 472 593 615 543 425 435 429
E5 569 623 732 599 469 480 470
E6 740 783 785 692 520 550 520
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446.8 nm represents charge transfer at Fe-O band. The electrical transitions from valence-band oxide 2p states  
to conduction bands of iron 3d states were associated with the absorption band at 475.7 nm. The absorption of  
BiFeO₃ nanoparticles is more powerful in the visible portion of the spectrum than in the UV region; this is 
evidence of its potential use in solar cell applications [4].

Figure 4. UV-visible spectra of BiFeO3 nanoparticles prepared at 180 ˚C and annealed at 400, 600 and 800 °C.

The Tauc equation can be used to determine the energy band gap, or EG [6,7,8]:

(αhv )2= δ (hv − EG )n                                  (5)

Where hν is photon energy (ν: frequency of light, h: Planck constant), α is absorption coefficient, δ value 
is determined by the effective mass of the hole in the valence bands and the electron in the conduction bands. 
The kind of transition (optical or electron) is determined by n; a direct allowed transition occurs when n = 1/2, 
while a direct forbidden transition occurs when n = 3/2. n = 2 for indirect permitted transitions and n = 3 fat 
permits a linear adjustment is taken and extrapolated to theor indirect forbidden transitions. In BiFeO 3, the 
indirect band gap is represented by n = 2. The portion th abscissa axis to get the energy band gap [27, 28]. As 
the annealing temperature increases versus 180 ˚C to 800 ˚C, the energy bandgap values will fall from 2.9 eV to 
2.4 eV (See Figure 5). This outcome is in line with the findings of earlier research [4, 6, 7, 8], as listed in Table 
5.
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Figure 5. Energy bandgap (EG) of BiFeO3 nanoparticles a) prepared at 180 ˚C and annealed at b) 400 °C, c) 600 
°C and d) 800 °C.

According to the X-ray analysis structure, the augmentation of crystallization followed by annealing may 
be the reason for the bandgap decrease after crystallization [6]. The presence of defect-induced energy levels 
within the bandgap, especially the energy levels near the conduction band edge, may contribute to the reduction 
in the optical bandgap. Note that electrons will be able to move between the conduction band and the valence 
band more efficiently if the bandgap is narrowed [28]. The results show that the optical bandgap and exponential 
optical absorption edge can be controlled by the degree of structural disorder in the BiFeO3 lattice. The band 
gap value dropped at elevated temperatures. The intermediate energy level is lowered by the lattice defects 
brought on by the decrease in oxygen vacancies at BO6 octahedral. The primary variations in the optical energy 
band gap may be connected to factors, such as the synthesis circumstances, synthesis method, and form. The 
bandgap and temperature change are inversely correlated. It is expected that more symmetry will increase the 
bandwidth of the filled and vacant bands and reduce the bandgap [7]. 

Table 5. UV-Visible analysis for BiFeO3 annealed at different temperature compared to previous studies.
This study

Temperature (˚C) EG (eV) λmax (nm)

180 2.9 475.7
400 2.7 446.8
600 2.5 373.5
800 2.4 356.3

Previous studies
Temperature (˚C) EG (eV) λmax (nm) No. of reference
500 2.32 421 [4]
200-500 2.73-2.61 300-400 [6]
550 3.23-2.85 300-450 [7]
150-650 2.56-2.2 300-600 [8]
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3.4. An examination of magnetic characteristics

    A vibrating sample magnetometer (VSM) operating at room temperature is used to examine the 
magnetic characteristics of the bismuth ferrites. The hysteresis loops of BiFeO₃ ferrite have narrower loops, 
which indicates soft magnetic characteristics (Figure 6). It is also commonly recognized that the presence of Fe3+ 

and an excess of O vacancies gives the BiFeO3 nanoparticles their magnetic properties [8].

Figure 6. Hysteresis loops of BiFeO3 nanoparticles prepared at 180 ˚C and annealed at 400, 600 and 800 °C.

The saturation magnetization (Ms) and coercivity (Hc) and remanence (Mr) values are obtained from the 
hysteresis loops (as shown in the figure inset) and listed in Table 5. The coercive field decreases at an annealing 
temperature of 400 °C, which corresponds to Hc = 169 Oe. Subsequently, Hc increases with rising annealing 
temperatures, which is attributed to changes in magnetic anisotropy because of changes in particle size. As for 
the saturation magnetization (Ms) values, we notice that they rise at 400 °C and then decrease. This behavior 
aligns with the findings of a previous study, which revealed that: BiFeO3 nanoparticles synthesized at various 
calcination temperatures have saturation magnetization (Ms) values of 0.36 emu/g, 5.56 emu/g, 5.57 emu/g, and 
0.32 emu/g for 650 °C, 550 °C, 450 °C, and 150 °C, respectively [8].

The low amounts of O–Fe–O and Fe–O bond formation are expected to contribute to the sample's low Ms 

value when it was calcined at 180 °C. Additionally, at a higher annealing temperature (400 °C), a notable increase 
occurred in Ms value. The O-Fe-O and Fe-O bonds in BiFeO3 nanoparticles is likely to be the main cause of 
this sudden rise in the Ms value. However, at 800 °C, the magnetization value decreased again. At this time, it is 
likely to be attributed to the higher Bi-Fe bond length and the higher angle of O-Fe-O and Fe-O-Fe links bond 
[1,3]. BiFeO3 nanoparticles annealed at 800 °C were found to be ferromagnetic, as demonstrated by the value 
of  Ms = 0.25 emu/g. Its application as a magnetically separable catalyst in organic processes was further  
improved by the observation that the magnetization saturation value was sufficient to extract the BiFeO3 

nanoparticles from the reaction mixture using a powerful magnet [29].
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Equation 6 is used to calculate the moment of magnetization in the Bhor magneton, and the results are 
shown in Table 5.

μb =
[ M ] M s

N A  μB

×10−3                                    (6)

Where: Ms: saturation magnetization in unit emu/g, [M] is Molecular Weight of bismuth ferrite measured 
by gm/mol. μB: Bohr Magneton is equal to 9.274 ×10−24 J/T. NA: the Avogadro Number NA = 6.022× 1023 mol−1. 1 
emu = 10−3 J/T is conversion factor [29]. According to Table 6, the Mr values derived from the hysteresis loops 
were 2.83, 3.37, 2.42, and 2.99 emu/g for T = 180, 400, 600, and 800 °C, respectively. 

Table 6. The magnetic characteristics of BiFeO3 nanoparticles prepared at 180 ˚C and annealed at 400, 600 and 
800 °C.

Temperatures (˚C) Ms (emu/g) Mr 

(emu/g)
Hc 

(Oe)
K×103 

(J/m3 )
μi μb

180 6.49 2.83 189 7.7 13.78 0.33
400 7.42 3.37 169 7.9 17.84 0.38
600 4.87 2.42 210 6.4 10.28 0.25
800 0.25 0.05 320 5 0.07 0.013

The magneto-crystalline anisotropy constant can be found using coercivity and saturation magnetization 
in Equation 7 [11]:

H c =  2  K
μ0M s

                                          (7)

Where: K anisotropy constant and μ0 is free space permeability. By using the magnitudes of K the initial 
permeability calculated from equation [11]:

μi =
Dc s M s

2

√K

                                           (8)

Here: μi is the initial permeability, Ms is the Saturation Magnetization, Dcs is the crystallite size and K is 
the anisotropy constant in J/m3. All these values are listed in Table 6. Elevated temperature greatly affects the 
magnetic  properties  of  bismuth  ferrite.  When  the  annealing  temperature  increases  above  400  °C,  the 
magnetization decreases. Magnetic ordering may disappear completely above the Néel temperature (TN = 370 °C). 
Increasing the annealing temperature may lead to a magnetic phase transition where bismuth ferrite transforms 
from antiferromagnetic to paramagnetic at temperatures higher than the Néel and Curie temperatures. The 
influence of temperature on the crystalline structure transforms from the rhombohedral phase to the cubic phase 
or another phase, and thus the exchange interactions between iron ions may change or weaken. This causes  
an alteration in the strength of magnetic behavior. Elevated temperature leads to a decrease in the mutual 
interactions between electric and magnetic fields, thus weakening the multiferroicity High temperatures cause 
the magnetism in BiFeO3 samples to weaken due to increased thermal disorder. Additionally, the formation of 
secondary phases due to bismuth volatilization causes magnetism to decrease and the hysteresis loop to almost 
disappear [8].

BiFeO3 nanoparticles are prepared using sol-gel method at 180 °C and processed at different annealing 
temperatures as a route to tune the properties for electronic and optoelectronic applications. Structural analysis 
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revealed the preservation of the rhombohedral R3c structure across all samples. This confirms that the annealing 
temperature caused no disturbance to the structural stability of BiFeO3. This is vital to maintain the ferroelectric 
characteristics of these compounds. Raman spectroscopy confirmed the preservation of the characteristic BiFeO3 

structure in these nanoparticles. Variance in the lattice parameters with different annealing temperatures suggest 
improved crystal ordering. This can enhance the charge transport of BiFeO3 nanoparticles. The optical bandgap 
decreased from 2.9 eV to 2.4 eV with increasing annealing temperature. This confirms the enhanced crystalline 
ordering of BiFeO3 nanoparticles. Such feature is attractive for photo-responsive devices and applications. The 
change of the optical bandgap with different annealing temperatures enables tailoring these nanoparticles for 
various needs. The saturation magnetization decreased with higher annealing temperatures. This indicates that 
BiFeO3 nanoparticles can be optimized to have a range of functionalities that accommodate both photoelectric 
and  magnetoelectric  needs.  The  balance  between  optical  performance  and  magnetic  ordering  in  BiFeO3 

nanoparticles  is  possible  by  controlling  the  processing  conditions  of  the  sol-gel  method  and  annealing 
temperature. 

5. Conclusions

BiFeO3 nanoparticles were prepared through the sol-gel process at a temperature of 180 °C and annealed at 
temperatures of 400, 600, and 800 °C to examine the effect of the annealing temperature on their properties. The 
structural analysis indicated that the resultant powder across all sample had a rhombohedral structure with 
space group R3c. The analysis also revealed an increase in the crystallite size and lattice constants with increasing 
annealing temperature.  This indicates improved crystallinity at higher temperatures of  annealing.  Raman 
spectroscopy confirmed the  characteristic  modes  of  BiFeO3 with observable  peak shifts  with increasing 
annealing temperature. The bismuth ferrite nanoparticles highest absorption peak was at the visible spectrum. 
As the annealing temperature increases, the energy bandgap dropped from 2.9 eV to 2.4 eV, which confirms the 
temperature-induced structural ordering and reduction of defects . The strong absorption of BiFeO₃ nanoparticles 
in the visible region is evidence of its potential use in photo-responsive applications. The hysteresis loops of 
BiFeO₃  ferrites  exhibited soft  magnetic  characteristics  and a  decrease  in  magnetic  saturation with  higher 
annealing temperatures. These results indicate that annealing temperature is a vital factor in determining the 
structural, optical and magnetic properties of  BiFeO3 nanoparticles. This processing-properties relationship 
supports their use in optoelectronic and photocatalytic applications that require controlled multifunctionality.  
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