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1 Introduction

Micro-scale multiferroics, which are of outstanding
fundamental and technological interest, show a vital
order of electrical, optical, and magnetic property as a

ABSTRACT

The influence of Bi content on structural, optical, and multiferroic properties of
BiFeOj; has been studied. The nanoparticles of BiFeO; with different Bi content
such as BiQooFEOg, BiQogFQOg, BiQog;FQOg, Bio‘07FeO3, and Bio‘]oFeO:; have been
prepared using the nitric acid-assisted sol-gel method. The structural analysis of
XRD patterns via Rietveld refinement revealed rhombohedral structure with R3¢
phase along with the minor secondary phase of BiFe,Oy. The crystallite size
calculated using Scherrer’s formula was found to be in the range 56 nm ~ 41
nm. The lattice parameters and density were found in the range 8.78-8.81 A and
6.10-6.13 g/cm’, respectively. The highest value of maximum polarization and
remnant polarization were found to be 1.15 nC/ cm? and 0.90 pC/cm?, respec-
tively, for Bip ¢sFeO3 nanoparticles. The Bij ¢sFeO3 nanoparticles also showed a
high dielectric constant with a smaller dielectric loss. The grain and grain
boundaries have shown excellent electrical behavior as investigated via impe-
dance, Modulus, and ac conductivity. The UV-Vis spectroscopy demonstrated
that the BiposFeO; nanoparticles show the maximum bandgap of ~ 1.96 eV.
The dc magnetization results infer the weak ferromagnetic behavior of the Bi-
excess—BiFeO; nanoparticles and indicate a maximum saturation magnetiza-
tion of 0.24 emu/g for Bij osFeO3; nanoparticles.

result of their minimum dimension and size effects
[1-3]. Since 1959, the multiferroics have demon-
strated a theoretical possibility of coupling electric
and magnetic degrees of freedom in a single material.
In the last few decades, BiFeO3; (BFO) has gained
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significance due to the possibility of controlling the
magnetoelectric coupling in a single device. BFO
relates to the rhombohedral perovskite family with
R3c space group which connotes multifunctional
features of ferroelectricity and ferromagnetism toge-
ther at room temperature [4]. It possesses twisted
perovskite pseudocubic and hexagonal structures
that have an inbuilt distortion due to spin structures
that suppress the supervision of linear magnetic
effects [5, 6]. It has ferroelectric Curie temperature
(Tc = 1100 K) and G-type antiferromagnetic ordering
with Néel temperature (T = 653 K). The multiferroic
and electrical properties of BFO are extremely sensi-
tive to defects such as secondary phases, vacancies,
and interstitials [2]. Though these defects are
insignificant and detrimental in bulk, they have a
profound influence in altering the properties at the
nanoscale because of the large surface area. In liter-
ature, the defects such as oxygen vacancies have been
reported to be the main reasons for anomalous elec-
tronic properties in oxide nanoparticles (NPs) [7].
Thereby, as regard the functional properties, low-
dimensional BFO has shown dramatic difference as
compared to bulk and thin films. For example, the
magnetization of BFO can be enhanced by uncom-
pensated spins at the surface induced by NPs due to
the large surface-to-volume ratio [2, 8, 9]. This evo-
lution made BFO as one class of the most promising
multiferroic materials [9, 10]. However, the multi-
ferroic orders have been quite difficult to achieve
because of the large leakage currents that arise from
defects such as secondary phases and oxygen
vacancies. Therefore, the efficiency of BFO is affected
by non-stoichiometry and leakage currents caused by
the impurities [9]. In multifunctional devices, multi-
ferroic materials have the coexistence of a minimum
of two switchable states, i.e., polarization and mag-
netization, which assure a vital order of uses. Single-
phase BFO has more potential as a multiferroic
material because magnetoelectric coupling occurs at
room temperature. The impurities, observed as the
secondary phases, elongate into three different
regions: first is the evaporation of the bismuth ele-
ment in an increasingly easy way of synthesis due to
the decreased temperature of the dissolved Bi-salt
with the formation of Bi,O3. Second, the synthesis of
single-phase BFO coexisting with two secondary
phases (Bi,Fe,Og and BiysFeOso) [11, 12]. The third is
the change in the chemical valence state of Fe ions in
an oxygen-deficient atmosphere. This charge defect
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with respect to the Fe* ion developed in the syn-
thesis is usually referred to as the maximum leakage
current of BFO [1, 8].

In addition to the multiferroic properties, BFO also
exhibits exceptional optical properties that add to its
functional utilization. Multiferroics are able to change
light into electrical, mechanical, and chemical ener-
gies. The main interest of studying optical properties
of multiferroic materials is their practical applications
in transducers, spintronics, ferromagnetic resonance
devices, quantum electro-magnets, microelectronic
devices, etc. Alongside being ferroelectric, BFO
exhibits an intrinsic spontaneous polarization at the
core of the photoinduced phenomenon. So that, once
the light excitations generate electron-hole pair, the
polarizations act as an internal electric field favoring
the charge carrier separation and thus repressing
their recombination [13]. For photoinduced applica-
tions, among useful ferroelectrics, the BFO-based
materials are the proving candidate because of their
comparatively smaller bandgaps (~ 1.7-2.0 eV) as
compared to other definitive ferroelectric oxides like
BaTiO3, LiNbO3, and PbZrTiOs (E; > 3.1 eV), which
permits the profit from a wide portion of the elec-
tromagnetic spectrum. In addition, the large polar-
izations also assure greater efficiency for separations
of the charge carriers [8]. For instance, spontaneous
polarization of 30 and 44C/cm? have been reported
in BFO NPs and ceramics, respectively [6]. However,
other reports on BFO ceramics showed small electric
polarization and non-saturated hysteresis loops
[6, 8, 13], which were assigned to electrical leakage
current. Likewise, the ferromagnetism in multifer-
roics has also been found to be influenced by the
structure, morphology, and variation in the bandgap.
It has been observed that changes in particle size and
morphology have a substantial effect on the optical
properties such that the change in particle size in
between nano and micrometer scale has been found
to cause the bandgap variation up to 1.81-2.20 eV
[13].

Furthermore, various methods have been utilized
to form the single phase of BFO like sol-gel, rapid
liquid sintering, co-precipitation, and mechanical
activation [6, 11, 12, 14]. Out of these, the sol-gel
process is one such method that can be performed at
low synthesis temperatures (301-550 °C) and reduces
secondary phases to a great extent. Utilizing oxygen-
enriched atmospheres could hold these Fe ions in
Fe’" form, which minimizes the leakage currents of
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BFO. The main cause behind the maximum leakage
current is assigned to the oxygen vacancies and
minimum content of Fe** ion in perovskite material.
Therefore, in the present work, the sol-gel method
has been used to synthesize NPs of BFO with Bi-ex-
cess. To enhance ferroelectric and ferromagnetic
orders and to reduce the leakage current problem, the
optimization of structural, multiferroic, and optical
properties of synthesized NPs have been carried by
investigating through X-ray diffraction (XRD) analy-
sis, P-E loop measurements, dielectric constant, loss
tangent (tan J), ac conductivity (oac), modulus
spectra analysis, impedance analysis, Cole-Cole
analysis of the impedance, UV-vis analysis, and
magnetization.

2 Experimental details
2.1 Materials and methods

For the synthesis of bismuth ferrites (Bi;,FeO5)
(x = 0.00, 0.03, 0.05, 0.07, and 0.10) NPs, sol-gel pro-
cess was used. The bismuth nitrate pentahydrate [Bi
(NO3)3-5H,0] (AR, 98.5%) and iron nitrate nonahy-
drate [Fe (NO3)3.9H,0] (AR, 99.5%) were weighed
properly to make a solution of 0.1 M. The following
procedure has been used for the synthesis:

In double distilled water, citric acid (CcHgO,) was
used as a solvent, and the ratio of metal nitrate and
citric acid was kept 1:1. Afterward, Bi (NO3);-5H,O
was added to the solvent, and some extent of con-
centrated nitric acid (HNO3) was used to dissolve it.
Later on, Fe (NOs)3-9H,0O was added to the above
solution to get the compound in the proper ratio.
Finally, ethylene glycol was added to the mixture
along with stirring at 90 °C for the formation of a gel.
Then, the light yellow-colored solution was obtained
under vigorous stirring. The obtained powder was
calcined at 550 °C for 2 h to get well-crystallized BFO
NPs, as shown by the schematic in Fig. 1. Finally, the
samples were ground to fine NPs, pressed into cir-
cular pellets by applying a pressure of 5 tons, and
then sintered at 600 °C for 2 h. The thickness of the
pellets was maintained at ~ 1-1.5 mm. The surfaces
of the pallets were polished and coated with silver
paste in order to make them act as good electrodes
for measuring the dielectric properties. The
nanoparticles of BiFeO; with different Bi content such
as Big goFeOs, Bigg3FeOs, BiggsFeOs, Bigg,FeOs, and
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Bip.10FeO3; nanoparticles were referred to as BFO,
BFO3, BFO5, BFO7, and BFO10, respectively.

2.2 Sample characterizations

The samples were characterized using x-ray diffraction
(XRD) in the range of 15-90°, with 4 = 0.15406 nm. The
FE-SEM measurements were performed at Merlin
Compact. The P-E loops were traced using P-E Loop
Tracer with an internal capacitance of 100 nF and an
internal resistor of 100 K with a Triangular wave. The
maximum field of 5 kV/cm was applied on the sam-
ples, measured MARINE PE—01 P-E Loop Tracer
System. The dielectric properties have conveyed out
using Alpha-A High-Performance Frequency Analyzer
at room temperature in the frequency range from
1.0 Hz to 10 MHz. To register the UV-Visible optical
spectra, S5-4100 (SINCO Instrument Co.) photospec-
trometers were used in the wavelength order of
400-800 nm at room temperature. The magnetization
measurements were carried at the VSM module of the
cryogen-free physical property measurement system
(PPMS), VersaLab developed by Quantum Design.

Sol-Gel Technique

Make solvent of citric acid + double distilled
water

[ Add Bi(NO,), .5H,0 + HNO, and stirred for 20 |
minutes

J

Add Fe(NO,), .9H ,0+C,H,0O, and stirred for 20
minutes

L 2
Heat solution at 90°C until gel is formed }

¥
Dry gel at 90°C and grinds into powder form }

¥

Calcinated at 550°C for
2 hours
BFO with Bi -
excess NPs formed

Fig. 1 Flowchart of the synthesis process of Bi-excess BFO NPs
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3 Results and discussion
3.1 X-ray diffraction analysis

The X-ray diffraction (XRD) patterns of BFO, BFO3,
BFO5, BFO7, and BFO10 NPs are shown in Fig. 2a, b.
All the samples have been characterized with rhom-
bohedral perovskite crystal structure. The peaks
show well crystallization of the samples, which have
been prepared by the sol-gel method. The Rietveld
refinement of XRD patterns of all the samples is
shown in Fig. 2a. The black, red, blue, and pink lines
represent the experimental, theoretically fitted curve;
the difference between the experimental and theo-
retical measurements; and the 20 positions of the
Bragg’s reflections, respectively. The peak positions
show an apparent splitting along with the reduced
intensity and indicate a rhombohedral picture with
the R3c space group having unit cell parameters of
a=b=cand a=f=y # 90. The (104) and (110)
peaks are most intense in comparison with other
peaks, as displayed in Fig. 2b. The indexing of the
XRD peaks reveals the rhombohedral lattice sym-
metry, which is in agreement with the reported
results in the literature [15]. The peak shifting
towards lower 20 value for BFO5 and towards higher
20 values has been observed for other samples as
compared to pure BFO which is indicative of the
change in the lattice parameter. The lattice parame-
ters for all the samples have been shown in Table 1 as
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observed that the minimum value of lattice parame-
ters has been obtained for BFO5 nanoparticles which
may be associated to the different ionic state of metal
ions. It is noteworthy to mention here that in BFO5
nanoparticles, excess of BiO; during the synthesis
may compensate the deficiency of Bi ion the sample,
which generally happens because of its (Bi) volatile
nature, therefore, in this situation most of the Fe ions
remain in + 3 valence state. This may be the reason,
we have obtained the lowest value of lattice param-
eter and unit cell volume in the case of BFO5 sample.
The increase in the lattice parameters in other com-
position may be due to the formation of defects such
as iron, oxygen, and bismuth vacancies as well as
mixed balance state of Fe** and Fe’" ions. Further-
more, the values of the reliability factors obtained
from the Rietveld refinement have been listed in
Table 2. In addition, the extra peaks at about 27° are
also marked as secondary peaks that may be associ-
ated with Bi,Fe4Oq as per the literature, which usu-
ally appears in the range of 25° and 30° [15]. These
peaks can be ascertained only when the X-ray
observations are conveyed out with higher intensity
sources. In the present case, the fraction of the sec-
ondary peak has been found to be maximum for
BFO10 NPs having 2.05%. However, this percentage
is small at lower Bi content, being most insufficient
for BFO5 (0.52%). The secondary peaks can be
assured to the volatilizations of Bi** ions which result
due to the extra addition of bismuth. The higher

determined from the Rietveld refinement. It is
Fig. 2 a Rietveld refinement F(a) BFO10
of XRD patterns of all Ey —+BFO (b)
compounds of BFO, BFOS5, a i ) i ¢ —+—BFO5
B]f.07’ al.‘ltd BEOlO(BThFe pgak)s :— I \’ N 1\9 ! .I = (O [ opt' \ln —_— BF07
of impurity phase (Bi,Fe,O o F :
are marked with *; b The r * Bi,Fe,O, BFO7 —+BFO10
enlarged image of the highest ; L 1 . ; -
intensity peak for all the S L l- ;
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Table 1 Structural parameters obtained from Rietveld refinement of XRD patterns

Composition Particle size Lattice Parameter Strain Density Cell volume Dislocation density (J)
(nm) &) (x 107) (g/em’) (A% (x 107

BFO 47 8.80 2.7 6.10 681.35 4.5

BFOS5 41 8.78 3.1 6.13 677.53 59

BFO7 56 8.79 22 6.12 677.94 3.1

BFO10 52 8.81 24 6.09 682.63 3.6

Table 2 The values of the reliability factors obtained using the
Rietveld refinement

Composition R, (%) Ryp (%) Rexp (%) 22

BFO 20.2 19.3 9.37 4.2
BFO5 20.2 19.2 8.75 4.8
BFO7 18.5 17.8 8.79 4.1
BFO10 23.4 224 9.17 5.9

vapor pressure of bismuth tends to quickly evaporate
the Bi®" ions during synthesis, such as drying and
annealing conditions in bismuth excess series of BFO.
Further, the particle size has been calculated using
Scherrer’s equation [16]:

K
~ pCosl

Particle size (D) (1)
where D = average crystallite size; K = 0.89, the
shape factor; 4 = 0.15406 nm, wavelength of using
the samples; f = FWHM; 20 = Bragg’s angle. The
particle size has been found to be minimum (41 nm)
for BFO5 NPs with the least lattice parameter of
8.78 A exhibiting enhancement with the Bi-excess. In
addition, the strain has been calculated using the
formula: ff =4 ¢ tanf and observed to be minimum
for the smallest size NPs (BFO5). The dislocation
density has been calculated using the following for-
mula [15]:

Dislocation density (6) = % (2)

The obtained values of the structural parameters
for all the samples are displayed in Table 1.

3.2 Morphological properties

The field emission electron microscopy was used to
study the surface morphology of Bi-excess BiFeO,
nanoparticles. The morphological analysis of BFO,
BFO3, BFO5, BFO7, and BFO10 NPs is presented in

@ Springer

Fig. 3a—e. The micrographs display a broad distri-
bution of the particle sizes. The particles exhibit
spherical shape morphology, which persists for all
the samples. It is clear from the FE-SEM micrographs
that all Bi-excess nanoparticles are composed of
nanocrystalline grains. The histograms of the particle
size distribution have been attached with the
respective micrographs. The particle sizes obtained
after the fitting of the histograms are in agreement
with the outcomes obtained from XRD analysis,
providing minimum particle size for BFO5.

3.3 Ferroelectric properties

In multiferroics, the ferroelectric orders are formed as
a result of the irreversibility of the polarizability by
applied electric fields. The observance of the hysteresis
has elements for the research on ferroelectrics. Fig-
ure 4a—e exhibits the ferroelectric hysteresis loops of
BFO, BFO3, BFO5, BFO7, and BFO10 NPs at a fre-
quency of 50 Hz at room temperature. Figure 4f
shows a combined P-E hysteresis loop of all the
samples for the sake of comparison. These loops
indicate the favorable ferroelectric behavior of BFO
NPs. It is observed that as Bi content increases, the
loops look like standard ferroelectric curves. This may
be associated with the reduction of leakage current,
which may also have occurred due to the enhanced
density of the defect states as a consequence of the
formation of the vacancies. It is worth mentioning that
perfect saturated ferroelectric curves in pure BFO are
hard to obtain due to the high coercive fields and high
leakage currents. The cause of leakage currents can be
associated with the oxygen vacancy and Fe*' in the
form of impurity phases in the samples. [15]. The
values of the parameters obtained from the analysis of
the P-E hysteresis loops: maximum polarization
(Pmax), remnant polarization (P,), and coercive electric
fields (Ec) have been displayed in Table 3. It is found
that the value of P, increases upto BFO5 and then
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Fig. 3 FE-SEM images of
a BFO; b BFO3; ¢ BFO5;
d BFO7; and e BFO10
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decreases. This infers that the increase in Bi content in
the sample may lead to the increase in the electron
density, which contributes to the more number of
electric dipole moments per unit volume. Then
increasing Bi-excess also increases the oxygen vacan-
cies in the material. However, when the Bi content is
increased beyond 5%, it may start to suppress the
polarization. Therefore, the values of all the parame-
ters have been found to be maximum for BFO5. Thus,
the enhanced value of P, for BFO5 shows that with
the Bi-excess, the ferroelectric behavior of the NPs
improves, which means Bi-excess in the NPs amplifies
the polarization of the material and improve the fer-
roelectric properties of the material.

3.4 Electrical properties

3.4.1 Dielectric properties

Figure 4 shows the changes of real (¢) as well as
imaginary (¢”) dielectric constant, and dielectric loss
(tan 0) with frequency in BFO, BFO3, BFO5, BFO?,
and BFO10. The dielectric constant (¢/) in all the
samples gradually decreases with increasing fre-
quency (Fig. 5a) and becomes nearly frequency-in-
dependent beyond 100 kHz. The frequency
dependence of the dielectric constant has been in
agreement with the orientational relaxation of dipole
and conduction of charge carriers. When the fre-
quency increases, the dipoles are not able to vary
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Fig. 4 The P-E hysteresis loops of the a BFO; b BFO3; ¢ BFO5; d BFO7; e BFO10; and f Combined plots at 50 Hz frequency at room

temperature

Table 3 The values of ferroelectric, dielectric parameters, and

bandgaps
Composition Py« P, E. o Bandgap
(uC/em?)  (uC/em?)  (kV/em) (eV)
BFO 0.58 0.21 34.28 083 1.72
BFO3 0.37 0.25 10.28 0.75 1.86
BFO5 1.15 0.90 14.82 090 1.96
BFO7 1.11 0.82 14.50 0.89 1.92
BFO10 0.35 0.31 15.38 0.87 1.89

their orientation with a rapidly oscillating electric
field, causing ¢ to decrease. At the minimum fre-
quency of 100 kHz, the BFO exhibits a dielectric
constant (¢') of 120 which increases to 210 for BFO5.
After that, it decreases to 180 and 190 for BFO7 and
BFO10, respectively. However, BFO3 NPs exhibit the
lowest value of ¢ at 80. Bi-excess NPs also show great
sensitivity to frequencies. On the far side, towards
1 MHz, Bi-excess BFO NPs show lower values of the
¢ as compared to the pure BFO NPs. Observations
suggest that the dielectric constant is highly sensitive
to the Bi content in BFO NPs [17]. The values of the
dielectric constant (¢') of these samples can be cal-
culated using the formula

@ Springer

§=Cxtleg-A (3)

where C is the capacitance of the specimen, f is the
sample thickness, ¢ is the permittivity in a vacuum
equal to 8.854 x 1072 C2N"' m™2, and A is the area
of the specimen in square meter. Moreover, at lower
frequencies, the greater slope of pure BFO has been
shown by plotting the ¢’ with frequency (Fig. 5b).
The decrease in ¢” is a consequence of reducing inner
stress in the grain boundary. The grain boundary
effect can be neglected for single crystal NPs,
whereas, for the NPs having secondary phases, this
effect cannot be neglected. Such a type of dielectric
behavior clearly demonstrates the dependency on the
grain size distribution and space-charge polarization
[18]. The tan ¢ vs frequency curves are shown in
Fig. 5c for all the samples. The pure BFO NPs show a
dielectric loss peak at 1 Hz with tan ¢ of 2.5, and for
Bi-excess BFO NPs ie., BFO3, BFO5, BFO7, and
BFO10; the dielectric loss decreases. In the low-fre-
quency area, the tan & has been attributed to the
interfacial or space-charge distribution. At this stage,
some extra contributions would come from grain
boundaries and defect sites which act as a hindrance
to the movement of charge carriers due to localized
polarizations. In lower frequency regions, it is
noticeable that conductivity rising due to oxygen
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temperature

vacancies could be attributed to the dielectric dis-
persions. The oxygen vacancies are inherently pro-
duced in pure BFO NPs due to the volatile nature of
the Bi atom. Although, it has been reported that a
large number of oxygen vacancies are created when
higher temperatures (750-850 °C) are employed for
sintering NPs [19]. Nonetheless, for the present work,
the samples were sintered at a minimum temperature
of 550 °C expecting the minimum number of vacan-
cies which leads to the high value of the dielectric
constant and lesser value of the dielectric loss.
Besides, a hunch can be observed at around 1000 Hz
frequency in samples with high Bi content. Such type
of feature points towards the presence of more than
one type of relaxation phenomenon. It is possible that
in addition to the relaxation due to interfacial charge
distribution, the interior of the grains also undergoes
dielectric relaxation. The additional dielectric relax-
ation in the interior of the grains may be associated
with the enhanced density of states due to increased
Bi content. It is worthy to recall here that this is the
same reason responsible for the reduced polarization
of the samples at higher Bi content.

Further, to examine the dielectric dispersions
exhibiting the frequency-dependent dynamics of the
NPs, the fitting of dielectric constants has been per-
formed with the help of the Havriliak-Negami
Model, as shown in Fig. 6a—e. The Havriliak-Negami
model, introduced by A.S. Volkov et al. [20], has been
successfully employed in the present case to investi-
gate the behavior of dielectric constant in the sam-
ples. The width of the loss peak and the relaxation
times are determined from the temperature-inde-
pendent (x) and temperature-dependent (z) parame-
ters, respectively. The values of these parameters

obtained for all the samples are shown in Table 2. It is
evident from the table that the value of « is closer to 1
in all the samples, which means that the dielectric
relaxation is closer to the Debye relaxation [21].

3.4.2  AC conductivity

The ac conductivity (cac) has been calculated using
dielectric constant (¢') and dielectric loss (tan §), as
highlighted in Fig. 7 for all Bi-excess BFO NPs. It was
measured by using the relation

oac = &lgow tan O 4)

where o =2nf, n=3.14, f=frequency, ¢ is the
dielectric constant, ¢, is the permittivity of vacuum,
and tan ¢ is the loss tangent. The ac conductivities in
dielectrics are primarily because of the hopping of
electrons between Fe*" « Fe’" ions of similar nature
present in more than a single valence state. The
electrical conduction mechanism in the samples can
be explained using the electron hopping model
employed by Kumar et al. [22]. The increase in linear
variation at 1 Hz frequency shows that this frequency
is sufficient to instigate the hopping conductivity.
The ac conductivity is observed to increase acutely at
lower frequencies and tardily at high frequencies
with a higher slope for BFO5, BFO7, and BFO10. The
BFO and BFO3 NPs exhibit comparatively smaller
slopes. In addition to that, throughout the frequency
range, the patterns exhibit some specific features like
dispersions with changing slopes. Such features arise
due to the interfacial polarization that can be
explained on the basis of Koop’s phenomenological
theory [23]. These features are prominent in higher
Bi-excess (BFO7, BFO10) NPs. Thus, the BFO5 NPs
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Fig. 7 Frequency-dependent ac conductivity plot for a BFO;
b BFO3; ¢ BFOS5; d BFO7; e BFO10 NPs at room temperature

demonstrate a maximal correlation of the ac con-
ductivity with the frequency among all the samples.

3.4.3 Modulus spectra analysis

The change of real (M’) and imaginary (M") parts of
the electric Modulus as a function of frequency at
room temperature are represented in Fig. 8a, b. The

@ Springer

increase in frequency, M’ also increases which indi-
cates towards the conduction processes of small
range mobility of charge carriers. In addition, the
values of M’ also increase with Bi-excess BFO con-
centrations. Further, M”, indicating the energy loss in
the NPs, demonstrates well-distinguished peaks in
therange ~ 1 Hz-10 MHz. The low-frequency peaks
show that ions can move over long distances by
hopping from one site to the neighboring site. In
contrast, a high-frequency peak indicates that ions
can perform only localized motion with their con-
finement in potential well [18]. However, the asym-
metric peaks towards the higher frequency indicate
the correlation between mobile charge carriers from
long- to short-range motilities giving rise to dissimi-
lar time constants [24].

3.4.4 Impedance analysis

Impedance spectroscopy technique has been utilized
to investigate the intra- and inter-granular contribu-
tions to the impedance in the studied compositions as
a function of frequency to identify the electrical
properties of BFO, BFO3, BFO5, BFO7, and BFO10
NPs. The contribution of the grain and grain
boundaries to the electrical properties of the
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dielectrics can be understood via measuring impe-
dance, etc. The information about internal conduction
transport can be determined by measuring the com-
plex impedance (Z*) using the [25, 26]:

Zx =7 +]jZ,

where 7' is real part and Z” is imaginary part of
impedance. They are as given below:

Z1 = Ry/ (1 + (wgCgRg)Z)
+ R/ (1 + (wgbcgbRgb)z)

where R, is grain and Ry}, is grain boundary resis-
tance, similarly C, is grain capacitance and Cgy, is
grain boundary capacitance. And wg and gy, are the
frequencies. Due to grain and grain boundary, the
capacitance and the relaxation time have been found
using the following relations:

Ce = 1 /R0,
Ceb = 1/Rgpgp
Tgb = 1/wgb = Rgngb

s = 1/wg = RyCy

Figure 9a, b shows the variation of real impedance
(Z') and imaginary impedance (Z") with frequency
for the Bi-excess BFO NPs. The magnitudes of Z' have
been observed to decrease linearly with frequency up
to ~ 10 Hz. The plateau observed at fre-
quency > 1 kHz expressed the possible exit of space-
charge accompaniment with the diminution in resis-
tant property of the material [27]. In addition, the
value of Z' is also observed to be lower for BFO3,
BFO5, BFO7, and BFO10 than that of BFO, which is in
accordance with the dielectric constant. As observed
from Fig. 9a, Z' has higher values in the low-

5 g

10 10" 10 10° 10° 10 10 10 10
Frequency (Hz)

10 10

frequency region, and it decreases monotonically
with an increase in frequency and remains invariant
at higher frequencies irrespective of temperature.
Figure 9b shows the change of Z” with frequency in
the range (10" Hz-100 MHz). All the curves super-
impose except that of BFO5. A clear peak shift
towards higher frequency has been observed in the
case of BFO5, which indicates the relaxation phe-
nomena occurring in the material [28].

3.4.5 Cole—Cole analysis

The real impedance (Z') and imaginary impedance
(Z") are further used to calculate the effect of grains
and grain boundary resistance to the total resistance
of NPs via studying the Cole-Cole plots, as shown in
Fig. 10. It is observed that all the samples exhibit
semi-circular arcs that are not complete, which are
the result of the high resistance at low frequencies.
Hence, the complete resistances of these are mostly
equal to the grain boundary of the NPs. The behavior
for BFO and excess samples could be explained by
convolution in more than one semicircle, as shown in
Fig. 11, where high-frequency semicircle represents
the contribution of the grain and the low-frequency
semicircle will represent the contribution of the grain
boundary [11]. Further, the diameter of the semicir-
cles corresponding to Bi-excess samples can be
observed to be increased compared to that of BFO
and found to be maximum for BFO5. This suggests
that BFO5 NPs exhibit maximum grain resistance.

3.5 UV-vis spectroscopy

The energy bandgaps of BFO, BFO3, BFO5, BFO7,
and BFO10 NPs have been analyzed by UV-vis
absorption spectrum. The absorption spectrum of the
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Fig. 10 Cole—Cole (Nyquist) plots for a BFO; b BFO3; ¢ BFOS5;
d BFO7; e BFO10 NPs at room temperature

as-prepared BFO NPs in Fig. 12a—f. As demonstrated
in the optical responses of BFO NPs, the absorption
edges have been shifted towards the lower wave-
length as the Bi-excess in BFO increases, indicating an
increase in the bandgap energies. It was known that
these bandgaps of BFO NPs would be calculated
from the tangent line in the plots of the (¢hv)* vs.
photon energy (hv), where the straight line intercepts
on the x-axis. The direct bandgap energies are
excerpted by using the formula: (zhv)* = 8 (hv-Ey),
where hv is the absorbed photon energy; hv = 1240/
(eV); « and p are absorption coefficients, respectively
[29]. The values of direct bandgap energy obtained
for BFO, BFO3, BFO5, BFO7, and BFO10 samples are
displayed in Table 2. The increase in bandgap ener-
gies till BFO5 may be associated with the size dif-
ferences and the change in P, of synthesized BFO
NPs. Beyond BFO5, the bandgap reduces
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attributable to the enhanced Bi-excess content. These
variations influence the local crystal fields and the
undergoing electronic transitions leading to the
modification in the absorption edges [13].

3.6 Magnetization

The response of Magnetization of BFO, BFO5, and
BFO10 NPs with the applied magnetic field has been
exhibited in Fig. 13a in the range &+ 40,000 Oe. The
plots demonstrate small hysteresis indicating the
weak ferromagnetic behavior of the NPs. The nature
of hysteresis near H =0 can be observed in the
range £ 1000 Oe in Fig. 13b. It is apparent from the
curves that pure BFO shows a slight deviation from
the normal hysteresis behavior by dwindling near
H = 0. This pinch-off in the hysteresis indicates the
spin exchange coupling interactions. The interactions
between Bi’* and Fe’* may have been modulated in
pure BFO (without Bi-excess) due to the fact that Bi
evaporates due to its volatile nature and Bi:Fe ratio
changes leading to the pinching off hysteresis. Gupta
et al. have also reported such type of pinch-off in the
hysteresis of Pt/Bi;_,Ce,FeO3/ITO thin films [30].
However, as the Bi-excess increases, the curve
becomes normal, giving evidence for the regular
alignment of the magnetic moments with the exter-
nally applied magnetic field. The values of maximum
magnetization (Mp,,) and remnant magnetization
(M,) are displayed in Fig. 13c. The maximum value of
Mnax has been demonstrated by BFO5 of the mag-
nitude 0.24 emu/g with the M, of 0.2 x 102 emu/ g.
Likewise, the coercivity was also found to be mini-
mum for the BFO5 sample. Even though the pure
BFO shows significant M,.x and M, values, there
exists a departure from the normal hysteresis
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values of M,,,,x and M,

behavior. The value of M,,,, increases for BFO5 and
then decreases for BFO10. The enhancement in the
magnetization can be associated with the size con-
finement effects of the NPs. As it has been observed
in the structural analysis that the crystallite dimen-
sions are minimum for BFO5, due to the size con-
finement, the spins uprise to the NP surfaces [31].
Therefore, despite being smaller spin densities, the
BFO5 NPs produce noticeable magnetization.

Thus, the main reason responsible for the alteration
of the properties of the Bi-excess BiFeO; nanoparti-
cles with varying Bi content is that when the Bi
content increases in the sample, it incorporates two
modifications: one is that it provides excess electrons
and enhance the electron density of the material; and
second, it generates oxygen vacancies because the
excess bismuth forms secondary phase. The
enhanced oxygen vacancies in the interior and the
accumulation of the space charge at the interfaces
enhance the electrical, dielectric properties, and
optical and magnetic properties up to 5% Bi-excess.
Now, when the Bi-excess is increased beyond 5%, the
electron density still increases but at the same time,
the particle dimensions are decreasing, which ham-
pers the movement of the electrons. This gives rise to
the reduction of the polarization and dielectric con-
stant along with the anomalous behavior of the
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dielectric dispersion, ac conductivity, modulus, and
impedance spectra.

4 Conclusions

A series of Bi-excess BiFeO; NPs were prepared by a
sol-gel process in the present research work. The
optimization of various properties such as structural,
ferroelectric, electrical, optical, and magnetic prop-
erties was carried through different characterization
techniques viz. X-ray diffraction (XRD) analysis, P-E
loop measurements, dielectric constant, loss tangent
(tan 0), AC conductivity (oac), Modulus spectra
analysis, Impedance analysis, Cole-Cole analysis of
the impedance, UV-vis analysis, and magnetization.
The successful employment of Bi-excess in BFO has
been confirmed. The crystallite size and lattice
parameters determined through XRD analysis were
found to be minimum for BFO5 with a value of 41 nm
and 8.78 A, respectively. The strain has been found to
be developed to 3.1 x 10~ for BFO5 due to the
reduced crystallite dimensions. The P-E loop mea-
surements revealed the increasing maximum and
remnant polarization for BFO5. Interestingly, the
leakage current, examined by the P-E hysteresis
loops, has been observed to be minimum for BFO5.
The dielectric constant displayed decreasing
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attributes with increasing frequency. BFO5 sample
showed a high dielectric constant with smaller
dielectric loss. The value of a which describes the
dielectric relaxation was found to be in the range
0.7 ~ 0.9. The AC conductivity has been found to
increase with increasing frequency. The impedance
and modulus analysis revealed an excellent grain and
grain boundary behavior in association with the
internal resistances and capacitances of the NPs. The
optical response of the NPs demonstrated an
increasing bandgap with increasing Bi-excess, show-
ing a maximum value of 1.96 eV for BFO5 NPs. The
magnetization analysis confirmed the weak ferro-
magnetic behavior of the NPs with a maximum
magnetization of 0.24 emu/g for BFO5 NPs. As a
whole, the optimization of multiferroic properties of
BFO NPs with Bi-excess has shown eminence for
BFO5 NPs having 5% Bi-excess.
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