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Abstract

Multiferroic pure and cobalt-doped bismuth ferrite nanoparticles were synthesized by sol-gel method. The X-ray diffraction
study showed a distinct crystalline phase with rhombohedral R3c structure. Rietveld refinement confirmed the reduction
of crystallite size from 68 to 45 nm in doped BFO. Transmission electron microscopy was performed to confirm the mor-
phology and lattice constant of the pure and cobalt-doped bismuth ferrite nanoparticles. The results of lattice constant have
also been compared with the XRD results. Dielectric properties such as resistance, reactance, impedance, and resistivity
were significantly decreased in doped BFO to 7.5 MQ, 14 MQ, 17 M€, 3.7 MQ-m, respectively, at 100 Hz with concurrent
increased conductivity of 0.184 (S/m)x 107> at 10 MHz. The ferroelectric properties of pure and doped samples exhibited
significantly enhanced maximum polarization and coercive field in doped BFO of 16 uC/cm? and 6.2 kV/cm, respectively,
at an applied field of 15 kV/cm. Ferromagnetic measurements of synthesized cobalt-doped BFO nanoparticles displayed
a substantial improvement in saturation magnetization and coercive force of 7.07 emu/gm and 0.9 kOe, respectively. The
important enhancement of magnetic properties with moderate value of coercive field of the cobalt-doped samples may have
potential applications in spintronics and memory devices.

1 Introduction

Bismuth ferrite is a rare multiferroic material that simultane-
ously displays the ferroelectric and ferromagnetic proper-
ties in a single phase at room temperature that has drawn
significant interest due to its prospective applications in
spintronic devices, sensors, photovoltaic solar cells and
microwave absorber [1-7]. The concurrent requirement of
unfilled and partially filled d-orbital for multiferroic order-
ing makes BFO rare in nature [8]. In the view of practical
applications, BFO stands out tall from all other perovskites
(ABO;) type multiferroic materials due to its high ferroelec-
tric Curie temperature (T) of 1103 K and ferromagnetic
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Neel temperature (Ty) of 643 K [9]. Relatively low con-
ductivity in BFO becomes a barrier for photovoltaic cells
application. Thus, it can be expected that the conductivity of
BFO is controlled by doping concentration. Many elements
such as Ba[10], Co [11], Cr [12], La [13], Ni [14], Mn [15]
have been doped in BFO to understand their responses to
dielectric, electric, and multiferroic properties.

The enhancement of ferroelectric property in pure BFO
has been realized that makes it suitable for possible appli-
cation in device [9]. However, the maximum polarization
and saturation magnetization of BFO are very low compared
to many other standard multiferroic materials [16]. This is
because of the canting effect of the Fe>* sublattice moment
and superimposition of a spiral spin structure (SSS) on anti-
ferromagnetic order of BFO [16—18]. For practical use of
BFO in devices, it is essential to know how to improve the
magnetic properties without hampering the ferroelectric
properties. The modification of SSS can also be attained by
doping with transition metal into the B-Site (Fe**-site) of
BFO liberating locked magnetization, consequently reveal-
ing poor ferromagnetism [19-21]. Cobalt (Co) is a unique
transition metal which is magnetically active and doping
in multiferroic materials may produce some modifications
in the physical properties such as electronic transitions,
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ferromagnetic, and ferroelectric properties. Therefore, the
induced electric potential can change the magnetization and
the external magnetic force can excite electric polarization.
The intrinsic coupling among ferroelectric and ferromag-
netic properties of these novel materials is appropriate for
spintronics and memory devices [22]. In pure BFO, Fe**
spin is enclosed by 6 antiparallel spins at the adjacent Fe
neighbors, resulting in a G-type antiferromagnetism. That
means the Fe magnetic moments are joined ferromagneti-
cally into the pseudocubic planes (111) and antiferromag-
netically among nearest planes.

Fe and Co are the most common transition metals. Fe
exhibits three crystal structures, namely (i) a-Fe, (ii) y-Fe,
and (iii) 8-Fe. All forms of Fe attain ferromagnetism, mal-
leability, good plasticity, and thermal conductivity. Simi-
larly, Co metal also exhibits three crystal structures: (i) a-Co
(Cubic system, F' m 3m), Co (Hexagonal system, P6;mc),
and e-Co (Hexagonal system, P6;/mmc). Hexagonal form
is the most common close-packed lattice. Co is hard with
permanent magnetism and high temperature resistance with
good stability [23].

However, antiferromagnetic spiral spin modulated struc-
ture of pure BFO is tailored by a range of (A=620+20 A)
modulation guiding to SSS by the spiral direction of —[110]
and the spin rotation plane (110) is leading to the cancela-
tion of every macroscopic magnetization [24]. The domain
walls of the pure BFO might show a weak ferromagneti-
zation (Dzyaloshinski-Moriya theory) if the ferromagnetic
moments are perpendicular in direction to [111] [25, 26].
Currently, it has been investigated that the improvement
of multiferroic properties in pure BFO with decreasing
the particle size [27]. The ionic radius of dopant Co?" is
0.745 A and base material Fe3* is 0.645 A; as a result, the
particle size will be reduced with the increasing doping
concentration. The Co®* ions bond with O by sturdy cova-
lence, whereas Co** is largely hybridized with the valence
states of O. The Co have four band structure regions, i.e.,
Co’* 3d e states, Co*™ 3d e and t, states, Co>* 3d 1,, states,
and combination of O 2p and Co®*/Co>* electronic states.
The Co®* 3d e states inhabit spin-down channel of Co**
states, leading to local magnetic moment. However, Co’*
3d e states are mainly above &, while Co** 3d 1,, states are
near to € which causes to induce diamagnetism [23]. In
addition, the ionic radius of Co?* (0.745 A) is much higher
than Co’* (0.545 A) which influences more lattice distor-
tion and increases bond angle of Fe—-O-Fe with decreasing
bond length of Fe—O. Thus, bandgap will be decreased and
electrical conductivity will be increased [28]. Moreover, the
electronic configurations of Co** and Co* are Co** [Ar] 3d’
and Co’" [Ar] 3d®; due to crystal field splitting to minimize
energy, Co*" shows higher magnetic moment.

In this study, Co>" as divalent transitional metal
ions were selected to replace trivalent Fe>* cations in
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pure BFO. In this study, pure BiFeO; (BFO), 5% Co**
-doped BiFe 45sC0y o503 (BFCO-5), 10% Co** -doped
BiFe, 4Co, ;05 (BFCO-10), and 15% Co?* -doped
BiFe 3sCog 1503 (BFCO-15) samples were synthesized
by sol-gel method. The novelty of this research is the
influence of Co?* doping on electrical conductivity and
multiferroic properties of BFO nanoparticles.

2 Sample preparation and methods
2.1 Sample preparation

Sol—gel method was used to synthesize pure and Co-doped
BFO samples and annealed at 600 °C. Precursor materials
used include bismuth nitrate pentahydrate (Bi(NO;);-5H,0)
(99% purity, Merck India), iron nitrate nonahydrate
(Fe(NO3);-9H,0) (98% purity, Merck India), and cobalt
nitrate hexahydrate (Co(NO,),-6H,0) (97% purity, Merck
India). The details of sol-gel method can be found elsewhere
[6]. The annealed nanoparticles were directly used for the
analysis of magnetism. However, to conduct ferroelectric
and leakage current analysis, it was essential to prepare
cylindrical disk samples (pellet). 1 gm of nanoparticles was
used to prepare a pellet. The pellet was pressed by a hydrau-
lic press machine with 20 kN force for 1 min. The area and
thickness of pellets were about 1.66 cm® and 0.13 cm. It was
sintered again at 600 °C and conductive silver paste was then
applied uniformly on both sides of the pellets. Furthermore,
to measure dielectric properties, two very thin copper wires
were joined on both sides of the tablets. Then, pellets were
kept in an electric oven at 120 °C for 12 h.

2.2 Methods

The samples of BiFe]_yC0yO3, where y=0, 0.05, 0.10, 0.15
as BFO, BFCO-5, BFCO-10, and BFCO-15, were charac-
terized to verify their structural and physical properties.
The structural formation of pure and Co-doped BFO nano-
particles was analyzed by X-ray diffractometry (Model:
PANalytical EMPYREAN, Netherlands). The morphology
of nanoparticles were investigated by transmission electron
microscopy (Model: Talos F200X). Dielectric properties
of the samples were measured by an impedance analyzer
(6500B Series, Wayne Kerr Electronics Ltd. UK). Ferroelec-
tric properties and leakage current density were determined
at room temperature by precision multiferroic loop tracer
(Model: P-PMF, Radiant Tech. Inc., USA). Magnetic proper-
ties of the samples were measured at room temperature by
vibrating sample magnetometer, VSM (Model no.: Micro
Sense EV9, USA).
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Fig.1 XRD patterns with planes of BFO, BFCO-5, BFCO-10, and
BFCO-15 nanoparticles

3 Results and discussion
3.1 X-ray diffraction

Figure 1 shows XRD patterns of pure and doped BFO nano-
particles. The patterns of pure BFO match well with crys-
talline rhombohedral structure with R3¢ space group and
transformed to orthorhombic symmetry with Pn2,a space
group for Co-doped BFO samples. The Rietveld refinement
of the samples was conducted by HighScore Plus software.
It is found that the crystallite size decreased from 68 to
45 nm and lattice strain increased from 0.186 to 0.28% with
increasing Co concentration. Notably, the secondary phase
(121) Bi,Fe,O4 (*) became rich with increasing dopant con-
centration. Bi,Fe,O4 was prominent at 27.7°. The combina-
tion of major phases and other secondary phases were also
reported by researchers [29, 30].

3.2 Transmission electron microscopy

The transmission electron microscopy (TEM) images of
pure and 15% Co-doped BFO nanoparticles are shown in
Fig. 2a, b.

It was found that aggregated nanoparticles of both sam-
ples have irregular shape morphology, while the particle size
of doped sample was found to be smaller than that of pure
sample, and a similar trend was noticed in the SEM results
[6]. The selected area electron diffraction (SAED) patterns
of pure and doped samples are presented in Fig. 2¢. Both
samples appear to be polycrystalline in nature and the bright
diffraction spots can be attributed to the crystallographic
planes of (012), (104), (202), (024), (112), (214), and (220)

(c) BFcO
Dotz = 2Ry, (Nm™)
1/Ry12 = dgyo (NM)

Fig.2 TEM images of a pure BFO and b 15% Co-doped BFO nanopar-
ticles, and ¢ SAED pattern of 15% Co-doped BFO nanoparticles, inset
shows the SAED pattern of pure BFO
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which suggest that the doped sample mainly consists of
BFO phase. The lattice constants were obtained using the
interplanar spacing (d) values from SAED analysis using the
following equation:

2 2 2
L:§<h+M+k>+L "
d> 3 a2 2

Table 1 shows that the values of lattice constants are more
or less similar to the values obtained from the XRD line
profile analysis. However, the slight deviation in the values
between XRD and SAED might be associated with the rea-
son that the analyses were carried out for aggregated nano-
particles without any specific crystallographic orientation.

3.3 Electrical conductivity analysis

Dielectric properties such as resistance, reactance, imped-
ance, AC resistivity, and AC conductivity are strongly cor-
related with electrical conductivity. The dielectric properties
of materials are dominated by their electronic and crystal
structures. It is a significant parameter for materials to
design functional devices, particularly the electromagnetic
devices. It controls the property of materials and devices
such as energy conversion, extent of heat generation, and
optical property [31]. The frequency-dependent dielectric
properties were measured for pure and doped BFO nano-
particles. The range of measuring frequency was 20 Hz to
10 MHz. Figure 3a shows the variation of resistance (R)
with frequency for pure and doped BFO samples; inset
shows a close-up view. The amplitude of R was found to
be considerably decreased with increasing Co concentra-
tion at frequency up to ~1 kHz. The plateau behavior of R
was found at higher frequencies (> 10° Hz) which indicates
possible discharge of space charge polarization or accumu-
lation at boundaries region of homogeneous phases in the
samples under external applied field [32, 33]. The values of
R decreased with increasing Co dopant indicating the reduc-
tion of resistive properties and improvement of conductive
properties for doped samples. The variation of reactance (X)
with frequency exhibits the similar trend as resistance. Fig-
ure 3b shows the plot of reactance vs frequency for pure and
doped BFO nanoparticles and its close view in inset. Evi-
dently, the values of X were found to significantly decrease

at low frequency and almost constant at high frequencies
(> 10% Hz). The fundamental mechanism may be accounted
for decreased X with increased conductivity across grain
boundaries and enhanced charge carriers hopping among
the localized ions at higher frequencies [34]. Moreover,
the magnitude of X decreased with increasing Co doping
level. With increasing Co concentration, the grain size of
BFO decreases and thus X decreases [6]. This indicates the
decrease in resistive path because of hindrance posed by
the grain boundaries; a similar trend was found elsewhere
[34]. The variation of reactance with resistance for pure and
doped BFO samples is presented in Fig. 3c. It was observed
that the reactance is directly proportional to resistance and
the value of resistance is diminishing. The decreased values
of reactance indicate the increased loss in resistance of the
samples.

This behavior usually owes to the interplay of space
charge polarization in the samples [35, 36].

Impedance analysis is an important metric to investigate
the electrical conductivity of a material. It can ascertain the
mobile charges of bulk or interfacial regions of the mate-
rial: semiconductor, insulators (dielectrics), ionic, and
mixed electronic ionic [37]. Figure 3d shows the variation of
impedance with frequency demonstrating the similarity with
R and X curves. The close-up views of impedance analysis
curves are shown as inset in figure. The impedance, Z is
calculated by

Z=VR? +X2. )

In low frequency range (< 1 kHz), the Z decreases rap-
idly with the increasing Co concentration which indicates
the decreased resistivity and enhanced conductivity of the
samples [38]. Such activity naturally owes to the presence
of space charge polarization [35, 36]. The crystallite size
was reported to decrease with increasing Co concentration
and leads to decrease Z due to the obstacle posed by grain
boundaries. The decreased crystallite size of doped BFO
helps to decease the bandgap energy [6] which enhances
to decreases Z of the sample. Moreover, Z is reduced
with oxygen (O,) vacancies in doped sample. Dopant Co
resulted in decreasing bond length (Fe—O), increasing bond
angle (Fe—O-Fe) [6] and orbital overlaps are responsible
to decrease Z of doped samples. The values of R, X, and Z

Table 1 Comparison of

. . . Sample Method Interplanar spacing of the crystallographic planes (/3;) Lattice constant (1&)
interplanar spacing and lattice
constant between XRD and (012)  (104) (202) (024) (112) (214 (200 «a c
SAED methods
BFO XRD 3974 2824 2287 1989 1.781 1.614 1396 5.57764 13.86421
SAED 4.032 2857 2298 1980 1.785 1.619 1387 5.69028 14.02568
BFCO XRD 3973 2.822 2286 1988 1.780 1.613 1.395 557544 13.85312
SAED 4.024 2865 2291 1995 1.787 1.615 1.380 5.65238 14.13364
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Fig. 3 a Resistance vs frequency, b reactance vs frequency, ¢ reactance vs
resistance and d impedance vs frequency curves of pure and doped BFO
nanoparticles

for different samples at different frequencies are shown in
Table 2.

Figure 4a shows the variation of AC resistivity (p,c) With
frequency at room temperature for pure and doped BFO
samples. The electrical p - of pure and doped BFO nanopar-
ticles was reduced significantly up to 10* Hz and remained
almost constant above that. Co dopant has found to enhance
the reduction of p,. This is because of leakage charges gen-
erated in piezoelectric grains of doped BFO across the low
resistance path of the surrounding BFO grains [39].

Figure 4b represents AC conductivity (6 ,c) vs frequency
in the range of 20 Hz—50 MHz at room temperature for pure
and doped BFO samples. The plateau at < 10* Hz indicates
frequency-independent or DC conductivity (6pc) which
may be acquired by extra polluting conductivity values to
the lower frequency [34]. At high frequency, the applied
field promotes the jumping of charges between the local-
ized regions resulting in enhanced 6 [40]. Therefore, in
conduction process, hopping of 3d electrons along with Fe?*
and Fe** as well as Co?™ and Co®* might play a vital role to
enhance 0,¢ [41]. The values of p,¢ and 6, for different
compositions at different frequencies are shown in Table 2.

There are two major factors that influence the 6, of
BFO in high frequency (10°) regime: (i) charge transporta-
tion and (ii) charge relaxation. The electrons migrate in the
conductive materials when there are defects and interfaces
in between adjacent layers [31]. The o, of charge transport
is satisfied by the following equation [42].

1
(w) + (w). (3)

GAChUp

1
—— = Pac T Pac =
Oac OAc

mig

where 6, is the AC conductivity of electron migration and
i
o4c,, 1s the AC conductivity of electron hopping. The Co
op

doping in BFO has increased conductivity and decreased
resistivity which may enhance the bulk photovoltaic effect
in BFO thin films [4]. The dielectric properties of pure and
doped BFO showed the frequency response in microwave
application due to its structural distortion and defect. Also,
the amount of doping influences dielectric properties in BFO
nanoparticles [43].

3.4 Ferroelectric properties

The polarization vs electric field, P-E hysteresis loops
measured at 100 Hz has been analyzed to study the effect of
ferroelectric properties of pure and Co-doped BFO nano-
particles. The electric field-induced polarization was per-
formed at room temperature with an applied electric field
of 5-15 kV/cm. Figure 5a shows the P-E hysteresis loops
of pure BFO nanoparticles, the magnifying view of which
clearly displays the coercive field and remnant polarization
(inset in Fig. 5a). The ferroelectricity generates in pure BFO
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Table 2 Parameters of
dielectric properties at different
frequencies for pure and doped
BFO nanoparticles

Parameter Frequency (Hz) BFO BFCO-5 BFCO-10 BFCO-15
Resistance (MQ) 20 77 60 47 31
100 16 14 9.5 7.5
1k 0.87 0.57 0.3 0.2
Reactance (MQ) 20 146 90 76 35
100 45 35 25 14
1k 7 55 4.1 2.2
Impedance (MQ) 20 164 115 96 35
100 48 36 31 17
1k 7 4.8 39 2.3
AC resistivity (M2-m) 20 50 25 21 8.1
100 21 13.6 10.3 3.7
1k 8 54 3.1 1.39
AC conductivity (S/m)x 107 1M 0.005 0.024 0.038 0.042
10M 0.064 0.105 0.151 0.184
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Fig.4 a AC resistivity vs frequency and b AC conductivity vs fre-
quency curves of pure and doped BFO nanoparticles
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due to the presence of the Bi** ions of 6s® lone pair elec-
trons. The stereochemical action of the lone pair electrons
was enhanced by the structural distortion due to Co doping
into BFO lattice [44]. Ferroelectric properties are signifi-
cantly enhanced in Co-doped BFO samples. Figures Sb—d
shows the P-E hysteresis loops of doped BFO nanoparticles.
The maximum polarization (Py,,) and remnant polarization
(P,) of doped BFO are much higher than pure one. This can
occur as the charge reimbursement induced by the replace-
ment of Co** for Fe* ions.

The enhanced ferroelectric property may also arise for
changes in Fe—O bond length with Co-doped in BFO nano-
particles. The maximum polarization, remnant polarization,
and coercive field of pure and doped BFO nanoparticles are
summarized in Table 3. Inset in Fig. 5d represents the vari-
ation of P, with Co concentrations. The values of P, increase
with increasing Co doping but the curve displaying a zigzag
behavior; a similar trend was found in a previous study [12].
The Co dopant has shown to decrease the structural stability
of BFO phases and increase the impurity phases (Bi,Fe,Oy),
as shown in Fig. 1. This impurity phases may occur due
to unbalanced charge and generate defects in the samples.
These defects increase the electrical conductivity of the
samples [45] and showed the largest P, value in BFCO-15;
similar result was found elsewhere [39]. This material can
be useful for photovoltaic application.

The leakage current density (J) vs Electric field (E) plots
of BFO, BFCO-5, BFCO-10, and BFCO-15 pelletized sam-
ples are shown in Fig. 6. According to ohmic conduction
mechanism, J is directly related to thermally generated free
electrons that can be explained as J=euN_E, where e is
charge of an electron, p is carrier mobility of free electron,
N_. is density of thermally stimulated electrons, and E is elec-
tric field [46]. The free electron-hole pair concentration N,
sharply increases with reducing optical bandgap energy and
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Fig.5 P-E hysteresis loops of a BFO, b BFCO-5, ¢ BFCO-10, and d
BFCO-15 nanoparticles

thus raises the leakage current density [47]. The bandgap
energy of BFO was decreased with increasing Co dopant
concentration as shown in our previous research [6].

It is observed from Figs. 5 and 6 that the largest P, value
of doped BFO may be ascribed to the highest leakage cur-
rent density of BFCO-15. Moreover, the zigzag behavior of
P, vs Cobalt % plot (inset in Fig. 5d) is due to the minimum
leakage current density of 10% doped BFO when compared
with 5% and 15% doped BFO nanoparticles.

3.5 Enhancement of magnetization

M-H hysteresis loop of the samples were captured at room
temperature and plotted in Fig. 7. Magnetic parameters such
as saturation magnetization (M,), remnant magnetization
(M,), and coercive field (H,) have been extracted and dis-
played in Table 4. It is clearly demonstrated that the mag-
netization value of pure BFO is very low which has signifi-
cantly increased to large values of M, and M, with Co doping
due mainly to the strong ferromagnetic nature of Co dopant.
A substantial enhancement of M, (0.67 to 7.07 emu/gm) and
M. (0.17 to 3.27 emu/gm) has been observed. A remarkable
hysteresis effect and appearance of high coercive field along
with the sharp magnetization increase are clearly observed.
The expanded loops of pure and doped BFO are shown as
inset in Fig. 7 for clear indication of M, M, and H, devia-
tion. It is also evident from the experimental results that
the enhancement of the magnetization with increasing Co
content is monotonic in contrast with the increase of coer-
cive field, which is rather sluggish and/or slightly declining.
But the nature of enhancement of M, with increasing dopant
concentration is in concomitant with magnetization value.

The M-H hysteresis loop of pure BFO nanoparticles is
clearly demonstrated as weak ferromagnetic curve. This is
because BFO is a G-type antiferromagnetic like a paramag-
net due to local spin ordering of Fe** at room temperature
[48]. There are many research works that indicate the influ-
ence of ferromagnetic as like as magnetic hysteresis for
BFO due to secondary phases (Bi,Fe,Og) [49]. Thus, the
enhanced magnetization of Co-doped samples may be partly
contributed from Bi,Fe,Oq [50]. Furthermore, the contri-
bution of secondary phase in magnetic ordering of BFO is
insignificant due to its paramagnetic nature at room tem-
perature [51].

It is evident from XRD patterns that the secondary phases
of BFO increased with doping concentration of cobalt as
shown in Fig. 1. The variation of magnetic moment and dif-
ference in ionic radii of Co** (0.745 A) and Fe** (0.645 A)
interrupted the spiral spin structure of BFO. As a result, the
enhancement of magnetization increases for Co** doping
in pure BFO nanoparticles [47, 52, 53]. For nanoparticles,
the surface-to-volume ratio is very high. The particle size
is decreased with increasing Co doping concentration [6],
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Table 3 Maximum polarization,

 polarizati q Sample Field applied (E) Maximum polarization = Remnant polarization Coercive field
remnant polarization, an KV/ P Clem? P (uC/cm? E) (V/
coercive field of pure and doped (kV/cm) (Prta) (HCfem?) (Pr) (uClem) (Eo) (Viem)
BFO nanoparticles —P, P, -E, E.
BFO 5 1.627 0.235 0.196 601 291
10 3.322 0.522 0.426 1195 576
15 4.996 0.836 0.725 2057 1107
BFCO-5 5 4.197 1.528 1.288 1357 1373
10 9.019 4.263 3.956 4005 3406
15 14.338 8.158 7.737 6945 6343
BFCO-10 5 2.177 0.618 0.547 1116 713
10 4.481 1.425 1.233 2456 1597
15 6.911 2.407 2.071 4177 2656
BFCO-15 5 5.397 3.082 2.857 2100 1753
10 10.752 6.529 6.056 4435 3877
15 16.052 10.578 9.686 6954 6230
] 8
1E-3 4 ——BFO
] ——BFCO-5
o —e—BFCO-10
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= &
® 1 =
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Fig.6 Leakage current density vs Electric field plots of pure and Co-
doped BFO nanoparticles

which formed the perfection and substantial involvement
of the particles to enhance overall magnetization of doped
samples by unpaired surface spins [54]. Next, the struc-
tural deformation for Co dopant may also contribute to the
enhancement of magnetization [55]. Another two possible
reasons may explain to improve the magnetic properties for
Co** doped in pure BFO: (i) the replacement of Fe** (3d°)
with magnetically more active Co®* (3d®) can enhance mag-
netic properties in the samples and (ii) a strong magnetic
coupling between Co?* and Fe>* under 180 degree super
exchange relations may be the other reason to enhance mag-
netization in Co-doped BFO nanoparticles [56].
Simultaneously, H, also increased with Co** doped in
BFO samples. The main reason to increase H, for magnetic
materials are magnetocrystalline anisotropy and magne-
toelastic anisotropy [57]. The squareness ratio (SQR) M,/

@ Springer

H(kOe)

Fig.7 Magnetization vs magnetic field hysteresis loops for pure and
doped BFO at room temperature

M indicates how square is the hysteresis loop for memory
devices: it should be as large as possible. The small value
of SQR specifies the isotropic nature of the sample [58]. In
accordance with Stoner Wohlfarth model, the value of M/
M is 0.5 for single domain particles along the easy axis and
randomly oriented [59]. The enhanced SQR of doped BFO
indicates its preference for memory devices. A significant
enhancement of H, in Co-doped BFO from 216 to 903 Oe
has been observed. If the value of H_ is greater than 100
Oe, the materials are considered as hard magnetic. The high
value of H_ indicates the hardness to demagnetize the mate-
rials. Hard magnetic materials are normally used in magnetic
recording devices. Moreover, recently it has been found that
BFO has good electromagnetic interference (EMI) shielding
performance and absorption-domination mechanism [60].
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Table 4 Saturation

L UC Sample Saturation magnetization =~ Remnant magnetization ~ Coercive field (H,) (kOe) SQR

magnetization, remnant (M,) (emu/gm) (M,) (emuw/gm)

magnetization, coercive field, h

and SQR of pure and doped -M, M, —H, H,

BFO nanoparticles
BFO 0.67 0.280 0.170 0.115 0.216 0.34
BFCO-5 1.73 1.02 0.771 0.635 0.966 0.52
BFCO-10 5.46 3.00 243 0.641 0.750 0.50
BFCO-15 7.07 4.38 3.27 0.608 0.903 0.54

4 Conclusion

Well crystalline pure and Co-doped BFO nanoparticles
have successfully been synthesized by sol-gel method. The
structural, electrical conductivity, and multiferroic proper-
ties have been studied in detail. The crystallite size of cobalt-
doped BFO was found to be decreased to 45 nm. Rietveld
refinement of XRD has confirmed that Co atoms were effec-
tively incorporated into the parent lattice. TEM images con-
firmed irregular shape morphology, while the particle size
of doped sample was found to be smaller than that of pure
sample. SAED patterns exhibited polycrystalline nature
of samples and conformity of crystal parameters obtained
from XRD measurements. Dielectric analysis showed that
the significant reduction in resistive properties and enhanced
electrical conductivity with increasing Co dopant concentra-
tion. The ferroelectric hysteresis loop of pure BFO has found
to be affected rapidly by the replacement of Co for Fe. The
Co-doped in BFO increased the P, and H, which is related
to increase conductivity. Co-doped BFO guided the struc-
tural transformation from R3c to Pn2,a symmetry that was
shown to have a substantial effect on enhancement of mag-
netization. An outstanding improvement in ferromagnetic
property, M,="7.07 emu/g has been observed for BCFO-15
nanoparticles. The SQR ratio of doped BFO is found to be
about 0.5 which indicates that the materials may be ideal for
memory devices. Thus, it exposes a step ahead for the scope
of magnetization compared to applied electric fields and vice
versa for memory device applications.
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