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Abstract

Multiferroic bismuth ferrite (BFO) and Ni-doped bismuth ferrites, with perovskite structure, were synthesized
by chemical route at the temperatures ranging from 500 to 600 °C in controlled atmosphere. The structural
phase analysis of materials was identified by XRD and crystallite size was calculated from the half width mea-
surement of the well defined major XRD diffraction peak. Average crystallite size was calculated by applying
Scherrer’s formula and found to have values in the range from 14 to 35 nm. FESEM was used to evaluate the
morphology and structural formation of nanocrystallite grains, while EDX confirmed elemental composition
including the presence of dopant in the matrix. Dielectric properties and effect of electric field on polarization
behaviour were studied for both undoped and Ni-doped BFO. Doping shows a clear change in ferroelectric
behaviour. Antiferromagnetic nature of bulk bismuth ferrite transforms to superparamagnetic strong ferroelec-
tric nature for both undoped and nickel doped nanocrystalline bismuth ferrite due to its close dimension of
crystallite size with magnetic domains leading to break-down of frustrated spin cycloidal moment. The super-
paramagnetism behaviour is more pronounced for the nickel doped BFO though magnetic saturation is slightly
higher for the undoped nanocrystalline bismuth ferrite.
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I. Introduction bohedrally distorted perovskite structure with R3¢ space
group at room temperature, exhibiting strong ferroelec-
tricity and weak magnetism with spin cycloidal struc-
ture [8,9]. However, these two ordered parameters are
mutually exclusive in principle because ferroelectric-
ity and magnetism require different filled up states of
d shells of transition metal ions. Empty d shells mainly
exist in ferroelectricity, while partially filled d shells are
required in magnetism. Therefore, multiferroics are rare
and exhibit weak magnetism at room temperature. The
rapid progress in radio, television, microwave and satel-
lite communications, audio-video and digital record-
ing along with focus on permanent magnets system
has been creating a high demand for the development
of multiferroic materials. BiFeO, structure or proper-
ties have been intensively studied [6,8—15], while its
practical applications are hindered by the leakage cur-
rent problems arising out of nonstoichiometry due to
oxygen vacancy. This is mostly because of the diffi-
culty in obtaining stoichiometric single phase BiFeO,
materials as noted from study of Bi,0;-Fe,O, phase

Multiferroics are class of materials which have cou-
pled ferroelectricity, ferromagnetism or antiferromag-
netic properties. An ideal multiferroic would be a fer-
roelectric and ferromagnetic exhibiting strong coupling
between two order parameters at room temperature.
Such a strong multiferroic system has not emerged yet;
instead, there is a vibrant focus on antiferromagnetic
ferroelectrics such as bulk BiFeO, (BFO) that can be
coupled to ferromagnetic materials to achieve the de-
sired coupling between electric fields and ferromag-
netism at room temperature [1-5]. BFO is one of the
most widely studied multiferroic materials over the last
decade largely because it is the only single phase mul-
tiferroic material that simultaneously behaves both as
antiferromagnetic and ferroelectric at room tempera-
ture (Neel temperature is Ty = 643 K and ferroelectric
Curie temperature is T¢ = 1103 K) [6,7], having rhom-
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Figure 1. XRD of 5mol% Ni-doped BFO samples heat
treated at different temperatures: a) 500 °C-30 min,
b) 550 °C-30 min, ¢) 600 °C-30 min and d) 600 °C-3h

diagram an important step for thermodynamic stability
of the perovskite bismuth ferrite. It is well-known that
synthesizing the phase pure BiFeO; is difficult through
the traditional solid-state sintering process [16]. The
effect of nickel doping may create many interesting
changes on the properties of nanocrystalline BFO be-
cause of defect structure which needs to be investigated.
Moreover, Ni-doping will prevent leakage by putting
constraints on oxygen vacancy generation. Thus, an at-
tempt has been made to prepare phase pure BFO by
wet synthesis technique and to observe the influence of
Ni doping on the electrical and magnetic property of
nanocrystalline BFO.

II. Experimental procedure

2.1. Synthesis

BFO and Ni-doped BFO were prepared by chemi-
cal route using precursor materials like bismuth nitrate
[Bi(NO;),x5 H,0], ferric nitrate [Fe(NO;),x9H,0],
acetic acid, nickel acetate and ethylene glycol mo-
noethyl ether. The solution was made of bismuth nitrate
and ferric nitrate in 1:1 stoichiometric molar ratio, dis-
solved in the acetic acid and ethylene glycol monoethyl
ether. Each precursor was dissolved in the respective
solvent to form a solution under constant stirring at a

temperature of 45-50°C for 45 minutes. After en-
suring that there is no sedimentation/precipitation, both
precursors were mixed together and kept at 70 °C un-
der constant stirring for 1.5-3 h to homogenize mixing.
Nickel acetate [(CH;COO),Ni-4 H,O] was used upto 3,
5 and 10mol% to prepare Ni-doped BFO. After mix-
ing the nickel acetate [(CH;COO),Ni-4 H,0] in the so-
lution, it was stirred for 45 minutes at room temper-
ature. The solution was subsequently heated to 60 °C
for drying till (2-2.5h) all liquids gets evaporated. The
dried sample was heated up slowly at the heating rate of
about 10 °C/min in N,, (nitrogen) atmosphere to 300 °C
to get calcined product. The calcined sample was then
quickly raised to proper thermal treatment temperatures
of 500, 550 and 600 °C for 30 minutes. The samples
were leached using HNO; (15-20 drops) to remove im-
pure phases and obtain the phase pure undoped BFO and
nickel doped BFO material.

The prepared powders (using optimal quantity of
about 2 g) were uniaxially pressed in steel die and mold,
applying hydraulic pressure of 40t/cm? for 1 minute.
The pelletized samples were then sintered at the same
conditions used for heat treatment of the as-synthesized
powder samples. Densities of the sintered pellets were
measured using Archimedes principle.

2.2. Characterization techniques

The structural analysis of phase formation was iden-
tified by X-ray diffraction (Rigaku Ultima III) using
CuKa radiation (4 = 0.154059nm) as a source in a
continuous scan mode from 10° to 80° with scan rate
maintained at 5°/min. The surface morphology and
micro-structure formation were studied by field emis-
sion scanning electron microscope (FESEM) using Hi-
tachi S4800 and for EDX analysis conducting coating
of Pt-Rh was applied by sputtering under vacuum us-
ing JEOL JFC-1600 Auto Fine Coater. Elemental anal-
ysis of the synthesized material was carried out by
EDX using INCAX-sight Oxford Instruments. Dielec-
tric properties were measured with Hioki 3522-50 LCR
Hi Tester for the undoped and Ni doped bismuth ferrite
samples. Ferroelectric behaviour was measured with P—
E loop tracer (Marine India Electrics, Ltd) while mag-
netic measurements were analysed by Physical Property
Measurement System (PPMS, Cryogen, UK).

Table 1. Calculated crystallite size using Scherrer’s formula of powders heat treated under different conditions

Heat treatment

Sample composition

Duration of heat  Crystallite size

temperature [°C]  treatment [min] [nm]

BFO 500 30 14.7

3% Ni Doped BFO 500 30 16.0
500 30 154

sNiDopedpro 50 20 343
600 180 39.1

10% Ni Doped BFO 500 30 16.5
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Figure 2. XRD patterns of samples heat treated at 500 °C for 30 min: a) BFO doped with 3, 5 and 10 mol% Ni and b) undoped
(BFO) and 5mol% Ni doped (NBFQO) samples in selected 26 range

II1I. Results and discussion

3.1. Phase analysis

Figure 1 shows the X-ray diffraction of Ni-doped
BFO heat treated at 500 °C for 30 minutes (JCPDS card
no. 74-2493). Diffraction peak corresponding to max-
imum intensity occurred can be seen at 32.12° (26)
which matches with the pure phase of bismuth fer-
rites [17]. The average crystallite size was estimated by
Scherrer’s formula t = 0.91/(8 cos 8p) (where ¢ is crys-
tallite size, B is half width full maxima, 65 is angle be-
tween 6, and 6,) from XRD data shown in Table 1. The
crystallite size increases with increasing calcined tem-
perature due to thermally activated diffusion.

Ni-doped BFO powders calcined at 500 °C exhibits
a small amount of secondary Bi,Fe,O, phase, whereas
XRD patterns of the samples heat treated at 550 and
600 °C have a few week peaks of the secondary phase
(Fig. 1). Thus, in subsequent experiments, annealing
temperature was maintained at 500 °C to obtain the
desired phase purity. The 3 mol% Ni-doped BFO an-
nealed at 500 °C shows very weak peaks of the sec-
ondary Bi,Fe,O, phase. When concentration of dopant
increases to the extent of 5 and 10mol%, peaks of
Bi,Fe,O, phase remain similar which are shown in
Fig. 2a. However, the crystallite size for the sample
with 5 mol% doping is found to be smaller than 3 and
10 mol% doping. The crystallite sizes of all samples are
given in Table 1. The secondary phase does not induce
any constraints to the properties of nanocrystallite BFO
as it can be seen from the subsequent observations. It
was also shown that it is difficult to remove the sec-
ondary phase even by strong concentrated nitric acid
leaching.

Figure 2b shows the small shifting of the strongest
XRD peak due to the doping of BFO with Ni. The
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main peak for the undoped bismuth ferrite is at about
32.12° (26) while for 5 mol% Ni-doped bismuth ferrite
peak is at about 32.10°. The crystallite size of 5 mol%
Ni doped bismuth ferrite is about 15.4 nm compared to
the undoped perovskite bismuth ferrite which is about
14.7 nm. Atomic radius of Ni** (0.72 A) is comparable
with Fe** (0.64 A) which may be the possible reason for
doping of B site of ABO; perovskite (bismuth ferrite)
with transitional metal ion. Due to the slight variation
of atomic radius, strain will be generated in the matrix
which may be the cause for slight reduction of crystal-
lite size in Ni-doped sample.

3.2. Microstructural and elemental analysis

The synthesized powder is spread over a conducting
carbon tape, and a field emission scanning electron mi-
croscope (FESEM) is used to observe the morphological
details of the sample. Figure 3 shows the images of the
BFO sample for both undoped and 5 mol% Ni-doped
after annealing at 500 °C in air for 30 minutes at higher
and lower resolutions.

For both undoped and Ni-doped sample, anisotropic
growth with few interconnected pores among the ag-
glomerated particulates is noted. Agglomerates have
irregular polygonal to bimodal shape structures. Both
samples exhibit strong agglomeration tendency among
the granular particulates. Particle size for the undoped
perovskite bismuth ferrite is about 20 nm while that for
Ni-doped sample is found to be about 22 nm. The above
results are closely connected to the experimental find-
ings from our crystallite size measurement from XRD
studies using Scherrer’s formula. Hence, we confirmed
that synthesis of the nanocrystalline undoped and Ni-
doped bismuth ferrite with perovskite structure was per-
formed successfully.

The chemical analysis of synthesized material was
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Figure 3. FESEM images of BFO doped with 5mol% of Ni heat treated at 500 °C for 30 min (lower resolution (a) and higher
resolution (b) images) and c) pure BFO powders heat treated at 500 °C for 30 min
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Figure 4. EDX plot of Ni-doped BFO sample heat treated at
500 °C for 30 min

T
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obtained by EDX measurements. The EDX results (Fig.
4, Table 2) clearly confirm the presence of essential el-
ements for the successful synthesis of the BFO-based
material. Presence of Ni peak exhibits doping effect
on the bismuth ferrite matrix which validates with cor-
responding experimental findings from X-ray diffrac-
togram study with shift in the peak towards left.
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3.3. Dielectric properties

Figure 5 represents the variation of dielectric constant
and loss tangent with frequency and Cole-Cole plot ob-
served at room temperature for the undoped and 5 mol%
doped pellets. The pellets with diameter of 10 mm and
thickness of 1 mm were prepared with Ag paste coat-
ing on both sides, along with electrical wires, to erect
the electrical connectivity for property measurements.
The density of the undoped samples is found to be close
to 96% of the theoretical density. Both dielectric con-
stant and loss tangent exhibit similar nature of decreas-
ing value with increase in frequency due to possible
interfacial or space charge polarization phenomenon.
The Cole-Cole plot predicts possible Maxwell-Wagner
type interfacial polarization generated at the surface of
nanocrystalline material. Dielectric constant of the un-
doped sample is about 100 at lower frequency range,
whereas dielectric constant of 5Smol% Ni-doped bis-
muth ferrite is around 1100 almost (11 times higher than
the value for the undoped material). It indicates high
polarizability for Ni-doped sample since doping sup-
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Table 2. Calculated crystallite size using Scherrer’s formula of powders heat treated under different conditions

Element line Net counts Net counts error Amount [wt. %]
OK 1017 + 183 14.42
Fe K 1263 + 285 20.72
NiK 86 + 102 4.83
BiM 9163 + 609 60.03
Total 100.00

presses oxygen vacancy formation within the perovskite
system.

With the increase in frequency the free motion of the
charge carrier is due to space charge polarization result-
ing in characteristic variations in the curve for dielectric
constant and loss tangent with frequency. The decrease
of &(w) with frequency can be explained as follows; at
low frequencies the dielectric constant &(w) for polar
material arises due to the contribution of multicompo-

nent polarizability like deformational polarization (elec-
tronic and ionic polarization) and relaxation polariza-
tion (orientational and interfacial polarization) [18]. At
higher frequencies, the dipoles will no longer be able to
be on alignment with the applied external field, hence
electron cloud oscillations begin to lag with the field.
As the frequency is further increased, the dipole will be
completely unable to follow the field and the orienta-
tion polarization stopped, so &(w) decreases at higher
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Figure 5. Undoped (BFO) and Ni-doped bismuth ferrite (NBFO) heat treated at 500 °C for 30 min: a) dielectric constant versus
frequency curves, b) loss tangent (tan §) versus frequency curves and c) Cole-Cole plot

57



K. Sarkar et al. / Processing and Application of Ceramics 9 [1] (2015) 53-60

o
N
1

o
1

Polarization [uC/cm?]
s 5 28 8

N
o
1

Electric field [kV/cm]
(@

Polarization [uC/cm?]

0.25

0.20

0.15

0.10+

0.05

0.00

-0.05 4

-0.10

-0.15 4

-0.20 T T T T T T T T

Electric field [kV/cm]
(b)

Figure 6. P-E hysteresis loops of: a) BFO and b) Ni-doped BFO samples heat treated at 500 °C for 30 min
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Figure 7. Magnetization versus magnetic field hysteresis of: a) BFO and b) Ni-doped BFO samples
heat treated at 500 °C for 30 min

frequencies approaching a constant value due to the in-
terfacial or space charge polarization only. The Cole-
Cole plot justifies the contribution of grain boundary po-
larization since the system component has nano dimen-
sion particulates and it arises due to possible Maxwell-
Wagner type interfacial polarization at the grain bound-
ary of the nanocyrstalline material.

3.4. Ferroelectric properties

Pellets (diameter of 10 mm and thickness of 1 mm)
with Ag paste on both sides were prepared after heat-
ing at 500 °C for 30 minutes and used for ferroelectric
study performed at 200 Hz. For the undoped sample,
saturation polarization and remnant polarization could
not be determined correctly since material behaviour is
not ferroelectric in nature. The sample is observed to
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exhibit conducting nature as evident from the character
of the P-E loop analysis (Fig. 6). The conducting na-
ture arises due to possible leakage current in nanocrys-
talline bismuth ferrite due to oxygen deficiency in the
perovskite structure. Thus, doping effect is once again
confirmed from ferroelectric loop studies since addition
of Ni** leads to suppression of oxygen vacancy lead-
ing to lowering conductivity in the sample and polariza-
tion arises contributing towards better ferroelectricity in
the doped sample. Enhanced ferroelectricity observed
may be due to increase in drastic change in dielectric
constant or polarizability of the sample after Ni-doping.
For the undoped sample, area under the P-E loop is
more than that for Ni-doped sample. Saturation polar-
ization (Py) obtained for Ni-doped sample is found to be
0.209 uC/cmz, remnant polarization (P,) 0.074 va/cm2
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and coercive field is 7.45 kV/cm. Breakdown voltage for
the undoped sample is 10kV/cm, while for Ni-doped
sample it is 40 kV/cm.

3.5. Magnetic properties

The magnetization curve of the undoped nanocrys-
talline BFO sample clearly exhibits saturation at higher
magnetic field. This happens due to the enhanced sur-
face spin contribution in comparison to the bulk per-
ovskite ferrite. Crystallite size obtained from XRD for
the undoped BFO is about 14.7nm which is substan-
tially lower than the spin cycloid structural arrangement
of about 62nm in dimension. Such spin cycloidal is
mostly responsible for antiferromagnetic nature in bulk
bismuth ferrite while in the present case nanocrystalline
BFO has lower dimension results in breaking of such
distorted magnetic structure leading to super paramag-
netic and ferromagnetic nature in the sample. The un-
doped nanocrystalline bismuth ferrite exhibits nearly
zero coercive field. From M—H curve analysis remanent
magnetization (M,) is measured around 0.124 emu/g at
zero external applied field and saturation magnetization
(M) of about 0.3961 emu/g. Squareness ratio (M, /M)
is about 0.3130. Similarly for Ni-doped nanocrystalline
BFO zero coercive field is noted which correspondes
to perfect super paramagnetic and strong ferromagnetic
nature. Since we observed that crystallite size of Ni-
doped BFO is slightly higher than for the undoped BFO,
hence the extent of breakdown of spin-cycloidal mag-
netic moment shows less value, which may cause slight
lowering of magnetic saturation value.

For Ni-doped BFO sample, the saturation magneti-
zation decreases due to substitution of Fe’* by Ni**
having lower magnetic moment than Fe. Strong ferro-
magnetic property has been identified in Ni-doped BFO
with a remanent magnetization (M,) of 0.1 emu/g, and
zero coercive field (H.). Saturation magnetization (M)
is about 0.3573 emu/g and the squareness ratio obtained
is (M,/M;) 0.2798. Thus the squareness ratio is found
to be slightly lower for Ni-doped nanocrystalline BFO
in comparison to nanocrystalline undoped BFO.

IV. Conclusions

Chemical route can be used to synthesize nanocrys-
talline undoped and Ni-doped bismuth ferrite with per-
ovskite structure and crystallite size of about 14.7
and 15.4nm, respectively. Rise in doping concentra-
tion leads to generation of secondary phase, thus dopant
concentration is maintained to 5 mol%. Morphological
analyses exhibits irregular polygonal to bimodal shape
agglomerates with few interconnected pores. Dielectric
constant for the undoped bismuth ferrite is about 100,
while for Smol% Ni doped sample it is noted around
1100 (at low frequency). Such drastic change leads to
higher polarizability which also enhances ferroelectric-
ity with Ni doping on perovskite bismuth ferrite. Both
nanocrystalline and Ni-doped BFO exhibits super para-
magnetic nature due to suppression of spin cycloid mag-

10.

11.

12.
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netic moment. Saturation magnetization of Ni-doped is
slightly lower than for undoped BFO due to smaller
crystallite size.
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