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Introduction:-

Prime objectives of a synthetic approach is achieving rich functionality in a single material by combination of
different physical properties. Multiferroics are such materials in which two or more of the primary ferroic properties
are united in the same phase [1-3]. This class of materials has immense application in data storage, sensors, spin
valves, spintronics, quantum electromagnets, microelectronic devices etc [4-8]. Bismuth ferrite is one of the rare
multiferroic compounds in which ferroelectricity and magnetism coexist at room temperature. Both its anti
ferromagnetic and ferroelectric transition temperatures are well above room temperature (643 K and 1100 K,
respectively). It has been synthesized in bulk, thin film and nano form [9-14, 5].

Considerable attention has been devoted to this material because of its fundamental coupling phenomena of the
multiple order parameters and practical applications for magneto electric devices based on electrically controlled
magnetism [15-17]. Bulk BiFeO; (BFO) has a rhombohedral symmetry (space group R3c) and its ferroelectric
polarization of ~100 uC cm™ is oriented along one of the (111) pseudocubic axes [18—21]. The perovskite-type unit
cell has a lattice parameter of a = 3.965 A° and a rhombohedral angle of around 89.481° at room temperature [5].
The polarization is mainly caused by the Bi** lone pair (6s° orbital), i.e. the polarization originates mostly from the
A-site while the magnetization comes from Fe**, i.e. the B-site. However, pure BFO has a serious high leakage
current problem resulting from charge defects such as oxygen vacancies and the cancellation of ion magnetic
moments due to its spatial periodic inhomogeneous spin structure, these factors hinders its practical applications in
multiferroic devices. Considerable efforts have been expended to improve BFO properties; e.g., A-site substitution
with La**, Nd**, Ce®* and Th** [22-27] and B-site substitution with Ni**, Cu*, Co®, Cr**, Mn**, Ti**, Zr** and V**
[28-30] etc. These studies confirmed that ion doping is an effective method to improve BFO properties. Since
ferroelectricity of BFO evolves from a lone pair of A-site Bi** ion electrons [31-33], ferroelectric property effects
are very important for many applications [34-35]. BFO with intermediate or mixed valance structure are gaining
importance due to improvement in leakage current and multiferroic properties. The reports available on Ca doped

673


http://www.journalijar.com/

ISSN 2320-5407 International Journal of Advanced Research (2016), VVolume 4, Issue 3, 673-685

BFO are L.V.Costa et al. [36] studied the ferroelectric properties in Ca-doped BiFeO3 using Polymeric Precursor
Method (PPM). Recently, Zhu et al. [37] studied the structural and magnetic properties of BFO,., (PbTiOs) , solid
solutions.

To our knowledge no reports are available on Ca doped BiFeO3; nanoparticles through sol-gel method. Hence we
synthesized pure and Bi;.xCaxFeOs (X = 0.00, 0.01, 0.01, 0.02, 0.03, 0.04 and 0.05) nano particles through a sol-gel
process and obtained good dielectric and magnetic properties of the nanoparticles. This paper presents the synthesis,
dielectric and magnetic properties of the Ca doped BiFeO3 nanoparticles.

Experimental:-

The reagents were of analytical grade and were used without further purification. Following is a typical procedure,
Bismuth nitrate pentahydrate [Bi (No3)3.5H,0], iron nitrate nonahydrate [Fe (No03)3.9H,0] and Calcium nitrate
polyhedrate Ca (NOs),.4H,0 were weighed in stoichiometric proportions and dissolved in deionized water to make a
solution with an independent concentration of 0.2 M, to this mixer diluted nitric acid (65~68% HNO3) was added.
Then Chelating agent tartaric acid was added in 1:1 metal ion ratio. The light-yellow-colored transparent solution
was heated under vigorous stirring in the oven at 160°C for 4~5h. Subsequently powders were calcined in the oven
at 600°C for 3h.

Crystalline structure of the Ca doped BiFeO; particles were obtained using an X-ray diffractometer (model-3003TT)
with Cu Ka radiation source (Wavelength, A=1.5420 A) in the 20 range of 20°-80° with a scan rate of 1°/min. The
sample composition was obtained by Energy dispersive X-ray (EDAX) analysis. The particle size and structural
studies has been carried out using transmission electron microscopy (TEM), and high-resolution TEM (HRTEM) of
Hitachi-H7650. The band gap for all samples has been investigated by diffuse reflectance spectroscopy using
JASCO V670 UV-Visible spectrometer in the range from 200-2000 nm. The magnetization of the BFO powders was
carried out by using vibrating sample magnetometer (VSM) integrated in a physical property measurement system
(PPMS-9, Quantum Design). Dielctric and conductivity studies were carried out using Impedance Analyzer (Model)
solatron (S1 1260) General a.c circuit theory.

Results and Discussion:-
Structural studies:-
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Figure 1(a) X-ray diffraction patterns for BiFeO3 nanoparticles having different Ca concentration (i) x = 0.00 (ii) x
=0.01 (iii) x =0.02 (iv) x =0.03 (v) x = 0.04 (vi) x = 0.05, (b) Change in the relative intensity of indicated twin
peaks of (i) x = 0.00 (ii) x = 0.01 (iii) x = 0.02 (iv) x = 0.03 (v) x = 0.04 (vi) x = 0.05.

Figure 1(a) shows the XRD patterns of BiFeO3; and Ca doped BiFeO3; nanoparticles. Observed XRD patterns could
be indexed to rhombohedral structure of BiFeO3; with space group R3c (JCPDS card number 20-0169), no other
peaks (e.g., Fe,Os, Bi,O3, BiFe,Oq etc) are detected in the pure BFO nanoparticles confirmed the clean phase
formation of the doped samples. With increasing Ca concentration, the splitting behavior of (012) and (110) peak
was decreased gradually, it is observed from the magnified XRD pattern in the vicinity of 26 around 32 degrees
(Figure 1(b)). From Fig 1(b) we find the (012) and (110) separation of diffraction peaks for BCFO samples. In
addition to that we can observe the merging of peaks with increasing Ca concentration, for x = 0.05 the two peaks
nearly merge into a single broad peak and such a merged peak also has a tendency to shift toward higher 26 value.
This result suggests that the rhombohedral structure is distorted by Ca substitution, which has been also observed in
RE doped BFO ceramics [38-42]. Similar type of pattern was observed by B. Bhushan et al for 5 mol% of Ca, Sr
and Ba ions.

Table 1. Lattice parameters, cell volume and grain size of BiFeO3: Ca nanoparticles sintered at 600 °C

S.NO | Biy.Ca,FeO; a(A%) c(AY) cla Volume [A]® | Grain size
(nm)

1 X=0.00 5.530 6.912 1.249 168.94 28
2 X=0.01 5.538 6.906 1.247 169.67 26
3 X=0.02 5.556 6.895 1.240 171.33 25
4 X=0.03 5.569 6.852 1.230 172.54 12
5 X=0.04 5571 6.776 1.216 172.72 9

X=0.05 5.5667 6.771 1.215 172.32 8

The average crystallite sizes of our samples was calculated using Scherrer formula Dp = 0.94A/Bcose, where A is the
X-ray wavelength, B is the full width at half maximum of the intensity peak at the diffraction angle © were noted to
be around 28 nm for BiFeO; while for all the five doped samples it reduced to 8 nm. Lattice parameters a and ¢ were
calculated by using the relation sin” 6 = A%/3a” (h?+hk+K?) + A%1%/4c?, where 0 is Bragg angle [43]. The strong peaks
(012) and (110) were employed for such calculations. The grain size and lattice parameters are shown in Table 1
which are in good agreement with values reported for related compounds [44-48]. Further, it is evident from Table 1
that crystallite size and lattice parameter decrease with the increase in Ca®* concentration.
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Figure 2 (a) TEM micrograph of Ca doped BiFeO3 nanoparticle (b) HRTEM image of Ca doped BiFeO3
nanoparticle (c) the corresponding SAED pattern.

The morphology of the BFO nanoparticles was examined by using TEM. Typical TEM images of Ca doped BFO
powders calcined at 600°C for 3h are shown in Figure 2(a). It is revealed that the synthesized material consists of
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nanoparticles with size distribution ranging from 16 to 6 nm. The microstructure of the powders appeared as
spherical particles. Gurmeet singh [49] have reported the particle size between 30-26nm.

Figure 2(b) shows the high-resolution TEM (HRTEM) image of the Ca doped BiFeO; nanoparticles as well as
selected area electron diffraction (SAED) (Figure 2(c)). SAED pattern taken from the nanoparticles, revealing the
single crystalline nature and also sharp diffraction spots as visible from SAED pattern confirms the formation of
well crystalline Ca doped BiFeO3; nanoparticles. All the patterns can be indexed with space group R3c and lattice
parameters of a=bh=5.571 A’ and ¢=6.776 A’ are in good agreement with the XRD result. Extensive electron
diffraction experiments identify unambiguously that almost all the BiFeO; and Ca doped BiFeO3; nanoparticles are
well crystallized and are of a single rhombohedrally distorted perovskite structure. The presence of (021) and (110)
plane diffraction fringes in a sample with d-spacings of 2.803A" and 2.785A are shown in Figure 2(b).This is also
well matched to JCPDS Card No0.20-0169. The corresponding SAED pattern is shown in Figure 2(c).

Compositional Analysis:-

The Energy Dispersive X - ray Spectrometer (EDAX) analysis of all the six samples are shown in the following
Figure 8 (a), (b), (c), (d), (e) & (f). The EDAX plot reveals no extra peaks related to elements other than the
constituents. All the samples show the exact match for standard peak position for Bi, Fe, Ca and O. This reveals that
the elemental composition of all the samples does not contain any foreign elements and if any parasitic phases are
there, it has to be some form of Bi, Fe, Ca, and O only. The EDAX pattern exhibits an increase in the Ca signal at
3.6 KeV, which indicates the formation of a Ca-doped BFO material

1 2 3 4 5 6 7 8 g 10 1 2 3 4 H 6 7 8 9 10
Full Scale 235 cts Cursor: 0.000 keV] Ful Scale 775 cts Cursor: 0.000 ke

ull Scale 969 cts Qursor: 0.000

1 2 3 4 5 6 1 8 9 wf t+ 2 3 ¢ 5 6 1 8 9 10
Full Scale 521 cts Cursor: 0000 key| Full Scale 238 cts Cursor: 0000 kel 677




ISSN 2320-5407 International Journal of Advanced Research (2016), VVolume 4, Issue 3, 673-685

Figure 3.2 EDAX spectrum of Bi;.xCaxFeO; (a) X = 0.00 (b) X =0.01 (¢) X =0.02 (d) X =0.03 () X =0.04 (f) X
=0.05.
Band gap studies:-

e 3.3.1 UV-vis diffuse reflectance spectroscopy:-

0.055
1~=x=0.00
2=+ x=001
0.050 +
3+ x=002
4—+ x=0.03
0.045 5-= x=0.04
N 6+ x=005
o
£ 0.040 -
e
&
0.035 4
0.030
0.025 4
0.020 4
1 s { 24 1 v 1 ] 1 ¥ 1 2
20 22 24 26 28 3.0 32
Photon energy (eV)

Figure 3.3.1 Plots of [F(R) h9]? versus hd for all six samples.

It is well known that the properties of diffuse reflectance spectra by semiconductors are relevant to the electronic
structure features and hence are the key factors in determining their band gaps. The DRS spectra of sintered samples
at 600 °C are recorded and the band gap values were calculated by plotting the square of the Kubelka—Munk
function [50] (F (R)?) versus energy and extrapolating the linear part of the curve to F (R)? = 0, as shown in figure
3.3.1. The band gap of BFO nanoparticles is ~1.96 eV, which is in agreement with the earlier reported values similar
to our work [51-53]. And with the increasing of Ca content, the value of band gap decreases from ~ 2.13eV for
BCFO-5 to ~ 1.98eV for BCFO-1 nanoparticles. Similar trend of band gap variation with dopant can be seen in Ca?*
doped BFO nanoparticles [54].

Magnetic Properties:-

The magnetic properties of Ca doped BiFeO3 was carried by using VSM. From Figure 3.4(a) it is observed that all
hysteresis loops are symmetrical. The coercive field, remanent magnetizations are tabulated in Table 2. It should be
noted that saturation in all M-H loops are easily achieved at an applied field of 15kOe.

The M-H curves in enlarged scale in the low magnetic field region are displayed in Figure 3.4(b) for different
concentrations of Ca doped BiFeO; nanoparticles. Unlike the magnetization reports [55] on bulk BiFeOs;,
nanoparticles of BiFeO3z and Ca doped BiFeO; show ferromagnetic ordering. The ferromagnetic property in our
doped undoped nanoparticles may be originated for two reasons. Firstly, the canting of spin arrangement and
secondly, the suppression of spiral spin arrangement. The presence of spiral spin arrangement of order 62nm is
responsible for the suppression of magnetization in bulk BFO. But BFO nanoparticles having particle size of the
order of this spiral spin structure leads to non exact compensation of antiferromagnetic ordering hence exhibit room
temperature ferromagnetism as observed in our nanoparticles [56]. The largest value of the Mg obtained for
Big.95Cag.05sFe03 sample is ~ 3.29 emug'l. This value of M; for Ca doped BFO is even larger than some of the ferro
or paramagnetic metal ions doped BFO samples [57, 55 and 58]. As this divalent metal ion (Ca*) get substituted in
the system at Bi site a sort of charge imbalance could be arise, which may destabilize the BCFO, to maintain the
electro neutrality, one oxygen vacancy would be created for every two alkali earth ions introduced into the BFO
lattice. Thus created oxygen vacancies may contribute to the enhanced magnetic properties of the doped BFO
samples as established by Rao and co-workers [59]. This high value of saturation magnetization observed in X=
0.05 may also be due to the lower particle size. The observation of higher coercivity and saturation magnetization in
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some of the doped nanoparticles may help in finding a way for improving magnetization in BiFeO4 that in turn, will
lead to many technological applications.

Figure 3.4(a) M-H hysteresis loops of Bi,Ca,FeO; (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles,
(b)Magnified M—H hysteresis loops of Bi,Ca,FeO3 (x=0.00, 0.01, 0.02, 0.03, 0.04, 0.05) nanoparticles.
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Table 2:-
Sample Grain Size Coercive field Remenant Saturation
Biy.4«CasFeOs (nm) (kOe) magnetization magnetization
(emug™) (emug™)
X =0.00 28 124 0.642 2.90
X =0.01 26 62 0.067 1.00
X =0.02 25 836 1.036 2.23
X =0.03 12 109 0.407 2.47
X=0.04 9 45 0.128 2.76
X =0.05 8 30 0.100 3.29
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Dielectric Properties:-
e 3.5.1 Dielectric Analysis:-

Figure 3.5.1 shows the frequency dependence of the dielectric constant and dielectric loss of the Bi,.,Ca,FeOs (x=0,
0.01, 0.02, 0.03, 0.04, 0.05) samples at 150 °C temperature. It has been observed that all the samples represent a
decreasing trend in both & and tan § with increasing frequency from 10 Hz to 1 MHz. The dielectric constant is
much higher at lower frequencies and its value decreases with increasing frequency of the applied alternating field.
At higher frequencies, the dielectric constant shows no change and become frequency independent. The above
variation of € can be understood on the basis of Maxwell-Wagner model related to interfacial space charge
relaxation [60-61]. The decrease in value of €” with frequency also indicates the existence of polarization originating
from domain switching [62].

The space charges originate from oxygen (V**) and bismuth (Vg) vacancies that follow the applied electric field at
low frequencies and contribute to the dielectric constant. However at elevated frequency f >1 KHz, the weak
dependence of ¢’ and tan & was observed, this account for the fact that at higher frequency electric domain rather
than dipole of charged defect ( Vo*, Vg, and Fe?*) mainly contribute to the characteristic of € and tan 8.
Moreover, the higher values of tan & in BFO material generally represent large leakage current due to higher
conductivity.
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Fig. 3.5.1 Frequency dependent dielectric constant (&) and dielectric loss (tand) of Bi;«CayFeO3 (x= 0, 0.01, 0.02,
0.03, 0.04) nanoparticles.
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e 3.5.2 Electrical analysis:-
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Fig.3.5.2 (a) Real part of impedance with respect to frequency for different concentrations of Ca doped BiFeOs, (b)
Imaginary part of impedance with respect to frequency for different concentrations of Ca doped BiFeOs, (c). Cole-
cole plots of Bi;.Ca.FeOs (x=0.00, 0.01, 0.02, 0.03, 0.04) at 150°C temperature

The response of the real components of impedance (Z’) with frequency at room temperature for different
concentration of Ca doped BiFeO; is shown in Fig.3.5.2 (a). At higher frequencies > 10° Hz, Z’ is almost
independent of frequency, Z’ considerably increases as frequency increases. This indicates that the components of
capacity and resistance of the equivalent circuit are active in this range of frequencies and a increase in the total
resistance of the sample. Fig.3.5.2 (b). Shows the variation of imaginary component of impedance (Z”) with
frequency for different concentration of Ca doped BiFeQOs. The relaxation or Maxwell-Wagner type peaks in the low
frequency region and the peak intensity is found to increase as the Ca concentration increases.

Figure 3.5.2(c) these plots allow the resistances related to grain interiors, grain boundaries, and sample/electrode
interfaces to be separated because each of them has different relaxation time, resulting in separate semicircles in the
complex impedance plane. The relaxation frequency for the grain interiors is one or two orders of magnitude higher
than the relaxation frequency for grain boundaries, and the relaxation frequency resulting from the electrode process
is much smaller than relaxation frequency of grain boundaries [63]. The observed semicircular arc at higher
frequencies is attributed to the electrical properties of a parallel combination of bulk resistance and capacitance of
the Bi;Ca,FeO; (x=0.00, 0.01, 0.02, 0.03, 0.04) samples. As the Ca concentration increases, all semicircles become
bigger and shift towards higher-frequency region, indicating a increment of grain and grain boundary resistance.
This explains the increase in Z’ and Z” in Figs. 3.5. 2 (a) and (b) [64].

Conclusions:-

BFO and BCFO were synthesized by sol-gel method. The effects of Ca doping on the variations of the structural,
optical, magnetic and dielectric properties for BFO and BCFO were experimentally studied. XRD and TEM
measurements confirmed the formation of pure and Ca doped BCFO nanoparticles. From optical studies the band
gap was found to be ~1.96 eV for the pure sample whereas the band gap measured for doped samples was decreased
from 2.13 to 1.98eV. The observed narrow band gap in the BFO system opens new vistas for the application of this
material as multiferroic semiconductor. From magnetic properties the BFO and Ca doped BFO nanoparticles exhibit
ferromagnetic behavior. The saturation magnetization for BFO (2.90 emu/gm) and for Ca doped BFO increased
significantly from 1.00 emu/gm to 3.29 emu/gm. The dielectric constant was observed to decrease with increase in
frequency. From cole-cole plots, As the Ca concentration increases, all semicircles become bigger and shift towards
higher-frequency region, indicating a increment of grain and grain boundary resistance.
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