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Introduction:-

The multiferroic materials combining both ferroelectric and ferromagnetic phase have attracted extensive interest in
the field of solid state physics and various technological fields. The magnetoelectric (ME) coupling property of the
materials enable electrical polarization by magnetic field and conversely, magnetization by varying electric field [1-
3]. Bismuth ferrite (BFO) is a well known single phase multiferroic material having distorted perovskite structure
with anti-ferromagnetic Neel temperature (T\~370°C) and ferroelectric Curie temperature (Tc~850°C) [4]. Bismuth
ferrite and bismuth ferrite based multi-ferroic materials are widely used in ceramics and thin films forms [5-9]. The
ferroelectric property of BFO is very excellent but it has weak ferromagnetic property. Many researchers tried to
enhance the magnetization and ME effect in the highly constrained epitaxial thin films and chemically substituted
films and ceramics. But it is still in vain. This leads to the weak ME effect for these materials. So for the real
application these weak ME materials cannot be applicable.

Experiment:-

The bismuth ferrite and cobalt ferrite are synthesized by using the sol gel auto-combustion technique separately. In
this method equal amount of ethylene glycol and 2-mthoxy ethanol are mixed and stir for about 30 minutes. Then,
acetic acid is added drop wise till the pH value of the solution is adjusted to 1. The mixture is stirred uniformly for
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30 minutes and is used as a standard solution. Stoichiometric amount of analytical grade bismuth nitrate
pentahydrate [Bi(NO3)s.5H,0] is added and stir for 30 minutes and then stoichiometric amount of ferric nitrate
nonahydrate [Fe(NO;)3.9H,0] is also added. The solution is heated with continuous stirring at a temperature of 70°C
for about 3 hours. Then temperature is raised and yellow precipitate is formed. The precipitate so formed is found to
be hygroscopic and so it is heated at high temperature to vaporize all the water content of the samples. After some
time the powder in the bottom of beaker starts burning and becomes black with evolution of white colored gases.
The powder is annealed at 500°C for obtaining crystalline powder followed by leaching with dilute nitric acid to
remove the parasitic phases.

The cobalt ferrite powder is prepared by sol gel auto-combustion method by using the analytical grade of cobalt
nitrate hexahydrate [Co(NOs);.6H,0], ferric nitrate nonahydrate [Fe(NOj3)3.9H,0] and citric acid [C¢HgO,]. Citric
acid is used as a fuel. Stoichiometric amount of the metal nitrates are dissolved in de-ionized water by stirring on a
hot plate at 100°C. After dissolving the metal nitrates, stoichiometric amount of citric acid is added to the mixture
solution to chelate the metal ions. The solution is allowed to evaporate on a hot plate maintaining the solution at
temperature 100°C to 110°C. As a result, the concentration of the solution is increased and gel formation is started.
A sudden increase in temperature (T>200°C) converts the gel into nano-crystalline cobalt ferrite powder. As-
prepared powder is calcined 400°C for 2 hours in air.

The above prepared samples of pure bismuth ferrite and cobalt ferrite are used to prepare the different multiferroic
composites of (1-x) BiFeO3;-xCoFe,0,4 with x=0.0, 0.2, 0.5, 0.8, 1.0. The stoichiometric amounts of the samples are
taken and grinded in mortar pestle with water to obtain the homogeneity of the samples. The composites are named
as BFO, BFO-CFO1, BFO-CFO2, BFO-CFO3 and CFO respectively for the x=0.0, 0.2, 0.5, 0.8, 1.0. The powder is
then pressed to form circular pellets by applying pressure. The pellets are sintered at 550°C for 3hours. The crystal
structures of the samples are characterized by X-ray diffractometer (PANalytical X’PERT PRO diffractometer). The
surface morphology of the samples is determined by using FEI QUANTA 250 scanning electron microscope (SEM)
with energy dispersive X-ray spectroscopy (EDAX). The dielectric properties of the samples are measured by using
the Agilent 4284 LCR meter. The room temperature magnetization of the samples is determined as a function of the
field using the vibrating sample magnetometer (VSM). The current- voltage (1-V) variation of all the samples is
measured at room temperature by using Keithely-2400.

Result and Discussion:-

Structural properties:-

The XRD patterns of the pure bismuth ferrite, cobalt ferrite and their composites are shown in figure 1. The XRD
peaks of bismuth ferrite is indexed by ICDD card No. 72-2112 and found to be matched with single phase
rhombohedral structure. While for CFO powder, peaks are indexed using the ICDD card No. 22-1086 and is
matched with single phase cubic spinel structure. The lattice parameters a, b and ¢ are evaluated by using the Miller
indices of the respective planes. Using the Scherrer’s formula the crystallite sizes of the samples are determined
from the full width half maximum of the dominant peaks (FWHM). The values of the crystallite sizes are reported
on the table 1.
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Figl:- XRD pattern of BFO, CFO and BFO-CFO composites.

In the composite samples, it was found that only the peaks of perovskite BFO and spinel CFO are present in the
XRD patterns without any impurities. There is slight change in the peak positions of composites from pure BFO and
CFO sample. The XRD peaks of BFO in the composites shifts to the larger 20 values with increase in cobalt ferrite.
While the XRD peaks of the CFO shifts towards the smaller values with decrease in cobalt ferrite content in the
composite samples except the composite BFO-CFO3. This may be related to the distortion of the BFO structure due
to the presence of the CFO in the composites. The composite samples have larger crystallite sizes than that of pure

BFO.

Micro structural properties:-
Fig. 2 shows the SEM images of the bismuth ferrite and cobalt ferrite with their composite samples. Determination

of the structure of the sample is very hard from the SEM images. It is observed that there is agglomeration of the
particles in the samples. Fig. 3 shows the EDAX of the bismuth ferrite and cobalt ferrite with their composites.
EDAX confirms the presences of elements Bi, Fe, Co and O expected in the composites with their stoichiometric

ratios.

BFO-CFOI
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Fig 3:- EDAX image of the BFO, CFO and their composite samples

Dielectric properties:-

Fig4: shows the variation of dielectric constant (€) and dissipation factor (tand) with frequency (100Hz to 1MHz) at
room temperature for BFO, CFO and their composites. It is observed that at low frequency all the samples show the
frequency dispersion i.e a rapid decrease in the dielectric constant with frequency. It may be attributed to the
interfacial polarizations predicted by Maxwell-Wagner model [10-12]. So the decrease in dielectric constant is due
to inability of the electron exchanges between the two localized states (Fe*? and Fe*?) to follow the external applied
field beyond a certain frequency [13] and non respond of the dipoles due to space charge polarization at higher
frequencies. At lower frequencies, the grain boundaries are more effective or contribution from the space charge
polarization is high. The space charge polarization is inherently related to non uniform charge accumulation at the
grain boundaries due to oxygen vacancy. The dielectric behavior of BFO-CFO composites is found to be higher than
the pure BFO at low frequency. The incorporation of cobalt ferrite in bismuth ferrite leads to increase the interfacial
area and grain boundary resistance that cause increase in the interfacial polarization. It was also observed that the
decrease in the dielectric constant at higher frequency is almost constant because the jumping frequency of the
dipoles does not follow the electric field beyond a certain critical frequency. The dielectric constant of BFO
decreases slowly with frequency that shows that it is more frequency dependent at higher frequency and has more
dielectric constant than the composite samples at higher frequency.

The dissipation factor was found to be decreased sharply at lower frequency and remains almost constant at higher
frequency. In general, dissipation factor is due the space charges and interfacial and dipolar polarizations.
Dissipation factor was found to be decreased with increase in frequency for all the composites. At low frequency it
is due to the accumulation of non-uniform charges at the grain boundary. It may be resistive loss in which the
mobile charges consume the energy and relaxation loss in which the relaxation of the dipoles dissipates energy. At
lower frequency, high dissipation factor may be attributed to the fact that the hopping frequency of the electrons
between the ferrous and ferric ions at the adjacent octahedral sites is same as period of the applied field. But at
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higher frequency, the hoping frequency of the electron exchange between the ferrous and ferric ions doesn’t follow
the applied field beyond a certain frequency, critical frequency and the dissipation factor has minimum value. The
value of dielectric constant and dissipation factor for the samples are presented at table 2.
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Fig4:- Variation of (a) dielectric constant (g) and (b) dissipation factor with frequency at room temperature.
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Fig5:- Variation of (a) dielectric constant (¢) and (b) Dissipation factor (tand) with temperature at 105 KHz.

The variation of dielectric constant and dissipation factor with temperature at 105 kHz for BFO, CFO and their
composites are shown in figure 5. The dielectric constant increases with increase in temperature for all the
composites. The value of dielectric constant still increases but our instrument can measure nearly 200°C. The
ferroelectric phase transition of the pure bismuth ferrite is ~ 830°C while the anti-ferromagnetic to paramagnetic
phase transition is 370°C. Dissipation factor shows an increasing trend with increase in temperature for all the
samples. The increase in dissipation factor is attributed due to space charge polarization [14], scattering of thermally
activated charge carriers, inherent defects and developed defects in the samples with increase in temperature. This is
found that the increasing trend of dissipation factor for cobalt ferrite is maximum compared to the other samples.

1-V Characterization:-
The current-voltage (1-V) variation of the BFO-CFO composites is shown in the following figures 6.
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Fig 6:- Characteristic graph of current voltage (1-V) of the different composites of BFO-CFO composites.
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The bismuth ferrite sample (BFO) shows slightly the semiconductor behavior as reported in the earlier works in thin
films of BFO [15]. When the content of cobalt ferrite (CFO) in the composite samples is increased, ohmic nature of
the samples is enhanced as CFO shows the ohmic nature for the range of applied voltage.
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Magnetic properties:-
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Fig 7:- Magnetic hysteresis loop of BFO, CFO and their composites at room temperature.

Fig. 7 shows the M-H behavior of the bismuth ferrite, cobalt ferrite and their composites in plane at room
temperature. The pure BFO samples show the weak ferromagnetic with coercivity, H.=209.510e and saturation
magnetization, M¢=4.72emu/g. While CFO shows the strong ferromagnetic properties with H.=1751.80e and

M=62.81emu/g. The obtained value Msof CFO is larger than those reported earlier [16-19].

Tablel:- Lattice parameters of BFO-CFO nano-composites.

Lattice parameter Crystallite Crystallite
Sample CFO BFO Size of BFO Size of CFO

a(A) a(A) c(A) (nm) (nm)

BFO - 5.277 5.192 86.9 -
BFO-CFO1 8.353 5.253 4.662 153.1 34.3
BFO-CFO2 8.341 5.241 4.623 98.4 39.9
BFO-CFO3 8.338 5.159 4.869 106.1 44.2
CFO 8.332 - - - 53.2

Table2:- Dielectric constant (g) and dissipation factor (tand) of the different composites at room temperature.

Sample Dielectric constant ( €) Dissipation factor (tand)
10KHz 100KHz 1MHz 10KHz 100KHz 1MHz
BFO 27 24 22 0.127 0.074 0.041
BFO-CFO1 22 18 17 0.203 0.090 0.312
BFO-CFO2 17 12 10 0.396 0.18 0.053
BFO-CFO3 15 9 8 0.558 0.253 0.075
CFO 17 9 7 0.825 0.377 0.112

Thus the composite samples show the well defined hysteresis loops compared to the pure BFO. The concentration of
cobalt ferrite strongly affects the magnetic properties in the composite samples.

Table3:- Magnetic properties of BFO-CFO nano-composites.

Sample Saturation Remanence Coercivity Squareness
magnetization magnetization (Hc) (Oe) (S=M,/M)
(M) (emu/g) (Mp)(emu/g)
BFO 4.72 1.046 209 0.221
BFO-CFO1 10.35 4.185 1628 0.404
BFO-CFO2 26.98 11.064 1772 0.410
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BFO-CFO3 45.85 19.034 1866 0.415

CFO 62.807 26.805 1751 0.426

The value of saturation magnetization (M), remanence (M;) and coercivity (H.) are found to be increased in the
composite samples with increasing the cobalt ferrite. The value of the coercivity is found to be maximum for the
composite BFO-CFO3 (x=0.8).

It may be attributed to the magneto-elastic coupling between the anti-ferromagnetic and ferromagnetic phases in the
composites. The enhanced magnetization of the composites is attributed due to the magnetic interaction between the
compounds and change of the spin orientation of BFO grain at the grain boundary between BFO and CFO. The
magnetic property of BFO is strongly affected by addition of CFO and thereby increasing its magnetic properties in
the composite samples.

Conclusion:-

The multiferroic composites of BFO-CFO are synthesized successfully by the sol gel auto-combustion methods. The
XRD data confirms the formation of parent compounds. All the composites show the frequency dispersion at low
frequency and BFO shows the maximum dielectric constant compared to other composites above 10 KHz. The
transition temperature of the samples could not be obtained as our instrument measure up to 200°C. The BFO
sample shows minimum ferromagnetism with H,=209.510e and saturation magnetization, Ms=4.72emu/g at room
temperature. All the samples show the ferromagnetic nature and both saturation and remanence magnetization
increase with decrease in BFO in the composites. But there is some variation in coercivity with BFO content and
BFO-CFO3 shows the maximum coercivity H..
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