
Introduction
 Recently, the ABO3 perovskite-type oxides have raised more in-
terest since the electric and magnetic order may interact as evidenced  
by magnetoelectric measurements. The coupling between the mag-
netic as well as electric order parameter could provide additional de-
grees of freedom for device design, which is more attracting than the 
ferroelectricity and magnetism itself [1-3]. So far, the vast majority 
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of compounds in which ferroelectricity and magnetism are coupled 
have low ordering temperature, and room-temperature operation has 
not been demonstrated yet. BiFeO3 (BFO) is a good candidate which 
shows room temperature multiferroicity by the existence of both 
antiferromagnetic and ferroelectric orders with very high transition 
temperatures [4-13]. BFO is antiferromagnetic below the Neel tem-
perature TN=643 K with a long range cycloidal spiral, incommensu-
rate with the lattice; [14-18] it is also ferroelectric below TC=1143 K 
[19-21].

 The stoichiometric BFO exhibits a rhombohedrally distorted per-
ovskite structure with space group R3c due to an antiphase rotation of 
the adjacent FeO6 octahedran [22] as well as G-type antiferromagnet-
ic structure. In impurity free BFO, the off-center distortion originates 
from the stereo active lone pair of electrons of Bi3+ ions. The hybrid-
ization between Bi 6s and O 2p is responsible for generation of fer-
roelectric characteristic, and the super exchange interactions between 
Fe-O-Fe mainly dominate the magnetic ordered structure [23-26]. 

 Although the macroscopic magnetization originated from the Dz-
yaloshinsky-Moriya (DM) interaction is permitting in R3c symmetry, 
a cycloidal spatially modulated spiral spin structure with a period of 
approximately 62 nm superimposed onto the G-type antiferromagnet-
ic spin ordering, which cancels out any net magnetization [18,27-29]. 
Thus, the linear Magnetoelectric Effect (ME) is very weak, which 
limits its practical application. From an experimental point of view, 
room temperature ferroelectric behavior of BFO has proven to be 
a difficult task. In fact, electrical measurements are more sensitive 
to the presence of grain boundaries and impurities in BFO sample. 
Besides, secondary phases, high leakage current are also the cru-
cial problems. These defects, presumably more conducting than the 
pure BFO sample, induce high leakage currents which creates more 
difficult for the application of high electric field on the sample and 
make the measurement of a hysteresis loop quite difficult. Recently, 
considerable researches have been focused on improving the ferro-
elctric and magnetic behavior through optimized synthesis technolo-
gy, nanocrystallization, and the modification of chemical composition 
[30-32].

 Pure BFO shows very less polarization value. However, theoreti-
cal studies using density functional theory predict that BFO can show 
a large ferroelectric polarization of 90-100 µCcm-2, [33] consistent 
with the atomic displacements of the Bi3+ and Fe3+ ions. This paper 
presents the polarization loops obtained at room temperature of pure 
BFO nanocrystal and their evolution under cycling electric fields as 
well as the different conduction mechanism and multiferroicity exhib-
ited by the nanocrystals.

Experimental
 Bismuth nitrate pentahydrate (Bi(NO3)3.5H2O) (99.99%) is dis-
solved in the 2- methoxyethanol and acetic acid mixture. After the 
solution is transparent, it is mixed with iron nitrate nanohydrate 
(Fe(NO3)3.9H2O) (99.99%) by constant stirring at room temperature. 
The resultant solution is transparent, blackish red and clear. The pre-
cursor solution is dried at 100˚C for about 8 hour to obtain the BFO 
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nanocrystals. Powders of above samples are palletized using poly vi-
nyl alcohol as a binder. Cylindrical pellets having dimension 13 mm 
diameter and 2 mm thickness is prepared by hydraulic press. Final 
sintering of pellet is done at 800˚C for 6 hours. For contamination free 
electrical contacts sample is polished with the same pellet to obtain 
thickness (0.1 mm).

 X-ray diffraction pattern of the samples are carried out in the 
2θ range (20˚-80˚) using Cu Ka radiation by Philips diffractometer 
(Model: 1715) fitted with monochromator operated at 45 kV and 
40 mA. Microstructure image of the sample is obtained using Field 
Emission Scanning Electron Microscope (Hitachi-SU8000). Ferro-
electric (P-E) measurement of sintered pellets is carried out using 
ferroelectric hysteresis loop tracer (Model: RT6000, Radiant Tech-
nology, USA). Dielectric measurement of pellets is done using LCR 
bridge (Quadtech, USA). Leakage current measurement is done using 
Keithley electrometer (Model 617). Capacitance-voltage characteris-
tics are measured in the metal-ferroelectric-metal configuration using 
CV plotter (Model-4200-CVU). Magnetic measurement was carried 
out using SQUID Magnetometer (Quantum Design- MPMS).

Results and Discussion
 X-ray diffraction graph of BFO is shown in figure 1. The observa-
tion of multiple peaks with sharp intensity in the graph suggests the 
sample is polycrystalline in nature. The sample is not showing any 
significant amount of impurity phases. The splitting of XRD peaks 
at 32, 39, 52 and 57˚ 2θ value represents the rhombohedral crystal 
structure with R3c space group. 

 Microstructure analysis of BFO is carried out using FESEM as 
shown in figure 2. The FESEM image shows the formation of nano-
crystal having densely packed crystallites of various sizes from few 
tens to few hundreds of nanometers which are almost homogeneously 
distributed and leaving relatively less scope for development of un-
even and irregular pore structure inside the bulk region.

 In order to study the leakage phenomenon normally associated 
with BFO, J-E characteristics of the samples is carried at room tem-
perature as shown in figure 1. J-E curves shows well defined symme-
try around the current axis under the application of positive and nega-
tive voltage (±30kV). At lower electric field region, as shown in figure 
3a, the leakage currents nature of the sample shows linear, indicating 
an Ohmic conduction behavior. But gradual increase in applied elec-
tric field the graph changes to a non-linear features, which suggests 

that there may be some other conduction mechanism associated with 
the conduction process such as Space Charge Limited (SCL), Schott-
ky emission, Poole-Frenkel emission, etc. It is observed that the value 
of leakage current gets reduced significantly for the sample prepared 
through sol-gel route. An encouraging leakage current density value 
of 2.74×10−6A/mm2 was found in BFO nanocrystals which may be 
promising for multiferroic device application. As known, the cause 
of leakage current in BFO sample has been attributed to the small 
amount of Fe2+ ions and oxygen vacancies existing in the sample. 
oxygen vacancies normally appears from Bi volatility and the valence 
fluctuations of Fe ions from Fe3+ to Fe2+ which hinders the observa-
tion of good ferroelectric hysteresis loop in BFO bulk sample. But in 
case of nanoparticle BFO, suppression of above vacancies took place 
which also restricts the transformation of Fe from Fe3+ to Fe2+ with 
improved leaky behavior.

 According to the SCL theory developed by Rose [34] and Lampert 
[35] the log-log plot of current density versus electric field is fitted 
well by four linear segments with various slopes as shown in figure 
3b. At low fields, the slope is close to 1 indicating a linear Ohmic 
conduction behavior, which is dominating by thermally stimulated 
free electrons. The leakage current for Ohmic conduction can be ex-
pressed as;
   J=eµNeE   (1)

 Where µ is the free carrier mobility, Ne is the density of the ther-
mally stimulated electrons, e is the electron charge, and E is the ap-
plied electric field. On further increase in electric field electrons will 
be penetrated in to insulator, and at sufficiently high applied field, the 
density of free electrons due to the carrier injection becomes more 
than the density of thermally stimulated electrons. Then the leakage 
current density follows the SCL law (modified Chield’s law) [35].

   J=9εrε0µθV2/8d3  (2)
 Where, V is the applied voltage, εr is the static dielectric constant, 
ε0 is the permittivity of free space, θ is the total density of d is the 
thickness of the sample and θ is the ratio of the total density of free 
electrons to the trapped electrons. The change of the slope to 2 is 4 
kV/cm indicates the transition between Ohmic and SCL current be-
havior, and the transition voltage VSCL is given as;

   VSCL = eNed2/2θεrε0, (3)

After the SCL current behavior, the abrupt increase in leakage current  

Figure 1: XRD patterns of BiFeO3 nanocrystal.

Figure 2: FESEM image of BiFeO3 nanocrystals.
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occurred because the applied voltage forces of all the available traps 
to become filled, which is the Trap Filled Limited (TFL) law. The 
abrupt increase in leakage current is shown by the slopes of 4.1 in fig-
ure 1b. The voltage at which this abrupt increase occurs is called trap-
filled-limit voltage VTFL, and it is related to the density of traps by;

   VTFL= eNtd2/2εrε0 (4)

 Where, Nt is the total trap density here, VTFL is 24 for the 
nanoparticles of BFO. Finally the slope becomes 3 which could be 
due to the combined effects of SCL and other field enhanced conduc-
tion mechanism [36]. Therefore, it is reasonable to conclude that the 
SCL conduction mechanism is dominant for the BFO nanoparticles 
synthesized by sol-gel route.

 Frequency (100Hz to 2MHz) dependent room temperature dielec-
tric properties (dielectric constant-“K” and dielectric loss-“tanδ”) of 
BFO nanocrystals are shown in figure 4. It is observed that both K and 
“tanδ” are strongly dependent on frequency and decreases in higher 
frequency region. But relatively at lower frequency region, dielectric 
constant strongly depends on frequency showing a dielectric disper-
sion evidently. Such as a strong dispersion seems to be a common 
feature in ferroelectric materials concerned with ionic conductivity, 
which is referred as low-frequency dielectric dispersion [37]. When 
the frequency increases, the relative effect of ionic conductivity be-
comes small and as a result, the frequency dependence of K becomes 
weak.

 As observed from figure 4a, dielectric constant of BFO nanopar-
ticles at 100 Hz is 230. It is known that value of dielectric constant 
K at lower frequencies normally depends on the lattice vibrations, 
excitation of bound electrons, dipole orientation, and space charge 
polarization (atomic and electronics). At higher frequency region 
(104 Hz and beyond), the value of K is almost constant. This flat type 
characteristic at higher frequencies indicated that there is no space 
charge polarization contribution at the frequency range.

 The dielectric loss curve behaves similar trend that of dielectric 

constant as shown in figure 4b. It shows the loss tangent value of less 
than 1 at lower frequency (100 Hz) region and gradually reduced to 
lower value then become constant at higher frequency region. It is 
reported [38] that, low dielectric loss at low frequency would reflect 
lower value of leakage current, which is technologically more import-
ant for the effective utilization of BFO nanoparticles in multiferroic 
devices application.

 In order to study the ferroelectric property of the nanocrystal, po-
larization as a function of electric field measurement (Figure 5) is 
carried out at room temperature for several times in order to observe 
the reproducibility of the cycles as well as “fatigue” nature of BFO 
nanoparticles occurs if any. As ferroelectric materials are piezoelec-
tric in nature, it is well known that mechanical stresses will induce 
by the application of cycling electric field leads to the degradation 
of the material property. The value of coercive field, saturation po-
larization as well as remnant polarization affected prominently due 
to the constraint of domain wall motion throughout the sample. As a  
consequence, the reliability of their electric switching is reduced and 
resulting to an increase of coercivity from 40 kV/cm to 49 kV/cm 
along with the slow degradation of saturation polarization value from 
11 µC/cm2 to 10.6 µC/cm2. This phenomenon showed by the mate-
rial is generally known as fatigue and gradually affect the electrical 
degradation of the compound under cycling electric fields above the 
coercivity.

 The capacitance-voltage characteristic is measured in the met-
al-ferroelectric-metal configuration using a small Alternating Current 
(AC) signal of 10mV at 100 kHz. The AC signal is applied across the 
sample, while the Direct Current (DC) was swept from positive to 
negative bias. C-V measurement of BFO nanoparticles was carried 
out with DC sweep voltage from +25 V to -25 V as shown in figure 6 
and analyzed to corroborate J-E and P-E measurement. In C-V loop 
the voltage corresponding to capacitance peak is known as coercive 
voltage. The observation of butterfly shape C-V loop for BFO nano-
crystal is obtained with decreasing and increasing voltage for both 
polarities. This behavior is related to the presence of ferroelectric do-
mains, which is also clearly evident from polarization as a function of 
electric field hysteresis loop measurement (Figure 5).

Figure 4: Room temperature dielectric constant and loss tangent as a func-
tion of frequency of BiFeO3 nanoparticles sintered at 800˚C for 6 hours.

Figure 3: (a) Leakage current density as a function of electric field (b) 
Leakage current density fitted by space charge limited conduction theory of 
BiFeO3 nanoparticles sintered at 800˚C for 6 hours.
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 Room temperature magnetization as a function of magnetic field 
(M~H) of the sample is shown in figure 7. It is found that M-H graph 
of BFO nanocrystals shows the nonlinear trend resulting to forma-
tion of a narrow hysteresis loop. This observation clearly shows that 
BFO nanoparticles are the possible potential candidate to enhance the 
magnetic properties of BFO based multiferroic system. It is suggested 
that the size effect of BFO nanostructures might be responsible for 
the magnetic ordering. Basically BFO exhibits G-type antiferromag-
netic structure by its origin with the wave length of the incommen-
surate cycloid spin structure of 62 nm [18] in bulk form cause zero 
net magnetic moment but the scale of nanosized BFO is comparable 
with this wavelength range. Now it is expected that, the enhanced 
magnetization value of perovskite structure of BFO may be the cant-
ed (non-collinear) arrangement of spins in the near-surface layers of 
the nanosized BFO. The effect of canted spins in the surface shell 
of BFO nanoparticles manifests itself by the uncompensated mag-
netic moments of Fe3+ ions, enhancing the tangible contribution to 
the particle’s overall magnetization. It is also expected that the spin 
cycloid structure along the magnetic axis is partially destroyed in the 
nanocrystal BFO, resulting observation of ferromagnetism at room 
temperature.

Conclusion
 Impurity free monophasic rhombohedral BiFeO3 powders are suc-
cessfully synthesized through chemical route. Formation highly crys-
talline nanocrystals significantly improved the dielectric and leakage 
current behavior of the material. Formation of well butterfly shapes 
C-V loop evident the ferroelectric nature of BFO nanocrystals and is 
obtained with decreasing and increasing of voltage for both polari-
ties due to the presence of ferroelectric domains. Measurements of 
several successive polarization loop by cycling field showed that the 
sample become harder to polarize resulting increase of its coercivity 
and gradual degradation of saturation polarization value. Observation 
of good ferroelectric behavior in BFO nanoparticles may be due to the 
enhancement of strains by nanometer size particle. Prominent M~H 
loop was obtained in nanosized BFO with saturated magnetization 
value 0.229 emu/g.
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