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Abstract

Polycrystalline Bi; (Mn,FeO3(x=0.0, 0.1, 0.2, 0.3) were synthesized using sol-gel method to study the structural and
dielectrical properties. Raman analysis confirmed the rhombohedral structure (3Rc) in all the prepared samples. Raman
measurements were carried in both parallel and crossed polarization configuration. In dielectric studies, dielectric constant
(both ¢’ and €”) and dielectric loss were observed to decrease with increasing frequency (100Hz to 1MHz) at room temperature.
Dielectric constant and dielectric loss increases with increases in temperature. Leakage current density was observed to

increase with increasing Mn doping concentration.

Keywords

Multiferroic Material, Structural Properties, Dielectric Properties, Leakage Current

Received: April 18,2018 / Accepted: May 17, 2018 / Published online: June 14, 2018

@ 2018 The Authors. Published by American Institute of Science. This Open Access article is under the CC BY license.

http://creativecommons.org/licenses/by/4.0/

1. Introduction

Multiferroic materials may be classified as materials in which
ferromagnetism, ferroelectricity and ferroelasticity are
observed [1-3]. Among all the multiferroic materials studied
till now, ABOj; typeperovskite structure BiFeO; (BFO) is
environmental friendly material [4]. BFO shows
ferroelectricity with a high curie temperature, Tc ~ 1103 K
and with G- type antiferromagnetic Neel temperature Ty ~
643 K [5, 6]. BFO has a distorted rhombohedral structure
with space group R3c. BFO is not only used for developing
novel storage media and spintronics devices, but also finds
potential ability to couple electric and magnetic polarizations
(magneto-electric  effect). BFO finds applications as
magnetoelectric sensor devices, multiple state memories,
transducers, ferromagnetic resonance devices and ultrafast

* Corresponding author
E-mail address: kvkphd@gmail.com (K. V. Kumar)

optoelectric device due to its small energy gap [7-9].
However, large leakage current, high dielectric loss, low
remnant polarization, low electric resistivity and
inhomogeneous magnetic spin structure are the drawbacks of
BFO still to overcome in device applications [10, 11].

Several researchers have tried to improve multiferroic
properties of BFO by substituting rare-carth metals and
transition metals in A and B sites [12]. The importance of the
phonons behavior in BFO, which is only multiferroic
material, is recently reported in single crystal BFO, epitaxial
BFO films and polycrystalline BFO sample [13-15]
establishing the importance of phonon-spin coupling. Kothari
et al., [13] reported Raman spectra of polycrystalline BFO
sample. Fukumura et al., [14] reported all 13 Raman modes
for single crystal BFO sample and pointed out discrepancy of
Haumont et al., [15] results. Haumont et al., reported
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anomalies in the phonon spectra of BFO sample near the
Neel temperature (Ty). A Lahmar et al., have reported
ferroelectricity, improved dielectric properties and the
structural transition in BiFeOs;- LaMnO; solid solution thin
film [16]. In present work, we report Mn doped BFO
powders synthesized using citric acid sol-gel method and its
structural and dielectrical properties.

2. Experimental

The polycrystalline Bi; Mn,FeO;(x=0.0, 0.1, 0.2, 0.3) were
synthesized by sol-gel method [17-20]. Stoichiometric
amounts of the A. R. grade bismuth (III) nitrate pentahydrate
(Bi(NO3)3.5H,0), manganese chloride  tetrahydrate
(MnCl,.4H,0), iron (I10) nitrate nonahydrate
(Fe(NO»);.9H,0) and citric acid monohydrate (C¢HgO;.H,0),
were used as starting materials. During synthesis, an excess
of ~5wt.% Bi was added to compensate bismuth oxide loss
during the thermal treatment. The mixture was stirred in a
magnetic stirrer for 1hr till clear solution was obtained, with
simultaneous drop by drop addition of ammonia solution
added for neutralization of mixer. The entire process is
explained elsewhere [19]. Then the prepared powder samples
were annealed at 600°C for 5 hours.

The Raman measurements on BMFO (Bi,,,Mn,FeO;, x=0.0,
0.1, 0.2, 0.3) samples were carried out using 488 nm
excitation source by Jobin-Youn Horiba Labram (LABRAM-
HR) Spectrometer equipment with a peltier cooled CCD
detector. The Raman spectra were recorded in the range from
50 to 700 cm™ with a resolution of lcm™.

Electrical properties were measured using computer
controlled a high precision electrometer (Radiant
Technologies Inc.). Leakage current characteristics were
acquired with a soak time of 100 ms and measure time 300
ms at 50 V. Dielectric properties were measured as a function
of frequency (100 Hz to 1MHz) over a temperature range
(room temperature to 500°C) using a precision impedance

analyzer. (Nova Control, Alpha-high performance frequency
analyzer).

3. Results and Discussions

Raman spectroscopy is sensitive to atomic displacements
[21]. The Raman active modes of the rhombohedral BiFeO;
with 3Rc structure at room temperature have been predicted
using group theory were 13 activephonon modes I'raman=
4A,+9E. Where, A; modes are polarized along z-axis and E
modes in x-y plane [13].

The A, modes are associated with Fe ions and E modes are
associated with Bi ions [22]. Singh ef al., reported 10 active
modes for BFO epitaxial thin film with R3c structure
including A", A;? and A, modes at 136, 168 and 211 cm™
respectively, with strong intensity, A, mode at 425 cm’
with quite weak intensity and six E modes at 275, 333, 365,
456, 549 and 597 cm™ with medium intensity [23]. Kothari et
al., reported 13 Raman active modes for polycrystalline BFO
sample. The observed peaks were measured in both parallel
and crossed polarization configurations. A; modes show
decrease in intensity in the crossed polarization configuration
as expected by polarization selection rules [13].

In our samples, all 13 of peaks of the rhombohedral BiFeO;
with 3Rc structure due to 4A; + 9E phonon active modes
were observed at room temperature as shown in Figure 1.
The observed and reported Raman peak position of BFO is
illustrated in Table 1. The observed data for BFO is in
agreement with that of Kothariet al., [13]. Raman scattering
data clearly shows four high intensity peaks at 128 cm™, 166
em’, 211cm™ and 470 cm™” corresponding to A modes. A
shift was observed in A modes (Al'l, A1'2 and A1'4 and three
E modes) towards higher wave number for BMFO (x= 0.1,
0.2, 0.3) with increasing Mn substitution, the intensities of
A%, A, A and E modes decrease and the peaks are
broadened.

Table 1. Comparison of Raman mode positions (cm™) the present study with the literature of BFO.

Raman modes Kothari et al. [13] Singh et al. [43] Fukumura et al. [14] BFO Present study
Ar'(em™) 135 136 126 128.8
Ar%(em™) 167 168 165 166
A (em™) 218 211 213 211
A em™) 430 425 425 470
E(cm™) 71 - 111.7 78
E(cm™) 98 - 259.5 93
E(cm™) 255 275 - 246
E(cm™) 283 335 339.6 276
E(cm™) 351 365 366.9 357
E(cm™) 321 - 4733 315
E(cm™) 467 456 599.6 475
E(cm™) 526 549 - 523
E(cm™) 598 597 597
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Figure 1. Raman spectrum of Bi;.,,MnFeO; (x=0.0, 0.1, 0.2, 0.3).

The higher frequency shift may be due to substitution of light
mass Mn®" jons for heavier Bi’* ions. This reduces
significantly the average mass of A-site, as the frequency of
the phonon mode inversely proportional to the reduced mass.
It is observed that, the frequency of Raman modes are
dependent on ionic mass, force constant and Bi-O bonding
[13, 21, 24].

The A; (1 LO) and A, (2 LO) phonon modes attributed to Bi-
O bond vibrations shows neither hardening nor softening
after Mn incorporation. It is found that the intensity of A; (2
LO) mode decreases with increasing Mn content, indicating
the tendency of a transition from rhombohedral to tetragonal
phase [25]. As the Mn content increases from 0.1 to 0.3 for x,
the A, mode shifts to higher frequency indicating the
existence of tetragonal phase and is observed in all Mn doped
BFO samples. Hence, these two aspects illustrate that Mn
ions affect BFO crystalline symmetry in the samples.
Furthermore, Mn doping causes substantial structural
transition from rhombohedral to tetragonal phase, which is in
agreement with XRD analysis [20].

Frequency dependent dielectric analysis for Mn doped BFO
samples were performed at room temperature. Figure 2
shows the dielectric constant properties of BMFO (0.00 < x <
0.3) samples with the applied frequency of 100 Hz to IMHz
at room temperature. Dielectric constant was observed to
decrease gradually with the increase in frequency and almost
merge at higher frequencies (above 10 kHz). At low
temperature, dipole relaxation may be responsible for
observed dispersion in dielectric constant. During sintering,
the non-uniform distribution of oxygen ions will take place at
the grain boundaries. This might contribute for interfacial
polarization at lower frequencies. Near high frequencies
other polarizations such as dipolar, ionic, electronic may also
contribute for observing dielectric constant [26]. With the
increase in applied frequency, the polarization causes the
reduction of field inside the medium; therefore the decrease

in the dielectric constant is observed [27]. The change in the
dielectric constant verses frequency is based on the space
charge polarization due to the occurrence of high
conductivity grains disconnected from low conductivity grain
boundaries in the dielectric medium [28§].

The association of space charge carriers in the dielectric
material will try to line up parallel to the alternating field
with a finite time. If the field reversal frequency increases, at
a certain point the space charge carriers will not respond and
lags in the direction of applied field [29]. Therefore, the
decrease in the dielectric constant is observed. It is observed
that, with the increase of Fe ions at the octahedral sites, the
charge transfer between Fe’* and Fe’ ions takes place
therefore high dielectric values are observed in many
materials [30]. According to the Koops model, the dispersion
observed in the dielectric constant is due to the response of
electrons with the applied electric field under certain time
constraint with the alternating applied field [31].
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Figure 2. Variation of real part of permittivity (¢”) with frequency of
Bi;xMnFeO; (x=0.0, 0.1, 0.2, 0.3) at room temperature.

Figure 3 shows the imaginary part of the dielectric constant
of BMFO (0.00 < x <0.3) samples measured with the applied
frequency. These results are similar to the dielectric
properties as explained by Smith and Wijn [32]. There exists
an inverse relationship with the applied field between the
complex dielectric permittivity towards ac conductivity ratios
[32]. It has been predicted from these graphs that, the values
of ‘€r’ and tand decreases regularly with increasing
frequency. Low frequency dispersion behavior in the
dielectric constant and dielectric loss indicates the presence
of dc conductivity in the samples. It was found that dielectric
constant and dielectric loss reduces with increasing
frequency and is attributed to the dipole relaxation. A high
frequency Fe® - Fe’* dipoles are not able to follow the field
reversal. At low frequency the observed large dielectric
constant values may be attributed to the interfacial
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polarization and grain boundary effects. Materials possessing
high conductivity values usually have higher dielectric losses
or vice versa [33, 34].
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Figure 3. Variation of imaginary part of permittivity (¢””) with frequency for
Bi;MnsFeO; (x = 0.0, 0.1, 0.2, 0.3) at room temperature.

Figure 4 indicates the variation in dielectric loss tangent
of BMFO (x = 0.0, 0.1, 0.2, 0.3) with frequency. The
variation in the dielectric loss (tand) in the samples may
be due to several reasons such as chemical composition,
structural ~ homogeneity, stoichiometry, sintering
temperature etc. [35-37].
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Figure 4. Variation of dielectric loss (tan §) with frequency for Bi;.
MnFeOs (x=0.0, 0.1, 0.2, 0.3) at room temperature.

Based on the Maxwell-Wagner theory, it is known that
dielectric properties ¢ and tand are inversely proportional to
the frequency [36, 38, 39]. Materials having low dielectric
losses are used in the low core loss and energy dissipation
systems [37]. Dielectric constant for Mn doped BFO samples
were observed to increase from 175 for BFO to 1175 for 0.2
sample. The dielectric loss remains in the range 0.1 - 0.3 for

all the remaining samples. The observed enhancement in the
dielectric constant for Mn doped BFO samples is predicted
based on the enhanced interfacial polarization arising due to
the large volume fraction of grain boundary.

At room temperature, for all the samples, it is observed that
they exhibit moderately low dielectric losses. Figures 5-8
show the dielectric constant verses frequency for Mn doped
BFO samples measured at different temperatures. As the Mn
doping concentration increased, permittivity data was
observed to improve significantly. A small anomaly in the
dielectric data was observed for x = 0.1 and 0.3 around
380°C which significantly disappeared for x = 0.2 sample.
After this temperature, all the samples showed stable
behavior. The dielectric loss was observed to increase with
change in temperature up to 350°C and thereafter it raised
sharply due to higher thermal conductivity.
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Figure 5. Variation of dielectric constant (¢’) with log (frequency) at various
temperatures for pure BFO.
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Figure 8. Variation of real part of dielectric constant (¢”) with log
(frequency (Hz)) at various temperatures for Biy;Mng ;FeOs.

Figure 9 shows the variation of dielectric constant (g) with
temperature for Mn doped BFO (0.00 < x < 0.3) samples
measured at frequency 100 kHz. All the samples were
frequency dependent as they exhibit broad dielectric
permittivity peaks. Curie-Weis law is used to describe the
dielectric dispersion observed in the Mn doped BFO samples
[40]. In dielectric materials the oxygen vacancies plays quite
important role than the dopants. It is very well known that in
dielectric materials, oxygen vacancies contribute for low
dielectric values [41, 42]. Compared to x = 0.1 or 0.3, the x =
0.2 sample showed lower oxygen vacancies and higher &
values.

Figure 10 depicts the leakage current density variation with
time at room temperature measured with 50 V for the pure
BFO and Mn doped BFO samples. From the graphs, it is
observed that the leakage current increased with increasing
the Mn doping compared to pure BFO sample.
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Figure 9. Variation of dielectric constant (¢’) with temperature for Bi;.
MnyFeOs (x=0.0, 0.1, 0.2, 0.3) at 100 KHz.
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Figure 10. Variation of leakage current density with time at room
temperature for Bi;MnsFeO; (x= 0.0, 0.1, 0.2, 0.3) at S0V.

Leakage current refers to the gradual loss in the energy from
a charged material such as a capacitor. This may be caused
when the capacitors are attached to electronic components,
like diodes or transistors. These components even conduct
under switch-off condition also. During the switch-off
conditions, the currents flows through the devices and
discharges slowly through the capacitor. Undesired
imperfection in some dielectric materials could also
contribute for leakage capacitors. This
phenomenon is called as dielectric leakage. When the
dielectric material is not perfect insulator, it will have small
amount of non-zero conductivity which allows the leakage
current to discharge slowly.

currents in

The current instead of flowing in a proper circuit, it takes
alternate path through which the current leaks from the
electronic circuit. This is also considered as leakage current.
This kind of leakage current is undesirable in electronic
circuits. Because, when the current flows from the alternate
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paths, it will damage the electronic devices in the form of
fires, electrocution and RF noise.

Leakage current transfers unwanted energy from circuit to
circuit and from component to component. Therefore in
electronic assemblies, they make the circuit’s disable,
standby, sleep mode etc. These devices may draw small
amount of current such as one or two microamperes when
they are in quiescent conditions when compared to huge
milliamperes when in full operations. A leakage current is
one of the important factors which is becoming significant
concept in device manufacturing. Because, they produce
undesirable and significant affects on the battery run time in
consumer applications.

Enhanced leakage current in semiconductor could also result
from the defects during fabrication and manufacturing
process. Leakage current in general is measured in
microamperes. Leakage current will vary according to
operating temperature conditions and those properties should

be examined carefully when using in practical applications.
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Figure 11. Variation of Resistivity with composition at room temperature
for Bi;.MnsFeO; (x= 0.0, 0.1, 0.2, 0.3).

Figure 11 shows the resistivity versuss composition for pure
BFO and Mn doped BFO samples. It is observed that, the
resistivity is drastically decreased for Mn doped BFO
samples when compared to pure BFO sample. This also
reflects in the leakage current density graph. The leakage
current increases with increasing Mn doping in BFO
compared to pure BFO sample.

From Figure 10 and 11, one can clearly observe that these
samples have very small leakage currents. The leakage
current values are in good agreement with the BFO samples
prepared by other techniques [44-48].

However, in Mn doped BFO samples the leakage current
could be understood by relating to grain size distribution.

Grains having different sizes, shapes, structures, their
boundary conditions are considered to play a prominent role
most of the time for contributing the leakage current.
Lubomirsky et al. [47], investigated the space—charge effect
modelling in nanostructured materials and concluded that,
contacts between different sized grains may lead to energy
exchange between the grains, called as hetero size charging.
This will fundamentally influence the conductivity among
the smaller grains as they generally conduct at lower voltages
[47].

Figure 12 gives the variation of current density with electric
field for all Mn doped BFO samples. It is observed that the
current density values are more for the Mn doped BFO
samples when compared with pure BFO sample. The current
density values were observed to decrease with increasing the
positive applied field. While it increased with the negative
applied field in all samples. But the current density values for
all the Mn concentrations remain same. This may be due to
dipolar polarization which contributes to the current density.
However, the increase of current density with increase of Mn
concentration is less significant. But doping of Mn in BFO
contributes large variation of current density in BFO sample
[49-53].
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Figure 12. Variation of current density (J) with electric field (E) for Bi;.
MnFeOs (x= 0.0, 0.1, 0.2, 0.3) at room temperature.

4. Conclusions

Pure and Mn doped BFO samples have been synthesized
using sol-gel method. Raman analysis confirmed
rhombohedral (3Rc) BFO structure. In dielectric studies,
dielectric constant (both & and €”) and dielectric loss
decreased with increasing frequency (100Hz to 1MHz) at
room temperature. Dielectric constant and loss dispersion
increased with increasing temperature. Leakage current
increase with Mn doping

density was observed to

concentration.
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