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Abstract Glycine + urea are used as fuel agents to syn-
thesize polycrystalline nano-particles of as-burnt Bigg
SI'OJFCO3 and Bio'gsro.lFCI,anxO:; (X = O, 005, 010,
0.15 and 0.20) multiferroic samples using sol-gel auto-
combustion method, at relatively low temperature. Struc-
tural analysis exhibits the formation of phase pure nano-
composites having rhombohedral distorted perovskite
structure belonging to space group R3c. Doping of Sr and
Mn didn’t disturb the crystal symmetry of the original
composite. Field emission scanning electron microscopy
revealed that the grains which were initially interlinked
with each other became relatively isolated, uniformly dis-
tributed and spherical shaped with increasing Mn contents
along with increased intergranular porosity. Energy dis-
persive X-ray spectroscopy confirms the at.% and wt% of
all the elements, corresponding to each stoichiometric
formula. Dielectric parameters for each sample depict
conventional ferrite behavior while hopping of oxygen
vacancies contributes a lot in conductivity of the samples.
Contribution of grains, grain boundaries and interfaces are
evident from impedance spectroscopy. Non-Debye type
relaxation is confirmed from the frequency dependent
electric modulus and Cole—Cole plots. A solid correlation
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has been established between electrical properties and
microstructure of the samples under investigation.

1 Introduction

Multiferroics (MFs) are the materials which display more
than one ferroic characteristics in the same phase [1]. MFs
constitute an energetic group of materials which exhibit
numerous properties and phenomena that are beneficial for
manufacturing of a wide range of multifunctional devices.
These materials have a prodigious research interest due to
both, rich fundamental physics and a number of promising
applications in modern technologies ranging from giant
electric transformers to small computer memory devices or
even tiny sensors [2]. The materials that exhibit magnetiza-
tion and polarization simultaneously are called magneto-
electric (ME) MFs. The ME coupling is the key feature of
ME devices [3]. Our requirement is a material with a large
ME effect at room temperature (RT). Among existing MFs,
bismuth ferrite, BiFeO3 (BFO) is aunique MF composite that
fulfills the basic requirements of ME-MFs at RT. It has a
ferroelectric Curie temperature of ~ 1103 K and anti-fer-
romagnetic Neel temperature of ~643 K [4]. At ambient
conditions, it has thombohedral distorted perovskite struc-
ture belonging to space group R3c (161). The rhombohedral
lattice parameters of BFO are a. = 3.96 A while in
hexagonal structure, they are apex = bpex = 5.58 A and
Chex = 13.90 A [5]. Practical applications of BFO are hin-
dered due to some major drawbacks such as weak magneti-
zation owing to canted antiferromagnetic order, weak ME
coupling and high leakage current density [6]. Most of these
problems are the result of structural imperfections such as
oxygen vacancies, pores, valence fluctuations of Fe ions and
secondary phases [7, 8]. The main issue with BFO is its
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conducting grain boundaries and domain walls at RT leading
to a large loss factor that produces heating of a device which
may destroy it. If tackled successfully, BFO might find
potential applications in microwave technology, spintronic
devices, sensors, recording and storage media, micro-actu-
ators, nonvolatile logic and memory devices [9, 10]. How-
ever, in order to materialize BFO based multifunctional
devices, it is necessary to improve its MF properties by
minimizing the problems associated with it. Usually,
chemical composition, synthesis procedures, chemistry,
processing atmosphere, sintering temperature and substi-
tuted ions dictate the properties of BFO MFs. A lot of
research is going on to produce suitably doped BFO mate-
rials using various techniques in order to achieve the required
results. For example, larger dielectric constant, smaller
dielectric loss, increased resistivity and decreased leakage
current were observed in Mn-doped BFO [11, 12]. Decreased
leakage current was also observed when pure BFO was co-
doped with In and Mn [7]. In addition, when Sr was doped at
Bi site in BFO, it reduced the oxygen vacancies which led to
the reduction of dielectric loss, and hence overcoming the
problem of leakage current [13]. The lowest leakage current
in Nd/Mn-doped BFO thin films was achieved by Kawae
[14]. Keeping in view the literature survey, we have been
motivated for the co-doping of Sr*" at Bi** site and Mn** at
Fe** site in BFO to investigate the combined effect of these
dopants especially on its dielectric properties. Sr*™ helps in
suppressing the secondary phases [15] and decreasing the
dielectric loss [13] whereas Mn** reduces the fluctuation of
the Fe valencies which in turn diminishes the oxygen
vacancies; an important factor to decrease leakage current in
BFO system [16]. In this work, Sr/Mn-doped BFO nano-
particles (NPs) are prepared using sol-gel auto-combustion
method. It is a distinctive technique to produce phase pure
oxide materials having advantages of less energy con-
sumption, cost saving instrumentation and self-purification
due to highly exothermic reactions involved.

2 Experimental details

As-burnt BigoSryFeO5; (residue-BSFO-S1) and Bigo
Srg Fe;_Mn, O3 (BSFMO) (x = 0, 0.05, 0.10, 0.15 and
0.20 symbolized as S2, S3, S4, S5 and S6, respectively) are
synthesized by sol-gel auto-combustion method at rela-
tively low temperature. Bismuth nitrate [Bi(NO3),-5H,0,
Sigma Aldrich, 99.9 %], strontium nitrate [Sr(NOs),,
Merck, 99.9 %], iron nitrate [Fe(NO;3);-9H,0, Merck,
99.9 %] and manganese nitrate [Mn(NOs3),, 99.9 %, Mer-
ck] were used as raw materials. Bi(NOj3),-5H,0, being less
soluble in deionized water, was dissolved separately in 3 M
HNO; with continuous stirring by magnetic capsule to
make a transparent solution. The other nitrates were
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dissolved in deionized water. After mixing the two solu-
tions, the stoichiometric amounts of urea and glycine were
added. The precursor was put on a hot plate at 85 °C with
continuous stirring until it converted into a dark viscous
resin. When gel was formed, the temperature was raised up
to 350 °C. This continuous increase in temperature led to
auto-ignition with the release of gases as a result of
exothermic reaction. The resultant powder samples were
calcined at 550 °C for 3 h using a muffle furnace. A steel
dye of 10 mm diameter was used to make pellets from
powder by applying a pressure of 4 tons using an Apex
hydraulic press. A Rigaku D/MAX-IIA X-Ray diffrac-
trometer (XRD) with CuK,, radiation, a NovaNano SEM
450-field emission scanning electron microscope (FESEM)
along with energy dispersive X-ray spectroscopy (EDX)
and a precision impedance analyzer, 6500B through a wide
range of frequency (20 Hz—20 MHz) were used to inves-
tigate the structural, morphological, compositional and
dielectric characteristics of the prepared samples, respec-
tively. All characterizations are performed at RT.

3 Results and discussion

Figure 1 shows the XRD patterns obtained for residue-
BSFO (S1) and BSFMO (S2-S6) samples. The pattern S1
reveals an amorphous phase, as several broad diffraction
peaks can be seen in it. The crystallinity is obtained rapidly
when residue-BSFO is calcined at 550 °C for 3 h, as shown
by pattern S2. It can be inferred that no crystallinity
develops in BFO ceramics without calcination. It is con-
cluded that calcination temperature is the most important
parameter for developing crystalline phase during synthesis
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Fig. 1 XRD patterns of all the samples
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of BFO. The phase diagram of Fe,O5; and Bi,O3 showing
BFO with undesired impurities also confirms the impor-
tance of controlling the calcination temperature for syn-
thesizing single crystal BFO [5]. All the major peaks of all
other XRD patterns of samples matched well with ICSD
reference no. 01-071-2494. This confirms the formation of
phase pure rhombohedral distorted perovskite structure
having space group R3c (161) related to BFO. This means
that doping of Sr and Mn in BFO does not alter its crystal
symmetry. It has also been proved already that the sub-
stitution of Mn and Sr in BFO do not disturb the lattice
symmetry of BFO [13]. The absence of impurity peaks in
all the patterns may be the result of Sr doping in BFO
because it has been proved that doping of Sr** with limited
contents hinders the formation of impurity phases in BFO-
based MFs, without affecting the crystal structure [15].
Intensities of all the peaks increase slightly with Mn con-
tents. As the peak intensity is linked to the amplitude of
rotation of the octahedra [17], therefore the amplitude of
tilt of rhombohedral distortion increases. The most intense
diffraction peaks in each pattern were considered in order
to calculate the crystallite size using Scherrer’s equation
[18], given as:

D =kA/fcosO (1)

where D = crystallite size, k = 0.89, called sample shaped
factor, 4 is the wavelength of radiation used (1.5406 10\), p
is the full width at half maximum in radians and 0 is
Bragg’s angle in degrees. A slight difference is observed
among the widths of the peaks of the doped composites and
hence, the differences among crystallite sizes are smaller
(9-15 nm). It is anticipated that impurity free BFO
nanostructures will help to improve its MF properties. No
shifting of any peak is observed towards higher or smaller
angles after Sr and Mn doping in BFO. This may be due to
the difference in ionic radius of Sr** (1.18 A) which is
larger than Bi** (1.03 A), and Mn** (0.53 A) which is
smaller than Fe>™ (0.645 10\). These differences in radii of
the dopants and hosts compensate the contraction or
expansion of unit cell, resulting in almost no distortion of
the crystal structure. This also confirms the 100 % incor-
poration of dopant ions at the host sites. The evaluated
structural parameters are provided in Table 1. The c/a ratio
of the unit cells of all the samples remains almost constant
throughout the series which confirms a little change in all
the cell parameters. Bulk BFO phase is generally formed at
temperatures above 825 °C when synthesized via conven-
tional solid state reaction process [19]. The present study
confirms that a heat treatment at 550 °C for 3 h is required
to transform the gel into oxide in case of BFO, which has
been reported earlier, as well [20]. It can be inferred that
synthesis of pure BFO MFs at lower temperatures can
prevent the vaporization of Bi*" due to its volatile nature at

high temperature resulting in secondary phases along with
BFO limiting its use in multifunctional devices.

FESEM micrographs shown in Fig. 2a—d elucidate the
grains growth, voids, boundaries and surface morphology
of the samples under investigation. The images shown in
Fig. 2a, b, relating to samples S2 and S3 reveal that most of
the grains are agglomerated as sharp edges are not clearly
seen. As the Mn contents are increased in the series, some
better separated grains with fine edges and a homogenous
morphology are observed (Fig. 2c). With further increase
in Mn contents, as displayed by image Fig. 2d, the grains
retained their spherical shapes and homogeneity, while the
porosity was increased slightly. Further, it depicted well
shaped, uniformly distributed and spherical-shaped grains.
This gradual refinement of the structural morphology might
have improved the crystallinity of the samples, well con-
sistent with the diffraction data, as the diffraction pattern of
S6 showed the most intense diffraction peaks, corre-
sponding to the highest crystallinity in the series of sam-
ples. Average grain sizes, evaluated from SEM images, are
in the range of 50-80 nm. Some large sized grains could be
the result of agglomeration of small sized grains. EDX
spectra of BigoSry FeO3; and BigoSrg1FeggoMng,03,
shown in Fig. 2e, f confirm the stoichiometric at.% and
wt% of all the elements present in the samples. No impu-
rity peaks are seen in the spectra confirming the validity of
the sol-gel based combustion technique to prepare the
phase-pure samples. Quantitative data set of EDX analysis
of BSFO and BSFMO samples is provided in Table 2.

Real (¢') and imaginary (g”) parts of dielectric constant
(e) are displayed in Fig. 3a, b. It can be seen that intense
dielectric dispersion exists with increasing frequency in €'
and &” for BSFMO samples (except S6). Both ¢ and €”
decrease with increasing frequency. According to Kumar
[21], polarization lags behind the applied field due to
inertia. In the low frequency region, atomic, electronic,
interfacial and ionic polarizations contribute, resulting in
high value of €. At a certain increased frequency, the only
contribution to the polarization comes from electric
polarization, others being locked due to having larger
relaxation times and hence, the ¢ is decreased. Similar
trend related to € has been reported in Mn [22] and Sr [23]
doped BFO ceramics. These types of processes can be
discussed on the basis of Maxwell-Wagner model [24] and
Koop’s theory [25]. At lower frequency, € increases with
increased Mn contents and has maximum value for 15 %
Mn doping. For 20 % Mn-doped sample, the unit cell
volume decreases due to the smaller ionic radius of Mn
compared to Bi. In the oxygen octahedral (FeOg), the free
space for the movement of Fe’" jons becomes lesser and
hence, polarization decreases which reduces ¢.

Dissipation of energy in dielectrics is called dielectric
loss (tan d). It is reported that impurities, defects and
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of the doped BEO semien. "*  Composition Crystallite size (nm) a (A) ¢ (&) cla Volume (A"
BiFeO; 5.5876 13.8670 2.4817 374.94
ICSD reference code = 01-071-2494 ~375
Sro.1BigoFeOs 9.2 5.61 13.92 24813 379
Sro.1Big.oFeg.0sMng o503 10.3 5.59 13.89 2.4848 376
Sro.1Big.oFeg.0oMng 1003 13.5 5.58 13.88 24874 374
Sry.1Big oFeg gsMng 1503 13.8 5.56 13.85 24910 371
Sro.1Big.oFeg.s0Mng 2003 15 5.54 13.83 2.4964 368

Fig. 2 FESEM images of a S2,
b S3, ¢ S4, d S6 and EDX
spectra of e S2 and f S6 samples
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imperfections in the crystal lattice are responsible for
dielectric losses in materials which cause polarization to
lag behind with the applied external field [26]. Further, it
has been reported by Wei et al. [13] that oxygen vacancies
are one of the main causes for the high leakage current
density in BFO. It is also believed that high leakage current
causes the high dielectric loss in BFO [27]. Oxygen
vacancies are also a form of impurities and defects so it can
be concluded that the impurities and defects cause dielec-
tric losses. It is evident from Fig. 3c, that the dielectric loss
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of all the doped samples decreases up to a wide frequency
range as the doping concentration increases. This reduction
in dielectric loss recommends that co-doping of Sr and Mn
in BFO ceramics causes the reduction of oxygen vacancies
(V,). These vacancies might have created during heat
treatment at high temperature because of relatively highly
volatile nature of Bi due to its low melting and boiling
points. Presence of V, cause the valence states of iron
(Fe*™—Fe *1) to fluctuate due to electron exchange which
contributes significantly in conductivity of the materials. It
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Table 2 Quantitative data of BSFO and BSFMO samples

Elements BSFO BSEMO
wt% at.% wt% at.%

Bi 61.96 16.37 66.64 22.14
Sr 0.29 0.18 0.56 0.45
Fe 19.01 18.79 20.93 26.02
Mn — - 0.04 0.05
(@) 18.74 64.66 11.83 51.34
Total 100.00 100.00

is concluded that Sr/Mn co-doping decreases the leakage
problems of BFO ceramics which consequently reduces the
dielectric loss. The observed Debye peaks or relaxation
phenomenon in S3, S4 and S5 samples (Fig. 3c) may be the
result of ferromagnetic resonance where frequency of
applied field and electron hopping frequency coincides
[28]. At higher frequencies, BSFMO NPs exhibit dielectric
constant larger than 200 while dielectric loss less than 1
which suggests that the present compositions can be used
to design microwave/high frequency devices.

Study of electrical conductivity is usually adopted to
explore the relation between macroscopic measurement
and microscopic movement of ions in ionic oxides. We can
calculate ac conductivity (c,.) using the following
formula:

Ou = €€,0tan d (2)

where ¢, is vacuum permittivity and o is angular fre-
quency. Frequency dependent c,. spectra of BSFMO
ceramics is shown in Fig. 4a. The plots display a low
frequency plateau and high frequency dispersions.
According to Koop’s model [25], in heterogeneous struc-
tures, poor conducting grain boundaries and highly con-
ducting grains are responsible for low and high
conductivity in lower and higher frequency regions,

respectively. The behavior of conductivity recommends
that o,. obeys Jonsher’s power law [29]:

O4c(®) = 5(0) + Ae" (3)

here, first term is the frequency independent part (dc or
electronic) of o,., A is an amplitude constant that controls
the polarization, n (0 < n < 1) is the index whose value
depends upon the temperature and doping concentrations,
hence it shows the collaboration of mobile ions with the
lattice. At lower frequencies, G, remains almost frequency
independent while at higher frequencies, &,. is directly
related with ®". Value of n varies between 0.62 and 0.85
with Mn contents, as shown in Fig. 4b, which indicates that
hopping conduction phenomena exists in the present
compositions.

Complex impedance spectroscopy (CIS) is employed to
examine the conduction mechanism in different phases
(microstructures) within polycrystalline and ionic materi-
als. Here, an ac signal is applied through a sample in pellet
form and output response is noticed [30]. A decrease in real
(Z') and imaginary (Z") parts of impedance, as evident
from Fig. 5a, b, is the result of enhanced conduction due to
hopping of electrons between the localized ions which
increases with frequency of electric field [31]. In high
frequency region, both Z' and Z” become independent of
frequency. Similar type of behavior is also reported by
Singh et al. [32] for some other materials. The value of Z’
reduces as a function of Mn contents in BFO up to 15 %,
which demonstrates the increased conductivity within the
samples. According to heterogeneous two-layered model,
polycrystalline materials are composed of grains separated
by grain boundaries. Grain boundaries are more resistive as
compared to grains due to disordered atomic arrangement
near the grain boundaries which enhances electron scat-
tering resulting in increased resistivity. It is reported that
the electrical properties of ferrites are controlled mainly by
grain boundaries [33]. It is well known that larger the
crystallite size, lesser the number of grain boundaries and
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Fig. 3 Frequency dependence of €', €”, and tan & of BSFMO samples
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Fig. 4 a Log o, versus log ® (a) 1 (b)
for (S2-S6) samples, o] b 0.85 1
b exponent n as a function of > 3 & sS4 .
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Fig. 5 Frequency dependence of real (Z') and imaginary (Z”) parts of impedance

vice versa. From Table 1, it can be seen that crystallite size
increases with Mn contents due to which number of
resistive grain boundaries become lesser resulting in
increased conductivity. At higher frequencies, Z' for all
samples coincide with each other, so release of space
charge and decrease of barrier properties inside the mate-
rials are expected [34].

The dielectric modulus formalism is used to study the
dynamical features related to electrical transport within the
materials. One advantage of this technique is the suppres-
sion of electrode effect. From Fig. 6a, we observe for all
samples that in low frequency region, real part of modulus
(M) tends to be very small (approaches to zero) which
confirms that contribution of electrode effect is negligible.
A continuous dispersion as a function of increasing fre-
quency may be due to conduction phenomenon because of
short range mobility of charge carriers. With increasing
frequency, M’ reaches a maximum value for all samples
(except S2, for which M’ remains almost constant
throughout the frequency range). This demonstrates that
relaxation processes are spread over an extensive range of
frequencies. For S2, Mn = 0, which confirms that M’
remains constant due to the effect of Sr*™ while dispersions
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in other samples are the result of Mn*" doping in BFO.
Figure 6b shows that M” .. shifts towards higher fre-
quency side with increase of Mn contents (up to x = 0.15)
and frequency. On both sides of M” . peaks are wider and
asymmetric which indicate the spread of relaxation times
instead of a single time constant, so a non-Debye type
relaxation exists [34-36]. For sample S6, M” .. moves
towards low frequency region, an indication of increased
conduction mechanism. Charge carriers are able to move
over long and short distances at lower and higher fre-
quencies, respectively. M” .. is a symbol of transition
from long range to short range mobility. The condition for
observing M” .., of a material is: ot = 1, here ® = 27f,,,,
and T is the relaxation time [33].

Nyquist or Cole—Cole plots provide information about
the electrical processes occurring inside the materials in the
form of semicircular arcs [26] as shown in Fig. 7. The data
can be represented in the form of an equivalent electrical
circuit with parallel combination of resistance and capac-
itance as shown in Fig. 8. For sample S2, two semicircular
arcs can be observed which indicate two different types of
contributions. The high and low frequency semicircles
represent the contribution of grains and grain boundaries,
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Fig. 6 Frequency dependence of real (M) and imaginary (M") parts of electric modulus of BSFMO samples
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Fig. 7 Cole—Cole or Nyquist plots of samples

respectively. This process can well be explained on the
basis of Brick layer model [26]. For sample S3, a third
semicircular arc (not a full semicircular arc but somewhat
approaches towards the shape) is also observed. This may
be attributed to the beginning of polarization effects at the
material-electrode interface. The electrode polarization
may be neglected because it usually dominates at very low
frequencies. Sample S4 displays one semicircular arc and
one almost straight line with positive slope, which is the
characteristic of very high impedance. For sample S5, two

suppressed, distorted semicircular arcs and one straight
line-like that of sample S3 can be seen. Variation in grain
size distribution, defects, imperfections, grain boundary
stress/strain and volume fraction of the components may be
the factors contributing to such behavior [37]. The plot for
sample S6, displays one semicircle and one straight line
just like that of sample S4 representing the grain and grain
boundary effects, respectively. A perfect semi-circle hav-
ing center at real Z-axis is the characteristic for an ideal
Debye-type relaxation. For present study, the distorted
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Fig. 8 Equivalent circuits used to represent the electrical properties a grain effects, b grain and grain boundary effects, and ¢ grain boundary

effects

Table 3 Grain and grain
boundary contribution of the

doped compositions

Composition R, MQ) C, (pF) Ry, (MQ) Cgp (PF)
Sry.1Big oFeO5 1.4607 1.6804 - -
Sro.1Big.oFeg.0sMng 9503 1.117 79.2319 1.3 971.3557
Sro.1Big.oFep.0oMng, 1003 0.401 194.1464 - -
Sro.1Big.oFeg.gsMng 15053 0.7352 14.1150 0.2683 684.8196
Sro.1Big.oFeq.goMng 2003 52.8635 7.9760 - -

semicircles, having centers below Z’-axis demonstrate non-
Debye type of relaxation. We can calculate capacitance
using resistance and f;,.x for each semicircle by following
Eq. 4.

0T = 2MfmaxRC = 1 (4)

The calculated values of R,, C,, Ry, and Cy, are listed in
Table 3. The high value of Ry, is the result of electron
scattering due to disordered atomic arrangement at the
grain boundaries [31].

4 Conclusion

Polycrystalline NPs of as-burnt Big oSty FeO3 and Bigg
Srg.1Fe;_Mn,O; (x = 0, 0.05, 0.10, 0.15 and 0.20) are
prepared successfully using sol-gel auto-combustion
method at relatively low temperature. It is concluded that
sintering temperature is the most important parameter for
developing the crystal phase during the synthesis process of
ceramics. A heat treatment at 550 °C, minimum for 3 h, is
required to transform the gel into oxide in case of BFO. St/
Mn doping in BFO has not changed the crystal symmetry
of the parent compound. The calculated crystallite sizes are
in the range of 9-15 nm while average estimated grain
sizes are in the range of 50—-80 nm. At higher frequencies,
BSFMO NPs exhibit € > 200 while tan & < 1 which
suggests that the present compositions can be used to
design microwave/high frequency devices. Non-Debye
type relaxation is confirmed from complex impedance
spectroscopy. Frequency dependent analysis indicates that
there exist an overall correlation between Sr/Mn contents
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incorporated, properties and microstructures of BSFMO
ceramics. Dielectric and impedance properties are
improved with St/Mn co-doping in bismuth ferrite.
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