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Abstract
Enhanced magnetoelectric coupling is observed in bismuth ferrite samples, co-doped with
non-magnetic Ba and magnetic Gd ions replacing Bi and Fe, respectively. Distortion in Fe–O
octahedra has a significant effect on the magnetic properties of the samples. Ferromagnetic
signature is found to increase significantly in the co-doped samples with respect to the
only-Gd-doped sample both at 80 and 300 K. The co-doped samples show enhanced electric
polarization as well as the highest resistivity at room temperature, which might be due to the
reduction in the leakage current and oxygen vacancy in the compositions. An interesting
correlation between the antiferromagnetic Néel temperature (TN ) of bismuth ferrite and the
temperature-dependent dielectric constant is observed in all samples. Bi0.9 Ba0.1 Fe0.95 Gd0.05 O3
ceramic possesses maximum coupling between electric dipole and magnetic dipole with an
estimated magnetodielectric effect MD ([εr (H ) − εr (0)]/εr (0)) ∼ 380 at an applied field of
6 kOe. Impedance spectroscopy in the frequency range 40–107 Hz and temperature within
30–300 ◦ C suggests that grain relaxation is dominant in the samples. Electrical parameters
(such as capacitance and resistance) of the grains are determined using the real and imaginary
parts of impedance (Z  and Z  ) and the electrical modulus (M  and M  ) plot. The results of
electrical conductivity indicate a correlated barrier hopping conduction mechanism in the
samples.

1. Introduction
Room-temperature (RT) magnetoelectric (ME) coupling along
with high ferroelectric Curie temperature (TC ∼ 830 ◦ C) and
antiferromagnetic Néel temperature (TN ∼ 370 ◦ C) makes
bismuth ferrite (BFO) one of the most significant multiferroic
materials [1–4]. However, BFO is not suitable for device
applications [5], due to its very low value of magnetization and
electrical remanent polarization. Therefore, several attempts
have been made by researchers over the last few years to
improve the multiferroic performance of BFO for its successful
application in designing novel electronic devices. BFO has a

rhombohedrally distorted perovskite structure, which belongs
to the R3c space group [6]. G-type antiferromagnetic [7] spin
ordering in addition to a spiral spin structure with a wavelength
of 62 nm cancels the macroscopic magnetization in bulk BFO.
In thin films, the magnetization value of nanoparticles and
nanowires is high mainly due to the limitation of size, which
destroys the long-range spiral spin structure [8–11]. High
leakage current is also an obstacle in the way of using BFO for
practical purposes. The leakage current problem is reduced
in doped nanostructures due to the reduction in movable
charges or enhanced directional growth of thin films along the
(1 1 1) direction but it is very severe in bulk materials [12–14].

However, co-substitution of multi-elements in A and B sites
also reduces the leakage current problem due to reduction in
oxygen vacancy and better charge compensation in the samples
[15–18].
A large electric remanent polarization (Pr > 70 µC cm−2 )
is reported in Bi1−x Gdx FeO3 films deposited on Pt/Ti/SiO2 /Si
substrates [19]. But Bi1−x Rx FeO3 (R = GdMnO3 , Gd)
samples show very weak ferromagnetic (FM) order at RT
[20, 21]. Previous reports show that Ba doping in Bi sites
enhances the ME properties and shows ferromagnetism at RT
[22–26]. But to the best of our knowledge characteristics
of Ba and Gd co-doped BFO are not yet known. In this
work, we have doped Ba replacing Bi and Gd in place of
Fe. Gd3+ (0.938 Å) is used to substitute Fe3+ because of its
higher magnetic moment compared with Fe and higher radius,
which will create more distortion results during enhancement
in electrical polarization. So it is expected that Ba and Gd codoped samples will provide both enhanced properties as well
as good ME coupling.

Figure 1. XRD patterns of the Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) samples.

2. Experimental details

pattern shows that the doubly split peaks of BFO at 2θ ∼ 32◦ ,
2θ ∼ 39◦ , 2θ ∼ 51◦ and 2θ ∼ 56◦ merge into a single
broadened peak. This behaviour indicates the possibility
of higher structural distortion due to doping. Merging of
peaks upon ion doping was reported earlier as an indication
of rhombohedral to orthorhombic phase transition [27–
29]. Rietveld refinement was carried out for rhombohedral,
triclinic, monoclinic and orthorhombic structures. From the
refined parameters, the value of χ 2 in rhombohedral (=1.96)
and orthorhombic (=2.11) structures was found to be lesser
than that in monoclinic and triclinic structures. But we did
not observe any (1 1 1) peak near 2θ = 27◦ , which has been
treated as the evidence of the rhombohedral to orthorhombic
structure change [30]. Hence all the samples crystallize into
the rhombohedrally distorted perovskite structure with the
space group R3c at RT accompanied by a significant structural
distortion. Table 1 shows the refined parameters.
The magnetization hysteresis (M–H ) loops of all samples
are shown in figures 2(a) and (b), which clearly indicates
the enhancement in magnetization with doping at 80 and
300 K. Although Gd0.05 BFO and Ba0.05 Gd0.05 BFO show weak
FM behaviour, the magnetization value at the maximum
applied field is more in the first one with the same
concentration of Gd. Interestingly, the FM response is
enhanced with a further increase in Ba or Gd doping
concentration (i.e. in Ba0.05 Gd0.1 BFO and in Ba0.1 Gd0.05 BFO).
Gd-rich Ba0.05 Gd0.1 BFO shows enhanced magnetic properties
among all the doped samples with remanent magnetization of
∼0.07 emu g−1 at 300 K and a maximum magnetization value
of ∼0.82 eum g−1 at 80 K at an applied field of 16 kOe. As
reported previously, Eu and Gd doped BFO shows a lower
magnetization value [30–32]. Pradhan et al anticipated that
the ferromagnetism in Bi-rich Fe-deficient Gd-doped BFO
ceramics [32] might be induced from the defects created by
excess Bi in the interstitial region of the BFO lattice. But
defect-driven ferromagnetism is ruled out in our case as Bi
concentration is reduced due to Ba substitution. The origin
of FM states in nanostructured BFO is the breakdown of the

BiFeO3 (BFO), Gd-doped BiFe1−y Gdy O3 (y = 0.05, i.e.
Gd0.05 BFO) and Gd and Ba co-doped Bi1−x Bax Fe1−y Gdy O3
(x, y  0.1, i.e. Ba0.05 Gd0.05 BFO, Ba0.05 Gd0.1 BFO and
Ba0.1 Gd0.05 BFO) are prepared by a chemical synthesis route
in ambient atmosphere. Starting chemicals (Ba(NO3 )2 ,
Bi(NO3 )3 , Gd(NO3 )3 and Fe(NO3 )3 ) are weighed according
to the stoichiometric compositions, all supplied by SigmaAldrich with a purity of 99.9%. Solutions of these chemicals
are mixed and dried at 80 ◦ C. Homogeneous powders are
calcined in two steps, (a) at 750 ◦ C for 4 h and (b) at 885 ◦ C
for 2 h to get single-phase ceramics. For the measurement
of electrical properties, a pellet with a diameter of 5 mm
and thickness of 1 mm is prepared and sintered at 850 ◦ C.
Both sides of the pellet are pasted with a silver paste to
connect electric wires for measurements of dielectric and ME
properties.
The phase and structure of the samples are determined by
x-ray diffraction (XRD) using Cu Kα radiation (PAnalytical).
The valence state of the ions in the prepared samples is
determined using x-ray photoelectron spectroscopy (XPS)
(VG Microtech ESCA-2000 Multilab apparatus) with a nonmonochromatic Mg Kα (1253.6 eV) excitation source. The
magnetic properties of BFO are measured using a VSM (Lake
Shore Cryotronics) up to a maximum field of 16 kOe and within
the temperature range 80 K  T  300 K. An impedance
analyser (Agilent 4294A) is used to measure the change in
dielectric constant of the samples within the frequency range
40–107 Hz and at applied ac voltage 500 mV. Ferroelectric
hysteresis loops are studied by a PE loop tracer (Marine India).

3. Results and discussion
Figure 1 shows the XRD patterns of the undoped, single
ion doped and co-doped BFO samples. Gd0.05 BFO and
Ba0.05 Gd0.05 BFO possess a structure similar to that of BFO.
While with the increase in doping concentration the XRD
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Table 1. Refined structural parameters for the Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics (error in 10−4 order in refined parameters).

Sample
BFO

Gd0.05 BFO

Ba0.05 Gd0.05
BFO
Ba0.05 Gd0.1
BFO
Ba0.1 Gd0.05
BFO

Positions

Lattice
parameters (Å)

Atoms

a = 5.5617 ± 2
c = 13.8009
±1
a = 5.5756 ± 2
c = 13.8585
±1
a = 5.5679 ± 5
c = 13.8273
±1
a = 5.6377 ± 4
c = 13.8225
±1
a = 5.5753 ± 2
c = 13.8126
±3

Bi/Ba
Fe/Gd
O
Bi/Ba
Fe/Gd
O
Bi/Ba
Fe/Gd
O
Bi/Ba
Fe/Gd
O
Bi/Ba
Fe/Gd
O

6a
6a
18b
6a
6a
18b
6a
6a
18b
6a
6a
18b
6a
6a
18b

x

y

z

Bond

length
(Å)

Fe–O(1)/
Fe–O(2)

Angle
Fe–O–Fe

0
0
0.4194 ± 2
0
0
0.4239 ± 1
0
0
0.4611 ± 2
0
0
0.4733 ± 3
0
0
0.4935 ± 2

0
0
0.0008 ± 1
0
0
0.0226 ± 2
0
0
0.0082 ± 1
0
0
−0.0294 ± 5
0
0
0.0003 ± 2

0
0.2525 ± 2
0.9571 ± 2
0
0.2194 ± 2
0.9345 ± 3
0
0.2247 ± 4
0.9442 ± 5
0
0.2551 ± 2
0.9777 ± 4
0
0.2277 ± 1
0.9521 ± 1

Bi–O
Fe–O(1)
Fe–O(2)
Bi–O
Fe–O(1)
Fe–O(2)
Bi–O
Fe–O(1)
Fe–O(2)
Bi–O
Fe–O(1)
Fe–O(2)
Bi–O
Fe–O(1)
Fe–O(2)

2.38
2.15
1.91
2.11
2.27
1.90
2.21
2.27
1.81
2.66
2.34
1.67
2.29
2.34
1.79

1.12

152.44

1.19

142.41

1.21

154.82

1.39

166.20

1.22

163.10

in Bi1−x Gdx FeO3 enhanced magnetism does not occur from
magnetically active Gd3+ as the contributions of Fe and Gd
averaged over the cycloid period of the spatially modulated
structure in Bi1−x Gdx FeO3 would be zero. This argument
could be true in our case also. (c) Dzyaloshinksii–Moriya
(DM) interaction induces a weak ferromagnetism and ME
effect in incommensurate (IC) multiferroic perovskites, such
as RMnO3 (R = Gd, Tb, Dy) [34]. In the case of cuprates,
the DM interaction depends linearly on the tilt of the oxygen
octahedra and on the spin orbit of the Cu2+ ions [35]. So it
might happen that as distortion occurs in the lattice structure
of the samples due to doping, DM interaction is one of the
reasons for weak ferromagnetism in the materials. Weak
ferromagnetism may also arise because of the ME interactions
due to the internal effective electric field, as suggested by
Kadomtseva et al [36]. (d) In the FeO6 octahedra the iron
atom is displaced with respect to the centre of the octahedron.
So in the case of undoped BFO, it has three oxygen atoms
located at a long distance of 2.15 Å (Fe–O(1)) and another three
oxygen atoms located at a short distance of 1.91 Å (Fe–O(2))
from Fe. Substitution of higher radius atoms Ba2+ (1.49 Å)
and Gd3+ (0.93 Å) replacing Bi3+ (1.17 Å) and Fe3+ (0.63 Å),
respectively, distorted the lattice structure, which changes the
ratio between Fe–O(1) and Fe–O(2), resulting in a change
in the Fe–O–Fe bond angle. (Fe–O(1))/(Fe–O(2)) ratio is
maximum in the case of Ba0.05 Gd0.1 BFO. Hence, the major
reason for FM ordering in the Ba and Gd co-doped samples is
the release of potential magnetization locked in the cycloidal
spin structure.
P versus E loops of all four samples are shown in figure 3
at a frequency of 50 Hz and a maximum field of ±50 kV cm−1 .
The doped samples show well-saturated P –E loops while
BFO does not show any ferroelectric switching. Roundish PE
loop of the Gd0.05 BFO sample occurs due to the high leakage
current in a high electric field region. As the co-doped samples
are more insulating compared with others (see the inset of
figure 3) the charge defect concentration is noticeably less in
them. Ba0.1 Gd0.05 BFO shows a higher resistivity (∼1.5 × 107
at 1 kHz) at an applied field of 5.5 kOe and maximum remanent

Figure 2. Magnetic hysteresis loops of Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) at (a) 80 K and (b) 300 K.

cycloid spin structure in the samples [8–11, 21, 33]. But this
size effect does not play any role in our case as our samples
are bulk in size.
Now the possible reason behind the enhancement in
magnetization in our case might be the following. (a)
Although the valence state of Fe in BFO should be Fe3+
charge compensation required due to Ba2+ doping in the
position of Bi3+ might give rise to the formation of Fe4+ or
oxygen vacancies. Incorporation of Fe4+ in the compound
changes the magnetic spin structure from antiferromagnetic
to ferrimagnetic due to the difference in magnetic moment
between Fe3+ and Fe4+ . But the magnetization value here
in the co-doped sample is less compared with the only-Badoped BFO ceramics [22, 26]. This observation indicates that
the mixed valence state of Fe is reduced due to co-doping
in our sample. But further experimental evidence is needed
to prove this fact. (b) Khomchenko et al reported [20] that
3

Table 2. Dielectric relaxation time (τ ) and (1 − α) values for the
Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics.
Sample

ε∞

εs

τ (s)

1−α

BFO
Gd0.05 BFO
Ba0.05 Gd0.05 BFO
Ba0.05 Gd0.1 BFO
Ba0.1 Gd0.05 BFO

1.65
1
2.5
1.55
2.1

2
0.08
10.5
24.5
42

(3.7 ± 0.2) × 10−4
(0.9 ± 0.01) × 10−2
(1.5 ± 0.2) × 10−2
(4.4 ± 0.8) × 10−2
(1.2 ± 0.2) × 10−2

0.4 ± 0.008
0.27 ± 0.001
0.31 ± 0.005
0.44 ± 0.003
0.37 ± 0.005

slight dispersion with frequency, the co-doped samples show
significant frequency dispersion behaviour similar to the earlier
reports on BFO samples [38, 39]. Low frequency dispersion
of BFO is reported to be due to the finite conductivity arising
from oxygen vacancies in the BFO ceramics [40, 41]. Four
types of polarization, (a) electronic, (b) atomic and ionic,
(c) dipolar and (d) interfacial polarization, contribute to the
total polarization. Dipolar polarization contributes in the subinfrared frequency range (103 –106 Hz) [30]. It is impossible
for dipolar polarization to follow the electric field in the
microwave region, whereas interfacial polarization contributes
only in the lower frequency range (∼103 Hz). Therefore,
at higher frequencies ε is smaller as all polarizations do not
contribute at high frequencies. Obstruction of charge carriers
at the grain boundaries or at the defect sites develops a localized
polarization in polycrystalline samples [42]. RT variation of
ε with frequency is fitted well with the Cole–Cole equation
given by
εs − ε∞
,
(1)
ε(ω) = ε∞ +
(1 + iωt)1−α

Figure 3. Ferroelectric hysteresis loop of the Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) ceramics at f = 50 Hz. The inset shows the
resistivity (ρ) versus applied magnetic field plot at frequency 1 kHz.

where ε∞ is the permittivity at the high frequency limit, εs is
the static, low-frequency permittivity, τ is the characteristic
dielectric relaxation time and ω is the angular frequency. The
exponent parameter α can take a value between 0 and 1. τ and
(1 − α) values of all the samples obtained from the best fitted
experimental and theoritical results (table 2) indicate that the
dielectric relaxation time increases with doping.
Establishing a material as a good multiferroic requires
the presence of ME coupling between magnetic and electric
dipoles in the material. ME coupling of the material can
be measured by observing the change in the polarization or
magnetization value by the application of external magnetic
or electric field, respectively. Inset (a) of figure 4 shows the
ε versus temperature plots of all the samples at a frequency
1 kHz. It can be clearly seen that at low temperatures
(<350 ◦ C), the ε value of all the samples is invariant with
temperature. But around 385 ◦ C, which is very close to the
magnetic transition temperature (370 ◦ C) of BFO, ε of all
the samples increases sharply. Since magnetic and electric
orderings are coupled in these materials, a change in magnetic
ordering clearly affects the ε value. Ba0.1 Gd0.05 BFO shows a
higher maximum increment of ε than the other doped samples.
Inset (b) of figure 4 shows the dielectric loss (tan δ) versus
frequency plots of all the samples. Dielectric loss behaviour
of undoped BFO in the higher frequency (∼106 Hz) range
indicates the Maxwell–Wagner space charge effect [43, 44].
This dielectric relaxation might be coming from a parallel
combination of capacitance and resistance of grains and grain

Figure 4. Dielectric constant (ε) versus frequency of the
Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics at RT. Inset (a)
shows the ε versus temperature plot at frequency 1 kHz and (b)
shows the RT dielectric loss (tan δ) versus frequency plot.

polarization (Pr ∼ 8.82 µC cm−2 ) compared with the other
doped samples. But Ba0.05 Gd0.1 BFO shows more leakage free
nature with Pr ≈ 7.08 µC cm−2 . Table 1 shows that Gd and
Ba co-doping distorted the Fe–O octahedra which might lead
to an enhancement in the polarization value. It is reported
that straightening of the Fe–O–Fe angle increases the orbital
overlap between the O 2p and the Fe 3d levels [37]. Although
the Fe–O–Fe angle is minimum in the Gd0.05 BFO sample,
it shows leakage behaviour. Therefore, better ferroelectric
properties in the co-doped samples occur due to the reduction
in oxygen vacancy.
Frequency dependence of the dielectric constant (ε) of
the samples is measured at RT (figure 4). The ε values
are ∼196, 48, 530, 459 and 1536 at 1 kHz for the samples
with compositions of BFO, Gd0.05 BFO, Ba0.05 Gd0.05 BFO,
Ba0.05 Gd0.1 BFO and Ba0.1 Gd0.05 BFO, respectively. A high ε
value in the co-doped samples indicates a lower charge defect
in the samples. Although BFO and Gd0.05 BFO show only a
4

response corresponds to Rg Cg , which is the grain response, and
Rs and Ls represent the contribution from the measuring leads
and electrodes. Each semicircle appearing in the impedence
plot corresponds to the parallel RC component of the equivalent
circuit.
Nyquist plots of -imaginary versus real impedance data at
different temperatures are shown in figures 7(a)–(e). All Z ∗
(−Z  versus Z  ) plots at different temperatures (∼30–250 ◦ C)
consist of a single high-frequency arc, which is centred on the
real axis. In the case of BFO, on increasing the temperature
above 120 ◦ C a distorted arc (figure 7(a)) is obtained, which
might be the indication of an additional component appearing
at low frequencies. This high-frequency semicircle can be
identified as a bulk property from the fact that it passes through
the origin and the grain boundary effect seems to be eliminated
[46, 47]. The resistance value for the grain (Rg ) at a given
temperature is equal to the intercept of the corresponding
semicircle with the x-axis. The capacitance (Cg ) related to a
grain can be calculated using Rg and the frequency of maxima
(fmax ) of the semicircle from the equation

Figure 5. MD versus applied field plot of the Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) ceramics at frequency 1 kHz. The inset shows the
RT dielectric constant versus frequency plot of the Ba0.1 Gd0.05 BFO
sample at different applied magnetic fields.

ωτ = 2πfmax RC = 1.

(2)

The value of Cg obtained (table 3) at 100 ◦ C for all the samples
is of the order of pF. It is clear that Rg of all the samples
decreases with increase in the temperature, which might be
due to the thermally activated change in conductivity of the
samples. The resistance (Rg ) obtained for the grain follows
the Arrhenius law:


Er
τ = τ0 exp
,
(3)
KB T

Figure 6. Equivalent circuit that represents the electrical properties
of grains and grain boundaries.

boundaries. This peak shifts towards lower frequency with
doping, with a decrease in the peak intensity. However,
the Ba0.1 Gd0.05 BFO and Ba0.05 Gd0.1 BFO samples show no
signature of dielectric loss peak, which indicates that the space
charge effect is reduced in these samples. As all the samples
were prepared in a similar way, we can ignore the possibility
of the space charge effect coming from the interface of the
electrode and ceramics.
The magnetic field dependence of ε, which is called
the magnetodielectric (MD) effect, is also measured to
study ME coupling in doped samples. Figure 5 shows
the field dependence of the MD effect, expressed by
[εr (H ) − εr (0)]/εr (0) at a frequency of 1 kHz of all the
samples. Although parent BFO shows a very weak MD
effect, it increases with doping. Above 2.5 kOe applied
field MD increases dramatically in the Ba0.1 Gd0.05 BFO and
Ba0.05 Gd0.1 BFO samples. In the case of Ba0.1 Gd0.05 BFO, MD
is ∼ 360 at 5.5 kOe field. So from the above observed data
it can be said that the Ba and Gd co-doped Ba0.1 Gd0.05 BFO
sample exhibits better ME coupling [45].
Complex impedance spectroscopy [46] is a very well
known technique to describe the electrical properties of
polycrystalline electroceramics. Grain and grain boundary
contributions to the electrical properties (conductivity,
dielectric constant) of dielectric materials are better analysed
using the equivalent circuit (figure 6) and brick layer model for
electroceramics. The equivalent circuit model consists of two
parallel RC circuits (Rg Cg and Rgb Cgb ), Rs and Ls connected
in series. Here, the low frequency response corresponds to
Rgb Cgb , which is the grain boundary response, high frequency

where τ0 is the prefactor, Er is the activation energy for
dielectric relaxation, T is the absolute temperature and KB
is the Boltzmann constant. Figure 7(f ) shows the fitted curve
for all the samples. The slope of the ln(Rg ) versus 1000/T
curve gives activation energy (Er ), which varies within 0.41–
0.63 eV for all the samples (table 3). This value is very close
to the activation energy of the La-doped BFO sample for
thermal motion of oxygen ion vacancies [41]. So here also the
existence of a relaxation mechanism may be interpreted by the
charge carriers created by oxygen vacancy hopping between
neighbouring sites within the crystalline lattice. This Er value
decreases when Gd is doped but increases with co-doping. Er
for grain conduction is the highest (∼0.63 ± 0.03 eV) for the
Ba0.1 Gd0.05 BFO sample and is the lowest (∼0.41 ± 0.06 eV)
for the Gd0.05 BFO sample.
The size of the semicircles appearing in the impedence
plot depends on the resistive responses of the components.
If the difference in resistance between the grain and grain
boundary is large then it is very difficult to resolve the
responses coming from the grain and grain boundary. The
electric modulus depending on the capacitance value could be
helpful in understanding the different relaxations. The electric
modulus (M  ) is expressed as
M ∗ = M  +jM  = j×2πf C0 Z ∗ = j×2πf C0 (Z  +jZ  ), (4)
where C0 = ε0 A/d is the geometrical capacitance, A is the
electrode area and d is the distance between the electrodes [48].
5

Figure 7. (a)–(e) Nyquist plot of impedance measured at different temperatures and (f ) Arrhenius plot for the grain resistance temperatures
of the Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics.

the grain boundary response, disappears in the Ba0.1 Gd0.05 BFO
sample. The abnormally small grain boundary response can
be due to the presence of a high ionic conductivity phase along
the grain boundary, which short circuits the grain boundary
impedence. Otherwise, the grain bounday peak in the other
samples might occur at a frequency below 40 Hz, which is not
possible to measure with our instrument.
Figures 9(a)–(e) show the variation of ac conductivity
(σac ) with frequency in the range 40–107 Hz and at different
temperatures of the samples. All plots reflect a dispersion
of σac , which shifts towards higher frequency with increasing
temperature. In the case of Gd0.05 BFO and Ba0.05 Gd0.1 BFO
(figures 9(b)–(d)), it is observed that σac increases with
frequency but in the high-frequency region, ∼5–10 MHz,
σac starts decreasing again. σac increases with increase in
frequency as the hopping of carriers increases. But at very
high frequencies it is difficult for the carriers to follow the
applied field frequency so it lags behind the applied frequency,
resulting in a drop in the σac values. σac consists of a flat and
frequency-independent region in the low-frequency region.
With the increase in the temperature this flat region increases
suggesting a dominant dc conduction behaviour in this region.
At the same time, σac also depends on the doping concentration.
Figure 9(f ) shows the change in σac with doping variations at
100 ◦ C. σac increases after doping BFO with Gd but it starts
decreasing in the co-doped samples. Ba0.1 Gd0.05 BFO has the
minimum σac value among all the samples.
σac of a material can be written as [49]

Table 3. Various calculated parameters for the
Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics.
Sample

Rg
Cg
fmax (Hz) (k cm) (pF cm−1 ) Er (eV)

BFO
Gd0.05 BFO
Ba0.05 Gd0.05 BFO
Ba0.05 Gd0.1 BFO
Ba0.1 Gd0.05 BFO

6.9 × 104
3.4 × 106
4.6 × 103
6.2 × 103
4.0 × 103

282.8
2.49
140
670
500.2

8.16
18.80
247.2
38.45
79.4

0.48 ± 0.02
0.41 ± 0.06
0.58 ± 0.005
0.61 ± 0.03
0.63 ± 0.03

Figure 8(a) shows the complex modulus plot (M  versus
M ) of BFO in the temperature range from 70 to 330 ◦ C.
The depressed semicircle in the temperature range 70–100 ◦ C
indicates the possibility of having more than one relaxation in
the sample [41]. But above 100 ◦ C only one arc is observed
cosresponding to the grain relaxation. M  versus frequency
plot for all samples at different temperatures is shown in
figures 8(b)–(f ). All samples show a strong peak in the
plot in the 1.5–10 kHz frequency range associated with the
Rg Cg component of the circuit. Peak positions get shifted
towards higher frequency with increasing temperature. In
the case of BFO (figure 8(b)) an inclination is observed
(the plot of 70 ◦ C) on the higher frequency (>106 Hz) side,
which might be coming from measuring leads and electrodes
(Ls Rs ). The Ba0.05 Gd0.05 BFO sample shows two peaks, one
at ∼1 kHz and another at ∼10 kHz (plot of 100 ◦ C), whereas
the Ba0.05 Gd0.1 BFO sample also shows a very weak peak at
∼1 kHz and a strong peak at frequency ∼10 kHz (plot of
100 ◦ C). But this peak at ∼1 kHz, which might correspond to


σac (T ) = σ1 (T ) + σ2 (T ),
6

(5)

Figure 8. (a) Complex modulus plots of pure BFO and (b)–(f ) M  versus frequency plots of the Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1)
ceramics at different temperatures.

Figure 9. Ac conductivity plots as a function of frequency (a)–(e) at different temperatures and (f ) at 100 ◦ C of the Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) ceramics.

where the first term is the frequency-dependent component of
ac conductivity, which is related to the dielectric relaxation due
to the localized electric charge carriers. σ1 (T ) is given by
σ1 (ω, T ) = A(T )ωη (T ),

where the parameter η is dimensionless and A has the unit of
conductivity. The slope of the ln(σac ) versus ln(ω) plot gives
the η value of the material at that temperature. Figure 10(a)
shows the temperature dependence of the η value of the
samples. It is well known that the nature how η varies with

(6)
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Figure 10. (a) Variation of η with temperature and (b)–(f ) ac conductivity versus 1000/T (K−1 ) plots of the Bi1−x Bax Fe1−y Gdy O3
(0  x, y  0.1) ceramics at different frequencies.

temperature can suggest the conduction mechanism in the
material depending on various models [41, 49–52]. If (i) η is
independent of temperature then conduction can be explaind
by quantum mechanical tunnelling (QMT), (ii) correlated
barrier hopping (CBH) is expected when η decreases with
temperature, (iii) the increase in η with temperature can be
correlated with small polaron conduction, while if η reaches
a minimum followed by an increase with a further increase
in temperature then an overlapping large polaron tunnelling
(OLPT) is the dominant conduction mechanism. It is very
clear from figure 10(a) that for all samples η decreases slowly
with increasing temperature (table 4). Therefore, CBH is
the expected conduction mechanism in the Ba and Gd doped
samples.
The second term of equation (5), σ2 (T ), is the dc
conductivity, which corresponds to the drift of charge carriers
and follows the Arrhenius relation:


Ea
,
(7)
σ2 (T ) = σ0 exp −
KB T

be found from the slope of the curves (table 4). It is observed
that activation energy decreases with increase in frequency.
The value of activation energy of the samples in region I varies
from 0.27 to 0.99 eV, which indicates long-range motion of
oxygen vacancy contribution in the conduction mechanism
[41]. Whereas in region II, the value and variation of activation
energy are very small with doping, which indicates that
short-range hopping motion of oxygen vacancy and impurity
conduction might prevail in this temperature region.
One of the possible explanations of anomaly in the
activation energy value is the substitution of Ba and Gd in place
of Bi and Fe in the unit cell. Ac conductivity in the samples
is mainly due to the hopping of oxygen vacancy between the
oxidation states of Fe3+ –O–Fe+2 ion. Oxygen vacancy arises
in BFO due to the volatile nature of Bi. So co-doping has an
indirect but appreciable effect on hopping conduction in the
samples.
To further measure the oxidation states of the elements
and the oxygen vacancy with doping in the doped samples,
XPS measuremernts were performed on undoped BFO,
Ba0.1 Gd0.05 BFO and Ba0.05 Gd0.1 BFO ceramics. Figure 11(a)
displays a doublet located at 157.9 eV and 163.2 eV,
corresponding to the core lines of Bi 4f7/2 and 4f5/2 of Bi3+ ,
respectively, which remains unchanged with doping in all the
samples. The Fe valence states of the sample are shown in
figure 11(b). There is no difference in the peak positions
for all the samples. The peaks at binding energies 710.3 eV
and 723.9 eV represent Fe 2p3/2 and 2p1/2 peaks of Fe3+ ,
respectively, arising from spin–orbit interaction. No distinct
peak of Fe2+ is observed at 709.5 eV. The satellite peak for Fe
2p3/2 at a difference of 8 eV furthermore confirms that only

where σ0 is the pre-exponential factor and Ea is the activation
energy for charge conduction. Figures 10(b)–(e) show the
variation of ln(σac ) with the inverse of temperature (on
K scale) at different frequencies for all the compositions.
Conductivity behaviour shows two regions, region I where
the conductivity is strongly temperature dependent but almost
frequency independent and region II where the conductivity
is strongly dependent on frequency but weakly temperature
dependent. Temperature division for regions I and II is
different for all the samples. The activation energy of the
samples for intrinsic conduction at different frequencies can
8

Table 4. Activation energy and η value for the Bi1−x Bax Fe1−y Gdy O3 (0  x, y  0.1) ceramics.
Region I Ea (eV)

Region II Ea (eV)

Sample

100 Hz

1 kHz

10 kHz

100 kHz

1 MHz

100 Hz

1 kHz

10 kHz

100 kHz

1 MHz

η at 30–300 ◦ C

BFO
Gd0.05 BFO
Ba0.05 Gd0.05 BFO
Ba0.05 Gd0.1 BFO
Ba0.1 Gd0.05 BFO

0.72
0.56
0.65
0.87
0.99

0.54
0.39
0.61
0.85
0.91

0.50
0.31
0.57
0.85
0.82

0.53
0.27
0.53
0.75
0.69

0.53
0.27
0.40
0.62
0.45

NA
NA
NA
0.21
0.44

NA
NA
0.26
0.21
0.35

NA
NA
0.21
0.19
0.24

0.18
NA
0.23
0.19
0.19

0.11
NA
0.25
0.11
0.16

0.66–0.07
1.0–0.31
0.56–0.01
0.39–0.12
0.85–0.27

Figure 11. XPS spectra of the (a) Bi, (b) Fe element, and (c) O1s of BFO, Ba0.1 Gd0.05 BFO and Ba0.05 Gd0.1 BFO samples.

Fe3+ is present in the samples. Figure 11(c) shows the O 1s
spectra of the samples, which can be fitted to a symmetric
Gaussian curve with peak positions 529.2 and 531.4 eV. The
lower binding energy peak corresponds to the O 1s core
spectrum of the BFO phase [11] while the higher binding
energy peak can be attributed to the oxygen vacancy [53] in
the samples. Comparing the area ratio of the two peaks (lower
binding energy/higher binding energy) in the samples, it is
observed that the area ratio is higher in the co-doped sample as
compared with BFO, indicating a decrease in oxygen vacancy
concentration in the co-doped samples [54]. Oxygen vacancy
is minimum in Ba0.1 Gd0.05 BFO.

observed in Ba0.1 Gd0.05 BFO with a remanent polarization
Pr ∼ 8.82 µC cm−2 at RT. The anomaly in the ε value of all
the ceramics at ∼385 ◦ C is considered to arise from magnetic
ordering. Impedance spectroscopy and electrical modulus
plots suggest only one relaxation in the frequency range 40–
107 Hz, which is preferably due to the grain contribution. The
grain resistance follows the Arrhenius law associated with
the highest activation energy of ∼0.63 eV in the case of the
Ba0.1 Gd0.05 BFO sample, which is almost the same as the
activation energy obtained from the frequency-independent
region of ac conductivity data. A decrease in the η value
with temperature implies that charge transport is assisted
by a correlated barrier hopping mechanism. Although the
magnetization and remanent polarization values of Ba, Gd codoped BFO are smaller than those of other rare earth doped
BFO thin films or nanostructures, the presence of enhanced
magnetoelectric behaviour at RT makes this material a true
multiferroic.

4. Conclusion
To conclude, distortion in lattice structure arising due to Ba
and Gd doping decisively influences the magnetic properties of
BFO. Gd doping induces RT ferromagnetism in BFO ceramics,
which again increases on replacing Bi with Ba. Gd-rich
Ba0.05 Gd0.1 BFO shows maximum magnetization both at 80
and 300 K. A change in the Fe–O bond length due to doping
gives rise to ferromagnetic behaviour in the ceramics. Due
to high resistivity, a well-saturated P –E hysteresis loop is
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