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A B S T R A C T

Bi0.80Ba0.20Fe1-xTixO3 (0 � x � 0:10) samples are prepared using solid state reaction technique. Bi3þ site is
replaced with 20 % Ba2þ which induced structural modification from rhombohedral to pseudo cubic accompanied
by the creation of oxygen vacancies owing to the charge reimbursement. Fe3þ site is replaced with different
concentrations of Ti4þ keeping Ba content fixed. All the samples exhibited similar morphology and no significant
variation in grain size is observed by substituting Ti at Fe site. All of the samples exhibited ferromagnetic
behavior, which is ascribed to the destruction of spiral spin structures and changes in super-exchange interaction
strength caused by variations in bond lengths of Fe–O and Fe–O–Fe. The decrease in magnetization with
increasing Ti concentration is due to magnetic moment dilution caused by non-magnetic Ti4þ. An anomalous
trend in magnetization is observed for magnetic measurements at low temperature (77 K) where structural
transformation from ferromagnetic to diamagnetic behavior was noted for 10% Ti content. Further, because of the
incorporation of Ti4þ, an improved dielectric property was observed due to increase in resistivity and decrease in
the defect concentration (oxygen vacancies). In the present study, it was concluded that optimum concentration of
Ba2þ (20%) and Ti4þ co-doped BiFeO3 systems have shown enhanced multiferroic properties at room
temperature.
1. Introduction

Multiferroic materials have received much more attention in the
modern world for potential applications in the digital era for data storage
devices, i.e. Photovoltaic cells andmagnetoelectric memories and sensors
etc. [1, 2, 3, 4]. Multiferroic materials possess more than one primary
ferroic property [5, 6], i.e. (anti) ferroelectricity and (anti) ferromagne-
tism. Unfortunately, very rare in nature due to the requirement of empty
d0 orbitals for ferroelectricity and partially filled d orbitals for ferro-
magnetism [7]. However, with this coexistence, there is possibility that
magnetization and polarization can be tuned by electric and magnetic
field which is termed as magnetoelectric (ME) effect [8]. In this regard,
Bismuth ferrite, BiFeO3 (BFO) has become a potential candidate due to its
novel properties and immense applications [9, 10]. BFO is a fascinating
multifunctional material with unique physical properties [11, 12, 13, 14,
15]. In addition to this, BFO is a rare sole phase room temperature
multiferroics which shows promising application due to high ferroelec-
tric and antiferromagnetic transition temperature (Tc � 1103 K;
asbuet@gmail.com (B. Chandra
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TN � 643 K) [16]. The rhombohedral structure of pure BFO has an R3c
space group with antiferromagnetic spin structure along with incom-
mensurate long range (λ ¼ 62 nm) cycloidal spin structure [17]. The
Dzyaloshinsky-Moriya (DM) interaction influences long-range G-type
antiferromagnetic ordering [18].

BFO, as a multifunctional electromagnetic material, has piqued the
interest of many researchers [19]. Its microstructure has been extensively
studied in terms of its effect on electromagnetic and multiferroic prop-
erties [20, 21, 22]. By suppressing oxygen vacancies and the valence
effect, (Nd/V) co-doped BFO shows enhanced photovoltaic and ferro-
electric properties [23]. Li substituting in BFO causes phase separation,
resulting in a BFO - spinel LiFe5O8 nanocomposite with room tempera-
ture magnetic behavior from LiFe5O8 [24]. The Sm/Nb co-substituting
changes the space group of BFO, which appears to improve its multi-
ferroic properties [25]. Due to changes in lattice anisotropy, Nb ions can
tune the domain configurations in BFO thin films [26]. Owing to polar-
ization flipping at the Pt/(Bi0.9Sm0.1) (Fe0.97Hf0.03)O3 interface,
Pt/(Bi0.9Sm0.1) (Fe0.97Hf0.03)O3/LaNiO3 heterostructures have improved
Das).
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photovoltaic properties [27]. BFO has electromagnetic absorption per-
formance due to its multiferroic properties, but it is limited.

Instead of numerous interesting features, BFO has several drawbacks
like presence of secondary phases, high leakage current, high dielectric
loss, and weak ME coupling which limit its practical application [28]. In
order to overcome these issues, several attempt have been made to
replace A-site Bi3þ and B-site Fe3þ site ions with dopants such as Ba2þ

[29], Sr2þ [30], Ca2þ [31], La3þ [32], Gd3þ [33] and Ti4þ [34], Mn4þ

[35], Nb5þ [36] to enhance the ferroelectric and ferromagnetic proper-
ties, respectively. Among various kinds of doping at A-site, 20% Ba
doping showed enhanced magnetization by improving the phase purity
of BFO [37]. On the other hand, partial replacement of Fe3þ by
non-magnetic Ti4þ can reduce the leakage current with the removal of
oxygen vacancies [38, 39]. Besides, the dielectric of BFO and doped BFO
shows featured frequency response in microwave field because of its
defect and distorted structure [40]. The amount of doping has an effect
on both magnetic and dielectric properties. These are beneficial to tuning
microwave absorption of BFO [11]. In this study, we want to improve the
dielectric and magnetic characteristics of BFO by replacing A-site Bi3þ by
Ba2þ and B-site Fe3þ by Ti4þ ions. Ba2þ substitution at Bi3þ will induce
oxygen vacancies or can change the valence from Fe3þ to Fe2þ due to
charge compensation [41]. Secondly, the substitution of Ba2þ which has
large ionic radii (1.42 Å) as compared to Bi3þ (1.17 Å) can induce lattice
strains [34, 37]. Consequently, charge imbalance and induced strain
suppressed the spiral spin structure, releasing the spiral's locked
magnetization [42]. The suppression of spiral is usually achieved due to
the structural transformation (Breaking/weakening or R3c symmetry).
Mahbub et al. [43] reported that 20% Ba doping in BFO transformed
structure to tetragonal while Rout et al. [44] reported that both R3c and
P4mn space group coexist. Further, Shahzad et al. [35, 37] reported that
20% Ba doping in A site of BFO can suppress secondary phases and
significantly enhances the magnetic properties of the system by sup-
pressing the spiral spin structure. Thus, Ba2þ substitution can be bene-
ficial to induce and enhance magnetization in BFO. However, the
generation of oxygen vacancies on the other hand can hamper the
dielectric and ferroelectric properties due to leakage current [37]. This
issue can be resolved by co-substitution at Fe3þ site with ions of higher
valence state. As Ti and Fe ions exist inþ4 andþ3 states, the substitution
of Ti will compensate the loss of positive charge due to substitution of
Baþ2 with Bi3þ site. Such substitution resulted a reduce in the concen-
tration of oxygen vacancies by charge compensation mechanism. More-
over, Ti4þ substitution will improve the resistivity of the prepared
systems.

Herein, the idea is to replace Bi3þ by Ba2þ (at Bi site, 20% Ba is fixed)
and changing the Fe3þ content by Ti4þ. Local structural, magnetic, and
dielectric properties of Bi0.80Ba0.20Fe1-xTixO3 (0� x� 0.10) system were
investigated. The properties of these systems have been explained
considering the effects of composition, differences in size and electronic
configuration between the host elements (Bi, Fe) and the substituents
(Ba, Ti). These optimized systems are expected to have very good mag-
netic as well as electrical properties. To the best of our knowledge, there
have been no studies of Ti4þ -substituted Bi0.80Ba0.20FeO3 prepared by
solid-state reaction method.

2. Experimental details

The Bi0.80Ba0.20FeO3 (BBFO), Bi0.80Ba0.20Fe0.98Ti0.02O3 (BBFTO1),
Bi0.80Ba0.20Fe0.94Ti0.06O3 (BBFTO2), and Bi0.80Ba0.20Fe0.90Ti0.10O3
(BBFTO3) compositions were synthesized using a planetary ball milling
and a solid state reaction method. High purity oxides like Bi2O3, BaCO3,
TiO2 and Fe2O3, were carefully weighted according to their stoichio-
metric ratio extracted after balancing chemical equations. To homoge-
nize the powder, the weighed samples were grinded in a mortar for 1 h
and 30 min and then ball milled further for about 6 h. The ball milled
samples were then calcined at 1123 K for 30 min followed by an inter-
mediate grinding. The samples were then palletized using hand presser
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under 500 psi where PVA (polyvinyl alcohol) was used as a binder. The
palletized samples were sintered at 1123 K for 30 min. We adopted
identical heat treatment temperature to compare changes in the prop-
erties. The X-ray diffraction (XRD) data was recorded in the range 00 �
2θ � 800 using PANalytical EMPERION diffractometer with CuKα (λ ¼
1:540598�A) radiation in continuous scanning mode. Structural refine-
ment has been performed with the GSAS software by employing the
Rietveld refinement technique. After refinement, CIF files were extrac-
ted, and structure was visualized using VESTA program where bond
length and bond angles were calculated. A field emission scanning
electron microscope (FE-SEM; JSM 7600F, JEOL-Japan) was used to
examine the surface morphology and microstructure of the samples. For
the magnetization measurement, we have used vibrating sample
magnetometer (VSM). A pure Ni usual sample was used to calibrate the
instrument. In fields between � 1 T � 0 � 1T, the M vs. H hysteresis
loops were recorded at 298 K and 77 K. To measure dielectric properties,
all of the pellets were polished and converted to parallel plate capacitors
by introducing silver paste on opposite faces of the pellets. The pellets
were dried at 373 K for 2 h before taking the room temperature and
temperature dependent dielectric data using precision impedance
analyzer (Model: Wayne Kerr 6500B).
3. Result and discussion

3.1. Structural properties

The crystallographic structures of BBFO, BBFTO1, BBFTO2, and
BBFTO3 samples were examined by XRD. Figure 1(a) shows the complete
XRD patterns and Figure 1(b) shows the enlarged view of XRD patterns
from 31� to 33� of pristine BFO, BBFO, BBFTO1, BBFTO2, BBFTO3
ceramics at room temperature. Figure 2a, b, c, d show the Rietveld fitted
XRD patterns and values of crystal structure parameters extracted after
fitting are summarized in Table 1. Rietveld analysis suggests that BFO
crystalized in rhombohedral R3c structure whereas BBFO sample crys-
tallized in both rhombohedral R3c and pseudo cubic Pm3m structures.
Both these samples contained slight amount of Bi3þ rich impurity phase
(Bi25FeO40). This impurity phase has been usually reported [45]. Other
Ti4þ substituted samples were carefully checked for secondary phases
using qualitative Rietveld refinement technique (Figure 2), but no im-
purity peaks were observed. The absence of impurity peaks for BBFTO1,
BBFTO2, and BBFO3 samples indicate that impurity phases were not
formed as a result of Ti4þ substitution and stabilize the structure.
Moreover, XRD exploration suggest that doubly split peaks observed for
pure BFO around 32� corresponding to (104) and (110) planes, around
37� corresponding to (006) and (202) planes, around 52� corresponding
to (211) and (116) planes, and around 58�; corresponding to (018) and
(214) planes merged eventually to form single broad peak on addition of
20% Ba2þ substitution at Bi3þ site. Figure 1(b) shows one of these four
doubly split peaks which merged together to form a single broad peak.
This merging of two peaks into one broad peak indicates a structural
phase transformation from R3c (rhombohedral) to Pm3m (pseudo cubic)
symmetry. Rietveld refinement confirmed that rhombohedral R3c sym-
metry is changing to pseudo cubic Pm3m: Whereas the shift in 2θ peak
for BBFO sample towards the lower angles indicates increase in unit cell
volume which occurred due to size difference between Ba2þ (1.42 Å) and
Bi3þ (1.03 Å) ions. We also noted that with inclusion of Ti4þ ions
(BBFTO1, BBFTO2, and BBFTO3 samples) a slight shift of diffraction
peaks towards the lower angles has been observed which indicates slight
increase in lattice parameter and is attributed to the ion size difference
between Fe3þ (0.64 Å) and Ti4þ (0.68 Å). Ti4þ found at grain boundaries
may be responsible for the increase in lattice parameter [46]. However,
no differences occurred with peak shapes after Ti4þ incorporation indi-
cating that structure transformation is same as that of the BBFO sample.
Makhdoom et al. [47] reported similar structural transformation on 10%
Ba doped BFO system. Similar kinds of structural transformation has also



Figure 1. (a) XRD pattern of pristine BFO, BBFO, BBFTO1, BBFTO2, and BBFTO3, and (b) enlarge view from 31� to 33�.

Figure 2. (a), (b), (c), and (d) show the Rietveld refinement for BBFO, BBFTO1, BBFTO2, and BBFTO3 samples.
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Table 1. Several structural parameters of BBFO, BBFTO1, BBFTO2 and BBFTO3 samples.

Parameters BBFO BBFTO1 BBFTO2 BBFTO3

Wt% Rietveld Rhombohedral (R3c) phase 24 32 26 31

Cubic (Pm 3m) phase 76 68 74 69

Lattice parameter Rhombohedral phase a ( _A) 5.5978 5.6003 5.6095 5.6221

c ( _A) 13.8169 13.7989 13.7301 13.6843

Cubic phase a ( _A) 3.9849 3.9839 3.9825 3.9821

Volume Rhombohedral 374.961 374.803 374.165 374.587

Cubic 63.281 63.232 63.166 63.147

Crystal density (g/cm3) R3c 8.313 8.316 8.330 8.321

Pm 3m 6.172 6.177 6.183 6.185

Rwp 0.0457 0.0530 0.0531 0.0542

Rp 0.0428 0.0418 0.0420 0.0424

GOF 1.675 1.476 1.594 1.644

Fe–O bond length ( _A) 1.9416 (4) 1.9417 (3) 1.9448 (2) 1.9420 (7)

Fe–O–Fe bond angle (deg.) 156.178 156.172 156.151 156.134

T 0.897 0.90 0.901 0.899
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been reported by Zhang et al. [48] for Pb2þ doped BFO and Shahzad et al.
for Sr2þ doped BFO systems [49].

Thus, Ba2þ and Ti4þ co-doped samples were fitted to both R3c and
Pm3m symmetries, resulting in good contract between the calculated and
observed patterns. Rietveld refinement shows that both structures co-
exist for all samples. Although, complete transformation from rhombo-
hedral to cubic was not observed where R3c comprises 24% (76%
Pm3m), 32% (68% Pm3m), 26% (74% Pm3m), and 31% (69% Pm3m)
of the total amount for BBFO, BBFTO1, BBFTO2 and BBFTO3 samples,
respectively. The Goldschmidt tolerance factor (t) is used to calculate the
degree of distortion in the structure, as defined by the following equation
[50]:

t ¼ RA þ ROffiffiffi
2

p ðRB þ ROÞ
(1)

where RA, RO and RB denotes the ionic radii of A-site cations, oxygen
anions and B- site cations, respectively. The above equation for
Bi0.80Ba0.20Fe1-xTixO3 compositions can also be used to understand the
phase transformation, which can be written as:

t ¼ ½ð0:80ÞrBi3þ þ ð0:20ÞrBa2þ þ rO2� �ffiffiffi
2

p ½ð1� xÞrFe3þ þ rO2� þ xrTi4þ �
(2)

where rBi3þ , rBa2þ , rFe3þ , rTi4þ and rO2� represents the Bi3þ, Ba2þ, Fe3þ, Ti4þ,
and O2-, effective ionic radii, respectively.

The structural phase transition from the perovskite distorted rhom-
bohedral (R3c) to pseudocubic (Pm3m) or orthorhombic (Pbnm or Pn21a)
or tetragonal (P4mm) primarily depends on type of substitution ions and
their concentration, synthesis method, sintering temperature and time as
well [51, 52, 53]. At ambient disorders, normally, the structural phase
changes occur owing to tilts of octahedra, and the endpoint of phase
transition is a cubic (Pm3m) symmetry with no tilts [54]. Furthermore, t
can be used to quantify the structure stability of an ABO3 perovskite
compound [37]. For the cubic structure, t equals 1. When t is less than 1,
the octahedral must buckle so as to fit into a too-small cell. We get t ¼
0.897 for BBFOwhere we used Shannon ionic radii [55] with high spin of
Fe3þ coordination in 6 folds, and Bi, Fe, Ba, O and Ti in 8 fold coordi-
nation. Values for other specimens are given in Table 1. The substitution
of Ti4þ for Fe3þ in BBFTO1 resulted in a slight increase in t (to 0.90),
implying that the driving force for octahedral rotation will decrease, and
leading to a transition from rhombohedral (R3c) to cubic (Pm3m)
structure. However, inclusion of Ti4þ at Fe3þ site did not change the
structure further. Similar result has been reported by Kumar et al. [56]
where up to 25%, Ti4þ doping did not trigger any structural change.
4

Figure 3(a) depicts the atomic configurations of the rhombohedral
unit cell for the BBFO sample. BFO comprises an oxygen octahedra
network, as shown in Figure 3(a), in which two octahedra are joined by
sharing their oxygen and distorted FeO6 octahedra are formed with Fe
ions surrounded by six neighboring oxygen anions. As discussed before,
induction of Ba2þ at Bi3þ site unbalanced the charge which resulted in
generation of oxygen vacancies for charge compensation and there is
significant size mismatch between Ba and Bi ions. Both these features will
generate strain in the lattice and as a result FeO6 octahedron is distorted
resulting in change of bond lengths of Fe–O and bond angle of Fe–O–Fe as
displayed in Figure 3(b, c). The variations of bond lengths of Fe–O and
bond angles of Fe–O–Fe versus Ti4þ concentration is tabulated in Table 2.
Furthermore, in R3c symmetry, the three short degenerate Fe–O bond
lengths, slightly increased as well as three long degenerate Fe–O bond
lengths, slightly decreased by due to Ti4þ substitution (Figure 3(c)).
Variations in Fe–O bond length and Fe–O–Fe bond angle control both
super exchange interaction and orbital overlap within O and Fe ions,
which is expected to have an impact the systems magnetic and transport
properties.

A comparison of average crystallite size for BBFO, BBFTO1, BBFTO2
and BBFTO3 samples was made from XRD analysis. The microstrain due
to lattice deformation was estimated using the W–H and SSP methods,
and the crystallite sizes obtained using these methods were compared to
those obtained using the Scherrer method. The average crystallite size
can be calculated using Scherrer's equation and determined from XRD
data [57]:

D¼ kλ
βdcosθ

(3)

where, D represents average crystallite size in nanometers, λ denotes the
radiation wavelength (0.154056 nm), k indicates a shape factor (¼ 0.90),
βd denotes the physical broadening of the sample as measured as full
width half maximum (FWHM) in radian, θ signifies the position of peak
in radian.

A finite crystal size and its corresponding lattice strain are deviations
from the perfect crystal, according to Williamson-Hall (W–H). If all of the
peaks are shifted in the same direction, It represents the crystal's isotropic
nature and vice versa. The broadening of strain-induced peak (βSÞ in
powders arises from crystal distortion and imperfections which can be
calculated by following formula [58]:

ε¼ βS
4tanθ

(4)



Figure 3. (a) Schematic of crystal structure for BBFO samples, (b) Shows the
variation in bond angles of Fe–O–Fe and (c) shows various bond lengths and
bond angles (O–Fe–O) for BBFO, BBFTO1, BBFTO2 and BBFTO3 samples.

Table 2. Bond length Fe–O and bond angle of Fe–O–Fe for BBFO, BBFTO1,
BBFTO2 and BBFTO3 samples.

Sample Fe–O bond length (Å) O–Fe–O bond angle (�)

BBFO 1.9416 (3) 99.482 (2)

1.9416 (4) 99.482 (15)

1.9416 (4) 89.171 (18)

2.1140 (5) 89.171 (18)

2.1140 (5) 81.73 (3)

2.1140 (5) 88.178 (19)

BBFTO1 1.9417 (3) 99.534 (16)

1.9417 (3) 99.534 (13)

1.9417 (4) 89.108 (15)

2.1134 (4) 81.809 (15)

2.1106 (3) 81.809 (17)

2.1106 (3) 88.115 (16)

BBFTO2 1.9420 (7) 99.74 (4)

1.9420 (7) 99.74 (3)

1.9420 (9) 88.87 (4)

2.1109 (9) 82.09 (5)

2.1109 (9) 82.09 (4)

2.1109 (10) 87.87 (4)

BBFTO3 1.9439 (7) 99.901 (12)

1.9448 (2) 99.901 (7)

1.9448 (3) 88.670 (9)

2.1106 (2) 82.327 (12)

2.1106 (3) 82.327 (9)

2.1106 (3) 87.668 (9)
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The Bragg peak breadth is the amalgamation stain broadening as well
as effect of particle size from Eqs. (3) and (4), respectively. Thus, the total
broadening due to strain and size in a particular peak having hkl value,
can be expressed as,

βhkl ¼ βs þ βd (5)

βhkl ¼ 4εtanθ þ kλ
Dcosθ

(6)

By rearranging Eq. (6) gives

βhklcosθ¼
�
kλ
D

�
þ ð4εsinθÞ (7)
5

Eq. (7) is known as W–H equation and mentioned as Uniform Deforma-
tion Model (UDM) [58], which considers isotropic nature of the crystals.
The graph is plotted between βcosθ versus 4sin θ as shown in Figure 4a, b,
c, d. These plotted straight line is a well-fitting line that corresponds to all
of the values, as the correlation coefficient value of R2 is 0.955, 0.750,
0.724, 0.747, respectively. The linear fit's slope represents the strain
value, and the fitted line's y-intercept represents the crystallite size [58].
In W–H method, the line broadening was isotropic in nature. The
size-strain plot is shown in Figure 5a, b, c, d, where the crystal is
considered to non-uniform with orientation of lattice plane in all crys-
tallographic directions. The size-strain plot (SSP) method produces a
better size-strain profile by describing the crystallite size with a Lor-
entzian function and the strain profile with a Gaussian function [59, 60].
So, the SSP calculation is performed using the equation [61], as follow

ðdhklβhklcosθhklÞ2 ¼
Kλ
D

�
d2hklβhklcosθhkl

�þ �εa
2

�2
(8)

where dhkl is lattice spacing, K denotes a constant that varies with particle
shape (3/4 for spherical particles), and εa indicates evident strain.
d2hklβhklcosθhkl is along x-axis and ðdhklβhklcosθhklÞ2 along y-axis. The
microstrain is calculated from the root of the y-intercept, and the slope of
the linearly fitted data gives the crystallite size.

Table 3 summarizes the results of the Scherrer, W–H, and SSP
methods for estimating average crystallite size and microstrain of BBFO,
BBFTO1, BBFTO2, and BBFTO3 samples. The entire method demon-
strates that a non-zero intercept and the line through points have a
positive slope, indicating that they are isotropic [62]. The measurement
trend of the crystallite size in all samples is same. Figure 6 shows a
comparative study of different methods. We can note that the average
microstrain in SSP is higher than the W–H method. The variation in
average crystallite size in the D-S method is less than that in the W–H and
SSP methods due to the distribution of the difference in average particle
size. By looking at the graphs, it has been observed that there is anom-
alous crystallite size which first increased then decreased and again



Figure 4. (a), (b), (c) and (d) show the crystallite size for BBFO, BBFTO1, BBFTO2, and BBFTO3 samples using W–H method.
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increased significantly. This anomaly indicated that domain is segregated
thought the lattice structure. SSP method gives more accurate crystallite
size and is in good agreement with the Scherrer method.
3.2. Morphological analysis

Figure 7 shows FESEM images of BBFO, BBFTO1, BBFTO2, and BBFTO3
samples. All samples showed similar morphology and the grains are non-
uniform with varying sizes. Histogram regarding the particle size distribu-
tions is also shown in Figure 7. Except for x¼ 0.02, the average particle size
decreases asTi4þ concentration increases. Similarfindingshaveearlierbeen
reported in the literature [46]. It has been proposed that grain growth is
influenced by the oxygen vacancies concentration [7, 63] as well as the ion
diffusion rate [64]. With increase in Ti4þ substitution at Fe3þ site, the
concentration of oxygen vacancies which were previously produced as a
charge reimbursement mechanism owing to Ba2þ substitution at Bi3þ site
will decrease. Hence, reduced oxygen vacancy concentration can lead to
decrease in grain size [63]. The substitutionof Ti4þ concentrationmay have
inhibited grain boundary growth. As a result, as Ti4þ concentration in-
creases, the average particle size decreases. Moreover, pores at the grain
boundary become much smaller as grain size decreases. The porosity in
ceramic samples develops from two sources: inter-granular porosity and
intra-granular porosity [65]. Thus the total porosity can be written as, P ¼
Pinter þ Pintra. However, the major obstacle originates from the
inter-granular type porosity and the ρB decreases with the addition of Ti4þ

may be owing to the inter-granular pores. In addition to this, the observed
grainsare separatedbyTi-richareas that originatedue to the tendencyof the
Ti4þ dopant to segregate from the perovskite lattice [66]. This microstruc-
ture may be responsible for the changes produced in both the magnetism
and dielectric properties of the present investigation.
6

3.3. Magnetic behavior in response to a magnetic field

Magnetic properties of BBFO, BBFTO1, BBFTO2 and BBFTO3 samples
revealed a distinct correlation between the strain and compositional
dependent magnetic phase transformation. Figure 8(a) and (b) shows the
M-H hysteresis loops for BBFO, BBFTO1, BBFTO2 and BBFTO3 samples
up to maximum applied field of 10 kOe recorded at 298 K and 77 K,
respectively. The variation of coercivity, remnant magnetization and
saturation magnetization at 298 K and at 77 K versus Ti4þ concentration
is displayed in Figure 8(c) and (d). At 298 K, all of the samples exhibited
weak ferromagnetic behavior. At 298 K and 77 K the value of remnant
magnetization (Mr) and saturation magnetization (Ms) were found to
decreases with increase of Ti4þ concentration which is consistent with
Deng et al. [67] observation. On the other hand, a Ti4þ concentration of
6% exhibited a maximum value of Hc, after which the Hc decreased,
indicating that the system's magnetic anisotropy has decreased. This is
important to note that the Hc values are high which could have been
caused by magnetic anisotropy effects [37]. It is also widely acknowl-
edged that, in addition to dopant concentration, the presence of defects
capable of trapping (pinning) the magnetic domain walls affects the Hc of
magnetic materials. Additionally, grain size affects the material's Hc.
Therefore, when the Ti4þ concentration exceeded 6%, the Hc decreased,
indicating a change in grain size or these imperfections that reduces
magnetic anisotropy and thus Hc. The behavior of Hc in the present study
is consistent with previously reported literature [68]. However, surpris-
ingly at low temperature with the increase of Ti4þ concentration, the
BBFTO3 sample exhibited diamagnetic behavior. Pure BFO is known to
have G-type canted antiferromagnetic structure which is superimposed
by a spiral spin structure with a 62 nm period length that cancels out net
magnetization [69]. Therefore, pure BFO at room temperature is anti-
ferromagnetic (not shown here). The introduction of 20% Ba at Bi-site



Figure 5. (a), (b), (c), and (d) show the crystallite size for BBFO, BBFTO1, BBFTO2, and BBFTO3 samples using SSP method.

Table 3. Average particle size and microstrain of BBFO, BBFTO1, BBFTO2 and
BBFTO3.

Sample Crystallite Size, D (nm) Strain, ε� 10�3

DD-S DWH DSSP εW�H εSSP

BBFO 30.66 37.27 33.40 3.00 2:45

BBFTO1 32.87 55.46 39.30 3.60 2:32

BBFTO2 29.87 41.38 37.03 3.60 2:37

BBFTO3 36.52 46.52 39.03 3.88 2:34

Figure 6. A comparison crystallite size study using three types of methods.
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(BBFO sample) exhibited ferromagnetic behavior. There are various
possible ways to induce magnetization in BFO. The first reason is the
suppression of cycloid spin structure due to phase transformed to pseudo
cubic which has been confirmed by XRD analysis [49, 70]. This, trans-
formation can frustrate the long range inhomogeneous spiral spin
structure and unlock the net magnetization [70]. Moreover, other
structural changes produce by lattice strains have a substantial effect on
magnetic properties. There are two possible sources of strains, (i) due to
large variance in ionic radius of Bi3þ (1.17 Å) and Ba2þ (1.42 Å), and (ii)
presence of oxygen vacancies caused by a charge compensation mecha-
nism [37, 49]. Both these effects can change the bond lengths of Fe–O
and the bond angles of Fe–O–Fe which are given in Table 2. Oxygen
vacancy may also change the coordination of Fe from octahedral to
tetrahedral which can shift bond angle of Fe–O–Fe and affect the strength
of superexchange interaction [37]. It has been reported that the
super-exchange interaction that results in the antiferromagnetic behavior
of the BFO system is extremely sensitive to bond angles and distances
[37]. This clearly indicates that changes in the FeO local environment
caused by induced lattice strains would affect the super-exchange
7

interaction and thus magnetization. Therefore, the induced lattice strains
have profound role in generation of magnetization in Ba doped BFO.
Moreover, it can be noted that Hc value for BBFO sample decreases at 77
K, this decrease of Hc at low temperature can be a signature of ME
coupling in the materials [71]. The introduction of Ti4þ at Fe3þ-site de-
creases the Mr, Ms and Hc significantly both at 298 K and 77 K. This is
understandable as the Ti4þ is non-magnetic so their replacement for
magnetic Fe3þ will reduce magnetization in the system. The decrease in



Figure 7. FESEM images of BBFO, BBFTO1, BBFTO2, BBFTO3 and their corresponding histogram.
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magnetic coercivity with increase in Ti4þ substitution (except for
BBFTO3) indicates decrease of magnetic anisotropy of the system.

3.4. Complex permeability

Permeability is one of the main features of ferromagnetic materials in
explaining magnetic properties. The complex permeability can be repre-
8

sented by μ* ¼ μ
0 � jμ00 [72], where μ

0
is real part and μ00 is imaginary part.

The μ
0 and μ00 expresses the energy stored up and energy dissipation in the

systemwhen themagnetic induction vector (B) component is in phase and
out of phase with alternating magnetic field (H), respectively. The μ

0 in-
creases with increase in frequency up to 1 kHz then show some resonance
peaks in the range of 1 kHz–10 kHz as shown in Figure 9(a). These peaks
are known as limiting frequency or cut-off frequency [73]. At high



Figure 8. M-H loops of BBFO, BBFTO1, BBFTO2, and BBFTO3 samples at (a) 298 K and (b) 77 K. (c) and (d) shows the variations of coercivity, remnant magne-
tization, saturation magnetization and exchange bias field as a function of Ti concentration.
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frequency, the value of μ
0
nearly constant which might be due to domain

wall relaxation [74, 75]. We can also note that Ti4þ doped systems have
small values of μ

0
at all frequencies compared to the BBFO samplewhich is

consistentwith the fact that Ti4þ is a non-magnetic ion. Imaginary relative
permitivity ðμ00Þ shows high values at low frequencies which decrease
rapidly with increase in frequency as revealed in Figure 9 (b). The μ00 re-
mains almost frequency independent after 1 kHz. It is well known that the
appearance of μ0 0 is due to the lagging of the motion of the domain walls
with the applied alternating magnetic field [74]. In the present work, μ0 0

exhibits a much higher value at low frequencies. It may be due to irre-
versible displacement of domain walls [76]. An earlier study made a
similar observation [77]. Figure 9(c) depicts the magnetic loss variant
with frequency, which shows no noticeable changewith Ti4þ content. The
magnetic loss factor in Figure 9(c) decreases with increasing frequency
which may be due to the advancing of domain wall motion as well as
uniformity of microstructure [78].

The plot of relative quality factor, RQF, (RQF ¼ μ
0

μm
) with frequency is

displayed in Figure 9(d). In practical, RQF is a measure of efficiency of a
magnetic material. Figure shows that Q-factor increase with increasing
frequency (except for BBFTO3 which show diamagnetic trend) without
9

any peak. We can notice a shift in Q-factor values towards lower fre-
quency side with increase in Ti4þ content.
3.5. Dielectric behavior as a function of frequency and temperature

The frequency dependence of dielectric constant (ε) and dielectric
loss (tanδ) for BBFO, BBFTO1, BBFTO2, and BBFTO3 samples at RT is
shown in Figure 10(a) and (b). At low frequencies, the ε is high and
sharply decreases with increase in frequency up to about 1 kHz, there-
after it becomes almost frequency independent for all samples. Further-
more, the tanδ variation with frequency showed a similar decreasing
trend. The value of ε at lower frequencies is attributed to the contribution
from different localized charge defects such as space charge, permanent
dipoles, induced atomic and ionic dipoles which play a part to contrib-
uting high dielectric values [49]. The large dielectric dispersion observed
for all samples is ascribed to the Maxwell-Wanger interfacial type po-
larization [79]. The cause is that while the applied field is followed by the
defect dipoles at lower frequencies, as the frequency rises, the dipoles
start to lag the field, which causes the value of ε to fall. Materials that are
dielectric and ferroelectric frequently exhibit this kind of behavior [80].



Figure 9. (a), (b), (c) and (d) show the frequency dependence of real permeability, imaginary permeability, magnetic loss and relative quality factor (Q-factor) for
BBFO, BBFTO1, BBFTO2, and BBFTO3 samples.
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Due to Pb2þ or Ba2þ substitution, Deng et al. [67] and Mazumder et al.
[81] both showed similar outcomes. At lower frequencies, the highest
value of ε is found for BBFO sample. This high value of ε in BBFO
composition could also be due to structural distortion in the sample. In
the present study Ba2þ substituted in Bi3þ induce defect in the lattice.
Thereby increases the oxygen vacancy, resulting in the increase of space
charge. Thus, for BBFO at low frequency show a high value of ε. Such
behavior is found for BBFO in the earlier literature [82]. Conversely, the
lowest value is obtained for BBFTO3 sample This is the expected trend as
we know that BBFO (20% Ba2þ at Bi3þ-site in BFO) sample, has highest
content of oxygen vacancies (induced defects) in the lattice and as a
result shows high value of ε at lower frequency region [82]. On the other
hand, the Ti4þ doped BBFTO1, BBFTO2 and BBFTO3 samples showed
that dielectric constant decreases consistently at lower frequencies which
is ascribed to a significant decrease of oxygen vacancies due to charge
compensation. Thus, BBFTO1, BBFTO2 and BBFTO3 have fewer defects
which is also evident from the dielectric loss trend. We can note the tanδ
decreases at all frequencies with increase in Ti4þ content (Figure 10 (b))
except for BBFTO3. Although no unreacted component is visible in XRD
phase identification, this could be due to the presence of impurity in the
samples. The results are consistent with those previously reported [46].

Temperature dependence of ε and tanδ for BBFO, BBFTO1, BBFTO2
and BBFTO3 samples at 10 kHz are shown in Figure 10(c) and (d). Both
the ε and tanδ are found to rise with increase in temperature up to a
10
maximum given temperature of 670 K. However, a peak in the dielectric
constant has been observed for BBFO sample around 550 K. All the other
Ti4þ doped samples shows regular increasing trend with no peak. The
dielectric anomaly observed at 550 K for BBFO sample might be related
the antiferromagnetic to paramagnetic transition. We know that undoped
BFO shows antiferromagnetic to paramagnetic transition around 640 K.
20% Ba incorporation at Bi3þ side (BBFO sample) might shift this tran-
sition to lower temperature [83]. Das et al. [29] reported similar decrease
in transition temperature for Ba2þ incorporation in BFO in their studied
temperature and field dependent magnetic data. Moreover, Ti4þ doped
samples do not show such transition in the studied temperature range
indicating that the transition temperature has been shifted to higher
temperatures and lie outside the studied temperature window.

The tanδ begins with a small value at RT, as shown in Figure 10(b). It
starts to rise slowly as temperature rises, reaching a peak around 550 K for
BBFTO3 sample. Other ferrites showed similar behavior [84]. It was noted
that a change in the conduction mechanism is what is responsible for the
maximum in tanδ. Furthermore, if the dielectricmaterial is amixture of two
ormorepolar substances, the dependence of tanδ ðTÞmayhave twoormore
maxima produced by the effect of the mixture's separate components [85].

According to Koops' proposed phenomenological model, which as-
sumes that the material is made up of grains and grain boundaries with
various parameter values, one can anticipate that each of the grains and
grain boundaries will have a unique peak in tanδ [86]. Therefore, the



Figure 10. Frequency dependence of (a) dielectric constant and (b) dielectric loss for BBFO, BBFTO1, BBFTO2, and BBFTO3 samples at room temperature. (c) and (d)
Temperature dependence dielectric constant and dielectric loss of BBFO, BBFTO1, BBFTO2 and BBFTO3 samples at 10 kHz.
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peak in tanδ at 550 K may be ascribed to the dielectric loss caused by
polarization in the grain boundaries, as opposed to the other peak, which
is caused by polarization within the grains.

4. Conclusion

In this study, Ba and Ti co-doped multiferroic ceramics
Bi0.80Ba0.20Fe1-xTixO3 (0 � x � 0:10) have been synthesized by planetary
ball milling as well as solid state reaction technique and their local
structural, microstructural, magnetic and dielectric properties have been
investigated thoroughly. Rietveld analysis of XRD data confirmed that for
20% Ba doped BFO (BBFO) sample, structure has transformed from R3c
(rhombohedral) to Pm3m (pseudo-cubic) symmetry. However, no further
phase transformation has been observed for Ti doped sample. The
average crystallite size and strain shows a band range from 20 nm to 50
nm and ð2 � 3Þ� 10�3, respectively. At room temperature, all the
samples are ferromagnetic in nature, however, decrease in magnetization
has been observed for Ti doped samples. Presence of magnetization has
been explained based on (i) destruction of spiral spin structure and (ii)
change in Fe─O─Fe canting angle produced owing to size mismatch
(between substituent and dopant) and formation of oxygen vacancies. On
the other hand, decrease of magnetic moment for Ti4þ doped samples can
be understood as Ti4þ ions are non-magnetic in nature and reduce oxygen
vacancies. Interestingly, at low temperatures, a magnetic phase transition
from ferromagnetic to diamagnetic has been observed. At room tem-
perature, 20% Ba doped BBFO shows higher value of dielectric constant
at low frequencies due high density of defect (oxygen vacancy and crystal
11
defect). The introduction of Ti significantly reduced the concentration of
defects and improved dielectric properties.
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