
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 3
:5

6:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Magnetic ion oxi
aMaterial Science and Characterization La

Nanak Dev University, Amritsar, Punjab 143
bUGC-DAE Consortium for Scientic Resea

India

Cite this: RSC Adv., 2020, 10, 21019

Received 1st February 2020
Accepted 20th May 2020

DOI: 10.1039/d0ra00969e

rsc.li/rsc-advances

This journal is © The Royal Society o
dation state dependent
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Polycrystalline samples of Ba0.96Ca0.04Ti0.91Fe0.09O3 were prepared using a conventional solid state

reaction route with different Fe starting precursors (Fe2O3, Fe3O4). The Rietveld refined XRD data

confirmed the phase purity and tetragonal crystal structure of both the samples. The average grain size

measured using SEM was z0.40 mm in both the samples. XPS analysis confirmed the presence of only

Fe2+ and both Fe2+/Fe3+ in Fe2O3 and Fe3O4 doped BCT samples. The Pr and Mr values have been

measured to be 1.34 mC cm�2, 2.88 mC cm�2 and 0.0015 emu g�1 and 0.135 emu g�1 in Fe2O3 and

Fe3O4 doped BCT samples, respectively. The Fe3O4 doped samples exhibit much better M-E coupling

(z22%) as compared to Fe2O3 (z7%) doped BCT samples. The results obtained hence suggest that

Fe3O4 doping in BCT is better suited for multiferroic applications.
1 Introduction

In the past few decades, multiferroic materials having multiple
coexisting ferroic properties (ferroelectricity, anti/
ferromagnetism etc) have been extensively researched. The
research in this eld is still being extensively pursued. These
materials have potential applications in elds like data storage,
multiple-state memory devices and spintronics.1–3 The interac-
tion between different ferroic orders may allow the control of
magnetic/electric polarization using external electric/magnetic
elds. This coupling between different ferroic orders is of
great potential for various practical applications especially in
the eld of spintronics, low energy consumption and memory
devices.4–7 However, naturally occurring multiferroic materials
are rare. Therefore practically these multiferroic materials are
fabricated by (a) doping of magnetic ions in otherwise ferro-
electric material or (b) by making a composite of a ferromag-
netic and a ferroelectric material.8 Among a number of
magnetic ion doped multiferroic materials, lead based perov-
skite materials have drawn considerable attention due to their
high dielectric and piezoelectric coefficients. However, due to
toxic nature of lead based compounds, research is being
increasingly focussed to synthesize environment friendly alter-
natives like BiFeO3, TbMnO3 and BaTiO3 based single phased
multiferroic materials.9

BaTiO3 (BT) which also has perovskite structure is a potential
alternative for lead free multiferroics. BT and BT-based solid
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f Chemistry 2020
solutions exhibit large piezoelectric response, have high
dielectric constant and thus nd utility in almost all the
aforementioned technologies. The experimental and theoretical
studies both support the feasibility of multiferroicity in transi-
tion metal (Mn, Fe, Cr, etc) doped BT.10–16 Effect of transition
metal doping in BT is well documented in the literature.
However, it has been observed that small amount of transition
metal (TM) doping in BT results in a change in crystal structure
from tetragonal to hexagonal (non-ferroelectric). Ca substituted
BT (BCT) has been reported to inhibit the hexagonal phase
formation. Additionally, it also helps to broaden the tempera-
ture dependence of the dielectric constant and provide large
piezoelectric response, thus signicantly enhancing the
performance of BT based ceramics.16,17 However, investigations
on multiferroicity in magnetic ion doped BCT are very limited.
Keswani et al.18 reported the multiferroic properties of Ba0.92-
Ca0.08Ti(1�x)FexO3 with Fe content varying from 0–5 wt% (sin-
tered at 1240 �C for 5 h). They reported phase transformation
into orthorhombic structure at 5% Fe concentration. They re-
ported their best room temperature Pr, Ms and Hc values to be
2.13 mC cm�2, 1.2175 emu g�1 and 13.11 Oe in 5% Fe
substituted samples. Sharma et al.19 reported the multiferroic
properties Ba0.92Ca0.08Ti(1�3x/4)FexO3 for x varying from 0.00 to
0.02 (in samples sintered at 1350 �C for 4 h). They reported an
increase in Pr from 7.295 mC cm�2 to 9.359 mC cm�2 as x varies
from 0.00 to 0.02. However, the magnetic results were not that
encouraging. Moreover, the coupling between magnetic and
ferroelectric orders has not yet been explored in these systems.
Thus, Fe doped BCT ceramic needs to be explored further for
improvement in multiferroic properties. Since the oxidation
state of magnetic ions greatly impacts the multiferroic proper-
ties of the ceramic samples, it is hence crucial to compare the
RSC Adv., 2020, 10, 21019–21027 | 21019
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multiferroic properties of magnetic ion doped BCT samples in
which the same magnetic ion is in different oxidation states. In
this regards, we report synthesis of Fe doped BCT samples using
Fe3O4 and Fe2O3 (Fe ¼ 0.09 wt%) magnetic ion precursors. The
structural, microstructural, ferroelectric and magnetic proper-
ties have been analysed in detail. From the application point of
view, magneto-PE measurements have also been reported.
2 Experimental procedure

Ba0.96Ca0.04Ti0.91Fe0.09O3 ceramics were synthesised using
conventional solid state reaction route method using Fe2O3

(named BCTF2) and Fe3O4 (BCTF3) as different Fe starting
precursors. The stoichiometrically weighed raw materials
(BaCO3, CaCO3, TiO2, Fe3O4 and Fe2O3 (99.9% from pure Sigma
Aldrich)) were ball milled for 48 h in acetone medium and
calcined at 1000 �C for 12 hours. The PVA (2 wt%) was added to
the calcined powders for pellet formation (1 mm thickness and
10mmdiameter). The pellets were then sintered at 1260 �C for 3
hours.

The XRD data was recorded using SHIMADZU (MAXima
XRD-7000) equipped with CuKa anode (l ¼ 1.5405 Å). FESEM
micrographs were recorded using Carl Zeiss “Supra 55” oper-
ating at 10 kV. Automatic ferroelectric loop tracer (from Marine
India) was used for P–Emeasurements (at 50 Hz). The magnetic
measurements were carried out using Vibrating Sample
Magnetometer (VSM) EZ9 from Microsense and Quantum
Design made PPMS. The X-ray Photoelectron Spectra (XPS) data
was measured using Thermosher scientic (Model-Nexsa
base).
2.1. Microstructural characterizations

The raw and rened XRD diffractograms of BCTF2 and BCTF3
samples are shown in Fig. 1a and b. The samples are well
crystallised as is indicated by the presence of sharp and high
intensity diffraction peaks. The signature splitting of the
diffraction peak at 2q z 45� provides initial evidence of the
tetragonal structure of these samples. A comparative analysis of
experimental and reference data (ICSD 98-000-3900) reveals that
all the diffraction peaks can be assigned to a single tetragonal
unit cell (space group P4mm). No secondary phase could be
detected in both the samples. Rietveld analysis of the diffraction
data was further carried out using Fullprof Suite 2015 soware
to determine various structural parameters of these samples.20

The initial structural model for carrying out Rietveld renement
was assumed to be same as given in the reference data le ICSD
98-000-3900, for both the samples. The Ba/Ca, Ti/Fe, O1 and O2
were placed at the Wyckoff sites 1a (0, 0, 0), 1b (1/2, 1/2, 1/2 �
dz), 1b (1/2, 1/2, 0 � dz) and 2c (1/2, 0, 1/2 � dz), respectively.
Here, d indicates that the position co-ordinate is to be rened.
The ‘z’ coordinate was thus kept xed for Ba/Ca while it was
rened for Ti/Fe, O1 and O2. The lattice parameters of the
selected phase and isotropic thermal parameters for various
elements were also rened. The site occupancy parameters of
various elements were set according to the stoichiometric
calculation and were not rened. Peak prole and the
21020 | RSC Adv., 2020, 10, 21019–21027
background were modelled using a Thomson–Cox–Hasting
pseudo-Voigt function and a sixth order polynomial, respec-
tively. All the renable parameters were successively rened
(one at a time) till the discrepancy factors got minimised. The
structural, discrepancy and other parameters obtained at the
end of the renement process have been listed in Table 1. The
table clearly shows a GOF value of 1.28 and 1.31 for BCTF2 and
BCTF3 samples, respectively. The very low values of GOF indi-
cate a very good match between experimental data and the data
generated using the structural model. The low GOF values
hence validate the correctness of the initial structural model for
both the samples. Further, the lattice parameters of both the
samples are nearly same. This was expected because both the
samples were substituted with Fe precursors having different Fe
oxidation states only. The c/a ratio was hence found to be
z1.005 in both the samples. In contrast to the reported tran-
sition from tetragonal to orthorhombic phase in Ba0.92Ca0.08-
Ti(1�x)FexO3 system (x ¼ 0.05, sintered at 1240 �C for 5 h) by
Keswani et al., we do not observe any such transition. The
system continues to be in tetragonal phase up to x ¼ 0.09
(sintered at 1260 �C for 3 h). As there is no signicant difference
in sintering temperature, the phase transition observed by
Keswani et al.18 might be due to higher Ca substitution (8%) as
compared to 4% Ca substitution in our samples.

The Fig. 2a and b shows the FESEM images of BCTF2 and
BCTF3 samples recorded at 30k�. Both the samples show the
presence of a single type, small sized, isolated as well as
agglomerated and random shaped grains. These samples also
exhibit porosity as is evident by the presence of number of
voids. The average grain size (calculated using Image J soware)
of BCTF2 and BCTF3 samples is z0.38 mm and 0.42 mm,
respectively. The statistical distribution of grain size in both the
samples is shown as histogram in Fig. 2.

In order to determine the impact of different starting
precursors on the oxidation state of Fe in BCTF2 & BCTF3
samples, XPS analysis was carried out. The XPS core level
spectra were collected from the surface of the samples for all the
elements. However, only Fe core level spectra are shown in
Fig. 3a and b as the magnetic and ferroelectric properties of
these samples are dependent upon the oxidation state of Fe.
The deconvolution (in the 703–719 eV range) was hence carried
out accordingly. The peak at lower binding energy has been
associated to Fe2+ oxidation state in compliance with litera-
ture.21 This peak is present in the both the samples. An addi-
tional peak corresponds to Fe3+ is only present in BCTF3
samples. A shake up satellite peak was observed in both the
samples. The peaks have been duly marked in Fig. 3. The XPS
analysis hence conrms the presence of only Fe2+ ions in BCTF2
sample and Fe2+, Fe3+ ions in BCTF3 sample. The relative
concentration of Fe2+ and Fe3+ (from area under the peak) in
BCTF3 sample was found out to be nearly 1 : 1.64. As per charge
balancing requirements, presence of Fe2+ states only is expected
to result in higher concentration of oxygen vacancies as
compared to simultaneous presence of Fe2+ and Fe3+. As oxygen
vacancies contribute to the ow of leakage current, the BCTF2
sample is expected to have higher conductivity (hence lower Pr)
as compared to BCTF3 sample. This is also observed (also to be
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 -The raw and Rietveld refined XRD data of (a) BCTF2 and (b) BCTF3 samples, respectively.

Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

4 
Ju

ne
 2

02
0.

 D
ow

nl
oa

de
d 

on
 1

2/
9/

20
25

 3
:5

6:
22

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
discussed in ferroelectric properties section). As BCTF3 sample
shows simultaneous presence of multivalent Fe states, the
magnetic properties of BCTF3 sample are also expected to be
better than BCTF2 samples because of enhanced contribution
of double exchange. The observed difference in the XPS spectra
of these two samples might be due to the difference in the
melting points of Fe2O3 (1565 �C) and Fe3O4 (1597 �C).22 As we
sintered these samples at 1260 �C, further oxidation (to Fe4+) is
hence not expected. Keswani et al. reported the presence of only
Fe3+ (z709.76) in Fe2O3 doped BCT samples sintered at 1240 �C
for ve hours.18 Guo et al. reported the presence of Fe3+ (z710.7
eV), Fe4+ (z712.6 eV) and a satellite peak at 718.4 eV in Fe3O4

doped BT samples sintered at 1223 �C for 24 hours.23 However,
in our samples (sintered at 1260 �C for three hours) we observed
peaks at z708.9 eV, 710.6 eV and a broad peak at 714.5 eV (in
BCTF3 sample) which we associated with Fe2+, Fe3+ and
combined satellite peak corresponding to Fe2+ and Fe3+ in
accordance with XPS handbook.21 Note that we and Guo et al.
observe Fe3+ peak at z710.6 eV.
2.2. Ferroelectric properties

The room temperature P–E loops of the BCTF2 and BCTF3
samples are shown in Fig. 4. It is clear from the gure that
BCTF3 sample exhibits better ferroelectric behaviour as
compared to the BCTF2 sample. None of the samples exhibits
‘square’ P–E loops which are expected in ferroelectric materials
in which electric dipoles exhibit abrupt reversal of orientation
Table 1 The lattice parameters, agreement indices of BCTF2 and BCTF3

Sample
Cell parameter
(�A)

Position coordinates

Atom sites X

BCTF2 a ¼ 3.99 Ba/Ca 0.000
c ¼ 4.01 Ti/Fe 0.500
c/a ¼ 1.005 O1 0.000

O2 0.500
BCTF3 a ¼ 3.99 Ba/Ca 0.000

c ¼ 4.01 Ti/Fe 0.500
c/a ¼ 1.005 O1 0.000

O2 0.500

This journal is © The Royal Society of Chemistry 2020
with change in the direction of applied electric eld. The
roundish shape of P–E loops (more in BCTF2) of these samples
indicates a sluggish response of their electric dipoles to external
electric eld.24 The measured remnant polarisation (PY(r))
values are 1.34 mC cm�2 and 2.88 mC cm�2 for BCTF2 and BCTF3
samples, respectively. The electric polarization in a given
material generally varies with factors such as c/a ratio, grain size
and ow of leakage current. The Pr values of both these samples
(c/a z 1.005) are smaller in comparison to the pure BaTiO3 (c/
a ¼ 1.01, ref.). This can be directly attributed primarily to
smaller tetragonal distortion (c/a z 1.005) of our samples as
compared to BaTiO3 (BT). Also, Fe is known to enhance leakage
current1,25,26 when substituted in ferroelectrics. This can also be
additionally responsible for lower observed Pr as compared to
BT. However, among the BCTF2 and BCTF3 samples, BCTF2
exhibits lower Pr. Both of these samples have got equivalent c/
a ratio (z1.005), similar grain size (z0.40 mm) and have equal
Fe concentration. Thus, the variation of Pr in these samples is
not associated with c/a ratio and grain size. This may rather be
due to creation of a greater number of oxygen vacancies when
Fe2+ replaces Ti4+ in BCTF2 sample as compared to Fe2+ and
Fe3+ in BCTF3 sample as conrmed by XPS studies. It should be
noted that the BCTF3 sample has lower room temperature dc
conductivity (1.59 � 10�6 S cm�1) as compared to BCTF2
sample (4.23 � 10�5 S cm�1), implying lower value of leakage
current (hence higher Pr) in BCTF3 sample. Thus, higher
conductivity of BCTF2 sample precludes the measurement of Pr
samples obtained from Rietveld refinement

Biso R-FactorsY Z

0.000 0.000 0.581 Rp ¼ 6.01
0.500 0.518 0.722 Rwp ¼7.59
0.500 0.471 0.626 Rexp ¼ 6.67
0.500 0.971 0.777 GOF ¼ 1.29
0.000 0.000 0.655 Rp ¼ 6.46
0.500 0.520 0.571 Rwp ¼8.11
0.500 0.465 0.834 Rexp ¼ 7.12
0.500 0.965 0.789 GOF ¼ 1.30

RSC Adv., 2020, 10, 21019–21027 | 21021
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Fig. 2 The SEM micrographs of (a) BCTF2, (b) BCTF3 and statistical distribution of grain size of (c) BCTF2 and (d) BCTF3 samples, respectively.
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as compared to the BCTF3 sample. Additionally, contribution to
Pr in BCTF3 sample can come from ferroelectricity driven by
charge ordering due to simultaneous presence of both Fe2+ and
Fe3+ oxidation states in this sample.27,28 The presence of multi-
valent Fe states leads to electron trapping between the two Fe
sites. This trapped electron ends up creating double exchange
as well as polaronic-type distortion which act together to form
a vibrionic localized electronic state. This vibrionic state results
Fig. 3 The deconvoluted 2p3/2 spectrum of Fe in (a) BCTF2 and (b) BCT

21022 | RSC Adv., 2020, 10, 21019–21027
in bond centred type charge ordering which is also known as
Zenor polaron state.29 The ferroelectricity driven by charge
ordering has already been reported in a number of materials
such as Pr1�xCaxMnO3, LuFe2O4 etc.27 The increase in Pr value
with Fe substitution have already been reported in BCT system.
However, our BCTF3 sample exhibit better ferroelectric prop-
erties and higher Pr value as compared to the value reported by
Keswani et al.18 even at 9% Fe substitution. However, the higher
F3 samples, respectively.

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 The room temperature P–E loops of BCTF2 and BCTF3
samples, respectively.
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Pr value reported by Sharma et al.19 may be due to higher sin-
tering temperature (1350 �C) and lower Fe concentration.
2.3. Magnetic properties

The room temperature M–H plots of the BCTF2 and BCTF3
samples are shown in Fig. 5a and b. The graphs elucidates that
both the sample exhibit magnetic behaviour. However, the
BCTF3 sample displays better magnetic behaviour as is indi-
cated by its clearer hysteresis loop as compared to the BCTF2
Fig. 5 The room temperature M–H plots of (a) BCTF2, (b) BCTF3 sa
respectively.

This journal is © The Royal Society of Chemistry 2020
sample. The magnetization of BCTF2 sample displays almost
linear behaviour in the higher magnetic eld region where as
the magnetization of the BCTF3 sample appears to approach
a certain saturation value. This is again indicative of the strong
nature of magnetic ordering in the BCTF3 sample as compared
to BCTF2 sample. The room temperature remnant magnetiza-
tion (Mr) was observed to be 0.0015 emu g�1 and 0.135 emu g�1

for the BCTF2 and BCTF3 samples, respectively. As per Good-
enough–Kanamori rules, half-lled (e.g. Fe3+) and more than
half lled (e.g. Fe2+) transition metal d-orbitals favour antifer-
romagnetic super exchange interaction between two Fe ions via
oxygen anion.30 Also, recall that, the XPS data had shown the
presence of Fe2+ only and both Fe2+ and Fe3+ ions in BCTF2 and
BCTF3 samples. The Fe doping level used in the present case is
equivalent to what are typically used in dilute magnetic semi-
conductors (DMS). In DMS and dilute magnetic oxide systems,
the magnetic interactions are generally described using either
Zener model31 or RKKY interactions.32 For these mechanisms to
be dominant, the material must have high electrical conduc-
tivity (z20 � 10�3 S cm�1) and hence high free carrier
concentration.33–39 Please note that the conductivity of BCTF3
and BCTF2 samples is z1.59 � 10�6 S cm�1 and 4.23 �
10�5 S cm�1. The Tc values reported in various high carrier
density DMS system's are generally #300 K. Thus, RKKY inter-
action does not seem to be the feasible mechanism because of
lower electrical conductivity and high Tc (z650 K) of our
samples. Dugaev et al. also proposed a mechanism of ferro-
magnetism in DMS at low charge density.40 However, this
mechanism also predicts Tc values z 100 K and is therefore
mples and magnified M–H plots (c) BCTF2 and (d) BCTF3 samples,

RSC Adv., 2020, 10, 21019–21027 | 21023

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra00969e


Fig. 6 The low temperature ZFC/FC data of (a) BCTF2 and (b) BCTF3 samples, respectively.

Fig. 7 The high temperature M vs. T data of BCTF3 sample.
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ruled out. Coey et al. proposed another model (generally
referred to as DIBE model) for dilute ferromagnetic oxides
having Tc much larger than 300 K.41 The model is applicable to
systems which have transitionmetal (TM) dopant concentration
lower than the percolation threshold and the saturation
magnetic moment per TM ion is greater than the spin only
moment. As per Coey, in such systems, (a) super-exchange
cannot be invoked, (b) rarely does superexchange systems
have net moment per TM ion greater than 1 mB, and (c) though
Fig. 8 The room temperature without field and poled P–E loops of (a)

21024 | RSC Adv., 2020, 10, 21019–21027
double exchange can in principle produce large moments but
mixed valence (which is central to existence of double exchange)
is not a common feature of such dilute systems. The saturation
moment per Fe ion in our BCTF2 and BCTF3 samples have been
determined to be z0.02 mB and 0.61 mB. Also, the percolation
threshold values for Fe2+ and Fe2+/Fe3+ (40 : 60 ratio) doping in
BCT have been calculated to be z5.15 at% and 6.76 at%. Note
that, (a) the saturation moments observed in our samples are
much lower than spin only moments, (b) the doping level is
above the percolation threshold and (c) we are observing
multiple Fe states in BCTF3 sample. Hence, these arguments
rule out the applicability of DIBEmodel and favour the presence
of superexchange and double exchange in our respective
samples. F-centre exchange (FCM) is also invoked in literature
to explain strong ferromagnetism and high Tc in TM doped
oxide systems (above percolation threshold).42 This mechanism
relies on indirect exchange between two Fe3+ ions via electron
trapped at oxygen vacancy site. Clearly this does not seem to be
a feasible mechanism in our case owing to weak magnetic
behaviour of BCTF2 sample and multiple Fe states in BCTF3
sample. Hence, in view of the discussions presented above we
believe that super exchange and double exchange to be the
mechanisms responsible for the observed magnetic behaviour
of BCTF2 and BCTF3 samples. It should be noted that Guo et al.
invoked double exchange between Fe3+/Fe4+ ions in Fe doped BT
(Fe varying from 10–60 at%). However, (a) they have used very
BCTF2 and (b) BCTF3 samples, respectively.

This journal is © The Royal Society of Chemistry 2020
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Table 2 The unpoled, poled remnant polarization values and calculated ME coupling strength of BCTF2 and BCTF3 samples

Sample Unpoled remnant polarization (Pr(0)) (mC cm�2) Poled remnant polarization (Pr(H)) (mC cm�2) ME strength

BCTF2 1.34 1.43 6.71%
BCTF3 2.88 3.51 21.8%
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high Fe doping concentration and (b) reported the presence of
Fe3O4 impurity phase (z0.5 mol%) at high Fe concentrations.
The double exchange interaction is well reported in oxide
systems such as Fe3O4 in which mixed oxidation state exists.43–45

In order to further study the nature of magnetic ordering in
these samples, zero eld cooled and eld cooled (ZFC/FC)
measurements were carried out. The ZFC/FC curves (below
room temperature) of both the samples are shown in Fig. 6a and
b. No discontinuity or inection point is observed in the M–T
data in this range. This clearly indicates (a) the absence of
magnetic phase transition in both the samples in this temper-
ature range and (b) that the samples exhibit a transition from
magnetically ordered state to magnetically disordered state well
above the room temperature. Further, the low temperature ZFC/
FC curves do not superimpose each other and exhibit bifurca-
tion at a temperature which is usually referred to as irrevers-
ibility temperature (Tirr). The Tirr has been observed to bez200
K and z300 K in BCTF2 and BCTF3 samples, respectively. It
should be noted that non-superimposition of ZFC/FC curves is
reported in a number of systems.46–52 The non-superimposition
of ZFC/FC curves is usually attributed to (a) coexistence of
ferromagnetic and antiferromagnetic phases caused by
magnetic frustration, (b) dominating effect of magnetic
anisotropy and (c) spin glass behaviour.53–56 In our samples, we
believe that the divergence of ZFC and FC curves is most likely
to be due to the spin glass behaviour. Further, the non-
overlapping of ZFC/FC data in both the samples suggest that
there is no true long range magnetic order. This type of
behaviour is well reported in number of magnetically doped
bulk and thin lm perovskites such as SrTiFeO3, BaTiFeO3,
BaTiCoO3 and BaZrFeO3.43 Further, the magnetization vs.
temperature (M–T) analysis were carried out in high tempera-
ture range (330 K–1000 K) for BCTF3 sample and is shown in
Fig. 7. The graph clearly shows the magnetic transition atz650
K. The transition temperature observed in our sample is lower
than the transition temperature reported for Fe3O4 (850 K) and
Fe2O3 (1000 K).13 This clearly rules out the possibility of pres-
ence of Fe3O4 and Fe2O3 clusters. Hence the magnetic proper-
ties of our sample (BCTF3) are intrinsic in nature and not due to
the presence of impurity magnetic phases.
2.4. Magneto-electric properties

The investigation of coupling between the electric and magnetic
orders in our samples was carried out by performing P–E
measurements in the absence and presence of magnetic eld. In
this regard, the samples were rst poled using a magnetic eld
strength of 1 T for 30 minutes. The P–E loops recorded in the
absence (unpoled) and presence (poled) of magnetic eld for
BCTF2 and BCTF3 samples are shown in Fig. 8. It is clear from the
This journal is © The Royal Society of Chemistry 2020
graph that the poled and unpoled P–E loops of BCTF2 sample
nearly overlap each other while the poled and unpoled P–E loops
of BCTF3 sample shows a signicant change. This indicates better
M–E coupling in the BCTF3 sample as compared to BCTF2 sample.
The values of Pr for both the samples have been listed in Table 2.
The table clearly shows that the poled loops of the BCTF3 samples
shows an enhancement in the Pr value. Higher Pr in case of poled
samples indicates positiveM–E coupling in both the samples. The
strength of M–E coupling is generally measured as [Pr(H) � Pr(0)/
Pr(0)] � 100 where, Pr(H) corresponds to Pr measured at 1 T aer
poling and Pr(0) corresponds to Pr measured in the absence of
magnetic eld without poling. The strength of M–E coupling was
found to be z21.8% and z6.71% in case of BCTF3 and BCTF2
samples, respectively. The ME coupling in these samples may be
due to reorientation of spin magnetic moments by external
magnetic eld which induces strain in the material due to
magnetostrictive effects. This strain in turn gets coupled with
already existing ferroelectric order in the material thereby
changing ferroelectric polarization.4,6,7 The better ME response in
the BCTF3 sample may be due to its better magnetic properties as
compared to BCTF2 sample. Due to better magnetic properties of
BCTF3 sample, magnetostrictive effects are stronger which in turn
have further stronger effect on already existing ferroelectric orders.

3 Conclusion

Ba0.96Ca0.04Ti0.91Fe0.09O3 samples were successfully prepared
using solid state reaction route using different starting Fe
precursors (Fe2O3, Fe3O4). The XRD analysis shows that both the
samples crystallize in tetragonal structure with no additional
impurity phase. No signicant change in the either surface
morphology or grain size has been observed with change in
precursor material. The XPS analysis conrmed the presence of
Fe in multiple oxidation states in BCTF3 sample. Better ferro-
electric properties of BCTF3 sample have been attributed to
electron trapping in different Fe states which results in bond
centered charge ordering thereby enhancing ferroelectric
character. Weaker magnetic behavior of BCTF2 sample has
been explained to be due to super exchange which results in
antiferromagnetic coupling between Fe2+ ions. The better
magnetic properties of BCTF3 sample are due to presence of
multivalent Fe states which results in double exchange inter-
action. The better ME coupling in BCTF3 sample is due to
presence of stronger magnetic interaction which promotes
stronger magnetostrictive effects and hence better coupling
with ferroelectric order.
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