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Magnetodielectric (MD) properties of as-prepared (AP) and air-annealed Bi,_,Ca,Fe,_,Ti,O3_s nanoparticle
ceramics made by spark plasma sintering process are investigated as a function of temperature. Aliovalent
Ca?" substitution at Bi** site creates oxygen vacancies (Vo) in the lattice disrupting the intrinsic spin cycloid
of BiFeOs, which are suppressed when the charge compensating Ti** is co-substituted. In addition, cation
substitution reduces the grain size and increases surface oxygen vacancies. These lattice and surface Vo defects
play a significant role in enhancing the magnetic properties. Zero-field-cooled magnetization curves of all AP
samples show a sharp Verwey-like transition at ~120 K, which weakens on air-annealing. A coexistence of
positive and negative MD [MD = 5?13(50)); Ae(H) = e(H) — e(H = 0)] response is observed, with the former
dominating at 300 K and the latter at 10 K. As-prepared 5 at.% (10 at.%) Ca and Ca-Ti substituted BiFeO;
ceramics exhibit a maximum MD response of —10% (~+3%) at 10 K (300 K). Negative MD response diminishes
for air-annealed Bi,_,Ca,Fe,_,Ti,O3_s ceramics due to the reduction in V¢ concentration. Samples exhibiting
dominant positive MD response show a similar trend for MD vs H and M2 vs H plots. This agreement between
M? and Ae(H) demonstrates a strong inherent MD coupling. On the contrary, negative MD does not follow
this trend yet shows a linear relationship of MD vs M2, suggesting a strong coupling between the magnetic and
dielectric properties. Temperature-dependent MD studies carried out at 5 T show a gradual change from negative
to positive values. Negative MD at low temperatures could be activated by the spin-lattice coupling, which
dominates even at high frequency (1 MHz) under the applied field. Other contributions, including Verwey-like
transition, magnetoresistance, and Maxwell-Wagner effects, do not influence the observed MD response. A

prominent role of oxygen vacancies in altering the MD behavior of BiFeOs is discussed in detail.
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I. INTRODUCTION

Several ferroic order parameters (like ferromagnetism,
ferroelectricity, ferroelasticity) are coupled strongly in mul-
tiferroic materials. Materials that exhibit strong coupling
between ferroelectric and ferromagnetic properties are called
magnetoelectric (ME) materials [1,2]. They have attracted
enormous interest due to their wide range of applications in
various fields, including spintronic devices, memory storage,
actuators, and sensors [3-9]. The magnetic field effect on
ferroelectric polarization or electric field on the magnetic
property is gauged via the ME effect. Often, the dielectric
constant (¢) of a given material is investigated as a function
of temperature in the presence and absence of a magnetic
field to understand the ME effect [10—12]. ME materials are
broadly categorized into two types: (i) composite materials
[13-16] and (ii) single-phase multiferroics [17-19]. BiFeO;
captured attention as a single-phase multiferroic system due to
the coexistence of antiferromagnetism with high Ty ~ 643 K
and ferroelectricity with Tc ~ 1103 K [20].

Several studies on magnetic, electrical, and MD proper-
ties have been carried out on single-phase BiFeO; [21,22].
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Substituting at Bi or Fe sites, or cosubstituting both of them
with appropriate metal cations is a strategy used to enhance
the magnetic and MD properties [17,23-26]. Singh et al.’s
work on as-grown Ba-doped BiFeO3; showed better ME prop-
erties in oxygen vacancy-rich samples compared to those of
oxygen annealed pellets [27]. A negative MD coefficient of
6.5%, observed in BiFe(75Nij2503 nanoceramics, demon-
strates a strong coupling between the magnetic and dielectric
properties [28]. This has been attributed to the creation of
oxygen vacancy with increasing Ni concentration. Dutta et al.
[25] attributed the highest MD coupling of 6% measured at
2.5 T in Sm(5%):Zr(5%) codoped BiFeO; to the structural
strain arising from the lattice parameter variation due to dop-
ing. Mukherjee er al. [29] also showed a maximum of 5.8%
MD coefficient at 1.5 T for Y-Mn co-doped BiFeOs;.

Various parameters are considered to be the contributing
sources of the observed MD property in multifunctional ma-
terials. Of these, magnetoelectric coupling, magnetoresistance
and Maxwell-Wagner mechanism are primarily important
[30,31]. Change in the sample dimensions in the presence of
the magnetic field, known as magnetostriction, is also consid-
ered as one of the origins for the observed MD effect [31].
Catalan et al. have observed magnetocapacitance without any
magnetoelectric coupling, where a combination of magne-
toresistance and Maxwell-Wagner effect is shown to produce
such a MD effect [30]. The resistive contribution to the MD
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effect has also been observed in nonmultiferroic materials
[32].

In this manuscript, we discuss the magnetic, dielec-
tric, and MD effect of as-prepared (AP) and air-annealed
(AA) Bi;_.Ca,Fe|,Ti,O3_5s (BCFO: 0 < x < 0.1, y = 0; and
BCFTO: 0 < x < 0.1 with x = y) ceramics prepared via spark
plasma sintering (SPS) process. Oxygen vacancies (Vg) are
created due to the aliovalent dopant (Ca’>") substitution in
BCFO. These sintered ceramics show enhancement in the sat-
uration magnetization with increasing concentration of Ca>*
and Ca?*-Ti**. The effect of increased surface Vg due to the
reduction of grain sizes is also shown to play a major role
in enhancing the magnetic properties in Bi;_Ca,Fe;_,Ti;,O3_s
ceramics. Vg defects can be suppressed through air anneal-
ing, which also shows a reduction in the magnetization of
air-annealed BCFTO ceramics. Zero-field-cooled (ZFC) mag-
netization measurements on Bi;_,Ca,Fe;_,Ti,O3_s ceramics
show a sharp change at 120 K, similar to Verwey transition
[33]. Further, we note a high negative MD effect [.9?51(50))
= —10% at 5 T, where Ae(H) =¢(H) — ¢(H = 0)] in as-
prepared ceramics at low temperature (10 K). The negative
MD effect switches to a positive effect with 5?13—(50)) = +3.4%
at 5 T when measured at high temperature (300 K). Diminish-
ing MD response noted in air-annealed ceramics is attributed
to the reduction of Vg on air-annealing. The observed linear
behavior in ﬁfl(fo)) vs M? indicates a strong magnetoelectric
coupling in Bi;_,Ca,Fe;_,Ti,O3_5 ceramics.

II. EXPERIMENT

Bi_,Ca,Fe;,Ti O3 [(i) x = y = 0 (BFO), (ii) x = 0.05;
y =0 (BC5FO), (iii)) x =0.1; y =0 (BCI10FO), (iv) x =
y = 0.05 (BC5FT50) and (v) x =y = 0.1 (BCIOFT100)]
nanoparticles were prepared via a low-temperature citrate-
based sol-gel method as reported by Nandy et al. [34-36].
These nanoparticles were pressed into dense pellets by the
SPS technique. A uniaxial pressure of 40 MPa is applied for
5 min in vacuum at 650 °C to the powder loaded in a graphitic
die of 20-mm diameter. A detailed description of the sintering
process and conditions used are reported elsewhere [34,35].
These samples are referred to AP SPS pellets. After polishing
and annealing in air at 550 °C for 15 minutes, the samples are
referred to as AA SPS pellets. All these SPS ceramic samples
are hereafter referred to as BCXFO and BCXFTYO; X and Y
in the nomenclature implying the Ca and Ti dopant concentra-
tion, respectively. For example, BCSFO-AP and BC5SFO-AA
correspond to AP and AA Bi;_Ca,Fe;,Ti,O3_s with x =
0.05; y = 0; BCSFT100 correspond to Bij_.Ca,Fe;_,Ti,O3_s
with x = 0.05; y = 0.10 sample and so on. X-ray diffraction
and Raman spectral studies confirm the presence of distorted
rhombohedral phase in all the SPS pellets. Detailed structural
and microstructural analyses on these samples were presented
elsewhere [37]. Supplemental Material [38] Sec. I, Figs. S1 to
S3 summarize these results. Our extensive analyses presented
in the previous studies [34,35,37,39] (also summarized in
Supplemental Material Sec. II [38]) have shown that BCFO
pellets are oxygen-vacancy rich due to the aliovalent Ca>*
substitution at the Bi** site [35]. Oxygen vacancies are known
to structurally order in these compounds as also demonstrated

by other researchers [40,41]. These oxygen vacancies are
charge compensated by cosubstitution of Ca** and Ti** in
BCFTO [37]. A complemental evidence for the presence of
oxygen vacancies is provided by the Raman spectral analysis
of characteristic two-phonon mode (~1200 cm™') in BiFeO3
[42,43]. The two-phonon mode is a direct manifestation of
Fe-O bond activity in the structure. Presence of Vg alters the
FeOg octahedral arrangement resulting in a systematic varia-
tion of positions and relative intensities of two-phonon modes
as detailed in the Supplemental Material [38] Sec. II and Fig.
S4 [36,44]. Increased surface V due to the reduction of grain
sizes are noted in these Bi;_,Ca,Fe;_,Ti,O3_; ceramics. Oxy-
gen vacancies influence the electronic structure significantly,
and hence we expect changes in the intrinsic magnetoelectric
coupling. To infer the effect of oxygen vacancy-related struc-
tural variations on the intrinsic MD coupling, we carried out
detailed MD studies.

Magnetodielectric measurements on the SPS pellets were
measured at 10 and 300 K using Agilent 4284A LCR meter
at a frequency of 1 MHz in a parallel plate capacitor config-
uration with an applied ac peak voltage (Vpeax) of 1 V. The
pellets were loaded in a Quantum Design physical property
measurement system (PPMS), where the applied magnetic
field is swept between +5 T to -5 T at arate of 5 x 107> T/s .
The capacitance was recorded as a function of magnetic field
using the LABVIEW program. The MD variation is estimated
from the magnetocapacitance using the following equation:

MD% = [<S(H)) _ 1} x 100%,
£(0)

where ¢(H) is the dielectric constant at an applied field H,
and £(0) is the dielectric constant under H = 0 Oe. Mag-
netic hysteresis measurements (M vs H) for both AP and AA
SPS pellets were done at 20 K and 300 K on a Quantum
Design magnetic property measurement system MPMS su-
perconducting quantum interference device vibrating sample
magnetometer (SQUID VSM) with a maximum applied field
of £ 7 T. ZFC and FC temperature-dependent magnetization
measurements were done by varying the temperature from 20
to 300 K at a fixed magnetic field of 500 Oe using SQUID-
VSM. Magnetoresistance measurements were done with an
applied magnetic field of 0 and 5 T using a Quantum Design
PPMS.

III. RESULTS AND DISCUSSION

The MD constant as a function of applied field measured
on all AP and AA SPS pellets is shown in Fig. 1. Both AP
and AA samples at 10 K show a negative MD effect. Pure
BFO in both AP and AA conditions shows very low negative
response (MD = -0.06% at H = 5 T). MD response increases
significantly with Ca and Ca-Ti substitution. BCSFO-AP and
BCSFT50-AP pellets show a large MD change (~-9.5%
and —10% at H = 5 T) compared to that of pure BFO (Ta-
ble I). With increasing doping concentration, the MD response
in BCIOFO-AP and BC10FT100-AP samples reduced to
~-0.07% and —1%, respectively [Fig. 1(a)]. After air-
annealing, all the samples show reduced response with MD
<-0.5%, except BC10FT100 with MD = —2% [Fig. 1(b)].
On the other hand, at 300 K, pure BFO-AP remained to
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TABLE I. Saturation magnetization (Ms) and MD response of as-prepared (AP) and air-annealed (AA) Bi,_.Ca,Fe,_,Ti,O3_s ceramics at
low (10 or 20 K) and high (300 K) temperatures. BFO, BC5FO, BC10FO, BC5FT50, and BC10FT100 correspond to x =y = 0, x = 0.05;
y=0,x=0.1y=0,x =y = 0.05 and x = y = 0.1, respectively.

Saturation magnetization Mg in emu/g (and in g /Fe**) Magnetodielectric response in % at 5 T
20K 300K 10K 300K
Sample AP AA AP AA AP AA AP AA
BFO 0.63 (0.04) 0.63 (0.04) 0.62 (0.04) 0.59 (0.03) -0.06 -0.01 -0.02 +0.08
BC5FO 2.84 (0.16) 2.81(0.16) 2.70 (0.15) 2.77 (0.16) -9.52 -0.16 -1.89 +0.65
BCI10FO 7.82 (0.44) 5.80(0.32) 7.32(0.41) 5.20 (0.29) -0.07 -0.04 +3.42 +0.07
BCS5FT50 5.23(0.29) 3.96 (0.22) 4.88 (0.27) 3.54 (0.20) -9.96 -0.11 -1.05 +0.55
BCI10FT100 10.43 (0.58) 6.40 (0.36) 9.27 (0.52) 5.77 (0.32) -0.97 -2.01 +2.63 +2.65

show a small negative response (MD = —0.02% at H=5T),
while pure BFO-AA showed a positive response. BCSFO and
BCS5FT50, which displayed maximum negative MD response
at 10 K, showed a partial positive response at low fields
(< £2 T) and a gradual switch over to the negative values
at higher fields (H > £2 T). BCIOFO and BC10FT100,
which exhibited lower negative MD value at 10 K, to-
tally switched over to an increased positive response of
+3.42% and +2.63%, respectively at 300 K. The flat trend
of the MD curves above H = 2 T seen in BC10FT100-
AP suggests that a small negative component counteracts
the positive value at higher fields resulting in an apparently
field-independent response. After air annealing, all the sam-
ples switched to a positive MD response with a maximum
of ~3% in BC10FT100-AA. From these measurements, we
observed that the MD response is predominantly negative at
low temperature and switches to a positive response at room
temperature. The coexistence of negative and positive MD
variation in some samples at a given temperature suggests a
distinct origin for these responses.

To infer the role of magnetization on the MD effect, we
measured the magnetization characteristics in these bismuth
ferrite systems. Figure 2 shows the magnetic hysteresis plots
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FIG. 1. Magnetodielectric response of (a), (c) as-prepared (AP)
and (b), (d) air-annealed (AA) Bi,_Ca,Fe,_,Ti,O;_s ceramics at (a),
(b) 10 K and (c), (d) 300 K. The insets show the magnified plots.

(M vs H) for both AP and AA SPS pellets measured at 20
and 300 K. The magnetization values obtained from the mea-
surements are listed in Table I. Both BFO-AP and BFO-AA
show linear variation at high fields (H > 1 T), suggesting
the samples’ antiferromagnetic nature. At low fields, they ex-
hibit weak magnetization of M~0.63 emu/g [inset Fig. 2(a)].
BCFO and BCFTO show significantly higher magnetization
due to their considerably smaller grain size compared to that
of pure BFO. Surface as well as bulk Vg present in the BCFO
and BCFTO are the main sources of enhanced magnetization
[35,37]. However, BCFTO showed higher magnetization than
BCFO in both AP and AA samples at both 20 and 300 K.
Air-annealing of the pellets decreased the magnetization in
magnitudes specific to the sample. A comparison of the mag-
netization values is given in Table 1.

Figure 3 shows ZFC and FC magnetization curves (H =
500 Oe) of both AP and AA samples from 20 to 300 K.
A striking feature observed in all the ZFC-FC curves is the
sharp transition at ~120 K, particularly for all the AP samples.
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FIG. 2. Magnetization (M) vs applied magnetic field (H) curves
for (a), (b) as-prepared (AP) and (c), (d) air-annealed (AA)
Bi,_Ca,Fe,_,Ti,O3 s ceramics. M-H curves are shown at two dif-
ferent temperatures (a), (c) 20 K and (b), (d) 300 K for AP and AA
pellets. Magnified region of M-H curves near center are shown in the
inset of corresponding figure. BFO, BCSFO, BC10FO, BCSFTS50,
and BC10FT100 correspond to x =y =0, x =0.05; y=0, x =
0.1; y=0,x =y =0.05 and x =y = 0.1, respectively.
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with Ca substitution (Am = 0.4 and 1.6 emu/g for x = 0.05
and 0.1, respectively) and Ca-Ti cosubstitution [Am = 2 and
4 emu/g for x(=y) = 0.05 and 0.1, respectively]. Interest-
ingly, this transition is suppressed in the AA samples with
retained visibility in BFO and BC10FT100-AA.

Bismuth ferrite is known to show several transitions in
the low-temperature region. Singh et al. [45] have shown a
spin-glass behavior below 120 K for BiFeO; single crystal.
Surface effects studied by Jarrier et al. [46] showed that phase
transition is accompanied with a change in lattice parameter
and charge density at 140.3 K. Onset of glassy behavior was
also noted at 201 K, suggesting a strong interaction between
the structural strain and spin [46]. Acentric long-range spin-
glass behavior in BiFeOs; is discerned from the variation of
spin-freezing temperature (T ;) with magnetic field according
to the relation T, oc H?2/3 [47]. Unlike these observations,
AC susceptibility (x?) measurements on the SPS pellets of
present study do not show any such changes with frequency
(Fig. S8). This indicates that the transition observed in the
ZFC-FC curves around 120 K is not the spin-glass type.
Another possibility is a Verwey transition at 120 K, which
is most commonly reported in Fe;O4 or other defective iron
oxide systems [33]. This transition is accompanied by a dis-
continuity in the magnetic moment, resistivity, and specific
heat in Fe;O4 [48]. Some studies suggest that the Verwey
transition is related to the metal-oxygen stoichiometry in
Fe;04 [49,50]. This transition is also marked by the onset of
charge-ordering leading to a metal-insulator (or vice versa)
conversion accompanied by a structural change [48,51]. Such
a Verwey transition is reported in various compounds where
charge ordering is possible [52]. Therefore, the sharp tran-
sition observed in ZFC curves is correlated to the oxygen
vacancy ordering that is well reported in Ca-doped BiFeO;
[53].

Samples exhibiting a sharp transition in ZFC plots were
tested for the temperature-dependent resistivity behavior at

FIG. 4. (a), (b) Resistivity vs temperature curves for (a)
BCS5FT50-AP and (b) BCIOFT100-AP ceramics with and without
field. Insets show the derivative of the log of resistivity vs tempera-
ture plot. (c), (d) Change in magnetoresistance with the variation of
temperature for (c) BCS5FT50-AP and (d) BC10FT100-AP ceram-
ics. (e), (f) Change in resistivity with the variation of the magnetic
field at temperatures 80 and 300 K for (e) BCSFT50-AP and (f)
BC10FT100-AP ceramics.

0T and 5T (Fig. 4). BFO and BCFO samples were found to be
highly resistive, and temperature-dependent resistivity could
be measured only for BCFTO samples. Resistivity in BCFTO
does not show any obvious sign of transition at ~120 K
(Fig. 4); however, a small change is observed from the dif-
ferential resistivity plot at 120 K [inset of Figs. 4(a) and
4(b)]. The magnetoresistance [(R(H) — R(0))/(R(0)] plots
also show this transition clearly [Figs. 4(c) and 4(d)], con-
sistent with the Verwey-like transition observed in ZFC plots.
X-ray absorption near-edge structure studies carried out on
the AP and AA samples confirm the presence of Fe pre-
dominantly in 43 oxidation state without any indication of
mixed Fe valency [37]. These studies, in combination with
the temperature-dependent resistivity variation, exclude the
possibility of Fe;Oy4 in our samples. Thus, the transition ob-
served at 120 K is associated with oxygen vacancies present in
the AP samples. The resistivity and magnetoresistance plots
show another sharp change ~180 K that arises due to the
temperature-dependent change in polaronic conductivity by
electron and hole hopping [35,37]. It is interesting to note that
the negative magnetoresistance found below 180 K switches
over to zero above this temperature.

The temperature-dependent MD measurements (plotted us-
ing normalized MD with respect to the value found at 10 K)
carried out with an applied magnetic field of 5 T show a
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FIG. 5. Temperature-dependent normalized MD response of (a)
as-prepared and (b) air annealed ceramics. Normalization is done
with respect to the MD values found at 10 K temperature.

gradual change from negative to positive MD (Fig. 5), except
for the abrupt large fluctuations at ~40 K and 250-280 K.
These are reported to be spin-glass-like phase transition
(~40 K) and antiferromagnetic transition of secondary phase
BiFe 09 (~264 K) in BiFeOs. The possible origin of such
anomalous fluctuations from spurious sources like trapped O,
(melting point, m.p. ~50 K) and H,O (m.p. 273 K) molecules
in ceramic pellets has been verified using Fourier transform
infrared (FTIR), Raman and differential scanning calorimetry
(DSC) measurements (Fig. S6 to S7 summarized in the Sup-
plemental Material [38] Sec. III; also see references therein
[54-60]). A detailed analysis of these data has confirmed the
absence of any such trapped molecules in SPS pellets. Most
importantly, we do not observe any abrupt changes around
120 K, suggesting that the Verwey transition in ZFC has no
contribution to the total MD response.

Apart from the intrinsic magnetoelectric coupling, other
factors like magnetoresistance (MR) (Maxwell-Wagner ef-
fects) can show MD response [30-32]. The possible contri-
bution of magnetoresistive and interface effects to the overall
MD response as suggested by Catalan [30] can be ruled out in
the present study since all the MD measurements were carried
out at 1 MHz. Further, dc MR measurements carried out on the
most conductive samples (BCSFT50-AP and BCI10FT100-
AP) show no MR at room temperature and very negligible
MR at 80 K (Fig. 4). Due to the highly resistive nature of the
sample (>10° Q cm), any contribution to the MD effect due
to the tunneling MR will also be negligible [61]. Resistivity
measurements at 10 K are limited by the sensitivity of the
measurement set up used.

If the MD response originates solely from the inher-
ent magnetoelectric coupling, then it can be expressed by
Ginzburg-Landau’s theory [31]. Coupling between magneti-
zation (M) and polarization (P) is expressed by free energy

F = leP? — PE —aPM + BPM* + yP’M?,

where ¢ is dielectric susceptibility, E is the external electric
field and «, B and y are coupling constants. Lawes et al.
[62,63] have reported that the scalar biquadratic term P>M?
in the free energy expansion cannot be valid in antiferromag-
netic materials with limited magnetic ordering and indicated
the possibilities for observing high MD response even in
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FIG. 6. (a), (c), (e) Overlap plots of squared magnetization and
modulus of MD response as a function of the magnetic field and
(b), (d), (f) MD response [Ae(H)/e(H = 0)] as a function of squared
magnetization (M?) (H) of (a), (b) BC5SFO-AA at 300 K (c), (d)
BC5FO-AP at 10 K and (e), (f) BCI0FT100-AA at 300 K. (b), (d),
(f) Open symbols show the measured data and solid lines are the
linearly fitted curves.

the absence of magnetoelectric coupling. The MD effect is
observed to be stronger in many antiferromagnetic materials
than ferromagnets [63]. The dielectric constant is determined
by the second derivative of the free energy with respect to
polarization, as detailed in the following equations:

P*F 1 Lo
—_— = — = & ,
ap2 % 0 14
1 M?
e=1l4+x.~14+ —(1-2y— ).
&0 &0

The dielectric constant and hence the MD response is
proportional to M? as given by the simple relation —[e(H) —
£(0)]/e(0) = yMz, where ¢(H) and £(0) are the dielectric
constants in the presence and absence of magnetic field (H),
respectively, y is MD coupling constant and M is the mag-
netization [64]. To check the validity of this relation in our
samples, we plotted the MD response with respect to M?
(Figs. 6 and S9-S12 in Supplemental Material [38]). Samples
that exhibit only positive MD response (e.g., BCSFO-AA
measured at 300 K) follow this behavior, i.e., MD vs H and
M? vs H plots show similar trends in the entire field region
[Fig. 6(a)]. The linear dependence of MD with M? can be
inferred, as shown in Fig. 6(b). This agreement between the
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M? and the change in dielectric constant as a function of field
demonstrates a strong MD coupling.

M? and MD as a function of the applied field do not follow
the same trend for samples exhibiting predominant negative
MD response (e.g., BCSFO-AP measured at 10 K) [Fig. 6(c)],
despite the observation of linear dependence with two widely
different slopes in the MD vs M? plot [Fig. 6(d)]. Since these
samples display a small negative MR (Fig. 4), the contribution
from the interplay of MR and Maxwell-Wagner effect to the
total MD response cannot be excluded. However, Maxwell-
Wagner-type MR is effective only at low frequencies as the
charge carriers fail to respond at relatively higher frequencies
(1 MHz). In the present study, the Maxwell-Wagner-type MR
contribution to the total MD response can be neglected as all
the measurements reported herein were carried out at high
frequencies (1 MHz) [30,64].

Interestingly, the MD response in most of the samples
studied show a coexistence of positive and negative trends, the
negative effect dominating at low temperature and the positive
MD effect at high temperature. Figures 6(e) and 6(f) show one
such example (BCIOFT100-AA measured at 300 K) where
the coexistence of positive and negative MD is discerned.
Two linear fits—one with a positive slope at low magneti-
zation values and the other with a negative slope from high
magnetization values—can be seen from the MD vs M? plot
[Fig. 6(f)]. The changes in squared magnetization (M?) with
an applied external magnetic field (H) follow a similar trend
as that of MD vs H behavior in the low field region (<1 T),
suggesting a strong inherent MD response in the presence of
an applied magnetic field.

Apart from the three distinct cases discussed for their
MD behavior, all the other samples show the coexistence
of negative and positive MD effects with different extent
of mixing (Fig. S9 to S12). These samples exhibit a linear
trend for both the positive and negative MD coupling (Fig.
S9 to S12). At the low magnetic field, MD vs H and M? vs
H curves overlap [Fig. 6(e)], suggesting the domination of
positive MD response due to the inherent MD coupling. The
negative MD response begins to dominate at high magnetic
fields (> %2 T) or at low temperatures. This could be activated
by the spin-phonon coupling, which dominates even at high
frequency under the applied field and at low temperatures. As
the temperature is increased from 10 to 300 K, the negative
MD effect gradually changes to a positive MD effect for all
the samples (Fig. 5). The gradual changeover also suggests
a linear dependence of both the negative and positive MD
with temperature. The negative MD response decreases lin-
early with temperature, whereas the positive MD response
increases.

Evidently, the MD response observed in bismuth ferrite
samples depends on the sample composition, specifically
the V. Samples with a moderate concentration of Vg viz.,
BCS5FO-AP and BCSFT50-AP, show a large negative MD
response at low temperature (10 K). Whereas the samples
with higher doping concentration (and hence more V) show
a considerable reduction in the MD response with values
comparable to that observed in undoped BFO-AP at the same
temperature (10 K). This clearly implies a significant role
of oxygen vacancies in tuning the MD response in BiFeOs.
A definite concentration of these defects enhances both the

ferroelectric and magnetic responses in this system aiding
the magnetoelectric coupling. Excess of oxygen vacancies
(in case of large doping concentration; here BC10FO and
BCI10FT100) disturb the ferroelectric property [65] thereby
reducing the magnetoelectric component. Confirming this
analysis, all the air-annealed pellets showed a reduced neg-
ative MD response due to the suppression of Vp. Reduction
of Vg after air-annealing has shown to decrease the magne-
tization and a subsequent increase in ferroelectric properties.
BC10FT100-AA is an exception, as seen from the MD mea-
surement at 10 K, due to the incomplete suppression of V.
The observation of negative to positive MD switching re-
sponse with the increase of temperature from 10 to 300 K,
further asserts the dominant contribution from the inherent
MD response at a higher temperature.

The large negative MD response corroborates with the
structural disorder introduced by the Ca and Ca-Ti aliovalent
substitutions and the smaller grain size resulting due to these
dopants. The magnetization increase can be correlated either
to the aliovalent substitution (like in Ca>* substitution) or to
the size of the particle (as in Ca-Ti co-substitution) due to
the termination of spin cycloid in the BiFeO; structure [44].
However, to retain such a large MD effect, maintaining the
ferroelectric nature upon cation doping is also necessary. Ca
substitutions beyond 5 at. % seem to drastically reduce the
ferroelectric polarization [65], thus suppressing the negative
MD effect.

The exact origin of negative MD effect in the present study
could not be understood. However, apart from the inherent
magnetoelectric coupling, there can be contribution from the
magnetoresistive effect, spin-phonon, and spin-lattice cou-
pling [30,31,62]. Spin-phonon coupling plays a dominant role
in MD effect at high frequencies in Mn3Oy4 [66], SeCuO3 [63],
and TeCuO;3 [63]. Further, external magnetic-field-driven
electric dipoles can distort local lattice, thus resulting in a
MD effect [67]. Reports on hexaferrite BaFe ,Sc| §O9 sug-
gest that both magnetoelectric type and nonmagnetoelectric
spin-phonon-type coupling can generate a MD effect, with the
former found to be negligible in the measured frequency range
of 20 Hz to 2 MHz [64].

In the present study, observation of linear variation ~£%).

e(H=0)
vs M? plot shows predominant intrinsic MD response. Al-
though some nonlinear variation is seen in the lower values
of M? for each sample, the linear change in relative dielectric
constant with a square of magnetization confirms that the
observed MD properties of Bi;_.Ca,Fe;_,Ti,O3_s ceramics
are due to magnetoelectric coupling. These studies prompt
that high magnetization obtained by oxygen vacancy control
in bismuth ferrite can be used to tailor the MD response of
the specimen, which will be useful as magnetic sensors and in
magnetoelectronic applications.

IV. CONCLUSION

In conclusion, a detailed analysis of the magnetic and MD
properties of Ca and Ca-Ti substituted bismuth ferrite ceram-
ics prepared by spark plasma sintering has been carried out.
As-prepared Ca®* substituted samples show enhanced mag-
netization compared to that of pure BiFeOs due to the oxygen
vacancy-induced perturbation of the long-range spin-cycloid.
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Air-annealed ceramics show a decrease in magnetization due
to the suppression of Vg. A sharp change in ZFC-FC mag-
netization vs temperature curves ~120 K is attributed to the
Verwey-like transition mostly arising from Vg ordering in the
BiFeO; structure. This transition diminishes in air-annealed
ceramics and has no influence on the MD response. The MD
response shows a gradual switch over from negative to pos-
itive values with increasing temperature from 10 to 300 K.
A maximum negative MD response, 8?:1(;-10))’ of ~—10% is
observed in AP 5 at. % Ca and Ca-Ti substituted BiFeO3 ce-
ramics at 10 K. At 300 K, all these same samples show either
positive or coexistence of positive and negative MD response.
A maximum positive response with ﬁ;—(fo)) =4+34% at5T
is observed for 10 at. % Ca and Ca-Ti substituted BiFeO;
ceramics. In all the samples, a linear dependence of MD vs M?
is noted. However, positive MD effect followed the same trend
for the M? vs H and 8?:1_(;-10)) vs H suggesting strong inherent
MD coupling. On the other hand, the negative MD effect
does not follow this trend. Contribution from other factors
like spin-phonon coupling, spin-lattice coupling, and lattice
distortion can promote the negative MD effect. MD measure-
ment made at | MHz and the absence of magnetoresistance
at 300 K exclude the Maxwell-Wagner effect contributions to

the MD response. Similarly, neither the Verwey-like transi-
tion (~120 K) nor the temperature-dependent change in the
polaronic conductivity (~180 K) has any influence on the
MD response. On the other hand, large fluctuations in MD
observed at ~40 K and ~250-280 K are attributed to the spin-
glass-like phase transition and antiferromagnetic transition of
BiyFe, Oy, respectively. While Vg promotes large magnetiza-
tion, it diminishes ferroelectric ordering. Therefore, optimum
Vo is required to achieve a large MD response. This study
explicitly highlights the influence of oxygen vacancies on the
MD response in BiFeOs. The large MD response observed in
these bismuth ferrite ceramics can be used for magnetoelectric
sensor applications.
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