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oresponse and magnetic behavior
in Bi0.9A0.1FeO2.95 (A ¼ Ba, Ca) and
Bi0.9Ba0.05Ca0.05FeO2.95 co-doped ceramics

G. Mangamma, a B. K. Das,a B. Ramachandran,b M. S. Ramachandra Raob

and T. N. Sairam *a

Extensive piezoresponse force microscopy (PFM) and magnetic force microscopy (MFM) measurements in

conjunction with piezoresponse spectroscopy have been carried out on pellets of Bi0.9A0.1FeO2.95 (A ¼ Ba,

Ca) and Bi0.9Ba0.05Ca0.05FeO2.95 co-doped ceramic samples in order to characterize their ferroelectric and

magnetic nature and correlate the findings with our recent far-infrared spectroscopic studies on these

samples. We are able to clearly discern the switching behavior of the 71� and 109� ferroelectric domains

as distinct from that of the 180� domains in both pristine and Ba-doped bismuth ferrite samples. While

substitution of Ba at the Bi site in bismuth ferrite does not affect the ferroelectric and magnetic

properties to a great extent, Ca-doped samples show a decrease in their d33 values with a concomitant

increase in their magnetic behavior. These results are in agreement with the findings from our far-

infrared studies.
1 Introduction

BiFeO3 is a room temperature multiferroic that has a rhombo-
hedrally distorted perovskite structure with the R3c space
group. It undergoes a transition from the paraelectric to ferro-
electric phase at a Curie temperature of 1100 K,1 accompanied
by the onset of the polarization along the h111ipc pseudo cubic
(pc) direction because of the stereochemical activity of the lone-
pair electrons over Bi3+ ions leading to polar atomic displace-
ments along that direction and anti-phase tilting of the adjacent
FeO6 octahedra.2,3 Increased interest in the ferroelectric prop-
erty of this material is due to the high value of spontaneous
polarization (Ps) (�90 mC cm�2) predicted through ab initio
calculations.3,4 Experimentally observed values of Ps are� 40 mC
cm�2 in bulk ceramic form5 and about 90�150 mC cm�2 in thin
lm form.6,7 The magnetic structure of this compound is replete
with a host of magnetic interactions:2,8 it exhibits G-type anti-
ferromagnetism and a spiral spin arrangement with Néel
temperature TN ¼ 647 K. This antiferromagnetic spin structure
itself arises from a superexchange (SE) interaction between the
neighboring spins of Fe ions mediated via oxygen atoms. In
addition, antisymmetric exchange between the neighboring
spins gives rise to Dzyaloshinskii–Moriya (DM) interaction,
while an interaction between the crystal eld and the orbital
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magnetic moment results in single ion anisotropy (SIA).
Competition between the DM and superexchange interactions
leads to a canted spin structure.9 In the case of BiFeO3, these
canted spin structure forms an array in a regular fashion over
a distance of 62 nm along the h101�ipc direction, which is known
as spin cycloid. The average magnetic moment over the spin
cycloid is found to be zero as each spin has its mirror image in
the cycloidal spin arrangement (see Fig. 6). Therefore, the
macroscopic magnetization of BiFeO3 gets hampered by
cycloidal spin arrangement.

It is desirable to achieve suppression of the spin-cycloid in
BiFeO3 at room temperature to pave way for enhanced magnetic
properties. This can be realized through chemical substitu-
tion,10–17 inducing strain in thin lms,18–21 high magnetic
elds,22–27 hydrostatic pressure28–30 and nite size effects.31–36 Of
these, aliovalent doping controls the chemistry of the material
and oen could result in increased chemical pressure that
would work similar to applying hydrostatic pressure externally.
To this end, we have synthesized Ba-, Ca- and Ba/Ca co-doped
samples. Our recent infrared reectance and low frequency
Raman studies37 on these Ba, Ca and Ba–Ca co-doped samples
to monitor the behavior of their spin wave excitation (SWE)
spectra, revealed that Ca-doped BiFeO3 sample showed a near-
complete suppression of the SWEs. From our recent magnetic
studies, the ceramic BiFeO3 sample was found to develop weak
ferromagnetic order at low-temperature.38,39 This improvement
in the magnetic property was understood through the destruc-
tion of the cycloidal spin structure driven by an increase in
single ion anisotropy and anharmonicity of the spin cycloid,40 as
was evidenced from the direct observation of a partial
RSC Adv., 2022, 12, 2443–2453 | 2443
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suppression of the spin wave excitations from our far-infrared
reectance measurements at low temperature.41 A similar
mechanism could be at play in the doped BiFeO3 system as well.
In order to gain a better understanding, we have, in this work,
directly studied the ferroelectric and magnetic properties of
these doped samples through piezoresponse force microscopy
(PFM) and magnetic force microscopy (MFM). Using the phase
and ‘mag’ (short for magnitude) images from the PFM data, it is
found that Ba-doped sample retains ferroelectricity, while the
Ca-doped sample shows weakened ferroelectric properties. In
contrast, MFM studies revealed enhancedmagnetism for the Ca
doped sample as compared to the pristine sample. These results
corroborate the conclusions from our IR studies. In addition,
the studies on Bi0.9A0.1FeO2.95 (A ¼ Ba, Ca) revealed that Ca and
the Ba/Ca co-doped sample show improved magnetic and
magnetoelectric properties.42,43 This is also evident through the
near-complete suppression of spin wave excitations observed in
our far-infrared data on Ca-doped and co-doped samples
brought about by the destruction of the spin cycloid via
doping.37

Here, we present the results of extensive piezoelectric force
microscopy (PFM) and magnetic force microscopy (MFM)
studies that we carried out on Bi0.9A0.1FeO2.95 (A ¼ Ba, Ca). All
the samples were found to have piezoelectric response. We have
acquired mag and phase images for all the samples. The ob-
tained symmetric loops (phase and mag) due to switching of
electric polarization suggest the ferroelectric behavior of the
sample. From MFM measurements, the Ca-doped BiFeO3

sample among all is found to have improved magnetic proper-
ties as compared to its pristine counterpart.

2 Experimental

On doping with Ca and Ba in BiFeO3, a structural transition
from rhombohedral to orthorhombic crystal structure is seen
for the dopant concentration, x $ 0.1.44 Hence, a dopant
concentration of 10% is chosen for our studies in order to retain
the rhombohedral phase, as in pristine BiFeO3. Ceramic
samples of BiFeO3 (BFO), Bi0.9Ba0.1FeO2.95 (BBFO), Bi0.9Ba0.05-
Ca0.05FeO2.95 (BBCFO) and Bi0.9Ca0.1FeO2.95 (BCFO) were
synthesized through modied sol–gel method. Citric acid
(C6H8O7), taken in a molar ratio of 1 : 1 with metal nitrates, was
rst dissolved in a solvent of 100 ml distilled water and ethanol.
Iron nitrate and bismuth nitrate with a molar ratio of 1 : 1.05
were dissolved in the above solution and thoroughly mixed
following which 5 ml of nitric acid and 5 ml of hydrogen
peroxide were added to the solution with constant stirring.
Then the solution was reuxed for 2 hours at 90 �C to form a gel,
which was dried at 300 �C for 1 hour to get bismuth ferrite
precursor in powder form. The obtained powder was calcined at
600 �C for one hour and the sintered at 850 �C to get the desired
phase pure sample as conrmed from X-ray diffraction (XRD)
measurements. Phase purity of the samples was conrmed
through powder X-ray diffraction.44 These samples were pellet-
ized into disc form having a radius of 10 mm and thickness of 1
to 2 mm. These pellets were then sintered at 850 �C for 6 hours.
The density of the sintered pellet was found to be greater than
2444 | RSC Adv., 2022, 12, 2443–2453
90% of the theoretical density. Aer this, these pellets were
polished tomirror nish using diamond paste and then cleaned
with acetone. Post polishing, the pellets were heated at 400 �C
for 4 hours in order to remove any surface residual stress that
may have been generated due to the mechanical polishing
process. The high quality of the samples were also established
from the infrared reectance spectra of these samples,37,39

wherein we could observe all the allowed phonon modes (4A1 +
9E) corresponding to the rhombohedral phase, with no trace of
any impurity phase. From Rietveld renement of the X-ray
diffraction patterns of these samples, a reduction of unit cell
volume is observed in all the doped samples compared to the
pristine sample.44 To mention specically in terms of changes
in local structure, Fe–O1 and Fe–O2 bond lengths as well as
Fe1–O–Fe2 bond angle are all found to decrease in the case of
the doped samples.37 The DV/V values of the doped samples
with respect to the pristine sample are as follows: BBFO:
�1.22%; BBCFO: �1.23% and BCFO: �2.08%. Thus, the BCFO
sample is found to have the least unit cell volume, Fe–O bond
lengths and bond angle. Moreover, the different types of
magnetic interactions present in bismuth ferrite are expected to
get inuenced by this doping-induced increase in chemical
pressure. Piezoresponse force microscopy (PFM) images of
pristine and doped BFO samples were acquired using a scan-
ning probe microscope (SPM) (NT-MDT, NTEGRA, Russia). An
electrically conductive tip (A diamond-like carbon coated stiff
cantilever (100 � 35 � 2 mm) having a stiffness constant k ¼
12 N m�1 with resonance frequency¼ 250 kHz) is employed. An
ac bias voltage was used for measuring the piezoelectric
response in the contact mode in PFM measurements. The
amplitude (also called ‘mag’) of the cantilever deection is
directly proportional to the strength of the piezoresponse. The
‘phase’ part of the signal represents the orientation of the
piezoelectric domains.45,46 Piezoresponse spectroscopy experi-
ments were carried out in a voltage range of +20 to �20 V to see
the ferroelectric switching behavior of each sample.

MFM studies were carried out using a silicon probe, whose
tip is coated with magnetic cobalt chromium (CoCr). The tip
having a radius of 25–35 nm and resonant frequency of 40 kHz
has a nominal coercivity of 0.04 T, magnetic moment of 10�13

emu and stiffness constant of 2.8 N m�1. The tip detects the
magnetic interactions between the tip and the sample, which
are then used to image the spatial distribution of magnetic
elds and thus reconstruct the magnetic structure of the
sample. During the measurement, the MFM tip is well lied off
from the sample surface in such a way that the magnetic forces
(long range) and the atomic forces (short range) between the tip
and sample surface can be distinguished from each other. MFM
operates in this non contact mode, where the resonance
frequency of the tip is in the range of 10–100 kHz. MFM maps
the phase and the resonant frequency during the scanning of
sample surface at a constant height. A repulsive magnetic force
between the tip and sample surface shis the resonance
frequency to higher value and there is an increase in the phase
shi resulting in brighter contrast, while an attractive magnetic
force shis the resonance curve to lower frequency and there is
a decrease in the phase shi resulting in dark contrast. Here,
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 1 Topography, mag and phase images of BFO sample at a few
selected dc voltages. The yellow and white dotted loops are the
regions of magnetic domains which show noticeable changes with
applied dc voltage.
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MFM studies were carried out in dual pass mode. In the rst
pass, the tip is in contact mode to elucidate topography,
whereas in the second pass the tip is kept at a constant height
and follows the contours of the topography line to map the
phase.47

3 Results and discussion
3.1 Pristine BiFeO3 ceramic pellet

3.1.1 PFM study. The ferroelectric properties of BiFeO3

sample has been investigated through piezoresponse force
microscopy measurements. Fig. 1 displays the topography, mag
and phase images of pristine BFO ceramic sample (scan
area�15 � 15 mm2) obtained at a few selected dc voltages i.e., 0,
1, 5, 10, 0, �1, �5, �10 and 0 V (the voltages are selected to
complete the hysteresis cyclic order). In the PFM phase image of
the BiFeO3, the Piezo-domains, which get polarized in perpen-
dicularly upward and downward directions, are shown by bright
and dark contrasts, respectively. Dark and bright regions seen
in mag image represent the strength of piezoelectricity. Well
dened piezoelectric domains are clearly observed in mag and
phase images (see Fig. 1) at Vdc ¼ 0 V. Similarly, different
orientations of various domains are observed as contrast in
phase images. The evolution of these domains have been fol-
lowed as a function of dc voltage. While, we did not observe any
signicant changes in surface morphology, dramatic changes
were seen in the mag and phase images. We were able to locate
a number of piezoelectric domains ranging from micron to
nanometer size (see the highlighted portion of the mag and
phase images by the loops with respect to applied voltage in
Fig. 1), which showed signicant changes with applied dc
voltage. First, let us consider the variation in Vdc from 1 to 10 V.
For Vdc¼ 1 V, all of these ferroelectric domains show no change,
whereas there is a noticeable change seen in both phase and
mag images for Vdc ¼ 5 V. Notice that the two domains high-
lighted (Fig. 1) by the yellow colored loops in phase and mag
images at 5 V become brighter and darker, respectively, while
they don't show further change at 10 V. The other two domains
highlighted with white colored loops are noticed to have
signicant changes at 10 V (the domains seen in phase and mag
images become correspondingly brighter and darker,
respectively).

Further, the evolution of the piezoelectric domains have
been followed with respect to applied negative dc voltage, where
we could nd correlated changes. Thus, the domains high-
lighted by yellow loops undergo switching at an applied dc
voltage of 5 V, whereas the domains highlighted by white loops
undergo switching at an applied dc voltage of 10 V. Correlations
observed in PFM images are described further in relation to
different possible switching angles. In the rhombohedral
BiFeO3, there are three possible switching of ferroelectric
domains, which are at an angle 71�, 109� and 180� with the
polarization direction along h111ipc pseudo cubic direction48,49

as shown in Fig. 2. As our sample is polycrystalline, the ferro-
electric domains are randomly oriented. The underlying prin-
ciple and the phenomenon of switching a ferroelectric domain
in BiFeO3 through applying electrical energy are as follows.48
© 2022 The Author(s). Published by the Royal Society of Chemistry
1. The applied electrical energy needs to overcome the energy
barrier associated with polarization and stress energy of the
ferroelectric domain and its surrounding domains.

2. Larger the applied electric eld, larger is the switching
angle i.e., the domain with larger switching angle requires
ample amount of electrical energy for switching as the polari-
zation vector undergoes a larger rotation. Whereas the smaller
switching angle domain needs lesser amount of electrical
energy as the polarization vector rotates through a smaller
RSC Adv., 2022, 12, 2443–2453 | 2445



Fig. 2 Schematic of 71�, 109� and 180� domain switching in rhom-
bohedral BiFeO3.

Fig. 3 Phase and mag loops of pristine BFO sample.

Table 1 Comparison of the reported d33 value of BiFeO3 with the
present work

Material Piezoelectric Co-efficient

BFO nanowire 22.21 pm V�1 (max)51

BFO thin lm 46 pm V�1 for 150 nm lm to
8 pm V�1 for 6 nm lm52

60 pm V�1 for $ 100 nm lm53

17 pm V�1 (ref. 54)
BFO polycrystalline ceramics 50–60 pm V�1 (ref. 5)
BFO polycrystalline ceramics 70–80 pm V�1 (present work)
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angle. Therefore, as we go from 71�–109�–180�-ferroelectric
domains, the applied electrical energy needed for switching also
increases accordingly.

3. The stress energy associated with a switched domain
depends on switching angle for that domain. The 180�-switched
domain is free from residual stress as the lattice distortion is
same for initial and nal state of 180� switching, while 109� and
180�-switched domains are associated with additional stress.

Therefore, the domains which showed switching at 5 V can
be assigned to either 71� or 109�-type of ferroelectric domain as
it requires lesser electrical energy to switch. Whereas those
domains that undergo switching at 10 V are 180�-type of ferro-
electric domains as they require relatively more electrical energy
to switch.

3.1.2 Piezoresponse force spectroscopy. Having observed
the switching of domains, we have carried out piezoresponse
2446 | RSC Adv., 2022, 12, 2443–2453
force spectroscopy to obtain phase andmag loops in the sample
using a continuously varying dc voltage between�10 to +10 V in
steps of 0.1 V. Fig. 3 shows the phase and mag loop of pristine
BFO ceramic sample in the applied voltage range from �6 to
+10 V in forward and backward sweep. In the case of both
positive and negative sweep, the piezoresponse is found to
increase with increasing applied voltage. We were able to
acquire almost symmetrical ferroelectric mag loop (i.e. close to
perfect buttery loop) and corresponding symmetrical phase
loop. In general, the piezoresponse in a material is due to the
sum total of piezoresponses from the spontaneous polarization
and the induced polarization through applied voltage. The clear
hysteresis behavior observed in phase and mag loop signify that
the obtained piezoresponse is because of the ferroelectric
behavior. Therefore the symmetrical mag and phase loops
demonstrate the ferroelectric behavior of the pristine BiFeO3

sample.
3.1.2.1 Calculation of piezoelectric coefficient (d33). The

piezoelectric coefficient of a material is a measure of response to
applied electric eld. Here, the longitudinal piezoelectric
response is denoted as ‘d33’, where both electric eld and piezo-
electric response are in z-direction. The d33 value has been
calculated by using the piezoresponse force spectroscopy corre-
sponding to Vdc ¼ 0 V. In a typical PFM, the modulation voltage
Vac, which is applied between the tip and the ferroelectric mate-
rial, leads to a vertical displacement of the tip. Since the tip is in
mechanical contact with the sample surface, it precisely follows
the piezo force from the sample surface. In the present study, the
applied voltage on the microcrystals generates deformation i.e.,
elongation or contraction of the microcrystal. The piezoelectric
coefficient d33 has been calculated by using the formula:50

d33 ¼ DSz/Ez (1)

where Ez ¼ Vac/z and DSz ¼ Dz/z is the change of strain along the
z-direction. Using the values of Ez and DSz in eqn (1), d33 can be
written as

d33 ¼ DSz/Ez (2)

In PFM measurements, the magnitude of the tip vibration
measured by the lock-in amplier technique gives information
on the piezoelectric strain. Therefore, the piezoelectric coeffi-
cient, d33, can be determined by using the formula as described
© 2022 The Author(s). Published by the Royal Society of Chemistry
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in eqn (2). The value of d33 determined over a number of polar
domains was found to be 70–80 pm V�1. In Table 1, we have
listed the reported d33 values of BiFeO3 in various forms of
sample and compared with the value obtained from the present
study. The obtained d33 value is close to the reported value for
polycrystalline BiFeO3 sample.5
Fig. 4 Topography, mag and phase images of BBFO at a few selected
dc voltages. The yellow and white dotted loops are the regions of
magnetic domains which show noticeable changes with applied dc
voltage.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Further, we have analyzed the ferroelectric behavior of the
doped samples through PFM measurements to understand the
doping effect on ferroelectric behavior.
3.2 BiFeO3:Ba
2+ ceramic pellet

3.2.1 PFM studies. Fig. 4 displays the topography, mag and
phase images of Ba-doped BiFeO3 sample at a few selected dc
voltages in a cyclic order to understand the hysteresis behavior
(i.e., at 0, 1, 5, 10, 0, �1, �5, �10 and 0 V). The piezoelectric
domains are clearly observed in phase and mag images, which
gives evidence of the piezoelectric behavior of the Ba-doped
sample. PFM phase images clearly depicted the spatial distri-
bution of piezo domains which are randomly oriented.

Next, we have followed their evolution with respect to
applied positive and negative dc voltages to understand the
switching behavior in this sample. It is clearly noticed that the
observed piezoelectric domains show switching behavior
through the reversing of the applied dc voltage. This gives
evidence of the ferroelectric behavior in the sample. We have
specically followed a few selected ferroelectric domains (see
the domains highlighted with loops) with respect to applied dc
voltage. The domains highlighted by yellow colored loops show
switching at 5 V and thus these are either 71� or 109�-ferro-
electric domains, whereas the domains shown by white loops
show switching at 10 V and hence, these domains are 180�-
ferroelectric domains.

Ferroelectric nature of the Ba-doped sample is further
conrmed through piezoresponse force spectroscopy, discussed
below.

3.2.2 Piezoresponse force spectroscopy. Fig. 5 displays the
phase and mag loops of the Ba-doped sample obtained in the
voltage range from �15 to +15 V. Here again, we were able to
acquire nearly symmetric phase and mag loops. It is observed
from the phase loop that the piezoelectric domain clearly shows
the switching of the polarization by reversing the applied dc
voltage and the hysteresis behavior of the domain. The mag
loop illustrates the saturation and hysteresis behavior of the
domains. Thus, the piezoresponse force spectroscopy clearly
Fig. 5 Phase and mag loops of Ba-doped BFO sample.

RSC Adv., 2022, 12, 2443–2453 | 2447



Fig. 6 Topography, mag and phase images of BBCFO at few selected
dc voltages. Yellow colored loops point to the region of piezo-
domains showing polarization switching between +5 V and �5 V.

Fig. 7 Phase and mag loops of Ba–Ca co-doped BFO sample.
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gives evidence of ferroelectric nature of the Ba-doped BiFeO3

sample.
The piezoelectric coefficient, d33, has been determined by

using the formula as described in eqn (2). The d33 value
determined over a number of polar domains was found to be
70–80 pm V�1, which is similar to the d33 value observed in the
pristine sample. Although, the lone pair over Bi3+ ion is
responsible for the ferroelectric property, it is seen that 10%
Ba doping at Bi site has not hampered the ferroelectric prop-
erty of BiFeO3. This may be due to the larger ionic radius of
2448 | RSC Adv., 2022, 12, 2443–2453
Ba2+ ion compared to that of Bi3+ ion, which helps in
preserving the ferroelectric property.
3.3 Ba and Ca co-doped BiFeO3

3.3.1 PFM study. The topography, mag and phase images
of co-doped BFO sample are shown in Fig. 6 for various applied
dc voltages (0, 1, 5, 10, 0, �1, �5, �10 and 0 V). The acquired
PFM images clearly show piezoelectric domains. It is also
observed that these domains show evolution with respect to
applied dc voltages. If we compare the phase and mag image at
a dc voltage of 5 and �5 V, the dark contrast of piezo domains
shown by the yellow color hexagon in the phase image at 5 V got
changed to bright contrast at �5 V. This shows the polarization
switching of piezo domains, which gives evidence of the ferro-
electric nature of the sample. The ferroelectric property of the
co-doped sample is further investigated through piezoresponse
spectroscopy measurements.

3.3.2 Piezoresponse force spectroscopy. Fig. 7 displays the
phase and mag loops of the Ba–Ca co-doped sample from PFM
measurements. We were able to get switching as well as char-
acteristic hysteresis behavior of the polar domains (see phase
loop of Fig. 7). The mag loop shows saturation of the polariza-
tion as well as hysteresis behavior of the co-doped sample.
Thus, the phase andmag loops give evidence for the existence of
ferroelectricity in the co-doped sample.

The piezoelectric coefficient, d33, of the co-doped sample
determined by using eqn (2), was found to be in the range of 15–
20 pm V�1. This shows that the ferroelectric property is
substantially weakened in the co-doped sample. Since we have
already seen that Ba doping at Bi3+ site does not hamper
ferroelectricity much, the main reason for the reduction of the
ferroelectric property in the co-doped sample is mainly because
of the substitution of 5% Ca2+ ion at Bi3+ site.
3.4 BiFeO3:Ca
2+ ceramic pellet

3.4.1 PFM studies. We have also acquired the PFM images
of the Ca-doped sample at different applied voltages (0, 5, 10, 0,
�5, �10 and 0 V), which are displayed in Fig. 8. The
© 2022 The Author(s). Published by the Royal Society of Chemistry



Fig. 8 Topography, mag and phase images of BCFO at a few selected
dc voltages. Yellow colored loops point to the region of piezo-
domains showing polarization switching between +5 V and �5 V.

Fig. 9 Phase and mag loops of Ca-doped BFO sample.
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piezoelectric domains are observed both in the phase and mag
images. These domains are found to evolve with applied dc
voltage. For switching behavior, we have compared phase and
mag images of the sample at +5 and �5 V. The contrast of the
region shown by the yellow color hexagon (Fig. 8) gets changed
from 5 to – 5 V, i.e., from bright to dark. This shows the
switching behavior of the polarization with voltage, which gives
evidence of the ferroelectric property of the Ca-doped sample.
Further, we have investigated the ferroelectric property of the
Ca-doped sample through piezoresponse force spectroscopy.

3.4.2 Piezoresponse force spectroscopy. Fig. 9 displays the
phase and mag loops through PFMmeasurements. It is noticed
that the piezoelectric domain shows switching behavior with
bias voltage and characteristic hysteresis property (see phase
loop of Fig. 9). On the other hand, the mag loop is slightly
distorted, which could be due to the different orientations of
the ferroelectric domains. However, the mag loop shows
hysteresis and saturation behavior of the electric polarization.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Thus, the piezoresponse force spectroscopy clearly depicts the
ferroelectric property of the Ca-doped sample. The d33 value
calculated for the Ca-doped sample using eqn (2) is found to be
15–20 pm V�1. Here, the ferroelectric property of the Ca-doped
sample is similar to that of co-doped sample, which is signi-
cantly reduced on account of Ca doping.

From the PFM measurements, the studied samples are all
found to be ferroelectric to different degrees. In particular,
Ca2+ doping at Bi3+ site of BiFeO3 signicantly reduced its
ferroelectric property, as a result of the simultaneous reduc-
tion of sample density and grain size.44 However Ba2+ doping
doesn't alter the ferroelectric property, which is due to the
larger ionic radius of Ba2+ ion compared to that of Bi3+. It
should be noted here that all the investigated samples were
sintered under same heat treatment conditions and for the
same duration.
3.5 MFM studies

The magnetic properties of both the pristine and the doped
samples have been investigated through magnetic force
Fig. 10 MFM image a commercial hard disk.

RSC Adv., 2022, 12, 2443–2453 | 2449



Fig. 11 (a) MFM image and (b) the corresponding line profile of phase and height BFO sample at y ¼ 35 mm. (c) MFM image and (d) the cor-
responding line profile of phase and height BCFO sample at y ¼ 32 mm. (e) Expanded region of Fig. 11c showing bright and dark fringes.
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microscopy (MFM) measurements. First we have investigated
the magnetic behavior of a hard disk through MFM studies and
then compared with the magnetic properties of the studied
samples. In the MFM phase image of the hard disk (Fig. 10), the
magnetic domains, which get magnetized in perpendicularly
upward and downward directions, are shown by red and blue
colored fringes, respectively, while themagnetic domains which
get magnetized along the plane of the hard disk, are shown in
green color.
2450 | RSC Adv., 2022, 12, 2443–2453
We were able to acquire MFM images of the pristine BFO
sample and the 10% Ca-doped sample, which are displayed in
Fig. 11a and c, respectively. From the phase image of the pris-
tine sample, we were able to get distinct magnetic domains.
From the line prole of the corresponding phase image, the
maximum magnitude of the phase deection is found to be
�0.1�, which gives clear indication of the existence of magnetic
domains in the pristine sample. Thus, these MFM data point
towards a weak magnetic behavior of the sample. On the other
© 2022 The Author(s). Published by the Royal Society of Chemistry
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hand, we have clearly noticed bright and dark fringes in the
phase image of BCFO sample shown in Fig. 11e. The dark and
bright fringes are represented by the magnetic domains
magnetized along upward and downward direction of the
sample surface. Moreover, the line prole of the corresponding
phase image also show clear evidence of the magnetic domains,
as the magnitude of the phase deection of BCFO is �0.2�.
These observations point to an enhanced magnetism in BCFO
sample. This also correlates well with the observed suppression
of SWEs in BCFO sample from the infrared measurements
indicating improvement in the magnetic property on account of
a signicant increase in single ion anisotropy.37
4 Conclusion

Piezoelectric and magnetic force microscopy studies have been
carried out on both pristine and doped BiFeO3 samples. From
the PFM measurements, the distributions of piezoelectric
domains are observed in all the studied samples. Moreover, the
phase and mag loops of the studied samples obtained from
piezoresponse force spectroscopy show switching, saturation
and hysteresis behavior. The d33 value is calculated from mag
loop which is found to be 70–80 pm/V for pristine BiFeO3. We
have found that the d33 values decrease noticeably from the
pristine BiFeO3 case to the Ca-doped case. Concomitantly, the
MFM studies on these samples show improved magnetic
property for the Ca-doped BiFeO3 as compared to the pristine
sample. These results are in complete agreement with our
infrared results, where a suppression of the SWEmodes leading
to enhanced magnetism in Ca-doped BiFeO3 was observed.
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8 C. Xu, B. Xu, B. Dupé and L. Bellaiche, Magnetic interactions
in BiFeO3: A rst-principles study, Phys. Rev. B: Condens.
Matter Mater. Phys., 2019, 99, 104420.

9 I. Sosnowska and A. K. Zvezdin, Origin of the long period
magnetic ordering in BiFeO3, J. Magn. Magn. Mater., 1995,
140–144, 167–168.

10 J. Gebhardt and A. M. Rappe, Doping of BiFeO3: A
comprehensive study on substitutional doping, Phys. Rev.
B: Condens. Matter Mater. Phys., 2018, 98, 125202.

11 S. Gupta, M. Pal, M. Tomar, R. Guo, A. Bhalla and V. Gupta,
Ferroelectric and magnetic domain mapping of magneto-
dielectric Ce doped BiFeO3 thin lms, J. Alloys Compd.,
2021, 882, 160698.

12 D. V. Karpinsky, M. V. Silibin, A. V. Trukhanov,
A. L. Zhaludkevich, T. Maniecki, W. Maniukiewicz,
V. Sikolenko, J. A. Paixão and V. A. Khomchenko, A
correlation between crystal structure and magnetic
properties in co-doped BiFeO3 ceramics, J. Phys. Chem.
Solids, 2019, 126, 164.
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ferromagnetic and electric properties of multiferroic
BiFeO3 by doping with Ca, J. Alloys Compd., 2020, 824,
153944.

14 T. Wang, S.-H. Song, Q. Ma, M.-L. Tan and J.-J. Chen, Highly
improved multiferroic properties of Sm and Nb co-doped
BiFeO3 ceramics prepared by spark plasma sintering
combined with sol–gel powders, J. Alloys Compd., 2019,
795, 60.

15 I. Makoed, V. Prigodich, K. Yanushkevich, A. Zhivulko,
V. Zhivulko, A. Galias, O. Demidenko and D. Krivchenya,
Effect of Co-Doping on Magnetic Properties of Bismuth
Ferrite, Acta Phys. Pol., A, 2020, 137, 985.

16 A. Molaka, D. K. Mahato and A. Z. Szeremet, Synthesis and
characterization of electrical features of bismuth
manganite and bismuth ferrite: effects of doping in
cationic and anionic sublattice: Materials for applications,
Prog. in Cryst. Growth and Charact.of Mats., 2018, vol. 64, p. 1.

17 H. Yamamoto, T. Kihara, K. Oka, M. Tokunaga, K. Mibu and
M. Azuma, Spin Structure Change in Co-Substituted BiFeO3,
J. Phys. Soc. Jpn., 2016, 85, 064704.

18 Z. V. Gareeva, K. A. Zvezdin, A. P. Pyatakov and A. K. Zvezdin,
Novel type of spin cycloid in epitaxial bismuth ferrite lms, J.
Magn. Magn. Mater., 2019, 469, 593.

19 S. R. Burns, O. Paull, J. Juraszek, V. Nagarajan and D. Sando,
The Experimentalist’s Guide to the Cycloid, or Noncollinear
RSC Adv., 2022, 12, 2443–2453 | 2451



RSC Advances Paper
Antiferromagnetism in Epitaxial BiFeO3, Adv. Mater., 2020,
32, 2003711and references therein.

20 F. Bai, J. Wang, M. Wuttig, J. Li, N. Wang, A. P. Pyatakov,
A. Zvezdin, L. Cross and D. Viehland, Destruction of spin
cycloid in (111) c-oriented BiFeO3 thin lms by epitiaxial
constraint: enhanced polarization and release of latent
magnetization, Appl. Phys. Lett., 2005, 86, 032511.

21 G. A. Gomez-Iriarte, C. Labre, L. A. S. de Oliveira and
J. P. Sinnecker, Pure phase BiFeO3 thin lms sputtered
over Si: A new route towards high magnetization, J. Magn.
Magn. Mater., 2018, 460, 83.

22 S. Huang, F. Hong, Z. Xia, F. Yang, X. Zhang, G. Xiao,
Y. Song, D. Jiang, H. Deng, Z. Ouyang, J. Wang, Z. Tian,
J. Han, L. Yao, A. Forget, D. Colson and Z. Cheng,
Multiferroic behavior from synergetic response of multiple
ordering parameters in BiFeO3 single crystal under high
magnetic eld up to 50 Tesla, J. Appl. Phys., 2020, 127,
044101.

23 S. Kawachi, S. Miyahara, T. Ito, A. Miyake, N. Furukawa,
J. Yamaura and M. Tokunaga, Direct coupling of
ferromagnetic moment and ferroelectric polarization in
BiFeO3, Phys. Rev. B, 2019, 100, 140412–1.

24 M. Tokunaga, M. Akaki, T. Ito, S. Miyahara, A. Miyake,
H. Kuwahara and N. Furukawa, Magnetic control of
transverse electric polarization in BiFeO3, Nat. Commun.,
2015, 6, 5878.

25 U. Nagel, R. S. Fishman, T. Katuwal, H. Engelkamp,
D. Talbayev, H. Taek Yi, S.-W. Cheong and T. Room,
Terahertz Spectroscopy of Spin Waves in Multiferroic
BiFeO3 in High Magnetic Fields, Phys. Rev. Lett., 2013, 110,
257201.

26 R. S. Fishman, Field dependence of the spin state and
spectroscopic modes of multiferroic BiFeO3, Phys. Rev. B:
Condens. Matter Mater. Phys., 2013, 87, 224419.

27 M. Tokunaga, M. Azuma and Y. Shimakawa, High-eld study
of multiferroic BiFeO3, J. Phys.: Conf. Ser., 2010, 200, 012206.

28 J. Buhot, C. Toulouse, Y. Gallais, A. Sacuto, R. de Sousa,
D. Wang, L. Bellaiche, M. Bibes, A. Barthélémy, A. Forget,
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