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The magnetic properties of Bi;.CaFe; ,Ti,O3.s (BCFO: y=0 and BCFTO: x = y) nanoparticles
are studied across a wide range of temperatures (20K to 960K) for different Ca (and Ti)
concentrations [x (= y) = 0, 0.025, 0.05, and 0.1]. X-ray diffraction and electron microscopy
revealed the gradual emergence of the orthorhombic phase (Pnma) with an increase in the Ca”"
content in BCFO, contrary to the retention of parent thombohedral symmetry (R3c) in Ca®"-Ti*"
co-doped BCFTO. XPS indicates the presence of 3+ valence states for Bi and Fe and under-
coordinated defect peaks in O s spectra. The ordering of oxygen vacancies in BCFO affects the
FeOg octahedral alignment, resulting in a systematic shift of Fe-O Raman modes. Oxygen vacan-
cies formed due to Ca*" doping in BCFO and the non-magnetic Ti*" ion at the Fe’" site in
BCFTO disrupt the spin-cycloid propagation in BiFeO;, largely influencing the magnetic proper-
ties. These substitutional changes, in addition to the large surface area, are the sources of net mag-
netization in these systems. Magnetic hysteresis and field dependent zero field cooled-field cooled
curves indicate the combined presence of anti-ferromagnetic and ferromagnetic components in
BCFO and BCFTO nanoparticles. High temperature magnetic studies present a clear bifurcation of
magnetic Néel transition centered at ~600 K associated with the structural variation in BCFO. A
strong anomaly observed at 860 = 40K in all the samples suggests a Hopkinson-like effect arising

due to sudden loss of anisotropy by the FM component. Published by AIP Publishing.
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INTRODUCTION

The attempt of achieving better magnetoelectric cou-
pling in multiferroic BiFeO5; (BFO) over the past decade has
concurrently resulted in a multitude of studies pertinent to its
magnetic properties at room temperature. The cycloidal spin
structure in BFO with a repeat distance of 62nm offers a
great deal of interest in tuning the magnetic behavior of the
material.' Intense research by various groups explored this
intrinsic long-range structure formed by the canted antiferro-
magnetic (AFM) alignment of Fe’" spins.>® BiFeOs, a
rhombohedrally distorted perovskite belonging to the R3c
space group, is a type-I multiferroic system where the ferro-
electricity arises from the stereochemical activity of the Bi
65> lone pair with O 2p orbitals and the magnetic order is
solely from the Fe*" spins residing in an octahedral cage of
oxygen ions. BiFeO; deviates slightly from a regular G-type
antiferromagnetic system due to an inherent coupling
between the ferroelectric and magnetic order parameters,
resulting in canting of neighbouring spins.” This canting of
spins inhibits complete nullification of magnetic moments;
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rather, it creates weak net magnetic moments per each unit
cell. These weak moments form a spiral structure with a
repeat distance of 62 nm propagating along the [101] direc-
tion perpendicular to that of the polarization along [111] in
BiFeO;. Any disruption to this spin structure below 62nm
could leave out uncompensated magnetic moments in
BiFeOs, thereby increasing the magnetization.®” The interest
in working on nanostructures of BiFeOj; is driven primarily
by this notion. However, nanostructures which are morpho-
logically diversified as cubes,10 hollow spheres,ll wilres,12
tubes,'? core-shells,'*' thin films,'®™'® etc., are of different
shapes and sizes, where factors such as strain and anisotropy
play an important role in tuning the magnetization of the
material. Researchers have tried to explain the increase in
magnetization with reduction in size using Néel’s model of
the 1/d (where d is the particle size) dependence.™'®!
However, size reduction brings along the intricacies of the
enhanced surface area, defects, and microstrain which coun-
teract to reduce the magnetization in nanostructures.”?>*
Alternative approaches to increase magnetization by doping
have also been carried out, yet all the results converge to the
point of increased magnetization attributable to the sup-
pressed spin cycloid.>>°

Published by AIP Publishing.
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BiFeO; with a magnetic Néel transition Ty ~ 643 K and
a ferroelectric Curie transition T¢ ~ 1140K can be a poten-
tial candidate for room temperature multiferroic applications
if the coupling between the magnetic and ferroelectric order
parameters can be improved. One possible way of achieving
this is by tuning the magnetic order so as to reduce the gap
between the magnetic transition and ferroelectric Curie tem-
peratures. Analyzing the magnetic property behaviour at
high temperatures, especially around the Néel transition tem-
perature, is essential to have a good understanding in this
regard. It is widely reported that A-site substitution affects
the magnetic properties of BFO.?~%*! In particular, Ca®" at
the Bi*" site helps in modulating the magnetic nature of
BiFeO;.””?° However, magnetization observed in doped
BiFeO; nanostructures results from a complex interplay of
several crucial parameters, viz., particle size and shape,
defects induced by doping, associated structural variations,
microstrain, anisotropy, and temperature.‘l’g’g’23 Zhang
et al.*’ reported high temperature magnetic studies in Ca
doped BiFeOs5. They attributed a ferromagnetic transition
like anomaly around ~878K to the Fe’™-O-Fe’" super-
exchange interactions. Das and Mandal®® reported a similar
anomaly at a relatively low temperature (< ~873 K) merged
up with the actual Néel transition. Gheorghiu er al.** also
reported such an anomaly apart from the Néel transition;
however, they attributed this to the magnetic Curie tempera-
ture. There are only a few papers discussing this magnetic
anomaly at high temperatures in BiFeO;. Also, BiFeOj; is
known to be highly prone for defects such as oxygen vacan-
cies and Bi deficiency at high temperatures.*” The absence
of oxygen in the structure leads to a local modification of
the AFM alignment between neighbouring Fe’" spins
mediated via oxygen ions by a super-exchange interaction.
In addition, the temperature dependent structural variations
that take place in BFO strongly affect the magnetic transi-
tion, deciding its proximity to the ferroelectric Curie tem-
perature.*' The possible influence of defects and related
structural changes can also be deciphered from the mag-
netic behavior at high temperatures. Thus, high temperature
magnetic studies give an additional insight into the origin
of magnetization in BiFeOs. The analysis of the magnetic
variation as a function of temperature, in terms of altered
crystallinity, surface structure, and local distortions due to
defects, yields in a holistic understanding of the magnetic
order in nano-BiFeOs.

In this communication, we report magnetic measure-
ments of Ca>" doped BiFeO; (BCFO) and Ca-Ti co-doped
BiFeO5; (BCFTO) along with pure BFO nanoparticles at dif-
ferent temperatures (20K to 960 K). The anomalous magne-
tization peak observed above the magnetic Néel transition of
BFO ~ 860 = 40K is attributed to the Hopkinson-like effect
from the ferromagnetic component, with ferromagnetism
arising from the uncompensated moments on nanoparticle
surfaces, independent of the dopant and the disruption of the
spin-cycloid propagation in doped BiFeO;. We also observe
a bifurcation and subsequent shift of magnetic Néel’s transi-
tion in nanoparticles due to the oxygen-vacancy induced
structural modulations in Ca** doped samples.

J. Appl. Phys. 124, 073904 (2018)

EXPERIMENTAL

Bi,_Ca,Fe, ,Ti,O3.5; nanoparticles were prepared
using sol-gel synthesis which is described in detail else-
where.** Bi,_Ca,Fe; ,Ti,O3 5 represents two systems; in
one, only Ca®" is doped at the Bi*" site referred to as BCFO
(Biy_,CaFeOs.5.,0; x # 0 and y=0; x/2 is the oxygen
vacancy concentration produced by Ca®" doping at the Bi*"
site) and the other with Ca®" and Ti*" co-doping at Bi** and
Fe’ " sites, respectively, referred to as BCFTO (x =y). “5” is
the intrinsic oxygen vacancy concentration present in BiFeO;
nanoparticles. A series of Ca concentrations for x=0.025,
0.05, and 0.1 were doped in BFO to monitor the gradual varia-
tions arising from doping. Divalent Ca*" at the Bi*" site pro-
duces oxygen vacancies to maintain charge neutrality in
BCFO. The BCFO set is compared with Ca*™ and Ti*" co-
doped system BCFTO for x=y=0.025, 0.05, and 0.1. This
system inhibits the formation of oxygen vacancies due to the
presence of charge compensating tetravalent Ti*" at the Fe’"
site, counter balancing the deficit created by Ca®* at Bi*". All
the characterization is done on the BCFO and BCFTO sam-
ples annealed at 650 °C.

X-ray diffraction data were taken using a PANalytical
X’pert PRO diffraction system and a Rigaku diffractometer
with Cu-ka (4 = 1.5406 A). Raman spectra were acquired
using a Horiba Jobin Yvon (HR800UV) micro-Raman spec-
trometer using a 632 nm excitation line from the He-Ne laser
averaged over 5 acquisitions each recorded for 60 s. The de-
convolution of Raman spectra was carried out using Peak fit
P4 software. Differential scanning calorimetry (DSC) was
carried out on the as-prepared and annealed samples of pure
and doped systems using a TA instruments SDTQ600 ther-
mal analyzer in zero air ambient at a heating rate of 20°C/
min. X-ray photoelectron spectroscopy (XPS) was done
using an ESCA+ Omicron Nanotechnology spectrometer on
compacted powders in a vacuum of 10~? MPa with an Al Ko
source (1.48keV). Thermogravimetry analysis (TGA) and
differential scanning calorimetry (DSC) were carried out on
as-prepared and annealed samples at a heating rate of 20 °C/
min using a TA instruments SDTQ600 thermal analyzer in
air. Low temperature and room temperature magnetic hyster-
esis and zero field cooled (ZFC) and field cooled (FC) curves
were measured using a Quantum design SQUID vibrating
sample magnetometer in the range +7 T to —7 T. High tem-
perature magnetic measurements were carried out using a
vibrating sample magnetometer (EZ9 Microsense Inc., USA)
in a field range of +2T to —2T. Temperature dependent
magnetization was carried out from 300K to 900K in Ar
ambient with an applied field of 500 Oe.

RESULTS AND DISCUSSION

The structure of BCFO gradually transforms from rhom-
bohedrally distorted perovskite (R3c) to a mixed phase of
rhombohedral and orthorhombic (Pnma) as the doping con-
centration increases from x =0.01 to 0.1, as discerned from
the x-ray diffraction (XRD) studies (Fig. 1). For x > 0.1, the
cubic structure stabilizes along with an unidentified second-
ary phase.** On the other hand, BCFTO shows a symmetri-
cally broadened double peak till x=0.1, retaining its
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FIG. 1. X-ray diffraction patterns of (a) BCFO (y=0) and (b) BCFTO
(x=1y) nanoparticles annealed at 650 °C. The characteristic double peak of
rhombohedral BiFeO; is shown in the panels. # represents minor secondary
phase BiFe,O,.

rhombohedral structure with no sign of orthorhombic peaks
(Fig. 1). However, the relative intensity of these peaks is
seen to change with increasing Ca and Ti concentrations,
reflecting the structural modifications. The average crystal-
lite size, estimated from various (hkl) reflections using
single-peak analysis,”** for BCFO and BCFTO is plotted as
a function of doping concentration x (=y) in Fig. 2(a).
Compared to the size of BFO annealed at 650°C, both
BCFO and BCFTO show a remarkable size reduction with
an increase in x. While the BCFO system shows a gradual
decrease, BCFTO shows a swift change down to 36 nm for
x=y=0.025, with a much flatter decrease than observed in
BCFO. The size difference between BCFO and BCFTO for

J. Appl. Phys. 124, 073904 (2018)

the same doping concentration and annealing temperature
must be noted. The presence of Ti*" at the Fe’™ site is
believed to inhibit the oxygen vacancy formation, keeping
the size growth very minimal.*> We have also estimated the
change in lattice parameters and the difference between the
characteristic double peak ~32° (A20) in all these samples
[Fig. 2(b)]. BCFO shows almost a linear change in the c/a
ratio and the A20 variation with x. On the other hand,
BCFTO shows an opposite trend in both the plots. All these
observations imply that the structural variation in the co-
doped system is fundamentally different from that observed
in Ca-doped samples. This difference is primarily attributed
to the additional perturbations caused by the oxygen vacan-
cies in the Ca doped BCFO system.”* Generally, phase pure
BFO crystallizes around 400 °C. As the annealing tempera-
ture is increased, a considerable fraction of Bi,Fe,Oq is
formed. This is due to the narrow thermodynamic stability of
BFO at high temperatures (T > 600 °C). It is known that Bi
loss at high temperatures is the main source for the formation
of Bi deficient phase Bi,Fe40o.** Ca®" doping (ionic radius,
100 pm) at the Bi** site (103 pm) and Ti*" doping (60.5 pm)
at the Fe ™ site (64.5 pm) affect the crystallization of BFO.
The influence of the doping concentration on the crystalliza-
tion temperature can be understood from the DSC curves
where a gradual shift is observed in the crystallization peak
of BiFeO; as the doping concentration increases (Fig. S1 in
the supplementary material). Systematic substitution at Bi**
and Fe’" sites enables us to tune the crystallite size and
microstrain of BFO nanoparticles. A more detailed version
of the Ca’" doping effect on crystallinity is described
elsewhere.*

Bright field TEM images of BCFO and BCFTO samples
showed crystallites with well-defined facets (Fig. 3). The
average particle size of these crystallites was found to be in
close match to the values estimated from XRD. Localized
strain fields created due to the substitutional defects and oxy-
gen vacancies can be inferred from the striking contrast var-
iations within each crystallite. Electron diffraction patterns
recorded on oriented crystallites showed additional
superlattice-like reflections along [200],. in BCFO samples.
These reflections are attributed to the ordering of oxygen
vacancies in BCFO nanocrystals at high temperatures. The
size of the supercell formed by oxygen vacancies grows
larger with an increase in the Ca concentration. On the
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(@)

contrary, BCFTO samples showed no ordering in their dif-
fraction patterns in any of the orientations. An extensive
microstructural study on these nanoparticles has been pre-
sented elsewhere.>*

Figure 4 shows the XPS core spectra corresponding to
Fe 2p and O 1s levels in BCFO. The positions of satellite
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FIG. 4. Core x-ray photoelectron spectra of Fe 2p and O ls in BCFO. Data
are shown by open symbols with solid lines showing the overall fit for the
data. De-convoluted spectral peaks are shown as solid lines. The Shirley
background is also shown in the plots.
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FIG. 3. Representative bright field
TEM images of (a) BCFO (x=0.05)
and (b) BCFTO (x =y =0.05) samples.
All the doped samples show crystalli-
tes with well-defined facets and con-
trast variations. (c) and (d) The
electron diffraction patterns recorded
on one of the oriented crystallites and
indexed in the pseudo-cubic frame of
reference. The characteristic four-fold
symmetry of BiFeOj in (c) shows addi-
tional reflections along [200],. due to
ordering of oxygen vacancies in the Ca
doped sample. BCFTO systems do not
show such reflections, confirming
the suppression of vacancy formation
by Ti*".

peaks in the Fe 2p spectra also confirm the 3+ oxidation
state of Fe in BCFO samples, suggesting that the charge defi-
cit created by Ca>" doping is compensated by the formation
of oxygen vacancies only. There are no other peaks corre-
sponding to the metallic or mixed valence state of cations in
the BCFO system. The presence of oxygen vacancies in
BCFO samples is also confirmed from the increasing
strength of the defect peak ~531.5eV with the Ca®" content
in O 1s spectra. A blueshift in the peaks of Bi 4f core spectra
confirms the substitution of Ca®" at the Bi*" site and the 3+
oxidation state of Bi in the lattice (Fig. S2 and Table ST1 in
the supplementary material). X-ray Absorption Near Edge
Structure (XANES) studies were also carried out on BCFO
and BCFTO systems.”* Ti is seen to be in the 4+ oxidation
state substituted at the Fe*™ site in BCFTO. A substantial
difference in the oxygen x-ray absorption spectra of BCFO
and BCFTO, in combination with electron microscopy stud-
ies, confirmed the presence of oxygen vacancies in the
BCFO system and the near-stoichiometric composition
devoid of vacancies in BCFTO nanoparticles.®*

The Raman spectral signature of BCFO and BCFTO
shows characteristic modes of BiFeOj corresponding to the
rhombohedrally distorted perovskite symmetry (Fig. S3 in
the supplementary material). Three characteristic modes at
~130, 165, and 268 cm~! which represent the Bi-O bond
activity in BiFeO3; show broadening with an increase in the
doping concentration.*’ This establishes the effect of crystal-
linity and size with doping which conforms to the structural
variation observed with x from XRD data. BFO shows the
first strong mode at ~140cm ™" corresponding to the bulk
BFO phase as reported previously.”>**® This strong mode
appears between 120cm ™' and 130cm ™' for all the doped
samples. This trend in Raman spectra is related to the alter-
nate signature observed in low frequency modes and simulta-
neous dampening of E(TO) modes in BiFeO5; with reduction
in particle size.”>*’ Since these two modes are related to the
Bi activity in the material,*® the redshift observed in BCFO
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and BCFTO for different x (=y) could be due to the Ca’"
substitution at the Bi*" site and the associated size variation
that occurs upon doping. Ca substituted sites lack the stereo-
chemical effect produced by the 65 lone pair in Bi, thereby
changing the overlap of Ca with O 2p orbitals, increasing
bond lengths, and reducing bond strengths. Peak shifts in
Raman modes can also happen when there are strains present
in the material.*” Raman shift increases if the lattice is com-
pressed and decreases if the lattice is under tensile strain.
Local changes in the structure driven by the composition and
defects could have been the reasons for the observed changes
in the Raman signatures.

A substantial influence of doping and strain is also found
on Fe-O-Fe bonds along the spin cycloid propagation direc-
tion. BiFeO; exhibits a broad band around 1200 cm ™! which
comprises three overtones at 900 em™ !, 1100cm™ !, and
1260cm ™" corresponding to the Fe-O fundamental vibra-
tions at ~450cm !, 550cm ™!, and 630cm™!, respectively
(Fig. 5).2*° Local structural changes, induced by tempera-
ture, size, strain, pressure, etc., can be traced from the sys-
tematic variation in the position and intensities of these
modes comprising the band.*>'>? This characteristic band
centered at 1200cm ™' is de-convoluted using the Gaussian
+ Lorentzian profile. The two-phonon band for BCFO and
BCFTO samples is shown in Fig. 5 for different x (=y). The

mode corresponding to the Fe-O-Fe vibration at ~900 cm ™" is

(a) BCFO

=0
v

(b) BCFTO 88
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FIG. 5. De-convoluted two-phonon band in (a) BCFO and (b) BCFTO
annealed at 650 °C. BCFO shows a clear peak shift (indicated by arrows)
with an increase in the Ca concentration, whereas there is no considerable
shift in the BCFTO peaks. (c) and (d) The positions of the peaks constituting
the two-phonon band as a function of doping concentration for BCFO and
BCFTO, respectively.
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seen to blue shift with an increase in the Ca>" concentration
in BCFO. This mode is connected to the strain in the nanopar-
ticles whose intensity and positions reflect the structural
changes in the Fe-O-Fe alignment.”* On the other hand, the
mode is intact and suffers no considerable shift for BCFTO.
Positions of constituent peaks of this band are plotted with
respect to x in Figs. 5(c) and 5(d). BCFO samples show a
large shift in these positions, while BCFTO shows a very min-
imal shift as compared to pristine BFO. This phenomenon can
be understood as follows.

In an ideal case of pure BiFeO; nanoparticles, spin
cycloid termination takes place only on the surface, giving
rise to a weak ferromagnetic component besides the core
AFM alignment. However, doping at Bi and Fe sites perturbs
the spin cycloid within the particle cores in addition to the
disruption happening at the surface. In BCFO, the oxygen
vacancies produced by Ca*" doping distort the FeOgq octahe-
dra and affect the Fe-O-Fe antiferromagnetic super-
exchange. Assuming that the spin cycloid is disturbed in the
vicinity of every vacancy produced in the lattice, this sce-
nario results in a cluster-like magnetic ordering confined to
very short length scales within each particle. On the other
hand in BCFTO, Ti*" being non-magnetic in nature breaks
the long range spin structure, giving rise to local uncompen-
sated moments. It was reported that doping the non-magnetic
ion at Fe*™ in BiFeO; favors parallel alignment of neigh-
bouring magnetic moments, resulting in enhanced magneti-
zation.”® The distortion produced in Fe* "(Ti*")Og octahedra
of the BCFTO system is smaller than that caused by oxygen
vacancies in Fe’"Ogs octahedra of BCFO.” A relatively
smaller shift in the positions of Raman modes in BCFTO
compared to that observed in BCFO is attributed to the
degree of distortion in their respective octahedral configura-
tion. Similar magnitudes of peak shifts were observed in
pure BFO nanoparticles (<30nm) with considerable micro-
strain.”> Also, BCFTO samples have more surface contribu-
tion than BCFO for their smaller size. These intrinsic
variations in the spin alignment and the surface contribution
for a given doping concentration (and size) decide the net
magnetization in these samples. A comprehensive analysis
on the sources of magnetization in BCFO and BCFTO is dis-
cussed in our previous study.” The discussion in the follow-
ing paragraphs highlight different aspects of the magnetic
behaviour in BCFO and BCFTO nanoparticle systems com-
pared to that of pristine BFO.

Room temperature M-H plots of BCFO and BCFTO are
shown in Fig. 6. M-H curves of BCFO and BCFTO annealed
at 650 °C display a combination of linear antiferromagnetic
components overlapped with a ferromagnetic contribution.
For all these hysteresis curves, the linear part is subtracted
and the ferromagnetic magnetization (My) is plotted as a
function of the doping concentration [Fig. 6(c)]. The room
temperature coercivity of all the samples is also shown as a
function of the doping concentration [Fig. 6(d)]. It is
observed that My in both the cases is of the same order and
shows a gradual increase with an increase in “x (=y).” My
values measured at low temperature (20 K) and room tem-
perature (300 K) are very close to each other, confirming the
absence of any magnetic impurities in the samples. This is
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also in accordance with the Raman spectral studies where no
additional modes corresponding to any impure phases were
discerned. This implies that any change in the net magnetiza-
tion is due to the variation of the intrinsic spin structure and
not from any magnetic phases.

Another obvious difference between these two systems is
the shape of their M-H curves. BCFTO samples display wasp-
waisted loops contrary to the predominantly S-shaped loops
of BCFO. In general, this pinched loop shape indicates the
presence of two sources for magnetic contribution with differ-
ent coercivities.”*>> Gupta er al.>® reported a decoupling of
antiferromagnetic exchange due to the interaction between the
substituent Ce and Fe ions in BiFeOj; thin films. In another
study by Yang er al.,’” co-doping of La and Ca has also pro-
duced wasp-waisted MH curves in BFO. They have attributed
the shape to the cooperative action of Ca>" and La®" ions and
uniaxial anisotropy induced by directional ordering of oxygen
vacancies.”’ Torgu et al.’® have reported similar pinched mag-
netic hysteresis loops in rare-earth doped BFO. Generally, sur-
face anisotropy plays a significant role in determining the
shape of hysteresis curves for nanoparticle systems.”” The sur-
face of nanoparticles hosts several irregularities and point
defects, which randomize the spins at room temperature,
allowing a quick demagnetization even for small applied
fields. BCFTO nanoparticles can have more surface anisot-
ropy than BCFO due to their smaller size.

Figure 7 shows the zero-field cooled (ZFC) and field-
cooled (FC) curves of BCFO and BCFTO samples under an
applied field of 500 Oe in comparison to the pristine BFO
annealed under identical conditions. All the samples show a

flat temperature dependent magnetization, confirming the
absence of any magnetic impurities or superparamagnetic
features. Splitting between ZFC and FC curves usually takes
place in systems containing a combination of antiferromag-
netic and ferromagnetic components.® For pure BFO, we
observe a sharp increase in the ZFC-FC data at low tempera-
tures below 30 K. This is due to the small paramagnetic com-
ponent arising from the surface disorder.” Since BFO has
larger size than BCFO and BCFTO, it has a relatively
smaller surface area compared to the doped systems.
Reduction in the surface FM component allows the small
paramagnetic component to be revealed at low temperatures.
Both BCFO and BCFTO samples show clear irreversibility
in the ZFC-FC curves till room temperature, suggesting that
these systems contain the FM component at room tempera-
ture also. The kinks present at ~250K correspond to the
magnetic Néel transition of the antiferromagnetic Bi,Fe,Oq
phase. It is a common secondary phase formed during
BiFeO; synthesis involving high temperatures due to Bi vol-
atility from the surface. Nevertheless, this phase does not
contribute to the magnetization of BiFeO; at room tempera-
ture because of two main reasons that it is originally an anti-
ferromagnetic system and becomes paramagnetic at 250K
itself.

Figure 8 shows field-dependent ZFC-FC curves mea-
sured on representative samples using H= 100 Oe, 500 Oe,
and 10kOe. All the samples including pure BFO show a
reduced splitting between ZFC and FC curves as the applied
magnetic field increases, which is commonly observed in
core-shell nanostructures.'” Also, the temperature at which
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FIG. 7. Zero-field cooled (black
squares) and field cooled (red circles)
M vs. T curves of (a) BCFO and (b)
BCFTO samples measured with an
applied field of 500 Oe. Both the plots
show pure BFO data for comparison.

=l W T RN T SR BTN Y v il Y
0 50 100 150 200 250 300 0 50 1
T (K)

ZFC and FC data overlap shifts to lower values with increas-
ing H, indicating the nano-like (nanocluster, superparamag-
netic, and surface disordered magnetism) features as the
origin for the ferromagnetism. Sharp transition observed in
ZFC-FC plot (H= 1T) data of doped samples at ~250K is
related to the secondary phase Bi,Fe,O9 as discussed in the
x-ray diffraction results. For pure BFO, BCFOO0S5, and
BCOSFTO05 samples, we see another anomaly at ~55K
becoming visible with an increase in the applied field. While
Singh et al.®®®" proposed it to be a spin-glass transition in
BiFeOs, Vijayanand er al.%% attributed it to some changes in
the magnetic domain structure. Huang er al.° have shown
that this cusp is mainly due to the domain pinning effect
caused by defects and is observed prominently when a suffi-
cient magnetic field is applied. These MH hysteresis and
ZFC-FC studies on both BCFO and BCFTO suggest that a
weak ferromagnetic component coexists with the intrinsic
antiferromagnetic spin structure. However, we suggest that
the origin of the ferromagnetic component in these systems
could be fundamentally different.” BCFO being a charge

00

" " PR Y
150 200 250 300
T (K)

deficit system, oxygen vacancies along the Fe-O-Fe chains
disrupt the long-range spin-cycloid propagation, thereby cre-
ating uncompensated Fe’ " spins within the particle cores, in
addition to those present on the surface. On the other hand,
the spin-cycloid gets interrupted in BCFTO particle cores
also, the source of disruption here being Ti*" substituted at
Fe’ " sites. Hence, it is evident that these systems present a
complex mixture of parent antiferromagnetic structures with
local weak ferromagnetic moments resulted due to doping
and size-related surface changes.’

The local structural variations and defect-induced
microstrain in BFO nanoparticles also affect the Néel transi-
tion temperature.”® In order to analyze the influence of dop-
ing and annealing temperature on the magnetic transition of
BiFeOj3;, we have carried out high temperature magnetization
measurements with an applied field of 5000e on BFO,
BCFO, and BCFTO. The sample preparation for high tem-
perature measurements required dispersion of the powders
on a quartz rod base with a temperature-resistant ceramic
glue. Excess powder was dusted off to make sure that there

BCFO (x=10.1,

M ( x 10 emu/g)

500 Oe
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T (K)
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FIG. 8. Field dependent ZFC-FC measurements on selected samples: (a) pure BFO, (b) BCFOOS, (c) BCOSFT0S5, (d) BCFO10, and (e) BC10FT10.
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are no free particles introduced in the magnetic column. For
this reason, the exact mass of the powders used for the high
temperature measurements could not be recorded. Hence, all
the data of doped samples were normalized to their room
temperature magnetization values for an easy comparison.
Magnetization in these samples is normalized to the room
temperature value (Mgt) and plotted as a function of temper-
ature in Fig. 9. BCFO data show two broad humps centered
at 600 K. These humps which are closely spaced in x =0.025
widen up gradually with the increasing Ca®" concentration
(marked by arrows in Fig. 9). This shows that the magnetic
transition of BFO at ~643 K is modified with the structural
variations caused by Ca doping.*®> Oxygen vacancies formed
due to aliovalent doping disturb the pristine antiferromag-
netic alignment of the Fe®" sublattice, thereby influencing
the magnetic transition. DSC measurements done on these
samples also show gradual evolution of two broad humps
with an increase in the Ca content in BCFO, while a single
broad transition remains throughout for all the Ca-Ti co-
doped BCFTO (Fig. S4 in the supplementary material). This
conforms to the gradual structural transformation from rhom-
bohedrally distorted perovskite to the orthorhombic phase
around x=0.1 as discerned from x-ray diffraction studies.
An increase in Ty of Ca doped BFO has been reported previ-
ously by Sardar er al.,”® due to which Ca®" is a preferable
dopant at the Bi*" site compared to other divalent cations.
This increase in magnetic transition reduces the difference
between magnetic and ferroelectric order parameters of
BFO, enhancing the magnetoelectric coupling in the multi-
ferroic BFO. On the contrary, BCFTO samples show a single
transition around 600K similar to pure BFO without any
considerable shift even with an increase in the doping
concentration.

Besides the magnetic transition observed around 600 K,
all the samples including pure BFO show another strong fea-
ture at 860 = 40 K. This anomalous peak beyond antiferro-
magnetic transition was reported previously for bulk
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samples. Zhang et al.>’ also observed a broad feature in the
same temperature range ~900K. They attributed this
ferromagnetic-like transition to the Fe®™-O*-Fe*" interac-
tion. They reported that BFO is likely to produce more oxy-
gen vacancies with an increase in Ca®" which, beyond a
particular value, drive Fe’" to Fe?*. Solid solutions of
(1-x)BiFeO3;—xBaTiO3; have also shown a similar peak in
high temperature M vs T curves.”® These reports have also
attributed this feature to the Fe’™-O*-Fe?" interactions that
occur on doping BaTiOs; in the solid solutions.

However, we have a different understanding of the ori-
gin of this peak. In pure BFO, especially in the nanoparticle
systems, the oxygen vacancies result due to Bi volatility and
are usually compensated by driving Fe*" to Fe?". On the
contrary, in BCFO, restoration of charge neutrality in aliova-
lent Ca®" doped BiFeOs can take place in two ways. One
possibility is that for every pair of Ca®" ions introduced in
the lattice, an oxygen vacancy is created apart from the small
number of oxygen vacancies invariably present on nanoparti-
cle surfaces. Assuming that there is no oxygen vacancy pro-
duced, the other way in which the charge compensation
takes place is through a fractional conversion of Fe’' to
Fe*". In an ideal situation, for every Ca®" ion substituted at
the Bi’" site, one Fe®" would become Fe*'. XPS and
XANES studies have completely ruled out the presence of
any Fe> or Fe*" in our samples, confirming that the charge
compensation in BCFO is done solely by oxygen vacan-
cies.>* Similarly, there are no mixed valence states of Fe in
BCFTO samples, also confirming that Ti*" suppressed the
formation of oxygen vacancies.** Hence, we believe that the
strong magnetic feature observed around 900K is not due to
the mixed valence state of Fe and could be from the ferro-
magnetic interaction of uncompensated spins resulted due to
the termination of the spin cycloid. However, these ferro-
magnetically aligned spins are pinned by the magnetocrystal-
line and surface anisotropy at room temperature.’® The
appearance of this peak beyond antiferromagnetic transition

FIG. 9. Magnetization (M) vs. temper-
ature (T) curves measured during the
heating cycle from 300K to 940K
with an applied magnetic field of
500 Oe for (a) BCFO and (b) BCFTO.
Arrows in the plots indicate the mag-
netic Néel’s transition in each case.
For BCFO samples, a clear bifurcation
of this transition is observed unlike the
broad single peak in BCFTO. The
magnetization on the Y-axis has been
normalized to the room temperature
value. A strong peak at ~870K is
attributed to the Hopkinson-like effect
arising from the ferromagnetic compo-
nent in the samples.
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is attributed to the rapid alignment of ferromagnetic spins in
the field’s direction due to a sudden loss of anisotropy at
high temperatures. This is immediately followed by a quick
randomization of spins due to continuously increasing tem-
perature. This is very similar to the Hopkinson effect
observed in ferromagnetic single domain particles at high
temperatures.®* The presence of a minimum before the
Hopkinson peak is also explained in the frame work of the
Stoner-Wohlfarth model.** The absence of such a strong
magnetic feature at high temperature in bulk BiFeO; con-
firms that this peak is a nanoproperty.®® To check for the
reversibility of temperature dependent magnetization, the M
vs. T measurement was done for both heating and cooling
cycles (between 300 and 900K) in inert ambient with an
applied magnetic field of 500 Oe for representative samples
(only 10%) of BCFO and BCFTO (Fig. 10). Magnetic hys-
teresis M vs. H loops were measured before heating and after
cooling cycles [shown only for BFO and BCFO10 samples
in Fig. 10(b)]. All the samples show an increase in magneti-
zation after cooling compared to the value before heating.
The field cooled M vs T curves do not show this strong
anomaly with the magnetic moment higher than the heating
curve. This can be due to the spin-reorientation that takes
place in the samples when cooled under a magnetic field.
TGA-DSC measurements for all the samples were carried
out in N, and air ambient to understand any chemical varia-
tions that can possibly occur at high temperature in oxygen-
deficient and oxygen-rich conditions (Fig. S5 in the supple-
mentary material). Pure BFO shows almost a constant profile
as the temperature increases in both N, and air ambient.
BCFO samples (with 5 and 10% Ca) show considerable
weight loss in the N, environment only beyond 950 K. The
weight loss observed here can be due to loss of Bi at high
temperatures, primarily evoked by the formation of more
oxygen vacancies in reduced ambient. BCFTO samples
(with 5 and 10% Ca and Ti) also show a similar trend as that
of BCFO. Hence, there is no considerable weight change in

J. Appl. Phys. 124, 073904 (2018)

any of the samples at ~870K where the magnetic anomaly
is observed. This suggests that this peak in thermomagnetic
curves is not due to any compositional or structural varia-
tions that take place with temperature. Rather, a competing
interaction between the temperature dependent anisotropy
(leading to the increase in the magnetization in the FM com-
ponent at high temperatures) and thermal randomization of
ordered spins (leading to the decrease in the magnetization
with temperature), similar to the well-known Hopkinson
effect, resulted in such a strong peak in the warming cycle of
the M vs T measurement.

CONCLUSION

An extensive analysis on the magnetic properties of
Bi,_Ca,Fe, ,Ti,O3.; nanoparticles has been carried out.
While divalent Ca®>" doping creates oxygen vacancies in the
system, Ca-Ti co-doping of equal proportions aid in sup-
pressing the formation of oxygen vacancies. Magnetization
increases with an increase in Ca(Ti) doping in both the sys-
tems. However, the size difference between these two sets of
nanoparticles offers a distinct scenario for the magnetic
property origin in these systems. While we ascertain that the
magnetic structure in these nanoparticles is a combination of
antiferromagnetic and ferromagnetic components, the distri-
bution of ferromagnetic spins is not only merely restricted to
the surface like in the case of pure BFO but also dispersed
within the particle cores of the doped systems. This cannot
be compared to a typical core-shell nanostructure with the
AFM core and FM shell; however, the net magnetization
will remain to be an aggregate of these sources. Bifurcation
of AFM N¢el transition in Ca doped samples is attributed to
the gradual emergence of the orthorhombic phase with an
increase in the Ca content. The ferromagnetically aligned
spins in the Bi,_,Ca,Fe,_,Ti,O3_s nanoparticle systems are
strongly pinned by the magnetocrystalline and surface
anisotropy. The strong anomaly at high temperatures
~870 K observed in all the samples irrespective of doping is

[—J I~ - - B - -]
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FIG. 10. (a) Magnetization (M) vs.
temperature (T) curves of representa-
tive samples showing both the heating
and cooling cycles (marked by dotted
arrows) under an applied field of
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due to the sudden loss of anisotropy present between uncom-
pensated FM spins that arise from the termination of the spin
cycloid at the defect centers and the surface. Thus, a compet-
ing interaction between the temperature-dependent anisot-
ropy and thermal randomization of ordered spins resulted in
a Hopkinson-like effect with a strong peak in the warming
cycle of the M vs. T measurement.

SUPPLEMENTARY MATERIAL

See supplementary material for more details regarding
the influence of doping on crystallization temperature, low
frequency Raman signature, thermogravimetric changes in
reactive and inert ambient at high temperature, oxidation
states, and compositional information of Bi, Ca, and Fe in
doped systems.
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