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Single-phase materials that are simultaneously ferroelectric and ferromagnetic at room temperature are prom-
ising for devices such as non-volatile random-access memory. Perovskite BiFeO3 which crystallizes in the polar
rhombohedral structure (R3c) is ferroelectric and antiferromagnetic at room temperature. Here, we report a
family of perovskite oxides in the BiFeOs — Biy/3TiO3 — ATiO3 (where A%" is divalent alkaline earth metal ions e.
g, Ca®*, Sr?*, Ba®") ternary phase diagram that is polar as well as weak ferromagnetic above room temperature.

The composition (Bip.9167A0.075)(Feo.oTio.1)O3 crystallizes in the polar rhombohedral structure space group R3c
as corroborated by powder X-ray and neutron diffraction analysis. The nearly pure A-site perovskite possesses a
long-range magnetic ordering above room temperature. These perovskites show a low dielectric loss, and the
electrical response is dominated by grain contributions below 723 K.

1. Introduction

Bismuth-based perovskite oxides (BiMO3, where M3+ is a transition
metal ion) are promising due to their versatile properties such as Pb-free
piezoelectrics, multiferroics, solar cells etc [1-5]. Especially pure A-site
bismuth-based perovskite oxides that possess a polar structure are can-
didates for Pb-free piezoceramics. Among these, only a few perovskites,
e.g., BiFeOs, BiTiz/gFes/gMgs/g03, are accessible at ambient pressure
[6,7] whereas BiMnOs3, BilnO3, BiNiO3 and BiAlO3 are high-pressure
phases [8-10]. BiFeO3 has been extensively studied as a candidate ma-
terial for room-temperature multiferroic [3,11-13], and piezoceramics
[2,14] and has been demonstrated in random access memory device
applications. At room temperature, the structure of BiFeOs is rhombo-
hedral (space group R3c) with ferroelectric polarization along the
[111], direction. Ferroelectric switching has been reported in both
ceramics and thin-film heterostructures with polarization as high as 60
pC/cm? [13,15]. The long-range G-type magnetic ordering in BiFeOs
onsets below 675 K, however, the magnetic structure is modulated with
a cycloidal ordering with a long period of 620 A along the [110]y
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direction [16]. This modulation cancels any net magnetization due to
Dzyaloshinsky—Moriya interaction as commonly observed in rare-earth
orthoferrites. Epitaxial strain, chemical substitution at the A-site or B-
site by Ti, and pressure has been shown to improve the magnetization in
BiFeO3 [12,14,17-24]. For example, the polar and weak ferromagnetic
phase is sustained up to x = 0.11 in BiFe; 4TiyO3,5 and up tox = 0.2 in
Bi; xAxFeOs where A = La, Ca, Sr, Ba) [25-27]. New design routes can
lead to materials that are both ferroelectric and ferromagnetic above
room temperature. For example, a bulk perovskite oxide exhibited both
switchable polarization and magnetization from a design strategy that
led to improved ferroelectric properties at the morphotropic phase
boundary and a sustained long-range magnetic order from a percolating
network of magnetic ions [28,29]. Synthesis and ceramic processing of
BiFeO3 are known to be challenging due to its phase instability,
competing secondary phases, bismuth volatility, and purity of starting
oxides and precautions are necessary to overcome these challenges
[11,30,31].

Rare earth orthoferrites, e.g., LaFeOs, have a perovskite structure
where trivalent La and Fe occupy the A and B sites of the perovskite,
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Fig. 1. (a) Ternary phase diagram of BiFeOs — Biy/sTiOs — ATiOs for A%+ = Ca®". Filled blue circles represent phase pure perovskite phase (this study), filled red
circles represent perovskite with secondary phases (this study), filled brown squares represent secondary phases (this study), and magenta and olive squares represent
BiFeO3 — CaTiOs. (b) Selected XRD pattern of (1-x)BiFeOs3 — xBiy/3 yAsy,2TiO3 for A?* = Ca®". The secondary phases BiyFe4Oq and Bi,CaTi4O;5 are marked by the
symbols # and *. Unindexed peaks represent the perovskite phase. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

respectively [32]. There are only a few A-site deficient perovskites
known in the literature, e.g., Lag/3TiO3, which accommodates cations of
higher oxidation states at the B-site [33,34]. It has been reported that the
bismuth analog of Lay/3TiO3, ie., Bip/3TiO3 [35] aids to improve the
density and resistivity of PbTiO3 ceramics [36]. Here, we have studied
the effect of Biy/3TiO3 substitution on the ferroelectric and magnetic
properties of BiFeOs. The BiFeOs — Biy/3TiO3 solid solution avoids Bi®*
dilution at the A-site and introduces Ti*" at the B-site. The lone pair
effect of Bi®" at the A-site and second order Jahn-Teller effect due to the
closed-shell (d®) electronic configuration of Ti** ion is expected to
promote ferroelectricity in these perovskites [37]. We find that the
stability of the perovskite phase improves in the BiFeOs — Biy/3TiO3 —
ATiOj3 ternary phase diagram where A%* = Ca?*, Sr?*, and Ba®". The
resulting perovskite oxides are simultaneously polar and weak ferro-
magnetic at room temperature with about 90% bismuth at the A-site.

2. Materials and methods

The compounds in the BiFeOs — Biy,sTiO3 — ATiO3 (A%* = Ca®™, sr?™,
Ba2") were prepared by conventional solid-state route using high-purity
starting materials; BizO3 (>99 % Loba Chemie), CaCO3 (>99 % Loba
Chemie), SrCO3 (>99 % Loba Chemie), BaCO3 (>99 % Loba Chemie),
TiO5 (>99 % Loba Chemie), and Fe;O3 (>95 % Loba Chemie). The de-
tails of the compositions prepared in this study are summarized in
Tables S1 and S2, Supporting information. The starting materials were
preheated at 180 °C for 10 h to remove any moisture. The stoichiometric
ratio of starting oxides and carbonates was mixed in an agate mortar
pestle in acetone. The homogenized powders were calcined in an
alumina crucible at 750 °C, 800 °C, and 850 °C for 12 h with intermittent
grindings between heating. The phase pure powders were mixed with a
binder (Polyvinyl butyral 2 wt%), pressed into pellets, and sintered at
temperatures between 870 and 950 °C to obtain pellets above 90% of the
crystallographic density. The phase purity and crystal structure were
studied using powder X-ray diffraction (XRD) using CuK-« radiation in a
powder X-ray diffractometer (PANalytical Empyrean). Powder neutron
diffraction (PND) experiments were carried out employing POWGEN
diffractometer (Spallation Neutron Source at Oak Ridge National Lab-
oratory) [38] and PD3 multi PSD based focusing crystal diffractometer
set up by UGC-DAE Consortium for Scientific Research Mumbai Centre
at the National Facility for Neutron Beam Research (NFNBR), Dhruva

reactor, Mumbai, India [39]. For the experiment at POWGEN, around 3
g of sample was placed in a 6 mm diameter vanadium can and loaded
into the vacuum furnace. The data were collected at 300 K for 2 h. A
central wavelength of 1.5 A was used, covering a d-spacing of 0.5-10.85
A. Structural analysis was carried out using software packages High-
Score (XRD data), Fullprof [40] (BARC data), and TOPAS-Academic
POWGEN data) [41]. Microstructure and composition were studied
using a Hi-Resolution Scanning Electron Microscope (HRSEM) (Ther-
mosceintific Apreo S). For dielectric and ferroelectric measurements,
polished pellets of thickness 150-200 ym were painted with silver paste
and cured at 120 °C for 1 h. An LCR meter E4980A was utilized to
evaluate dielectric properties in the frequency range between 100 Hz
and 1 MHz. Complex impedance properties were measured using a
custom-made furnace and impedance probe setup [42]. The ferroelectric
hysteresis loops were evaluated at room temperature by a Precision
Multiferroic II Ferroelectric Test System (Radiant Technologies, Inc.,
USA). The Second harmonic generation (SHG) was measured by using a
1064 nm pulsed Nd: YAG laser (Quantel Laser, Ultra 50) to offer the
fundamental light and the generated second harmonic light to be
detected and monitored by an oscilloscope system (Tektronix,
TDS3032). Samples were filled in fused silica tubes with an outer
diameter of 4 mm. Relevant comparisons with known SHG material,
a-SiOg, were made at the same condition. The laser-generated funda-
mental light and the SHG intensity were recorded at room temperature
on an oscilloscope [43]. The DC magnetization data was collected in
zero-field-cooled (ZFC) and field-cooled (FC) modes using a magnetic
property measurement system (MPMS, Quantum Design, USA). For
high-temperature magnetic data, the measurements were carried out in
an oven option of the Physical property measurement system (PPMS,
Quantum Design, USA).

3. Results and discussion
3.1. Materials synthesis

Attempt to synthesize Biy/3TiO3 at 850 °C for 12 h resulted in various
secondary phases (BisTizO12, BigTi;6044), and there was no indication of
the perovskite phase (Fig. S1, Supporting Information). It should be
noted that Bi-based perovskite e.g., BiMnOg, BiCrOs, BiAlO3, and BilnO3
are metastable phases that can only be stabilized by high-pressure
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synthesis. It is possible that Bis/3TiO3 could be a metastable phase and
cannot be stabilized using the ambient pressure solid state route. Diva-
lent alkaline earth metal ions (A%+ = Ca?*, Sr**, Ba®") were substituted
at the Bi-site to stabilize Biz/3TiO3 in the perovskite phase in the range
0.1 <y < 0.5 in Biz/3 yA3y/2TiO3. The calculated tolerance factor Biy,
3 yCasy/2TiO3 is near the perovskite limit (0.95 — 1.05) as shown in
Table S1 (Supporting Information). The XRD patterns indicate second-
ary phases (Fig. S1, Supporting Information). These compositions are
shown in the Biy/3TiO3 — CaTiO3 line in the ternary phase diagram
Fig. la.

We then prepared (1-x)BiFeOs3—xBiy/3TiO3 using the solid-state
route. Powder XRD patterns show that the compositions x = 0.9 and
0.7 were formed with secondary phases, with no indication of a perov-
skite phase (Fig. S2, Supporting Information). This is indicated as the
brown squares in the Biy/3TiO3 — BiFeOs line (baseline of the triangle) in
the ternary phase diagram (Fig. 1a). For x = 0.5 and 0.3, a perovskite
phase forms with other secondary phases as represented using filled red
circles in the ternary phase diagram. The calculated tolerance factor of
compositions in (1-x) BiFeOs—xBiy/3TiO3 ranges from t = 0.84 to t =
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0.95 for x = 0.7 tox = 0.1, respectively.

To tune the tolerance factor towards the perovskite range (~0.94 to
1.04), divalent alkaline earth metal ions were substituted at the Bi-site in
the solid solution (1-x)BiFeOs — xBiz/3 yAsy/2TiO3 A% = ca®t, sr*t,
Ba®") which can be represented in the ternary phase diagram of BiFeO3 —
Biy/3TiO3 - ATiO3 (A%* = Ca®" shown in Fig. 1a). As can be seen from
Fig. 1b, the introduction of divalent Ca®* has a significant effect on the
phase purity. For x = 0.3,y = 0.1-0.5 (x = 0.3 dotted line), and x = 0.5,
y = 0.1-0.5 (x = 0.5 dotted line) the phase purity improves; however,
the perovskite phase forms with other impurities represented filled by
red circles. For x = 0.1, y = 0.3, and x = 0.1, y = 0.5 phase pure
perovskite forms as indicated by filled blue circles (x = 0.1, y = 0.5
shown as pattern 2 in Fig. 1b). Ternary phase diagrams with A" = Sr**
and Ba?' show similar trends as shown in Table S2 (Supporting Infor-
mation). The compositions in the solid solution (1-x)BiFeOs — xBiy,
3-yAsy2TiOs for A%t = Ca®", Sr?" and Ba®" are represented as BCFTxy,
BSFTxy, and BBFTxy respectively as summarized in Table S1 and
Table S2, Supporting Information. In this work, BCFT15 (x=0.1,y = 0.5
for A" = Ca®") and BSFT15 (x = 0.1, y = 0.5 for A" = Sr?>") have been
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Fig. 3. (a) Zero-field cooled (ZFC) and field cooled (FC) magnetization data of BCFT15 against temperature showing magnetic ordering at 557 K as calculated from
the derivative of FC data (inset). (b) Magnetic isotherm at 300 K (black line) and 600 K (red line) of composition BCFT15 confirmed weak ferromagnetism at room
temperature. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Room-temperature dielectric constant (left axis) and dielectric loss (right axis) plotted against frequency for BCFT15, (b) Second harmonic generation
measurement at room temperature on BCFT15 and BSFT15, (c) Room temperature polarization — electric field (P(E)) loops of BCFT15 measured at increasing field

values at a frequency of 5 Hz.

studied in detail.

3.2. Structural analysis

Structural analysis was focused on the phase pure perovskite
composition BCFT15. Profile fit to the laboratory X-ray data on BCFT15
confirms that all the reflections can be explained by the rhombohedral
space group R3c. A small amount (<2 %) of secondary phases was
present (Fig. 2). The refined lattice parameters obtained from the profile
fit are a = 5.5670 (2) A, ¢ = 13.8034(2) A and V = 370.47 A% The
change in lattice parameters from the lattice parameters of BiFeO3 (a =
5.579 A, c = 13.869 A, and V = 373.44 A%) suggests that a solid solution
is formed. Preliminary Rietveld refinement suggests a reasonably fit to
space group R3c and the structural parameters are provided in Fig. S4
and Table S3, Supporting Information. The reduction in cell parameters
is due to the difference in the ionic radii of Bi** (r = 1.17 .7\), Ca’t (r=
1.34 A), Fe*t (r = 0.645 A), and Ti** (r = 0.605 A) [7,31]. A similar
trend has been observed in the solid solution of BiFeO3 and CaTiOs3 [30].
It is noteworthy, that in BiFeOs — CaTiOs, the polar rhombohedral
structure (R3c) of BiFeO3 extends up to x = 0.2, and above the limit, the
structure changes to a non-polar orthorhombic structure with space
group Pnma [44]. The powder XRD patterns of compositions BAFT11
and BAFT13 for A>" = Ca®*, Sr?*, and Ba®" show a similar trend, and
the patterns can be explained using the rhombohedral structure R3c
(Table S2, Supporting Information). Second harmonic generation (SHG)
experiments were conducted on compositions BAFT13, BAFT15 for A%*
= Ca?*, sr?*, and Ba®*. All six compositions are found to be SHG active
and corroborate with the polar or non-centrosymmetric structure
[43,45] (data shown in Fig. 4b for BCFT15 and BSFT15). The SHG data
for other compositions are shown in (Fig. S6 Supporting Information).
The SEM micrographs of the composition BCFT15, and BSFT15 show a
typical grain-like feature with an average microparticle size of 1-2 pm
(Fig. S3, Supporting Information). The average compositions were
calculated from energy-dispersive X-ray spectroscopy (EDX) measure-
ments for BCFT15 and BSFT15 are (Bi0‘804ca0.061)(Feo‘9Ti0.099)03 and
(Bio.740S10.059)(Feg.9Tig.077)O3 which are close to their target composi-
tions (Bio.9167Ca0.075)(Fe.9Tip.1)O3 and (Big.91675T0.075)(Feo.9Tio.1)03
respectively. The profile fit, lattice parameter trend, and compositional
analysis exclude the possibility of phase separation and therefore the
SHG response is consistent with the polar structure with space group
R3c.

The room temperature PND data of BCFT15 (Fig. 2b) reveals a strong
reflection at d ~ 4.56 A. This reflection is not allowed in the rhombo-
hedral space group R3c and is absent in the XRD data (Fig. 2a). This
suggests the possibility of long-range magnetic ordering which was
further corroborated by the subsequent magnetization measurement.

The reflection at 4.56 A in PND data disappears at high temperatures
which is consistent with magnetic measurements (Fig. 2¢ and Fig. 3a).
Preliminary magnetic structure analysis suggests a G-type antiferro-
magnetic ordering with magnetic moments predominantly aligned in
the a-b plane (Fig. S4b, Supporting Information). The refined magnetic
moment is 3.07 pg and matches closely with the existing reports in BiFe;.
xTixO3 and Bij xSryFeO3 [23,25].

3.3. Magnetic properties

Magnetization data collected on BCFT15 in the temperature range of
2 to 400 K show that Zero-field cooled (ZFC) and Field cooled (FC)
curves diverge from 400 K and remain down to 2 K (Fig. S5, Supporting
Information). No magnetic anomalies were observed in this temperature
range, therefore, excluding any spin-reorientation transition as observed
in BiFeOg at 140 K and 200 K. Further magnetization isotherms collected
at room temperature show a magnetic hysteresis loop. The presence of
ZFC - FC divergence and magnetic hysteresis loop confirms weak
ferromagnetism or canted antiferromagnetic behavior as commonly
observed in rare-earth orthoferrites LnFeO3 due to spin-canting. To
determine the magnetic ordering temperature, ZFC and FC magnetiza-
tion were measured in the oven option of the Physical property mea-
surement system PPMS. As shown in Fig. 3a, the sharp onset of FC
magnetization and large divergence in ZFC — FC data confirm a magnetic
ordering. This is also consistent with the nearly linear magnetic hys-
teresis loop at 600 K (Fig. 3b). It may be noticed that the small hysteresis
at 600 K and slight divergence in ZFC — FC data above Ty may indicate a
small amount of magnetic secondary phases which could not be iden-
tified using laboratory X-ray data. In particular, the presence of mag-
netic secondary phases in BiFeOs-related materials is a complex problem
and depends on various other factors such as purity of starting materials,
Bi-loss, phase homogeneity, etc [28,31]. The onset of the magnetic
ordering as determined from the derivative of FC data is Ty = 557 K. The
remanent magnetization (M;) at 300 K is estimated from the M—H
isotherm to be 0.01 pp/f.u. The appearance of weak ferromagnetism in
BCFT15 can be understood as follows. Unlike in rare earth orthoferrites,
the net magnetization caused by antisymmetric Dzyaloshinsky-Moriya
interaction is zero due to the incommensurately modulated spin struc-
ture below Ty = 643 K [46,47]. Substitution of nonmagnetic Ti*t in the
Fe3* site and Ca®" in the Bi®* site perturbs the spatial spin structure and
this, in turn, induces canted antiferromagnetic behavior as observed in
orthoferrites and BiFeO3 — CaTiO3 [25,44,48].

3.4. Dielectric, and ferroelectric properties

The room temperature dielectric constant in BCFT15 varies from 86
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Fig. 5. The Nyquist plots of composition (a, b) for BCFT15 and (d, e) for BSFT15 and Arrhenius fit (c) for BCFT15 and (f) for BSFT15 to the grain conductivity of

compositions.

to 77 in the frequency range of 100 Hz to 1 MHz. Interestingly the
dielectric loss is low and ranges from 0.01 to 0.03 in the same frequency
range (Fig. 4a). It should be noted that the processing of BiFeO3 and
related ceramic oxides is challenging, and high dielectric loss can result
in artifacts in ferroelectric measurements. The loss data presented here is
similar to the reported values in BiFeO3 — CaTiO3 system [44]. The low
loss in these oxides facilitated measurements up to 180 kV/cm during
ferroelectric polarization versus electric field (P(E)) loop measurements.
As the external field increases, the polarization data evolves in a non-
linear way (Fig. 4c) indicating domain wall motion [27,49]. It should
be cautioned that the loops presented here do not demonstrate ferro-
electricity and may require the application of a higher electric field for
polarization switching.

3.5. Complex impedance study

To understand the origin of the dielectric behavior, the complex
impedance spectroscopy (CIS) technique was employed. Fig. 5a, b and
Fig. 5d, e shows the complex impedance spectra (Nyquist plot) at
selected temperatures for BCFT15 and BSFT15 respectively. The
impedance plots at lower temperatures can be explained in terms of a
single contribution arising from grains. The data has been modeled using
a parallel circuit consisting of resistance (R) and a constant phase
element CPE (Ycpr = Z,}? = Ao (jw)") where Ag and n are constants for a
given temperature (0 < n < 1). The equivalent capacitance (C = R
.Q%) is of the order of 107! F suggesting a contribution from the grains
[50]. The activation energy (E,) is obtained from the grain conductivity

(64c) Vs 10%/T plot using Arrhenius equation (64 = ooe%lf) [51]. The
activation energy obtained from the linear fit is 1.15(9) eV and 1.16(4)
eV respectively for BCFT15 and BSFT15 compositions (Fig. 5c, f). The
compositions show predominantly grain contribution between 500 K
and 623 K whereas above 650 K an additional arc appears in the
impedance plots as shown by blue arrows (Fig. 5b, ). The equivalent
capacitance is found to be of the order of 107° F indicating electrode
contribution [24,50].

4. Conclusions

We explored BiFeO3 — Biy/3TiO3 — ATiO3 where A% = Ca2+, Sr2+,
Ba?") ternary phase diagram and achieved perovskite phases with
high-bismuth content at the A-site. Preliminary Rietveld measurements
suggest a polar rhombohedral structure (Space group R3c) akin to the
parent BiFeOs. These compositions show a low dielectric loss, and the
electrical response is dominated by grain contribution. PND and DC
magnetic measurements confirm long-range magnetic ordering below
557 K. At room temperature, these compositions are both polar and
weak ferromagnetic. The strategy would be helpful to design new room-
temperature polar magnetic materials.
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