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Inspired by the potential applications of the magnetoelectric effect, interest in multiferroic materials is
growing steadily. While BiFeOs is the most thoroughly studied magnetic ferroelectric compound, the
properties of its solid solutions remain a matter of intensive debate. In this paper we show how variation in
the chemical composition of Bi;_,Ae.Fe; ,TiyOz (Ae = Ca, Sr, Ba) perovskites affects their crystal structure
and magnetic behavior. In particular, our research demonstrates that Ca/Ti and Sr/Ti substitutions suppress
the cycloidal antiferromagnetic structure specific to the parent compound, thus stabilizing a weak
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ferromagnetic ferroelectric state. The Ba/Ti-doped solid solutions retain the magnetic behavior characteristic
of the pure BiFeOs. Since the latter observation is directly opposed to the prevailing concept used in
DOI: 10.1039/c7tc00833¢ describing magnetic phenomena in the Biy_,BasFe;_,Ti Oz series, the origin of the contradiction between
the current and previously reported data is analyzed. Finally, the reasons underlying the difference in the

rsc.li/materials-c magnetic properties of the Bi;_,Ae,Fe; ,Ti;Os compounds are discussed.

1. Introduction (the Heisenberg nearest-neighbor exchange establishes a G-type AFM
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Magnetoelectric multiferroics exhibit the simultaneous existence
of spin and electric dipole ordering, making them promising for
future technological applications." An ideal multiferroic material is
expected to be ferromagnetic and ferroelectric, and demonstrate
strong coupling between magnetization and polarization at room
temperature. Since such a material has not been discovered so
far, much attention now focuses on the antiferromagnetic (AFM)
and ferroelectric (FE) bismuth iron oxide,>* which possesses
exceptionally high transition temperatures (Tppy =~ 640 K,
Trg &~ 1100 K) and very large spontaneous polarization (P ~
100 puC ecm™?). Pure BiFeO; is a perovskite with a rhombohedral
crystal lattice (space group R3c)* and cycloidal spin arrangement®
stable over a broad range of magnetic fields.® Both the crystal and
magnetic structures can be influenced by the chemical replace-
ment of Bi** with rare-earth (Re) or alkali-earth (Ae) elements.””
Depending on the concentration and ionic radius of the Re**
cations, either the antipolar (generally, PbZrO;-related) or nonpolar
GdFeO;-type structure can be stabilized."®™ The doping-driven
loss of the ferroelectric ordering is accompanied by the removal of
the cycloidal magnetic modulation resulting in the appearance
of a small (~0.25-0.3 emu g ') spontaneous magnetization
originating from the canting of the antiferromagnetic sublattices
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structure) induced by the Dzyaloshinskii-Moriya interaction.
In contrast to the Bi; ,Re,FeO; multiferroics, the Bi; ,Ca,FeO;
perovskites can exhibit a purely weak ferromagnetic (WFM)
behavior in the polar phase,'® thus providing the technologically
important possibility of switching the ferroelectric polarization
with a magnetic field. The origin of the Ca®" substitution-driven
instability of the cycloidal order has been shown to be closely
connected with the charge-compensatory mechanism that
involves the formation of anion vacancies in the acceptor-doped
materials."®*® Nevertheless, the doping-introduced lattice
defects seem not to be the only factor determining the evolution
of magnetic properties in the Bi;_,Ae,FeO;_,/, series. Indeed,
the Bi; _,Ba,FeO;_,, ferroelectrics have been proven to be anti-
ferromagnetic, thus suggesting that the size of an alkali-earth
substituent should also play an important role.'® The influence
of the size of the Ae*" cations could be more fully understood by
considering the multiferroic behavior of the Bi; ,Ae,Fe; ,Ti,O;
perovskites. Unfortunately, the available data do not always
provide a clear picture of how the variation in the ionic radius
of Ae*" affects the magnetic properties of the co-doped BiFeOs;.
For instance, it is widely accepted that the Bi,_,Ba,Fe; ,Ti,O;
solid solutions are intrinsically weakly ferromagnetic.>*° It is
assumed that the room-temperature spontaneous magnetization
remains observable in a very broad concentration range.*'">®
Being based on a magnetometric study, these conclusions,
however, are not consistent with the results of Mdssbauer spectro-
scopy which indicate that some of these “weak ferromagnets” are
in a magnetically-disordered state.>"** The existing magnetic data
do not reveal any qualitative or quantitative similarities in the
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compositional dependences of the spontaneous magnetization,”' >
thus raising the question as to whether they can adequately reflect
the substitution-driven changes in the magnetic structure of the
Bi, ,Ba,Fe; ,Ti,O; compounds. Though the results of the magneti-
zation measurements collected for the Bi;_,SrFe; ,Ti, 05> and
Bi,_,Ca,Fe; ,Ti, 05" systems look less contradictory, they
are still not sufficiently consistent to describe the peculiarities of
the antiferromagnetic-weak ferromagnetic transformation which
supposedly takes place with increasing Ae®’/Ti*" content. To
reveal the pattern of changes in the magnetic behavior of the
co-doped bismuth ferrites depending on the concentration and
ionic radius of the alkali-earth substituents, solid state synthesis
and investigation of the crystal structure, microstructure, and local
ferroelectric and magnetic properties of the Bi; ,Ae,Fe; ,Ti,O3
(Ae = Ca, Sr, Ba; 0.1 < x < 0.2) perovskites have been carried
out (due to the difference in their size, the Ae dopants were
expected to provide dissimilar “chemical pressures” unequally
affecting the stability of the cycloidal phase; the concentration
range, in turn, was chosen as illustrating the mechanism of the
anticipated composition-driven AFM-wFM transformation).'*>*

2. Experimental

Ceramic samples of Bi; ,Ae,Fe; ,Ti,O; (Ae = Ca, Sr, Ba; 0.1 <
x < 0.2) were prepared by a solid-state reaction method using
high-purity powders of Bi,O;, CaCO3, SrCO3, BaCO3, Fe,O; and
TiO, (Sigma-Aldrich, >99%). The reagents were taken in a
stoichiometric cation ratio and mixed using an agate mortar
and a pestle. The mixtures were uniaxially pressed into pellets
with a diameter of 10 mm and a thickness of 2-3 mm and
annealed in closed alumina crucibles at the temperatures
specified in Table 1 (in all cases, the heating/cooling rate was
5 °C per min, and the duration of the heat treatment was 30 h).
Phase and structure analyses were performed on crushed
pellets using a Bruker D8 Advance diffractometer with Cu K,
radiation. The X-ray diffraction (XRD) patterns were collected
by step scanning in the angle range 15° < 20 < 100° with a step
of 0.01° and a dwell of 2 s per step. The diffraction data were
analyzed by the Le Bail method®* using the FullProf software
package.®® Microstructural and elemental analyses were done
on gold-palladium coated ceramic surfaces using a VEGA-3 SB
(TESCAN) scanning electron microscope (SEM) operating at an
accelerating voltage of 30 kV and equipped with an energy

Table 1 Synthesis temperature and unit cell parameters (the accuracy is
better than 0.0005 A) for the Bi;_,Ae,Fe;_,Ti,Oz samples

Composition Toyny °C a, A c, A

Biy oCap 1Fep oTip 103 920 5.5635 13.8138
Bi.g5Ca0.15F€0 85Ti0.1503 940 5.5563 13.7859
Big.gCag.oFeg sTip 03 960 5.5495 13.7527
Big oSr.1Fe(.9Tip 103 920 5.5774 13.8324
Bi().ggsr().12Feo.ggTi0.1203 930 5.5777 13.8210
Big g5STo.15F€0.g5Tio 1503 940 5.5778 13.7978
Bi gS1 2Feq gTip 203 960 5.5778 13.7654
Big.oBag 1Feq oTip 103 910 5.5950 13.8875
Big g5Bag.15F€0.g5Tio.1503 920 5.6044 13.8883
Big gBag 2Feg gTip 203 930 5.6152 13.8874
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dispersive X-ray spectroscopy (EDS) detector (Bruker). The ferro-
electric domain structure was investigated with a NTEGRA Prima
(NT-MDT) scanning probe microscope operating in piezoresponse
force microscopy (PFM) mode (the NSG30 probes were used).
Images of ferroelectric domains were recorded under an applied
AC voltage with an amplitude V¢ =5V and a frequency f= 100 kHz.
Magnetic measurements of ceramic samples were performed
with a cryogen-free Physical Properties Measurement System
(PPMS DynaCool, Quantum Design).

3. Results and discussion

XRD measurements confirmed the as-prepared samples (Table 1) to
be single phase and having the rhombohedral lattice characteristic
of the parent BiFeO,.* Indeed, all the collected diffraction patterns
were successfully indexed using the hexagonal cell with a = ﬂap

and ¢ = 2v3¢, (@p = ¢, ~ 4 A are the parameters of the primitive
pseudocubic perovskite subcell; the unit cell, accordingly, contains
6 formula units) to yield the systematic absence of the reflections
indicative of the space group R3c. The results are consistent
with the majority of the previously published data reported on
the crystal structure of the Bi,_,Ae,Fe; ,Ti,O; compounds at
x < 0.2.19721237293132 A typical example of the refined XRD
pattern is shown in Fig. 1. The unit cell parameters obtained
from the Le Bail fits are summarized in Table 1.

The changes observed in the lattice parameters of the
Bi;_,Ae,Fe; ,Ti,O; samples with increasing x are largely determined
by the ionic radius (r) of the Ae®” ions (reaer < g+ < Fgr <
Tgazt, Prier < T'pesr).->° AN increase in the concentration of Ca**
and Ti*" gives rise to a contraction of the cell both in the basal
hexagonal plane and along the polar ¢ direction (Fig. 2(a)).
Though the size of Sr** exceeds that of Bi**,*® the common
effect of Sr**/Ti*" co-doping is a decrease of the primitive cell
volume (Fig. 2(b)) associated with a contraction of the crystal
lattice along the polar c axis (Fig. 2(a)). Increasing the content of
Ba® and Ti*" causes a lattice expansion in the basal ab plane,
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Fig. 1 Experimental (red circles), calculated (black line) and difference
(blue line) XRD patterns obtained for the Big.oSrg1FepoTig 103 compound.
Tick marks indicate the positions of allowed Bragg reflections. The peaks

seen at around 20° and 29° (marked by arrows) are due to the small Kj
component of the radiation leaking through the Kj filter.
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Fig. 2 (a) Normalized lattice parameters a, and ¢, (depicted as circles and
triangles, respectively) for the Bi;_,Ae,Fe; ,Tiy O3z [Ae = Ca (black symbols),
Sr (red symbols), Ba (blue symbols)] compounds. (b) Primitive cell volume
for the Bi;_,AesFe; ,TiyOz samples. The data for pure BiFeOs (white
symbols) were taken from ref. 37-39. The lines are guides for the eye.

while the ¢ parameter remains nearly constant and, thus, quite
similar to that specific to the pure BiFeO; (Fig. 2(a)).

The pattern of changes in the magnetic behavior of the
Bi;_,AeFe; ,Ti,O; compounds was found to be strongly dependent
on the size of the Ae®" substituents. The Ca/Ti co-doping results in
the suppression of the cycloidal magnetic structure, as evident from
the field dependences of magnetization shown in Fig. 3(a). The
sample with x = 0.1 exhibits a metamagnetic transition associated
with the field-induced removal of the cycloidal modulation and
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stabilization of a spin-canted antiferromagnetic order.*” The
deviation from a linear increase in magnetization that reflects the
reversible cycloidal structure < canted structure transformation
is observed over the range 25-65 kOe (in the pure BiFeOs,
such a transition begins at H ~ 160 kOe and continues up to
H ~ 200 kOe).® The x = 0.15 sample shows a metamagnetic
behavior at much lower fields (the transformation starts immediately
upon the application of a magnetic field, though the homogeneous
spin-canted state is stabilized only at H > 35 kOe). A further increase
in the concentration of Ca and Ti gives rise to spontaneous weak
ferromagnetism (Fig. 3(a)).

Magnetic phase evolution in the Bi, ,Sr,Fe; ,Ti,O; series
can be characterized in terms of the formation of an intermediate
inhomogeneous magnetic state. The canted and cycloidal phases
coexist in a broad concentration range, as can be seen from
the M(H) dependences combining a relatively large remanent
magnetization (up to 0.1 emu g~ for x = 0.15) with a metamagnetic
behavior (Fig. 3(b)). Though our investigations suggest that the
magnetic properties of the samples are hardly affected by the
annealing temperature (Fig. 4), we cannot rule out the possibility
that the synthesis procedure can be optimized to yield the
pronounced magnetic transitions specific to the Ca/Ti-doped
compounds (Fig. 3(a)). The tendency towards magnetic phase
separation is likely associated with a large difference in the ionic
radii of the host and substituting ions which is known to hamper
a random distribution of the elements in the crystal lattice of
perovskite-type materials.*"*>

The Ca/Ti- and Sr/Ti-containing series exhibit the same trend
with respect to the behavior of magnetization in high fields: after
completing the metamagnetic transformation, those samples with
an antiferromagnetic component at H = 0 acquire magnetization
characteristic of the weak ferromagnetic solid solutions with
x = 0.2 (Fig. 3(a and b)). The latter indicates that the field-
stabilized and spontaneously-stabilized weak ferromagnetic
phases have the same magnetization and, therefore, the same
canted magnetic structure, as predicted by the symmetry of
the space group R3c (if the Fe magnetic moments which form a
G-type antiferromagnetic order are oriented perpendicular to the
¢ axis, the symmetry permits a canting of the antiferromagnetic
sublattices resulting in a weak ferromagnetism).** The difference

Bi, ,Ca Fe, TiO Bi, SrFe Ti O Bi, Ba Fe, TiO
-X X 1x x 3 1x~ X 1x x 3 1-x X 1x x 3
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Fig. 3 Magnetic hysteresis loops obtained for the Bi;_,Ae Fe; ,Ti,O3z compounds at room temperature.
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Fig. 4 Room-temperature magnetic hysteresis loops obtained for the
Bi;_,SrFer xTixOs (x = 0.15, 0.2) samples prepared at different temperatures.

in values of the spontaneous magnetization obtained for the
Ca/Ti- and Sr/Ti-doped compounds with x = 0.2 (M; ~ 0.35 emu g "
for Ae = Ca and M; ~ 0.25 emu g for Ae = Sr, as defined from a
linear extrapolation of the high field magnetization to H = 0) should
be associated with a compositional variation in the amplitude of the
oxygen octahedra rotation determining the magnitude of the spin
canting in the weak ferromagnetic phase.**

In contrast to the majority of the available data,>*>* our
investigations show that the Bi, ,Ba,Fe; ,Ti, O3 solid solutions
are antiferromagnetic, the apparent “weak ferromagnetism”
being due to the presence of magnetic impurities. Indeed,
magnetic measurements of the Ba/Ti-doped samples reveal
almost perfectly linear M(H) dependences with a negligible
remanent magnetization (Fig. 3(c)). The magnetic behavior is
easily affected by the synthesis conditions: an increase in the
annealing temperature gives rise to an enhancement of the
ferromagnetic-like contribution (Fig. 5). The magnetization
increase is accompanied by the appearance of extra peaks in
the XRD patterns (inset in Fig. 5). The peaks can be identified
as originating from the Bi,Fe,Oo impurity arising as a result of
heat-induced decomposition of the perovskite phase.*> Even
though the detected impurity cannot be responsible for the
increased magnetization (Bi,Fe Oy is paramagnetic at room
temperature),’® the correlation between the magnetic and XRD
data (Fig. 5) implies that the magnetic state of the samples
should be determined by their phase composition.

To reveal the origin of the spontaneous magnetization appearing
in the partly decomposed samples, a combined SEM/EDS analysis
has been carried out (Fig. 6 and 7). The BiygCayFe)sTi,0; and
Biy gBag »Feq sTip 03 samples, selected as representing a purely
weak ferromagnetic and antiferromagnetic material, respectively
(Fig. 3(a and c)), showed no features in the SEM images that
could be indicative of an elemental heterogeneity (Fig. 6). In
contrast, backscattered electron microscopy, performed for the
Big oBay 1Feg o Tip 103 sample annealed at 950 °C (Fig. 5), revealed
the presence of grains distinguished by elemental contrast.
Among others, the grains enriched in Fe and depleted in Bi
were detected (Fig. 7). The chemical composition of these grains
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Fig. 5 Room-temperature magnetic hysteresis loops obtained for the
Big.oBao 1Feo.9Tin 103 samples prepared at different temperatures. The inset
shows parts of the experimental XRD patterns collected for the same
samples and demonstrating the appearance of extra peaks (marked by
asterisk) attributable to the formation of Bi,FesOg impurities (intensity of
the main impurity peak detected for the sample annealed at 950 °C is
around 100 times smaller than that characteristic of the most intensive
peaks originating from the perovskite phase).

Fig. 6 Secondary electron (left) and backscattered electron (right) images
of the Big gCag sFeqgTin 203 (@) and Big gBag »Feq gTig 203 (b) ceramics.

was found to correspond to the Ti-doped hexaferrite BaFe;,0;o.
Taking into account that the coercive field specific to the chemically-
inhomogeneous Bij oBa, 1Fey oTi10; samples (H. ~ 3 kOe)
is very close to that characteristic of the BaFe;,0,4 ceramics®’
and BaFe,,0,q-containing composites,*®*° the presence of the
ferrimagnetic impurity should be considered as the most probable
reason underlying the pseudo weak ferromagnetic behavior
observed (Fig. 5). The results support the conclusions of the

This journal is © The Royal Society of Chemistry 2017
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Fig. 7 Secondary electron image (left panel), backscattered electron
image (right panel) and elemental maps (bottom panels) obtained for the
Bip.oBag 1Feo.oTin 103 sample annealed at 950 °C.

previous study of Clemens et al. indicating that the BaFe;,019
impurity phase gives rise to the apparent weak ferromagnetism in
the Bi,_,BaFeO;_,/, and Bi,_,Ba,FeO;_,F, compounds.® Being
hardly detectable by XRD,” this impurity can seriously hamper
the finding of real structure—property correlations, so a careful
examination of the data reported on the multiferroic behavior of
the Bi,_,Ba,Fe; ,Ti,O; perovskites is highly desirable.

It has been recently shown that the magnetic properties of
BiFeO;-based multiferroics can be influenced by structural
defects.'® %5153 Indeed, even a small deviation from the ideal
cation-anion stoichiometry that results in the appearance of
lattice defects can trigger the removal of the cycloidal magnetic
order, thus giving rise to a weak ferromagnetic behavior.>*
Taking into consideration that the distribution/concentration
of the defects affects the ferroelectric domain structure of a
material,>® a PFM study aimed at revealing any possible corre-
lations between the microstructure and magnetic properties
has been performed (typical PFM images obtained for the weak
ferromagnetic sample Bij gCag 2Fe, sTi .03 and antiferromagnetic
sample BiggBagFe,gTip,0; are shown in Fig. 8; other data
describing the compositional evolution of the domain structure
in the Bi,_,Ca,Fe; ,Ti,O; series have been recently presented in
ref. 56). One can see that the samples demonstrate very similar
ferroelectric/ferroelastic* domain patterns imprinting distribution
of lattice defects which pin the domain walls."®* Such a similarity
does not conform to the scenario of the defect-driven suppression
of cycloidal magnetic structure suggesting that the change of the
magnetic state should be accompanied by dramatic morphological
transformations giving rise to the appearance of nanoscale
polarization textures, 68327343758

The magnetic structure of BiFeO; is stabilized by the anti-
symmetric Dzyaloshinskii-Moriya (DM) interaction of the form
Epm =>_Dj; - (Si xS;), where the DM vector, D, has two

i

components associated with the ferroelectric polarization and
with the antiphase rotations of FeOq octahedra.> It is assumed
that if the DM energy associated with the octahedral rotations

This journal is © The Royal Society of Chemistry 2017
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Fig. 8 Vertical PFM images (10 x 5 pm) of the mechanically-polished
ceramics of BiggCapoFeggTin 203 (@) and BiggBagsFeqgTio 203 (b). Domains
with different orientation of polarization are distinguished by different contrast.

becomes larger than that of the ferroelectric polarization, the
cycloidal state is destabilized in favour of a G-type structure
with a net ferromagnetic component induced by spin canting in
the basal plane.*® Chemical substitution can affect both the
magnitude of the oxygen octahedra rotations and the average
polarizability of the A-site cations, thus becoming a tool for
tuning the multiferroic behavior. Even though the laboratory XRD
experiment does not permit a precise pattern of the composition-
driven changes in the crystal structure of the Bi;_,Ae,Fe; ,Ti,O;
compounds to be obtained, it reveals the magneto-structural
correlations (Fig. 2 and 3) consistent with the conception
proposed. Indeed, one can see that the weak ferromagnetic state
is attained only in those series in which the substitution gives
rise to an anisotropic contraction of the cell along the polar ¢ axis
(such a contraction reflects the diminishing of polar ionic
displacements®®®"). The Bi;_,Ba,Fe;_,Ti,O; (x = 0.1, 0.15, 0.2)
compounds, in turn, exhibit composition-independent magnetic
behavior (Fig. 3(c)) coinciding with that specific to the pure
BiFeO;."* The remarkable independence of the magnetic properties
on the chemical composition correlates with the structural data
suggesting a negligible variation in the ¢ parameter over the
concentration range under study (Fig. 2(a)).

4. Conclusions

The magnetic properties of the Bi, ,Ae,Fe; ,Ti,O; (Ae = Ca, Sr,
Ba) multiferroics have been studied as a function of the
concentration and ionic radius of the alkali-earth substituents.
It has been found that the Ca/Ti and Sr/Ti co-doping effectively
modifies the magnetic structure of BiFeO3, thus giving rise to
the AFM-wFM transformation occurring without a change in
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the crystal symmetry. Contrary to the mainstream view on the
magnetic behavior of the Bi;_,Ba,Fe; ,Ti,O3 perovskites,zo'25 our
investigations reveal that the materials retain the AFM state char-
acteristic of the pure bismuth ferrite. We propose that the apparent
weak ferromagnetism which can be seen in the Ba/Ti-doped samples
should be associated with a deviation from nominal stoichiometric
composition accompanied by the formation of magnetic impurities.
The composition-driven changes in the magnetic properties
of the Bi;_,Ae,Fe; ,Ti,O; solid solutions correlate with the
evolution of lattice parameters, thus confirming the existence
of a tight coupling between the magnetic and structural/electric
dipole order in these materials.
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