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ABSTRACT

Crystal structure and magnetic properties of BiFeO; compounds co-doped with
Ca and Mn ions as well as Ca and Ti ones were studied using diffraction and
magnetometry techniques. Crystal structure of the Bi;_,Ca,Fe;_,Mn,O;
ceramics with x <0.19 was attested to be single phase rhombohedral one,
structural data obtained for the compounds co-doped with Ca and Ti ions testify
stability of the polar rhombohedral state up to the concentration level of 25 %.
Co-doping with Ca and Mn ions gradually modifies magnetic structure of the
compounds toward weak ferromagnetic one; there is no correlation observed
between the type of structural distortion and magnetic structure of the com-
pounds. The Bi;_.Ca,Fe;_,Mn,O; compounds with x > 0.25 show complex
magnetic behavior associated with the coexistence of antiferromagnetic matrix
and magnetic clusters. Compounds co-doped with Ca and Ti ions with rhom-
bohedral structure testify nearly three times larger remnant magnetization as
compared with that observed for Ca | Mn-doped series, and magnetic state of the
compounds with x > 0.1 remains to be homogeneous weak ferromagnetic one
up to x ~ 0.3, and above this concentration, magnetic structure is disrupted
because of diamagnetic dilution.
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applications it is necessary to release remnant mag-
netization canceled because of modulated magnetic

Introduction

BiFeO3-based materials with perovskite-like structure
have attracted great attention of researchers as these
compounds possess both magnetic and dipole
ordering well above room temperature [1, 2]. To
make these materials promising for industrial
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structure [3, 4]. Spatially modulated magnetic struc-
ture can be destroyed by strong external magnetic
field [5], via thin film preparation [6] or chemical
substitution in A and/or B positions of perovskite
structure [7-10]. Using chemical substitution, it is
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possible to modify magnetic subsystem of the com-
pounds and control transport properties and dipole
ordering which makes this method to be flexible tool
to manage physical properties of the BiFeOj-based
compounds.

Recent studies of the substituted BiFeO; materials
testify an improvement of the physicochemical
properties of the doped compounds with composi-
tions near the phase boundary regions [11-15].
Improved properties of these compounds have been
associated with structural instability observed near
the phase boundaries, wherein the mentioned
metastable state is highly sensitive for external
stimuli as electric/magnetic field, temperature,
pressure, etc. [8, 16, 17]. Because of the reduced
structural stability of the BiFeOz-based compounds
near the phase boundaries, a number of oxygen
vacancies, and other structural defects, the estima-
tion of the crystal structure becomes a real techno-
logical and scientific challenge. It is assumed that
the two-phase structural state usually observed
within the phase boundary is characterized by
nanoscale size of the coexistent phases, which
strongly hampers clarification of their structural
symmetry [18, 19]. Determination of the crystal
structure and the phase stability regions is also
complicated as a variety of available structural data
testify different and often contradictive results
because of diverse synthesis methods used to pre-
pare the samples [20-23].

To understand the correlation between structural
parameters and improvement of the physical prop-
erties of the compounds, it is necessary to perform
careful study of the crystal structure evolution across
the phase boundaries and to trace the related
parameters specific for improved physical properties.
We have studied BiFeOs-based solid solutions co-
doped with Ca and Ti(Mn) ions with compositions
near the phase boundaries which demonstrated
enhanced magnetic and ferroelectric properties
[11, 24, 25]. Chemical substitution in both perovskite
positions permits to extent the phase stability region
of the polar rhombohedral phase as well as to esti-
mate the evolution of the magnetic subsystem of the
compounds. At present time, a lack of structural data
available for these systems prevents an understand-
ing of the improvement of the physical properties as
a function of phase stability regions and structural
parameters.
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In the current study, we have reported the evolu-
tion of the phase stability regions and magnetization
data for Bi;_.Ca,Fe;_,Ti(Mn),O3 as a function of the
dopants concentration and temperature. It should be
noted that careful analysis of the magnetic properties
is necessary to define the background of remnant
magnetization of the compounds having dominant
antiferromagnetic structure and to assure the absence
of the magnetic impurities. The present study is
focused on the magnetic properties of the compounds
across the rhombohedral-orthorhombic phase
boundary; the magnetic properties of the systems are
discussed, assuming different types of the exchange
interactions stabilized between transition metal ions
depending on structural parameters and electronic
configuration of these ions. Understanding the
mechanism of the improvement of physical proper-
ties of the BiFeO;-based compounds near the phase
boundaries and the factors causing structural stability
of the compounds are of fundamental interest and
will bring forward practical perspectives of using
BiFeOs-based compounds as functional materials
with controlled physical properties.

Experimental

Ceramic samples of Bi;_,Ca,Fe;_,Ti(Mn),O; system
with dopant concentrations 0 < x < 0.35 were pre-
pared by two-stage solid-state reaction technique
[8, 11]. High-purity oxides taken in stoichiometric
ratio were thoroughly mixed using a planetary ball
mill (Retsch PM 200). The ceramics were synthesized
at 900-1000 °C with intermittent grinding (synthesis
temperature was increased with the dopants con-
centration) followed by a fast cooling down to room
temperature. X-ray diffraction measurements were
performed with a PANalytical X'Pert MPD PRO and
DRON-3 M diffractometers (Cu-Ka radiation), and
the XRD patterns were recorded in the 2 theta range
of 20°-80° with a step of 0.02°. Neutron powder
diffraction (NPD) measurements were performed
with a high-resolution neutron powder diffractome-
ter (E9 Firepod, 1 = 1.7982 A, HZB, Germany). The
diffraction data were analyzed by the Rietveld
method using the FullProf software package [26].
Magnetization measurements were performed using
vibrating sample magnetometer (Cryogenic Ltd) in
magnetic fields up to 14 T.
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Results and discussion

Crystal structure evolution as dopant
concentration

Crystal structure of the compounds of both systems
has been mainly studied by X-ray diffraction mea-
surements at room temperature. The XRD patterns
recorded for the Bi;_,Ca,Fe;_,Mn,O; compounds
with x < 0.18 have been successfully refined assum-
ing single phase rhombohedral structure (R3c space
group); the compounds with x > 0.2 have been
attested to be single phase with orthorhombic non-
polar crystal structure (Fig. 1). The crystal structure
of the compound x =0.19 has been described
assuming coexistence of the rhombohedral and
orthorhombic phases. Narrow concentration region
of the two phases (inset, Fig. 1) points to high struc-
tural homogeneity of the compounds as compared
with other structural data [24, 27, 28]. Diffraction data
obtained for the compounds across the phase
boundary region did not show any notable broaden-
ing of the diffraction reflections (inset, Fig. 1) which
also points to high chemical homogeneity of the
compounds. Estimated evolution of the crystal
structure parameters also testifies a formation of the
continuous solid solution with gradual reduction of
the unit cell volume and rhombohedral distortion
(inset of Fig. 1) followed by prominent decrease in

Figure 1 Refined X-ray
diffraction pattern of the
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the unit cell volume (inset, Fig. 1) associated with the
structural transition into the orthorhombic phase.
X-ray diffraction data as well as preliminary neu-
tron diffraction measurements performed for some
compounds (viz. x = 0, 0.12, 0.2) have attested their
chemical compositions. It is known that significant
difference in the neutron scattering lengths estimated
for the constituent ions (viz. for manganese and
titanium ions, it is negative while has positive and
notably different values for other elements, e.g., for
oxygen ions as compared with transition metal ions)
has permitted to determine occupation of the ionic
positions. Analysis of the diffraction data has con-
firmed the designed chemical compositions of the
samples as well as their oxygen stoichiometry.
Assuming electroneutrality of the compositions and
electronegativity of the constituent transition metal
elements, the most probable electronic configuration
of the iron and manganese ions are 3+ and 4+,
respectively. The mentioned electronic configurations
are in accordance with the available data published
for similar systems [29-31] and permit reliable
description of the magnetic properties of these com-
pounds as given in the next section. One can con-
clude certain amount of lattice defects and ionic
vacancies due to high temperature synthesis of the
samples while their concentration is about negligible
amount and does not affect stoichiometry of the
compounds. The structural analysis based on the
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diffraction data has allowed clarify structural
parameters which are critical parameters for mag-
netic properties of the compounds. The refined
structural data have revealed an increase of the
chemical bond angle FelMn-O-FelMn and corre-
sponding bond length with concentration which is
important to estimate the type of exchange interac-
tions between iron and manganese ions.

In contrast to CalMn-doped series, the XRD data
recorded for the compounds Bi;_,Ca,Fe;_,Ti,O3
have testified the polar rhombohedral structural state
up to x = 0.27 concentration level. Increase in dopant
concentration also leads to a reduction of the unit cell
parameters and rhombohedral distortion (Fig. 2). It
should be noted that the unit cell volume calculated
for the x = 0.27 compound near the phase boundary
is about 2.8 % larger (61.39 vs 59.70 A% than that
observed for similar compound of the Ca | Mn-doped
series (inset, Fig. 2), thus indicating that size effect is
not the primary aspect causing the phase transition to
the orthorhombic structure. Variation in the phase
stability range associated with polar rhombohedral
structure observed for both systems can be argued by
larger ionic radius of the Ti*" ions (compared with
Mn** ones) as well as polar character of the chemical
bonds formed by Ti** ions [32, 33].

The diffraction patterns recorded for the com-
pounds in the concentration range 0.27 < x < 0.3
have been successfully refined assuming coexistence
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of the rhombohedral and orthorhombic phases
(Fig. 2). Close inspection of the XRD patterns recor-
ded for the compounds in the two-phase region did
not reveal any evidence of the intermediate structural
phases, whereas certain broadening of the diffraction
peaks have been noted for these compounds. A
broadening of the diffraction peaks across phase
boundary can be directly associated with a mini-
mization of the average size of the structural clusters
attributed to the adjacent phases [34, 35]. Quite nar-
row the two-phase coexistence region confirms high
structural homogeneity of the solid solutions which is
the result of the optimized synthesis conditions. The
crystal structure of the x > 0.3 solid solutions has
been successfully refined assuming centrosymmetric
single phase structure with /2a, x \/2a, x 2a, met-
ric (space group Pbnm). It should be noted that tem-
perature increase also leads to structural
transformation to nonpolar orthorhombic phase
specific for heavily doped compounds. Preliminary
temperature dependent diffraction measurements
testify gradual reduction in the transition tempera-
ture to the orthorhombic phase, e.g., for the com-
pound with CalMn doping concentration of 12 %
this transition is completed at 500 °C which is sig-
nificantly lower compared to the transition tempera-
ture determined for pristine bismuth ferrite
(~800 °C) [36]. Further chemical doping results in a
reduction of the transition temperature which is valid
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for the compounds of both studied systems, thus
leading to stabilization of the orthorhombic phase at
room temperature as declared for the above-men-
tioned compositions.

Evolution of the magnetic properties
as dopant concentration

As the compounds of both systems have nearly sto-
ichiometric compositions, the estimated oxygen con-
tent is close to the designed 3 ions per primitive unit
cell and the manganese and titanium ions are in 4+
oxidation state. Iron ions being in doped compounds
in 34+ oxidation state facilitate stabilization of the
G-type antiferromagnetic structure in wide concen-
tration range. The magnetic moment calculated based
on the NPD data for the moderately doped com-
pound Big gCag 12Fep ssMng 1205 is about 2.9 g per
formula unit at room temperature. This value is in
accordance with the declared electron configuration
of the iron ions assuming their occupation level in the
perovskite lattice as well as significantly reduced
value of magnetization estimated at room tempera-
ture. The magnetic moment calculated for this com-
pound at 300 °C is about 15 % of that considered at
room temperature, thus pointing to reduced tem-
perature of the magnetic transition compared with
the transition specific for pristine bismuth ferrite. It
should be noted that the model of the magnetic phase
used in the refinement process of the NPD data could

J Mater Sci (2016) 51:10506-10514

not allow distinguish different transition metal ions
located in the same crystallographic position of the
perovskite structure. The refined data about ionic
occupation, the values estimated for the magnetic
moments combined with the magnetization data,
permitted to determine most reliable electronic con-
figuration of the transition metal ions as well as to
estimate the character of magnetic interaction
between them.

In spite of the same electronic configuration of the
magnetically active iron ions in both systems, the
evolution of the magnetic properties is different for
these compounds upon temperature and dopant
concentration. Most probably, the difference in the
magnetic properties is associated with different types
of exchange interactions formed between Fe®* and
Mn*" and Fe’ and nonmagnetic Ti** ions; com-
plexity of magnetic state is also caused by uncertainty
in the sign of the exchange interaction between Fe*"
and Mn** as it highly dependent on the local struc-
tural parameters [37, 38].

Isothermal dependencies of magnetization mea-
sured for Bi;_,Ca,Fe;_Mn,O; compounds at ~10 K
are depicted in Fig. 3. The M(H) curves of the com-
pounds with doping concentration up to 22 % testify
nearly antiferromagnetic behavior; small remnant
magnetization (~0.05 emu/g) is caused by a canting
of the magnetic moment associated with
Dzyaloshinskii-Moriya interactions [39]. Insignificant
magnetic hysteresis observed in magnetic fields up to

Figure 3 Field dependencies 5[ 02 o 10K .
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8-10 T is caused by partial disruption of the spatially
modulated spin structure under strong magnetic
fields, while this behavior is observed only for the
compounds within the rhombohedral crystal struc-
ture. It should be noted that structural transformation
into the orthorhombic structure does not lead to
significant modification of the magnetic structure of
the compounds, e.g., isothermal dependence of
magnetization obtained for the orthorhombic com-
pound x = 0.22 (Fig. 3) testifies behavior similar to
that observed for the moderately doped rhombohe-
dral compounds. The magnetization dependencies of
the compounds with x > 0.25 testify weak ferro-
magnetic state with remnant magnetization of about
0.25-0.35 emu/g at 10 K which is associated with
completely disrupted spatially modulated spin
structure (Fig. 3, inset). Increased coercive force
observed for these compounds as well as growth of
the isothermal magnetization in magnetic fields
above 8-10 T testify their inhomogeneous magnetic
state at low temperature. It should be noted that
temperature increase up to ~300 K significantly
diminishes magnetization of these compounds as
well as their coercivity (Fig.3, inset), and these
results are in accordance with the available data
declared for similar compositions [11, 30]. Tempera-
ture dependencies of magnetization obtained just
after magnetization loop measurements reveals
unusual dependences—a decrease of remnant mag-
netization and coercive force upon temperature drop.
This behavior can be explained by a competition
between single ions magnetic anisotropy and
Dzyaloshinskii—-Moriya interaction observed for
complex oxides with magnetic sublattices formed by
two magnetically active ions similar to the scenario
described in Ref. [40].

We suppose that the magnetic properties of these
compounds are determined by the coexistence of
small clusters with dominant ferromagnetic interac-
tions within long-range antiferromagnetic matrix. It
is assumed that ferromagnetic-like clusters are sta-
bilized within Mn-rich regions where ferromagnetic
behavior can be described assuming superexchange
interactions between Fe’* and Mn** ions which can
be reinforced by strong magnetic field. Antiferro-
magnetic matrix is formed by negative sign interac-
tions between isovalent ions Fe’*-Fe®" and Mn*"-
Mn**; an increase of manganese ions with weaker
exchange interactions (as compared to those between
Fe®" ions) leads to a significant reduction of the Neel

: 10511

point. Suppression of the magnetic transition tem-
perature is approved by nearly linear character of the
isothermal magnetization dependencies observed for
heavily doped compounds at room temperature (did
not shown), and reduction of the remnant magneti-
zation measured at room temperature is shown in
Fig. 3 (inset). The mentioned tendency is in accor-
dance with the previously published data for this and
similar solid solutions [24, 25].

The isothermal dependencies of magnetization for
Bi,_,Ca,Fe;_,Ti,O3 compounds are depicted in
Fig. 4. Increase of the dopant concentration up to
x = 0.12 leads to a growth of remnant magnetization
(~0.15 emu/g) and coercive force (~0.8 T) which
can be caused by inhomogeneous magnetic state
(Fig. 4, insets). Most probably magnetic properties of
the compound are determined by two magnetic
states—one is specific to weak ferromagnetic and the
other is characterized by spatially modulated spin
structure. Further chemical substitution leads to
gradual growth of the remnant magnetization and
reduction of the coercivity; the magnetization data
obtained for the compound with x = 0.18 can be
described assuming homogeneous weak ferromag-
netic state (coercive force is about 0.2 T) with rem-
nant magnetization of ~0.25 emu/g at temperature
~10 K. It should be noted that in CalTi-doped sys-
tem homogeneous magnetic state is stabilized within
the rhombohedral structural phase, while pure weak
ferromagnetic state of the Bi,_,Ca,Fe;_Mn,O; com-
pounds have been observed only within the
orthorhombic phase.

Room-temperature magnetic measurements testify
gradual degradation of the magnetically homoge-
neous state with further chemical substitution (Fig. 4,
inset) caused by diamagnetic dilution with Ti ions.
The M(H) dependence recorded at 10 K for the
Big.¢5Cag.asFeg 51103505 compound with nonpolar
orthorhombic structure testifies increased coercive
force up to 0.4 T and reduced remnant magnetization
of 0.21 emu/g (Fig. 4, insets). Diamagnetic dilution of
the magnetic subsystem of the compounds via dop-
ing with Ti ions provides a formation of the inho-
mogeneous magnetic state where dominant
antiferromagnetic matrix coexists with nonmagnetic
Ti-rich clusters. It should be noted that magnetic
transition temperatures observed for heavily doped
compounds Bi;_,Ca,Fe;_,Ti, O; are higher compared
with those attributed to CalMn series as the latter
compounds have frustrated magnetic interactions
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Figure 4 Field dependencies 2
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caused by inhomogeneous magnetic state estimated
by magnetization measurements.

Conclusion

Evolution of crystal structure and magnetic properties
of BiFeO; compounds co-doped with CalMn and
Ca I Ti ions were analyzed across the rhombohedral-
orthorhombic phase boundary. Chemical substitution
with Ca | Mn ions causes structural transition into the
orthorhombic phase at the concentration level of 19 %,
whereas the rhombohedral phase remains stable up to
25 % upon CalTi doping. Chemical substitution in
both series causes modification of magnetic structure
from spatially modulated antiferromagnetic into
antiferromagnetic one with weak ferromagnetic com-
ponent, while we could not observe any correlation
between the types of structural distortion and mag-
netic structure of the compounds. Magnetic properties
of the Bi;_,Ca,Fe;_,Mn,O3; compounds were descri-
bed assuming their inhomogeneous magnetic state
caused by the coexistence of long-range antiferro-
magnetic order along with the short-range clusters
having dominant ferromagnetic interactions. BiFeO3;
compounds co-doped with CalTi ions have testified
higher magnetization and Neel point as compared
with CalMn-doped series wherein magnetic proper-
ties of these compounds were described assuming
homogeneous weak ferromagnetic state affected by

@ Springer
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diamagnetic dilution effects at concentration level
above 30 %.
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