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Abstract

Having been considered as a prime example of a room-temperature magnetoelectric
multiferroic, BiFeO3 continues to attract much interest. Since functional properties of this
material can be effectively influenced by chemical, electrical, magnetic, mechanical and
thermal stimuli, it can serve as a model for the investigation of cross-coupling phenomena in
solids. Special attention is currently paid to the study of chemical pressure-driven magneto-
structural transformations. In this paper, we report on the effect of the Mn doping on the
crystal structure and magnetic behavior of the Bi;_,La,FeO3; multiferroics near their polar-
antipolar (antiferromagnetic-weak ferromagnetic) phase boundary. Synchrotron x-ray and
neutron powder diffraction measurements of the Big gcLag 14Fe;_.Mn,O3 (x = 0.05, 0.1, 0.15)
compounds have been performed. The diffraction data suggest that the Mn substitution results
in the suppression of the ferroelectric polarization and gives rise to the appearance of the
antiferroelectric (generally, PbZrOs-related) phase characteristic of the phase diagrams of the
Bi;_,RE,FeO; (RE = rare-earth) systems. Depending on the Mn concentration (determining
phase composition of the Big gsLag 14Fe;_Mn, O3 samples at room temperature), either
complete or partial revival of the polar phase can be observed with increasing temperature.
Magnetic measurements of the samples indicate that the Mn doping affects the stability of the
cycloidal antiferromagnetic order specific to the polar phase, thus resulting in the formation of
a ferroelectric and weak ferromagnetic state.

Keywords: BiFeOs, crystal structure, magnetic properties, multiferroics,
spin-cycloid instability

(Some figures may appear in colour only in the online journal)

1. Introduction possibility to control the polarization with a magnetic field and

magnetization with an electric filed—the property opening new
Magnetoelectric multiferroics are known as materials of horizons for spintronics and information processing technolo-
immense practical potential. Indeed, coupling between the gies [1, 2]. Since most of the known magnetic ferroelectrics
ferroelectric and magnetic order parameters provides the have low transition temperatures, bismuth ferrite (BiFeO3) with
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Figure 1. Schematic views of the unit cells for the polar rhombohedral (S. G. R3c¢), antipolar orthorhombic (S. G. Pbam) and nonpolar
orthorhombic (S. G. Pnma) phases along one of the three mutually perpendicular axes coincident with the (1 ()0)p directions of the parent
cubic perovskite (ABO3) cell. The A-site (in green) and B-site (in blue) atoms are surrounded by oxygen (in red), thus forming the AO; and

BOg (in grey) polyhedra.
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Figure 2. Experimental (red circles), calculated (black line)

and difference (blue line) NPD patterns obtained for the

Big gsLag 14Fep 9sMng 9sO3 sample at room temperature. Tick marks
indicate the positions of allowed nuclear and magnetic Bragg
reflections for the antipolar orthorhombic (two upper rows) and
polar rhombohedral (two lower rows) phases. The left inset shows
experimental SPD patterns obtained for the x = 0.05 compound

at different temperatures (the data suggest the temperature-

driven revival of the rhombohedral phase). The right inset shows
experimental NPD patterns obtained for the BiggslLag j4Fe;_Mn,O3
(x =0.05, 0.1, 0.15) compounds at room temperature (the data
reflect the existence of composition-driven thombohedral-to-
orthorhombic (polar-antipolar) structural phase transformation).

the ferroelectric Curie temperature 7¢c ~ 1100K and antifer-
romagnetic Néel temperature 7n ~ 640K remains one of the
most promising candidates for the room-temperature applica-
tions [3, 4]. The pure BiFeOs is a perovskite-like material with
a rhombohedral crystal lattice (space group (S. G.) R3c¢) [5]
and cycloidal magnetic structure [6] stable over a broad range
of magnetic fields up to ~200 kOe [7]. Due to the presence of
the cycloidal modulation, magnetoelectric coupling arises from
a quadratic term and remains weak [8]. When the cycloid is
suppressed by a magnetic field, a small canting of the spin
moments through the oxygen octahedra tilting gives rise to a
weak magnetization, and a linear magnetoelectric coupling

appears [7, 9]. Both crystal and magnetic structures of BiFeO;
are strain sensitive and can thus be manipulated by applying
epitaxial or chemical pressure [4, 9]. In particular, substitu-
tion of Bi by La induces the following sequence of phase
transitions in the Bi;_,l.aFeO; series: the antiferromagn-
etic (AFM) and ferroelectric (FE) rhombohedral phase (S. G.
R3c) stable at x < 0.16 transforms into the weak ferromagnetic
(WFM) and antiferroelectric (AFE) orthorhombic phase (S. G.
Pnam (Pbam, while applying the simplified structural model
ignoring the presence of a small ¢*/c~ component in the octa-
hedral tilt pattern)) [10] stable in a narrow concentration range
near x = 0.18; the latter, in turn, transforms into the wFM/AFE
phase with an incommensurately modulated structure (super-
space group Imma(00v)s00) stable at 0.19 < x < 0.3; a further
increase in the La content gives rise to the formation of the
wEFM nonferroelectric (NFE) GdFeOs-type phase (S. G. Pnma)
[10, 11]. Similar composition-driven FE + AFM — AFE +
wFM — NFE + wFM transformations can be observed in the
Bi;_,RE,FeO; (RE = Pr, Nd, Sm, Eu, Gd) series [12, 13]. It has
been recently shown that the partial chemical substitution of Fe
with Mn can shift the boundaries of the magnetic and structural
phases [14, 15] and can therefore be used to tune the multi-
ferroic behavior of the Bi;_RE,FeO; perovskites. It is reason-
able to suppose that the most pronounced effects associated
with the Mn doping-driven magnetic and structural instabili-
ties should be observed near a polar-antipolar phase boundary,
where physical properties of the Bi;_RE,FeO3; multiferroics
are especially sensitive to such external stimuli as temperature,
electric and magnetic fields, mechanical stress, etc [10, 16, 17].
In order to understand how Mn substitution affects the crystal
structure and magnetic behavior of the polar antiferromagnets
near the FE + AFM/AFE + wFM phase boundary, solid state
synthesis and extensive diffraction/magnetometric study of
the Biggelag 14Fe;—xMn, O3 (x < 0.15) perovskites have been
carried out.

2. Experimental

Polycrystalline samples of Big ggl.ag 14Fe;_.Mn, O3 (x = 0.05,
0.1, 0.15) were prepared by a solid-state reaction method
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Figure 3. Normalized lattice parameters a,, b, and c, for the polar (black symbols), antipolar (red symbols) and nonpolar (blue symbols)
phases of the Big g¢Lag 14Fe; . Mn,O3 compounds as a function of temperature. Relationship between the normalized and unit cell
parameters is given as follows: a, = al/ 2,¢,=cl2 Vv 3) (polar rhombohedral phase, S. G. R3¢), a, = alV/ 2,b,=0bl2 Vv 2), ¢, =cl2
(antipolar orthorhombic phase, S. G. Pbam), a,, = alV/ 2,b,=0bl2,c,= eV 2 (nonpolar orthorhombic phase, S. G. Pnma). Temperature
evolution of lattice parameters characterizing the antipolar phase of the x = 0.05 compound cannot be reliably described due to a rapid

suppression of this phase with increasing temperature.

using high-purity powders of Bi,O3, LayO3 (annealed at 1000
°C), Fe,0O3 and Mn,O3 (Sigma-Aldrich, >99%). The oxides
were taken in a stoichiometric ratio, mixed in a planetary mill
(Retsch PM 100) using isopropyl alcohol as a medium, and
pressed into pellets. The samples were synthesized in air at
950 °C for 15h followed by quenching to room temperature.
X-ray diffraction (XRD) patterns were collected at room
temperature using a Bruker D8 Advance diffractometer with
Cu K, radiation. Synchrotron x-ray powder diffraction (SPD)
study of the x = 0.05 sample was performed at the German
synchrotron light source BESSY-II (beam line KMC-2, wave-
length 1.77 A). Neutron powder diffraction (NPD) measure-
ments of the x = 0.05, 0.1 and 0.15 samples were carried out
at the Helmholtz-Zentrum Berlin for Materials and Energy
(HZB) using the high-resolution diffractometer E9 with a
wavelength of 1.7982 A. The diffraction data were analyzed by
the Rietveld method using the FullProf software package [18].
Magnetic measurements were performed with a cryogen-free
Physical Properties Measurement System (PPMS DynaCool,
Quantum Design).

3. Results and discussion

3.1. Crystal structure as a function of chemical composition
and temperature

X-ray diffraction measurements performed for the
BiggeLag 14Fe;.Mn, O3 (x =0.05, 0.1, 0.15) samples at
room temperature allowed the preliminary phase and struc-
tural analysis to be carried out. The diffraction data have con-
firmed the absence of any impurity phases in the materials
under study. The samples with x = 0 are known to possess
single-phase rhombohedral structure with the R3¢ symmetry
permitting the development of spontaneous polarization along
the (111), directions of the parent cubic perovskite lattice
(figure 1) [10, 11, 19]. The XRD pattern collected for the
compound with x = 0.05 has been successfully refined using
a two-phase structural model suggesting the coexistence of
the major (~90%) polar rhombohedral and minor (~10%)

antipolar orthorhombic phases. The latter is largely isostruc-
tural with that of the PbZrOj; perovskite exhibiting the mutu-
ally compensative polar displacements of the A-site ions from
their prototypic perovskite sites along the [110/110] , direc-
tions (space group Pbam, figure 1) [19, 20]. An increase in the
Mn concentration leads to a rapid increase in the fraction of
the antipolar phase at the expense of the rhombohedral phase.
Indeed, in the Big ggLag 14Fep 9Mng ;O3 compound, the antifer-
roelectric phase has been found to be dominant (~83%). A
further increase in the Mn content results in a vanishing of
the R3c phase. The narrow concentration range determining
the two-phase region at room temperature points at the high
chemical homogeneity of the solid solutions and supports the
choice of the synthesis conditions used to prepare the sam-
ples. The phase ratios calculated based on the laboratory XRD
measurements have been further confirmed by the structural
analysis performed using the synchrotron and neutron powder
diffraction data. In particular, figure 2 shows typical results
of the Rietveld refinement and illustrates the compositional
evolution of the diffraction peaks reflecting the substitution-
induced polar-antipolar structural phase transformation (right
inset in figure 2).

The pattern of composition-driven structural changes in
the Biggselag 4Fe;_.Mn, O3 system is generally similar to
that characteristic of the Bi;_,RE,FeOs perovskites [10—13].
Both Mn and RE substitution results in decrease of the unit
cell volume, suppresses the existing polar displacements (in
the Mn-containing series, ionic component of the ferroelec-
tric polarization calculated using a point charge model [21]
decreases from ~63 uC cm~2 for x = 0.05 to ~56 uC cm™2
for x =0.1) and stabilizes an antipolar state. Diminishing
of the polarization followed by the FE-AFE transformation
can be also observed in the pure BiFeOj3 ceramics exposed
to high pressure [22]. The origin of the polar-antipolar trans-
ition has been considered as related to the complex interplay
of structural distortions due to the stereochemically active 6s°
lone pair of the Bi** ions and rotations of FeOg octahedra, as
modified by compression [22]. This assumption is consistent
with the results of our high-temperature synchrotron and
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Figure 4. Primitive cell volume for the polar (black symbols),
antipolar (red symbols) and nonpolar (blue symbols) phases of the
Big geLag 14Fe;_Mn,O3 compounds as a function of temperature.
The lines are linear fits.

neutron diffraction measurements (figures 3 and 4) indicating
that the polar phase can be recovered upon thermal expansion
(left inset in figure 2). A similar phenomenon has been pre-
viously observed for the Bi;_,La,FeO; ceramics [10]. While
the x = 0.05 sample demonstrates a complete revival of the
rhombohedral phase upon heating (left inset in figure 2), the
x = 0.1 compound retains a mixed structural state (with domi-
nating (~75%) AFE phase) up to T = 840 K. An increase in the
temperature up to 900K (figure 3(b)) stabilizes the nonpolar
orthorhombic GdFeOs-type structure (space group Pnma,
figure 1) which can be considered as a typical high-temperature
form characteristic of bismuth ferrites [23, 24] (temperature
of the heating-induced polar-nonpolar or antipolar-nonpolar
transformation in the BiFeOs-based perovskites is known to
decrease with an increase in the Mn concentration) [24]. The
initial structural state of the x = 0.05 and x = 0.1 samples
recovers upon cooling back to room temperature. The x = 0.15
compound maintains its monophasic AFE state over the entire
temperature range under study (i.e. up to 840K) (figure 3(c)).
All the samples exhibit a linear-like increase of the primitive
cell volume in the polar and antipolar phases as temperature
increases (figure 4). The volumetric thermal expansion coeffi-
cients, § = %%, weakly depend on the phase composition of
the materials and vary from 3.4 x 107> K~! for the R3¢ phase
of the x = 0.05 sample to 3.1 x 107> K~! for the Pham phase
of the x = 0.15 sample. These values are very close to those
previously reported for the polar compounds of the Bi,_,Ca,F
eO3_,» multiferroics [25].

3.2. Magnetic properties

Magnetization measurements of the Bijgelag j4Fe;_,Mn,O;
samples suggest that Mn substitution can dramatically affect
the magnetic structure of lightly-doped Bi;_,La,FeO;. The
La doping is known to reduce the threshold magnetic field
required to suppress the cycloidal spin ordering characteristic

of the polar R3c phase (the reduction can be interpreted in
terms of increasing anisotropy energy density taking place
with increasing La content) [26]. However, a critical La con-
centration that would yield weak ferromagnetism at H =0
exceeds the upper limit of the compositional range for the
ferroelectric phase existence (x ~ 0.18), so a pure wFM state
is realized only in antipolar (nonpolar) compounds of the
Bi;_,La,FeOj; series [10, 11]. In the sample Big gsLag 15FeOs,
where the rhombohedral structure is still present, the field of
70-80 kOe for complete transition to the spin-canted (WFM)
phase has been reported [26]. Despite the smaller concentra-
tion of La in the Biggclag 14Feg95Mng 0503 compound, its
magnetic measurements indicate that the pure wFM phase
can be stabilized at the lower field of 60 kOe (figure 5(a)).
Being consistent with the inhomogeneous structural state
of this material, its field dependence of magnetization com-
bines the features expected for the polar and antipolar phases.
Indeed, one can see that a metamagnetic behavior (deviation
from a linear increase in magnetization observed in the middle
field range and associated with the reversible field-induced
suppression of the cycloidal modulation in the polar phase)
[26] coexists with a nonzero remanent magnetization which
might be originated from the spatially-homogeneous canted
magnetic arrangement specific to the antiferroelectric phase
[10, 11] (figure 5(a)). Since the polar and antipolar phases are
supposed to possess the same magnetization in a wFM state
[10], one can determine the amount of the wFM phase at zero
field. A linear extrapolation of the high field magnetization to
H =0 yields M ~0.27 emu g~ ! (this magnetization would
correspond to the spontaneous one if the cycloidal modulation
was completely suppressed). Remanent magnetization of the
sample (M, =~ 0.075 emu g~ ') establishes the lowest limit for
the content of the phase demonstrating spontaneous weak fer-
romagnetic behavior, thus implying that not less than 27% of
the sample (27% < 0.075/0.27 x 100%) should be in a wFM
state. Taking into account that the x-ray and neutron diffrac-
tion data indicate that the Biggelag j4Fe95MngosO3 sample
contains only around 10% of the antipolar phase, one can sup-
pose that the polar R3¢ phase also contributes to the resulting
net magnetization. This assumption is further confirmed by
the magnetic data obtained for the x = 0.1 and x = 0.15 com-
pounds (figures 5(b) and (c)). The former, containing about
17% of the polar phase at room temperature, possesses spon-
taneous magnetization (M ~ 0.225 emu g~ ') exceeding that
observed for the purely antipolar sample (M~ 0.185 emu
g~ 1. Accordingly, our investigation indicates that the Mn
substitution affects the stability of the cycloidal order in the
ferroelectric phase of the Bi;_,La,FeO; multiferroics and
induces the antiferromagnetic — weak ferromagnetic trans-
formation. This conclusion is consistent with the previous
studies reporting on the observation of a Mn doping-stabi-
lized weak ferromagnetic/ferroelectric phase appearing in
the Bi;_,Pr,FeO; [27] and Bi;_,Nd,FeOj3 [15] series near the
polar-antipolar phase boundary. A decrease in the spontaneous
(or magnetic-field stabilized) room-temperature magnetiza-
tion taking place in the Big g¢Lag 14Fe; - ,Mn, O3 system with an
increase in the Mn concentration (figure 5) correlates with the
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Figure 5. Magnetic hysteresis loops obtained for the Big seLag 14Fe;_Mn,O3 samples at room temperature. The inset demonstrates the
temperature evolution of the ordered magnetic moment per Fe/Mn as determined from the Rietveld refinement of NPD data (since the
magnetic satellite peaks associated with the cycloidal spin modulation in the R3¢ phase cannot be observed because of the resolution
limitations of the instrument at long d-spacings, the simplified model [25] assuming an antiferromagnetic G-type ordering of the magnetic
moments aligned along the hexagonal a axis was applied; the refinement further suggests that the Pbam phase is characterized by a G-type
AFM order and the magnetic moments are oriented along the ¢ axis). The lines are guides for the eye. Black, red, and blue symbols are

used for the samples with x = 0.05, 0.01, and 0.15, respectively.

NPD data (inset in figure 5(c)) which suggest the lowering of
the Neel temperature with increasing x, as expected from the
corresponding change in the average number of e, electrons
on the B site [28]. The pattern of composition- and temper-
ature-driven evolution of the ordered magnetic moment in the
Big geLag 14Fe;.Mn, O3 series (inset in figure 5(c)) is consis-
tent with the previous NPD data obtained for the Mn-doped
BiFeOs3-based perovskites [29, 30].

It is interesting to note that, when taken alone, neither Mn
nor rare-earth doping can be effectively used to obtain the
pure wFM state in the polar phase [28, 31-34]. The combined
substitution, in contrast, seems to able to ensure a delicate bal-
ance between the structural and magnetic instabilities, thus
providing an unusual possibility to achieve the switchable
magnetization and ferroelectric polarization in the same phase.
The nature of the chemical pressure-induced suppression of
the cycloidal ordering in the polar phase of BiFeOs-based
multiferroics can be generally understood in terms of compo-
sition-driven changes in the polarization-related and oxygen
octahedra rotation-related components of the Dzyaloshinskii—
Moriya (DM) interaction [35]. It is supposed that if the DM
energy associated with the ferroelectric polarization becomes
smaller than that of the octahedral rotations, 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 [35]. Since our current and previously reported
[15, 28, 29] structural data indicate that Mn substitution sup-
presses the existing polar ionic displacements in bismuth
ferrites (even though it does not necessarily indicate that
measured ferroelectric polarization will always decrease with
increasing Mn content—Mn doping can influence the leakage
current density, thus affecting the macroscopic measurements
[36]), the reasons underlying the cycloidal magnetic structure
versus canted magnetic structure instability in the rhombohe-
dral phase of the Bijgeslag 14Fe;_.Mn,O; perovskites can be
interpreted as having magnetoelectric origin (removal of the
cycloidal magnetic modulation via the doping-driven reduc-
tion of the ferroelectric polarization) [37].

4. Conclusions

Synchrotron x-ray and neutron powder diffraction measure-
ments of the Bio,geLao,]4Fe1_anxO3 (XZOOS, 0.1, 015)
samples have been performed over a wide (from 300K to
900K) temperature range to disclose how Mn substitution
influences structural stability of the Bi;_,La,FeO; multifer-
roics near their polar-antipolar (rhombohedral-orthorhombic)
phase boundary. It has been proven that the substitution tends
to suppress the existing polar displacements and stabilizes
the antiferroelectric PbZrOs-like structure. The polar and
antipolar phases coexist at 0.05 < x < 0.1. Depending on the
initial phase composition at room temperature, the ferroelec-
tric phase can be either fully or partly recovered by heating.
The heating-induced transformation is not irreversible.
Magnetic measurements supplemented the results of the dif-
fraction study indicate that the combined substitution affects
the stability of the cycloidal antiferromagnetic order in the
polar phase and a mixed La/Mn doping of BiFeO3 could be
therefore considered as a promising future strategy to attain
spontaneous magnetization and polarization in a structurally-
homogeneous, single-phase material.
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