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1. INTRODUCTION

BiFeO3 is a perovskite-type oxide crystallizing in space group
R3c with a = 5.579 Å and c = 13.869 Å (in a hexagonal setting) at
room temperature (RT) and ambient pressure (AP). BiFeO3 is
both ferroelectric (with a ferroelectric Curie temperature, TE,
of 1100 K) and antiferromagnetic (with N�eel temperature, TN,
of 640 K).1,2 Materials of this kind are termed multiferroics.
In multiferroic systems, two or all three of the properties (anti)-
ferroelectricity, (anti)ferromagnetism, and ferroelasticity are
observed simultaneously.3 The spins are canted in BiFeO3 below
TN. However, due to the cycloidal rotation of the canted
antiferromagnetic spins, the net moment is zero, and BiFeO3 is
a pure antiferromagnet.1

Chemical substitutions have been widely explored in an effort
to induce the net magnetization in BiFeO3, reduce the current
leakage, improve the switchable ferroelectric behavior, and
enhance the magnetoelectric coupling.4,5 Regarding the magnet-
ism, doping on the A-site should lead to moderate changes in the

system, whereas doping on the B-site directly affects magnetic
couplings. This fact stimulated several attempts to prepare
BiFe1�xMnxO3 solid solutions,6�12 where Mn3+ is chosen due
to its similar size but different electronic structure and tendency
toward ferromagnetic couplings (the end member BiMnO3 is an
orbitally ordered ferromagnetic insulator).13

At AP, the solubility range of manganese in BiFeO3 is limited
by xe 0.3 and accompanied by a marginal excess of oxygen, with
δ = 0.015�0.06 for BiFe1�xMnxO3+δ.

10 The rhombohedral R3c
structure of BiFeO3 is maintained up to the solubility limit.6,10,11

Compared to the sample preparation at AP, the high-pressure
(HP) synthetic method has several advantages, in particular
(i) solid solution or dopant solubility ranges can be expanded,
(ii) high-density ceramics required for dielectric measure-
ments are obtained, (iii) the oxygen content is maintained, and
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ABSTRACT: Solid solutions of BiFe1�xMnxO3 (0.0 e x e 0.4) were prepared at ambient
pressure and at 6 GPa. The ambient-pressure (AP) phases crystallize in space group R3c
similarly to BiFeO3. The high-pressure (HP) phases crystallize in space group R3c for x = 0.05
and in space group Pnma for 0.15 e x e 0.4. The structure of HP-BiFe0.75Mn0.25O3 was
investigated using synchrotron X-ray powder diffraction, electron diffraction, and transmission
electron microscopy. HP-BiFe0.75Mn0.25O3 has a PbZrO3-related
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the parameter of the cubic perovskite subcell) superstructure with a = 5.60125(9) Å, b =
15.6610(2) Å, and c = 11.2515(2) Å similar to that of Bi0.82La0.18FeO3. A remarkable feature of
this structure is the unconventional octahedral tilt system, with the primary a�b0a� tilt
superimposed on pairwise clockwise and counterclockwise rotations around the b-axis
according to the oioi sequence (o stands for out-of-phase tilt, and i stands for in-phase tilt).
The (FeMn)O6 octahedra are distorted, with one longer metal�oxygen bond (2.22�2.23 Å)
that can be attributed to a compensation for covalent Bi�O bonding. Such bonding results in
the localization of the lone electron pair on Bi3+ cations, as confirmed by electron localization function analysis. The relationship
between HP-BiFe0.75Mn0.25O3 and antiferroelectric structures of PbZrO3 and NaNbO3 is discussed. On heating in air, HP-
BiFe0.75Mn0.25O3 irreversibly transforms to AP-BiFe0.75Mn0.25O3 starting from about 600 K. Both AP and HP phases undergo an
antiferromagnetic ordering at TN ≈ 485 and 520 K, respectively, and develop a weak net magnetic moment at low temperatures.
Additionally, ceramic samples of AP-BiFe0.75Mn0.25O3 show a peculiar phenomenon of magnetization reversal.
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(iv) novel structural modifications can be stabilized. Experimen-
tal works on the HP preparation of BiFeO3-based solid solutions
are, nevertheless, rather scarce.8,12,14�17 In the BiFe1�xMnxO3

system, the HP synthesis gives access to the whole compositional
range and, specifically, to a novel orthorhombic PbZrO3-type
phase at 0.2 e x e 0.6.8,12 The complete structure solution for
this phase has not been reported, although a recent work12 claims
the possible ordering of Fe3+ and Mn3+ cations and an unusual
magnetization reversal behavior at x = 0.5.

In this study, we combine high-resolution synchrotron X-ray
diffraction and electron microscopy techniques to study the
crystal structure of the HP-BiFe1�xMnxO3 phase at x = 0.25.
We also report the magnetic properties of this phase and
compare them to the data for the AP-BiFe1�xMnxO3 and parent
BiFeO3 compounds.

2. EXPERIMENTAL SECTION

2.1. Synthesis of BiFe1�xMnxO3. Samples with x = 0.05,
0.1, 0.15, 0.2, 0.25, 0.3, and 0.4 were synthesized from stoichio-
metric mixtures of Bi2O3 (99.9999%), Fe2O3 (99.999%), and Mn2O3

(99.99%). For the AP synthesis (0.05e xe 0.25), mixed powders were
pressed into pellets and annealed at 1143 K for 2 h on Pt plates with
subsequent quenching in air. One pellet of each composition was used to
prevent the direct contact between the Pt plate and the remaining part of
the sample because of a possible reaction between Pt and Bi2O3.

1 The
heating time to 1143 K was 2 h. AP-BiFe1�xMnxO3 contained a trace
amount of Bi25(Fe,Mn)O39+δ as an impurity (see the Supporting
Information).

The HP phases (0.05 e x e 0.40) were prepared from the same
starting mixtures of oxides in a belt-type high-pressure apparatus at
6 GPa and 1400 K for 90min in sealed Au capsules. After heat treatment,
the samples were quenched to RT, and the pressure was slowly released.
Treatment of AP-BiFe0.75Mn0.25O3 at the same synthesis conditions
transforms it to HP-BiFe0.75Mn0.25O3 (see the Supporting Infor-
mation). This experiment was performed to check that a possible
variation in the oxygen content is not responsible for different crystal
structures.
2.2. Characterization of BiFe1�xMnxO3. X-ray powder diffrac-

tion (XRD) data were collected at RT on a RIGAKU Ultima III
diffractometer using Cu Kα radiation (2θ range of 5�100�, a step
width of 0.02�, and a counting time of 2�10 s/step). RT and high-
temperature (HT) synchrotron XRD data were collected on a large
Debye�Scherrer camera at the BL02B2 beamline18 of SPring-8 from
290 to 950K.HT synchrotron XRDdata were collected for 5min at each
temperature with a heating time of 1�2 min between adjacent tem-
peratures. The incident beam from a bending magnet was monochro-
matized to λ = 0.41916 Å. The samples were contained in (boro)glass
and quartz capillary tubes with an inner diameter of 0.2 mm, and the
capillary tubes were spun during the measurements. The synchrotron
XRDdata were collected in a 2θ range from 2� to 75�with a step of 0.01�
(the data from 2� to 52� were used in the refinements). Diffraction data
were analyzed by the Rietveld method with the JANA2006 program.19

The oxygen content of AP-BiFe0.75Mn0.25O3+δ and HP-BiFe0.75-
Mn0.25O3+δ is δ =�0.01(1) and 0.02(1), respectively, as determined by
thermogravimetric analysis (TGA). The samples were placed into Al2O3

crucibles, heated in 5 h to 873 K, soaked for 3 h at 873 K in 100%H2, and
cooled to RT in a flow of 100% H2. The experiment was performed in a
tube furnace. The sample weights were measured before and right after
the reduction. All samples were reduced in one experiment.

Magnetizationmeasurements were performed on a SQUIDmagneto-
meter (Quantum Design, MPMS) between 2 and 400 K (and between
300 and 750 K) in applied fields of 100 Oe, 10 kOe, and 50 kOe under

both zero-field-cooled (ZFC) and field-cooled (FC; on cooling) condi-
tions using pellets of BiFeO3 and AP-BiFe0.75Mn0.25O3 and a powder of
HP-BiFe0.75Mn0.25O3. Isothermal magnetization measurements were
performed from +50 to �50 kOe and from �50 to +50 kOe at 5 and
300 K (500 and 600 K for BiFeO3). Specific heat (Cp) measurements
were performed at a zero magnetic field on cooling from 300 to 2 K by a
pulse relaxation method using a commercial calorimeter (Quantum
Design, PPMS). AP-BiFe0.75Mn0.25O3 and HP-BiFe0.75Mn0.25O3

showed almost identical Cp versus T curves (see the Supporting
Information).

Differential scanning calorimetry (DSC) curves were recorded on a
Mettler ToledoDSC1 STARe system at a heating/cooling rate of 10K/min
under N2 flow from 293 to 570�870 K in open Pt capsules. DSC
measurements were cycled between 293 and 570 K several times to
check the reproducibility of thermal effects.

A sample for transmission electron microscopy (TEM) was prepared
by crushing thematerial in an agate mortar under ethanol and depositing
it on holey carbon grids. Electron diffraction (ED) patterns were
obtained with a Philips CM20 microscope. High-resolution high-angle
annular dark field scanning TEM (HAADF-STEM) images, annular
bright field STEM (ABF-STEM) images, and energy-dispersive X-ray
(EDX) spectra were obtained using a Titan G3 electron microscope
operated at 300 kV and equipped with an aberration probe corrector and
EDAX analyzer. HAADF-STEM and ABF-STEM image simulations
were made using the QSTEM software.20

The electron localization function (ELF) was computed from the
charge density obtained in self-consistent band-structure calculations
based on density functional theory (DFT). We used the TB-LMTO-
ASA code21 with the exchange-correlation potential by Perdew and
Wang.22 The symmetry-irreducible part of the first Brillouin zone
was sampled with 105 k-points. Experimental atomic positions for HP-
BiFe0.75Mn0.25O3 were taken as an input. The cation disorder was eliminated
by occupying the mixed FeMn positions with Fe or Mn exclusively. Basic
features of the ELF for the resulting (fictitious) BiFeO3 and BiMnO3

compounds essentially matched. Calculated energy spectra are typical for
Bi-containing transition-metal compounds treated in local density approxi-
mation23 and comprise Bi 6s states below �10 eV, O 2p states between
�8 and �2 eV, and Fe/Mn 3d states in the vicinity of the Fermi level.

3. RESULTS

3.1. Ambient-Pressure Phases. In agreement with the pre-
vious studies,6,9�11 the AP phases crystallize in the space group
R3c. The compositional dependence of the lattice parameters is
shown in Figure 1. The increase in the Mn content leads to a

Figure 1. Compositional dependence of the lattice parameters in
AP-BiFe1�xMnxO3 for 0.0e xe 0.25 (space group R3c), HP-BiFe1�x-
MnxO3 for 0.0 e x e 0.10 (space group R3c), and HP-BiFe1�xMnxO3

for 0.10 e x e 0.40 (space group Pnma). The lattice parameters are
normalized to the parameter of the cubic perovskite subcell (ap).
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reduction in both a and c parameters. Refinement and structural
parameters for AP-BiFe0.75Mn0.25O3 are listed in Tables 1 and 2,
respectively.
Oxygen hyperstoichiometry (δg 0) was reported for samples

prepared at ambient pressure.10,11 The δ value depends on the
thermal (cooling) history, and quenching reduces δ to about
0.015(5).10 In our work, we found that AP-BiFe0.75Mn0.25O3+δ is
oxygen stoichiometric (δ = �0.01(1)) within experimental
error. Note that we determined the oxygen content by TGA in
100%H2. In ref 10, TGA in N2 was used for the determination of
oxygen nonstoichiometry.
Magnetization measurements (Figure 2a) for AP-BiFe0.75-

Mn0.25O3 revealed a weak increase in the susceptibility (χ) below
TN = 485 K. This temperature falls between TN = 520 K for x =
0.2 and TN = 440 K for x = 0.3 determined by previous DSC
measurements.10 Above TN, the inverse magnetic susceptibilities
of AP-BiFe0.75Mn0.25O3 follow the Curie�Weiss law χ =
μeff

2/[8(T � Θ)]. The fitting between 600 and 750 K
(Figure 2) yields the effective magnetic moment μeff = 5.73μB
and the Curie�Weiss constant Θ = �930 K (|Θ/TN| ≈ 1.9).
The resulting μeff is close to the expected value of 5.68μB for
0.75[Fe3+] + 0.25[Mn3+]. In a thin film of BiFe0.5Mn0.5O3

having the same R3c symmetry, the μeff of 5.30μB was also close
to the expected value of 5.43μB.

24 By contrast, the susceptibility
of pure BiFeO3 does not follow the Curie�Weiss behavior with
the expected μeff of 5.916 μB (Figure 2a). Therefore, either the
effective magnetic moment of BiFeO3 deviates from the spin-
only value, or this compound does not show the Curie�Weiss
regime immediately above TN.
Below TN, the susceptibility of AP-BiFe0.75Mn0.25O3 remains

almost field-independent, as confirmed by the linear magnetiza-
tion isotherm at 300 K. However, notable field dependence sets
in at 220 K (Figure 3), and the M vs H loop opens at low
temperatures (Figure 4b). In low magnetic fields (e.g., 100 Oe),
negative magnetization is observed. Temperature-induced
magnetization reversal (or negative magnetization) has been
recently reported for HP-BiFe0.5Mn0.5O3

12 and tentatively

ascribed to the competition between magnetocrystalline aniso-
tropy and antisymmetric Dzyaloshinsky�Moriya couplings.
Exchange bias behavior (a phenomenon related tomagnetization
reversal) was observed in nanoparticles of AP-BiFe0.8Mn0.2O3

and attributed to surface effects.25 Magnetization reversal beha-
vior was reproducibly observed on ceramic samples of AP-
BiFe0.75Mn0.25O3. However, no magnetization reversal was

Table 1. Selected Parameters from the Rietveld Refinements for AP- and HP-BiFe0.75Mn0.25O3

formula AP-BiFe0.75Mn0.25O3 HP-BiFe0.75Mn0.25O3

space group R3c Pnma

a (Å) 5.5783(2) 5.60125(9)

b (Å) 15.6610(2)

c (Å) 13.8455(5) 11.2515(2)

Z 6 16

cell volume (Å3) 373.11(3) 987.00(4)

calcd density (g/cm3) 8.347 8.412

radiation synchrotron X-rays, λ = 0.41916 Å synchrotron X-rays, λ = 0.41916 Å

2θ range and step (deg) 4 e 2θ e 52; 0.01 2 e 2θ e 52; 0.01

RI, RP, RwP 0.023, 0.039, 0.055 0.037, 0.029, 0.040

Table 2. Positional and Atomic Displacement Parameters
for AP-BiFe0.75Mn0.25O3

atom site x/a y/b z/c Uiso (Å
2)

Bi 6a 0 0 0 0.0142(2)

FeMn1a 6a 0 0 0.22330(14) 0.0089(6)

O 18b 0.4507(15) 0.0194(13) 0.9539(4) 0.013(2)
a g = 0.75[Fe] + 0.25[Mn].

Figure 2. (a) Inverse magnetic susceptibilities of BiFeO3 (at 10 kOe),
AP-BiFe0.75Mn0.25O3 (at 50 kOe), and HP-BiFe0.75Mn0.25O3 (at
50 kOe) measured on heating from 300 to 750 K (empty symbols)
and then on cooling from 750 to 300 K (filled symbols). Vertical arrows
are attached to the N�eel temperature, TN. The linear curves between
600 and 750 K for AP-BiFe0.75Mn0.25O3 and HP-BiFe0.75Mn0.25O3

show the Curie�Weiss fits with the fitting parameters given in the figure.
The dashed line for BiFeO3 shows the calculated Curie�Weiss curve
(not fitting results) with μeff = 5.916μB (the ideal value for Fe3+) and
Θ = �1480 K. (b) DSC curves of BiFeO3 (up to 760 K), AP-BiFe0.75-
Mn0.25O3 (up to 570 K), and HP-BiFe0.75Mn0.25O3 (up to 570 K) on
heating. The DSC anomalies were reproducible on cycling several times
up to the mentioned temperatures.
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found in AP-BiFe0.75Mn0.25O3 when the same ceramic pellet was
crashed into powder (see the Supporting Information). There-
fore, this behavior needs further investigation.
The increase in the magnetic susceptibility below TN has also

been reported for AP-BiFe0.7Mn0.3O3.
7 This feature, however,

does not signify the formation of the net moment, since no
hysteresis loop is observed at 300 K. A similar increase in χ is
found for BiFeO3 (Figure 2a and ref 26), although the compound
does not develop a net moment down to the lowest tempera-
tures (Figure 4a). Another similarity between BiFeO3 and the
AP-BiFe1�xMnxO3 phases is the formation of a long-period
cycloid that has been observed in RT neutron-scattering experi-
ments for x = 0.1 and 0.2.6 The cancellation of the net moment
may therefore persist even at high Mn dopings. However, at low
temperatures the magnetic structure is likely modified and allows
for newmagnetic phenomena, such as the magnetization reversal
and the opening of the hysteresis loop.
3.2. High-Pressure Phases. The HP-BiFe0.95Mn0.05O3 sam-

ple crystallizes in space group R3c similarly to the AP phase. The
HP-BiFe0.9Mn0.1O3 sample was a mixture of the R3c phase and
the Pnma phase with the PbZrO3-type structure. This new
structure is further developed at 0.15 e x e 0.4. In this range
of compositions, samples are dominated by the orthorhombic
phase featuring the Pnma space group and the

√
2ap � 4ap �

2
√
2ap (ap is the lattice parameter of a perovskite cell) super-

structure (see section 3.3). The compositional dependence of the
lattice parameters is shown in Figure 1. The a and c parameters
decrease, while the b parameter increases upon doping. The HP
phases have a smaller cell volume compared to their AP counter-
parts (e.g., for x = 0.25, V/Z(AP) = 62.02 Å3 and V/Z(HP) =
61.66 Å3). The cation composition of the HP-BiFe0.75Mn0.25O3

PbZrO3-type phase was confirmed by EDX analysis, which
yielded the Bi1.00(3)Fe0.73(3)Mn0.27(2) formula in agreement with
the nominal composition within the experimental resolution.
The HT synchrotron XRD data of HP-BiFe0.75Mn0.25O3 are

shown in Figure 5. The
√
2ap � 4ap � 2

√
2ap superstructure

persists up to 500 K. Reflections from the R3c phase become
clearly visible from 600 K. At 700 K, traces of the orthorhombic
phase are still observed, but the majority phase has the R3c
symmetry. This transition is irreversible, indicating that HP-
BiFe0.75Mn0.25O3 transforms to AP-BiFe0.75Mn0.25O3. This

transformation was observed from about 400 K in HP-BiFe0.8-
Mn0.2O3.

8 It is possible that the stability temperature of
HP-BiFe1�xMnxO3 increases with increasing x.
TGA showed that HP-BiFe0.75Mn0.25O3+δ has δ = 0.02(1).

This value was calculated on the assumption that the sample is
single-phase. However, the presence of a small amount of
Bi2O2CO3 impurity (see section 3.3) could affect the calculations
as discussed in ref 27. To check that the oxygen content is not
the primary reason for the different crystal structures of the
AP and HP phases, we treated AP-BiFe0.75Mn0.25O3 at the same
HP synthesis conditions and observed the transformation into
HP-BiFe0.75Mn0.25O3.
Despite several impurity phases identified by our structure

refinement (section 3.3), the basic features of the magnetic

Figure 3. ZFC (empty symbols) and FC (measured on cooling; filled
symbols) dc magnetic susceptibility (χ = M/H) curves of a ceramic
pellet of AP-BiFe0.75Mn0.25O3 at 100 Oe and 10 kOe. The data from
750 to 300 K were measured at 50 kOe.

Figure 4. Isothermal magnetization curves of (a) BiFeO3 (pellet),
(b) AP-BiFe0.75Mn0.25O3 (pellet), and (c) HP-BiFe0.75Mn0.25O3 (powder)
at different temperatures.
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behavior could be determined. The Bi2O2CO3 impurity is
diamagnetic, whereas trace amounts of Bi25(Fe,Mn)O39+δ

produce a negligible paramagnetic contribution due to the
strong dilution of magnetic ions. Finally, the contribution of
AP-BiFe0.75Mn0.25O3 can be accounted for by the data presented
in section 3.1. In contrast to the AP phase, HP-BiFe0.75Mn0.25O3

shows a divergence of the ZFC and FC curves below 530 K. The
DSC anomaly at nearly the same temperature confirmed the
phase transition and the magnetic ordering (Figure 2b). This
DSC anomaly is reproducible without any changes on cycling
(four cycles were performed) between 290 and 570 K, and it
disappears after heating to 870 K. The Curie�Weiss fit between
600 and 750 K leads to μeff = 5.06μB and Θ = �632 K, with
a somewhat underestimated effective moment (compare to
5.68μB expected for 0.75[Fe3+] + 0.25[Mn3+]). According to
the HT synchrotron XRD data, the AP phase clearly appears
above about 600 K. Therefore, HP-BiFe0.75Mn0.25O3 should
include a magnetic contribution from the AP phase above 600 K
and on cooling from 750 K. (XRD data collected after the
magnetization measurement up to 750 K indeed showed that
the main phase had R3c symmetry.) Magnetic anomalies near
460�480 K inHP-BiFe0.75Mn0.25O3 originate from the presence
of AP-BiFe0.75Mn0.25O3. BelowTN, the divergence of the FC and
ZFC curves (Figure 2a), the field dependence of the suscepti-
bility, and the hysteresis loops in magnetization isotherms

(Figure 4c) identify HP-BiFe0.75Mn0.25O3 as a canted antiferro-
magnet with a net moment of about 0.01μB/f.u. at 5 K.
3.3. Crystal Structure of HP-BiFe0.75Mn0.25O3. Electron

diffraction patterns of HP-BiFe0.75Mn0.25O3 (Figure 6) clearly
show the orthorhombic unit cell with the lattice parameters a =
ap
√
2, b = 4ap, and c = 2ap

√
2 and space group Pnma or its

acentric subgroup Pn21a. When the parent cubic perovskite
structure is transformed to the supercell, every position of the
inversion center in the perovskite structure can be chosen as a
potential origin of the supercell. All these possibilities were tested
for compatibility with the Pnma space symmetry. The only
variants, matching with the simultaneous presence of the n and
a glide planes, are those where the origin of the supercell is
chosen either at the center of the face of the perovskite unit cell
(position 1/2, 1/2, 0 or 0, 1/2, 1/2) or at the oxygen atoms in the
ac plane (position 1/2, 0, 0 or 0, 0, 1/2). These possibilities result
in a different arrangement of the atomic species with respect to
the symmetry elements of the Pnma space group and, hence, in
different structures. When the symmetry is reduced to Pn21a,
these structures become symmetrically identical because the
position of the origin along the b-axis can be arbitrarily chosen
in this space group.
The aforementioned structural models have been tested in the

Rietveld refinement. The model with the origin at 1/2, 0, 0 led to
an unacceptably high reliability factor RI = 0.082 and abnormally
large atomic displacement parameters (ADPs) for some oxygen
atoms. Therefore, this model was rejected. The final refinement
of the model with the origin choice at 1/2, 1/2, 0 was performed
with common ADPs for the Bi, (Fe,Mn), and O atoms, respec-
tively. The occupancies of the B-positions were fixed at 0.75[Fe] +
0.25[Mn]. Impurity phases were introduced into the refine-
ment: Bi2O2CO3 (a = 3.8670(3) Å, c = 13.689(2) Å, space
group I4/mmm, 2.56(4) wt %, RI = 0.040) and Bi25(Fe,Mn)O39

+δ (a = 10.381(2) Å, space group I23, 0.47(3) wt %, RI = 0.041).
A close inspection of the difference curve after the Rietveld
refinement revealed broad shoulders on the low-angle side of the
perovskite subcell reflections (see also Figure 5 near 2θ≈ 10.4�).
These shoulders were taken into account by introducing the R3c
AP-BiFe0.75Mn0.25O3 phase into the refinement (a = 5.596(1)Å,
c = 13.878(5)Å, 15.1(3) wt %, RI = 0.020) (Figure S1 of the
Supporting Information). This significantly improved the quality
of the fit and reduced RP from 0.041 to 0.029. Approximately
the same amount of the R3c phase could be detected in
HP-BiFe1�xMnxO3 for 0.15 e x e 0.25 when the R3c phase
was introduced into Rietveld refinements. HP-BiFe0.9Mn0.1O3

contained a significantly larger amount of the R3c phase (about
40%), and reflections from the R3c phase could be clearly
observed (see the Supporting Information). The reason why

Figure 5. High-temperature synchrotron X-ray powder diffraction
patterns of HP-BiFe0.75Mn0.25O3. Asterisks show reflections from the
Bi2O2CO3 impurity. A black circle shows the strongest reflection from
the Bi25(Fe,Mn)O39+δ impurity. Arrows are attached to some reflections
corresponding to the b = 4ap superstructure. The white circles at 600 and
700 K show the characteristic reflections (which do not overlap with
reflections from the Pnma phase) of the R3c phase.

Figure 6. Electron diffraction patterns of HP-BiFe0.75Mn0.25O3.
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the R3c phase remains in the samples with 0.15e xe 0.25 needs
further study. The crystallographic parameters and positional
and atomic displacement parameters of HP-BiFe0.75Mn0.25O3

are listed in Tables 1 and 3, respectively. Main interatomic
distances are presented in Table 4. Experimental, calculated,
and difference diffraction profiles are shown in Figure 7. The
refinement in the Pn21a space group did not improve the
reliability factors and resulted in atomic coordinates very close
to those in the Pnma model.
The crystal structure of HP-BiFe0.75Mn0.25O3 is shown in

Figure 8. The Fe and Mn atoms are situated in distorted oxygen

octahedra. The perovskite octahedral framework is subjected to
strong distortion due to a cooperative tilting of the octahedral
units. The tilting pattern can be described as consisting of two
components. The primary tilt system is a�b0a�. An additional tilt
occurs around the b-axis, but instead of conventional b+ (in-phase
tilt) or b� (out-of-phase tilt) components, the octahedra with the
same tilt direction are grouped into pairs, resulting in the oioi
sequence along the b-axis (o and i stand for the out-of-phase
and in-phase tilts, respectively). This results in the b = 4ap
superstructure.
The geometry of the octahedral oxygen environment around

the FeMn1 and FeMn2 atoms is virtually identical. The transition-
metal cations are shifted from the centers of the octa-
hedra, making one metal�oxygen bond substantially longer
(2.22�2.23 Å) than the remaining five bonds (1.91�2.12 Å)
(Figure 9). This elongationmight be necessary to compensate for
short bonds linking the respective O4 and O6 atoms to the
neighboring Bi2 and Bi3 atoms (2.18�2.28 Å). The formation of
strong covalent Bi�Obonds is typically related to a localization of
the lone electron pair on Bi3+ cations and the ensuing displace-
ment of Bi atoms. Indeed, ELF reveals well-definedmaxima in the
vicinity of the Bi sites. Such maxima are usually ascribed to
localized lone pairs.23 Figure 10 shows the arrangement of ELF
isosurfaces along with the O4 and O6 atoms located opposite the
lone pair and, therefore, forming short bonds to the Bi atoms.
Antiparallel displacements of the Bi atoms along the ([100]
(equal to (Æ110æp) direction are in agreement with this picture.
On going along the c axis, the displacements of the Bi atoms follow
the sequence vvVV, where v denotes a shift in the [100] direction
and V denotes a shift in the [100] direction. This displacement
pattern leads to the doubling of the c = 2ap

√
2 lattice parameter

compared to the ap
√
2 imposed by the a�b0a� tilting system.

The crystal structure of HP-BiFe0.75Mn0.25O3 was confirmed
by HAADF-STEM and ABF-STEM observations. The [100]
HAADF-STEM image corresponds to the {110}p projection of
the perovskite subcell (Figure 11). The prominent pattern of
bright dots on the image reproduces the projection of the Bi
atomic columns as they are shown on the [100] structure
projection in Figure 8. The dots on the image form two types
of layers. The layer of the first type is completely flat, with the Bi2

Table 3. Positional and Atomic Displacement Parameters for
HP-BiFe0.75Mn0.25O3

atom site x/a y/b z/c Uiso (Å
2)

Bi1 8d 0.2025(4) 0.01057(9) 0.6269(2) 0.0148(2)

Bi2 4c 0.2054(7) 1/4 0.6255(7) =U(Bi1)

Bi3 4c 0.7801(6) 1/4 0.3611(2) =U(Bi1)

FeMn1a 8d 0.246(1) 0.1223(5) 0.8799(7) 0.0147(5)

FeMn2a 8d 0.250(1) 0.6239(5) 0.8779(7) =U(FeMn1)

O1 8d 0.805(4) 0.004(1) 0.669(2) 0.004(2)

O2 4c 0.789(7) 1/4 0.626(3) =U(O1)

O3 4c 0.191(7) 1/4 0.419(3) =U(O1)

O4 8d 0.081(4) 0.131(2) 0.725(2) =U(O1)

O5 8d �0.039(4) 0.389(2) �0.020(2) =U(O1)

O6 8d 0.048(4) 0.652(2) 0.747(2) =U(O1)

O7 8d �0.009(1) 0.406(3) 0.483(3) =U(O1)
a g = 0.75[Fe] + 0.25[Mn].

Table 4. Selected Interatomic Distances and Bond Valence
Sums (BVSs) for HP-BiFe0.75Mn0.25O3

Bi1�O1 2.28(2) � 1 Bi3�O2 2.98(4) � 1

Bi1�O1 2.37(2) � 1 Bi3�O3 2.39(4) � 1

Bi1�O1 3.34(2) � 1 Bi3�O3 3.19(4) � 1

Bi1�O1 3.41(2) � 1 Bi3�O3 3.36(4) � 1

Bi1�O4 2.29(3) � 1 Bi3�O5 3.34(2) � 2

Bi1�O4 3.30(2) � 1 Bi3�O6 2.18(2) � 2

Bi1�O5 2.45(2) � 1 Bi3�O6 2.71(2) � 2

Bi1�O5 3.14(2) � 1 Bi3�O7 3.04(2) � 2

Bi1�O6 3.01(2) � 1 BVS = 2.79(9)

Bi1�O6 3.50(2) � 1

Bi1�O7 2.31(2) � 1 FeMn1�O1 1.96(2) � 1

Bi1�O7 2.39(3) � 1 FeMn1�O2 2.016(9) � 1

BVS = 3.31(8) FeMn1�O4 1.98(2) � 1

FeMn1�O4 2.22(2) � 1

Bi2�O2 2.33(4) � 1 FeMn1�O5 1.96(2) � 1

Bi2�O2 2.83(4) � 1 FeMn1�O7 2.12(3) � 1

Bi2�O2 3.27(4) � 1 BVS = 2.89(7)

Bi2�O3 2.32(4) � 1

Bi2�O4 2.28(3) � 2 FeMn2�O1 2.10(2) � 1

Bi2�O4 3.27(2) � 2 FeMn2�O3 2.06(1) � 1

Bi2�O5 2.87(2) � 2 FeMn2�O5 2.01(1) � 1

Bi2�O7 3.17(2) � 2 FeMn2�O6 1.91(3) � 1

BVS = 2.9(1) FeMn2�O6 2.23(3) � 1

FeMn2�O7 1.93(3) � 1

BVS = 2.95(8)

Figure 7. Experimental, calculated, and difference synchrotron XRD
profiles for HP-BiFe0.75Mn0.25O3. The bars mark the reflection positions
(from top to bottom) for the R3c phase, Bi25(Fe,Mn)O39+δ,
Bi2O2CO3, and HP-BiFe0.75Mn0.25O3.
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and Bi3 atoms positioned at the y = 1/4 and 3/4 mirror planes,
which inhibits their displacement along the c-axis. The layers of
the second type comprise Bi1 atoms only and are located at y≈ 0,
1/2. The layer appears clearly corrugated on the HAADF-STEM
image, with alternating pairs of Bi atoms shifted above and below
the y = 0, 1/2 planes. These shifts are well visible on the structure
projection (Figure 8). The displacement of the Bi1 atoms from
the y = 0, 1/2 planes was quantitatively estimated from the
HAADF-STEM image. This was done by measuring intensity
profiles of the atomic rows along the y-direction. The profiles

were fitted with a set of Gaussian peaks in the Fityk software.28

The measured displacement Δy = 0.17(5) Å is in good agree-
ment with Δy = 0.166 Å calculated from the atomic coordi-
nate y(Bi1) (Table 3). The calculated HAADF-STEM image
(thickness t = 7.2 nm) is in excellent agreement with the
experimental one.

Figure 8. Different projections of the crystal structure ofHP-BiFe0.75Mn0.25O3. The Fe/Mn atoms are situated in octahedra, and the Bi atoms are shown
as spheres.

Figure 9. Scheme of the metal�oxygen bonds in HP-BiFe0.75-
Mn0.25O3. The oxygen atoms forming elongated bonds to the FeMn1
and FeMn2 atoms are marked in bold.

Figure 10. Projection of the HP-BiFe0.75Mn0.25O3 structure with long
FeMn�O bonds colored in brown. Shaded lobes depict ELF (η)
isosurfaces for η = 0.7.
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The oxygen sublattice is visualized using the ABF-STEM
technique. The ABF-STEM images demonstrate an “absorptive”
type of contrast, where the regions of higher atomic potential

look darker on a bright background. Due to the impact of elastic
scattering, columns of light elements can be observedmore easily
together with the heavy atomic columns on ABF-STEM images,
in contrast to HAADF-STEM images.29,30 A high-pass-filtered
[010] ABF-STEM image of the HP-BiFe0.75Mn0.25O3 structure
is shown in Figure 12a (the original image is provided in Figure
S2 of the Supporting Information). An enlarged strip of the
image is presented in Figure 12b along with the calculated
ABF-STEM image (t = 8 nm, Figure 12c) and the corresponding
structure projection (Figure 12d). The experimental image
perfectly reproduces the projected positions of the oxygen
columns as well as the wavy position modulation of the Bi layers.

4. DISCUSSION

HP-BiFe0.75Mn0.25O3 has the same superstructure as Bi0.82-
La0.18FeO3

31 and Bi0.85Nd0.15FeO3
32�35 (according to electron

diffraction observations). It is interesting that the substitutions in
either the Bi sublattice or the Fe sublattice result in the same
superstructure. In HP-BiFe0.5Mn0.5O3,

12 a similar PbZrO3-type√
2ap � 2

√
2ap � 2ap superstructure was detected by electron

diffraction, however, with an uncertainty in the c-parameter value
due tomultitwinning effects. Wemay conjecture that the range of
HP-BiFe1�xMnxO3 phases continuously extends to x = 0.5 and
HP-BiFe0.5Mn0.5O3 has the same

√
2ap � 2

√
2ap � 4ap super-

cell. Additionally, we argue that the structure of HP-BiFe0.75-
Mn0.25O3 has no prerequisites for the Fe3+/Mn3+ ordering, in
contrast to the recent claim of ref 12 on the possible cation
ordering at x = 0.5. Indeed, the subtle difference in the coordina-
tion environment of the FeMn1 and FeMn2 cations in HP-
BiFe0.75Mn0.25O3 is unlikely to provide sufficient energy gain for
inducing the ordering of B-cations. Moreover, the observation of
the same

√
2ap � 2

√
2ap � 4ap superstructure in the Mn-free

perovskites Bi0.82La0.18FeO3
31 and Bi0.85Nd0.15FeO3

32�35 makes
it clear that the inherent Jahn�Teller distortion of Mn3+ cannot
be the main driving force for the formation of this superstructure.

TheHP-BiFe0.75Mn0.25O3 structure can be compared with the
room-temperature antiferroelectrics PbZrO3 and NaNbO3.

36,37

The antiferrodistorsive instability in PbZrO3 originates primarily
from the Pb and O displacements, with a smaller contribution of
the Zr displacements (see Figure 13, where the PbZrO3 structure
is shown in the Pcma setting of the Pbam space group for an
easier comparison with the HP-BiFe0.75Mn0.25O3 and NaNbO3

structures).38 The Pb and O atoms are shifted along the([100]
(equal to (Æ110æp) direction of the orthorhombic unit cell and
alternate along [001] following the vvVV pattern (a displacement
associated with the Σ3 mode in Cowley’s tables).39 According to
the tolerance factor t = 0.963, the PbZrO3 structure is addition-
ally subjected to an octahedral tilting distortion of the a�b0a�

type (the R-point instability, R25 mode). In the room-tempera-
ture structure of NaNbO3 (t = 0.967), the same a�b0a� tilting
distortion is accompanied by an alternating oioi sequence of
the in-phase and out-of-phase octahedral tilts about the b-axis
(see Figure 13; the structure is represented in the Pbma setting
according to ref 37). More generally, the room-temperature
NaNbO3 structure can be considered as the δ = 1/4 point
in the series of commensurately modulated phases with the
[1/2, δ, 1/2] (δ = 1/4, 1/6, 1/12) modulation vectors. These
modulation vectors correspond to the in-phase and out-of-phase
tilt sequences (oi)2, (ooi)2, and (ooooii)2 arising from a combina-
tion of the M3 (in-phase rotations) and R25 (out-of-phase
rotations) modes with a weak coupling between the rotations

Figure 11. [100] HAADF-STEM image of the HP-BiFe0.75Mn0.25O3

structure (top). The calculated HAADF-STEM image (t = 7.2 nm) is
shown as an inset and outlined with a white border. At the bottom is the
enlarged part of the image with indication of the two types of Bi layers.
The alternating pairs of Bi atoms shifted above and below the y = 0 and
1/2 planes are marked with red and green rectangles, respectively.

Figure 12. [010] ABF-STEM image of the HP-BiFe0.75Mn0.25O3

structure (a). The enlarged strip of the image, calculated ABF-STEM
image (t = 8 nm), and corresponding structure projection are provided
in panels b, c, and d, respectively.
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in the neighboring layers along the b-axis.40,41 Off-center dis-
placements of the Nb atoms along Æ110æp form an anti-
ferroelectric pattern without significant contribution of the Na
displacements.

The HP-BiFe0.75Mn0.25O3 structure comprises features of
both the PbZrO3 and NaNbO3 superstructures: (i) the Σ3-type
antiferroelectric shift of the Bi atoms along ([100], (ii) the
a�b0a� tilting distortion, and (iii) the alternating oioi sequence of
the in-phase and out-of-phase octahedral tilts around the b-axis.
The deformation of the (Fe,Mn)O6 octahedra in HP-BiFe0.75-
Mn0.25O3 further resembles the PbZrO3 structure, where one of
the oxygen atoms forming the longest Zr�O bond of about
2.17 Å is simultaneously involved in the shortest Pb�O contact.
This supports our conjecture that the deformation of the
octahedron is primarily driven by the covalent Bi(Pb)�O
bonding and related stereochemical activity of the lone pair, as
confirmed by the ELF analysis for HP-BiFe0.75Mn0.25O3. The
octahedral deformation in HP-BiFe0.75Mn0.25O3 can be boosted
by the Jahn�Teller effect for the Mn3+ cations, but the forma-
tion of similar superstructures in PbZrO3, Bi0.82La0.18FeO3,
Bi0.85Nd0.15FeO3, BiMnO3.16,

27 Bi2Mn4/3Ni2/3O6,
42 and BiS-

cO3 (in thin films)
43 indicates that the nature of the B-cation is of

secondary importance.
Another issue concerns the possible origins of the complex

(oi)2 in-phase and out-of-phase octahedral tilt sequence and its
coupling to antiferroelectric A-cation displacements. The pre-
sence of such tilting pattern in NaNbO3 and the damping of the
tilts around the b-axis in PbZrO3 show that the antiferroelectric
displacements of the lone-pair A-cations actually suppress the
tilting distortion, especially taking into account very close
tolerance factors (t = 0.967, 0.963) for the two compounds.
The emergence of this tilting component in the HP-BiFe0.75-
Mn0.25O3, Bi0.82La0.18FeO3, and Bi0.85Nd0.15FeO3 structures
might be related to a reduced tolerance factor (t = 0.922,
0.920, and 0.915, respectively). However, a detailed atomistic
model of the interplay among the octahedral tilts, octahedral
distortions, and lone-pair cation displacements requires accurate
ab initio calculations and should be a subject of future work.

The transformation of the AP-BiFe0.75Mn0.25O3 room-tempera-
ture ferroelectric R3c phase into the HP-BiFe0.75Mn0.25O3 anti-
ferroelectric Pnma phase at 6GPa implies a pressure-induced phase

transition (or a sequence of phase transitions) between these two
polymorphs. Apparently, the tendency of the (Fe,Mn)O6 octahe-
dra to deform due to an increasing concentration of Mn3+

Jahn�Teller cations plays a role in shifting the stability range of
the antiferroelectric phase toward lower pressure. Indeed, we
observed that BiFe0.95Mn0.05O3 retains the R3c structure even after
the high-temperature treatment at 6 GPa. One can expect a
complex sequence of phase transitions under pressure in the
BiFe1�xMnxO3 systemdue to the interplay among lone-pair-driven
(anti)ferroelectric displacements, octahedral deformation, and the
octahedral tilting pattern similar to the complicatedHP behavior of
BiFeO3.

44,45 In situ high-pressure high-resolution diffraction ex-
periments are necessary to unravel the behavior of the Bi-
Fe1�xMnxO3 solid solutions under pressure.

In summary, we have presented the structure and magnetic
properties of ambient-pressure and high-pressure BiFe1�xMnxO3

solid solutions. The structure of the orthorhombic PbZrO3-type
phase observed in several BiFeO3-based solid solutions was
studied in detail. This structure is antiferroelectric and combines
an intricate octahedral tilting pattern with displacements of the Bi
atoms and deformations of the (FeMn)O6 octahedra. The
transformation of the ferroelectric R3c structure into this new
type of superstructure induces a weak net magnetic moment, but
simultaneously converts the ferroelectric structure into an anti-
ferroelectric one, thereby canceling the net electric polarization.
While this transformation is unfavorable for multiferroicity, new
interesting properties, such as the magnetization reversal in
HP-BiFe0.5Mn0.5O3,

12 emerge. Surprisingly, a similar effect is
observed in AP-BiFe0.75Mn0.25O3 and presents an interesting
field for future studies.
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