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1. INTRODUCTION

Transitionmetal oxides are very important for both fundamental
and applied sciences. Their structural and physical properties are
usually modified/improved by cation and anion doping. The
oxygen content is known to have crucial and dramatic roles on
the properties of materials, for example, onmagnetic and electronic
properties of perovskites (e.g., LaMnO3+δ,

1�4 BiMnO3+δ,
5�7

(BiMn3)Mn4O12,
8 and Sr1�xYxCoO3+δ)

9 and high-temperature
copper superconductors (e.g., YBa2Cu3O7+δ).

10 In LaMnO3+δ,
1�4

the change of δ results in changes from an antiferromagnetic
insulator to a ferromagnetic insulator to a ferromagnetic metal; at
the same time, crystal symmetries are also changed from Pnma(I)
to Pnma(II) to R�3c. In BiMnO3+δ,

6,7 the change of δ results in
changes from ferromagnetic insulators to a spin-glass insulator;
crystal structures change from C2/c(I) to C2/c(II) to P21/c
to Pnma(II). Note that even though the formula is written
as LaMnO3+δ or BiMnO3+δ for simplicity, cation vacancies
La1�xMn1�xO3 or Bi1�xMn1�xO3 are actually formed in per-
ovskite structures.

Direct high-temperature syntheses of LaMnO3+δ (in different
atmospheres)1�4 or high-pressure high-temperature syntheses of
BiMnO3+δ result in oxygen hyperstoichiometric samples (δg 0).6

It was believed for some time that LaMnO3with oxygen deficiency
could not be prepared.11 However, methods have later been found
to synthesize the oxygen-deficient LaMnO3�δ samples (e.g.,
LaMnO2.75) by zircothermal reduction of LaMnO3 or very careful
reduction of LaMnO3 with H2 at low temperatures.11 The oxygen
content can be lowered by other methods. For example, the
topotactic reduction at low temperatures became very popular and
allows access to unusual structures, e.g., SrFeO2 from SrFeO3,

12

Yb2Ti2O6.43 from Yb2Ti2O7,
13 and YBaCo2O4.5 from YBaCo2O5.

14

Annealing at different atmospheres or in vacuum is another method
(e.g., used for Bi3Mn3O11�δ).

15 Some reduced phases (which are
usually thermodynamically stable) can be prepared either by low-
ering the oxygen content of oxidized samples or by direct syntheses
in oxygen-free environments (in an Ar flow, in evacuated tubes, and
so on) from appropriate precursors, e.g. Sr2Fe2O5.

16 Thermodyna-
mically unstable reduced phases can be prepared by lowering the
oxygen content of oxidized samples.14

In the case of oxygen-deficient BiMnO3�δ, direct synthesis
methods were unsuccessful.6 Generally, the use of strongly
reducing agents (H2 or those used in the topotactic reduction
methods) is not favorable for Bi- and Pb-based oxides because
these ions are very easily reduced to the metal state. Therefore,
soft reduction methods should be applied for preparation of
BiMnO3�δ. In this work, we found such a method, which
includes a treatment of stoichiometric BiMnO3 in vacuum better
than 10�3 Pa at low temperatures of 570�600 K. This method
gives an oxygen-deficient sample with the composition of
BiMnO2.81. BiMnO2.81 is rather unstable in air and slowly
restores its oxygen content even at room temperature. The
preparation method may be promising for reduction of the
oxygen content in other Bi- and Pb-based oxides.

2. EXPERIMENTAL SECTION

BiMnO3was prepared from stoichiometricmixtures of Bi2O3 (99.9999%,
Rare Metallic Co. Ltd.) and Mn2O3 (99.99%). Synthesis of BiMnO3
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was performed in a belt-type high-pressure apparatus at 6 GPa and 1600
K for 40 min in sealed Pt capsules. After heat treatment, the samples
were quenched to room temperature and the pressure was slowly
released.17 Stoichiometric BiMnO3 was then treated in the dynamic
vacuum of 10�4�10�3 Pa at 570�600 K for 5 h.
X-ray powder diffraction (XRD) data were collected at room tempera-

ture on a RIGAKU Ultima III diffractometer using Cu KR radiation
(2θ rangeof 4�100�, stepwidthof 0.02�, and counting timeof 2�10 s/step).
Synchrotron XRD data were measured at room temperature on a large a
Debye�Scherrer camera at the BL15XU beamline of SPring-8.18 The
data were collected between 5� and 60� at a 0.003� interval in 2θ. The
incident beam was monochromatized at λ = 0.40039 Å. The sample was
packed into a Lindenmann glass capillary (i.d. 0.1 mm), which was
rotated during the measurement. Rietveld analysis was performed with
RIETAN-2000.19 The weight fraction of different phases was estimated
based on the refined scale factors in Rietveld analysis.
Magnetic susceptibilities, χ = M/H, were measured on a SQUID

magnetometer (Quantum Design, MPMS-5T) between 2 and 300 K in
different applied fields under both zero-field-cooled (ZFC) and field-
cooled (FC) conditions. Thermogravimetric analysis (TGA) was per-
formed in air using a Perkin-Elmer Pyris 1 TGA system in an Al2O3

holder (the samples were heated to 640 K at a heating rate of 5 K/min
and soaked there for 30 min).

3. RESULTS AND DISCUSSION

Figure 1a shows the XRD pattern of stoichiometric BiMnO3.
BiMnO3 crystallizes in the C2/c space group with lattice para-
meters of a = 9.5415(2) Å, b = 5.61263(8) Å, c = 9.8632(2) Å,
and β = 110.6584(12)�.17 Figure 1b depicts the XRD pattern of a
sample just after treatment in vacuum of 10�4�10�3 Pa at
570�600K for 5 h. This sample will be called R-BiMnO3�δ, and it
consisted of BiMnO3 with the C2/c space group (about 20 wt %)
and a new phase BiMnO2.81 (the composition determination will
be given below) having a cubic symmetry (about 80 wt %).
Figure 1c and 1d shows the XRD patterns of R-BiMnO3�δ after
keeping it in dry air at room temperature for 13 and 24 months,
respectively. The 13-month-old sample consisted of BiMnO3

(about 67 wt %) and BiMnO2.81 (about 33 wt %), and the 24-
month-old sample consisted of BiMnO3 (about 78 wt %) and
BiMnO2.81 (about 22 wt %).

All our attempts (that lasted for more than 2 years and resulted
in Figure 1c and 1d) to increase the weight fraction of BiMnO2.81

failed. However, using high-resolution synchrotron XRD data we
could obtain reliable structural information for BiMnO2.81 even
for the two-phase sample. When BiMnO3 was treated in vacuum
of 10�4�10�3 Pa at a slightly higher temperature of 670 K the
sample partially decomposed to give monoclinic Bi2O3 as an
impurity (with disappearance of the cubic phase). The vacuum
treatment at 800 K resulted in complete sample decomposition
(identified phases were Mn3O4, Bi2Mn4O9+δ, Bi12MnO20+δ, and
monoclinic Bi2O3). When the temperature was lower than 530 K
(at 10�4�10�3 Pa) or when vacuum was worse than 10�3 Pa (at
any temperatures) the cubic phase did not appear. We could not
find the appearance of the cubic phase at any conditions in a
slightly Bi-deficient sample of Bi0.97Mn3+O2.955.

The above results demonstrate that (1) stabilization of
BiMnO2.81 can be achieved in a very narrow temperature range
and only in the Bi:Mn = 1:1 stoichiometric sample and (2) the
oxygen-deficient BiMnO2.81 sample is rather unstable in air.
BiMnO2.81 slowly restores its oxygen content to form BiMnO3.
Instability of BiMnO2.81 in air is a possible reason why BiMnO2.81

could not be prepared/observed in a single-phase form. It is
possible that the surface area of BiMnO2.81 is oxidized very fast to
give BiMnO3, and then the oxidation process proceeds very
slowly at room temperature. Thermodynamic instability of
BiMnO2.81 explains why the oxygen-deficient samples cannot
be prepared by direct high-pressure high-temperature synthesis;6

during synthesis, samples restore their oxygen content by
different ways to give BiMnO3.

Magnetic measurements of R-BiMnO3�δ showed two anoma-
lies: at 100 K due to a ferromagnetic transition in BiMnO3 and an
antiferromagnetic-like anomaly at 26 K (see the Supporting In-
formation). The anomaly near 26 K can be assigned to BiMnO2.81.

All reflections on the XRD pattern of R-BiMnO3-δ (except
those of BiMnO3) could be indexed in the I-centered cubic system
with a = 15.8855 Å. The structural model for BiMnO2.81 was
obtained from a simple cubic perovskite structure with ap = 3.9 Å
and space group Pm�3m (No. 221). All possible I-centered cubic
space groups with a = 4ap have been generated and tested. The
best agreement between the observed and the calculated synchro-
tron XRD patterns and the fitting of all weak reflections have been
achieved in space group I�43d (No. 220). Therefore, the final
refinement of BiMnO2.81 was performed in space group I�43d.
The final fractional coordinates and other structural parameters are
given in Table 1 and selected bond lengths in Table 2. Observed,
calculated, and difference synchrotron XRD patterns are shown in
Figure 2. Figure 3 depicts the crystal structure of BiMnO2.81. The
structural parameters for the impurity BiMnO3 phase were also
refined, and they were found to be very reasonable and rather close
to those reported in the literature.17 One generated oxygen site
(O6 at the 12a site (3/8,0,1/4)) in BiMnO2.81 was found to
be completely vacant. Other sites (except for O1) had reasonable
displacement thermal parameters (B), indicating that these sites
should be fully occupied. TheO1 site should be discussed inmore
detail. Attempts to refine its occupation factor, g, together with the
B(O1) parameter did not reduce B(O1) and left g(O1) very close
to unity. TheO1 site was then split from the ideal 24d site (x, 0, 1/4)
with g = 1 to a general 48e site (x, y, z) with g = 0.5. The refined
parameters were x = 0.645(3), y = 0.031(4), z = 0.282(4), and

Figure 1. Room-temperature X-ray powder diffraction patterns
(measured with Cu KR radiation) of (a) the stoichiometric BiMnO3,
(b) R-BiMnO3�δ (after treatment of BiMnO3 in the dynamic vacuum of
10�4�10�3 Pa at 570�600 K for 5 h), (c) the 13-month-old
R-BiMnO3�δ, and (d) the 24-month-old R-BiMnO3�δ. Tick marks in
b show positions of possible Bragg reflections for BiMnO2.81 (space group
I�43d) (first row) and BiMnO3 (space group C2/c) (second row).
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B(O1) = 1.6(1.3) Å2 (see Supporting Information). The B(O1)
parameter obtained is acceptable. Therefore, we assumed that
there are no additional vacancies at the O1 site. The BiMnO2.8125

composition was calculated assuming that only the O6 site is
completely vacant. This composition leads to the following
oxidation states, Bi3+Mn2+0.375Mn3+0.625O2.8125.

Neutron powder diffraction is the best method for determina-
tion of positions and occupation factors of oxygen atoms.
However, neutron powder diffraction usually requires a large
volume of a sample. We emphasize that high-resolution synchro-
tron X-ray powder diffraction is also rather sensitive. In the
present case, the forced introduction of the O6 atom (with g = 1)

and refinements of all other parameters slightly increased R
values to Rwp = 5.05%, Rp = 3.33%, RB = 3.26%, and RF = 1.89%
fromRwp = 4.98%,Rp = 3.27%,RB = 3.06%, andRF = 1.79%.Most
importantly, the subsequent refinement of g(O6) gave a negative
value, indicating that this site is vacant. The forced removal of an
existing O atom (with g = 0) and refinements of all other
parameters also increased R values (e.g., to Rwp = 5.06%,
Rp = 3.33%, RB = 3.24%, and RF = 2.02% for O2). However, a
subsequent refinement of the occupation factor resulted in a
value close to unity. Reasonable bond lengths and bond-valence
sum values (see below) also justify the structural model obtained
from synchrotron X-ray powder diffraction data.

In BiMnO2.81, the Mn1 and Mn3 sites keep the octahedral
coordination. For the Mn2 site, one corner of the octaderon is
missing (the O6 site), leading to a square pyramidal coordina-
tion. The O3 and O5 sites form the basis of the pyramid, and
the O1 site is an apex. The O1 site is opposite to the missing O6
site (that is, the O1�Mn2�O6 angle is close to 180�). This is a

Table 1. Structure Parameters of BiMnO2.81 at 293 K in the
Ordered Modela

site g x y z B (Å2)

Bi1 1 0.36278(11) = x = x 0.84(6)

Bi2 1 0.13248(12) 0.36782(12) 0.87991(15) 0.73(2)

Mn1 1 0.2473(9) = x = x 0.6(3)

Mn2 1 0.2483(10) 0 0.25 0.6(3)

Mn3 1 0.0043(8) 0 0.25 0.6(3)

O1 1 0.628(4) 0 0.25 9.8(2.4)

O2 1 0.875 0 0.25 0.4(4)

O3 1 0.1326(18) 0.7076(14) 0.5019(14) 0.4(4)

O4 1 0.1326(14) �0.0082(13) 0.0380(13) 0.4(4)

O5 1 0.7273(15) 0.3814(23) 0.2573(14) 0.4(4)
a Space group I�43d (No 220); Z = 64; a = 15.88552(5) Å and V =
4008.70(2) Å3, Rwp = 4.98%, Rp = 3.27%, RB = 3.06%, and RF = 1.79%.
RB = 2.29%, and RF = 1.54% for the monoclinic BiMnO3 phase. g is the
occupation factor, and B is the isotropic thermal parameter.

Table 2. Selected Bond Lengths, l (Å), Bond Valence Sums,
BVS, and Distortion Parameters of MnO6,Δ, in BiMnO2.81 in
the Ordered Modela

Bi1�O4 (�3) 2.281(19) Bi2�O3 2.227(24)

Bi1�O1 (�3) 2.826(20) Bi2�O5 2.313(20)

BVS(Bi13+) 2.22 Bi2�O4 2.325(23)

BVS(La13+) 2.75 Bi2�O3 2.373(21)

Bi2�O5 2.669(25)

Bi2�O2 2.818(2)

Bi2�O1 2.945(20)

Bi2�O5 3.169(25)

BVS(Bi23+) 2.77

Mn1�O5 (�3) 2.091(36) Mn3�O1 1.875(73)

Mn1�O4 (�3) 2.245(28) Mn3�O4 (�2) 1.970(23)

Mn3�O2 2.054(13)

BVS(Mn13+) 2.04 Mn3�O3 (�2) 2.214(29)

BVS(Mn12+) 2.21 BVS(Mn33+) 2.91

Δ(Mn1O6) 12.7� 10�4 Δ(Mn3O6) 38.5� 10�4

Mn2�O5 (�2) 1.927(35)

Mn2�O3 (�2) 1.993(29)

Mn2�O1 2.001(74)

BVS(Mn23+) 2.86
aBVS = ∑i=1

N vi, νi = exp[(R0 � li)/B], N is the coordination number,
B = 0.37, R0(Bi

3+) = 2.094, R0(La
3+) = 2.172, R0(Mn3+) = 1.76, and

R0(Mn2+) = 1.79.21Δ = (1/N) ∑i=1
N [(li� lav)/lav]

2, where lav = (1/N)
∑i=1
N li is the average Mn�O distance.

Figure 2. Observed (crosses), calculated (solid line), and difference
synchrotron X-ray powder diffraction patterns of R-BiMnO3�δ. Tick
marks show positions of possible Bragg reflections for BiMnO2.81 (space
group I�43d) (first row) and BiMnO3 (space group C2/c) (second
row). (Insert) Enlarged fragment.

Figure 3. Crystal structure of BiMnO2.81.
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possible reason for the disordering of the O1 site because the
missing O6 site should create distortions around the Mn2 site. A
square pyramidal coordination was observed in La0.33Sr0.67M-
nO2.42 but with the random distribution of vacancies in octahe-
dral layres.20

The bond-valence sum (BVS)21 parameters in BiMnO2.81

were calculated to be +2.04 forMn1, +2.86 forMn2, +2.91 forMn3,
+2.22 for Bi1, and +2.77 for Bi2 (Table 2). There are four short
Mn2�O (1.875�2.054 Å) and two long Mn3�O3 (2.214 Å)
distances indicating the presence of a strong Jahn�Teller
distortion of the Mn3O6 octahedron. This fact coupled with
the BVS(Mn3) parameter shows that the Mn3 site should be
exclusively occupied by Mn3+ ions. The BVS(Mn1) parameter
suggests that the Mn1 site is occupied by Mn2+ ions. The Mn2
site should have mixed Mn2+/Mn3+ oxidation states. The
significantly reduced BVS parameters for Bi3+ were found in
BiMn7O12 (BVS(Bi) = +2.22)22 and BiMnO3.14 (BVS(Bi) =
+2.35).7 It seems that the effect of the lone electron pair of Bi3+ is
vanished in BiMn7O12 and BiMnO3.14, and Bi3+ ions behave
similar to La3+ ions in these compounds (when R0(La

3+) = 2.172
was used for the calculation of the BVS parameters instead of
R0(Bi

3+) = 2.094, the BVS(Bi) parameters became reasonable).
A similar behavior is probably observed for the Bi1 site in
BiMnO2.81.

Oxygen-deficient ABO3�δ-type compounds often have the
octahedral and tetrahedral coordinations of the B-type ca-
tions with ordered arrangements of BO6 octahedra and BO4

tetrahedra resulting in brownmillerite-related polyhedral
arrangmetns.9,16,20,23 The concentration of oxygen vacancies
in BiMnO2.81 and the synthesis temperature are probably not
enough to cause a significant structural reconstruction from
MnO6 octahedra to MnO4 tetrahedra. Therefore, BiMnO2.81

keeps a perovskite-type motif instead of a brownmillerite-
type motif. The presence of MnO5 pyramids and under-
bonded Bi3+ ions in BiMnO2.81 are possible reasons for its
instability in air. Instability of BiMnO2.81 is in agreement with
a general tendency that phases formed by low-temperature
reduction methods are highly metastable.14 The preparative
approach of BiMnO2.81 may look rather complicated, similar
to the topotactic reduction method. The latter includes a
preparation of initial oxidized samples, then a low-tempera-
ture solid-state reaction with reducing agents, and finally
removing unnecessary phases. However, vacuum soft reduc-
tion of BiMnO3 or topotactic reduction methods seem to be
the only way to some exotic and metastable materials.
Reduced phases may have excellent practical properties.24

We note that an oxygen-deficient modification of BiMnO3

(having an I-centered cubic symmetry with a ≈ 15.9 Å) was
observed inside electronmicroscopes.25�31 This observation was
first assigned to the intrinsic coexistence of two modifications of
BiMnO3.

25,26 Later it was believed that the electron beam
knocked out the oxygen from the lattice.27,28 Electron diffraction
observations confirm the space group we selected. However, the
reduced modification has never been stabilized outside of
electronmicroscopes so far. Therefore, its chemical composition,
crystal structure, and physical properties have not been known.
Our results showed that the high vacuum inside electron micro-
scopes (on the order of 10�6 Pa) is the main reason for the
transformation, and the electron beam just plays the role of a
heater. The transformation inside electron microscopes was
easily observed. This fact shows that the vacuum on the order
of 10�6 Pa (not reachable with our equipment) might be better

for preparation of BiMnO2.81. Compositional and structural
changes in BiMnO3 under vacuum show that results of electron
diffraction studies on BiMnO3 should be interpreted with care.
When a rather weak electron beam was used for the measure-
ments the crystal symmetry of BiMnO3 was determined to be
C2/c.17 With a stronger beam, additional weak spots on electron
diffraction patterns have been observed corresponding to a long-
range-ordered structure with theC2 symmetry and a short-range-
ordered structure with the P2 or P21 symmetry.32 The presence
of the additional spots could be either intrinsic or just caused by
an initial transformation inside an electron microscope. With
longer exposure time,27 the monoclinic-to-cubic transformation
occurs.25�31

BiMnO2.81 crystallizes in space group I�43d (No. 220)
belonging to noncentrosymmetric-nonpolar crystal classes.33

This crystal class supports piezoelectric and second-harmonic-
generation properties (for example, piezoelectric Bi4Ge3O12

crystallizes in space group I�43d)34 but does not support
ferroelectric properties. Therefore, the appearance of oxygen-
deficient BiMnO2.81 in inner layers of thin films during film
growth under the reduced pressure may be one of the reasons for
the observation of a large nonlinear optical response in some
thin-film samples of BiMnO3(δ.

35 We note that the existence of
ferroelectric properties of BiMnO3 is still a matter of debate in
the literature. First-principle calculations confirmed the centro-
symmetric C2/c space group for the ideal BiMnO3.

36 Ferro-
electric hysteresis loops have not been observed in many well-
characterized thin film and bulk BiMnO3 samples, in agreement
with the centrosymmetric crystal structure. Unfortunately, these
‘negative’ results usually are not published. Thin-film samples
that do show ferroelectric hysteresis loops usually demonstrate
different magnetic properties (the reduced ferromagnetic Curie
temperature and strongly reduced saturated magnetization)
compared with properties of the bulk stoichiometric BiMnO3.

37

In conclusion, we found a method for preparation of oxygen-
deficient BiMnO2.81 in the bulk form and could investigate its
structural properties. Structural analysis showed that oxygen
vacancies are ordered, and one oxygen site in BiMnO2.81 is
completely vacant, resulting in MnO5 pyramids. BiMnO2.81 is
rather unstable in air and slowly restores its oxygen content even
at room temperature.
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