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Abstract The room-temperature structures of the BiM-

nO3 ceramic sample synthesized under high pressure have

been investigated using transmission-electron microscopy

(TEM) and theoretical simulations. The electron diffraction

(ED) data revealed that the stoichiometric BiMnO3 crys-

tallizes in the centrosymmetric C2/c structure, and not in the

noncentrosymmetric C2 structure. This was confirmed by

further calculations of high-resolution transmission-elec-

tron microscopy (HRTEM) images. A second polymorph,

characterized as a body-centered pseudocubic superstruc-

ture with the lattice constants of 4ap 9 4bp 9 4cp, was also

found in the present sample. Composition analyses and

image simulations revealed that this superlattice was

formed as the result of an ordered oxygen deficiency. In

terms of crystallography, we suggest that the weak ferro-

electric polarizations measured on the BiMnO3 samples

originate from the superlattice. This work is very important

for further studies of BiMnO3 and structurally related

compounds.

Introduction

BiMnO3 with a highly distorted perovskite-type structure

has been extensively studied as a multiferroic material.

Among ABO3-type multiferroic oxides, BiMnO3 is a

unique compound that displays true ferromagnetic behav-

iors with a Curie temperature (TC) of *105 K [1–6].

BiMnO3 is also expected to be ferroelectric according to

the first-principle calculations [7, 8]. However, ferroelec-

tricity is difficult to observe due to the low resistance of

films and the lack of large high-quality bulk samples.

Experimentally dielectric hysteresis loops have been

measured on only few samples of BiMnO3 [9, 10], and the

measured ferroelectric polarization [9, 10] is much smaller

than the result calculated from first principle [11], making

it difficult to associate the measured hysteresis loops to

bulk ferroelectricity.

Ferroelectricity requires that the crystal structure be

noncentrosymmetric and the ferroelectric transition is

directly related to the structural phase transformation. At

room temperature, BiMnO3 has a highly distorted perov-

skite-type structure, and was primitively reported to be of a

triclinic lattice with a = c & 3.935 Å, b & 3.989 Å,

a = c & 91.47�, and b & 91.97� [12]. Later, an ED

observation by Chiba et al. [13] suggested a 4-fold peri-

odicity along the [111]p direction (where the subscript ‘p’

refers to the fundamental perovskite-type cell). Based on

the electron diffraction information, the crystal structure of

BiMnO3 was refined from powder neutron diffraction data

to be a C2 monoclinic structure with a = 9.53 Å,

b = 5.61 Å, c = 9.85 Å, and b = 110.67� [14]. This

structure was commonly accepted and used as a funda-

mental model for interpretation of the observed physical

phenomena. However, very recently Belik et al. [6]

observed the [010] zone-axis ED pattern of BiMnO3 in
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which the h0l reflections with l = 2n + 1 are absent

(hereinafter the indices and zone axes without the subscript

‘p’ are given in the monoclinic supercell), and suggested

that this extinction is due to the existence of the c-glide

plane perpendicular to the b*-axis. The space group of

BiMnO3 was therefore determined to be C2/c based on the

transmission-electron microscopy (TEM) observation, and

the structural data were also refined from neutron powder

diffraction [6]. Thus two space groups, C2 and C2/c, were

assigned to BiMnO3, and the former one is noncentro-

symmetric while the latter one is centrosymmetric. In terms

of crystallography, the noncentrosymmetric C2 structure is

expected to be ferroelectric. Furthermore, a room-temper-

ature polymorph, i.e., the 4ap 9 4bp 9 4cp superlattice,

was also reported in BiMnO3 [5, 13, 15]. To further study

the ferroelectricity in BiMnO3, it is very important to

clarify its room-temperature structures.

Below room temperature, the monoclinic structure of

BiMnO3 appears to be stable [3, 16]. Two high-temperature

structure changes have been reported to occur at 450 and

770 K [2–4, 17]. The phase transformation at 450 K is

monoclinic-to-monoclinic without any detectable change

in the symmetry [3, 17]. The phase transformation at 770 K

is monoclinic-to-orthorhombic [3, 17]. The origin of both

the high-temperature phase transitions has not been deter-

mined yet. In this paper, we mainly focus on the

investigation of the room-temperature structures of BiM-

nO3 using TEM and theoretical simulations and try to

discuss the origin of the ferroelectricity in BiMnO3.

Experimental

Polycrystalline BiMnO3 ceramic was prepared by a high-

pressure synthesis method described in Ref. [4]. A stoi-

chiometric mixture of Bi2O3 (Alfa Aesar 99.99%) and

Mn2O3 (Alfa Aesar 98%) was ground thoroughly in an

agate mortar followed by calcination in alumina crucible at

600 K for 24 h, and then subjected to high-pressure syn-

thesis (5 GPa and 1,173 �C for 30 min) using a cubic-

anvil-type apparatus. Thin foils for TEM studies were

prepared by crushing BiMnO3 ceramic in an agate mortar

filled with alcohol and then dispersing the fine fragments

suspended in alcohol on a microgrid. A Tecnai F20 field-

emission transmission-electron microscope was used for

ED and HRTEM experiments. All the TEM studies were

carried out at an acceleration voltage of 200 keV.

Results and discussion

The important differences in electron diffraction between

the proposed C2 and C2/c structures of BiMnO3 [6, 14]

would be shown on the [010] zone axis. To see which one

of the two structural models is valid, it is extremely

important to investigate the [010] ED pattern. As there are

a number of very similar ED patterns in BiMnO3, we

conducted systemic tilting experiments to assign the cor-

rect zone axis. Figure 1 shows the ED pattern taken along

the [010] zone-axis direction. It is obvious that the 00l

reflections with l = 2n + 1 are absent on this zone axis as

indicated by arrows. This extinction condition is attributed

to the existence of the c-glide plane perpendicular to the

b*-axis. In addition, very weak h0l reflections are seen to

appear for h = 2n + 1 (one of the reflections is marked by

the white open circle). The appearance of those weak

reflections is likely due to the double diffraction. The

resultant ED data clearly suggest that BiMnO3 crystallizes

in the C2/c structure [6], not in the C2 structure [14].

To further confirm that BiMnO3 indeed forms the C2/c

structure, we also carried out the HRTEM studies. The

most informative images are obtained along the [110] zone

axis. Figure 2a shows an HRTEM image taken along this

zone axis. This image was obtained from a thin region of

the crystal under the defocus value of * -70 nm.

Figure 2b shows a theoretical image, calculated from the

C2/c structural model [6], as a function of thickness (from

3.3 to 17.7 nm) for a defocus value of -70 nm. It is clear

that the calculated image fits perfectly with the experi-

mental confirming the C2/c structural model.

A second room-temperature polymorph, the 4ap 9

4bp 9 4cp superlattice, was revealed by TEM observation

to commonly exist in the high-pressure BiMnO3 samples

Fig. 1 ED pattern of BiMnO3 taken along the [010] zone-axis

direction, showing that the 00l reflections with l = 2n + 1 are absent

on this zone axis as indicated by arrows
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[5, 13]. This superstructure was also observed in our

BiMnO3 sample. Figure 3a and b displays the [010]p and

[111]p zone-axis ED patterns of the superstructure,

respectively. Based on the ED patterns, this form can be

characterized as a body-centered pseudocubic superstruc-

ture with the lattice constants of 4ap 9 4bp 9 4cp. During

our TEM observation, we found that the superstructure can

develop from the C2/c form under strong electron beam

irradiation.

To see whether chemical effects result in the

4ap 9 4bp 9 4cp superlattice, electron energy-loss spec-

troscopy (EELS) and energy dispersive X-ray (EDX)

techniques were combinatively used to analyze its compo-

sition. The results showed that the analyzed composition

slightly deviates from the stoichiometric BiMnO3 with about

two oxygens missing from one 4ap 9 4bp 9 4cp supercell.

This indicates that the formation of the superlattice is

ascribed to an ordered oxygen deficiency. To further confirm

the origin of the superlattice, the HRTEM images were

simulated from an idealized structure model with the

assumption that one supercell contains just two oxygen

vacancies. A simulated image along the [111]p zone axis is

embedded on the experimental one and presented in Fig. 4. It

is clear that the simulated image fits perfectly with the

experimental, confirming that the superlattice indeed origi-

nates from the ordered oxygen deficiencies.

Our experimental and theoretical studies demonstrate

that at room temperature the stoichiometric BiMnO3

crystallizes in the centrosymmetric C2/c structure, but not

in the noncentrosymmetric C2 structure. Note that the first-

principle calculations on BiMnO3 also showed that the

C2/c structure with zero polarization is more stable than the

Fig. 2 (a) Experimental HRTEM image of BiMnO3 taken along the

[110] zone axis. (b) A theoretical image, calculated from the C2/c
structural model [6], as a function of thickness for a defocus value of

-70 nm. It is clear that the calculated image fits perfectly with the

experimental confirming the C2/c structural model

Fig. 3 ED patterns of the

4ap 9 4bp 9 4cp superlattice

taken along (a) [010]p and (b)

[111]p zone axes. The indices

and zone axes are given in the

fundamental perovskite subcell

Fig. 4 [111]p HRTEM image of the superlattice taken under the

defocus value of approximately -55 nm. A simulated image

(thickness: 31.5 nm, defocus value: -55 nm), calculated from an

idealized structure model with the assumption that one supercell

contains just two oxygen vacancies, is superimposed onto the

experimental to produce the good agreement
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C2 structure at 0 K [18]. In terms of crystallography, the

centrosymmetric C2/c structure, reported to be stable

below 450 K [3, 16], is not expected to be ferroelectric.

Maybe this is why the bulk ferroelectricity is difficult to

observe in BiMnO3. The weak ferroelectric polarizations

measured on the rare examples of BiMnO3 samples [3, 9,

10] possibly originate from other mechanisms, such as an

electronic phase transition triggered by an electric field,

and the local structural distortion from centrosymmetric to

noncentrosymmetric caused by the tiny changes of the

stoichiometry [6]. The 4ap 9 4bp 9 4cp superstructure,

revealed to be formed as the result of an ordered oxygen

deficiency, can be considered as the potential candidate for

the appearance of ferroelectricity.

Recently, a large number of researches have shown that

ferroelectrics can be synthesized by the superlattice

approach. A typical example is where ferroelectricity has

been induced in the artificial SrTiO3/SrZrO3 superlattice

fabricated by molecular beam epitaxy [19], although nei-

ther SrTiO3 nor SrZrO3 is ferroelectric. The superlattice-

induced ferroelectricity is commonly explained as the

result of the lattice distortion. Lattice distortion is also

induced in the ordered oxygen-deficient superlattice of

BiMnO3. Since two adjacent Mn atoms are always sepa-

rated by an oxygen atom in the stoichiometric BiMnO3

structure, the removal of oxygen will inevitably result in a

repulsion of the two positive Mn ions, consequentially

leading to the lattice distortion from centrosymmetric to

noncentrosymmetric. The noncentrosymmetric lattice dis-

tortion is expected to lead to the formation of spontaneous

polarization in the superlattice.

In most cases, the oxygen-deficient superlattice was

formed as a minor second phase in the BiMnO3 samples. The

formation of the superlattice can be reasonably understood

since any factor that induces oxygen deficiency, such as the

inhomogeneity of chemical composition, could result in the

superlattice. Generally, it is not easy to control the super-

lattice during the sample preparation, and a tiny change of the

experimental conditions (e.g., pressures, temperatures, sizes

of the sample chamber, and the increase and decrease rates of

temperature and pressure, etc.) could result in a different

result to form the superlattice. The superlattice was also

found to be able to develop from the C2/c structure under

strong electron beam irradiation. Preparation of single-phase

superlattice sample of BiMnO3 to further study its structures

and properties would be very important to make the utili-

zation of this oxide in potential applications.

Conclusions

TEM and theoretical simulations have been used to char-

acterize the structures of the high-pressure synthesized

perovskite-type BiMnO3. The experimental and theoretical

data revealed that the stoichiometric BiMnO3 forms the

centrosymmetric C2/c structure instead of the noncentro-

symmetric C2 structure. The 4ap 9 4bp 9 4cp superlattice

existing as a second polymorph in the sample was revealed

by composition analyses and image simulations to be

formed as the result of an ordered oxygen deficiency. The

present work suggests that the weak ferroelectricity

observed in the BiMnO3 samples possibly originates from

the oxygen-deficient superlattice.
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