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bstract

In this paper, electron diffraction (ED), high-resolution transmission electron microscopy (HRTEM), and theoretical simulations have been used
o study the room-temperature structure of the multiferroic BiMnO3 synthesized under high pressure. The electron diffraction data reveal that

iMnO3 crystallizes in the centrosymmetric C2/c structure, not in the non-centrosymmetric C2 structure. This is confirmed by further calculations
f ED patterns and HRTEM images. The present work is very important for the further studies of BiMnO3.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Multiferroic materials, displaying simultaneously more than
ne of (anti)ferromagnetism, (anti)ferroelectricity and ferroelas-
icity, are currently attracting growing interests due to their novel
hysical phenomena and potential applications [1]. In recent
ears, BiMnO3 with a highly distorted perovskite-type structure
as been extensively studied as a multiferroic material. The ini-
ial interest in the study of BiMnO3 is mainly because it displays
nexpected ferromagnetic behaviors with a Curie temperature
TC) of ∼105 K [2]. The ferromagnetism has been confirmed by
any works [3–7]. BiMnO3 is also expected to be ferroelectric

ccording to the first-principle calculations [8,9]. Experimen-
ally, dielectric hysteresis loops have been measured on BiMnO3
5,10]. However, the measured ferroelectric polarization [5,10]

s much smaller than the result calculated from first principle
11], making it difficult to associate the measured hysteresis
oops to bulk ferroelectricity.
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Multiferroic materials are rare in nature because the physical/
tructural/chemical conditions for a material to display simul-
aneously more than one of (anti)ferromagnetism, (anti)-
erroelectricity, and ferroelasticity are generally difficult to be
chieved [9,12]. Especially, ferroelectricity requires that the
rystal structure be non-centrosymmetric and the ferroelectric
ransition is directly related to the structural phase transfor-

ation. Therefore, in such intriguing multiferroics, structural
haracterizations are extremely important. At room tempera-
ure, BiMnO3 has a highly distorted perovskite-type structure,
nd was primitively reported to be of a triclinic lattice with
= c ≈ 3.935 Å, b ≈ 3.989 Å, α = γ ≈ 91.47◦, and β ≈ 91.97◦

13]. Later, ED observation by Chiba et al. [14] suggested a 4-
old periodicity along the [1 1 1]p direction (where the subscript
p’ refers to the fundamental perovskite-type cell). The recip-
ocal lattice of BiMnO3 reconstructed from the ED observation
14] is schematically shown in Fig. 1. Based on the electron
iffraction information, the crystal structure of BiMnO3 was

efined from powder neutron diffraction data to be a C2 mono-
linic superstructure with a = 9.53 Å, b = 5.61 Å, c = 9.85 Å, and
= 110.67◦ [15]. This structure was commonly accepted and
sed as a fundamental model for interpretation of the observed
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dx.doi.org/10.1016/j.jallcom.2007.06.085


2 H. Yang et al. / Journal of Alloys an

F
C

p
o
t
i
t
d
b
(
o
t
s
t
B
l
n

t
C
l
a
c
s
c
i
B
e
t
c
a
t
t

B
s
[
t
[
o
p
m
t
s

2

m
9
f
t

F
c

ig. 1. Reciprocal lattice of BiMnO3 reconstructed from the ED observation by
hiba et al. [14], suggesting a 4-fold periodicity along the [1 1 1]p direction.

hysical phenomena. However, very recently Belik et al. [16]
bserved the [0 1 0] zone-axis ED pattern of BiMnO3 in which
he h 0 l reflections with l = 2n + 1 are absent (hereinafter the
ndices and zone axis without the subscript ‘p’ are given in
he monoclinic supercell), and suggested that this extinction is
ue to the existence of the c-glide plane perpendicular to the
*-axis. They also used convergent beam electron diffraction
CBED) to confirm this dynamical extinction. The space group
f BiMnO3 was therefore determined to be C2/c based on the
ransmission electron microscopy (TEM) observation, and the
tructural data were also refined from neutron powder diffrac-

ion [16]. Thus, two space groups, C2 and C2/c were assigned to
iMnO3, and the former one is non-centrosymmetric while the

atter one is centrosymmetric. In terms of crystallography, the
on-centrosymmetric C2 structure is expected to be ferroelec-
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ig. 2. (a) ED pattern taken along the [1 1 0] zone-axis direction, (b) [0 1 0] zone-ax
*-axis clockwise. Note that the 0 0 l reflections with l = 2n + 1 are absent on the [0 1
d Compounds 461 (2008) 1–5

ric. However, the ferroelectric polarization calculated using the
2 structural parameters [17], giving 0.52 �C/cm2 [11], is much

arger than the experimentally measured result (∼0.06 �C/cm2

t room temperature [10]). In addition, the first-principle cal-
ulations on BiMnO3 showed that the centrosymmetric C2/c
tructure with zero polarization is more stable than the non-
entrosymmetric C2 structure at 0 K [18]. If BiMnO3 crystallizes
n the C2/c structure, the observed ferroelectric properties of
iMnO3 possibly originate from other mechanisms, such as an
lectronic phase transition triggered by an electric field, and
he local structural distortion from centrosymmetric to non-
entrosymmetric caused by the tiny changes of the stoichiometry
nd the appearance of Mn4+ or Mn2+ ions [16]. To further reveal
he origin of the ferroelasticity in BiMnO3, it is very important
o clarify its room-temperature structure.

Below room temperature, the monoclinic structure of
iMnO3 appears to be stable [15,17,19]. Two high-temperature

tructure changes have been reported to occur at 450 and 770 K
3,7,19,20]. The phase transformation at 450 K is monoclinic-
o-monoclinic without any detectable change in the symmetry
19,20]. The phase transformation at 770 K is monoclinic-to-
rthorhombic [19,20]. The origin of both the high-temperature
hase transitions has not been determined yet. In this paper, we
ainly focus on the investigation of the room-temperature struc-

ure of BiMnO3 by means of ED, HRTEM, and the theoretical
imulations.

. Experimental

Polycrystalline BiMnO3 ceramic was prepared by a high-pressure synthesis
ethod described in Ref. [3]. A stoichiometric mixture of Bi2O3 (Alfa Aesar

9.99%) and Mn2O3 (Alfa Aesar 98%) was ground intimately in an agate mortar
ollowed by calcination in alumina crucible at 600 K for 24 h, and then subjected
o high-pressure synthesis (5 GPa and 1173 ◦C for 30 min) using a cubic-anvil-

ype apparatus. Thin foils for TEM studies were prepared by crushing BiMnO3

eramic in an agate mortar filled with alcohol, and then dispersing the fine
ragments suspended in alcohol on a microgrid. A Tecnai F20 field-emission
ransmission electron microscope was used for ED and HRTEM experiments.
ll the TEM studies were carried out at an acceleration voltage of 200 keV.

is ED pattern obtained by tilting the [1 1 0] zone axis about 66.2◦ around the
0] zone axis, while such reflections are clearly visible on the [1 1 0] zone axis.
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. Results and discussion

The important differences in electron diffraction between the
roposed C2 and C2/c structures of BiMnO3 [15,16] would be
hown on the [0 1 0] zone axis. To see which one of the two
tructural models is valid, it is extremely important to investi-
ate the [0 1 0] ED pattern. As there are a number of very similar
D patterns in BiMnO3, we conducted systemic tilting exper-

ments to assign the correct zone axis. Fig. 2(a) shows the ED
attern taken along the [1 1 0] zone-axis direction. The ED pat-
ern shown in Fig. 2(b) was recorded by tilting the [1 1 0] zone
xis about 66.2◦ around the c*-axis clockwise, and is therefore
onfirmed to be the [0 1 0] zone-axis ED pattern. It can be seen
hat the 0 0 l reflections with l = 2n + 1 are clearly visible on the
1 1 0] zone axis, but are absent on the [0 1 0] zone axis (as indi-
ated by arrows). This extinction condition is attributed to the
xistence of the c-glide plane perpendicular to the b*-axis. The
lectron diffraction data clearly suggest that BiMnO3 crystal-
izes in the C2/c structure [16], not in the C2 structure [15]. The
bservation of rather strong 0 0 l reflections with l = 2n + 1 on the
1 1 0] zone axis, as well as on some other c*-lying ED patterns
uch as the [1 0 0] one [16], is due to the intrinsic properties of

he C2/c structure. This can be verified from the following calcu-
ations of electron diffraction patterns. In the [0 1 0] ED pattern
f Fig. 2(b), very weak h 0 l reflections are seen to appear for
= 2n + 1 (one of the reflections is marked by the white open

F
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ig. 3. (a and b) [1 1 0] and [0 1 0] zone-axis ED patterns calculated from the C2/c st
tructural model.
d Compounds 461 (2008) 1–5 3

ircle). The appearance of those weak reflections is likely due
o the double diffraction.

In order to further confirm that BiMnO3 crystallizes in the
2/c structure instead of in the C2 structure, electron diffrac-

ion patterns were calculated from both the structural models.
ig. 3(a and b) shows, respectively, the [1 1 0] and [0 1 0] zone-
xis ED patterns calculated from the C2/c structural model [16],
nd Fig. 3(c and d) shows, respectively, the [1 1 0] and [0 1 0] ED
atterns calculated from the C2 one [15]. From Fig. 3(a and b),
t can be seen that the 0 0 l reflections with l = 2n + 1 are absent
n the [0 1 0] zone axis, while such reflections appear clearly on
he [1 1 0] zone axis (as indicated by arrows). In addition, the
alculated [0 1 0] diffraction pattern (Fig. 3(b)) also presents the
eak h 0 l reflections with h = 2n + 1 (one of which is marked by

he open circle). These results clearly show that the ED patterns
alculated from the C2/c structural model nicely reproduce the
xperimental ED patterns. However, none of the ED patterns cal-
ulated from the C2 structural model demonstrates the extinction
f the 0 0 l reflections with l = 2n + 1.

To further confirm that BiMnO3 indeed forms the C2/c
tructure, we also carried out the HRTEM studies. The most
nformative images are obtained along the [1 1 0] zone axis.

ig. 4 shows the calculated images along this zone axis as func-

ion of thickness for several defocus values to be used for the
nalysis of HRTEM images. The experimental images, taken
rom regions in different thickness, are perfectly in agreement

ructural model. (c and d) [1 1 0] and [0 1 0] ED patterns calculated from the C2
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Fig. 4. Calculated [1 1 0] zone-axis images a

ith these simulated images. An example of an image, taken
nder the defocus value of approximately −70 nm, is given in
ig. 5. A simulated image for a thickness of 15.4 nm and a defo-
us value of −70 nm is superimposed onto the experimental
mage to produce the good agreement.

Our experimental and theoretical studies demonstrate that at
oom temperature BiMnO3 crystallizes in the centrosymmetric
2/c structure but not in the non-centrosymmetric C2 structure.
his work is very important for the further studies of BiMnO3

nd structurally related compounds. In addition, we would point
ut that no trace of other polymorphs of BiMnO3 was detected in
ur as-prepared sample by TEM investigation, but under strong

ig. 5. [1 1 0] HRTEM image taken under the defocus value of approximately
70 nm. A simulated image for a thickness of 15.4 nm and a defocus value

f −70 nm is superimposed onto the experimental image to produce the good
greement.
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tion of thickness for several defocus values.

nd long-time electron beam irradiation the C2/c structure was
ound to be able to transform to other modulated superstructures,
nd such phase transformations have been revealed to be the loss
f oxygen caused by irradiation [21–23].

. Conclusions

Selected area ED, HRTEM and theoretical simulations have
een used to characterize the structure of the high-pressure
ynthesized perovskite-type BiMnO3. The experimental and
heoretical data reveal that at room temperature BiMnO3 forms
he centrosymmetric C2/c structure instead of in the non-
entrosymmetric C2 structure. This work is very important for
he further studies of BiMnO3 and structurally related com-
ounds.

cknowledgments

This work was supported by the Development Program for
cientific Research of Lanzhou University of Technology (Grant
o. SB10200701) and the Natural Science Foundation of Gansu
rovince (3ZS061-A25-039).

eferences

[1] A.J. Freedman, H. Schmid, Magnetoelectric Interaction Phenomena in
Crystals, Gordon and Breach, London, 1975.

[2] F. Sugawara, S. Iida, Y. Syono, S. Akimoto, J. Phys. Soc. Jpn. 20 (1965)
1529.

[3] Z.H. Chi, C.J. Xiao, S.M. Feng, F.Y. Li, C.Q. Jina, X.H. Wang, R.Z. Chen,
L.T. Li, J. Appl. Phys. 98 (2005) 103519.

[4] A.F. Moreira dos Santos, A.K. Cheetham, W. Tian, X.Q. Pan, Y.F. Jia, N.J.
Murphy, J. Lettieri, D.G. Schlomb, Appl. Phys. Lett. 84 (2004) 91.

[5] A. Moreira dos Santos, S. Parashar, A.R. Raju, Y.S. Zhao, A.K. Cheetham,
C.N.R. Rao, Solid State Commun. 122 (2002) 49.
[6] E. Ohshima, Y. Saya, M. Nantoh, M. Kawai, Solid State Commun. 116
(2000) 73.

[7] H. Faqir, H. Chiba, M. Kikuchi, Y. Syono, M. Mansori, P. Satre, A. Sebaoun,
J. Solid State Chem. 142 (1999) 113.

[8] R. Seshadri, N.A. Hill, Chem. Mater. 13 (2001) 2892.



ys an

[

[

[
[

[

[

[

[

[

[

[

[

H. Yang et al. / Journal of Allo

[9] N.A. Hill, K.M. Rabe, Phys. Rev. B 59 (1999) 8759.
10] Z.H. Chi, H. Yang, S.M. Feng, F.Y. Li, R.C. Yu, C.Q. Jin, J. Magn. Magn.

Mater. 310 (2007) e358.
11] T. Shishidou, N. Mikamo, Y. Uratani, F. Ishii, T. Oguchi, J. Phys.: Condens.

Matter 16 (2004) S5677.
12] A.N. Hill, J. Phys. Chem. B 104 (2000) 6694.
13] F. Sugawara, S. Iiida, Y. Syono, S. Akimoto, J. Phys. Soc. Jpn. 25 (1968)

1553.
14] H. Chiba, T. Atou, H. Faqir, M. Kikuchi, Y. Syono, Y. Murakami, D. Shindo,

Solid State Ionics 108 (1998) 193.

15] T. Atou, H. Chiba, K. Ohoyama, Y. Yamaguchi, Y. Syono, J. Solid State

Chem. 145 (1999) 639.
16] A.A. Belik, S. Iikubo, T. Yokosawa, K. Kodama, N. Igawa, S. Shamoto,

M. Azuma, M. Takano, K. Kimoto, Y. Matsui, E. Takayama-Muromachi,
J. Am. Chem. Soc. 129 (2007) 971.

[

[

d Compounds 461 (2008) 1–5 5

17] A. Moreira dos Santos, A.K. Cheetham, T. Atou, Y. Syono, Y. Yam-
aguchi, K. Ohoyama, H. Chiba, C.N.R. Rao, Phys. Rev. B 66 (2002)
064425.

18] T. Shishidou, T. Oguchi, Multiferroicity of BiMnO3 Reexamined from First
Principles. Presented at APS March Meeting, Baltimore, MD, 2006.

19] T. Kimura, S. Kawamoto, I. Yamada, M. Azuma, M. Takano, Y. Tokura,
Phys. Rev. B 67 (2003) 180401(R).

20] E. Montanari, G. Calestani, A. Migliori, M. Dapiaggi, F. Bolzoni, R.
Cabassi, E. Gilioli, Chem. Mater. 17 (2005) 6457.

21] H. Yang, Z.H. Chi, F.Y. Li, C.Q. Jin, R.C. Yu, Phys. Rev. B 73 (2006)

024114.

22] H. Yang, Z.H. Chi, L.D. Yao, W. Zhang, F.Y. Li, C.Q. Jin, R.C. Yu, J. Appl.
Phys. 100 (2006) 044105.

23] Z.H. Chi, H. Yang, F.Y. Li, R.C. Yu, C.Q. Jin, X.H. Wang, X.Y. Deng, L.T.
Li, J. Phys.: Condens. Matter 18 (2006) 4371.


	Centrosymmetric crystal structure of BiMnO3 studied by transmission electron microscopy and theoretical simulations
	Introduction
	Experimental
	Results and discussion
	Conclusions
	Acknowledgments
	References


