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Crystal symmetry of BiMnQOj;: Electron diffraction study
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The crystal symmetry of BiMnO; was investigated by convergent-beam electron diffraction (CBED) and
selected-area electron diffraction (SAED). CBED, which was used in order to discriminate the crystal axes of
BiMnOgs in this study, showed that BiIMnOj belongs to point group 2/m with the c-glide plane perpendicular
to the b axis, resulting in space group C2/c. In the SAED patterns, however, the very weak but sharp 40/ (/
=2n+1) and broader 10l (h=2n+1) reflections were observed, indicating the noncentrosymmetric long-range
(space group C2) and short-range ordered structures (P2 or P2;), respectively. This implies that the weak
reflections had quite little influence on the CBED patterns. By substituting Sc for Mn, the long-range ordered
structure persisted up to BiMng Sc 405 at 300 K, but short-range ordered structure disappeared already in
BiMn 4Sc 105. In BiMnOj at 673 K, the long-range ordered structure persisted while the short-range ordered
structure disappeared. Both #0[ (I=2n+1 and h=2n+ 1) reflections could not be detected in structurally related
BiScOj3; and BiCrOj5 at 300 K indicating that they belong to centrosymmetric C2/c. This strongly suggests that
the noncentrosymmetric long-range ordered structure (C2) of BiMnOj is attributed not only to Bi** ions with
lone electron pair but also to Mn** ions, that is, to correlation between Bi** and Mn>* ions. The results of this

work are important for understanding multiferroic properties of BiMnOs;.
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I. INTRODUCTION

Multiferroic materials have attracted tremendous interest
because of their expected wide technological applications.!
Two or all three of (anti)ferroelectricity, (anti)ferromag-
netism, and ferroelasticity occur in multiferroic systems.’
Perovskite BiMnOj; is one of the most studied multiferroic
compound.>* BiMnO; is a well-established ferromagnet
below 7=~ 100 K.* The crystal structure of BiMnO; was
determined from neutron powder diffraction data in noncen-
trosymmetric space group C2 [a=9.53 A, b=5.61 A, ¢
=9.85 A, and B=110.67° at room temperature (RT)].4®
Space group C2 was assigned based on selected-area elec-
tron diffraction (SAED).?° Note that effects of double dif-
fraction were not taken into account during space group de-
termination. In the mean time, it was reported by theoretical
calculations that a multiferroic state can possibly occur in
BiMnO; due to the existence of Bi** active electron pair
(lone pair).” Ferroelectric hysteresis loop measurements re-
ported in one paper gave polarization of 0.043 wC/cm? at
200 K, and BiMnO; was considered to be a ferroelectric
material.® However, there is still no consensus on the ferro-
electric Curie temperature (470 or 770 K).° Magnetoferro-
electric feature of BiMnO; below 7T, has also been
investigated® as well as the phase transitions at 470 K
(monoclinic to monoclinic without any symmetry change)
and 770 K (monoclinic to orthorhombic).>!%-12 However, de-
spite the preparation of highly resistive BiMnOj thin films, '3
there are no other direct (hysteresis loop) confirmations of
the ferroelectric properties of BiMnOs.

The long-range orbital order in BiMnO; was proposed
from the analysis of the crystal structure studied by neutron
diffraction*® and recently confirmed by resonant x-ray scat-
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tering studies on BiMnOj thin films where the resonant (003)
peak persists up to 770 K.° Using SAED, high-resolution
transmission electron microscopy (HRTEM), and electron
energy-loss spectroscopy (EELS), it was revealed that poly-
morph phases found in BiMnOj; (Ref. 10) can be achieved by
knocking the oxygen atoms out of the BiMnO; sample by
electron beam irradiation inside a transmission electron mi-
croscope (TEM).'#!5 The structural defects that may play
important roles for ferroelectricity of the bulk BiMnOj
sample were also investigated in terms of HRTEM and
EELS.!® Recently, it was pointed out that the centrosymmet-
ric structure of BiMnO; can also be possible based on the
structural analysis of structurally related BiScO; whose
space group was determined to be C2/c¢ using neutron pow-
der diffraction and SAED (Ref. 24) and based on the first-
principles calculations.”!

Regarding background to determination of the space
group of BiMnQOj;, the space group of bulk BiMnO; was
determined to be C2 by one research group.®? Actually, the
same sample of BiMnO5 (and the same structural model)>
was used for the measurements of neutron powder diffraction
data reported in two papers.*® Their conclusion about space
group C2 was based on their previous publication’® where
they observed the strong 10! (I=2n+1) reflections [In Fig.
2(c) of Ref. 20, the indexes are given for the pseudocubic
setting] by SAED. However, the 10l (I=2n+1) reflections
with this zone axis (probably [130] in the monoclinic setting)
can appear due to the double diffraction in the case of C2/c¢
as well (see the simulated [130] SAED pattern for C2/c¢ in
Table I). Therefore, one should find the correct [010] zone
axis to determine whether the 70l (I=2n+1) reflections are
really present or not. In other words, the other axes that can
be influenced by double diffraction cannot support the space
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TABLE 1. Simulated SAED patterns with the incident directions of [010], [-1-10], [0—1-1], [100], and
[130], respectively, in terms of the space groups of C2 and C2/c. Simulations of the SAED patterns were

based on dynamical diffraction theory.
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group determination. We should emphasize that all subse-
quent works accepted space group C2 without any doubt.
Here, we show the importance of discriminating the crys-
tal axes of BiMnOj for the structural study in terms of
SAED. The monoclinic structure of BiMnO; can be achieved
by slightly distorting and rotating the MnOg octahedra in a
simple cubic perovskite structure. Figure 1 is a schematic
diagram that gives the relationship between the simple cubic
perovskite lattice and monoclinic lattice of BiMnO5.% The
corners of the monoclinic unit cell are just located at the
centers of the shaded cubic unit cells, as shown in Fig. 1. As
seen in Fig. 1, the cubic structure has six equal directions,
such as [110],, [1-10], [011], [0-11], [101], and
[-101],,, that can also be represented by (110), (p: pseudocu-
bic). The distortion of the cubic lattice resulting in the mono-
clinic one, however, does not make a large difference on the
SAED patterns from those of the cubic one. Therefore,
monoclinic BiMnOj; has also six corresponding incident di-
rections that can give similar SAED patterns to each other.

[010]
([110]p)

FIG. 1. Schematic diagram of relationship between the direc-
tions of the monoclinic and cubic lattices of BiMnOs.

The first line of Table I shows the simulated SAED patterns
at several incident directions of BiMnO; with the space
group C2.° We should note that the arrangement of diffrac-
tion spots, for example, at the [010] incidence in terms of C2
(C2-[010]), is almost the same as that at C2-[-1-10]. Be-
cause of the feature of the SAED patterns taken from
BiMnOj;, one should be careful in indexing SAED patterns,
that is, in determining the incident directions for finding the
extinction rules. However, measurement of lengths and
angles between the electron diffraction spots is not very re-
liable that the slight differences between the SAED patterns
seen in Table I can be distinguished. This is because the
SAED patterns taken by any TEM are usually more or less
deformed by the lenses through which the scattered electron
beams pass depending on the conditions of the lenses, that is,
TEM used for the study. From the facts, it is definitely worth
to try to reinvestigate the space group of BiMnOs;.

In convergent-beam electron diffraction (CBED),?%27 the
diffraction pattern is obtained by using a conical electron
beam on a specimen area less than 10 nm in diameter free
from defects and grain and domain boundaries. Instead of the
usual diffraction spots, diffraction disks are produced. Sym-
metry that can be seen in the CBED pattern including the
higher-order Laue zone (HOLZ) reflections yield information
on three-dimensional symmetry elements of the crystal struc-
ture around the zone axis parallel to the incident beam direc-
tion. Therefore, using CBED, the point group can be deter-
mined unambiguously, and then the incident directions of the
SAED patterns can also be determined simultaneously. Most
recently, the space group of BiMnO; was reported to be cen-
trosymmetric C2/c in terms of neutron powder diffraction,
SAED, CBED,'8?? and first-principles calculations.?' These
publications indicate that the space group of BiMnOj is not
the established fact, and additional experiments are needed.
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In our work, we have provided such additional experi-
ments. We firstly observed the very weak but sharp 10! (I
=2n+1) and broader 10! (h=2n+1) reflections by discrimi-
nating the crystal axes of BiMnO; using CBED and SAED at
RT, which indicate the noncentrosymmetric long-range
(space group C2) and short-range (space group P2, or P2)
ordered structures, respectively. We also investigated the ef-
fects of heating and substitution of Sc and Cr for Mn on the
very weak h0l (h=2n+1 and [=2n+1) reflections.

II. EXPERIMENT

A mixture of Bi,03 (99.99%) and Mn,0O5 with an amount-
of-substance ratio of 1:1 was placed in Au capsules and
treated at 6 GPa in a belt-type high pressure apparatus at
1383 K for 60—70 min. After heat treatment, the samples
were quenched to RT, and the pressure was slowly released.
The resultant samples were black powder. X-ray powder dif-
fraction (XRD) showed that the samples were single-phased.
Single-phased Mn,0O5; was prepared by heating commercial
MnO, (99.99%) in air at 923 K for 24 h. Single-phased
BiScO; was prepared from Bi,O; and Sc,0; (99.9%) at
6 GPa and 1413 K for 40 min,?* and single-phased BiCrO5
was prepared from Bi,Oz and Cr,O3 (99.9%) at 6 GPa and
1653 K for 120 min in Au capsules.?® The solid solutions of
BiMn,;_,Sc, 05 were prepared from stoichiometric mixtures
of Bi,03, Sc,03, and Mn,0O5 in Au capsules at 6 GPa and
1443 K for 60—70 min.”® XRD showed that BiMn,_,Sc,0;
contained a small amount of Bi,0,COj5 as an impurity. By
electron probe microanalysis (EPMA), in BiMnO;, Bi:Mn
=1.00(4):1.01-1.03(4) and in BiMnj¢Scy4O03, Mn/Sc
=1.58(16) and Bi/(Mn+Sc)=0.94(8) [the theoretical values
are Mn/Sc=1.5 and Bi/(Mn+Sc)=1]. Therefore, within ex-
perimental errors, the composition is very close to the nomi-
nal composition. The bulk specimens were crushed and dis-
persed on carbon thin films on Cu grids for transmission
electron microscopy. SAED and CBED patterns were taken
at RT using an analytical TEM (Hitachi: HF-3000S) with a
cold field emission gun operated at an accelerating voltage of
300 kV. High-temperature observation by SAED was per-
formed at 673 K by using a heating holder (Gatan). The
SAED and CBED patterns were taken from specimen areas
of about 300 and 8 nm in diameters, respectively, using im-
aging plates. All SAED and CBED patterns were carefully
taken with enough weak electron beams to avoid appearance
of polymorph phases.!41% Simulations of the SAED patterns
based on dynamical diffraction theory were carried out using
the software MacTempas (Total Resolution LLC).

III. RESULTS AND DISCUSSIONS
A. Preliminary selected-area electron diffraction results

It was reported by off-resonant x-ray scattering experi-
ment that in thin film BiMnO; sample, the 00/ (I=2n+1)
reflections can be observed, which indicates the absence of
the c-glide plane.” The x-ray charge scattering ratios between
00! (I=2n+1) and 004 were, however, about 107>.° This is
obviously beyond the detection limit of x-ray and neutron
powder diffraction methods. Therefore, we decided to per-
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FIG. 2. SAED patterns taken from BiMnO; at RT with (a)
[010], (b) [0—=1—=1] (c) [-1-10], and (d) [100] incident directions.
The incident directions have been determined by CBED (Fig. 3).

form more careful SAED observations for BiMnO; com-
pared with our previous works.!®?® Figure 2 gives SAED
patterns taken from BiMnO; with several zone axes. From
Table I, Fig. 2(a) is possibly one of C2-[010], C2-[-1-10],
or C2/c-[-1-10]. Similarly, the incident direction of Fig.
2(b) can also be one of C2-[0-1-1], C2/c-[010], or
C2/c-[0-1-1]. Figure 2(c) can be one of C2-[010],
C2-[-1-10], or C2/c-[-1-10]. Figure 2(d) can be
C2-[100], C2-[130], C2/¢-[100], or C2/c-[130]. Although
the SAED patterns with C2/c¢-[130] and/or C2-[130] are
slightly distorted in comparison with C2/c-[100] and/or
C2-[100] ones, it is still difficult to discriminate those be-
cause of similarity of reflection arrangement. The forbidden
00! (I=2n+1) reflections of the C2/c¢-[100] and C2/c-[-1
—10] SAED patterns can appear in the experimental SAED
pattern due to double diffraction. For this reason, we per-
formed CBED experiments as in the following section to
distinguish the incident directions.

B. Convergent-beam electron diffraction results

Figure 3(a) is a CBED pattern taken from the same par-
ticle as that of Fig. 2(a). The ring-shaped reflections indi-
cated by arrowheads occur from first-order Laue zone
(FOLZ). Note here that if twofold rotational symmetry is
observed in a CBED pattern, the incident direction must be
uniquely determined to be a b axis ([010]) of the monoclinic
lattice. The FOLZ reflections clearly show twofold rotational
symmetry around the center of the CBED pattern where
some of the FOLZ reflections are shown as a broader view.
Therefore, the incident direction of Fig. 2(a) has been deter-
mined to be [010] incidence, that is, C2-[010].
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FIG. 3. CBED patterns taken from BiMnOj5 at RT with (a) [010]
(b) [0-1=1] (c) [-1-10], and (d) [100] incident directions.

Figure 3(b) is the CBED pattern taken with the same di-
rection as that of Fig. 2(b). Note that there are two different
features between Figs. 3(a) and 3(b). First, the scattering
angle of the HOLZ reflections of Fig. 3(b) is lower than that
of Fig. 3(a). Second, Fig. 3(b) does not show twofold rota-
tional symmetry. Figures 4(a) and 4(b) are schematic dia-
grams of FOLZ that can be seen in the CBED patterns with
[010] and [0—1-1] incident directions, respectively. Note
that the reciprocal lattice planes of Figs. 4(a) and 4(b) can be
achieved by both the space groups of C2/c¢ and C2. From the

(a) (b)
[010] [0-1-1]
Incident beam Incident beam I
FOLZ\ D R P . _11; . /SOLZ
——<FOLZ
ZOLZ/ s s e e e e s s ’ . ® e . * \ZOLZ

[001] pattern [3-32] pattern

FIG. 4. Schematic diagrams of the HOLZ that can be seen in the
CBED patterns with (a) [010] and (a) [0—1—1] incident directions,
respectively. From the reciprocal lattice views with [001] and
[3-32] that are perpendicular to [010] and [0—1-1] in (a) and (b),
respectively, the first-order Laue zone (FOLZ) observed in the
[0-1-1] CBED pattern must appear at half the scattering angle of
the FOLZ observed in the [010] one. Note that the reciprocal lat-
tices can be achieved by both space groups of C2/c¢ and C2. Here,
SOLZ stands for the second-order Laue zone.
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reciprocal lattice views with [001] and [3—32] that are per-
pendicular to [010] and [0—1-1], respectively, FOLZ ob-
served in the [0—1-1] CBED pattern must appear at half
the scattering angle of FOLZ observed in the [010] one.
From this fact, candidates of the incident direction of Fig.
2(b) have been limited to be one of C2-[0-1-1] and
C2/c-[0-1-1]. Figure 3(c) is the CBED pattern taken with
the same direction as that of Fig. 2(c). The CBED pattern
does not show twofold rotational symmetry. Thus, candidates
of incident direction of Fig. 3(c) have been limited to be
C2-[-1-10] and C2/c-[-1-10], indicating that Fig. 2(c)
cannot be of C2-[010]. The results are summarized as fol-
lows; the incident directions of Figs. 2(a)-2(c) are C2-[010],
C2-[0-1-1], and C2-[-1-10], respectively. Indexing of the
SAED patterns has been performed as shown in Figs.
2(a)-2(c).

Note here that the weak but sharp A0l (I=2n+1) reflec-
tions indicated by white arrowheads are found in this study
with longer exposure time than in the previous work.'® The
SAED patterns in this study and in Ref. 18 were taken with
the exposure times of 30 and 8 s, respectively. The /0!
(I=2n+1) reflections indicate the absence of the c-glide
plane perpendicular to the b axis. The weak and broader /40!
(h=2n+1) reflections in Fig. 2(a) can be also observed, in-
dicating the primitive monoclinic lattice with short-range or-
der. We neglect the broader ones here and will discuss these
in the next section.

Figure 3(d) is the CBED pattern taken with the same di-
rection as that in Fig. 2(d). The CBED pattern clearly shows
mirror symmetry perpendicular to the b axis. This indicates
that Fig. 2(d) can be none of C2-[100], C2-[130], and
C2/c-[130]. Then, the incident direction of Fig. 2(d) has
uniquely been distinguished from the others and determined
to be C2/c-[100]. This result, however, contradicts the
SAED result of Fig. 2(a), indicating the absence of the
c-glide plane. This implies that the 70! (I=2n+1) reflections
are too weak to influence the [100] HOLZ CBED pattern,
resulting in mirror symmetry.>® The h0/ (I=2n+1) reflections
that should be absent due to a c-glide plane perpendicular to
the b axis appear in Fig. 2(d). The reflections, however, can
appear in the [100] SAED pattern by the dynamical electron
diffraction effect (double diffraction effect). Figure 5 is a
[100] CBED pattern including only zero-order Laue zone
(ZOLZ) reflections. The dynamical extinction lines (GM
line)?%27 are clearly seen in the 00/ (I=2n+1) reflection disks
of the CBED pattern, indicating the existence of the c-glide
plane perpendicular to the b axis. The inconsistency between
the [100] ZOLZ CBED pattern and the [010] SAED pattern
is also due to negligible influence of the 00/ (I=2n+1)
reflections.’® From the results, the space group of BiMnO;
can be determined to be centrosymmetric C2/c in terms of
CBED, as we reported previously,'® although the space
group can be C2 if we take into consideration the hO!
(I=2n+1) reflections seen in the [010] SAED pattern. In the
next section, the 0! (I=2n+1) reflections as well as the 10!
(h=2n+1) ones will be discussed in detail.
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FIG. 5. [100] CBED pattern including only ZOLZ reflection
disks at RT. The dynamical extinction lines (GM lines) along the ¢
direction, indicating the c-glide plane perpendicular to the b axis,
can be clearly seen at 00/ (I=2n+1).

C. Long-range and short-range structural orders in BiMnOj;
figured out by detailed selected-area electron diffraction
analysis

Figure 6(a) is the [010] SAED pattern taken from
BiMnO; at RT. As indicated by the arrowheads in Fig. 6(a),
the broader 0! (h=2n+1) reflections indicating short-range
structural order are observed as well as the 10! (I=2n+1)
reflections indicating long-range structural order (C2) of
BiMnOs;. If both reflections are also taken into consideration,
the space group should be P2 or P2,. In any case, there is no

g

FIG. 6. [010] SAED patterns taken from BiMn,_,Sc,0O5 at room
temperature with (a) x=0, (b) x=0.1, (c) x=0.4, (d) x=0.7, and (e)
x=1.0 and from (f) BiCrOs.
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FIG. 7. [010] SAED patterns taken from BiMnOjs at (a) RT and
(b) 673 K.

mirror symmetry in terms of point symmetry.

Figures 6(b)-6(e) are [010] SAED patterns taken at RT
from the BiMn;_,Sc,O5 samples with x=0.1, 0.4, 0.7, and
1.0, respectively. For x=0.1, the 10! (h=2n+1) reflections
disappear while the A0l (I=2n+1) reflections still survive
[Fig. 6(b)]. On the other hand, it can be seen that the inten-
sities of the h0! (I=2n+1) reflections decrease with substi-
tution of Sc for Mn. The reflections persist up to x=0.4 [Fig.
6(c)] and almost disappear at x=0.7 [Fig. 6(d)]. The result
for x=1.0 [Fig. 6(e)] where the k0l (I=2n+1) reflections are
not seen at all is consistent with another recent work.?* Fig-
ure 6(f) is a SAED pattern taken from the isostructural
BiCrO; (Ref. 28) sample with the [010] incidence. The
h0l (h=2n+1 and [=2n+1) reflections are also absent, indi-
cating that BiCrO; has a C-centered cell and a c-glide plane,
and therefore has space group C2/c. Quite recently, BiCrO;
was shown to have antiferroelectric properties.?! This result
confirms that BiCrOj crystallizes in a centrosymmetric crys-
tal structure. The results on BiScO; and BiCrOj; obtained in
this work indicate that the long-range ordered noncentrosym-
metric structure of BiMnOj5 at RT is attributed not only to
Bi** ions with lone electron pair but also to Mn3* ions, that
is, to correlation between Bi** ions and Mn>* ions. The in-
tensities of the observed 10! (I=2n+1) reflections are much
weaker than the intensities of these reflections in the previ-
ous works,!0:14.16.20

Figures 7(a) and 7(b) are [010] SAED patterns taken from
BiMnOj; at RT and 673 K, respectively. Similar to Fig. 6(b)
of BiMng¢Sc, 03, most of the h0/ (h=2n+1) reflections
seen in Fig. 7(a) disappear in Fig. 7(b) although the 20l (I
=2n+1) reflections still survive, as indicated by the arrow-
heads. The disappearance of the 20/ (h=2n+ 1) reflections at
673 K shows that the only short-range ordered structure with
the lattice type P disappeared. Our high-temperature obser-
vation does not contradict with the results of the resonant
x-ray study where the off-resonant peak persisted up to
600 K, as seen in Fig. 4 of Ref. 9. Heating the BiMnO;
sample to 673 K and substitution of 10% Sc for Mn result in
the same effect on the 40! (h=2n+1) reflections. Note that
the disappearance of h0! (h=2n+1) reflections in BiMnO;
on heating confirms that these reflections are intrinsic and
not caused, for example, by electron beam irradiation effect.
It has also been confirmed from SAED that the monoclinic
angle B in BiMnO; decreases by about 2° at high tempera-
ture and in BiMnj¢Sc, ;O3 at RT in comparison with S of
BiMnO; at RT. These results are consistent with the recent
results obtained by neutron powder diffraction analysis
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where this type of distortion is attributed to the disappear-
ance of cooperative static Jahn-Teller distortions.!8?° We
could not achieve the Pbnm orthorhombic phase® by heating
the BiMnO; sample because the structure was changed to
one of the polymorph phases'~'¢ around 773 K, and the
sample was destroyed soon after that.

It can be considered from the findings in this study that
the 10l (h=2n+1) reflections in BiMnO; are related to the
orbital order, while the 10! (I=2n+1) reflections are not
likely related to the orbital order because the reflections per-
sist up to high temperature above the monoclinic-to-
monoclinic phase transition where the cooperative static
Jahn-Teller distortion is believed to be suppressed.'®? On
the other hand, the 40/ (h=2n+1) reflections drastically dis-
appear at high temperature. This fact shows that the
monoclinic-to-monoclinic phase transition is accompanied
by the change in the crystal symmetry, in contrast to the
general belief that there is no symmetry change.>!0-12

We should note that the weak reflections might be possi-
bly originated from other crystal domains whose incident
direction is [-1-10] [Fig. 2(c)]. However, no features (no
mismatching between them in the SAED pattern or no split-
ting diffraction spots) due to such domain structures could be
seen in the [010] SAED pattern and the dark-field TEM im-
age taken by using one of the weak reflections so far.

The observation of the weak 70! (h=2n+1 and [=2n+1)
reflections by SAED shows that good single crystals of
BiMnOs are obviously needed for careful structure analysis
and understanding of the origin of the ordered structures
found in this study. X-ray and neutron powder diffraction
data cannot give unambiguous information about the origin
of the ordered structures because of the following reasons.

(1) For the (001), (002), and (004) reflections, the inten-
sity ratios calculated from the structure parameters refined in
the C2 model are 0.07 (Atou e al.),® 0.03 (Moreira dos
Santos ef al.),* and 0.008 (Belik ez al.)'® for 1(001)/1(004)
and 0.02 (Atou et al.),® 0.02 (Moreira dos Santos et al.),* and
0.004 (Belik et al.)'® for 1(002)/1(004) for XRD data with
Cu K« radiation. That is, the calculated 1(001)/1(004) ratio
is larger than the 7(002)/1(004) one. The (002) reflection can
be detected by XRD. We also found that separate peaks with
the intensity ratio of 0.002 compared with the (004) reflec-
tion can still be detected by XRD. However, no k0! (h=2n
+1 and [=2n+1) reflections were observed experimentally
even when XRD data were collected with very long exposure
time (480 s/step; a RIGAKU Ultima III diffractometer with
Cu Ka radiation). In addition, the calculated intensity ratios
1(001)/1(004) and I(003)/1(004) are much larger than the
experimentally measured ones of about 107> for thin film
samples.’

(2) The structural model including the short-range ordered
one at RT should have space groups P2 or P2, and the
number of refined structural parameters is about four times
larger than that of the C2/c model. However, difficulties in
the structure refinement already appear in the C2 model
where the number of refined structural parameters is about
two times larger than that of the C2/c model.'® These diffi-
culties include strong dependence of structural and thermal
parameters (and therefore bond lengths) on tiny changes of
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nonstructural parameters reflecting probably a number of lo-
cal minima.'® It can explain quite different calculated polar-
izations (18.96 and 0.9 uC/cm?)?! for the reported crystal
structures*® even when the same sample was used in these
works.?

The space group determined in terms of CBED (C2/c¢) is
in agreement with the results of first-principles
calculations.?! As emphasized in Ref. 21, the calculations
were performed for ideal stoichiometric BiMnOj;. Stoichiom-
etry may be the key word for understanding the structural
properties of BiMnO5. Our BiMnO; sample had no impuri-
ties, and EPMA gave the stoichiometric composition within
the experimental errors. Nevertheless, tiny changes or fluc-
tuations in stoichiometry are always possible especially on
nanoscale. By introduction of structural defects, the ideal
centrosymmetric structure may relax to a structure with
lower symmetry. Because it was shown that the ideal C2/c
structure is more stable than the C2 structure, additional
symmetry reduction takes place by removing the C-centered
monoclinic cell. The probability of compositional fluctuation
within the sample region of about 300 nm in diameter (the
selected region for SAED) is much larger than that of about
8 nm in diameter (the probe size of electron beam on the
sample for CBED). Sc has the robust oxidation state +3 com-
pared with Mn where Mn?*, Mn**, and Mn** oxidation states
are possible (for example, the presence of Mn?** and Mn**
may locally change the oxygen content, keeping the Bi:Mn
ratio as 1:1). Therefore, the introduction of Sc** ions may
significantly reduce compositional fluctuation, and we ob-
serve noticeable reduction of the intensities of the k0l (I
=2n+1) reflections with increasing the Sc content (Fig. 6),
that is, approaching the ideal structure. Cr** is also a very
stable oxidation state. Therefore as a result, BiScO; and
BiCrO; adopt the ideal C2/c structure [Figs. 6(¢) and 6(f)].
More complicated superstructures in BiMnO; are formed
due to the creation of oxygen defects under electron beam
irradiation.'"*'® This fact shows that stoichiometry has a
strong effect on the structural properties of BiMnO;. The
cation nonstoichiometry (for example, due to the presence of
Bi,0,CO5 in some samples) in BiMnO; may also signifi-
cantly enhance deviation from the ideal structure and give
rise to strong k0l (I=2n+1) reflections.

To the best of our knowledge, ferroelectric properties of
monoclinic BiScO5; have not been investigated yet. One pa-
per reported that BiScOj; thin films (having, however, a te-
tragonal structure) did not exhibit ferroelectric or antiferro-
electric properties.*> However, monoclinic BiScO5 should be
antiferroelectric by analogy with monoclinic BiCrO5.?! Thin
film samples of BiMnO; have a polar structure shown by
second-harmonic generation.23 As we mentioned in Sec. I,
the ferroelectric properties of BiMnOj; (ferroelectric hyster-
esis loop) were shown only in one work® and have not been
confirmed by other groups despite of many efforts. There are
a growing number of publications emphasizing that ferro-
electric properties of BiMnO; have not been well
established.’? The symmetry of bulk BiMnO; determined in
this work allows it to be ferroelectric. Therefore, in
BiMnO5-BiScOj5 solid solutions, one may expect gradual
change of properties from ferroelectric (if any) to antiferro-
electric. The conductivity of BiMn;_,Sc,O5 thin films may
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be considerably reduced compared with that of BiMnOs;,
making the investigation of ferroelectric properties of
BiMn,_,Sc, O3 possible.

IV. CONCLUSION

We investigated the space group of BiMnO; by using
CBED and SAED. CBED used for discrimination for the
crystal axes of BiMnO; showed that BiMnO; belongs to
point group 2/m with the c-glide plane perpendicular to the
b axis, resulting in space group C2/c. In the SAED patterns,
however, the very weak but sharp 40! (I=2n+1) and broader
hOl (h=2n+1) reflections were observed, indicating the non-
centrosymmetric long-range (space group C2) and short-
range ordered structures (P2 or P2,), respectively, implying
that such weak reflections had quite little influence on the
CBED npatterns. At the same time, it was figured out that
CBED is crucial in order to discriminate the crystal axes of
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BiMnOj; for the structural study based on the comparatively
strong reflections. We also investigated the effects of substi-
tution of Sc and Cr for Mn and of heating on the very weak
h0l (h=2n+1 and [=2n+1) reflections, respectively. It was
revealed based on substitution effect that the noncentrosym-
metric long-range ordered structure (C2) of BiMnOj is at-
tributed not only to Bi** ions with lone electron pair but also
to Mn>* ions, that is, to correlation between Bi** ions and
Mn3* ions. The results of this work are important for under-
standing multiferroic properties of BiMnOs;.
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