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Compositional variations in BaMn0,_, perovskite-related mate-
rials in the 0.08 == y = 0.12 range arc accommuodated cither by
means of the formation of an ordered rhombohedral phase for
¥ = 0.10 (15R type) or by means of disordered intergrowths of
both 15R and a new polytype of nominal composition BaMnQ, g5.
This phase can be described as formed by 21 layers per unit cell,
following the stacking sequence . . . (chhhhhh); . . . .
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INTRODUCTION

The BaMnO, perovskite-related oxide crystallizes in
the ZH structural type. This type can be described as
formed by a hexagonal sequence (. . . hhh . . .} of BaO,
layers (1). Powder X-ray diffraction (XRD) data per-
formed by Negas and Roth (2) have shown a series of
dilferent phases in the anion-deficient BaMnQO,_, system
(0 = y = 0.25): a thombohedral 15-layer-type, {chhhh),

stacking sequence and hexagonal 8H, . . . (hhhc),. . .,
6H, . .. hchhhc ., 10H, . .. (hhche), ..., and
4H, ... hchec . . ., types.

In a senies of previaus papers (3, 4), it has been stated
that, in the reduction process of BaMnO,, the oxygen
deficiency is accommodated by mcans of the introduction
of BuO, 5, cubic layers. Since Ba(, is the composition
for a hexagonal layer, the ideal antonic composition for
every hexagonal type can be established: BaMnO; (2H),
BaMnQ, 4 (15R), BaMnO, 4 (8H), BaMnOQ, 4, (6H),
BaMnO, g, (10H), and BaMnQ, ;5 (4H}. According to this,
it seems that the first condition for obtaining one of these
. structural types is that the anioni¢c composition has to be
coincident with the ideal composition corresponding to
every structural type.
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Moreover, probably due to the very close anionic com-
position shown by these phases, the synthetic route also
plays an important role in order to isolate BaMnO,_,
phases. We have shown (3) that only when the reduction
process is performed starting from a well-ordered
BaMnQ; sample can a single phasc be obtained.

If one of these conditions (ideal composition and or-
dered starting material} is not observed, nonstoichiometry
is accommodated by means of disordered intergrowths of
both cubic and hexagonal layers.

We show, in this paper, an electron diffraction and
microscopy study of the BaMnQ;_, system in the 0 <
y = 0.12 compositional range, where, up to now, only
the ISR phase has bcen reported.

EXPERIMENTAL

The BaMnO, (2H-type) starting material was obtained
by healing stoichiometric amounts of BaCO, and MnCO,
at 980°C for 48 hr (pO, = 0.2 atm). Both powder X-ray
and electron diffraction patterns can be indexed on the
basis of an ordered 2H structural type of parameters a =
0.57 nm and ¢ =0.48 nm. Anncaling of this material at
various temperatures leads to the following compounds:

T = 1250°C (5 days) : BaMnO, 4,
T = 1275°C (5 days) : BaMnQ, o,
T = 1300°C (3 days) : BaMnO, g.

The above oxygen content has been determined by ther-
mogravimetric analysis devetoped on the basis of a Cahn
D-200 electrobalance. The samples were redueed under
H, atmosphere at 800°C. Since the final product of the
reduction process was aiways the same mixture of Ba and
Mn oxides, the oxygen content was established from the
weight difference between the starting and the final prod-
ucts. These results are compared to those obtained for
stoichiometric 2ZH BaMnO; reduced under identical condi-
tions.
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Powder X-ray diffraction {XRD) was carried out on a
SIEMENS D-5000 diffractometer with a graphite mono-
chromator and using CuKe radiation.

Selected-area electron diffraction (SAED) and electron
microscopy were carried out on a JEOL 2000FX elec-
tron microscope. High-resolution electron microscopy
(HREM) was performed on a JEOL 4000EX electron mi-
Croscope.

RESULTS AND DISCUSSION

Powder XRD corresponding to both BaMnO,,, and
BaMnQ, 4, samples are shown in Figs. 1a and 1b, respec-
tively. The BaMnQO, 4 sample shows a powder XRD simi-
lar to that shown for BaMnQ, 4. All diffraction maxima
can be indexed on the basis of a unit cell of rhombohedral
symmetry characteristic of the 15R structural type. How-
ever, some differences are observed: the relative intensity
of some reflections (for instance, (107}, and (018),) is dif-
ferent, comparing both diagrams, and a broadening of the
maxima is detected in the BaMnO, ¢, sample.

In order to solve such differences, a SAED and HREM
study was performed.

Microstructural Characterization of BaMnO,

Figure 2 shows the SAED pattern (Fig. 2a) and the
corresponding HREM image (Fig. 2b) of a well-ordered
crystal along the [100], zone axis. The SAED pattern only
shows the (hkl) reflections with —A+k+! = 3n, which
confirms the symmetry deduced from the XRD pattern.
In the HREM image it can be observed that the d spacing
along the c-axis is 3.5 nm, which corresponds to 15 BaO,
layers per hexagonal unit cell. Moreover, from the differ-
ent contrast observed in the HREM image, the (chhhh),
stacking sequence corresponding to the 151. structural
type, previously described by Negas and Roth (2), can
be detected.

Figure 2c shows a representation of the structural mode}
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FIG. 1.
ple BaMnO; 4.

projected along the [100], direction from which a direct
comparison between the ideal and the experimental struc-
tural features could be established. Image calculations
(Fig. 2d) of such a model were performed using the
multislice method (5), under the following conditions:
sample thickness (¢) at 5 and 6 nm; Af = —60 and —70
nm. The best fit seems to be obtained for t = 5 nm and
Af = =70 nm. Although very small differences are ob-
served, this is because image calculations have been car-
ried out considering a BaO, stoichiometry in every layer
on the basis of an ideal sequence of 15 layers.

Taking into account that the anionic composition per
cubic layer is BaQ, 55, while BaO, is the corresponding
composition for a hexagonal layer, the ideal composition
for this ordered structural type is BaMnO, 4 per unit for-
mula, in agreement with the experimental composition
obtained by thermogravimetry.

It should be mentioned that a certain amount of crystals
(=10%) were twinned as shown in the electron diffraction
pattern depicted in Fig. 3. Effectively, this SAED pattern
can be interpreted as the superposition of two domains
corresponding to the I5L structural type related to each
other by a 180° rotation.

Microstructural Study of BaMn(Q, ¢,

Figures 4a and 4b show the SAED pattern and the
corresponding HREM image along [100],,, respectively.
The streaking along the c*-axis in the diffraction pattern is
reflected in the structural disorder observed in the image.
Two different d spacings are mainly detected along the
c-axis: d = 1.16 and [.63 nm, which correspond to 5 and
7 BaQ, layers, respectively.

Figure 5 shows an enlargement of Fig. 4b. On the basis
of the different contrast observed (3), the stacking se-
quence corresponding to the previous 4 spacings can
be deduced:

5layers: . . .chhhh. ..
7layers: . . . chhhhhh. .. .

100 T T | T T
b - BaMnO
- 2.90
75F 1
-
E
2 sof -
= =5
E (-]
25k
1 1 L
5.0 20 75.0

Powder X-ray diffraction patterns, indexed according to a hexagonal setting, corresponding to (a) sample BaMnO, 4, and (b) sam-
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FIG. 2. (a) SAED pattern along [100],, correspending to BaMnO,g,. (b} Corresponding HREM image. The (chhhh); stacking sequence is
marked. {¢) 15R structural model along the [100], prajection, with the R3m space group. The unit cell is outlined. {d) Calculated images on the
basis of an ideal 15R structural type along [100},. Arrows indicate the c-axis value.
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FIG. 3.

SAED pattern along [100], of a twinned crystal of sample
BaMnO, . Arrows indicate spots corresponding to the component tilted
at 180°. Both (001)* and {031)* reflections are coincident.

The first stacking sequence corresponds to the 15R
structural type, although sometimes only five layers of
this polytype are observed: 1/3 15R.

The 7-layer sequence along the c¢-axis should corre-
spond, according to Zhdanov (6}, to 1/3 of a new polytype
showing rhombohedral symmetry {space group R3m),
i.e., 21 layers per hexagonal unit cell.

One unit cell of such a structural type with d = 4.9
nm is clearly observed in Fig. 5. The Fourier transform
calculated on this area confirms the rhombohedral sym-
metry. Effectively, the optical diffraction pattern of such
a unit cell obtained by means of a CCD camera (Fig. 6)
can be indexed on the basis of the rhombohedral unit cell.

Since isolated lamellae of the 21R type were frequently
observed in a majority of disordered crystals, an exhaus-
tive examination of this sample was performed. A fraction
of crystals was indexed on the basis of the previously
described 15R structural type. However, another minor
fraction of crystals presented the electron diffraction pat-
tern shown in Fig. 7a. Although weak streaking is ob-
served, all diffraction maxima can be indexed on the basis
of a 21R-type structure along [100],. The corresponding
eleetron micrograph (Fig. 7b) shows a nearly ordered ma-
terial with d spacing of 4.9 nm, which corresponds to 21
layers along the c-axis. _

By supposing an ideal 21R sequence with R3m symme-
try, the corresponding atomic positions are 3 Ba in (a);
6 Bain (c), z= 2/21;6 Bain (¢}, z = 4/21; 6 Ba in (c),

z=6/21;3 Mnin (b); 6 Mn in (¢), z = 15/42; 6 Mn in
(¢),z=17/42; 6 Mnin (c), 2 = 19/42; 90 1in (¢); 18 O in
(h), x = 1/6, z = 1721, 18 O in (h), x = 1/2, z = 2/21; 18
Oin (h), x = 1/6, z = 3/21.

The corresponding structural model along [100], is
shown in Fig. 8. This structure can be described as a
sequence of three sets of seven octahedra sharing faces,
which are linked sharing corners along the c-axis.

From the ideal atomic coordinates, the powder X-ray
diffraction pattern has been calculated by the Rietveld
method (7). By comparing this pattern with the calculated
one for the 15R structure type (Fig. 9), it can be observed
that diffraction maxima appear, in both phases, at d spac-
ings very close, although some differences in the relative
intensity of the reflections can be appreciated. This ex-
plains why the 21R phase has not been detected in the
experimental XRD pattern shown in Fig. 1. In fact, all the
diffraction maxima appearing in the experimental pattern
could be indexed, in a first approximation, on the basis
of the I5R structural type, but, after discovering the 21R
structure type, they could also be assigned to this phase.
However, the bad quality of the diffraction pattern is a
consequence of the presence of a disordered material due
to the majority presence of disordered intergrowths of
both I5R and 21R polytypes.

Coming back to the ideal composition corresponding to
cubic {BaQ, 5,) and hexagonal (Ba(Os) layers, the chemical
composition for the 21R structural type should be
BaMn0), o, per unit cell. Since the experimental composi-
tion obtained for this sample is BaMnQO, ,, new attempts
will be devoted to isolate this material as a single phase.

Microstructural Characterization of BaMnO, 4

Most of crystals show the SAED pattern along [100],
appearing in Fig. 10a. Diffraction maxima can be indexed
on the basis of a 15R rhombohedral unit cell. Some streak-
ing along ¢* is apparent as reflected in the corresponding
image. Figure 10b shows a low-resolution micrograph,
where a unit cell of the 21R structure type is intergrown
in a 15R matrix. Note that in spite of the close structural
relationship between all the BaMnO;_, structural types,
only polytypes showing rhombohedral symmetry seem to
intergrow together inside a same crystal. In addition,
when structural disorder is observed in a hexagonal type,
this is only constituted by structural types showing hexag-
onal symmetry (see Fig. 2 of Ref. (4)).

Moreover, a small fraction of crystals shows the SAED
pattern depicted in Fig. 11. This pattern can be interpreted
as the [100], projection of an eight-layer hexagonal type.
Since no extinctions characteristic of the P6;/mmc space
group are encountered, this crystal could be assigned to
the Pém2 space group. This suggests that this kind of
crystal shows the B8H'-type stacking sequence, ...
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FIG. 4. {(a) SAED pattern along [100], of a crystal corresponding to sample BaMnO,g,. Streaking along ¢* is apparent. (b) corresponding
electron micrograph showing disordered intergrowths between two polytypes.
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Fourier transform of a 21R-type unit cell.
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FIG. 7. (a) SAED pattern aleng [100],, corresponding to a 21R-type crystal. Weak streaking along the c*-axis is apparent. {b) Corresponding
low-resolution image showing crystatlographic planes, with & = 4.9 nm. A structure defect corresponding to a sequence of nine hexagonal layers
1s marked with arrows.
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FIG. 8. 21R structural model along the [100], projection with R3m symmetry. The unit cell is outlined.

chhhhhch . . ., described in Ref. (4), rather than the 8H-
type stacking sequence, . . . {chhh), . . ., proposed by
Negas and Roth (2).

Finally, another minority fraction of crystals showing
a well-ordered 15R structure type was detected.

On the basis of the experimental results obtained in
such a narrow compositional range, 0.08 < y < (.12, some
interesting aspects can be noted. First, the ISR structural
type is by far the most abundant phase in this composi-
tional range. However, it seems quite difficult to obtain

a 15R single phase, since many times it appears intergrown
with the related 2IR structural type. Only when the exper-
imental composition ¢corresponds to the theoretical stoi-
chiometry of this type, i.e., BaMnO, o, are practically
the total amount of crystals ordered. Small deviations of
this composition are accommodated by means of disor-
dered intergrowths of this polytype with a new type, 2IR,
also showing rhombohedral symmetry. The theoretical
composition corresponding to the 21R phase is 2.928, and,
in fact, when the experimental composition is close to
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FIG. 9. Calculated powder X-ray diffraction patterns indexed ac-
cording to a hexagonal setting for (a) 15R and (b} 21R structural types.
Only strong reflections have been marked.
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FIG. 10. (a) SAED pattern along [100};, corresponding to a crystal of the majority fraction of sample BaMn(, g. Weak streaking is observed
along the c*-axis. (b) Corresponding low-resolution image. An isolated 21R unit cell is intergrown in a 15R matrix.
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FIG. 11. SAED pattern corresponding to a 8H'-type structure along
the [100], zone axis.

this value, BaMnQ, 4, isolated crystals of the 21R type
can be observed.

On the other hand, when the concentration of anionic
vacancies increases {(y = 0.12), some crystals showing
hexagonal symmetry of the 8H'structural type appear,
whose theoretical composition is BaMnO, 4,5. In order to
isolate this phase, further reduction is necessary.

Note that regarding all BaMnO,_, types reported thus
far, this is the first finding of a rhombohedral phase in the
0 < v < 0.10 compaositional range, since only 2H (y = 0)
and 15R {y = 0.10) structural types have been previously
described. This is probably because the only systematic
research performed on this system is that of Negas and
Roth (2), which characterized the samples by power X-
ray diffraction. To distinguish both 15R and 21R types,
which show similar XRD patterns and, besides, usually
appear as disordered intergrowths, the use of a micro-
structural characterization by HREM is required. To iso-
late the new 21R-type structure more work is in progress.
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