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The oxygen deficiency in the reduction process of the 2H BaMnO, hexagonal type leads to the
introduction of BaQ, s cubic layers in the starting hexagonal close packing. A high-resolution electron
microscopy study of the BaMnO, ;; perovskite related oxide indicates that, as a function of the oxygen
content and of the synthesis procedure, compositional variations in the BaMnO;_, system can be
accommodated either by disordered intergrowths of both BaO, hexagonal BaQ; ¢ cubic layers or by

means of the formation of ordered hexagonal perovskite related phases.

Introduction

At the end of the 1970s and the beginning
of the 1980s, a series of papers on chain
silicates and zeolites by J. M. Thomas and
coworkers ((/-8) and references therein)
show that high-resolution electron micros-
copy (HREM), apart from strikingly con-
firming the validity of the X-ray based mod-
els giving structures averaged out over
about 10" unit cells, is able to solve either
structural imperfections or superlattice
structures that have been undetected by
X-rays. In this extensive research on the
internal structure of minerals and related
solids, they proved that, with the arrival of
a generation of transmission electron micro-
scopes possessing a resolving power less
than 0.3 nm point-to-point, it was possible
to study local variations in the average
structure which may represent regions of
chemical constitution and activity different
from those of the main structure.
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The study of structural imperfections by
means of a two-dimensional-projected im-
age was crucial, in solid state chemistry, to
modify the concept of nonstoichiometry. In
fact, several authors (9-/1) had demon-
strated that some oxide systems previously
considered classical solid solutions with
randomly distributed point defects actually
consisted of series of related crystal struc-
tures corresponding to specific composi-
tions. The structures of these crystals corre-
spond to superlattices derived by the
ordering of point defects followed by their
elimination by crystallographic shear. Since
X-ray diffraction only detects long range pe-
riodicity, the observations were limited to
rather large concentrations of solute or sub-
stantial deviations from stoichiometry
where the periodic spacings were small and
uniform. Now, it is well understood that
compositional variations in metal oxides can
be accommodated not only by random dis-
tribution of anionic vacancies or formation
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of ordered superstructures, if not by means
of other more complex defects as, for in-
stance, insertion of C§ planes (/2, 13), or
disordered intergrowths of two or more ba-
sic structural motifs in various proportions
(14, 13).

Probably, one of the structural families in
which compositional variations have been
more widely studied is that showing the per-
ovskite-type structure. Perovskites are the
earth’s most abundant minerals and they are
fascinating from a technological point of
view because natural and synthetic perov-
skites exhibit a very wide array of proper-
ties. Regarding only their electrical proper-
ties, perovskites run the gamut, depending
on the composition, from insulators to semi-
conductors, superionic conductors, metal-
like conductors, and high-temperature su-
perconductors.

Due to this wide knowledge, a general
consensus seems to exist about the trend of
the defect chemistry of perovskite related
oxides. However, despite this interest, com-
positional variations are only well known in
AMO,_, perovskite related materials when
the AQ, layer stacking is cubic, three cubic
layers being needed to describe the unit cell
following a ...ccc... sequence. Among all
these materials, ferrites are the most exten-
sively studied phases because Mdassbauer
spectroscopy is used to determine both the
environment and oxidation state of the iron
atoms. Thus, both oc¢tahedral and tetrahe-
dral sites can coexist within the same frame-
work (16, 17) in the AMO;-AMO, ; range.
Between the ordered perovskite-related
phases described up te now showing cubic
packing, square pyramidal coordination has
only been detected when Ba atoms are occu-
pying the A sublattice (/8-20).

A different location of oxygen vacancies
has been observed in the CaMnO, _, system
due to the presence of square pyramids for
the Jahn-Teller Mn** ion (21-24). In a very
smart paper, Reller ef al. (23) stated that the
unit cells of fully oxygenated and oxygen-
deficient CaMnQ,_, compounds are all re-
lated if they are viewed as superlattices of
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the parent perovskite derived from a rota-
tion angle in the metal-oxygen planes.

Compositional variations have been less
studied in hexagonal perovskites. Fora hex-
agonal close packing only two hexagonal
Jayers are necessary to complete the unit
cell in the .. hhh... stacking sequence (2H
structural type) (25). Between both cubic
and hexagonal terms, several unique struc-
ture types theoretically can be generated
(26). Electron diffraction and microscopy
studies performed on the BaFeO,_, system
(27, 28) indicate that only two hexagonal
phases appear: a 12R type, formed by octa-
hedra sharing faces linked by octahedra
sharing vertices, giving a stacking sequence
{(hhce); (29), and a 6H type, isostructural
with BaTiQ, (30).

Once again, the situation is different when
Mn is occupying the M sites of the perov-
skite lattice, Negas and Roth (3!} have
shown by means of X-ray diffraction that
BaMnO, adopts the 2H structural type, a
series of different hexagonal phases existing
in the anion deficient BaMnO,_, (0 = y =
0.25) system: a rhombohedral 15-layer form
and hexagonal 8H, 6H, [0H and 4H types.
An electron microscopy study (32) shows
that 2H BaMnQ, is transformed under the
electron beam to both 6H and 10H types.
However, no correlation has been estab-
lished between the oxygen content and the
different structural types. In order to study
the accommodation of the anionic vacancies
in this system, we have undertaken an
investigation, by means of selected area
electron diffraction (SAED) and HREM, of
BaMnO,_, materials with accurate control
of oxygen stoichiometry. We describe in
this paper the 6H BaMnQ, g, phase and its
comparison with 6H BaFeO,_,.

2. Synthesis and Microstructural
Characterization of 6H BaMnQ, g,

In order to synthesize a 6H BaMnO,_,
type, a similar procedure to that described
by Negas and Roth was followed (31). First,
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BaMnO, (ZH type) was obtained by solid-
state reaction from stoichiometric amounts
of BaCO, and MnCO,,.

Both powder X-ray and electron diffrac-
tion patterns of the BaMnQO, sample so ob-
tained can be indexed on the basis of a 2H
structural type unit cell of parameters a
0.57 and ¢ = 0.48 nm (33).

Then, the sample was heated at 1300°C
in air for 72 hr and annealed under vacuum
at 1040°C for 24 hr. The corresponding pow-
der X-ray diffraction pattern, shown in Fig.
1, can be indexed on the basis of the 6H
hexagonal type (¢ = 0.57, ¢ = 1.4 nm).

The oxygen content was thermogravi-
metricaliy determined by reduction in dry
hydrogen following the procedure described
inRef. (34). Fromthe weight loss, anaverage
composition BaMnQ, ;. i.e., Ba,Mn 0,5, is
obtained.

The electron diftraction and microscopy
study shows, however, a more compiex sit-
uation. Figure 2 shows the SAED pattern
(Fig. 2a) and the corresponding high-resolu-
tion electron micrograph (Fig. 2b), per-
formed on a JEOL. 4000EX electron micro-
scope, along the [010] zone axis. Streaking
along the ¢*-axis, suggesting the existence
of structural disarder, is clearly reflected in
the image, where a disordered intergrowth
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of fringes with different d-spacings can be
seen following the ¢-axis.

Taking into account that the distance be-
tween black dots is ~0.23 nm along the c-
axis, which correspond to the distance of
two adjacent BaO, layers, the (d-spacing/
0.23) ratio allows us to obtain the number
of BaO, layers (1) constituting each one of
the intergrowing structural types. More-
over, the stacking sequence characteristic
of every structural type can be deduced
from the different contrast observed in the
high-resolution electron micrograph. Ac-
cording to that, the structure image (Fig. 2b)
can be interpreted in the following way:

—Areas showing d-spacing = .48 nm
{n = 2), correspond 1o a stacking sequence
...hhh... characteristic of the 2H structural
type.

—d-spacing 1.4 nm (n 6):
...chchhhc... stacking sequence corre-
sponding to the 6H type (31},

For a d-spacing = 1.9 nm (n = B), two
different stacking sequences can be ob-
served: (i) ...(chhh}.... corresponding to the
8H type described by Negas and Roth (3/1)
see also (35); (ii) ...chhhhhche... (marked
8H’ in the image) which has also been found
as a stacking fault in BaMng 1,Feq25:0; 6
(36).
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Fi1G. 1. Powder X-ray diffraction pattern of 6H BaMnO, ;.
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Image calculations of the different struc-
tural models were performed by using the
multislice method (37), under the following
image conditions: sample thickness (1) be-
tween 3 and 6 nm; Af = —60 and —70 nm;
C, = 1.0nm; C, = 1.7 nm; beam divergence
angle = 0.8 x 1073 rad, and accelerating
voltage = 400 kV. Figures 3—6 show the
calculated imnages along [010] of the 2H, 6H,
8H, and 8H' structural types, respectively.
According to the image contrast observed,
the 8H' polytype shows a chhhhhche stack-
ing sequence, [211/112| Zhdanov notation,
space group P6m?. A detailed discussion of
the stacking of close-packed units, gener-
ated symmetry, and descriptive Zhdanov
notation is provided in the “International
Tables for X-ray Crystallography” (38). By
supposing an ideal 8H' layer sequence with
P&mi2 symmetry, the corresponding atomic
positions are: | Bain {a); 1 Bain (f}; 2 Ba
in(h), z=1/8,2Bain (k), z = 3/8;2 Bain
(), z=2/82Mnin{g), z =3/16; 2 Mn in
(£), z = 5/16; 2 Mn in (g), z = 7/16; 2 Mn
ini), z=1/16,6 Oin (n), x = 1/6, z = 1/8§;
60In(n), x=56,z=2/8,60in{n),x=
5/6,z2=3/8;30in(k), x = 1/6;and 3 O in
(J), x = 1/2.

The corresponding structural projected
models along [010] are also shown. The best
fit seems to be obtained, in all cases, for
t = 4and A = —60 nm. It is worth men-
tioning that in the simulated images all the
white dots show the same intensity, while
in the experimental micrograph some of the
cubic layers show a different intensity. In
fact, this is because image calculations have
been carried out considering a Ba0, stoichi-
ometry in every layer on the basis of an
ideal sequence of n-layers (n = 2, 6, and 8,
respectively). This introduces a change with
respect to the true stoichiometry of the 6H,
8H and 8H’ structural types, since all of
them must show oxygen deficiency.

At this point, it is worth recalling that
the powder X-ray diffraction pattern only
shows reflections characteristic of the 6H
structural type. In fact, this type appears
frequently ordered along several unit cells
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F1G. 2. (2} SAED of BaMn(, g; along [010]. (b) Corre-
sponding HREM image. A disordered imergrowth of
2H, 6H, 8H, and 8H' types is observed. Intersecting
blocks {chc) are marked.

as observed In another area of the same
crystal (Fig. 7). On the contrary, the other
hexagonal-types only intergrow in a disor-
dered way along the c-axis, at the level of
one or two unit cells (see Fig. 2b).

The origin of such a disorder, probably
resides in the nature of the precursor ob-
tained at 1300°C in air for 72 hr. Effectively,
although the powder X-ray diffraction pat-
tern corresponds to the 15R structural type
(31}, the SAED pattern along the [010] zone
axis (Fig, 8) shows a highly disordered mate-
riaf along the c*-axis. This intermediate step
was avoided to obtain an ordered 6H phase.
So, the well ordered 2H BaMn(), material
was directly annealed under vacuum at
1040°C for 24 hr. The material so obtained
shows identical BaMnO, ¢; composition but
with an ordered situation as observed in
both SAED pattern and corresponding mi-
crograph along [010] {Fig. 9).

Since 2H BaMnO, is only formed by BaO,
hexagonal layers (see structural model in
Fig. 3) and the reduction process leads to
the formation of cubic layers, we can as-
sume that oxygen vacancies are accommeo-
dated in these layers. Moreover, taking into
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account the strong tendency of Ma®* to be
stabilized in square pyramidal coordination
in perovskite-related oxides (2{), only one
oxygen in every six can be removed in each
cubic layer (BaQ, s composition). Since the
stacking sequence of the 6H structural type
is constituted by two cubic and four hexago-

nal layers, the ideal composition for such a
structural type would be BaMnO (2
BaQ,; + 4 BaQ,), i.e., BaMnQ, g per unit
formula, in agreement with the experimental
composition.

On the basis of these ideas, the ideal com-
position of the different hexagonal types can
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Fi1G. 3. Calculated image and structural model projection corresponding to the 2H structural type
along [010] on the basis of an ideal 2H layer sequence with P6;mc symmetry. The unit cell is outlined.

be calculated from the stacking sequence
they show. Thus, in the case of both 8H and
8H' polytypes, the ideal compesition would
be BagMny0,,, i.e., BaMnO,q,. Coming
back to the high resolution image shown in
Fig. 2b, three phases with ideal composition
BaMnO; (r = 2), BaMnO, 4 (# = 8), and
BaMnO, ;; (n = 6) were identified. This ob-
viously gives an average composition higher
than the experimental one (BaMnQ,g.).
However, the structural intergrowth takes
place, in many cases, by means of a (chc)
block (as marked in Fig. 2b) which should
have a BaO, ,; composition.

On the basis of the location of the oxygen
defect, the image calculations have been re-
considered by assuming that the average
composition of every cubic layer is BaO, ..
Then, one oxygen in every six was removed
per cubic layer, with random distribution
of the oxygen vacancies. This modification
does not originate any change in the contrast
observed in the calculated images. How-

ever, such a structural change must be ac-
companied of a displacement of the heaviest
atoms which can be responsible for the dif-
ferent changes observed in the structure im-
age. In order to solve this problem, neutron
diffraction studies are in progress.

3, Discussion

Since X-ray diffraction only detects long-
range periodicity, electron diffraction and
lattice imaging are necessary to follow the
clustering of anionic vacancies when the ox-
veen deficiency increases from the 2H struc-
tural type to the different hexagonal types
existing in the BaMnO,_, system. Only in
the perovskite hexagonal systems studied in
such a way it has been possible to determine
the stability range of the different structural
types.

Thus, two different hexagenal types have
been described in the BaFeO;_, (0 <y <
0.5) perovskite-related system, according to
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FiG. 4. Cakulated image and structural mode! prejection corresponding to the 61 structural type
along [010] on the basis of an ideal 6H layer sequence with P6m2 symmetry. The unit cell is outlined.

powder X-ray diffraction patterns: A 12R
structural type in the composition range
BaFeO, y;-BaFeQ, 4, (29) and a 6H type be-
tween BaFeQO,g, and BaFeQ, ¢ (28). It is
worth mentioning that the 6H hexagonal
type in BaFeO,_, shows a ...hcchec... layer
stacking sequence along the c-axis. Note
that although the number of layers per unit
cell is, as in BaMnOs_,, six, the layer stack-
ing is somewhat different.

Electron diffraction and microscopy stud-
i¢s in the 6H BaFeO;_, compositional range

show two different situations: between Ba
FeO, , and BaFeO, 5, both electron diffrac-
tion patterns and corresponding micro-
graphs only show this structural type, How-
ever, for lower amounts of Fe*", stacking
faults along the c-axis are observed, which
correspond to a ...ccc... stacking sequence
(see Figs. 5 and 6 of Ref. (28)).

Neutron diffraction studies performed by
Jacobson (39) on a BaFeO, ;s 6H-type lead
to BaO, s composition for every cubic
layer and BaO, 5 composition for hexagonal
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Fig. 5. Calculated image and structural mode! projection corresponding to the 8H structural type
along [010] on the basis of an ideal 8H layer sequence with P63/mmc symmetry. The unit cell is

outlined.

layers. However, since electron diffraction
studies indicate that this system allows com-
positional variations along the same struc-
tural type, it seems obvious that the compo-
sition in the stacking layers cannot remain
fixed.

This behavior is clearly different of that
shown by the BaMnO,_,, system. Composi-
tional variations in BaMnO;_, can be ac-
commodated either by disordered in-
tergrowths of hexagonal types or by means
of the formation of ordered phases, as in the
case of BaMnQ, ;. In any case, the concen-
tration of anionic vacancies seems to deter-

mine the number of BaQ, ; cubic layers and,
therefore, the resulting structural type. On
the contrary, the BaFeQ,_, system seems
to admit the presence of oxygen vacancies
in both hexagonal and cubic layers, which
facilitates the existence of a given hexagonal
type along a certain compositional range.
However, the fact that in the BaMnO,_,
system both hexagonal and cubic layers
have a fixed composition, BaO; and BaO, ,
respectively, prevents compositional varia-
tions keeping the same structural type.
Moreover, local compositional variations in
this system lead to the formation of a differ-
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along [010] on the basis of an ideal 8H' layer sequence with P62 symmetry. The unit cell is outlined.

ent structural type, even at the unit cell
level. Therefore, it seems that every struc-
tural type in the BaMnO,_, system requires
a defined composition.

However, two different situations have
been encountered for the same BaMnO, g,
composition. This indicates that having a
defined composition is a necessary but not
sufficient condition. When BaMnO, is re-
duced, Mn can accommodate the anion loss
by assuming a permissible lower coordina-
tion number. As we mentioned above, an
ordered 6H phase was only obtained by
starting from a well ordered 2H BaMnO,
material. Nevertheless, compositional vari-

ations in BaMnO;_, can be accommodated
by disordered intergrowths when precursor
materials are disordered. It is well known
that the synthesis of nonstoichiometric com-
pounds often depends on the structure of
the starting material since this feature can
have a large influence on the material’s reac-
tivity, as observed in the oxide shear phases
of Group S and 6 transition metals. There-
fore, the attainment of an ordered phase
seems to be dependent on both the starting
material and the final composition. In fact,
Negas and Roth (31), by means of X-ray
diffraction, established that ISR, 8H, 6,
t0H, and 4H structural types allow compo-
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FiG. 7. HREM image of another area of the crystal shown in Fig. 2b. A rather long ordered 6H type

(8 unit cells) is observed.

ordered materials, as confirmed by Fig. 8.

sitional variations in a narrow range. None
of the compositions determined by these
authors is in agreement with the theoretical

According to our ideas, the microstructure

of these materials should be constituted by

values deduced from the corresponding disordered intergrowths of several hexa-

structural type by assuming BaO, and BaO, 4

gonal types, although the average structure

corresponds to a given type. In order to

compositions for hexagonal and cubic

study of samples with accurate control of

complete the study of compositional varia-
oxygen stoichiometry is in progress.

tions in BaMnO, _, an electron microscopy

in

most cases, these authors start from dis-

£l

(I5R),
BaMnO, ¢ (8H), BaMnO, g, (6H), BaMnO, g,

BaMnQ, 4

respectively:
and BaMnQ,;; (4H). Moreover

layers,
(10H),
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Fig. 8. SAED pattern of the ISH type showing
streaking along the c*-axis, indicative of a highly disor-
dered material.
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