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The new phases (Ba,sSr,5),C0,0,5, BagCo,0,,, and
Ba,Coz0,, have been shown by electron diffraction and high-
resolution electron microscopy to be three new members (n =5,
n=6, and n=7) of the 2H hexagonal perovskite-related
A,.,B'B,O;,,.; homologous series. Their modulated structures
are made up of chains, running along the ¢ direction and separ-
ated by Ba(Sr) ions, containing a succession of one Co atom in
prismatic trigonal sites and » Co atoms in octahedral coordina-
tion sharing faces. The strategy to synthesize different terms of
this family is discussed in terms of the distance between A0,
layer S. © 1999 Academic Press

Key Words: homologous series A4,.,B'B,0,,,;, new Ba/Co
ratio in; 2H related perovskites, cation deficiency in; Ba,O, and
Ba;CoO, hexagonal stacking; electron diffraction and micros-

copy.

INTRODUCTION

The ABOj; perovskite structure is formed by the close
packing of AOj; layers leading to the formation of one BOg
octahedron for every AO; unit. The hexagonal close packed
stacking of these layers gives rise to the 2H polytype (1)
which can be described as formed by isolated chains of
octahedra sharing faces parallel to the ¢ axis (Fig. 1a).
Contradictory results on the structural features concerning
anion deficient related 2H mixed oxides have been reported
on several materials formulated as ABO;_, (4 = Ba, Sr;
B = Co, Ni). In a series of recent papers, it has been estab-
lished that these phases are, in fact, cation deficient with
respect to the 2H perovskite hexagonal type. Actually,
BaNij g30,.5 (2) is the same compound formerly for-
mulated as 2H-BaNiO, ¢+ (3) or BaNiO, (4), and the so
called “low-temperature hexagonal form” 2H-SrCoO, 5 (5)
is isostructural with BaNij 330, 5 and must be correctly
formulated as SrCoq 30,5 (6) or, most properly, as
A¢BsO;5 (A4 = Ba, Sr; B = Nj, Co).
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Although the stacking sequence of these grossly cation
deficient hexagonal perovskite related phases preserves the
hexagonal symmetry, it consists of mixed layers 450, and
A3A'Og, the latter resulting from the former by substitution
of three oxygen atoms by one A" atom. This sequence leads
to a structure made up of chains parallel to the ¢ axis,
separated by A atoms and formed by a trigonal prismatic
site occupied by A’ cations which are linked, in A¢B50,5, to
four BOg octahedra sharing faces. This structure is related
to that shown by Sr,PtOg (7), which is made up of chains
parallel to the ¢ axis, separated by strontium atoms (Fig. 1b).
Within the chains, PtOg octahedra are linked by common
faces to triangular prisms occupied by strontium atoms (A’).
More recently, an isostructural compound with 4" = B,
Ca;Co0,0¢, has been reported (8).

All these oxides exhibit either trigonal or rhombohedral
cell with an a parameter between 0.9 and 1.0 nm and differ
from one another by the value of the ¢ parameter, which
corresponds to the stacking direction of the octahedra and
prisms. According to Darriet and Subramanian (9), this
family of compounds, resulting from the stacking of mixed
A304 and A3A4'Og layers, can be represented by the general
formula 43, 3A4,B,+30¢,+9, all the members having either
trigonal or rhombohedral symmetry. n = 0 corresponds to
the ABO; perovskite, whereas the n = co and n = 1 terms
correspond to the SryPtOg-type structure and AgBsOq s
(A = Ba, Sr; B = Ni, Co), respectively. More recently, two
slightly different n = 1 members of this family have been
described for BagMIr,O45 (10). When M = Cu, the n =1
member is obtained with ordered distribution of Ir and Cu
in both A" and B sites. When M = Zn, a related incommen-
surate structure is observed. The first example of an n =2
phase has been reported by Campa et al. (11) for
SroNig 40,1, with some vacancies in prismatic sites. An
n =3 phase Sr{,Ni; 50,7, in which half of the trigonal
prismatic sites are occupied by Ni**, has been described by
Strunk and Miiller-Buschbaum (12).

Abraham et al. (13) have isolated another vacancy-
free polytype related to the 2H hexagonal type, whose
structure has been recently studied by electron diffraction
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FIG. 1.

and microscopy by Huve et al. (14). Sry,Niz;Og4 can also be
described as consisting of chains, separated by strontium
ions, of two NiOg4 octahedra and one Ni face-sharing trig-
onal prism. According to these authors, this oxide corres-
ponds to the m =2 member of a series of the general
formula A,(B,,C,)O,, where n is the number of Ba or Sr ions
between the chains per cell, m is the number of successive
B ions in octahedral coordination, and [ is the number
of successive prisms along the ¢ direction. No evidence
has been found for the ocurrence of successive face-sharing
prisms; therefore, the [ value is always 1. On the basis
of this formulation, Sr,PtOy is the m =1 member,
whereas SryRu,04 (15), corresponding to m=2, is
made up of chains containing a succession of an empty
prism and two octahedra, and 4¢B50; 5 is the m = 4 term of
this family.

According to the composition expressed by the formula
Aszp+3A4,B,+ 306,409, none of the cation defficient phases
with B/4 > 0.83 could exist. In fact, all the results reported
thus for phases with B/4 < 0.83, which puts the limit to four
octahedra and one trigonal prism per row. Since the 2H
type, formed by oo octahedra, is stable, it has been our
objective to look for new members of this series between
them. We describe in this paper the structural models of
three new members with a ratio B/A > 0.83 in the
Ba(Sr)-Co-O system, as deduced by selected area electron
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(a) Schematic representation of the 2H-ABOj; structure. (b) Schematic representation of the Ca;Co,04 structure.

diffraction (SAED) and high-resolution electron microscopy
(HREM).

EXPERIMENTAL

BayCog0,, and BagCo,0,; were prepared by heating in
air stoichiometric amounts of BaCO; and Co;0,4 at 920°C
for 5 days. (Bay.5Sr);CosO5 was obtained when stoichio-
metric amounts of the corresponding Ba and Sr carbonates
and Co oxide were treated in air at 900°C for 72 h. The
average cationic composition was established by inductive
coupling plasma (ICP), while the local composition in every
crystal was determined by energy dispersive spectroscopy
(EDS). For this purpose, a JEOL scanning electron micro-
scope JSM-8600 equipped with an energy-dispersive system
LINK AN10000 was employed. The oxygen content was
determined, within 41 x 1072, from the cobalt average
oxidation state analyzed by titration with Mohr’s salt. All
results are consistent with the BagCo30,, and BagCo,0,;
compositions.

Powder X-ray diffraction (XRD) was carried out on
a SIEMENS D-5000 diffractometer using CuKo radiation.
SAED was performed on a JEOL 2000FX electron micro-
scope, fitted with a double tilting goniometer stage (+45°).
HREM was carried out on a JEOL 4000EX electron micro-
scope, fitted with a double tilting goniometer stage ( +25°),
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FIG. 2. XRD patterns corresponding to (a) BagCogQO,4, (b) BagCo,0,4, (c) BagNisO; 5, and (d) (Bag.5Srg.5)7C06013.

by working at 400 kV. Samples were ultrasonically disper-
sed in n-butanol and transferred to carbon-coated copper
grids.

RESULTS AND DISCUSSION

The powder XRD patterns corresponding to BagCogO,4
(Fig. 2a) and BagCo,0,; (Fig. 2b) are very similar to the
pattern shown by BagNisO 5 (9) (Fig. 2c). All reflections can
be indexed on the basis of a rhombohedral unit cell, with an
a parameter close to 0.98 nm. Even though the compositions
are quite different, the XRD patterns look similar, which
makes it difficult to elucidate the structure. Therefore, it is
essential to use SAED to explain the stacking sequence of
octahedra and trigonal prismatic units along ¢ axis more
clearly.

Figure 3a shows the SAED pattern along [110],y corres-
ponding to BagNisO, 5 (subindex 2H refers to the 2H basic

cell). A commensurate modulated sixfold superlattice along
[222]%y is apparent which can be indexed, according to
X-ray data previously reported (2), on the basis of a unit cell
with parameters a = 0.9889 nm and ¢ = 1.2867 nm, S.G.
R32. The SAED pattern along the same projection corres-
ponding to BagCogO,, (Fig. 3b) shows a commensurate
modulated structure, corresponding to a ninefold superla-
ttice along [332]%y, which could be assigned to a rhom-
bohedral cell with parameters a = 0.990 and ¢ = 3.96 nm,
and R3c as a possible space group.

Figure 3c shows the SAED pattern corresponding to
BagCo-,0,; along [110],y. Although this pattern seems to
be more complex, the general characteristics are similar to
those observed in Figs. 3a and 3b. This material shows
a commensurate modulated 24-fold superstructure along
[886]%u. Although in this pattern, satellite reflections up to
the fourth order are observed, some superstructure spots are
not seen due to the high superlattice order. A trigonal cell
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FIG.3. SAED patterns along [110],y; corresponding to (a) BagNisO 5, (b) BagCog0,., and (c) BagCo,0,,, (d) schematic representation showing the
four indices necessary to simultaneously describe both the hexagonal and rhombohedral subsystems in BagCo-,0,;.

with parameters a = 0.999 nm and ¢ = 1.75 nm, S.G. P321,
can be proposed.

Such a modulation can be a consequence of the interac-
tion between two subsystems, as proposed by Ukei et al. (16)
for Ba,(Pt,Cu)O;. The first subsystem corresponds to Ba
sublattice with trigonal symmetry and similar parameters in
all cases (a ~ 0.570 nm; ¢ ~ 0.438 nm), whereas the second
corresponds to Co sublattice and presents a rombohedral
lattice with a unit vector given for BagNisOys, by ¢ =
(aF + bi)/3 + 1.66¢f ~ 0.72 nm, af¥, bif and cf referring to
the hexagonal sublattice. Hexagonal axes a* = (aff + bf)/3,
b* = (2bff — aff)/3, and ¢* = 1.66¢f are adopted for the rom-
bohedral system to describe simultaneously both sublattices
for a unique pattern. For BagCogO,, the unit vector is
q = (af + b{)/3 + 1.77¢f¥ ~ 0.78 nm and for BagCo-,0,; the
unit vector is ¢ = (aff + b)/3 + 1.75¢f ~ 0.76 nm. To index
such patterns, a set of four indices h, k, [, and m correspond-
ing to aff, b, c¢if and ¢* are needed, as schematically shown
in Fig. 3d for BagCo-,0,;. The order of satellite reflections,
caused by the interaction between the two subsystems, is
expressed by means of (|l|) and (jm|). Thus, (hkl0) and
(hkOm) refer to the main reflections, while (hkll), (][] > 0)

and (hklm), (jm| > 0) are the first order satellites, (hki2),
(| > 1) and (hkm?2), (jm| > 1) are second order satellites, etc.
Satellite reflections of, at least, third and fourth order are
seen. For this reason, all spots are seen in 6- and 9-fold
superstructures, as in the case of BagNisO;s and
BayCog0,,, but not in the 24-fold superlattice correspond-
ing to BagCo-,0,;.

Figure 4 shows the BayCogO,, high-resolution image
along [110],5. An apparently well-ordered material is ob-
served with d-spacings 1.98 and 0.86 nm, corresponding to
doo> and dygo of the unit cell described above for this
material. For a better understanding of the contrast ob-
served in this image, a comparison with the same projection
in BagNisO5 can be useful. The BagNisO; s high-resolu-
tion image along [110],y (Fig. 5) shows a sequence of bright
dots of different contrast which can be associated to nickel
columns formed by one prism and four octahedra sharing
faces along the ¢ axis. The two brightest dots in this se-
quence probably correspond to Ni prisms along [101]
equivalent to [333],4. Such a stacking sequence along the
¢ axis corresponds to an ordered intergrowth of BazNiOg
and Ba;Oy layers.
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FIG. 4. HREM corresponding to BagCosQ,, along [110],5. The calculated image is shown in the inset. Bright dots are aligned along [021].

Similarly, the contrast variation observed in the
BayCog0,, image can be interpreted as being due to the
ordered intergrowth of a trigonal prism and seven oc-
tahedra sharing faces along the ¢ axis. In this case, the Co
prisms are aligned along [021], which, in this case, is equiva-
lent to [669],y4, the previous sequence corresponding to an
alternation of two Ba;O,y layers and one Ba;CoOgq layer
along the ¢ axis.

The contrast variation in the BagCo-,0,, high-resolution
image (Fig. 6) can be interpreted as being due to the ordered
intergrowth along the ¢ axis of one trigonal prism and six
octahedra sharing faces, as a consequence of an ordered
stacking sequence of two (2 Ba;Ooy/Ba3;CoQg) layers and
one (Ba3;04/Ba;CoOy) layer along the ¢ axis.

Figure 7 shows the structural models corresponding to
the 6:5, 8:7, and 9:8 phases along [ 110],y. It can be seen that
the main difference between these structures is the number
of octahedra along the ¢ axis. The 8:7 phase introduces two
more octahedra along ¢ than 6:5 and the 9:8 material one
more than 8:7. On the basis of these results, it seems plaus-
ible to predict the existence of a 7:6 phase in this series.
However, the synthesis of a material with the composition

Ba,CosO4g was not suscessful, since a mixture phase was
always obtained, BagCo,0,; being by far the majority
phase. Moreover, the BagCosO s composition could not be
isolated. But, 6:5 is stable in Co-2H related perovskites with
Sr in A positions (6). This is reflected in the decrease of 0.01
nm of the ¢ axis for BayCogO,4 (cou = 0.45nm) and
BagCo,0,; (c;y = 0.44 nm), i.e., when the ratio Ba/Co in-
creases. This shows that to stabilize a higher concentration
of B cationic vacancies, keeping B = Co same, we have to
reduce the size of the metals in the A positions, i.e., the
distance between 40; layers.

According to that, we have partially substituted Ba by Sr
to isolate a material with the composition (Ba,Sr);CosOq5.
A monophasic material is obtained for Ba:Sr = 0.5:0.5. The
SAED pattern and corresponding HREM image along
[110],y are shown in Fig. 8. As can be observed, a commen-
surate modulation with ¢ = 0.701 nm appears, leading to
a trigonal cell with parameters a = 0.97 nm, ¢ = 3.02 nm.
Taking into account that the ¢* component of g vector
corresponds to (2c%y — (1/7)2c%y), the first satellite is located
at (1/3 1/3 1/7),y; therefore, this phase can be described
as a modulated 21-fold superstructure along [776]%y.
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FIG. 6. HREM corresponding to BagCo,0,, along [110],y. The calculated image is shown in the inset.
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Although satellite reflections up to the fourth order are
observed, some superstructure spots are not seen due to the
high order of the superlattice. The contrast variation ob-
served in the HREM image of (Sry sBag 5);CosO;5 can be
interpreted as being due to an ordered intergrowth of a trig-
onal prism and five octahedra sharing faces along c axis, i.e.,
as corresponding to an ordered stacking sequence of three
(A304/A3C00¢) layers and one (24304/4;C00g) layer
along the ¢ axis (4 = Sr, Ba). As expected, the structural
model of the 7:6 phase introduces one more octahedra along
the ¢ axis than the 6:5 composition, as shown in Fig. 7.
Also we have been successful in preparing a composi-
tion (Sry.-5Bag »5)6C0sO;s which is isostructural with
BagNis;O,5 and SrgCo50; 5.

The interpretation of the image contrast in the HREM
images obtained has also been made with the help of a simu-
lation program using the Mac Tempas package. Image
calculations were carried out under the following image
conditions: sample thickness between 3.0 and 8.0 nm,

Idealized representation of (a) 6:5, (b) 7:6 (c) 8:7, and (d) 9:8 structural models along [1107],y. Planes (222),y, (77621, (886),1, and (332),y are

Af= —975 to —70nm, C, = 1.0 mm, beam divergence
angle = 0.7 x 1073 rad, and accelerating voltage = 400 kV.
A good fit with the experimental images along [110],y is
obtained for the following conditions:

— BagNisO;5: Af= —90 and sample thickness of 5.0
nm (inset to Fig. 5).

— (Srg.5Bag 5)7C0s045: Af = — 90 and sample thickness
of 7.0 nm. (inset to Fig. 8).

— BagCo0,0,;: Af= —90 and sample thickness of
7.0 nm (inset to Fig. 6).

— BayCo030,4: Af= —90 and sample thickness of
5.0 nm (inset to Fig. 4).

The comparison between the structural models indicates
that the 9:8 phase can be derived from the 6:5 material by
the addition of one and one-half frames of the 2H phase
parallel to the c axis, both keeping rhombohedral symmetry
as deduced from the corresponding SAED patterns. In the
same way, the 7:6 phase can be derived from the 6:5 material
by the introduction of only a half-frame of the 2H phase, but
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FIG. 8. (a) SAED pattern and (b) HREM corresponding to (Bag sSr¢.5),C0sO; g along [110],y. The calculated image is shown in the inset.

if this half-frame is removed from the 9:8 phase, the 8:7
composition is obtained. Both effects originate a displace-
ment of the Co prisms from (1/3 2/3) along the a cell axis and
(2/3 1/3) along the ¢ cell axis, breaking the rhombohedral
symmetry in 7:6 and 8:7 materials, as observed in the corres-
ponding SAED patterns.

As a consequence, the Co atoms in prism coordination
are located every six (222),4 planes in BagNisOys, in such

a way that they are aligned following the [333],y direction.
In BayCo30,,, since there are three more octahedra along
the ¢ axis, such prisms can be found for every nine (332),y
planes following the [669],y direction, leading to the differ-
ent superlattices observed in the corresponding SAED pat-
terns. The situation is slightly different for 4,Co4Og
(A = Ba, Sr) and BagCo,0,; since the Co prisms are not
aligned along the cell diagonal because only every third
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alternating unit is along a 2H plane. In the former, the Co
prisms can be found in three successive (776),y planes for
every 21 units and, in the latter, in three successive (886),y
planes for every 24 units, leading to the modulated super-
structures seen in the SAED patterns. This misalignment of
the trigonal prisms along the cell diagonal in the 8:7 phase
can be considered as an “orientation” anomaly along the
[332]%y direction. Such an anomaly has been used by Ye
and Amelinckx (17) when the sequences of satellites have
directions which enclose a small angle with the directions of
the rows of spots due to the basic sublattice (as arrowed in
Fig. 3c). The structure is then no longer rhombohedral. The
same effect is observed in the 7:6 phase, which can be
considered as an orientation anomaly along [222]%y (as
seen in Fig. 8a).

The structural characteristics of these new materials
are analogous to that shown by the terms of the
Azp+34,B,+306,+0 homologous series, since all of them
can be described as being due to the ordered alternation of
Ba;CoOg4 and Ba;O, layers. However, 9:8, 8:7, and 7:6
compounds cannot strictly be considered members of this
family. Every term of the mentioned series is defined as
being formed by one A;0, layer inserted after every
n A3;A'Og layers. As a consequence of such a definition,
there can be no other formulation between A¢BsO;5 and
stoichiometric 2H-ABO5. In fact, this series cannot include
a composition with a B/A ratio higher than 0.83, i.e., the
phases formed by a number of 4304 layers higher than the
number of 434’0 layers. As a consequence, the 9:8, 8:7,
and 7:6 ratios cannot be described from the general formula
A3n+3A;an+3O6n+9~

However, these phases can be described considering the
insertion of an A3A4'Og layer for every n 450, layers, as
terms of a family with the composition A;,;34'B3,+
Oon+6.- Now, the n = 0 term should only consist of 434'Og
layers and the n = oo term should correspond to the 2H
type. The n = 1 term, as in the previous series, should be
formed by one 430, layer and another 454’0 layer, i.e.,
AeBsO;5 (A" = B). The n = 2 term should be formulated as
A¢BgO,4, and the successive terms should have a higher
proportion of 4504 layers, showing a lower deviation of the
1:1 cationic ratio, corresponding to n = co. However, with
such a general formula it is not possible to include materials
with cationic ratio B/4 < 5/6, except the 3:2 phases which
correspond to the n = 0 term.

On the contrary, all these phases can be formulated in
a general way as proposed by Huvé et al. (14) with the
composition 4,(B,C;)O,. However, such a description gives
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no information of the structural components and the rela-
tionship between each term. An alternative way to describe
this homologous series is by means of the expression
An+-B,B'Os3, .3, where n is an integer which denotes the
number of B cations with octahedral coordination parallel
to the ¢ axis and B’ refers to one B cation in trigonal prism
coordination. Moreover, this general formula allows us to
determine directly the superstructure reciprocal direction
with respect to the 2H subcell, which can be expressed by
means of [(n + 2) (n + 2) 6]%x.The n = 1 term of this series
is Ca3Co0,0g, SryNi3;O4 and Sr,Culr,O4 being n = 2 terms
(18), A¢BsOy s is the n = 4 member and n = 5, 6, and 7 are
the new terms reported in this paper, with [ 77613y, [886]1%4,
and [996]%y superstructure reciprocal directions, respec-
tively.
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