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The n integer members of the An12BnB@O3n13 homologous
series keeping B 5 B@ 5 Co the same have been characterized by
selected area electron di4raction and high resolution electron
microscopy. Its commensurate modulated structure is made up
of chains, separated by A atoms, running along the c direction
containing a succession of one Co atom (B@) in prismatic trigonal
sites and n Co atoms octahedrally coordinated sharing faces. All
of them can be described as ordered intergrowths of two struc-
tures of the end members of the family, 2H+BaCoO3 (n 5R)
and Ca3Co2O6 (n 5 1). The modulation observed in all terms can
be described as a function of the di4erence between the c-axis of
the Co sublattice with respect to the 2H structure. Members of
the series can be obtained by modifying the distance between
layers keeping B 5 Co the same, as shown in (Sr12xBax)6Co5O15

(n 5 4), Sr5Co4O12 (n 5 3), and (Sr0.5Ca0.5)4Co3O9 (n 5 2). ( 1999
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Key Words: An12BnB@O3n13 homologous series; 2H related
perovskite; Sr4PtO6 structural type; electron di4raction; high
resolution electron microscopy.

INTRODUCTION

The striking similarity between two structural types is
a way solids can accommodate compositional variations
since intermediate compositions can exist with a structure
which derives from the limiting structures. This is the case,
for instance, in cubic packed anion-de"cient perovskites
where the close analogy (1) between A

2
B
2
O

5
brownmillerite

(2), made up of an ordered sequence of alternating octahed-
ral and tetrahedral layers, and ABO

3
perovskite (3), consist-

ing only of octahedra, allows intermediate compositions
A

n
B
n
O

3n~1
leading to an ordered intergrowth of (n!1)

octahedral layers and one tetrahedral layer (4, 5).
In a similar way, Darriet and Subramanian (6) have

established the structural relationships between the 2H-
ABO

3
hexagonal perovskite type (7) and the Sr

4
PtO

6
type

structure (8). The 2H is formed by a hexagonal stacking of
1To whom correspondence should be addressed.
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A
3
O

9
layers with the B cations occupying octahedral sites.

The structure can be described as chains of [BO
6
] octahedra

sharing faces running parallel to the c-axis (Fig. 1a). The
Sr

4
PtO

6
structure can be also described by the same hexa-

gonal stacking now constituted by A
3
A@O

6
(A"A@"Sr)

layers, the chain of polyhedra being formed by the alter-
nance of one PtO

6
octahedron linked by common faces to

a triangular prism occupied by strontium atoms (Fig. 1b).
On the basis of the hexagonal stacking of mixed A

3
O

9
and

A
3
A@O

6
layers, Darriet and Subramanian postulated the

existence of a homologous series of general formula
A

3n`3
A@

n
B

n`3
O

6n`9
, n being the number of successive

A
3
A@O

6
layers. The lower limit of this series (n"0) is the

2H}ABO
3

phase while the upper limit (n"R) is the
Sr

4
PtO

6
phase. The structure of intermediate terms is made

up of chains parallel to the stacking axis separated by
A atoms and formed by trigonal prismatic sites occupied by
A@ cations separated by octahedra sharing faces. Therefore,
Ba

6
Ni

5
O

15
(9) constitutes the n"1 term of this series where

the stacking sequence corresponds to one A
3
A@O

6
(A"Ba;

A@"Ni) layer and one A
3
O

9
layer (Fig. 1c). The n"2

member is Sr
4
Ni

3
O

9
(10) formed by three A

3
A@O

6
layers

and one A
3
O

9
layer.

In a recent paper (11), we reported two new compounds
which can also be derived from the structural analogy
between the hexagonal 2H}BaNiO

3
type and the

Ba
6
Ni

5
O

15
structure: Ba

9
Co

8
O

24
and Ba

8
Co

7
O

21
. How-

ever, according to the composition expressed by the above
general formula, phases with B/A'0.83 are not included,
since this family is limited to compositions in which only
single A

3
O

9
layers are inserted every n A

3
A@O

6
layers. All

these oxides, however, can be considered as members of
a family with the general formula A

n`2
B
n
B@O

3n`3
where the

upper and lower limits are now n"R (2H}ABO
3
) and

n"1 (Sr
4
PtO

6
), respectively. This general formulation is

only valid for a ratio prism/octahedra"1/n, n being an
integer.

Very recently, Blake et al. (12) proposed a more general
classi"cation scheme including members with n no
integer, since they have isolated new phases in the



FIG. 1. Ideal structures of (a) 2H}ABO
3
; (b) Ca

3
Co

2
O

6
, and (c)

A
6
B
5
O

15
.

A
n`2

B
n
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3n`3
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barium}copper}iridium}oxygen system with one or more
prismatic sites per row per unit cell. On the basis of the
relationship between layers (either A

3
O

9
or A

3
A@O

6
) and

polyhedra per unit cell, they predict new commensurate
structures while allowing for the incommensurate nature of
materials in this family.

In this paper, we summarize all the n integer terms up to
now isolated in the homologous series A

n`2
B
n
B@O

3n`3
when A@"B"Co. BaCoO

3
(13) adopts the 2H structural

type and constitutes the n"R term, while Ca
3
Co

2
O

6
(14),

isostructural to Sr
4
PtO

6
, is the n"1 member. Besides,

Ba
9
Co

8
O

24
and Ba

8
Co

7
O

21
constitute the n"7 and

6 terms, respectively (11). Attempts to isolate the
Ba

6
Co

5
O

15
phase have not been successful, although the

n"4 term is stable for Sr
6
Co

5
O

15
(15). This suggested that

in order to stabilize n45 terms of this series it is necessary
to decrease the distance between AO

3
layers by reducing the

size of the cations in A positions. In this way, the n"5 term
of the previous family was isolated for (Sr

0.5
Ba

0.5
)
7
Co

6
O

18
(11). Moreover, Christo!ersen et al. (16) have characterized
by TEM the nonstoichiometric oxide Sr

5
Co

4
O

12~x
, based

on a 3/2 ratio of mixed Sr
3
CoO

6
and Sr

3
O

9
layers, which

should constitute the n"1.5 term of the family
A

3n`3
A@

n
B
n`3

O
6n`9

or the n"3 member of the series
A

n`2
B
n
B@O

3n`3
. It seems clear that the progressive decrease

of the distance between AO
3

layers by partial introduction
of Sr and Ca lead to lower members of this series. We report
in this paper the integer terms of the A

n`2
B
n
B@O

3n`3
family

which can be stabilized with Co occupying both octahedral
and prismatic sites, by varying the nature and proportion of
the alkaline-earth cation. The structural relationships which
can be established between these members and the
2H-structural type are described, from selected area elec-
tron di!raction (SAED) and high resolution electron
microscopy (HREM) data, in terms of commensurate
modulated structures.

EXPERIMENTAL

(Sr
x
Ba

1~x
)
6
Co

5
O

15
was prepared by heating in air

stoichiometric amounts of BaCO
3
, SrCO

3
, and Co

3
O

4
at

8753C for 4 days. (Sr
x
Ca

1~x
)
5
Co

4
O

12
and (Sr

0.5
Ca

0.5
)
4

Co
3
O

9
were prepared by heating in air at 8003C

stoichiometric amounts of SrCO
3
, CaCO

3
, and Co

3
O

4
for

6 and 3 days, respectively. In order to compare the more
streaking microstructural characteristics, Ca

3
Co

2
O

6
was

also prepared as described in Ref. (14). The average cationic
composition was established by inductive coupling plasma.
The local composition in every crystal was determined by
energy dispersive spectroscopy (EDS) on a JEOL scanning
electron microscope JSM-8600 equipped with an energy-
dispersive system LINK AN10000. All results are consistent
with the nominal compositions. The oxygen content was
determined, within $1.10~2, from the average oxidation
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state of cobalt analyzed by titration using Mohr's salt. The
Co average oxidation state is, in all cases, very close to
(4z!2)/z, z being the number of Co atoms per unit formula.

Powder X-ray di!raction was performed on a Philips
X'Pert di!ractometer using CuKa radiation. SAED was
carried out on a JEOL 2000FX electron microscope, "tted
with a double tilting goniometer stage ($453). HREM was
carried out on a JEOL 4000EX electron microscope, "tted
with a double tilting goniometer stage ($253), by working
at 400 Kv. Samples were dispersed in n-butanol and trans-
ferred to carbon-coated copper grids.

RESULTS AND DISCUSSION

Figure 2 shows the powder X-ray di!raction patterns
corresponding to (Sr

0.75
Ba

0.25
)
6
Co

5
O

15
, Sr

5
Co

4
O

12
,

(Sr
0.5

Ca
0.5

)
4
Co

3
O

9
, and Ca

3
Co

2
O

6
, which will sub-

sequently be called (6 : 5), (5 : 4), (4 : 3), and (3 : 2) phases,
respectively. As it can be observed, all patterns show similar
FIG. 2. Powder X-ray di!raction patterns corresponding to (a) (Sr
0.75

Ba
0

with * correspond to the (9 : 7) phase) (14), and (d) Ca
3
Co

2
O

6
.

characteristics, since these oxides exhibit either trigonal or
rombohedral cells with an a parameter close to 1.0 nm and
di!er from one another by the value of the c parameter,
which corresponds to the stacking direction of the oc-
tahedra and prisms.

The "rst one is isostructural to Sr
6
Co

5
O

15
(15) with

rhombohedral symmetry and parameters of a"0.958 nm
and c"1.249 nm. No extra di!raction maxima were ob-
served. By increasing the Ba amount, a mixture of phases is
obtained, suggesting that the stability range of the solid
solution (Sr

1~x
Ba

x
)
6
Co

5
O

15
is 04x40.25; the unit cell

parameters increase as the Ba amount increases due to the
higher size of Ba2` (17). Sr

5
Co

4
O

12
shows a single phase

di!raction pattern which can be indexed on the basis of
a trigonal cell with parameters a"0.94 nm and c"
2.02 nm. When Sr is partially substituted by Ca, the solid
solution (Sr

1~x
Ca

x
)
5
Co

4
O

12
is obtained which is stable in

the range 04x40.33, the c-axis decreases as x increases
due to the lower ionic radius of Ca2` (13). The phase (4 : 3)
.25
)
6
Co

5
O

15
, (b) Sr

5
Co

4
O

12
, (c) (Sr

0.5
Ca

0.5
)
4
Co

3
O

9
(weak maxima marked
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shows di!raction maxima corresponding to a trigonal cell
(SG: P321), with parameters a"0.928 nm and c"
0.806 nm, and is isostructural to Sr

4
Ni

3
O

9
, recently isolated

by HuveH et al. (10), constituted by chains of two NiO
6

octahedra separated by strontium ions and one Ni face-
sharing trigonal prism. The phase (3 : 2) can be indexed,
according to Fjellvag et al. (14), on the basis of a rhom-
bohedral cell, SG: R31 c, and parameters of a"0.907 nm and
c"1.038 nm. SAED and HREM were used to elucidate
unambiguously the stacking sequence of prisms and oc-
tahedra along the c-axis.

The SAED pattern corresponding to (Sr
0.75

Ba
0.25

)
6

Co
5
O

15
along [111 00]

2H
is shown in Fig. 3a. A commensur-

ate modulated 6-fold superstructure along the [2241 2]*
FIG. 3. (a) SAED pattern corresponding to (Sr
0.75

Ba
0.25

)
6
Co

5
O

15
along

in the inset.

2H
direction is observed, as a consequence of the location of the
Co atoms in prism coordination in every six (2241 2)

2H
planes

as in Ba
6
Ni

5
O

15
(9), in such a way that they are aligned

following the [31 31 63]
2H

direction. The corresponding
HREM image (Fig. 3b) shows an apparently well-ordered
material with d

001
"1.25 nm and d

100
"0.83 nm, in agree-

ment with the unit cell described for Sr
6
Co

5
O

15
(15). Both

"gures are similar to that shown by the isostructural mater-
ial Ba

6
Ni

5
O

15
(9); therefore, the sequence of bright dots of

di!erent contrast in the image can be associated to cobalt
columns formed by one prism and four octahedra sharing
faces along the c-axis. The two brightest dots correspond to
Co prisms along [31 31 63]

2H
. Simulated images, per-

formed with the help of a simulation program using the Mac
[111 00]
2H

. (b) Corresponding HREM image. The calculated image is shown
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Tempas package and the atomic positional parameters de-
termined by means of neutron di!raction data by Harrison
et al. (15), match with the experimental image for *f"
!90 nm and sample thickness of 5.0 nm.

The most outstanding result given by electron di!raction
for this phase in comparison to the structural data obtained
either by single crystal X-ray di!raction for Ba

6
Ni

5
O

15
or

neutron di!raction for Sr
6
Co

5
O

15
is in the appearence of

a modulation in the intensity of the di!raction spots along
the [2241 2] *

2H
direction. The modulation vector k can be

expressed, in a general way, as k"(a*#b*)/3#m2c*, a*,
b*, and c* referring to the 2H sublattice, m can be obtained
by the expression m"1/(n#2), where (n#2) is the number
of A atoms per unit cell. Therefore, the m value for the (6 : 5)
phase is 1/6. Such a modulation is a consequence of a non-
regular displacement of the atoms in both A and Co sublat-
tices with respect to the ideal positions of the 2H basic
subcell. In the 2H type (Fig. 4a), Ba and Co atoms alternate
regularly along the c-axis in such a way that Ba atoms are in
the (2241 2)

2H
planes whereas one of the every two (4481 4)

2H
planes are occupied by Co atoms. On the contrary, in the
phase (6 : 5) (Fig. 4b) the rearrangement of Co atoms along
FIG. 4. Schematic representation of (a) 2H and (b) (6 : 5) structures
along [111 00]

2H
. The displacement of both A and Co atoms in respect to the

2H type is shown.
the c-axis (placed at z"0.095, 0.299, 0.5), leads to the
movement from the same (4481 4)

2H
planes to "ve planes

unequidistant, but parallel to the previous ones. On the
other hand, the A atoms are also slightly displaced in the
(ab) plane; therefore, they are not exactly included in the
(2241 2)

2H
planes. As a result, a modulation both composi-

tional and displacive takes place along the [2241 2]*
2H

direc-
tion, in such a way that if we consider the two metallic
subsystems separately, both sublattices should be
modulated.

The calculated SAED pattern with the previous atomic
parameters for the A sublattice shows such a modulation
(Fig. 5a). Besides the most intense re#ections corresponding
to the 2H hexagonal sublattice, "rst satellite re#ections
along [2241 2]*

2H
are seen due to the small deviation of

A atoms from its ideal positions of the 2H sublattice in the
(ab) plane. The calculated electron di!raction pattern cor-
responding to the Co sublattice is shown in Fig. 5b. Third
order satellite re#ections are seen along the [2241 2]*

2H
direc-

tion. However, the most intense re#ections correspond to
a rhombohedral lattice instead of hexagonal with a para-
meter c*

C0
"5/6(2c*

2H
). If we consider both sublattices inde-

pendently, c*
C0

and 2c*
2H

(c*
A
) are di!erent, but 6c*

C0
"5(2c*

2H
).

The juxtaposition of both patterns leads to the calculated
pattern for (Sr

0.75
Ba

0.25
)
6
Co

5
O

15
(Fig. 5c) which is in

agreement with the experimental one (see Fig. 3a). Taking
into account that the di!erence between the vectors c*

C0
and

c*
2H

is the c component of vector k, it can also be expressed
as k"(a*#b*)/3#(2c*

2H
!c*

C0
).

Figure 6a shows the SAED pattern of Sr
5
Co

4
O

12
corres-

ponding to the [111 00]
2H

zone axis. The characteristics of
this pattern are analogous to those observed for the (6 : 5)
phase. All crystals observed showed the same di!raction
patterns and a Sr :Co ratio equal to 5 : 4 as characterized by
EDS. All di!raction maxima can be indexed on the basis of
a three-dimensional unit cell, constituted by ten layers, with
parameters a"b+J3a

2H
and c"5c

2H
and P3c1 space

group, since only (0001) re#ections with 1"2n are seen. The
HREM image along the [111 00]

2H
zone axis (Fig. 6b) shows

an apparently well-ordered crystal with d-spacings 1.01 and
0.84 nm, corresponding to d

002
and d

100
, respectively. The

contrast variation in the Sr
5
Co

4
O

12
image can be inter-

preted as due to the ordered intergrowth along the c-axis of
one trigonal prism and three octahedra sharing faces as
a consequence of an ordered stacking sequence of two
blocks (Sr

3
O

9
/Sr

3
CoO

6
) and one Sr

3
CoO

6
layer along the

same direction. Following the comparison with the 2H-
sublattice, this phase can be considered as a commensurate
modulated 15-fold superstructure along the [55106]*

2H
di-

rection, in agreement with the situation of Co prisms in
three successive (55106)

2H
planes for every "fteen units.

Therefore, the Co prisms are not aligned along the cell
diagonal. This misalignment leads to a structure which is no
longer rhombohedral. The simulated image corresponding



FIG. 5. Calculated SAED patterns along [111 00] for (a) A sublattice in the (6 : 5) phase; (b) B sublattice in the (6 : 5) phase; (c) A
6
B

5
O

15
.
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to Sr
5
Co

4
O

12
along [111 00]

2H
has been calculated on the

basis of the model we propose, according to the P3c1 space
group and the ideal atomic positions gathered in Table 1.
A good "t with the experimental image is obtained for
* f"!90.0 nm and a sample thickness of 7.0 nm. The ideal
structural model corresponding to the (5 : 4) phase is shown
in Fig. 6c.

It is worth emphasizing that Christo!ersen et al. (16)
show two di!erent di!raction patterns for crystals with the
nominal composition Sr

5
Co

4
O

12~x
. The "rst one (Fig. 1c

in Ref. (16)), which is a single crystal slow-cooled in pure O
2
,

corresponds to the [100] zone axis of the (5 : 4) phase.
However, the second one (Fig. 2a in Ref. (16)), which is
a single crystal grown from molten KOH #ux and has also
been indexed along the [100] zone axis of incommensurate
Sr Co O , corresponds, in fact, to the same reciprocal
5 4 12~x
plane of a crystal showing a close cationic composition but
slightly di!erent: Sr

14
Co

11
O

33
. As it can be observed in

Fig. 6d, this is another commensurate phase due to the
ordered intergrowth of one (5 : 4) and one (4 : 3) unit cell
along the c-axis. This stacking sequence has also been re-
ported for Blake et al. (12) for the composition
Ba

14
Cu

3
Ir

8
O

33
(7 layers (p"7) and 11 polyhedra (q"11)

per unit cell).
Figure 7a shows the SAED pattern corresponding to

(Sr
0.5

Ca
0.5

)
4
Co

3
O

9
along [111 00]

2H
. Besides the most in-

tense maxima corresponding to (1121 0) and (0002) of the 2H
sublattice, a 12-fold commensurate modulated superstruc-
ture along [4481 6]*

2H
is apparent, resulting in a 3-fold super-

structure along [1121 0]*
2H

and a two-fold superstructure
along c*

2H
. All di!raction maxima can be indexed on the

basis of a trigonal unit cell, constituted by four layers, with



FIG. 6. (a) SAED pattern of Sr
5
Co

4
O

12
corresponding to the [111 00]

2H
zone axis. (b) HREM image along [111 00]

2H
. The calculated image is shown at

the inset. (c) Structural model. (d) SAED pattern and HREM image corresponding to Sr
14

Co
11

O
33

along [111 00]
2H

. The calculated image for *t"0.7 nm
and *f"!0.9 nm is included. Superstructure direction is indicated by an arrow in the SAED pattern. Unit cell is outlined in the image. The ordered
intergrowth of (5 : 4) and (4 : 3) frames is shown.
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parameters a"b"J3a
2H

and c"2c
2H

. This material,
isostructural to Sr

4
Ni

3
O

9
(10), is formed by the ordered

hexagonal sequence of one A
3
O

9
layer and three A

3
CoO

6
layers per unit cell along the c-axis, leading to polyhedra
rows running parallel to the c-axis constituted for one
trigonal prism and two octahedra sharing faces. The HREM
image along [111 00]

2H
shows an apparently ordered crystal

with d
001

"0.806 nm and d
100

"0.80 nm (Fig. 7b). The
simulated image, calculated on the basis of the Sr

4
Ni

3
O

9
atomic parameters, shows a good "t with the experimental
one for * f"!65.0 nm and a sample thickness of 7.0 nm.
Under the conditions used here, the bright dots observed
correspond to columns consisting of cobalt prismatic inter-
stices and of A cations.
Figure 8a shows the SAED pattern along [111 00]
2H

cor-
responding to Ca

3
Co

2
O

6
. A three-fold superstructure along

[1121 2]*
2H

is observed. All di!raction maxima can be indexed
on the basis of a rhombohedral unit cell, with parameters
a"b"J3a

2H
and c"3c

2H
. This phase is constituted by

a hexagonal sequence of six Ca
3
CoO

6
layers per unit cell

leading to rows of polyhedra running parallel to the c-axis
formed by one trigonal prism and one octahedra sharing
faces. The HREM image along [111 00]

2H
shows an appar-

ently ordered crystal with d
002

"0.54 nm and d
100

"

0.78 nm (Fig. 8b). Two di!erent areas are seen as a conse-
quence of a di!erence in the thickness. The simulated image,
calculated on the basis of the Ca

3
Co

2
O

6
atomic parameters

(14) shows a good "t with the experimental one for



TABLE 1
Ideal Atomic Coordinates for Sr5Co4O12 (Space group P3c1)

Atom Position x y z

Sr1 6d 0.666 0.000 0.000
Sr2 6d 0.333 0.000 0.100
Sr3 6d 0.666 0.000 0.200
Sr4 6d 0.333 0.000 0.300
Sr5 6d 0.666 0.000 0.400
Co1a 2a 0.000 0.000 0.000
Co2 2a 0.000 0.000 0.250
Co3 2a 0.000 0.000 0.150
Co4 2a 0.000 0.000 0.350
Co5a 2b 0.333 0.666 0.400
Co6 2b 0.333 0.666 0.500
Co7 2b 0.333 0.666 0.15
Co8 2b 0.333 0.666 0.250
Co9a 2c 0.666 0.333 0.2
Co10 2c 0.666 0.333 0.35
Co11 2c 0.666 0.333 0.05
Co12 2c 0.666 0.333 0.45
O1 6d 0.500 0.166 0.000
O2 6d 0.166 0.500 0.000
O3 6d 0.166 0.166 0.100
O4 6d 0.666 0.166 0.100
O5 6d 0.333 0.500 0.100
O6 6d 0.166 0.000 0.200
O7 6d 0.166 0.50 0.200
O8 6d 0.166 0.166 0.300
O9 6d 0.666 0.16 0.300
O10 6d 0.333 0.50 0.300
O11 6d 0.166 0.000 0.400
O12 6d 0.500 0.166 0.400

aCobalt atoms in prismatic coordination.
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* f"!95.0 nm and a sample thickness of 2.5 nm in the
area marked A and * f"!65.0 nm and a sample thickness
of 7.0 nm in area marked B. In area A, the sequence of bright
dots of di!erent contrast can be associated to Co columns
TABL
Chemical Composition and Crystallographic Data of the Te

Term
(n)

Composition
A

n`2
B
n
B@O

3n`3

ca

(nm)
Space
group

Superstructure dir
[n#2 n#2 i 6

1 Ca
3
Co

2
O

6
1.038 R31 c [3 3 i 6]*

2H
2 (Sr

0.5
Ca

0.5
)
4
Co

3
O

9
0.806 P321 [4 4 i 6]*

2H
3 Sr

5
Co

4
O

12
2.02 P3c1 [5 5 i 6]*

2H
4 (Ba

0.25
Sr

0.75
)
6
Co

5
O

15
1.286 R32 [6 6 i 6]*
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formed by one prism and one octahedra. In area B, only the
contrast associated to Co prisms is apparent.

Figure 9 shows the schematic representation of the pro-
jected structural models corresponding to (6 : 5), (5 : 4), (4 : 3),
and (3 : 2) phases. The n"3 term is a homogeneous phase
formed by the ordered intergrowth along the c-axis of one
unit cell of the 2H-type (n"R) and another of the
Ca

3
Co

2
O

6
structure (n"1), i.e., the structures limiting

this series. The phases (6 : 5) and (4 : 3) are the terms n"4
and 2, respectively, and, as all the members of the
A

n`2
Co

n
CoO

3n`3
series reported until now, can be de-

scribed as constituted by rows of polyhedra formed by one
trigonal prism and n octahedra sharing faces running paral-
lel along the c-axis, the main di!erence being the number of
octahedra between prisms.

Another common feature in all these terms is the presence
of a commensurate modulated superstructure, which can be
interpreted in the same way as previously mentioned for the
(6 : 5) phase. The superstructure reciprocal direction is
[n#2, n#2, i 6]*

2H
, which corresponds to the planes

containing the Co atoms in trigonal prisms. The modulation
observed in all cases can be associated to the displacement
of Ba and Co atoms with respect to the 2H phase positions,
the vector modulation being k"(a*#b*)/3#m2c*

2H
.

On the other hand, such a displacement leads to two
metallic sublattices presenting di!erent symmetry and dif-
ferent c* parameter. The relationship between both recipro-
cal axes is 2c*

2H
/c*

C0
"(n#2)/(n#1), n being the number of

Co atoms in octahedra per unit cell. Therefore, these phases
can be considered as formed by two modulated subsystems
(18). The "rst one corresponds to the Ba sublattice and
presents trigonal symmetry and c similar to the c

2H
para-

meter. The second one corresponds to the Co sublattice
with rhombohedral symmetry and a value of the c para-
meter corresponding to c

C0
. Alternatively, these patterns

can be indexed by using a set of four indices h, k, l, and m,
corresponding to a*

)
, b*

)
, c*

)
, and c*. The satellite re#ections
E 2
rms Described for the Homologous Series An12BnB@O3n13

ection
]*
2H
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FIG. 7. (a) SAED pattern corresponding to (Sr
0.5

Ca
0.5

)
4
Co

3
O

9
along [111 00]

2H
. (b) Corresponding HREM image. The calculated image is shown at

the inset.
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are caused by the interaction between both Ba and Co
sublattices. It is worth recalling that both descriptions are
valid since the z component of the k vector corresponds
precisely to the di!erence between 2c*

2H
and c*

C0
, so k can

also be expressed as k"(a*#b*)/3#(2c*
2H

!c*
C0

). In this
paper, we have adopted the "rst description since it is more
appropriate to establish the relationship between the 2H
type and the di!erent terms of the homologous series.

In Table 2, the di!erent members with n integer up to
known found in this system keeping B"Co the same are
shown. It is worth mentioning that even keeping only one
cation in B sites, a considerable number of homogeneous
commensurate phases can be isolated. The di$culty resides
in a good selection of the adequate size of the cations
occupying A positions for every A :B ratio simultaneously
to the synthesis temperature and annealing time.
For n'7, to stabilize the sequence of only one prism
separated by n octahedra seems to be complicated. In fact,
as we will report in a forthcoming paper, to stabilize higher
terms in the experimental conditions used requires the in-
troduction of a higher number of prisms per row, thus
leading to members with no integer n values. An example of
a noninteger member of this family has been shown in
Fig. 6d for Sr

14
Co

11
O

33
which corresponds to the n"2.67

term of the A
n`2

B
n
B@O

3n`3
series.

All structures can be described by considering only two
structural frames in such a way that each one can be built by
the addition of one octahedra, i.e., half a unit cell of the
2H-type, per row with respect to the lower term. As a conse-
quence, when n increases in a unit, the c parameter increases
0.5c

2H
times. This increase of the unit cell leads to a vari-

ation of the superstructure direction which limits to [1121 0]



FIG. 8. (a) SAED pattern along [111 00]
2H

corresponding to Ca
3
Co

2
O

6
. (b) Corresponding HREM image. The calculated images are shown at the

inset.

FIG. 9. Idealized representation of (a) (3 : 2), (b) (4 : 3), (c) (5 : 4), and
(d) (6 : 5) structural models along [111 00]

2H
. Planes (1121 2)

2H
, (4481 6)

2H
,

(55106)
2H

, and (2241 2)
2H

are outlined.
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for the 2H-type, where no superlattice is observed. Such
a superstructure is modulated and the z component of the
modulation vector decreases as the di!erence between
c
2H

and c
C0

decreases down to 0 for the 2H type.
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