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Two compositions in the La-Ba-Cu-Co-O system − La2Ba3Cu2-
Co3O13 and La2Ba3Cu3Co2O13 − have been synthesized and
characterized by means of SAED (Selected Area Electron
Diffraction) and HREM (High Resolution Electron Micro-
scopy). The La2Ba3Cu2Co3O13 phase leads to a fivefold per-
ovskite superstructure along the c axis, which can be de-
scribed as formed by the recurrent intergrowth of the two
alternating blocks ···PP··· and ···POhP··· (P = pyramid and Oh =
octahedron). Pyramidal and octahedral sites are randomly

Introduction

Extensive research on compositional variations in per-
ovskite ABO3 related compounds has led to the stabiliz-
ation of new oxygen-deficient phases AA�BB�O6�x as a
consequence of ordered arrangement at the cation and/or
oxygen sublattices. Cationic order can be found in both A
and B sublattices, and is related to the size and charge dif-
ferences of each set of cations. Moreover, the coordination
tendencies of B cations in the host lattice of oxygen-de-
ficient perovskites can lead to new mixed frameworks with
ordered anionic vacancies in which polyhedra-sharing cor-
ners can involve octahedral (Oh), square-pyramidal (P),
tetrahedral (Th) or square-planar (Sp) units.

For instance, YBaCuFeO5
[1] can be described as being

built up from the ordered stacking sequence ···PP···,
whereas octahedra and tetrahedra alternate in an ordered
way in Ca2(Fe,Al)2O5

[2] according to ···OhThOhTh�··· (Th�
stands for a change of the Th orientation), and La2Ni2O5

[3]

accommodates square-planar coordination according to the
stacking sequence ···OhSp···. Other perovskite-related types
can be formed when combining the above structural units
in a more complex way. For instance, YBa2Fe3O8

[4] is a
threefold perovskite superstructure with iron in octahedral
and square-pyramidal coordination according to the se-
quence ···POhP···. Related phases of higher periodicity are
obtained if more octahedral layers are added. This is the
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occupied by Cu/Co cations, while La/Ba cations exhibit an
ordered distribution. The La2Ba3Cu3Co2O13 composition
gives rise to a mixture of phases in which a new phase show-
ing a threefold superstructure due to the sequence ···POhP···
coexists with a fivefold superstructure with the same poly-
hedra sequence (···PPPOhP···) as the previous one, but a dis-
ordered arrangement of lanthanum-barium cations.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

case for Ln2Ba2Cu2M2O11 (M � Ti, Sn)[5] and Ln2Ba2Ca2-
Cu2Ti4O11,[6] which have four- (···POhOhOh···) and
sixfold (···POhOhOhOhOh···) perovskite superstructures,
respectively. On the other hand, ordered intergrowths
between perovskite (Oh) and brownmillerite (OhTh)
units lead to intermediate phases, such as
Ca2LaFe3O8,[7] Ca4Fe2Ti2O11,[8] and Ca4YFe5O13

[9] which
stabilize three-, eight-, and tenfold superstructures, exhibit-
ing the ···OhOhTh···, ···OhOhOhThOhOhOhTh�··· and
···OhOhThOhTh�OhOhTh�OhTh··· sequences, respectively. In
a similar way, La4Ni4O11

[10] stabilizes the ···OhOhOhSp···
sequence, in the La-Ni-O system.

The above compounds are examples of perovskite-related
superlattices formed by recurrent intergrowth of two differ-
ent, but related, structural types. Cases in which in-
tergrowths are non-recurrent, i.e., they do not show long-
range ordering along the crystal, have also been de-
scribed.[11,12] This order-disorder situation can be under-
stood on the basis of the rather complex compositions em-
bracing two or more types of cations for each A and B site
of the perovskite sublattice AA�BB�O6�x and the sub-
sequent different oxygen polyhedra. As a consequence of
the local nature of such a phenomenon, some of these struc-
tures cannot be detected by X-ray powder diffraction
(XRD) techniques. This makes the microstructural charac-
terization by means of SAED and HREM essential. Fur-
thermore, the Crystallographic Image Processing (CIP)
technique, which is based on the combination of SAED and
HREM, has been shown to be useful to gather more reliable
structural information, after compensation of the transfer-
contrast function (CTF), amplitude and phase correction
and symmetry averaging.
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Among the oxygen-deficient perovskite-related phases,

cobaltites and cuprates have been widely studied due to
their intriguing electronic and magnetic properties. Since
different coordination environments are available for both
Cu and Co cations, they are suitable for rather complex
pathways of vacancy ordering in non-stoichiometric phases
AA�BB�O6�x, as recently reported for LaBaCuCoO5.2.[13]

Its structure (Figure 1) can be described as formed by the
recurrent intergrowth of two alternating blocks of 2ac,
···PP···, and 3ac, ···POhP···, periodicities (ac means the basic
perovskite unit cell parameter) characteristic of the YBaCu-
FeO5

[1] and YBa2Fe3O8
[4] structural types, respectively.

However, evidence of a cation-ordered arrangement was not
found and therefore a random distribution was assumed. In
this work, we have tried to induce cation ordering by chang-
ing the cationic ratio in both A-A� and B-B� perovskite sub-
lattices. In this sense, according to the polyhedra model de-
picted in Figure 1, corresponding to LaBaCuCoO5.2,[13] the
La/Ba ratio was kept as 2:3 taking into account the pre-
ferred twelve coordination of Ba cations,[14] while different
Cu/Co ratios were considered.

Figure 1. LaBaCuCoO5.2 polyhedra model

Figure 2. XRD diffraction pattern corresponding to La2Ba3Cu3Co2Oy
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Results and Discussion

La2Ba3Cu3Co2Oy

The XRD pattern can be indexed on the basis of an or-
thorhombic unit cell, a � 0.3948, b � 0.3958, and c �
1.1683 nm (Figure 2), characteristic of a threefold perovsk-
ite superstructure.[15] However, EDS, SAED, and HREM
studies indicate that, besides the threefold superlattice, an-
other phase is apparent. Actually, two kinds of crystals ex-
hibiting a different Cu/Co ratio � Cu0.6Co0.4 and
Cu0.55Co0.45 � have been detected. The corresponding
SAED patterns along the [100]c zone axis are shown in Fig-
ure 3 a and b, respectively (subindex c refers to the cubic
cell sublattice). In both cases, strong reflections appear, in
agreement with the basic perovskite cell. In spite of this,
weaker reflections are also present indicating different
structural arrangements. In the case of the Cu0.6Co0.4

sample, spots at 1/3 and 2/3 appear along c*, suggesting
a threefold perovskite superlattice. Moreover, b* and c*/3
reciprocal parameters are clearly different, confirming the
structural distortion shown in the X-ray diffraction pattern.
This is in agreement with the XRD information. When the

Figure 3. SAED patterns along [100]c zone axis corresponding
to La2Ba3Cu3Co2Oy sample (a) Cu0.6Co0.4 and (b) Cu0.55Co0.45
ratio, respectively
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Figure 4. HREM images along [100]c zone axis corresponding to La2Ba3Cu3Co2Oy sample (a) Cu0.6Co0.4 and (b) Cu0.55Co0.45 ratios,
respectively

Cu/Co ratio is Cu0.55Co0.45, superlattice reflections are
placed at 2/5 and 3/5 along c*, indicating a fivefold perovsk-
ite superstructure. The corresponding HREM images (Fig-
ure 4, a and b) confirm the above periodicities, i.e, 1.14 and
1.95 nm, along c, for crystals Cu0.6Co0.4 and Cu0.55Co0.45,
respectively.

The threefold order assigned to the Cu0.6Co0.4 ortho-
rhombic phase is detected in the XRD pattern. However,
the fivefold order previously reported for LaBaCu-
CoO5.2,[13] is not observed. This could be related to the
small X-ray powder scattering factor of the oxygen atoms
together with the fact that no significant distortions from
the basic perovskite sublattice are observed.[13] In this sense,
the cubic pattern corresponding to the Cu0.55Co0.45 phase
(related to LaBaCuCoO5.2) must overlap with the one cor-
responding to Cu0.6Co0.4, thus precluding the identification
of the former phase by means of XRD.

It is therefore clear that the nominal composition La2Ba3-
Cu3Co2Oy leads to a phase mixture, in contrast to LaBaCu-
CoO5.2, which stabilizes a fivefold superlattice built up
from the polyhedra sequence ···POhPPP···. The crystal
showing Cu/Co � 0.6/0.4 � 1.5 is related to a threefold
perovskite superstructure along c. This framework could be
obtained by modifying the 2ac periodicity blocks (···PP···)
in the LaBaCuCoO5.2 phase either by suppressing such a
block or keeping it while adding one octahedral layer be-
tween the two square pyramids. Both pathways would give
rise to the stacking sequence ···POhP···, i.e., the basic unit
of the YBa2Fe3O8 structural type. Threefold periodicity is
also found in the well-known lower-oxygen-content YBa2-

Cu3O7
[15] superconducting material, in which Sp instead of

Oh gives rise to the polyhedra sequence ···PSpP···. Further-
more, the oxygen content can be enhanced by Co substi-
tution, i.e., LnBa2Cu3�xCoxOy

[16] leading, again, to the
···POhP··· unit. Therefore, a similar phase, with Cu/Co �
1.5, seems to be present in this sample. However, since the
Cu content in the phase Cu/Co � 0.6/0.4 (1.5) is higher
than that corresponding to the fivefold ordered phase (Cu/
Co � 0.5/0.5 � 1), we tentatively propose the second
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mechanism considering that the Cu excess is placed between
the two pyramids of the 2ac blocks, leading to the observed
3ac periodicity. On the other hand, crystals exhibiting a
higher Co content, i.e., a Cu/Co ratio close to one, Cu/Co �
0.55:0.45 (1.22), show the fivefold superlattice characteristic
of LaBaCuCoO5.2.[13] This situation could, again, be under-
stood by adding 2ac periodicity blocks, ···PP···. Accord-
ingly, since the ···PP··· stacking sequence constitutes the
structural unit of LnBaCo2O5 phases,[17,18] it is feasible to
assume that 2ac periodicity blocks are also present in the
Cu/Co � 1.2 crystals as they are Co-rich.

Further annealing of this sample does not lead to a single
phase. A threefold ordered superlattice is always present
and attempts to avoid it were performed by changing the
Cu/Co ratio. Since the excess of Cu over Co seems to stabil-
ize a related YBa2Cu3O7 phase, the Cu3Co2 ratio was re-
versed, i.e, the nominal La2Ba3Cu2Co3Oy composition was
prepared and characterized.

La2Ba3Cu2Co3Oy

In contrast to La2Ba3Cu3Co2Oy, the X ray diffraction
pattern of the title material can be indexed on the basis of
a cubic perovskite unit cell (Figure 5), as also reported for
LaBaCuCoO5.2.[13] EDS analysis, performed on twenty
crystals, indicates an average Cu/Co ratio of 0.4:0.6 (0.66),
in agreement with the nominal value. However, it is worth
pointing out that small areas of some crystals showed a
different ratio (Cu/Co � 0.31:0.69 � 0.45), and are there-
fore Cu-deficient. The oxygen content was estimated to be
13 atoms per unit formula. The compositional data fit with
an average composition La2Ba3Cu2Co3O13.

The SAED pattern along [001]c (Figure 6) is in agreement
with the basic cubic perovskite cell, according to the XRD
information. Further study of the reciprocal lattice indicates
a more complex situation due to the presence of weaker
additional reflections (Figure 7). The SAED pattern along
[100]c (Figure 7, a) shows superlattice reflections at 1/5, 2/
5, 3/5, and 4/5 of the c* axis, suggesting a fivefold super-
structure. It is worth recalling that this situation is similar
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Figure 5. XRD diffraction pattern corresponding to La2Ba3Cu2Co3Oy

Figure 6. SAED pattern along [001]c zone axis corresponding to
La2Ba3Cu2Co3Oy

Figure 7. SAED pattern along [100]c for (a) Cu/Co � 0.4:0.6 and
(b) Cu/Co� 0.31:0.69

to that reported for LaBaCuCoO5.2,[13] although in this ma-
terial superstructure streaked spots only appear at 2/5 and
3/5.[13] This difference will be discussed later. Occasionally,
another kind of pattern (Figure 7, b), suggesting a sevenfold
superlattice, is observed in small areas of the same crystal.

Figure 8 shows an HREM image along the [100]c zone
axis. Two areas, labelled in the image as 1 and 2, can be
observed. Regarding zone 1, the periodicity along c is
1.95 nm, i.e., related to 5ac, in agreement with a fivefold
superlattice. FFT (Fourier Transform) performed over this
area shows the presence of the corresponding superlattice
spots, reinforcing the above suggestion. EDS analysis per-
formed on this area indicates a Cu/Co ratio of 0.4:0.6. A
different periodicity is observed at zone 2, 2.73 nm, i.e., re-
lated to 7ac, according to the previously suggested sevenfold
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superstructure. Once again, FFT performed over this area
confirms the indicated order. EDS analysis showed a lower
Cu/Co ratio (0.31:0.69) in this area.

Figure 8. HREM image along [100]c zone axis corresponding
La2Ba3Cu3Co2Oy sample; two areas, 1 and 2, exhibiting 5ac and
7ac periodicities, respectively, are labelled

According to these results, it can be concluded that
La2Ba3Cu2Co3O13 stabilizes a majority phase, showing a
fivefold superlattice, as LaBaCuCoO5.2 does. Based on this
previous information and also on the structural facts
described above, crystallographic image processing (CIP)
was performed in order to obtain more reliable structural
information. The CIP technique, which combines both
SAED and HREM information, allows the gathering of
potential maps after performing several corrections and
symmetry averaging. In this work, the CRISP program[19]

was used for image processing.
Figure 9 (a) corresponds to a thin area of the experimen-

tal image along [100]c. Figure 9 (b) is a potential map ob-
tained after the correction of tilt, CTF and the phases and
amplitudes of the diffracted beams. After imposing P2mm
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symmetry, according to the space group P4/mmm deter-
mined by SAED and CBED (Convergent Beam Electron
Diffraction), the final potential map depicted in Figure 9 (c)
is obtained, in agreement with the fivefold superstructure.
Moreover, differences in the black contrast (related to the
cation positions) are observed in sites corresponding to La
and Ba positions (pointed in Figure 9, c). Such differences
are not appreciated at the corresponding B-type positions;
in fact, hypothetical order of Cu and Co in these sites could
not be detected by this technique, since both cations have
close atomic scattering amplitudes for electrons.[20] Al-
though it is not possible to determine the exact oxygen posi-
tion by CIP, differences in white contrast are observed. It
is, in fact, well known that under the optimum defocus con-
ditions the brightest contrast corresponds to the lower po-
tential areas, i.e., oxygen and unoccupied oxygen positions.
In this sense, the superstructure must be induced, as also
happens with LaBaCuCoO5.2, by an ordered arrangement
of oxygen vacancies in agreement with the polyhedral
model previously mentioned ···POhPPP···, superposed on
the potential map. Cobalt and copper must be randomly
arranged at the B positions of the basic AA�BB�O6�x per-
ovskite structure, i.e., at the octahedral and pyramidal en-
vironments, while La and Ba seem to be ordered along the
eight and twelve oxygen coordination sites. According to
this, the situation in La2Ba3Cu2Co3Oy is different to that
observed from CIP for LaBaCuCoO5.2,[13] whose final po-
tential map does not reveal any cation order arrangement.

Figure 9. (a) Experimental HREM image corresponding to
La2Ba3Cu3Co2Oy; (b) processed image; (c) potential map obtained
after applying pmm symmetry; the unit cell and structural model
are outlined

At this point, it is worth recalling the differences ob-
served between the SAED patterns along [100]c of the
La2Ba3Cu2Co3O13 (Figure 7, a) and LaBaCuCoO5.2 (see
Figure 2c of ref.[13]) samples, respectively. The first one
shows superlattice spots at 1/5, 2/5, 3/5, and 4/5 while the
second one only at 2/5 and 3/5, with additional diffuse
streaking. On the other hand, since atomic scattering ampli-
tudes for electrons corresponding to La and Ba are differ-
ent,[20] an ordered distribution of these cations must be de-
tected in the SAED patterns. Accordingly, it seems clear
that the observed differences in the above patterns are re-
lated to the La/Ba distribution. In order to confirm this
assumption, SAED patterns corresponding to the proposed
···PPPOhP··· polyhedra sequence with La/Ba ordered and
randomly arranged were calculated using the Mac Tempas
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software package.[21] Table 1 displays the structural param-
eters used in this calculation for an ordered distribution of
La and Ba cations. The corresponding disordered situation
has been calculated considering La and Ba distributed at
50% over the three different crystallographic positions.

Table 1. Structural parameters corresponding to La2Ba3Cu2Co3O13

sample; an ordered La/Ba arrangement is considered [space group
P4/mmm (123), a � 3.9352(3) Å, c � 19.538(2) Å]

Atom x/a y/b z/c Occ.

Cu/Co1 0 0 0 1
Cu/Co2 0 0 0.203 1
Cu/Co3 0 0 0.395 1
O1 0 0 0.097 1
O2 0 0.5 0.213 1
O3 0 0.5 0.414 1
O4 0 0 0.5 1
O5 0.5 0 0 1
Ba 0.5 0.5 0.1014 1
La 0.5 0.5 0.3010 1
Ba 0.5 0.5 0.5 1

Figure 10. Calculated SAED patterns along [100]c for La2Ba3Cu3-
Co2Oy taking into account the polyhedra sequence ···POhPPP···
and both ordered (a) and random(b) La/Ba distributions

The calculated patterns are shown in Figure 10. When
an ordered La/Ba distribution is considered all superlattice
reflections are evident (Figure 10, a), while only two extra
spots clearly appear when a random distribution is assumed
(Figure 10, b). Finally, if La and Ba are ordered in La2Ba3-

Cu2Co3O13 it could be expected that this fact should also
be reflected in the XRD pattern. However, characteristic
reflections of the fivefold superstructure do not appear in
the experimental pattern (Figure 5). This fact can be ex-
plained by taking into account that the atomic scattering
factors for X-rays corresponding to La and Ba are equal.[20]

In fact, an ordered La/Ba distribution leads to the same X-
ray diffraction pattern as for the disordered one.

On the other hand, areas showing sevenfold periodicity
can be understood if a 2ac periodicity block (···PP···) is
added to the ···POhPPP··· sequence, leading to
···POhPPPPP···. At this point, it is worth emphasizing that
these areas are Co-rich, so it is plausible to assume that
additional 2ac blocks are constituted by pyramidal layers,
since this sequence is the basic structural unit of LnBa-
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Co2O5 compounds.[17,18] Attempts to isolate this sevenfold
superstructure are in progress.

This set of results shows that the increase of Co content
is accompanied by an increase of the square-pyramidal
units in the stacking sequence. In fact, LnBaCo2O5�δ

[17,18]

oxides crystallize in the ···PP··· stacking sequence whereas
LnBa2Cu3�xCoxO7�δ

[16] shows threefold ordering due to
the sequence ···POhP···. When Cu/Co attains a ratio around
1, the ···PPPOhP··· polyhedral sequence is stabilized and a
fivefold superstructure of the cubic basic cell is observed.
This is the case for both LaBaCuCoO13

[13] and La2Ba3Co3-

Cu2O13. The difference between both oxides resides in the
type of ordering along the A sublattice. While a random
situation is obvious in the former, cationic ordering is de-
tected in the latter. The presence of order/disorder in the A
sublattice is related to the different oxygen environments
involving the A cations in this fivefold superstructure: three
sites of twelve coordination and two eight-coordinate sites.
This is why only a La/Ba ratio of 2/3 is adequate to obtain
an ordered situation.

Experimental Section

Samples of nominal compositions La2Ba3Cu3Co2Oy and La2Ba3-
Cu2Co3Oy were prepared from the apropriate amounts of
BaCO3, La2O3, Co3O4, and CuO. These mixtures were ground in
an agate mortar and heated, after carbonate decomposition, at 960
°C for one week with intermediate milling. Cationic compositions
were estimated by energy-dispersive X-ray spectroscopy (EDS)
using a field-emission electron microscope (FEG) Philips CM200
equipped with an EDAX microanalytical system. Powder X-ray dif-
fraction (XRD) was performed using a Philips X’Pert dif-
fractometer with Cu-Kα radiation. Selected-area electron diffrac-
tion (SAED) and high-resolution electron microscopy (HREM)
studies were carried out with both JEOL 2000-FX and JEOL 4000-
EX electron microscopes. Oxygen content was determined by ther-
mogravimetric analysis using a Cahn D-200 electrobalance
equipped with a furnace and a two-channel recorder, allowing sim-
ultaneous recording of the weight loss and the reaction tempera-
ture. The oxygen content can be determined within �5·10�3 mg for
a sample of total mass of about 50 mg.
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[10] J. M. González-Calbet, M. J. Sayagués, M. Vallet-Regı́, Solid
State Ionics 1989, 32/33, 721�726.

[11] M. Vallet-Regı́, J. M. González-Calbet, M. A. Alario-Franco,
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