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Abstract

The occurrence of coherent intergrowths of cation-deficient perovskites in the BasNb4O;5—BaTiOj3 system has been examined by
high-resolution transmission electron microscopy and selected area electron diffraction. Because of their structural similarity, the
simple members BasNbsO;5 (n = 5) and BagTiNb,O,5 (n = 6) form coherent intergrowths—noted 5P6'—by the juxtaposition along
the c-axis of P perovskite-like blocks n = 5 and one perovskite-like block n = 6, with P = 1, 2 and 3. More generally, the ability to
form intergrowths in the hexagonal perovskite systems is discussed considering the structural characteristics of the simple members.
Examples taken from various systems show that the formation of such intergrowths is highly dependent on the size of the 4 cation

present in simple members.
© 2003 Elsevier Science (USA). All rights reserved.
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1. Introduction

Among the perovskite-related structures, the “hex-
agonal” perovskites differ from the “ideal” cubic
stacking of the perovskite by the existence of mixed
cubic-hexagonal AO; stacking sequences. They can be
described using the Jagodzinski notation [1,2] where a
layer in the sequence is denoted h or ¢ dependent upon
whether its neighboring layers are alike or different. B-
site vacancies are often encountered (see [3] for general
structural information) and, in case of (hhc...c)-type
sequences, are usually localized between the hh layers
resulting in a completely vacant octahedral layer. These
structures, with the general formulation A,B,_ 103,,
possess only blocks of n — 1 corner-sharing octahedra
separated by vacant octahedral layers. These oxides
which form a series of trigonal structures are observed in
various systems [4-20]: 4=Ba’>", Ca’", Sr*", La’",
B=Mg", Zn2*, AP*, Ti*", Nb*", Ru**, Ti*",
Nb> ", Ta’".

*Corresponding author. Fax: + 33-5-55-45-72-70.
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Based on simple members n and (n+ 1), complex
intergrowths with more or less long periodicity can be
formed as illustrated for instance in the system
La,Ti;0,,-LaTiOj3 [21,22]. In this system it was shown
that when these complex intergrowths are ordered, they
are based on uniform sequences and can be described
using the superspace group approach [23]. This behavior
is a general trend that was observed in some other
closely related systems and recently in the LasTiz0;,—
BaTiOj3 system [24].

While the crystal structure analyses of such inter-
growths are now well documented [23,25], the origin of
the relative stability of the various uniform sequences
within a given system is still unclear. In our recent
transmission electron microscopy (TEM) investigation
of the La,Ti3;0,,—BaTiOj3 system, we have identified, in
the LasTi3O;, rich-part of the phase diagram, the
existence of complex intergrowths [26,27] based on
uniform sequences between perovskite blocks of the
type n = 4 (LayTi30¢,) and n=5 (BaLa;Ti4O;5). On the
contrary, no intergrowth terms were observed for
compositions ranging from BalLasTisO;5s (n=15) to
Ba,La,TisO3 (n=6). In Ref. [27], we suggested that
the intergrowth stability seems to be highly sensitive
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to the difference in average size of the A cation
(rLa3+ <rBa2+) between the n and n+1 simple terms.
In order to confirm this assumption, we decided to
investigate the related system BasNb,O;5—BaTiO; in
which both n=15 (BasNbsO;5) and n=6 (BagNby
TiO;g) compounds are known [18,19] and have the
same A cation, which seems a favorable case for testing
the formation of intergrowths. Also in this system,
a previous study performed by X-ray diffraction on
several samples with compositions ranging from n =5
to 6 [28] has revealed typical peak shifts, as a function of
the composition, that can be attributed to the existence
of intergrowths [27].

The first part of this paper is devoted to the
description and the comparison of the crystal structures
of BasNbsO;5 (n = 5) and BagTiNb,O1g (n = 6) where
it will be shown that the structural similarities between
the two compounds is a favorable case for the formation
of intergrowths. In the second part, the various ordered
intergrowths (usually called microphases) observed will
be presented based on an extensive TEM study. Lastly,
the results will be discussed and compared with the
observations made in related systems and notably with
our previous study of the LasTi;0;,—BaTiO; system.

2. Experimental

Seven intergrowth compositions were synthesized
(Table 1). All these samples were prepared as white or
light yellow colored powders by conventional solid state
synthesis, using high purity BaCO;, TiO, and Nb,Os.
Five 576! intergrowth compositions were chosen
corresponding to a molar ratio n=15/n =6 ranging
from | to 3. The starting materials were mixed in

stoichiometric proportions in an agate mortar and fired

Table 1

at 1400-1500°C in a platinum crucible, for 15-20h,
under ambient atmosphere.

Selected area electron diffraction (SAED) patterns
and high-resolution transmission electron microscopy
(HRTEM) images were obtained with a Jeol 2010
microscope operating at 200kV. The powder was first
crushed in an agate mortar and then a drop of a
suspension of powder and water was deposited and
dried on a copper grid coated with a thin film of
amorphous carbon. The simulated images were com-
puted using the NCEMSS software [29] with a spherical
aberration constant of 1mm, focus spread of 10nm,
and objective aperture diameter of 3.75nm "

3. Structural considerations

3.1. The members n=5 (BasNb,O;s) and n=6
(Ba,;TiNb4018)

The main crystallographic parameters of these phases
are reported in Table 2 [18,19]. As for most compounds
of the homologous series A4,B,_103,, the crystal
structure of these two members consists of a framework

Table 2
Main structural characteristics of BasNb,O,s [18] and BagTiNbsO;g
(19]

Compound Bravais Space Cell
system group parameters
BasNbsOys (n =5) P P-3ml a=5.7883(3)
¢ =11.7782(7)
BagTiNb,O5 (n = 6) R R-3m a=5.7852(1)

¢ = 42.4886(3)

Chemical compositions and expected intergrowths in the BasNbsO;5—BaTiO; system

Chemical BasNb,O,5 BaTiNbyO g Expected Bravais Observed intergrowth
composition (n=135) Pmol (n=6) Qmol intergrowth 5762  system
synthesized
Baj TiNb,4O93 5 1 55! R Mixture of 5'6'and 5%6' microphases
and n = 5 crystals
576! terms Ba,s TiNb,y O 4 1 5%! R Mixture of 5'6'and 526" microphases
and n = 5 crystals
Bay, TiNb, 043 3 1 5%' R 5%'
Ba,¢TiNb Oy 2 1 5%! R 5%
5'6" term Ba; TiNbgOs3 1 1 s'6! R s'6!
5162 terms Ba;Ti,NbgOs,; 1 2 516 R Mixture of 5'6'and 5%6' microphases
and n = 6 crystals
Ba,;TisNbgOyo 1 3 s5'6? P Mixture of 5'6'and 5%6' microphases

and n = 6 crystals
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Fig. 1. Schematic representation of (a) BasNbsO;s (n = 5) and (b) BagTiNbsOyg (n = 6) structures as viewed along the a-axis.

of close-packed AO; layers, SH (hhcce) and 18R
(hhccecce)s, respectively for n =5 and 6. These complex
stackings give rise to mixed cubic close-packed (ccp) and
hexagonal close-packed (hcp) sequences as seen in
Fig. 1. The hcp part appears alike in both cases and
corresponds to a triplet of face-sharing octahedra
(FSO). The central octahedron of this triplet is not
occupied, resulting in both cases in the formation of
periodic vacant octahedral layers. In the following, we
will refer to the ccp part of the structure formed by
(n — 1) corner-sharing (Ti,Nb)Og octahedra (CSO) layer
as the “perovskite-like slab”. The basic sequence along
the ¢ direction formed by a perovskite-like slab and a
vacant octahedra layer will be further referred as a
“perovskite-like block”.

As both BasNbsO;s and BagTiNbsO,5 contain the
same A cation (barium) the AO5 layers are alike in both
structures as seen in Fig. 2 which shows the [0001],
projection of the BaOj layer that forms the hcp part
of BaSNb4015 (Flg 221) and Ba6TiNb4018 (Flg 2b)
When superimposed, the correspondence between the
atomic positions is excellent (Fig. 2c) and the interface
between two perovskite-like blocks appears very
similar in =5 and 6. So, the BasNb4O,;s—BaTiO;
system offers a good opportunity to synthesize stable
microphases between the n=35 and 6 compounds
(Fig. 2d).

As previously shown in the LasTi30;,—BaTiO; system
[17], the TEM techniques offer a valuable help to
identify the basic compounds and intergrowths. The
number of close packed layers in the perovskite-like
blocks and thus the periodicity of the compounds can be

easily identified either by HRTEM images or
SAED patterns. For both BasNbsO;5 and
BagTiNbsO,g (Fig. 3), along the ¢* direction of the
SAED patterns, the first bright spot encountered
from the transmitted beam (origin) corresponds
to the thickness of an octahedral sheet (z2.2A),
and then the number of spots counted from the
origin to this spot gives the number n of AO;
layers in a perovskite-like block. Likewise within
HRTEM images, the vacant octahedra layer always
provides a specific contrast (see arrows in Fig. 3) which
allows to establish the width of the perovskite-like
blocks.

In order to properly associate the contrast within the
HRTEM images to structural characteristics,
extensive image simulations based on the crystal
structure established by Pagola et al. [20] were carried
out for BasNb4O;s. Fig. 4 displays two images obtained
on the same crystal for different values of focal
adjustment corresponding either to slightly over-fo-
cussed condition (Fig. 4b: dark Fresnel fringes) or to
under-focussed condition near the Scherzer value
(Fig. 4a: bright Fresnel fringes). Simulated images
superimposed onto the experimental ones are in
perfect agreement with experimental conditions
(sample thickness estimated to 19 nm). The examination
of the projected potential map and the image
calculated for a defocus value close to 45 nm (displayed
together in Fig. 4c) suggests that for this condition the
bright dots observed in the experimental HRTEM
images can be associated with the position of the Ba
atomic columns.
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Fig. 2. [0001],; projections of the AO5 layers of the hep part. (a) Of BasNbsOy5 (n = 5), (b) of BagTiNbsO;5 (n = 6), (c) superimposition of (a) and
(b), (d) in-plane visualization of the interface between two different perovskite-like slab of BasNb4O;5 and BagTiNb4Og, built up on two successive
BaO; layers that form the hep part of these two compounds, (e) of BaLayTigO5 (n = 5), Ba,La TisO5 (n = 6) and their superimposition, (f) of
LayTi;0y, (n =4), BaLasTiyOys (n = 5), and their superimposition.

3.2. The Ba,(Ti, Nb),_s03, microphases A detailed examination of the BaO; layer stacking
sequences leads to the following considerations:

One expects that the microphases with the composi-
tion Ba,(Ti,Nb),_s03, consist of the intergrowth of
P perovskite-like blocks of composition BasNbsOs
(n=5) and Q perovskite-like blocks of composition
BagTiNbsO1g (n = 6). The resulting chemical composi-
tion can be formulated as P x BasNbsOs (n = 5)+ Q X
BagTiNbsO3 (n = 6) and the corresponding micro-
phases can be noted as 576 in a compact form. e If O is a multiple of three, the stacking has a repeat

period which contains a single 5'6¢ block and the
ABCAB/ABCAB/ABCABC/BCABC/BCABC/ Bravais system is P. For example, 5'6” exhibits the
5 5 6 5 5 following sequence:

BCABCA/CABCA/CABCA/CABCAB/A ABCAB/ABCABC/BCABCA/CABCAB/A
6 5 5 6 ' 5 6 6 6 '

(i) For all the 576" intergrowths, the stacking has a repeat
period which contain three 576' blocks and thus the
Bravais system is rhombohedral. As an example for
the 5%6' microphase, the stacking sequence is:

(ii) For the 5'62 intergrowths, two situations have to
be considered.
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Fig. 3. TEM observations along the [2110];; zone axis. (a) Of BasNb,O;5 (n = 5), (b) of BagTiNb,O 5 (n = 6).

e In all other cases, three 5'6< blocks are necessary
to establish the periodicity and the Bravais system
is R. For example, the 5'6> microphase is of this type,
with the following stacking sequence:

ABCAB/ABCABC/BCABCA/CABCA/CABCAB/

5 6 6 5 6
ABCABC/BCABC/BCABCA /CABCAB/A
6 5 6 6 '

4. Results and discussion

For the seven synthesized powders (Table 1) and
whatever the heating treatment (see experimental),
intergrowth terms are always formed.

In samples submitted to an annealing treatment of
15h at 1400°C (Fig. 5) stacking faults are frequently
observed within crystals. As an example, Fig. 5 reveals
abnormal 5%6' stacking sequences in a crystal with
an initial composition corresponding to Ba;;TiNbgOs3

(5'6" intergrowth). Accordingly, in the SAED patterns
obtained for this crystal, the superstructure reflections
show diffuse streaks along the ¢* direction. Moreover,
the diffraction patterns are apparently incommensurate
with characteristic spacing anomaly (Fig. 5d). In this
diagram, the spot corresponding to the average thick-
ness of a perovskite block (Fig.5d), which also
represents the average periodicity of the distribution
of vacant octahedra layers, is slightly shifted from its
ideal position due to the contribution of a few 5%6'
sequences.

In samples submitted to more intense heating thermal
treatment (1500°C-20 h), well ordered intergrowths are
obtained.

® In the samples corresponding to nominal composi-
tions 576" long range ordered intergrowths are only
observed for P =1,2,3. Fig. 6 shows the HRTEM
images and SAED patterns obtained along the [2110]
and [1100] zone axes for these three microphases.
The lack of diffuse streaks along the ¢* direction
corresponding to the stacking direction attests that
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Fig. 4. HRTEM images BasNb,O;s (n = 5) obtained along the [2110];; zone axis. The simulated image (inserted) corresponds to a defocus value
of -45nm (a) and +33nm (b) and to a thickness of 19nm. (c) The correspondence between the simulated image in (a) (lower part) and the

projected potential (upper part) shows that white dots represent Ba atoms.

ordered intergrowths are obtained on large crystal
domains. For the other nominal compositions with
P>3, the expected sequences are only locally
observed. Generally, the crystallites display disor-
dered sequences of the most stable microphases
previously described (5'6', 526!, 5°6") together with
n =175 single crystals. It is noticeable that the 5'6'
microphase is particularly stable.

® For the 5'62 preparations (Table 1) and even after
long annealing treatments, the expected 5'6< se-
quences were never observed. These samples are
typically composed of a mixture of (576') micro-
phases and (rn = 6) single crystals.

Moreover, when the composition of the sample is
chemically 5769, sequences involving two successive
blocks of n = 6 are never observed. As an example, for
the composition Bay;TizNb3>0129, chemically, (5°6%) as
well as (5%6")—(5%6")—(5'6") sequences could be expected.
It is systematically the latter which are observed (Fig. 7)
and complex intergrowths of different 576' sequences
are always developed.

In this study, we have confirmed that, between
BasNbsOy5 (n=135) and BagTiNbsO5 (n=6), inter-
growths terms are definitely formed in the BasNbsO;5—
BaTiO; system. Thus, the peak shift observed by Millet
et al. [29] in the X-ray diffraction patterns must be
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Fig. 5. Observations performed on Ba;; TiNbgOs;. (a) Overview obtained along the [2110];; zone axis, (b) selected area diffraction pattern obtained
along [2110]y, (c) enlargement showing 5%6' stacking faults in the 5'6' sequences, (d) the stacking faults result in both diffused strikes and slight
displacement of diffraction spots related to the average periodicity of the 5'6' sequence.

attributed to the occurrence of a series of microphases
based on uniform 576' sequences. Even if only a few
thermodynamically stable microphases (5'6', 5°6' and
5%") are obtained in the BasNb,O;s—BaTiO; system,
these results enhance the profound discrepancies with

the apparently homologous LasTi301,—BaTiO5 systems.
Indeed, as previously indicated, intergrowth terms
cannot be formed between BaLa,Ti;O;s (n=135) and
Ba,La,TisO3 (n=6) and this, whatever the heating
treatments [27], resulting in biphasic samples.
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Fig. 6. TEM observations of coherent intergrowth between BasNbsO;s (n = 5) and BagTiNb,O5 (n = 6). HRTEM with [2110] zone axis and
SAED pattern along both [2110] and [1100] zone axes of 5'6' (a, &, "), 5%6' (b, ', b'") and 56" (c, ¢, ).

In order to understand the difference that exists
between these two systems we propose to analyze
geometrically the anionic sublattices within the 4O;
layers involved in the formation of the interface between
two different perovskite-like slabs of n =5 and 6.
Indeed, a structural analogy of the 405 layers between
n =5 and 6 would lead to the formation of an interface
where the anionic sublattices would be continuous.
Fig. 2a—c and e represent the [0001];; projections of the

AO; layers of n = 5 and 6 belonging to the two systems.
When superimposed, the perfect match between the
anionic positions in both layers of BasNbsO;s and
BagTiNbsO,g (Fig. 2¢) contrasts with the important
mismatch observed in Fig. 2e (superimposition of
BaLa,Ti;O;5 and Ba,LasTisO;3 AO;5 layers). We can
thus suggest that the geometry of the anionic sublattice
plays a key role in the formation of intergrowths. Thus,
a discrepancy of 0.35A in the anionic positions
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Fig. 7. TEM observation of complex ordered intergrowths between 5'6' and 5%6".

evidenced in the Fig.2e impedes the intergrowth
formation of 576" in the LasTi;O,,-BaTiO; system. In
such a case the elastic strain involved in the association
of the anionic lattices of these two compounds would
then be too high. The comparison of these two systems
also points out the role of the average size of the A4
cation through its influence on the geometry of 40,
layers has been demonstrated in previous papers [13—15].
This phenomenon can be observed in Fig. 2f where
the good match between anionic positions in both
sublattices (displacements less than 0.1 A) allows to
understand why intergrowths can be developed between
n=4 (LasTi;0,) and n=5 (BaLa4Ti4O;5) in the
La,TizO,—BaTiOj3 system [27].

5. Conclusion

This paper shows that in the well-known hexagonal
perovskites, the ability to form intergrowths (between
Ba5Nb4OI5 and Ba6TiNb4Olg in the Ba5Nb4015—
BaTiO; system) or not (between Bala,Ti4O;s and
B32L34Ti5018 in the La4Ti30127BaTiO3 system),
depends on the structural compatibility between the
two basic compounds. One of the main criteria that
governs the ability to form intergrowths is the accor-
dance of the anionic lattices which is itself dependent on
the average size of the A cation.

It results that in a given system of B-cation deficient
perovskite, a rough examination of the accurate
structure of basic members allows to predict the
possibility to form intergrowths. We have also shown
that in many cases, the optimization of the annealing
treatment led to obtain homogeneous and rather good
quality powders of the microphases, which makes
possible their structure determination. Thus, the crystal
structure of 5'6' was determined by X-ray and neutron
diffraction analyses [25]. In a forthcoming paper, we
will show that the superspace group approach is an

optimal tool to describe all these Ba,(Ti, Nb),_s03,
compounds in a global model.
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