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The ternary oxides Bayi'a,Ti,0,, and BaTa; 4 Ti, ;0,, were
synthesized and their crystal structures and defects were studied
by means of X-ray powder diffraction, electron diffraction, and
high resolution electron microscopy. The crystal structure of
BagTa,Ti;0,, is based on the 8H {cchc), close-packed stacking
(@ = 10.0314 A, ¢ = 18.869 A, SG P6,/mcm, Z = 3) and that of
Ba,Ta, ,,Ti, ;0 and on the 10H (cchec), close-packed stacking
(a =5.7981 A, ¢ = 23.755 A, SG P6,/mme, Z = 1) of BaO, layers.
The structural refinements gave the following values for the R
factors for BagTa,Ti;0, (Ba,gTa, 0, Ti, ;05) R, = 0.041 (0.039),
Ry = 0.108 (0.118), and R, = 0.094 (0.099). The main feature
of both structures is the presence of two types of face-sharing
octahedra (FSQ) with different occupancies by Ta atoms, T'i atoms,
and vacancies, which results in the formation of a superstructure.
1t was shown that in the BagTa, Ti;0,, structure these pairs of FSO
occur in an ordered fashion and in the BaTay o, Ti; ;0,4 structure
in a disordered fashion. The existence of the wide range of solid
solutions was shown to be also a consequence of the presence
of one of the two types of face-sharing octahedra. © 1995 Academic

Press, Inc.

1. INTRODUCTION

The complex hexagonal perovskite-like oxides can be
described in terms of the close-packing of AQ; layers
along the c-axis of the hexagonal cell, the B-cations being
situated in the octahedral interstices. 1f the stacking se-
quence contains hexagonal triplets (&), chains of face-
_sharing octahedra (FSO) parallel to the ¢-axis must exist
in the structure. The stability of such structures depends
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onthe B-cation size and on the possibility of compensation
of the electrostatic repulsion between the B-cations with
large formal charges in adjacent octahedra. Such a com-
pensation may occur in different ways, for example by
the formation of metal-metal bonds as it is realized in the
BaRuQO; structure (1). The reduction of the electrostatic
repulsion can also be achieved by the location of B-cations
with small formal charges in the FSO. This feads to the
formation of compounds like Ba,M,LiO;, (M = Ta, Nb)
(2) or Ba;W,Li,0,5(3) where both Liand M (M = W, Ta,
Nb) atoms occupy the same crystallographic positions in
the FSO. The same result can be obtained if the octahedral
interstices are partially occupied by atoms with a large
electrostatic charge and by cation vacancies. This possi-
bility is realized in the crystal structure of BagM,TiyOyy
{M = Nb, Ta) (4), where the FSO are occupied by M and
Ti atoms and by vacancies.

The aim of our work was the preparation of compounds
with a statistical occupation of the singular crystallo-
graphic positions in the FSO by cations with high formal
charge and by vacancies, and the determination of the B-
cation distribution in the structures of these compounds.
An electron microscopy study revealed the presence of
a superstructure and confirmed the main features of the X-
ray crystal structure determination of the basic structure.

2. EXPERIMENTAL

Ali studied samples were prepared by sintering tech-
niques using BaCO;, Ta,0s, and TiO, (previously dried
at 400°C) as initial reagents. Stoichiometric mixtures of
oxides were ground in an agalec mortar under acetone
followed by pressing into pellets. The samples were
heated at 1050°C for 40 hr. After regrinding, they were
pressed again followed by heat treatment at 1400°C for
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60-70 hr. Synthesis were carried out in air in ‘‘Naber-
term’’ furnaces and in furnaces with lanthanum chromite
heaters in Al,O, crucibles. The samples were finalty fur-
nace cooled.

The phase composition of the prepared samples and
the lattice parameters of the compounds were determined
using X-ray powder diffraction data obtained with a focus-
ing Guinier FR-552 camera (CuKa,-radiation; germanium
was used as an internal standard). Raw data for crystal
structure determinations were collected using the STADI/
P diftractometer (CuKa,-radiation, curved Ge-monochro-
mator, transmission mode, step 0.02°(26), acquisition time
60 (sec/step), scintillation counter).

The crystal structure computations were carried out
using the CSD program package (5). The Rietveld method
with pseudo-Voigt profile functions was used for the final
refinement. R, and R, were calculated after the back-
ground was subtracted from the experimental data.

Samples for transmission electron microscopy investi-
gations were prepared by crushing the pellets under alco-
hol and dispersing the grains on copper grids covered with
a holey carbon film. A Philips CM-20 electron microscope
with a double tilting stage was used for diffraction studies.
High resolution images were obtained in a JEOL-4000EX
electron microscope operating at 400 kV.

Quantitative X-ray analysis was performed with a
CAMEBAX-MicroBeam system. Since the Ka-peaks of
titanium strongly overlap the Lo-peaks of barium, the
measurements were made on the KB peaks of Ti and
LB of Ba. BajLaTa,Ti(, oxide was used as a standard.
Assuming the concentration of Ba and O atoms to be
known from the 10-layer close-packing of the stoichio-
metric BaQ; layers, the Ta and Ti concentrations could
be determined. Measurements were performed for the
sample with bulk composition Ba;yTa, ¢sTi; 35044.

3. RESULTS

3.1, Synthesis and X-ray Diffraction

As will be seen below, several syntheses were per-
formed in order to obtain a better structural characterisa-
tion of these ternary oxides.

3.1.1. BagTa,Ti;0,, Oxide. The X-ray diffraction pat-
tern of the sample revealed Ba,Ta,Ti;O.,; it was indexed
on a hexagonal lattice with parameters @ = 5.7913(1) A,
c = [8.8710(7) A, z = 1. The eight-layered close-packed
stacking of the BaO, layers is realized in the structure of
Ba;Ta,Ti;O,,. A crystal structure model with the symme-
try DY, (P6,/mmc) and a (cchc), stacking sequence was
chosen (as that suggested for BagNb,Ti;0,,, (4). Refine-
ment of this model resulted in values of R, = 0.040,
Ry =0.113,and R, = 0.110. However, since the electron
diffraction study showed the existence of a superstructure
further refinement was necessary.
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Ba,Ta,Ti;0,, oxide has a wide range of homogeneity
when Ti atoms are substituted by Ta atoms. As a result
BagTa,,q5,Ti;_, 054 (0 = x0.8) solid solutions are formed.
The lattice parameters slightly increase as x increases.
For example, the cell parameters for BaSTa‘i_ﬁgTiz_ZO24
(x = 0.8) are a = 5.8038(9) A, ¢ = 18.912(5) A. Two-
phase samples were obtained for compositions outside the
indicated range and the cell parameters of the compounds
were equal to those of the extreme points of the solid
solution range. These samples contained BagTa,Ti;0.,
and BaTiO,; when x < 0, When x > 0.8, a new phase was
found next to BagTa, ¢ Ti,,044.

We also synthesized samples with compositions
BagTa, o, Tty 2., 00, in order to study the existence of
both cation and anion vacancies in the structure. All the
samples (except for x = 0) were polyphasic. This means
that the composition of the BaO, layers is constant and
does not depend on the composition of the B-framework.

3.1.2. BayTa, 4TI ;04 Oxide. The quantitative
X-ray analysis gave a cation ratio for this new oxide:
Ba: Ta:Ti = 21(2):15(2): 2.4(3) which corresponds to
the composition Ba,;jTa, ;,Ti; ,04,.

The X-ray diffraction pattern of this new compound
(prepared with determined stoichiometry in a pure form)
was also indexed on a hexagonal lattice (a = 5.7966(1)
A ¢ = 23.7482(T) A), corresponding to a 10-layered
close-packing.

Solid solutions with a general formula Ba,;Tag g4,
Ti, 04, (sostructural with Ba,Ta; o, Ti; ;05 were found
in the range 0.6 = x = 1.2. The cell parameters for these
compounds decrease with increasing titanium content:
they are @ = 5.8056(5) A, ¢ = 23.860(3) A (for x = 0.6)
and a = 5.7966(1) A, ¢ = 23.7482(7) A (for x = 1.2).
When x < 0.6 the samples contained Baj Ta; 5,Tij (O3
and Ba,Ta,0s.

The study of the series of solid solutions BagTa, g,
Ti,_, 0,4 and BapTag g4, Ti, O3 did not reveal any differ-
ences in the diffraction patterns for different values of x.
This means that no considerable structural changes occur
during solid solution formation.

3.2. Electron Diffraction

3.2.1. BagTa,Ti,0,, Oxide. The electron diffraction
patterns for the most relevant zone axes are given in Fig.
1. The pattern along the [0001]¥ zone, where the subscript
b refers to the basic cell (Fig. 1a), exhibits the geometry
and the intensity distribution which are consistent with
the structure of the BaO; layers: the first hexagon is less
intense than the second one. The deduced lattice parame-
ter ¢ = 5.79 A is consistent with that determined by X-
ray diffraction for the basic cell. In the same diffraction
pattern, the triangles of spots are centered by much
weaker spots. These are the superstructure spots. Their
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[0001]*

[1070]*

FIG. 1. Three sections of the reciprocal space of the basic structure of the Ba;Ta,Ti,0, compound: (a} [0001]; zone; (b) [1120]¥ zone; (c)
[10_1];‘ zone. Index b denotes the basic structure. Superstructure spots are evident in the (a) and (c¢) images.

presence leads to a V'3 times increase in the a-parameter
and to a rotation of the reference axes by 30°,

Thus the superstructure has a unit mesh in the (0001)
plane given by the base vectors a,, and a,, related to the
basic vectors a, and a,, by the relation:

(-
Ay 1 2 a5y ’

From the u[ll'iO],’; zone pattern (Fig. 1b) we deduced
¢ = 16.86 A, in agreement with the value found by
X-ray diffraction. Along the (000!) row of spots, the spots
with ! = 2r + 1 are systematically weaker than those with
= 2n.

The [1010]* zone is shown in Fig. Ic. The spots with

i = 2n + 1 are systematically absent. This shows that the
diffraction conditions are such that the 000/ reflections

are only present for / = 2n and that also the /0! reflections
are only present for ! = 2n. Therefore in the [1120]F zone
pattern the 000/ reflections with [ = 2n + 1 must be attrib-
uted to double diffraction.

The superstructure spots seen in the {0001} zone are
also present in the [1010]# zone. The lattice vectors paral-
lel to the [1120]¥ direction in the reciprocal space are
divided in three equal parts by the superstructure spots
and only [ = 2n spots are present.

The electron diffraction patterns suggest the follow-
ing conditions:

000! forl = 2n
hhOl for 1 = 2n.

Since no spots indicating an increase in the c-parameter
were found, we chose P6./mcm as space group for the
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superstructure. The unit cell for the superstructure in
direct space for BayTa,Ti;O,4 is represented in Fig. 2.

The [1120]F zone electron diffraction pattern deserves
additional comments. It reflects the periodically twinned
character of the BaO, framework, also visible in the high
resolution images discussed below. The intensity of the
spots along the rows i = 3n is modulated except for » =
0, with a period equal to cight interspot distances. This
long reciprocal period corresponds to one interlayer spac-
ing of the BaO, framework. It corresponds to a unit cell
with a height of eight times the interlayer spacing. The
strongest spots in the rows A = 3r form a rectangular
lattice of which the unit mesh is indicated by arrows in
Fig. 1b. The intensities of the spots in the rows A =
3n = 1 exhibit maxima close to the diagonals of this rectan-
gle. Along these rows the diagonal intersects the spacing
between successive spots in the ratio 1/3:2/3 in the rows
h = 3n + | and in the ratio 2/3:1/3 in the rows h =
3n — 1. Such maxima in intensity occurring close to the
diagonals of the rectangle suggest that the framework
is periodically twinned. The geometry as well as the inten-
sity distribution indicate a subunit cell twinned structure,
according to (6). The absence of spacing anomalies further
indicates that the twinning period is exactly eight unit
layers spacing. The intensity distribution in the £ = 0 row
of spots is singular, because the spots with [ =
2n + 1 are only present due to double diffraction.

3.2.2. BayTa, ,Ti, 04 Oxide. A superstructure sim-
ilar to that of BagTa,Ti,0,, was found for Ba Ta; g,
Ti; ;059. The electron diffraction patterns of the [0001]F,
[11201F, and [IOTO]{,“ zones are shown in Fig. 3. The main
difference, apart from a change of the lattice parameters,
was along the [1010]* zone, where only streaking suggests
considerable disorder in the superstructure, as compared
to the well-ordered BayTa,Ti,0,, phase. The streaks ap-

FIG. 2. Schematic representation of the BayTa,Ti;0,, structure pro-
jected on (0001) plane. x,—y, represent the axes for the basic cell; x,—y,
represent the axes for the superstructure cell. Squares correspond to
the 00z positions in the basic cell; filled circles represent the 2/3, 1/3,
z positions and empty circles represent the 1/3, 2/3, z positions in the
basic cell.
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peared as lines of diffuse intensity parallel to the c* direc-
tion at positions in the reciprocal space where rows of
discrete spots were found in the diffraction pattern of
the Ba,Ta,Ti,0,, compound. Tilting experiments revealed
that no superstructure spots are visible in the exact basal
section, but that spots appear in slightly tilted orienta-
tions, due to the intersections of the Ewald’s sphere with
these lines. The streaks are intensity modulated, the pe-
riod of the modulation being the inverse of the separation
between successive BaO, layers. The *‘phase’ of the
modulation is such that for [ = 0 the intensity is a mini-
mum. Such streaks are due to one-dimensional disorder
in the ordered two-dimensional arrangement of cations
and vacancies within the hexagonal triplet of BaO, layers.
Since the BaQ, framework does not contribute to the
diffracted intensity along these lines, the modulation must
be related to the disorder associated with the ordering
pattern in layers of face-sharing octahedra.

Inreference (7) a simple theory was proposed to explain
such sinusoidal modulations as being due to the fact that
the disorderly stacked ordered lamellae are not single lay-
ers, but consist of two layers of cations, the structure of
the two layers being highly correlated. Such an assembly
of two layers is present in our structure along the lamellae
of face-sharing octahedra.

The same extinctions /A0 I = 2n and 0004 | = 21 were
found in the electron diffraction patterns.

3.3. Crystal Structure of BagTa,Ti;0,,

The coordinates of heavy atoms and the oxygen posi-
tions were determined starting from a model of close-
packed BaOj; layers, but taking into account the threefold
superlattice cell. This approximation was judged satisfac-
tory considering the good results of the structure refine-
ment obtained for the basic structure. The refinement of
the superstructure was carried out by the Rietveld method
using an isotropic approximation for the thermal parame-
ters (thermal parameters for all oxygen atoms were refined
simultaneously). The experimental and crystallographic
data are summarized in Table 1. Positional and thermal
parameters and the main interatomic distances for the
crystal structure of Ba,Ta,Ti,O,, are listed in Tables 2
and 3 respectively. Experimental, calculated, and differ-
ence X-ray patterns are shown in Fig. 4.

The crystal structure of BagTa,Ti;O,, is the 8L (cche),
close-packing of BaO; layers with overall symmetry Pé,/
mmc. The presence of the superstructure changes the
symmetry to Péy/mem.

The main features of the crystal structure deal with
the distribution of the B-cations and of cation vacancies.
There are two types of nonequivalent positions of the B-
cations in octahedral interstices: in the chains of the cor-
ner-sharing octahedra and in the pairs of the FSO.
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FIG. 3.

similarities with the BagTa,Ti;0;, compound; in the [1010]} zone streaks are present instead of superstructure spots.

Electron diffraction patterns for the BayTa;Ti; Qs compound: (a) [0001]¢ zone; (b) [1120) zone; (c) [1010)f zone. Note the

TABLE 2
Atomic Parameters for BagTa TiyOqy
Atom Position xla vib zic B, (AY
TABLE t
Crystallographic and Experimental Data for BayTa,Ti,0,, Bal 2a 0 0 0 0.6(2)
and BagTa;44Ti; ;05 Ba2 4d 1/3 2/3 0 2.12)
Ba3 6g 0.6596(8) x 1/4 0.95(8)
BayTa,TiyO BayTa; 5Ti; 204 Ba4 12k 0.6682(7) 0 0.3632(1) 1.83(5)
S oup o oy Tal® 4e 0 0 0.1959(5) 0.7(2)
pace gr mem mme b
(&) ]0.0’3“4(5) 5.739806(4) Ta2€ 8k 173 2/3 0.1801(3) 1.3(2)
¢ (A) 18.8694(2) 23.75473(3) Ta3 12k 0.3317(7) 0 0.4383(1) 0.70(5)
z 3 1 01 12§ 0.681(5) 0.179(4) 1/4 0.9(2)
V(&Y o 1644.3 692.2 02 241 0.498(3) 0.165(3) 0.1244(9) 0.9(2)
Calculated density (g/em”) 7.12 7.64 03 12 0.352(4) /2 172 0.9(2)
Radiation and wavelength CuKo, A = 1.54056 (Ge-mono) : ’
Diffractometer Powder STADI/P, transmission mode 04 12k 0.177(4) 0 0.111(2) 0.92)
Mode of refinemeat Full profile 05 6g 0.143(6) x 1/4 0.92)
Min and max 26 4 =29 =115 62=p=115 06 6f 1/2 0 0 0.9(2)
Ry, Rp. Ryp 0.041, 0,108, ¢.094  0.039, 0.118, 0.099
Good f fit 0.25 .29
Sture nar Note. Occupations: ° 0.5Ta; ® 0.25Ta + 0.625Ti; and © 0.667Ta +

Texture parameter along [001] axis

1.33(h 1.48(1)

0.333T1.
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TABLE 3
Main Interatomic Distances (A) for BagTa,0;,
Bal-(3 3.06(4) x6 Ba4-Gl 2.72(2) x2
Bal-04 2.75(3) x6 Ba4-05 2.86(4) x1
Ba2-03 2.73(4) x3 Ba4-02 2.90(3) X2
Ba2-02 2.89(2) *6 Ba4-04 2.93() X2
Ba2-06 2,896 %3 Bad-02 2.93(3) X3
Ba3-0l 2.77(5) ®2 Bad-03 3.08(2) x2
Ba3-02 2.87(2) x4 Bad-06 3.084(4) x1
Ba3-Ot 2.96(5) x2
Ba3-.05 2.97(6) %2
Ba3-04 3.093) X3
Tal-03 1.76(4) x3 Ta3-04 1.81{4) x1
Tal-04 2.39(3) x3 Ta3-03 2.04(3) x2
Tal-Tal 2.04(1) X1 Ta3-02 2.0402) x2
Ta2-02 1.99(3) X3 Ta3-06 2.050(6) x1
Ta2-01 2.0%3) X3
Ta2-Ta? 2.64(1) ®1

The refinement of the occupancy (with fixed thermal
parameters) for the position of B-cations in the corner-
sharing octahedra (12k) gives an approximate value
(2/3Ta + 1/3Ti). Therefore, further refinement was carried
out with fixed occupancy for this position.

Relative intensity (%)

100
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The increase of the unit cell size results in the separation
of the crystallographic positions situated on the 00z axis
of the basic cell {see Fig. 2). Consequently, there are two
different positions in the centers of FSO in the
BagTaL,Ti3024 structure. 1t was found that the Tal-Tal
distance, i.e., between Ta atoms in adjacent FSO (de-
position}) is very short, i.e.,2.04(1) A. However, this result
can be easily explained if one takes into account that only
one of the pairs of octahedra is really occupied, the other
one being empty. Indeed, the occupancy found for this
position is {(0.5Ta + 0.50). This type of cation vacancy
localization leads to a shift of the cations along the c-
axis away from the centers of the octahedra toward the
triangular face formed by the O5 atoms, which are shifted
resulting in a Tal-05 bond length of 1.76 A, while the
O4 atoms are shifted to a Ta—O separation of 2.39 A, As
a consequence, the Tal atoms have a distorted coordina-
tion. The positions situated on the 1/3, 2/3, z and 2/3,
1/3, z axes are only partially occupied by (0.25Ta +
0.625Ti + 0.125(7) and contain cation vacancies. Such a
filling corresponds to the composition BagTa, Ti;0,, which
can be deduced from the known occupancies for the 12k
and 4e positions. An increase in the average occupancy
in these pairs of FSO influences the distance between

50
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FIG. 4. Experimental and difference X-ray diffraction patterns for BagTa,Ti;0y. Peak positions are marked only for the basic cell. Inset:

peak positions and indices for the superstructure.
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cations in their centers, which becomes 2.64 A, and there-
fore the oxygen arrangement around the Ta2 atoms is
close to ideal. A separation of 2.64 A between the centers
of these pairs of octahedra is still somewhat shorter than
the Ti-Ti distance (2.67 A) in the pairs of completely filled
FSO in the hexagonal structure of BaTiO; oxide (8).

Atoms in corner-sharing octahedra have a slightly dis-
torted octahedral oxygen coordination. The Ba atoms in
the BagTa,Ti;0,, structure have weakly distorted coordi-
nation polyhedra.

34. The Crystal Structure OfBalﬂTaj_mTii"z();Q

The crystal structure of Ba,Ta, Ti, ;04 is based on
the 10A (hccee), close-packing of BaO, layers along the

c-axis. The refinement of the crystal structure was carried -

out only for the basic model (SG P6,/mmc). Such an
approximation is reasonable since no visible superstruc-
ture reflections were detected on the X-ray pattern of this
compound. Moreover, the refinement of the superstruc-
ture led to the same values for the positional and thermal
parameters of the atoms. The refinement of the crystal
structure in an isotropic approximation for the thermal
parameters led to the following values of the R factors:
R; = 0.039, Ry = 0.118, and R,; = 0.099, Experimental
and crystallographic data are summarized in Table 1. Posi-
tional and thermal parameters and main interatomic dis-
tances for the crystal structure of BayTa;oTi, Oy are
listedin Tables 4, and Srespectively. Experimental, calcu-
lated, and difference X-ray diffraction patterns are shown
in Fig. §.

The crystal structure of Ba, Ta, 4,Ti, ;04,1s very closely
related to that of BagTa,Ti;0,, but is more disordered as
shown by the electron diffraction study.

In the crystal structure of Ba, Ta; ,Ti; ;05 two types
of corner-sharing ocathedra are present. All of them are
jointly occupied by Ta and Ti atoms. Assuming the cation
vacancies to be situated in FSO the occupancies of the
corner-shared octahedra were refined with fixed thermal

TABLE 4
Atomic Parameters for Ba, Ta, ,Ti, ;04
Atom Position xla yib /e B; (AD)
Bal 2d 23 113 1/4 111
Ba2 de 9 ] 0.3350(2) 1.9(1)
Ba3 4f 213 1/3 0.5539(1) 1.32(9)
Tal® 2a 0 0 ) 1.2(1)
Ta2® 4f 2/3 1/3 0.3989(1) 1.9(1)
Ta3” 4f 2/3 1/3 (1.7992(2) 0.5(1)
o! 6h 0.817(2) —-X 3/4 1.6(5)
o2 12k 0.325(3) 1/2x  0.4522(7) 0.8(3)
03 12k 0.495(2) 2x 0.6443(6) 2.4(4)

Note. Occupations: 2 0.9Ta + 0.1Ti; ® 0.41Ta + 0.15Ti.
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parameters. The octahedra with centers in the 4f and the
2a positions have the occupancy (0.9Ta + 0.1Ti). In this
structure Ta2 atoms have considerably distorted oxygen
coordinations, while Tal atoms are situated in ideal octa-
hedra.

The structure contains only one type of FSO with cen-
ters in the 4f position. In this case the Ta3-Ta3 distance
is 2.34 A. This short distance also results in a considerable
distortion of the coordination polyhedra for these atoms,
which leads to a Ta3-01 bond length of 1.95 A, while a
Ta3-03 distance is 2.25 A. Assuming the overall com-
position to be known, the occupancy of this position is
(0.41Ta + 0.15Ti + 0.440). The refinement of the ani-
sotropic thermal parameters for B-cations revealed a
strong anisotropy (B,, = 1.02) A2, By, = 2.5(3) A?) for
Ta3 atoms, while Tal and Ta2 have practically isotropic
thermal parameters.

The basic structures for both BayTa,Ti;0,, and
BayTa; o Ti) ;05 compounds are shown in Fig. 6.

3.5. High-Resolution Electron Microscopy
Study (HREM)

3.5.1. Perfectly ordered structures. HREM images
were obtained along the most relevant zones of the hexag-
onal structure: [1010] and {1120). Figures 7 and 8 show
the high resolution images of BayTa,Ti;0,, and
Ba, Ta, ;4 Ti; ,O,, respectively.

Along the [1010] zone the structure is viewed parailel
to the close-packed rows of - - :O-Ba—(0Q-Ba- « -; it di-
rectly reveals the stacking of the close-packed Ba(Q; lay-
ers. The bright dots of Fig. 7a can be interpreted as the
images of the - - -O-Ba-0-Ba- - - columns. This is sup-
ported by the image simulations (Figures 9 and 10). The
most striking feature is the ‘‘fish-bone’’ configuration of
the rows of bright dots, rows characteristic of a periodic
polysynthetically twinned structure. The number of rows
of bright dots parallel to the twin interface in one band
is 4 in BagTa,Ti;0,, and 5 in Ba;yTa; Tl .05, corre-
sponding to the number of BaO, layers, The c-parameters
18.86 and 23.75 A are clearly determined by the petiod
of this twinned texture. The present structures are striking

TABLE 5
Main Interatomic Distances (A) for Ba;gTa, o, Ti; ;035

Bal-01 291(H x6 Ba3-02 2.96(2) x3
Bal-03 2.99(1) X6 Ba3-02 2.90{2) x3
Ba2-01 2.80(1) %3 Ba3-03 2.76(1) X6
Ba2-02 3.15(2) x3

Ba2-03 2.93(1) x6

Tal-02 1.99(2) X6 Ta3-01 L.91{1) x3
Ta2-(02 2.13(2) x3 Ta3-03 2.19(1) x3
Ta2-03 1.86(1) x3 Ta3-Ta3 2.337(7) x1
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examples of sub-unit-cell twinning {(9). In the thinnest
parts, weak dots are observed in the centers of the paral-
lelograms formed by the brightest dots; they image the
rows of B-cations in the octahedral interstices of the
Ba0, layers.

The [1120] zone of Fig. 7o is parallel to the edges of
the superlattice unit cell in the BayTa,Ti,0,, compound;
in this direction the centers of crystallographically equiva-
lent FSO are aligned and form columns. The period of the
succession of columns corresponds to the long diagonal of
the superlattice unit mesh and there are three rows of
occupied octahedra in this period. This periad can be seen
in the image of Fig. 7b. It is consistent with the tripling
of the period observed in ¢lectron diffraction (Fig. 1c).
The quality of the image is not perfect because the material
is rather sensitive to 400 keV electron radiation. The pe-
riod is nevertheless marked by extra bright (or dark) dots
in Fig. 7b. The superperiod in the image can be revealed
more clearly by producing an optical diffraction pattern
of the high resolution negative. Such a diffraction pattern
is reproduced as inset in Fig. 7b, and can be compared
with the electron diffraction pattern of Fig. Ic.

The radiation sensitivity of the ordered Ba,Ta,Ti,0,,
structure is consistent with our ordering model which

Experimental and difference X-ray diffraction patterns for Ba, Ta; 5, Ti; ;04

attributes the order to vacancies in the lamellae of FSO.
It is well established that vacancy ordered structures are
very sensitive to radiation damage because of the pres-
ence of these structural vacancies, The radiation disorder-
ing is only clearly visible in the zone which reveals the
superstructure. Also in the electron diffraction pattern
along this zone the superstructure spots weaken rapidly
under the ¢lectron beam intensity needed for high resolu-
tion imaging. _

The HREM image along the [1120] zone of the
BaTa; 411, ;05 compound is reproduced in Fig. 8b. As
compared to Fig, 7b which refers to BagTa,Ti;0,, the
superstructure is restricted to small areas. This is consis-
tent with the corresponding electron diffraction pattern
(Fig. 3¢) which exhibits streaks instead of spots at the
positions k = 3n. These effects result from the disordered
occupation of the FSO.

3.5.2. Image simulations. In support of the interpre-
tation of the high resolution observations along the {1010}
zone axis, images were simulated for both compounds,
using the ‘*‘Mac Tempas™ software package. The coordi-
nates and occupancies determined by X-ray diffraction
were used as input. The origin in the left bottom corner
of the frame corresponds to the position of a Ba-O-Ba
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FIG. 6. Representation of the basic structures for (a) BagTa,Ti;0,, and (b) Ba,yTay 53T, 205, deduced from the X-ray diffraction data, Spheres

represent Ba atoms.

close-packed row in the BagTa,Ti,0,, images, and io a
Ta position in the Ba,gTa; ,Ti, ,05, compound.

Images were obtained for several relevant thicknesses
and for defocus values in the vicinity of Scherzer defocus.
The results are shown in Fig. 9a for the BayTa,Ti;0,, and
in Fig. 10 for the Ba;,Ta, (,Ti, 104 compound.

In the BagTa,Ti;O,, images the less bright dots have
two different levels of brighiness. In an oblique row of
four, the two outer ones are less bright than the two inner
ones, corresponding respectively to the face-sharing and
the corner-sharing octahedral sites. Certain areas of the
experimental images of the BagTa,T1;0,, compound ex-
hibit such a behavior; this is for instance visible in the
highly magnified image of Fig. 9b, it confirms in a striking
manner the results of the structure determination.

Also in the Ba,,Ta, o, Ti, ,0;, image the most prominent
bright dots correspond to the BaO, framework. The se-
quences of five less bright dots along the oblique rows
image the B-cations. This is again consistent with the
structure model and is confirmed by the experimental
images.

3.5.3. Defects. The simplest type of defect occurring
in these materials is the presence of singular twin bands
with different widths. Figure 11 shows a region of the
Ba,Ta,Ti;0,, compound containing two singular bands
(indicated by arrows), of five layers instead of four. Such
a band can be considered as half a unit cell of the
BaTa, o, Ti, ,0,, structure. The reverse is also observed
i.e., a singular band of BagTa,Ti;0,, in a matrix of
Ba,Ta, 44 Ti, ;05 (Fig. 12). These observations illustrate
the close relationship between the structures of the two
phases. It suggests that for compositions which are inter-
mediate between that of BaTa;(T1,,0; the structure
of which can be represented by the symbol 55, and that
of BayTa,Ti;0,, (represented by 44), more complicated
regular  sequences such as . 4545 .. or
.. 445445, | | couid arise.

The HREM image of Fig. 13 shows a singular five layer
band embedded in the BagTa,Ti;0,, compound. One BaO,
layer is interchanged between the five layer band and
the adjacent four layer band, causing a step in the twin
interface (Fig. 14). This step is equivalent to a iwinning
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FIG. 7. HREM images of BuyTa,ThOy: {a) along the [1010] zone; bright dots represent Ba~0-Ba-0 columns, less bright dots the B-cation
columns; {b) along the [1120] zone; the superstructure dots are indicated by arrows. Inset: Optical diffraction pattern of the microscopic image
showing the superstructure spots; it can be compared with the electron diffraction pattern of Fig. Ic.

FIG. 8. HREM images of BaTay o Ti; ;04 (a) along the [[0TO] zone; bright dots represent Ba columns, darker dots the B-cation columns;
(b) along the [1120] zone. Note the mottled contrast of the superstructure dots in very restricted areas,
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FIG. 9. (a) Matrix of calculated high resolution images along the
close-packed direction of BayTa,Ti;0,, for different defocus values (hori-
zontal) and different thicknesses (vertical); €, = | mm, & = 0.55 mrad;
(b) HREM image i the thinnest part of the sample for comparison.

dislocation. The propagation of such a dislocation along
the twin interface widens the four layer band at the ex-
pense of the five layer band. The motion of the dislocation
occurs by glide along the close-packed planes accompa-
nied by jumping of the B-cations, i.e., by a synchro-shear
process (10). The glide motion changes the close-packed
stacking mode. It transforms one layer of face-sharing
octahedra into a layer of corner-sharing octahedra or vice
versa, This must be accompanied by jumping of a B-cation
from a face-sharing octahedron into a corner-sharing octa-

FIG. 10.
11010} zene of Ba,gTaq 4 Ti; ;04 Tor different defocus values (horizontal)

(a) Matrix of calculated high resolution images along the

and different thicknesses (vertical); C, = | mm, 8 = 0.55 nwad.

SHPANCHENKO ET AL.

FIG. 11. HREM image of BagTa,Ti,0,, showing bands (indicated
by arrows) of half lamella of Ba,Ta;uTi 0y tnserted in the
BagTa,Ti,(,, structure.

hedron and vice versa in order to maintain the same coor-
dination.

Figure 12 shows a crystal fragment of the
Ba, Ta, Ti, ,0y, compound. Bands of the BagTa,Ti;O,,
structure, indicated by arrows, are also present. More-
over the area contains an intrinsic stacking fault (indicated
by a big arrow) separating two BazTa, ,.Ti, .0, bands
having the same orientation. The schematic of this fault
is presented in Fig. 15. The occurrence of such a fault
implies the presence of a lamella—chhc of three layers
of FSO. It seems reasonable to assume that the presence
of this fault allows accommodation of vacancies in the
central layer and higher changed tantalum ions in the
adjacent layers of octahedral sites. In this sense the stack-
ing fault plays the same role as the twin interfaces in
accommodating highly charged ions and vacancies. A sim-
ilar structural feature was found in the compounds belong-
ing to the homologous series La, Ti,_ O,, (11), which have
structures based on the close-packed stacking of LaO,
layers. In the latter case the superperiod is due to the
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FIG. 12, HREM image showing defects in the Ba, Ta; 54Ti; ;04 com-
pound. The small arrow indicates the insertion of a half BagTa,Ti;O,,
lamelia. The large arrow indicates the defect illustrated schematically
in Fig. 15,

periodic arrangement of such faults, which accommodate
vacancies in the titanium sublattice,

4. DISCUSSION

Summarizing the results of X-ray and electron micros-
copy investigations one can conclude that the crystal
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structures of both Ba, Ta, ,Ti, .05, and BagTa,Ti;0,, are
closely related. However the first is less ordered and prob-
ably also contains different types of FSO which occur
disorderly in the crystal structure, Complete ordering of
the cations in FSO should lead either to a superlattice
formation or to a decrease of the symmetry of the struc-
ture. In the first case superlattice spots such as those
observed in BagT'a, T1,0,, should be present. In the second
case neither streaks nor superlattice spots would be ob-
served in electron diffraction, but the diffraction condi-
tions might be changed as a consequence of the loss of
symmetry elements. The results of the structure refine-
ment which led to a Ta-Ta distance of 2.33 A indirectly
support the assumption of a partial order in
Ba,Ta;,,Ti; ,04 as concluded from the presence of
streaks. The observed Ta-Ta distance in FSO is in fact
the average of the Ta-Ta distances observed in the two
types of FSO in BagTa,Ti;O, (2.04 and 2.64 A). Also
the anisotropy of the thermal parameter for Ta3 atoms
suggests the presence of two Ta-Ta distances i.e., two
types of FSO in a disordered manner leading to incipient
split positions for Ta.

The formation of BagTa, ¢ Ti;,, Oy . solid solu-
tions was not observed. This means that the composition
of the BaO, layers is constant and does not depend on
the composition of the B-framework. Such a conclusion is
also supported by the existence of a very stable octahedral
arrangement for Ta>* and Ti** ions and consequently the
impossibility of oxygen vacancies localization. Therefore
the ratios of Ta: Ti cations is determined only by oxygen
stoichiometry.

Since the charge balance requires that four Ta’* ions
should be replaced by five Ti*t general the formula for the
solid solutions Ba, Taz_ ¢ Ti,04, and BagTay, g5, Tiy_ Oy
can be written as Bag(Ta, Ti),, ;05 or A,B,_ . 504,.
In the series: BasTa,0,5 — Ba,JTag ¢,,Ti,0;, — Bag
Tay g5, Ti:_,0yy — BaTiO, the value of § increases with
increasing titanium content.

It was found empirically that the type of close-packing

FIG. 13.

HREM image illustrating a twinning dislocation in BayTa,Ti;0,,. The alternation of packing of BaO, layers along the defect is illustrated.
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FIG. 14. Model of the defect imaged in Fig. 13. Note the step in the twin interface caused by the presence of a twinning dislocation.

of BaO, layers depends on 8, which is itself determined by
the Ti concentration. § = 0 corresponds to the Ba;Ta,0;
oxide, which has a trigonal structure based on a five-layer
sequence of close packed layers described by the stacking
symbol (hcech) and the space group P3m1 (12). The main
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FIG. 15. Model of the defect imaged in Fig. 12. The defect is an

intrinsic stacking fault,

feature of the Ba;Ta,O; structure is the presence of chains
of three face-sharing octahedra, cation vacancies being
located in the central layer of octahedra and Ta ions in
the other ones, since this assures the largest separation
of Ta’* ions.

For & > (), as would be the case if Ta is replaced by Ti
in the (hccch) framework, certain Ti ions would have to
occupy sites which were vacant if 8 = 0. In this case
extremely short metal-metal separations would result and
cause a large repulsion between the highly charged B-
cations. This can be avoided by adopting a different close
packed framework in which less FSO occur than in Accch;,
such a framework is obtained in the (cchec), stacking,
which occurs in the Ba Tay_ 5, 11,04 structure. This
change in the framework stacking is accompanied by a
“delocalization” of the cation vacancies. The vacancies
can partly occupy positions in the pairs of FSO, the re-
maining positions being occupied by B-cations. Such an
arrangement results in a reduction of the electrostatic re-
puision.

We found that a series of solid solutions Bas_,La,Ta,_,
Ti, 0,5 with a Ba;Ta,0 5 type of structure exists at least
up to x = 2. The partial substitution of Ba by La allows
the oxygen composition to remain constant and hence to
maintain a close packed (Ba, La)O; framework in which
the B-cations are located. The number of cation vacancies
does not depend on x in this case (6 = (), since the
charge unbalance created by replacing Ta** by Ti** is
compensated for by the simultaneous substitution of Ba®*
by La’*,

As a semiquantitative measure of the electrostatic en-
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ergy and hence for the stability of various structures one
can use Madelung’s constant. The dependence of Made-
lung’s constant on x has been computed using Ewald’s
method of convergent series using an algorithm described
in (13). The charges associated with statistially occupied
positions were chosen to be equal to a weighted average,
the site occupancies being used as weighting factors.
Since the lattice parameters are only weakly dependent
on x, they were assumed to be constant and equal to their
smallest value. The calculations were carried out for two
series of solid solutions:

(i) the series Ba,zTag 4,4, Ti, Oy with (cchice), layer
stacking;

(ii) the hypothetical series BasTa, 4, Ti, O with
(hceeh) layer stacking.

In the last series we have assumed that the solid solution
is generated by inserting Ti atoms in the central layer of
octahedra, which'is completely vacant in Ba;Ta,0;. In
the case of the (i) series, the calculations were carried
out with the assumption that the substitution of Ta’* by
Ti** occurs only in corner-sharing octahedra. The replace-
ment of TaS+ by Tid+ n a ratio 4: 5 only in FSO would
not change the average charge of B-cations in these posi-
tions and consequently the Madelung's constant would
remain constant. It was found that the rate of decrease
of Madelung’s constant with x is quite different for the
two cases (Fig. 16). For the hypothetical (ii) series of
which the close packed BaO, layers contain chhc lamellae
(cc intrinsic stacking faults), the slope is found to be much
larger than for the (i) series which contain lamellae having
the che stacking mode, i.e., which contain twin interfaces
in their BaO, matrix. This difference in behavior suggests
that the chc stacking is more stable as compared with the
chhe stacking, with respect to aliovalent substitution in
the B-cations sublattice. This result also shows that the
solid solutions for (ii) series cannot be formed, and any
increase in & should lead to a change in the type of
close-packing.

Heterovalent substitution of Ta** by Ti** in Ba;Ta,0;
results in the formation of the 10H close-packing. In the
Ba, Ta; o4 Ti, ;05 compound the average occupancies for
the two types of FSO are very close: (0.5Ta + 0.50) and
(0.56(Ta, Ti) + 0.4400). This similarity of occupancies
creates a possibility for disordered arrangement of differ-
ent pairs of FSO. However, high resolution images of
BayTa; 3 Ti; ,04y oxides revealed small areas where an
ordered structure was observed. This fact is confirmed
also by the presence of spots on the streaks which have
been seen on some of the electron diffraction patterns of
the [1010}* zone. In principle, complete ordering may
occur after an appropriate thermal treatment.

Further decreasing the number of cation vacancies re-
sults in the rise of the average occupancy in the second
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FIG. 16. Dependence of Madelung’s constant on x for solid solu-
tions: (a) Ba,gTaz_gg, Ti, Oy (b) BasTa,_5,Ti, 0.

type of FSO. As has been shown, in the BagTa,Ti;O,,
compound it is (0.875(Ta, Ti) + 0.1250), which essentially
differs from the occupancy in the first type of FSO
{0.5Ta + 0.50J). As a consequence the possibility for the
formation of ordered phases appears. Such an ordering
is realized in the structure with 8H close-packing.
The increase in occupancy in the second type of FSO
cannot occur, since no evidence of the existence of
BagTa,. g, Ti;_ Oy (x < 0) solid solutions was found. In
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this case two-phase samples were obtained with a cubic
BaTiO; oxide. The structure of the last one contains only
chains of corner-sharing octahedra.

The crystal structure of the complex BagTa,Ti,0,, oxide
is the first example of a cation-deficient hexagonal perov-
skite having such a distribution of B-cations and vacan-
cies. FSO partially occupied by tungsten ions and vacan-
cies (0.677W + 0.33300) were found earlier in Ba,W,0,,
butin that case all these octahedra are crystallographically
equivalent (14). The structure of the compound BagNb,
Ti;0,, was also studied in (4), but evidence was presented
neither for the occurrence of a superstructure nor for the
presence of two types of FSO. However, it may be possi-
ble that this compound has the same structure as Ba,
Ta,Ti,0,,.

These results suggest that more complex structures can
be realized for the known compounds BaM,LiO,, (M =
Ta, Nb) (2) or Ba;W,Li;O5 (3). In these structures the
experimentally observed distances between the B-cations
in FSQ are 2.258 and 2. 198 A respectively. We can assume
that at least two different types of FSO may exist, so
these short distances could be considered average ones
in the different types of FSO. Moreover, in the crystal
structures of Ba,Ru;MO,; (M = Na, Li) (15) and Ba.M-
Ru,(y (M = Zn, Ni) (16) the formation of two types of
FS0 is impossible, since the reduction of the etectrostatic
repulsion is achieved by the occurrence of Ru—Ru bonds.
In the latter case the distances between Ru atoms situated
in adjacent octahedra are about 2.7 A.
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