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Ceramic specimens of BaO-Pr,05-4TiO, (Bas5PrgTi1g0s4) were prepared by the mixed
oxide-route. The single phase products were examined by High Resolution Transmission
Electron Microscopy (HRTEM). Orthorhombic symmetry, with cell parameters a~22.2 A,
b~12.2 A and c~7.6 A, was confirmed. On the basis of space group pnam (No. 62) and the

crystal structural data of Rawn et al., good agreement was obtained between the
experimental HRTEM images and images simulated by the multislice method.
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1. Introduction

Dielectric ceramics in the system Bag_3,Lng),
Ti;gOs4 exhibit high dielectric constant (¢, = 80—100),
low loss (Qxf=6000-9000) and dielectric properties
that are stable with respect to temperature; These prop-
erties make the ceramics suitable for electronic applica-
tions, particularly at microwave frequencies [1-7]. The
compound BaO-Pr,03-4TiO; is a member of this solid
solution family. There are a number structural mod-
els [2, 7-14] for the system and although these var-
ious models differ in their detail, there is consensus
that the crystal structure belongs to the tungsten bronze
structure family and essentially consists of a three di-
mensional framework of corner-sharing perovskite-like
TiOg octahedra joined according to a pattern similar to
that of tungsten-bronze.

Gens et al. [8] were the first to suggest possible space
groups for the solid solution phases. Based on the sys-
tematic absences observed in single crystal electron
diffraction patterns of BaO-La;03-4TiO;, they reported
the probable space groups as pba2 (No. 32) or pbam
(No. 55). Matveeva et al. [9] later confirmed these re-
sults by single-crystal X-ray diffraction and X-ray spec-
troscopic studies of single crystal Bay sPrgTi;gOsy, re-
porting the same space groups. Based on data for 1990
measured peaks, Matveeva et al. [9] calculated atomic
positions using space group pba2. Approximately 400
additional peaks, corresponding to a doubling of the
period along the z direction were also identified, but
omitted from the crystal refinement. A similar model
was subsequently proposed by Roth et al. [10]. Ohsato

00222461 © 2001 Kluwer Academic Publishers

et al. [12] also detected superlattice X-ray diffraction
peaks in studies of Basz 75Prg 5TijgOs4 crystals and re-
ported an orthorhombic lattice. The space group of their
fundamental lattice agreed with that of Matveeva et al.,
but that of the doubled cell was reported to be either
pbn2; (No. 33) or pbnm (No. 62). By the use of X-ray
diffraction methods Kolar [7] confirmed the findings of
Matveeva et al. [9].

Azough et al. [1] studied Bas 5ProTijgOs4 ceramic
by electron diffraction. By observing systematic ab-
sences in microdiffraction patterns, they also deter-
mined the space group to be either pna2; (No. 33)
or pnam (No. 62). Since these two space groups have
different point symmetries, convergent-beam electron
diffraction (CBED) parallel to [100] was used to dis-
tinguish between them. They concluded that the ob-
served 2 mm symmetry of the zero-order Laue zone
(ZOLZ) and the whole pattern confirmed that the space
group must be pnam (No. 62). Ubic e al. [15] in-
vestigated the Nd- analogue of the solid solution in
polycrystalline form by electron diffraction. They ob-
served weak extra reflections in electron diffraction
patterns, possibly due to small breaks in symmetry,
and therefore suggested that the space group may be
pb21m (No. 26). However, these weak extra reflec-
tions may arise from double diffraction. Rawn [13],
performed Rietveld analysis of powder X-ray diffrac-
tion data of Bag 5L.ngTi1§O054 (Ln = La and Gd) and de-
termined the space groups to be pba2; (No. 33) for the
La analogue and pnma (No. 62) for the Gd analogue.
Rawn et al. [2] subsequently reported the atomic
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Figure 1 Schematic representation of the crystal structure of Ba_2¢)Smg42x)TijgOs4 (x =0.27) according to Rawn et al. [2].

positions for Bag—3)Smg2.)Ti180s54 (x =0.27 using
space group pnma (No. 62). The schematic represen-
tation of the structure proposed by Rawn et al. [2]. is
shown in Fig. 1. Between the network formed by the
corner-sharing Ti-octahedra are three types of chan-
nels, pentagonal, tetragonal and triangular. In general,
rare earth ions occupy the rhombic channels, Ba ions
fill the pentagonal channels and the remaining Ba ions
share the rhombic channels. The triangular channels are
empty [16].

Based on the atomic positions reported by Rawn et al.
[2] and the space group pnam deduced by Azough et al.
[1] we have simulated TEM images for Bas 5PrgTi 5054
by the multislice method and compared results with
experimental images.

2. Experimental procedures

Ceramic samples were made by the mixed oxide-route.
Powders of BaCOj3, PrgO;;, and TiO, (Fluka Chem-
icals, England) were mixed in the required propor-
tions and wet milled for 12 hours. The mixture was
calcined at 1100°C for 4 hours and wet milled again
for 12 hours. After drying, the powders were pressed
(uniaxially) into discs of 16 mm diameter, sintered in
air in the temperature range 1350°C to 1450°C and
cooled at a rate of 120 C h~!. Products were exam-
ined by X-ray powder diffraction using Cu K, radi-
ation (Philips PW 1800 with horizontal goniometer).
Scanning electron microscopy with energy dispersive
spectroscopy (Philips 505 with EDAX) was used to
assess sample homogeneity. For transmission electron
microscopy (TEM) samples were prepared in two ways:
(1) discs of ceramic were thinned mechanically and then
ion beam thinned (ION TEC, TEC 791), or (ii) pellets
were crushed and ground in an agate mortar and pes-
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tle. For the latter, particles were deposited on a carbon
coated copper grid. A Phillips EM430 Transmission
Electron Microscope was used for lattice imaging and
electron diffraction studies. Lattice images were ob-
tained at an accelerating voltage of 300 keV by the
Many Beam Imaging (MBI) method. In order to in-
terpret the high resolution images, image simulations
were prepared by the multislice method [17] using the
HRTEM module of the Cerius2 package of MSI Inc.
(ver. 3.0) which is an implementation of the well-known
multislice technique [17]. For the [010] zone, Fourier
coefficients out to 0.4 nm (96 by 192 ‘beams’) were
included to generate a sequential set of three differ-
ent projected potentials each with a slice thickness of
0.255 nm. The multislice iteration retained beam in-
dexes out to 10 by 17 within the internal ‘aperture’ of
the algorithm. No absorption potentials were included
in the calculation. Images were calculated over a range
of crystal thickness (integral multiples of the crystal
unit cell only) and range of defocus (0 to —110 nm) for
comparison with the experimental data; a combination
of manufacturer’s data for the EM430 TEM, i.e. spher-
ical aberration coefficient, Cy = 1.2 mm, experimental
data for beam convergence (0.7 mrad) and calculated
focus spread (10 nm) were employed in the simulation.
Beam convergence and focal spread effects were ap-
proximated using the mutual transfer function rather
than by image averaging. An objective aperture size of
0.075 nm~! was used.

3. Results and discussion
X-ray diffraction and SEM analyses confirmed that the
samples were single phase with the expected composi-
tion.

Selected area diffraction patterns (SADP) stud-
ies confirmed the orthorhombic crystal structure.
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Figure 2 (a,b,a) experimental electron diffraction patterns along [010],[001] and [100] respectively; (d) simulated diffraction pattern for [010]
orientation.
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Figure 3 TEM image showing the presence of anti-phase domain boundary and a planar fault.
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Fig. 2a,b,c shows electron diffraction patterns obtained
for directions parallel to the three main crystallographic
axes. The calculated lattice parameters are a ~22.2 A,
b~7.6 A and c~12.2 A. The simulated diffraction
pattern for the [010] orientation is presented in Fig. 2d;
there is good agreement with the experimental diffrac-
tion pattern (Fig. 2a).

A low magnification TEM image of the ceramic is
shown in Fig. 3. No second phase was observed and

EDS analysis of individual grains confirmed sample
homogeneity. Two features were observed in the grain
shown in Fig. 3; a planar fault running across the grain
and anti-phase domain boundaries. The presence of the
anti-phase domain boundaries (APB’s) indicates the oc-
currence of an order-disorder transformation. The lat-
ter arises by a nucleation and growth mechanism, and
causes the doubling of the shortest axis. Details of the
planar fault are shown in Fig. 4. It can be seen that the
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Figure 4 HRTEM image of the planar fault (Fig. 3) showing a displacement vector of ¢/2.
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Figure 5 TEM image showing anti-phase boundaries.
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fault (possibly an order-disorder transformation twin)
has a displacement vector of ¢/2. Fig. 5 is a higher mag-
nification TEM image of a grain showing anti-phase
domain boundaries. Using darkfield imaging we have
deduced that these anti-phase domains have a displace-
ment vector b/2 [1].

Fig. 6a,b,c shows experimental HRTEM images of
the ceramic for [010], [001] and [100] orientations. The
experimental images were taken close to the Scherzer
setting (—735 A for the instrument). This was achieved
via knowledge of both the step size (60 A) and the
number of steps away from the minimum contrast at
the specimen edge. These images enable the octahedral
chains (Fig. 6b and c) and the cavities (Fig. 6a) to be
viewed.

Detailed simulation studies concentrated on the [010]
orientation, containing Ti-octahedra, and the pentago-

(a)

nal and rhombic channels (occupied by Ba and Pr). The
simulated images for [010] orientation at two thickness
of unitcell, i.e. one cell (7.56 A) and 7 unit cell (53.4 A),
are shown in Fig. 7a,b in the defocus range of —400 A
to —800 A. For both thicknesses there is a good match
with the experimental image (Fig. 6a). The best match
is for the thickness of 1 unit cell in the defocus range
—600 A to —800 A. This defocus range includes the
Sherzer setting at which the experimental image was
obtained.

A simulated projected potential, showing electron
densities, for Bas 5Pr9Ti 3054 along [010] is presented
in Fig. 8. The unit cell is outlined and the positions of
ions are marked.

The experimental image for the [010] direction (from
Fig. 6a) and the corresponding simulated image for a
thin crystal (Fig. 7b, =700 A) can be compared with the

Figure 6 (a,b,c) HRTEM images for [010], [001] and [100] orientation respectively. (Continued.)
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Figure 6 (Continued.)
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Figure 7 Computer simulated TEM images for Bas 5PrgTi;30s4 as a function of defocus of the objective lens for (a) a slice thickness of 53.49 A, and

(b) a slice thickness of 7.64 A.
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Figure 8 Projected potential (electron density) for Bag sProTij3Os4 along [010].

projected potential (Fig. 8) to enable the Ba/Pr sites to ~ Ba, for Pr, and Ba/Pr are highlighted within a single unit
be identified. In Fig. 9, the “best fit” simulated image  cell. This arrangement is consistent with space group
(Fig. 9b; based on 2 x 2 unit cells) is superimposed on pnam (No. 62) [1, 2, 9] and the structural model of
the experimental image (Fig. 9a); the inferred sites for Rawn et al. [2].
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Figure 9 TEM images for Bay 5PrgTijgOs4 along [010] orientation: (a) experimental image, (b) simulated image (for 2 x 2 unit cells) for thickness
of 1 unit cell and defocus of —700 A is superimposed on top of experimental image (a). Note good match between (a) and (b). The inferred sites for
Ba, Ln and Ba/Ln are highlighted within a single unit cell on the experimental image (a).
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