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Abstract

Microstructure of Ba(Mg1/3Ta2/3)O3, BMT, materials were examined using transmission electron microscopy. Selected area
electron diffractions imply that the ordering of Mg2+ and Nb5+ cations transforms the BMT materials from cubic symmetry to

P3m1 symmetry, which induces the formation of polar domains in BMT grains. Large grains contain wavy polar domain bound-
aries, dislocations and even the dislocation networks, which are detrimental to the microwave dielectric properties. Presumably,
induction of abundant defects in association with large BMT grains is the prime factor degrading the microwave dielectric prop-

erties of the BMT materials, when they were sintered at too high temperature. # 2001 Published by Elsevier Science Ltd. All rights
reserved.
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1. Introduction

In consonance with the technological development
trends in the miniaturization of microwave commu-
nication circuits, the development of high-performance
dielectric materials is urgently needed. Perovskite
Ba(Mg1/3Ta2/3)O3, BMT materials, which contain Mg-
and Ta-ions arranged in an ordered fashion, possess the
highest Q-factor (Q�f ffi35,000 GHz at 10 GHz) among
the known microwave dielectric materials and thus have
great potential for application to devices.1�2 However,
the sintering conditions required to achieve high
performance for BMT materials in very stringent.3�7

The mechanism involved is still not well understood8�16.
To understand how does the processing parameters
influence the microwave characteristics of BMT materi-
als, the microstructure of these materials were examined
using transmission electron microscopy.

2. Experiments

The perovskite Ba(Mg1/3Ta2/3)O3, BMT, powders were
synthesized by a two-step process, in which MgTa2O6

powders were first prepared by the mixed oxide process
and were then mixed with BaCO3 in a 1:3 molar ratio for
nominal composition Ba(Mg1/3Ta2/3)O3, followed by cal-
cination at 800 �C. Thus obtained BMT powders were
then pelletized and sintered at 1450–1650 �C for 4 h. The
crystal structure and the microstructure of the sintered
BMT samples were examined by X-ray diffraction ana-
lysis (XRD, Rigaku D/max-IIB) and scanning electron
microscopy (SEM, Joel JSM-840A), respectively. The
microwave dielectric properties were measured using
H.P.8722A network analyzer in a resonant cavity or
parallel plate test fixture. The defects in the materials
were examined using transmission electron microscopy.

3. Results and discussion

High-density BMT materials (�95.5%T.D.) can be
obtained by sintering the 2-step calcined BMT powders,
which are of pure perovskite structure (bottom XRD
pattern, Fig. 1a), at 1550 �C for 4 h. Variations of
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microwave dielectric properties of the BMT materials
with the sintering temperature are illustrated in Table 1,
indicating that although the samples were maintain at
the same high density (595.5%T.D.), the quality factor
(Q�f-value) of the materials decreases monotonously as
the sintering temperature increases from 1550 to 1650 �C.
No secondary phase was induced for high temperature
sintered samples. Therefore, the probable cause of dete-
rioration is presumed to be the induction of the defects.
Microstructure examination using transmission electron
microscopy is thus performed.

Typical X-ray diffraction patterns of high-density BMT
materials is shown in Fig. 1a (top XRD pattern), indicat-
ing that the materials are perovskite with a0=5.782 nm.
High degree of ordering occurs, as indicated by the

presence of satellite diffraction peaks. However, detailed
analyses using selected area diffraction (SAD) in TEM
illustrate that, although the zeroth order Laue zone
(0th-LZ) for (111)-zone of BMT materials possesses 6-
fold symmetry, the first order Laue zone (1st-LZ) owns
only one mirror plane symmetry (Fig. 1b). Such a phe-
nomenon is even more clearly illustrated by the con-
vergent beam electron diffraction (CBED) patterns in
Fig. 1c, where the mirror plane was indicated by an arrow.
These results reveal that the ordered materials are not of
cubic symmetry. One of the <111> axis is stretched
due to the ordering of Ta5+ and Mg2+ cations, result-
ing in a structure with lower symmetry, viz. P3m, which
is in accord with previous reports16).

Only the <111> axis containing stretching direction
of Ta5+–O–Mg2+ chains possess 6-fold symmetry,
which is designated as polar axis. The other <111>
axes possess only mirror plane. Deviation of such a
distorted lattice from cubic is so small that X-ray dif-
fraction analysis cannot clearly differentiate the quasi-
cubic structure from the true cubic one. Even the elec-
tron diffraction analysis in TEM needs special technique
such as CBED to unambiguously resolve the polar axis
from non-polar axis. There are 4 possibilities for the
polar axis in the BMT lattices, i.e. <111>, <111>,
<111> and <111> directions. The BMT grains are
separated into several polar domains, which are the
regions with polar axis oriented in the same direction. It
should be noted that polar domains are resulted only
when the Ta5+ and Mg2+ cations are ordered. The polar
domain boundaries are totally different from the anti-
phase boundary, in which the sequence of arrangement
for the two Ta5+-ions and Mg2+-ions along the same
polar axis changes.

Typical TEM micrograph of BMT materials are illu-
strated in Fig. 2, showing that the grains are smaller
(�0.75 mm) for BMT materials sintered at 1550 �C�4 h
(Fig. 2a) and are larger (�2.4 mm) for those sintered at
1650 �C�4 h (Fig. 2b). The grain size distribution is
very uniform for both materials. Most of the grains
contain wavy contrast, probably the boundaries of
polar domains. In fine grain BMT materials (1550 �C-
sintered), large grains occur occasionally. Fig. 3a illus-
trates a typical example, where a large grain about 1.5
mm in size was surrounded by the small grains, which
are �0.75 mm. It is interesting to observe that the large
grains contain 4 sub-regions (labeled as a1, a2, a3 and a4)
separated by sharp boundaries. Diffraction analysis
indicates that the 4 sub-regions are actually belonging to
the same grains. The contrast in the 4 sub-regions
implies that they are of slightly different diffraction
conditions. Probably, the large grain is formed by mer-
ging 4 adjacent small grains, a1–a4, with each grain
slightly tilted and having its polar axis oriented in dif-
ferent <111> direction. A large grain containing 4
polar domains is thus resulted. The boundary between

Fig. 1. (a) Typical X-ray diffraction (XRD) patterns, (b) conventional

electron diffraction pattern along <111> axis and (c) convergent beam

electron diffraction patterns along <111>axis for Ba(Mg1/3Ta2/3)O3

materials; in (a), the bottom XRD pattern represents the 800 �C-cal-

cined, whereas the top XRD pattern represents the 1550 �C�4 h sin-

tered BMT materials.

Table 1

Variation of microwave dielectric properties of BMT materials with

sintering conditions (the BMT powders were prepared by two-step

calcinations process)

Sintering

conditions

Density

(%T.D.)

Dielectric

constant

Quality

factor

(Q�f)(GHz)

�f
(ppm/�C)

1500 �C�4 h 95.5 24 400,000 8.13

1550 �C�4 h 95.0 25 600,000 8.13

1600 �C�4 h 96.0 24.5 460,000 8.13

1650 �C�4 h 95.2 24 306,000 5.14
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polar domains can be straight or curves. Large proportion
of strain contrast is observed at the junction of the 4 sub-
regions, which supports the argument that large grain is
resulted from the merge of adjacent small grains. The
polar domain boundaries may contain dislocations, which
are presumably formed to accommodate large mismatch
in orientation for the original grain to merge with the
large grain. Fig. 3b shows that, in some case, density of
dislocation is so large that networks are developed.

Fig. 4a reveals that the grains are relatively clean, i.e.
free of defects, when they are small (e.g. grain A) and
contain large proportion of defects, stacking faults and
dislocations, when they are large (e.g. grain B). These
defects are mainly confined in the same grain. Occasion-
ally, a large midrib is observed running across several
grains (labeled as C). High-resolution image reveals that
the midrib is of layer structure with lattice spacing
C0ffi2.54 nm (not shown). That the presence of defects is
associated with large grains is further illustrated in
Fig. 4b. Short straight stacking faults (labeled as F,
Fig. 4b) are densely populated only in large grains and
are hardly formed in small grains. Dislocations (labeled

as C, Fig. 4b) were lined up along a band, which is
actually the partial dislocations at the end of a stacking
faults. The stacking faults show distinct parallel line
fringes when the samples were tilted in right orientation.
In the extreme case, dislocations are so dense that they
tangle together, forming networks (labeled as D,
Fig. 4b). Defect analysis is being undergone to identify
the nature of dislocations and stacking faults.

In some cases, large inclusions surrounded by strain
field are observed in extraordinarily large grains. As
shown in Fig. 4c, chemical and diffraction analyses reveal
that these inclusions are of the same composition and
structure as the BMT materials. Usually the merge of
adjacent grains will induce large strains in the vicinity of
original grain boundaries. A large proportion of strains
observed in Fig. 4c may be the result of the conversion
of secondary particles into the perovskite. The most
probable process is the transformation of Ba5Ta4O15

particles into perovskite, since Ba5Ta4O15 is the most

Fig. 2. Typical TEM micrographs of Ba(Mg1/3Ta2/3)O3 materials sin-

tered at (a) 1550 �C for 4 h and (b) 1650 �C for 4 h.

Fig. 3. (a) Micrographs of Ba(Mg1/3Ta2/3)O3 materials sintered at

1550 �C for 4 h, showing a large grain surrounded by small grains, and

(b) the dislocation network near polar domain boundaries.
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frequently occurring second phase formed preferentially in
calcinations processes for preparing the BMT materials.

Previous results indicate that the small grains are rela-
tively clean. Wavy contrast observed in these grains is
probably the polar domain boundaries. Defects such as
stacking faults and dislocations mostly occur in large
grains. The presence of these kinds of defects in ceramic
materials is quite unusual, since both cations and anions
need to be displaced simultaneously in order to generate
the dislocations and the stacking faults. Analysis on the
nature of these defects is still ongoing and will be reported
in the near future. However, these observations strongly
imply that the presence of the defects in large BMT grains
is the most probable cause degrading the microwave
dielectric properties of high temperature sintered BMT
materials. It should be recalled that the grain size of
1650 �C-sintered samples is about 3 times as large as that
of 1550 �C-sintered ones (cf. Fig. 2). The existence of polar
domain boundaries seems not to be the predominating
factor degrading the microwave dielectric properties of
BMT materials. Therefore, it can be concluded that sup-
pressing the growth of grains is a possible route for
improving the microwave dielectric properties of BMT
materials.

4. Conclusion

The microstructure of Ba(Mg1/3Ta2/3)O3, BMT, mate-
rials was examined using transmission electron micro-
scopy. The grains are probably growing via the merge of
the adjacent grains resulting in the formation of wavy
polar domain boundaries, dislocations and even the dis-
location networks, which are detrimental to the micro-
wave dielectric properties. The presence of abundant
defects in large BMT grains is believed to be the prime
factor degrading the microwave dielectric properties of
the BMT materials sintered at a too high temperature.
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