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Abstract

Five Ba(Co1/3Nb2/3)O3 samples sintered at different temperatures (form 1350 to 1550 ◦C), one Ba(Mg1/3Ta2/3)O3 and a Ba(Mg1/3Nb2/3)O3 sample
were examined by Raman scattering to reveal the correlation of the 1:2 ordered perovskite structure with the microwave properties, such as dielectric
constant and Q factors. The Ba(Co1/3Nb2/3)O3 sample sintered at 1400 ◦C, which possesses the highest microwave Q value and the lowest dielectric
constant among five Ba(Co1/3Nb2/3)O3 samples, has the narrowest width and the highest frequency of the stretch mode of oxygen octahedron (i.e.
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1g(O) near 800 cm−1). We found that the dielectric constant is strongly correlated with the Raman shift of A1g(O) stretch modes, and the width of
1g(O) stretch mode reflects the quality factor Q × f value in the 1:2 ordered perovskite materials. This concludes that the oxygen octahedron play

n important role of the material’s microwave performance. Based on the results of Q × f values and the lineshapes of A1g(O) stretch mode, we found
hat the propagation of microwave energy in Ba(Mg1/3Ta2/3)O3 and Ba(Mg1/3Nb2/3)O3 shows weak damping behavior, however, Ba(Co1/3Nb2/3)O3

amples sintered at different temperature exhibit heavily damped behavior.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The well known 1:2 ordered perovskite ceramics, such as
a(Co1/3Nb2/3)O3, Ba(Mg1/3Nb2/3)O3 and Ba(Mg1/3Ta2/3)O3,
ave great potential for industrial application.1–3 Due to the
ow dielectric loss and high Q value in the microwave region,
here are several important applications in the communications
ndustry, such as dielectric resonators (DRS), and microwave
ntegrated circuits.1 The search for high performance materials
n microwave application is still in progress, and the crystal struc-
ures that affect the microwave properties are not fully investi-
ated. Raman scattering is one of the powerful tools to investi-
ate the crystal structure, and Raman studies of microwave mate-
ial have many achievements.3–5 However, the relation between
tomic vibration and microwave properties of perovskite ceram-
cs is not easy to elucidate. A recent optical study has shown
hat the 1:2 ordered structure-related phonon vibrations (the so-
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called 1:2 ordered phonons) have strong correlation with the
microwave properties.6,7 It is well understood that samples hav-
ing a higher degree of 1:2 ordered structure possess higher Q
factors,8–13 therefore, the 1:2 ordered phonons are strongly cor-
related with the microwave properties of 1:2 ordered perovskite
compounds. Though A(B′

1/3B′′
2/3)O3 ceramic samples were pre-

pared with 1:2 order, the intensities of 1:2 ordered phonons were
too weak to detect in many cases.6,7,14–16 A recent study shows
that physical properties of the oxygen octahedral network in the
1:2 ordered structure plays an important role on the material
microwave performance.6,7 Therefore, the characteristics of the
stretch modes of oxygen octahedra can give an indication of the
material’s microwave performance. One way to detect the struc-
tural properties of oxygen octahedra of microwave material is
to analyze the stretch modes of the oxygen cages.

In this paper, we examine the microwave properties of
Ba(Co1/3Nb2/3)O3 (BCN) sintered at different temperatures
by using the Raman scattering method. For comparison, the
Raman results of a Ba(Mg1/3Nb2/3)O3 sample (BMN) and a
Ba(Mg1/3Ta2/3)O3 sample (BMT) from a previous study6,7 are
also presented. The sintering effect is known to be important
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
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factor on the crystal structure, and we intended to study the
correlation of sintering-temperature dependent octahedral struc-
ture with the microwave properties. On the other hand, we
also distinguished the difference of microwave propagation in
BCN, BMN and BMT ceramics, based on the properties of the
stretch mode of the oxygen octahedra and the measured Q × f
value.

2. Experiment

Ceramics of the composition Ba(Co1/3Nb2/3)O3 with sinter-
ing temperatures of 1350 ◦C, 1400 ◦C, 1420 ◦C, 1450 ◦C, and
1550 ◦C were prepared from the oxides of >99% purity by using
conventional solid state synthesis.17,18 Oxide compounds of
BaCO3, CoO and Nb2O5 were mixed for 24 h in a nylon jar with
zirconia balls and then dried and calcined at 1100–1200 ◦C for
4 h. After remilling, the powder was dried and pressed into discs
and sintered at 1300–1550 ◦C. The Ba(Mg1/3Nb2/3)O3 sample
(BMN) and a Ba(Mg1/3Ta2/3)O3 samples are prepared by using
HIP technique, and sintered at 1650 ◦C.5,13 The microstructure
of the specimen was studied by Raman spectroscopy. The Raman
signal was collected at room temperature and recorded by a
DILOR XY-800 triple-grating Raman spectrometer equipped

Fig. 1. The Raman spectra of BMT, BMN, and BCN sintered at 1400 ◦C, and
four important features are marked: (1) the F2g(Ba) phonon mode near 105 cm−1,
(2) the degenerate A1g(O) and Eg(O) phonon modes near 375 cm−1, (3) the Eg(O)
phonon mode near 450 cm−1, and (4) the stretch vibration of oxygen octahedra
near 800 cm−1.

with a liquid-nitrogen-cooled CCD. The 10 mW output of the
514.5 nm line of Ar+ ion laser was used as the excitation source.
The obtained Raman spectra exhibited a resolution approxi-
mately of 0.5 cm−1. The microwave dielectric properties were

F
1

ig. 2. The Raman spectra of BCN samples sintered at 1350 ◦C, 1400 ◦C, 1420 ◦C, 1
05 cm−1; (b) the 1:2 ordering (c) related to the O atomic motion in between 350 and
450 ◦C, and 1550 ◦C. Vibration modes (a) related to the Ba atomic motion near
450 cm−1and (d) the oxygen-octahedron stretch modes.
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measured by the TE011 resonant cavity method using an HP 8722
network analyzer, around 6 GHz.

3. Results and discussion

A(B′
1/3B′′

2/3)O3 perovskite has a 1:2 ordered-structure and

belongs to the P − 3m1(≡ D3
3d) space group. In Fig. 1, the

typical Raman spectra of BCN, BMN and BMT are shown.
There are four prominent peaks related to the ordered structure
as found in the Raman spectra of 1:2 order pervoskite.4 They
are (1) the F2g(Ba) phonon mode near 105 cm−1, (2) the degen-
erate A1g(O) and Eg(O) phonon modes near 375 cm−1, (3) the
Eg(O) phonon mode near 450 cm−1, and (4) the stretch vibra-
tion of oxygen octahedra near 800 cm−1. Besides these strong
modes, three weak modes are also observed in the 150–300 cm−1

range. These weak phonon modes have been identified as the 1:2
ordered structure-related vibrations.4,7 Apparently, the intensi-
ties of these modes can be used to determine the degree of 1:2
order. These 1:2 ordered phonon modes of BMT have the highest
intensities among all samples, it also possesses the highest Q × f
values. For the Raman spectrum of BCN sintered at 1400 ◦C
shown in Fig. 1, the 1:2 ordered modes are almost immeasur-
able. This suggests that BCN has the lowest Q × f value among
three samples, based on the measurement of the lineshapes of
the 1:2 ordered phonons.

f
R
1
s
t
v
s
s
l
d
t
i
t
g
u
f
c

t
o
a
r
m
d
s
t
r
s
t
d

Fig. 3. Relationship between temperature characteristics of A1g(O) phonon
mode and the microwave properties for BCN material: (a) the correlation of
Raman shift and the dielectric constant and (b) FWHM and the Q × f value.

propagation. This result clearly indicates that the rigid oxygen
octahedra correlate with low dielectric constant and high Q × f
value. For rigid oxygen octahedra, the relative motion of Ba2+

cation to B′′O6 anions induced by microwave energy is small,
and this is the reason for the smaller dielectric constant of BCN
sample sintered at 1400 ◦C. The narrowed width of A1g(O) mode
indicates the highly ordered and rigid oxygen-cage structure;
therefore, the decay time of the propagation of the microwave
energy is longer, and this implies the material possesses high Q
value in the microwave frequency region. Our results indicate
that the physical properties of oxygen octahedra, which can be
revealed by Raman A1g(O) measurements, have strong influ-
ence on microwave performance. Similar arguments have been
applied to xBMT + (1 − x)BMN system.6,7

Based on the previous result, the damping characteristics of
the BMT, BMN and the five BCN samples can be revealed
by Raman measurements. Therefore, the difference of the
microwave propagation in these materials can be detected. In
Fig. 4, the measured Q × f values are plotted against the inverse
of the A1g(O) peak width. In weak damping case, the quality
factor is inversely proportional to the width. In our case, the
Q × f values are determined by the microwave resonance, and
microwave resonance width can be determined from the Q fac-
tor measurement. The lineshape of oxygen-octahedral stretching
phonon, i.e. A1g(O) near 800 cm−1, reflects the structure prop-
erties of the O-cages, which has strong effect on the microwave
p
t

The sintering-temperature effect on the BCN samples was
ound by the Raman spectroscopy. In Fig. 2(a)–(d), the four
aman features of the BCN samples sintered at 1350 ◦C,
400 ◦C, 1420 ◦C, 1450 ◦C and 1550 ◦C are shown. Fig. 2(a)
hows vibration modes related to the Ba lattice site-related vibra-
ions, and Fig. 2(b) shows the 1:2 ordering. In Fig. 2(c), the
ibration modes related to oxygen layer are shown, and the
tretch modes of the oxygen octahedra are shown in Fig. 2(d). For
intering temperatures above 1450 ◦C, broad and weak phonon
ineshapes are observed in Fig. 2. This result indicates that
egradation of microwave properties for samples sintered at
emperatures above 1450 ◦C. The vibration modes of 1:2 order-
ng for all BCN samples shown in Fig. 2(b) are too broad and
oo weak to analyze. However, the stretch mode of the oxy-
en octahedra is the most prominent peak. This mode can be
sed to deduce the properties of the oxygen octahedra, there-
ore, the correlation with the microwave dielectric properties
an be examined.

In Fig. 3, the correlation of the microwave properties with
he lineshapes of A1g(O) is shown. In Fig. 3(a), the Raman shift
f stretch A1g(O) modes and the dielectric constant are plotted
s a function of sintering temperature. The dielectric constant
eaches minimum and the A1g(O) phonon energy reaches maxi-
um for samples sintered at 1400 ◦C. At higher temperature the

ielectric constant markedly increases while the phonon shift
ignificantly decreases. The reverse trend of phonon width and
he Q × f value is also found, as shown in Fig. 3(b). Q × f value
eaches maximum at 1400 ◦C, while the FWHM of stretch mode
hows minimum, as found in Fig. 3(b). It clearly indicates that
he Raman shift is related to the rigidity of the oxygen octahe-
ra, while the peak width is correlated with decay of microwave
roperties of 1:2 ordered perovskite. Therefore, we think that
he microwave resonance width and the A1g(O) phonon width
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Fig. 4. Plot of Q × f value vs. 1/(FWHM) of the stretch A1g(O) modes of a BMT,
a BMN, and five BCN samples.

are linearly correlated, if the extrinsic effects of samples is neg-
ligible. As shown in Fig. 4, the Q × f values of BMT and BMN
are linearly proportional to the 1/FWHM, and this indicates the
weak damping character of the BMT and BMN for microwave
propagation. The five BCNs show heavily damped behavior for
microwave propagation, due to the parabolic curve found in the
Q × f value and width. Fig. 4 clearly expresses the intrinsic dif-
ference of microwave propagation in BMT, BMN and BCN 1:2
ordered perovskite ceramics.

4. Conclusion

In this paper, the BCN samples sintered at different tem-
peratures were examined by Raman scattering. The microwave
dielectric properties show strong correlation with the characters
of Raman lineshapes, including Raman shift, phonon width, and
intensity. Especially, the lineshapes of 1:2 ordered phonons of
BMT, BMN and BCN samples are found to have strong cor-
relation with the microwave dielectric properties, as shown in
Fig. 1. However, 1:2 ordered modes of BCN samples sintered at
high temperature were too weak to realize. The Raman shift of
the A1g(O) stretch mode of oxygen octahedra reflects the prop-
erty of dielectric constant, and the linewidth of stretch mode is
related to the Q × f value. The rigid oxygen octahedra revealed
by high frequency of A1g(O) mode are related to the low dielec-
tric constant in microwave region. The sample with narrowed
l
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