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Abstract

A(B ′
1/3B

′′
2/3)O3 complex perovskites are primary candidates for microwave dielectric materials because of their high dielectric constants, very

low dielectric losses, and low temperature coefficients of resonant frequency. In this study, the ordering and lattice distortion related to the
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ation ordering in the Ba(Zn1/3Ta2/3)O3–B2O3 system were investigated using X-ray diffraction and Raman spectroscopy. The residu
aused by the lattice distortion associated with ordering was explained in terms of the Raman line shift. The 1:2 ordered structure
ZT ceramics was replaced by a 1:1 ordered structure at 1650◦C. The addition of B2O3 improved the ordering in the BZT ceramics, a

he degree of 1:2 ordering increased with increasing B2O3 content. The Raman lines of the 1:1 ordered structure were shifted towards
avenumbers, as compared to the disordered structures, which proves that compressive stresses were stored in the 1:1 orde
n the other hand, in the case of the 1:2 ordered structure, the Raman lines shifted towards higher wavenumbers and the ce
ubjected to tensile stress. The maximumQ × f value was obtained from the 1:1 ordered pure BZT ceramic sintered at 1650◦C. TheQ × f
alue decreased with increasing B2O3 content, in spite of the highly ordered 1:2 structure.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

A(B′
1/3B

′′
2/3)O3 complex perovskites, where B′ = Zn or Mg

nd B′′ = Nb or Ta, are primary candidates for microwave di-
lectric materials, because of their high dielectric constants,

ow dielectric losses, and low temperature coefficients of res-
nant frequency.1,2 Among them, Ba(Zn1/3Ta2/3)O3 (BZT),
hich has a highεr value of greater than 25, a near-zero

emperature coefficient and a high quality factor,Q, at mi-
rowave frequency, is widely used in wireless communica-
ions systems.3–6
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Ba(Zn1/3Ta2/3)O3 is a disorder–order, complex perovsk
ceramic and it is well known that the Zn2+ and Ta5+ ions
individual (1 1 1) crystallographic planes of the perovs
subcell.7,8 In BZT, the B-site cations are stoichiometrica
ordered in the form of a hexagonal cell, with one Z2+

layer and two Ta5+ layers repeated along the〈1 1 1〉 direc-
tion of the parent perovskite cubic cell. This ordering
matter of considerable interest, because it is believed
closely related to the high quality factor of BZT in microwa
communications.4,6,9

The highestQ values are achieved in compounds w
1:2 ordering, and are obtained by annealing the ceramic
long times at above 1400◦C.9 It was suggested that the hi
Q value of BZT could be attributed to the volatilization
ZnO after extended high-temperature sintering.6 On the othe
hand, Tamura et al.5 showed that the enhancement of thQ

955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.02.014



1386 C.J. Lee et al. / Journal of the European Ceramic Society 26 (2006) 1385–1391

value was not related to cation ordering. A recent paper ex-
plained that the highQ value observed in the BZT–BaZrO3
system was related to the stabilization of the grain bound-
ary and the lowering of the free energy of the anti-phase
boundaries.10

Many studies of BZT have been conducted using powder
X-ray diffraction (XRD) and TEM, in order to explore its
ordering structure. Recently, the effects of ordering on the
Raman spectra of Ba(Mg1/3Ta2/3)O3 (BMT) and BZT were
reported.11,12 An ideal cubic perovskite structure with the
space group ofPm3m symmetry, in which the B-site cations
are randomly distributed, does not show any Raman active
mode, whereas a 1:1 ordered perovskite structure with a space
group ofFm3m symmetry allows four strong Raman lines.
Siny et al. found these four Raman lines in BMT and at-
tributed them to domains of 1:1 ordering. The 1:2 ordered
perovskite structure based onP3ml symmetry gives nine Ra-
man active modes.13–15

Furthermore, Zn and Ta ordering simultaneously causes
lattice distortion, due to the expansion of the parent cubic cell
in the direction of the ordered (1 1 1) planes.16 Therefore, the
ideal value for the hexagonal structure was found to deviate
from the c/a of (3/2)1/2. In addition, from a structural point of
view, the anti-phase boundary (APB) in the trigonal 1:2 struc-
ture produces considerable elastic strain. Kawashima et al.4

observed splitting in the (4 2 2) and (2 2 6) reflections, caused
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imens were ground and polished, and examined by X-ray
diffractometry (XRD) using Cu K� radiation and by scan-
ning electron microscopy (SEM). The density was measured
using Archimedes’ method. The dielectric loss tangent was
measured in a cylindrical resonator cavity made of copper at
10 GHz with a Hewlett Packard gratitude HP 8720C Network
Analyzer.

2.2. Raman spectroscopy analysis

The spectra were measured with a Raman microprobe
spectrometer (ISA, T-64000, Jobin-Ivon/Horiba Group,
Tokyo, Japan) at room temperature. The 488 nm line of an
Ar-ion laser with a power of 200 mW was used as the ex-
citation source. An optical microscope was used both to
focus the laser on the sample and to collect its scattered
signal. The scattered frequencies were analyzed using a
triple-monochromator equipped with a charge-coupled de-
vice (CCD) camera. The highest lateral resolution achievable
for the laser beam focused on the sample was about 1�m.
The recorded spectra were analyzed with commercial soft-
ware (SpectraCal, Galactic Industries) and the wavenumber
shifts obtained from the differences between the peak centers
for the calcined powder and the sintered samples.
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y the lattice distortion resulting from Zn–Ta ordering. Wh
he relationship between a high value of the quality factoQ,
nd cation ordering has been extensively studied, the eff
istortion arising from cation ordering has been overloo

In this study, B2O3 was added to BZT ceramics, in ord
o improve their sinterability. The effect of the lattice d
ortion, which is associated with the cation ordering in
a(Zn1/3Ta2/3)O3 system, was investigated using XRD a
aman spectroscopy. The lattice distortion associated
rdering was able to be explained in terms of residual s
n the basis of the observed Raman line shifts. In add

he correlation between the ordering, residual stress an
lectric loss is also discussed.

. Experimental procedure

.1. Specimen preparation

Reagent-grade (purity >99.9%) BaCO3, Ta2O5, ZnO and
2O3 were used as the raw material powders. Stoichiom
mounts of the raw powders were weighed and then m

n deionized water with ZrO2 balls for 12 h. The mixture wa
hen calcined at a temperature of 1100◦C for 2 h. The cal
ined powder was ball milled again with 0–3 wt.% B2O3 in
eionized water with ZrO2 balls for 24 h. After it was dried
inder was added to the powder, which was then presse
isks and sintered at 1100 to 1650◦C for 2 h. Sintering wa
arried out in a platinum crucible and the specimens su
uently allowed to cool in the furnace. The sintered s
. Results

.1. Microstructure

Fig. 1shows the variation of the relative density as a fu
ion of the sintering temperature in the pure and 0.1 w
2O3-added BZT samples; sintering was always perfor

or 2 h. It was very difficult to sinter the pure BZT without a
itives. The relative density of pure BZT reached about
t 1650◦C after a holding time of 2 h. On the other ha

he relative density of the 0.1 wt.% B2O3 added BZT sampl
eached about 97.5% even at 1400◦C, which is attributed t

ig. 1. Densities of the BZT ceramics as a function of the sinte
emperature.
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Fig. 2. SEM micrographs of the BZT–B2O3 ceramics. Part (a) is the pure BZT sample sintered at 1650◦C for 2 h. Parts (b)–(d) are the samples with 0.1 wt.%,
0.3 wt.% and 3 wt.% B2O3, respectively, sintered at 1400◦C for 2 h.

the low melting point of B2O3 (≈420◦C) and to the increase
in the sinterability afforded by the presence of a liquid phase.
The slight decrease in the sinterability at temperatures above
1400◦C is due to pore formation caused by over-firing.

The microstructures of the pure and B2O3-added BZT
samples, sintered at 1650◦C and 1400◦C, respectively, for
2 h are shown inFig. 2. The grain size of the pure BZT sam-
ple sintered at 1650◦C was larger than 20 um, and a porous
microstructure was observed, due to the evaporation of ZnO
during the sintering process (Fig. 2(a)). The grain size of the
B2O3-added BZT sample after sintering at 1400◦C was in the
sub-micrometer range, however, no remarkable variation in
the microstructure depending on the amount of B2O3 added
was found (Fig. 2(b)–(d)). Kawashima et al.4 reported a slow
rate of grain growth between 1350 and 1600◦C and a dra-
matic variation in grain size at temperatures above 1600◦C.
Although the grain growth mechanism was not clarified and
no evidence of liquid phase sintering was given in their report,
Reaney et al.17 observed grain rounding, which is character-
istic of the presence of a liquid phase at the grain boundaries.
Therefore, it is considered that the large grain size of the sam-
ple sintered at 1650◦C is related to the formation of a liquid
phase at high temperature (above 1600◦C).

3.2. XRD

n in
F s
w struc
t g of
Z ec-
t with

1:2 ordering were detected in the pure BZT ceramics sin-
tered at 1650◦C, which could be associated with a transition
in the ordering. On the other hand, the samples sintered at
1400◦C with B2O3 contents of 0.1, 0.3 and 3 wt.% exhib-
ited superstructure reflections from 17.5◦, and the intensity
of the (1 0 0) peak increased with increasing B2O3 content. It
has previously been reported based on the XRD patterns, that
second phases of Ba3B2O6 and TaBO4 exist in the samples
with 0.3 and 3 wt.% B2O3. Therefore, it is assumed that the
addition of B2O3 improved the 1:2 ordering of the BZT ce-
ramics. Further details about the ordering will be discussed
in the next section, in the light of the results of the Raman
analysis.

F T
s nd
3

Fig. 3 shows the XRD patterns of the samples show
ig. 2 in the range of 10–80◦. All of the diffraction peak
ere indexed based on the 1:2 ordered hexagonal super

ure. The (1 0 0) peak, which arises from the 1:2 orderin
n2+ and Ta5+, is known to be one of the strongest refl

ion. However, no superstructure reflections associated
-

ig. 3. X-ray diffraction patterns for the BZT–B2O3 ceramics. (a) Pure BZ
intered at 1650◦C for 2 h; (b)–(d) samples with 0.1 wt.%, 0.3 wt.% a
wt.% B2O3, respectively, sintered at 1400◦C for 2 h.
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Fig. 4. Raman spectra for calcined powder and BZT–B2O3 ceramics. (a)
Calcined powder; (b) pure BZT sintered at 1650◦C for 2 h; (c)–(e) samples
with 0.1 wt.%, 0.3 wt.% and 3 wt.% B2O3, respectively, sintered at 1400◦C
for 2 h.

3.3. Raman spectra

From the viewpoint of the lattice vibration, a BZT crys-
tal with an ideal cubic perovskite structure (space group of
Pm3m symmetry, in which the B-site cations are randomly
distributed) does not show any Raman active mode. How-
ever, a 1:1 ordered perovskite with a space group of Fm3m
symmetry allows for four strong Raman lines:14

Γ = A1g[O] + E2g[O] + 2F2g[A + O], (1)

where the square brackets shows the ions involved in a par-
ticular normal vibration mode. On the other hand, the 1:2
ordered perovskite structure based onP3m1 symmetry gives
nine Raman active modes:15

Γ = 4A1g[A , B′′, O] + 5Eg[A , B′′, O]. (2)

The Raman spectra of the calcined powder and the four
sintered samples described inFig. 2are given inFig. 4. The
strongest Raman line was indexed based on the 1:1 ordered
perovskite with the space group ofFm3m symmetry, in which
another F2g line also existed at around 101 cm−1 (not shown
in this figure). It was expected that the mixed powder calcined
at 1100◦C for 2 h would have a cubic perovskite structure
and, thus, show no Raman lines. However, contrary to our
expectations, four strong and some extra Raman lines were
o er-
e een
t rmer
e red.
R o the

Fig. 5. Parts (a) and (b) are the intensity changes of the three extra Raman
lines and the Raman shifts of the F2g and A1g modes as a function of the
B2O3 content, respectively.

loss of both transitional and inverse symmetries, due to dis-
ordering in the B-site cations. In the case of the pure BZT
sample sintered at 1650◦C for 2 h, the Raman lines of F2g
and A1g, which originate from the tortional vibration modes
of the B-site ions are broadened and move towards a lower
wavenumber, as compared with the Raman lines of the cal-
cined powder. However, the three extra lines in the range
of 150–300 cm−1, which are the characteristic feature of the
1:2 ordered complex perovskite, were not observed. On the
other hand, the Raman lines of F2g and A1g in the samples
sintered at 1400◦C for 2 h with 0.1, 0.3 and 3 wt.% B2O3
contents were sharp and moved towards a higher wavenum-
ber, as compared with those of the calcined powder; also,
the characteristic lines of a 1:2 ordered structure appeared
at around 156, 211 and 260 cm−1. The intensity of the three
extra Raman lines increased with increasing B2O3 content,
as shown inFig. 5(a). As shown inFig. 5(b), the vibrational
modes, F2g and A1g, shifted to a higher wavenumber, i.e.
from 361 to 376.8 cm−1 and from 794.5 to 806.9 cm−1, re-
spectively, with increasing B2O3 content. From the results of
the XRD and Raman analysis, it was concluded that the ad-
bserved. Siny et al.12 showed that no considerable diff
nce in shape, position or intensity can be found betw

he Raman spectra of ceramics and crystal fibers; the fo
xhibiting 1:2 ordering, while the latter remain disorde
aman lines in a disordered structure are attributed t
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dition of B2O3 improved the ordering in the BZT ceramics,
due to the Zn2+ and Ta5+ ions being able to easily rearrange
their position in the B-site, because of the presence of Ba or
Ta vacancies resulting from the formation of Ba3B2O6 and
TaBO4 second phases. It is reasonable to assume that the sam-
ple sintered at 1650◦C for 2 h deviated from the 1:2 ordering,
because no characteristic features of 1:2 ordering were found
in either the XRD pattern or Raman spectra.

4. Discussion

In order to evaluate the relationship between the ordering
and the quality factor, the appearance of superlattice peaks
and the splitting of reflections related to the deviation of
the c/a ratio from the ideal cubic perovskite structure were
investigated.4,6,9 Until recently, no attention was paid to the
quantitative amount of distortion caused by ordering. Our re-
sults show that the shift in the Raman lines towards the left
or right is associated with the ordering. In this section, we
discuss the relationship between the shift of the Raman lines
and the ordering.

If the B′ and B′′ ions in the A(B′
1/3B

′′
2/3)O3 complex per-

ovskites, which normally have a disordered structure, are re-
arranged to from a 1:1 or 1:2 ordered structure, the crystal-
lographic structure is changed from cubic to face-centered
c e of
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used here for measuringΠu from the bulk BZT ceram-
ics. The residual stresses were considered to be equi-triaxial
in the first approximation, and were calculated based on a
hydrostatic (and isotropic) piezo-spectroscopic coefficient,
Πh = 3Πu.

The wavenumber used as the standard value for zero ex-
ternal stress was obtained by averaging about 50 spectra col-
lected for a mixed powder calcined at 1100◦C for 2 h. Al-
though it is difficult to conclude that the calcined powder
has a completely disordered structure, it would be a mistake
to affirm that the wavenumber obtained from the calcined
powder represents the standard value for stress-free condi-
tions, because of the low calcined temperature and short
sintering time. The stress dependence of the Raman band
of F2g and A1g was calibrated using the bulk BZT ceram-
ics. A specially designed jig was used to apply an uniax-
ial compressive stress field to a specimen with dimensions
of 2 mm× 3 mm× 1 mm. A compressive load well below
the fracture stress threshold of the calibration specimen was
applied and its magnitude could be precisely estimated by
means of standard equations. Further details of the stress cal-
ibration procedure using the four-point bending method are
given elsewhere.18 The entire jig was placed under the opti-
cal microscope situated in the Raman microprobe device, and
the Raman lines were recorded, while increasing the exter-
nal compressive stress. The stress dependence of the Fand
A y.
T
A
r
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ubic in the case of 1:1 ordering or trigonal in the cas
:2 ordering. During this process, lattice distortion ass
ted with ordering is produced, and it is this lattice distor

hat is the origin of the shift in the Raman lines. This s
n the Raman lines can be explained in terms of the res
tress.

In a first-order approximation for a single-crystal wh
rincipal applied stresses are exactly oriented along the

alline axes, the stress dependence of a Raman band po
s governed by the following tensorial expression:

ν = Πijσij (3)

here�ν is the wavenumber shift,σij the stress tensor, a
ij is the matrix of the piezo-spectroscopic (PS) coefficie
owever, in the case of polycrystalline samples with a
omly oriented stress tensor, Eq.(3) can only be applied wit
tatistical significance, provided that a statistically mean
ul number of microcrystals are probed during the meas
ent. The measured frequency shift,〈�ν〉, usually obeys

inear relationship with the applied stress, independent o
ature of the stress:

�ν〉 = Πtr〈σ〉 (4)

hereΠ tr is the trace of the PS tensor and〈�〉 is the av-
rage stress value. When applying simple uniaxial s

o a polycrystalline body, the uniaxial piezo-spectrosc
oefficient,Πu (≡Π tr), can be calculated from the pea
hift measurements using the phenomenological relatio
cribed by Eq.(4). This was the experimental proced
2g

1g Raman lines are shown inFig. 6(a) and (b), respectivel
he uniaxial piezo-spectroscopic coefficients for the F2g and
1g lines wereΠu = 8.57± 0.2 and 7.43± 0.2 cm−1 GPa−1,

espectively.
Fig. 7 shows the stress caused by the lattice disto

or the samples without B2O3 sintered at 1650◦C and thos
ith 0.1, 0.3 and 3 wt.% B2O3 sintered at 1400◦C, where

he stress was obtained by scanning a 100�m× 100�m
rea with a step size of 2�m and averaging the appro
ately 2500 spectra collected for each sample (laser

ize≈1�m). The stress was always compressive in na
n the pure BZT sample sintered at 1650◦C without B2O3:
pproximately 219 MPa for the F2g mode and 478 MPa fo

he A1g mode, while there was also tensile stress (maxim
alue of 140 MPa for the F2g mode and 339 MPa for th
1g mode) in the samples with B2O3 sintered at 1400◦C.
he stress increased with increasing B2O3 content. From th
iewpoint of the crystallographic structure, it is reason
o conclude that compressive or tensile stress is prod
hen the crystallographic structure changes from cub

ace-centered cubic in the case of 1:1 ordering or trig
n the case of 1:2 ordering, respectively. Therefore, it
oncluded from the XRD results and the shift in the
an lines (c.f.Figs. 3, 5 and 7) that the 1:2 ordering wa

eplaced by 1:1 ordering in the sample sintered at 1650◦C for
h.
Fig. 8 illustrates the intensity changes in the F2g and A1g

odes resulting from the addition of B2O3 as a function of th
egree of dielectric loss (Q × f). In this figure, 0, 0.1, 0.3 an
indicate the wt% of B2O3. The maximum value ofQ × f



1390 C.J. Lee et al. / Journal of the European Ceramic Society 26 (2006) 1385–1391

Fig. 6. Parts (a) and (b) are the stress dependence of the Raman lines of the
F2g and A1g modes, respectively.

was observed in the 1:1 ordered pure BZT sample without
B2O3 sintered at 1650◦C. The value ofQ × f decreased as
the degree of 1:2 ordering increased. Based on the results,
it can be concluded that the increasedQ × f value cannot
be explained simply in terms of the 1:2 ordering. Davies et
al.10 reported that the improvement in theQ values in the 1:1
ordered Ba(Zn1/3Ta2/3)O3–BaZrO3 system is caused by the

Fig. 7. Residual stress caused by lattice distortion as a function of the B2O3

content, as analyzed using the F2g and A1g modes.

Fig. 8. Intensity changes of the F2g and A1g modes as a function of theQ × f
value.

stabilization of antiphase boundaries with a random layer. It
is believed that in the present system too, the highQ × f value
can be attributed to the variation of the antiphase boundary,
resulting from the replacement of the 1:2 ordering by 1:1
ordering, while the decrease in theQ × f value with increasing
degree of 1:2 ordering can be attributed to the presence of a
liquid phase whose amount increased with increasing B2O3
content.

5. Conclusion

The ordering and lattice distortion related to cation order-
ing in the Ba(Zn1/3Ta2/3)O3–B2O3 system were investigated
using XRD and Raman spectroscopy. The 1:2 ordered struc-
ture of the pure BZT ceramic was replaced by a 1:1 ordered
structure at 1650◦C. The addition of B2O3 improved the or-
dering in the BZT ceramics. The degree of 1:2 ordering in-
creased with increasing B2O3 content. The Raman lines of the
1:1 ordered structure were shifted towards lower wavenum-
bers, as compared to those of the disordered structure. Thus,
it was concluded that the 1:1 ordered ceramics were subjected
to compressive residual stress. In the case of the 1:2 ordered
structure, the Raman lines shifted towards higher wavenum-
bers, thus indicating that the lattice was subjected to tensile
residual stress. The maximumQ × f value was obtained for
t d at
1
c truc-
t

A

ation
G rtial
s of
T

he 1:1 ordered structure of the BZT ceramics sintere
650◦C. The value ofQ × f decreased with increasing B2O3
ontent, in spite of the presence of a highly ordered 1:2 s
ure.
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