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Abstract

The effects of Sr substitution for Ba in Smy(Ba;_,Sr,)ZnOs solid solutions on the crystal structure and microwave dielectric
properties were investigated in this study. The €, values of Smy(Ba;_,Sr,)ZnOs are slightly increased with increasing x in the range
0<x<0.1, and the Q-f values are extremely decreased from 35505 to 8522 GHz. The variations in the Q-f values may depend on
the differences in the crystal structure because a single phase of Sm,(Ba;_,Sr,)ZnOs with tetragonal structure was produced for
x>=0.1 compositions instead of an orthorhombic structure. The highest Q-f value in Sm,(Ba;_,Sr,)ZnO5 with a tetragonal structure
was 19283 GHz at x=1. The increase in the Q-f values of samples with x>0.1 were attributed to the grain growth induced by the
Sr substitution for Ba. In the sample at x =1 many microcracks were observed. In order to remove these cracks, Co was substituted

for Zn in Sm,SrZnOs, which improved the Q-f values.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Several kinds of dielectric materials are used for
microwave applications. The continued development of
wireless communication technologies will rely upon the
identification of new microwave dielectric materials with
enhanced quality factor (Q-f), a suitable dielectric con-
stant (e.) and the zero temperature coefficient of reso-
nant frequency (t,). Most studies to date of microwave
dielectric properties have focused in particular on the
complex perovskite materials, such as Ba(Mg;;3Tay3)-
03, Ba(Zn1/3Taz/3)O3 and Ba[ZrX(Zn1/3Ta2/3)1_X]O3.'*3
The development of new compositions with better
dielectric properties is now required for the microwave
applications. Watanabe et al. reported a new non-per-
ovskite material with an excellent Q-f value, higher than
100,000GHz, in the Y,03-BaO-CuO-ZnO system.*
Then, near-zero 1, values and relatively high Q-f values
in Sm,05-Ba0O-ZnO system were also reported.> How-
ever, the effects on microwave dielectric properties of Sr
substitution for Ba in Sm,BaZnOs; have not been
reported, and it is important to clarify the relationships
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between microwave dielectric properties and crystal
structure. Thus, Sm»(Ba;_,Sr,)ZnOs compositions were
synthesized; the microwave dielectric properties and
crystal structure studied. In addition, the effects of Co
substitution for Zn on the microwave dielectric properties
and microcracks in Sm,SrZnO5 were also investigated.

2. Experimental

Smy(Ba;_,Sr,)ZnOs (x=0-1) and Sm,Sr(Zn,_,Co,)Os
(»=0-0.1) were prepared via the solid-state reaction
method, using high-purity (>99.9%) Sm,0;, BaCOs,
SrCO3 ZnO and CoO powders as the starting materials.
In this study, the stoichiometric proportions of these
powders were weighed, mixed in the mortar with
acetone and calcined at 1050 °C for 20 h in air. After
calcining, the powders were re-ground with an organic
binder (polyvinyl alcohol), and then uniaxially pressed
under the pressure of 100 MPa into pellets which were
12 mm in diameter and 6 mm in thickness. These pellets
were sintered at various temperatures from 1200 to
1310 °C for 10 h in air, and then the sintered pellets
were polished and subsequently annealed at 850 °C for 2
h in order to remove any strain. The phases of the syn-
thesized materials were identified by X-ray diffraction
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(XRD), using Cuk, filtered through Ni foil. The lattice
parameters and crystal structures of these oxides were
refined by using the Rietveld analysis.®” The microwave
dielectric properties were measured by Hakki and
Coleman’s method.® The morphological changes in
these samples were investigated by means of field
emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray (EDX) analysis.

3. Results and discussion

The XRD profiles of Sm,(Ba;_,Sr,)ZnOs series are
shown in Fig. 1. The structure of Sm,BaZnOs is
orthorhombic, a single phase of Smy(Ba;_,Sr,)ZnOs
with tetragonal structure is produced for x>=0.1. In
addition, this structure has the same crystallography as
the Nd,BaZnOs reported by Taibi et al.” The orthor-
hombic and tetragonal phases coexist at lower levels of
the Sr substitution (0 <x<0.1) in Smy(Ba;_,Sr,)ZnOs.
Moreover, the peak positions of the XRD profiles in the
compositions ranging from 0.1 to 1 is shifted to higher
26 angles with the Sr substitution for Ba. Systematic
shifts of the peaks to the higher 26 angles indicate
a decrease in the lattice parameters with increasing
the composition x. In order to clarify the influence
of the ionic radii difference between Ba and Sr on the
crystal structure, the lattice parameters of the
Sm,(Ba;_,Sr,)ZnOs compounds were determined; the
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Fig. 1. XRD patterns of Smy(Ba;_,Sr,)ZnOs ceramics.

results are shown in Fig. 2. The reliability factor of
weighed patterns (R.p), the reliability factor of the
pattern (R,) and goodness of fit indicator (s) range from
4.43 to 6.92%, 3.29 to 4.91% and 1.32 to 1.74, respec-
tively. The lattice parameters of the Sm»(Ba;_,Sr,)ZnOs
with the tetragonal structure remain almost constant in
the compositions ranging from 0.05 to 0.1. On the other
hand, the lattice parameters of the samples for which
x>0.1 linearly decrease with the increasing composition
x. From these results, the decreases of the lattice para-
meter are attributed to the decreases of volume in the
MO,y (M=Ba and/or Sr) polyhedra induced by the
differences of ionic radii between Ba and Sr, because the
ionic radius of Sr2* (1.36 A) is smaller than that of
Ba2* (1.52A) when the coordination number is ten.!?
Therefore, the interatomic distances in MO polyhedra,
such as M-O(1) and M—0O(2), were determined in order
to clarify the interrelationships between the variations in
the lattice parameters and the Sr substitution for
Ba. The decreases of interatomic distances, M—O(1) and
M-0O(2), in the MO;, polyhedra are recognized as
shown in Fig. 3. Since the variation in the interatomic
distances of MO polyhedra as described above agrees
with the results of those in the lattice parameters of the
samples, the variation in the lattice parameters are con-
sidered to be caused by the variation in the interatomic
distances of MO, polyhedra.

The microwave dielectric properties of the
Sm,(Ba;_,Sr,)ZnOs are listed in Table 1. The €, values
of the Sm,(Ba;_,Sr,)Zn0Os5 are slightly increased in the
compositions ranging from 0 to 0.1, while these Q-f
values are extremely decreased from 35505 to 8522
GHz. Thus, the variations in Q-f values of the
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Fig. 2. Lattice parameters and unit cell volumes of
Sm,(Ba;_,Sr,)ZnOs ceramics as a function of composition x.
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Smy(Ba;_,Sr,)ZnOs (0<x<0.1), which were very
sensitive to the Sr substitution for Ba, were considered
to depend on the differences in the crystal structure
between an orthorhombic and tetragonal structures as
mentioned above. In addition, the remarkable decreases
in the Q-f values may depend on the instability of the
crystal structure induced by the Sr substitution for Ba,
because the valence of Ba and Sr ions at x=0.1
obtained by bond valence sum!! are remarkably differ-
ent from that of Ba ions at x=0 as listed in Table 2.
Moreover, the difference of the atomic valence between
Ba and Sr ions at x=0.1 is remarkable, suggesting that
the instability of the crystal structure is induced by Sr
substitution for Ba. Therefore, the decrease of Q-f
values in the compositions ranging from 0 to 0.1 may be
attributed to the relative instability of the tetragonal
crystal structure in Smy(Ba;_,Sr,)ZnOs due to the
difference of the atomic valence between Ba and Sr. The
T, values of the Smy(Ba,_,Sr)ZnOs (x>0.1) decrease
with increasing x. In these samples, it is possible to
obtain a low 1, by controlling the amounts of Sr sub-
stitution for Ba. The near-zero 1, value of 2.6 ppm/°C
was obtained at x=0.85. Moreover, the Q-f values of
the Smy(Ba;_,Sr,)ZnOs increased from 8522 to 19283
GHz in the compositions ranging from 0.1 to 1. As a

Table 1
Dielectric properties of Smy(Ba;_,Sr,)ZnOs ceramics-
RY f € Qf T
(GHz) (GHz) (ppm/°C)
0 9.479 18.5 35505 —6.4
0.05 8.609 22.1 10053 30.3
0.1 8.424 23.0 8522 36.1
0.25 8.167 24.3 8671 30.2
0.5 8.097 253 10074 29.6
0.75 8.171 25.1 11904 18.0
0.85 8.193 24.4 12132 2.6
0.9 8.229 24.5 14950 —35.5
0.95 8.204 24.6 18 694 —81.5
1 8.134 24.1 19283 —97.1

x, Composition; f, resonant frequency; ¢,, dielectric constant; Q-f,
quality factor; 7, temperature coefficient of resonant frequency.

Table 2

Atomic valence of Smy(Ba;_,Sr,)ZnOs at x=0, 0.15 and 1

Composition Crystal structure Atoms Valence

x=0 Orthorhoinbic Sm(1) 3.08
Sm(2) 2.90
Ba 1.76
Zn 1.80

x=0.1 Tetragonal Sm 2.70
Ba 1.89
Sr 1.18
Zn 2.53

x=1 Tetragonal Sm 2.70
Sr 1.51
Zn 2.42

result, the highest Q-f value in Sm»(Ba;_,Sr,)ZnOs with
tetragonal structure was 19283 GHz at x=1. In
general, the Q-f values are known to be affected by the
concentration of defects, impurities, grain size and por-
osity, and that the large grain size of ceramics results in
low dielectric loss materials.'>!3> Consequently, the
microstructure of the samples was observed by using
FE-SEM; Fig. 4 shows the surface micrographs of the
Sm,(Ba;_,Sr,)ZnOs at x=0.1 and 1, respectively. The
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Fig. 3. Atomic distances of MO, (M =Ba and Sr) polyhedra as a
function of composition x.
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Fig. 4. FE-SEM micrographs of Sm,(Ba;_,Sr,)ZnOs ceramics at
x=0.1and 1.
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low-Q-f value of the sample for which x=0.1 has the
small grain size, whereas grains growth are sufficiently
observed for samples with the composition x= 1. These
results suggest that the increase in Q-f values of
Sm,(Ba;_,Sr,)ZnOs may be attributed to the grain
growth of the samples caused by the Sr substitution for
Ba.

On the other hand, the formation of microcracks were
observed in the sample at x=1, and this was considered
to be closely related to the deterioration of Q-f values.'
Thus, Sm,Sr(Zn;_,Co,)Os samples were synthesized
because the ionic radius of Co (0.58A) is close to that of
Zn (0.6A),1° and the effects of the Co substitution for
Zn on the microwave dielectric properties and micro-
cracks were investigated. The XRD results of the
Sm,Sr(Zn;_,Co,)Os showed a single phase in the
composition range from 0 to 0.025. In addition, crack-
free samples were obtained with small amounts of
the Co substitution (y>=>0.01). The Q.f values of
Sm,Sr(Zn;_,Co,)Os samples are increased with Co
substitution up to y=0.01, where the highest Q-f value
of 22301 GHz was obtained, suggesting that a small
amount of Co substitution for Zn is effective in
eliminating microcracks in this system and improving
Q-f values.

4. Conclusion

Sm»(Ba,_,Sr,)ZnOs solid solutions were synthesized
by the solid-state reaction method, and the crystal
structure and microwave dielectric properties of these
compounds were evaluated in this study. While
Sm,BaZnOs is orthorhombic, it is clear from XRD
results that these compounds showed the presence of
Sm,(Ba;_,Sr,)ZnOs with a tetragonal structure for
x>=0. The lattice parameters, a and ¢, of samples
linearly decrease with increasing composition x; the
variations in these are considered to be closely related to
the differences in the ionic radii of Sr and Ba. As for the
microwave dielectric properties, the Q-f and 1, values
are significantly changed by small amounts of Sr
substitution (0<x<0.1), which were attributed to the
difference between the orthorhombic and tetragonal

structures. The increases in the Q-f values in the
compositions ranging from 0.1 to 1 may be attributed to
the grain growth of the samples induced by the Sr
substitution. In addition, the Co substitution for Zn in
Sm,Sr(Zn,_,Co,)Os is effective in eliminating micro-
cracks and improving Q-f values in this system.
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