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Abstract

The influence of Sr substitution for Ba on the microwave dielectric properties and crystal structure of the Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5

ceramics was studied. However, it was found that the limit of the solid solution was approximatelyx= 0.4 from the XRPD patterns. In the
single phase region, the sintering temperature dependence of the microwave dielectric properties of the solid solutions was investigated. The
dielectric constants of the solid solutions were approximately 18 in the sintering temperature range of 1150–1250◦ C, whereas theQf values
of the solid solutions strongly depended on the compositionx. TheQf values of the solid solution decreased with an increase in composition
x; the differences in theQf values were attributed to the morphological changes in the samples which arose from the Sr substitution for Ba.
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owever, theQf value of approximately 65,000 GHz was obtained atx= 0 in the sintering temperatures ranging from 1150 to 1250C. The
emperature coefficient of resonant frequency (τ f) of the solid solutions varied from negative to positive values, ranging from−6 to 7 ppm/◦C
ith the Sr substitution for Ba; a near zeroτ f value was obtained atx= 0.05; a small amount of Sr substitution for Ba was substantially effe

n improving theτ f values of the solid solutions.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

In recent years, microwave dielectric resonators have been
sed extensively in the area of wireless communication sys-

ems. For the dielectric resonator applications, there are three
ain requirements. First, the quality factor (Qf) should be
igh. Second, the low dielectric constant (�r) is required at

he range of the high frequency and the low dielectric constant
hould be low because the size of resonator is inversely pro-
ortional to the squire root of its dielectric constant. Third, the

emperature coefficient of the resonant frequency (τf) should
e near zero (a few ppm/◦C). However, it is difficult to satisfy

he three requirements of the microwave dielectric properties
n one material. Most studies of the microwave dielectric
roperties have focused in particular on the complex per-
vskite materials such as Ba(Mg, Ta)O3 Ba(Zn, Ta)O3 and
a(Zr, Zn, Ta)O3

1–3 although the development of a variety
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of microwave dielectric materials which possess the ap
priate dielectric properties is necessary for the comme
applications such as the resonator and filter. The Y2BaCuO5
compound, i.e., green phase, and the solutions are know
insulator phase in the area of the high-temperature supe
ductors; Michel and Raveau4 and Watanabe et al.5 reported
the crystal structure and the microwave dielectric prope
of the Y2Ba(Cu1−xZnx)O5 solid solutions as a new high-Q
material. The crystal structure of Y2BaCuO5 compound is
known to be a orthorhombic phase with a space grou
Pnma(no. 62) and is composed three types polyhedra w
are Y2O11, BaO11 and CuO5 polyhedra.4 The Y2O11 polyhe-
dron is consist of the Y(1)O7 and Y(2)O7 polyhedra, sharin
the common edge and face of Y(1)O7 and Y(2)O7 polyhedra
to form the Y2O11 polyhedron. Moreover, the pentagonal
of Ba2+ ion has a eleven coordinates; the Cu2+ ion is located
at the bottom of the CuO5 pyramid.

In the case of Sm2Ba(Cu0.5Zn0.5)O5 ceramics6 a nea
zero τf value is required for the commercial appli
tions as mentioned above, though theQf value of approx
955-2219/$ – see front matter © 2005 Elsevier Ltd. All rights reserved.
oi:10.1016/j.jeurceramsoc.2005.03.214
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imately 65,000 GHz and appropriate temperature coeffi-
cient of resonant frequency of−6.7 ppm/◦C have been ob-
tained. Thus, in order to obtain the near zeroτf value, the
Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics were synthesized
and then the microwave dielectric properties and the crys-
tal structure of the solid solutions were investigated in this
study.

2. Experimental method

Ceramic pellets such as the Sm2(Ba1−xSrx)-
(Cu0.5Zn0.5)O5 ceramics were prepared via the solid-
state reaction method, using Sm2O3, BaCO3, SrCO3,
CuO and ZnO powders with high purity (>99.9%). These
materials were weighed on the basis of stoichiometric
composition of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics
in the composition ranging from 0 to 0.8. The powders
were mixed with acetone and calcined at a temperature of
850◦C for 20 h in air. The calcined powders were crushed
and ground with an organic binder (polyvinyl alcohol).
The ground powders were pressed into a pellet of 12 mm
in diameter and 7 mm thick under a pressure of 100 MPa.
Subsequently, the pellets were sintered in the temperature
range of 1050–1250◦C for 2 h in air. The sintering temper-
atures of each composition were determined by using the
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Fig. 1. XRPD pattern of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 (x= 0–0.6) ceramics
at 1100◦C for 2 h.

0.4 are due to the differences in the ionic radii of the Sr2+

and Ba2+ ions. The results of XRPD analysis suggest that
the limit of the solid solution is approximatelyx= 0.4; the
Sr substitution for Ba leads to the decrease in the lattice pa-
rameters of the solid solutions. Thus, in order to clarify the
effect of Sr substitution for Ba on the crystal structure of
Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics, the lattice param-
eters and unit cell volumes of the ceramics were refined in
terms of the Rietveld analysis; the results obtained in this
study are shown inFig. 2as a function of compositionx. As
for the reliability factors of the Rietveld analysis performed in
this study, the reliability factor of weighted pattern (Rwp), the
reliability factor of pattern (Rp) and the goodness of fit indica-
tor (S) ranged of 3.38–4.07%, 2.66–3.05% and 1.27–1.60, re-
spectively; thus, the refined crystal structure parameters were
obtained.

The lattice parameters,a andb, in the single phase region
(0� x� 0.4) linearly decreased, depending on the compo-
sition x, whereas the variation in lattice parameter,c, was
independent of the compositionx as shown inFig. 2. Thus,
it was found that the Sr substitution for Ba exerted an influ-
ence on the decreases in the lattice parameters,a andb. The
lattice parameters of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 (x= 0.5)
ceramic, however, exhibited the similar values to those at
x= 0.4. Such variations in the lattice parameters imply that
t
t ttice
ifferential thermal analysis (DTA) and thermogravime
TG). The sintered pellets were polished and anneale

temperature of 850◦C for 2 h in air. The phases of t
ynthesized materials were identified in terms of the X
owder diffraction (XRPD), using the Cu K� radiation
ltered through the Ni foil. The crystal structure and lat
arameters of the samples were refined using the Rie
nalysis program, i.e., RIETAN,7 and the atomic distanc
f the polyhedra were determined. The dielectric cons
ndQf values at TE011 mode were evaluated by using
akki and Coleman method;8 the temperature coefficie
f resonant frequency was determined from the reso

requencies at the two temperatures of 20 and 80◦C. The
icrostructure of the samples was investigated by usin

eld emission scanning electron microscopy (FE-SEM)
nergy dispersive X-ray analysis (EDX).

. Results and discussion

The XRPD patterns of the Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5
eramics sintered at 1100◦C for 2 h in air are shown inFig. 1;
n the composition range of 0–0.4, the single phase which
esponded to the orthorhombic phase was obtained, wh
he formation of four phases, i.e., Sm2O3, Sr0.75CuO2, ZnO
nd unknown phase, was recognized in these profiles o
ompositionx higher thanx= 0.4. Moreover, the Sr subs
ution for Ba takes place the peak shifts toward the hi
θ values with increasing the compositionx; such the pea
hifts of the profiles at the composition range of 0� x�
he indicate of solid solutions is approximatelyx= 0.4. Al-
hough the influences of Sr substitution for Ba on the la
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Fig. 2. Effect of Sr substitution for Ba on lattice parameters and unit cell
volume of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics sintered at 1100◦C for
2 h in air.

parameters and unit cell volume were clarified, the interre-
lationships between the variations in the atomic distances of
polyhedra and the Sr substitution for Ba have not been eval-
uated. Thus, the atomic distances of polyhedra were deter-
mined on the basis of refined crystal parameters. In the green
phase-type crystal structure, the crystal structure is composed
of three-types polyhedra, i.e., Sm2O11, AO11 (A = Ba and
Sr) and MO5 (M = Cu and Zn), respectively. The remarkable
variations in the atomic distances of AO11 were observed in

Table 1
Atomic distances of AO11 (A = Ba and/or Sr) polyhedron

Atomic distances (̊A) x= 0 x= 0.4

A-O1 3.08 2.34
A-O2 2.98 2.96
A-O3 2.89 2.88
A-O′1 3.26 3.83
A-O′2 3.11 3.15
A-O′3 2.52 2.61
O1-O1 2.70 1.30
O2-O2 2.97 2.98
O′l-O′l 3.08 4.46
O′2-O′2 2.82 2.78

comparison with those of the Sm2O11 and MO5 polyhedra;
the results are shown inFig. 3andTable 1, respectively. The
atomic distances, such as O1-O1and O′2-O′2, in the AO11
polyhedra were decreased by the Sr substitution for Ba, re-
sulting in the decrease in the volume of AO11 polyhedra.
Thus, the decreases in the lattice parameters and unit cell
volumes of the solid solutions as mentioned above are re-
lated to the variations in the atomic distances in the AO11

F on of
S

Fig. 3. Variations in atomic distances in AO11 polyhedron of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics caused by Sr substitution for Ba.
ig. 4. Relationship between the apparent density and compositi
m2(Ba1−xSrx)(Cu0.5Zn0.5)O5 (x= 0–0.4) ceramics.
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Fig. 5. Sintering temperature dependence of dielectric constant (εr ) and
quality factor (Qf) of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 (x= 0–0.4) ceramics.

Fig. 6. FE-SEM photographs of Sm2BaCu0.5Zn0.5O5 ceramics sintered a

polyhedra which depend on the differences in the ionic radii
of Ba2+ and Sr2+ ions.

The effect of sintering temperature on the apparent den-
sity of the Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 solid solutions in
the composition range of 0–0.4 is shown inFig. 4. The ap-
parent density of the sintered sample atx= 0 was approxi-
mately 6.53 g/cm3; and this value corresponds to 88.38% of
the theoretical value of the sample obtained at the sintering
temperature of 1100◦C. With increasing the compositionx
from 0 to 0.4, the saturation value of the apparent densities
shifted toward the lower sintering temperatures; the Sr substi-
tution for Ba enables the Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 solid
solution to reach its maximum density at a low sintering tem-
perature. The sintering temperature dependence of dielectric
constant and theQf values of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5
solid solutions (0� x� 0.4) is shown inFig. 5(a and b), re-
spectively. The dielectric constants of the samples saturated
in the apparent densities were approximately 18; the remark-
able differences in the dielectric constants which depended
on the compositionxwere not recognized. Thus, it is consid-
ered that the sintering temperature dependence of the dielec-
tric constant of the solid solutions is strongly effected by the
variations in the apparent density. TheQf values of the solid
solution atx= 0 increased with increasing the sintering tem-
peratures from 1050 to 1175◦C, and then the saturation value
of approximately 60,000 GHz was obtained in the tempera-
t
o ples
b rt an
i
Q ering
t sition
x
u GHz
t (a) 1100◦C, (b) 1150◦C, (c) 1200◦C and (d) 1225◦C for 2 h in air.

ure range of 1175–1250◦C. Such an increase in theQfvalue
f thex= 0 samples is due to the grain growth of the sam
ecause it is generally known that the grain growth exe

nfluence on the improvement inQf value.9,10 However, the
f values of the solid solutions sintered at the same sint

emperature were decreased with increasing the compo
; in the case of sintering temperature of 1125◦C, theQf val-
es of the solid solutions decreased from 35,804 to 1617
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Fig. 7. Microstructures of Sm2(Ba0.95Sr0.05)(Cu0.5Zn0.5)O5 ceramics (x= 0–0.4) sintered at 1225◦C for 2 h in air.

in the composition range of 0–0.4. Such a variation in theQf
values of the solid solutions may relate with the morpho-
logical changes in the samples. Thus, the microstructures of
the samples were investigated by using the FE-SEM.Fig. 6

F
(

shows the microstructure of the samples (x= 0–0.4) sintered
at 1225◦C for 10 h in air. The morphological changes in the
samples withx= 0 caused by the differences in the sintering
temperature were investigated by using FE-SEM; the results
were shown inFig. 6. The change in the grain size of the solid
solution can be seen in the FE-SEM micrographs when in-
creasing the sintering temperature. Thus, it is considered that
the improvement inQfwhich depend on the sintering time is
attributed to the grain growth of the samples. As for the mi-
crostructure of the samples with different compositions, with
increasing the compositionx from 0 to 0.4 the decrease in the
grain size of the samples was observed as shown inFig. 7;
this result may be due to the instability of phase. Thus, the de-
crease in theQf value of the samples which depends on com-
ig. 8. FE-SEM photographs and EDX result of Sm2(Ba0.95Sr0.05)
Cu0.5Zn0.5)O5 ceramics sintered at 1250◦C for 2 h in air.

F nant
f
2

ig. 9. Effect of Sr substitution for Ba on temperature coefficient of reso
requency of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 ceramics sintered at 1200◦C for
h in air.
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positionx may relate to the morphological changes in the
samples. At the sintering temperatures >1175◦C for x= 0,
0.025 and 0.05 samples, theQf values of samples atx= 0
were approximately constant, whereas those of the samples
atx= 0.025 and 0.05 decreased at the sintering temperature of
1250◦C in comparison with those sintered in the temperature
range of 1175–1225◦C. This result was examined in terms of
FE-SEM and EDX analysis; the microstructure of the sam-
ples (x= 0.05) sintered at 1250◦C were investigated in order
to clarify the relationship between the microstructure andQf
values. The EDX results of thex= 0 sample showed that the
grain of the elements of sample had a stoichiometric composi-
tion of Sm2Ba(Cu0.5Zn0.5)O5 compound. On the other hand,
the microstructure of the sample (x= 0.05) showed the pres-
ence of a secondary phase at the grain boundary as shown in
Fig. 8(a); from EDX analysis, the secondary phase was found
to be a zinc rich phase (Fig. 8(b)). Thus, the decrease in the
Qfvalue of sample (x= 0.05) sintered at 1250◦C is due to the
secondary phase which arises from the decomposition of the
Sm2(Ba0.95Sr0.05)(Cu0.5Zn0.5)O5 compound. The variations
in τf values of Sm2(Ba1−xSrx)(Cu0.5Zn0.5)O5 solid solutions
in the composition range of 0–0.1 were shown inFig. 9; the
τf values varied from−5 to 6 ppm/◦C. As a result, a near zero
τf value was obtained atx= 0.05, and it was clarified that the
Sr substitution for Ba is effective in improving theτf values
of the solid solutions.
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Moreover, the crystal structure analysis in terms of the Ri-
etveld analysis revealed that the atomic distances in the AO11
(A = Ba, Sr) polyhedra were decreased by the Sr substitution
for Ba; such decreases in the atomic distances in the polyhe-
dra led to the decrease in the lattice parameters. As for the
microwave dielectric properties, the significant variations in
the dielectric constant which depended on the composition
x were not recognized in the sintering temperature range of
1175–1250◦C; these values were approximately 18. TheQf
values of the solid solutions extremely decreased from 60,000
to 10,000 GHz with increasing the compositionx; this result
was due to the morphological change in the samples caused
by the Sr substitution for Ba. Theτf values varied from−6
to 7 ppm/◦C, depending on the compositionxand then a near
zeroτf value was obtained atx= 0.05.
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