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Abstract

The effects of the Ta substitution for Nb and the Dy substitution for Ce on the microwave dielectric properties and crystal structure
of (Ce1−yDyy)(Nb1−xTax)TiO6 ceramics were investigated in this study. In the case of the Ta substitution for Nb in the CeNbTiO6 ce-
ramic, a single phase of aeschynite-type structure was obtained over the whole composition range. On the other hand, the XRPD patterns
of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics with the compositiony ranging from 0 to 0.625 show a single phase which corresponds to the
aeschynite-type structure, whereas those of the samples at the composition higher thany= 0.85 exhibit the euxenite-type structure. In the
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omposition range of 0.65–0.85, the phase transition took place; the aeschynite and euxenite phases coexisted. The dielectric
Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics decreased from 44.5 to 15.9, while the quality factor increased from 13,398 to 31,753 GHz wit
ubstitution for Ce. The temperature coefficient of resonant frequency of the ceramics varied from 79.8 to−42.9 ppm/◦C; a near zero temper
ure coefficient of resonant frequency results in the composition ofy= 0.75 with a dielectric constant of 30.9 andQfvalue of 23,708 GHz. Thes
ariations in the microwave dielectric properties of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics are attributed to the phase transition of cera
rom aeschynite-type structure to euxenite-type structure.

2005 Elsevier Ltd. All rights reserved.
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. Introduction

The microwave dielectric ceramics for the application as
resonator must have a high dielectric constant (εr), a high

uality factor (Qf) and a near zero temperature coefficient of
esonant frequency (τf ). Recently, the microwave dielectric
roperties of CeNbTiO6 ceramic which has an aeschynite-

ype structure1 were reported to have aεr of 54, aQf value of
530 GHz andτf value of 67 ppm/◦C2; the dielectric constant
f the ceramic is comparable to that of Ba2Ti9O20 ceramic3

hich is widely used for the dielectric resonator in the base
tation. However, since theQf value of CeNbTiO6 ceramic is
ower than that of Ba2Ti9O20 ceramic, an improvement in the
f value of CeNbTiO6 ceramic is required for a commercial
pplication. Moreover, theτf value of CeNbTiO6 ceramic has
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been reported to possess a large positive value2; the improve
ment inτf value is also required. Thus, in order to impr
these dielectric properties, the influence of Ta substitu
for Nb and Dy substitution for Ce on the microwave die
tric properties and crystal structure of CeNbTiO6 ceramic ha
been investigated in this study. Moreover, the relationshi
tween the structural phase transition and microwave di
tric properties of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics wa
also investigated by using the Rietveld analysis4,5 because
was known that the crystal structure of CeNbTiO6 ceramic
had the aeschynite-type structure, whereas the DyNbTiO6 ce-
ramic had the euxenite-type structure1; the details on thes
relationships have not been clarified to date.

2. Experimental

High purity (≥99.9%) CeO2, Dy2O3, Nb2O5, Ta2O5 and
TiO2 powders weighed on the basis of the stoichiome
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composition, i.e., (Ce1−yDyy)(Nb1−xTax)TiO6, were mixed
with acetone and calcined at 1250◦C for 6 h in air by the con-
ventional solid-state reaction method. These calcined pow-
ders were crushed and ground with polyvinyl alcohol, and
then formed into pellets of 12 mm in diameter and 7 mm thick
under a pressure of 100 MPa. These pellets were sintered
at the various temperatures ranging from 1350 to 1500◦C
for 10 h in air with heating and cooling rates of 5◦C/min.
Subsequently, these pellets were polished and annealed at
850◦C for 2 h in air. The phases of the sintered speci-
mens were identified by using the X-ray powder diffraction
(XRPD); the crystal structures of the ceramics were refined
in terms of the Rietveld analysis. Phase composition anal-
ysis and morphology microanalysis of the sintered samples
were investigated by using a field emission scanning electron
microscopy (FE-SEM) and energy-dispersive X-ray (EDX)
spectroscopy. The microwave dielectric properties (εr and
Qf) in the frequency range of 5.4–10.1 GHz were examined
by the Hakki and Coleman method.6 The temperature coef-
ficient of resonant frequency of the sample was determined
from the resonant frequency at the two temperatures of 20
and 80◦C.

3. Results and discussion

c 0
n sition
r Nb
o e
l tveld
a f
c r on
t
e s the
l ari-
a e
T lat-
t
c aria-
t hich
c

ave
d e
l lu-
t
s sub-
s s of
r 91.8
t to
t
v
c ctric
p was
p he

Fig. 1. XRPD patterns of Ce(Nb1−xTax)TiO6 solid solutions at (a)x= 0, (b)
x= 0.5 and (c)x= 1.

sintering temperature of Ce(Nb1−xTax)TiO6 solid solutions
was increased from 1350 to 1500◦C; it may be difficult to ob-
tain the well-sintered specimens at the Ta rich region, though
the Ta rich phase has a highQf value in comparison with that
of the Nb rich phase.

Fig. 3 shows the XRPD patterns of (Ce1−yDyy)
(Nb0.5Ta0.5)TiO6 ceramics. The XRPD patterns of the sam-
ples in the composition range of 0–0.625 showed a single
phase which corresponded to the aeschynite-type structure
(S.G.Pnma). On the other hand, at the composition higher
thany= 0.85, the single phase of euxenite-type structure (S.G.
Pbcn) was obtained. Moreover, two phases, i.e., aeschynite
and euxenite phases, coexisted in the composition ranging
from 0.65 to 0.85; the structural phase transition was ob-
served with the Dy substitution for Ce.

Table 1
Microwave dielectric properties of Ce(Nb1−xTax)TiO6 solid solutions

Compositionx εr Qf (GHz) τf (ppm/◦C)

0 52.7 10,702 91.8
0.1 50.4 11,715 89.1
0.3 45.8 12,498 85.6
0.5 44.6 13,398 79.8
0.7 41.4 13,885 74.8
0.9 38.3 14,371 73.5
1 35.6 14,616 72.0
Fig. 1 shows the XRPD patterns of Ce(Nb1−xTax)TiO6
eramics sintered in the temperature range of 1350–150◦C;
o secondary phase was detected over the whole compo
ange. In order to clarify the effect of Ta substitution for
n the crystal structure of Ce(Nb1−xTax)TiO6 ceramics, th

attice parameters of the samples were refined by the Rie
nalysis and the results are shown inFig. 2 as a function o
ompositionx. A linear dependence of lattice paramete
he compositionxwas observed; the lattice parameter,a, lin-
arly decreased with the Ta substitution for Nb, wherea

attice parameter,c, increased. However, the remarkable v
tions in the lattice parameter,b, were not observed with th
a substitution for Nb. From the results of variations in the
ice parameters, it is considered that the Ce(Nb1−xTax)TiO6
eramics form the solid solutions because the linear v
ions in the lattice parameters satisfy the Vegard’s low w
onfirms the formation of solid solutions.

The influences of Ta substitution for Nb on the microw
ielectric properties of Ce(Nb1−xTax)TiO6 solid solutions ar

isted in Table 1. The dielectric constants of the solid so
ions decreased from 52.7 to 35.6, whereas theQf values
lightly increased from 10,702 to 14,616 GHz by the Ta
titution for Nb. Moreover, the temperature coefficient
esonant frequency of the solid solutions ranged from
o 72.0 ppm/◦C. Although the Ta substitution for Nb leads
he slight increase inQfvalue of the solid solutions, a highQf
alue with aτf value that closes to 0 ppm/◦C is required for a
ommercial application. In order to improve these diele
roperties of the solid solutions, Dy substitution for Ce
erformed for the Ce(Nb0.5Ta0.5)TiO6 compound because t
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Fig. 2. Effect of Ta substitution for Nb on lattice parameters of
Ce(Nb1−xTax)TiO6 solid solutions as a function of compositionx.

Fig. 3. XRPD patterns of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics at (a)y= 0,
(b) y= 0.625, (c)y= 0.75, (d)y= 0.875 and (e)y= 1.

The relationship between the Dy substitution for Ce and
the phase transition in the composition range of 0.65–0.85
was also investigated in terms of the Rietveld analysis; thus,
the weight fraction of the each phase which was detected in
the XRPD patterns was determined by using the following
equation:

Wp = Sp(ZMV )p∑
i Si(ZMV )i

(1)

whereS, Z, M andV are the scale factor of the Rietveld anal-
ysis, the number of formula unit per unit cell, the mass of the
formula and the unit cell volume, respectively. This method
is widely used to estimate the weight fraction of the phases7;
the weight fractions of aeschynite and euxenite phases were
shownFig. 4as a function of the compositiony. The weight
fraction of aeschynite phase decreased, whereas that of eu-
xenite phase increased with increasing compositiony from
0.65 to 0.85.

As for the relationship between the structural phase tran-
sition and microstructure, the FE-SEM observations of the
samples aty= 0, 0.75 and 1 were performed; the micrographs
of these samples were shown inFig. 5. At y= 0, i.e., the
aeschynite phase region, the image shows a rectangle-like
grain structure, whereas the microstructure of sample aty= 1
(euxenite-type structure) has a typical equiaxed grain struc-
t c-
t tures,
w that
o om
a orpho-
l

0 ples
w een
t lec-
t cell
v te
s

ure. On the other hand, aty= 0.75, the two-type grain stru
ures, i.e., the aeschynite- and euxenite-type grain struc
ere observed in the micrograph; this result agrees with
f XRPD. Thus, it is found that the phase transition fr
eschynite phase to euxenite phase takes place the m

ogical changes in the samples.
In the single phase region, i.e., 0≤ y≤ 0.625 and

.875≤ y≤ 1, the crystal structure analysis of the sam
as carried out in order to clarify the relationship betw

he differences in the crystal structure and microwave die
ric properties. The refined lattice parameters and unit
olumes of aeshynite structure (0≤ y≤ 0.625) and euxeni
tructure (0.875≤ y≤ 1) were listed inTable 2. The lattice

Fig. 4. Weight fractions of aeschynite and euxenite structures.
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Fig. 5. FE-SEM photographs of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics at (a)y= 0, (b)y= 0.75 and (c)y= 1.

parameters,b andc, of aeschynite structure decreased with
increased compositiony, whereas the lattice parameter,a,
increased. As a result, the unit cell volumes of the samples
decreased; these results were related to the differences in the
ionic radii between Ce3+ and Dy3+ ions because the ionic
radius of Dy3+ ion is smaller than that of Ce3+ ion when
the coordination number is eight.8 Moreover, in the case of
euxenite-type structure, all the lattice parameter of the sam-
ples decreased with increased compositiony up toy= 1. The
crystal structure of aeschynite phase is composed of the CeO8
polyhedron and the (Nb,Ta,Ti)O6 octahedron, whereas that
of euxenite phase contains the (Ce,Dy)O8 polyhedron and
the (Nb,Ta,Ti)O6 octahedron; these polyhedra are shown in
Fig. 6. The effects of Dy substitution for Ce on the volume of
polyhedra in the (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics are
shown inFig. 7as a function of compositiony. Although any
remarkable variations in the volume of the (Nb,Ta,Ti)O6 oc-
tahedra were not observed for the compositiony, a linear de-
pendence of volume in the (Ce,Dy)O8 polyhedra on composi-
tion ywas observed; the volume of the (Ce,Dy)O8 polyhedra

decreased with increasing compositiony. Thus, the decrease
in the unit cell volume of the (Ce1−yDyy)(Nb0.5Ta0.5)TiO6
in the single phase region is considered to relate with the
variations in the volume of (Ce,Dy)O8 polyhedra.

Although the relationship between the Dy substitution for
Ce and the volume of polyhedra was clarified, the effect of
Dy substitution for Ce on the variations in the covalency of
cation–oxygen bonds has not been investigated; it is con-
sidered that these variations in the covalency exert an influ-
ence on the structural phase transition and microwave di-
electric properties. Thus, the varations in the covalency of
cation–oxygen bond in single phase region (0≤ y≤ 0.625,
0.875≤ y≤ 1) was calculated by using the refined bond
length and the relationship between covalency and bond
length is given by two equations:

s =
(

R

R1

)−N

(2)

f ′
c = asM (3)

Table 2
Lattice parameters and unit cell volumes of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics

Crystal structure Compositiony Lattice parameters (Å) Unit cell volumes (̊A3)

a b c

A

E

eschynite

0 10.95809
0.25 10.96686
0.5 10.97443
0.625 10.97520

uxenite
0.875 14.65593
1 14.63404
7.54293 5.41107 447.258
7.50496 5.35890 441.069
7.46914 5.30998 435.257
7.44956 5.28293 431.934

5.58497 5.21449 426.822
5.56684 5.20530 424.052
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Fig. 6. The crystal structure of (a) CeO8 polyhedron, (b) (Ce,Dy)O8 polyhedron and (c) (Nb,Ta,Ti)O6 octahedron.

wheres, R, R1 andN are bond strength, refined bond length,
empirical constant which depends on the cation site, and the
constant which is different for each cation–anion pair, respec-
tively; in this case,N= 6.0. In addition,f ′

c, a andM in Eq.
(3) indicate the covalence of the cation–oxygen bond and

F
o

empirical constants which depend on the number of elec-
tron. The values of these parameters and the detail on the
relationship between the covalency and bond strength are
given elsewhere9; the covalency of cation–oxygen bond in the
(Ce,Dy)O8 polyhedra obtained in this study is shown inFig. 8
as a function of compositiony. In the region I, i.e., aeschynite
structure, the covalencies of all the (Ce,Dy)O bonds in-

F
b

ig. 7. Variations in volume of (Ce,Dy)O8 polyhedron and (Nb,Ta,Ti)O6
ctahedron.
ig. 8. Effect of Dy substitution for Ce on covalency of RO (R = Ce, Dy)
onds as a function of compositiony.
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creased with the Dy substitution for Ce; in the euxenite struc-
ture (region III inFig. 8), the covalency of (Ce,Dy)O bonds
also increased, though only the covalency of (Ce,Dy)O2
bond decreased. The increase in the covalency of (Ce,Dy)O
bonds in the (Ce,Dy)O8 polyhedron is due to the decrease in
the bond length of (Ce,Dy)O which arises from the differ-
ence in the ionic radii between the Ce3+ and Dy3+ ions; the
decrease in the volume of (Ce,Dy)O8 polyhedra as mentioned
above implies the decrease in the (Ce,Dy)O bond length.
As for the variations in the covalency of (Nb,Ta,Ti)O bonds
in the octahedra, any significant variations in the covalency
were not recognized in aeschynite and euxenite structures;
thus, this suggests that the Dy substitution for Ce primarily
exerts an influence on the covalency of (Ce,Dy)O bond in
(Ce,Dy)O8 polyhedron.

The microwave dielectric properties, i.e.,εr, Qf and
τf , of (Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics are shown in
Figs. 9 and 10as a function of compositiony. Comparing the
microwave dielectric properties of aeschynite-type phase at
y= 0 with those of euxenite-type phase aty= 1, some remark-
able differences in the microwave dielectric properties due to
the structural phase transition were observed; the aeschynite-
type phase has a high dielectric constant and a lowQf values
with a positiveτf value in comparison with theεr andQf
values of euxenite-type phase. With increasing composition
y, the dielectric constant of the samples in regions I and III
d ed;
a ed
i ce
o I
m )
b tric
p r the
c of
t he
v s

F
(

Fig. 10. Temperature coefficient of resonant frequency of (Ce1−yDyy)
(Nb0.5Ta0.5)TiO6 ceramics.

ranged from 41.1 to−40.3 ppm/◦C; a near zero temperature
coefficient of resonant frequency was achieved at approxi-
matlyy= 0.75 with a dielectric constant of 30.9 and aQfvalue
of 23,708 GHz. Thus, it was found that a temperature-stable
ceramics can be obtained by coexisting the aeschynite and
euxenite phases; these variations in the microwave dielectric
properties in the composition range of 0.65 to 0.85 are con-
sidered to be strongly influenced by the weight fraction of
aeschynite and euxenite phases.

4. Conclusion

The (Ce1−yDyy)(Nb1−xTax)TiO6 ceramics were prepared
and the relationships between the crystal structure and mi-
crowave dielectric properties were investigated. From crys-
tal structure analysis, it was found that the Ta substitution for
Nb in Ce(Nb1−xTax)TiO6 ceramics showed a single phase of
aeschynite-type structure over the whole composition range.
On the other hand, the phase transition from aeschynite- to
euxenite-type phases was observed when the Dy substitu-
tion for Ce was performed in (Ce1−yDyy)(Nb0.5Ta0.5)TiO6
ceramics; the single phase of aeschynite-type structure was
observed in the composition range of 0–0.625, whereas the
that of euxenite-type structure appeared at the composi-
tions higher thany= 0.85. The evaluation of covalency of
t s re-
v in-
c )O
p
r een
C of
( on
ecreased, whereas theQf values of the samples increas
s a result, a maximumQfvalue of 31,753 GHz was obtain

n the euxenite-type phase aty= 1. The linear dependen
f εr andQf values on the compositiony in regions I and II
ay relate with the variations in the covalency of (Ce,DyO
onds in the (Ce,Dy)O8 polyhedra because these dielec
roperties and covalency showed a similar tendency fo
ompositiony. At 0.65≤ y≤ 0.85, the dielectric constant
he samples decreased from 40.4 to 20.0, whereas tQf
alue slightly increased. Moreover, theτf value of the sample

ig. 9. Variations in dielectric constant andQf values of (Ce1−yDyy)
Nb0.5Ta0.5)TiO6 ceramics as a function of compositiony.
he cation–oxygen bond in these single phase region
ealed that the Dy substitution for Ce enhanced the
rease in covalency of cation–oxygen bonds in (Ce,Dy8
olyhedra because the decrease in the (Ce,Dy)O bonds
esulted from the difference in the ionic radii betw
e3+ and Dy3+ ions. The microwave dielectric properties

Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics strongly depended
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the difference in the crystal structure between aeschynite-
and euxenite-type structures; in the composition range of
0.65–0.85, the weight fraction of aeschynite and euxenite
phases exerts an influence on the variations in the microwave
dielectric properties. As a result, a near zeroτf value of
(Ce1−yDyy)(Nb0.5Ta0.5)TiO6 ceramics was obtained at ap-
proximatelyy= 0.75.
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