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Abstract

The effects of the Ta substitution for Nb and the Zr substitution for Ti on the microwave dielectric properties and crystal structure of
Sm(Nb;_,Ta,)(Ti;_,Zr,)Os ceramics were investigated in this study. The Sm(Nb;_,Ta,)TiO¢ (x=0-1) ceramics were single phase, whereas the
limit of solid solutions for the SmTa(Ti,_,Zr,)Os ceramics was y=0.4. In the case of the Sm(Nb,_,Ta,)TiOg ceramics, the dielectric constant and
the temperature coefficient of resonant frequency were decreased, whereas the quality factor was increased by the Ta substitution for Nb. The
maximum Q - f value was obtained when the SmTaTiOs was synthesized, and the microwave dielectric properties are, &, =37.6; ty=24.2 ppm/°C;
and Q - f=24541 GHz. On the other hand, the dielectric constants of the SmTa(Ti,_,Zr,)Os ceramics were decreased from 37.6 to 28.9, whereas
the quality factor was increased from 24541 to 38320 GHz with increasing composition y from O to 0.4. The temperature coefficient of resonant
frequency of the ceramics varied from 24.2 to —11.6 ppm/°C. A near zero temperature coefficient of resonant frequency results from the composition
of y=0.3 with a dielectric constant of 31.1 and Q - f value of 37481 GHz.
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1. Introduction

A number of dielectric ceramics have been developed for
application in the area of mobile and satellite communica-
tion systems. Typical dielectric resonator ceramics are required
to have a high dielectric constant (¢,>25), a low dielectric
loss or high Q (Q=1/tan §>5000 between 5 and 10 GHz),
and a near zero temperature coefficient of resonant frequency
(zp=0%5 ppm/°C).! Recently, SmNbTiOg ceramic? has been
reported to be a useful material for the dielectric resonator appli-
cation; the dielectric constant of the ceramics is comparable to
that of Bay TigO» ceramic? that is widely used for the dielectric
resonator in the base station. However, since the Q- f value of
SmNbTiIOg ceramic is lower than that of BayTigO;( ceramic,
an improvement in the Q-f value of SmNbTiOg ceramic is
required for a commercial application. Moreover, as the 7y value
of SmNbTiOg ceramic has been reported to possess a large pos-
itive value; the improvement in 7 value is also required for the
application as the dielectric resonator. Thus, in order to improve
these dielectric properties and clarify the relationship between
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crystal structure and microwave dielectric properties, the influ-
ence of Ta substitution for Nb and Zr substitution for Ti on
the microwave dielectric properties and the crystal structure of
SmNbTiOg ceramic has been investigated in this study. Although
it is known that the crystal structure of SmNbTiOg ceramic had
the aeschynite-type structure (S.G. Pnma),* the details on the
relationship between the crystal structure and microwave dielec-
tric properties have not been evaluated to date.

2. Experimental

High purity (>99.9%) Sm»03, NbyOs, TayOs, TiO, and
ZrOy powders were processed using the solid-state reaction
method to form Sm(Nb;_,Ta,)(Ti;—yZr,)O¢ ceramics. These
powders weighed on the basis of the stoichiometric composi-
tion were mixed with acetone and calcined at 1250 °C for 4 h
in air. These calcined powders were crushed and ground with
polyvinyl alcohol, and then formed into pellets with 12 mm in
diameter and 7 mm thick under a pressure of 100 MPa. These
pellets were sintered at the various temperatures ranging from
1375°C to 1650°C for 10h in air with heating and cooling
rates of 5 °C/min. Subsequently, these pellets were polished and
annealed at 850°C for 2h in air. The phases of the sintered
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specimens were identified by X-ray powder diffraction (XRPD),
using Cu Ka filtered through Ni foil. The lattice parameters
and crystal structures of the ceramics were refined in terms of
the Rietveld analysis.>® The bond lengths and volumes of the
polyhedra were determined from the refined crystal structure
parameters. The microwave dielectric properties (¢, and tan §)
in the frequency range of 6.2-9.0 GHz were examined by Hakki
and Coleman method.” The temperature coefficient of resonant
frequency (ty) of the sample was determined from the resonant
frequency at the two temperatures of 20 °C and 80 °C. More-
over, the microstructure of the samples was investigated in terms
of field emission scanning electron microscopy (FE-SEM) and
energy dispersive X-ray (EDX) analysis.

3. Results and discussion

From the XRPD patterns, the Sm(Nb;_,Ta,)TiOg ceramics
were single phase over the whole composition range. In order
to clarify the effect of Ta substitution for Nb on the crystal
structure of Sm(Nbj_,Ta,)TiOg ceramics, the lattice parame-
ters of the samples were refined by Rietveld analysis and the
results are shown in Fig. 1 as a function of composition x. A
linear dependence of the lattice parameter on composition x was
observed; the lattice parameter, a, linearly decreased with the
Ta substitution for Nb, whereas the lattice parameters, b and c,
increased. Any remarkable variations in the lattice parameters
caused by the Ta substitution for Nb were not observed, because
the ionic radii of Nb>* and Ta>* reported by Shannon® are simi-
lar values when the coordination number is six. From the results
of variations in the lattice parameters, it is considered that the
Sm(Nb;_,Ta,)TiOg ceramics form the solid solutions because
the linear variations in the lattice parameters satisfy the Vegard’s
law which confirms the formation of solid solutions.

The effects of the Ta substitution for Nb on the microwave
dielectric properties of Sm(Nb;_,Ta,)TiOg ceramics are listed
in Table 1 as a function of x. The dielectric constants of the sam-

10.980 |~

10.975 —O\Q\O\O\O

10.970 =

Lattice parameter a (A)

-1 7.470
—| 7.465

- 7.460

Lattice parameter b (A)

5.310

5305

5.300
il I I I g
0 0.25 0.5 0.75 1
Composition x

Lattice parameter ¢ (A)

Fig. 1. Effect of Ta substitution for Nb on lattice parameters of Sm(Nb;_,Tay)
TiOg ceramics as a function of composition x.

Table 1

Microwave dielectric properties of Sm(Nbj_,Ta,)TiOg ceramics

Composition x & Q- f(GHz) 77 (ppm/°C)
0 433 15866 39.8

0.25 41.6 18916 35.7

0.5 39.3 19633 32.5

0.75 38.5 22119 26.4

1 37.6 24541 24.2

ples decreased from 43.3 to 37.6, whereas the Q - fvalues slightly
increased from 15866 to 24541 GHz with the Ta substitution
for Nb. Moreover, the temperature coefficients of resonant fre-
quency of the samples ranged from 39.8 to 24.2 ppm/°C. Thus,
it is considered that additional modifications are required for
dielectric resonator applications since the 7y values of the sam-
ples are not sufficiently close to O ppm/°C. In order to improve
these dielectric properties of the samples, the Zr substitution
for Ti was performed for the SmTaTiOg ceramic because the
Q- f values were increased by Ta substitution for Nb, and the
maximum value is obtained at x=1, i.e., SmTaTiOg¢ ceramic.
The XRPD patterns of SmTa(Ti;_Zry)Og ceramics obtained
in the temperature range of 1475°C-1650°C are shown in
Fig. 2. All the samples with the compositions ranging from
0 to 0.4 showed a single phase, whereas those synthesized at
a higher composition than y=0.4 contained the SmTaO4 and
ZrO, phases. Therefore, these results suggest that the limit of
solid solutions may be approximately y = 0.4. Moreover, in the
single phase region, i.e., 0 <y < 0.4, there are small shifts of the
diffraction peaks to lower angular side of 20 by the Zr substitu-
tion for Ti; this implies that the lattice parameters of the samples
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Fig. 2. XRPD patterns of SmTa(Ti;—,Zr,)O¢ ceramics at: (a) y=0; (b) y=0.4;
(c)y=0.5;and (d) y=1.
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Table 2
Lattice parameters and unit cell volumes of SmTa(Ti;_,Zry;)O¢ ceramics

Compositiony  Lattice parameters A) Unit cell volumes (A3%)
a b c

0 10.97464  7.46409  5.30670  434.702

0.1 11.01246  7.47925 5.31234  437.551

0.2 11.04669  7.49430 5.31908  440.352

0.3 11.08954  7.51230 5.32692  443.774

0.4 11.12091  7.52654  5.33232  446.326

increased with increasing composition y. Thus, in order to clar-
ify the effect of Zr substitution for Ti on the crystal structure of
the samples, the lattice parameters and unit cell volumes of the
samples were refined by the Rietveld analysis and the results are
listed in Table 2. All the lattice parameters of SmTa(Ti; —yZr,)O¢
ceramics linearly increased with increasing composition y up to
y=0.4, and the variation in the lattice parameter, a, is remarkable
in comparison with that of lattice parameters, b and c. As aresult,
the unit cell volumes of the samples increased; these results were
related to the differences in the ionic radii between Ti** and Zr**
ions because the ionic radius of Zr** ion is larger than that of Ti**
ion when the coordination number is six. The crystal structure of
SmTa(Ti;—yZr,)Og¢ ceramics is composed of SmOg polyhedron
and (Ta,Ti,Zr)Og¢ octahedron; these crystal structures are shown
in Fig. 3. The effects of Zr substitution for Ti on the volumes of
the polyhedra in the SmTa(Ti;_,Zr;)O¢ ceramics are shown in
Fig. 4. The volumes of SmOg and (Ta, Ti,Zr)O¢ polyhedra were
determined on the basis of the refined atomic distances in these
polyhedra. The variations in the volume of the SmOg polyhe-
dra and the (Ta,Ti,Zr)Og octahedra were slightly increased in

a (b) SmOg polyhedron

(c) (Ta,Ti,Zr)Og4 octahedron

Fig. 3. Schematic diagram on crystal structures of: (a) SmTaTiOg ceramic; (b)
SmOg polyhedron; and (c) (Ta,Ti,Zr)Og octahedron.
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Fig. 4. Variations in volume of SmOg polyhedron and (Ta, Ti,Zr)O¢ octahedron.

SmTa(Ti;—yZr,)O¢ ceramics by the Zr substitution for Ti. Thus,
the increase in the unit cell volume of the SmTa(Ti;—Zr,)O¢
in the single phase region is considered to relate with the vari-
ations in the volume of both SmOg polyhedra and (Ta,Ti,Zr)Og
octahedra.

The effects of Zr substitution for Ti on the variations in the
covalency of cation-oxygen bonds of the SmTa(Ti;—Zr,)O¢
ceramics in the single phase region were calculated from the
bond valence theorem.® Thus, the variation in the covalency of
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Fig. 5. Effect of Zr substitution for Ti on covalencies of cation-oxygen bond as
a function of composition y.
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Fig. 6. Variations in dielectric constant and Q - f values of SmTa(Ti;_,Zr,)Og
ceramics as a function of composition y.

the cation-oxygen bond was calculated by using the refined bond
length and the relationship between covalency and bond length
is given by two equations:

R\N
()
fo=as" 2)

where s is the bond strength, R the refined bond length, R the
empirical constant which depends on the cation site and N is the
constant which is different for each cation-anion pair. Moreover,
a and M in Eq. (2) are the empirically determined parameters
in order to estimate the covalency of cation-oxygen bond. The
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Fig. 7. Temperature coefficient of resonant frequency of SmTa(Ti;—,Zr,)Og
ceramics.

covalencies of the cation-oxygen bonds in the SmOg polyhe-
dra and (Ta,Ti,Zr)Og octahedra obtained in this study are shown
in Fig. 5. The covalencies of Ta—O, Ti—O and Zr—O bonds in
the (Ta,Ti,Zr)Og octahedra decreased with Zr substitution for
Ti. The decrease in these cation-oxygen bonds is due to the
increase in cation-oxygen bond length; the increase in the vol-
ume of (Ta,Ti,Zr)Og octahedra as mentioned above implies the
increase in the cation-oxygen bond length. Although each of the
covalencies of the cation-oxygen bonds in the (Ta, Ti,Zr)Og octa-
hedra were decreased, the mean covalencies in the (Ta,Ti,Zr)Og
octahedra were increased by the Zr substitution for Ti because

(b y=0.2

(d) y=1

Fig. 8. FE-SEM photographs of SmTa(Ti;_,Zr,)O¢ ceramics at: (a) y=0; (b) y=0.2; (c) y=0.4; and (d) y=1.
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the covalency of Zr—O bond is larger than that of Ti—O bond. As
for the variations in the covalency of Sm—O bonds in the SmOg
polyhedra, any significant variations in the covalency were not
recognized; thus, this suggests that Zr substitution for Ti exerts
an influence on the covalency of Ta—O, Ti—O and Zr—O bonds
in the (Ta,Ti,Zr)Og octahedra.

The microwave dielectric properties of the SmTa(Ti;_,Zry)
Og ceramics are shown in Figs. 6 and 7. The dielectric con-
stant of the samples in the single-phase region decreased from
37.6 to 28.9 with increasing composition y up to y=0.4. This
result is related to the increase in the mean covalency of cation-
oxygen bonds in the (Ta,Ti,Zr)Og octahedra. The Q - f values of
the samples increased from 24197 to 38320 GHz in the compo-
sition range of 0-0.4, whereas the Q - f values decreased at the
compositions higher than y = 0.4; the results are shown in Fig. 6.
The highest Q - f value, i.e., Q- f=38320 GHz, was obtained at
y=0.4. The microstructures of the samples were observed by
using FE-SEM in order to evaluate the effect of Zr substitution
for Ti on the microstructure. The FE-SEM photographs of the
samples are shown in Fig. 8. The low Q - f value sample with the
composition of y=0 has very small grain size distributed in a
range of 1-3 wm. Grain growth in the microstructure of the sam-
ples was observed with increasing composition y from 0 to 0.4;
the increase in the Q - f'values of the samples as mentioned above
isrelated to the grain growth in the microstructure of the samples.
However, as shown in Fig. 8(d), the grain size of the samples was
decreased and porosity formation was observed at the composi-
tion y=1. Thus, the decrease in the Q - f values of the samples
at the higher composition than y=0.4 is due to the decrease in
the grain size and formation of porosity caused by formation
of the secondary phases; the samples at the higher composition
than y=0.4 contained the SmTaO4 and ZrO, phase as mention
above. Moreover, the 77 values of the samples ranged from 24.2
to —58.8 ppm/°C; a near zero temperature coefficient of reso-
nant frequency was achieved at approximately y=0.3 with the
dielectric constant of 31.1 and Q - fvalue of 37481 GHz. Thus, it
was found that a temperature-stable ceramic could be obtained
by the Zr substitution for Ti.

4. Conclusion

The Sm(Nb; _,Ta,)(Ti;—yZry)Og ceramics were synthesized
by the solid state reaction method and the relationships

between the crystal structure and microwave dielectric prop-
erties were investigated. The Sm(Nb;_,Ta,)TiO¢ ceramics
were single phase over the whole composition range, whereas
the limit of solid solutions for SmTa(Ti;_,Zry)TiO¢ ceram-
ics was y=0.4. The calculation of covalency of the cation-
oxygen bonds showed a decrease in covalency of Ta—O, Ti—O
and Zr—O bonds in the (Ta,Ti,Zr)Og octahedra and no sig-
nificant variations in the covalency of Sm—O bonds in the
SmOg polyhedra were observed. This suggests that Zr substi-
tution for Ti exerts an influence on the covalency of cation-
oxygen bonds in the (Ta,Ti,Zr)Og octahedra. Thus, a decrease
in the dielectric constants of the SmTa(Tij_,Zry)Og ceram-
ics with the Zr substitution for Ti could be related to the
increase in the mean covalency of cation-oxygen bonds in the
(Ta,Ti,Zr)O¢ octahedra. The Q -f values and 7y values of the
SmTa(Ti|—yZr,)O¢ ceramics were improved by the Zr substitu-
tion for Ti. From the results, the optimum microwave dielectric
properties were obtained for the SmTa(Ti;_yZr,)O¢ ceramics;
the properties aty=0.3 are: ¢, =31.1; O - f=37481 GHz and 7=
—2.2 ppm/°C.
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