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To obtain a microwave material with good temperature stability of the resonant frequency, a way by combining a large
negative TCF material with a large positive one was usually
used, for example TiO2–Bi2Ti4O118 and CaTiO3–Li1/2Sm1/2
TiO3.9 Another way to modify the properties of materials is to
form solid solution. Solid solution is basically a crystalline phase
that can have variable compositions. Certain material properties
such as conductivity and ferromagnetism have often been modiﬁed by changing the composition in such a way to form solid
solution, which can be used to design new materials with speciﬁc
characteristics. There are a great number of papers10–13 dealing
with solid-solution synthesis focused on the rutile structures,
while only a few papers14–19 reported on the microwave dielectric properties of these rutile solid solutions.
LixTi14xM3xO2 (M 5 Nb, Ta, and Sb) is a set of rutile solid
solutions. The previous study11 showed that the (LixNb3x)
Ti14xO2 system remained tetragonal rutile phase when
xr0.17, while LiNb3O8 phase coexisted with rutile phase
when 0.17oxo0.25. Yoon et al.20 reported the microwave dielectric properties (erB34, Q  fB58 000 GHz, TCFB96 ppm/1C)
of LiNb3O8 ceramic. This work focused on the (LixNb3x)
Ti14xO2 system. Their phase structures, lattice parameters,
and microstructures were studied. The microwave dielectric
properties and sintering behavior of (LixNb3x)Ti14xO2 system
were reported. The relationship between microwave dielectric
properties and structures was also discussed in detail.

(LixNb3x)Ti14xO2 (0.05rxr0.23) ceramics were synthesized
by conventional solid-state reaction method. The sintering behavior, structures, and microwave dielectric properties were investigated as a function of the content of (Li1/4Nb3/4)41
substitution for Ti41. Tetragonal rutile solid solutions were observed when 0.05rxr0.15, while LiNb3O8 phase coexisted
with rutile phase when 0.20rxr0.23. Without sintering aids,
(LixNb3x)Ti14xO2 ceramics were well densiﬁed at 9601–
10201C. Dielectric constant (er) changed from 91 to 39 and
temperature coefﬁcient of the resonant frequency (TCF) shifted
from 1320.5 ppm/1C to 72.7 ppm/1C with the amount of (Li1/4
Nb3/4)41 substitution increasing. (Li0.215Nb0.645)Ti0.14O2 ceramic
sintered at 10201C showed excellent microwave dielectric properties with erB43, Q  f valueB14 500 GHz and TCFB15
ppm/1C. The relationship between structure parameter
(tetragonality ratio) and dielectric constant or/and TCF value
of LixNb3xTi14xO2 rutile solid solutions was also studied in
this work.

I. Introduction

R

ECENT progress in mobile and satellite telecommunications
has increased the demands on the development of microwave components. Dielectric resonators with small size, low insertion loss, and good temperature stability at microwave
frequency are required. Thus, there are three main requirements
for dielectric resonator materials. Firstly, the dielectric loss
(tand) should be very low. Secondly, the dielectric constant
(er) should be high, to aid the miniaturization. Thirdly, the temperature coefﬁcient of the resonant frequency (TCF) should be
approximately zero (a few ppm/1C). In addition, it is desirable
that the TCF value should be able to be ‘‘tuned’’ by small variation in the composition. Achieving all these three requirements
in one material is still formidable.
Rutile TiO2 which possesses high dielectric constant (105) and
high quality factor (Q 1/tand) (9200 at 5 GHz) at microwave
frequency has been most popularly used as dielectrics of resonators since 1960s.1–4 However, the large TCF value (1465
ppm/1C) and high sintering temperature (15001C)5 of TiO2 ceramic limited its practical applications. Many works on the lowtemperature sintering and microwave dielectric properties in
TiO2-rutile system were reported.6,7 Kim et al.6 reported the
low-temperature sintering and microwave dielectric properties
of TiO2–CuO system for low-temperature coﬁred ceramics technology devices. Two weight percent CuO addition could lower
the sintering temperature of TiO2-rutile ceramic to about 9001C,
but unfortunately the TCF value was still high (1374 ppm/1C).

II. Experimental Procedure
The compositions of (LixNb3x)Ti14xO2 were prepared by conventional solid state reaction method using high purity reagentgrade raw materials of Li2CO3 (499%, Guo-Yao Co. Ltd.,
Shanghai, China), Nb2O5 (499%, Zhu-Zhou Harden Alloys
Co. Ltd., Zhuzhou, China) and rutile TiO2 (499%, Linghua
Co. Ltd., Zhaoqing, China). The raw materials were weighted
according to the compositions of (LixNb3x)Ti14xO2 (x 5 0.05,
0.10, 0.15, 0.20, 0.215, 0.23) and ball milled using a planetary
mill (Nanjing Machine Factory, Nanjing, China) with Zirconia
balls (2 mm in diameter) as milling media. The mixtures were
calcined at 8501C for 12 h and then remilled for 5 h using Zirconia balls in deionized water. The milled powders were dried
and granulated with PVA binder and pressed into cylinders
(6 mm in diameter and 3 mm in height) in a steel die under uniaxial pressure of 20 kN/cm2. The cylinders were sintered in air at
9001–11701C for 8 h.
The crystalline phases of the samples were investigated using
an X-ray diffractometry (XRD) with CuKa radiation (Rigaku
D/MAX-2400 X-ray diffractometry, Tokyo, Japan). Accurate
lattice parameters of the solid solutions of (LixNb3x)Ti14xO2
(0.05rxr0.15) were calculated from the XRD patterns obtained by step scanning measurement. The apparent densities
were measured by Archimedes’ method. The microstructures of
the fracture surface of (LixNb3x)Ti14xO2 ceramics were observed by scanning electron microscopy (SEM) (JSM-6360LV,
JEOL, Tokyo, Japan) coupled with energy-dispersive X-ray
spectroscopy (EDS). The dielectric behaviors at microwave
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frequency of the samples were measured by the TE01d shielded
cavity method with a network analyzer (8720ES, Agilent, Palo
Alto, CA) and a temperature chamber (DELTA 9023, Delta
Design, Poway, CA). The TCF was calculated by the following
formula:
TCF ¼

f85  f25
f25 ð85  25Þ

(1)

where f85 and f25 were the TE01d resonant frequencies at 851 and
251C, respectively.

III. Results and Discussion
The powder diffraction patterns of the sintered samples in Fig. 1
showed that single tetragonal rutile phase has been obtained
when x value was o0.2 in (LixNb3x)Ti14xO2 (0.05rxr0.23)
system. The lattice parameters of the samples with single tetragonal rutile phase were calculated and listed in Table I. The lattice
parameters of both a and c increased (as shown in Table I) and
the diffraction peaks shifted to lower angle (as shown in the insert of Fig. 1) as the content of the substitution of (Li1/4Nb3/4)41
for Ti41 increased. Tetragonal rutile phase and monoclinic
LiNb3O8 phase coexisted in (LixNb3x)Ti14xO2 ceramics when
x  0.2, and the amount of LiNb3O8 phase increased greatly as
the x value increased. The result agreed well with that reported
by Shin et al.7
Figure 2 shows the bulk densities of (LixNb3x)Ti14xO2 ceramics as a function of sintering temperature. The relative densities of (LixNb3x)Ti14xO2 ceramics for x 5 0.05 and x 5 0.10
were above 96% at 9901–11401C and the bulk density of
(LixNb3x)Ti14xO2 ceramics for x 5 0.15 reached its saturated
value at about 9601C. Comparing with the sintering temperature

Table I. Lattice Parameters, Theoretic Bulk Density (qcalc),
Tetragonality (c/a) and TCF Obtained from XRD Patterns of
(LixNb3x)Ti14xO2 Ceramics in Fig. 1
a (Å)

c (Å)

rcalc
(g/cm3)

Tetragonality
(c/a)

TCF
(ppm/1C)

4.62147
4.65681
4.68684

2.97468
2.99461
3.01273

4.4224
4.5670
4.7176

0.64366
0.64306
0.64281

320.58
235.17
199.56

TCF, temperature coefﬁcient of the resonant frequency.
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Fig. 2. Bulk densities of (LixNb3x)Ti14xO2 ceramics as a function of
sintering temperature.

Fig. 1. XRD patterns for powders of (LixNb3x)Ti14xO2 ceramics:
(a) x 5 0.05; (b) x 5 0.10; (c) x 5 0.15; (d) x 5 0.20 sintered at 10201C;
(e) x 5 0.215; (f) x 5 0.23 sintered at 10801C (T: Tetragonal rutile phase;
M: Monoclinic LiNb3O8 phase).
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of pure rutile TiO2 (15001C),5 the sintering temperature was
lowered to about 9601–9901C for (LixNb3x)Ti14xO2 ceramics
with the remained single tetragonal rutile phase. The bulk densities of (LixNb3x)Ti14xO2 ceramics for 0.20rxr0.23 reached
saturated values at about 9901–10201C. That indicated the sintering temperature increased slightly when monoclinic LiNb3O8
phase appeared in the (LixNb3x)Ti14xO2 ceramics. The sintering temperature of LiNb3O8 ceramic was 10751C.20 Thus, the
sintering temperature of (LixNb3x)Ti14xO2 ceramics with the
co-existing tetragonal rutile phase and monoclinic LiNb3O8
phase increased slightly accordingly. Comparing with the sintering temperature of pure rutile TiO2 (15001C)5 and that of
LiNb3O8 ceramic (10751C),20 the sintering temperature of the
tetragonal rutile solid solutions (LixNb3x)Ti14xO2 ceramics for
0.05rxr0.15 were much lower. That is to say the solid solution
is much effective on lowering the sintering temperature of
(LixNb3x)Ti14xO2 ceramics.
Figure 3 shows the SEM micrographs of fracture surface of
(LixNb3x)Ti14xO2 ceramics. (LixNb3x)Ti14xO2 (0.05rxr0.15)
ceramics sintered at 9901C showed dense microstructures with a
small amount of pores in the grains (as shown in Fig. 3(a–c)).
The grain size of (LixNb3x)Ti14xO2 (x 5 0.05) ceramic sintered
at 9901C (Fig. 3(a)) lied between 2 and 2.5 mm, and the average
grain size increased to 5 and 9 mm, respectively for (Li0.1Nb0.3)
Ti0.6O2 and (Li0.15Nb0.45)Ti0.4O2 sintered at 9901C. That means
the grain size of (LixNb3x)Ti14xO2 (0.05rxr0.15) ceramic
sintered at the same temperature increased as the content of
substitution of (Lix/4Nb3x/4)41 for Ti41 increased. The grain size
of (LixNb3x)Ti14xO2 ceramic was sensitive to sintering temperature. Comparing with (LixNb3x)Ti14xO2 (x 5 0.15) sintered
at 9301C (Fig. 3(d)) showing average grain size of 2.5 mm, the
average grain size of (LixNb3x)Ti14xO2 (x 5 0.15) ceramic increased to 9 mm when sintered at 9901C (Fig. 3(c)). Backscattered electron images of (LixNb3x)Ti14xO2 (0.15rxr0.23)
ceramics (Fig. 3(e–h)) showed that a secondary phase (lighter
grains) appeared in (LixNb3x)Ti14xO2 (0.2rxr0.23) ceramics
and the content of the secondary phase increased greatly as
the content of substitution of (Lix/4Nb3x/4)41 for Ti41 increased.
EDS analysis in Fig. 4 showed that the lighter grains were rich in
Nb element and the content of Ti element was higher in the
darker grains than that in the lighter grains. Combining with
XRD analysis in Fig. 2, it was regarded that the lighter grains
and the darker grains were LiNb3O8 and rutile solid solution
grains, respectively.
Microwave dielectric properties of (LixNb3x)Ti14xO2 ceramics as a function of x value are shown in Fig. 5. The dielectric
constant of (LixNb3x)Ti14xO2 (0.05rxr0.15) ceramics decreased from 91 ((Li0.05Nb0.15)Ti0.8O2 sintered at 9901C) to
82 ((Li0.15Nb0.45)Ti0.4O2 sintered at 9901C) as the x value increased from 0.05 to 0.15 although the ionic polarizability of
(Lix/3Nb2x/3)41 (3.28 Å3) is higher than that of Ti41 (2.93 Å3).21
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Fig. 5. Microwave dielectric properties (dielectric constant and Q  f
value) of (LixNb3x)Ti14xO2 ceramics as a function of x value.

Fig. 3. SEM micrographs of the fracture surface of (LixNb3x)Ti14xO2
ceramics: second electron images of (a) x 5 0.05, (b) x 5 0.10,
(c) x 5 0.15 sintered at 9901C, and (d) x 5 0.15 sintered at 9301C; backscattered electron images of (e) x 5 0.15, (f) x 5 0.20, (g) x 5 0.215, and
(h) x 5 0.23 sintered at 9901C.

It was due to that the dielectric constant of rutile TiO2 system
depends mainly on the structure.22 The dielectric constant of
(LixNb3x)Ti14xO2 ceramic decreased greatly from 82 to 52
((Li0.2Nb0.6)Ti0.2O2 sintered at 10201C) when the secondary

phase (LiNb3O8 phase) appeared in the ceramic and it decreased
to 39 ((Li0.23Nb0.69)Ti0.08O2 sintered at 10501C) as the x value
increased to 0.23, which can be explained by the logarithmic
mixing rule of dielectric constant in composite ceramic between
LiNb3O8 having a dielectric constant of 3420 and TiO2 having
a dielectric constant of 105.5 The Q  f value of (LixNb3x)
Ti14xO2 ceramic decreased from 9000 GHz ((Li0.05Nb0.15)
Ti0.8O2 sintered at 9901C) to 6700 GHz ((Li0.15Nb0.45)Ti0.4O2
sintered at 9901C) and then increased to 24 000 GHz ((Li0.23
Nb0.69)Ti0.08O2 sintered at 10501C) because of the high Q  f
value (58 000 GHz) of LiNb3O8 phase.20
Figure 6 presents the temperature coefﬁcients of resonant
frequencies (TCF) of (LixNb3x)Ti14xO2 ceramics as a function
of x value. The TCF value of (LixNb3x)Ti14xO2 ceramic shifted
from 1320 ppm/1C to 1200 ppm/1C when the x value increased
from 0.05 to 0.15, and then shifted greatly towards negative
when the x value increased to 0.20 because of the appearance
of LiNb3O8 phase (TCFB96 ppm/1C20). The TCF value of
(LixNb3x)Ti14xO2 ceramic shifted from 152 ppm/1C to 73
ppm/1C when the x value increased from 0.20 to 0.23. The TCF
value of (Li0.215Nb0.645)Ti0.14O2 ceramic sintered at 10201C
was 15 ppm/1C, which could be used as a temperature stable
microwave dielectric material.
The relationship between structure parameter and dielectric
constant and/or TCF value of (LixNb3x)Ti14xO2 rutile solid
solution was also studied. For tetragonal rutile solid solutions,
the dielectric constant and TCF value depend greatly on the
octahedral distortion15 or the tetragonality ratio (c/a).16 The
distortion of the oxygen octahedra surrounding each Ti atom is
governed by the oxygen positional parameter (m), the tetragonality ratio (c/a) and a.23 The relationship between tetragonality
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Fig. 4. EDS spectrum of (LixNb3x)Ti14xO2 (x 5 0.20) ceramics sintered at 9901C for 8 h: (a) the light grains; (b) the dark grains.
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Fig. 6. Temperature coefﬁcients of resonant frequencies (TCF) of
(LixNb3x)Ti14xO2 ceramics as a function of x value.
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ratio (c/a) and oxygen positional parameter (m) could be
described as in the following equation16:


 2  
12
c 2
2  4  2 1  ddae
þ2
a

m¼
 2 
4 1  ddae

(2)

where da and de were the lengths of two apical Ti–O bonds and
four equatorial Ti–O bonds, respectively, which could be calculated from a, c, and m23:
pﬃﬃﬃ
da ¼ am 2

as shown in Fig. 7. For the same sample, the decrease of c/a
with temperature resulted in the decrease of dielectric constant
with temperature and then the resonant frequency would shift
towards high frequency when temperature increased, which was
the reason why (LixNb3x)Ti14xO2 solid solution possessed
high positive TCF value. The nearer to (c/a)ideal (0.586) of
tetragonality ratio (c/a), the smaller change of c/a when the
temperature increased from 251 to 851C (measure temperature
of TCF value), and the nearer to zero of TCF value, which could
explain why the TCF value of (LixNb3x)Ti14xO2 solid solution
decreased with the tetragonality ratio (c/a) decreasing.

(3)


c 2
1
de ¼ a 2ð2m  1Þ2 þ
2
a

1
2

(4)

The apical and equatorial
bonds are
h
i equal when m takes the
special value of m ¼ 14 1 þ 12 ðc=aÞ2 .23 Perfect octahedralpsymﬃﬃﬃ
metry would require lattice parameter of ðc=aÞideal ¼ 2  2 
0:586 and mideal ¼ 12 ðc=aÞideal  0:293, giving all twelve O–O
bonds equal lengths. To some extent, the tetragonality ratio
(c/a) indicates the octahedral distortion. Meanwhile the dielectric
constant and/or TCF value depended greatly on the octahedral
distortion. Thus the present work studied the relationship between tetragonality ratio (c/a), dielectric constant and/or TCF
value of (LixNb3x)Ti14xO2 rutile solid solutions. The tetragonality ratio (c/a) of (LixNb3x)Ti14xO2 rutile solid solution was
obtained from the XRD patterns in Fig. 1 and the data were
listed in Table I. Figure 7 presents the relationship between
tetragonality ratio (c/a) and TCF value and/or dielectric constant of (LixNb3x)Ti14xO2 (0rxr0.15) solid solutions. It is
observed that the tetragonality ratio (c/a) of (LixNb3x)Ti14xO2
solid solution decreased as the content of the substitution of
(Li1/4Nb3/4)41 for Ti41 increased (as shown in Table I). The
TCF value and/or dielectric constant of (LixNb3x)Ti14xO2 solid
solution shown in Fig. 7 decreased linearly with the tetragonality
ratio (c/a) decreasing. The dependence of TCF value on the
tetragonality ratio (c/a) could be explained as in the following.
The tetragonality ratio (c/a) of (LixNb3x)Ti14xO2 (0rxr0.15)
solid solution was higher than (c/a)ideal (0.586), which indicated
that the octahedra distorted in (LixNb3x)Ti14xO2 solid solutions. When the temperature increased, the increase of thermal
energy was supposed to be absorbed completely in recovering
the octahedral distortion rather than in restoring the direct dependence of the polarizability on temperature.15 That is to say
the tetragonality ratio would change towards (c/a)ideal (0.586).
For (LixNb3x)Ti14xO2 solid solutions, c/a would decrease
when the temperature increased. The dielectric constant of
(LixNb3x)Ti14xO2 solid solutions decreased as c/a decreased
110
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Fig. 7. Relationship between tetragonality ratio (c/a) and TCF value
and/or dielectric constant of (LixNb3x)Ti14xO2 (0rxr0.15) solid
solution.

IV. Conclusions
In (LixNb3x)Ti14xO2 system, the microwave dielectric properties can be tuned by the substitution of (Li1/4Nb3/4)41 for Ti41.
Tetragonal rutile solid solutions were obtained when
0.05rxr0.15, while LiNb3O8 phase and tetragonal rutile phase
coexisted when 0.20rxr0.23. Without sintering aids,
(LixNb3x)Ti14xO2 ceramics could be densiﬁed well at 9601–
10201C. Dielectric constant (er) changed from 91 to 39 and TCF
shifted from 1320.5 ppm/1C to 72.7 ppm/1C with the amount
of (Li1/4Nb3/4)41 substitution increasing. For (LixNb3x)Ti14xO2
tetragonal rutile solid solutions, the dielectric constant and TCF
value depended greatly on the tetragonality ratio (c/a).
(Li0.215Nb0.645)Ti0.14O2 ceramic sintered at 10201C showed excellent microwave dielectric properties with er 5 43, quality factor (Q  f) 5 14 500 GHz and TCF 5 15 ppm/1C, which could
be used as a temperature stable microwave dielectric material.

References
1

K. Wakino, T. Nishikawa, H. Tamura, and T. Sudo, ‘‘Dielectric Resonator
Materials and Their Applications,’’ Microwave J., 30, 133–50 (1987).
2
Y. Konishi, ‘‘Novel Dielectric Waveguide Components-Microwave Applications of New Ceramic Materials,’’ Proc. IEEE, 79, 726–40 (1991).
3
W. Wersing, ‘‘Microwave Ceramics for Resonators and Filters,’’ Curr. Opin.
Solid State Mater. Sci., 1, 715–31 (1996).
4
K. Wakino, ‘‘Recent Developments of Dielectric Resonator Materials and
Filters in Japan,’’ Ferroelectrics, 91, 69–86 (1989).
5
K. Fukuda, R. Kitoh, and I. Awai, ‘‘Microwave Characteristics of TiO2–Bi2O3
dielectric Resonator,’’ Jpn. J. Appl. Phys., 32, 4584–8 (1993).
6
D.-W. Kim, B. Park, J.-H. Chung, and K. S. Hong, ‘‘Mixture Behavior and
Dielectric Properties in the Low-Fired TiO2–CuO System,’’ Jpn. J. Appl. Phys., 39,
2696–700 (2000).
7
C.-K. Shin and Y.-K. Paek, ‘‘Effect of CuO on the Sintering Behavior and
Dielectric Characteristics of Titanium Dioxide,’’ Int. J. Appl. Ceram. Technol., 3,
463–9 (2006).
8
K. Fukuda, R. Kitoh, and I. Awai, ‘‘Microwave Characteristics of TiO2–Bi2O3
Dielectric Resonator,’’ Jpn. J. Appl. Phys., 32, 4584–8 (1993).
9
E. S. Kim and K. H. Yoon, ‘‘Microwave Dielectric Properties of (1x)CaTiO3–
xLi1/2Sm1/2TiO3 Ceramics,’’ J. Eur. Ceram. Soc., 23, 2397–401 (2003).
10
B. Khazai, R. Kershaw, K. Dwight, and A. Wold, ‘‘Preparation and Electronic Properties of Several Members of the System Fex/3Nb2x/3Ti1xO2,’’ Mater.
Res. Bull., 16, 655–8 (1981).
11
J. A. Garcia, M. E. Villafuerte-castrejon, J. Andrade, R. Valenzuela, and A. R.
West, ‘‘New Rutile Solid Solutions, Ti14xLixM3xO2: M 5 Nb, Ta, Sb,’’ Mater. Res.
Bull., 19, 649–54 (1984).
12
J. Andrade, M. E. Villafuerte-Castrejon, R. Valenzuela, and A. R. West,
‘‘Rutile Solid Solutions Containing M1(Li), M21(Zn, Mg), M31(Al) and M51(Nb,
Ta, Sb) Ions,’’ J. Mater. Sci. Lett., 5, 147–9 (1986).
13
I. Abrahams, P. G. Bruce, W. I. F. David, and A. R. West, ‘‘Structure
Determination of Substituted Rutiles by Time-of-Flight Neutron Diffraction,’’
Chem. Mater., 1, 237–40 (1989).
14
L.-X. Pang, H. Wang, D. Zhou, and X. Yao, ‘‘Sintering Behavior, Structures
and Microwave Dielectric Properties of a Rutile Solid Solution System (AxNb2x)Ti13xO2 (A 5 Cu, Ni),’’ J. Electroceram., (2008), doi:10.1007/s10832-008-9501-7.
15
E. S. Kim, D. H. Kang, and S. J. Kim, ‘‘Effect of Crystal Structure on
Microwave Dielectric Properties of (Ni1/3B2/3)1xTixO2 (B 5 Nb and Ta),’’ Jpn.
J. Appl. Phys., 46, 7101–4 (2007).
16
J.-W. Choi and R. B. van Dover, ‘‘Correlation Between Temperature Coefﬁcient of Resonant Frequency and Tetragonality Ratio,’’ J. Am. Ceram. Soc., 89,
1144–6 (2006).
17
J.-W. Choi, J.-Y. Ha, S.-J. Yoon, H.-J. Kim, and K. H. Yoon, ‘‘Microwave Dielectric Characteristics of 0.75(Al1/2Ta1/2)O2–0.25(Ti1xSnx)O2 Ceramics,’’ J. Eur. Ceram. Soc., 23, 2507–10 (2003).
18
E. S. Kim and D. H. Kang, ‘‘Relationships between crystal Structure and
51
Microwave Dielectric Properties of (Zn1/3B51
5 Nb, Ta) Ceramics,’’
2/3)xTi1xO2 (B
Ceram. Int., 34, 883–8 (2008). doi:10.1016/j.ceramint.2007.09.049.

September 2008
19

Behavior, Structures, and Dielectric Properties of (LixNb3x)Ti14xO2

D. H. Kang and E. S. Kim, ‘‘Microwave Dielectric Properties of Rutile (Zn1/3
Nb2/3)0.60(Ti1xSnx)0.40O2 (0.15rxr0.30) Ceramics,’’ Ceram. Int., 34, 889–92
(2008). doi:10.1016/j.ceramint.2007.09.032.
20
S. O. Yoon, J. H. Yoon, K. S. Kim, S. H. Shim, and Y. K. Pyeon, ‘‘Microwave
Dielectric Properties of LiNb3O8 Ceramics with TiO2 Additions,’’ J. Eur. Ceram.
Soc., 26, 2031–4 (2003).

21

2951

R. D. Shannon, ‘‘Dielectric Polarizabilities of Ions in Oxides and Fluorides,’’
J. Appl. Phys., 73, 348–66 (1993).
22
R. Coelho, ‘‘Physics of Dielectrics for the Engineer’’. Elsevier Scientiﬁc Publishing Company, Amsterdam, 1979.
23
K. M. Glassford and J. R. Chelikowsky, ‘‘Structural and Electronic Properties
of Titanium Dioxide,’’ Phys. Rev. B, 46, 1284–99 (1992).
&

