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Abstract

Dielectric properties of (Zn3Nb—3Ta3)0.5(Tio sSno.1Geo.1)0.502 (x =0, 1, 2) and/or (Zn;,3Nb3Tay3)0.5(Tio.8Sn0.20-)G€0.25)0.502 (¥ = 0,
0.5, 1) were investigated at the microwave frequencies. For the compositions with single phase of rutile structure, the dielectric constant (K) of
specimens was not only dependent on the dielectric polarizabilities, but also on the bond length ratio of apical bond (d,p;cq) to equatorial bond
(deguatoriar) of 0xygen octahedron in the unit cell. Temperature coefficients of the resonant frequencies (TCF) of the specimens with B = Nb>* and/
or M = Sn** was larger than those with B = Ta>" and/or M = Ge**. These results could be attributed to the changes of the degree of oxygen
octahedral distortion. Quality factors (Qf) of the specimens with B = Ta>* and/or M = Sn** were larger than those with B = Nb>* and/or M = Ge**.
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1. Introduction

Microwave dielectric properties of ceramics are affected by
the crystal structure and interactions between cation and anion
of the compounds. It is necessary to understand the basic
relationships for the simple structure, such as the rutile structure
which has only two oxygen octahedra in the unit cell of crystal
structure, to search the new dielectric materials and to control
the microwave dielectric properties of ceramics effectively.

For the tetragonal rutile structure (P4,/mnm, No.136, Z = 2),
there are only two oxygen octahedra in the unit-cell, and these
octahedra form chains by sharing corners and edges at each
cation—oxygen bond. The oxygen octahedron of rutile structure
consisted of four equatorial cation—oxygen bonds (deguaroriar)
and two apical cation-oxygen bonds (dypicq), is slightly
distorted if the apical cation—oxygen bonds are longer slightly
than the other equatorial bond [1].

The substitution of Ti** ions of TiO, by other ions would
affect the crystal structures and the microwave dielectric
properties of the specimens. Dielectric constant (K) at
microwave frequencies was found to be affected by the rattling
of center ions of oxygen octahedron, and the temperature
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coefficient of resonant frequency (TCF) was closely related
with the temperature coefficient of dielectric constant (TCK),
which depended on the distortion of oxygen octahedron [2].
Also, the rattling effect of oxygen octahedron center ions and
the octahedral distortion were largely dependent on the bond
strength and bond length of the composing ions.

To clarify the effect of structural characteristics on the
microwave dielectric properties of compound with rutile
structure, it is interesting to study the substitutional effects
of composing ions with same ionic size (Nb™* = Ta™ = 0.64 A)
[3] and/or different ionic sizes (Ge** = 0.53 A, Ti** = 0.605 A,
Sn** = 0.69 A) [3] on the microwave dielectric properties of the
(Zn1/3B23)0.5(Tio.sMo.2)0.502 (B = Nb™*, Ta®*, M = Sn™*, Ge™)
ceramics.

Therefore, this study was focused on the substitutional
effects of Ta5+ for Nb5+ of (Zn1/3B2/3)0,5(Ti0,8Sn0VlGeo,1)0,502
(B=Nb’*, Ta’*) and Ge** for Sn** of (Zn,;Nb,;Tay,
2)05(Tip sMo2)0s0> (M =Sn*", Ge**) on the microwave
dielectric properties of the compound with rutile structures.

2. Experimental procedures

Raw materials of oxide powders with high purity (99.9%)
were weighed according to the compositions of (Zn;;3Nbg_yy,
3Ta,13)0, (x =0, 1, 2) and (Tig gSng.2(1-,)Geo2,)02 (y =0, 0.5,
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1), and milled with ZrO, balls for 24 h in distilled water, and
then calcined at 1200 °C and 1150 °C for 3 h, respectively.
These calcined powders were mixed according to the formula
of (Zny;3Nb_y3Ta3)0.5(TiosSno.1Gep.1)0502 (x=0, 1, 2)
and/or  (Zn;;3Nby;3Tay3)0.5(Tio.8SN0.201-1)G€0.2,)0.502 (¥ =0,
0.5, 1) and re-calcined at 1200 °C for 3 h. The calcined
powders were milled again for 24 h and then dried. The dried
powders were pressed at 147 MPa isostatically. These pellets
were sintered at 1250 °C for 3 h in air. The heating rate was
5 °C/min and the cooling rate was 1 °C/min down to 900 °C,
and then furnace cooled to room temperature.

Powder X-ray diffraction (XRD) analyses (D/Max-3C,
Rigaku, Japan) were used to determine the phase identification.
The lattice parameters, unit-cell volumes and atomic positions
were obtained from Rietveld refinements of XRD patterns. The
Rietveld refinements were performed using the Full-Prof
program [4]. The initial structure model for rutile compounds
was taken from the work by Abrahams et al. [5]. The
microstructure of the specimens was observed using a scanning
electron microscope (SEM, JSM-6500F, JEOL, Japan). The
microwave dielectric properties were measured by Hakki and
Coleman’s method [6] with the TE;;; mode at 10~11 GHz. The
TCF was measured by the cavity method [7] in the temperature
range from 25 °C to 80 °C.

3. Results and discussion

The complete solid solutions of (Zn;sNbo_yysTay
3)0.5(Tio.8Sn021-1G€0.2y)0.502 (x=0, 1, 2, y=0, 05, 1,
(ZNT)(TSG)O,) with tetragonal rutile structure (P4,/mnm)
were obtained through the entire range of compositions, as
shown in Fig. 1. Crystal structure data (lattice parameters and
unit cell volume) obtained from the Rietveld refinements of
XRD patterns are listed in Table 1. The unit cell volume of (Zny,
3Nb1/3Ta1,3)045(Ti0.SSn0.2(1_),)Ge0.2y)0_502 was decreased with
increasing of Ge** content, due to the larger ionic radius of Sn**
(0.69 A) than that of Ge** (0.53 A) [3]. Although the ionic
radius of Nb>* and Ta>* was same, the unit cell volume of (Zn,,
3Nb_v3Ta,3)0.5(Tip gSng 1Geg 1)9.s02 was also decreased
with Ta>* content. These results could be explained that the
lattice parameters were also affected by ionic radius as well as
bond strengths of composing ions. The individual bond lengths
(apical bond, d,;..; and equatorial bond, d,guaroriar) Of OXygen
octahedron were obtained from the lattice parameters and
oxygen position parameters of tetragonal rutile structure by

Table 1

E.S. Kim, S.N. Seo/Ceramics International 38S (2012) S163-S167

110)

=

101

S

(c)(ZT)(TG[S)O ()(ZINT)(T

|

1

'

1

'

1

'

- 1

~ 1

1

z 1

2 § = Za.

= e Ng;%ﬂ:

= g b=t

LS J\ i [R— J

'

1

'

1

'

1

'

1

'

!

'

1

'

1

(b)(ZNT)(TGS)O

Intensity (a.u.)

(b)ZNT)(TGS)O,

20 30 40 50 60 70 20 30 40 50 60 70
20 (degree, CuKa)

(d)(ZNT)(T|S)O

[

Fig. 1. X-ray diffraction of (Zn;;3Nbe_,)3Tay3)0.5(Tio.8Sn020-)G€0.2y)0.502
(x=0,1,2,y=0, 0.5, 1) sintered at 1250 °C for 3 h; (a) (Zn;;3Nby/3)0.5(Tio.g
Sng.1Geo.1)0.502, (b) (Zny;3Nby/3Tay/3)0.5(Tio 8Sn0.1Ge0.1)0.502, (€) (Zny3Tay,
3)0.5(Tio.8Sn0.1Ge0.1)0.502, (d) (Zny3Nby3Ta/3)0.5(Tio.8Sn0.2)0.502, (€) (Zny,
3Nby3Tay3)0.5(Tio.8Geo.2)0.502-

Rietveld refinement method [4]. The changes of crystal-
lographic data (lattice parameter, bond length, bond length
ratio) of the sintered specimens with the substitution of Ta>* for
Nb>* and/or Ge** for Sn** should differently affect to the
microwave dielectric properties because the microwave
dielectric properties of rutile structure compounds were
dependent on dielectric properties of composed ions as well
as structural characteristics.

At microwave frequencies, the dielectric constant (K) is
dependent on the theoretical dielectric polarizabilities (¢ye0,)
obtained from the additive rule [8]. Since the &, of GeO,
(5.65 A%) is smaller than that of SnO, (6.85 A%) [8], the K of the
specimens with the substitution of Ge** for Sn** was decreased
with GeO, content. However, the K of the specimens with the
substitution of Ta>* for Nb>* was decreased with (Zn;5Tay/3)05
content, even though the oy, of (Zn;;3Ta,;3)0, (7.85 A3) is
larger than that of (Zn;,3Nb,/3)0, (7.35 A3) [8]. These results
could be explained by the crystal structural characteristics of
(Zn/3Nby/3)0.5(Tig.gSng. 1 Geg.1)0.502  (ZN)(TSG)O,)  substi-
tuted Ta5+ for Nb5+ and/or (Zn1/3Nb1/3Ta1/3)0V5 (Ti0_88n0_2)0,502
((ZNT)(TS)O,) substituted Ge** for Sn**.

To investigate the effects of crystal structural characteristics
on the K, the bond length ratios of dpicaldequatoriar WeTE

Crystal structure data and octahedral distortion of (Zn;3Nb,_)3Ta,/3)0.5(Tig.8Sng21-y) G€0.24)0502 (x=0, 1, 2, y =0, 0.5, 1) sintered at 1250 °C for 3 h.

Composition Lattice parameters (10\) Vinit cell (A) Bond length (/0\) Ratio of dupicarldequatoriar Distortion (A x 10%)
X y Symb01 a c da])ical dequatorial

0 0.5 (ZN)(TSG)O, 4.726 (5) 3.059 (1) 68.318 2.027 (3) 1.991 (3) 1.018 7.18

1 0.5 (ZNT)(TSG)O, 4.723 (2) 3.060 (4) 68.259 2.020 (5) 1.987 (1) 1.017 6.06

2 0.5 (ZT)(TSG)O, 4.727 (2) 3.053 (3) 68.209 2.016 (3) 1.998 (5) 1.009 1.79

1 0 (ZNT)(TS)O, 4.728 (1) 3.060 (6) 68.409 2.037 (3) 1.995 (5) 1.021 9.71

1 0.5 (ZNT)(TSG)O, 4.723 (2) 3.060 (4) 68.259 2.020 (5) 1.987 (1) 1.017 6.06

1 1 (ZNT)(TG)O, 4.722 (1) 3.058 (2) 68.173 2.020 (5) 1.999 (3) 1.011 2.44
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Fig. 2. Dependence of dielectric constant (K) on ratio of dypicar/dequaroriar Of
(Zny3Nb_3Tay3)0.5(Tip.8Sng 21-y)Ge0.2)0502 (x=0, 1, 2, y=0, 0.5, 1)
sintered at 1250 °C for 3 h.

calculated from individual bond lengths of oxygen octahedron
in the unit cell of the specimens. As shown in Fig. 2, the K of the
specimens was increased with the bond length ratio (dupicar/
deguaroria) because the larger bond length ratios of dgpicar t0
dequaroriar than unit are leading to the larger rattling space of the
center ions of oxygen octahedra. Therefore, the K of rutile
structure is more strongly dependent on the bond length ratio
(dapicalldequatoriar) than the ., of the specimens.

The oxygen octahedron is expected to be distorted from the
changes of bond lengths (dupicats @equaroriar)» and the oxygen
octahedral distortion (A) was calculated from the individual
bond length of oxygen octahedron using the Eq. (1) reported by
Shannon [3].

s {5 »

where R; is an individual bond length, and R is average bond
length of oxygen octahedron. As confirmed in Table 1, the A
was decreased with increasing of Ta>* and/or Ge** content, and
the temperature coefficient of resonant frequency (7CF') also
decreased with the decrease of the A. Dependences of TCF on
the A of (Zn;3Nba_yi3Tay3)o.5(TiosSno.2a-y)G€0.24)0.502
(x=0, 1,2, y=0, 0.5, 1) are shown in Fig. 3. These results
could be explained that the large positive TCF was often
accompanied by the large K (10 < K), and the TCF was
increased with increasing K for the materials with large K,
because the TCF is a function of temperature coefficient of
dielectric constant (TCK) (TCF = —(1/2)TCK-a, o (thermal
expansion coefficient)=10 ppm/°C for ceramics), and TCK is
a function of («,,/6T)y (Where w,,: polarizability of molar
volume, T: temperature) which is always negative and de-
creased with increasing K in the range of 10 < K < 200 [9].
Therefore, the changes of bond lengths (dpicar> dequatoria) With
the substitution of Ta’* for Nb>* and/or Ge** for Sn** affected
to rattling space as well as A, and the K and TCF of the
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Fig. 3. Dependence of TCF on octahedral distortion of (Zn;;3Nb_y)3Tay
3)0_5(Ti0_gSn0_2(1,},)Geo.2},)0.502 (}C = 0, 1, 2, y= 0, 05, 1) sintered at 1250 °C for
3 h.

compounds with rutile structure were dependent on these
changes of bond lengths.

Generally, the Qf value was dependent on the extrinsic
factors such as density, secondary phase, impurity and grain
size, along with the intrinsic factors [10]. In these systems, the
effects of the density and secondary phase could be neglected
due to the higher relative density than 93%, and no secondary
phase in XRD patterns. To confirm the effects of grain size on
the Qf value, SEM micrographs of the specimens are shown in
Fig. 4. For (Zn;/3Nby;3Tay3)0.5(Tio.8Sn0.21-1)G€0.24)0.502 sin-
tered specimens (Fig. 4(d), (b), (e)), the grain size of (Zn;3Nby,
3Tay/3)0.5(Tip gSng 1Geg.1)0.50, was larger than that of other
specimens, which was agreed with the changes of Qf value of
the specimens. However, the grain size of (Zn;;Nb_y)sTay
3)0.5(Tip.8Sng 1Geg 1)0.5O- sintered specimens (Fig. 4(a), (b),
(c)) was slightly decreased with Ta>* content, while Qf value of
the specimens was increased.

Therefore, there is an effect of the intrinsic factors on Qf
values which is the minimum loss related with lattice
anharmonicity that can be expected for a particular crystal
structure. These can also be evaluated by the ionic packing
fraction of unit cell [11]. The packing fraction defined by the
summation of volume of packed ions over volume of primitive
unit cell, could be obtained from Eq. (2) for AO, rutile
compound.

__volume of pcaked ions

Packing fraction (%) volume of unit-cell 8
47{/3(r3atiom +2x r?)xygen) (2)
= - X2
a? xc

where 7easions AN Toxyeen ions are the effective ionic radii at each
coordination number, a and c¢ are the lattice parameters and
Z =2 for tetragonal rutile structure. The Qf values were im-
proved with the increase of Ta’* and/or Sn** content due to the
increase of ionic packing fraction of unit-cell, and the depen-
dence of Qf value of rutile compound on packing fraction was
clearly confirmed in Fig. 5.
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Flg 4. SEM Photographs of (ZH1/3Nb(2,x)/3Tax/3)()»5(Ti()_gsno_2(|,y)GC()_zy)()jOz (x = O, 1, 2, y= O, 05, 1) sintered at 1250 °C for 3 h, (a) (Zn1/3Nb2/3)0_5(Ti0_8Sn0_1_
Ge, )0502, (b) (Zn;;3Nby;3Ta;3)0.5(TigsSn0.1Geo.1)0.502, (€) (Zny3Taz;3)o.5(Tip.sSng.1Gep.1)0.502, (d) (Zny3Nby/3Tay3)0.5(Tig 8Sn0.2)0.502, (€) (Zn3Nby;3Tay,

3)0.5(Tip.8Geo.2)0502 (Bar =5 pum).
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Fig. 5. Dependence of Qf value on packing fraction of (Zn;;sNb_,sTa,,
3)0'5(Tio'8sll()'2(l_y) Geolzy)o'soz ()C = 0, 1, 2, y= O, 05, 1) sintered at 1250 °C for
3 h.

4. Conclusion

Dependence of microwave dielectric properties on the
structural characteristics of (Zn;;3Nbe_y3Ta,3)0.5(Tip sSng ;-
Ge, )0502 (x =0, 1, 2) substituted Ta’* for Nb™* and (Zn,5Nb,,
3Tal/3)0.5(Tio_gsnoiz(l_y)Geoizy)0.502 (y = 0, 05, 1) substituted
Ge** for Sn** was investigated. Single phase of tetragonal rutile
structure was detected through the entire range of compositions.
Dielectric constant (K) of the specimens was increased with
SnO, and/or Nb,O5 content due to the increase of bond length
ratio of dgpicai/dequaroriar Of the 0Xygen octahedron. Temperature
coefficient of resonant frequency (7CF) of the specimens could
be controlled by the distortion of oxygen octahedron. Qf value

was improved with Ta,Os and/or SnO, content due to the
increase of ionic packing fraction in the unit cell of crystal
structure.
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