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based on the atomic arrangements
Hitoshi Ohsato *
Material Science and Engineering, Nagoya Institute of Technology, Gokiso-cho, Showa-ku, Nagoya 466-8555, Japan
Abstract

Microwave dielectrics are key materials for wireless communications, which have been tremendously developed in ubiquitous age. On the microwave
dielectrics, there are three important properties, such as quality factor Q, dielectric constants ¢, and temperature coefficients of resonant frequency
5. The utilizable region for the frequency is expanding to higher frequency. Since the dielectric losses increase at higher frequencies, microwave
dielectrics with high quality factor Q are of considerable interest. In this paper, we research the origin of high Q for the next generation dielectrics.
We summarize the cases with high Q and state the origin of high Q on the tungstenbronze-type like solid solutions, which we have studied.
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1. Introduction

The wireless communications have been tremendously devel-
oped in the following applications: portable telephone, satellite
broadcasting, ultra-high speed wireless LAN, intelligent trans-
port system (ITS) including ETC and ladder for anti-collision,
and so on. The utilizable region for the frequency is expanding
to millimeter wave region because of shortage of the radio fre-
quency (rf) resource. Usually, in the high frequency region, the
dielectric losses increase. So, the developments of microwave
dielectrics with the high quality factor Q, which is the inverse of
tan § are expected. We have been studying the tungstenbronze-
type like Bag_3,Rg+2,Ti1gOs4 (R: rare earth) solid solutions
with high Q and high &, and low temperature coefficient of fre-
quency tt, and published many papers.1~8 These compounds are
located on the tie-line between BaTiO3—R, TizOg compositions
in the BaO-R,03-TiO; ternary system. Bag_3,Rg+2, Ti1gOs4
solid solutions® have a tungstenbronze-type like structure as
shown in Fig. 1. The crystal data with superlattice doubled of
c-axis are as follows: orthorhombic Pbnm (no. 62), a=12.13 A,
b=22.27A, ¢=7.64A and Z=22. The fundamental unit cell of
the structure contains three types of large cation sites: ten A1-
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rhombic sites in 2 x 2 perovskite blocks, four A2-pentagonal
sites and four C-trigonal sites.* The pentagonal and trigonal
sites are located among the perovskite blocks. The fundamen-
tal structure is expressed by the formula [Rg+2,Baz_3,Vy]a1
[Baglaz2[ValcTiigOs4 (0 < x < 2/3). Here, V means vacancy. In
the 0 <x<2/3 composition region, the Al-sites are occupied
mainly by medium-sized R-ions, and also by a small amount
of large Ba-ions. For x=2/3, the A1- and A2-sites are occu-
pied by R- and Ba-ions, respectively. On the other hand, the
C-sites are unoccupied by cations, because they are the smallest
sites.

The coordination numbers CN and configurations of each
polyhedron in the tungstenbronze-type like Bag_3,Rg+2, Ti18Os4
crystal structures are illustrated in a previous paper.®> A1(1)- and
A1(5)-sites are two-cap trigonal prisms with 8-CN, A1(2)- and
A1(4)-sites are a distorted cubic dodecahedra with 8-CN, and
the A1(3)-site is a three-cap trigonal prism with 9-CN, whereas
A2(1)- and A2(2)-sites are a two-cap hexahedron with 10-CN.
The configurations of C-sites have not been determined yet
because crystal structure analysis showed that C-site is unoc-
cupied.

In this paper, cases with high Q on the tungstenbronze-
type like Bag_3.Rg+2x Ti1gOs4 solid solutions are summarized as
following three cases. Case 1: quality factor improved by compo-
sitional ordering.58 Case 2: Q improved by more compositional
ordering.>"1! Case 3: quality factor depending on R-cations.!2
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Fig. 1. Crystal structure of the tungstenbronze-type like Bag_3,Rg+2, Ti1gOs4
solid solutions.

Moreover, the origins of Q are considered based on these three
cases.

2. Experiments

The experimental procedure for synthesis of samples, iden-
tification of precipitated phases, measurement of stress and
properties and crystal structure analysis are described in our
previous papers.t-8

The stability of crystal structure was discussed by using bond
valence theory3-15 to clarify the relationship between the dif-
ferences in the ionic radii of cations and the crystal structure.
Salinas-Sanchez et al.6 reported the stability index of the crystal
structure which related with the difference in the valence calcu-
lated from the bond valence theorem and the theoretical valence.
Thus, in this study, the bond valence v; of specific cation in the
crystal structure was evaluated by the following equations:
Ro — R;j

: &)

Vv = ZS,‘j (2)
J

where S;; represents the bond strength of cation i and anion j;
R;; bond length between i and j; Ro and b are known as the bond
valence parameters of various cations and the constant value
(0.37 A), respectively.

S,'j = exp

3. Results and discussions
3.1. Improvement of Q

3.1.1. Case 1: compositional ordering®=®

We found that Qf values have non-linearity as a function of
composition in a tungstenbronze-type like Bag_3,Rg+2, Ti1§O0s4
(R: rare earth) solid solutions as shown in Fig. 2. The solid solu-
tions are superior compounds having high e, and high Qf for
mobile phone, and have the highest Qf value at x=2/3 com-

Fig. 2. Quality factor of the tungstenbronze-type like Bag_3,Rg+2, Ti1gOs4 solid
solutions as a function of composition.

position: 10549 GHz in the Sm system, 10010 GHz in the Nd
system and 2024 GHz in the La system.* The highest quality
factor is based on the compositional ordering of R- and Ba-
ions in the rhombic A1- and pentagonal A2-sites, respectively,
as shown in Fig. 3. The highest quality factor may be based on
the ordering of R- and Ba-ions in the rhombic A1- and pentag-
onal A2-sites, respectively. The distribution of the ions might
reduce the internal strain and result in the non-linear variation
of quality factor.
3.1.2. Case 2: more compositional ordering®!!

Sr-ions with ionic size between that of Ba- and R-ions are
introduced in to this system, of which ionic size is located
between Ba- and R-ions. As mentioned above, Qf values of

Fig. 3. In the case of just x=2/3 (a), compositional ordering at A1- and A2-sites
by R- and Ba-ions, respectively. In the case of x<2/3 (b), Ba-ions also occupy
Al-sites statistically.
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Fig. 4. Qfvalues as a function of a on the (Ba;_5Sra)sRg Ti1gOs4 Withx=0. The
values are increased steeply by substitution Sr- for Ba-ions.

those Bag_3yxRg+2x Ti1g0s6 solid solutions have the maximum
value at x=2/3. In the region x<2/3, the structural formula
of the solid solutions is [Rg+2¢Baz—3,Vy]a1[Bas]a2Ti1gOs4. In
this region, Ba-ions located in Al-sites deteriorate the quality
factor. In the case of x=0, Qf values are very low as shown
in Fig. 2. When Ba-ions are substituted by Sr-ions, such as
[RsSr2]a1[Baa]a2 TitgOsa, Of values are improved steeply from
206 to 5880 GHz in the case of R=Nd as shown in Fig. 4.
Introduction of Sr-ions in Al-sites may reduce the internal
stress/fluctuation of d-spacing, because of reducing ionic size
in A1-sites. Mercurio et al.!! reported that the Sr-ions occupy in
A13 special sites which have medium size between that of A1-
and A2-sites. Hence, it is expected that R-, Sr- and Ba-ions are
ordering in A1-, A13- and A2-sites, respectively.

3.1.3. Case 3: dependence of Qf on R-cation with small
sizel?

The quality factors Qf of each R-analogy with x=2/3 are
shown as a function of ionic radius in Fig. 5. It should be noticed
that the quality factors Qf increase with the decrease of the ionic

Fig. 5. Dependence of quality factor on the R-ions.

Fig. 6. Dependence of internal strain on the composition x (a) and R-ions (b).

radii of each R-ion as described later. The Of values of Sm-
and Nd-analogies are excellent. The Qf of Sm-analogy is the
highest due to the low internal strain/fluctuation of d-spacing
on the atomic scale as shown in Fig. 6(b). It should be noticed
that internal strain n for Sm is the lowest. This low  originates
from the difference of ionic radii between R- and Ba-ions. In the
case of Bag_3,Rg+2, Ti1g0s4 solid solution series, lower internal
strain/fluctuation of d-spacing originate from the ordering of R-
and Ba-ions that occupy A1- and A2-sites, respectively. In the
case of R-analogies with x=2/3, we are comparing R-analogies
with different size of ionic radii. The tungstenbronze-type like
structure is built with two different parts. One is perovskite
blocks, which include medium size ions, such as R-ions, and
another is pentagonal columns, which include large size ions,
such as Ba-ion. These two parts are produced by existence of
different size in cations. Therefore, the size of cations occupying
the two sites should be different. Sm-analogy with the smallest
ionic radius in the R-analogous series is the most stable for the
rhombic A1-sites in the perovskite blocks, which show the small-
est internal strain. This stabilization of the crystal structure has
improved Qf values.

3.2. Origin of Q

We would like to consider the origin of the high Q on the
three cases described above. There are three structurally different
aspects: first one is different ionic size of Ba- and R-cations,
second one is substitution between cations with different charge,
and third one is the formation of polars.
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3.2.1. Internal strain

As ionic radius'’ of Ba-ion with 1.42 A (8-CN) is larger than
that of R-ion (Sm/Nd) with 11A (8-CN) as mentioned in the
second case, Ba-ions with large ionic size in perovskite block
bring deformation of crystal structure and internal strain in the
range of 0 < x<2/3, as shown in Fig. 6(a). It should be noticed
that the internal strain for x=2/3 is the lowest in the series of
Bag_3,SMg+2, Ti1gOs4 solid solutions.? This low internal strain
comes from the distribution of cations in the rhombic sites and
the pentagonal sites on the tungstenbronze-type like structure.
As shown before in the x =2/3 composition, ions with the same
size occupy each Al- and A2-site, as shown in the structural
formula [Ro33V0.67]41[Baa]a2Ti1gOs4, that means, R-ions and
Ba-ions are ordering in both the rhombic sites and pentago-
nal sites, respectively. This ordering leads to the lowest strain.
As the x-values decrease according to the structural formula
[Rs+2:Bao_3,V,]a1[Bas]a2Ti1gOs4 in the range of 0 <x<2/3,
Ba-ions with larger ionic radii will occupy also a part of the
rhombic sites with their smaller size. The occupation of Ba-
ions in Al-site leads to internal strain around themselves, which
lowers the Qf values. The strain is based on the fluctuation of
d-spacing.

3.2.2. Substitution between cations with different charge

As mentioned in the first case, trivalent cation in the per-
ovskite block brings stability of crystal structure, which can be
discussed by using bond valence theory. The bond valences of
Sm- and Nd-analogies with x=0.5 and 0.7 are calculated from
refined atomic position reported in a previous paper.! Though
ideal coordination numbers are 12-CN in Al-sites and 15-CN
in A2-sites, the real coordination number is 8-CN in A1-sites in
perovskite block and one of Al-sites is 9-CN because of defor-
mation of these polyhedra as describe before. The coordination
number was fixed at 8 for Al-sites and 10 for A2-sites. The
bond valence parameters of Rg relate to Bag_3,Rg+2, Ti1gOs4
are listed in Table 1. R;; was obtained from the reported atomic
position of the crystal structural refinement.> Bond valences v
of cation are summarized s;; bond strengths. v of Ba in Al-site
on x=0.5 composition is 4.07 and 4.57 for Nd- and Sm-analogy
which value is far exceed 2* divalent of Ba. On the other hand,
v-values of rare-earth ions in A1-sites are fitting with 3* trivalent
ions. So, Ba-ions in Al-sites are unstable and bring large losses.
In the case of x=0.7, all the v-values are fitting with the cation
valence.

3.2.3. Formation of polars
As mentioned in the first case, on the Sm-analogy withx=0.5
composition smaller than x =2/3, Ba-ions in A1-sites have large

Table 1

Parameter Ry values in the bond valence theorem

Bond Ry
Ba?*—0 2.285
Nd3*—0 2.105
Sm3*—0 2.088
Ti*—0 1.815

Table 2

Bond valences of Bag_3,Rs+2, Ti1gOs4 Obtained from refined atomic position

R X (vai-r) (va1-Ba) (vaz) (vri)

Nd 0.5 2.57 4,07 1.94 4,09
0.7 271 - 2.00 411

Sm 0.5 2.73 4,57 2.01 4,13
0.7 2.93 - 2.07 4,15

Coordination number was fixed at 10 for Ba in A2-site, 6 for Ti in B-site and, 8
and 9 for Al-site.

bond valences of 4.57 (Table 2) which are lack of charge by
about +2. The lack shows unbalance of the charge valence,
which makes polars between the Ba positions and oxygen. Other
bond valences of Ba in A2-sites and Ti in B-sites are 2.01 and
4.13 almost similar 2* and 4* valence, respectively, though that
of Sm is 2.71 a little different from 3*. In the case of x=0.7
composition on the Sm-analogy, the bond valence of Ba in A1-
sites is improved to 2.93 which is close to 3*. In the case of
Nd-analogy with x=0.7, the bond balance of R-ions is a little
degraded to 2.71. So, the Q is also a little degraded as men-
tioned in the third case. On the other hand, vacancies in A1-sites
on the structural formula [Rg+2,Baz—3,Vy]a1[Bas]a2 Ti1gOs4 are
created by the substitution of 2R for 3Ba in the solid solu-
tions. Though vacancies are increased according to x, Q also
increases steeply as shown in Fig. 4. These vacancies work for
stability of the crystal structure, because the vacancies reduce
the site volume. In this tungstenbronze-type structure, two dif-
ferently sized cations, such as R and Ba can be included in
two differently sized polyhedra: rhombic Al-site and pentag-
onal A2-site. Here, Al-site is deformed from cuboctahedron
to form a rhombohedron to reduce the site volume. How-
ever, effects of the vacancies for creation of polars are not so
clearly.

4. Conclusions

We summarized three cases for improvement of Q on the
tungstenbronze-type like Bag_3,Rg+2, Ti1gOs4 solid solutions:
first case is compositional ordering at x =2/3 which composed
by the rhombic sites in the perovskite blocks and pentagonal
sites occupied by R and Ba, respectively. Second case is more
improvement of Q, which is achieved by the substitution of
medium sized Sr-ions (between Ba- and R-ions) for Ba-ions.
The third case is improvement Q depending on R-cations. In the
case of Sm-ions with small ionic size, a high Qf'is observed. We
have also considered three origins of high Q on the three cases
described above, i.e. dependence of internal strain on the ionic
size, stability of crystal structure depends on the charge valences
and the formation of polars which degrade Q.
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