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Abstract

Investigations of materials based on the three systems: (Ba1�yPby)6�xLa8+2x/3Ti18O54, (Ba1�yPby)6�xNd8+2x/3Ti18O54, and

(Ba1�yCay)6�xLn8+2x/3Ti18O54 revealed that a partial isovalent substitution in cation sublattices allows the control of the electro-
physical parameters of microwave dielectrics. The investigations were carried out over a wide range of x values. Data on the rela-
tionship between the crystal-cell parameters and the microwave dielectric properties (", Q, and tf) have been obtained and related to
the size of the isovalent ion residing at crystallographic sites in the A-sublattice. Based on the data obtained, a non-random dis-

tribution of Ca2+ and Pb2+ ions on different A-sites as a function of their concentration in different systems was concluded. Var-
ious temperature-stable microwave dielectrics, based on the above three systems, have been synthesized and shown to exhibit
excellent MW properties. # 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The continuing interest in investigations of
Ba6�x Ln8+2x/3Ti18O54 solid solutions, where Ln=La–Gd,
is a consequence of the unique dielectric properties of
these materials. A combination of high dielectric constant
("�70–100), low dielectric losses, and high temperature
stability of the permittivity makes them very important
for applications in communication devices. However, the
requirements of modern communication technologies
results in growing demands for further enhancements in
the performance of materials. With materials based on
Ba6�xLn8+2x/3Ti18O54 solid solutions, the main engi-
neering goal is the suppression of the temperature coef-
ficient of resonant frequency (�f), which is related to the
temperature coefficient of dielectric constant (�") by the
equation �f=��"/2�� (where � is the linear thermal
expansion coefficient), to almost zero ppm/K while
retaining high Q-values and a high dielectric constant.
The electro-physical characteristics (", �f, Q) of
Ba6�xLn8+2x/3 Ti18O54 solid solutions are sensitive to both

x value and rare-earth ion.1,2 Typically, by decreasing x
or increasing the rare-earth ionic radii the dielectric
constant and the dielectric losses within the solid solubility
range increase. In addition, partial isovalent substitution
in the cation sublattice can have a significant effect on the
electro-physical properties of these materials.3�6 The
goal of this study is to investigate isovalently substituted
La, Nd, and Sm-containing Ba6�xLn8+2x/3Ti18O54 solid
solutions over a wide ranges of x values and substituent
concentration.

2. Experimental procedure

The powders were synthesized by a solid-state reaction
technique. Extra-pure BaCO3, CaCO3, Sm2O3, Nd2O3,
La2O3, TiO2 and PbTiO3 were used as the starting
reagents. These starting reagents were mixed and ball
milled: the mixture was then dried and calcined at 1150–
1200 �C for 2–3 h. PbTiO3 powder was added at the
second stage of calcination to minimize the PbO eva-
poration. Pre-reacted powders were pressed into pellets
and sintered at 1330–1380 �C for 2–3 h. The phase
composition and lattice parameters of the materials
were analyzed by powder X-ray diffraction (XRD) using
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a ‘‘DRON 4’’ diffractometer and Cu Ka radiation. Micro-
structures of the ceramics were examined and micro-
analyses were performed by SEM (Jeol JXA 840A, Tracor
Series II). The electro-physical characteristics of the cera-
mic samples were examined at frequencies around 10
GHz. The dielectric constant (") and dielectric losses
(tg �) of the materials were measured using a modified-
dielectric-resonator method.7 Dielectric losses of the
materials were estimated from the frequency dependence
of the transfer constant in the vicinity of the resonant fre-
quency (fres). The temperature behaviour of the dielectric
constant was evaluated from the temperature dependence
of fres.

3. Results and discussion

3.1. The (Ba1�yPby)6�xNd8+2x/3Ti18O54 system

The phase composition of the (Ba1�yPby)6�x-
Nd8+2x/3Ti18O54 system was examined at x=0, 0.75,
and 1.5. Based on XRD investigations, the single-phase
region was determined to exist within the Pb2+ concentra-
tion range corresponding to 0<y40.70 (x=0), 0<y<0.60
(x=0.75), 0<y40.4 (x=1.5). For this last case the
results are in good agreement with those obtained by
Podlipnik et al.5 For all compositions outside the single-
phase region a secondary phase was detected and iden-
tified as Nd4Ti9O24. Fig. 1 shows the X-ray diffraction
patterns of the (Ba1�yPby)6�xNd8+2x/3Ti18O54 ceramic
samples with the highest Pb2+ concentration: y=0.70
(x=0), y=0.65 (x=0.75), and y=0.5 (x=1.5). In the
case x=1.5 and y=0.5 (multiphase region), the peaks
corresponding to Nd4Ti9O24 are clearly visible whereas
in the case x=0.75 and y=0.65 (multiphase region close
to the ss. limit) only faint traces of the most intense
peaks of Nd4Ti9O24 could be recognized on the XRD
plot. When x=0 and y=0.70 (single-phase region) the
peaks of Nd4Ti9O24 are not present or their intensity is

below the XRD sensitivity (Fig. 1). A typical influence
of the lead concentration on the lattice parameters of
the (Ba1�yPby)6�xNd8+2x/3Ti18O54 solid solutions is
shown in Fig. 2 for the x=0.75 system. With an increase
of the Pb2+ concentration the crystal-lattice parameters
(c and b) decrease monotonically up to the solid-solu-
bility limits indicated by the powder XRD patterns.
Typically, Pb incorporation has only a slight influence
on the dimensions of the a-axis.
In addition to XRD analysis, SEM microstructural

investigations and microanalyses of the (Ba1�yPby)6�x-
Nd8+2x/3Ti18O54 ceramic samples have been performed.
Unlike XRD, the microstructural analysis revealed a sec-
ondary TiO2 phase, the concentration of which is very low
for small values of y, but increases with an increase in y
(Fig. 3). The appearance of this phase is related to the
evaporation of lead during heat treatment, as already
reported by Podlipnik et al.,5 and does not indicate that
the solid-solubility limit is being exceeded. As a result,
only nominal Pb concentrations are reported in this
study. Therefore, when taking into account the XRD
and SEM data and the evaporation of lead we cannot
be absolutely certain that the solid-solubility limits for
Pb2+ ions correspond to y=0.70 (x=0), y=0.60
(x=0.75) and y=0.4 (x=1.5). Nevertheless, the substitu-
tional experiments have shown that the solid-solubility
limits are close to these values and that by decreasing the
value of x in (Ba1�yPby)6�xNd8+2x/3Ti18O54 the solid-
solubility region for Pb2+ incorporation becomes wider.
The crystal structure of Ba6�3xR8+2xTi18O54 solid

solutions includes elements of tungsten bronze with
channels extending in the short-axis direction. Corner-
sharing TiO6 octahedra form a network with three types
of channels: pentagonal, tetragonal and triangular.
Rare-earth ions occupy the rhombic channels, Ba ions
completely fill the pentagonal channels (for x<2), while
the remaining Ba ions share the rhombic channels. The
triangular channels are empty. The structural formula
may be presented as [Ln8+2x/3Ba2�xVx/3][Ba4]Ti18O54,

Fig. 1. X-ray diffraction patterns of the (Ba1�yPby)6�xNd8+2x/3Ti18O54

system.

Fig. 2. Lattice parameters of the (Ba1�yPby)6�xNd8+2x/3Ti18O54 sys-

tem with x=0.75 as a function of Pb2+ concentration.
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where V represents structural vacancies.2 In the first
square brackets, the cations located at the tetragonal
sites of the perovskite blocks are shown and in the sec-
ond the cations located at the pentagonal sites. Earlier,
when examining the composition Ba3.5PbNd9Ti18O54

(x=1.5 and y=0.22)8 it was found that Pb2+ ions are
not randomly distributed over all the crystallographic

sites but fill up only the tetragonal sites.More recently, the
possibility of also occupying the pentagonal sites has been
reported for the case when the number of lead ions is in
excess of the number of tetragonal sites.9 For the x=0
system this occurs at y=0.33 and for x=0.75 at y=0.238.
As a result, a change in the slope of the cell-parameter
variation can be expected and is indeed observed at the
predicted y-values for both x=0 and x=0.75 systems
(Fig. 3).
An analysis of microwave-dielectric properties shows

that in the case of low x-values (x=0.75 and x=0) the
maximum values of Q are observed on the Q vs. y plot
(Fig. 4a). The Pb2+ concentrations associated with these
maxima increase when the x-value decreases. According
to previous studies,10,11 the presence of these maxima

Fig. 4. Dielectric characteristics: (a) Q-value; (b) temperature coeffi-

cient of resonant frequency (�f); (c) dielectric constant (�) of the

(Ba1�yPby)6�xNd8+2x/3Ti18O54 system as a function of Pb concentra-

tion, measured at 10 GHz. (1) x=1.5; (2) x=0.75; (3) x=0.

Fig. 3. SEM micrographs of (Ba1�yPby)6�xNd8+2x/3Ti18O54 (x=0.75);

M, matrix phase; A, secondary phase TiO2 (rutile). (a) back-scattered

electrons y=0.3; (b) back-scattered electrons y=0.5.
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may be associated with the distribution of Pb2+ ions at
different crystal sites (tetragonal and pentagonal sites in
the A-sublattice) affecting the internal strain of the crystal
lattice. The maximum Q values occur at lead concentra-
tions which correspond to the complete substitution of
Ba on the tetragonal sites according to the structural
formulae [Nd8Pb2][Ba4]Ti18O54 (x=0; y=0.33) and
[Nd8.5 Pb1.25V0.25][Ba4]Ti18O54 (x=0.75; y=0.24). The
Ba2+ and Pb2+ ions are separated on different crystal sites,
residing in pentagonal and tetragonal sites, respectively,
and the lattice strain has its lowest value.10 When x=1.5
the composition meets the above requirement at
y=0.11. However, a maximum Q-factor is not observed
on the plot of Q(y). In the Ba6�xNd8+2x/3Ti18O54 system
the internal strain is the lowest at x=1.5,1,2,9,10 which is
the most probable reason why the lead substitution
results only in a decrease in the Q-value, and that no
maximum for Q is observed (Fig. 4a, curve 3). It should
be noted that the presence of the secondary TiO2 phase
cannot influence the observed variations in the Q-values
because of the very low dielectric losses of TiO2.
The temperature coefficient of resonant frequency

reaches zero ppm/K in the (Ba1�yPby)6�xNd8+2x/3

Ti18O54 system for all studied compositions (x=0, 0.75
and 1.5). The lower the value of x, the higher is the lead
concentration which corresponds to a zero ppm/K value
for �f. At the specific Pb2+ concentrations which corre-
spond to the complete occupation of the tetragonal
sites, deviations from linear behaviour are observed on
the plots of �f vs. lead concentration (Fig. 4b). In addi-
tion, the temperature coefficient of resonant frequency
decreases monotonically in all systems. It should be
noted that according to Podlipnik et al.,5 the �f reaches
a minimum with increasing lead concentration, but in
the present study this minimum was not observed. The
discrepancy may be related to the different precursors
used, which can effect the level of PbO evaporation and
consequently the phase composition.
The dielectric constant in the (Ba1�yPby)6�xNd8+2x/3

Ti18O54 system changes only slightly with the lead con-
centration within the single-phase region (Fig. 4c). It varies
by 5–7% whereas the other characteristics (" and �f) dis-
play a much stronger variation. Interestingly, with
increasing lead concentration the dielectric constant chan-
ges its behaviour: it decreases for low lead concentrations
and increases at higher concentrations. On the "(y) plot,
deviations from linear behaviour are observed at the
lead concentration corresponding to the complete sub-
stitution of barium ions at the tetragonal sites (Fig. 4c),
and as such can be ascribed to the different site occu-
pation of Pb2+ ions.

3.2. The (Ba1�yPby)6�xLa8+2x/3Ti18O54 system

The experimental work described in Section 3.1 shows
that the concentrations of Pb2+ ions which correspond

to the solid-solubility limits of (Ba1�yPby)6�xNd8+2x/3

Ti18O54 are in all cases higher than the concentrations
needed for complete suppression of �f. In accordance
with this fact there is an expectation that even higher �f-
values can be suppressed to near zero ppm/K by Pb-dop-
ing. A possible candidate is the Ba6�xLa8+2x/3Ti18O54

system with significantly higher permittivity (110 for
x=1.5) but also a higher �f (450 ppm/K for x=1.5).
The X-ray diffraction pattern of the (Ba1�yPby)6�x

La8+2x/3Ti18O54 powders (x=0.75) is presented in
Fig. 5. The results of a comparative XRD phase analy-
sis of the (Ba1�yPby)6�xLn8+2x/3Ti18O54 materials indi-
cates that for equal x-values the solid-solubility limits of
Pb2+ ions are lower in the case of Ln=La than for
Ln=Nd, and correspond to y � 0.35 (0.4) at x=1.5; y
� 0.45 (0.6) at x=0.75; y � 0.5 (0.7) at x=0. The data
related to the Nd-analogue are shown in the brackets.
At high lead concentrations in the (Ba1�yPby)6�x

La8+2x/3Ti18O54 system a secondary phase appears, the
peaks of which correspond to the composition La2Ti3O9

(La2/3TiO3). La2Ti3O9 is a metastable perovskite com-
pound and known to decompose in oxidizing atmospheres
above 800 �C forming La2Ti2O7 and La4Ti3O24.

12�14

However, the perovskite structure of La2Ti3O9 can be
stabilized in the environment of other perovskites, in
particular CaTiO3 and PbTiO3.

14,15 Hence, the peaks of
the secondary phase observed on the diffraction pat-
terns at high lead concentrations may be assumed to
correspond to the La2Ti3O9 phase stabilized by PbTiO3.
Crystal-lattice parameters of the (Ba1�yPby)6�x

La8+2x/3Ti18O54 system linearly decrease with lead con-
centration within the single-phase region. The changes
in this trend at y � 0.35, x=1.5; y � 0.45, x=0.75, and
y� 0.5, x=0, correspond to the solubility limits of Pb2+

in the (Ba1�yPby)6�xLa8+2x/3Ti18O54 system. Interestingly,
in the case of La-containing systems, unlike Nd-con-
taining systems, there are no deviations from the linear

Fig. 5. X-ray diffraction patterns of the (Ba1�yPby)6�xLa8+2x/3Ti18O54

system (x=0.75).
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behaviour on the plots of the lattice parameters vs. lead
concentration (Fig. 6).
The measured microwave dielectric properties (", �f, Q)

of the (Ba1�yPby)6�xLa8+2x/3Ti18O54 system are shown in
Fig. 7. With increasing Pb2+ concentration the �f mono-
tonically decreases, attains a minimum of about 200–
300 ppm/K but never reaches a near-zero pmm/K
(Fig. 7a). The dielectric constant (e) shows behaviour
similar to �f; it decreases with Pb concentration in the
single-phase region and increases at higher lead con-
centrations as a result of the increase in the concentration
of the La2Ti3O9 secondary phase (Fig. 7b).
Unlike the Nd-analogue, the Q-values do not exhibit

maxima in theQ vs. y plots (Fig. 7c). When increasing the
concentration of Pb2+ ions in the single-phase region, the
Q-values non-linearly increase for all x-values (05x5
1.5). The maxima in Q-values, which for Nd-analogues
are ascribed to the change in the Pb-distribution, are in
the case of the La-analogue not observed, probably due
to the larger ionic radius of La3+ in comparison with
Nd3+.

3.3. The (Ba1�yCay)6�xSm8+2x/3Ti18O54 system

Within the family of the Ba6�xLn8+2x/3Ti18O54 compo-
sitions, the Sm-analogue is the material with one of the
highest Q-values (Q�f�10 000 GHz for x=1.8).1�6,16,17

Together with a relatively high dielectric constant ("� 70–
80) it is also distinguished by a slightly negative tempera-
ture coefficient of resonant frequency which makes
Ba6�xSm8+2x/3Ti18O54-based ceramics an important
material for utilization in the UHF region. The slightly
negative �f of the Ba6�xSm8+2x/3Ti18O54 solid solutions
can be shifted towards zero by partial isovalent sub-
stitution of earth-alkaline elements, e.g. Sr or Ca for
Ba.3,6,11,17,18 Previously, during an investigation of the
(Ba1��Sr�)O–Sm2O3–4.7TiO2 system, which is outside
the homogeneity region, an increase in " and �f with the
strontium content was observed.17 For �=0.05 the
material exhibited �f=0, "=80, and Q�f=11 000.17

When investigating the (Ba,Sr)6�xSm8+2x/3Ti18O54 sys-
tem for x=1.8, a near-zero �f was also achieved, how-
ever, at �=0.2 when Q�f was as low as 3000.11 The
maximum Q�f (Q�f=10 500 GHz) has been reached at
much higher strontium concentrations �=0.05.
In addition to Sr-, also Ca-substituted systems (e.g.

(Ba1�xCax)O–Sm2O3–4.5TiO2)
6 show the increase of �f

towards positive values. The changes observed in �f were
ascribed to the presence of anomalies in the temperature
dependence of the dielectric constant6 which were first
revealed for the Sm-analogue.18 When increasing the cal-
cium content in the (Ba1�xCax)O–Sm2O3–4.5TiO2 system
the maximum of " was found to shift towards lower
temperatures, effecting the �f value in the vicinity of

Fig. 6. Lattice parameters of the (Ba1�yPby)6�xLa8+2x/3Ti18O54 system

with x=0 as a function of Pb2+ concentration.

Fig. 7. Dielectric characteristics: (a) temperature coefficient of reso-

nant frequency (�f); (b) dielectric constant ("); (c) Q-value of the

(Ba1�yPby)6�xLa8+2x/3Ti18O54 system as a function of Pb concentra-

tion, measured at 10 GHz. (1) x=1.5; (2) x=0.75; (3) x=0.
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room temperature.6 The reasons for the anomalies
observed in the temperature dependence of the dielectric
constant are not yet understood. There are also no
microwave dielectric data for the compositions from the
(Ba,Ca)6�xSm8+2x/3Ti18O54 homogeneity range, although
it is possible that we would expect lower dielectric losses
compared to the Sr-substituted system due to the differ-
ence between the ionic radii, which is smaller in the case
of Ca2+ and Ba2+ than for Sr2+ and Ba2+. This con-
clusion initiated the investigations of the (Ba1�yCay)6�x
Sm8+2x/3Ti18O54 system (x=1.0, and x=1.5) which are
presented in this study.
The XRD analysis revealed the homogeneity regions

of the (Ba1�yCay)6�xSm8+2x/3Ti18O54 systems to be
within 04y<0.30 for x=1.0 and 04y<0.20 for
x=1.5. Above these Ca2+ concentrations, faint peaks
of a secondary phase, which was identified as Sm2Ti2O7,
appear on the XRD patterns. A typical sequence of
patterns is shown in Fig. 8 for the x=1.0 system. The
lattice parameters of (Ba1�yCay)4.5Sm9Ti18O54 (x=1.5)
linearly decrease with y within the solid-solubility limits
whereas those of (Ba1�yCay)5Sm8,66(6)Ti18O54 (x=1.0)
show slight deviations from linear dependence for
0.154y 4 0.20 and especially at 0.254y (Fig. 9). The
latter deviation can be explained in terms of solid-solu-
bility being exceeded and the former by the change in
the Ca distribution. Initially, Ca2+ ions substitute for
Ba2+ on tetragonal sites corresponding to the structural
formulae [Sm9Ba0.5�4.5yCa4.5yV0.5][Ba4]Ti18O54 (x=1.5;
y40.11), and [Sm8.66(6)Ba1�5yCa5yV1/3][Ba4]Ti18O54 (x=
1.0; y40.20). For the incorporation of higher Ca con-
centrations the substitutional mechanism must change
according to the structural formulae [Sm9Ca4.5yV1.0�4.5y]
[Ba4.5�4.5yV4.5y�0.5]Ti18O54 and [Sm8.66(6)Ca5yV4/3�5y]
[Ba5�5yV5y�1]Ti18O54.

10,11 As a result, the change in the
substitutional mechanism influences the slope of the
lattice parameters vs. y plot as seen in Fig. 9.

Dielectric characteristics (", �f, Q) as a function of the
calcium concentration are shown in Fig. 10. With an
increasing content of Ca2+ �f increases monotonically
and attains maximum values in the vicinity of y � 0.10
(x=1.5) and y � 0.2 (x=1.0) (Fig. 10a). However,
unlike the results reported earlier,6,11,17 �f never attains
zero values for both the investigated (Ba1�yCay)6�x
Sm8+2x/3Ti18O54 systems. Most probably, the reason for
the discrepancy with the published data is that the sys-
tems investigated previously do not belong to the
(Ba1�yCay)6�xSm8+2x/3Ti18O54 homogeneity region. The
zero and even the positive �f reported could be ascribed
to the presence of secondary phases, which in these
cases would be TiO2 and BaTi4O9, both distinguished
by high positive �f values. The maximum �f in the
(Ba1�yCay)4.5Sm9Ti18O54 (x=1.5) and (Ba1�yCay)5
Sm8,66(6)Ti18O54 systems (x=1.0) is obtained at Ca con-
centrations corresponding to the complete substitution
of all Ba2+ ions at the tetragonal sites by Ca2+ ions.
Any further increase in Ca concentration, which is
accompanied by a change in the substitutional mechan-
ism, results in a decrease of �f.
Measurements of the dielectric constant as a function

of temperature in the range of 20–200 �C revealed
anomalies similar to those already described in the lit-
erature.6,18 However, detailed analysis revealed addi-
tional phenomena which have not been described for a
multiphase system. The temperature corresponding to
the maximum dielectric-constant value shifts towards
low temperatures with the increase of Ca concentration
up to y�0.2 (x=1.0), but it exhibits the opposite beha-
viour at higher calcium concentrations—a shift back to
higher temperatures (Fig. 11). The same behaviour was
also observed for the case of x=1.5. Such changes in the
dielectric constant maximum can be induced by changes
in the internal lattice strain resulting from a different Ca
distribution.10,11

The dielectric constant of (Ba1�yCay)6�xSm8+2x/3Ti18O54

decreases almost linearly for x=1.5 while for x=1.0

Fig. 8. X-ray diffraction patterns of the (Ba1�yCay)6�xSm8+2x/3

Ti18O54 system (x=1.0).

Fig. 9. Lattice parameters of the (Ba1�yCay)6�xSm8+2x/3Ti18O54 sys-

tem with x=1.0 as a function of Pb2+ concentration.
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it slightly changes its trend at 0.154y40.20 and begins
to decrease at 0.254y (Fig. 10b). The behaviour of the
dielectric constant is similar to that of the lattice para-
meters, and the direct relation between cell volume and
dielectric-constant value, previously reported by many
authors,1,2,10,11 is confirmed in this case too.
Plots of Q vs. calcium concentration revealed max-

imums of Q for both compositions (x=1.5) and (x=1.0)
(Fig. 10c). In both cases, maximumQ values are observed
at calcium concentrations corresponding to complete
substitution of the Ba2+ ions at tetragonal sites which
can be ascribed to the lowest internal lattice strain

attained when large Ba2+ and small (Sm3+ and Ca2+)
ions are separated at different crystallographic sites.11

4. Conclusions

Solid-solubility limits of solid solutions with the gen-
eral formula (Ba1�yMy)6�xLn8+2x/3Ti18O54 (Ln=La, Nd,
Sm;M=Pb, Ca) have been determined for a wide range of
y and x. The Pb2+ and Ca2+ ions, when partially sub-
stituting for Ba+2 ions, occupy first the tetragonal and
then the pentagonal A-sites. Dielectric properties of the
(Ba1�yMy)6�xLn8+2x/3Ti18O54 (Ln=La, Nd, Sm; M=Pb,
Ca) materials strongly depend on the distribution of the
Pb2+ and Ca2+ ions at different crystallographic sites.
By partial isovalent substitution of Pb2+ and Ca2+ for
Ba+2 the temperature coefficient of resonant frequency
(�f) of Ba6�xLn8+2x/3Ti18O54 (Ln=La, Nd, Sm) can be
significantly improved towards zero ppm/K. As a result,
in the (Ba1�yPby)6�xNd8+2x/3Ti18O54 system high-Q
ceramic materials with �f of zero ppm/K and a dielectric
constant of 90–100 have been produced.
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