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Anomalies in the temperature dependence of the microwave dielectric
properties of Ba 6ÀxSm8¿2x Õ3Ti18O54
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Measurements of the microwave dielectric properties of Ba62xSm812x/3Ti18O54 solid solutions
revealed the existence of a broad maximum in the temperature dependence of the permittivity as
well as the dielectric loss. Submillimeter-wave frequency measurements confirmed the intrinsic
origin of the observed anomaly, which could possibly be ascribed to phase transition with unknown
nature in the Ba62xSm812x/3Ti18O54 solid solution. The temperature of the anomaly, which is in the
range of 90–120 °C, depends on composition of Ba62xSm812x/3Ti18O54 and decreases with an
increase inx. © 2000 American Institute of Physics.@S0003-6951~00!02737-6#
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One of the most important trends in wireless technolo
is the miniaturization of electronic systems. To achieve th
ceramic components such as oscillating or filtering devi
must be manufactured from high-permittivity materials.
present, the only commercially available group of hig
permittivity microwave materials are ceramics based on
Ba62xLn812x/3Ti18O54 ~Ln5La–Gd! solid solutions with
permittivities ranging from 75 to 90. This makes them tec
nologically very important and has triggered extensive
search into the chemical and physical phenomena assoc
with these materials.

The crystal structure of Ba623xLn812xTi18O54 solid so-
lutions includes elements of the tungsten–bronze struc
with channels extending in the short-axis direction1,2

Corner-sharing TiO6 octahedra form a network with thre
types of channels: pentagonal, rhombic, and triangular. R
earth ions occupy the rhombic channels, Ba ions comple
fill the pentagonal channels~for x,2/3!, while the remaining
Ba ions share the rhombic channels. The triangular chan
are empty. The extension of the homogeneity region
creases with the ionic size of the rare earth and for the
analogue is restricted to 0.9,x,2.1.3,4

Decades of investigations of the dielectric properties
Ba62xLn812x/3Ti18O54 solid solutions have revealed the
close correlation with the nature of the rare-earth ions. T
permittivity is the highest for the La analogue (k8593 for
x51.5!,5 and decreases with decreasing polarizability of
rare-earth ions from La to Gd (k8576 for x51.5!.6 The
permittivity also varies as a function of composition~x!
within each rare-earth’s solid-solubility region, where it d
creases with increasing rare-earth concentration~increasing
x! as a result of a decrease in the total dielec
polarizability.4 The temperature coefficient of resonance f
quency (t f) is highly positive for the La analogue but de
creases with decreasing size of the rare-earth ions
reaches negative values for Sm, Eu, and Gd analogues
side each solid-solubility region,t f decreases asx increases.

a!Electronic mail: matjaz.valant@ijs.si
1700003-6951/2000/77(11)/1707/3/$17.00
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In addition, the dielectric losses vary systematically over
solid-solubility region. Consistently, the quality factor~Q
value!, which is the inverse of the dielectric loss (tand), is
low for low-x values and increases asx increases. Interest
ingly, theQ value has a maximum at the high-x-end member
for the Nd4 and Pr systems,7 but in the case of the Sm sys
tem, the maximumQ value is reached at approximatelyx
51.8.3,4 The Eu analogue shows the highestQ• f values
~14 000 GHz!, and with increasing rare-earth ionic size,
Q• f values decrease and reach values around 2300 GH
the La analogue. Clearly, the trend is violated by Gd whi
although smaller than Eu, exhibits a very lowQ• f value of
2050 GHz.3–7

The samples for the dielectric property measureme
were prepared from reagent-grade BaCO3, Sm2O3, and
TiO2. The starting reagents were mixed in the appropri
ratios and homogenized by ball milling. The mixture w
dried and prereacted at 1150–1200 °C for 2–3 h to achi
equilibrium. Prereacted samples were powdered, pressed
the pellets and sintered at 1330–1380 °C for 2–3 h. T
dielectric constant~e! and dielectric loss (tand) of the mate-
rials were measured at;10 GHz using a modification of the
dielectric resonator method on appropriate disk samp
which resided in the isolated waveguide section. The die
tric constant was calculated from the model of the dielec
core with ‘‘magnetic walls.’’8 The dielectric losses of the
materials were estimated from the frequency dependenc
the transfer constant in the vicinity of the resona
frequency.9 Submillimeter-wave frequency measuremen
were carried out using a backward-wave tube by measu
the optical-path length and absorption~a! in a parallel-plate
ceramic sample coated with a quarter-wavelength antirefl
ing coating.10

Microwave dielectric property measurements
the dielectric resonators, based on single-ph
Ba4.5Sm9Ti18O54(x51.5), revealed a broad, diffuse min
mum in the temperature dependence of the resonant
quency, occurring at a temperature of;100 °C. This mini-
mum is related to the existence of a broad maximum in
7 © 2000 American Institute of Physics
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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temperature dependence of the permittivity and dielec
losses~Fig. 1!. Previous studies of the same system h
never reported such a phenomenon, but rather assum
linear dependence.4,11–13 The only study indicating an
anomaly in the temperature dependence of permittivity is
study of Butkoet al.,14 where they observe a minimum in th
temperature dependence of the resonant frequency. A sim
behavior of the temperature dependence of the resonan
quency was described by Nishigakiet al.15 for the 0.15
(Ba0.95Sr0.15!O•0.15Sm2O3•0.7TiO2 system, which is no
longer thought to belong to the Ba62xSm812x/3Ti18O54 ho-
mogeneity region.

Because of the very faint and diffuse nature of the o
served anomalies, additional measurements were perfor
at submillimeter-wave frequencies to eliminate any possi
ity of their appearance being related to the extrinsic prop
ties of the ceramic sample. The temperature dependenc
the absorption factor~a! and dielectric losses (e9), which
were measured in the frequency range from 96.7 to 180 G
again exhibited a similar anomaly at approximately the sa
temperature as in the microwave frequency region~Fig. 2!.
This confirms the assumption of the unknown phase tra
tion, which for the Sm analogue withx51.5 occurs at
;100 °C.

By analogy with the ferroelectric and antiferroelectr
solid solutions, it is expected that the temperature of
permittivity maximum will be sensitive to the compositio
on the Ba62xSm812x/3Ti18O54 solid solution. Indeed, detaile
microwave measurements of the samples with composi
x51.0, 1.5, and 2.0, showed that by increasingx the tem-
perature of the permittivity maximum decreases from;120
to ;100 °C and, finally, to;90 °C ~Fig. 3; for x51.5, see
Fig. 1!. Accordingly, the maximum in the dielectric loss
that appears correlated to the permittivity maximum, sh
within the same temperature interval.

The existence of the observed anomaly can also exp

FIG. 1. Temperature dependence of permittivity, resonance frequency
dielectric losses of the ceramic disk with compositio
Ba62xSm812x/3Ti18O54 (x51.5).
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the decrease inQ value observed for the compositions wi
x.1.8, which within the family of Ba62xLn812x/3Ti18O54

solid solutions occurs only for the Sm analogue.3,4 Since,
with an increase inx, the temperature region where the d
electric loss maximum is observed approaches room t

nd

FIG. 2. Temperature dependence of absorption factor~a! measured at 134
GHz and imaginary dielectric constant (e9) measured at 96.7 GHz~a!, 134
GHz ~b!, and 180 GHz ~c! of the sample with composition
Ba62xSm812x/3Ti18O54 (x51.5).

FIG. 3. Temperature dependence of permittivity and dielectric losses o
ceramic disk with composition Ba62xSm812x/3Ti18O54 and x51.0 and 2.0
measured at;10 GHz ~for x51.5, see Fig. 1!. Dielectric losses atT5100
and 110 °C are for thex51.0 sample, too high to be measured by t
dielectric resonator method.
AIP license or copyright, see http://ojps.aip.org/aplo/aplcr.jsp
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perature, the decrease in theQ values of high-xcompositions
might be related to the proximity of the structural relaxatio

Summarizing the results of the dielectric measureme
it can be concluded that the anomaly in the dielectric pr
erties in the Ba62xSm812x/3Ti18O54 solid solution does oc-
cur. The temperature of this anomaly is within the ran
90–120 °C, but strongly depends onx. The anomaly is char
acterized by a broad maximum in the temperature dep
dence of permittivity and the corresponding maximum in
dielectric losses. Findings related to the behavior of diel
tric losses in the transition region show that for the devel
ment of low-loss dielectrics for microwave applicatio
based on the Ba62xSm812x/3Ti18O54 solid solution, the prox-
imity of the temperature of the anomaly must be avoided
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