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Abnormal behavior of the dielectric parameters of Ba 6ÀxLn8¿2x Õ3Ti18O54
„LnÄLa–Gd … solid solutions
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The temperature dependence of the dielectric parameters« and tand for the entirex range of barium
lanthanide titanate solid solutions (BLT ss) using the general formula Ba62xLn812x/3Ti18O54

~Ln5La, Nd, Sm, Gd!was measured over wide frequency and temperature ranges. The results show
the presence of diffuse regions of«(T) and tand(T) anomalies, which are located below~in the La-
and Nd-containing solid solutions! or above~in the Sm- and Gd-containing solid solutions! room
temperature. However, no evidence of a structural transition responsible for these anomalies could
be determined by differential scanning calorimetry and x-ray diffraction analysis. To examine the
nature of the abnormal temperature behavior the dielectric parameters in the systems studied were
considered in terms of a simple oscillator model. Within the framework of this model correlations
among the average size of theA-site ions, tilting of the oxygen octahedra, and the lattice strain are
discussed, and the effect of crystallographic peculiarities on the temperature behavior of the
dielectric parameters is shown. As a consequence, the changes in«(T) and tand(T) behavior in the
BLT ss family were shown to originate from a varying relationship between the harmonic and
anharmonic contributions to the phonons of the BLT ss crystal lattice. ©2002 American Institute
of Physics. @DOI: 10.1063/1.1503855#
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I. INTRODUCTION

For modern communication systems new ceramic m
rials that combine a high dielectric constant, low dielect
losses, and good temperature stability of the dielectric
rameters are urgently required to reduce the size and we
of radio equipment, enhance its reliability, and lower t
manufacturing and operational costs. In the ultrahigh f
quency ~UHF! range Ba62xLn812x/3Ti18O54 ~Ln5La–Gd!
solid solutions, known as BLT ss, are, to date, the m
promising candidates for the synthesis of new hig
permittivity ~'80–100!dielectric ceramics.1–3 BLT ss have
a structure of tetragonal tungsten bronze, which also inclu
elements of the perovskite structure.4–6 Within the network
of corner-sharing TiO6 octahedra three types of structur
sites in the complexA-sublattice exist: pentagonal sites fille
with Ba21 ions, tetragonal sites shared by Ba21 and Ln31

ions, and empty trigonal sites.
In BLT ss the electrophysical characteristics strongly

pend on the size of theA-site ions (r A).3,7,8 The characteris-
tics are related to the unit-cell volume7 and the magnitude o
octahedral tilting, both of which decrease withr A .8 Whereas
a change in the lanthanide ion from La to Gd results in
decrease in both the permittivity~«! and the dielectric loss
tangent~tand! of BLT ss for a fixed value ofx, the tempera-
ture coefficient of the permittivity (t«) increases and
changes its sign when switching from Nd to Sm.3,7 The
changes in the sign and the magnitude oft« with a decrease

a!Electronic mail: matjaz.valent@ijs.si
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in the ionic radius of the lanthanide ion were ascribed to
decrease in the anharmonic contribution to the restor
forces affecting theA-site ions within the potential well.8

When investigating Ba62xSm812x/3Ti18O54 (x51.5) using
the dielectric resonator method in the frequency range
about 1010Hz the authors of Ref 9 were the first to reve
anomalies in the temperature dependence of the permitt
which were ascribed to phase transitions of ‘‘displace’’ typ
More recently, we observed anomalies in the tempera
dependencies of the dielectric parameters~«, and tand! in the
entire range of Sm-containing BLT ss.10 Within the solid
solubility range of Ba62xSm812x/3Ti18O54 the diffuse
maxima of«(T) and the corresponding maxima of tand(T)
shift toward lower temperatures with increasingx (Tmax

'70– 120 °C). So far, the nature of these anomalies rem
unclear. Moreover, there are no data on the existence of t
perature anomalies of dielectric parameters for other bar
lanthanide analogs including those of La-, Nd-, and G
containing BLT ss. Therefore, the goal of this work was
examine the nature of the abnormal temperature behavio
the permittivity and the dielectric losses of BLT ss.

II. EXPERIMENT

Polycrystalline samples with chemical composition b
longing to systems

Ba62xLa812x/3Ti18O54~0.75<x<2.0!;

Ba62xNd812x/3Ti18O54~0.75<x<2.0!,
7 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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and

Ba62xGd812x/3Ti18O54~x51.5!

were synthesized from extra-pure BaCO3, La2O3, Nd2O3,
Gd2O3, and TiO2 . The starting reagents were mixed in th
appropriate ratios and homogenized by ball milling. T
mixture was dried and pre-reacted at 1150–1200 °C
achieve equilibrium. The pre-reacted powders were t
pressed into pellets and sintered at 1330–1380 °C. The p
composition and the lattice parameters of the materials w
analyzed by powder x-ray diffraction~XRD! using a DRON
~4 diffractometer, Burevestnik, Russia! and CuKa radiation.
Phase-composition analysis and elementary microanalys
the sintered samples were performed with a scanning e
tron microscope~Joel, JSM 5800, Tokyo, Japan! using
energy-dispersive x-ray~EDX! spectroscopy and theLINK

software package~ISIS 3000!. Typically, the sintered ceram
ics were single phase and dense with a relative density
mated to be.95%, as shown in Fig. 1. High-temperatu
XRD analysis was performed in a high-temperature cham
~HTK-16, Anton Paar, Graz, Austria! mounted on a diffrac-
tometer with u–u geometry~D-5000, Siemens, Karlsruhe
Germany!. The heating rate of the powdered samples
10 °C/min and the counting time was 50 s/step for steps
2u50.02°. Variable divergence and antiscatter slits of 6 m
~V6! and a receiving slit of 0.6 mm were used. Low
temperature differential scanning calorimetry~LT-DSC! was
carried out with a thermal analysis instrument~DSC 200
Netzsch, Selb, Germany!system in air with 80 mg sample
placed in aluminum pans at heating and cooling rates
10 °C/min. The nominal thermal sensitivity of the instrume
is 3–6mV/mW.

The dielectric characteristics of the materials~« and
tand! at frequencies around 10 GHz were examined usin
modified-dielectric-resonator method.11 The dielectric losses
of the materials were estimated from the frequency dep
dence of the transfer constant in the vicinity of the reson
frequency (f res).

12 Submillimeter-wave~SMM! frequency
measurements were carried out using a backward-wave

FIG. 1. Scanning electron microscope image of thermally etc
Ba62xNd812x/3Ti18O54 (x51.5) samples sintered at 1380 °C for 5 h.
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by measuring the optical path length and the absorption~a!
in a parallel-plate sample coated with a quarter-wavelen
antireflecting coating.13

III. EXPERIMENTAL RESULTS

A. La-containing solid solutions

In the case of La-containing BLT ss the temperatu
anomalies of dielectric parameters~«, and tand! were ob-
served at temperatures below2100 °C ~Figs. 2 and 3!. The
anomalies of «(T) were accompanied by anomalies
tand(T). For composition Ba62xLa812x/3Ti18O54(x51.5) at
temperatures below280 °C the value of tand is not pre-
sented in Fig. 2 because the measurement technique
does not allow the precise determination of high dielec
losses. Figure 2 shows the shift of the anomalies with resp
to the chemical composition of the BLT ss. It should also
noted that the anomalies in the La-containing BLT ss w
observed over a wide frequency range including the SM
range~Fig. 3!, which indicates no connection between the
and any processing-induced phenomena.

d

FIG. 2. Temperature dependencies of the permittivity~1!, ~2! and dielectric
loss ~18!, ~28! of materials with composition Ba62xLa812x/3Ti18O54 for x
51.5 ~1!, ~18! and52.0 ~2!, ~28! at 10 GHz.

FIG. 3. Temperature dependencies of the imaginary component of the
mittivity ~«9! at 96.7 ~1!, and 134 GHz~2! in Ba4.5La9Ti18O54 material
(x51.5).
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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B. Nd-containing solid solutions

In the case of Nd-containing BLT ss, temperatu
anomalies of the dielectric parameters similar to those
served in La-containing BLT ss were also observed at
temperatures~Fig. 4!. The trends observed in the«(T) and
tand(T) curves ~Fig. 4! indicate that the position of the
anomalies on theT axis is dependent on the chemical com
position of the BLT ss. It should also be noted that both
permittivity and dielectric loss tangent values of the N
containing BLT ss at fixedx are lower than those observed
La-containing solid solutions.

C. Sm-containing solid solutions

According to our findings presented in Ref. 10, for t
case of Sm-containing solid solutions, anomalies in the«(T)
and tand(T) curves are observed at high temperatures.
position of the anomalies on theT axis is affected by varying
the chemical composition of the BLT ss, and it shifts towa
lower temperatures with an increase inx within the tempera-

FIG. 4. Temperature dependencies of the permittivity~1!–~3!, and the di-
electric loss~18!–~38! of materials with composition Ba62xNd812x/3Ti18O54 .
x50.75~1!, ~18!, 1.5,~2!, ~28!, and 2.0~3!, ~38!; measurement frequency 1
GHz.

FIG. 5. Temperature dependencies of the permittivity~1!–~3! and dielectric
loss ~18!–~38! of materials with composition Ba62xSm812x/3Ti18O54 for x
51.0 ~1!, ~18!, 1.5 ~2!, ~28!, and 2.0~3!, ~38!, measurement frequency 1
GHz.
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ture region of1120–170 °C~Fig. 5!. It should be noted tha
similar behavior is observed in the case of solid solutio
with ferroelectric and antiferroelectric properties. Howev
in the case of BLT ss the hysteresis loop is not detected,
Curie–Weiss behavior is not observed in the vicinity of t
anomalies. The measurements in the SMM wavelength ra
reveal diffuse maxima in the temperature dependencie
both the absorption coefficient~a! and the imaginary com-
ponent of the dielectric constant~«9! at exactly those tem-
peratures where the maxima of«(T) are observed at 10
GHz.10 These results indicate the nonrelaxation nature of
anomalies of the dielectric parameters, and confirm that t
are not related to the effects of processing.

D. Gd-containing solid solutions

In examining the temperature behavior of the permitt
ity and the dielectric losses of polycrystallin
Ba62xGd812x/3Ti18O54(x51.5) at 1010Hz the corresponding
maxima of«(T) and tand(T) were observed at higher tem
peratures (Tmax'120– 160 °C) than in the case of their Sm
containing analogus~Fig. 6!.

For a particular rare-earth analog the position of t
anomalies on the temperature axis depends on the valuex
in Ba62xLn812x/3Ti18O54. Regardless of the nature of th
rare-earth ion, by increasingx both the permittivity and the
corresponding dielectric loss anomalies shifted toward low
temperatures~Figs. 2, 4, and 5!. Again, the position of th
temperature anomalies varies when changing the rare-e
element in the BLT ss~Fig. 7!. These results show that th
position of the«(T) and tand(T) anomalies on the tempera
ture axis depends on ther A of the complexA sublattice in
BLT ss.

These experimental results suggest that the dielec
anomalies could be ascribed to unknown phase transiti
Therefore, samples with composition

Ba62xSm812x/3Ti18O54~x51.0!,

which are characterized by the strongest anomalies of
dielectric parameters at about of 120 °C amongst the S
containing BLT ss, were investigated by LT-DSC and hig

FIG. 6. Temperature dependencies of the permittivity~1! and the dielectric
loss tangent~2! of materials with composition Ba4.5Gd9Ti18O54 (x51.5) at
10 GHz.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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temperature XRD. The analysis was carried out over a w
temperature range, including temperatures below and ab
the anomalies of«(T) and tand(T).

XRD patterns in the range of 5°,2Q,55° were col-
lected at room temperature, and 120 and 250 °C. No sig
cant changes in the intensity or the position of the pe
~apart from those induced by the increase in temperature! or
any kind of peak splitting were observed in the patterns
addition, a detailed XRD analysis was performed for theQ
range where diffractions from superstructural phenom
were expected to appear~10°,2Q,25°!. These patterns als
did not indicate any structural changes~Fig. 8!.

LT-DSC was performed in the temperature range fr
230 to 250 °C. In agreement with the XRD analysis t
LT-DSC revealed no thermal effects that could be associa
with structural changes. We concluded that within the se

FIG. 7. Temperature dependencies of the dielectric parameters of mat
with composition Ba4.5Ln9Ti18O54 (x51.5) at 10 GHz.

FIG. 8. X-ray diffraction pattern of the Ba62xSm812x/3Ti18O54 (x51.0)
sample at~a! room temperature and at~b! 120 and~c! 250 °C.
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tivity limits of both analytical methods there was no ev
dence of a structural transition that could be responsible
the anomaly in the temperature dependence of the diele
properties. Our structural investigations are fully suppor
by the work of Tanget al.14 They performed synchrotron
XRD studies on a Ba4.5Nd9Ti18O54 analog in the temperatur
range from 10 to 295 K. Their data revealed no evidence
any structural changes in this temperature range; the vol
expansion was relatively smooth.

As a result of this we can state that the observed ano
lies of the dielectric parameters are related neither to
processing peculiarities nor to the presence of structural t
sitions.

IV. DISCUSSION

In the microwave~MW! range the permittivity of dielec-
trics with high dielectric constant, for instance, those ba
on BLT ss, is predominantly determined by the contributio
of the elastic strain, both ionic and electron polarization.
the literature these polarization mechanisms are known
the terms ‘‘infrared’’ and ‘‘optical’’ polarizations.15 In the
harmonic oscillator approximation, not taking into accou
either the cooperative interaction of different oscillators
the influence of electronic polarization, the infrared~IR! con-
tribution to the dielectric constant (« IR) can be determined
from by the following equation:15

« IR5(
i

4pniqi
2

miv0i
2 5(

i

4pniqi
2

ci2
4
3p inqi

2
, ~4.1!

where i is the number of possible oscillations~of different
dipoles! that contribute to the permittivity,v0i is the fre-
quency of the optical phonons, and it can be estimated a

v0i
2 5

1

mi
~ci2

4
3p inqi !, ~4.2!

where mi is the reduced mass of a dipole,qi is the ionic
charge,ni is the concentration ofi-type dipoles in the unit
volume, andci is the elastic coefficient. By varying th
chemical composition of BLT ss the value of« IR , which is
inversely proportional tov0i @Eq. ~4.1!#, is determined by
both the concentration of the oscillators in unit volumeni

and the magnitude of the elastic coefficientci . For BLT ss in
the range from La to Gdni increases due to the decrease
unit-cell volume,3,7,8 which could allow an increase in« IR

assuming thatci is constant. However, the experimental da
indicate that by changing the lanthanide from La to Gd
permittivity decreases which, according to Eq.~4.1!, may be
related to an increase in the elastic coefficientci . It should
be noted that the possible increase inci influences the per-
mittivity more noticeably than the opposite effect, an i
crease inni .

Equation~4.1! allows estimation of the temperature b
havior of permittivity in a harmonic approximation. Th
magnitude of the harmonic restoring forcef Ri52cixi that
acts on an ion shifted a distancexi under the applied field~E!
is equal to the distorting forcef Di5qiE, and, therefore, the
elastic coefficient can be written asci5qE/xi . With an in-
crease in temperature ionic interaction is reduced~xi in-

als
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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creases due to the increase in unit-cell volume!, thereby low-
eringci . A decrease in the magnitude ofci , according to Eq.
~4.2! results in a decrease of the phonon frequency, an
consequent increase in the permittivity. This is exactly
behavior observed in Sm- and Gd-containing solid soluti
~Figs. 5 and 6!. However, the temperature dependence o
permittivity across the entire BLT ss, particularly the pre
ence of anomalies in«(T), cannot be described in terms o
the harmonic oscillator mechanism@Eq. ~4.1!#.

The anharmonic contribution of the lattice oscillations
the restoring forcef R in the first approximation could be
linearly dependent on the temperature componentbT, which
gives us the following equation:f R52(csum1bT)x,15

where csum is the elastic coefficient that characterizes t
total contribution of the harmonic components. Taking in
account the equality of the distorting and restoring forc
that affect the ion in the crystal lattice,qiE5(csum

1bT)xi , the polarizability of a single ion,

a i5
Pi

Ei
5

qixi

Ei
5

qi
2

csum1bT
,

is inversely proportional to the restoring force. With an i
crease in temperature the anharmonic contributionbT causes
an increase in the restoring forcef R , and as a consequenc
both the polarizability and the permittivity decrease in suc
way that higherb values correspond to higher negative v
ues of the temperature coefficient of the permittivityt« ,
wheret«5(1/«)(]«/]T). Therefore, the«(T) behavior can
be interpreted as a superposition of two different, compe
contributions: an increase in the permittivity with the tem
perature~harmonic contribution!, and a decrease in the p
mittivity with the temperature~anharmonic contribution!.
The resulting effect of these two contributions in a cert
temperature interval causes changes of the«(T) behavior in
BLT ss. In La- and Nd-containing BLT ss, which are chara
terized by small tilting angles of the oxygen octahedra a
by the significant anharmonism of the lattice oscillatio
~high values ofb!,8 the contribution of thebT component is
already significant at low temperatures. In this case
anomalies of«(T) are observed at low temperatures~Figs.
2–4!. In contrast, in Sm- and Gd-containing solid solution
which are characterized by large tilting angles of the oxyg
octahedra~low b values!,8 the anomalies occur at highe
temperatures~Figs. 5 and 6!.

When analyzing the origin of the dielectric losses in t
BLT family it should be taken into account that, in the MW
range, losses are predominantly determined by the fun
mental phonon mechanisms of electromagnetic energy
sorption, including three-quantum, four-quantum, and qu
Debay mechanisms.16 In general, the value of the
fundamental losses in the MW range is proportional to«kTn,
where k51 – 4; n51 – 8.16 However, the dielectric losse
measured in BLT ss cannot be explained by this relations
because it does not presume the anomalies on the tem
ture dependencies of tand. Any qualitative estimation of the
fundamental loss value in the MW range can be derived fr
the model of the harmonic oscillator, which takes into a
count oscillation damping. In the case wherev!v0 , the
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value of tand is inversely proportional to the frequency o
the optical phononsv0 :15

tand'G i

v

v0i

« IR2«opt

« IR
, ~4.3!

where G i is the damping of the oscillator with frequenc
v0i .

Equation ~4.3! allows qualitative estimation of the
tand(T) behavior related to the temperature variation of
phonon frequency. Equation~4.3!shows that the temperatur
behavior of tand is determined by the frequency of the o
tical phonons, which is consequently dependent on both
monic and anharmonic contributions to the restoring for
The harmonic contribution results in a decrease inv0i with
the temperature and, as a result, in an increase in tand @Eq.
~4.3!#. On the other hand, an increase inbT with the tem-
perature causes an increase inv0i and, as a result, a decrea
in tand. Within a certain temperature range, as a result of
competing effect of these two mechanisms, anomalies m
appear in the temperature dependence of tand ~Figs. 2–7!.

Finally, it should also be emphasized that the origin
the lattice anharmonism in BLT ss family may be related
peculiarities of the cation distribution in theA sublattice.7

According to considerations presented in Refs. 7 and 8
latter can affect the values of both the internal lattice stra7

and the tilting angle of oxygen octahedra.8 Both these factors
influence the oxygen network’s flexibility. As a result, in th
Sm- and Gd-containing solid solutions, where the oxyg
octahedra are tilted at a larger angle in comparison with th
La- and Nd-containing analogus, the anharmonic contri
tion ~decrease in« and tand! only becomes noticeable a
high temperatures, where anomalies of the dielectric par
eters are observed. In Gd-containing solid solutions an
crease in temperature causes the most noticeable decrea
oxygen-network flexibility, which results in higher dielectr
losses in comparison with Sm-containing analogs.

V. CONCLUSIONS

BLT ss are characterized by the presence of diffu
anomalies in the temperature dependencies of the perm
ity and tand, which are located below~in La- and Nd-
containing solid solutions! or above room temperature~in
Sm- and Gd-containing solid solutions!.

The observed anomalies originate from the competit
between harmonic and anharmonic contributions to
phonons of the BLT crystal lattice, which exhibit an oppos
effect on the temperature behavior of permittivity and tand.
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