JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 7 1 OCTOBER 2002
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The temperature dependence of the dielectric parametard tand for the entirex range of barium
lanthanide titanate solid solutions (BLT ss) using the general formulg JBag, 5,/3Ti16054
(Ln=La, Nd, Sm, Gdwas measured over wide frequency and temperature ranges. The results show
the presence of diffuse regionsafT) and tan(T) anomalies, which are located bel¢w the La-

and Nd-containing solid solution®r above(in the Sm- and Gd-containing solid solutiorreom
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 thesite 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 chang€g)imand 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 lattice20@2 American Institute

of Physics. [DOI: 10.1063/1.1503855

I. INTRODUCTION in the ionic radius of the lanthanide ion were ascribed to the

_ . decrease in the anharmonic contribution to the restoring
For modern communication systems new ceramic mateg,

ials that bi hiah dielectri tant. low dielectri orces affecting theA-site ions within the potential wefl.
rials that combine a high dielectric constant, low dielectric,,, .- investigating Ba , Sy, »sTizgOss (X=1.5) using

losses, and good temperature stability of the dielectric p the dielectric resonator method in the frequency range of

rameters are urgently required to reduce the size and Weig%out 18°Hz the authors of Ref 9 were the first to reveal

of radio equment, e”ha’ﬁce its reliability, and 'OWer theanomalies in the temperature dependence of the permittivity
manufacturing and operational COSt.S' In the ultrahigh fre'vvhich were ascribed to phase transitions of “displace” type.
quency (UHF) range Bg-.Lng; 2319054 (LN=La-Gd) More recently, we observed anomalies in the temperature
solid solutions, known as BLT ss, are, 1o date, the mos’Hependencies of the dielectric parametersand tary) in the

promising candidates for the synthesis of new high—emire ran L o .
e . . 1y ge of Sm-containing BLT $8.Within the solid
permittivity (~80—100)dielectric ceramic$.® BLT ss have solubility range of Ba S, psTigOs the diffuse

a structure of tetragonal tungsten bronze, which also includel§1 - : .
. o axima ofe(T) and the corresponding maxima of (i
elements of the perovskite structdré Within the network s(T) P 9 @)

f haring Ti tahedra th ¢ f struct Ishift toward lower temperatures with increasing(T yayx
of corner-sharing I octa \edra three types ol structura ~70-120°C). So far, the nature of these anomalies remains
sites in the comple@-sublattice exist: pentagonal sites filled

ith B2" i et | sit hared by?Baand Lré* unclear. Moreover, there are no data on the existence of tem-
Wi lons, telragonal sites shared by“baan perature anomalies of dielectric parameters for other barium
ions, and empty trigonal sites.

1 BLT ss the electrophvsical ch teristics st v d lanthanide analogs including those of La-, Nd-, and Gd-
n ss the electrophysical ¢ agicge“s Ics strongly e'containing BLT ss. Therefore, the goal of this work was to
pend on the size of tha-site ions ().~ The characteris-

. ) ) examine the nature of the abnormal temperature behavior of
tics are related to the unit-cell volurhand the magnitude of

octahedral tilting, both of which decrease with. Whereas the permittivity and the dielectric losses of BLT ss.
a change in the lanthanide ion from La to Gd results in a

decrease in both the permittivitye) and the dielectric loss
tangent(tand) of BLT ss for a fixed value ok, the tempera-
ture coefficient of the permittivity ) increases and Polycrystalline samples with chemical composition be-
changes its sign when switching from Nd to $mThe longing to systems

changes in the sign and the magnituderpivith a decrease

IIl. EXPERIMENT

Bag_xLag+ 2x/3T11g054(0.75<x=<2.0);

¥Electronic mail: matjaz.valent@ijs.si Bag_yNdg_ 5y/3Ti1g054(0.75=<x=<2.0),
0021-8979/2002/92(7)/3917/6/$19.00 3917 © 2002 American Institute of Physics
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FIG. 1. Scanning electron microscope image of thermally etched 0
Bag_«Ndg_ »4/3Ti10s4 (x=1.5) samples sintered at 1380 °C for 5 h. Temperature, C

FIG. 2. Temperature dependencies of the permitti{ity (2) and dielectric
loss (1'), (2") of materials with composition Ba,Lag, ,/3Ti1g0s4 for x

and =15(1), (1') and=2.0(2), (2') at 10 GHz.
B8 xGg 2x3Ti18054 (X = 1.9 by measuring the optical path length and the absorption
in a parallel-plate sample coated with a quarter-wavelength
were synthesized from extra-pure Bag;Q.a,05, NdbO3,  antireflecting coating®

Gd,03, and TiG,. The starting reagents were mixed in the

appropriate ratios and homogenized by ball milling. The

mixture was dried and pre-reacted at 1150-1200°C td!l- EXPERIMENTAL RESULTS
achieve equilibrium. The pre-reacted powders were them, La-containing solid solutions
pressed into pellets and sintered at 1330—1380 °C. The phase -
composition and the lattice parameters of the materials were In t.he case of I_.a-contammg BLT ss the temperature
analyzed by powder x-ray diffractiofRD) using a DRON anomalies of dielectric parametefs, aqd tans) were ob-

(4 diffractometer, Burevestnik, Russiand CWK « radiation. served at temperatures belowl00°C (Figs. 2 and 3). The

" . : : omalies ofe(T) were accompanied by anomalies in
Phase-composition analysis and elementary microanalysis I nS(T). For composition L Ti--Ocr (x=15) at
the sintered samples were performed with a scanning elec: AT). P B (86 1 213111054 (x=1.5)

tron microscope(Joel, JSM 5800, Tokyo, Japarusing emperatures below-80 °C the value of ta@ is not pre-

. . sented in Fig. 2 because the measurement technique used
energy-dispersive x-rayEDX) spectroscopy and theink i S ) . .
gy-clisp YEDX) sp Py does not allow the precise determination of high dielectric

software packagéSIS 3000). Typically, the sintered ceram- . ) . .
. . . : . losses. Figure 2 shows the shift of the anomalies with respect
ics were single phase and dense with a relative density esggo the chemical composition of the BLT ss. It should also be

mated to be>95%, as shown in Fig. 1. High-temperature N s
XRD analysis was performed in a high-temperature chamberr'Oted that the anomalies in the La-containing BLT ss were

(HTK-16, Anton Paar, Graz, Austiianounted on a diffrac- observed over a wide frequency range including the SMM

tometer with 9—0 geometry(D-5000, Siemens, Karlsruhe range(Fig. 3), which indicates no connection between them

Germany). The heating rate of the powdered samples wa%nd any processing-induced phenomena.

10 °C/min and the counting time was 50 s/step for steps of
260=0.02°. Variable divergence and antiscatter slits of 6 mm
(V6) and a receiving slit of 0.6 mm were used. Low-
temperature differential scanning calorime(tl-DSC) was
carried out with a thermal analysis instrumgiSC 200
Netzsch, Selb, Germangystem in air with 80 mg samples
placed in aluminum pans at heating and cooling rates of ©
10 °C/min. The nominal thermal sensitivity of the instrument
is 3—6 uV/mW.

The dielectric characteristics of the materidks and
tano) at frequencies around 10 GHz were examined using a . ‘ .
modified-dielectric-resonator methdtiThe dielectric losses -200 -100 0 , oo 200
of the materials were estimated from the frequency depen- Temperature, 'C
dence of the transfer constant in the vicinity of the resonanIt=IG. 3. Temperature dependencies of the imaginary component of the per-

frequency €ed- Sme'!“me'[er'Wff‘VﬂSMM) frequency  mitivity (") at 96.7 (1), and 134 GHz(2) in Bay dagTi1s0s, material
measurements were carried out using a backward-wave tule=1.5).

24

16;
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Temperature, C FIG. 6. Temperature dependencies of the permittiidiyand the dielectric

] o ] loss tangent2) of materials with composition BaGdyTi 054 (Xx=1.5) at
FIG. 4. Temperature dependencies of the permittiVity-(3), and the di- 10 GHz.

electric losg1")—(3') of materials with composition Ba,Ndg ; 5,/3Ti1¢0s4.-
x=0.75(1), (1), 1.5,(2), (2"), and 2.0(3), (3'); measurement frequency 10
GHz.
ture region of+120—70 °C(Fig. 5). It should be noted that
similar behavior is observed in the case of solid solutions
with ferroelectric and antiferroelectric properties. However,
In the case of Nd-containing BLT ss, temperaturejn the case of BLT ss the hysteresis loop is not detected, and
anomalies of the dielectric parameters similar to those oberie—\Weiss behavior is not observed in the vicinity of the
served in La-containing BLT ss were also observed at lowanomalies. The measurements in the SMM wavelength range
temperaturesFig. 4). The trends observed in th¢T) and  reyeal diffuse maxima in the temperature dependencies of
tand(T) curves (Fig. 4) indicate that the position of the poth the absorption coefficierit) and the imaginary com-
anomalies on thd axis is dependent on the chemical com- ponent of the dielectric constant”) at exactly those tem-
position of the BLT ss. It should also be noted that both theperatures where the maxima e{T) are observed at 10
permittivity and dielectric loss tangent values of the Nd-GHz1° These results indicate the nonrelaxation nature of the
containing BLT ss at fixedt are lower than those observed in anomalies of the dielectric parameters, and confirm that they
La-containing solid solutions. are not related to the effects of processing.

B. Nd-containing solid solutions

C. Sm-containing solid solutions

According to our findings presented in Ref. 10, for the D. Gd-containing solid solutions
case of Sm-containing solid solutions, anomalies instfiE)
and tanj(T) curves are observed at high temperatures. Th
position of the anomalies on tHeaxis is affected by varying
the chemical composition of the BLT ss, and it shifts toward
lower temperatures with an increasexiwithin the tempera-

In examining the temperature behavior of the permittiv-
ﬁy and the dielectric losses of polycrystalline
Bag_ G, 2y/3T1150s54 (X=1.5) at 18°Hz the corresponding
maxima ofe(T) and tan¥T) were observed at higher tem-
peratures {~120—160 °C) than in the case of their Sm-
containing analogué-ig. 6).

For a particular rare-earth analog the position of the

w 88| anomalies on the temperature axis depends on the valie of
_...:~ g6 " in Baﬁ_XLn.8+2X,3Ti.18054. Regardless of thg nature of the
B i 1107 =) rare-earth ion, by increasingboth the permittivity and the
T 84 - corresponding dielectric loss anomalies shifted toward lower
& a temperaturesFigs. 2, 4, and 5). Again, the position of the
e ; 3x10.3§ temperature anomalies varies when changing the rare-earth

80.0} g element in the BLT s¢Fig. 7). These results show that the

79.5- % position of thee(T) and tan§(T) anomalies on the tempera-

7900 a8 ture axis depends on thg, of the complexA sublattice in

77.0¢ BLT ss.

?{g:g: ?1x10° The;e experimental .results suggest that the diel_eptric

76.410 . . ‘ anomalies could be ascribed to unknown phase transitions.

20 -100 0 100 200 Therefore, samples with composition

Temperature, °C

Bag xS+ 2x/3T116054 (X =1.0),
FIG. 5, Temperature dependencies of the permittiiy-(3) and dielectric \ hich are characterized by the strongest anomalies of the
loss (1')—(3") of materials with composition Ba,Smy, 5,/3Ti1g0s4 fOr x . ; A
=1.0 (1), (1), 1.5 (2),(2"), and 2.0(3), (3'), measurement frequency 10 dielectric parameters at about of 120°C amongst the Sm-

GHz. containing BLT ss, were investigated by LT-DSC and high-
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2 Dﬂﬂﬂmmﬂﬂmq%%' ' ‘ tivity limits of both analytical methods there was no evi-

‘Eu'-.:a dence of a structural transition that could be responsible for
100 Nd the anomaly in the temperature dependence of the dielectric
o 0005000000-00000 properties. Our structural investigations are fully supported
by the work of Tanget all* They performed synchrotron
XRD studies on a BaNdgTi;gOs4 analog in the temperature
range from 10 to 295 K. Their data revealed no evidence of
any structural changes in this temperature range; the volume
expansion was relatively smooth.

As a result of this we can state that the observed anoma-
lies of the dielectric parameters are related neither to any
processing peculiarities nor to the presence of structural tran-
sitions.
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110
S reITTTIIIITGsoy

Permittivity, €
3
Dielectric loss, tg 3

; . . s IV. DISCUSSION

200 100 O 100 200 300

Temperature, °C In the microwavg MW) range the permittivity of dielec-
trics with high dielectric constant, for instance, those based
& BLT ss, is predominantly determined by the contributions
of the elastic strain, both ionic and electron polarization. In
the literature these polarization mechanisms are known by

ITH ” “ H ” . . 5
temperature XRD. The analysis was carried out over a widde terms “infrared” and “optical polarizations® In the

temperature range, including temperatures below and aboJg'monic oscillator approximation, not taking into account
the anomalies 0&(T) and tan(T). either the cooperative interaction of different oscillators or

XRD patterns in the range of 520<55° were col- the influence of electronic polarization, the infrag®) con-

lected at room temperature, and 120 and 250 °C. No signifitibution to the dielectric cqnsganb(q) can be determined
cant changes in the intensity or the position of the peak&om by the following equation:

(apart from those induced by the increase in temperature 4mnigf 4mnqf

any kind of peak splitting were observed in the patterns. In s.R=Z 5 =Z ’ > (4.2)
addition, a detailed XRD analysis was performed for tie 2 T Mi@gi T ¢j—3mng

range where diffractions from superstructural phenomengherei is the number of possible oscillatiorisf different
were expected to appe€0° <20 <25°). These patterns also dipoles) that contribute to the permittivityw; is the fre-

did not indicate any structural chang€sg. 8). quency of the optical phonons, and it can be estimated as
LT-DSC was performed in the temperature range from

—30 to 250°C. In agreement with the XRD analysis the wz:i(c-—‘—‘w»nq-) (4.2)
LT-DSC revealed no thermal effects that could be associated ~ ° m ' 707
with structural changes. We concluded that within the sensiypore m; is the reduced mass of a dipole, is the ionic

FIG. 7. Temperature dependencies of the dielectric parameters of materi
with composition BasLngTi §0s54 (Xx=1.5) at 10 GHz.

charge,n; is the concentration oftype dipoles in the unit
volume, andc; is the elastic coefficient. By varying the
chemical composition of BLT ss the value of;, which is
M inversely proportional tavy, [Eq. (4.1)], is determined by
both the concentration of the oscillators in unit volume
and the magnitude of the elastic coefficient For BLT ss in
the range from La to Gd; increases due to the decrease in
unit-cell volume®”® which could allow an increase i
assuming that; is constant. However, the experimental data
indicate that by changing the lanthanide from La to Gd the
—o50°C - permittivity decreases which, according to E4.1), may be
related to an increase in the elastic coefficient It should
120°C | A v, be noted that the possible increasecjninfluences the per-
“Mw mittivity more noticeably than the opposite effect, an in-
o | A crease im; .
Mﬂm Equation(4.1) allows estimation of the temperature be-
; 1 ‘ havior of permittivity in a harmonic approximation. The
10 15 20 o5 magnitude of the harmonic restoring forég;= — c;x; that
acts on an ion shifted a distanceunder the applied fiel¢E)
2 Theta [CuKa] is equal to the distorting forcéy;=q;E, and, therefore, the

FIG. 8. X-ray diffraction pattern of the Ba,Smy.,sTiigOs(x=1.0)  elastic QoefﬁCient can b? W_ritt_en ai:$:_qE/)_(i- With an _in'
sample ai@) room temperature and &) 120 and(c) 250 °C. crease in temperature ionic interaction is reducedin-
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creases due to the increase in unit-cell volunieereby low-  value of tansd is inversely proportional to the frequency of
eringc; . Adecrease in the magnitude @f, according to Eq.  the optical phonons:*°
(4.2) results in a decrease of the phonon frequency, and a
consequent increase in the permittivity. This is exactly the tan&%pim (4.3)
I ]

behavior observed in Sm- and Gd-containing solid solutions @oi &R
(Figs. 5 and 6). However, the temperature dependence of thghere T'; is the damping of the oscillator with frequency
permittivity across the entire BLT ss, particularly the pres-g,; .
ence of anomalies ia(T), cannot be described in terms of Equation (4.3) allows qualitative estimation of the
the harmonic oscillator mechanigiq. (4.1)]. tan&(T) behavior related to the temperature variation of the

The anharmonic contribution of the lattice oscillations to phonon frequency. Equatids.3) shows that the temperature
the restoring forcefg in the first approximation could be behavior of tars is determined by the frequency of the op-
linearly dependent on the temperature compogEntwhich  tical phonons, which is consequently dependent on both har-
gives us the following equationfr=—(Csym™BT)X,">  monic and anharmonic contributions to the restoring force.
where cq,, is the elastic coefficient that characterizes theThe harmonic contribution results in a decreasajp with
total contribution of the harmonic components. Taking intothe temperature and, as a result, in an increase A [&q.
account the equality of the distorting and restoring forceg4.3)]. On the other hand, an increasedm with the tem-
that affect the ion in the crystal latticeqiE=(Csunm  perature causes an increasevig and, as a result, a decrease

+ BT)x;, the polarizability of a single ion, in tané. Within a certain temperature range, as a result of the
competing effect of these two mechanisms, anomalies may
Pi Qi qiz appear in the temperature dependence obtéfigs. 2—7).
Y“TETE cant AT Finally, it should also be emphasized that the origin of

the lattice anharmonism in BLT ss family may be related to

is inverse|y proportiona| to the restoring force. With an in- peCUIiaritieS of the cation distribution in th& Sublattice?
crease in temperature the anharmonic contribyircauses ~ According to considerations presented in Refs. 7 and 8 the
an increase in the restoring forég, and as a consequence, latter can affect the values of both the internal lattice sfrain
both the polarizability and the permittivity decrease in such &nd the tilting angle of oxygen octahedrBoth these factors
way that highers values correspond to higher negative val- influence the oxygen network’s flexibility. As a result, in the
ues of the temperature coefficient of the permittiviy, =~ Sm- and Gd-containing solid solutions, where the oxygen
where 7, = (1/e)(de/JT). Therefore, thes(T) behavior can Octahedra are tilted at a larger angle in comparison with their
be interpreted as a superposition of two different, competind-a- and Nd-containing analogus, the anharmonic contribu-
contributions: an increase in the permittivity with the tem-tion (decrease ire and tans) only becomes noticeable at
perature(harmonic contribution), and a decrease in the perhigh temperatures, where anomalies of the dielectric param-
mittivity with the temperature(anharmonic contribution ~ eters are observed. In Gd-containing solid solutions an in-
The resulting effect of these two contributions in a certaincrease in temperature causes the most noticeable decrease in
temperature interval causes changes ofsfiE) behavior in oxygen-network flexibility, which results in higher dielectric
BLT ss. In La- and Nd-containing BLT ss, which are charac-losses in comparison with Sm-containing analogs.

terized by small tilting angles of the oxygen octahedra and

by the significant anharmonism of the lattice oscillationsyy, coNCLUSIONS

(high values ofB),2 the contribution of the8T component is

already significant at low temperatures. In this case the BLT Ss are characterized by the presence of diffuse
anomalies ofs(T) are observed at low temperatur@ggs. anomalies in the temperature dependencies of the permittiv-
2—4). In contrast, in Sm- and Gd-containing solid solutions,ity and tans, which are located belowin La- and Nd-
which are characterized by large tilting angles of the oxygerfontaining solid solutionsor above room temperaturgn

octahedra(low g values)® the anomalies occur at higher Sm- and Gd-containing solid solutions
temperaturesFigs. 5 and 6). The observed anomalies originate from the competition

When analyzing the origin of the dielectric losses in thebetween harmonic and anharmonic contributions to the

BLT family it should be taken into account that, in the Mw Phonons of the BLT crystal lattice, which exhibit an opposite
range, losses are predominantly determined by the fundéffect on the temperature behavior of permittivity and d4an
mental phonon mechanisms of electromagnetic energy ab-
sorption, mCIUdm_g three-quantum, four-quantum, and quaslip golar, Z. Stadler, S. Gabaiek, and D. Suvorov, Ber. Dtsch. Keram.
Debay mechanism$. In general, the value of the Ges.55, 346(1978).
fundamental losses in the MW range is proportiona'{6", Z(H- Oh)sato, S. Nishigaki, and T. Okuda, Jpn. J. Appl. Phys., Paitt 8136

- Ch— 16 ; ; 1992).
where k= 1._4' n=1-8." However, .the dlele(_:tI’IC Iqsses . 3T. Negas and P. K. Davies, Ceram. Tra&8, 179(1995).
measureq in BLT ss cannot be explained py this relationshipig " “Matveeva, M. B. Varfolomeev, and L. S. I'yuhchenko, Russ. J.
because it does not presume the anomalies on the temperamnorg. Chem29, 17 (1984).
ture dependencies of taéhAny qualitative estimation of the ~ °C. J. Rawn, D. P. Bimie, M. A. Bruck, J. H. Enemark, and R. S. Roth, J.
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