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Low-loss Ca 5_,Sr,A,TiO, [A=Nb, Ta] ceramics: Microwave dielectric
properties and vibrational spectroscopic analysis
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Complex perovskite-type GaSrA,;TiO;, [A=Nb,Tal (0<x=<5) ceramics were prepared by
conventional solid-state ceramic route. The crystal structure, microwave dielectric properties, and
vibrational spectroscopic characteristics of these materials are reported. The structure and
microstructure were investigated by x-ray diffraction and scanning electron microscopy techniques.
The microwave dielectric properties were measured in the 3—-5-GHz frequency range by the
resonance method. Structural evolutions from orthorhombic to an averaged pseudocubic phase, with
associated changes in dielectric properties, were observed as a function of composition. The
structure-property relationships in these ceramics were established using Raman and Fourier
transform infrared spectroscopic techniques. Raman analysis showed characteristic bands of ordered
perovskite materials, with variation in both intensity and frequency as a function of composition.
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I. INTRODUCTION aid size reduction of the microwave circuit. Presently active
work is being carried out in search of new matefidlwith
The progress in wireless communication technology neimproved properties, as well as tailoring the properties of
cessitated the development of microwave dielectric resonataxisting materials by doping'** glass additiot?** and
(DR)™* materials with high dielectric constatt,), high un-  solid solution formation&**” Calcium- and strontium-based
loaded quality facto(Q,), and low-temperature coefficient complex perovskitéd'®are of special interest because they
of resonant frequenadyyr;). These rigorous dielectric property feature moderate dielectric constant and Temperature-
requirements preclude the use of all the available materials istable derivatives of these ceramics can be easily obtained by
microwave devices such as oscillators, filters, and dielectripossible substitution in the perovskifeor B site.
resonator antennas. The versatility and adaptability of DRs  In 1999, Cavaet al?° reported the dielectric properties
have made them indispensable components in modern telef Ca;Nb,TiO,, and CaTa,TiO;, ceramics at 1 MHz. They
communication systems. High-dielectric constant materialproposed a pseudobinary phase diagram inAB®; struc-
are also very important in microelectronic technologies suchure, where a mixing of three cations on the perovsRitgte
as dynamic random access meméBRAM)? devices, sub- occurs and are represented [&aCay;sNby,Ti1,4)O3 and
strates for microwave integrated circuitdiC), and as gate CaCay4Tay/,Ti114)O3]. Their results suggested that an order-
dielectrics. Many different dielectric materials have been redisorder transition among tHg-site ions plays a major role
ported by several research groups. Because of the difficultin the determination of temperature dependence of dielectric
in controlling all the dielectric properties at microwave fre- constant for both the compounds. Cateal. found that dif-
guencies, intense work is going on in search of new materialferent types of ordering betwedt11) planes, namely, 1:1,
with high g,, low dielectric lossthigh Q,), and low ;. 1:2, and 1:3, as well as distortions by tilting of octahedra are
Complex perovskite oxidéABO;) materials™’ form a  involved in the formation of a microstructural state at room
major class of dielectric resonator family, and have been extemperaturé* While CaNb,TiO,, presents a 1:3 ordering,
tensively investigated because of their excellent microwavéhe analogous tantalum compoundsCaTiO4, presents a
dielectric properties. Most of them have high quality factor1:2 type of ordering. Recently, Bijumagt al*>**studied the
and posses;, in the range 20-35. Materials having still high- synthesizing conditions, structure, microstructure, and mi-
dielectric constants are preferable because they can furtherowave dielectric properties of the £gTiO;, (A
=Nb,Tg system. CaNb,TiO;, has ¢,=48, Q,Xxf
author to whom correspondence should be addressed; electronic mait” 26 000 GHz(at 4 GH2 and 7y=+40 ppm/°C, whereas
mailadils@yahoo.com CaTayTiO, hase, =38, Q, X f>33 000 GHz(at 4.5 GHz
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and 7:=+10 ppm/°C. The material has an orthorhombiccrographg§SEM S-2400, Hitachi, Japamere recorded from
structure and belongs to tHienmaspace grou%? similar to  the surface of sintered thermally etched samples to analyze
the CaTiQ ceramics. Later, Benderskit al>* made a de- the microstructure of the ceramics.
tailed investigation on the microstructural evolution and  The microwave dielectric properties such as dielectric
phase equilibrium of GA,TiO;, (A=Nb,Tg ceramics and constant, unloaded quality factor, and the temperature coef-
established a phase diagram with five single-phase fields rdicient of the resonant frequency were measured by using a
lated to each other by different cations. Efforts have beeitdP8510C Vector Network Analyzer attached with a sweep
made to tailor the microwave dielectric propertfdespe- oscillator and reflection transmission test u}, was mea-
cially to attain the temperature compensation of resonant fresured using resonance metﬁ%dy keeping the sample on a
guency by solid solution formations in the above system, andjuartz spacer kept inside a copper cavity. Electromagnetic
to reduce its sintering temperature by glass fluxdhdhis  energy is fed into the cavity and coupled to the DR through
material has also been used to enhance the bandwidth btfo loop antennas. ThEEy;; mode, which is least perturbed
DR-loaded microstrip patch antenrfdsand also find appli- by the cavity excitations, were used for tig, measure-
cation in the fabrication of wideband dielectric resonatorments. For the ceramics studied in the present work, reso-
antennag® Calcium-strontium solid solution formatiéf®>  nance occurred between 3 to 5 GHz. The dielectric constant
in the perovskiteA site of the dielectric resonator material was measured by the Hakki—Colenfarpost resonator
has attracted much attention because of their interestinmethod, later modified by Courtn&The dielectric constant
structural and dielectric properties. In the present work wehence obtained by the Hakki—Colemann method was verified
report the effect of St substitution for C&' in the perov- using the cavity methotf. In the end-shorted position the
skite A site of Ca_,Sr,A,TiO;, (A=Nb,Tg ceramics. sample was heated from room temperature to 80 °C, and the
The extreme chemical and structural complexity of theresonant frequency was noted at every 5 °C interval. The
system CgA,TiO;, (A=Nb,Ta indicate that additional temperature variation of resonant frequency of the cylindri-
studies must be carried out for an improved understanding afal DR can be calculated as
structure-property relationship. Also, the introduction of
other isovalent metal ion in the system, such as strontium, 1 ) fgo—Too
could modify the structural and dielectric properties of these 7~ E 60
materials. In this respect, Raman and Fourier transform in-
frared spectroscopies were employed to investigate the vibrggneref is the resonant frequency and the suffixes denote the
tional properties that originated from the gradual SUbSt'tUt'orlemperature in °C.
of Sr on the perovskitd site in placg of Ca, as V\{ell as itS_ Micro-Raman scattering spectra were recorded using a
effects on the metal-oxygen stretc;hmg/bendmg vibrations inyoriba/Jobin—Yvon LABRAM-HR spectrometer, equipped
Ca5,SKAzTiO1, (A=Nb, Ta ceramic systems. with a 1800-grooves/mm diffraction grating, a liquid-
N,-cooled charge coupled devi¢ECD) detector, and a con-
Il. EXPERIMENT fpcal microscopé100X objective. The experimgntal resolu-
tion was better than 1 cth After fitting, the ultimate reso-
Ca;_,SrNb,TiO4, and Ca_,SrTaTiO;, ceramics were lution was 0.2 crit. The measurements were carried out in
prepared by conventional solid-state route. High-purityback-scattering geometry at room temperature, using the
(>99.9%) CaCQ, SrCQ, TiO, (Aldrich Chemical Com- 632.8-nm line of a helium-neon ion lasgrower 12.5 m\W
pany Inc., Milwaukee, WI, USA and TaOs/Nb,Os as excitation source. A holographic notch filter was used for
(Nuclear Fuel Complex, Hyderabad, Infisere used as the stray light rejection(Rayleigh scattered light The sample
starting materials. Stoichiometric amount of the oxides werssurfaces of the sintered materials were previously polished to
weighed and ball milled, using zirconia balls in plastic con-an optical grade in order to improve the ratio of inelastic to
tainers and using distilled water as the wetting media, forelastic scattered light.
24 h. The slurry was dried in a glass bowl, in an oven kept at  Infrared reflectance spectra were recorded in a Fourier
90 °C, and the resultant reaction mixture was calcined in théransform spectrometgBomem DA8-02 equipped with a
temperature range 1240-1350 °C for 4 h in platinum crufixed-angle specular reflectance accesstexternal inci-
cibles. The powder was ground well and mixed with dence angle of 11.5°The far-infrared rangé50—500 crit)
4-wt % solution of polyvinyl alcoho), PVA, as the binder. was studied by using a mercury-arc lamp, au®- coated
After drying and grounding into fine powder, the materialsMylar® hypersplitter and LHe-cooled Si bolometer. In the
were then uniaxially pressed into cylindrical disks with mid-infrared region(500—4000 crit) we used a globar
14-mm diameter and about 7-mm height under a pressure sburce (SiC), a Ge-coated KBr beamsplitter, and a
100 MPa. The ceramic pucks were placed over a platinuniN,-cooled HgCdTe detector. One of the ceramic faces re-
plate and sintered in the temperature range 1530-1625 °€eived a thin gold coating, and was used as a “rough” mirror
for 4 h, with an intermediate firing at 800 °C to expel the for the reference spectra. This procedure allowed us to im-
organic binder. The sintered samples were well polished, angrove the reflectivity spectra, because the mirror surface
their bulk densities were calculated by the Archimedesmimics the sample one, which compensates the effects of
method. Structural phases were identified by powder x-rayliffuse reflection at the sample surface. The measurements
diffraction (XRD) technique(Philips X-ray diffractometer, were performed under low vacuu¢h0 3 ban with a typical
Netherlands using Cuka radiation. Scanning electron mi- resolution of 2 crit.

}xlo6 ppm/°C,
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FIG. 1. X-ray diffraction pattern ofa) CaNb,TiO;,, (b) Ca,SrNb,TiO;,,

(€) CaSKND,TIO1, (d) CaSENb,TiO1, (€) CaSIND,TiOw, and () =g 1 2 3, and 4, respectively, owing to the onset of the

irﬁn?é(g?];f?g'%ageram'cs (eSO, f=SuNbOs.and ¥ igher ionic radiu® of SP* compared with that of G4 The
XRD profile of all compositions in the GaSrA,TiO, (A
=Nb, Ta system were indexed based on the complex perov-

ll. RESULTS AND DISCUSSION skite structure. However, it should be noted that XRD analy-

sis alone is not enough to confirfr or B-site substitution in

_ the perovskite structure.

The XRD pattern of Ca,SiNb,TiO;, and CaA,Ti;0;, and CaSrA,TiO;, (A=Nb, Ta have ortho-
Ca5«SKTaTiO;, ceramics are shown in Figs. 1 and 2, re- thombic structures, with four formula units in the primitive
spectively. The patterns are similar for both Nb- and Ta-ce|| and a regular alternation &-site ions along the, b,
based ceramics. It is known tffain a perovskite structure, a andc axes. Hence, the XRD patterns in Figs. 1 and 2 for the
bigger cation will occupy theA site of the perovskite compositions withx=0 and 1 have been indexed based on
structure, and hence in the present case, the compogie orthorhombid®nmasymmetry?? The compositions with
tions can be possibly represented ad@g,A4Ti14)0s  x=2 to 4, Figs. 1c)-1(e) and Zc)-2(e), presented an aver-
Ca4S1,4(Cay14A2/4Ti1/4)Os, Ca4Sr4(Cay1aP2/4Ti14) O3, aged cubic double—perovsk?feAA’(BB’B”)Og-type struc-
Cay4Sr34(Cayy4A94Ti14) O3, and S€CaysA,4Tiq0)05 for x  ture, with an occupancy of two cations in thesite (Ca, Sr

A. Structural characterization
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TABLE I. Synthesizing conditions, lattice parameters, cell volume, density, and tolerance factog_@Brl&,TiO,, (0=x=<4) and SENb,Oy—SrTiO,
ceramics.

Lattice parameters

A)
[Standard deviation

Calcination Sintering Structure SD=+0.0002 A Cell Theoretical Tolerance

temperature  temperature of the unit volume density % factor
X (°C) (°C) cell a b c (A3 (g/cn®) Density (t)
0 1350 1550 Orthorhombic 5.5104 7.907 9 5.6880 247.858 5 4.19 96.42 0.9189
1 1300 1550 Orthorhombic 5.5335 7.906 9 5.696 2 249.224 8 4.29 96.41 0.927 3
2 1275 1540 Pseudocubic 39741 --- 251.051 2 4.77 96.70 0.9357
3 1275 1530 Pseudocubic 4.0240 --- 260.641 2 491 96.21 0.9441
4 1260 1530 Pseudocubic 4.0436 --- 264.1157 5.13 98.66 0.9525
5 1240 1550 Mixture @ @ @ @ @ 2 @

(SENb,Og—
SrTiO;

4Could not be calculated because of the mixed-phase nature.

for x=2 and 3; and Sr fox=4) and three cations in tisite  troduction of larger St ions, the anisotropic cell expansion
(Ca, Nb/Ta, T). In order to obtain their structural param- decreases the differences between the lattice parameters and
eters, their main reflections were indexed, comparing witlthe structure evolves from a clear orthorhombic to a
the XRD profile of B&Zn,;;sNb,;5)O5 (ICDD File 17-182.  pseudocubic structure, but the space group remBimsma
Forx=2 to 4, the XRD profiles consist of strong peaks char-The effect of the radius of the substituted cation is still more
acteristics of the primitivé®m3m cubic perovskite, together important forx=>5. Indeed, St" is too large to enter into the
with extra lines arising from superlattice reflections. How- B site of the perovskite structure, so that this structure is not
ever, XRD patterns are not accurate enough to assure thatfarmed. Instead, a mixture of @0y (A=Nb,Ta (ICDD
structural phase transition froPnmato Pm3m takes place File 48-558 and SrTiQ (ICDD File 35734 is formed, as
when x varies from 1 to 2 in both Ga,SrNb,TiO;, and itis evident from Figs. 1 and 2. The synthesizing conditions,
Ca_, S, Ta,TiO,, ceramics. Indeed, as we can observe inand a summary of lattice parameters, cell volume, density,
Figs. 1(c) and Zc) (both forx=2), the(123) and(321) ortho- and tolerance factor of GaSrA,TiO;, (0=<x<4) and
rhombic peaks are still present in the diffractograms, but theysr,A,Oy—SrTiO; ceramics are given in Tables | and I, re-
became too close. A similar effect can be observed for thepectively, forA=Nb and Ta.

orthorhombic (200 and (002 peaks that merge with the It is evident from the tables that the substitution of Sr for
(121 peak into the experimental resolution. For higher Ca in the perovskité\ site increases the lattice parameters
values(x=3 and 4, x-ray diffractometry is no longer able to and cell volume. We remark that fa=2, 3, and 4 the su-
distinguish between a true cubic structure and a pseudocubperstructure volumes were calculated into the cubic perov-
one, where the orthorhombic ferroelastic distortion becameskite framework, for which the atomicity B=1, whereas for
too small. This difficulty could be overcome by the study of the orthorhombic grougZ=4. Hence, to be in line with the
the local symmetries by spectroscopic techniques, as it wiltell volume of orthorhombic structures, the unit cell volumes
be shown in the corresponding sections below. With the inof the pseudocubic structures were multiplied by 4. In

TABLE Il. Synthesizing conditions, lattice parameters, cell volume, density, and tolerance factog @&rJa@,TiO;, (0<x<4) and SpTa,0y—SrTiO;
ceramics.

Lattice parameters

A
[Standard deviation

Calcination Sintering Structure SD=1+0.0002 A Cell Theoretical Tolerance

temperature  temperature of the unit volume density % factor
X (°C) (°C) cell a b c (A3) (g/cn®) Density (t)
0 1350 1625 Orthorhombic 5.502 2 7.8931 5.668 5 246.179 6 5.41 97.22 0.9189
1 1300 1625 Orthorhombic 5.588 9 7.9577 5.668 8 252.1216 5.60 97.39 0.927 3
2 1300 1600 Pseudocubic 3.9906 --- 254.196 6 5.86 96.76 0.9357
3 1250 1575 Pseudocubic 4.0146 --- 258.815 6 6.06 96.53 0.944 1
4 1250 1550 Pseudocubic 4.0449 --- - 264.724 4 6.23 98.59 0.9525
5 1275 1560 Mixture a a a a a a a

(S Ta,0g—
SrTiO;

%Could not be calculated because of the mixed-phase nature.
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samples shown in Fig.(8 and those in Figs. (8)-3(d).
However, in Figs. 8-3(d), no secondary phases can be
observed in any specimen, and complete solid solution of the
complex perovskite phase was confirmed xer0 to 4. Fig-
ures 3e) and 3If) show nonuniform microstructure, with
pores in the grain boundaries. The complete substitution of
Sr* in place of C&* ions in CaA,TiO;, (A=Nb, Tg results

in the formation of a mixture phase, as is evident from the
presence of two distinct types of grainsSnA,Oq (A
=Nb, Ta and SrTiQ] in Figs. 3e) and 3f). The similarity
between microstructural evolution in niobium- and tantalum-
based specimens are quite evident by comparing Fig3. 3
and 3d) with 3(e) and 3f). In all the cases the SEM pictures
are in good agreement with the structural analysis using

XRD.
FIG. 3. SEM pictures of(a) CaNb,TiO, (b) CaSrTa,TiO;, (C)
CaSpNb,TiO4,, (d) CaSpTaTiOy, (e) SNb,Oy—SITiO;, and (f)
S1Ta,0g—SrTiO; ceramics. C. Microwave dielectric properties

. . . . . The microwave dielectric properties of
Ca5-,SKND,TiOy, ceramics the theoretical density varies Ca;_,Sr,Nb,TiO;, ceramics with different mole fractions of

from 4'19 t05.13 g/cﬁ1asx changes from 0 to 4, and the strontium content are given in Fig. 4. The quality factor var-
experimental density reaches more than 97% of the theoreféS from 26 000 GHzat 4 GH2 to 6000 GHz(at 3 GH2
ical value. Cq.,SrTa,TiO4, has also an experimental den- when x changes from 0 to 3Q,x f increases abruptly to

sity of about 97%, where the theoretical density varies fromll 000 GHz forx=4. In Ca,_,Sr,Nb,TiO;, ceramics, when
- X=X ’

.5'41 to 6._23dg/cr_i1 as_i(ht_akes_tthe valutedfromtr(]) to 4| Thle x=0 andx=4 the perovskité\ site is completely occupied by
increase in density with is quite expected, as the molecular ;.. Ca(for x=0) or Sr (for x=4) ions and has highe®,

V\g%|ght_of $r is higher than that of Ca. The tolerance fact_or><f compared to other compositions fraxF 1 to 3, where
t,> which is a measure of the symmetry of the perovskite,

ruct . lculated for the i tiqated . : partial occupancy of Ca and Sr ions takes place in the per-
structure, 1s caiculated for the investigated ceramic Systemg, qyiie A site (double perovskite structure
using the relation

Moreover, it is evident from Fig. 4 that the quality factor
Ro + [Red4 —x)/4] + (Rgx/4) is higher forx=0 than that ofx=4. The replacement of the
t= \E[ROJr (0.2%Rey+ 0.5@yprat 0.2R7)] larger S_r ion v_vith the compgrati\{ely smaller Cg ions in the
perovskite A site leads to distortions in the unit cell, and
whereR denotes the radius of corresponding cations occupyhence structural phase transition occurs, which causes the
ing the appropriate perovskite sites. The increase in averageduction of the quality factor for 8€a;,A,4Ti1 )03 (A
A-site ionic radius is associated with enhancement in toler=Nb, Ta ceramics compared with ©@@a,A,Ti14)03 (A
ance factor, and the symmetry approaches cubic whef =Nb,Ta. For all other compositiongx=1, 2, and 3, the
(theoretically. From Tables | and Il it is clear that with the structural transformations due to the substitution reaction re-
increase of strontium content the tolerance factor increaseguces the quality factor. For=5 the multiphase compound
and approaches unity. which is a mixture of SNb,Og and SrTiQ was formed, and
it did not resonate. The dielectric constant amd of
Ca;_,Sr,Nb,TiO, increases with strontium content. It is
quite expected as the dielectric polarisability of Sr is higher
SEM micrographs of polished and thermally etched surthan that of C&° The microwave dielectric properties of
faces of the sintered samples are shown in Fig. 3. Size an@a;_,Sr,Ta,TiO1, (0=<x=<4) are shown in Fig. 5.
shape of the grains vary with the concentration &t $on- The quality factor gradually decreases from0 to x
tent, and presents a uniform distribution in all cases. In Fig=3, and then increases fax=4. Q,Xf changes from
3(a) the surface morphology of the gNb,TiO,, ceramics 33 000 GHz(at 5 GH2 to 8500 GHz(at 4 GH2 and reaches
sintered at 1550 °C is shown, which has an average graih6 000 GHz (at 3.8 GHz for x=4, ie.,
size of 6—7um. Figures 8)—3(d) depict the microstructure SrCa;4Tay4Ti1;4)O5. The behavior is similar to that exhib-
of CaSrTa,TiO, CaSyNb,TiO,,, and CaSfTa, TiO,, ce-  ited by their niobium analogue. Thg varies from 38 to 46
ramics, respectively. asx changes from 0 to 4, ang shifts to the more positive
It is evident from the figures that their average grain sizeside and reaches 21 ppm/°C fer4. The properties like
is about 1-2um, which is much less than that of cell volume, density, tolerance factey, and 7 show linear
CaNb,TiO4, ceramicssee Fig. 8)]. This implies that the variations withx, whereasQ,x f decreases from=0 to x
substitution of S¥* with C&* improves the sinterability and =3, and then increases far=4. In this case also composi-
enhances densificatiofsee Tables | and )l A pronounced tions with single occupancy of the perovskiesite either by
difference in microstructure is not observed between theCa (for x=0) or Sr (for x=4) show higherQ, compared to

B. Microstructural analysis
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FIG. 4. Variation of microwave dielectric properties of C&rNb,TiO4,
(0<x=<4) ceramics with mole fraction of Sr content.

other compositiondx=1 to 3, where coexistence of the
above-mentioned cations takes place in Ahsite.

D. Raman spectroscopic studies

Figures 6 and 7 present the Raman spectra for
Ca_,Sr,Nb,TiO,, and Ca_Sr,TaTiO;, (0<x=<5) micro-
wave ceramics, with isovalent cation substitution on e
site. In both figures witlx=0, the spectra can be interpreted
as a combination of the typical Raman spectra of the end
members CaTi@ and CaNb,Og or CaTa0Og. Here, we
have characteristic bands oA sites occupied by Ca
(117-123 crit!) and a complex set of bands related to Bie
sites, which present an average fMdb,,,Ti;,, and

CayaTay 5Ty occupancy. The broad band_ observgd alg|G. 6. Raman results of GaSrNb,TiO;, complex perovskites, with is-
640 cm? can be assigned to tH&-O symmetric stretching ovalent substitution of Sr for Ca.

Intensity (arb. units)

Wavenumber (cm")

Downloaded 09 May 2005 to 150.164.54.254. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



104108-7 Bijumon et al. J. Appl. Phys. 97, 104108 (2005)

at higher frequencies for increasingWhenx=4, bands ap-
peared at 140-160 cth in Nb-based ceramics and at
135-155 crit in Ta-based compounds as a result of a highly
=5 distorted structure. These last bands disappeared for the ma-
terials withx=5, and a final shift to higher frequencies oc-

Cas\xSr“Taz'l‘iO12

Intensity (arb. units)

AN curred for the band at around 95 tiwhich moved to 118
x= (Nb) and to 115 crit* (Ta), and the spectra looked different
1=2 from that of all other compositions. It is in agreement with
x=1 the XRD pattern that withx=5, Sg(Nb/Ta),TiO;, does not
x=0 form, but it is a mixture of SrTiQand S;(Nb/Ta),0q. From
Figs. 6 and 7, it is evident that the band at 117—-123%ds
T —r T — shifted to higher frequencies with increasexinThis region
0 %0 4 60 70 80 of the spectra reflects thA-site environment, as well as

Wavenumber (cni) probable rotations of the oxygen cage. These results are also
FIG. 7. Raman results of CaSrTa,TiO;, complex perovskites, with is- 1N line with the structural characterization that the substitu-
ovalent substitution of Sr for Ca. tion of strontium by calcium occurs in the perovskiesite,
which causes strong effects in the band at 117-123.cm
These effects result from the more pronounced distortions in
the oxygen octahedra due to the size difference between the
. ... .. Isovalent cations Ca and Sr. Increasing the amount of stron-
of oxygen caggmodes, although the frequencies verified iNium atoms(1<x=4), now in A sites, led to higher distor-

similar perovskites were highé 2 This behavior can be e : .
. jons, shifting the bands continuously to lower frequencies.
understood as an effect caused by the more distorted coordj . o . )
. . ) his behavior is related to the increased global mass ithe
nation environment oB sites due to the presence of Ca, _. . . . . :
- . ) . " site due to the substitution of heaviePSions in the mixed
Nb/Ta, and Ti in the solid solutions. The bands in the region .
Y . . complex ceramics. On the other hand, tAg(O) mode
235-370 cm” are related to the modes associated with rO'shifted to higher frequencies for increasing Sr content as a
tations of oxygen cage ang-site ordering“.2 The bands at 9 R 9

530-600 and 750—800 cmcorrespond to oxygen motion result of the volume chgngérather than maé_swhich in—.

(A1; mode, which can be represented as symmetric anocreased for ceramics with more Ssee densﬂy valugs n
asygmmetric “breathing” of th®0g octahedra, respectively. Table | and I). M|crowave propertles showec_i mterestl_ng re-
Concerning ordering, it is clear that the bands in the regionSUlts forx=4 (Figs. 4 and B with a sudden increase @,
300-400 and 750—800 ctare related to 1:1 ordering, probably associated to the distortions in the octahedra veri-
similar to the results of Raman spectroscopic studies carrieffed Py Raman spectroscopy. o _

out by Levinet al®3and Zhenget al*2in Ca(CaysNb,5) Ox The region 300—900 cr presented similar behavior for
and CaTiQ-based ceramics, respectively. According to theP0th C&.SEND,TiO,; and Ca.,SkT&,TiO;, materials. The
group-theory analysis for 1:1 superstructures thBmand ~ MOst important variations were observed in the bands cen-

1:2 ordered perovskites witA3m1 space grouphyg andFyg tereddat 455-482 r%n‘n n r:nobluml—based rr]aterla(seg Fig.
modes become Raman active dueBtgite ordering“.“"‘sThe 6) and 450478 cnt in the tantalum analogusee Fig. 7.

substitution of Nb by Ta in Fig. 7 witlk=0 produced a faint The variations are assigned BiD; torsional modes, which

shift to lower frequenciegredshify, as expected. However, Shifted continuously to lower values far=0 to 4, together

an exception has occurred at 798—803 tncorresponding with a decrease of the second band. But both these bands
to the Ay4(O) mode, which blueshifted for the ceramic with disappeared fox=>5. This behavior can be explained if one
tantalum. This behavior can be explained by the increase dionsiders that the larger and heavief‘Snteracts with an-

the force constant or the stifiness of the oxygen octahedrns less strongly, so reducing the distortion of the octahedra
cage, as also verified by Singt al. in Ba(MgysTay)0;  and also of the cell volumgincreased densities with).
ceramics™ Also, the increase in the intensity of the bandsSimilarly, the bands in the region 540-660 cnpresented

at 375 and 750 cit for compounds with Nb are probably the same behavior, and also increased their intensities with

related to a higher short-range ordering. Similar resultsSr introduction. On the contrary, the breathing modes cen-
were observed by Zhenget al*? for the system tered at around 800 crhshifted to higher frequencies with

CaTiO;-Si(Mg; ,3Nby/3) Os. Sr substitution by more than 20 ctwhen x=4. But with

With Sr substitution, we note first that the spectraxor X=5, the same mode returns to low frequency and appears at
=0 to 4 show all the same number of features. This is com795 cn™. The mixture phase formation of €aSrNb,TiO,
patible with the interpretation that although the structureand Ca_.,SrTa,TiO;, with x=5 is verified in the Raman
evolves to pseudocubic for highewalues, it remains ortho- spectroscopy by the unusual behavior of shifting and disap-
rhombic. The region below 300 cthpresented interesting pearance of certain modes. Thus substitutingf r Ca?*
changes with Sr substitution. The bands centered #N®3  caused tilting and distortions in the oxygen cages. In the
and 93 cm! (Ta) shifted to lower frequencies with the intro- present work, the presence of only one calcium inBhstes
duction of Sr forx up to 4. Also, the peaks at 265lb) and  and complete substitution of Ca with Sr in the perovskite
255 cm? (Ta) decreased their intensity and became broadesite whenx=4 lead to maximum distortion, which activated

vibration?®=*The bands at 450—455 and 475-485 tare
assigned to th®&-0; torsional(bending or internal vibration
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forbidden Raman modes at 140-160¢m in
Ca;_,SrNb,TiO;, ceramics and at 135-155 cin for
Ca_,Sr,Ta,TiO4, (see Figs. 6 and)7

The A;4(O) mode represents a qualitative indication of
the degree oB-site ordering and, obviously, differences in
charge or ionic sizes will influence the distribution of ions on
any given site. Ca and Sr atoms present significant differ-
ences in their ionic siz8and the larger the difference, the
greater the influence on the vibrational modes, particularly
those related to ordering. Zheieg al*® considered the pos-
sibility that the width and the frequency of tiAg,(O)-mode
band may be affected by the size distribution of thsite e LoNA
cations. Their conclusions are that tAesite ionic distribu- o 20 X 40 50 700
tion influences the degree of short-range order onBisite Wavenumber (cm )
or, also, the size differences in tI#eS|.te could constrict In_ FIG. 8. FTIR results of Ga,SrNb,TiO,, complex perovskites, with isova-
some manner the octahedra breathing mode to occur in @t substitution of Sr for Ca.
given range of frequencies. In our case, it is believed that the

A4(0) mode is a function of the volume cage, which pre-376 470 and 540 crh. This behavior can be associated to
sents the maximum variation fa=4 (complete replacement the stiffness of the oxygen octahedra insCaTiO,, ceram-

of Ca with Sr in theA site). Finally, correlating this result to ;.5 Bands below 100 ¢ and above 600 ci are difficult
the microwave properties, the decreas&ipwith Srintro- 4 45591 due to instabilities in the measurements, with con-
duction (see Figs. 4 and)xould be an expected result, be- sequent poor quality.

cause its presence altehssite distribution and probably in- The spectra of both niobates and tantalates show similar

creases the degree of short-range order. This increase jignavior. Strontium substitution leads to a better definition of
detrimental toQ, because it induces anharmonicity and in-y,a  pands at around 150 cn and in  the range

. 46 47
creases phonon damping. Zheegal.™ and Webbet al. 220-320 criit, with a maximum ak=4. Also, lattice distor-

reported that the values @), must increase only when the s caused by substitution of Ca by Sr increased the band at
order changes from short to long range. In this respect, it ig5q_360 cril. Shifts occurred especially in the dip, cen-

interesting to observe the increaseQp for x=4, with com- tered at 490 cm for Nb-based ceramicsee Fig. 8 and at
plete introduction of Sr in the perovskite.site which_prob- 480 cnit for Ta ceramicgsee Fig. 9. Also, it is interesting
ably leads to a long-range order at this composition. Thg, e the increase of the band at 550" &nwhich is related
mode at 240 cnt for x=0 for both niobates and tantalates y yq oxygen octahedral-elongation modes. Stronger bands
shifts to the low-frequency side asincreases. The band 4 150 and 220-320 cthare as a result of the perturbations

alnjo_st _disappears fo«=_1, 2, and 3, bu? reappears ®E4.in the O-metal-O bending modémner mode vibrationson
This is in agreement with the assumption that With0 and e g sites, as well as in the band at around 350 crithe

x=4 the perovskiteA site is occupied by single ions. When mayimym distortions ak=4 coincide with the sudden in-
x=0, Ca’f ions and withx=4, ,8,'2 ions occupy the perov-  crease observed i@, and verified with the particular fea-
skite A site, and both compositions have high quality factor.qres formed in Raman spectra. This frequency range can be
But the difference in ionic radius between the two produceggnsigered as specific for ordered structures, and their
lattice distortions and resultant structural changes, which WaStrength can be used as a relative measure of this orcd%ring.
verified by XRD as well as Raman spectroscopic studies. 1pq frequency shifts observed around 480 and 550" dm

the FTIR spectra can be related to 8@ torsional(»,) and

Ca,_SrNbTiO,

Reflectance (arb. units)

E. FTIR analysis

FTIR results agree well with Raman spectroscopic data, Ca, SrTaTiO,,
either concerning the conclusions on the structural evolution
or on the dependence of vibrational features with cation sub-
stitutions. Figures 8 and 9 present the results of FTIR analy-
ses for Ca and Sr mixed-microwave ceramics. As can be seen
from Fig. 8, with x=0 the Nb- and Ta-based compounds
showed important differences, including a more defined set
of bands at 220, 265, 318, 370, 396, 470, 540, 570, and
670 cm?. The frequency region below 150 chcan be at-
tributed to theA-BO3 external mode, while the @-O bend-
ing modes appear between 170 and 500°¢fiThe highest n L L
wave number range, 500—700 Tnis due to the oxygen
octahedra-elongation mode; thatBg stretching. Tantalum

substitution leads t_o shifti_ng of |(_3W9r f_r?quenCies aS eXT|G. 9. FTIR results of Ca,Sr,Ta,TiO;, complex perovskites, with isova-
pected, as well as increasing the intensities of the bands &int substitution of Sr for Ca.

Reflectance (arb. units)

00 20 0 40 S0 0 700
Wavenumber (cm’")
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