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Abstract

Single phase, dense La(G#Ti1,2)Os (LCT) ceramics have been fabricated using conventional solid state synthesis. Samples were investigated
using X-ray diffraction (XRD), transmission electron microscopy (TEM), Raman spectroscopy and their dielectric properties were studied at
radio and microwave frequencies. X-ray and electron diffraction conclusively revealed that LCT contained in-phase and antiphase rotations
of the O-octahedra, consistent with aandhc* tilt system in the Glazer classification. However, XRD indicated that the Co and Ti ions were
disordered on the B-site whereas TEM and Raman spectroscopy exhibited reflections and modes which suggested that partial ordering may
be present. Moreover, some Raman bands could only be explained by assuming that at least some of the octahedra exhibited a Jahn-Telle

distortion. Dielectric measurements indicated that LCT is insulating with low dielectric loss, 0.0024 at 1 MHz and frequency independent
relative permittivity,e, = 25. A quality factor,Q x f, = 38,000 was obtained at microwave frequencies along with a temperature coefficient

of the resonant frequency, TGE —42 MK,
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

Ln-based complex perovskites, e.g. La@y}dii/2)O3
(LMT) have a negative temperature coefficient of reso-
nant frequency (TCF~ —50MK~1) and a permittivity
(¢r) ~ 251 They may be combined with positive TCF ma-
terials, e.g. CaTi@ +850MK™1, to produce microwave
dielectric ceramics with a TCF tuneable through zero.
Commercial compounds, often based on La(Zfi1/2)Os,
are insulating and highly selective to specific resonant fre-
quencies defined by a large value of microwave dielectric
quality factor,Q x fo =~ 30,000 GHz. However, the forma-
tion and dielectric properties of La(¢@Tii2)O3 (LCT)
and La(Ni/2Ti1/2)O3 (LNT) ceramics have not been in-
vestigated in detail. Recently, the crystal structure of LCT
and LNT were studied by Rodriguez et%ht room tem-
perature the compound had ama c* tilt system with
V2ap x /2ap x 2ap unit cell in which the B-site ions
were partially ordered in a rocksalt superlattice, giving a
monoclinic space group2:/n® as illustrated irFig. 1
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At room temperature, perovskite LaCg@doptsR-3c
symmetry with ara—a—a" tilt system, according to Glazer
notatior? but the structure, electronic and magnetic proper-
ties of this material have remained the subject of controversy
and debate since the initial studies of this compound over
40 years agd:® The temperature dependence of the mag-
netic susceptibility of LaCo®shows two transitions occur-
ring at approximately 100 and 500K, initially interpreted
by Goodenough as evidence for a spin state transition.
However, neutron powder diffraction studies have failed to
provide evidence for an order—disorder transitior-800 K
in LaCoG;, which should be accompanied by a change
in space group fronR-3c to R-3.57 In addition, air-fired,
LaCoQ; is usually semiconducting due to the presence of
O vacancies which are related to a reduction ofCto
Co**.8 In contrast, air-fired, LgsTiOs has ana—a ¢’
tilt system and adopts orthorhombic symmetyma, and
is highly insulating withe; = 69, Qfs = 17,000 GHz and
TCF = 20 MK~1. It is not stable in its pure form but small
additions of, e.g., St on the A—site or At on the B-site,
leads to single phase materfgi®

It is the intention of this paper to describe the formation
of dense, LCT ceramics using a conventional solid state
synthesis route. Its structure and dielectric properties at radio



434 D.L. Cairns et al. / Journal of the European Ceramic Society 25 (2005) 433-439

[211]

Co0Oyg octahedra

TiOg octahedra

Fig. 1. (@) [001], (b) [010], and (c) [211] pseudocubic projections of ordered LIEZL/() based on ionic positions suggested by Rodriguez &t al.
The images show the in-phase tilting, antiphase tilting of the octahedra along with ordering of the B-site species, respectively.

and microwave frequencies are studied to establish whether50 kV and 30 mA, was used for the identification of phases.
itis a useful end member in the fabrication of solid solutions A step size of 0.02 a scan rate of Zmin and scan ranges

intended for microwave dielectric applications.

2. Experimental

of 10-70 were adopted. Samples for scanning electron mi-
croscopy (SEM) were obtained from fracture surfaces of
the sintered pellets. Samples were then mounted on stain-
less steel stubs using silver dag and carbon-coated. A JEOL
JSM6400 SEM equipped with a LINK energy dispersive

Ceramics were synthesised by a conventional mixed ox- X-ray (EDS) detector and ancillary electronics operating

ide route using, TiQ, LapO3 and CoCQ (acros organics).

at 20kV was used to obtain secondary electron images.

The chemical purity of all these raw starting materials was Samples for transmission electron microscopy (TEM) were
>99%. The weighed starting reagents, in appropriate ratios,ground to approximately 20m thick after which a Cu sup-

were ball-milled to a Jum mean particle size, Laser Coulter
Analyser, in propan-2-ol for 16 h, using ZsOGnedia. The
slurry was dried and then calcined 6 h at 1380 The cal-

port ring with an 80Gum circular hole was glued onto its
surface. Samples were then thinned on a Gatan Duo Mill ion
beam thinner operating at an accelerating voltage of 6 kV

cined powder was re-milled for 16 h, then pressed into discs. and a combined gun current of 0.6 mA at an incidence angle

Discs were sintered 6 h on Zgoards at a temperature of

of 15°. TEM was carried out on a Phillips EM420 operating

1550°C. All the fired samples have relative densities above at 120 kV.

96% of the theoretical value.
An X-ray diffractometer (Model PW 1730/10 Philips,
Holland) with Cu Kx source § = 1.540562 A), operated at

A Renishaw Ramascope System 2000 spectrometer was
used for Raman measurements. This system comprised an
integral Raman microscope, a stigmatic single spectrograph
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and a Peltier-cooled charge channel display detector. Theusing a single probe, measuring in reflectance. After cali-
microscope attachment was an Olympus BH2 system andbration for the cables and cavity, the coupling was adjusted
the excitation wavelength used was 633 nm from a He-Ne such that losses were lower tha30 dB.Q is approximated
laser source. Power of 1-3 mW was incident on the samplesusingEq. (1}
in a 2um diameter spot through a standardS@icroscope fo
objective lens. The spectra were collected with 30s data O = BW 1)
point acquisition time, a spectral range of 150-950¢m
and a spectral resolution of 3—4 ch Raman spectra were wheref, is the resonant frequency and BW is the bandwidth
analysed using GRAMS/AI V.7, which is a fully interac- Mmeasured at 7dB from the resonant peak minimum. Mea-
tive data processing package including peak-fitting, data Surementof was atambient temperature and the resonance
smoothing, quantitative analysis, peak picking, and inte- mode measured was §. TCF measurements were per-
gration for Raman Spectrum ana|ysis_ Spectra were thenformEd in the same aluminium cavity placed inside a Tenney
presented as relative intensity (counts) versus Raman shiftemperature control cabinet. Resonant frequency measure-
(cm™1in air). ments were performed at 60, 20 ardl0°C when the

Sintered discs were ground flat and parallel using 1200 TEo1s mode was stable. TCF was calculated usiing (2)
grit SiC paper. Pt paste was then brushed onto both flat feo — f-10
surfaces and fired at 90C for 1 h. Impedance spectroscopy TCF = W 2)
was carried out at room temperature using a HP 4192A
impedance analyser measuring in the frequency range 5 Hz2wherefgo is the resonant frequency at €0, f_1g is the res-
to 13MHz. A DC voltage of 100 mV was applied and the onant frequency at10°C andfzg is the resonant frequency
data were corrected for sample geometry. at 20°C.

Microwave measurements,( Q and TCF) were per-
formed using a silver plated aluminium cavity-# times
the diameter of the test resonator (this ensured an “isolated”3. Results and discussion
but shielded resonator) and an Agilent vector network anal-
yser (8753ES) with a range from 30 kHz to 6 GHz. Samples 3.1. X-ray diffraction (XRD)
were located at the centre of the cavity on a 99.5% alumina
support, thus avoiding any influence from the metallic cav-  Fig. 2shows the X-ray diffractogram obtained from sin-
ity walls. Microwave energy was coupled to the test piece tered LCT. Only two peaks could not be indexed according
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Fig. 2. X ray diffractogram of as-calcined La(GgTi12)O3 (LCT). The peaks are indexed using an orthorhombic and pseudocubic setting (bold).
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Fig. 3. (a) Secondary electron SEM image and (b) EDS trace for LCT.

to an orthorhombic cellRbnm, a = 5.66A, b = 5584,
c = 7.87A), (*), and are attributed to Zr§) present due
to contamination from the milling media. THebnm cell
is associated with aa—a~c™ tilt system which in a pseu-

rocksalt ordering of the Co and Ti ions. 1k 0}, (square)
arise from in phase rotations and {id O}(arrowed) arise
from antiparallel cation displacemerit&? All reflections are
consistent with aa~a~c tilt system which gives rise to ei-

docubic setting gives rise to superlattice reflections at 0.5 therPbnm (disordered Co/Ti ions) dP2;/n (ordered) space

integer positions. These are indicated in bold iRig. 2
along with the fundamental perovskite peaks. In LMT,

group symmetry:>11 Dark field (DF) images obtained us-
ing a 1/Zh0 0} reflection reveal planar defects with ribbon

Mg and Ti ions form an ordered rocksalt superlattice that like morphologyFig. 5 typical of APBs and similar to those

gives rise to reflections at all YBkl}, positions! Reflec-

observed in CaTi@

tions arising from antiphase rotations of the O-octahedra Unique reflections associated with rocksalt superlattice
are coincident with the rocksalt superlattice reflections are difficult to identify unambiguously by electron diffrac-

but are only permitted wheh # k = [ (or equivalent}

Therefore, unique ordering reflections occur at 0.5 integer

positions for whichh = k = [ (e.g. 1/Z111}p). These
are absent irrig. 1L However, Ti and Co are close together

tion because of dynamical double diffractibhe.g.

1311, 4+ {100)p = 3{11 1,

in the periodic table so the scattering length difference However, the(11 0 variant shown inFig. 4G should not

is small and the 12111}, peaks may be difficult to
resolve.

3.2. Scanning electron microscopy (SEM)

Fig. 3a and kshow the SEM micrograph and EDS trace
of LCT, respectively. The grain size of LCT ts2um and

contain any 1/2hkl} reflections associated with antiphase

rotations of the O-octahedra, providing the tilt system is
a~act.12 The presence of these reflections therefore sug-
gests that LCT is ordered, consistent with previous structural
refinements.

3.4. Raman spectroscopy and dielectric properties

there is little porosity consistent with a measured density

96% of theoretical. There is no evidence of second phase Raman spectroscopy, is a powerful tool for qualita-
and EDS shows only the expected elements, La, Ti and Cotive understanding of the degree of order in perovskite
in the appropriate ratios. compounds? In the Raman spectrum of LCT, shown in
Fig. 6, 10 scattering bands, centred at 186, 248, 292, 351,
425, 439, 523, 605, 650 and 715th) are observed. The
band at 186 cm! may be assigned to the mode mainly
related to the motion of L& ions. The lines at 248, 292
patterns in the three major pseudocubic zone axag: da and 351cm?! are assigned to rotation-like modes. The
and B (00 1p; (Fig. 4cand 31(0 1 1)p; and Fig. 49 (11 1. 523 cnm ! band most likely results from the internal vibra-
The fundamental spots (strong) are indexed according to thetion of the oxygen cage. The frequencies of these peaks fit
simple perovskite cell. Superlattice reflections are presentwell with the prediction for an orthorhombic cell. However,
in all patterns at half integer positions. {fXI}, (circled) the band at 715cm is associated with the “breathing”
arise either from rotations of the octahedra in antiphase or(A1g) mode of the oxygen octahedra. This mode is only

3.3. Transmission electron microscopy (TEM)

Fig. 4 shows the domain variance of electron diffraction
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Fig. 4. Domain variance of electron diffraction patterns in the three major pseudocubic zone axes: (4Cbd) bjc and d)(011) and (e and f}111).
Spots are indexed in a pseudocubic setting.
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In contrast, the band associated with thegAreathing
mode remains present but broadens when LRO is de-
stroyed. This indicates that the band is sensitive to both
short- and long-range order, the former characterised by
a broad peak the latter by a sharp intensity. In LCT, the
breadth of the peak at 715 cthand the absence of a strong
band around~380cnT! suggests at least a short range
ordered distribution of Co and Ti ior§.However, Raman
intensities are difficult to interpret and the LRO band at
~380 cnT! may be weak and obscured by the background.
Electron diffraction data suggest that LCT is ordered and
Raman data indicate that it is at least short range ordered.
Therefore, on balance, it may be concluded that the data
presented above are consistent with that presented by the
Rodriguez et af. who suggested that, LCT is ‘partially
ordered'.

Although many bands may be explained by considering
that LCT has either an orthorhombic or monoclinic structure,
two strong bands occur at 605 and 650¢mot specifically
assigned to these symmetries. The intensities are strong and
their wavenumbers suggest that they may arise from the
Jahn—Teller (JT) octahedral distortions associated with the
presence of C& (high spin) ions in the O-octahedt&The
presence of valence states other tharf'Cmay account
Fig. 5. Dark field (DF) image obtained using a {0} reflection for the presence of partfatather than full ordering of the
revealing planar defects with ribbon like morphology (APBs) (arrowed). B-site cations. Despite the probable presence of mixed Co

ion valence states, the compound remains highly insulating
Raman active when neighbouring octahedra are occupied@l r0om temperature wity = 25, TCF= —42MK™* and
by ions of different valence/size. For ordered complex € % fo ~ 38,000 GHz at microwave frequencies. At lower
perovskites such as BazgTa303 (BZT), the peak is  frequencies (LMHz)gr remains 25 and the dielectric loss

sharp and is accompanied by a second band associateép 0-0024. ]
with ordering at~390cnT1.14 In general, the peak at The above work suggests that LCT (negative TCF) may

~390cnT? is sensitive only to long range order (LRO) be a useful end member to form 0 TCF materials with com-
and is absent or weak in BZT quenched from above the POUnds such as Ca, Sr and Bagi(ositive TCF) for MW
order disorder phase transition temperaturd @00°C).1° dielectric applications.
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Fig. 6. Raman spectra for LCT.
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4. Conclusions

. 4,
XRD and SEM have shown that dense, ceramic LCT has 5. Goodenough, J. B.,). Phys. Chem. Solids 1958, 10, 287.

. Thornton, G., Tofield, B. C. and Williams, D. E., Spin state equilibria

been successfully fabricated with only minor Zr€@ntam-
ination from the milling media. Superlattice reflections in
XRD and electron diffraction patterns are consistent with
ana-a c* tilt system. Electron diffraction patterns from
(110 domain variants suggests that LCT is ordered and

Raman spectroscopy indicates that the Co and Ti ions are at g

least short range ordered, consistent with Rodriguez %t al.
However, there is evidence of &b in high spin config-

uration since there are bands associated with a unique JT

octahedral stretching mode. Dielectric measurements show, Yashima, M., Ali. R. and Yoshioka, H.. High-temperature X-ray

that LCT is highly insulating with a low dielectric loss at
microwave Q x fo = 38,000 GHz) and radio (0.0024) fre-
qguencies.
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