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Abstract
We have investigated the far-IR, submillimetre and microwave (MW)
dielectric response of CaTiO3 (CT)-Sr(Mg;,3Nb,/3)O03; (SMN),
CT=Sr(Zn;3Nby;3)0O3 (SZN), CT-NdAIO3 (NA) and CT-LaGaOs3 (LG)
solid solutions ceramics series. The contribution of extrinsic losses has been
analysed by extrapolation of the far-IR and terahertz dielectric data down to
the MW range and comparison with directly measured data. This procedure
has also been justified by comparing the losses in CT and LG ceramics with
the losses in their crystalline forms published in the literature.

The compositional dependences of the permittivity and temperature
coefficient on the resonance frequency have been analysed and fitted by
appropriate expressions. We have found that in the case of CT-NA and

CT-LG ceramics, the best fits can be obtained using a Clausius—Mossotti
equation with linearly mixed polarizabilities. On the other hand, for
CT-SMN and CT-SZN ceramics the Lichtenecker logarithmic rule and the
Hashin—Shtrikman expression have been used. We explain this difference as
a consequence of the different character of short-range ordering in the

studied ceramic systems.

1. Introduction

Microwave (MW) low-loss ceramics are nowadays widely
used as MW dielectric resonators in MW integrated circuits.
The basic requirements for MW resonators are small size,
high quality factor and good temperature stability. Ceramic
technology allows preparation of relatively cheap materials
with well defined properties for industrial applications. The
permittivity, €', of such materials should be high enough to
reduce the size (proportional to 1/+/€’) of a resonator and
weakly temperature dependent to minimize a temperature
coefficient of resonant frequency t;. At the same time, the
dielectric losses, €”, should be very low in order to provide a
high quality factor, Q, of the resonator (Q = €'/¢”) in the
MW range.

Dielectric losses in MW materials consist of intrinsic
losses which are fundamental losses of multiphonon origin
in an ideal crystalline material and extrinsic losses caused by
lattice defects [1]. Separation of the intrinsic and extrinsic MW
losses using standard MW measurements is very difficult. The
most promising approach to this problem is to study a higher
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frequency dielectric response including the whole terahertz and
IR range [2]. This is based on the fact that the fundamental
interaction of lattice vibrations with electromagnetic radiation
(intrinsic losses) is determined by the parameters of IR-active
phonons.

Phonon dispersion can be described by the four-parameter
factorized oscillator model [3],
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where wto, and wip, are the transverse and longitudinal
frequencies of the jth polar phonon mode, respectively, yTo;
and y10, their respective damping constants and €, the optical
permittivity due to the electronic polarization processes. In the
low-frequency limit (0 < wro0,), equation (1) yields losses
which are linearly dependent on frequency, ¢’ « w, and a
frequency-independent permittivity. However, the oscillator
model (1) describes the one-phonon absorption processes,
whereas the dielectric losses in the low-frequency limit are
determined mostly by two-phonon absorption or higher order
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processes. Therefore, formally the oscillator model is not valid
in the MW range. A more complicated microscopic theory
[1,4] has to be used to describe the frequency and temperature
behaviour of MW losses. However, this theory operates
with microscopic parameters which cannot be determined
experimentally and therefore it provides only qualitative
predictions. In the low-frequency limit, the theory [4] predicts
in most crystal symmetries the same linear behaviour, €” « w,
as follows from the oscillator model. It has been demonstrated
that extrapolation of the oscillator model to the MW range gives
reasonable results for a great variety of MW ceramics [2, 5-8].

CaTiO3 (CT) is a good candidate for a MW dielectric
since it has a high permittivity, ¢ = 160, and an acceptable
quality factor Q@ = 8000 at 1.5 GHz, but unfortunately it
has a large positive temperature coefficient of the resonant
frequency (7 = +850ppmK~') [9]. At room temperature
it crystallizes in the orthorhombic space group Pbnm with four
formula units per unit cell. A detailed IR spectroscopic study
on CaTiOs crystals has been recently reported by Zelezny
et al [10]. In order to produce a MW material with ¢
close to zero, one may form a solid solution of CaTiO;
with a material exhibiting a negative 7;. We have studied
four complex ceramic systems in which CaTiO3 is mixed in
different ratios with perovskites: Sr(Mg;3Nb,/3)O3 (SMN),
Sr(Zn;3Nby/3)03 (SZN), LaGaO3 (LG) and NdA1O3 (NA).

Sr(Mg;,3Nby/3)O3 is a material with a small negative
temperature coefficient (; = —14ppmK™!), permittivity
€ =33 and Q = 20000 at 3 GHz [9]. Structural investigation
of SMN revealed 1 : 2 stoichiometric B-site cations ordering in
a trigonal complex perovskite structure (space group P3m1)
[11]; however, recent structural studies revealed an a—a c*
tilt, identical to that of CaTiO3, and the resulting symmetry
is therefore probably monoclinic [12]. In (1 — x)CT-xSMN,
al:2 ordering is maintained only for x > 0.9 [12]. Additional
evidence for B-site ordering was given by observation of two
Raman peaks near 391 and 825 cm~! in CT-SMN, which are
not present in pure CaTiO3 [13]. The first peak is related to
the long-range order and vanishes for x < 0.8. The second
peak, at 825 cm™!, is present even for higher concentrations
of CaTiO; and becomes wider with decreasing x. It was
suggested that this may reflect the degree of short-range
ordering (nonrandom B-site distribution) in CT-SMN [13].
The temperature coefficient of the resonant frequency, t,
passes through zero at x ~ 0.8 with ¢ ~ 45. However,
the reported quality factor, O x f = 11THz, is rather
poor for this composition [12, 13].

LaGaO; has attracted much attention as a substrate
for epitaxial growth of superconducting YBa,Cu3zO7_s films
[14]. It possesses very low dielectric losses up to the
gigahertz frequency range with a permittivity of € 2~ 25, and
therefore it is considered as a promising material for MW
applications. LG undergoes a phase transition at 145°C, in
which it transforms from a high-temperature orthorhombic
Pnma phase to a rhombohedral structure with the R3¢ space
group [15,16]. Raman spectroscopy of LG ceramics has
been reported in [17,18]. Fortunately, the dielectric and
IR measurements were performed on single crystals, which
gives us the possibility of comparing our results on ceramics
with them. The IR reflectivity has been measured and
fitted by Calvani et al [19] and later by Zhang et al [20].
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Dube et al [21] reported low-frequency (100 Hz—1 MHz) and
MW dielectric properties of LG single crystals with (001) and
(110) orientations. The measured dielectric quality factor for
the (001) crystal at room temperature was Q = 10500 at
7.9 GHz.

NdAIO; is a rhombohedral perovskite with € =~ 22,
a good quality factor (Q x f ~ 58000 GHz) and a negative
temperature coefficient of the resonant frequency (ry =
—33ppm K~!) [22]. Depending on the chemical composition
of the (1 — x)CT-xNA solid solution, relative permittivities
higher than 45 can be obtained with high quality factors
(O x f > 40000GHz) and a relatively small temperature
coefficient, 7. A value of 77 close to zero has been observed
[23] for x ~ 0.3. X-ray analysis shows the existence of
at least two distinct regions, depending on the composition.
In the range 0 < x < 0.85 the structure is orthorhombic,
like that of pure CaTiOs (space group Pbnm), and for
x > 0.90 it is trigonal as in pure NdAlOs (space group R3c)
[24]. Microstructural characterization of CT-NA ceramics
demonstrated that the heating conditions during sintering and
subsequent cooling strongly affect the number of structural
defects and correspondingly the dielectric losses (Q x f may
vary from 30 000 to 45 000 GHz) [24, 25]. A Raman scattering
study of CT-NA revealed short-range ordering of B-site cations
which appears as a broad Raman band around 800 cm™'; this
band is absent in both pure CT and NA, and it has the strongest
intensity for x = 0.5 [13].

In this paper we present the results of combined terahertz
and far-IR spectroscopy for CaTiO3-based ceramics. The
dielectric losses extrapolated from the IR fits are compared
with the directly measured MW data. In addition, we discuss
the compositional dependence of the permittivity, €’, and ¢ for
all studied systems. The results for pure CaTiO3 and LaGaOs
ceramics are compared with published single crystal data.

2. Experiment

The samples were synthesized by a conventional mixed oxide
route using high purity powders of CaCOs, TiO,, Nd,Os,
Al,O3, SrCO3, MgO and Nb,Os. The starting reagents were
weighed and mixed in the given ratios and milled. The powders
were calcined for 4-6 h at temperatures between 1300°C and
1550°C, depending on the composition. The calcined powders
were re-milled, pressed into pellets and sintered for 4-6h at
temperatures between 1500 and 1650 K.

All the final ceramics had a density greater than 95% of the
theoretical one. The grain size varied from sample to sample,
and some typical SEM pictures are shown in figure 1. Most of
the ceramics were single phase; only in some CT-LG samples
were traces of the second phase observed in the XRD patterns
(see figure 2).

MW measurements were performed using an Agilent
vector network analyser (8753ES) by the resonant technique.
The accuracy of measurement was better than 5%. Details can
be found elsewhere [13].

IR reflectivity spectra were obtained using a Fourier
transform spectrometer (Bruker IFS 113v) in the frequency
range 30-3000cm~! with 2cm™! resolution. The samples
were prepared in the form of approximately 2 mm thick discs
with an optically polished front side.
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Figure 1. SEM photographs from ceramics: (@) 0.5CT-0.5NA, (b) 0.5CT-0.5LG, (¢) 0.5CT-0.5SZN and (d ) 0.5CT-0.5SMN.
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Figure 2. XRD traces from 0.5CT-0.5NA, 0.5CT-0.5LG,
0.5CT-0.5SZN and 0.5CT-0.5SMN ceramics. Traces are indexed
according to a pseudocubic unit cell. Peaks marked + result from
oxygen octahedral tilting and peaks marked x* are associated with
the second phase present in 0.5CT-0.5LG.

The measurements of complex terahertz permittivity
were carried out using a custom-made time-domain terahertz
transmission spectrometer based on an amplified femtosecond
laser system. Generation and detection of pulsed terahertz
radiation were performed using (110) ZnTe nonlinear optical
crystals [26].  The samples for terahertz transmission
measurements were prepared in the form of plane-parallel
pellets with a diameter of 6 mm and a thickness of

approximately 0.2 mm. The accuracy of terahertz permittivity
is limited mainly by errors in the sample thicknesses (plane-
parallelity) of about +1pum, so that the terahertz €’ is
determined with errors of about 1%. The error in the terahertz
dielectric loss, €”, reaches up to 10%, but it can be reduced by
an appropriate sample thickness.

The measured far-IR reflectivity spectra have been fitted
by the oscillator model (equation (1)) using the expression for
the reflectivity under normal incidence:

2

_ Jew) —1
R(w) = '——6 o1 (2)

However, it is known that small errors in the reflectivity
may lead to appreciable errors in the fitted permittivity and
especially in the losses. Therefore the fitting has been carried
out taking into account the complex terahertz permittivity
which allowed an essential improvement in the quality of the
fits. An example, the fitting results for the (1 — x)CT-xSMN
sample with x = 0.8, is shown in figure 3. The measured MW
permittivity and losses are added for comparison. One can
see a good agreement between the measured MW permittivity
and that obtained from the fit extrapolation. This is typical for
all fitted samples because the permittivity of MW ceramics is
fully determined by the contribution of polar phonons and it is
not very sensitive to the presence of structural defects. On the
other hand, the measured MW losses are usually higher than
the intrinsic losses predicted by the fits due to the influence of
structural defects which lead to nonvanishing extrinsic losses.
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Figure 3. (a) Far-IR reflectivity of (1 — x)CT-xSMN (x = 0.8)
ceramics. The solid line is the measured spectrum, the dashed line
is the fit. (b) Fitted permittivity and dielectric loss spectra of the
same sample. Open symbols correspond to MW data, full symbols
correspond to the complex terahertz spectra.

3. Results and discussion

3.1. Comparison with crystalline samples

First, let us compare our results for pure LG and CT ceramics
with previous measurements performed on single crystals of
LG [20,21] and CT [10].

Factor group analysis predicts 25 IR-active modes in pure
LG at room temperature (space group Pnma) [17]. However
our fit uses only 11 oscillators. The remaining 14 modes are
probably negligibly weak and/or overlap with other modes.
We have simulated the dielectric response of the LaGaO;
crystal using the parameters of the classical oscillator model
determined by Zhang et al [20]. The total number of oscillators
was ten and their parameters are in satisfactory agreement
with our fit. The permittivity values obtained are in good
agreement: €' (0) = 24.3 from our fit and €'(0) = 22.6 from
the fit of Zhang et al. The product of the MW quality factor
and frequency obtained from the simulation is Q x f =~
83000 GHz. The same quantity obtained using our fits is
slightly higher, O x f ~ 116000 GHz. Such an agreement
between extrapolated MW quality factors indicates that the
phonon dynamics in the ceramics is the same as in the single
crystal. Taking into account the results of the comparison,
we can conclude that the defects in LG ceramics do not affect
appreciably the damping or dielectric strength of polar phonon
modes in this material.

Let us now compare the directly measured MW quality
factors of LaGaOs single crystals and ceramics. Dube et al [21]
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reported Q@ = 10500 at 7.9 GHz for an (001)-oriented
crystal. However, this values does not refer to the dielectric
losses in a particular direction because measurements were
carried out using a resonance method and the cylindrical
electric field in the cavity does not define the response along
a particular crystallographic direction but rather gives an
averaged response in the plane normal to the [001] direction.
The measured quality factor of our LG ceramics was Q =~
12 600 at 4.96 GHz. The corresponding products of the quality
factor and measuring frequency are 83 000 GHz for the LG
crystal and 62 500 GHz for the LG ceramics. One can also
note perfect agreement between the measured MW dielectric
losses of the single crystal and intrinsic losses extrapolated
from the far-IR range mentioned in the previous paragraph.
Thus the dielectric losses of LaGaOj3 single crystals are fully
determined by the fundamental phonon absorption processes
as could be expected. On the other hand, the dielectric losses
of LaGaO; ceramics are higher than in single crystal by an
amount of extrinsic loss contribution. For the LaGaO3; ceramic
sample investigated (at 4.96 GHz), about 54% of the losses are
contributed by the IR-phonon losses and 46% are due to the
extrinsic losses.

For the CT single crystal (space group Pbnm), factor
group analysis predicts 25 IR-active modes though only 14
of them are strong enough to be detected [10]. We have
used 13 modes to fit the reflectivity of our CT ceramics. The
values of static permittivity of the CT crystal, €/(0) = 173,
and ceramics, €(0) = 165, are in reasonable agreement.
However, the MW quality factors estimated from the fits are
noticeably different: O x f =~ 17400 GHz for the CT crystal
and Q x f ~ 11500 GHz for CT ceramics. It means that
in contrast to LG, the IR dielectric response of CT ceramics
might be influenced by some defects which cause an increase
in the oscillator damping constants.

To our knowledge, no published measurements exist of
CaTiO; crystal dielectric losses in the MW range. The
well-known publication by Rupprecht and Bell [27] presents
the MW permittivities only. The measured MW quality
of CT ceramics is 4800 at 2.07 GHz. The corresponding
product O x f = 9960 GHz is somewhat smaller than the
losses extrapolated from the IR fit (11 500 GHz). However
this difference is not as large as the difference between the
extrapolated quality factors of crystalline and ceramic CT.
Thus the elevated MW losses in CT ceramics seem to be related
to changes in the one-phonon absorption mechanism caused by
defects, whereas in LG ceramics the presence of defects affects
higher order absorption processes.

3.2. Permittivity dependence on composition

X-ray diffraction analysis has shown that all investigated
CaTiOs-based complex ceramics systems are predominantly
single-phase solid solutions in the whole range of
concentrations. It is interesting to see how the dielectric
properties (permittivity in particular) depend on the
composition of the samples. It was demonstrated that the
permittivities in the MW and submillimetre frequency ranges
are almost equal in all cases. Therefore we present here only
the MW values of permittivity and the temperature coefficient
of the resonance frequency at room temperature for all studied
samples.
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The MW permittivity of the investigated samples is shown
in figure 4. One can note that the compositional dependence
of the permittivity of the investigated ceramics has a different
character. The permittivity of CT decreases rather smoothly
with increasing SMN or SZN concentrations. On the other
hand, the permittivity of (1 — x)CT-xNA or (1 — x)CT-xLG
solid solutions drops to 80 (which is one half of the permittivity
of pure CaTiOs3) for a moderate concentration x = 0.1. Such
a steep compositional dependence of the permittivity has been
already reported by Levin et al [28] for the Ca(Aly 5Nbg 5)O3—
CaTiO; (CT-CAN) system. They have demonstrated that
this behaviour can be well described by the Clausius—
Mossotti equation with linearly mixed polarizabilities of pure
components. Thus the resulting permittivity, €, can be found
from the following equation [29],

62—1

€—1 € —1
+x ,
€2+2

= 1—
€+2 ( x)61+2

3

where € and ¢; are the permittivities of the pure components.
The least-square fits of the CT-NA and CT-LG systems’
permittivity using equation (3) are shown in figure 4. The
agreement of the fits with the experimental data is good.

The permittivity of the CT-SMN and CT-SZN systems
cannot be described by equation (3). On the other hand,
the well-known Maxwell-Garnett and Bruggeman effective
medium approximations [30] give overestimated values of the
intermediate permittivities. We have found that there are two
appropriate formulae in this case. The first is the Lichtenecker
empirical logarithmic rule [31],

Ine=(1—x)Ine; +xIne,. 4)

This rule is used sometimes for mixtures of powders or porous
systems.

The second appropriate formula is the lower bound of the
Hashin—Shtrikman expression for an isotropic composite [32],

1 —x
1/(e2 —€1) +x/3€;

(6))

€ =€)+

This formula describes the precise solution for the permittivity
of a mixture of coated spheres. The lower bound corresponds
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Figure 4. MW permittivity of CaTiO;-based solid solutions. Solid,
dashed and dotted lines are fits by equation (3), equation (4) and
equation (5), respectively.

to the case where the component with the higher permittivity
(e1) is covered by the low-permittivity component (€,) and
therefore is not percolated.

The fits using equations (4) and (5) are shown in figure 4.
The correspondence between the fits and the measured MW
data is reasonable for both cases. However, the Lichtenecker
rule is an empirical expression and the Hashin—Shtrikman
expression corresponds to an idealized mixture geometry.
Therefore it is not worth speculating which of these equations
is more relevant to the real situation in CT-SMN and CT-SZN
systems.

The different character of permittivity behaviour in
CaTiOs-based systems may be related to the structural
properties of the mixed components and solid solutions. The
short-range order inherent to Sr(Mg;,3Nb;,3)O3 persists in
CT-SMN system for all intermediate concentrations as has
been revealed from Raman spectra [13]. Similar behaviour
is expected for the CT-SZN system. In contrast, the Raman
band corresponding to short-range order in the CT-CAN
system vanishes when CaTiO;3 constitutes more than half of
the composition [28] (x > 0.5).

On the other hand, the short-range order in the CT-NA
system corresponds to ordering of the CaTiO; and NdAIO;
unit cells. In this respect, the components of the CT-NA
(and probably CT-LG) solid solutions are perfectly mixed.
Thus, the permittivity of the CT-NA and CT-LG systems as
well as the permittivity of the CT-CAN system is described
by the Clausius—Mossotti equation with effectively mixed
polarizabilities. SMN and SZN in CaTiOs-based solutions
may tend to preserve their ordered structure and do not
perfectly mix with CaTiO; at the microscopic level. Therefore,
the permittivity behaviour of the CT-SMN and CT-SZN
systems deviates from equation (3) and is better described
by the Lichtenecker or Hashin—Shtrikman expressions for the
mixture of macroscopically large particles.

Figure 5 shows the compositional dependence of t; for the
ceramics systems investigated. Compositions that correspond
to the temperature stable permittivity (ty =~ 0) are x =~ 0.85
for CT-SMN and CT-SZN systems; x =~ 0.36 for CT-LG; and
x =~ 0.43 for CT-NA. The concentrations found for CT-SMN
and CT-NA are in reasonable agreement with the values of
x = 0.8 and x = 0.375 recently reported by some of the

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
cT x (mol) SMN, SZN, NA, LG

Figure 5. t; as a function of concentration, x, for CaTiO;-based
solid solutions.
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present authors [12,13]. However, other authors obtained
7 >~ 0 in CT-NA for lower x = 0.3 [23-25].

We have tried to describe the compositional dependence
of 7y using the known permittivities and temperature
coefficients of the pure compounds. Following Levin et al
[28], we assumed the same thermal expansion coefficient
o = 10 ppm K~! for all compositions. The calculated values
of 7y are overestimated compared with the measured values in
all cases. Nevertheless, the qualitative behaviour is reproduced
rather well.

3.3. Dielectric losses

3.3.1. CT-SMN ceramics. In the case of ordered
A(B/l/3B/2’/3)O3 compounds (SMN is a particular case), factor
group analysis in the paraelectric phase (P3m1, Z = 3) yields
16 IR-active modes [33]. Pure CaTiO; displays 25 IR-active
modes (only 14 of them are strong enough to be detected
[10]). We have used 16 four-parameter oscillators for the
fitting of pure SMN, 9 for 0.4 < x < 0.8, where long-range
ordering of B-sites does not exist, and 11-13 for x < 0.25.
The measured reflectivity of pure SMN ceramics agrees with
the data published by Fukuda et al [34]. However they used
20 oscillators for the fitting of reflectivity, which is probably
redundant for SMN, in our opinion.

The products of the quality factor and frequency, O x f,
measured in the MW range and those obtained from the fits are
plotted as functions of the CT-SMN composition in figure 6(a).
The quality factors tend to decrease when the concentration of

1.0
SMN, SZN,
LG, NA

x (mol)

Figure 6. QO x f values of CaTiO;-based ceramics extrapolated
from the fits of IR data (®) and directly measured at MW
frequencies (M).
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SMN is decreasing; however, this dependence is steeper in the
case of losses obtained from IR data fits. Thus for x < 0.1
the dielectric losses are fully determined by the fundamental
intrinsic losses and for x = 0.8 the extrapolated quality factor
is half as small as the measured one. Taking into account
the comparison in figure 6(a), we can conclude that the poor
quality factor of CT-SMN ceramics with 7y =~ 0 (x =~ 0.8)
is mostly a consequence of extrinsic losses which may be
eliminated by reducing the defect density in the ceramics. The
nature of the defects is not clear from our experiment, but
the low-temperature MW and terahertz measurements can, in
principle, give more information about the kind of defect in
the ceramics [1]. On the other hand, the MW dielectric losses
are rather close to the fitted intrinsic losses for 10 and 25 mol%
SMN concentration. It indicates a high quality of CT-SMN
ceramics with a moderate concentration of SMN.

3.3.2. CT-SZN ceramics. Ordered Sr(Zn;,3Nb;;3)O5 has the
same structure as SMN, a slightly higher permittivity € >~ 43
and a quality factor (Q = 3850 at 3 GHz) which is appreciably
lower than that of SMN. The temperature coefficient of
the resonance frequency in SZN is 1y = —26.8 ppmK~!.
(1 — x)CT=xSZN solid solutions have not been investigated
in the MW and far-IR ranges until recently. Initial x-ray
diffraction studies revealed a perovskite structure in the full
range of concentrations. Therefore, despite the rather high
dielectric losses in the CT-SZN system, its investigation
is interesting from the point of view of comparison with
CT-SMN. The important point is that a temperature-stable
MW ceramic with high permittivity can be obtained.

The number of IR modes used for the fitting of FTIR
reflectivity and TDTTS complex permittivity data was varied
from 8 (for x = 0.6) to 16 (for x = 1). The measured
reflectivity and the fit parameters of pure SZN agree with
previously published data [34]. The comparison between the
measured quality factors and those predicted by IR fits is shown
in figure 6(b). For 0 < x < 0.4 the losses are so high that the
resonance in the MW cavity was suppressed. The measured
Q x f values are lower than those obtained from the fits.
However this difference is not so pronounced as in the case
of CT-SMN system. The MW losses become appreciably
higher than the intrinsic losses only for x < 0.4. Thus we
can conclude that the low quality factors of CT-SZN ceramics
(for x > 0.4) are mostly related to the fundamental (intrinsic)
loss mechanisms due to multiphonon absorption processes. In
contrast to the case with CT-SMN ceramics, there seems to
be no technological way of obtaining an appreciably higher
quality of the CT-SZN ceramics investigated.

3.3.3. CT-LG ceramics. The number of oscillators required
to obtain good fits varies from 9 to 12 depending on the
sample composition.  Factor group analysis predicts 25
IR-active modes in LaGaOs [17] and the same number of
modes in pure CaTiOs [10] though its space group, Pbnm,
is different from the Pnma group of LaGaOs. The rest of the
predicted modes which have not been observed by experiment
are probably very weak and their influence on the dielectric
permittivity and losses is negligible.

A comparison between the measured quality factors Q x f
of CT-LG ceramics and those predicted by IR fits is shown
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in figure 6(c). The MW dielectric losses are higher than
the extrapolated intrinsic losses for x = 1 and x = 0.25,
indicating the presence of additional extrinsic losses for these
compositions. Other CT-LG ceramics show only slight
deviations from the IR fits within the limits of fitting precision.

The MW losses of CT-LG ceramics seem to be mostly
determined by intrinsic losses except pure LaGaOs; and
x = 0.25, where a pronounced contribution of extrinsic losses
is seen.

3.3.4. CT-NA ceramics. The spectra of the dielectric losses
of CT-NA ceramics are shown in figure 7. The number
of oscillators required to obtain good fits varies from 11 to
13, depending on the sample composition. Factor group
analysis predicts eight IR-active modes for pure NA [17].
The agreement between the number of predicted and observed
IR-active modes is thus considered to be reasonable with the
exception of pure NA, where the activation of four additional
weak modes can be due to a partial relaxation of the selection
rules related to the existence of the symmetry-breaking defects
in the ceramic sample.

It is seen from figures 7 and 6(d) that the linear
extrapolation of the dielectric loss from the terahertz to the MW
range from the oscillator model gives overestimated losses
for intermediate concentrations of CT (0.25 < x < 0.75).
Moreover, the terahertz loss data are also slightly below the
values predicted by the fits for this range of concentrations,
though the reflectivity curves are perfectly described by the fits.
Actually, the oscillator model is exactly valid only close to the
phonon frequencies and it can fail at w < wto. Nonetheless
our experience obtained from many ceramics shows that the
extrapolation of the oscillator model from the terahertz range
to the MW range describes well the intrinsic losses in many
systems. The CT-NA system seems to be an exception
to this rule, in contrast with other CT-based MW ceramics
investigated. Nevertheless, one can see that the measured
submillimetre losses can be linearly extrapolated to the MW
loss values (dotted lines in figure 7). This fact agrees with
the predictions of the microscopic theory of intrinsic losses
[4] which should correctly describe the losses in the CT-NA
system.

Since the oscillator model fails in the case of CT-NA,
the only conclusion we can atrive at from comparison of the
submillimetre and MW losses is the absence of appreciable
extrinsic losses for 0.125 < x < 0.75. The pure NA sample
and CT-NA with x = 0.875 have extrinsic losses which
are due to a lower sample quality. Thus CT-NA ceramics
with compositions close to the point of temperature stability
(x ~ 0.43 according to our MW data) can be considered as
promising materials for MW applications.

4. Conclusion

Far-IR, submillimetre and MW dielectric responses of
CT-SMN, CT-SZN, CT-NA and CT-LG solid solution
ceramic series were studied. The intrinsic losses in LaGaO3
ceramics are almost identical to those of a single crystal
[20,21]. In CaTiO3 ceramics the intrinsic losses are higher
than in the single crystal due to enhanced damping of IR
phonons probably caused by structural defects. Thus the

Dielectric loss &"

0.1 1 10
Wavenumber (cm™)

1000

Figure 7. The dielectric loss spectra of (1 — x)CT-xNA ceramics.
The solid lines correspond to the reflectivity fits. The full symbols
are the measured terahertz data and the open symbols are the MW
losses. The dotted lines are linear fits of the measured terahertz
and MW losses.

dielectric losses determined by IR phonons in CaTiO3 ceramics
are not intrinsic in the sense that they would describe only
fundamental losses of a perfect crystal.

The compositional dependence of the permittivity
of CT-NA and CT-LG ceramics can be described
by the Clausius—Mossotti equation with linearly mixed
polarizabilities. On the other hand, this dependence for
CT-SMN and CT-SZN, where CaTiOs3 is mixed with complex
compounds, can be fitted by the Lichtenecker logarithmic
formula or the Hashin—Shtrikman model. This difference is
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aconsequence of the different character of short-range ordering
in the ceramic systems studied.

The comparison of extrapolated far-IR and MW losses led
to the following conclusions:

The poor MW quality factor of (1 —x)CT—xSMN ceramics
with v & 0 (x &~ 0.8) is mostly a consequence of some
extrinsic losses because the intrinsic quality obtained from the
extrapolation of terahertz data is twice as high. The extrinsic
losses can be reduced by optimizing the ceramic processing.
For CaTiO3 ceramics moderately doped with SMN, the MW
dielectric losses, are rather close to the fitted intrinsic losses,
which indicates their high quality.

The low quality factors of CT-SZN ceramics are mostly
related to fundamental loss mechanisms. In contrast to
CT-SMN ceramics, there is probably no technological way
of obtaining appreciably higher quality in them.

The MW losses of CT-LG ceramics are mostly determined
by the intrinsic losses except pure LaGaO3; and compositions
with x < 0.25, where a pronounced contribution of the
extrinsic losses is seen.

Extrapolation of the oscillator model fails in some cases
for (1 — x)CT-xNA. Nevertheless, CT-NA ceramics with
compositions close to the point of temperature stability
(x =~ 0.44) have such a high quality, Q, that they have already
been used in MW applications.
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