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ABSTRACT

(1-x)CaTiO3-x(Lip 5Smp5)TiO3 (0.7 < x < 0.8, CLST) ceramics with an orthorhombic perovskite structure
were fabricated by a conventional solid-state reaction method. The effects of composition variation on
the microwave dielectric properties were studied in detail. The permittivity (e;) and quality factor (Q x f)
value decreased with an increase in the x value, and the temperature coefficient of the resonant fre-
quency (ty) reached nearly zero. Raman and infrared reflection spectroscopy were employed to reveal the
relationship between vibrational modes and microwave dielectric properties. The Raman spectra fitted
with the Lorentzian model indicated that the dielectric loss deteriorates with an increase in the x value
are the result of the lowered A-site cation ordering degree. The harmonic oscillator model was used to fit
the infrared reflection spectra, and the obtained complex dielectric response was extrapolated down to
the microwave region. The infrared reflection spectra show that the vibrational modes related to A-site
cations at lower frequencies (i.e., <150 cm™~!) play the most important role in the microwave dielectric
properties of CLST ceramics. The optimal microwave dielectric properties were found to be ¢ = 109.4,

Q x f= 4698 GHz, and 1r = 1.6 ppm/°C in the sample of 0.22CaTi03-0.78(Lip.5Smq5)TiOs3.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

In recent years, with the rapid development of wireless
communication and satellite communication, microwave dielectric
ceramics have been intensively studied because of their popular
applications in the fields of global positioning system (GPS) and
wireless local area network (WLAN) technology. It is known that
miniaturization, integration, and high reliability are important re-
quirements for microwave electronic devices and portable termi-
nals. Therefore, to fabricate high-performance microwave dielectric
ceramics for the applications mentioned above, a high dielectric
constant (e), outstanding quality factor (Q x f), and near-zero
temperature coefficient of resonant frequency (ty) are necessary
to achieve component miniaturization, good signal recognition,
and excellent temperature stability [1-3].

In general, it is quite challenging to fabricate microwave
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dielectric ceramics that simultaneously satisfy the three required
characteristics for microwave dielectric applications because ma-
terials with high permittivity usually have a high dielectric loss and
a large 1. In previous studies, a series of microwave dielectric ce-
ramics with high e, such as A-site-modified perovskite (A+ 1/2A3+
1/2)TiO3, tungsten bronze-type BaO-Ln;0s3-TiO,, complex perov-
skite Ca0O-Li»0-Lny03-TiO; or CaTiOs-(Lig 5Lng 5)TiO3, and Pb-based
ceramics have been developed [4—7]. Unfortunately, the high sin-
tering temperatures of tungsten bronze-type and Pb-based mate-
rials, and the large positive tfvalues of some of the A-site-modified
perovskites, hinder the application of these microwave dielectric
ceramics. Solid solutions of (1-x)CaTiO3-x(Lig 5Lng5)TiO3 (Ln = Nd,
Sm, La) present promising microwave dielectric properties, which
include high e, superior Q x f values, and adjustable temperature
coefficient of resonant frequency [8—10]. CaTiO3-(Liqj2Lny2)TiO3-
based solid solutions were first reported by Ezaki et al. [6], and
temperature-stable dielectric ceramics can be obtained in a CaO-
Li;O-Lny03-TiOy system with e = 110, Q x f = 4500 GHz, and
7y = 7.0 ppm/°C. Kim et al. [8] reported the dielectric properties of
the (1-x)CaTiOs-x(Lig,5Smg5)TiO3 system, which exhibits values of
er = 114, Q x f= 3700 GHz, and 7tr= 11.5 ppm/°C for x = 0.7. Li et al.
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[11] reported that Cajx(Liij2Smy)2)xTiO3 ceramics had good per-
formance, with microwave dielectric properties of ¢ = 105.8,
Q x f=3170 GHz, and 7= 0 ppm/°C when x = 0.75. Gu et al. [12]
found that 0.2Cag gSro,TiO3-0.8(Lig5Smg5)TiO3 solid solution ce-
ramics exhibit good microwave dielectric properties of e, = 113,
Q x f= 4400 GHz, and 7y = 8.4 ppm/°C.

Although much work has been done to control the microwave
dielectric properties of materials that are based on CaTiOs-
(Lig.5Smg5)TiO3 ceramics, a fundamental principles study on the
permittivity and dielectric losses in solid solution is still needed to
reveal the responsible mechanism. The dielectric properties of
microwave dielectric ceramics mostly depend on ionic polarization
caused by lattice vibrations. Therefore, Raman and infrared spec-
troscopy are usually considered useful tools to study the relation-
ship between the dielectric properties and the vibrational modes
[13—15]. Dielectric losses include an intrinsic part and extrinsic
part. The intrinsic losses may be obtained from the infrared
reflection spectra using the classical harmonic oscillator model
[16]. In addition, the Raman spectra may reveal the short-range
characteristics of the ceramics, including order-disorder transi-
tions [17]. Zhou et al. [ 18—20] reported that the Far-infrared spectra
(50—1000 cm-1) study showed that complex dielectric spectra
were in good agreement with the measured microwave permit-
tivity and dielectric losses in (NagsLags)MoO4-(NagsBig5)MoOg4
ceramics. They also reported that the infrared spectra showed that
the external vibrations of CeVO4 had the most remarkable effects
on the dielectric constant in the CeVO4-TiO, composite ceramics. In
addition, the Raman, infrared reflection, and terahertz spectra of A-
site-deficient scheelite materials (Ca;_3xBiox®x)M0O4(®: A-site va-
cancy) were studied to evaluate the correlation between the
vibrational modes and the microwave dielectric properties.

In this work, a series of (1-x)CaTiOs-x(Lip5Smgs5)TiO3
(0.7 < x < 0.8, CLST) ceramics were synthesized by a solid-state
reaction method. The effects of compositional variation on the
structure and microwave dielectric properties of the samples were
investigated in detail. Additionally, the relationship between
vibrational modes and microwave dielectric properties was dis-
cussed by fitting the Raman and the infrared reflection spectra.

2. Experimental procedure

(1-x)CaTiO3-x(Ligp5Smg5)TiO3 (0.7 < x < 0.8, CLST) ceramics
were prepared by the conventional solid-state reaction method
from commercial powders of CaC03(99.0%), Ti02(99.9%),
Li»C03(99.9%), and Smy03(99.99%). Initially, stoichiometric ratios of
CaCO3 and TiOy, and Li;CO3 Smy0s3, and TiO,, were respectively
mixed using ethanol medium and ZrO, balls for 12 h. After drying,
CaTiO3 was calcined at 1090 °C for 5 h and (Lip5Smg5)TiO3 was
calcined at 1100 °C for 3 h. Then, the calcined powders were
weighed according to the compositions of (1-x)CaTiO3-x(Lig5Smg5)
TiO3 (x = 0.70, 0.72, 0.74, 0.76, 0.78, 0.80) and were milled again for
12 h in ethanol medium. The powers were mixed with 10 wt%
polyvinyl alcohol (PVA, 5%) solution as a binder after drying and
were uniaxially pressed into pellets 12 mm in diameter and
6—7 mm in thickness. Finally, the pellets were heated at 550 °C for
3 h to eliminate the binder and then sintered at 1240 °C for 4 h in
air.

The crystal structure of the sintered samples was analyzed using
X-ray powder diffraction (XRD, D8 advance, Bruker, Germany) with
Cu Ka radiation. The microstructures of the ceramics were observed
using a scanning electron microscope (SEM, JSM-7100F, JEOL,
Japan). The Raman spectra were recorded at room temperature
using a Raman spectrometer (inVia, Renishaw, UK) excited with an
Ar ion laser (633 nm). The infrared reflection spectra were
measured using a Bruker IFS 66v FTIR spectrometer (Bruker Optics,

Ettlingen, Germany) on the infrared beamline station (U4) at the
National Synchrotron Radiation Lab. (NSRL), China. Microwave
dielectric properties of the ceramics were measured with the TEg13
shielded cavity reflection method with a network analyzer
(E5071C, Agilent, Palo Alto, CA). The temperature coefficient of the
resonant frequency (1) was measured at —20 °C and 65 °C and was
calculated using the following formula (Eq. (1)):

Sy —fm) 6 o
Tf _f(in)('fz T x 10° (ppm/°C) (1)

where fir,) and fir,) represent the resonant frequencies measured
at —20 °C and 65 °C, respectively.

3. Results and discussion

Fig. 1 shows the XRD patterns of the CLST ceramics with various
compositions. All diffraction peaks were indexed as an ortho-
rhombic perovskite structure (JCPDS card No. 42-0423, CaTiOs,
space group Pmna), and no secondary phases were observed in all
compositions. This result indicates that (Lio.5Sm0.5)2+ ions have
diffused into CaTiOs3 lattices and formed a solid solution. Further-
more, the diffraction peaks shift to a higher angle as x increases,
suggesting that the unit cell volume of the solid solution gradually
decreases with an increase in the x value as a result of the partial
substitution of the smaller A-site ionic radii of (Lip5Smqs)>* ions
(0.9995 A) for larger Ca®* jons (1.1200 A) [21].

Fig. 2 shows SEM images of the surfaces of the CLST ceramics
with various compositions after hot corrosion treatment. A well-
densified microstructure was observed and there was no obvious
secondary phase for all compositions, which agreed well with the
XRD patterns. The average grain size of the samples was in the
range of 1—4 pm. The SEM observations suggest that there is no
significant difference in the microstructure of samples with various
compositions. In addition, the relative densities of the CLST ce-
ramics are very high (i.e., about 97%). And the relative density is
almost constant with the change of composition.

Fig. 3 presents the microwave dielectric properties of the CLST
ceramics as a function of the x value. In Fig. 3(a), the permittivity
decreases monotonously as the x value increases from 0.70 to 0.80,
which is in a good agreement with the results of Kim et al. [8] and Li
etal. [11]. A possible reason is that (Lig 5Smg5)>" has a smaller ionic
polarizability (2.97 A3) than that of Ca®>* (3.16 A%) [22], the ionic
polarizability of the CLST ceramics decreased with the increase of x
value. According to Clausius-Mossotti equation, the ionic polariz-
ability is directly proportional to the dielectric constant [23].
Therefore, the permittivity is dependent on the ionic polarizability,
and a decrease in the ionic polarizability leads to a decrease in the
permittivity. In addition, the variation of permittivity with x value
in this study may be associated with the change in the lattice vi-
bration mode caused by the substitution of A-site ions, as will be
discussed later in the infrared spectroscopy analysis.

The Q x f value of the CLST samples also shows a downward
trend with an increase in the x value, as seen in Fig. 3(b). It is widely
known that the Q x fvalue depends on extrinsic factors such as the
secondary phase, impurity, grain size, and density, as well as
intrinsic losses related to the lattice vibration modes [24]. However,
the effects of extrinsic factors on the Q x fvalue may be negligible,
as on one hand no secondary phase or impurities were detected by
the XRD analysis (see Fig. 1), and on the other hand, dense micro-
structures and fine grain sizes were observed in the SEM images
(see Fig. 2). Therefore, the decrease in the Q x f value with x value
may be attributed to the intrinsic losses caused by the variation in
the lattice vibration mode.
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Fig. 1. XRD patterns of (1—x)CaTiO3—x(Lig5Smg5)TiO3 (0.70 < x < 0.80) ceramics.

Fig. 2. SEM images of the surfaces of (1—x)CaTiO3—x(Lig5Smq 5)TiO3 (0.70 < x < 0.80) ceramics after hot corrosion treatment: (a) x = 0.70; (b) x = 0.72; (c) x = 0.74; (d) x = 0.76; (e)

x = 0.78; (f) x = 0.80.

The 7y value of the ceramics as a function of x value is shown in
Fig. 3(c). The 15 value decreases monotonously from +66.7 ppm/°C
to —10.3 ppm/°C as x increases from 0.70 to 0.80. In addition, at
x = 0.78, a near-zero Ty value of +1.6 ppm/°C was obtained.
Compared to CaTiOs which is with a positive tfvalue of +800 ppm/
°C, (Lip.5Smgq 5)TiO3 have a negative tgvalue of —260 ppm/°C [4]. As a
result, theoretically the tr value of the CLST system can be effec-
tively changed in the range from —-260 to +800 ppm/°C by
compositional tailoring. Therefore, a compromise was made and
the optimal microwave dielectric properties were achieved for the

0.22CaTi03-0.78(Lip5Smgo5)TiO3 ceramics with & = 109.4,
Q x f= 4698 GHz, and 7r = +1.6 ppm/°C. Compared to other ma-
terial systems with a high dielectric constant in recent years
[12,25,26], the CLST ceramics have better microwave dielectric
properties, including a higher dielectric constant and a near zero
resonant frequency temperature coefficient.

To investigate the relationships between the vibrational modes
and the microwave dielectric properties of the CLST ceramics,
Raman spectra, infrared reflection spectra, and group theory were
employed. It has been proved that CaTiOs has an orthorhombic
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Fig. 3. Microwave dielectric  properties  of
(0.70 < x < 0.80) ceramics as a function of x value.

(1-x)CaTiO3—x(Lio.sSmo 5)TiO3

perovskite structure with a space group Pmna. The phonons at the
I'-point of the first Brillouin zone can be described in terms of the
irreducible representations of the D,y point group:

I = 7Ag + 5By + 7Bog + 5B3g + 8Ay + 10By, + 8By, + 10B3,
(2)

24 Raman active (7Ag, 5B1g, 7B2g, 5B3g) and 25 infrared active (7B1y,
9B,y, 9B3,) modes are to be expected [27,28]. However, in reality,
not all of these bands can be observed. It is possible that many of
the predicted bands are hidden behind other intense bands, and
may overlap or involve very low changes in polarizability, pre-
venting their bands from being seen in the spectrum [27].

Fig. 4 shows the room-temperature Raman spectra of the CLST
ceramics in the range of 100—1000 cm~. As indicated by previous
XRD analysis, the CLST ceramics possess an orthorhombic perov-
skite structure, which is identical to the structure of orthorhombic
CaTiOs. Therefore, CLST and CaTiO3 should have similar vibrational
spectra. Clearly, in the Raman spectra of the CLST samples, eight
Raman bands can be observed, at 152, 225, 287 355, 479, 545, 767,
and 829 cm™!, respectively. The broad and weak bands at 829 and
767 cm~! are associated with lattice defects, and the band at
545 cm™! is close to that of pure Ti—O symmetric stretching vi-
bration [29]. The 479 cm~' band may be assigned to Ti—O torsional
modes (bending or internal vibration of the oxygen cage). The
bands in the region of 355—225 cm™~! should be attributed to the
modes associated with rotations of the oxygen cage, and that at
152 cm™~! to the motion of A-site ions [30,31].

To clearly observe the changes in the Raman spectra of the
samples with an increase in the x value, the peaks were fitted by a
Lorentzian model. Fig. 5 shows the Raman spectra of CLST (x = 0.70
and 0.80) ceramics de-convoluted into eight peaks. The wave
number and full width at half maximum (FWHM) of the de-
convoluted peaks of these two samples are listed in Table 1. The
Raman spectra of the other samples were also fitted by the Lor-
entzian model, and the frequencies and the FWHM values of all the
samples obtained from the fitting treatment are shown in Fig. 6. We

Fig. 4. Raman spectra of (1—x)CaTiO3—x(Lig5Smg5)TiO3 (0.70 < x < 0.80) ceramics.

Fig. 5. Raman spectra of (1-x)CaTiO3—x(Lip sSmg5)TiO3 (x = 0.70, 0.80) ceramics. Black
dots are experimental data, and solid lines are the Lorentz modes.

focus on the vibrational modes of the three strongest peaks (mode-
1, mode-2, and mode-6). As the x value increases, there is no
obvious variation in the frequencies of these three vibration modes,
as is shown in Fig. 6(a). Additionally, from Fig. 6(b), the FWHM
values of mode-2 and mode-6 vary randomly with an increase in
the x value, expect the vibrational mode at 152 cm~! (mode-1). The
FWHM values of mode-1 showed a monotonous increase with an
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Table 1

Parameters of the Lorentzian model obtained by fitting the Raman spectra of (1—x)CaTiO3—x(Lip5Smg5)TiO3 (x = 0.70, 0.80) ceramics.
Mode Vibration mode x =0.70 x = 0.80

Wavenumber(cm™!) FWHW Wavenumber(cm™') FWHW

1 motion of A-site ions 152.0 58.3 155.5 61.4
2 O—Ti—0 bending mode 2254 113.0 233.0 111.0
3 O-Ti—0 bending mode 286.7 85.7 2915 79.0
4 O—Ti—O bending mode 355.0 89.6 356.0 814
5 Ti—O torsional mode 479.4 255 479.9 26.5
6 symmetric stretching mode of TiOg octahedral 544.9 69.1 547.6 734
7 lattice defect 766.8 26.4 775.5 39.7
8 lattice defect 829.4 77.2 8328 60.2

Fig. 6. Raman mode parameters-frequencies and FWHM values of (1—x)CaTiO3—x(Lip.5Smg5)TiO3 (0.70 < x < 0.80) ceramics obtained by the Lorentz model.

increase in the x value, which is due to the decrease in the order
degree of A-site ions (i.e., Li*, Sm>*, and Ca®*). While the disor-
dered distribution of A-site ions have considerable effects on the
dielectric behaviors of microwave dielectric ceramics, because the
disordered A-site ions may break the periodic arrangement of
charges and then increase the dielectric losses [32,33]. In this study,
the disordered distribution of A-site ions in the CLST system
resulted in the broadening of the Raman spectra of mode-1 and an
increase in its FWHM value, which deteriorates the Q x f values of
CLST ceramics as the x value increases.

Fig. 7 illustrates the infrared reflection spectra of the CLST
samples ranging from 50 to 1200 cm~'. The infrared reflection
spectra were fitted with 12 resonant modes using the classical
oscillator model. The fitted results (black lines) are quite consistent
with the measured spectra (red circles). The phonon parameters
obtained from the fitting treatment of the infrared reflection
spectra of the CLST ceramics are listed in Table 2. The infrared
reflection spectra of the CLST ceramics can be divided into three
wavenumber regions, corresponding to those for a simple perov-
skite structure [34]. The modes below 150 cm™! are due to the
external vibration mode of the A-site cations. The modes in the
range of 150—500 cm~! should be ascribed to Ti—O—Ti bending
modes, and the modes above 500 cm~! should be attributed to
Ti—O stretching modes [28]. These classifications are basically
consistent with Raman results.

According to the Fresnel equation (Eq. (3)), the dielectric func-
tion £*(w) is associated with the infrared reflectance R(w); thus, the
complex dielectric response of the CLST ceramics can be obtained
from the fitting of the infrared spectra using the Lorentz oscillator

Fig. 7. Measured (red circles) and fitted (black lines) infrared reflection spectra of
(1—x)CaTiO3—x(Lig,5Smg5)TiO3 (0.70 < x < 0.80) ceramics. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of
this article.)
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Table 2
Phonon parameters obtained from fitting the infrared reflection spectra of (1-x)CaTiO3-x(Lig.5Smg5)TiO3 (0.70 < x < 0.80) ceramics.
Mode x=072¢, =484 x=074¢e, = 5.05 x =076 e, = 554 x =078 e, = 4.65
Woj Wpj Yi A Woj Wpj ¥j A Woj Wpj ¥j A Woj Wpj Yi A g
1 94 578 51 37.8 93 569 68 374 94 574 80 373 92 546 54 35.2
2 137 579 43 179 143 597 59 174 143 577 51 16.3 138 561 46 16.5
3 173 551 36 10.1 189 681 50 13.0 183 530 37 8.4 176 558 38 10.0
4 201 605 33 9.1 223 668 46 9.0 213 600 34 79 206 602 35 8.5
5 229 584 35 6.5 257 564 55 4.8 240 559 34 54 234 593 36 64
6 260 464 44 3.2 309 340 53 1.2 270 532 41 39 265 483 44 33
7 322 304 44 09 372 194 37 03 316 342 43 1.2 316 296 43 0.9
8 357 210 38 03 402 110 24 0.1 345 305 41 0.8 344 241 39 0.5
9 389 155 33 0.2 421 88 17 0.04 377 268 46 0.6 377 234 44 04
10 418 127 23 0.1 548 575 53 1.1 416 206 39 0.2 415 161 34 0.2
11 550 616 52 13 689 380 56 03 556 702 46 1.6 552 647 51 14
12 782 248 104 0.1 778 329 159 0.2 785 292 107 0.1 783 254 99 0.1
The bold numbers are calculated values, which need to be emphasized.
model (Eq. (4)).
n n 0)24
e =t t+ Y Ngj=ent+> 2 (5)
Jj=1 j=1 “oj
2
R((,O)— 17\/3*((1)) (3) , n A
- &3 € EiYi
1+ ) tand =% = 1 (6)
£

z" Wy,
8* ((/)) = €x T 2 5 " (4)
& wy — 0? —ivjo

where ¢, is the high-frequency permittivity caused by the elec-
tronic polarization; wpj, woj, and v; are the plasma frequency, the
eigenfrequency, and the damping coefficient of the j-th Lorentz
oscillator, respectively; and n is the number of phonon modes. In
the microwave frequency region (v « wp;), € (Eq. (5)) and tand (Eq.
(6)) can be derived from the Lorentzian formula. Therefore, the
contributions of each phonon to the microwave dielectric proper-
ties can be calculated:

= ng (800 + E}l:] Aej)

where Az¢;is the contribution of a phonon to the permittivity from
the j-th Lorentz oscillator. In the CLST ceramics, the value of Ag;
represents the mode that contributes to the permittivity.

The complex dielectric responses (¢’ and ¢”) of the CLST ceramics
obtained from the fitting treatment of the infrared reflection
spectra and corresponding experimental microwave data are
shown in Fig. 8. The calculated permittivities are slightly lower than
the measured ones in the microwave range. Meanwhile, the
calculated dielectric losses are quite consistent with the values
measured using the TEg;3 method. Therefore, it can be concluded
that the dielectric polarization of the CLST ceramics in the micro-
wave region is dominated by the phonons in the infrared region
[20].

Fig. 8. The real (a) and imaginary (b) parts of the complex dielectric response of (1—x)CaTiO3—x(Lip 5Smg5)TiO3 (0.70 < x < 0.80) ceramics. Red dots are experimental microwave
data; solid lines are the results from fitting the infrared spectra. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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Phonon parameters obtained from the fitting of the infrared
reflection spectra of the CLST ceramics are given in Table 2. The
permittivity contributions of the modes at low frequencies, below
150 cm~!, are much larger than that of other modes in the CLST
ceramics, and the permittivity contributions decrease with an in-
crease in the x value. In addition, the sum of the contribution of the
vibrational modes to the dielectric constant also decreases with
increasing x value. Therefore, the permittivity of the CLST ceramics
decreased as the x value increased, which is consistent with the
measured results. In this study, the external vibration modes at low
frequencies related to the A-site ions play an important role in the
microwave dielectric properties of the CLST ceramics. When the x
value increased, the permittivity contributions of the external vi-
bration modes at low frequencies related to the A-site cations
decreased. This took a significant effect on the decrease in the
dielectric constant of the CLST ceramics. It indicates that the
dielectric properties of the CLST materials can be effectively
tailored by A-site substitutions.

4. Conclusion

(1-x)CaTiO3-x(Lip5Smg5)TiO3 (0.7 < x < 0.8) ceramics were
prepared by the conventional solid-state reaction method. All
ceramic samples demonstrate a pure orthorhombic perovskite
structure, and there is no apparent difference in morphology. The
microwave dielectric properties of the samples were studied by
varying the composition. As the x value increases, the permittivity
and Q x f value decrease, and the tr value changes from positive
into negative. At x = 0.78, the optimal microwave dielectric prop-
erties of e, = 109.4, Q x f = 4698 GHz, and vy = 1.6 ppm/°C were
obtained. The vibrational properties of the A-site ions of the CLST
ceramics were investigated by Raman and infrared spectra ana-
lyses. As revealed by the Raman results, the Q x fvalue decreased
with an increase in the x value as a result of the lowered order
degree of the A-site ions. Additionally, the infrared reflectance
spectra indicate that the permittivity of the CLST ceramics is
strongly dependent on the external vibration modes at low fre-
quencies (i.e., <150 cm™!), related to the A-site cations. This result
implies that A-site substitutions could be an effective method to
tailor the properties of CLST ceramic materials.
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