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With a deep study of the metamaterial, its unit cells have been widely extended frommetals to dielectrics. The dielectric based unit
cells attract much attention because of the advantage of easy preparation, tunability, and higher frequency response, and so forth.
Using the conventional solid state method, we prepared a kind of incipient ferroelectrics (calcium titanate, CaTiO

3
) with higher

microwave permittivity and lower loss, which can be successfully used to construct metamaterials. The temperature and frequency
dependence of dielectric constant are also measured under different sintering temperatures. The dielectric spectra showed a slight
permittivity decrease with the increase of temperature and exhibited a loss of 0.0005, combined with a higher microwave dielectric
constant of ∼167 and quality factor Q of 2049. Therefore, CaTiO

3
is a kind of versatile and potential metamaterial unit cell. The

permittivity of CaTiO
3
at higher microwave frequency was also examined in the rectangular waveguide and we got the permittivity

of 165, creating a new method to test permittivity at higher microwave frequency.

1. Introduction

Since increasing attention has been paid tometamaterials due
to their novel physical behaviors and versatile applications,
such as left-handed metamaterials (LHMs) using split ring
resonators (SRRs) and metal wire arrays to produce negative
effective permeability and negative permittivity, respectively
[1, 2], more and more outstanding ceramic materials such
as Ba
𝑥
Sr
1−𝑥

TiO
3
(BST) are being developed and utilized to

build some supernormal materials and structures, such as
ferromagnetic/ferroelectric composite metamaterial (CMM)
with BST rods [3], Mie resonance structures using dielectric
BST particles [4, 5], the prism of negative refraction in
BST columns [6], and artificial magnetic conductor with
high dielectric BST arrays applied in antenna and radar [7],
opening a better and more potential approach to construct
various isotropic metamaterials, suitable for higher oper-
ating frequencies [4]. Although BST has been successfully
applied to construct metamaterials, its higher dielectric loss
of 0.001 [8] limits its realization of further novel properties.

Therefore, a substitute of the dielectric material needs to
be developed and studied. To verify its excellent dielectric
properties, systemic research on CaTiO

3
was accomplished,

mainly in two different ways including variation of dielectric
constant against frequency in operating frequency range
(106Hz∼1010Hz) and against temperature within −65∘C∼
120∘C, respectively.

2. Experimental Details

To gain simplification, CaTiO
3
ceramic was synthesized

through conventional solid statemethod.All the rawpowders
were mixed by ball milling with zirconia media in deionized
water for 30 h. The powders were pestled in agate mortar
after drying, sieved through 50 or 60 mesh sieve. Then, PVA
(polyvinyl alcohol, 5 wt%) was added to the sieved powders
as organic binder to make the formation of the cylinder
of 10mm in diameter and 1–6mm in height by uniaxial
compression at 4MPa with the customized mould. Finally
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the cylinders were sintered at 5 or 6 kinds of temperature in
the range from 1250∘C to 1400∘C after PVA was volatilized
at 600∘C, the temperature increasing rate of which is around
3∘C/min.

To catch the knowledge of density variation, Archimedes
drainage method was taken, to measure the size and weight
of specimen as well. To explore the phase structure, X-ray
diffraction (XRD-7000 X, SHIMADZU) analysis with Cu-
K𝛼 radiation was available and accessible. The morphol-
ogy and microstructure were evaluated by scanning elec-
tron microscopy (SEM) with energy dispersive spectroscopy
(EDS) (JSM-7001F, JEOL) on the as-sintered and fractured
surfaces. To make the microstructure much more persuasive,
the JSM-6460LV, JEOL (SEM), were also utilized to verify the
previous pictures. The dielectric properties were measured
using the impendence analyzers Agilent HP 4192A (5Hz∼
13MHz), and Agilent E4991A (1MHz∼3GHz). The 4192A
measurements were performed at temperatures ranging from
−65∘C to 120∘C and at the same time loaded with six different
frequencies containing 10 kHz, 100 kHz, 200 kHz, 500 kHz,
800 kHz, and 1MHz. The higher frequency dielectric prop-
erties were tested by an Agilent HP 8720ES S-Parameter
network analyzer (50MHz∼20GHz) using the Hakki and
Coleman dielectric resonator method [9] with the TE

011
[10]

and TE
01𝛿

[11] resonant mode of dielectric resonators excited,
measuring the permittivity (including resonant frequency
𝑓) and unloaded 𝑄 factor (containing 𝑄 ∗ 𝑓), respectively.
Besides, to gain more understanding of higher microwave
frequency behavior, as depicted in Figure 1, we simulated
the S-parameter of transmission (S

21
) and reflection (S

11
)

of the dielectric cube with Perfect Electric (PE) and Per-
fect Magnetic (PM) boundary conditions along 𝑥 and 𝑦
directions, respectively. And the propagation direction of
electromagnetic wave should be along 𝑧 direction. Finally the
prepared single cube CaTiO

3
in 2 × 2 × 2mm was examined

in a rectangular waveguide by the network analyzer.Through
comparing the simulation and experiment results, we can
capture the permittivity of the dielectric ceramic, which has
provided a newmethod to examine the dielectric constant on
higher microwave frequency.

3. Results and Discussion

3.1. XRD Plots. Each dielectric ceramic sample has its own
structure and lattice information through series of X-ray
diffraction experiments of different sintering temperatures.
To determine the phase of the synthesized samples, the X-
ray diffraction patterns are measured and shown in Figure 2,
which clearly shows orthorhombic structure for CaTiO

3
in

incipient ferroelectric phase [12]. It has been proved that
CaTiO

3
sintered at 1350∘C has the same lattice structure as

the unsintered ones (JCPDS number 42-0423, Pnma(62), a =
5.442 Å, b = 7.642 Å, c = 5.381 Å), while being different from
the other ceramics sintered at 1250∘C, 1300∘C, and 1400∘C
(JCPDS number 22-0153, Pnma(62), a = 5.440 Å, b = 7.644 Å,
c = 5.381 Å). The alteration of lattice parameters would be
probably related to the appearance of defects due to the
distortion in the CaTiO

3
lattice [13].The red line (1350∘C) and
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Figure 1:The simulationmodel of dielectric ceramic cube by 2 × 2 ×
2mm.
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Figure 2: XRD patterns of CaTiO
3
ceramics fabricated under differ-

ent sintering conditions, with respect to unsintered ones, 1250∘C,
1300∘C, 1350∘C, and 1400∘C, respectively.

black line (unsintered) have the similar diffraction situation,
distinguishing from the rest sintering temperatures with
slopes for the small diffraction degree.

3.2. Basic Physical Properties. To make sure the preparation
process was excellent and the macrostructure was dense
enough, the volume shrinkage and relative density measure-
mentwere applied to those samples of different sintering tem-
peratures. Because the ceramic particles were combined with
adhesive PVA, the volume anddensitywould be changed after
the sintering process.Themost dense structure corresponded
to best sintering temperature. As Figure 3 revealed, in this
experiment, the best sintering temperature was 1350∘C, at
which the CaTiO

3
captured the largest volume shrinkage of

34.78% and the highest relative density of 97.88%.

3.3. SEM. Not only the macrostructure should be dense
enough, but also the microstructure should have less defects
to win a better dielectric behavior. Figure 4 shows the
microstructures of CaTiO

3
ceramics on surface and section

parts. From the surface and section, the most dense one was
allied with Figure 4(c) occupying an average particle size of
3 𝜇m. More pores had the presence in the phase in Figures
4(a) and 4(b), with a larger particle size in Figure 4(d). As
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Figure 3: The volume shrinkage and relative density alteration of
CaTiO

3
against sintering temperature.

the sintering temperature increased, the number of defects
decreased until the most suitable temperature (1350∘C) with
the most dense phase and the least pores and disorder. Above
the most fitting temperature, ceramic particles would grow
up and gas cavity became larger, resulting in a deep property
decline.

3.4. Dielectric Properties

(i) The Frequency Dependence of Dielectric Constant. Since
the application is concerned with metamaterial at microwave
frequency, the frequency dependence of permittivity has to
be uncovered. Just as shown in Figure 5, the lowest dielectric
constant and less variable dielectric variation in sintering
temperature of 1350∘C came out, and a deep dielectric drop
from 470 to 167 turned up in 106Hz∼109Hz range. Above
109Hz, the dielectric constant remained almost invariable
around 167. Compared with the best sintering condition of
1350∘Cwith less variable permittivity situation, the frequency
dependence of the permittivity of 1250∘C, 1300∘C, and 1400∘C
was much more unstable. As for CaTiO

3
, it has its own

dielectric response mechanism. According to Tian [14],
electronic relaxation polarization plays an important role in
106∼109Hz range, aswell as electronic and ionic displacement
polarization during 109∼1010Hz. In 106∼109Hz frequency
range, the electron energy state has changed and weakly
bounded electrons are formed in partial energy levels of band
gap owning to the thermal vibration of crystal lattice, defects,
and impurities. The weakly bounded electrons are shared
among surrounding cations and can be activated through
absorbingmore energy from the lattice thermal vibration and
jump from lower local energy level to higher energy level.
Thus, the weakly bounded electrons move from one cation
to another. And their distribution in short distance will gain
direction when loaded with electric field, which is just the
electronic relaxation polarization. If the frequency of electric
field becomes higher, the directional distribution of weakly

Table 1: Microwave dielectric properties of CaTiO3 at different
sintering temperatures.

Sintering
𝑇/∘C 𝑓 (GHz) 𝜀

𝑟
tan𝐷 𝑄 𝑄 × 𝑓 (GHz)

1250 3.200 169.53 0.0006 1605 4188
1300 3.200 169.21 0.0006 1803 5022
1350 3.200 167.99 0.0005 2049 5219
1400 3.200 167.15 0.001 785 2063

bounded electrons will be weakened and the polarization
value will also decline. Therefore, the dielectric constant
has a negative frequency dependence among 106 ∼109Hz.
Above 109Hz, the electronic relaxation polarization does not
exist, but the electronic and ionic displacement polarization
determine the main polarization mode. However, as we
all know, the relative displacements between electrons and
nuclei, as well as those between anions and cations, are much
limited due to the strong attraction. So the dielectric constant
is almost invariable with slightly increasing as the fre-
quency increases from 109Hz, which would be the excellent
microwave dielectric behaviors.What ismore, the situation of
the lower permittivity of the sintering temperature at 1350∘C,
compared with the rest sintering conditions, can be easily
understood because of more defects existing in the samples
of the sintering temperatures at 1250∘C, 1300∘C, and 1400∘C
(defects shown in Figure 4 and reflected in Figures 2 and 3)
and contributing to the polarization.

Because this kind of ceramic is specially of the meta-
materials working in microwave frequency range, the mea-
surements of microwave dielectric properties were taken,
with the resonant frequency (choosing 3.2 GHz), dielectric
constant, dielectric loss, quality factor, and parameter 𝑄 × 𝑓,
listed in Table 1. Around frequency 3.2GHz, the dielectric
constant kept slightly decreasing but almost in the same level.
The highest 𝑄 (2049), 𝑄 × 𝑓 (5219), and lowest dielectric
loss (0.0005) were also ascribed to its dense structure and
fewer defects, with the sintering temperature of 1350∘C
[15, 16]. Apparently, the dielectric properties of sintering
temperature 1400∘C had dropped down a lot owing to
the deterioration under the higher temperature. Compared
with previous papers involving the dielectric metamaterial,
CaTiO

3
has much advantage of the lower dielectric loss.

This kind of low loss mainly arises from its better interior
microstructure and preparation approach. And its structure
type (orthorhombic) will affect its forming condition (such
as the sintering temperature) and further contribute to the
preparation process to some extent [12, 17]. In addition,
the value of permittivity and dielectric loss can be tuned
by altering the compositions of ceramics, introducing new
components, or doping some additives, such as ZrO

2
[18] and

CeO
2
[19], which will decrease and increase the permittivity

of CaTiO
3
, respectively, and decrease the loss tangent value in

some way.

(ii) The Temperature Dependence of Dielectric Constant. Since
we have known the frequency dependence of permittivity,
another significant task that needs to be done is that we
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Figure 4: Images of Scanning Electron Microscope at different sintering temperatures for CaTiO
3
at (a) 1250∘C, (b) 1300∘C, (c) 1350∘C, and

(d) 1400∘C by surface and section.
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Figure 5: Dielectric constant variation against frequency at 25∘C for
CaTiO

3
sintered at 1250∘C, 1300∘C, 1350∘C, and 1400∘C, respectively.

should study the temperature dependence of permittivity
to reveal the variation of dielectric constant. The similar
situations for each sintering temperature are displayed in
Figure 6, where the decreasing dielectric constant existed
when the temperature increased. This should be interpreted
by the theory of Bosman and Havinga [20, 21], improved
by Bartels and Smith [22], saying that the temperature
dependence of permittivity is negative when 𝜀

𝑟
> 20. Fur-

thermore, the sintering temperature of 1350∘C made CaTiO
3

occupy a slight dielectric constant descending around 475.
The phenomenon of possessing larger dielectric constant in
the sintering temperatures of 1250∘C, 1300∘C, and 1400∘C
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Figure 6: Dielectric constant variation against temperature at
500 kHz for CaTiO

3
, sintered at 1250∘C, 1300∘C, 1350∘C, and 1400∘C,

respectively.

would also be attributed to the defects, contributing effective
electric charge, adding the polarization possibility, and finally
resulting in improved permittivity.

3.5. Permittivity Tested at Higher Microwave Frequency. To
get further comprehension of the higher frequency resonance
of CaTiO

3
, a method was utilized to examine and retrieve

the permittivity, based on the fact that the limited measuring
technology and fewer methods could test the dielectric
constant around or above 1010Hz. The new method is to put
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Figure 7: CaTiO
3
cube by 2 × 2 × 2mm was tested in waveguide

with the magnitude of S parameter: S
21
of transmission and S

11
of

reflection, including the comparison of simulations and experiments
on S
11
and S

21
.

the single cube of 2 × 2 × 2mm specimen into a rectangu-
lar waveguide and measure the microwave S-Parameter of
transmission (S

21
) and reflection (S

11
) and phase of S

21
by

an HP8720ES network analyzer. As mentioned in [4], the
first resonance frequency is completely determined by dielec-
tric constant. We can get the permittivity of the dielectric
ceramics through comparing the computer simulation using
the finite-difference time domain solver and experimental
results from the testing in the rectangular waveguide. As
demonstrated in Figure 7, the experiments and simulations of
the S-Parameter have a great correspondence and consistency
in the range from 8GHz to 13GHz. Around 9.8GHz, −3.3 dB
for S
11

simulated and −3.6 dB for S
11

in experiment were
observed, as well as −11 dB for S

21
simulated and −5.6 dB

for S
21

in experiment. Finally, we have got the permittivity
of CaTiO

3
for around 165, which is extremely close to the

microwave testing result.

4. Conclusion

Through systemic experiments, CaTiO
3
was fabricated by

solid state method under better suitable sintering tempera-
ture of 1350∘C with a volume shrinkage of 34.78%, relative
density of 97.88%, which is better than the value of 95%
[12]. The X-ray diffraction and SEM had shown a perovskite
orthorhombic structure and a dense crystal microstructure.
The dielectric spectra revealed a deep dielectric drop from
470 to 167 in the range 106Hz∼109Hz and exhibited a
lower microwave loss of 0.0005, combined with a higher
microwave dielectric constant of ∼167 andmicrowave quality
factor 𝑄 of 2049 and 𝑄 × 𝑓 of 5219GHz, respectively. Also
slight decrease versus temperature for the permittivity was
investigated systemically. The single cube CaTiO

3
with a size

of 2 × 2 × 2mm was examined in a rectangular waveguide
from 8GHz to 13GHz, with a resonant frequency of 9.8GHz,
which agrees with the simulation. We got the permittivity
of 165 for CaTiO

3
at higher microwave frequency, very close

to the microwave result of ∼167. Therefore, CaTiO
3
is a kind

of versatile and potential metamaterial unit cell and a new
dielectric examination method is created.
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