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The crystal structures and microwave dielectric properties of (Na1/2Nd1/2)TiO3 (NNT) ceramics with x wt. % CeO2 dopants 
(x = 0; 0.15; 0.3; 0.45) were investigated in this paper. X-ray diffraction (XRD) results showed that all the samples fitted 
well with a single perovskite structure phase in a Pm-3m space group. The lattice parameters increased because of the 
replacement of Ce4+ at the B-site. The change of dielectric constant (εr) was similar to that of ionic polarizabilities. The 
temperature coefficient of resonant frequency (τf) value of samples displayed a decreasing tendency with increasing x. The 
quality factor (Q × f) was found to have a maximum value of 8287 GHz at x = 0.3. As a result, when x = 0.3, the (Na1/2Nd1/2)
TiO3 ceramics sintered at 1300°C for 2 h has good microwave dielectric properties of εr = 105.36, high Q × f = 8287 GHz, 
and τf = 246.3 ppm∙°C-1.

INTRODUCTION

	 Microwave dielectric materials play a key role in 
a wide variety of microwave applications, ranging from 
terrestrial and satellite communications to environmental 
monitoring via satellite. The microwave dielectric cera-
mics are frequently used for the production of passive 
microwave components like substrates for integrated 
circuits, mounting, dielectric filters, dielectric antennas 
and dielectric resonators [1, 2]. The important characte-
ristics required for microwave dielectric ceramics used 
in microwave telecommunication systems are: (a) high 
εr for miniaturization; (b) high Q × f or low dielectric 
loss (Q = 1/tan δ) for better selectivity and (c) low 
τf for frequency stability [3]. It is tough to acquire 
microwave dielectric materials with high εr and high 
Q × f simultaneously because εr and Q × f has generally 
inverse correlation. Microwave dielectric ceramics with 
high dielectric constant are divided into two catego-
ries: CaO–Li2O–Ln2O3–TiO2 and BaO–Ln2O3–TiO2 
(80 < εr < 100) (Ln = lanthanide). It is difficult to meet 
the requirements of further miniaturization of micro- 
wave devices due to their relatively low dielectric con-
stant [4-6]. For the Pb-based perovskite materials, they 
have a high quality factor and dielectric constant, but it is 
easy for PbO to volatilize from the ceramics, resulting in 
air pollution. Therefore, it is quite imperative to explore 
non-lead microwave dielectric ceramics with high di-
electric constant to satisfy the demand of integrated 
wireless communication devices.
	 In addition to ceramic systems above, Takahashi 
et al. reported that microwave dielectric ceramics with 

(A1+
1/2 A3+

1/2)TiO3 type have a high quality factor and a 
higher dielectric constant (εr > 100) [7]. The microwave 
dielectric properties of NNT ceramics has a combination 
of high dielectric constant (εr = 108) and moderate quality 
factor (Q × f = 8115 GHz). 
	 It is well known that CeO2 is commonly used as 
an additive to improve the comprehensive propert-
ies of dielectric ceramics, such as (PbCa)(FeNb)O3, 
Bi0.5(Na0.725Li0.1K0.175)0.5TiO3, and Ba3Co0.7Zn0.3Nb2O9. 
For example, Zhou et al. [8] revealed that the Q × f values 
were increased from 3850 to 6770 GHz because of the 
improvement of relative density and elimination of oxy-
gen vacancies in Ce modified (PbCa)(FeNb)O3 ceramics. 
For the Ce added Bi0.5(Na0.725Li0.1K0.175)0.5TiO3 ceramics. 
Liao et al. [9] reported that a small amount of CeO2 
enhanced the crystalline grain growth and decreased the 
dissipation factor of the ceramics. Furthermore, F. Azough 
et al. [10] found that the quality factor were significantly 
promoted to an extremely high value of 84000 GHz by 
adding 0.4 wt. % CeO2 to Ba3Co0.7Zn0.3Nb2O9 ceramics. 
However, ceria, as an effective aid for many ceramic 
systems, has not been researched in the NNT system. In 
this study, the microstructure and microwave dielectric 
properties of x wt. % (x = 0, 0.15, 0.3 and 0.45) CeO2 
doped NNT ceramics were systematically investigated. 

EXPERIMENTAL

	 Sample of NNT microwave ceramics were synthe-
sized by the conventional solid-state reaction technique. 
Na2CO3 (99.9 % purity), Nd2O3 (99.9 % purity), and TiO2 
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(99.9 % purity) were employed as starting raw materials. 
The starting materials were mixed in their stoichio-
metric ratio. The mixture of the starting materials was 
ball-milled in a nylon jar with zirconia balls and ethanol 
for 2 h. The mixed slurry was dried, passed through 
a 80-mesh sieve, and then calcined in air at 1000°C for 
4 h. Thereafter x (x = 0; 0.15; 0.3 and 0.45) wt. % CeO2 
(99.9 % purity) powders were added into NNT powders. 
Then re-milled and dried as the first time. The fine 
powder with 7 wt. % of PVA as a binder was pressed into 
pellets with dimensions of 14.5 mm in diameter, 1 mm 
and 6 mm in thickness under the pressure of 200 kg∙cm-2. 
These samples were heated up to 600°C within 3 h and 
kept at 600°C for 4 h to remove binder. After heating up 
to 1300°C within 3.5 h, these specimens were sintered at 
1300°C for 2 h, then cooled to natural temperature.
	 The bulk densities of the sintered pellets were 
measured by the Archimedes method in distilled water. 
X-ray diffraction method using Cu Kα radiation (XRD, 
Philips x’pert Pro MPD, Netherlands) were used to 
characterize the phase composition and the lattice para-
meters were determined from X-ray diffraction patterns 
with the least square method. Microstructures of the 
sintered surfaces were observed by scanning electron 
microscopy (SEM, FEI Inspect F, the United Kingdom). 
The dielectric characteristics at microwave frequencies 
were measured by the Hakki-Coleman dielectric resonator 
method in the TE011 mode using a network analyzer 
(Agilent Technologies E5071C, the United States) and 
a temperature chamber (DELTA 9023, Delta Design, the 
United States). The temperature coefficient of resonant 
frequency was determined from the difference between 
the resonant frequency obtained at 25°C and 85°C using 
the equation: τf = (ft2 – ft1)/[(ft1 × (t2 – t1)], where ft1 and ft2 
are the resonant frequencies at t1 = 25°C and t2 = 85°C, 
respectively.

RESULTS AND DISCUSSION

	 Figure 1 shows the XRD patterns of NNT ceramics 
doped with different amount of CeO2 sintered at 1300°C 
for 2 h. The powder X-ray diffraction profiles indica-
ted that the main phase was NNT, which was confirmed 
as cubic perovskite structure in Pm-3m space group 
(JCPDS# 039-0880). And no Ce related secondary 
phases could be observed with the addition of CeO2. 
This implied that CeO2 had incorporated in the lattice 
of NNT ceramics. In this work, weak superlattice peaks 
were also observed, which was accordance to the reports 
of Takahashi’s and Sun’s studies [5, 7]. Furthermore, 
Glazer’s [11, 12] investigation revealed that super-
lattice reflections also existed in CaTiO3 with tiltings 
of oxygen octahedral. Figure 1b is a detailed XRD 
picture of 2 ranging from 38 to 40 degree, in which the 
superstructure peak could be seen clearly. It was evident 
that the diffraction peaks shifted towards the lower 
angles, indicating that there was a change in cell volume.  
	 Figure 2 presents the lattice parameters of NNT 

ceramics doped with x wt. % (x = 0; 0.15; 0.3; 0.45) CeO2 
sintered at 1300°C for 2 h. With increasing Ce content, 
lattice parameters steadily increased from 3.8324 at 
x = 0 to 3.8441 at x = 0.45, and thus their corresponding 
unit cell volumes also expanded. This upward trend was 
mainly caused by the larger ionic radii of Ce4+ (0.114 nm) 
compared with that of Ti4+ (0.0605 nm) at B-site. The 
results confirmed that substitution of Ce for Ti happened 
at B-sites. Zhou et al. [8] and Fang et al. [13] reported 
that Ce first diffused into A-sites with a small amount 
of Ce dopants, later it incorporated into B-sites when 
an excessive amount of CeO2 were added in (PbCa)
(FeNb)O3 and (Na1/2Sm1/2)TiO3 ceramics, respectively. 
However, our results were different from the Zhou’s and 
Fang’s reports.  
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Figure 1.  The XRD patterns of: a) NNT ceramics doped with different amount of CeO2 sintered at 1300°C for 2 h. and b) 2θ ran-
ging from 38 to 40 degree of corresponding samples.
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	 Figure 3a-d displays the SEM photographs of NNT 
ceramics doped with different amount of CeO2 sintered 
at 1300°C for 2 h: a) x = 0 wt. %, b) x = 0.15 wt. %, c) 
x = 0.3 wt. % and d) x = 0.45 wt. %. The results show 
that the addition of increasing amounts of CeO2 content 
affected the microstructure. It was clear that the porous 
microstructure was observed with x = 0 wt. %. With the 
Ce content increasing from 0 wt. % to 0.3 wt. %, the 
grain growth was observed and the pores were gradually 
eliminated. The microstructure of the grain showed 
uniform and compact with x = 0.3 wt. %. The grain 
size increased because of the incorporation of Ce into 
the grains and Ce contents enhanced the mass transport 
rate as shown in Figure 3c. When superfluous Ce content 
(x > 0.3 wt. %) was added to NNT ceramics, it could 
be seen that a certain amount of pores appeared again. 
When x > 0.3 wt. %, the surface of the ceramics became 
more porous which will lead to a decline in the density 
of ceramics.
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Figure 2.  The lattice parameters and cell volumes of NNT 
ceramics doped with x wt. % CeO2 sintered at 1300°C for 2 h.

Figure 3.  The SEM photographs of NNT ceramics doped with different amount of CeO2 sintered at 1300°C for 2 h: a) 0 wt. %; 
b) 0.15 wt. %; c) 0.3 wt. %; d) 0.45 wt. %.
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	 Figure 4a depicts the apparent density and micro-
wave dielectric properties of x wt. % (x = 0; 0.15; 0.3; 
0.45) CeO2 doped NNT ceramics sintered at 1300°C for 
2 h. As demonstrated in Figure 4a, the apparent density 
showed a strongly dependent on CeO2 content. The 
apparent density of NNT ceramics displayed an improved 
trend and increased from 5.12 g∙cm-3 to 5.13 g∙cm-3 with x 
from 0 wt. % to 0.3 wt. %, which primarily resulted from 
the elimination of pores. When the Ce concentration 
exceeded 0.3 wt. %, optional apparent density declined, 
and it was mainly due to the appearance of pores.
	 Figure 4b shows the permittivity of NNT ceramics 
with different amount of CeO2 doped sintered at 1300°C 
for 2 h. The dependence of permittivity on the CeO2 
concentrations could be divided into two stages. The first 
stage was a continuous decrease of the permittivity from 
108.68 to 105.36 with x from 0 wt. % to 0.3 wt. %, and 
the second stage was a slight increase of the permittivity 
to 105.83 at x = 0.45 wt. %. The permittivity is generally 
considered to be affected by relative densities, tilting 
of octahedron polarizabilities and secondary phases 
[14, 15]. Because of the single phase and high relative 

densities (higher than 96 %), the changing dielectric 
constant should be related to ionic polarizabilities. 
Shannon claims that the dielectric constant is directly 
proportional to the average ionic polarizability (αD/Vm) 
according to the Clausius-Mosotti equation αD = 
= [Vm (εrc – 1)]/[b(εrc + 2)] [16], where εrc is the corrected 
dielectric constant, Vm is the molecular volume and 
b is 4π/3. And the corrected dielectric constant can be 
obtained by modifying experimental dielectric constant 
with porosity (εr – εrc)/3εrc = [P(ε1 – εrc)]/ (2εrc – ε1) [17], 
where εr experimentally measured dielectric constant, P 
is the fractional porosity and the relative permittivity of 
porosity ε1 is 1. It was clear that εr behaved similarly to 
variation of the average ionic polarizability (αD/Vm) as 
shown in Table I. Thus, the varying dielectric constant 
should be mainly attributable to the change of average 
ionic polarizability.
	 Figure 4c shows the Q × f values of NNT ceramics 
sintered at 1300°C for 2 h. The quality factor was 
found to increase initially and reach a saturation value 
of 8287  GHz at x = 0.3, and thereafter it decreased. 
In general, the quality factors are influenced by many 
factors, such as densification, pores, grain size and 
microstructure. The change in Q × f value and apparent 
density varied similarly. This is because both the Q × f 
value and apparent density are influenced by the same 
reason such as densification and pores [14, 18]. On the 
other hand, improvement of the quality factors may be 
related to the uniform microstructure and homogeneous 
grains, as shown in Figure 3. As a result, there is a 
significant increase of Q × f value due to the improve-
ment of densification and uniform microstructure.
	 Figure 4d displays temperature coefficient of 
resonant frequency (τf) of NNT ceramics sintered at 
1300°C as the function of different amounts of CeO2. The 
τf  is generally considered to be correlated with secondary 
phase[19] and B-site bond valence [20]. Apparently, the 
τf  value did not change much and decreased slightly from 
248.2 to 245 ppm/°C. Because of the small amount of 
addition of CeO2 did not change the compositions and 
cause any noticeable secondary phase, the improvement 
of τf  may be related to the changing B-site bond valence, 
especially for the ABO3 type perovskites [21]. As 
previously reported, the increasing amounts of CeO2 
resulted in a decrease in τf in (PbCa)(FeNb)O3 ceramics 
which was mainly attributable to the varying value of 
B-site bond valence . A similar effect that CeO2 additions 
didn’t intensively change the τf value was observed in 
(Zr0.8,Sn0.2)TiO4 systems and Na1/2Sm1/2TiO3 systems . As 
a result, it is reasonable that a slight decrease of τf was 
obtained when the NNT was doped with CeO2 contents.
In summary, the Ce4+ ions had incorporated into the lattice 
of NNT ceramics and take place of the Ti4+ at B-sites. 
When doped with 0.3 wt. % CeO2, the NNT ceramics 
sintered at 1300°C for 2 h showed good comprehensive 
properties of εr = 105.36, high Q × f = 8287 GHz, and 
relative low τf  = 246.3 ppm/°C.
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Figure 4.  The apparent density and microwave dielectric 
properties of x wt. % CeO2 doped NNT ceramics sintered at 
1300°C for 2 h.
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CONCLUSION

	 The effects of x wt. % (x = 0; 0.15; 0.3; 0.45) 
CeO2 addition on the density, microstructure, and the 
microwave dielectric properties of NNT ceramics were 
investigated. The powder XRD profiles indicated that 
the single phase was NNT, which was crystallized as 
cubic perovskite structure in Pm-3m space group. Weak 
superlattice peaks were observed in these samples. The 
SEM photographs of samples shows the compact and 
homogeneous microstructure with x = 0.3. With the 
increase of x value, the lattice parameters have shown a 
tendency of increasing. It was mainly a result of the larger 
ionic radii of Ce4+ compared with that of Ti4+. The change 
of εr was similar to that of ionic polarizabilities. The τf 

value of samples displayed a decreasing tendency with 
increasing x. The Q × f was found to have a maximum 
value of 8287 GHz at x = 0.3. As a result, when x = 0.3 
the NNT ceramics sintered at 1300°C for 2 h has good 
microwave dielectric properties of εr = 105.36, high 
Q × f = 8287 GHz, and relative low τf = 246.3 ppm/°C.
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