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a b s t r a c t

A series of temperature-stable microwave dielectric (1 � x)CeVO4-xTiO2 (0.0 � x � 0.4) ceramics were
prepared by using solid-state reaction method. All the samples could be sintered well at 1025 �C-1150 �C
for 2 h. X-ray diffraction (XRD) and energy-dispersive spectroscopy (EDS) analysis revealed that rutile
TiO2 and tetragonal CeVO4 phases coexisted in the ceramics. Raman spectroscopy and infrared spectra
were used to study relationship between structure and microwave dielectric properties. (1 � x)CeVO4-
xTiO2 ceramics with 0.15 � x � 0.20 sintered at 1100 �C for 2 h exhibited good microwave dielectric
properties with relative permittivities (εr) ~ 11.2e14.2, quality factor (Q � f) values ~ 7950e22,100 GHz
(at 9.2e9.5 GHz), and near zero temperature coefficient of resonant frequencies (tf) ~ �1.2
to þ2.8 ppm/oC. The infrared spectra study showed that the external vibrations of CeVO4 had the most
remarkable effects on the dielectric constant. All these results indicate that this system is a good
candidate for microwave devices applications in the future.

© 2016 Published by Elsevier B.V.
1. Introduction

In the past few decades, with the rapid development of wireless
communication, microwave dielectric materials have been widely
studied for practical application in Global Position System (GPS),
Wireless Local Area Network (WLAN) technology, and other key
components in microwave communication systems [1e4]. Micro-
wave dielectric ceramics with high permittivities (εr), high quality
factor (Q � f), and near zero temperature coefficient of resonant
frequency (tf) are indispensable for microwave (MW) applications
[5e7]. Many works have been done to search for novel microwave
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.

dielectric ceramics with promising microwave dielectric properties
[8e10].

More recently, some V2O5-rich ceramics have attracted much
attention because of their low sintering temperatures and prom-
ising microwave dielectric properties. Cerium vanadate, CeVO4, is a
rare earth orthovanadate with zircon-type tetragonal structure and
it can be used as oxidation catalyst, photocatalyst, gas sensor ma-
terial, and pigment [11e13]. As technologically important material,
CeVO4 ceramic was reported to be sintered at 950 �C with a
permittivity value of ~12.3, a Q � f value of ~41,500 GHz, and a tf
value of ~ �34.4 ppm/�C [14]. However, the negative tf values may
limit its application in microwave devices. As well know, there are
twomethods to adjust tf values of microwave dielectric ceramics to
near zero. The first one is to form solid solution and the other
method is to design composite materials with components pos-
sessing opposite tf values. Our previous works pointed that
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Fig. 1. Structural characterization of (1 e x)CeVO4-xTiO2 (0.1 � x � 0.4). (a) XRD
pattern of the sample. (b) Backscattered electron micrographs of the CeVO4eTiO2.
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composite ceramics route is a goodmethod to achieve temperature
stable microwave dielectric ceramics [15,16]. As a well-known
material with high εr (105), high quality factor
(Q � f ¼ 46,000 GHz at 5 GHz), and large positive tf value
(þ465 ppm/�C), rutile TiO2 is a useful material to compensate
negative tf values in composite ceramics [17]. Guo et al. studied the
microwave dielectric properties of the AMoO4-TiO2 (A ¼ Ca, Sr, Ba)
ceramics and found that all the composite ceramics exhibit near-
zero tf value and high quality factor
(Q � f ¼ 40,700e72,050 GHz) [18]. Furthermore, the (1 � x)LiM-
VO4exTiO2 (M ¼ Mg, Zn; x ¼ 0.20e0.45) ceramics with relative
permittivities of 9.7e20.1, Q � f values of 20,100e39,200 GHz and
near zero tf values of �20-5 ppm/�C were reported in our previous
work [19]. In the present work, the (1 � x)CeVO4-xTiO2
(0.0 � x � 0.4) composite ceramics were synthesized by using solid
state reaction method. Sintering behavior, phase composition, mi-
crostructures, microwave dielectric properties, and relation be-
tween structure and microwave dielectric properties of the
CeVO4eTiO2 ceramics were studied in detail.

2. Experimental procedure

(1 � x)CeVO4-xTiO2 (0.0 � x � 0.4) ceramics were prepared by
using traditional solid state reaction method as described previ-
ously [4,8]. Themixturewas first calcined in air at 600 �C-800 �C for
4 h. After re-milling for 5 h, powders were pressed into cylinders
with polyvinyl alcohol addition as binder. Finally samples were
sintered at 1025 �Ce1150 �C for 2 h (3 �C/min).

The phase compositions and crystalline structures of samples
were investigated by using X-ray diffraction (XRD) with Cu Ka ra-
diation (Rigaku D/MAX-2400 X-ray diffractometer, Tokyo, Japan) at
a scanning rate of 0.02�s�1 in a 2q range of 10�-70�. Microstructures
of the sintered ceramic were characterized with scanning electron
microscopy (SEM) (SEM; Quanta 250 F, FEI) and the chemical
constitutionwas examined by energy-dispersive spectrometer. The
Raman spectra were recorded at room temperature using a Raman
spectrometer (inVia, Renishaw, England) excited with an Arþ laser
(514.5 nm). The room temperature infrared reflectivity spectra
were measured using a Bruker IFS 66v FTIR spectrometer on
Infrared beamline station (U4) at National Synchrotron Radiation
Lab. (NSRL), China. Microwave dielectric behaviors were measured
with the TE01d shielded cavity method with a network analyzer
(8720 ES, Agilent, Palo Alto, CA) and a temperature chamber (Delta
9023, Delta Design, Powa CA) in the temperature range of 25 �C-
85 �C. Temperature coefficient of resonant frequency (TCF or tf
value) was calculated with the following formula:

TCF ¼ f85 � f25
f25ð85� 25Þ � 106ðppm=�CÞ (1)

where f85 and f25 are the TE01d resonant frequencies at 85 �C and
25 �C, respectively.

3. Results and discussion

Fig. 1 shows XRD patterns of the (1 � x)CeVO4-xTiO2

(0.0 � x � 0.4) ceramic samples sintered at different temperatures.
It is seen that all diffraction peaks could be indexed as both CeVO4

and rutile TiO2 phases (CeVO4 with PDF: 32-0574 and rutile TiO2
with PDF: 38-1332). From the XRD results, it is seen that when x
value increased, the diffraction intensities of TiO2 increased grad-
ually and no secondary phases can be detected, which further
confirmed the chemical compatibility. Fig. 1b illustrates the back-
scattered electron images (BEI) and EDS analysis of as-fired surfaces
of 0.8CeVO4-0.2TiO2 compounds sintered at 1100 �C/2 h. It can be
seen that there are two types of grains, one with dark-color and the
other with light-color, and they are marked as “A” and “B”,
respectively. EDS analysis is employed to identify the chemical
compositions of different grains. According to EDS analysis (not
shown here), the small grains (0.5e1 mm) marked with “A” belong
to TiO2 phase and the large grains (4e7 mm) marked with “B”
belong to CeVO4 phase as shown in Fig. 1b. All the results indicate
that the CeVO4 could coexist with TiO2 phase during sintering
process and a stable two-phase composite system CeVO4eTiO2 was
established. Fig. 1b shows the schematic crystal structure of CeVO4
and rutile TiO2. As sketched in Fig. 1c, the tetragonal CeVO4 ce-
ramics with a zircon structure [space group I41/amd (No. 141)],
which is composed of CeO8 dodecahedra and VO4 tetrahedra. Rutile
TiO2 has a tetragonal structure with space-group symmetry P42/
mnm (No. 136). Rutile TiO2 is composed of TiO6 octahedra with
comparatively simple structure [20].

Fig. 2 shows SEM images of the (1 � x)CeVO4exTiO2
(0.1 � x � 0.4) ceramics sintered at 1100 �C/2 h. The CeVO4eTiO2
ceramics exhibit dense microstructures and average grain size of
2e5 mm. It can be observed that the grain size of the ceramics is
very sensitive to TiO2 contents. For 0.1 � x � 0.25 samples, it can be
noticed that there are two kinds of grains with different
morphology. The large grains become much larger and small grains
become much smaller as the TiO2 contents increases, as shown in
Fig. 2a-(d). At the same time, small grains fill up the gap of large
grains to make a denser microstructure.

Fig. 3a and b presents the microwave dielectric properties of the
(1 � x)CeVO4exTiO2 (0.0 � x � 0.4) ceramics as a function of x



Fig. 2. SEM images of surfaces of (1 e x)CeVO4-xTiO2 (0.1 � x � 0.4) sintered at 1100 �C/2 h: (a) x ¼ 0.10; (b) x ¼ 0.15; (c) x ¼ 0.20; (d) x ¼ 0.25.
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values and sintering temperature. As seen from Fig. 3a, the εr and tf
of the (1 � x)CeVO4-xTiO2 (0.0 � x � 0.4) ceramics increased lin-
early with x value. As we know, εr of composite is determined by
the permittivity, volume fraction and grain boundaries of the
constituents. There are a lot of models to predict the effective
permittivity of composite. The Lichtenecker formula is an empirical
rule, which is also applicable to composite materials aligned
randomly [21,22]:

lgεr ¼ V1 � lgεr1 þ V2 � lgεr2 (2)

where εr1 and εr2 are εr of CeVO4 and TiO2, V1 and V2 represent the
volume fractions of CeVO4 and TiO2, respectively. Fig. 3a shows that
the permittivity of the (1� x)CeVO4exTiO2 (0.0� x� 0.4) ceramics
increases from around 11.7 to around 14.2 when the volume frac-
tion of TiO2 increased from 0 to 0.4. It is believed that εr is signifi-
cantly affected the density and secondary phases in composite. The
dielectric permittivity of rutile TiO2 (εr ¼ 105) is much larger than
that of the CeVO4 ceramic (εr ¼ 12.3). Although the measured εr is
different from the calculated one, they are very close to each other.
It generally accords with the logarithmic rule. The theoretical tf
values of the mixture are predicted by the semi-empirical linear
model:

tf ¼ V1 � tf1 þ V2 � tf2 (3)

where tf1 and tf2 are the tf values of CeVO4 and TiO2, V1 and V2

represent the volume fractions of CeVO4 and TiO2, respectively.
Compared with the previous reports [14], the measured tf values of
pure CeVO4 are a little lower and the measured tf value of rutile
TiO2 is a little larger, which may be caused by the different pro-
cessing parameters. tf values of the (1 � x)CeVO4-xTiO2
(0.0 � x � 0.4) ceramics agree well with equation (3). As shown in
Fig. 3a, Q � f values of show a downtrend with x. This is probably
due to the large amount of grain boundaries created by large dif-
ference of two different grains.

Microwave dielectric properties of the (1 � x)CeVO4-xTiO2
(0.15 � x � 0.2) ceramics as a function of sintering temperature are
shown in Fig. 3b. The εr of the (1 � x)CeVO4-xTiO2 (0.15 � x � 0.2)
ceramics increased first to saturated value and then decreased as
the sintering temperature is increased from 1025 �C to 1150 �C. The
variation of Q � f value versus sintering temperature presented
similar behavior to that of εr. Generally, the Q� f value is affected by
intrinsic parameters, such as structural characteristics and extrinsic
parameters, such as porosity, secondary phases, lattice defects,
impurity and microstructural characteristics [23e25]. As shown in
Fig. 3b, high performance of microwave dielectric properties can be
obtained in 0.85CeVO4-0.15TiO2 ceramics sintered at 1100 �C for
2 h, with a εr ~13.7, a Q � f ~22,100 GHz (at 9.5 GHz) and a
tf ~ �1.2 ppm/�C. The 0.8CeVO4-0.2TiO2 ceramics can be sintered
well at 1150 �C for 2 h, with a εr of 13.9, a Q � f value of 19,600 GHz
(at 9.46 GHz), a tf value of þ2.8 ppm/�C.

To give an insight into the relationships between structures and
dielectric properties of CeVO4eTiO2 ceramics, Raman spectroscopy
and infrared spectra are applied to complement. The results are
discussed by group theory. Previous theoretical analysis indicated
that there are 12 Raman active modes (2A1g þ 4B1g þ B2g þ 5Eg) for
the zircon-type structure CeVO4 with the space group I41/and
(D19

4h) and 5 Raman active modes (1A1g þ 1B1g þ 1B2g þ 2Eg) for
the rutile structure TiO2 with the space group P42/mnm [26e28].
The letters A and B represent non degenerate modes whereas E
denotes doubly degenerate mode. The subscripts g indicates even
parity of inversion in centrosymmetric crystals [28].

Fig. 4 illustrates the room-temperature Raman spectra of (1� x)
CeVO4-xTiO2 (0.1 � x � 0.3) ceramics in the range of
100e1000 cm�1. In the Raman spectrum of CeVO4eTiO2 ceramics,
five Raman modes of CeVO4 are observed at 261, 372, 461, 771, and



Fig. 3. Microwave dielectric properties of the (1 e x)CeVO4exTiO2 as a function of
volume fraction of TiO2 (a) and sintering temperature (b).

Fig. 4. Raman spectra of (1 � x)CeVO4exTiO2 (0.15 � x � 0.3) ceramics. The solid red
circles are the fitted data and the dashed line indicates the GaussianeLorentzian mode
fitting. Black and blue dashed lines are assigned to CeVO4 and TiO2, respectively. (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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847 cm�1. The 261-cm�1 modes is assigned as B2g deformation (n2),
372-cm�1 modes is assigned as A1g þ B1g deformation (n2),
461 cm�1 modes is assigned as Eg þ B2g deformation (n4), 771 cm�1

and 847 cm�1 are assigned as Eg asymmetric stretch (n3) and A1g
symmetric stretch (n1), respectively [29e31]. The typical bands for
TiO2 were located at 220, 430, 610, and 830 cm�1 The Raman band
at 830 cm�1 was assigned to B2g mode, at 610 cm�1 to the A1gmode,
at 430 and 220 cm�1 to Eg mode and B1g respectively. When x value
increases, there are significant changes in the intensity of all the
peaks of TiO2, especially the characteristic band of Rutile TiO2 phase
at 610 cm�1.
In order to observe the Raman spectral changes clearly, the
Raman spectra have been fitted using the mixture of Gaussian-
Lorentzian distribution peak profile called Pseudo Voigt peak
shape function. Fig. 4b shows representative Raman spectra of
0.85CeVO4-0.15TiO2 de-convoluted into 15 peaks with varying in-
tensity, wave number and FWHM. As seen from Fig. 4b, blue
marked modes are assigned to TiO2 and the peak position of modes
at 261, 372, 461, 514, 771, and 847 cm�1 are assigned to CeVO4.

Fig. 5 presents the IR reflectivity spectra and complex dielectric
spectra of 0.85CeVO4-0.15TiO2 ceramic ranging from 50 to
1000 cm�1. It is seen that the infrared spectra were fitted by 11
resonant modes corresponding with the infrared reflectivity peaks.
The phonon parameters obtained from the fitting of the infrared
reflectivity spectra of the 0.85CeVO4e0.15TiO2 ceramic are shown
in Table 1. Among all the fitted modes, 3 vibration modes at
180e190 cm�1, 385e410 cm�1, and 500e620 cm�1 correspond to
TiO2 and the others belong to CeVO4. There spectra have been
analyzed by using the classical harmonic oscillator model based on
the standard Lorentzian formula [Eq (4)] and the Fresnel formula
[Eq (5)]:



Fig. 5. Measured and calculated infrared reflectivity spectra and complex dielectric
spectra of the 0.85CeVO4e0.15TiO2 ceramic (solid line for fitting values and hollow
symbol for measured values, circles are experimental at microwave region, and solid
lines represent the fit of IR spectra).

Table 1
Phonon parameters obtained from the fitting of the infrared reflectivity spectra of
0.85CeVO4e0.15TiO2 ceramic.

Mode uoj upj gj Dεj

1 159.57 316.56 31.258 6.94
2 208.20 316.52 61.309 4.31
3 249.87 178.60 26.266 0.51
4 292.93 30.29 8.340 0.011
5 353.95 77.48 18.58 0.048
6 396.54 135.68 43.305 0.117
7 441.95 179.29 44.465 0.165
8 587.55 411.51 159.46 0.491
9 762.84 761.90 56.694 0.998
10 821.07 171.68 35.775 0.044
11 859.92 104.30 30.728 0.015

x ¼ 0.15: ε∞ ¼ 3.51 and ε0 ¼ 14.2.
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ε
*ðuÞ ¼ ε∞ þ
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ε*ðuÞp

�����

2

(5)

where ε
*(u) is complex dielectric function; ε∞ is the dielectric

constant caused by the electronic polarization at high frequencies;
upj, uoj and gj are the plasma frequency, the transverse frequency,
and damping factor of the j-th Lorentz oscillator, respectively; n is
the number of transverse phonon modes; R(u) is the IR reflectivity.

Fig. 5 also shows the calculated permittivity ε
0(u) and loss ε00(u)

obtained from the fits of the infrared reflectivity together with the
experimental microwave data. It is seen that the calculated per-
mittivities are a little smaller than the measured ones in the mi-
crowave range. It can be concluded that some extrinsic
contributions, especially the grain size and pores, increase the
microwave losses. Meanwhile, all the calculated dielectric permit-
tivity and dielectric loss values are almost equal to the measured
ones using TE01d method. Therefore, it can be concluded that ma-
jority of the dielectric contribution for CeVO4eTiO2 system at mi-
crowave region was attributed to the absorptions of phonon
oscillation at infrared region and very little contribution from
defect phonon scattering. Phonon parameters obtained from the
fitting of the infrared reflectivity spectra of the 0.85CeVO4-0.15TiO2
ceramics are given in Table 1. For the CeVO4eTiO2 samples, the
values of Dεj represent the mode makes the contribution to the
permittivity. Hence, it can be calculated from Table 1 that the
external vibrations of CeVO4 and TiO2 make different contribution
to CeVO4eTiO2 ceramics and the external vibrations of CeVO4 have
the most remarkable effects on the dielectric constant.

4. Conclusion

In the present work, the temperature stable (1�x)CeVO4exTiO2
(0.0 � x � 0.4) ceramics were obtained by the solid-state reaction
method. According to XRD and EDS analysis, there are two phases
in the ceramics and the CeVO4 phase could coexist with rutile TiO2
phase at their sintering temperatures. With the increase of TiO2
content, the εr increases, and the tf value changes from negative
into positive. High performance of microwave dielectric properties
can be obtained in the (1 � x)CeVO4exTiO2 (0.15 � x � 0.20) ce-
ramics with εr of 11.2e14.2, Q � f values from 7950 to 22,100 GHz,
and tf values from �1.2 ppm/�C to þ2.8 ppm/�C.
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