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Infrared spectra, Raman spectra, microwave dielectric
properties and simulation for eﬀective permittivity of
temperature stable ceramics AMoO4 –TiO2 (A = Ca, Sr)
Jing Guo,a Di Zhou,a Lu Wang,a Hong Wang,*a Tao Shao,b Ze M. Qib and Xi Yaoa
In this work, temperature stable microwave dielectric materials (1 − x)AMoO4 –xTiO2 (A = Ca, Sr) were prepared by a solid state reaction method. The phase composition, sintering behaviors, microstructures,
microwave dielectric properties, eﬀective permittivity and vibrational phonon modes were investigated.
The X-ray diﬀraction pattern and scanning electron microscope analysis indicated that the AMoO4 (A =
Ca, Sr) phase could coexist with the TiO2 phase. The eﬀective dielectric constants of the AMoO4 –TiO2
composites were calculated by the ﬁnite element method (FEM), compared with the measured values
and the numerical results obtained by the classical mixing rules. The correlation between the dielectric
properties and the crystal structures were studied using IR and Raman spectroscopy. The infrared spectra
were analyzed using the classical harmonic oscillator model, and revealed that the external vibration
modes of AMoO4 (A = Ca, Sr) had the most signiﬁcant inﬂuence on the dielectric constant. The Raman
spectra showed that there were strong interactions in the [MoO4] tetrahedron due to the sharp and
intense Raman modes. Finally, the low-ﬁring (900 °C) microwave dielectric ceramics were obtained with
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3 wt% H3BO3–CuO addition (BCu), and they possess good microwave dielectric properties with εr =
10.6–13, high Q × f values (40 700–72 050 GHz), and near-zero temperature coeﬃcients of resonant frequency (TCF or τf values). These results also show that (1 − x)AMoO4 –xTiO2–BCu (A = Ca, Sr) ceramics are
good candidates for microwave electronic device applications.

Introduction
With the development of high frequency wireless communication technology, microwave dielectric ceramics, which can
be used as dielectric resonators, filters, waveguides, substrates,
and antennas, have attracted much scientific and commercial
attention.1,2 To meet the miniaturization and integration
requirements, low temperature co-fired ceramic (LTCC) technology has become an important method to integrate the
passive components to a function module. For LTCC applications, the microwave dielectric materials should have a low
sintering temperature (<960 °C), a suitable dielectric constant,
a high quality factor (Q × f ) value (a low dielectric loss), a
stable temperature coeﬃcient of resonant frequency (τf ≈
0 ppm per °C), and chemical compatibility with metal
electrodes.3–6
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There were a great number of works on the tungstate and
molybdate compounds owing to their wide use in the optical
field (scintillation detectors, phosphors, lasers, optical fibers,
and photo-catalysts).7,8 Recently, several authors have reported
the microwave dielectric properties of AWO4 and AMoO4 (A =
Mg, Mn, Zn, Ca, Sr, Ba) ceramics.9–11 All the AWO4 ceramics
exhibit low permittivity (8–17), high Q × f values (32 000–69 000
GHz), and negative τf values (−53 to −78 ppm per °C). The
AMoO4 ceramics have similar microwave dielectric properties
(εr = 7–11, Q × f = 37 000–90 000 GHz, τf = −57 to −87 ppm
per °C), but the sintering temperatures are lower. Nevertheless,
all the tungstate and molybdate compounds mentioned above
have large negative τf values. Besides the formation of solid
solution, the other eﬀective method to achieve temperature
stable dielectric materials is to mix component materials with
opposite τf values. Our recent research shows that rutile TiO2
(τf ≈ +465 ppm per °C) is a potential material to compensate
the negative τf values of ZnMoO4 and BaMoO4 ceramics, which
are also MoO3-rich compounds.12,13 Therefore, with rutile TiO2
addition, it is possible to achieve temperature stable microwave dielectric ceramics in the AMoO4–TiO2 (A = Ca, Sr) composites and it is interesting to make a comprehensive study of
this system.
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The problem of predicting the eﬀective permittivity of the
composite materials has a long history. Numerous mixture
rules have been proposed based on diﬀerent theories, such as
Maxwell-Garnett rule, Bruggeman rule and Lichtenecker logarithmic rule.14–17 However, these formulae can be only used
with certain limits. Recently, finite element method (FEM) was
found to be a useful tool to predict the complex dielectric
constant.18–20 The FEM developed from two dimensions to
three dimensions, with many diﬀerent geometrical structures
being used to represent the smallest repeatable units, such as
square, hexagonal, and honeycomb. The three dimensional
simulations can obtain the field distribution in real three
dimensional disordered composites, but the two dimensional
simulations cannot. In this work, the famous Monte Carlofinite element method with 3D structure was used to calculate
the eﬀective dielectric constant and the results were compared
with the experimental values and the numerical results
obtained by the classical mixing rules.
Infrared and Raman spectroscopy are often considered as
useful tools to study the relationship between the dielectric
properties and the crystal structures.21–24 Dielectric losses
include an intrinsic part and extrinsic part. The intrinsic
losses are determined by polar optical phonons and the extrinsic losses are mainly caused by impurity, pores, grain boundaries, etc. The intrinsic losses may be obtained from the
infrared reflection spectra using the classical harmonic oscillator model.25,26 The Raman spectra may reveal the short
range character of the materials.
In the present work, the phase composition, sintering behaviors, microstructures, microwave dielectric properties,
eﬀective permittivity, Raman spectra and infrared spectra of
the (1 − x)AMoO4–xTiO2 (A = Ca, Sr) ceramics were all investigated. In order to lower the sintering temperature, 3 wt%
H3BO3–CuO was added to the compounds, and its influence
on the composites was also studied.

Experimental
The (1 − x)AMoO4–xTiO2 (A = Ca, Sr) ceramics were synthesized by the conventional mixed-oxide process. Reagentgrade powders CaCO3 (>99%, Sinopharm Chemical Reagent
Co. Ltd, Shanghai, China), SrCO3 (>99%, Sinopharm Chemical
Reagent Co. Ltd, Shanghai, China), MoO3 (>99.5%, Fuchen
Chemical Reagents, Tianjin, China), and rutile TiO2 (>99.9%,
Linghua Co. Ltd, Zhaoqing, China) were used as starting
materials. According to the following formula (1 − x)AMoO4–
xTiO2 (A = Ca, Sr, 0.0 mol ≤ x ≤ 0.3 mol; CMT, SMT were used
for abbreviations), powders were milled with an ethanol and
ZrO2 milling media (2 mm in diameter) for 4 h by using a planetary ball-mill. After drying, the mixture was calcined in air at
600–700 °C for 4 h. Then, some powders were re-milled with
zirconia balls in ethanol for 4 h and the others were re-milled
with 3 wt% H3BO3–CuO addition (with 4 : 3 mol ratio). After
drying, the final powders with PVA binder addition were
pressed into cylindrical disks (12 mm in diameter and
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5–6 mm in height) using uniaxial pressing. For AMoO4–TiO2
(A = Ca, Sr) ceramics and samples with H3BO3–CuO addition,
pellets were sintered at 1200–1350 °C and 800–950 °C for 2 h
with a heating rate of 3 °C min−1, respectively. Finally, chemical compatibility tests with silver were taken by adding 20 wt%
Ag to the AMoO4–TiO2 composite with H3BO3–CuO addition.
The phase compositions of samples were identified by X-ray
diﬀraction with Cu Kα radiation (Rigaku D/MAX-2400 X-ray
diﬀractometer, Tokyo, Japan) in the 10–70° 2θ range (at a step
size of 0.02°). A scanning electron microscope (JSM-6460,
JEOL, Tokyo, Japan) and energy dispersive spectrometer
( probe size: 1 μm) were used to examine the microstructures
on the surfaces. The bulk densities of the composites were
determined by Archimedes’ method. The Fourier-transform
infrared (FTIR) reflectivity spectra were obtained on polished
samples using a Bruker IFS 66v FTIR spectrometer in the infrared beamline station (U4) at the National Synchrotron Radiation Lab (NSRL). A gold mirror was used as reference and the
frequency resolution was better than 2 cm−1. The Raman
spectra were collected at room temperature on polished
samples with a Raman spectrometer (HR800, HORIBA Jobin
Yvon). The laser line at 633 nm of a helium-neon ion laser was
used as an excitation source with an eﬀective power of 17 mW.
The dielectric constant and quality factor at microwave frequency were measured using the TE01δ shielded cavity method
with a network analyzer (8720ES, Agilent, Palo Alto, CA). The
temperature coeﬃcient of the resonant frequency (τf value)
was measured with a network analyzer and a temperature
chamber (Delta 9023, Delta Design, Poway, CA) in the temperature range of 25–85 °C, and was calculated as:
TCF ¼

f85  f25
 106 ð ppm per W CÞ
f85 ð85  25Þ

ð1Þ

where f25 and f85 were the resonant frequencies at 25 °C and
85 °C, respectively. The eﬀective dielectric constants of twophase random composites were simulated by a three-dimensional model using the Monte Carlo finite element method
(FEM).

Results and discussion
The X-ray diﬀraction patterns of sintered (1 − x)AMoO4–xTiO2
(A = Ca, Sr) ceramics are shown in Fig. 1. A two-phase system
with tetragonal rutile structure (TiO2) and tetragonal scheelite
structure (CaMoO4, SrMoO4) can be seen from the XRD
results. As the x value increases from 0 to 0.3, no other phase
can be observed and the intensity of the diﬀraction peaks of
TiO2 rises. Therefore, it can be concluded that rutile TiO2 coexists with AMoO4 (A = Ca, Sr).
Fig. 2 presents the backscattered electron images and EDS
analysis of as-fired surfaces of 0.8CaMoO4–0.2TiO2 compounds
sintered at 1300 °C/2 h, and 0.8SrMoO4–0.2TiO2 ceramics sintered at 1300 °C/2 h. From the backscattered electron micrographs, it is seen that two types of grains with diﬀerent shapes
coexist, which agrees with the XRD result. The EDS analysis
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Fig. 1 X-Ray diﬀraction patterns for the sintered (1 − x)AMoO4 –xTiO2 (A = Ca,
Sr) ceramics.

Fig. 3 A three-dimensional cubic structure composed of 10 × 10 × 10 cube
cells (blue ones: CaMoO4/SrMoO4 phase; pale yellow ones: TiO2 phase).

composite is considered as a homogeneous material, which is
a quasi-static approximation. There are two types of cube cells
distributed randomly in the cubic structure. The cells with the
blue color (the majority in number) belong to the scheelite
AMoO4 (A = Ca, Sr) phase, and the ones with the pale yellow
color (the minority in number) represent the rutile TiO2 phase.
In order to obtain the eﬀective dielectric constant, the concentration of TiO2 should be expressed in the form of a volume
fraction (CMT: V = 0–0.1458, SMT: V = 0–0.1324). FEM is used
to carry out the potential distribution in the cubic structure,
and calculate the eﬀective permittivity by the energy balance
method.
There are lots of models to predict the eﬀective permittivity
of a two-phase mixture. The Maxwell-Garnett rule [eqn (2)], the
Bruggeman rule [eqn (3)] and Lichtenecker logarithmic rule
[eqn (4)] are all classical mixing rules.14–17
εeff ¼ ε2 þ 3V2 ε2

shows that the dark-color grains marked as B belong to the
TiO2 phase and light-color ones marked as A belong to the
AMoO4 (A = Ca, Sr) phase. The grain size of the TiO2 phase lies
in the range of 0.9–3 μm, which is much smaller than that of
the AMoO4 phase (2.2–7 μm). This phenomenon may result
from the diﬀerences of the sintering temperature between
pure AMoO4 ceramic (900–1100 °C) and pure TiO2 ceramic
(about 1300–1400 °C).
A three-dimensional structure composed of 10 × 10 × 10
cube cells is built for simulating the permittivity of the (1 − x)
AMoO4–TiO2 (A = Ca, Sr) composites, as shown in Fig. 3. The
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ð2Þ

ε2  εeff
ε1  εeff
þ V1
¼0
ε2 þ 2εeff
ε1 þ 2εeff

ð3Þ

lg εeff ¼ V 1  lg ε1 þ V 2  lg ε2

ð4Þ

V2
Fig. 2 Backscattered electron micrographs and EDS analysis of the surfaces of
(a) 0.8CaMoO4 –0.2TiO2 compounds sintered at 1300 °C/2 h and (b)
0.8SrMoO4 –0.2TiO2 ceramics sintered at 1300 °C/2 h.

ε1  ε2
ε1 þ 2ε2  V2 ðε1  ε2 Þ

where εeﬀ is the eﬀective permittivity of the composite, ε1 and
ε2 represent the dielectric constants of material 1 and material
2, respectively, and V1 and V2 are the volume fractions of the
corresponding materials (V1 + V2 = 1). The Maxwell-Garnett
rule is commonly used in composites comprised of a small
amount of material (material 2) randomly dispersed into a
host material (material 1). The Bruggeman rule is expected to
be applied in compounds where two randomly distributed
phases have similar morphologies. The Lichtenecker formula
is an empirical rule, which is also applicable to composite
materials aligned randomly. In this study, the calculated
results obtained by these models are used to compare with
those obtained by the FEM and the measured values, as shown
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Fig. 5 (a) Relative densities, (b) τf values and (c) Q × f values of (1 − x)AMoO4 –
xTiO2 (A = Ca, Sr) ceramics as a function of x value.

above 94%, suggesting that all the compounds are well sintered and densified. Fig. 5(b) shows the τf values of the (1 − x)
AMoO4–xTiO2 (A = Ca, Sr) compounds. Usually, the theoretical
τf values of the mixture are predicted by the semi-empirical
linear model:
τf ¼ V 1  τf1 þ V 2  τf2

Fig. 4

Comparison of the eﬀective dielectric constants with diﬀerent models.

in Fig. 4. The dielectric constant of TiO2 (high permittivity,
105) is much larger than that of the molybdate compounds
(low permittivity, 8–10). Therefore, the eﬀective permittivity is
much more sensitive to the volume fraction of TiO2. When the
addition of TiO2 is small, the theoretical results from all
the models are extremely similar due to the dilute limit. As the
content of TiO2 increases, the diﬀerences between the results
obtained by these methods become bigger and bigger. The
FEM has the largest numerical results while the values calculated by the Maxwell-Garnett rule are the least in all the
models. It is noticed that all the calculated values are below
the experimental values, which may result from the phenomenon that the interface eﬀect of composite materials
increases the eﬀective permittivity. It is also seen that the
measured dielectric constants are in good agreement with the
ones obtained by the FEM, which indicates that the FEM is a
useful method to predict the eﬀective permittivity of a composite mixture.
Relative densities of the (1 − x)AMoO4–xTiO2 (A = Ca, Sr)
composites sintered at their optimal temperatures for 2 h are
plotted in Fig. 5(a). When the x value rises, the densities of the
CMT and SMT ceramics change as follows, respectively:
3.997–4.126 g cm−3 and 4.561–4.491 g cm−3. From Fig. 5(a), it
is seen that the relative densities of all the composites are

1486 | Dalton Trans., 2013, 42, 1483–1491

ð5Þ

where τf1 and τf2 are the τf values of material 1 and material 2,
respectively. The relationship between the measured and calculated τf values is investigated. Almost all the measured τf
values are larger than the calculated ones. As the x value
increases from 0 to 0.3, the measured τf values shift from
−66.5 to +65.1 ppm per °C, and a near-zero τf value is obtained
at x = 0.2 for both CMT and SMT. Fig. 5(c) represents the Q × f
values of CMT and SMT as a function of x value. The Q × f
values are aﬀected by many factors, such as grain sizes, grain
size distribution, grain boundaries, grain shapes, pores,
defects, etc. It is seen that, when TiO2 is added into CaMoO4
and SrMoO4, the Q × f values deteriorate rapidly. Due to the
high sintering temperature of pure TiO2, the sintering temperatures of the (1 − x)AMoO4–xTiO2 (A = Ca, Sr) composites
increase as the x value rises. The secondary re-crystallization in
AMoO4 (A = Ca, Sr) phase and more defects may appear at
such high temperatures, which may result in the deterioration
of Q × f values. Together with the previous publication about
the BaMoO4–TiO2 ceramics,13 a conclusion can be reached
that rutile TiO2 is an eﬀective material to compensate the
negative τf values of all the AMoO4 (A = Ca, Sr, Ba) ceramics
and the Q × f values of AMoO4–TiO2 (A = Ca, Sr, Ba) composites
decrease in diﬀerent degrees. In addition, BaMoO4 has the
largest negative τf value (CaMoO4–58.5 ppm per °C, SrMoO4–
66.5 ppm per °C, BaMoO4–90.1 ppm per °C). In order to
obtain a near-zero τf value, the content of TiO2 in BaMoO4–
TiO2 (x = 0.4) is the most in the series of AMoO4–TiO2 (A = Ca,
Sr, Ba) ceramics.
Infrared spectroscopy is a useful tool to give an insight into
the mechanisms contributing to intrinsic permittivity and
losses. Fig. 6 presents the IR reflectivity spectra of (1 − x)
AMoO4–xTiO2 (A = Ca, Sr) composite ceramics. At room temperature, AMoO4 (A = Ca, Sr) has a tetragonal scheelite structure
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Fig. 6 IR reﬂectivity spectra for the (1 − x)AMoO4 –xTiO2 (A = Ca, Sr) ceramics
(ν2, ν3, and ν4: internal modes of [MoO4]2− ion; Au, Eu: external modes for
AMoO4 (A = Ca, Sr); T-Eu: vibration modes of TiO2).

with space-group symmetry I41/a. The primitive cell includes
two formula groups (12 atoms). Each A-site ion and B-site ion
are surrounded by 8 oxygen ions and 4 oxygen ions, respectively, as shown in Fig. 3. According to the group theory calculation, there are 26 diﬀerent vibrations for CaMoO4 and
SrMoO4:27–30
Γ ¼ 3Ag þ 5Bg þ 5Eg þ 5Au þ 3Bu þ 5Eu

ð6Þ

Ag, Bg and Eg are Raman active; 4Au and 4Eu can be only
observed in IR spectra; Bu are silent modes; the remaining
modes 1Au and 1Eu are acoustic vibrations. The vibration
modes of AMoO4 can be classified into two groups: internal
and external modes.24,27 The internal modes refer to the
vibration inside [MoO4] ions, considering the center of mass
stationary, and the external modes consider the [MoO4] tetrahedron as a rigid unit. Therefore, the polar optical modes of
AMoO4 (A = Ca, Sr) can be also represented as: Γ = ν1(Ag + Bu) +
ν2(Ag + Bg + Au + Bu) + ν3(Bg + Eg + Au + Eu) + ν4(Bg + Eg + Au +
Eu) + Ag + 2Bg + 3Eg + 2Au + Bu + 3Eu. ν1, ν2, ν3, and ν4 come
from the internal vibrations of the [MoO4]2− ion, and the
others originate from the external vibrations. From Fig. 6, it
can be observed that the internal vibration frequencies in
CaMoO4 are similar to those of SrMoO4, while the external
ones in CaMoO4 are diﬀerent from those of SrMoO4. This
may be attributed to the fact that the internal modes come
from the same [MoO4] tetrahedron vibration and the external
ones are related to diﬀerent clusters’ vibration ([CaO8] and
[SrO8]).
Rutile TiO2 has a tetragonal structure with space-group symmetry P42/mnm. 6 oxygen ions are near to the Ti ion to form a
[TiO6] octahedra, as plotted in Fig. 3. The vibration modes
consist of the displacements of Ti–O ions and Ti–[TiO6] ions.
There are 15 optical phonon modes in rutile TiO2 among
which A2u and Eu (Eu is twofold degenerate) are IR active, and
A1g, B1g, B2g and Eg are Raman active:31–33
Γ ¼ 1A1g þ 1B1g þ 1A2g þ 1B2g þ 2Eg þ 2B1u þ 1A2u þ 6Eu ð7Þ

This journal is © The Royal Society of Chemistry 2013

In this study, 8 reflection bands are observed in scheelite
CaMoO4/SrMoO4, and 3 bands are visible for rutile TiO2. The
Eu vibration mode (183 cm−1) of TiO2 is strong while the Eu
mode (189 cm−1) of SrMoO4 is weak. Therefore, when the
content of TiO2 increases, the intensity of the Eu mode in
SrMoO4 becomes weaker and weaker, and finally, the Eu band
of SrMoO4 is overlapped by the Eu vibration of TiO2. For the
CMT ceramics, the Au (198 cm−1) and Eu (220 cm−1) modes of
CaMoO4 are so strong that the Eu mode (183 cm−1) of the TiO2
cannot be observed clearly. From Fig. 6, it is also seen that the
intensity of the reflectivity of TiO2 increases (especially the Eu
mode with the largest wave-number) when x varies from 0 to
1. This result indicates that CaMoO4/SrMoO4 coexist with TiO2
and the contribution of TiO2 to the vibration rises when x
increases, which agrees well with the XRD and EDS analysis.
The spectra of temperature stable ceramics 0.8CaMoO4–
0.2TiO2 and 0.8SrMoO4–0.2TiO2 were analyzed using the
classical harmonic oscillator model. The fitted data are based
on the standard Lorentzian model [eqn (8)] and the Fresnel
formula [eqn (9)]:
ε*ðωÞ ¼ ε1 þ

n
X

ω2
j¼1 oj

ω2pj
 ω2  iγ j ω


ﬃ2
1  pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ε*ðωÞ

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RðωÞ ¼ 
1 þ ε*ðωÞ

ð8Þ

ð9Þ

where ε*(ω) is complex dielectric function, ε∞ is the dielectric
constant caused by the electronic polarization at high frequencies, γj, ωoj and ωpj are the damping factor, the transverse frequency and the plasma frequency of the jth Lorentz oscillator,
respectively, n is the number of transverse phonon modes, and
R(ω) is the IR reflectivity.
The fitted spectra (solid red curves) match well with the
experimental ones (circles), as plotted in Fig. 7(a). Similar fittings have also been done for other samples with diﬀerent x
values and the results are in good agreement with the experimental ones as well. Table 1 shows that 11 and 10 infrared
modes are adjusted for 0.8CaMoO4–0.2TiO2 and 0.8SrMoO4–
0.2TiO2, respectively. Among all the fitted modes, 3 vibration
modes at 180–190 cm−1, 385–410 cm−1, and 500–620 cm−1
correspond to TiO2, and the others belong to AMoO4 (A = Ca,
Sr). For the CMT sample, mode1 (Eu), mode3 (Au), and mode4
(Eu) make the most contribution to the permittivity and in the
SMT specimen, mode1 (Eu) and mode2 (Au) take the most significant influence on the permittivity. This reveals that the
external vibrations of AMoO4 (A = Ca, Sr) have the most
remarkable eﬀects on the dielectric constant.
The IR reflectivity data are transformed to complex dielectric data as plotted in Fig. 7(b). Compared with Table 1, the
calculated ε′ of CMT and SMT are 10.802 and 10.466, respectively. Both of them are a little smaller than the measured
values in the microwave region (CMT: 12.8, SMT: 11.5).
However, the small diﬀerence between the measured ε′ and
calculated ε′ indicates that the microwave dielectric constant
of the (1 − x)AMoO4–xTiO2 (A = Ca, Sr) ceramic is caused
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Fig. 7 (a) Measured (circles) and ﬁtted (solid red line) IR spectra for 0.8AMoO4 –0.2TiO2 (A = Ca, Sr) ceramics and (b) the real and imaginary parts of the complex
permittivity.

Table 1

Mode parameters of a Lorentzian ﬁt in 0.8AMoO4 –0.2TiO2 (A = Ca, Sr) ceramics

A = Ca ε∞ = 3.51

A = Sr ε∞ = 3.11

Mode

ωoj

ωpj

γj

Δεj

ωoj

ωpj

γj

Δεj

1
2
3
4
5
6
7
8
9
10
11

149.77
183.0
198.32
219.78
307.36
312.75
408.81
431.95
596.28
800.31
839.94

179.05
47.58
262.66
316.37
289.59
17.73
62.35
96.76
324.64
587.7
351.66

12.38
19.44
18.02
24.54
51.73
2.7
21.42
20.25
169.12
32.91
56.17

1.43
0.068
1.75
2.07
0.888
0.003
0.023
0.05
0.296
0.539
0.175

126.62
161.74
189.17
270.96
319.46
401.55
434.84
614.5
813.15
854.51

226.41
214.81
57.71
269.59
155.85
134.75
61.8
419.95
481.24
302.66

15.28
15.33
14.17
65.11
19.23
32.28
33.26
222.93
28.79
46.0

3.2
1.76
0.093
0.99
0.238
0.113
0.02
0.467
0.35
0.125

mainly by the polar optical phonons.34 The calculated infrared
dielectric losses are mainly caused by intrinsic processes.
Extrapolation of ε′′ from the infrared spectra down to microwave range shows that the theoretical losses are lower than the
measured microwave dielectric losses. It can be concluded that
some extrinsic contributions, especially the grain size and
pores, increase the microwave losses.
Raman spectroscopy is a powerful technique to identify
phase composition and give an insight into the short range
character of the crystalline materials. Fig. 8 presents the room
temperature Raman spectra of (1 − x)AMoO4–xTiO2 (A = Ca, Sr)
ceramics over the range of 100–1000 cm−1. The Bg mode of
SrMoO4 at 90–100 cm−1 is not observed,35 and all the other
Raman active vibration modes in AMoO4 (A = Ca, Sr) ceramics
are detected. It is known that a strong interaction between the
ions will cause sharp and intense Raman modes. Therefore,
the strong internal modes of CaMoO4 and SrMoO4 suggest the
existence of the strong interaction in the [MoO4] tetrahedron.

1488 | Dalton Trans., 2013, 42, 1483–1491

Fig. 8 Raman spectra for the (1 − x)AMoO4 –xTiO2 (A = Ca, Sr) ceramics (ν1, ν2,
ν3, and ν4: internal modes of [MoO4]2− ion; Ag, Bg, Eg: external modes for
AMoO4 (A = Ca, Sr); *, T-B1g, T-Eg, and T-A1g: vibration modes of TiO2).
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The internal vibrational frequencies in CaMoO4 are similar to
those of SrMoO4 (ν1, ν2, ν3, and ν4), and the external ones in
CaMoO4 (Bg-112 cm−1, Eg-145 cm−1, Eg-191 cm−1, Eg-267 cm−1)
are diﬀerent from those of SrMoO4 (Bg-90–100 cm−1,
Eg-113 cm−1, Eg-140 cm−1, Eg-232 cm−1), which agrees with the
discussion in the infrared analysis part. For rutile TiO2, the B2g
mode at 820–830 cm−1 is too weak to be seen and the others
are all labeled in Fig. 8. When x value increases, the changes
of infrared reflectivity spectra are not obvious. But for the
Raman spectra, there are significant changes in the intensity
of all the peaks of TiO2, corresponding to the content of TiO2.
This also demonstrates that Raman spectroscopy is good for
phase identification.
The XRD results of AMoO4–TiO2 (A = Ca, Sr) ceramics with
3 wt% H3BO3–CuO addition (BCu is used for abbreviations)
sintered at 900 °C/2 h are shown in Fig. 9. Compared to the
pure AMoO4–TiO2 (A = Ca, Sr) ceramics, which are also sintered at 900 °C/2 h, there are no remarkable changes about the

phase composition, which indicates that sintering aid H3BO3–
CuO (BCu) does not react with AMoO4–TiO2 (A = Ca, Sr) and
exists as a liquid phase. Fig. 9 also depicts the XRD patterns
and backscattered electron images of AMoO4–TiO2 (A = Ca, Sr)
ceramics with 3 wt% H3BO3–CuO and 20 wt% Ag addition sintered at 900 °C/2 h. From the XRD analysis, the major peaks of
silver can be observed and no impurity phase can be detected.
This phenomenon predicts that AMoO4–TiO2 (A = Ca, Sr) ceramics with BCu addition are chemically compatible with Ag.
In the backscattered electron images, clear silver particles can
be seen and no other reaction product can be detected, which
corresponds with the XRD results. Therefore, the co-firing of
AMoO4–TiO2–BCu (A = Ca, Sr) ceramics with silver electrodes
is feasible. The microwave dielectric properties of AMoO4–TiO2
(A = Ca, Sr) ceramics with H3BO3–CuO addition are shown in
Table 2. As BCu is added to the AMoO4–TiO2 (A = Ca, Sr) ceramics, the sintering temperatures of the composites are lowered
from 1300 °C to 900 °C, the microwave dielectric constants

Fig. 9 XRD results of pure AMoO4 –TiO2 (A = Ca, Sr) ceramics sintered at 900 °C/2 h, AMoO4 –TiO2 (A = Ca, Sr) ceramics with 3 wt% H3BO3–CuO addition sintered
at 900 °C/2 h and samples co-ﬁred with 20 wt% Ag sintered at 900 °C/2 h. Insets: backscattered electron images of AMoO4 –TiO2 (A = Ca, Sr) compounds with
H3BO3–CuO and Ag addition sintered at 900 °C/2 h.

Table 2

Microwave dielectric properties of temperature stable AMoO4 –TiO2 ceramics with H3BO3–CuO addition

Sample

Sintering temperature (°C)

Permittivity

Q × f (GHz)

τf (ppm/°C)

0.8CaMoO4 + 0.2TiO2
0.8CaMoO4 + 0.2TiO2 + BCu
0.77CaMoO4 + 0.23TiO2
0.77CaMoO4 + 0.23TiO2 + BCu
0.8SrMoO4 + 0.2TiO2
0.8SrMoO4 + 0.2TiO2 + BCu
0.76SrMoO4 + 0.24TiO2
0.76SrMoO4 + 0.24TiO2 + BCu

1325
875
1325
900
1300
875
1300
900

12.8
12.1
13.4
13.0
11.5
10.6
12.2
12.1

29 310
51 300
31 360
57 410
19 220
72 050
21 700
40 700

+10.2
−16.1
+32.9
−5.2
+8.17
−19
+40.2
+9.7
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and τf values change a little, and the Q × f values increase to
above 40 000 GHz. From the IR results, it is concluded that
some extrinsic contribution increases the microwave dielectric
losses of the AMoO4–TiO2 (A = Ca, Sr) compounds. The ceramics with better grain size, grain shapes, and less lattice
defects will have lower losses in the microwave region (high Q
× f values). Therefore, the higher Q × f values of the AMoO4–
TiO2 (A = Ca, Sr) composites with BCu addition may result
from a less extrinsic contribution to the losses. It is also
observed, in Table 2, that the low-firing (900 °C) microwave
dielectric ceramics are obtained with high Q × f values
(40 700–72 050 GHz), and near-zero τf values. Together with
the previous study on the BaMoO4–TiO2–BCu ceramic,13 a conclusion can be made that AMoO4–TiO2 (A = Ca, Sr, Ba) ceramics with BCu addition have similar properties: low sintering
temperatures (≤900 °C), high Q × f values (≥40 700 GHz),
stable temperature coeﬃcients of resonant frequency (τf ≈
0 ppm per °C), and chemical compatibility with Ag. All these
results show that (1 − x)AMoO4–xTiO2–BCu (A = Ca, Sr, Ba) ceramics are good candidates for LTCC applications.

Conclusions
A novel series of microwave dielectric material system (1 − x)
AMoO4–xTiO2 (A = Ca, Sr) were investigated in the present
work. The XRD pattern and EDS analysis revealed that the
scheelite phase (CaMoO4, SrMoO4) did not react with rutile
TiO2 phase and no other phase could be observed. When the
mol fraction of TiO2 (x value) is 0.2, temperature stable microwave dielectric materials are obtained: εr = 11.5–12.8, Q × f =
19 220–29 310 GHz, and τf ≤ 11 ppm per °C. The measured
dielectric constants are in good agreement with the ones
obtained by the FEM, which indicates that the FEM is a useful
method to predict the eﬀective permittivity of a composite
mixture. The Raman spectra indicated that there were strong
interactions in the [MoO4]2− ion, which contributed to the
internal vibrational modes. However, the external vibration
modes of AMoO4 (A = Ca, Sr) had the strongest eﬀects on the
dielectric constant as discussed in the IR spectra part. The
complex dielectric spectra gained from the infrared spectra
were also extrapolated down to microwave range, and they were
in good agreement with the measured ones. With H3BO3–CuO
addition, low-firing (900 °C) microwave dielectric materials
were obtained with εr = 10.6–13, Q × f = 40 700–72 050 GHz,
τf∼0 ppm per °C, and they were chemically compatible with
silver.
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