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A Scheelite solid solution was formed based on [(Li0.5 Bi0.5 )1−x Cax ]MoO4 ceramics and prepared via a solid state reaction method
in the range 0.0 ≤ x ≤ 1.0. High performance microwave dielectric properties were obtained in the [(Li0.5 Bi0.5 )0.15 Ca0.85 ]MoO4
ceramic sintered at 760◦ C with a relative permittivity of 14.1, a Qf value of 24,000 GHz (at 10.0 GHz), and a temperature coefficient
value of +10.7 ppm/ ◦ C and the [(Li0.5 Bi0.5 )0.1 Ca0.9 ]MoO4 ceramic sintered at 850◦ C with a relative permittivity of 12.7, a Qf
value of 41,300 GHz (at 10.3 GHz), and a temperature coefficient value of −16.5 ppm/ ◦ C. X-ray diffraction, Raman spectroscopy
and the classical damped oscillator model were applied to study the relationship between the microwave dielectric properties and
structures.
Keywords: Microwave dielectric ceramic; low temperature co-fired ceramic; Scheelite solid solution.

As potential candidate materials for applications such
as dielectric resonators, filters, dielectric waveguides,
microstripline substrates, and also in all dielectric metamaterials, microwave dielectrics require a range of dielectric permittivities, high Qf values (Qf = resonant frequency/dielectric
loss), and a near zero temperature coefficient of resonant frequency (TCF ≈ 0 ppm/ ◦C).1 In order to fabricate microwave
devices with small size and high integration via a low temperature co-fired ceramic technology (LTCC), microwave

dielectrics must have low sintering temperatures and chemical
compatibility with high conductive metal electrodes.2 Searching for new high performance microwave dielectrics with an
intrinsic low sintering temperatures has attracted more and
more attention in the recent ten years.1–3 In our previous
work, the (Li0.5 Bi0.5 )MoO4 Scheelite materials were found
to possess a sintering temperature (ST) around 560◦ C, a relative permittivity, εr of 44.4, a Qf value of 3200 GHz and a
large positive TCF ∼ +245 ppm/ ◦C.4 The similar Scheelite
structure CaMoO4 ceramic has a large negative TCF around
−57 ppm/ ◦C and microwave dielectric properties (εr ≈ 10.8,
Qf ≈ 89,700 GHz, ST around 1100◦C) as reported by Choi
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et al.5 These two microwave dielectrics have opposite TCFs
but the same crystal structure and therefore offer a possibility
to fabricate a solid solution with near zero TCF.
Proportionate amounts of reagent-grade starting materials were prepared by the traditional mixed-oxide solid
state route according to [(Li0.5 Bi0.5 )1−x Cax ]MoO4 compositions (x = 0.0, 0.2, 0.4, 0.6, 0.7, 0.8, 0.85, 0.9 and 1.0) to
form single phase powders. Dense monolithic samples were
obtained via sintering. Phase identification was made using an
X-ray diffraction (XRD) (Scintag PADV and X2 diffractometers, ScintagInc., Cupertino, CA) with Cu Kα radiation (λ =
1.54 Å). Prior to examination sintered pellets were crushed in
a mortar and pestle to become powder. Using a Raman spectrometer (inVia, Renishaw, England) excited by an Ar+ laser
(514.5 nm) at room temperature various spectra are obtained.
The dielectric properties were measured at microwave frequency by the post-resonator method as suggested by Hakki
and Coleman with a network analyzer (HP8510 Network Analyzer, Agilent, Hewlett-Packard). The temperature coefficient
of resonant frequency (TCF) was determined using a zero thermal expansion cavity with programmable temperature chamber (Delta 9023, Delta Design, Poway, CA) in the temperature
range of 25–85◦C. The TCF was calculated by the following
formula:
f 85 − f25
× 106 .
(1)
τf =
f 25 × (85 − 25)
where f 85 and f 25 were the TE01δ resonant frequencies at
85◦ C and 25◦ C, respectively.
The room temperature X-ray diffraction patterns for
[(Li0.5 Bi0.5 )1−x Cax ]MoO4 (0.0 ≤ x ≤ 1.0) ceramics
sintered at optimal temperatures are shown in Fig. 1. The
general formula for Scheelite structure is ideally AMoO4
with space group I41 /a (No. 88).6 (The schematic illustration of the crystal structure can be found in Ref. 7) The pure
(Li0.5 Bi0.5 )MoO4 and its defective non-stoichiometric ionic
compensation (Li0.5−3x Bi0.5+x ϕ2x )MoO4 , where x is smaller
than 0.08 and ϕ an A site vacancy, can form a pure Scheelite
structure at around 500◦C as previously reported by Klevtsov
et al.,8 Sleight et al.,9 Zhou et al.4 As shown in Fig. 1, all the
XRD peaks can be indexed as a pure Scheelite phase, which
is consistent with a complete Scheelite solid solution being
formed in the range 0.0 ≤ x ≤ 1.0. As the x value increases
from 0.0 to 1.0, we note that the (1 0 1) peak becomes systematically stronger and this may be associated with a disordering of (Li0.5 Bi0.5 ) replacing Ca on the A site. Although
(Li0.5 Bi0.5 )MoO4 can retain the tetragonal symmetry at room
temperature, some distortions can lead to it to tetragonal I 4
(No. 82) symmetry.10 It was reported that a few very weak
reflections, which were forbidden for the I41 /a space group,
can fit the I 4 symmetry well.11 However, it was also believed
that the slightly distorted Scheelite structure with space group
I 4 is probably due to non-stoichiometry.12 In any case, the

Fig. 1. XRD patterns of Scheelite solid solution [(Li0.5 Bi0.5 )1−x Cax ]MoO4
(0.0 ≤ x ≤ 1.0) ceramics.

Scheelite structure with I41 /a and I 4 symmetries are very similar to each other. The main difference is that Li+ and Bi3+
cations randomly take the equivalent site in the I41/a symmetry
with the same occupancy factor 50%. Whereas for I 4 symmetry there are two non-equivalent lattice sites, 2d and 2b, both
with local symmetry S4 , and with different occupancy factors,
55%Bi + 45%Li and 45%Bi + 55%Li for 2d and 2b sites in
I 4 symmetry.13
Figure 2 shows the room-temperature Raman spectra of
(Li0.5 Bi0.5 )1−x Cax ]MoO4 (0.0 ≤ x ≤ 1.0) ceramics. The
CaMoO4 has two chemical units in one unit cell and belongs
6 point group. Group theory predicts that there are 26
to the C4h
different vibrations in CaMoO4 as following:
 = 3 A g + 5 Au + 5Bg + 3Bu + 5E g + 5E u

(2)

Among them 3 A g , 5Bg and 5E g are the Raman active modes.
It was reported that the vibrations of AMoO4 can be classified
into two groups: internal and external modes.14 The internal modes belong to the vibrations inside (MoO4 )2 molecular
units of which the centers of mass are stationary (> 300 cm−1).
The external modes are lattice phonons which corresponds
to the motion of A2+ cations and the rigid molecular units
(< 300 cm−1).
As shown in Fig. 2, eight Raman peaks are observed,
among which the peaks at 142.4 cm−1 (E g ) and 204.1 cm−1
( A g ) belong to the external modes, and peaks at 322.8 cm−1
(E g ), 391.9 cm−1 (Bg ), 793.8 cm−1 (E g ), 847.9 cm−1 (Bg )
and 878.8 cm−1 ( A g ) belong to the internal modes. Each
vibration mode is in agreement with Raman vibrations analyzed by other researchers.14 As the x value decreases, all the
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(a)

Fig. 2. Raman spectroscopy of [(Li0.5 Bi0.5 )1−x Cax ]MoO4 (0.0 ≤ x ≤
1.0).

Raman bands become weak and broaden, meanwhile many
other weak modes appear and the overlapping becomes serious. For (Li0.5 Bi0.5 )MoO4 , more Raman active modes (weak
and overlapping) are observed than that of the simple Scheelites and the vibrational spectra appears to be more sensitive
to short-range order than X-ray powder pattern which gives
information on a random distribution of the atoms in the unit
cell. The band width of the two strongest bands A g -878 and
E g -622 are much larger than that of CaMoO4 , which indicates the (Li0.5 Bi0.5 ) tend to a strong disordered arrangement
on the A site in the Scheelite structure. For the other differences, Hanuza15 assumed that there exists evidence for some
short-range order most likely caused by the different arrangement of Li and Bi ions. When replacing Ca2+ ions in crystal
lattice of CaMoO4 , Bi3+ and Li+ can form Bi–Li–Bi–Li, for
which cationic sequence the MO2−
4 ions occupy two nonequivalent sites, or Bi–Bi–Li–Li layers perpendicular to c axis,
for which cationic sequence the MO2−
4 ions occupy four
nonequivalent positions. This assumption has some similarity with the situation in I 4 symmetry. When I 4 symmetry
is considered, the Bi3+ and Li+ cations statistically occupy
two positions with different occupancy factors.12–15 The different positions of the Li+ and Bi3+ ions can change the
coordination number of atoms which form the crystal. This
means that although Li+ and Bi3+ cations are short-range
ordered, their local distributions are random. So the structure exhibits local statistical deviations in the ordering of the

(b)
Fig. 3. Microwave dielectric relative permittivity and Qf values of
[(Li0.5 Bi0.5 )1−x Cax ]MoO4 ceramics as a function of x value (a), and Qf
values as a function of relative permittivity (b) dash fitting line was calculated
using a reciprocal function.

cationic layers. This is possibly a reason for why the Raman
spectra of (Li0.5 Bi0.5 )MoO4 crystals have a continuum character and consist of broad overlapping bands.
Microwave relative permittivity, Qf values of
[(Li0.5 Bi0.5 )1−x Cax ]MoO4 (0.0 ≤ x ≤ 1.0) ceramics measured as a function of x value and their relationship are
shown in Fig. 3. As x value increases from 0.0 to 1.0, the
microwave relative permittivity decreases linearly from 44
to 10.8 and this is due to the smaller ionic polarizability for
Ca2+ (3.16 Å3) than that for (Li0.5 Bi0.5 )2+ (3.66 Å3).16 Meanwhile, the Qf value increases from 3200 to 84,000 GHz. Usually the microwave dielectric loss includes two parts: intrinsic
loss caused by absorptions of phonon oscillation and extrinsic loss caused by universal defect (impurities, substitution,
grain boundaries, grain morphology and shape, secondary
phase, pores, etc.).16 Considering the larger polarizability for
(Li0.5 Bi0.5 )2+ than Ca2+ , it can be deduced that the contribution to microwave relative permittivity from (Li0.5 Bi0.5 )2+ ’
polarization is larger than that of Ca2+ and the oscillation
of (Li0.5 Bi0.5 )2+ is also stronger than that of Ca2+ in the
Scheelite structure. Hence substitution of Ca2+ increases the
Qf values of [(Li0.5 Bi0.5 )1−x Cax ]MoO4 ceramics. The intrinsic Q sets the upper limit for a pure defect-free single crystal
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and can be quantitatively described by the well-known classical damped oscillator model in IR frequency range.18 In this
model, a roughly reciprocal relationship between Qf and the
dielectric constant could be obtained as following:
ε ∗ (ω) − ε(∞) =

(ze)2 /mV ε0
,
ωT2 − ω2 − j γ ω

(3)

where ε ∗ (ω) is the complex permittivity, ε(∞) is the electronic
part of the static permittivity, ωT is the transverse frequency
of the polar phonon mode, γ is the damping parameter, z is
the equivalent electric charge number, e is the electric charge
for an electron, m is the equivalent atom weight and V is the
unit volume. At microwave region, considering ω2  ωT2 , the
relationship between Qf value and relative permittivity can be
obtained as following:
Q× f ≈

(ze)2 /mV ε0
.
2πγ × (ε (ω) − ε(∞))

(4)

Ignoring the slight difference in equivalent electric charge
and unit volume (relative difference < 0.3%), the calculated
results and the parameters in Eq. (4) are shown in Fig. 3(b).
This analysis demonstrates the fitting of the reciprocal relationship between relative permittivity and Qf value across the
Scheelite solid solution [(Li0.5 Bi0.5 )1−x Cax ]MoO4 ceramics.
The Raman spectra analysis, together with this model suggests
that there is a larger microwave dielectric relative permittivity
in (Li0.5 Bi0.5 )-rich sample caused by the increase in Raman
peaks, which corresponds in turn to more phonon oscillation
modes, and likewise the larger microwave dielectric losses
seems to correlate to the broadening and overlapping of more
Raman peaks, which correspond to changes in the oscillator
strength and the damping coefficients.
Temperature coefficients and sintering temperatures
measured as a function of x value are shown in Fig. 4. TCF
value shifts from +250 ppm/ ◦C to −55 ppm/ ◦C as x value

Fig. 4. Temperature coefficients and sintering temperatures of [(Li0.5
Bi0.5 )1−x Cax ]MoO4 (0.0 ≤ x ≤ 1.0) ceramics as a function of x value.

increases from 0.0 to 1.0. Meanwhile, the sintering temperature increases from 560◦C to around 1050◦C. High performance microwave dielectric properties are obtained in the
[(Li0.5 Bi0.5 )0.15 Ca0.85 ]MoO4 ceramic sintered at 760◦ C with
a relative permittivity of 14.1, a Qf value of 24,000 GHz
(at 10.0 GHz), and a TCF value of +10.7 ppm/ ◦C and the
[(Li0.5 Bi0.5 )0.1 Ca0.9 ]MoO4 ceramic sintered at 850◦ C with a
relative permittivity of 12.7, a Qf value of 41,300 GHz (at
10.3 GHz), and a TCF value of −16.5 ppm/ ◦C.
In summary, the Scheelite phase can be formed with a
complete solid solution [(Li0.5 Bi0.5 )1−x Cax ]MoO4 . As the
x value decreases, the microwave dielectric relative permittivity increases and the Qf value decreases sharply and it is
inferred that this is due to the disordering and local shortrange behavior with the substitution of (Li0.5 Bi0.5 )2+ for
Ca2+ on the A site. This result corresponds very well with
the classical damped oscillator model. A near zero temperature coefficient of resonant frequency can be obtained for
solutions x = 0.85 to x = 0.90. This new system might be a
promising candidate for the low temperature co-fired ceramic
technology.
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