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toluminescence, optical ﬁbers, scintillators, and6–11 microwave applications.12 The previous research showed that the
scheelite-structured CaMoO4 ceramic possessed good microwave dielectric properties (er  10.8, Qf  89 700 GHz, ST
around 1100°C) as reported by Choi et al.13 However, the
TCF of CaMoO4 is a little bit large negative around
57 ppm/°C, which limited its application. The (Li0.5Sm0.5)
MoO4 and (Li0.5Nd0.5)MoO4 ceramics have the same scheelite structure but large positive TCFs of around +231 ppm/
°C and +235 ppm/°C, respectively.14 Hence, these two kinds
of microwave dielectric ceramics with opposite TCFs but the
same crystal structure oﬀers a possibility to fabricate a solid
solution with near-zero TCF.
The dielectric properties at microwave frequencies mostly
depend on ionic polarization caused by lattice vibrations.
Therefore, Raman and infrared spectroscopy are often considered as useful tools to study the relationship between
the dielectric properties and the crystal structures.15–18
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, size, grain boundaries, and shapes of grains,
etc. The intrinsic losses may be obtained from the infrared
reﬂection spectra using the classical harmonic oscillator
model.19,20 In addition, the Raman spectra may reveal the
short-range character of the materials, including order–disorder
transitions.
In the present work, the series of [(Li0.5Ln0.5)1xCax]
MoO4 (Ln = Sm and Nd; x = 0.20, 0.40, 0.60, 0.70, 0.80,
0.85, 0.90) ceramics were prepared via the solid-state reaction
method. The sintering behavior, microstructure, microwave
dielectric properties, Raman, infrared (IR) reﬂectivity spectra
study, and chemical compatibility with Ag were studied in
detail.

In this work, a series of scheelite solid solution [(Li0.5Ln0.5)
1 – xCax]MoO4 (Ln = Sm and Nd; x = 0.20, 0.40, 0.60, 0.70,
0.80, 0.85, 0.90) ceramics were prepared by conventional solidstate reaction method. The sintering temperature was lowered
to 925°C by (Li0.5Ln0.5)2+ substituting for Ca2+ in the solid
solution without any secondary phase. Compared with that of
scheelite CaMoO4 ( – 57 ppm/°C), the temperature coeﬃcient
of resonant frequency (TCF or sf) of the scheelite solid solution
was modiﬁed to near zero (about +4.3 ppm/°C) at x = 0.8 with
a dielectric constant 11.0 and the quality factor (Q 3 f value)
of 18 695 GHz. The Raman spectra, showed the degree of disordering increased with x value, which resulted in decrease in
the permittivities and increase in the Q 3 f values. The infrared spectra were analyzed using the classical harmonic oscillator model and were extrapolated to the microwave range. The
chemical compatibility with silver electrode indicated that the
reported series of ceramics were good candidates for the lowtemperature coﬁred ceramic applications.

I.

I

Introduction

recent years, with the rapid development of wireless
communications and satellite communication industry, the
low-temperature coﬁred ceramic (LTCC) technology has
become an important fabricating method due to its simplicity
and advantage in minimizing and integrating electronic components.1–3 LTCCs are widely used in microwave devices
such as dielectric resonators, ﬁlters, oscillators, antennas,
dielectric waveguides, microstripline substrates, and dielectric
metamaterials.4,5 To meet the miniaturization and integration
demand for LTCC applications, dielectric ceramics need to
fulﬁll the requirement of a low sintering temperature (below
melting points of Ag, Al, Cu, Au, etc.), a range of high
dielectric permittivities (er), a high quality factor (Q 9 f)
(f = resonant frequency, Q = 1/dielectric loss at f), a nearzero temperature coeﬃcient of resonant frequency
(sf  0 ppm/°C), chemical compatibility with inner metal
electrodes, and low cost.
Materials belonging to the tungstate and molybdate families have a long history of practical application and have
been the object of extensive research over the past century.
CaMoO4 is one of the most important molybdates that have
a high application potential in various ﬁelds, such as in phoN

II.

Experimental Procedure

Proportionate amounts of reagent-grade starting materials of
Li2CO3 (≥98%; Sinopharm Chemical Reagent Co., Ltd.,
Shanghai, China), Sm2O3, Nd2O3 (>99.99%; Sinopharm
Chemical Reagen Co, Ltd), CaCO3(>99%; Sinopharm Chemical Reagent Co., Ltd.) and MoO3 (>99%; Yutong Chemical
Reagents, Tianjin, China) were used to prepare
[(Li0.5Ln0.5)1xCax]MoO4 (Ln = Sm and Nd; LSCM, LNCM
were used for abbreviations; 0.2 ≤ x ≤ 0.9) according to the
stoichiometric formulation. Powders were mixed and milled
for 4 h using a planetary mill (Nanjing Machine Factory,
Nanjing, China) operating at a running speed of 450 rpm
with the Zirconia balls (2 mm in diameter) and anhydrous
ethanol used as milling media and then calcined at
500°C–600°C for 4 h for each of the diﬀerent compositions.
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(a)
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Fig. 2. Cell parameters of [(Li0.5Nd0.5)1xCax]MoO4 (dash line) and
[(Li0.5Sm0.5)1xCax]MoO4 (red solid line) ceramics as a function of
the x value.

Table II. Reﬁned Atomic Fractional Coordinates from XRD
Data for the (Li0.5Sm0.5)0.3Ca0.7MoO4 Sample.
Atom

Site

occ

x

y

z

Bios

Li
Sm
Ca
Mo
O

4b
4b
4b
4a
16f

0.03750
0.03750
0.17500
0.25000
1.00000

0.00000
0.00000
0.00000
0.00000
0.23377

0.25000
0.25000
0.25000
0.25000
0.10636

0.62500
0.62500
0.62500
0.12500
0.04120

0.93984
0.93984
0.93984
0.66701
1.89101

 and
The lattice parameters at room temperature are a = b = 5.224483 (5) A
 The space group is I41/a (no. 88).
c = 11.411055 (13) A.

Fig. 1. XRD patterns of scheelite solid solution (a) [(Li0.5Sm0.5)1xCax]
MoO4, (b) [(Li0.5Nd0.5)1xCax]MoO4 (0.2 ≤ x ≤ 0.9) ceramics and the
coﬁred samples with 20 wt% Ag powders sintered at optimal temperatures.

Table I.

Bend Lengths and Bend Angles from Reﬁnded XRD
Data for the (Li0.5Sm0.5)0.3Ca0.7MoO4 Sample

System

Mo–O bend

lengths (A)

CaMoO4†
[(Li0.5Sm0.5)0.3Ca0.7]MoO4

1.77
1.732 (3)

Mo–O bend angles

107°, 114°
107.9 (3)°,
114.86 (18)°

†

Experimental X-ray results from Ref. [21].

After being crushed the powders were remilled for 5 h to
increase reactivity and better homogeneity and then dried.
The as-dried powders were mixed with 5 wt% polyvinyl alcohol binder and granulated, and then these powders were
pressed into cylinders (12 mm in diameter and 4–5 mm in
height) in a steel die under a uniaxial pressure of 150 MPa.
Samples were sintered in the temperature ranges from 700°C
to 925°C for 2 h in ambient atmosphere. To investigate the
chemical compatibility of scheelite solid solution compounds
with Ag powders, 20 wt% Ag was mixed with the compounds and coﬁred at the 800°C, 825°C, 900°C, and 925°C
for 4 h.

Fig. 3. Experimental (circles) and calculated (line) XRD proﬁles for
the (Li0.5Sm0.5)0.3Ca0.7MoO4 sample at room temperature (The short
vertical lines below the patterns mark the positions of Bragg
reﬂections. The bottom continuous line is the diﬀerence between the
observed and the calculated intensity.).

The crystalline structures of samples were investigated
using X-ray diﬀraction (XRD) with CuKa radiation (D/
MAX-2400 X-ray diﬀractometer; Rigaku, Tokyo, Japan).
Microstructures of sintered ceramic were observed on the asﬁred surface with scanning electron microscopy (JSM-6460;
JEOL, Tokyo, Japan). The Raman spectra at room temperature were obtained on polished lumps with a Raman spec-
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Fig. 4. Raman spectroscopy of [(Li0.5Sm0.5)1xCax]MoO4 (a) and
[(Li0.5Nd0.5)1xCax]MoO4 (b) (0.2 ≤x ≤ 0.9) ceramics.

Fig. 5. Microwave dielectric relative permittivity and Q 9 f values
of [(Li0.5Ln0.5)1xCax]MoO4 ceramics as a function of x value (a),
and TCF, sintering temperature of [(Li0.5Ln0.5)1xCax]MoO4
ceramics as a function of x value (b) (Ln = Sm and Nd;
0.0 ≤ x ≤ 1.0).

(a)

(b)

Fig. 6.

Energy-dispersive spectrometer results of [(Li0.5Ln0.5)1xCax]MoO4 ceramics on Ag powder with LSCM0.8 (a) and LNCM0.8 (b) coﬁred for 4 h.
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(a)
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Fig. 7. Measured (red circles) and ﬁtted (solid line) IR spectra for
the [(Li0.5Sm0.5)1xCax]MoO4 (a) and [(Li0.5Nd0.5)1xCax]MoO4 (b)
ceramics.

trometer (inVia, Renishaw, Gloucestershire, UK) excited by
an Ar+ laser (514.5 nm). The IR reﬂectivity spectra were
measured using a Bruker IFS 66v FTIR spectrometer (IFS
66v/S Vacuum; Bruker Optik Gmbh, Germany) on an
infrared beamline station (U4) at the National Synchrotron
Radiation Lab. (NSRL), China. Microwave dielectric behaviors at microwave frequencies were measured with the TE01d
shielded cavity method with a network analyzer (8720ES;
Agilent, Palo Alto, CA) and a temperature chamber (Delta
9023; Delta Design, Poway, CA) in the temperature range
25°C–85°C. The temperature coeﬃcient of resonant frequency
(TCF or sf value) was calculated with the following formula:
sf ¼

f85  f25
 106 ðppm= CÞ
f25 ð85  25Þ

(1)

where f85 and f25 were the TE01d resonant frequencies at
85°C and 25°C, respectively.

III.

Results and Discussions

The room-temperature X-ray diﬀraction patterns of
[(Li0.5Ln0.5)1xCax]MoO4 (0.2 ≤ x ≤ 0.9) ceramics and the
coﬁred samples with 20 wt% Ag powders sintered at optimal
temperatures are shown in Fig. 1. As shown in the ﬁgure, no
secondary phase can be detected and all the XRD peaks
can be indexed as a pure tetragonal scheelite phase, which
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shows a complete scheelite solid solution is formed in the
range 0.2 ≤ x ≤ 0.9. As the x value increases from 0.2 to 0.9,
the (#) peak at about 2h = 18° (denoted as #) becomes
systematically stronger and this may be associated with a
disordering of (Li0.5Ln0.5)2+ replacing Ca2+ on the A site.
The Mo–O bend length and bend angles were given in
Table I. The scheelite CaMoO421 with bend length was
 and bend angles were 107° and 114°, respectively.
1.77 A
 and bend angles
The Mo–O bend length was 1.732 (3) A
were 107.9(3)°, 114.86(18)° in the scheelite solid solution
[(Li0.5Ln0.5)1xCax]MoO4. The bend length decreased and the
bend angles increased by (Li0.5Ln0.5)2+ substituting for Ca2+
in the solid solution. For the coﬁred ceramic samples, only
the peaks of scheelite phase and the respective metals are
observed and there are no additional peaks in the XRD patterns to reﬂect a secondary phase formed, implying that
scheelite solid solution does not react with silver at the optimal sintering temperature for 4 h, which is useful for LTCC
technology.
The lattice parameters of LNCM and LSCM were reﬁned
by the Rietveld method using the computer program Fullprof22 based on the X-ray diﬀraction data in Fig. 1 and the
results were shown in Fig. 2. Reﬁned atomic fractional coordinates are given in Table II. For LSCM, the reﬁned lattice
parameters (a, c) as well as the unit cell volume (V) increase
with the increase in the x value. However, the lattice parameters and cell volume of LNCM is diﬀerent from the results
of LSCM. According to the Shannon’s data,23 the ionic
 Nd3+ (0.98 A),
 and Sm3+ (0.96 A)

radius of Li+ (0.76 A),
in eight coordinated site is smaller than that of Ca2+

(1.00 A).
The equivalent radii of A site are
 rA = 1.860.86x A
 for LNCM, LSCM,
rA = 1.870.87x A,
respectively. In addition, the value of a/c for both LNCM
and LSCM decrease with the increase in the x value.
To study the crystal structure, reﬁnements were carried
out using Fullprof software on the basis of the ﬁne XRD
data (LSCM0.70 as a representative Rietveld reﬁned patterns). The observed and calculated XRD patterns are shown
in Fig. 3. The reﬁned values of lattice parameters are
 with a space
a = b = 5.224483(5) and c = 11.411055(13) A
group I41/a (No. 88) and acceptable Rp = 12.1%,
Rwp = 13.3%, and Rexp = 7.09%.
Raman spectroscopy is often considered a very useful tool
for determining the phase identiﬁcation and also infers the
short-range character of the crystalline materials.24 The CaMoO4 has two chemical units in one unit cell and belongs to
the C64h point group. Group theory predicts that there are 26
diﬀerent vibrations in CaMoO4 as follows:
C ¼ 3Ag þ 5Au þ 5Bg þ 3Bu þ 5Eg þ 5Eu

(2)

All g modes, 3Ag, 5Bg, and 5Eg are the Raman active
modes; whereas the 5Au and 5Eu modes are IR active (3Bu
are inactive vibrations). It was reported that the vibrations of
AMoO4 can be classiﬁed into internal modes and external
modes.25 The internal models belong to the vibrations inside
(MoO4)2 molecular units of which the centers of mass are
stationary (>300 cm1). The external modes are lattice phonons which corresponds to the motion of A2+ cations and
the rigid molecular units (<300 cm1).
Figure 4 shows the room-temperature Raman spectra of
[(Li0.5Ln0.5)1xCax]MoO4 (Ln = Sm and Nd; 0.2 ≤ x ≤ 1.0)
ceramics in the frequency range 100–1200 cm1. As shown in
Fig. 4(a), seven Raman peaks are observed, among which the
modes above 305 cm1 are internal modes, and the peaks
below 305 cm1 belong to external modes. For the internal
modes, 783.7, 850.9, and 882.3 cm1 represent the stretching
motions, and 319.9 and 397.2 cm1 are assigned to the bending motions. For the external modes, 205.1 cm1 is rotational
mode, and 138.7 cm1 is translational mode. All the Raman
modes are in good agreement with the results reported in the
literature.26 When the x value increases, all the Raman bands
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Fig. 8. The real and imaginary parts of complex dielectric response of [(Li0.5Sm0.5)1xCax]MoO4 (a) and [(Li0.5Nd0.5)1xCax]MoO4 (b) ceramics.
Red circles is experimental value; Solid lines are the results from the ﬁts of infrared spectra.

Table III.

Microwave Dielectric Properties of Some Compositions in the [(Li0.5Ln0.5)1 – xCax]MoO4 (Ln = Sm and Nd) System

Composition

[(Li0.5Sm0.5)0.20Ca0.80]MoO4
[(Li0.5Sm0.5)0.15Ca0.85]MoO4
[(Li0.5Nd0.5)0.20Ca0.80]MoO4
[(Li0.5Nd0.5)0.15Ca0.85]MoO4

S.T (°C)

Reaction with Ag

f (GHz)

er

Q

TCF (ppm/°C)

875
900
800
825

No
No
No
No

9.43
9.79
9.36
9.44

10.6
11.0
11.0
10.8

2079
2559
2096
2657

+6.9
5.2
+4.3
7.4

S.T, sintering temperature.

become narrow and many overlapping bands appear, as seen
in Fig. 4(a). These phenomena may result from the disordered
arrangement of Li+ and Sm3+. In Fig. 4(b), many weak peaks
were seen, especially, in the 400–700 cm1 and 900–
1100 cm1, which may be caused by structural changes. It can
be inferred that the MoO4 tetrahedra become distorted with
Li+ and Nd3+ replace of Ca2+. Consequently, there are more
broad and weak bands in the internal region. Combined with
the discussion of the disorder structure on the A sites, the
Raman spectra in the internal region have more active modes
and the bands become broaden as the x value decrease.
The measured microwave relative permittivity, Q 9 f value
of [(Li0.5Ln0.5)1xCax]MoO4 (Ln = Sm and Nd; 0.0 ≤ x ≤
1.0) ceramics as a function of x value are shown in Fig. 5(a).
According to the Shannon theory,27 as x value increases
from 0.0 to 1.0, the microwave relative permittivity increases
gradually and this is due to the bigger ionic polarizability of
3) than that of (Li0.5Sm0.5)2+ (2.97 A
3) and
Ca2+ (3.16 A
3). In fact, the permittivities decrease in
(Li0.5Nd0.5)2+ (3.11 A
this study, which may be due to the disordered arrangement in A site. Meanwhile, the Qf value increases from
3000 to 84 000 GHz. Temperature coeﬃcients and sintering

temperatures as a function of x value are shown in Fig. 5(b),
where TCF value shifts from +235 ppm/°C to 57 ppm/°C
as x value increases from 0.0 to 1.0. Meanwhile, the sintering
temperature increases from 640°C to 1100°C. For LSCM,
high-performance microwave dielectric properties are
obtained in the [(Li0.5Sm0.5)0.2Ca0.8]MoO4 ceramic sintered at
875°C with a relative permittivity of 10.6, a Qf value of
18 405 GHz (at 9.4 GHz), and a TCF value of +6.9 ppm/°C;
the [(Li0.5Sm0.5)0.15Ca0.85]MoO4 ceramic sintered at 900°C
has a relative permittivity of 11.0, a Qf value of 23 590 GHz
(at 9.8 GHz), and a TCF value of 5.2 ppm/°C. For
LNCM, the[(Li0.5Nd0.5)0.2Ca0.8]MoO4 ceramic sintered at
800°C has a relative permittivity of 11.0, a Qf value of
18 695 GHz (at 9.4 GHz), and a TCF value of +4.3 ppm/°C;
the [(Li0.5Nd0.5)0.15Ca0.85]MoO4 ceramic sintered at 825°C
with a relative permittivity of 10.8, a Qf value of
24 070 GHz (at 9.4 GHz), and a TCF value of 7.4 ppm/
°C.
The backscattered electron imagine and EDS analysis of
[(Li0.5Ln0.5)1xCax]MoO4 ceramics are shown in Fig. 6. As
seen in Fig. 6(a), the dark grains belong to the CaMoO4 phase,
the light grains belong to the Ag powder phases, and the point
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2 grains belong to the (1x)LSM-xCM solid solution. Similarly, in the Fig. 6(b), the dark grains belong to the CaMoO4
phases, the light grains belong to the Ag powder phases, and
the point 2 grains belong to the (1x)LNM-xCM solid solution. In both samples the Li element can be not observed which
is due to the low X-ray ﬂuorescence yield.
Figure 7 presents the IR reﬂectivity spectra of
[(Li0.5Ln0.5)1xCax]MoO4 (Ln = Sm and Nd; 0.2 ≤ x ≤ 1.0)
ceramics ranging from 50 to 1200 cm1. It can be observed that
all eight IR active vibration modes of the CaMoO4 ceramic are
detected, which consists with the vibrational analysis by the
researchers.26,28 There are ﬁve internal modes, located at 913
(m3-Eu), 897 (m1-Au), 431 (m2-Au), 329 (m4-Eu), and 284 (m4-Au)
cm1 and three external modes at 208 (Eu), 196 (Au), and 150
(Eu) cm1. When Li+ and Ln3+ substitute for Ca2+, the
[MoO4] tetrahedral become distorted which possible aﬀects the
position and intensity of peaks of internal modes. As x value
decrease, the m1 vibration (900–910 cm1) is activated in the IR
spectra.29 Meanwhile, the original m3 vibration peaks at 796 and
892 cm1 become weak and the new m3 vibration peaks at 731–
745 cm1 and 850–865 cm1 appear. Compared with m3 vibration modes, the m2 and m4 modes only have slight change. With x
value change from 0.9 to 0.2, the external modes vibration
peaks become weaker and weaker.
There spectra have been analyzed by using the classical
harmonic oscillator model based on the standard Lorentzian
formula [Eq. (3)] and the Fresnel formula [Eq. (4)]:
e ðxÞ ¼ e1 þ

n
X

x2pj

j ¼1

x2oj  x2  icj x

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ2
e ðxÞ
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
RðxÞ ¼
1 þ e ðxÞ
1

(3)

(4)

where e*(x) is complex dielectric function; e∞ is the dielectric
constant caused by the electronic polarization at high frequencies; xpj, xoj, and cj 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; Rx is the IR, reﬂectivity.
Figure 8 shown the calculated permittivity e0 (x) and loss e″
(x) obtained from the ﬁts of the infrared reﬂectivity together
with the experimental microwave data. It is seen that the calculated permittivities are a little smaller than the measured ones
in the microwave range. Meanwhile, the calculated and measured dielectric losses have the same order of magnitudes.
Therefore, it can be concluded that the microwave dielectric
properties of LSCM and LNCM ceramics are mainly caused
by the polar optical phonons.30
The sintering temperature, phase composition, microwave
dielectric properties (relative permittivity, Q value and TCF
value), and chemical compatibility for [(Li0.5Ln0.5)1xCax]
MoO4 (Ln = Sm and Nd; x = 0.8, 0.85) ceramics are all summarized in Table III.

IV.

Conclusion

In summary, the scheelite phase can be formed with a complete solid solution [(Li0.5Ln0.5)1xCax]MoO4 (Ln = Sm and
Nd). As the x value increases, the microwave dielectric relative permittivity decreases and the Qf value sharply increases
and it is inferred that this is due to the disordering and local
short-range behavior with the substitution of (Li0.5Nd0.5)2+
and (Li0.5Sm0.5)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 at x = 0.80 and 0.85 for LSCM and LNCM
solid solutions, respectively. This new system might be a
promising candidate for the LTCC technology.
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