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Abstract 

Pr2Zr3(MoO4)9 ceramics were prepared by solid state reaction method and the microwave dielectric 

properties were investigated for the first time. Single-phase Pr2Zr3(MoO4)9 ceramics with a space group R-3c were 

obtained in the whole sintering temperature range (600-800 °C) confirmed by X-ray diffraction (XRD) and 

Rietveld refinement. SEM images combined with high relative density (95.7 %) suggested that well-densed 

Pr2Zr3(MoO4)9 ceramic could formed at low sintering temperature 650 °C. The intrinsic factors affecting dielectric 

properties were analyzed according to chemical bonds theory of complex crystals and infrared spectra. Typically, 

the novel microwave dielectric ceramic Pr2Zr3(MoO4)9 sintered at 650 °C exhibited desirable dielectric properties 

combination: εr = 10.72, Q·f = 64,200GHz (at 9.6 GHz) and τf = -13.0 ppm/°C. 

Keywords: Chemical bonds theory of complex crystals, Pr2Zr3(MoO4)9, Microwave dielectric ceramic, Infrared 

spectra 

1. Introduction 

As the Tactile Internet (5th generation wireless systems) comes from nowhere, microwave dielectric 

materials are now facing ever greater attention [1,2]. In order to meet the applications of dielectric resonator, 

microwave ceramics are required to possess low sintering temperature, suitable permittivity (εr) for integration, 

high quality factor (Q·f) to ensure excellent frequency selection and a near zero temperature coefficient of 

resonant frequency (τf) to guarantee high thermal stability [3,4]. So there is a need to search for novel materials 

that meet the above requirements. Furthermore, the relationships between internal crystal structure and dielectric 

properties are also need to be investigated [2]. 

For the moment, there are more desirable findings in the research on microwave dielectric ceramics, 

including studies on lowering sintering temperature and low-temperature co-fired ceramic (LTCC) applications 

[6-9], ion-doping and optimizing phase composition for low dielectric loss [10-13], improving temperature 

stability by the preparation of composite ceramics [14-15], the use of cold sintering method [16], and exploration 
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of novel ceramic systems with high performance [17-21]. What’s more, some analytical methods such as 

Raman spectroscopy and neutron diffraction are widely used in the field of dielectric materials to analyze 

crystal structures [22-26]. Notably some molybdate compounds have been reported successively as microwave 

dielectric materials due to their lower sintering temperature and adjustable dielectric properties [27,28]. Zhou et al. 

reported a series of XMoO4 ceramics sintered at less than 900 °C with a tetragonal scheelite structure, such as  

[Ca0.55(Sm1-xBix)0.3]MoO4 [27] and (Ca,Bi)(Mo,V)O4 [28] etc. These XMoO4 compounds exhibited εr in the range 

of 10~35 and 10,000~70,000 GHz for Q·f. This inspired us to look for other Mo-based materials. 

Double molybdates of rare earth elements and zirconium Ln2(MoO4)3-Zr(MoO4)2 have been extensively 

studied because of their scientific and technological importance. The structural, luminescent and thermal 

characteristics of Ln2Zr3(MoO4)9 (Ln = Ce, Pr, Eu) have been reported by Dorzhieva et al [29]. Bazarova et 

al. constructed the phase diagrams of Ln2(MoO4)3-Zr(MoO4)2 double molybdates systems and studied the 

dielectric characteristics of Pr2Zr3(MoO4)9 ceramics at frequencies of 0.1-200 kHz [30]. What’s more, the 

microwave dielectric properties of a series of Ln2Zr3(MoO4)9 (Ln = La, Nd, Sm, Eu, and Gd) ceramics have 

been reported [31-35]. La2Zr3(MoO4)9 ceramics with a εr of 10.8, Q·f =50,628GHz (at 9 GHz) and τf = -38.8 

ppm/°C were firstly reported by Liu et al [31]. Zhang et al. improved the quality factor values of the 

La2Zr3(MoO4)9 matrix to 80,658 GHz by Ti4+-doping, and they also studied the relationship between the 

chemical bond characteristics and microwave dielectric properties of La2(Zr1-xTix)3(MoO4)9 ceramics [32]. 

Besides, Nd2Zr3(MoO4)9, Sm2Zr3(MoO4)9, Eu2Zr3(MoO4)9 and Gd2Zr3(MoO4)9 ceramics have also been 

reported [33-35]. All of them belonged to R-3c space group and possessed a low sintering temperature (< 

900 °C) as well as a high quality factor (> 40,000 GHz). However, the dielectric properties of the 

Pr2Zr3(MoO4)9 (PZM) ceramics at microwave frequencies were not investigated until now. Therefore, in 

search for another dielectric material with low sintering temperature, Pr2Zr3(MoO4)9 (PZM) ceramics were 

fabricated by solid-state route in this work and the crystal structure, sinterability, and microwave dielectric 

properties were deeply discussed. Moreover, the intrinsic factors affecting dielectric properties were explored by 

calculating the chemical bond parameters (iconicity, bond energy, lattice energy, and thermal expansion 

coefficient) and fitting the phonon parameters. 

2. Experimental procedures 

PZM ceramics were prepared via solid-state route. Firstly, stoichiometric high-purity oxide powders of 

Pr6O11, ZrO2, and MoO3 were weighed and ball milled for 24 h in a nylon bottle with alcohol medium. Secondly, 

these powders were calcined at 750 °C for 6 h and re-milled for 24 h. Thirdly, the resulting mixture were pressed 
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into cylinders with 10 mm in diameter as well as 6 mm in thickness using 10 wt % paraffin wax as a blinder, and 

the wax was removed by heating at 500 °C for 4 h. Finally, these green pellets were sintered at 600-800 °C in air 

for 6 h. 

The phase compositions of calcined samples were studied by X-ray diffraction (XRD) technique using a 

Bruker D8 Advance Diffractometer at the 2θ range of 5-80°. Rietveld refinements using FullProf software were 

performed to analyze crystal structure. Scanning electron microscope (SEM) (QUANTA FEG250, FEI, America) 

was carried out to observe the surface morphology. Infrared reflectivity spectrum was measured using a Bruker 

IFS 66v FT-IR spectrometer at room temperature. Permittivity and quality factors were measured by a vector 

network analyzer (N5234A, Agilent Co., USA) with Hakki-Coleman dielectric resonator method in TE01δ mode 

[36,37]. The τƒ values were calculated with the following equation: 

( )
2 1

f
1 2 1

f f
τ

f T T

−=
−                                                                             (1) 

where f1 and f2 were the resonant frequency at T1 (25 °C) and T2 (85 °C), respectively. 

3. Results and discussion 

Fig. 1 (a) presented XRD patterns for the PZM ceramics sintered in the temperatures range of 600-800 °C. 

The diffraction peaks for samples sintered at diverse temperatures were similar and matched with the standard 

pattern of PZM (ICDD File No. 51-1851), confirming that the synthesis of single-phase PZM. For the purpose of 

study the crystal structure in detail, Rietveld refinements of the XRD patterns were done by FullProf software 

based on a structural model of Nd2Zr3(MoO4)9 (ICSD #92600) [38]. The refined plots for PZM samples sintered at 

650 °C were shown in Fig. 1 (b). Table 1 listed refined parameters including a, b, c, Vunit, and reliability factors 

(Rwp, Rp, and χ2). Notably all the χ2 values were no more than 2.1, implying the reliability of the refinement.  

Schematics crystal structure and single oxygen polyhedron of different central atoms of PZM were shown in 

Fig. 2 as well. Pr, Zr and Mo coordinated with 9, 6 and 4 oxygen atoms to form polyhedra [PrO9], [ZrO6] and 

[MoO4], respectively. In three-dimensional lattices, the [MoO4] hexahedral shared oxygen with the [ZrO6] 

octahedron and [PrO9] tetrakaidecahedron, but there was no shared oxygen between [ZrO6] and [PrO9] , that was 

to say, [MoO4] served as a bridge between them two. In brief, the structure could be regarded as three kinds of 

oxygen polyhedra connected by vertices. 

The apparent densities as well as relative densities of PZM samples as functions of sintering temperatures 

were shown in Fig. 3. As the sintering temperature went from 600 to 650 °C, the apparent density increased from 

3.56 to 3.88 g/cm3, meanwhile the theoretical density went up from 87.9 to 95.7. Thereafter, the density curves 
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remained steady and the values of relative density were not less than 95 % for PZM ceramics sintered at 650-

800 °C. Therefore, it can draw a conclusion that PZM ceramics could be well densified at 650 °C. 

Fig. 4 exhibited the SEM images of surfaces for PZM ceramics sintered at 600-800 °C for 6 hours. It could 

be seen pores in Fig. 4 (a) clearly, which accounted for the low density values for PZM sintered at 600 °C in Fig. 

3. When samples were sintered at 650-800 °C, dense and uniform grain micrographs with average grain size of 

about 0.9 µm were obtained as shown in Fig. 4 (b-e). What’s more, Energy Dispersive X-ray microanalysis 

system (EDS) (Fig. 4(f)) was carried on the grain chosen randomly from sample sintered at 650 °C. The atom 

molar ratio of Pr, Zr, Mo, and O was 1.7 : 3.1 : 8.1 : 36.9, which was roughly consistent with the theoretical 

composition of Pr2Zr3(MoO4)9. 

Fig. 5 presented the dependence of εr values for PZM ceramics as the temperature varies. The relative 

permittivity values went up and then reached a stable value (~11) at 650 °C. In particular, the variations in εr 

values with sintering temperature were just well consistent with that of density, indicating that density played a 

key role in affecting εr values for PZM in the lower temperature range. To eliminate the effect of porosity on 

permittivity, the porosity corrected values were calculated by Bosman and Having’s way as shown in the 

following equation [39]: 

1 1 5corr mea( . P)= +ε ε                                                                         (2) 

where P was the porosity fraction. As shown in Fig. 5, the εcorr exhibited weak dependence on sintering 

temperatures and fluctuated at about 11.2, which was so close to the εmea value (∼11) for the ceramics sintered in 

the temperature range of 650 to 800 °C. Besides density, permittivity was also influenced by intrinsic factors, such 

as dielectric polarizabilities and iconicity of chemical bond [2,34]. In this work, the theoretical dielectric 

polarizability (αtheo) was calculated by ion additivity rule equation: 

3+ 4+ 6+ 2-2 (Pr )+3 (Zr )+9 (Mo )+36 (O )theo =α α α α α                                                (3) 

The ion polarizability of Pr3+(5.32 ), Zr3+( 3.25) and O2-(2.01) were reported by Shannon [40], and ion 

polarizability of Mo6+(3.28) was suggested by Choi [41]. And observed dielectric polarizability (αobs) could be 

derived from Clausius-Mosotti equation: 

11

2
mea

obs m
mea

V
b

−=
+

εα
ε

                                                                        (4) 

where b, Vm and εmea are constant value (4π/3), molar volume and measured permittivity for PZM ceramic, 

respectively. The calculated results (αtheo = 122.27 and αobs = 142.04) were roughly close and the slight difference 

might be due to measurement errors. 
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The variation tendencies of Q·f and τf values of PZM ceramics as functions of sintering temperatures were 

presented in Fig. 6. Like the dielectric constant, the tendency of quality factor values with temperature was same 

to density, suggesting that density could be a dominating role in affecting dielectric loss for less dense samples. 

Notably, the maximum Q·f value 64,200 GHz was obtained in PZM ceramic sintered at 650 °C. In addition, τf 

values do not change much with sintering temperature, and fluctuate between -13 and -18 ppm/°C. When the 

sintering temperature was 650 °C, PZM ceramic possessed the optimal τf value of -13.0 ppm/°C. 

The concept of chemical bonds in crystals has been widely employed in chemistry and solid physics. And the 

intrinsic factors affecting the physical properties of crystal could be explored by studying the characteristics of 

internal chemical bond. P-V-L (Phillps-Van and Vechten-Levine) theory provides methods to calculate the bond 

properties of binary crystals [42]. According to the research of Zhang et al. complex crystals of PZM could be 

decomposed to the sum of binary crystals as follows [43]: 

2 3 4 9

2 1 2 6 3 6 6 6 6 6 6

2/3 3 2/3 3 2/3 3 3 3 3 3/2 3

3/2 3 3/2 3 3/2

Pr Zr (MoO )

Pr Zr(1) Zr(2) Mo(1) Mo(2) O(1) O(2) O(3) O(4) O(5) O(6)

Pr O(1) Pr O(2) Pr O(6) Zr(1)O(4) Zr(2)O(3) Zr(2)O(5) Mo(1) O(1)

Mo(1) O(2) Mo(1) O(3) Mo(1) O(

→ + + + + + + + + + +
→ + + + + + +
+ + + 3 3/2 3 3/2 34) Mo(2) O(5) Mo(2) O(6)+ +

       (5) 

Batsanov et al. found a positive correlation between bond iconicity (fi) and dielectric constant as shown in 

Equation (6) [44]: 

2 1
1

1 i

n

f

−= +
−

ε                                                                             (6) 

where n was the refractive index. The fi values can be calculated as Equation (7)-(10). Obviously, the larger 

iconicity the chemical bond have, the greater the effect on the dielectric constant. 

2 2( ) ( )u u u
i gf C / E=                                                                             (7) 

2 2 2( ) ( ) ( )g gE E C= +µ µ µ                                                                       (8) 

2
2.48

39.74
( )

( )hE
d

=µ
µ                                                                            (9) 

* *
0 014.4 exp( )[( ) ( ) ] /s A B

n
C b k r Z r

m
= − −µ µ µ µ µ µ µΖ                                                    (10) 

where µ
hE  and Cµ were the homopolar part and heteropolar part of µ bond, and µ

gE  was the average energy gap 

for µ bond. Table 2 listed the calculation results of the ionicity of various chemical bonds in PZM crystal. Since 

fi(Pr-O) > fi(Ti-O) > fi(Mo-O), it can be think that the ionicity of Pr-O bonds played a decisive role in affecting 

dielectric constant. 
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The intrinsic dielectric loss of crystal resulted in the anharmonic terms of lattice vibration. Lattice energy 

was defined as the released energy during the process by which gaseous ions combine to form solid state. The 

ionic bonds with higher the lattice energy were more stable, so the lattice energy controlled the stability of the 

ionic crystal. For a single chemical bond, the lattice energy could be obtained by the following equation: 

cal bU U= ∑
µ

µ
                                                                          (11) 

b bc biU U U= +µ µ µ
                                                                        (12) 

0.75

( )
2100

( )
+

bc c

Z
U m f

d
=

µ
µ µ

µ                                                                    (13) 

( ) 0.4
1270 (1 )bi i

m n Z Z
U f

d d
+ −+= −
µ µ

µ µ
µ µ                                                        (14) 

where µ
+Z  and µ

−Z  were the cation valence and anion valence of bond µ, and µ
bcU  and µ

biU  were the covalent part 

and ionic part of lattice energy, respectively. Moreover, the bond energy of a chemical bond was expressed as the 

energy required to transform a bonded state into a separate atom, and the more stable the crystal, the higher the 

energy required to break the bonds. Hence, the bond energy calculated by equation (15)-(19) also has an effect on 

the quality factor and temperature coefficient of resonance frequency [45,46]. 

b c c i iE t E t E= +µ µ µ                                                                         (15) 

/( )
( )1 2cA cB

c A-A B-B

r r
E E E

d
µ

µ

+=                                                              (16) 

1389.088
iE

d
=µ

µ                                                                          (17) 

1c it t+ =                                                                               (18) 

6
A B

i

S S
t

−=                                                                             (19) 

where rcA and rcB represented the covalent radius of atom A and atom B, bond energy EA-A and EB-B for atom A and 

atom B can be found in literature [47], tc and ti were the covalent coefficient and ion coefficient of chemical bond, 

and SA and SB were the electronegativity of A ion and B ion, respectively. As can be seen from the diagram, Mo-O 

bond had the highest bond energy and lattice energy among these three different bonds. In result, Mo-O bond 

played a major role in affecting the stability of the PZM crystal structure, and thus the dielectric loss was also 

affected by it. 
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It was well known that the τf values were controlled by τε (the temperature coeffcient of permittivity) and α 

(coeffcient of thermal expansion). On the basis of chemical bonds theory of complex crystals, values of thermal 

expansion coeffcient could be calculated by the following equation: 

2f = − −εττ α                                                                           (20) 

mn mnF=∑
µ µ

µ
α α                                                                           (21) 

where µ
mnF  was the proportion of muon bonds in the whole chemical bond. For any binary compound, the thermal 

expansion coefficient can be calculated as follows: 

3.1685 0.8376mn mn= − +µα γ                                                              (22) 

A CA
mn mn

b A

kZ N
r

U
=

∆

µ µ

µ β                                                                       (23) 

( )

2mn

m m n

n

+=β                                                                         (24) 

where k was the Boltzmann constant, µ
AZ  was the cation valence state, and µ

CAN  was the coordination number of 

cation A. ∆A was the periodic constant of cation, and that values of the fourth and fifth periods are 1.56 and 1.74, 

respectively. The average α for Pr-O, Zr-O, and Mo-O were 10.2084×10-6/K, 3.5373×10-6/K, -0.3750×10-6/K, 

respectively. As a result, Mo-O bond had a positive influence on τf values, whereas Pr-O and Zr-O have a negative 

effect. 

In order to further study the intrinsic dielectric properties at microwave frequencies, infrared reflectivity 

spectrum of PZM ceramic was fitted based on the classical three parameter harmonic oscillator model: 

( ) 2

2

*
2

1

n
pj

j joj
j∞

=

= +
− −∑

ω
ε ω ε

ω ω γ ω
                                                       (25) 

where ε*(ω) was the complex dielectric function; ε∞ was the permittivity due to the electronic polarization 

contribution at high frequencies; γj, ωoj and ωpj were the damping factor, the transverse frequency, and plasma 

frequency of the j-th Lorenz oscillator, respectively; and n was the number of polar phonons. Fresnel's reflectivity 

equation gave the relationship between reflectivity and dielectric function: 

( )
2

1

1

*

*

( )
R

( )

−
=

+

ε ωω
ε ω

                                                                    (26) 

The infrared reflectivity was fitted based on above theory model, and the fitting spectrum and vibration 

modes were presented in Fig. 8 (a) and Table 3, respectively. There were 21 vibrational modes after fitting and the 
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ε∞ was 3.98. Moreover, Fig. 8 (b) presented the real parts (ε’ ) and imaginary parts (ε’’ ) of the complex permittivity. 

The measured ε’  (10.72) was slightly below that of calculated (13.51), which is probably related to the presence of 

extrinsic defects in the prepared sample [48]. 

4. Conclusion 

In this work, low-firing microwave dielectric ceramics Pr2Zr3(MoO4)9 were investigated. X-ray powder 

diffraction analysis indicated that Pr2Zr3(MoO4)9 samples belonged to space group R-3c in trigonal system. 

According to the SEM images, the compact sample could be obtained when sintered at 650 ff. Pr2Zr3(MoO4)9 

ceramic sintered at 650 ff possessed εr of 10.72, high Q·f of 64,200 GHz (at 9.6 GHz) and a negative τf of -13 

ppm/°C. Based on chemical bonds theory of complex crystals, the εr and τf were primarily influenced by the bond 

ionicity of Pr-O bond and thermal expansion coefficient of Mo-O bond, respectively. As for quality factor, it was 

strongly dependent on the lattice energy as well as bond energy of Mo-O bond. Infrared reflectivity spectrum 

analysis indicated that the dielectric contribution of the microwave region was mainly due to the absorption of 

phonon oscillations within the infrared region. 
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Figure captions 

Fig. 1 (a) XRD patterns and (b) Rietveld refinement of Pr2Zr3(MoO4)9 ceramics sintered at 650 ff. 

Fig. 2 Schematic diagram of crystal structure for Pr2Zr3(MoO4)9. 

Fig. 3 Apparent and relative density for Pr2Zr3(MoO4)9 ceramics sintered at different temperatures. 

Fig. 4 SEM images of Pr2Zr3(MoO4)9 ceramics sintered 600 ff (a), 650 ff (b), 700 ff (c), 750 ff (d), 800 ff. 

Fig. 5 The variation of εr values for Pr2Zr3(MoO4)9 ceramics as a function of sintering temperature. 

Fig. 6 Q•f and τf values of Pr2Zr3(MoO4)9 ceramics as a function of sintering temperature. 

Fig. 7 Bar diagram of chemical bond parameter ((a)iconicity, (b) bond energy, (c)lattice energy, and (d) thermal 

expansion coefficient) in Pr2Zr3(MoO4)9 compounds. 

Fig. 8 (a) Measured and calculated infrared reflectance spectrum, and (b) real and imaginary parts of the complex 

permittivity for Pr2Zr3(MoO4)9 compounds sintered at 650 ff. 
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Table captions 

Table 1 Refined lattice parameters and reliability factors for Pr2Zr3(MoO4)9 ceramics sintered at various 

temperature. 

Table 2 Chemical bond parameter (iconicity, bond energy, lattice energy, and thermal expansion coefficient) of 

Pr2Zr3(MoO4)9 ceramics sintered at 650 ff. 

Table 3 Phonon parameters calculated from the fitting of the infrared reflectance spectrum of Pr2Zr3(MoO4)9. 
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Table 1  

S.T. (°C) a=b (Å) c (Å) Vunit (Å
3) Rp (%) Rwp (%) χ

2 

600 9.823(1) 58.729(2) 4907.7(0) 6.78 8.80 1.55 

650 9.821(0) 58.716(8) 4904.5(7) 7.10 9.06 1.79 

700 9.820(4) 58.739(7) 4905.9(1) 7.67 9.91 2.05 

750 9.820(9) 58.732(8) 4905.8(2) 6.77 8.77 1.30 

800 9.821(0) 58.749(4) 4907.3(2) 7.13 9.20 1.58 
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Table 2 

Bond type d (Å) µ
if  

Ubc 

(kJ/mol) 

Ubi 

(kJ/mol) 

U 

(kJ/mol) 

Ei 

(kJ/mol) 

Ec 

(kJ/mol) 

E 

(kJ/mol) 

α 

(10-6K-1) 

Pr-O(1)1 2.493(2) 0.850(1) 211 877 1088 243.150(7) 556.884(3) 363.938(1) 10.133(6) 

Pr -O(1)2 2.493(7) 0.850(1) 211 877 1088 243.101(9) 556.772(7) 363.865(2) 10.133(6) 

Pr -O(1)3 2.494(1) 0.850(1) 211 877 1088 243.062(9) 556.683(4) 363.806(8) 10.137(7) 

Pr -O(2)1 2.439(2) 0.850(6) 210 875 1085 248.533(6) 569.212(9) 371.995(1) 9.888(8) 

Pr -O(2)2 2.439(5) 0.850(6) 210 874 1084 248.503(1) 569.142(9) 371.949(4) 9.888(8) 

Pr -O(2)3 2.439(9) 0.850(6) 210 874 1084 248.462(4) 569.049(6) 371.888(4) 9.892(7) 

Pr -O(6)1 2.596(9) 0.851(8) 206 869 1075 233.441(1) 534.646(7) 349.405(3) 10.599(9) 

Pr -O(6)2 2.597(2) 0.851(8) 206 869 1075 233.414(2) 534.584(9) 349.364(9) 10.599(9) 

Pr -O(6)3 2.597(6) 0.851(9) 206 869 1075 233.378(2) 534.502(6) 349.311(1) 10.599(9) 

Zr(1)-O(4)×6 2.022(7) 0.791(6) 2413 8187 10600 413.574(4) 686.421(1) 509.525(5) 3.307(2) 

Zr(2)-O(3)1 2.213(8) 0.779(7) 896 2834 3730 377.873(8) 627.167(8) 465.542(2) 3.781(4) 

Zr(2)-O(3)2 2.214(4) 0.779(8) 896 2834 3730 377.771(4) 626.997(8) 465.41(6) 3.782(8) 

Zr(2)-O(3)3 2.214(6) 0.7798 895 2834 3729 377.737(3) 626.941(2) 465.37(4) 3.783(4) 

Zr(2)-O(5)1 2.047(1) 0.7894 821 2750 3571 408.644(9) 678.239(5) 503.452(3) 3.367(7) 

Zr(2)-O(5)2 2.047(3) 0.7895 821 2749 3570 408.605(0) 678.173(2) 503.403(1) 3.368(3) 

Zr(2)-O(5)3 2.047(9) 0.7895 821 2749 3570 408.485(3) 677.974(5) 503.255(7) 3.370(1) 

Mo(1)-O(1) 1.689(0) 0.7074 12028 33590 45618 554.411(3) 822.039(1) 611.505(2) -0.473(6) 

Mo(1)-O(2) 1.828(6) 0.7120 11627 33269 44896 512.086(1) 759.282(5) 564.821(4) -0.321(7) 

Mo(1)-O(3) 1.713(0) 0.7275 10316 32007 42323 546.643(7) 810.521(9) 602.937(7) -0.447(6) 

Mo(1)-O(4) 1.929(5) 0.7341 9774 31375 41149 485.307(4) 719.577(1) 535.285(0) -0.210(9) 

Mo(2)-

O(5)×2 
1.892(3) 0.709(8) 11817 33424 45241 494.847(9) 733.723(0) 545.807(9) -0.251(8) 

Mo(2)-

O(6)×2 
1.623(1) 0.731(9) 9952 31590 41542 576.921(1) 855.414(9) 636.333(1) -0.544(7) 

Pr-Oavg. 2.510(1) 0.850(9) - - - - - 361.724(9) 10.208(4) 

Zr-Oavg. 2.115(4) 0.785(6) - - - - - 487.995(5) 3.537(3) 

Mo-Oavg. 1.779(3) 0.720(4) - - - - - 582.781(7) -0.375(0) 
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Table 3 

Mode ωoj ωpj γj ∆εj 

1 121.08 201.24 51.723 3.11 

2 156.32 279.05 19.828 1.51 

3 193.89 59.152 6.5796 1.53 

4 213.17 119.09 20.951 0.12 

5 273.74 275.51 21.101 0.25 

6 291.66 98.78 9.3837 0.03 

7 306.74 98.701 14.473 0.94 

8 316.81 55.029 6.339 0.14 

9 334.34 106.74 8.9373 0.10 

10 351.48 72.755 10.858 0.03 

11 397.57 200.12 27.303 0.10 

12 426.62 202.01 26.727 0.04 

13 520.1 280.68 221.66 0.20 

14 620.71 200.69 93.891 0.29 

15 677.82 165.71 36.718 0.10 

16 699.2 237.24 12.434 0.48 

17 739.58 496.05 20.547 0.07 

18 774.63 186.61 15.45 0.09 

19 811.57 262.14 25.172 0.35 

20 891.18 506.61 20.753 0.01 

21 957.56 216.66 17.342 0.04 

Pr2Zr3(MoO4)9 ε∞=3.98 ε0=13.51 

 



Research highlights 

� A novel Pr2Zr3(MoO4)9 microwave dielectric ceramic was prepared. 

� Rietveld refinement was used to obtain the lattice parameters. 

� Relationships among intrinsic factors, phonons and dielectric properties were investigated. 

� Optimum dielectric properties were obtained in Pr2Zr3(MoO4)9 ceramic sintered at low 

temperature of 650 °C. 
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