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Abstract 

Two low temperature sintered NaPb2B2V3O12 (B=Mg, Zn) ceramics with garnet structure 

were synthesized through conventional solid state reaction route and their crystal structure and 

microwave dielectric properties were investigated for the first time. Rietveld refinements of 

XRD patterns show both the compounds belong to cubic symmetry with space group Ia-3d. 

Observed number of Raman bands and group theoretical predictions also confirm cubic 

symmetry with space group Ia-3d for both NPMVO and NPZVO. At the optimum sintering 

temperature of 725oC NPMVO has a relative permittivity of 20.6± 0.2, unloaded quality factor 

(Quxf) of 22,800± 1500 GHz (f= 7.7 GHz) and temperature coefficient of resonant frequency 

+25.1± 1 ppm/oC while NPZVO has relative permittivity of 22.4± 0.2, Quxf of 7,900± 1500 GHz 

(f=7.4 GHz) and near zero temperature coefficient of resonant frequency of -6± 1ppm/oC at 

650oC. The relative permittivity of the compounds is inversely related to the corresponding 

Raman shifts. 

Keywords: Crystal Structure, Raman Spectra, Garnet, Microwave Dielectric Properties 
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1. INTRODUCTION 

Nowadays modern communication systems demand dielectric ceramics with temperature 

stability and stringent dielectric properties. The compactness, thermal stability, low cost of 

production, high efficiency, and adaptability to microwave integrated circuits (MICs) are the 

main advantages of ceramic materials over other materials. These ceramics have the main 

application in the field of mobile communication, satellite navigation, guiding and positioning 

system and radar and global positioning system. These materials are widely used as dielectric 

resonators, duplexer, dielectric waveguide and microwave substrates etc. Ceramics with large 

Q*f, nearly zero τf  and εr ranging from 20 to 100 are used for wide range of applications from 

800 MHz to 20 GHz of the microwave spectrum, which includes base station resonators/antenna 

Substrate application, which need relative permittivity in the range of 20 to 50, higher bandwidth 

antenna substrates applications where 5 <εr> 20 and 60 <εr>70 for base station resonators 

applications. Besides this these types of materials have immense applications in the field of Low 

temperature co-fired ceramic technology, when they are chemically compatible with inner 

electrodes such as Al/Ag. 

For dielectric resonator applications, ceramics should possess high unloaded quality factor (Quxf) 

which means low dielectric loss for selectivity, high dielectric constant (εr) for miniaturization 

and zero temperature coefficient of resonant frequency (τf) for temperature stability [1-7]. 

Literature review provides numerous dielectric material with suitable relative permittivity 

and high Q*f values [8] for various applications, which includes Li2O rich compounds, TeO2 

containing compounds and Bi2O3 rich compounds etc [9-16]. Sebastian et al. and 

Sreemoolanadhan et al. reported several dielectric resonators having Ti and Ba content [17-20]. 
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Because of appropriate relative permittivity, high-quality factor, and low-sintering temperature, 

vanadate compounds were thought to be the promising candidate for microwave applications. 

Wang et al. reported BVO4 (B = La, Ce) ceramics sintered at 850 and 750oC possess dielectric 

properties: εr = 14.2 and 12.3, Quxf= 48,197 and 41,460 GHz, and τf= -37.9 and -34.4 ppm/oC 

[21].  Suresh et al. reported some vanadate based compounds which possess very high quality 

factors. Among them, Ba3TiV4O15 ceramic sintered at the optimum sintering temperature of 

800oC possess a Relative permittivity of 13.6, unloaded quality factor of 31,800 and τf= 10 

ppm/oC and Ba3ZrV4O15 sintered at 800oC possess a Relative permittivity of 10.7, Quxf= 30600 

and τf=-102 ppm/oC [22]. Umemura et al. reported that Mg3(VO4)4 ceramics sintered at 

950oC/50h possess a Relative permittivity of 9.1, Quxf= 64,142 GHz and τf=-93.2 ppm/oC [23]. 

Li et al. reported that Ca5Co4V5.95O24-0.1TiO2 ceramics is having a dielectric constant of 13.7, 

Quxf=19,159 GHz and τf=0 ppm/oC [24]. Ca5Mn4(VO4)6 ceramics sintered at 875oC showed 

dielectric properties: εr=11.2, Quxf= 33,800 GHz, and τf= -70 ppm/oC [25]. 

Compounds with the nominal composition A3B2C3O12 are known as garnets. In the garnet 

structure, three different sites (A, B, and C) are available for a wide variety of cations 

substitution, where C ions are surrounded by four oxygen to form CO4 tetrahedron, B ions are 

located in octahedra. The tetrahedra and octahedra are corner shared, forming dodecahedra 

where the A ions are located [26]. Zhouet al. [27] reported that Na2BiMg2V3O12 ceramics 

sintered at 660oC/4h exhibit excellent microwave dielectric properties such as εr=23.2, 

Quxf=3700 GHz and τf=8.2 ppm/oC. Fang et al. [28] reported that NaCa2Mg2V3O12 sintered at 

915oC/4h exhibit dielectric constant of 10, Quxf=50600 and τf=-47ppm/oC.Yao et al.[29]studied 

Ca5Mg4(VO4)6 sintered at 800oC possess relative permittivity of 9.2, Quxf=53,300 and τf=-

80ppm/oC. In 1975 Neurgaonkar and Hummel reported a series of novel garnet compounds 
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including NaPb2B2V3O12 (B=Mg, Zn) [30]. In search for another microwave dielectric material 

with low sintering temperature we synthesized NaPb2B2V3O12 (B=Mg, Zn)ceramics and its 

crystal structure as well as dielectric properties are investigated for the first time. 

2. EXPERIMENTAL METHODS 

The compounds NaPb2B2V3O12 (B=Mg, Zn) were prepared through conventional solid 

state reaction route using high purity Na2CO3 (Alfa aesar, 99.5%)ZnO, MgO, PbO and 

NH4VO3(Sigma Aldrich, >99%). The compounds were ball milled using ceria stabilized zirconia 

balls in acetone medium for 24 hours. NMPVO and NZPVO were calcined at 650 and 600oC 

respectively. The phase purity and crystal structure of the calcined samples were studied by X-

Ray Diffraction technique using Cu K𝛼 radiation (𝜆 = 1.5406 Å) in a BrukerD8 Advance 

Diffractometer in the 2θ range of 5-120o. TOPAS 4.2 software was used for the Rietveld 

refinement. Renishaw Laser Raman Micro spectrometer with excitation wavelength of 785 

(300 mW), in the spectral range from 100 to 4000 cm-1 and having spectral resolution is 1 

cm-1 was used for recording Raman spectra. For dielectric measurements the calcined powders 

were ground and mixed with PVA solution. The slurries were dried and pressed into cylindrical 

pellets having diameter 10 mm and 1-2 mm thickness for radio frequency measurements and 

diameter of 10 mm and thickness of 5 mm for microwave measurements.  Densities of the 

samples were measured using Archimedes method. The green pellets were sintered at the 

optimum sintering temperature of 725 and 650oC respectively for NPMVO and NPZVO. The 

surface morphology of the samples was analyzed using a scanning electron microscope (ZEISS 

EVO 18).  Sintered and polished pellets were etched below 25oC of their respective sintering 

temperatures and used for the microstructural analysis. The radio frequency dielectric properties 

were studied using a LCR meter (HIOKI 6582). Microwave dielectric properties were measured 
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using a Network analyzer (ROHDE & SCHWARZ, ZV-Z135). The dielectric constant and 

unloaded quality factor of the samples were measured using TE01δ mode cavity. The temperature 

coefficient of resonant frequency τf was measured by noting the variations of TE01δ mode 

frequency with temperature in the range of 25-85oC. The temperature coefficient of the resonant 

frequency τf values were calculated using the formula as follows: 

τf = 𝑓85−𝑓25
60∗𝑓25

*106 ppm/oC                                   (1) 

where, f85 and f25 are the resonant frequencies at the measuring temperatures 85 and 25 °C, 

respectively. 

3. RESULTS AND DISCUSSION 

The room temperature XRD patterns of NPMVO and NPZVO ceramics calcined at 650 

and 600oC are shown in Fig.S1. The crystalline nature of the compounds is clearly evident from 

the sharper diffraction peaks at respective diffraction angles, which can be indexed based on 

space group Ia-3d(ICDD File No. 00-024-1104).In order to study the crystal structure in detail 

Rietveld refinement of the XRD patterns were done using TOPAS 4.2 software, and are shown 

in Figs. 1-2. The obtained refinement parameters are Rp= 3.56 %, Rwp=4.84% and χ2 =1.90 for 

NPMVO, Rp=3.14 %, Rwp=4.25% and χ2 =1.61   for NPZVO. Table 1-2 shows the refined  

crystallographic parameters for both the compounds. The refined lattice parameters obtained are 

a= 12.7499(3) Å and a=12.7578(1) Å for NPMVO and NPZVO respectively. The crystal 

structure of these compounds belongs to the space group 1a-3d in which each unit cell contains 

eight molecules. The cations in the A site, B and C site have 8,6 and 4 nearest oxygen 

neighbours and they are located in 24c,16a and 24d wykcoff sites, the oxygen anions occupied in 
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the 96h site depend on the space coordinate.  The inset of Figs.1-2 shows the polyhedral 

representation of crystal structure of NPMVO and NPZVO. It can be noted that Na+ and Pb2+ are 

randomly occupied 8 coordinated A site, while Mg2+, Zn2+ are occupied in 6 coordinated B site 

and V5+ is occupied 4 coordinated C site. 

 

Fig.1.Rietveld refinement of X-Ray diffraction pattern of NPMVO ceramics calcined at 650oC. 
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Fig.2. Rietveld refinement of X-Ray diffraction pattern of NPZVO ceramics calcined at 600oC. 

 

Table 1. Refined crystallographic parameters for NPMVO ceramics. 

Atom Site 
 

x y Z Occupancy Beq 
(Å2) 

Pb1 24c 0.37500 0.50000 0.25000 0.6667 1.026 

Na1 24c 0.37500 0.5000 0.25000 0.3333 0.7525 
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Mg1 16a 0.50000 0.50000 0.00000 1 0.6411 

V1 24d 0.62500 0.50000 0.25000 1 0.4627 

O1 96h 0.54050 0.55138 0.15517 1 0.758 

 

Table 2. Refined crystallographic parameters for NPZVO ceramics. 

 

Atom Site x y Z Occupancy Beq 
(Å2) 

Pb1 24c 0.37500 0.50000 0.25000 0.6445 1.148 

Na1 24c 0.37500 0.50000 0.25000 0.3333 0.7525 

Zn1 16a 0.50000 0.50000 0.00000 1 0.6411 

V1 24d 0.62500 0.50000 0.25000 1 0.91 

O1 96h 0.54286 0.54423 0.15517 1 0.758 
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Fig. S2 shows the room temperature Raman spectrum of the compounds from 100 to 1000 cm-1 

and Fig. 3 shows the deconvoluted Raman spectra of NPMVO and NPZVO. The factor group 

analysis predicts that for garnet structure there exist 98 vibration modes at the Brillouin zone 

center as given in equation 2, in which 55 of them are silent and one of them has acoustic in 

nature [31-33].  The remaining are IR and Raman active. 

3A1g+5A2g+8Eg+14T1g,+14T2g,+5A1u,+5A2u,+ 10Eu,+ l8T1u+ 16T2u  (2) 
 
 
In which 17 IR active and 25 Raman active modes are present. The Raman active modes include 

3A1g+8Eg+14F2g, where A1g, Eg and F2g corresponding to internal modes, translational and 

rotatory modes respectively [34].A1g mode has the maximum intensity, which belongs to the 

stretching and bending vibration of VO4 group. Further the high frequency bands above 600 cm-

1, which are linearly depending on lattice parameters, are related to the symmetric stretching of 

tetrahedral (VO4) group. Fig. 3 shows 14 and 15 deconvoluted Raman active bands correspond to 

NPMVO and NPZVO respectively out of 25 predicted by factor group analysis. The detailed 

band assignments are provided in the Table S1. The presence of reduced number of Raman 

active bands found in these compounds may be due to the polycrystalline nature of samples, the 

overlapping of bands, low resolving power of instrument or the low intensity of bands. Raman 

shift and FWHM of Raman spectra for the internal stretching vibrational mode is shown in Table 

3. 
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Fig.3.Deconvoluted Raman spectrum of NPMVO and NPZVO ceramics calcined at 650 and 

6000C. Experimental data are in blue coloured solid circles while the fitting curve is in pink 

coloured line. Green line represents the phonon modes fitted using Lorentzian curve. 
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Fig. 4 represents the dependence of percentage density of NPMVO and NPZVO ceramics 

as a function of sintering temperature. For both NPMVO and NPZVO the relative density 

increases with increase in sintering temperature and then decreased with further increase in the 

temperature. The maximum density obtained for NPMVO is about of 93.6± 0.1% at 725oC and 

for NPZVO is about 92.3± 0.1% at 650oC respectively. When the sintering temperature increases 

beyond the optimum temperature both the compounds begin to melt and which in turn decrease 

the relative density. Fig. 5 (a) and (b) show the SEM micrographs of thermally etched NPMVO 

and NPZVO sintered at the optimum sintering temperature 725, 650oC respectively. It shows a 

relatively dense microstructure with nearly uniform grain contrast. The grain size varies about 2 

to 10 μm for NPMVO and an average of about 7 μm for NPZVO ceramics. It also worth to note 

that some of the grains are larger, which indicates grain growth has occurred confirming the low 

melting nature of these ceramics. 

 

Fig. 4. Dependence of density on sintering temperature for NPMVO and NPZVO ceramics. 
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Fig. 5. (a) and (b) the microstructures of thermally etched NPMVO and NPZVO ceramics 

sintered at 725 and 650 oC respectively. 

 

Figures S3-S4 shows the frequency dependence of Relative permittivity and dielectric loss of 

NMPVO and NPZVO at the optimum sintering temperature of 725 and 650oC respectively. At 1 

MHz, the obtained Relative permittivity and dielectric loss of NPMVO, NPZVO were (24.5, 

0.015) and (24.6, 0.037) respectively. As frequency increases the relative permittivity decreases 

and this can be attributed to the frequency dependent polarization mechanism (dipolar, atomic, 

ionic, and electronic) present in ceramics. As frequency increases the polarization ceases to exist 

one by one, which in-turn result in the drop of net polarization and hence decrease in dielectric 

constant.  In the case of dielectric loss the material shows the similar trend of decrease in nature 
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as frequency increases. This can be due to the inability of the electron to follow the alternating 

frequency of AC electric field beyond certain critical frequency.  Further, dielectric loss is 

mainly influenced not only by the lattice vibration modes but also by the porosity, micro cracks, 

densification, crystallite orientation, dislocations, secondary phases, grain boundaries and 

oxygen vacancies.  

Microwave dielectric properties of NPMVO and NPZVO as the function of sintering temperature 

are shown in Figs. 6-7. As the sintering temperature increased the relative permittivity also 

increases up to its optimum sintering temperature and then decreases similar to the trend shown 

by density. The Relative permittivity of a material is mainly influenced by its relative density, 

dielectric polarisability and micro structural factors, which include grain boundaries, secondary 

phases, compositional homogeneity etc [29, 35-36]. In this case the variation in relative density 

is one of the reasons for the variation in relative permittivity with the change in sintering 

temperature. Even though NPMVO posses better densification compared to NPZVO, it has a 

lower value of Relative permittivity. This may be due to the larger ionic polarisability of 

Zn2+(2.04Å3) compared with Mg2+(1.32Å3) [37]. Hence in this case the ionic polarisability is 

also one of the reasons for   the difference in relative permittivity exhibited by these compounds. 

It was found that the relative permittivity showed an inverse correlation with Raman shift of 

vibration mode. In Fig. S2 the sharp and intense lines around 819 cm-1for NPMVO, 815 cm-1 for 

NPZVO corresponds to the stretching modes of VO4 groups respectively.  When the larger   Zn2+ 

ion replaced  the smaller  Mg2+ ion, the unit cell volume increases, which inturn affect the inter 

atomic distance in VO4 tetrahedra and causing decrease in covalent bond between cation  and 

VO4. This cause the shift of modes to the low frequency side. The similar result of inverse 
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relation between dielectric constant and Raman shift was reported by Wu et al. in compound 

Li2Mg3BO6 (B=Ti, Sn, Zr) [38]and Zhang et al. in Ba[Mg(1-x)/3ZrxTa2(1-x)/3]O3 [39]. 

Figures 6 and 7 also show the dependence of Quxf values as the temperature varies. In the 

case of NPMVO as the sintering temperature increases the Quxf also increases to its maximum 

value for the optimum sintering temperature and then decreases, which is similar to the trend 

shown by density and relative permittivity. While in the case of NPZVO ceramics when the 

sintering temperature increases Quxf shows a decreased value at the maximum densification. The 

microwave dielectric losses are mainly affected by many factors, which can be divided into two 

parts: one is the intrinsic loss and other is the extrinsic loss. The lattice vibration modes and 

crystal structure are mainly responsible for intrinsic losses in dielectrics. The main reason of 

dielectric loss is the anharmonic terms in the crystal potential energy. For the intrinsic loss, 

FWHM of the V-O stretching vibration given in Table S1 was taken into consideration. In 

general the lowest FWHM value has a highest quality factor. Eventhough NPZVO possesses low  
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Fig.6. Dependence of Relative permittivity and Q*f on sintering temperature for NPMVO 

ceramics sintered at 725oC. 
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Fig.7. Dependence of Relative permittivity and Quxf on sintering temperature for NPZVO 

ceramics sintered at 650oC. 

FWHM it show a lower value of Quxf compared with NPMVO. Hence in this case the extrinsic 

factors may be the primary reason for variation in quality factor. While extrinsic losses are 

influenced by so many factors, which includes secondary phases, impurity, cavity, substitution, 

oxygen vacancies, grain sizes and density [29,40-41].In the present study Zn2+ has larger ionic 

polarisability compared to Mg2+. So its larger ionic displacement polarization contributes to the 

overall microwave permittivity to NPZVO than NPMVO and cause the stronger oscillation in 

Zn2+ than Mg2+ at same structure and same atomic position and which inturn increase the  losses 

and decrease in Quxf values in NPZVO ceramics. Further Fu et al. [42]reported that Quxf values 
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are closely related to packing fraction of the compound. Large the B site ion radius would 

increase the unit cell volume, which inturn decrease the packing fraction and obviously decrease 

the Quxf values. So the Quxf values are positively correlated to packing fraction in our case. A 

similar result was observed by Kim et al. in the case of ABO4(A = Ca, Pb, Ba; B = Mo, W) 

compounds [43].At the optimum sintering temperature NPMVO ceramics exhibits relatively 

high Relative permittivity of 20.6± 0.2 and high unloaded quality factor (Quxf) around 22,800 ± 

1500 GHz and a positive temperature coefficient of resonant frequency of 25.1 ± 1 ppm/oC and 

NPZVO ceramics have Relative permittivity of 22.4± 0.2, unloaded quality factor of 7,900± 

1500 GHz and near zero temperature coefficient of resonant frequency of -6 ± 1 ppm/oC, 

Table 3-Symmetric stretching modes and microwave dielectric properties  

Sample 
Name 

Raman shift 
(cm-1) 

FWHM 
(cm-1) 

Relative 
permittivity 

(εr) 

Quxf (GHz) τf 
(ppm/ oC) 

NPMVO 819 26.5 20.6±0.2 22,800 
±1500 

25.1 ± 1 

NPZVO 815 21 22.4±0.2 7900±1500 -6 ± 1 

 

 

4. Conclusions  

 Single-phase NaPb2B2V3O12 (B=Mg, Zn) ceramics were prepared through 

conventional solid-state ceramic route. XRD analysis and Raman spectra confirms that these 

ceramics have cubic garnet structure with space group Ia-3d. NPMVO ceramics has Relative 

permittivity of 20.6 ± 0.2 and high unloaded quality factor (Quxf) around 22,800±1500 GHz and 

a positive temperature coefficient of resonant frequency of 25.1± 1 ppm/oC at the optimized 
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sintering temperature. NPZVO ceramic has relatively higher Relative permittivity of 22.4± 0.2, 

unloaded quality factor of 7,900± 1500 GHz and near zero temperature coefficient of resonant 

frequency of -6± 1 ppm/oC, which make them promising candidate for future microwave 

electronic applications. 
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