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Abstract: In this work, Zn-Ni co-modified LiMg0.9Zn0.1-xNixPO4 (x=0-0.1) microwave 

dielectric ceramics were fabricated using a solid oxide synthesis route. Rietveld 

refinement of the XRD data revealed that all ceramic samples have formed a single 

phase with olivine structure. SEM images showed that the samples have a dense 

microstructure, that agrees with the measured relative density of 97.73%. Based on the 

complex chemical bond theory, Raman and infrared reflectance spectra, we postulate 

that εr is mainly affected by the ionic polarizability, lattice and bond energy, while P-O 

bond plays a decisive role in Q×f and τf value. Optimum properties of Q×f = 

153,500GHz, εr ~ 7.13 and τf ~ -59ppm/℃ were achieved for the composition 

LiMg0.9Zn0.06Ni0.04PO4 sintered at 875 ℃ for 2h. This set of properties makes these 



ceramics an excellent candidate for LTCC, wave-guide filters and antennas for 5G/6G 

communication applications. 
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1. Introduction 

 
Rapid development of microwave communication technology demands 

miniaturization, integration, and multifunctionality in electronic devices. Compared to 

other materials, ceramics have a wider range of relative permittivity and better 

mechanical stability making them a material of choice for filters, duplexers, resonators, 

dielectric antennas and other related devices [1-6]. Recent developments in 5G/6G 

communication technology have affirmed the pivotal role of low temperature co-fired 

ceramics (LTCC) technology in integrated antennas [7-8]. LTCCs are characterized by 

low dielectric constant (εr), high quality factor (Q×f) and near-zero temperature 

coefficient of resonant frequency (τf), which are desirable for many industries including 

aerospace, military, communication, and automotive electronics [9-10]. Owing to its 

importance, the development of microwave dielectric ceramics with excellent 

performance and low sintering temperature (lower than melting point of Ag, 961℃) 

have been a subject of intensive research in recent times [11,12]. 

Lithium phosphate microwave dielectric ceramics such as LiNiPO4, LiZnPO4, 

LiMnPO4, LiMgPO4, have been widely studied for microwave applications, because of 

their low sintering temperature and low εr [13-20]. In 2010, Thomas et al. initially found 



that LiMgPO4 ceramics sintered at 950°C yield excellent microwave dielectric 

properties with εr = 6.6, Q×f = 79,100 GHz and τf = -55 ppm/°C [21]. Subsequently, 

they reported improved microwave dielectric properties of LiMg0.9Zn0.1PO4 ceramics 

(εr = 6.7, Q×f = 99,700 GHz and τf = -62 ppm/°C) and that of LiMg0.9Zn0.1PO4 ceramics 

with TiO2 (εr = 10, Q×f = 26,900 GHz and τf = +1.2 ppm/°C) [22]. In 2014, Dong et al. 

found that Ni2+ and Co2+ ions substitution enhanced the microwave dielectric properties 

of LiMgPO4  ceramics with reported values of εr  = 6.91, Q×f = 98,600 GHz and  τf  = - 

55.3 ppm/°C for LiMg0.95Ni0.05PO4 and εr = 6.97, Q×f = 111,200 GHz and τf = -53.8 

ppm/°C for LiMg0.95Co0.05PO4 respectively [23,24]. In 2019, Zhang et al. reported that 

the ceramics LiMg0.96Mn0.04PO4 and LiMg0.94Ca0.06PO4 yielded excellent microwave 

dielectric properties. The set of values for both are εr  = 6.54, Q×f = 84,343 GHz and τf 

= -44.9 ppm/°C and εr = 6.96, Q × f = 88,968 GHz and τf = -44.7 ppm/°C, respectively 

[25]. It should be noted that most of the previous research has focused on improving 

the performance LiMgPO4 via single element doping. However, it is rare to study the 

synergistic tuning effect of two or more elements on the crystal structure and 

microwave performance of LiMgPO4. 

Herein, Zn-Ni co-modified LiMgPO4 (LiMg0.9Zn0.1-xNixPO4) microwave 

dielectric ceramics were prepared as a function of different Zn/Ni ratios listed in Table 

S1. And the effect of Zn/Ni ratio on the phase structure, microstructure and microwave 

dielectric properties were studied in detail. 

2. Experimental 

 
Using high purity Li2CO3 (99.99%, Aladdin), 4MgCO3·Mg(OH)2·5H2O (99%, 



Sinopharm Reagent), NiO (99.99%, Aladdin), ZnO (99.99%, Aladdin) and NH4H2PO4 

(99%, Aladdin) as raw material, LiMg0.9Zn0.1-xNixPO4 (x=0, 0.02, 0.04, 0.05, 0.06, 0.08, 

0.1) ceramics were prepared by a traditional solid-state reaction method. The powders 

were dried and then weighed according to stoichiometric ratios followed by ball-milling 

for 12 hours, using alcohol as medium. The slurry was dried at 80°C for 24 hours. which 

was followed by calcination at 800°C for 4 hours. After that, the obtained powder was 

ball-milled and dried again. The dried powder was manually ground, with polyvinyl 

alcohol solution (5wt%) as a binder, and finally pressed into cylinders with a diameter 

of 10 mm under a pressure of 100MPa. The green pellets were sintered in range of 

850°C-950°C for 2 hours. 

Bulk densities were measured by the Archimedes principle [26,27]. Crystalline 

structure of the sintered samples was confirmed by the X-ray diffraction (XRD, D5000- 

HTXRD) using Cu Kα radiation at room temperature. The detailed structure 

refinements were obtained by a Fullprof program. The sintered samples were polished 

and thermally etched at a temperature of 50℃ lower than the sintering temperature for 

1 h, and then the microstructure of the ceramics was observed by a scanning electron 

microscope (SEM, Magellan 400 FESEM, HITACHI, Japan). The room-temperature 

Raman spectra were recorded by a Raman spectrometer (Renishaw, UK) in the 

wavenumber from 200 cm−1 to 1200 cm−1. The microwave dielectric properties of the 

samples were tested by a Hakki–Coleman resonator method and an Agilent E8362B 

network analyzer (Agilent, USA) in a resonant cavity. The τf values of the ceramics 

were measured using a temperature chamber and calculated by equation (1) [12,28]: 



 

 

f(85℃)−f(25℃) 

(85−25)×f(25℃) 
× 106 (ppm/℃) (1) 

3. Results and discussion 
 

Fig. 1 XRD patterns of LiMg0.9Zn0.1- xNixPO4 (0≤x≤0.1). 

Fig. 1 shows the XRD patterns of LiMg0.9Zn0.1- xNixPO4 (0≤x≤0.1), that matches 

well with the standard PDF card #32-0574 for LiMgPO4 with space group Pnma and 

orthorhombic olivine structure. No secondary phases are detected within the XRD limit. 

Fig. 2(a) and Table S2 further provide the Rietveld refinement profiles of XRD data 

and corresponding crystal structure parameters of LiMg0.9Zn1-xNixPO4 (0≤x≤0.1) 

ceramics. For Zn2+/Ni2+ is 3/2, the average complex ionic radii of Zn2+-Ni2+ are 

calculated in Table S1. The average ionic radius of (Zn2+-Ni2+) at x = 0.04 is equal to 

that of Mg2+ (0.72Å), hence LiMg0.9Zn0.06Ni0.04PO4 looks like LiMgPO4. Fig. 2(b) 

depicts that Li, Mg and P exist in the form of six coordinated octahedron ([LiO6], 

[MgO6]) and four coordinated tetrahedron ([PO4]) respectively. The [PO4] tetrahedron 

passes through [LiO6] octahedron and [MgO6] octahedron relate to each other to form 

𝜏𝑓 = 



a spatial three-dimensional skeleton structure. 

 

 

Fig. 2 (a) Schematic diagram of full spectrum fitting results of LiMg0.9Zn0.06Ni0.04PO4 

ceramics, and (b) the crystal structure of LiMgPO4 ceramics. 

 

 

 
Fig. 3 SEM images of LiMg0.9Zn0.1-xNixPO4 (0≤x≤0.1): (a) x=0; (b) x=0.04;(c) x=0.1; 

 
(d) average grain size trend. 



 

 

Fig. 3 shows the SEM images of LiMg0.9Zn0.1-xNixPO4 (0 ≤ x ≤ 0.1) ceramics. With 

the decrease in Zn2+/Ni2+ ratio, the average grain size first decreases and then increases. 

Poor microwave performance at x=0 can be linked to high porosity, evident in the SEM 

image (Fig. 3a). At x = 0.04, the microstructure is greatly improved, and pores are 

eliminated to a great extent (Fig. 3b). This improvement in microstructure and density 

can be attribute to similar ionic radii of Mg2+ and dopants, which is also reflected in the 

excellent properties shown by these compositions. 

 



 
 

Fig. 4 Density and microwave dielectric properties of LiMg0.9Zn0.1-xNixPO4 as a 

function of sintering temperature: (a) bulk density; (b) relative density; (c) εr; (d) Q×f. 

(e) τf, εr and Q×f values as a function of x at their optimized sintering temperature. 

 
The bulk density ρ of LiMg0.9Zn0.1-xNixPO4 as a function of sintering temperature 

is plot in Fig. 4(a). The variation of Zn2+/Ni2+ ratio does not affect ρ within the sintering 

range of 850℃-950℃, which indicates that the ρ of different Zn2+/Ni2+ ratios is almost 

independent of sintering temperature. At x = 0.04, the maximum ρ of 3.009g/cm3 is 

achieved at 875℃, corresponding to a ρr of 97.73%, as shown in Fig. 4(b). The varying 

trend of εr across samples is plotted in Fig. 4(c), which is commensurate with the 

changing ρr, indicating that ρr is the main influencing factor of εr. With the increase in 

Ni2+ concentration, the Q×f values rise to a maximum of 153,500GHz at x=0.04, but 

then start decreasing with further increase in Ni2+ concentration as shown in Fig 4(d). 

Fig S1, compares Q×f of LiMgPO4 with different doped compositions. It can be 

observed that the co-substitution of Zn2+/Ni2+ has greatly improves the Q×f value. It is 

to be noted that the Ni2+ substitution has a very little effect on both εr and τf as shown 

in Fig. 4(e) 



The effect of ρr on r and other intrinsic factors of ceramics can be understood from 

the set of relations, including the Clausius-Mossotti equation [29-31] given in formula 

(2). The total ionic polarizability is obtained by superposition of ionic polarizability of 

different elements αD, from which theorical dielectric constant εtheo can be obtained. 

The relative dielectric constant measured actually εobs and εtheo can be linked after 

porosity P corrected dielectric constant εc. The effect of different Ni2+ doping on the 

dielectric properties of LiMg0.9Zn0.1-xNixPO4 ceramics was investigated by comparing 

εtheo, εobs and εc. The relationship between εc, P and εobs is shown in Equation (3) and 

Equation (4):  
 

𝛼𝐷 

 

= 
𝑉𝑚(𝜀𝑡ℎ𝑒𝑜 − 1) 

𝑏(𝜀𝑡ℎ𝑒𝑜 + 2) 

 
 

(2) 

P = 1 − 𝜌𝑟 (3) 

 
𝜀𝑐 = 𝜀𝑜𝑏𝑠(1 + 1.5P) (4) 

where Vm is the unit cell volume of the dielectric ceramic, and b is a constant 
4
π. 

3 

 

From Fig. S2, it can be found that with the increase of Ni doping, εtheo decreases, 

while εc, εtheo have shown a similar zigzag trend. εobs mainly depends on ρr, combined 

with Fig. 4 (b), we can see obvious fluctuation on the εobs curve. Therefore, with the 

increase of x, εr of LiMg0.9Zn0.1-xNixPO4 ceramics decreases gradually. 

Phillips-Van Vechten-Levine (P–V–L) theory analyzes ceramic materials from the 

micro level [32-34]. It needs to refine the structure to obtain the unit cell parameters of 

the corresponding materials and the valence bond length of the corresponding atoms. 

Through these parameters, the contribution of ionic and covalent bond to lattice energy 

can be calculated, thus the polarization of atoms on the micro scale can be linked to the 



microwave performance on the macro scale. By importing the refined parameters into 

Diamond software, it can be found that Li(Mg/Zn/Ni)PO4 has three different cations 

Li+, (Mg/Zn/Ni) 2+ and P5+, and three different anions O(1), O(2) and O(3). These ions 

combine to form the following three types of chemical bonds: Li-O(1), Li-O(2) and Li- 

O(3) corresponding to Li+ ions, and (Mg/Zn/Ni)-O(1), (Mg/Zn/Ni)-O(2), (Mg/Zn/Ni)- 

O(3)1 and (Mg/Zn/Ni)-O(3)2 corresponding to (Mg/Zn/Ni) 2+, the corresponding P5+ 

ions are P-O(1), P-O(2) and P-O(3), respectively. The structure of LiMg0.9Zn0.1-xNixPO4 

was analyzed by complex chemical bond theory, and the following molecular formula 

was obtained: 

LiMgPO4=Li(Mg/Zn/Ni)PO(1)O(2)2O(3) 

=Li1/3O(1)1/2+Li1/3O(2)1/2+Li1/3O(3)1/2+(Mg/Zn/Ni)1/6O(1)1/4+(Mg/Zn/Ni)1/6O(2)1/4+( 

Mg/Zn/Ni)1/3O(3)1
1/2 +(Mg/Zn/Ni)/3O(3)2

1/2 +P1/4O(1)1/4+P1/4O(2)1/4+P1/2O(3)1/2 

 

According to the decomposition formula, the chemical bonds and related bond 

energy are obtained and listed in Table S3. It can be seen from Table S3 that the trend 

of total lattice energy U is consistent with that of P-O bond energy. Combined with ρr 

plot and Q×f values, the change of Li-O bond energy is negatively correlated with the 

change of Q×f value, indicating that the increase of Li-O inhibits the increase of Q×f 

value. Mg-O bond is related to the stability of sintering properties. The Mg-O lattice 

energy of x = 0.04, x = 0.05 and x = 0.06 deviates far from 3400eV. The ρr of these 

component points is basically unchanged in the sintering range of 850-950℃, indicating 

that Mg-O bond controls the sensitivity of sintering properties to temperature. P-O bond 

has a great correlation with Q×f value, and its variation trend is basically consistent 



with Q×f value. Further detailed analysis of three P-O bonds shows that the change 

trend of P-O (2) is closer to that of Q×f value, as plotted in Fig. S3 and Fig. S4. 

Bond energy reflects the strength of chemical bond to a certain extent and is an 

important reference for crystal thermal stability. It is generally expressed by the energy 

required for chemical bond fracture. The bond energy of chemical bond can be 

calculated (Formula S1-S5) according to the chemical bond and electronegativity 

theory proposed by Sanderson [35]. The calculation results are shown in Table S4. The 

average bond energy of LiMg0.9Zn0.1-xNixPO4 ceramics is plotted in Fig. 5(a). When x 

= 0, the average bond energy is 248.6 kJ/mol, reaching the maximum of 250.22 kJ/mol 

with x = 0.04. Then the bond energy decreases with further increasing x, which is 

consistent with the trend of τf value of LiMg0.9Zn0.1-xNixPO4 ceramics. The bond energy 

of P-O bond, which also reaches a maximum of 1477.47 kJ/mol at x=0.04 and then 

decreases and tends to be stable. Fig. 5(b) shows the average bond energies of three Li- 

O bonds, four Mg-O bonds and three P-O bonds for LiMg0.9Zn0.1-xNixPO4 ceramics. It 

is clear that P-O bond plays a dominant role in τf value in LiMg0.9Zn0.1-xNixPO4 ceramics. 



 
 

Fig. 5 (a) The values of τf, average bond energy Eavg and P-O bond energy EP-O in 

LiMg0.9Zn0.1-xNixPO4 ceramics as a function of x; (b) the corresponding average bond 

energy of Li-O, Mg-O and P-O 

 

 

 

 

 

 

 

 

 

 

 
Fig. 6 (a) Raman spectra, and (b) FWHM, UP-O and Q×f at 1074cm-1 of LiMg0.9Zn0.1- 

 
xNixPO4  ceramics as a function of x. 

 
The internal lattice vibration of microwave dielectric ceramics is related to the 

crystal structure and inherent properties of ceramics. Raman spectroscopy and infrared 

reflection spectroscopy are effective means to study lattice vibration characteristics and 

inherent dielectric properties [36]. It is found that the LiMg0.9Zn0.1-xNixPO4 ceramics 



share 48 Raman active modes (LiMg0.9Zn0.06Ni0.04PO4: Γ= 15Ag + 9B1g + 15B2g + 9B3g). 

The Raman spectra of LiMg0.9Zn0.1-xNixPO4 ceramics are shown in Fig. 6(a), which 

exhibit 21-23 external modes (< 400 cm-1, 100-250cm-1 are vibrations of Zn-O bonds, 

338 and 352 cm-1 are stretching vibrations of Li-O), and 21-23 internal modes (> 400 

cm-1, bending vibration of O-Li-O: 424 cm-1; bending vibration of O-Li-O, bending 

vibration of O-P-O: ν2 = 416-468 cm-1; [NiO6] bending vibration and P vibration: ν4 

=590-650 cm-1; P-O stretching vibration: ν1=958cm-1，ν3=1020-1080 cm-1). Raman 

characteristic peak half width (FWHM) of crystals can be used to characterize the 

degree of crystallization and the stress relationship. High purity crystals will cause the 

narrow down of FWHM value, and vice versa. Fig. 6(b) shows the relationship between 

microwave dielectric properties and FWHM of LiMg0.9Zn0.1-xNixPO4 ceramics at 

1074cm-1. It can be found that the change of FWHM shows an opposite trend to that of 

the lattice energy of P-O (UP-O). When FWHM increases, UP-O decreases, which 

indicates that the change of FWHM is inversely proportional to that of Q×f. 

Infrared reflection spectrum is commonly used to characterize the intrinsic 

dielectric response of the system. To reveal the influence of Zn and Ni composite 

substitution on the related microwave dielectric properties, the infrared reflection 

spectrum has been carried out and fitted with a four-parameter semi-quantum model (4- 

P). Fig. 7(a) and Fig. 7(d) show the room temperature infrared reflection spectra of 

LiMg0.9Zn0.1PO4 and LiMg0.9Zn0.06Ni0.04PO4, respectively. 12 vibration modes are 

observed in the infrared reflection spectra of LiMg0.9Zn0.1PO4 and 

LiMg0.9Zn0.06Ni0.04PO4 phases, while there should be 35 and 45 vibration modes in 



LiMg0.9Zn0.1PO4 structure according to the group theory analysis. These unobserved 

vibration modes may be too weak or covered by stronger and wider vibration modes. 

Fig. 7 shows the test spectra, 4-P fitting spectra and the real and imaginary parts of the 

complex permittivity corresponding to K-K transformation of LiMg0.9Zn0.1PO4 and 

LiMg0.9Zn0.06Ni0.04PO4 infrared reflectance spectra. It can be seen that the spectral lines 

obtained by the 4-P fitting method and the K-K calculation method coincide well, 

indicating that the fitting results are effective and reliable. Table S5 and Table S6 show 

the dispersion parameters obtained by fitting LiMg0.9Zn0.1PO4 and 

LiMg0.9Zn0.06Ni0.04PO4, with εcal=6.73, tanδcal=7.554×10-5 and εcal=6.19, 

tanδcal=6.8143×10-5, respectively. 

Fig. 7 (a) (d) measured and fitted infrared reflectance spectrum; (b) (e) real part 

obtained by K-K fitting; (c) (f) imaginary part obtained by K-K fitting. 

 
4. Conclusions 

 
In this work, LiMg0.9Zn0.1-xNixPO4 (x=0-0.1) microwave dielectric ceramics were 

prepared by a solid-state sintering route. XRD patterns of LiMg0.9Zn0.1-xNixPO4 



ceramics confirmed the formation of a single phase without detection of any secondary 

phases. The lattice parameters, densification, and microstructure have been 

significantly affected by changing Zn/Ni ratio. The optimum properties were obtained 

at a ratio of (Zn/Ni=3/2), at a sintering temperature of 875℃. The influences of the 

intrinsic factors on the microwave dielectric properties of LiMg0.9Zn0.1-xNixPO4 

ceramics were studied by P-V-L theory. It was found that the εr of ceramics was mainly 

affected by the ionic polarizability. The lattice energy of P-O bond was much larger 

than that of Mg-O bond and Li-O bond, playing a decisive role in the Q×f of ceramics. 

The value of τf was mainly affected by the bond energy, where the P-O bond showed 

the highest bond energy and a major contribution to τf. The optimal composition of 

LiMg0.9Zn0.06Ni0.04PO4 exhibited excellent microwave dielectric performance of Q×f ~ 

153,500GHz, εr ~ 7.13 and τf ~ -59ppm/℃, which makes it a promising candidate for 

LTCC application. 
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Table S1 The average radius of complex Zn2+-Ni2+ as a function of Zn/Ni Ratio 
 

 

Zn/Ni Ratio Zn(0.74Å) Content Ni(0.69Å) Content Zn/Ni(Å) Average ionic radius 

- 1 0 0.74 

4:1 0.8 0.2 0.73 

3:2 0.6 0.4 0.72(Mg2+) 

1:1 0.5 0.5 0.715 

2:3 0.4 0.6 0.71 

1:4 0.2 0.8 0.7 

- 0 1 0.69 

 

 

 
 

Table S2 LiMg0.9Zn0.1-xNixPO4 unit cell parameter table (0≤x≤0.1) 

LiMg0.9Zn0.1-xNixPO4 

 

 

x 0 0.02 0.04 0.05 0.06 0.08 0.1 

a(Å) 10.1406 10.12953 10.14018 10.12953 10.13739 10.1386 10.1324 

b(Å) 5.9055 5.90405 5.90913 5.90405 5.90858 5.9092 5.90470 

c(Å) 4.6925 4.68992 4.69266 4.68992 4.69191 4.6930 4.69130 

α=β=γ(°) 90 90 90 90 90 90 90 

V(Å3) 281.006 280.673 281.182 280.705 281.034 281.162 280.673 

ρt(g/cm3) 3.073 3.074 3.079 3.101 3.077 3.127 3.068 

Rωp 8.15 4.98 7.18 6.19 4.82 6.14 3.34 

Rp 5.64 3.49 5.24 4.53 6.65 4.32 4.79 



χ2 3.45 4.30 3.79 2.42 3.76 4.65 4.45 

 

Table S3 The lattice energy in LiMg0.9Zn0.1-xNixPO4 
 

LiMg0.9Zn0.1-xNixPO4 Lattice energy U(eV) 
 

Chemical bond 
 

 

 x=0 x=0.02 x=0.04 x=0.05 x=0.06 x=0.08 x=0.1 

 

Li-O(1) 

 

312.23 

 

312.50 

 

313.45 

 

313.81 

 

312.92 

 

312.13 

 

311.61 

Li-O(2) 325.05 324.72 323.85 323.67 325.13 324.42 325.62 

Li-O(3) 314.61 314.44 315.03 315.36 315.76 315.10 315.06 

Mg(Zn\Ni)-O(1) 560.29 560.91 559.15 554.36 560.80 563.73 565.16 

Mg(Zn\Ni)-O(2) 580.34 579.76 577.52 597.22 575.26 578.3 575.33 

Mg(Zn\Ni)-O(3)1 1160.42 1160.38 1153.15 1172.03 1150.98 1160.48 1161.11 

Mg(Zn\Ni)-O(3)2 1099.20 1098.99 1099.08 1086.05 1100.54 1099.26 1098.10 

P-O(1) 7030.89 7089.34 7136.60 7032.37 7122.71 7099.01 7098.15 

P-O(2) 7083.40 7049.07 7109.09 6822.02 7069.19 7068.434 7077.85 

P-O(3) 14029.05 14031.92 14173.15 13949.65 14031.77 14092.77 14066.70 

AU Li-O 951.95 951.66 952.35 952.85 953.81 951.65 952.29 

AU Mg(Zn\Ni)-O 3400.26 3400.02 3388.90 3409.67 3387.58 3401.80 3399.70 

AU P-O 28143.34 28170.33 28418.83 27804.04 28223.66 28260.21 28242.71 

AU 32495.55 32522.02 32760.08 32166.56 32565.06 32613.65 32594.70 

AvgU 3249.56 3252.20 3276.01 3216.66 3256.51 3261.37 3259.47 

 

 

 

 

 

Table S4 Bond energy of LiMg0.9Zn0.1-xNixPO4 ceramics (0≤x≤0.1) 
 

Bond energy  𝑬 (kJ/mol) 
 

Bond type x = 0 x = 0.02 x = 0.04 x = 0.05 x = 0.06 x = 0.08 x = 0.1 



Li-O(1) 202.27 202.34 203.02 203.23 202.77 202.03 201.76 

Li-O(2) 210.19 209.94 209.49 209.36 210.37 209.66 210.47 

Li-O(3) 203.70 203.55 204.01 204.20 204.54 203.87 203.91 

Mg(Zn\Ni)-O(1) 100.99 101.12 100.67 99.74 101.00 101.71 102.00 

Mg(Zn\Ni)-O(2) 105.27 105.14 104.58 108.91 104.07 104.83 104.17 

Mg(Zn\Ni)-        

 105.24 105.23 104.37 106.49 104.12 105.24 105.29 

O(3)1 

Mg(Zn\Ni)- 

       

98.73 98.71 98.64 97.35 98.78 98.73 98.60 
O(3)2  

P-O(1) 484.78 492.84 496.21 490.14 497.13 493.11 493.24 

P-O(2) 492.33 487.03 492.23 460.75 489.34 488.70 490.30 

P-O(3) 482.47 482.35 489.02 481.79 481.79 485.57 483.97 

AELi-O 616.17 615.83 616.52 616.79 617.67 615.57 616.14 

AEMg(Zn\Ni)-O 410.23 410.23 408.26 412.48 407.97 410.52 410.06 

AEP-O 1459.58 1462.22 1477.47 1432.68 1468.26 1467.38 1467.51 

AE 2485.98 2488.25 2502.25 2461.95 2493.91 2493.46 2493.71 

Eavg 248.6 248.82 250.22 246.19 249.39 249.353 249.37 

 

 

 

 

 
Table S5 The dispersion parameters of LiMg0.9Zn0.1PO4 ceramics obtained by fitting 

 

Mode ωoj ωpj γj △εj tanδj×10-4
 

1 220.44 131.45 16.884 0.356 0.0766 

2 238.64 131.56 19.883 0.304 0.0833 

3 278.3 326.24 32.195 1.37 0.116 

4 316.43 153.22 22.6 0.234 0.0714 

5 333.28 113.21 16.402 0.115 0.0492 

6 379.29 311.83 29.945 0.676 0.0789 

7 402.56 256.79 35.088 0.407 0.0872 

8 478.64 134.02 26.514 0.0784 0.0554 

9 506.64 146.83 33.532 0.084 0.0662 

10 548.18 183.56 29.206 0.112 0.0533 

11 587.67 50.535 7.3546 0.00739 0.0125 

12 663.7 65.423 3.6318 0.00972 0.00547 



LiMg0.9Zn0.1PO4 ε∞ = 2.98 ε0 = 3.75 εcal=6.73 tanδcal=7.554×10-5
 

 

 

 

 

 

 

Table S6 The dispersion parameters of LiMg0.9Zn0.06Ni0.04PO4 ceramics obtained by 
 
 

 fitting  

Mode ωoj ωpj 

 
γj △εj tanδj×10-4  

1 223.02 88.633 
 

10.771 0.158 0.0483 

2 239.13 96.543 
 

14.239 0.163 0.0595 

3 281.84 282.85 
 

29.579 1.01 0.105 

4 315.93 142.97 
 

20.936 0.205 0.0663 

5 331.6 123.04 
 

18.391 0.138 0.0555 

6 386.03 309.21 
 

27.718 0.642 0.0718 

7 411.01 270.22 
 

36.313 0.432 0.0884 

8 478.86 137.83 
 

25.91 0.0828 0.0541 

9 508.8 158.96 
 

31.718 0.0976 0.0623 

10 549.16 199.63 
 

26.937 0.132 0.0491 

11 588.04 60.588 
 

7.9584 0.0106 0.0135 

12 662.76 77.562  5.056 0.0137 0.00763 

LiMg0.9Zn0.06Ni0.04PO4 ε∞ = 3.11 ε0 =3.08 εcal=6.19 tanδcal=6.8143×10-5
 



 


