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A B S T R A C T   

Herein, the dielectric properties of Na + doped Li10ZnTi13O32 ceramics were investigated by first-principles 
computational prediction and combined with the solid-phase reaction method. Li9.88Na0.12ZnTi13O32 obtained 
the best dielectric properties by sintering at 1050 ◦C for 4 h: εr = 30.01, Q × f = 90,879 GHz (@7.8 GHz), τf =

3.93 ppm/◦C. In terms of extrinsic factors, the optimization of the densification, the creation of the second phase 
TiO2, and the increase of the grain size resulted in better dielectric properties. Intrinsic factors indicate that the 
weakening of the damping behavior and the increase in the electron cloud density lead to a decrease in the 
dielectric loss. The increase in ion polarisation and the blue shift of the Raman wavenumber lead to a gradual 
increase in εr. The temperature stability is optimized depending on the TiO2 content. The optimized 
Li9.88Na0.12ZnTi13O32 ceramics have unlimited applications in microwave communications.   

1. Introduction 

With the high-speed development of fifth-generation communication 
technology, microwave dielectric ceramics (MWDCs) as the substrate 
material for passive electronic devices in microwave communication has 
also received extensive attention. In particular, electronic devices such 
as filters, resonators, antennas, duplexers, etc. are developing in the 
direction of miniaturization, lightweight, and high integration, which 
has prompted the need for microwave dielectric ceramics to continu
ously improve their dielectric properties [1–5]. Generally, low dielectric 
loss (tanδ, or high-quality factor Q × f) can effectively suppress signal 
attenuation, near-zero temperature coefficient of resonance frequency 
(τf) can ensure the stability of electronic devices in extreme environ
ments, and the appropriate relative permittivity (εr) not only regulates 
the signal delay but also ensures the miniaturization of electronic de
vices [6–8]. Among them, MWDCs with medium εr not only have lower 
dielectric loss, and τf is also smaller, it is a key member of microwave 
dielectric ceramics. For exam ple, LnAlO3, (Zn,Sn)TiO4, AM2O6, 
AMNd/TaO4, Li2O–MgO(ZnO)–TiO2 systems, etc [9–15]. 

In recent years, the Li2O–MgO(ZnO)–TiO2 ternary system has been 
extensively investigated due to its structural diversity, and several mi
crowave dielectric ceramics with medium εr have been developed [16, 
17]. Firstly, George et al. Li2Mg/ZnTi3O8 ceramics with a spinel struc
ture were synthesized, its dielectric properties are εr = 27.2/25.6, Q × f 
= 42,000/72,000 GHz, and τf =+3.2/-11.2 ppm/◦C [18]. Subsequently, 
Zhou et al. successfully prepared spinel-structured Li2Mg3Ti4O12 ce
ramics with εr = 20.2, Q × f = 62,300 GHz, and τf = − 27.1 ppm/◦C by 
increasing the percentage of magnesium oxide [19]. Since then, a large 
number of researchers have used ionic substitution and 
non-stoichiometric modulation, both of which have been achieved to 
optimize the dielectric properties [8,15,20–22]. For the application of 
low-temperature co-sintering technology, a reduction in sintering tem
perature has been achieved by the addition of a wide variety of sintering 
additives [23–25]. Just recently, Tang et al. successfully prepared 
Li6M7Ti11O32 and Li10MTi13O32 (M = Zn, Mg) dielectric ceramics with 
medium εr by further adjusting the ratio of the ternary system Li2O–MgO 
(ZnO)–TiO2. Among them, Li6Zn7Ti11O32 and Li6Mg7Ti11O32 exhibit 
ordered spinel structures with dielectric properties of εr = 20.7 and 21.9, 
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Q × f = 129,600 GHz and 108,600 GHz, τf = − 45 ppm/◦C and − 21 
ppm/◦C, respectively [26]. Whereas, Li10Zn/MgTi13O32 exhibits disor
dered spinel structures, corresponding to dielectric properties of εr =

28.26/29.23, Q × f = 35, 800/32,100 GHz, and τf = − 17.06/-11.05 
ppm/◦C. The occupancy of the different cations is a key factor in the 
change of ordering [16,27]. So far, no Li10MTi13O32 (M = Zn, Mg) 
modification has been investigated, which is particularly important for 
further studies on the structure-property relationship of Li10MTi13O32 
(M = Zn, Mg). 

In this work, it was shown by first-principles calculations that doping 
with Na ions will optimize the dielectric properties. Therefore, Li(1-x) 

10Na10xZnTi13O32 (0.004 ≤ x ≤ 0.020) ceramics by solid-phase reaction 
method and the effect of non-intrinsic factors on their dielectric prop
erties was elucidated by varying their relative density, grain size, and 
second phase content. The effect of intrinsic factors on the dielectric 
properties was revealed by analyzing the lattice vibrational properties. 

2. Experiment 

Li(1-x)10Na10xZnTi13O32 (0.004 ≤ x ≤ 0.020) ceramics were prepared 
by a conventional solid phase reaction method. Li2CO3 (Aladdin, 99.99 
%), Na2CO3 (Aladdin, 99.99 %), ZnO (Aladdin, 99.99 %), and TiO2 
(Aladdin, 99.8 %) powders were weighed and mixed in stoichiometric 
ratio. The powder was ball milled in a nylon ball milling jar for 10h, 
where the ball milling medium was deionized water and zirconium di
oxide balls. Subsequently, the slurry was dried and calcined at 800 ◦C for 
4 h. The calcined powder was ball milled for a second time for 10 h. The 
slurry obtained in the second time was dried and ground, and then 
granulated by adding 8 wt% polyvinyl alcohol (PVA) solution. The 
granulated particles were uniaxially pressed into cylindrical billets with 
a diameter of 12 mm and a height of 5–6 mm. Finally, the cylindrical raw 
billets were sintered at 500 ◦C for 2 h to achieve PVA removal and then 
sintered at 975–1000 ◦C for 4 h to densify the ceramics. The temperature 
change rate during the sintering process was 3 ◦C/min. The ceramic 
samples after sintering at 1050 ◦C were polished and then thermally 
etched at 1000 ◦C for 2 h with a temperature change rate of 5 ◦C/min. X- 
ray photoelectron spectroscopy (XPS, Thermo Scientific K-Alpha, USA) 

was used to analyze the chemical state of Ti and O in ceramic samples. 
Reflectance spectra were determined using a PerkinElmer Lambda950 
UV–Vis spectrophotometer (USA). 

First-principle calculations were carried out using the CASTEP 
module of Density Functional Theory (DFT), and the specific parameter 
settings used for the calculations are given in the Supplementary In
formation (SI). The bulk density of the ceramics was measured by the 
Archimedes drainage method. X-ray diffractometer (XRD, SmartLab 9 
kW, Rigaku, Japan) was used to characterize the phase composition and 
crystal structure of the ceramics. Field emission scanning electron mi
croscopy (FESEM, Phenom, fPharos, Netherlands) was used to analyze 
the microscopic morphology and elemental distribution of the samples. 
Raman spectroscopy with a wavenumber located between 50 cm− 1 and 
2000 cm− 1 was examined by a Raman spectrometer (LabRAM HR evo
lution, Horiba Scientific, Japan) using a He–Ne laser as the excitation 
source. The microwave dielectric properties at frequencies between 2 
GHz and 20 GHz were measured using a vector network analyzer 
(Agilent N5230A, Agilent Technologies, USA) in TE011 mode using the 
Hakki-Coleman dielectric resonator method, where τf was calculated 
using the formula shown below: 

τf =
fb − fa

(Tb − Ta) × fa
× 106 ppm/

◦C (1)  

where fa and fb represent the resonant frequency at Ta and Tb, respec
tively. 

3. Results and discussions 

3.1DFTcalculations 

Before performing the experiments, we calculated the electron den
sities of the one-fifth unit cell before and after the substitution of Na ions 
for Li ions by first principles, as shown in Fig. 1(a)-(b). The doping of Na 
ions significantly enhances the density of the electron cloud inside the 
[NaO4] tetrahedron and causes the electron cloud inside the [Li/TiO6] 
octahedron to move towards the cation around the cation. Overall, the 

Fig. 1. Electron density and energy band structures of Na ions before and after doping.  
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increase in the electron cloud density results in less energy available for 
lattice oscillations to overcome thermal losses, and thus fewer phonon 
collision losses, leading to a reduction in dielectric losses. The energy 
band structure before and after doping is shown in Fig. 1(c)–(d), where 
the band gap increases from 4.605 eV to 4.636 eV. This indicates that Na 
ion substitution leads to ceramics with lower conductivity loss, which 
also reduces the dielectric loss [13,28]. This suggests that doping with 
Na ions will optimize the dielectric properties. 

3.2Crystalline structure 

The XRD patterns of Li(1-x)10Na10xZnTi13O32 (0.004 ≤ x ≤ 0.020) 
ceramics after sintering at 1050 ◦C for 4 h are shown in Fig. 2(a). The 
diffraction peaks of all component samples of Li(1-x)10Na10xZnTi13O32 
are a good match to the disordered spinel Li4Ti5O12 (JCPDS#49–0207) 
with the Fd-3m (227) space group, but all samples also detected the 
secondary phase of TiO2 (JCPDS#76–0318) with the P42 (136) space 
group. The secondary phase is inevitable due to the volatilization of 
lithium during high-temperature sintering of lithium-containing mate
rials [29–32]. Fig. 2(b) shows the amplified pattern of the diffraction 
peak of (111). As the x value increases, the diffraction peak gradually 
moves towards the direction of decreasing 2θ, which is due to the lattice 
expansion caused by the substitution of Na+. As shown in Fig. 2(c), the 
Na + substitution randomly occupies the 8a Wyckoff position of the 
oxygen tetrahedron, and the 16d Wyckoff position of the oxygen octa
hedron. When the coordination number is 4, the ionic radius of Na+ is 
0.99 Å, which is larger than that of Li+ (0.59 Å), and when the coordi
nation number is 6, the ionic radius of Na+ is 1.02 Å, which is also larger 
than that of Li+ (0.76 Å). Therefore, the substitution of Na+ is the main 
reason for the lattice expansion. To further investigate the effect of Na 
ion doping on the lattice parameters as well as the content of the second 
phase, Rietveld refinement of the XRD data was carried out by using 
GSAS software, and the refinement curves are plotted in Fig. 2(d) for 

Li9.88Na0.12ZnTi13O32, and those for the rest of the fractions are shown in 
Fig. S1. The refinement factors, lattice parameters, theoretical densities 
(ρth.), two-phase mass fractions, and main-phase bond lengths. The 
content of the secondary phase is least at x = 0.012, which indicates that 
a moderate amount of Na doping can reduce the generation of the sec
ondary phase. The overall trend of change in cell volume shows a 
gradual increase, which echoes the above. Since the density of TiO2 is 
higher than that of Li(1-x)10Na10xZnTi13O32, the trend of density change 
is consistent with the change in TiO2 content [33]. 

3.3. Lattice vibration properties 

Lattice vibrational properties can effectively reflect the performance 
effects caused by chemical bonding changes, and Raman spectroscopy is 

Fig. 2. (a) XRD patterns of Li(1-x)10Na10xZnTi13O32 ceramics sintered at 1050 ◦C for 4 h. (b) Enlarged view of XRD patterns of the 2θ range between 18.5◦ and 19◦. (c) 
Schematic of the crystal structure of Li(1-x)10Na10xZnTi13O32 ceramics. (d) XRD refinement pattern for x = 0.012. 

Table 1 
The reliability factors, Weight fractions (W.f.), theoretical density, refined lattice 
parameters, and bond length of the main phase (d, unit: Å; A: Li10ZnTi13O32; B: 
TiO2.).  

Projects x = 0.004 x = 0.008 x =
0.0012 

x = 0.016 x = 0.020 

Rp (%) 5.56 5.87 6.33 4.98 6.68 
Rwp (%) 8.06 8.39 9.38 7.01 9.78 
χ2 1.79 1.91 2.07 1.49 2.16 
W.f. of A (%) 92.7 94.2 96.4 87.4 81.8 
W.f. of B (%) 7.3 5.8 3.6 12.6 18.2 
a = b = c (Å) 8.3595 8.3610 8.3624 8.3653 8.3640 
α = β = γ (◦) 90 90 90 90 90 
V (Å3) 584.1744 584.5014 584.7866 585.3826 585.1162 
ρth.(g/cm3) 3.65 3.64 3.63 3.68 3.72 
d-Li(1)/Na/ 

Zn–O 
1.9150 1.9599 1.9161 1.9527 1.9341 

d-Li(2)/Na/ 
Ti–O 

2.0310 2.0075 2.0315 2.0129 2.0223  
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the main means to study lattice vibrational properties. According to the 
group theory analysis, the vibrational properties of the space group for 
the point groups Fd-3m (227) and Oh (m3m) are shown in Table 1, and 
the vibrational mode classifications are listed in Table 2. Theoretically, 
Li(1-x)10Na10xZnTi13O32 should have 16 Raman vibrational modes, 
including the super-Raman active modes [34] (see Table 3). 

The Raman spectra of Li(1-x)10Na10xZnTi13O32 ceramics are shown in 
Fig. 3(a), with a total of nine Raman vibrational modes detected. Some 
Raman vibrational modes were not detected due to differences in Raman 
vibrational activity during the measurement process and background 
masking. In addition, it can be observed from Fig. 3(a) that the wave
number and full width at half maxima (FWHM) of the Raman charac
teristic peaks change for different samples. To further carry out the 
assignment of Raman vibrational modes and to investigate the effect of 
lattice vibrational changes on the dielectric properties, the Raman 
spectra were fitted by Gauss-Lorentzian model as shown in Fig. 3(b) and 
Fig. S2. Among them, the Raman vibrational modes located between 
200 cm− 1 and 400 cm− 1 are caused by the bending vibrations of O–Li/ 
Na/Ti–O. The stretching vibrations of the [Li/NaO4] tetrahedra pro
duced vibrational modes located near 426 cm− 1, while the stretching 
vibrations of the [ZnO4] tetrahedra caused vibrational modes located 
near 500 cm− 1. The vibrational mode located near 681 cm− 1 is associ
ated with the telescopic vibration of the [TiO6] octahedron [27]. While 
the remaining unassigned vibrational modes are generated by the 

secondary phase of TiO2 [35]. The effect of changes in lattice vibrational 
properties on dielectric properties will be analyzed later. 

3.4Microstructures 

Fig. 4 shows the microscopic morphology of thermally etched Li(1-x) 

10Na10xZnTi13O32 ceramics with different compositions after sintering at 
1050 ◦C. All the samples have a dense microstructure with distinct and 
easily recognizable grain boundaries. In addition, very few grain 
boundary pores exist at the grain boundaries. In addition, very few grain 
boundary pores exist at the grain boundaries. With the increase of Na+

ion substitution, the average grain size showed a trend of increasing and 
then decreasing. The statistical distribution of grain size is shown in 
Fig. S3, where Li9.88Na0.12ZnTi13O32 has the highest average grain size 
of 5 μm. At this point, the porosity is also the lowest, at 4.21 %. 
Appropriate Na+ substitution can promote the sintering of the ceramics, 
thus increasing the grain size and reducing the porosity. Fig. 5 shows the 
EDS characterization results for x = 0.012. A clear distinction between 
the two grains can be observed in the back-scattered electron imaging. 
The smaller and relatively brighter size grains are TiO2, while the larger 
and relatively darker size grains are Li9.88Na0.12ZnTi13O32. This result 
echoes the XRD results, confirming that there is indeed a TiO2 secondary 
phase. Fig. 6 shows the elemental distribution of Li9.988Na0.012ZnTi13O32 
ceramics, where Ti elemental aggregation was not observed due to the 
low TiO2 content of the secondary phase and the high titanium content 
of the primary phase. 

3.5. Microwave dielectric properties 

Usually, non-intrinsic and intrinsic factors are the two main reasons 
affecting microwave dielectric ceramics. Non-intrinsic factors are 
mainly the densification of the ceramics, grain size, the presence of a 
second phase, and other factors. Intrinsic factors mainly refer to atomic 
properties, chemical bonding properties, lattice vibrational properties, 
and other factors. In this work, we have analyzed the effect of intrinsic 
and non-intrinsic factors on the dielectric properties separately. 

Fig. 6(a) and (b) correspond to εr and Q × f values of Li(1-x) 

Table 2 
Character Table of Irreducible Representations of Li(1-x)10Na10xZnTi13O32.  

D2h 1 4 2100 3 2110 − 1 − 4 M100 − 3 M110 Functions 

A1gΓ1
þ 1 1 1 1 1 1 1 1 1 1 x2,y2,z2 

A1uΓ1
- 1 1 1 1 1 − 1 − 1 − 1 − 1 − 1  

A2gΓ2
þ 1 − 1 1 1 − 1 1 − 1 1 1 − 1  

A2uΓ2
- 1 − 1 1 1 − 1 − 1 1 − 1 − 1 1  

EgΓ3
þ 2 0 2 − 1 0 2 0 2 − 1 0 (2z2-x2-y2, x2-y2) 

EuΓ3
¡ 2 0 2 − 1 0 − 2 0 − 2 1 0  

F2uΓ5
¡ 3 − 1 − 1 0 1 − 3 1 1 0 − 1  

F2gΓ5
þ 3 − 1 − 1 0 1 3 − 1 − 1 0 1 (xy, xz, yz) 

F1uΓ4
¡ 3 1 − 1 0 − 1 − 3 − 1 1 0 1 (x, y, z) 

F2gΓ4
þ 3 1 − 1 0 − 1 3 1 − 1 0 − 1 yz,Jx  

Table 3 
Raman and IR vibrational modes of the Li(1-x)10Na10xZnTi13O32 structure.  

Atom Position Symmetry Irreducible vibrational representations 

Li(1)/Na/ 
Zn 

8a Td 2F1u + F2g 

Li(2)/Na/Ti 16d D3d 4F1u + A2u + Eu + F2u 

O 32e C3v 4F1u + A1g + Eg + 2F2g + A2u + Eu + F2u 

ΓOptic = 10F1u + A1g + Eg + 3F2g + 2A2u + 2Eu + 2F2u 

Γacoustic = F1u 

ΓRaman = 5F1u + A1g + Eg + 3F2g + 2A2u + 2Eu + 2F2u (including Hyper-Raman active 
modes) 

ΓInfrared = 4F1u (acoustic modes excluded)  

Fig. 3. (a) Raman spectra of Li(1-x)10Na10xZnTi13O32 ceramics sintered at 1050 ◦C for 4 h. (b) The observed and fitted Raman Raman spectra at x = 0.012.  
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10Na10xZnTi13O32 ceramics at different sintering temperatures, respec
tively. For samples with different compositions, εr, and Q × f both reach 
their maximum values at 1050 ◦C. Here, as the x value increases from 
0.004 to 0.012, εr also increases from 28.77 to 29.53, and Q × f from 
53,349 GHz to 90,879 GHz (@7.8 GHz). After that, εr continues to in
crease to 31.55 as the x value continues to increase to 0.020, while Q × f 
decreases to 44,396 GHz. The relative densities of all the samples are 
shown in Fig. 6(c), and the bulk densities are shown in Fig. S4. All the 
samples show excellent densities at 1050 ◦C, with the relative density of 
Li9.88Na0.12ZnTi13O32 reaching a maximum value of 98.19 %, which is 
responsible for its low dielectric loss. Fig. 6(d) summarizes the trends of 
εr, Q × f, and relative density after sintering at 1050 ◦C for 4 h. In 
addition, the secondary phase TiO2 has a high εr value, which also leads 
to an increase in the εr value of Li(1-x)10Na10xZnTi13O32 ceramics [33]. 
Finally, Grain boundaries often act as two-dimensional defects that 
interrupt the long-range ordering of the crystal, leading to increased 
dielectric losses. SEM results show that Li9.88Na0.12ZnTi13O32 ceramic 
has the largest average grain size, and its reduced grain boundary den
sity will help to reduce its dielectric loss. 

For intrinsic factors, ion polarisation rate and lattice vibrational 
properties are the key factors affecting the dielectric properties. Fig. 7(a) 
plots the variation of observed permittivity (εr-obs.) and the corrected 
permittivity (εr-corr.) according to the Bosman-Havenga equation for the 
samples after sintering at 1050 ◦C [36]. 

εr− corr. = εr− obs.(1+ 1.5p) (2) 

The trends of the two changes remain consistent and gradually in
crease with the increase of Na ion doping. According to the Clausius- 
Mossotti equation [37]: 

εr− cal. =
3V + 8πα
3V − 4πα (3) 

It can be seen that εr is directly proportional to the ionic polar
isability, which leads to an increase in εr since the ionic polarisability of 
Na+ (1.80 Å3) is higher than that of Li+ (1.20 Å3). Changes in the 

vibrational properties of the lattice will also lead to changes in the 
dielectric constant. It has been shown that εr is inversely proportional to 
the wave number (frequency) and the trend of phonon displacement is 
opposite to εr, as shown in the following relation: 

ε(0, ξ, κ)=
Ω2

P exp
[
λ
(
EF

0 − ξ
)]

ω(ξ, κ) (4) 

ΩP and ω are the plasma frequency and phonon frequency, respec
tively [38,39]. Fig. 7(a) also plots the change in wavenumber of the 
Raman characteristic peak located near 237 cm− 1, which decreases from 
237.97 cm− 1 to 234.55 cm− 1as the x value increases, which is the 
opposite trend to that of εr. This indicates that Na ion doping does affect 
the lattice vibration, which causes εr to change. 

Fig. 7(b) shows the variation curves of Q × f for Li(1-x)10Na10xZn
Ti13O32 ceramics after sintering at 1050 ◦C. Q × f shows an increasing 
and then decreasing trend with the increase of x value. In addition, Fig. 7 
(b) plots the variation of r full width at half maximum (FWHM) of the 
Raman characteristic peak located near 237 cm− 1. Since the dielectric 
loss is inversely proportional to the long-term attenuation of microwave 
energy transmission, this can be reflected by the lattice vibration vari
ation. A smaller FWHM of the Raman characteristic peak implies that a 
certain type of vibrational mode has a lower damping behavior, which 
leads to a lower intrinsic dielectric loss [22]. The FWHM value decreases 
from 85.7 cm− 1 to 71.9 cm− 1, and increases again to 88.6 cm− 1, and is 
minimum at x = 0.012. This suggests that the proper substitution of Na 
ions reduces the vibrational damping behavior of the O–Li/Na/Ti–O 
bond, which results in a reduction of the intrinsic loss. In addition, the 
chemical state of Ti in Li9.88Na0.12ZnTi13O32 ceramics was analyzed by 
XPS, as shown in Fig. S6. The presence of Ti3+ was not observed, indi
cating that the enhancement of the anharmonic vibration by the 
reduction of Ti4+ to Ti3+ during sintering to reduce the value of Q × ƒ 
does not exist. 

As a substrate material for electronic devices, good temperature 
stability is an essential requirement for microwave dielectric ceramics. 

Fig. 4. (a)–(e) SEM micrographs of Li(1-x)10Na10xZnTi13O32 ceramics after sintering at 1050 ◦C.  

H. Liu et al.                                                                                                                                                                                                                                      



Ceramics International 50 (2024) 12549–12556

12554

Fig. 5. EDS results of Li9.88Na0.12ZnTi13O32 ceramics sintered at 1050 ◦C for 4 h.  

Fig. 6. (a)–(c) εr, Q × f, and relative density of Li(1-x)10Na10xZnTi13O32 ceramics at different sintering temperatures. (d) Comparison chart of relative density, 
dielectric constant, and quality factor at 1050 ◦C for different contents. 
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Usually, a τf value close to 0 ppm/◦C represents better temperature 
stability. Fig. 8 shows the τf values of Li(1-x)10Na10xZnTi13O32 ceramics 
after sintering at 1050 ◦C. With the gradual increase of the x value, the τf 
first decreases from 7.37 ppm/◦C to 3.93 ppm/◦C before increasing to 
12.29 ppm/◦C. This is superior to the reported τf of Li10ZnTi13O32 ce
ramics (− 17.06 ppm/◦C) [27]. This is mainly attributed to the produc
tion of secondary phase TiO2. Since TiO2 has a large τf value of about 
200 ppm/◦C [33]. According to the law of mixing (τf = V1×τf1 + V2×τf2) 
[40], the τf value increases gradually with the increase in the content of 
TiO2. Fig. 8 also limits the weight fractions of TiO2 for the different 
components, which is the smallest at x = 0.012, when the temperature 

stability is the best, with a tf value of 3.93 ppm/◦C. 
Fig. 9 shows the microwave dielectric properties that have been re

ported for some ceramics with medium permittivity [9–15,18–21,26, 
27]. Na ion-doped Li9.88Na0.12ZnTi13O32 ceramic exhibits more excel
lent microwave dielectric properties among the family of ceramics with 
medium permittivity, especially with more excellent temperature sta
bility. Fig. S7 also shows the UV–Vis spectra of the Li9.88Na0.12ZnTi13O32 
ceramic, which has strong absorption in the UV region. This suggests 
that the modified Li9.88Na0.12ZnTi13O32 has a promising application in 
microwave communications. 

4. Conclusion 

In this work, first-principles calculations show that Na ion substitu
tion contributes to the reduction of dielectric loss in Li10ZnTi13O32 ce
ramics. Li(1-x)10Na10xZnTi13O32 ceramics were prepared by solid-phase 
reaction method to establish the relationship between structure and 
properties. Li9.88Na0.12ZnTi13O32 exhibits the best dielectric properties 
εr = 30.01, Q × f = 90,879 GHz (@7.8 GHz), τf = 3.93 ppm/◦C. For the 
non-intrinsic factors, the relative density is enhanced to 98.19 %, an 
increase in grain size to 5 μm, and an appropriate second phase content 
(TiO2, 3.6 %) led to the optimization of the dielectric properties. For the 
intrinsic factors, the weakening of the damping properties and the in
crease in the electron cloud density lead to a decrease in the dielectric 
loss. The increase in ion polarisation and the blue shift of the Raman 
wave number lead to a gradual increase in εr. TiO2 with more positive τf 
allows the optimization of temperature stability. The above results 
indicate that Li9.88Na0.12ZnTi13O32 ceramics have a wide application 
prospect in the field of microwave communications. 
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Fig. 7. (a) The εr-obs., εr-corr., and characteristic peak shifts of εr-cal. of Li(1-x)10Na10xZnTi13O32 sintered at 1050 ◦C for 4 h. (b) The Q × f and FWHM curves of Li(1-x) 

10Na10xZnTi13O32 sintered at 1050 ◦C for 4 h. 

Fig. 8. τf values and weight fractions of the second phase of Li(1-x)10Na10xZn
Ti

13
O32 ceramics after sintering at 1050 ◦C. 

Fig. 9. Microwave dielectric properties of some of the reported ceramics with 
medium permittivity. 
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