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A B S T R A C T   

MgTiO3–Mg2TiO4–Na0.5La0⋅5TiO3 (MMNL) microwave ceramics were prepared using a conventional solid-state 
method. The stability of dielectric properties was investigated over a wide range of temperatures. The effects 
of the composition of the three phases on the microwave dielectric properties of the MMNL ceramics were 
investigated. The results showed that a high sintering temperature reduces the structural stability and 
compactness of the ceramics, leading to a deterioration in their dielectric properties. The addition of MgTiO3 
effectively increased the vibration peak intensity of the [TiO6] oxygen octahedra but reduced the relative den
sity, leading to a decrease in the Q × f value. The τf value approached zero in a wide temperature range 
(− 40–120 ◦C) by regulating the phase compositions of the MMNL ceramics. In particular, the 0.21MgTiO3- 
0.653Mg2TiO4-0.137Na0⋅5La0⋅5TiO3 ceramic sintered at 1440 ◦C for 6 h exhibited superior microwave dielectric 
properties: εr = 17.5 (8.83 GHz), Q × f = 62,800 GHz, and τf = − 0.35 ppm/◦C.   

1. Introduction 

Microwave dielectric ceramics (MWDCs) play an important role in 
5G devices. With the development of 5G techniques, the pursuit of high- 
performance MWDCs with low dielectric loss, a suitable dielectric con
stant, and the temperature coefficient of the resonant frequency 
approaching zero is a major objective for obtaining high-performance 
5G devices [1]. To satisfy the working temperature change in global 
area, MWDC devices should have good temperature stability in the 
range of − 40 ◦C to 120 ◦C [2,3]. Currently, for regulating the temper
ature coefficient of the resonant frequency, the positive temperature 
range of the τf value is primarily considered, while the negative tem
perature range is always neglected [4]. Ceramics with the temperature 
coefficient of the resonant frequency approaching zero over wide tem
perature ranges (− 40–105 ◦C and − 55–85 ◦C) were prepared via 
stacking sintering and non-stoichiometric unequal incorporation of el
ements; however, these methods involve complex processes and high 
costs. In addition, the material must have a high thermal expansion 
coefficient [2‒5]. 

Because of their low dielectric constant, high quality factor, low 

costs, and abundantly available raw materials, MgO–TiO2-based (such 
as MgTiO3 and Mg2TiO4) microwave dielectric ceramics have attracted 
extensive attention in the 5G communication industry; however, their 
large τf value limits their practical application [5‒7]. Two-phase mix
tures with positive τf materials, such as CaTiO3, SrTiO3, Ca0⋅8Sr0⋅2TiO3, 
NaTaO3, and MgTa2O6, as temperature compensators were proposed to 
adjust the τf value to zero in the temperature range of 25~85 ◦C [8‒16]. 
Furthermore, researchers have tried to improve the dielectric properties 
of MgO–TiO2 ceramics by incorporating a third phase; however, these 
ceramics did not show good temperature stability in the range of 
− 40–120 ◦C [17‒20]. Na0.5La0.5TiO3 (εr = 122, Q × f = 9800 GHz, and 
τf = +480 ppm/◦C) exhibits a low dielectric loss [21] and is a potential 
candidate to compensate for the negative τf value of the MgO–TiO2 ce
ramics. Previous studies have shown that the τf values of the 
Na0⋅5La0⋅5TiO3–MgTiO3 and Na0⋅5La0⋅5TiO3–Mg2TiO4 ceramics prepared 
via simple mixing tended toward zero at high temperatures; however, 
they showed a high negative value at a low temperature [4,20,22]. 
Hence, in this study we propose to use multiphase mixing to obtain the 
near zero τf value in wider temperature ranges, which is of immense 
significance for investigating the dielectric properties of the three 
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elementary multiphase ceramics by adjusting the ratio of the 
components. 

Therefore, we prepared MgTiO3–Mg2TiO4–Na0.5La0⋅5TiO3 (MMNL) 
ceramics using a conventional solid-phase mixing method. The effects of 
the composition of the three phases on the dielectric properties of MMNL 
ceramics were studied. The MWDCs with good dielectric temperature 
stability over a wide range (− 40–120 ◦C) will be further investigated. 

2. Experimental procedure 

Analytically pure Na2CO3 (99 %), La2O3 (99.9 %), TiO2 (99 %), and 
MgO (98 %) from Sinopharm Chemical Reagent Corporation (Shanghai, 
China) were selected as initial raw materials and weighed according to 
the chemical formulas of Na0⋅5La0⋅5TiO3, Mg2TiO4, and MgTiO3. The 
raw material mixture was ball milled in a milling jar for 3 h using 
anhydrous ethanol as the dispersant. The material:ethanol:ball ratio was 
1:1.2:3, the speed was 350 rpm, and the grinding ball used was zirco
nium oxide. The resultant slurry was baked at 60 ◦C for 12 h and then 
crushed. The Na0⋅5La0⋅5TiO3, Mg2TiO4, and MgTiO3 raw materials were 
individually placed in a ceramic fiber furnace and calcined at 1100, 
1250, and 1150 ◦C for 1 h, respectively. After each calcined powder was 
ground into particles using an agate mortar, it was weighed and mixed in 
a ball mill jar in the desired ratio and ball milled for 3 h using deionized 
water as the dispersant. The resultant slurry was placed in an evapo
rating dish and baked at 60 ◦C for 12 h. Subsequently, a powder mass 
fraction of 1 wt% of adhesive (PVA solution) was added to it. The 
granulated powder was then passed through a 50–100 mesh sieve. The 
resultant powder was pressed into small cylindrical pieces of 6.4–6.6 
mm thickness at 250 MPa using a 13 mm steel die mold. The sample 
discs were placed in alumina porcelain boats and sintered in a ceramic 
fiber furnace. The sintering regime included a heating rate of 5 ◦C/min, 
holding at 600 ◦C for 2 h for degumming, and then increasing to a 
different temperature for sintering for 6 h to obtain the ceramic samples, 
which were then polished using a metallographic polishing machine and 
placed in an ultrasonic cleaner for 20 min. After baking at 90 ◦C for 24 h, 
the samples were thermally etched for 30 min at 150 ◦C below the 
sintering temperature. 

The crystalline phases of the sintered samples were analyzed using X- 
ray diffraction (XRD, XPert Pro, PANalytical, Netherlands). Their mi
crostructures were studied using high-resolution cold-field-emission 
scanning electron microscopy (CFE-SEM, UItra55, Zeiss, Germany) 
along with energy-dispersive spectrometry (EDS). A laser Raman spec
trometer (InVia, Renishaw, UK) was used for spectral vibration mode 
analysis. The valence states and bonding structures of the elements were 
analyzed using X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, 
Thermo Fisher Scientific, USA). The microwave dielectric properties 
were measured in the TE011 mode using a network analyzer (E5071C, 
Agilent Technologies, USA) according to the Hakki‒Coleman method. 
The test system consisted of a dielectric resonator and a wide temper
ature cabinet. The resonant frequency corresponding to each tempera
ture was obtained under the conditions of − 40 and 120 ◦C for 30 min to 
determine the temperature coefficient of the resonant frequency (τf) 
using Eq. (1). 

τf =
f120-f-40

f-40(T120-T-40)
× 106 (ppm\ /

◦C) (1)  

where f120 and f-40 correspond to the resonant frequencies of the sample 
in the TE011 mode at 120 and − 40 ◦C, respectively. The apparent density 
was measured using the Archimedes’ drainage method; the relative 
density (ρre) is the ratio of the measured density (ρbu) to the theoretical 
density (ρth), which in turn was determined using Eq. (2). 

ρth =VM1 × ρM1 + VM2 × ρM2 + VNL × ρNL (2)  

where VM1, VM2, and VNL, and are the volume fractions and ρM1, ρM2, and 
ρNL are the theoretical densities of MgTiO3, Mg2TiO4, and 

Na0⋅5La0⋅5TiO3, respectively. The measured density (ρre) was calculated 
using Eq. (3). 

ρbu =
md

md-mw
× ρw (3)  

where md, mw, and ρw are the mass of the sample in the dry state, the 
mass of the sample immersed in water, and the water density at the time 
of measurement, respectively. 

3. Results and discussion 

The XRD patterns of the Na0⋅5La0⋅5TiO3, MgTiO3, and Mg2TiO4 
powders are shown in Fig. 1. The diffraction peaks of the three com
ponents were consistent with the PDF cards of Na0⋅5La0⋅5TiO3, MgTiO3, 
and Mg2TiO4, and no other miscellaneous phases were observed. These 
results show that Na0⋅5La0⋅5TiO3, MgTiO3, and Mg2TiO4 were success
fully synthesized via calcination at 1100, 1150, and 1250 ◦C, 
respectively. 

According to the dielectric property parameters of each single-phase 
ceramic obtained from the experiment, the temperature coefficient of 
the resonant frequency approached zero when the composition of the 
MMNL composite ceramic was 0.23MgTiO3-0.633Mg2TiO4- 
0.137Na0⋅5La0⋅5TiO3 (M23MNL137). Fig. 2 shows the XRD patterns of 
the M23MNL137 ceramics sintered at different temperatures 
(1320–1500 ◦C). The diffraction patterns of all samples sintered at 
different temperatures showed pure crystal phases of Na0⋅5La0⋅5TiO3, 
MgTiO3, and Mg2TiO4, and are in accordance with those of 
Na0⋅5La0⋅5TiO3 (PDF#89–6954), MgTiO3 (PDF#79–0831), and Mg2TiO4 
(PDF#87–1174). However, the diffraction peak intensities decreased 
with increasing sintering temperature, indicating the formation of a 
glass phase. MgTiO3, Na0⋅5La0⋅5TiO3, and Mg2TiO4 do not form solid 
solutions because of their different crystal structures: MgTiO3, 
Na0⋅5La0⋅5TiO3, and Mg2TiO4 have ilmenite-, perovskite-, and spinel- 
type crystal structures, respectively [23]. 

The densities of the M23MNL137 ceramics sintered at different 
temperatures are shown in Fig. 3 and, the SEM images (inset) show the 
surface morphology of the samples sintered at 1320, 1380, 1440, and 
1500 ◦C. With an increase in the sintering temperature, the density of 
the M23MNL137 ceramics first increased, then gradually decreased, and 
finally attained the maximum value at 1440 ◦C. Notably, the grain size 
of the M23MNL137 ceramics was relatively small with more pores and a 
low density when the sintering temperature was 1320 ◦C. The densifi
cation of the ceramics was significantly improved owing to an increase 
in the sintering force with an increase in the sintering temperature, 

Fig. 1. XRD patterns of the calcined powder of each component.  
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resulting in a larger grain size and reduced pores between the grains 
[24]. Ceramic samples sintered at 1440 ◦C exhibited the highest density, 
a relative density of 98.75 %, and an average grain size of approximately 
12 μm. Further increasing the sintering temperature leads to an 
abnormal grain growth of more than 20 μm and an increased amount of 
glass phase, which is attributed to over-sintering [25]. 

Fig. 4 shows the dielectric properties of the M23MNL137 ceramics 
sintered at different temperatures. The variation in their dielectric 
properties with the sintering temperature is consistent with the evolu
tionary trend observed for their density, as shown in Fig. 3. The 
compactness of ceramics is a crucial factor that affects their dielectric 
properties [26,27]. Ceramic samples sintered at low temperatures are 
less dense and more porous, thus exhibiting a low dielectric constant and 
high dielectric loss. Over-sintering leads to an abnormal grain growth 
and increased the amount of the glass phase in the samples. An active 
crystal structure with a poor lattice stability results in the deterioration 
of dielectric properties. 

It has been reported that the valence state of Ti in ceramics trans
forms from Ti4+ to Ti3+ under a high-temperature reduction reaction, 
which affects their dielectric properties [28,29]. Therefore, XPS analysis 
was performed to investigate the effects of sintering temperature on the 
crystal binding energy and the valence state of Ti. Fig. 5 shows the XPS 
profiles of Ti and O in the M23MNL137 ceramics sintered at different 
temperatures. As shown in Fig. 5(a), two peaks corresponding to O(I) 
and O(II) were obtained by fitting the XPS peaks. The O(I) peak at 529.3 
eV corresponds to lattice oxygen, while the O(II) peak at 530.9 eV is due 
to several oxygen-containing groups such as O2, H2O, OH and other 
physical and chemical adsorption [30,31]. The results showed that the 
peak ratio of O(I) to O(II) attained the maximum value when the sin
tering temperature was 1440 ◦C, indicating a stronger metal-O bonding 
in the ceramics. The peaks at binding energies of 464.5 and 458.9 eV 
correspond to Ti4+ 2p1/2 and Ti4+ 2p3/2, respectively [20,32]. The 
binding energy of the peaks corresponding to Ti3+ 2p3/2 and Ti3+ 2p1/2 
was 457.4 and 463.1 eV, respectively [33]. As shown in Fig. 5(b), 
increasing the sintering temperature did not convert Ti4+ into Ti3+ in the 

Fig. 2. XRD patterns of the M23MNL137 ceramics sintered at different temperatures.  

Fig. 3. Surface morphology and density curves of the M23MNL137 ceramics 
sintered at different temperatures. 

Fig. 4. Dielectric properties of the M23MNL137 ceramics sintered at different 
temperatures. 
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M23MNL137 ceramics. However, a high temperature reduces the crystal 
stability, which is one of the factors leading to a decrease in the 
dielectric properties. 

Based on the analysis results of the crystal structure, microstructure, 
relative density, grain size, and dielectric properties of the M23MNL137 
ceramics sintered at different temperatures, it was found that the ideal 

Fig. 5. XPS profiles of Ti and O in the M23MNL137 ceramics sintered at different temperatures.  

Fig. 6. XRD patterns of the MxMNL137 (x = 0.17, 0.19, 0.21, 0.23, 0.25, 0.27, 0.29) ceramics sintered at 1440 ◦C.  

Q. Hu et al.                                                                                                                                                                                                                                      



Ceramics International 50 (2024) 14180–14187

14184

sintering temperature for the MMNL ceramics was 1440 ◦C. 
In addition to the sintering temperature, the phase component is 

another key factor that affects the dielectric properties of ceramics. 
Fig. 6 shows the XRD patterns of the xMgTiO3-(0.6333− x)Mg2TiO4- 
0.137Na0⋅5La0⋅5TiO3 (MxMLN137) (x = 0.17, 0.19, 0.21, 0.23, 0.25, 
0.27, 0.29) ceramics. Notably, the phase structures of MgTiO3, Mg2TiO4, 
and Na0⋅5La0⋅5TiO3 did not change with variation in the MgTiO3 content, 
indicating that the change in the component content has no noticeable 
effect on the phase structure of the MMNL ceramics. With an increase in 
the MgTiO3 content (x), the strongest diffraction peak intensity corre
sponding to MgTiO3 increased, while that corresponding to Mg2TiO4 
decreased, and that of Na0⋅5La0⋅5TiO3 remained basically unchanged, 
which is consistent with the actual phase composition results of the 
MMNL ceramics. 

Fig. 7 shows the surface topography and density variation of the 
MxMNL137 (x = 0.17, 0.21, 0.25, 0.29) ceramics sintered at 1440 ◦C. 
They exhibited good crystallinity at 1440 ◦C. When the content of 
MgTiO3 was 0.17, the grain uniformity was poor owing to the high 
content of Mg2TiO4 inhibiting the growth of the other phases. When x =
0.21, the grain uniformity was considerably improved, indicating that 
an appropriate amount of MgTiO3 can inhibit the growth of Mg2TiO4 
grains in the MMNL ceramics; however, the porosity increased. 
Na0.5La0.5TiO3 was the only minor phase when x was between 0.21 and 
0.29, and the crystal uniformity of MMNL decreased, accompanied by 
the formation of large grains. Moreover, the density evolution analysis 

showed that the bulk density increased; however, the relative density 
decreased, which is consistent with the microscopic morphological 
analysis results. 

To obtain the microstructural distributions of MgTiO3, Mg2TiO4, and 
Na0⋅5La0⋅5TiO3 in the ceramic samples, backscattered electron (BSE) 
images and EDS results were obtained for the ceramic samples, which 
are shown in Fig. 8. Fig. 8(a) and (b) show smaller and fewer 
Na0⋅5La0⋅5TiO3 particles for a lower content of Na0⋅5La0⋅5TiO3. Fig. 8(c) 
shows the EDS analysis results of the grains of different sizes [as indi
cated in Fig. 8(a)]. In Fig. 8(a), points A and B correspond to the MgTiO3 
grains, indicating that the grains of MgTiO3 are small for a low additive 
content. Point C is indexed to a Na0⋅5La0⋅5TiO3 grain, in which only a 
small degree of volatilization of Na can be observed. Point D is indexed 
to a Mg2TiO4 grain, which appears relatively large because of its high 
additive content. It was further verified that the grain boundaries of the 
Mg2TiO4 grains in the ceramic samples prevented the grain boundary 
motion of other grains and hindered the grain growth, leading to dif
ferences in the grain size [34]. 

Fig. 9 shows the Raman spectra of the MxMNL137 (x = 0.17, 0.21, 
0.25, 0.29) ceramics in the range of 200–1000 cm− 1. Because of the 
overlapping of vibration modes with similar frequencies from the three 
different components, only eight major Raman peaks were observed. 
The Raman vibration mode of the MMNL ceramics was mainly ascribed 
to MgTiO3, and no new vibration mode was observed, indicating that no 
other phase was generated. At low MgTiO3 contents, Na0⋅5La0⋅5TiO3 
exhibited a weak peak, which was gradually covered with increasing 
MgTiO3 content. The highly covalent Ti–O bond dominated the Raman 
vibration and [TiO6] octahedral symmetric tensile vibration appeared at 
717 cm− 1 [35,36]. 

Fig. 10(a) shows the variation curves of the dielectric constants of the 
MxMNL137 (x = 0.17, 0.19, 0.21, 0.23, 0.25, 0.27, 0.29) ceramics sin
tered at different temperatures. The results suggest that the density and 
phase composition are the two main factors affecting the dielectric 
properties. The lower porosity and higher density of the samples resul
ted in a better dielectric constant and quality factor. The evolutionary 
tendency of the dielectric constant of all the MxMNL137 (x = 0.17, 0.19, 
0.21, 0.23, 0.25, 0.27, 0.29) samples is consistent with the density 
variation trend shown in Fig. 3. The maximum value of dielectric con
stant was obtained at 1440 ◦C, indicating the best sintering densifica
tion. At a constant sintering temperature, the phase composition is the 
most important factor affecting the dielectric properties. As the dielec
tric constant εr of single-phase Mg2TiO4 ceramics is smaller than that of 
MgTiO3, the Lichtenecker rule predicts that the dielectric constant of the 
MMNL ceramics will increase with an increase in the phase fraction of 

Fig. 7. Surface morphology and density curves of the MxMNL137 (x = 0.17, 
0.21, 0.25, 0.29) ceramics sintered at 1440 ◦C. 

Fig. 8. Surface morphology and EDS analysis of the M17MNL137 ceramics: (a) 
SEM and (b) BSE images; (c) EDS results. 

Fig. 9. Raman spectra of the MxMNL137 (x = 0.17, 0.21, 0.25, 0.29) ceramics 
sintered at 1440 ◦C. 
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MgTiO3 [37,38]. Fig. 10(b) shows the quality factor Q × f value of the 
MMNL ceramics with different contents of MgTiO3, which is consistent 
with the density variation trend shown in Fig. 3. This indicates that the 
effects of the sintering temperature on the density of the ceramics within 
a certain range do not change. The Q × f value of microwave dielectric 
ceramics is not only affected by the oxygen octahedral vibration but is 
also related to the relative density. A lower density leads to a smaller 
reduction in the dielectric properties and dielectric loss [39,40]. Fig. 9 
shows that the [TiO6] octahedral symmetric tensile vibration peak of the 
MxMNL137 ceramics becomes narrow with increasing x. In contrast, the 
relative density of the MxMNL137 ceramics decreased with increasing x 
(Fig. 7). Moreover, when x was between 0.17 and 0.29, the Q × f value of 
the MMNL ceramics decreased with increasing MgTiO3 content. 

Fig. 11 shows the surface morphology and density change curves of 
the 0.23MgTiO3-0.633Mg2TiO4-yNa0.5La0⋅5TiO3 (M23M633NLy) (y =
0.107, 0.117, 0.127, 0.137, 0.147, 0.157, 0.167) ceramics sintered at 
1440 ◦C. The microscopic surface morphology and relative density of the 
M23M633NLy ceramics appreciably changed with variation in the 
Na0⋅5La0⋅5TiO3 content; however, the relative densities of all ceramic 
samples were more than 98 %. When y = 0.107, the Mg2+ and 
(Na0⋅5La0.5)2+ ions exhibited a large difference and could not form a 
solid solution, indicating that the Na0⋅5La0⋅5TiO3 grains are in the large 
grain gap of Mg2TiO4 [41]. The ceramic sample had a relatively small 
grain size, few pores, compact grain size, and high relative density. With 
increasing Na0⋅5La0⋅5TiO3 content, the degree of grain refinement and 

uniformity between the grains increased. Although the volume density 
increased, the porosity also increased. Hence, the relative density and 
compactness decreased. When y was 0.167, the ceramic grains became 
very small, indicating that the grain size of M23M633NLy first increased 
and then decreased with an increase in the content of Na0⋅5La0⋅5TiO3 
within the experimental range. For ceramic samples with a three-phase 
coexistence, the grain growth is affected by many factors. The change in 
components binds grain boundaries and hinders their diffusion, leading 
to the refinement of ceramic grains. 

The dielectric properties of the M23M633NLy ceramics sintered at 
1440 ◦C are shown in Fig. 12. When the content of Na0⋅5La0⋅5TiO3 
ranged from 0.107 to 0.167, the dielectric constant and quality factor 
changed significantly. The dielectric constant value increased from 16.1 
to 19.3 because the polarizability of Na0⋅5La0⋅5TiO3 was larger than 
those of MgTiO3 and Mg2TiO4. However, Na0⋅5La0⋅5TiO3 has a high 
dielectric constant and its dielectric loss is relatively large, which de
creases the quality factor of the MMNL ceramics [20]. With an increase 
in the content of Na0⋅5La0⋅5TiO3 (y), the Q × f value decreased from 68, 
900 GHz to 51,900 GHz. Therefore, it is necessary to reasonably regulate 
the components and synthesis parameters to achieve excellent dielectric 
properties. 

Fig. 13(a) and (b) show the τf values of the MxMNL137 ceramics and 
M23M633NLy ceramics with varying x and y in the temperature range of 
− 40 ◦C to 120 ◦C, respectively. The temperature coefficients of MgTiO3 
and Mg2TiO4 are complementary at both high and low temperatures. As 

Fig. 10. Dielectric properties of the MxMNL137 (x = 0.17, 0.19, 0.21, 0.23, 0.25, 0.27, 0.29) ceramics sintered at different temperatures.  

Fig. 11. Surface morphology and density curves of M23M633NLy (y = 0.107, 
0.117, 0.127, 0.137, 0.147, 0.157, 0.167) ceramics sintered at 1440 ◦C. 

Fig. 12. Dielectric properties of the M23M633NLy (y = 0.107, 0.117, 0.127, 
0.137, 0.147, 0.157, 0.167) ceramics sintered at 1440 ◦C. 
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an excellent compensator for the temperature coefficient of resonant 
frequency with a large positive τf value, increasing the content of 
Na0⋅5La0⋅5TiO3 in the MMNL ceramics changes the τf value to positive. 
Previous studies have shown that the addition of Na0⋅5La0⋅5TiO3 can 
regulate the value of τf in MgO–TiO2 ceramics (Table 1). When x = 0.21 
and y = 0.137, the MMNL ceramics exhibited the highest τf value 
tending to zero (τf = − 0.35 ppm/◦C) in the temperature range from 
− 40 ◦C to 120 ◦C. 

4. Conclusion 

In this study, the dielectric properties of the MxMNL137 (x = 0.17, 
0.19, 0.21, 0.23, 0.25, 0.27, 0.29) ceramics sintered at different tem
peratures (1320, 1350, 1380, 1410, 1440, 1470, and 1500 ◦C) and 
M23M633NLy (y = 0.107, 0.117, 0.127, 0.137, 0.147, 0.157, 0.167) 
ceramics sintered at 1440 ◦C were investigated. The XRD patterns 
showed that the three phases coexisted and no other heterophases were 
produced. High temperatures led to the formation of a glass phase, 
which reduced the lattice stability and density, resulting in the deteri
oration of the dielectric properties. The SEM images showed that the 
addition of low amounts of MgTiO3 and Na0⋅5La0⋅5TiO3 played an 
important role in the physical properties of the MMNL multiphase ce
ramics. The smaller the difference in composition, the more distinct the 
grain refinement. Mg2TiO4, MgTiO3, and Na0⋅5La0⋅5TiO3 exhibited the 
same synergistic effect in improving the microwave dielectric properties 
of the MMNL ceramics. Mg2TiO4 effectively increased the Q × f value of 
the MMNL ceramics, but slightly decreased the εr value. MgTiO3 
increased the vibration peak intensity of the [TiO6] oxygen octahedron 
but reduced the relative density, resulting in a decrease in the Q × f 
value. Na0.5La0.5TiO3 drastically increased the εr value of the MMNL 
ceramics; however, the Q × f value drastically decreased. In conclusion, 
the results show that the three-phase regulation achieved the objective 

of fabricating MMNL ceramics with τf values tending towards zero in the 
wide temperature range of − 40–120 ◦C. The 0.21MgTiO3- 
0.653Mg2TiO4-0.137Na0⋅5La0⋅5TiO3 ceramic sintered at 1440 ◦C for 6 h 
exhibited superior microwave dielectric properties: εr = 17.5 (8.83 
GHz)，Q × f = 62,800 GHz, and τf = − 0.35 ppm/◦C. 
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