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Abstract: In this work, a series of high-entropy ceramics which nominal composition 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) have been successfully 

synthesized using the conventional solid-phase method. The 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics were confirmed to be composed of 

the main phase (Zn, Mg, Li)TiO3 and the secondary phase Ca0.5Sr0.5TiO3 by XRD, 

Rietveld refinement and EDS analysis. The quality factor (Qf) of the samples is 

inversely proportional to the content of the Ca0.5Sr0.5TiO3 phase, and it is influenced 

by the density. The secondary phase and molecular polarizability (αT) have a 

significant impact on the dielectric constant (εr) of the samples. Moreover, the 

temperature coefficient of resonant frequency (τf) of the samples is determined by the 

distortion of [TiO6] octahedra and the secondary phase with a positive τf value. 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics achieved ideal microwave dielectric 

properties (εr = 17.6, Qf = 40,900 GHz, τf = -8.6 ppm/°C) when x = 0.35. Therefore, 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics possess the potential for application 

in wireless communication, and a new approach has been provided to enhance the 

performance of microwave dielectric ceramics.
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1. Introduction

Microwave dielectric ceramics are widely utilized in microwave resonators, filters, 

oscillators, phase shifters, and substrates [1]. Currently, the miniaturization, chip 

integration, and consolidation of microwave devices are key trends in development. 

The advancement of cutting-edge wireless communication technology, represented by 

5G, has put forward higher and newer requirements for the performance of 

microwave dielectric ceramics. One of the keys focus in recent years has been the 

development of microwave dielectric ceramics with low loss, relatively high dielectric 

constants (εr, 20-100), and near-zero temperature coefficient of resonant frequency (τf ) 

[2,3].

“High-entropy” as a novel material design method, has greatly enriched the 

material system and also provided an avenue for high-performance dielectric 

materials required in wireless communication systems [4]. Lu et al. [5] proposed to 

combine BCC and FCC phases to form multiphase high-entropy alloys to obtain a 

significant increase in the overall performance of the materials. Currently according to 

phase composition can be categorized into several types of single-phase, two-phase, 

and multi-phase high entropy alloys. The concept of “entropy engineering” involves 

designing materials by controlling configurational entropy [6]. According to the Gibbs 

free energy (G) equation: G H TS= - , where H is enthalpy, T is temperature, and S is 

configurational entropy. In general, a system with the S greater than or equal to 1.5R 

is a high-entropy material [7]. A novel high entropy ceramic 

(Mg0.2Ni0.2Zn0.2Co0.2Mn0.2)2SiO4 using traditional solid-state methods, achieving 

excellent microwave dielectric properties (εr = 8.02, tanδ = 0.00051 at 14.5 GHz, and 

τf = −38.2 ppm/°C) [8]. The perovskite-type high entropy 

(La0.2Li0.2Ba0.2Sr0.2Ca0.2)TiO3 ceramics obtained a high dielectric constants (εr = 230) 

[9]. Based on high-entropy strategies, the Li(Gd0.2Ho0.2Er0.2Yb0.2Lu0.2)GeO4 ceramic 
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was synthesized and achieved a near-zero τf value (-2.9 ppm/°C) [10]. These results 

indicate that the high-entropy compositional could provide innovative approaches for 

improving the temperature stability and other properties of microwave dielectric 

ceramics.

Compared to MTiO3 (M = Mn, Ni, and Co), the ilmenite-structured MgTiO3 

demonstrates exceptional microwave dielectric properties among low-loss ceramic 

materials [11]. However, the large negative τf value of MgTiO3 (MT) (τf = -50 ppm/°C) 

ceramics, and the high sintering temperature (about 1450 °C) limits its practical 

application [12–14]. Blending compounds with opposite τf value is one of efficient 

ways to achieve a τf  value close to zero. Such as the (1−x)Mg2TiO4-xSrTiO3 ceramics 

with a near-zero τf value of -3.3 ppm/°C, but it still exhibited a high sintering 

temperature of 1440 °C [15].

The positive τf value in CaTiO3 and SrTiO3 can be used to adjust the τf value of 

MgTiO3 ceramics [16]. Furthermore, the incorporation of Li element into 

(Mg0.2Co0.2Ni0.2Cu0.2Zn0.2)O ceramics increase the relative εr value and Zn element 

can improve the quality factor (Qf) of MgTiO3 ceramics [17,18]. This study aims to 

achieve a near-zero τf value and reduce the densification temperature while 

maintaining a high Qf value and dielectric constant. Based on the above performance, 

ionic radius, and valence considerations, a nominal composition of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x = 0, 0.1, 0.2, 0.3, 0.325, 0.35, 0.375, 0.4) 

was designed for the five-component high-entropy ceramics. The sintering behavior, 

phase composition, microstructure, and microwave dielectric properties of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics were investigated.

2. Experimental Procedure

The (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics were prepared 

using the solid-phase reaction method. The analytically pure raw materials including 

MgO, ZnO, Li2CO3, SrCO3, CaCO3, and TiO2 were weighed according to the 

stoichiometric ratio of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x = 0, 0.1, 0.2, 0.3, 
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0.325, 0.35, 0.375, 0.4). The weighed powders were then placed in a ball milling jar 

containing a certain proportion of zirconia balls, added with a suitable amount of 

deionized water, and ball-milled at a speed of 250 r/min for 4 h. Then dry the slurry at 

100 °C and pre-sinter it at 1150 °C for 4 h. After pre-sintering, the powders were 

subjected to secondary ball milling and dried at 100 ℃  for 12 h. PVA (10 wt%) 

solution was added to the dried powders with thorough mixing. Subsequently, under a 

pressure of 20 MPa, press the mixture into a disk with a diameter of 12 millimeters 

and a thickness of 6 millimeters. The formed discs were placed in a high-temperature 

sintering furnace, heated at a rate of 5 °C/min to 600 °C, kept at this temperature for 4 

h for debinding, and then sintered at 1200 °C~1350 °C for 4 h to obtain the final 

samples.

The obtained samples were tested for crystalline phase employing an X-ray 

diffractometer (XRD, Cu Kα, Discover 8, Germany) with a scanning range of 2θ = 

10°~120°. Using the Rietveld refinement method, crystal structure parameters were 

obtained based on XRD data using the Fullprof program [19]. Scanning electron 

microscopy (SEM, SU8010N, Hitachi, Japan) was utilized to evaluate the surface 

morphology and thermal etching of the polished samples. Energy dispersive X-ray 

spectroscopy (EDS) was applied to detect the composition of the samples. The 

densification of the samples was evaluated by the following equation [20,21]:

bulk
re

th

rr
r

= (1)

Where ρre is the relative density of the samples, utilizing the Archimedes principle, 

the bulk density (ρbulk) is calculated, while the theoretical density (ρth) is computed 

according to the subsequent equation [20,21]:

1,2th
A Z
N V

r ´
=

´
(2)

where the volume of the unit cell (V), Avogadro's number (N), atomic weight (A), and 

the number of atoms in the unit cell (Z) are represented by V, N, A, and Z, respectively. 
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According to the following equation, the theoretical density (ρth) in a multi-phase 

ceramic system can be calculated [22]:

 
1

1 2
th 1 2

1th 2th

w ww wr
r r

-
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= + +ç ÷
è ø

(3)

in the equation, ω1, ω2, ρ1th, and ρ2th denote the weight fraction and theoretical density 

of each phase, respectively. Using a network analyzer (Agilent Technologies, Agilent 

E5072A, USA), the microwave dielectric properties of the samples were measured. 

The τf value can be obtained from the given equation [23]:

 62 1

1

10 /
60f
f f ppm

f
t -

= ´
´

℃ (4)

where f1 and f2 denote the resonant frequencies at 25 °C and 85 °C, respectively.

3. Results and discussion

3.1. Phase composition

The XRD patterns of the ceramics sintered at 1200 °C for 4 h, 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4), are shown in Fig. 1. The XRD 

patterns of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.375) ceramics can be 

indexed to ZnTiO3 (PDF #39-0190) with a cubic structure as the main phase. 

Additionally, a secondary phase of (Ca0.5Sr0.5)TiO3 (PDF #89-8032) was also 

observed. When x = 0.4, the secondary phase of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-

xTiO3 ceramics consists of small amounts of Mg2TiO4 and MgTi2O5. The main 

reaction processes of  (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.375) ceramics 

can be described as the following equations:

2 2 3 82ZnO 3TiO Zn Ti O+ ® (5)

2 3 8 3 2Zn Ti O 2ZnTiO TiO® + (6)

3 2CaCO CaO CO (g)® + (7)

3 2SrCO SrO CO (g)® + (8)

2 0.5 0.5 3CaO SrO 2TiO 2Ca Sr TiO+ + ® (9)
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ZnO and TiO2 chemically react at a lower temperature (800 ℃) to produce unstable 

Zn2Ti3O8 [24,25], and as the sintering temperature rises Zn2Ti3O8 decomposes into  

ZnTiO3 and TiO2. A small amount of Zn2Ti3O8 may be generated during the 

temperature reduction process. So very little Zn2Ti3O8 is present in the XRD patterns. 

In Fig. 1, it is evident that the intensity of the (020) diffraction peaks decreases as 

(Ca1/2Sr1/2)2+ decreases, with no significant shifts observed in any of the diffraction 

peaks.  

     To confirm the phase composition of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics, Fig. 2(a) shows the BSE pattern of the sample with x = 0 sintered at 

1200 °C. In Fig. 2(a), some dark grains (Spot 1) and white grains (Spot 2) are 

observed. Further analysis of the composition of these grains was carried out through 

EDS analysis, with the corresponding results depicted in Fig. 2(b) and (c). As shown 

in Fig. 2(b) and (c), the EDS analysis reveals that the ratio of the sum of Ca and Sr 

content to Ti content in Spot 2  is 1:1, and there are no Zn and Mg elements. 

Combining XRD and EDS analysis, the white blocky morphology (Spot 2) 

corresponds to the secondary phase Ca0.5Sr0.5TiO3. Conversely, Spot 1 contains 

almost no Ca and Sr elements but a higher amount of Zn and Mg elements (Li 

elements cannot be detected by EDS). Combining XRD and EDS analysis, the dark 

region (Spot 1) mainly corresponds to the main phase (Zn, Mg, Li)TiO3 which 

contains Zn and Mg elements. Since diffraction peaks matching MgTi2O5 and 

Mg2TiO4 were observed in XRD patterns (x = 0.4). BSE and EDS analyses were used 

to further confirm the phase composition of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics at x = 0.4. As shown in Fig. 2(d)-(f), the ratio of the sum of Zn and Mg 

elements to Ti elements in Spot 4 is 11:13, respectively (Li elements were 

undetectable). Therefore, Spot 4 correspond to the main phase (Zn, Mg, Li)TiO3. In 

Spot 3, the Ti content is significantly higher than that of Zn and Mg, indicating it is 

likely the MgTi2O5 phase. The relevant chemical reaction equations are as follows 

[16,26]:
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2 2 3 82ZnO TiO Zn Ti O3 ®+ (10)

2 3 8 3 2Zn Ti O 2ZnTiO TiO® + (11)

2 3 2 53MgO 3TiO MgTiO MgTi O MgO+ ® + + (12)

3 2 4MgTiO MgO Mg TiO+ ® (13)

For further analysis of the structure of the (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics, Fig. 3 shows the refined patterns for the samples (x = 0, x = 0.35) sintered at 

1200 °C (Other refined patterns are listed in Supplementary material Fig. S1). Fig. 3 

shows a good correlation between the observed XRD data and the fitting curve. The 

results indicate that the phase composition analysis obtained through XRD patterns is 

reasonable, and the crystal structure parameters are shown in Table 1 (Atomic 

occupation coordinates see Table S1 in Supplementary Material). In Table 1, the cell 

volume changes very slightly with increasing x value. Hence, it aligns with the 

finding that there was no notable shift observed in the diffraction peaks within the 

XRD patterns.

Table 1.  Crystal structure parameters of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 

0.375) ceramics sintered at 1200 °C were obtained from the Rietveld refinement pattern 

results

x 0 0.1 0.2 0.3 0.325 0.35 0.375

(Zn, Mg,Li)TiO3 a=b=c (Å) 8.399 8.399 8.401 8.402 8.401 8.401 8.399

V (Å3) 592.3 592.4 592.7 593.1 592.99 592.9 592.4

wt% 45.27 68.84 76.63 79.69 81.88 91.91 95.09

Ca0.5Sr0.5TiO3 wt% 54.73 31.16 23.37 20.31 18.12 8.09 4.91

χ2 1.86 2.77 3.29 3.02 3.41 2.50 3.45Acce
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Fig. 1.  XRD patterns of the high-entropy (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) 

ceramics sintered at 1200 ℃ for 4 h.

Fig. 2.  (a) is BSE pattern of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x = 0) ceramics sintered 

at 1200 ℃ for 4 h; (b) and (c) are EDS results of  Spot 1 and Spot 2; (d) is BSE pattern of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x = 0.4) ceramics sintered at 1200 ℃ for 4 h; (e) and 

(f) are EDS results of  Spot 3 and Spot 4.
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Fig. 3.  Rietveld refinement of the XRD patterns for (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics sintered at 1200 °C for 4 h: (a) x = 0 and (b) x = 0.35.

3.2. Microstructure

The SEM images in Fig. 4(a)-(c) depict the microstructure of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x = 0, 0.35, 0.4) ceramics sintered at 1200 °C 

for 4 h. All samples exhibited good densification without any liquid phase formation. 

The grains appeared in a layered structure, possibly originating from dislocations 

during the crystallization process [27]. The average particle size was calculated using 

Nano Measurer software. Compared to the x = 0 sample, the average particle size of 

the x = 0.35 sample exhibited a slight decrease. In Fig. 4(a)-(b), it is shown that as the 

x value increases from 0 to 0.35, the grains embedded within the layered structure 

become smaller, resulting in improved densification of the samples. Additionally, the 

crystallite  size (D) of the samples can be obtained from the following Scherrer's 

equation [28]: 

=
KD
cos

l
b q

(14)

where β is the full width at half maximum (FWHM), K is the shape factor (0.94), λ is 

the wavelength of X-rays (Cu Kα radiation, 1.5406 Å), and θ is the Bragg angle. As 

shown in Fig. 4(d), the trend in crystallite size corresponds with the unit cell size. This 

aligns with the expected relative density calculated.
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Fig. 4.  SEM images of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics (a) x = 0, (b) x = 0.35, 

(c) x = 0.4 sintered at 1200 °C, respectively; (d) Crystallite size and the unit cell size.

3.3. Microwave dielectric properties

3.3.1. Dielectric constant analysis

Fig. 5(a) depicts the relationship between the dielectric constant (εr) and the x value 

for (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics. As the x value 

increases, there is a decreasing trend in the εr value of the samples. The εr value of the 

samples decreases from 60 to 17.6 within the range of 0 ≤ x ≤ 0.4. The polarization 

capability of microwave dielectric ceramics is commonly represented by εr, typically 

primarily dependent on the secondary phase, ionic polarizability, and the densification 

degree (relative density) of the samples [19–31]. Fig. 5(b) illustrates the correlation 

between the εr value and molecular polarizability (αT) at 1200 °C. The curves of εr 

values and αT values are generally consistent and both exhibit a decreasing trend. 

According to the Shannon additive rule [26], because the ionic polarizabilities of Ca2+ 

and Sr2+ (3.16 Å3, 4.24 Å3) are greater than those of Zn2+ and Mg2+ (2.04 Å3, 1.32 Å3). 

With an increase in the x value, the concentration of Ca2+ and Sr2+ progressively 
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diminishes, leading to a monotonic decrease in molecular polarizability:

         2 2 4 2
T 1/2 1/2 1/2 1/2(0.4 ) [ Mg Zn ] 0.4 Li (0.4 ) [ Ca Sr ] Ti 3 Ox xa a a a a a+ ++ + -= + + + - + +

                                                                                                                                   (15)

here, αT represents the molecular polarizability. According to the Clausius-Mosotti 

equation in equation (11), the εr value is influenced by αT [32]:      

3 8
3 4

m T
th

m T

V
V

pae
pa

+
=

-
(16)

where the theoretical dielectric constant, denoted as εth, and molar volume, 

represented by Vm, are the parameters involved. Additionally, due to the similar 

perovskite structure between SrTiO3 and CaTiO3, Ca0.5Sr0.5TiO3 (εr = 240) also 

exhibits excellent dielectric properties [33,34]. To further analyze the effect of 

Ca0.5Sr0.5TiO3 on the dielectric constant (εr) of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

(0 ≤ x ≤ 0.4) ceramics. The following Lichtenecker logarithmic rule is used to 

calculate the dielectric constant (εr) of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics [35]:                                                                                                                          

1 1 2 2ln ln lnr r rV Ve e e= + (17)

where V1, V2, εr1, and εr2 respectively represent the volume fractions and dielectric 

constants of each phase in the multiphase system. In this study, the secondary phase 

Ca0.5Sr0.5TiO3 (εr = 240) exhibits a much higher εr compared to the main phase 

ZnTiO3 (εr = 17). According to equation (12), as x increases, the content of the high 

dielectric constant Ca0.5Sr0.5TiO3 phase decreases, leading to a decrease in the overall 

dielectric constant of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics.Acce
pte

d M
an

us
cri

pt 
Not 

Cop
yed

ite
d



Fig. 5.  (a) εr of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤  x ≤ 0.4) ceramics sintered at 

different temperatures for 4 h; (b) The influence of αT on εr.

Fig. 6(a) illustrates the relationship between the dielectric constant εr and frequency 

for (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics at room temperature. 

The dielectric constant remains nearly unchanged with frequency, indicating good 

stability over a wide frequency range. Previous studies suggest that this stability could 

be attributed to entropy stabilization, as literature has reported the influence of 

configurational entropy on electrochemical and thermal stability [36]. The variation of 

dielectric loss with frequency is depicted in Fig. 6(b). The dielectric loss of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4)  ceramics notably decreases near 

20 kHz. Additionally, the dielectric loss of the samples decreases with increasing x 

value, possibly correlated with phase transitions and structural stability of the 

ceramics [36].
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Fig. 6.  Dielectric dispersion spectra of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) 

ceramics sintered at 1200 °C for 4 h measured at room temperature: (a) dielectric constant, 

(b) dielectric loss.

3.3.2. Quality factor analysis

The relationship between the Qf value of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics and x value at sintering temperatures of 1200 °C - 1350 °C is shown in Fig. 

7(a). Densification, secondary phase, and grain boundaries affect the Qf value 

externally, while internally, factors like defects, cation disorder, and lattice vibrations, 

among others, also have an impact [37,38]. The Qf value of the samples rises steadily 

with increasing x value, and the change in Qf value closely follows the trend of 

relative density until x = 0.325. The increase in relative density of the samples (0 ≤ x 

≤ 0.325) indicates a decrease in porosity, and consequently, the Qf values of the 

samples also increase. Between the x values of 0.325 and 0.35, a slight decline in the 

relative density of the samples is observed. However, during this period, the Qf value 

of the (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics continues to increase. This is 

attributed to an increase in the content of the (Zn, Mg, Li)TiO3 phase with a high Qf 

value (Qf = 40,000 GHz), and a decrease in the content of the Ca0.5Sr0.5TiO3 phase 

with low Qf value (Qf = 4,100 GHz) [33,39], as shown in Fig. 7(b). In multiphase 

ceramic systems, the Qf value can be estimated using the provided mixing rules [16]:

     1 1 1
1 21 2

- - -= +Qf V Qf V Qf (18)

where V1, V2, (Qf)1, and (Qf)2 respectively represent the volume fractions and the Qf 

value of each phase. Based on the equations above, increasing the proportion of the 

(Zn, Mg, Li)TiO3 phase, which has higher Qf values, improves the overall Qf value of 

the (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics. Additionally, this indicates that 

the positive effect of the secondary phase outweighs the impact of the decrease in 

density. 
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Fig. 7.  (a) The Qf value of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics 

sintered at different temperature for 4 h; (b) The weight fraction of the main phase (Zn, Mg, 

Li)TiO3 and the secondary phase Ca0.5Sr0.5TiO3.

3.3.3. Temperature coefficient of resonant frequency analysis 

The variation trend of the τf value for (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics (0 ≤ x ≤ 0.4) is depicted in Fig. 8(a). The τf value of samples at different 

sintering temperatures exhibits a monotonic decreasing trend as x increases, 

transitioning from positive to negative values. Given that the τf curve crosses zero, 

this suggests that adjusting the x value appropriately can yield samples with τf nearing 

zero. Generally, the τf value of most microwave dielectric ceramics is influenced by 

their crystal structure and secondary phases [40–41]. The distortion of the [AO6] 

octahedron is caused by five atoms, Mg, Zn, Li, Ca, and Sr, randomly occupying the 

A-site of the (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics. As x increases, 

individual bond lengths of [AO6] octahedron in (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-

xTiO3 ceramics change, resulting in octahedron distortion (Δocta). The extent of Δocta 

can be evaluated by the following equation [8]:

21 ( )
6

i o a e

i
octa

a e

R R
R

n

n

- -
D = å (19)

the average bond length between cations and oxygen ions in the oxygen octahedron is 

represented by Rave, whereas Ri represents individual bond lengths. The relationship 
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between the τf value and Δocta is illustrated in Fig. 8(b). When 0 ≤ x ≤ 0.2, as Δocta 

decreases, the τf value moves in a positive direction. The reduction in τf values is 

influenced by the decrease in [AO6] octahedron distortion, as the reduced thermal 

energy should be absorbed to restore the [AO6] octahedron distortion rather than to 

restore the temperature dependence of polarization. With further increase in x values, 

when 0.2 ≤ x ≤ 0.375, Δocta slightly increases, but τf values continue to move towards 

the positive direction. This is because the τf value of Ca0.5Sr0.5TiO3 (1,200 ppm/°C) 

[33] is much larger than that of (Zn, Mg, Li)TiO3 (about -55 ppm/°C) [42]. When 0.2 

≤  x ≤  0.375, as the mass fraction of the second phase Ca0.5Sr0.5TiO3 decreases, it 

enables the τf value of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramics to approach 

zero within a certain range. The τf value for multiphase ceramics can be obtained via 

the mixing rule [18,43]:

1 1 2 2f f fV Vt t t= + (20)

here, in the multiphase ceramics system, V1 and V2 represent the volume fractions of 

each phase, while τf1 and τf2 denote the temperature coefficients of resonant frequency 

for each phase.

Fig. 8.  (a) τf of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics sintered at 

different temperatures for 4 h; (b) The influence of Δocta on τf.

Considering the microwave dielectric properties, particularly εr and Qf, which are 

significantly affected by the sintering temperature, relevant analyses have been 

conducted (see Fig.  S2 in Supplementary material). In the process of practicalizing 
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microwave dielectric ceramics, the τf value is an essential factor to consider, playing a 

crucial role in material selection and design.  Fig. 9 demonstrates the variation of the 

τf value with sintering temperature for (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics and other MT-based microwave dielectric ceramics [12,44–51]. From Fig. 9, 

it can be observed that the τf value of MgTiO3 can be significantly improved through 

high-entropy design. Particularly, when x = 0.35, the τf value of 

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 ceramic is -8.6 ppm/°C. This highlights the 

potential of high-entropy design in enhancing microwave dielectric performance and 

offers promising prospects for practical applications. 

Fig. 9.  The τf and sintering temperatures from this work and other reported MT-based 

ceramics are summarized.

4. Conclusions

(Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (0 ≤ x ≤ 0.4) ceramics were synthesized in 

this study through the conventional solid-state reaction method at a sintering 

temperature ranging from 1200 °C to 1350 °C. Discussed in this study was the impact 

of high-entropy design on the sintering behavior, phase composition, microstructure, 

and microwave dielectric properties of (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics, with a focus on the non-equimolar ratio of Mg-site. Based on the XRD 
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patterns, Rietveld refinement results, and EDS analysis, it was observed that (Zn, Mg, 

Li)TiO3 was the main phase, and Ca0.5Sr0.5TiO3 was the secondary phase for 0 ≤ x ≤ 

0.375. The Qf value of the samples depends mainly on the densification and the 

presence of the Ca0.5Sr0.5TiO3 phase. The impact factors of the εr value are attributed 

to molecular polarizability and the secondary phase Ca0.5Sr0.5TiO3. The τf value 

exhibited a close correlation with [AO6] octahedron distortion and the secondary 

phase with a positive τf value. Specifically, (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 (x 

= 0.35) ceramics demonstrated optimal microwave dielectric properties: εr = 17.6, Qf 

= 40,900 GHz, τf = -8.6 ppm/°C. Therefore, (Mg1/2Zn1/2)0.4+xLi0.4(Ca1/2Sr1/2)0.4-xTiO3 

ceramics demonstrate significant potential for future millimeter-wave communication 

applications.
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