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A B S T R A C T   

In this study, high-entropy Mg1.8R0.2Al4Si5O18 (R––Ni, Ni1/2Co1/2, Ni1/3Co1/3Zn1/3, Ni1/4Co1/4Zn1/4Cu1/4, Ni1/ 

5Co1/5Zn1/5Cu1/5Mn1/5) cordierite ceramics based on equimolar ratios were designed and synthesized through 
the solid-state reaction technique at high temperatures. The effect of various R-ionic substitutions at the octa
hedral site and their relationship with ionic polarization, chemical bonding, and configurational entropy were 
explored. These factors have greatly affected the microwave dielectric properties of Mg1.8R0.2Al4Si5O18 ceramics. 
The presence of cation radius mismatch and electronegativity mismatch at [MgO6]-octahedron lattice sites 
revealed lattice distortion resulting from multiple cation substitutions. As the entropy values increased, the 
temperature stability of microwave dielectric properties of Mg1.8R0.2Al4Si5O18 ceramics improved. For R––Ni1/ 

2Co1/2, a higher Q×f of approximately 73,658 GHz @ 13 GHz, with εr ~4.44 and τf ~ − 23.9 ppm/◦C was ob
tained. In the case of R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5, a near zero τf (− 10.7 ppm/◦C), εr = 4.68 and Q×f = 35,478 
GHz @13 GHz were achieved, making it potentially suitable for practical applications.   

1. Introduction 

The demand for improved performance microwave dielectric ce
ramics is growing due to the rapid development of 5G/6G communi
cation technologies, offering higher capacity and lower latency. 
Generally, low relative dielectric constant (εr), low dielectric loss/high 
quality factor (Q×f), and near zero temperature coefficient of resonant 
frequency (τf) are requirements for dielectric materials to be used in 
high-frequency applications [1–5]. Silicates, tungstates, phosphates, 
borates, and molybdates are generally considered to have low εr and low 
dielectric losses [6–14]. However, their poor thermal stability of reso
nance frequency renders them used in practical applications. 

The high-entropy process represents a breakthrough in conventional 
material design concepts and opens up possibilities for new material 
development, which is a multicomponent material composed of nearly 
equal or equiatomic proportions of multiple cations at the same lattice 
site [15–19]. There is a certain relationship between the entropy (S) and 
enthalpy (H) of a system, which is expressed by the Gibbs free energy (G) 
formula: 

G = H − TS (1) 

An increase in entropy in the system will result in a decrease in the 
Gibbs free energy, leading to a more stable crystal structure [20,21]. The 
crystal lattice of high-entropy ceramics can be divided into two parts. 
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One part is the anion sublattice, which is prone to being occupied by 
vacancies or anionic species. The other part is the metal cation sub
lattice, which is susceptible to being randomly occupied by multiple 
metal atoms. 

Currently, various types of high-entropy rock salt [22], fluorite [23], 
perovskite [24], spinel [25] and corundum [26] structures, etc. have 
been developed. Gild et al. [23] developed single-phase fluorite-type 
high-entropy compositions based on (Hf0.25Zr0.25Ce0.25Y0.25)O2-δ ce
ramics doped with different elements and achieved low thermal con
ductivity, low electrical conductivity, and high hardness. Zhou et al. 
[27] synthesized a group of Ba(Zr0.2Ti0.2Sn0.2Hf0.2Me0.2)O3 
perovskite-type high-entropy ceramics (Me = Y3+, Nb5+, Ta5+, V5+, 
Mo6+, W6+), which exhibited excellent temperature stability in the 
range of 25–200 ◦C. The high entropy A2BO4 compounds have also been 
studied with a low dielectric constant and olivine structure such as 
LiABO4 (A = Mg, Zn, Ca, Ln; B––Si, Ge) [28–35]. Until now, there have 
been no relevant reports on high-entropy cordierite ceramics. Ohsato 
et al. [36] reported Q×f = 99,100 GHz for the (Mg1-xNix)2Al4Si5O18 (x =
0.1) ceramics. The group has previously investigated the dependence of 
the substitution of R––Mg, Ca, Sr, Ba, Mn, Co, Ni, Cu, Zn on the micro
wave dielectric properties of Mg1.8R0.2Al4Si5O18. Their findings revealed 
that the Q×f value decreased with the substitution of Ni, Co, Mn, Zn, and 
Cu. Notably, Mg1.8Ni0.2Al4Si5O18 demonstrated the best performance, 
with a Q × f value of 61,880 GHz, εr = 4.53, and τf = − 32 ppm/◦C [37]. 

In this study, the strategy of high entropy of Mg1.8R0.2Al4Si5O18 
cordierite ceramic with R––Ni, Ni1/2Co1/2, Ni1/3Co1/3Zn1/3, Ni1/4Co1/ 

4Zn1/4Cu1/4, Ni1/5Co1/5Zn1/5Cu1/5Mn1/5 was adopted which success
fully resulted into enhanced thermal stability of the microwave dielec
tric properties. The effect of various R-ionic substitutions at the 
octahedral [MgO6] site on the ionic polarization, chemical bonding, and 
configurational entropy was explored which ultimately affected the 
microwave dielectric characteristics of Mg1.8R0.2Al4Si5O18 ceramics. 

2. Experimental procedure 

Reagent grade MgO, Al2O3, SiO2, NiO, CoO, ZnO, CuO, and MnCO3 
(all from Aladdin company, China) were used for the synthesis of 
Mg1.8R0.2Al4Si5O18 (R––Ni, Ni1/2Co1/2, Ni1/3Co1/3Zn1/3, Ni1/4Co1/4Zn1/ 

4Cu1/4, Ni1/5Co1/5Zn1/5Cu1/5Mn1/5) ceramics. After weighing the pre
cursors as per stoichiometric ratios of the compositions, the batch 
compositions were ball-milled for 24 h in ethanol, using zirconia balls as 
a grinding media. The slurry was dried at 80 ◦C and then sieved. The 
sieved powders were calcined at 1200 ◦C/4 h, at a ramp rate of 4 ◦C/min 
in air. The calcined powders were reground and pressed into cylindrical 
pellets with a diameter of 12 mm and thickness of 7 mm, at a pressure of 
100 MPa. Finally, the green pellets were sintered at 1400–1430 ◦C/4 h. 

The Archimedes method was employed to measure the bulk density 
of sintered pellets. The crystal structure was identified using an X-ray 
diffractometer (XRD: RIGAKU D/max 2550/PC, Rigaku Co., Japan) with 
Cu-Kα radiation. The microstructure was examined using a scanning 
electron microscope (SEM, S-3400 Hitachi, Japan). A Keysight 
(N5234B) vector network analyzer using the TE01δ mode was used to 
measure the microwave dielectric properties (εr and Q×f) of the sintered 
ceramics. The following formula was used to measure the τf value: 

τf =
f85 − f25

f25 × (85 − 25)
× 106ppm

/◦

C (2) 

The resonant frequencies at 85 and 25 ◦C, respectively, are denoted 
by f85 and f25. 

3. Results and discussions 

Fig. 1(a) displays the X-ray diffraction (XRD) patterns of the high- 
entropy Mg1.8R0.2Al4Si5O18 ceramics sintered at the optimal tempera
ture. All the diffraction peaks correspond to the cordierite phase of 
Mg2Al4Si5O18 (JCPDS No. 82–1541, space group of Cccm (66)). Fig. 1(b) 
shows the fitted XRD pattern for Mg1.8R0.2Al4Si5O18 (R––Ni1/5Co1/5Zn1/ 

5Cu1/5Mn1/5) ceramics. The fitted XRD patterns for all components are 

Fig. 1. (a) XRD patterns of Mg1.8R0.2Al4Si5O18 ceramic at the optimal sintering temperature as a function of R, (b) observed, calculated, and difference in the XRD 
pattern of Mg1.8R0.2Al4Si5O18 (R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5), (c) the sketch of Mg1.8R0.2Al4Si5O18 crystal structure, and (d) the sketch of [(Si4Al2)O18] ring. 
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shown in Fig. S1(a)–(e) (SI), and the refined lattice parameters are 
summarized in Table S1 (SI). The values of refinement factors show the 
reliability of fitting. Fig. 1(c) shows the crystal structure of 
Mg1.8R0.2Al4Si5O18 (R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5) ceramics, with Ni, 
Co, Zn, Cu, and Mn ions occupying the A-site. The presence of multiple 
cations leads to structural complexity. Fig. 1(d) shows the six-membered 
ring of [Si4Al2)O18], which is composed of six tetrahedrally coordinated 
oxygen atoms linked to silicon (Si) and aluminum (Al) cations. 

Fig. 2 displays the scanning electron micrographs of the thermally 
etched surfaces of the high-entropy Mg1.8R0.2Al4Si5O18 ceramics sin
tered at the optimal sintering temperature. All the samples exhibit a 
relatively dense microstructure. Fig. 2(f) shows that the average grain 
size of the samples initially increased from 0.7 to 1.3 μm. Interestingly, 
this trend demonstrates a continuous increase followed by a subsequent 
decrease. This phenomenon could be attributed to the variation in ion 
radii of the dopant(s) resulting from the incorporation of Ni, Co, Zn, Cu, 
and Mn. The radius of these dopant ions initially increases and then 
decreases, influencing the grain growth during sintering. Another reason 
may be the inhibition of grain growth due to copper substitution. 

Fig. 3 shows the relative densities and microwave dielectric prop
erties of Mg1.8R0.2Al4Si5O18 high-entropy ceramics as a function of R. 
The sintering of the ceramic gradually deteriorates, resulting in a 
decrease in relative density. εr initially increases and then slightly de
creases with an increase in the number of doped ions. The change in Q×f 
value shows a similar trend to that of relative density, reaching its 
maximum value after 1/2Ni − 1/2Co co-doped Mg1.8R0.2Al4Si5O18 with 
εr = 4.4, Q×f = 73658 GHz, and τf = − 23.9 ppm/◦C. When R––Ni1/5Co1/ 

5Zn1/5Cu1/5Mn1/5, the ceramic exhibits the highest entropy value, pos
sessing εr = 4.68, Q×f = 33,875 GHz, and τf = − 10.98 ppm/◦C. The high 
entropy strategy improved the temperature stability and decreased the 
Q×f value of cordierite ceramic. 

The εr is mainly influenced by the ionic nature of chemical bonds and 
the porosity of the material [38]. Fig. 4 (a) illustrates the actual 

Fig. 2. SEM images of Mg1.8R0.2Al4Si5O18 ceramics with different R = (a) Ni, (b) Ni1/2Co1/2, (c) Ni1/3Co1/3Zn1/3, (d) Ni1/4Co1/4Zn1/4Cu1/4, (e) Ni1/5Co1/5Zn1/5Cu1/ 

5Mn1/5), and (f) average grain size distribution of Mg1.8R0.2Al4Si5O18 high-entropy ceramics. 

Fig. 3. Variation in εr, Q×f value, τf, and relative density of Mg1.8R0.2Al4Si5O18 
high-entropy ceramics. 

Fig. 4. (a) Variation of the εr, εtheo, and εcorr, and (b) the dependence of εr on grain sizes, polarizability (α), and average ionicity (Afi%) of high-entropy ceramics as a 
function of element numbers. 
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dielectric constant (εr), theoretical dielectric constant (εtheo), and the 
dielectric constant after pore correction (εcorr) for Mg1.8R0.2Al4Si5O18 
high-entropy ceramics, showing an increase with an increase in the 
number of dopants. However, when R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5, the 
slope of εr is lower than the slopes of εtheo and εcorr, and εr begins to 
decrease, which is opposite to the calculated εtheo and εcorr. Fig. 4(b) 

shows that εr, molecular polarizability (α) and average ionicity (Afi) 
have a direct relationship. However, the non-linearity as a function 
number of dopants/concentration may be correlated with the change in 
the crystallite size of the Mg1.8R0.2Al4Si5O18 high entropy ceramics. 

The average lattice energy (Uavg) was calculated from the refined 
bond lengths and bond angles using complex chemical bonding theory. 
The Q×f was found to decrease with a decrease in average lattice energy, 
Fig. 5(a). Compared with Al–O and Mg–O, the lattice energy (U) of Si–O 
is the largest, indicating that it dominates the Q×f value (Fig. 5(c)). Q×f 
values are also related to the symmetry of the [Si4Al2] and [O6] hex
agonal rings in the cordierite crystal structure [39,40]. Therefore, the 
standard deviation value (σ) of the two hexagonal rings of 
Mg1.8R0.2Al4Si5O18 high-entropy ceramic, corresponding to the sym
metry of the two [Si4Al2] and [O6] hexagonal rings are calculated using 
eqn. (3): 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
[
(A1 − 120◦)

2
+ (A2 − 120◦)

2
+ (A3 − 120◦)

2]
× 2

6

√

(3)  

In the formula, the degrees of bond angles Si(2)-Al(2)-Si(3), Si(3)-Si(2)- 
Al(2), Si(2)-Si(3)-Al(2), Si(2)-Si(3)-Al(2) are represented in the hexag
onal ring of [Si4Al2], and the degrees of bond angles O(5)-O(4)-O(6), O 
(4)-O(6)-O(5), O(6)-O(5)-O(4) are represented in the hexagonal ring of 
[O6]. σ shows an inverse relationship with the Q×f, as seen in Fig. 5 (b). 

Fig. 6(a) shows that τf is strongly dependent on the average bond 
energy of Al–O, the radius of the dopants, and distortion of the Mg/RO6 
octahedra in Mg1.8R0.2Al4Si5O18 high-entropy ceramics. Octahedral 
distortion can be calculated from the bond lengths that are longest 

(dmax), shortest (dmin), and average (davg) of the octahedron using eqn. 
(4). 

Δocta. =
dmax − dmin

davg
(4) 

The distorting structure of [Mg0.8R0.2)O6] octahedra is shown in 
Fig. 6(b). The distortion of the [(Mg0.8R0.2)O6] octahedra decreases, 
accompanied by an increase in the average bond energy of the Al–O 
bonds (E(Al–O)), which in turn increase τf from − 33 to − 12 ppm/

◦

C. 
However, when R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5, the distortion of the 
octahedra increases. This may be due to the smaller radius of Mn ions 
doping, causing a significant difference in size between (Ni1/5Co1/5Zn1/ 

5Cu1/5Mn1/5)2+ (0.72 Å) and Mg2+ (0.89 Å), leading to a larger distor
tion in the Mg–O octahedra. 

The high entropy effect should lead to improved performance and 
easier formation of single-phase ceramics [16]. In equiatomic 
multi-component systems, the greater mixing enthalpy leads to a 
reduction in free energy. This makes it more feasible to achieve ther
modynamically stable systems and easily form single-phase ceramics 
[41]. In cordierite ceramics, there is no data available to assess the en
tropy effect. The mixing entropy (Smix) is calculated using eqn. 5. Only 
considering the disorder of Mg lattice sites, the Al/Si/O lattice sites do 
not contribute to the total mixing entropy. Therefore, the configura
tional entropy (Sconfig) of cordierite ceramics can be calculated using 
eqn. 6. 

Here, h, k, l, and m represent the number of Mg, Al, Si, and O lattice sites 
in cordierite, respectively. R is the ideal gas constant. Nh, Nk, Nl, and Nm 
represent the number of element types in the h, k, l, and m lattice sites, 
respectively. xh

i , xk
i , xl

i, and xm
i represent the molar fractions of compo

nent i in the h, k, l, and m lattice sites, respectively. 
The ability of single-phase formation of multi-component ceramics is 

related to structural deformation [16]. In this context, two parameters, 
namely, disorder of ionic radius (δr) and electronegativity mismatch (δχ) 
are used to explain the influence of effects of atomic properties, 
composition, and entropy on phase stability. The level of lattice distor
tion can be evaluated by considering δr and δχ of all the elements [42, 
43]. The atomic radius at the Mg lattice and electronegativity in cordi
erite can be calculated using the following formulas. 

δr
Mg− site =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

∑

i
ci

(

1 −
ri

r

)2
√
√
√
√ (7)  

r =
∑

i
ciri (8)  

δχ
Mg− site =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

i
ci

(

1 −
χi

χ

)2
√

(9)  

χ =
∑

i
ci

(

1 −
χi

χ

)

(10) 

Ci represents the molar fraction of the i-th component at the Mg 
lattice sites, while ri and χi represent the radius and electronegativity of 
the i-th component at the Mg lattice sites. r and χ represent the average 

Fig. 5. (a) Q×f and Uave versus R in Mg1.8R0.2Al4Si5O18 ceramics (R––Ni, Ni1/ 

2Co1/2, Ni1/3Co1/3Zn1/3, Ni1/4Co1/4Zn1/4Cu1/4, Ni1/5Co1/5Zn1/5Cu1/5Mn1/5), (b) 
σ of the [Si4Al2] and [O6] hexagonal rings, and (c) the average lattice energy of 
Mg–O, Al–O, and Si–O bonds. 

ΔSmix = − R

[
h

h + k + l + m

∑Nh

i=1
xh

i ln
(
xh

i

)
+

k
h + k + l + m

∑Nk

i=1
xk

i ln
(
xk

i

)
+

l
h + k + l + m

∑Nl

i=1
xl

i ln
(
xl

i

)
+

m
h + k + l + m

∑Nm

i=1
xm

i ln
(
xm

i

)
]

(5)  

ΔSconfig = − R

[

2

(
∑Nh

i=1
xh

i ln
(
xh

i

)
)

Mg− site

+ 4

(
∑Nk

i=1
xk

i ln
(
xk

i

)
)

Al− site

+ 5

(
∑Nl

i=1
xl

i ln
(
xl

i

)
)

Si− site

+ 18

(
∑Nm

i=1
xm

i ln
(
xm

i

)
)

O− site

]

(6)   
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radius and average electronegativity of multiple cations at the Mg lattice 
sites. Q × f value increases and τf value decreases with an increase in the 
entropy configuration, Fig. 7(a) and (b). Fig. 7(c) shows the decrease in 
both δr and δχ at Mg lattice sites which is favorable for the stability of the 
Mg1.8R0.2Al4Si5O18 structure in high-entropy ceramics, resulting in 
reduced octahedral distortion, consistent with Fig. 7(b). The reduction 
of δr and δχ favors the reduction of octahedral distortion, resulting in an 
increased τf. Therefore, the distortion of [(Mg0.8R0.2)O6] octahedra in 
high-entropy ceramics shows a decreasing trend followed by a slight 
increase with the increase in configurational entropy. 

4. Conclusions 

In this work, high-entropy equimolar compositions of Mg1.8R0.2Al4

Si5O18 ceramics were synthesized using the solid-state reaction method. 
XRD and SEM analysis confirmed that all samples were single-phase 
ceramics, with an average grain size distribution from 0.7 μm to 1.3 
μm and a relative density between 92% and 97%. The measured 
dielectric constant (εr) of the high-entropy ceramics increased from 4.3 
to 4.5 with varying R, attributed to factors such as ceramic microcrystal 
size, polarizability, and chemical bond ionicity. However, there was a 
decrease in Q×f values from 76,539 GHz to 33,875 GHz. This decrease 
was primarily due to the reduction in lattice energy of Si–O bonds and 

the distortion of [Si4Al2] and [O6] hexagonal rings, caused by multiple 
ionic replacements in the Mg site. Relative density also played a role. 
Conversely, the temperature coefficient (τf) increased from − 31.97 
ppm/◦C to − 10.98 ppm/◦C. This increase was associated with the rise in 
configurational entropy (Sconfig), cation radius disorder (δr), electro
negativity disorder (δχ), and the reduction of [MgO6] octahedral 
distortion. These factors collectively contributed to a temperature co
efficient closer to zero, enhancing the temperature stability of the ce
ramics. Notably, when R––Ni1/5Co1/5Zn1/5Cu1/5Mn1/5, the temperature 
coefficient approaches zero, resulting in impressive microwave dielec
tric performance with εr = 4.68, Q×f = 33,875 GHz, and τf = − 10.98 
ppm/◦C. 
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