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In this study, high-entropy spinel-type (Mgg 2C0g.2Nig 2Lip.4Zng 2)Al;04 ceramics were synthesized by solid-state
reaction method. The raw materials gradually formed spinel aluminates from 700 to 1400 °C and finally formed
high-entropy (Mgo.2C0¢.2Nig 2Lio.4Zng 2)Alo04 ceramics after calcination at 1400 °C for 4 h. The high-
configuration entropy and low average atomic-size difference were beneficial to form single-phase high-en-
tropy ceramics. Partial lattice distortion occurred within the high-entropy (Mgg.2Co0.2Nig 2Lig 4Zng 2)Al204 ce-
ramics structure, and its grain size gradually increased with increasing sintering temperature. The high-entropy
(Mgo.2C00.2Nig 2Lig 4Zng 2)Al;04 ceramics exhibited good microwave dielectric properties when sintered at
1550 °C for 4 h: dielectric constant (g,) = 7.4, quality factor (Qf) = 58,200 GHz, and temperature coefficient of
resonance frequency (tf) = —64 ppm/°C. The ¢, values were mainly affected by the dielectric polarizability. The
Qf values were highly related to the relative density and covalency of A-site bond, whereas the t¢ values closely

depended on the bond strength of A-site.

1. Introduction

With the rapid development of high-frequency communication sys-
tems, the problems such as low signal delay and low dielectric loss of
electronic devices are gaining progressively more attention. As one of
the essential materials for electronic devices, microwave dielectric ce-
ramics have also attracted significant research attention [1-3]. Note-
worthy, a low-dielectric-constant (e, below 10) ceramic material with
high quality factor (Qf) and near-zero temperature coefficient of reso-
nant frequency (t¢) is commonly used as high-speed substrate in
millimeter-wave communication [4-7]. Low &, value can sufficiently
reduce the signal propagation delay time [8]. High Qf value can aid in
extending the operating frequency ranges of communication systems
and play an important role in enhancing frequency selective charac-
teristics and suppressing signal attenuation [9,10]. Moreover, near-zero
7¢ value can endow the device with good temperature stability [11].
Therefore, the development of high-performance microwave dielectric
ceramics is highly demanded and urgently required.

MgAl,04 ceramics with cubic spinel structure have been extensively
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studied in the microwave dielectric material field [12,13]. The MgAl;04
ceramics exhibit a low &, value (~8.2); however, a low Qf value (~42,
600 GHz) and large negative t¢ value (-78 ppm/°C) limit their appli-
cation prospects in the field of millimeter-wave communication [14,15].
Ion substitution is an important strategy to improve the microwave
dielectric properties; however, no significant breakthrough can be
achieved by conventional ion substitution method. For the excellent
performance of high-entropy alloys in the alloys field, the concept of
“high-entropy ceramics” has also been proposed [16]. High-entropy
ceramics are single-phase ceramics with five or more different cations
in equiatomic or near-equiatomic ratios [17,18]. High entropy produces
some attractive effects: a high-configuration entropy favors the forma-
tion of single-phase solid solutions (high-entropy effect), sluggish ki-
netics (sluggish diffusion effect), lattice distortions (lattice distortion
effect), and a collection of properties that exceeds the characteristics of
the constituent materials (cocktail effects) [16,19].

Moreover, the high-configuration entropy of the ceramics is benefi-
cial to improve the simultaneous solubility of multiple components,
which provides a new idea and route for improving some properties of
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these materials [19]. In recent years, high-entropy ceramics with
excellent microwave dielectric properties have been fabricated and
systematically investigated [19-21]. For example, a series of
high-entropy perovskite-type Ba(Zr2Tip2Sng oHfp2Meg2)O3 (Me
Y3+, Nb>F, Ta®t, Vo, Mo®", and W®*) ceramics exhibited high tem-
perature stability of dielectric constant from 25 to 200 °C, with low
dielectric loss (below 0.002) from 20 Hz to 2 MHz. This result shows that
dielectric properties can be tailored via configuration entropy [20].
Moreover, the high-entropy rock salt-type (Cog2Cup2Mgo.o-
Nig.2Zng.2)1_LixO oxides exhibited a large relative dielectric constant
(above 1000) over a wide frequency range (100 Hz-2.3 MHz) and the
dielectric loss was found to be less than 0.01 when the frequency was
below 1 MHz [21]. Besides, the high-entropy olivine-type Li
(Gdg 2Hog 2Erp 2Ybg 2Lug 2)GeO4 ceramics exhibited outstanding micro-
wave dielectric properties with a near-zero t¢ of -3 ppm/°C [19].
Therefore, it is expected that high entropy can improve the microwave
dielectric properties of spinel aluminate ceramics.

In this study, the microwave dielectric properties of MgAl,O4 ce-
ramics were improved by synthesizing high-entropy (Mgg 2Cog 2Nig 2.
Lig.4Zng 2)Al504 ceramics via solid-state reaction. Furthermore, there
were significant differences in configuration entropy and average
atomic-size difference between the high-entropy (Mgp 2Cog.2Lag o
Lio_zzno_z)A1204 and (Mgo_2C0042N1042Lio_42n0_2)A1204 ceramics. There-
fore, to investigate the forming ability of single-phase high-entropy
ceramics, the (Mgg.2Cog 2Lag 2Lig.2Zng 2)Alo04 with equal proportions of
A-site was used as a control sample. The phase evolution of high-entropy
(Mgo.2C00.2Nig 2Lip 4Zngp 2)Al204 ceramics was systematically investi-
gated. Finally, the phase compositions, microstructures, and microwave
dielectric properties of high-entropy (Mgo 2C00.2Nig 2Lig 4Zng 2)Al204
and (Mgg 2Cog.oLag oLig 2Zng 2)Al;04 ceramics were characterized and
explored.

2. Experimental procedure

High-entropy (Mgo.2Cog 2Nig 2Lip.4Zng 2)Alo04 and (Mgp.2Cop.2Lag 2-
Lip.2Zng 2)Al,04 ceramics were synthesized by the solid-state reaction
method. The analytically pure raw materials MgO, LayOs, CoCOs,
NiCOs, LizCOs3, ZnO, and Al;03 were obtained from Shanghai Macklin
Biochemical Co. Ltd and weighed according to the stoichiometric ratios
in  (Mgo.2Cog.2Nig 2Lig.4Zng 2)Al204 and (Mgp.2Cog.2Lag.2Lio.2Zng.2)
Aly04. The weighed powders were ball milled with yttrium-stabilized
zirconia balls in deionized water for 4 h, and mixed slurry was dried
at 100 °C. Then, the mix powders of (Mg 2Cog oNig 2Lip.4Zng 2)Alo04
and (Mgg 2Cog.sLag 2Lip 2Zng 2)Al;04 were dried and calcined at 1400
and 1350 °C for 4 h, respectively. The calcined powders were again ball-
milled and dried. Then, the calcined powders were mixed with polyvinyl
alcohol (PVA, 10 wt%) solution, and pressed into cylinders with a
diameter of 12 mm and a thickness of 6 mm under a pressure of 20 MPa.
Next, the (Mgo_2C00_2Ni0_2Li0.4Zn0.2)A1204 and (Mgp.2Cog 2Lag 2.
Lig.2Zng 2)Alo04 pellets were heated from room temperature to 1000 °C
at the rate of 10 °C/min and held at 600 °C for 4 h to eliminate PVA.
Subsequently, the pellets were further heated to the sintering tempera-
ture (1500-1600 °C and 1450-1600 °C, respectively) at the rate of 5 °C/
min and sintered for 4 h. Finally, it was dropped to 500 °C at the rate of
5 °C/min and allowed to cool down to room temperature naturally.

The relative density (prelative) Of samples was measured at room
temperature by Archimedes’ method (see Supplementary Information).
The crystalline phase was analyzed by powder X-ray diffraction (XRD,
Miniflex 600, Rigaku, Japan) with 20 ranging from 10° to 120° and a
step of 0.02° at room temperature with CuK, radiation. The detailed
structure was obtained by refinements by using the Fullprof program
[22]. The selected area electron diffraction (SAED) patterns and
high-resolution transmission electron microscopy (HRTEM, JEM-2100
Electron Microscope) images were obtained at a working voltage of
200 kV. The phase evolution of the samples was investigated by
thermogravimetry-differential scanning calorimetry (TG-DSC) using a
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simultaneous thermal analyzer (Model NETZSCH STA 449F5). The
investigation was carried out at a heating rate of 10 K/min in static air
from 30 to 1400 °C and by in-situ XRD (Model X'Pert Pro, PANalytical)
in the temperature range of 25-1400 °C. The morphology of the polished
and thermally etched surface of the samples was characterized by
scanning electron microscopy (SEM; JSM-6490, JEOL, Japan) at an
accelerating voltage of 15 kV. The thermal etching process was carried
out at a temperature 150 °C lower than the sintering temperature for 4 h.
The compositions of samples were analyzed by energy dispersive X-ray
spectroscopy (EDS). The microwave dielectric properties of each sample
were measured by the Hakki-Coleman dielectric resonator cavity
method. The 7 (ppm/°C) value was calculated by using the following
equation [15]:

f(85°C) — f(25°C)

RS St 6
Y= (85 -25) x f5o0) < 1O

®

where f(85 °C) and f(25 °C) represent the resonant frequency at 85 °C
and 25 °C, respectively.

3. Results and discussion

The bulk density of the high-entropy (Mgg.2Cog.2Nig 2Lig4Zng 2)
Al,04 ceramics increases from 3.60 to 3.83 g/cm3 with the increase in
the temperature from 1500 to 1550 °C, corresponding to an increase in
the relative density from 88.33 % to 94.04 %. With the further increase
in the sintering temperature, both the bulk density and relative density
show an overall decreasing trend (see Fig. S1 in Supplementary Infor-
mation). Fig. 1 shows the XRD patterns of high-entropy (Mgp 2C0g.2-
Ni(),zLio,4Zn0.2)A1204 and (MgogCOo'2Lao.2Li0‘2Zn0,2)A1204 ceramics
sintered at different temperatures. The XRD patterns of high-entropy
(Mgo.2C0g.2Nig 2Lig 4Zng 2)Al;04 ceramics can be indexed to the PDF
No. #75-1799 of the spinel structure MgAl,04 with Fd-3 m space group.
However, besides spinel-type MgAl»O4 phase, a secondary phase of
LaAlO3 (PDF #76-2373) was also observed in (Mg 2CogsLlag.s.
Lip.2Zng 2)Al204 ceramics (see Fig. 1(b)).

The configuration entropy (AScens,) and average atomic-size differ-
ence (6) are considered as the main factors for the formation of single-
phase high-entropy ceramics (the calculated results are listed in Sup-
plementary Information Table S1) [23,24]. The ASco value of
high-entropy (Mgp 2C0¢.2Nig 2Lip 4Zng 2)Al304 ceramics (1.65R) is larger
than that of (Mgg 2Cog aLag 2Lig 2Zng 2)Al304 ceramics (1.61R). Owing to
the high temperature and the value of AS g, being larger than 1.5R, the
product of absolute temperature and ASconsg can overcome the enthalpy
of the mixture, which makes the Gibbs free energy negative to produce a
single-phase high-entropy ceramic [23]. Moreover, a necessary criterion
for the formation of a single-phase high-entropy alloy is that the § value
of the solid solution should be sufficiently small (5§ below 4 %) [24].
Practically, the § value of high-entropy (Mg 2Cog 2Nig oLig.4Zng.2)AloO4
ceramics (3.31 %) was found to be smaller than that of (Mgp 2Cog 2.
Lag 2Lig.2Zng 2)Al,O4 ceramics (14.64 %), and a solid solution was
formed. Therefore, high-configuration entropy and relatively low
average atomic-size difference are beneficial to form a single-phase
high-entropy ceramic material.

For the further systematic investigation of the phase compositions
and crystal structures of high-entropy (Mg 2C00.2Nig.2Lig 4Zng 2)Al204
and (Mg 2Cog oLag oLig 2Zng 2)AloO4 ceramics, the XRD data were
refined by using the Fullprof program. The refined patterns of the high-
entropy ceramics sintered at 1550 °C are shown in Fig. 2 (other refined
XRD patterns are exhibited in Figs. S2 and S3 in the Supplementary
Information), and the Rietveld refinement results are listed in Tables S2
and S3 in the Supplementary Information. All the fitted curves agree
well with the experimental data, and the positions of the Bragg re-
flections are consistent with the indexed peaks. This result indicates that
the phase compositions obtained by XRD analysis are reasonable.

The SEM images of thermal-etched surfaces for high-entropy
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Fig. 1. XRD patterns of the high-entropy ceramics sintered at different temperatures. (a) High-entropy (Mg .2C0o oNig oLig 4Zng 2)Al204 ceramics sintered at
1500-1600 °C; (b) High-entropy (Mgg 2Cog 2Lag 2Lig.2Zng 2)Al,04 ceramics sintered at 1450-1600 °C.

Fig. 2. Rietveld refinements of XRD patterns for the high-entropy ceramics sintered at 1550 °C. (a) High-entropy (Mgo.2C00 2Nig 2Lig.4Zng »)Al,04 ceramics; (b) High-
entropy (Mgo.2Cog 2Lag sLip 2Zng 2)Al,04 ceramics.

Fig. 3. The SEM images of high-entropy (Mgo.oC0g 2Nig oLio 4Zng 2)Al,04 ceramics: (a) 1525 °C; (b) 1550 °C; (c) 1575 °C; (d) 1600 °C.
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(Mgp.2C00.2Nig sLig 4Zng 2)Al;04 ceramics are displayed in Fig. 3. The
average grain size gradually increased with the increase of sintering
temperature, which indicates that high sintering temperature can pro-
mote the grain growth of high-entropy (Mgo 2Co 2Nig 2Lig 4Zng 2)Al2O4
ceramics (see Fig. 3(a)-(d)). Fig. 3(a) presents an anomalous grain
growth and inhomogeneous grain distribution, corresponding to low
relative density. Moreover, the microstructure of the samples sintered at
1550 and 1600 °C are well crystallized and present a uniform grain
distribution (see Fig. 3(b) and (d)), corresponding to high relative
density. Furthermore, Fig. 3(c) shows the presence of significant pores,
which induce the reduction of relative density. The microstructural
evolution was attributed to the combined effects of lattice and grain
boundary diffusion, which led to elemental homogenization and densi-
fication [25]. Moreover, the volatile diffusion of Li" at high tempera-
tures forms surface regions with enhanced diffusion along grain
boundaries, which can promote grain growth and microstructure
densification [26,27].

In order to verify the phase composition of high-entropy
(Mgo.2C0o0.2Lag 2Lig 2Zng 2)Al;04 ceramics, the corresponding SEM and
EDS analyses were carried out (see Figs. S4 and S5 in Supplementary
Information). The results show that the light-colored blocky morphology
mainly corresponds to the secondary phase LaAlOs. Furthermore, in
order to investigate the distribution of elements and further verify the
composition of high-entropy (Mg 2C0¢ 2Nig 2Lig.4Zng 2)Al204 ceramics,
the EDS mapping was performed (see Fig. S6 in Supplementary Infor-
mation). The results demonstrate that all elements (Al, Zn, Mg, Co, and
Ni) were homogeneously distributed without any segregation (Li cannot
be accepted detected by EDS). The A-site element contents could be
considered close to the equimolar ratio, and the ratio of A-site elements,
Al, and O was found to be consistent with the stoichiometry of AB04.

Fig. 4(a) shows the HRTEM image of high-entropy (Mg 2Cog.2-
Nig oLig 4Zng 2)Al;04 ceramics sintered at 1550 °C for 4 h. HRTEM
image reveals excellent crystallinity and sharp lattice fringes. The
structural model of high-entropy (Mgg 2Cog 2Nig oLig 4Zng 2)Alo04 ce-
ramics, which was obtained from XRD refinements, was embedded in
HRTEM image along the direction of the [044] zone axis (Fig. 4(a)). This
further confirms that high-entropy (Mgo.2C0¢ 2Nio.2Lig.4Zng 2)Al204 ce-
ramics form a spinel-type single phase. Furthermore, the SAED patterns
of high-entropy (Mgg.2C0¢.2Nig 2Lig 4Zng 2)Al304 ceramics are shown in
Fig. 4(b). The clean, bright, and sharp diffraction spots also indicate the
formation of high-entropy (Mg 2Cog 2Nig 2Lip.4Zng2)AloO4 ceramics
with a spinel structure having Fd-3 m space group.

Fig. 5 shows the HRTEM image of high-entropy (Mg 2C0¢.2Nig 2.
Lip.4Zng.2)Al204 ceramics sintered at 1550 °C for 4 h. Fig. 5(a) presents
that the FFT (Fourier transform map) pattern along the [224] zone axis
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of the blue square frame region was obtained to reflect the single-crystal
characteristic of high-entropy (Mgo 2Co0¢.2Nig 2Lip 4Zng 2)Alo04 ce-
ramics, which exhibit a significant spinel structure. Furthermore, the
HRTEM images of high-entropy (Mg 2Coo.2Nig 2Lig4Zng 2)Al204 ce-
ramics presented in Fig. 5(b) and (c) show that the measured interplanar
spacing is 0.243 and 0.288 nm, respectively. Both the values match well
with the theoretical values: 0.244 nm of (311) and 0.287 nm of (220)
from PDF No. #75-1799, as well as they are in well agreement with the
XRD results. Moreover, Fig. 5(d) shows some edge dislocations marked
by the yellow “T” symbol in grains, which indicates the existence of
lattice distortion within high-entropy (MgOA2C00.2Ni0.2Li0.4Zn0.2)A1204
ceramics caused by the A-site atomic size difference. Compared to Fig. 5
(d), Fig. 5(e) shows neatly arranged and uniform lattice fringes, which
indicates the occurrence of only partial lattice distortion within high-
entropy (Mg 2Cog 2Nig 2Lig.4Zng 2)Alo04 ceramics.

In order to further analyze the phase evolution process of high-
entropy (Mgg.2C0og.2Nig 2Lig 4Zng 2)Al304 ceramics, the TG-DSC and in-
situ XRD studies were implemented. Fig. 6(a) illustrates that a weight
loss of about 6.3 % was observed in TG curve below 200 °C, corre-
sponding to the first endothermic peak in DSC curve at 138 °C. This is
primarily due to the evaporation of residual water and the formation of
trace amounts of basic zinc carbonate [28,29]. Furthermore, a large
weight loss of about 13 % occurred in the temperature range of
200-700 °C, which is related to the decomposition of raw materials
CoCOj3 and NiCOj3 to CoO, NiO, and CO, at about 500 °C [30-32]. The
DSC curve indicates the temperature of 700 °C to be an important
transition temperature, inferring that the reaction started at about
700 °C. Moreover, a weight loss of about 2.9 % was observed in the TG
curve, corresponding to the exothermic peak in DSC curve at 720 °C.
This result is attributed to the reaction of CoO and NiO with Al,O3 to
form spinel aluminates. Moreover, raw material Li,CO3 decomposed
into Li2O and COj relatively slowly, which can be attributed to the in-
hibition of the decomposition of Li;CO3 by the high pressure of CO;
[33]. Further, Li;O tended to absorb CO;, during the decomposition re-
action at moderate temperature or pressure, which also hindered the
escape of CO; gas [34-36].

Two exothermic peaks are also observed at 1250 and 1368 °C in the
DSC curve. These peaks are attributed to the reaction of raw materials
ZnO and Al,O3 forming spinel ZnAl,04 at about 900-1400 °C [37-39],
and the reaction between raw materials MgO and Al;O3 forming spinel
MgAl,04 at about 1200-1400 °C [40-42]. Moreover, Fig. 6(b) also
shows that the intensity of the diffraction peak at 36.09° corresponding
to the ZnO (101) plane gradually decreased with increasing tempera-
ture. However, the intensity of the diffraction peak at 36.73° corre-
sponding to MgAl;04 (311) plane gradually increased, and all the in-situ

Fig. 4. The crystal structure, HRTEM image, and SAED patterns of high-entropy (Mgo 2C0¢ 2Nig 2Lig.4Zng 2)Al,04 ceramics. (a) The crystal structure and HRTEM

image viewed along the [044] zone axis; (b) The SAED patterns.
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Fig. 5. The HRTEM images of high-entropy (Mg 2C0¢ 2Nig oLig 4Zng 2)Al;04 ceramics. (a) FFT image viewed along the [224] zone axis; (b) and (c) Enlarged images
from the regions in the HRTEM image; (d) and (e) Enlarged IFFT images from the regions in the HRTEM image.

XRD patterns tended to be close to the XRD pattern of MgAl;O4. More-
over, the presence of a small amount of ZnO and Li,CO3 was observed in
the samples at 1400 °C, as indicated by the in-situ XRD data obtained at
1400 °C for 10 min. The formation of ZnAl;O4 is a reaction process in
which Zn%** undergo gradual diffusion to AloO3 [43,44]. The reaction
between the raw materials does not get complete due to the short re-
action time, which is a kinetically driven reaction [45]. Furthermore, the
XRD pattern of the samples calcined at 1400 °C for 4 h is shown in Fig. 6
(b), which is in good agreement with the PDF No. #75-1799 of
MgAl;04. Notably, all raw materials gradually formed the high-entropy
(Mgp.2C00.2Nig 2Lig 4Zng 2)Al;04 ceramics. The reaction process is indi-
cated in the following equation:

(Ni, Co, Mg, Zn)AL O4(s) + Li»O(s) + AL Os(s)

L 2
—(Mgo2Coo2NigaLioaZng )AL Oy(s) @

Fig. 7(a) shows the e, values of the high-entropy (Mg 2C0¢.2Nig 2.
Lig.4Zng 2)Al504 ceramics sintered at 1500-1600 °C. In order to further
analyze the ¢, values of high-entropy (Mg .2Cog 2Nig 2Lip.4Zng 2)Alo04
ceramics, the Clausius-Mosotti equation could be used to estimate the
€theo Of the ceramics [46]:

e 3V + 8map
heo =3y " drmap

(€))

where ap and Vy, denote the dielectric polarizability and the molar
volume, respectively. The ap could be calculated by using the Shannon
additive rule [46]:
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4

where the ionic polarizabilities of Mg2+, C02+, Ni2+, Lit, Zn2+, A13+, and
0% are 1.32, 1.65, 1.23, 1.20, 0.79, 1.32, and 2.01 A%, respectively
[46]. The ap value is 11.348 A%, Porosity is also an important factor
affecting the ¢, value. The porosity-corrected dielectric constant (gr)
was calculated by using the following equation [47]:

3p(&re

=g (1P
= ( 2e, + 1 )

where €, and p = (1—prelative) are the measured dielectric constant and
porosity, respectively (see Table S4 in Supplementary Information).
Fig. 7(a) shows that the variation tendency of e, values is consistent with
that of g, values. The g, values deviate from the gge, values (~8.95),
which may be caused by the rattling effect. The rattling causes the tilting
of the B cation-anion bond from an octahedron to a neighboring octa-
hedron in an opposite direction, thus doubling up the repeat distances
perpendicular to the tilt axis [48]. Furthermore, if the B cation-anion
bond distance is maintained, the B cation-B cation distance (bond
length) becomes shorter and thus influences the bond strength. More-
over, rattling effect and B-site bond valence are a function of bond
strength [49]. An increase in the Al-O bond valence indicates that the
Al-O bond length becomes shorter, and the ionic polarizability becomes

(5)
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Fig. 6. The TG-DSC curves and in-situ XRD patterns of high-entropy
(Mgo.2C00.2Nig oLig 4Zng 2)Al;04 ceramics. (a) The TG-DSC curves; (b) The in-
situ XRD patterns.

weak [50]. Therefore, the change in the bond valence of the B-site leads
to a deviation between &,. and g€ueo. The samples sintered at 1550 °C
exhibited low dielectric constants due to the increase of the B-site bond
valence, resulting in the increase of rattling effect (see Table S5 in
Supplementary Information).

Fig. 7(b) displays the deviation value of e, and &, The positive
deviation reveals that the e value is smaller than the g, value. The
variation trend of deviation value is the same as that of the relative
density, indicating that the dielectric constant is determined by ionic
polarization and densification [51]. Comparative analysis indicates that
high-entropy (Mgp.2Co¢.2Lag 2Lip.2Zng 2)Alo04 ceramics exhibited large
¢, values (~9.5, see Fig. S7 in Supplementary Information). This can be
attributed to the fact that the secondary phase LaAlO3 possessed a large
¢, value (~24.0) [52]. Furthermore, compared to MgAl,04 ceramics
(~8.2), high-entropy (Mg 2C0¢.oNig 2Lig 4Zng 2)Al504 ceramics exhibi-
ted a lower ¢, value (~7.4).

Fig. 7(c) shows the Qf values of the high-entropy (Mg 2Co¢.2Nig 2.
Lig.4Zng.2)Al204 ceramics sintered at 1500-1600 °C. In general, the Qf
values are dominated by two factors; namely, the intrinsic factors that
are mainly dominated by the bond characteristics, cation disorders, and
lattice vibration. In contrast, the extrinsic factors are generally domi-
nated by densification, secondary phase, and grain boundaries [14,53].
For comprehensive evaluation of the bond characteristics of
(Mgo.2C00.2Nig 2Lig 4Zng 2)Al;04 samples, the relationship between the
bond strength (s) and the covalency (fc) between cations and oxygen
ions can be used to calculate the covalency of A-site bond in tetrahedron,
which can be calculated by using the following rule formula [54-57]:
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_ Ravg -
o= ( g ) ©
fo=as" 7
the degree of covalency(%) = (i> x 100% (8)
s

where Rayg is the average bond length between the cation and oxygen
ion. R and N denote the empirical constants that depend on the cation
site. Moreover, a and M are empirical constants that depend on the
number of electrons (see Table S6 in Supplementary Information). Fig. 7
(c) illustrates that the variation trend of the Qf values is similar to that of
the covalency of A-site bond (1525-1600 °C) and highly consistent with
the relative density (1500-1600 °C). Fig. 3 shows the SEM images of the
high-entropy (Mg 2Cog oNig oLig.4Zng 2)Alo04 ceramics, presenting a
relatively dense microstructure and uniform grain distribution when
sintered at 1550 and 1600 °C, which match well with the high Qf values.
However, the Qf values reduced due to the appearance of pores when the
samples were sintered at 1575 °C.

Therefore, the Qf value was affected by the relative density and
covalency of A-site bond at 1525-1600 °C, and the Qf value was mainly
affected by the relative density at 1500-1525 °C. Comparative analysis
indicates that high-entropy (Mg 2Cog oLag oLig.2Zng.2)AloO4 ceramics
exhibited a high Qf value (~63,300 GHz, see Fig. S8 in Supplementary
Information). This may be attributed to its secondary phase LaAlO3 that
possessed a large Qf value (~65,000 GHz) [52]. Compared to MgAl,O4
ceramics (~42,000 GHz), high-entropy (Mgo.2C0¢ 2Nip.2Lip.4Zng.2)Alo04
ceramics exhibited a higher Qf value (~58,200 GHz). Moreover, the Qf
value of high-entropy (Mgg.2C00.2Nig 2Lig 4Zng 2)Al204 ceramics was
higher than that of (Mg 25C0¢.25Nig.25Zn0.25)Al504 ceramics (see Fig. S9
in Supplementary Information). The relatively high Qf values are
probably due to the high-configuration entropy and/or the property of
Li* ions to act as acceptor dopant.

Fig. 7(d) shows the t¢ values of the high-entropy (Mg .2C0p 2Nig 2.
Lig.4Zng 2)Al304 ceramics sintered at 1500-1600 °C. It is well known
that the t¢ value is related to the coefficient of thermal expansion (o)
and the temperature coefficient of the dielectric constant (t¢), thus the t¢
value could be calculated by using the following equation:
Tr = —ETE — Qg (9)

In general, oy, is the linear expansion coefficient and o, = 10 ppm/°C.
Therefore, the t¢ value is mainly dependent on the t value. According to
the Clausius-Mosotti equation, ¢ could be calculated by using the
following equation [58]:

(%) e-Dle-2) 1);8 -2 (A+B+C)

wlir), 2w (5r), (@), - (5F)

3vi\or),” ~3v\or),\or), = 3a,\dT ),
where ap, and V represent the polarizability and volume, respectively.
The parameters A and B are related to the volume expansion. They
exhibit nearly equal magnitude and opposite signs. Therefore, the sum
of A and B is approximately zero. Thus, the effect of A and B on 7, is
negligible [59]; consequently, the t. value is mainly determined by C.
The term C relates to the restoring force associated with the structural
parameters of the sample, such as bond strength [60]. In this study, the
A-site bond strength (Sa_o) of high-entropy (Mgo 2C00.2Nig 2Lig 4Zng.2)
Al;04 ceramics was calculated by using the following equation [56]:

S = Zs(, (1%) N

1
e

10$)

Te
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Fig. 7. Microwave dielectric properties of high-entropy (Mgo.2C0¢ 2Nig 2Lig.4Zng 2)Al,04 ceramics. (a) The €, and &, values; (b) The deviation value between e, and
¢, value and relative density; (c) The Qf values, relative density and covalency of A-site bond; (d) The t¢ values and bond strength of A-site.

where R; denotes the bond length from the refinement, and the empirical
constants sy, Rg, and N were obtained from the literature study. The s,
Ro, and N values of Mg are 0.333, 2.076, and 5.2, respectively (see
Table S7 in Supplementary Information).

In general, the decrease of the bond strength indicates that the
restoring force of recovering the tilted oxygen polyhedron decreases
[61]. Therefore, the reduction of A-site bond strength results in a larger
degree of distortion of oxygen polyhedron, which is reflected in the
decline in 7¢ value. Besides, the expected tendency is observed in Fig. 7
(d), with the change in the sintering temperature from 1500 to 1600 °C.
Moreover, the variation trend of the 7t¢ values of high-entropy
(Mgp.2Coq.2Lag 2Lig 2Zng 2)Alo04 ceramics is similar to that of the bond
strength of A-site (see Fig. S10 in Supplementary Information). How-
ever, the t¢ values of high-entropy (Mgo 2Cog.2Lag 2Lio.2Zng 2)Al204 ce-
ramics exhibited an opposite trend to the bond strength of A-site due to
the reduction in the content of the secondary phase (LaAlO3) at
1550-1600 °C.  Moreover, compared to MgAl;04 ceramics
(-78 ppm/°C), high-entropy (Mgp.2C0o0.2Nig aLig 4Zng 2)Al204 ceramics
exhibited a large t¢ value (-64 ppm/°C).

4. Conclusions

In this study, high-entropy spinel-type (Mgp 2Cog 2Nig oLig4Zng 2)
Aly04 ceramics were prepared successfully by solid-state reaction
method. The high-configuration entropy and low average atomic-size
difference were found to be beneficial to form a single-phase high-en-
tropy ceramic structure. The raw materials gradually formed spinel
aluminates from 700 to 1400 °C and ultimately formed single-phase
high-entropy (Mgo.2Cog 2Nip 2Lip.4Zng 2)Alo04 ceramics after calcina-
tion at 1400 °C for 4 h. Compared with MgAl,04 ceramics, high-entropy
(Mgp.2C00.2Nig oLig 4Zng 2)Al;04 ceramics exhibited enhanced micro-
wave dielectric properties (e, = 7.4, Qf = 58,200 GHz, and t¢
-64 ppm/°C). Furthermore, the &, Qf, and ¢ are mainly dominated by
dielectric polarizability, relative density, covalency of A-site bond, and
bond strength of A-site in high-entropy (Mgg 2Cog 2Nig 2Lig.4Zng 2)AloO4
ceramics. Excellent microwave dielectric properties make high-entropy

290

(Mgo.2C09 2Nip.2Lig.4Zng 2)Alo04 ceramics an ideal candidate for appli-
cations in millimeter-wave communication.
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