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Abstract 

  The electronic state and microwave dielectric properties of MgAl2O4 prepared using 

solid-state (MA-S) and molten salt (MA-M) methods and those of Mg0.4Al2.4O4 

(M04A24) were investigated. The λ values, which correspond to the fraction of Al3+ 

cations in tetrahedral sites, for MA-S, MA-M, and M04A24 were 0.23, 0.41, and 0.60, 

respectively. In molecular orbital calculations, a larger overlap was observed between 

Al-3s or Al-3p in tetrahedral sites and O-2p orbitals for M04A24, and the bond order for 

Al–O at tetrahedral sites of M04A24 (0.241) was higher than those for MA-S (0.178) 

and MA-M (0.205). The dielectric constant, εr, for M04A24 (7.6) was lower than those 



for MA-S and MA-M (both 7.9), and the highest quality factor, Q·f, was obtained for 

M04A24 (235, 800 GHz). It was found that the covalency of the Al–O bonds in the 

MO4 tetrahedra is closely related to the Q･f values of the present ceramics.  

 

KEYWORDS: microwave dielectric properties; molecular orbital calculation; defect 

structure; cation distribution; MgAl2O4. 

 

1. Introduction 

  Recently, microwave dielectric materials, which possess a low dielectric constant (εr), 

a high quality factor (Q·f) and a near-zero temperature coefficient of resonant frequency 

(TCf) [1-6], have been characterized because they are considered suitable for application 

to wireless communication systems in the high-frequency region. The spinel-structured 

ceramic MgAl2O4 is one such material. Zheng et al. [7] reported εr and Q·f values for 

MgAl2O4 of 7.9 and 68,900 GHz, respectively. MgAl2O4 has an intermediate spinel 

structure with the general formula (Mg1-λAlλ)[MgλAl2-λ]O4, where parentheses represent 

fourfold-coordinated sites and brackets represent sixfold-coordinated sites, and λ is 

referred to as the degree of inversion, ranging from 0 (normal spinel) to 1 (inverse 

spinel) [8-10]. The degree of inversion of MgAl2O4 has been investigated using 27Al 



nuclear magnetic resonance (NMR) and Raman spectroscopy [11-13]. In addition, 

Takahashi et al. [13] reported an enhancement in the Q·f of MgAl2O4 ceramics in which 

the Al3+ cation preferentially occupies the tetrahedral site. Moreover, Rietveld analysis 

of MgAl2O4 indicated that the preferential site occupation of Al3+ cations enhanced the 

covalency of the M–O bonds in the MO4 tetrahedron (M = Mg and Al), leading to a 

decrease in the lattice parameters [13]. Thus, it has been suggested that the cation 

distribution in the MgAl2O4 lattice affects the covalency of cation–oxygen bonds and 

the microwave dielectric properties of the ceramics. Wittlinger et al. [14] and Ishii et al. 

[15] reported that the cation-vacancy-introduced Mg0.4Al2.4V0.2O4 (where V denotes the 

cation vacancy), like MgAl2O4, possesses a cubic spinel structure. It is expected that the 

introduction of cation vacancies in MgAl2O4 will facilitate the preferential occupation 

of the tetrahedral sites by Al3+ cations. However, the relationship between the electronic 

state and microwave dielectric properties of MgAl2O4 ceramics with cation vacancies 

remains unclear. Therefore, in this study, Mg1-3xAl2+2xO4 ceramics (x = 0 and 0.2) were 

synthesized by a conventional solid-state reaction or the molten salt method, and the 

influence of cation distribution on the electronic state and microwave dielectric 

properties of these ceramics was investigated.  

 



2. Experimental method  

 MgAl2O4 (MA) ceramics were prepared by a solid-state reaction (MA-S) and the 

molten salt method (MA-M), while the Mg0.4Al2.4V0.2O4 (M04A24) ceramic (V: cation 

vacancy) was prepared by the molten salt method. MgO (99.99%) and Al2O3 (99.9%) 

powders were weighed out in stoichiometric amounts and then ball-milled in a 

polyethylene bottle, using yittria-stabilized zirconia balls in ethanol for 24 h. The mixed 

slurries were dried and calcined at 1500°C for 4 h in air. In the case of MA-M and 

M04A24, the calcined powders were ground and mixed with LiCl (99.9%) in a weight 

ratio of 1:3, and the mixtures were transferred to an alumina crucible with an alumina 

lid and fired at 1200°C for 5 h. The fired mixtures were washed with distilled water and 

ethanol to remove residual salts and then dried at 80°C for 5 h in a drying oven. The 

powders were mixed with polyvinyl alcohol and uniaxially pressed into cylindrical 

pellets 12 mm in diameter and 7 mm in thickness at 100 MPa. Subsequently, these 

pellets were heated to 1600°C at a rate of 5°C/min and fired at 1600°C for 2-50 h in air. 

For convenience, MgAl2O4 ceramics prepared by the solid-state and molten salt 

methods will hereafter be referred to as MA-S-nh, MA-M-nh, and M04A24-nh, where n 

will denote the firing time. The crystalline phases of the fired samples were identified 

by X-ray powder diffraction (XRPD), using a Rigaku RINT-2000 diffractometer with 



Cu Kα radiation at room temperature. The crystal structure of each crystalline phase 

was refined using the Rietveld analysis [16] software RETAN-FP [17] and the XRPD 

profiles for the Rietveld analysis were obtained by the step-scanning method in the 2θ 

range of 10°-120° with a step size of 0.03° and a counting time of 3.0 s/step. To 

investigate the cation distribution in the tetrahedral and octahedral sites, solid-state 27Al 

magic angle spinning nuclear magnetic resonance (MAS-NMR) spectra were recorded 

on a JEOL ECA 500 spectrometer at room temperature with a spinning frequency of 12 

kHz. X-ray absorption near-edge structure (XANES) spectra were obtained at the Mg 

K-edge by the total electron yield method at room temperature at beamline BL1N2 of 

the Aichi Synchrotron Radiation Center. The εr and Q·f values of the samples were 

measured by the Hakki and Coleman method [18, 19] at room temperature, using a 

vector network analyzer (Agilent 8720 ES). The TCf of each sample was determined 

from the resonant frequencies at 20 and 80°C. The apparent density of the sintered 

samples was estimated by the Archimedes method. The microstructure of the samples 

was investigated by field-emission scanning electron microscopy (FE-SEM; JEOL 

JSM-6330F). The electronic state of the ceramics was calculated by using the discrete 

variable Xα (DV-Xα) method [20], which is a first-principles calculation method, taking 

account of the Maldelung potential and symmetry orbital; the (Mg11Al22O92)-106, 



(Mg8Al25O92)-93
, and (Mg3Al28O92)-94 cluster models in C2 symmetry were employed for 

MA-S, MA-M, and M04A24, respectively. 

 

3. Results and discussion 

3.1. XRPD, XANES and NMR studies of MgAl2O4 and Mg0.4Al2.4O4 

Figure 1 shows XRPD profiles for MA-S-nh, MA-M-nh and M04A24-nh fired for 2 

and 50 h. For both firing times, the XRPD profiles for all samples exhibited diffraction 

peaks corresponding to a cubic structure with the space group Fd3m (No. 227). The full 

width at half maximum (FWHM) values of the (311) planes of MA-Snh, MA-Mnh and 

M04A24nh, tabulated in Table 1, provide a measure of the crystallinity of the ceramics. 

Lower FWHM values were obtained for samples fired at 1600°C for 50 h, and the 

FWHM value of M04A24-50h was lower than those of MA-M-50h and MA-S-50h. 

Moreover, the reflection peaks were found to shift in the case of MA and M04A24, 

suggesting that these peak shifts may be related to the variation in the distribution of 

Mg2+ and Al3+ cations in the tetrahedral and octahedral sites. To analyze the chemical 

composition of and confirm the presence of cation vacancies in M04A24, excitation 

fluorescence spectra were measured using synchrotron radiation and XANES spectra 

were measured for MA-S-50h and M04A24-50h (see Fig. 2). As seen from the 



excitation fluorescence spectra in Fig. 2(a), the fraction of Mg was higher in MA-S-50h 

than in M04A24-50h, though the Al peak in the M04A24-50h spectrum was higher than 

that in the MA-S-50h spectrum. Si was detected owing to contamination. In the K-edge 

XANES spectra shown in Fig. 2(b), four peaks were observed at 1309, 1313, 1318, and 

1331 eV for both ceramics, in good agreement with the peaks reported by Andrault et al. 

[21] and Li et al. [22], the latter of whom attributed the peak at 1313 eV (peak b) to the 

electronic transition from 1s to the empty bound 3p orbitals [23-25]. Moreover, the 

peaks at 1309, 1318, and 1331 eV, labelled as peaks a, c, and e, are due to the multiple 

scattering from the outermost coordination shells [22-25]. On the other hand, the spectra 

for M04A24-50h exhibited a peak at 1322 eV (peak d). This peak may be assigned to 

the cation vacancies in the MgAl2O4 lattice. 

In order to determine the relationship between the cation distribution and firing time, 

the distributions of Al3+ in the tetrahedral and octahedral sites of MA-S-nh, MA-M-nh, 

and M04A24-nh were characterized by 27Al NMR (see Fig. 3). The MA and M04A24 

ceramics exhibited two signals, at approximately 10 and 70 ppm, which were assigned 

to octahedrally and tetrahedrally coordinated aluminum, respectively [26, 27]. The 

signal intensities at 70 ppm (10 ppm) were higher (lower) for the calcined ceramics than 

for the fired ceramics. Moreover, the signal intensities at 70 ppm (10 ppm) were slightly 



lower (higher) for the ceramics fired for 2 h than for those fired for 50 h. These results 

suggest that the Al3+ cations in these ceramics preferentially occupy octahedral sites, 

depending on the firing time. To determine the proportions of Al3+ cations in tetrahedral 

and octahedral sites for MA-S-nh, MA-M-nh, and M04A24-nh, the λ values were 

estimated from the 27Al NMR spectra and the equation  

𝐼(𝐴𝑙𝑂4)

𝐼(𝐴𝑙𝑂6)
=

𝜆

2 + 2𝑥 − 𝜆
,    (1) 

where I(AlO4) and I(AlO6) denote the peak intensities of tetrahedrally and octahedrally 

coordinated aluminum, respectively [27]. Since x denotes the fraction of cation 

vacancies, x = 0 for MA-S-nh and MA-M-nh and x = 0.2 for M04A24-nh. The λ values 

for MA-S-nh, MA-M-nh, and M04A24-nh are summarized in Table 1. The λ values for 

the calcined ceramics were higher than those for the fired ceramics, and the λ values for 

the fired ceramics decreased with increasing firing time. The variation in λ value during 

firing suggests the redistribution of Al3+ and Mg2+ cations in the tetrahedral and 

octahedral sites, which leads to grain growth [13]. The λ value for M04A24-50h (λ = 

0.60) was higher than those for MA-M-50h (λ = 0.41) and MA-S-50h (λ = 0.23). This 

indicated that the introduction of cation vacancies can promote the preferential 

occupation of tetrahedral sites by Al3+ cations.  

3.2. Rietveld analysis and first-principles calculations 



Based on the λ values, the site occupancies of MA-S-nh and MA-M-nh are 

estimated according to the general formula (Mg1-λAlλ)[MgλAl2-λ]O4. Moreover, the site 

occupancy of M04A24-nh is also calculated, assuming that the cation vacancies are 

preferentially produced in the octahedral site [28,29]. The relationship between the 

cation distribution and cation vacancies of M04A24-nh are expressible by the general 

formula (Mg0.8-λAlλ)[Mgλ-0.4Al2.4-λV0.2]O4. The crystal structure refinements of MA and 

M04A24 were performed using the Rietveld method, taking into account the estimated 

site occupancy. The lattice parameters of M04A24 are smaller than those of the MA 

ceramics, as listed in Table 2; the difference is presumably due to the difference in ionic 

radius between Mg2+ and Al3+ [30] and the difference in the proportion of Mg2+ and Al3+. 

Moreover, the lattice parameters of MA and M04A24 decreased with increasing firing 

time. Since this decrease in the lattice parameters cannot be explained by the difference 

in the ionic radii of Mg2+ and Al3+, the covalency (fc/s) of the cation-oxygen bonds in 

the MO4 (M = Mg and Al) tetrahedron and the MO6 octahedron was calculated for 

MA-S-nh, MA-M-nh, M04A24-nh. The fc of the cation-oxygen bonds was calculated 

using the refined atomic coordinates and the following equations: 

𝑠 = (𝑅/𝑅1)−𝑁,                        (2) 

𝑓𝑐 = 𝑎𝑠𝑀,                                  (3) 



where s is the cation-oxygen bond strength and R represents the refined cation-oxygen 

bond length in MO4 or MO6. R1 and N are empirical parameters that depend on the 

particular cation site and the cation-anion pair; R1 = 1.622 and N = 4.29 [31]. The 

empirical constants a and M are 0.54 and 1.64, respectively [32]. The covalencies of the 

cation-oxygen bonds in MO4 and MO6 for MA-S-nh, MA-M-nh, and M04A24-nh are 

tabulated in Table 2. In all cases, while the covalencies of the M–O bonds in MO6 were 

almost independent of firing time, those in MO4 increased with firing time. The 

covalencies of the M–O bonds in MO4 were higher (lower) for M04A24-nh (MA-S-nh) 

than for MA-M-nh. In the case of MO6, the covalencies of the M–O bonds were almost 

the same (ca. 33.5%) for all samples. Thus, the decrease in the lattice parameters may 

be attributed to the increase in the covalency of the M–O bonds in MO4, which arises 

from the preferential occupation of the tetrahedral sites by the Al3+ cations. In addition 

to Rietveld analysis, a first-principles calculation analysis was performed for MA-S-50h, 

MA-M-50h, and M04A24-50h to determine the electronic state of each ceramic, which 

is affected by the covalency of cation-oxygen bonds. As shown in Fig. 4, the cluster 

models (Mg11Al22O92)-106, (Mg8Al25O92)-93
, and (Mg3Al28O92)-94 with the estimated λ 

values were employed for MA-S-50h, MA-M-50h, and M04A24-50h, respectively. The 

total density of states (DOS) and energy-level diagrams of MA-S-50h, MA-M-50h, and 



M04A24-50h are shown in Fig. 5. The energy-level diagrams reveal that the band gap 

of M04A24-50h (2.99 eV) is lower than those of MA-S-50h (3.81 eV) and MA-M-50h 

(3.79 eV). Tu et al. [28] investigated the effects of composition, n, on the electronic 

structure of the MgO·nAl2O3 spinel model with cation vacancies, and they found that 

the band gap of the spinel decreased with increasing n. The band gap trend observed in 

the present study is consistent with their results. In the DOS of MA-S-50h, MA-M-50h, 

and M04A24-50h, the overlaps between the Al–3s or Al–3p and O–2p orbitals are 

observed for all the models, while the overlaps between the Al–3s or Al–3p and O–2s 

orbitals are very small. The overlap between the Mg–3s and O–2s or O–2p orbitals is 

negligibly small, which is indicative of the strong covalent bonding between aluminum 

and oxygen. In the tetrahedral site, the overlap between the Al–3s or Al–3p and O–2p 

orbitals seems to be larger for M04A24-50h than for MA-M-50h and MA-S-50h. 

Moreover, the bond order of Al–O at tetrahedral site, which is related to strength of the 

covalent bonds, is higher for M04A24-50h (0.241) than for MA-S-50h (0.178) and 

MA-M-50h (0.205). This is presumably because of the preferential occupation by Al3+ 

of the tetrahedral site through the introduction of cation vacancies. Thus, the variations 

in the covalency of M–O bonds in the MO4 tetrahedron, as revealed by Rietveld analysis, 

are associated with the strong covalent bonding between the Al–3s or Al–3p orbitals in 



the tetrahedral site and O–2p orbitals.  

3.3. Microwave dielectric properties of MgAl2O4 and Mg0.4Al2.4O4 

Figure 6 (a) shows the relative densities of MA-S-nh, MA-M-nh, and M04A24-nh. 

Upon increasing the firing time from 2 to 5 h, the relative density of MA-S-nh increased 

from 92 to 96%, while those of MA-M-nh and M04A24-nh increased from 

approximately 94 to 96%. The relative densities of all samples leveled off above a firing 

time of 5 h. The morphological changes in MA-S-nh, MA-M-nh, and M04A24-nh were 

also observed in the FE-SEM images shown in Fig. 7. The grain sizes of MA and 

M04A24 strongly depended on the firing time; with increasing firing time, the grain 

size of MA-S-nh increased from 10 to 20 μm, while the grain sizes of MA-Mnh and 

M04A24nh increased from 25 to 50 μm. This grain growth was presumably related to 

the redistribution of Mg2+ and Al3+ during firing. The effects of firing time on the εr and 

Q·f of MA and M04A24 are shown in Fig. 6. The variations in εr paralleled those in 

relative density; with increasing firing time, the εr of MA-S-nh increased from 7.4 to 7.9, 

while those of MA-M-nh and M04A24-nh increased slightly from 7.8 to 7.9 and from 

7.4 to 7.6, respectively. The lower εr value of M04A24 may be related to the 

introduction of cation vacancies and to the increase in the fraction of aluminum, which 

has a lower ionic polarizability (0.73 Å3) than Mg2+ (1.33 Å3) [33]. As the firing time 



increased, the Q·f values of all samples increased markedly between 2 and 5 h of firing, 

increasing only gradually in the 5-50 h range. Takahashi et al. [13] reported that the 

high crystallinity of MgAl2O4 enhances its Q·f value. Therefore, the marked increase in 

the Q·f values of MA and M04A24 may be due to the higher crystallinities of these 

ceramics (see Table 1). On the other hand, the Q·f of M04A24-50h (235,800 GHz) was 

higher than those of MA-S-50h and MA-M-50h. This is thought to be due to the 

preferential occupation of tetrahedral sites by Al3+ cations in the case of M04A24-50h, 

which leads to an increase in the covalency of the M-O bond in the MO4 tetrahedron, 

since the cation distribution in the spinel lattice affects the Q·f values of ceramics 

[13,34,35]. The TCf values of MA-S-nh, MA-M-nh, and M04A24-nh were also 

measured. No significant differences were observed; the TCf values were approximately 

–60 ppm/°C in all three cases. Thus, the effect of cation distribution on TCf value is 

considered to be small.  

 

4. Conclusion 

 The microwave dielectric properties and crystal structures of MA-S, MA-M and 

M04A24 ceramics were investigated. The 27Al NMR data revealed a higher λ value for 

M04A24 (0.60) than for MA-S (0.23) and MA-M (0.41); the Al3+ cation in the M04A24 



lattice preferentially occupied the tetrahedral site owing to the introduction of cation 

vacancies. Rietveld refinement and first-principles calculation analyses suggested that 

the overlap between Al in the tetrahedral site and the O–2p orbitals was larger for 

M04A24-50h than for MA-M-50h and MA-S-50h; the preferential occupation of the 

tetrahedral site by Al3+ enhanced the covalency of Al–O bonds in the MO4 tetrahedron 

(M = Mg and Al), leading to decreases in lattice parameter. The εr of M04A24 (7.6) was 

lower than those of MA-S and MA-M (both 7.9). Although the Q·f of MA and M04A24 

increased with firing time, the highest Q·f value was obtained for M04A24-50h (Q·f = 

235,800 GHz). Thus, it is concluded that the preferential occupation of tetrahedral sites 

by Al3+ through the introduction of cation vacancies and molten salt synthesis enhances 

the Q·f of spinel-structured ceramics. 
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Fig.1. XRPD profiles of MA-S-nh, MA-M-nh and M04A24-nh fired at 1600 °C for 2 

and 50 h. 

 

 

 

  



 

 

 

 

 

 

 

 

Fig. 2. (a) Excitation fluorescence and (b) Mg K-edge XANES spectra of MA-S-50h 

and M04A24-50h. 

 

 

  



 

 

Fig. 3. 27Al NMR spectra of (a) MA-S, (b) MA-M and (c) M04A24 fired at 1600 °C for 

2 and 50 h. 

  



 

 

Fig. 4. Schematic diagrams of (a) (Mg11Al22O92)-106, (b) (Mg8Al25O92)-93
, and (c) 

(Mg3Al28O92)-94 cluster models, viewed along the [100] direction. 

 

  



 

 

Fig. 5. Energy level diagrams and partial density of states of (a) MA-S, (b) MA-M and 

(c) M04A24 fired at 1600 °C for 50 h. 

  



 

 

 

 

 

Fig. 6. Effects of firing time on (a) relative densities and εr and (b) Q·f of MA-S, MA-M 

and M04A24.  

 

 

  



 

 

 

 

Fig. 7. FE-SEM images of (a) MA-S-2h, (b) MA-S-50h, (c) MA-M-2h, (d) MA-M-50h, 

(e) M04A24-2h and (f) M04A24-50h . 

 

  



 

Table 1 Fraction of Al3+ cation in tetrahedral sites (λ) and FWHM values in (311) plane 

of MA-S-nh, MA-M-nh and M04A24-nh. 

Sample Process Firing time (h) 
FWHM (°) 

Site occupancy of Al3+ cation 

in tetrahedral site λ 

 Calcining 5 0.285 0.33 

MA-S  2 0.168 0.26 

 Firing 5 0.156 0.25 

  50 0.154 0.23 

 Calcining 5 0.213 0.59 

MA-M  2 0.140 0.45 

 Firing 5 0.139 0.42 

  50 0.136 0.41 

 Calcining 5 0.215 0.75 

M04A24  2 0.142 0.65 

 Firing 5 0.135 0.60 

  50 0.132 0.60 

 

 

  



 

Table 2 Lattice parameter, volume and covalency of M-O bonds in MO4 tetrahedra and 

MO6 octahedra (M = Mg and Al) of MA-S-nh, MA-M-nh and M04A24-nh. 

Sample 
Firing time  

(h) 

Lattice parameter 

a (Å) 

Covalency of M-O bonds 

in MO4 tetrahedra (%) 

Covalency of M-O bonds 

in MO6 octahedra (%) 

 2 8.0800(2) 33.4 33.5 

MA-S 5 8.0745(4) 33.8 33.4 

 50 8.0711(2) 34.0 33.5 

 2 8.0723(3) 34.3 33.7 

MA-M 5 8.0634(6) 35.3 33.3 

 50 8.0534(6) 35.5 33.4 

 2 7.9866(5) 37.8 33.5 

M04A24 5 7.9644(2) 39.0 33.3 

 50 7.9632(1) 39.3 33.2 

 

 

 

 


