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a b s t r a c t   

Changes in the structural, mechanical, electronic properties and radiation tolerance of MgAl2O4 spinel 
caused by Sr doping are investigated using first principles method. The solid solution Mg1-xSrxAl2O4 (x = 0, 
0.25, 0.5, 0.75, 1) are stable in the spinel structure over the entire range of Sr content. Sr incorporation into 
Mg site results in a larger lattice constant, lower disorder energy, better ductility, narrower band gaps, lower 
radiation tolerance, and leads to the charge redistribution between Sr cations and its nearest neighboring O 
anions referring to the pure MgAl2O4. This first-principles study might provide insights on immobilizing the 
fission product wastes, Sr, and theoretical support for the application of MgAl2O4 in the field of nuclear 
waste form. 

© 2021 Elsevier B.V. All rights reserved.    

1. Introduction 

The magnesium aluminate spinel (MgAl2O4, noted as MAS) is one 
of the cubic spinel materials and has received immense attention 
over the past few years attributing to its special characteristics, such 
as, excellent mechanical and chemical strength, good dielectric and 
optical properties, high melting point and thermal stability, etc.  
[1–3]. More interestingly, this spinel holds great promise for nuclear 
applications both for fusion and fission reactors and has been sug-
gested as an inert matrix fuel, optically transparent window and 
nuclear waste containment medium, which thanks to the un-
surpassed radiation tolerance [4–13]. Extensive studies were per-
formed to investigate the origin of the unparallel radiation tolerance 
of MAS [4,14,15]. The neutron irradiation experiments show that the 
efficient interstitial-vacancy recombination mechanism exists in 
MAS, which makes the structure more stable and radiation resistant  
[6,16]. The excellent and unique properties of MgAl2O4 are also 

inextricably related to its complex crystal structure. As shown in  
Fig. 1, MgAl2O4 spinel, with space group Fd3m, has a face-centered 
cubic structure and eight formula units within a unit cell. The anion 
sublattice is constituted by 32 octahedral and 64 tetrahedral inter-
stices enclosed by oxygen ions. Among them, magnesium ions oc-
cupy one in eight tetrahedral interstices. Aluminum ions, also shown 
in Fig. 1, are located at half of the octahedral interstices. The re-
maining unoccupied tetrahedral and octahedral interstices have the 
capability to accommodate diverse type of cations within a stable 
structure [5,17]. Physicochemical properties and applicability of 
MgAl2O4 spinel are often improved due to the cation doping in lat-
tice. For example, the Mn2+ doping has a positive impact on the 
optical and electrical properties of MAS [18,19], and the Mn2+ and, 
Cr3+ co-doping can affect the photoluminescence properties of MAS  
[20]. The improvement of catalytic performance in methane and 
carbon dioxide dry reforming due to doping of Ni and Pt in MAS has 
also been investigated [21,22]. Samarium-doped MAS has been 
synthesized successfully and its effect on luminescence character-
istic has also been reported [23]. Furthermore, in the field of lumi-
nescence materials, rare earth and transition metal elements, such 
as Ce3+ [24], Nd3+ [25], Eu3+ [26], Gd3+ [27], Tb3+ [28], Ho3+ [29], Mn2+  
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[30], Cr3+ [31], Ta5+ [32], usually used as dopants to provide promi-
nent properties. However, the above researches mainly focus on the 
effect of metal cations doped on the luminescence characteristic of 
MAS. Until now, little attention has been paid to the doping effect on 
the radiation tolerance of MAS, which is important for stabilizing the 
nuclear wastes. For mostly heavy rare earth ions, the ionic radius is 
much larger than that of Mg2+ and Al3+, which will lead to lattice 
distortion and the solid solution instability. 

Recently, SrAl2O4 with a spinel structure has been synthesized  
[5], which provides ideas for immobilizing the fission product 
wastes [33], strontium, and has attracted scientific interest in the 
effect of Sr2+ content on the structural stability, electronic structure 
and radiation resistance. Many studies have been devoted to in-
vestigate the chemical and physical properties of the complex oxides 
doped with impurity atoms [34–36] using first principles calcula-
tion. In this study, the Sr-doped MAS was systematically studied 
using first principles method. The effect on the structural, mechan-
ical and electronic properties of MAS by the incorporation of Sr 
atoms in the MAS lattice were explored and the radiation tolerance 
of Sr-MAS solid solution was also predicted. As a complex oxide, MAS 
possess excellent ability to accept cation sublattice disorder under 
irradiation [4], which also contributes to its excellent radiation re-
sistance. The disorder energy has been used as a convenient measure 
to predict the irradiation stability of complex oxides (for example, 
pyrochlores and spinels) [4]. It has been found that there is a direct 
correlation between radiation tolerance and disordering energetics 
in spinels. MAS has the highest radiation stability among the three 
(MAS, MgIn2O4 and MgGa2O4) spinels [4]. Therefore, we will calcu-
late the cation disorder energy by exchanging cation atoms in the Sr- 
MAS solid solutions (see Section 3.3 for details) to predict its ra-
diation tolerance. This work can provide basic data and theoretical 
support for the application of MAS in the field of nuclear energy. 

2. Methods 

The Vienna Ab-initio Simulation Package (VASP) [37–39] with 
the projector augmented wave method [40] was used for the peri-
odic density function theory (DFT) calculations. The generalized 
gradient approximation (GGA-PBE) [41,42] exchange-correlation 
functional was employed. In this study, the valence configuration 
4s24p65s2, 3s2, 3s23p1 and 2s22p4 are considered for Sr, Mg, Al and O 
respectively. The energy cut off for the plane-wave basis expansion 
was set to be 400 eV and the original MAS cell containing 56 atoms 
was used, where a 2 × 2 × 2 k-point mesh was sampled in the Bril-
louin zone. All the atoms are fully relaxed until the total energy was 
converged to 10−5 eV/atom and the total force was converged to 10−4 

eV/Å. To obtain more accurate elastic constants of the Mg1-xSrxAl2O4 

(x = 0, 0.25, 0.5, 0.75, 1), a cutoff energy of 600 eV has been set. The 
total energy and forces were converged to 10−6 eV/atom and 10−6 eV/ 
Å, respectively. The van der Waals interactions are considered using 
the vdw-DFq method [43]. 

3. Results and discussion 

3.1. Structural properties 

To clarify the solution behavior of Sr in MgAl2O4 spinel, Mg1- 

xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1) was obtained by replacing Mg with 
different concentrations of Sr. For example, in a superlattice con-
sisting of 56 atoms, two Sr ions are substituted for two Mg ions, and 
the Mg1-xSrxAl2O4 with x = 0.25 can be obtained. The configurations 
of Mg1-xSrxAl2O4 are shown in Fig. 1. After a fully structural relaxa-
tion, the calculated structure parameters and corresponding re-
ference results are listed in Table 1. The calculated lattice constant 
for MgAl2O4 is 8.086 Å, which is comparable with the experimental 
and other calculated values [44,45]. For the lattice constant of 

SrAl2O4, our calculation is in close agreement with other theoretical 
value [46], but there is a marginal difference between our result and 
the experimental value [5], which is possibly derived from the lim-
itation of the calculation method [47], the defects and impurities in 
experimental samples and/or finite temperature in measurement. 
The source of the error deserves further study both from experi-
mental and theoretical aspects. As for the variation of the lattice 
constant of Mg1-xSrxAl2O4, it increases with the increasing of Sr 
content, which has shown in Fig. 1 and the black short dash line is 
the fitted curve with a linear function “y = 0.449x + 8.097”. So, it can 
be regarded as a linear interpolation between the lattice parameter 
of MgAl2O4 and SrAl2O4 and show fits to the Vegard’s law. That is, 
the MgAl2O4-SrAl2O4 solid solution can be theoretically formed. 
From the variation of lattice constant, the substitution of Sr at Mg 
site also causes lattice expansion, which could be due to the differ-
ence in Shannon ionic radii between Sr2+(1.32 Å for preferred octa-
hedral coordination) and Mg2+ (0.57 Å and 0.72 Å for tetrahedral and 
octahedral coordination, respectively) [5]. 

3.2. Formation energies 

The difference between the total energy of solid solution and 
pure elements in the reference bulk state was defined as the for-
mation energy, which was usually used to predict the phase stability 
of solid solution [48,49]. The energy normalization based on the 
number of atoms is performed and the formation energies are cal-
culated using the following equation [49,50]: 

Fig. 1. The structure of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1) at various Sr content x. 
The orange, light blue, green, and red spheres represent the magnesium, aluminum, 
strontium, and oxygen atom, respectively. The variation of the lattice constant of Mg1- 

xSrxAl2O4 (square dot) is compared with its linear fitting black short dash line of 
“y = 0.449x + 8.097”. 

Table 1 
Calculated lattice constant, a0, and bond distance with available theoretical and ex-
perimental results.        

a0 (Å) MgeO (Å) SreO (Å) AleO (Å)  

MgAl2O4  8.086 1.935 –  1.921 
Exp. [45]  8.0858    
Cal. [44]  8.056    
Mg0.75Sr0.25Al2O4  8.211 1.932 2.167  1.926 
Mg0.5Sr0.5Al2O4  8.341 2.004 2.145  1.943 
Mg0.25Sr0.75Al2O4  8.434 2.004 2.145  1.943 
SrAl2O4  8.536 – 2.196  1.954 
Exp. [5]  7.98    
Cal. [46]  8.63962    
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Where E Mg Sr Al O( )total n n8 16 32 denotes the total energy of 
Mg Sr Al On n8 16 32 and n represents the number of substituted Sr 
atoms in a supercell, equal to 2, 4, 6 and 8, which correspond to 
x = 0.25, 0.5, 0.75 and 1 in Mg1-xSrxAl2O4, respectively. E Mg( )tot

0 , 
E Sr( )tot

0 , E Al( )tot
0 and E O( )tot

0 are the total energy per atom of Mg, 
Sr, Al and O unit cell in their reference states, respectively. Table 2 
shows the results of the formation energy of Mg1-xSrxAl2O4, which 
demonstrates that all the formation energies are negative, which 
means that all the Mg1-xSrxAl2O4 compounds are thermodynamically 
stable in a spinel phase. 

3.3. Formation energy of cation antisite defect 

There is a strong correlation between the formation energy of 
cation antisite defect and the radiation tolerance in spinels [4]. The 
higher antisite defect formation energy, the more difficult to dis-
order and the higher resistance to amorphization under irradiation 
exists in a spinel crystal. In this study, the cation antistie defect 
formation energy of the solid solution Mg1-xSrxAl2O4 is calculated by 
the following equation: 

E E Ef
CA

tot
CA

tot=

Where Etot
CA is the total energy of Mg1-xSrxAl2O4 with a cation antisite 

defect, which is defined as exchanging the neighboring Mg and Al 
atom in the supercell. Etot is the total energy of Mg1-xSrxAl2O4 su-
percell. The results are shown in Fig. 2, which indicate that the 
formation energy decreases from 0.34 eV to − 9.7 eV with the in-
creasing concentration of Sr dopant in the Mg site of MgAl2O4 from 
0% to 100%. The variation is fitted using a quadratic function, re-
sulting in the form of “y = 0.237 + 0.61x-10.35×2” as shown in Fig. 2 

by a black short dash line. The negative cation antisite defect for-
mation energy demonstrates that the partly inverse Sr-MgAl2O4 

systems are more stable than the normal MgAl2O4 spinel. In spite of 
this, the solid solution still maintained the spinel structure by 
combining the formation energy results presented in Section 3.2. 
The variation of cation antisite defect formation energy indicates 
that the substitution of Sr in Mg sites in MgAl2O4 spinel makes the 
cations more easier to form antisite defects, thus reducing the re-
sistance to amorphization under irradiation, which may be related to 
the percolation effect [51] in spinel. This effect has been used to 
analyze the relationship between the irradiation dose, cation diffu-
sivity and spatial organization. The chemical bond distance of < 
SreO > in Mg1-xSrxAl2O4 (x = 0.25, 0.5, 0.75, 1) compounds is larger 
than that of < MgeO > as shown in Table 1. In addition, the analysis 
of the electronic properties in Section 3.5 reveals that the Bader 
charge of Mg is larger than that of Sr in solid solution Mg1-xSrxAl2O4 

(x = 0, 0.25, 0.5, 0.75, 1). The incorporation of Sr in tetrahedral sites 
reduces the interaction between cations and anions, and the lattice 
swelling provides a larger geometric space, which weakens the 
impediment of cations diffusion, and also makes an easier exchange 
of cations in Mg1-xSrxAl2O4 solid solution. 

3.4. Mechanical properties 

To elucidate the effects of different Sr contents on the mechanical 
properties of MgAl2O4 spinel, the elastic constants were calculated 
and results are tabulated in Table 3 together with available experi-
mental and calculation values. For the cubic crystals, C11, C12, and C44 

and all the elastic constants values in Table 3 satisfy the following 
elastic stability criteria according to Born rule: 

C C2 0;11 12+ >

C 0;44 >

C C 011 12 >

Our results mean that Mg1-xSrxAl2O4 solid solutions are me-
chanically stable. The variation of the elastic constant of MgAl2O4- 
SrAl2O4 with Sr content have been shown in Fig. 3. The C11 sig-
nificantly decreases from 270.91 GPa to 187.19 GPa and the C44 also 
decreases from 146.07 GPa to 61.80 GPa with increasing Sr content. 
However, the C12 slightly increases from 160.36 GPa to 183.31 GPa. 
That is, the incorporation of Sr makes a pronounced effect on the C11 

and C44. Bulk modulus (B) and shear modulus (G) of cubic crystals 
are calculated using Voigt-Reuss-Hill approximation [52–54]: 
B C C( 2 )/311 12= + , G ( )/2C C C C C C

C C C
3

5
5( )

4 3( )
11 12 44 11 12 44

44 11 12
= ++

+ . The Young’s 
modulus (E) can also be determined by the formula: 
E BG B G9 /(3 )= + , and the results are shown in Table 3. Meanwhile, 
the variation of B, G and E with the increase of Sr content are 
evaluated as shown in Fig. 3. For MgAl2O4, the B, G and E agree well 
with the reference results [55,56]. The G and E significantly decrease 
along with the increasement of Sr content from 98.95 GPa to 
21.24 GPa and from 254.32 GPa to 61.38 GPa, respectively. The bulk 
modulus (B), however, shows a slight decrease from 197.21 GPa to 
184.60 GPa, which means that the shear deformation will occur ea-
sily with the Sr doping increasement in spinel. The Young’s modulus 
of Sr-doped MgAl2O4 spinel is lower than that of the pure spinel, and 
the similar phenomena also appeared in pyrochlores, such as Gd2Zr2- 

xTixO7 [57], Gd2-xSmxZr2O7 [58], Gd2-xLaxZr2O7 [59], Gd2-xThxZr2O7 

and Gd2Zr2-xThxO7 [35]. The misfit between the coupling force and 
size induced by impurity atoms in these materials will “soften” the 
lattice and then the strain field fluctuation caused by the lattice 
relaxation decreases the Young’s modulus [35,59]. 

As an important mechanical property, the brittle and ductile 
behavior of Mg1-xSrxAl2O4 have been analyzed using the Pugh’s in-
dicator (G/B) in this work [60]. The critical value of the indicator is 

Table 2 
Formation energy for Mg1-xSrxAl2O4 (x = 0.25, 0.5, 0.75, 1).    

x Formation energy (eV)  

0.25  -2.13 
0.5  -2.92 
0.75  -3.05 
1  -2.85 

Fig. 2. Antisite defect formation energy for Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1). The 
black short dash line is the fitted curve with a quadratic function “y = 0.237 + 0.61x- 
10.35×2”. 
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0.5 [60]. A ratio larger than 0.5 means the material demonstrates 
brittle; otherwise, it is ductile. From Table 3, the value of G/B for 
MgAl2O4 is 0.5, which is agree well with the available reference 
value [55]. After Sr doping in MgAl2O4, the G/B ratios are lower than 
0.5, which mean that Sr incorporation in Mg site will affect the 
ductility of MgAl2O4 spinel. Poisson’s ration (ʋ) is another wildly 
used indicator to evaluate the malleability of the materials [61]. For 
the brittle covalent and the ductile metallic materials, the value of ʋ 
is around 0.1 and around 0.33, respectively. From the variation of ʋ, 
we can predict that Sr doping in MgAl2O4 will lead to better ductility, 

which is consistent with the conclusion from the variation of the G/B 
ration with the increasing content of Sr in MgAl2O4 spinel. 

The elastic anisotropy of materials is another important and es-
sential mechanical property, which can be characterized by Zener’s 
anisotropic index AZ, i.e., A C C C2 /( )Z

44 11 12= [62]. If the index is 1, 
the materials are elastically isotropic, otherwise, the crystals are 
elastically anisotropic. In this work, we use this index to assess the 
elastic anisotropy of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1) and the 
results and available theoretical reference are as specified in Table 3. 
All the AZ are larger than unity, which indicate that MgAl2O4 spinel 
with Sr incorporation into Mg-site are elastically anisotropic. 

3.5. Electronic properties 

To better understand the Sr doping effect on the charge dis-
tribution of MgAl2O4, the differential charge density of different Sr 
concentration in spinel have been calculated and the results show in  
Fig. 4(a)–(e). The charge redistribution is displayed through the 
difference between the electron charge density of the Sr-MgAl2O4 

system and the superposition densities of MgAl2O4 and the free Sr 
atom and the unit is e/Å3, which can be expressed by the following 
equation, 

Sr MgAl O MgAl O Sr2 4 2 4
=

Where Sr MgAl O2 4
represents the electron charge density of the Sr- 

MgAl2O4 system, MgAl O2 4
and Sr are the electron charge density of 

MgAl2O4 and the free Sr atom, respectively. Our analysis focuses 
selectively on the Mg, Sr and Al atoms and its surrounding oxygen 
atoms. The charge redistribution mainly occurs between the Sr ca-
tions and its nearest neighboring O anions, which indicates that the 
doped Sr atoms affect primarily the stability of MgO4 tetrahedrons 

Table 3 
Elastic constants (C11, C12, C44), bulk modulus (B), shear modulus (G) and Young’s modulus (E) for Mg1-xSrxAl2O4 (x = 0, 0.5, 1, 1.5, 2). The unit for all values is GPa.             

C11 C12 C44 B G E G/B ʋ Az  

MgAl2O4  270.91  160.36 146.07  197.21  98.95 254.32  0.50  0.29 2.64 
Exp. [56]  286.33  157.23 153.45  200.26      
Cal. [55]  258  144 143  182  99 251  0.54  0.27 2.51 
Mg0.75Sr0.25Al2O4  242.27  164.65 89.84  190.52  64.15 173.03  0.34  0.35 2.31 
Mg0.5Sr0.5Al2O4  219.27  168.12 77.21  185.17  49.64 136.69  0.27  0.38 3.02 
Mg0.25Sr0.75Al2O4  202.23  175.65 72.0  184.51  37.27 104.75  0.20  0.41 5.42 
SrAl2O4  187.19  183.31 61.80  184.60  21.24 61.38  0.12  0.44 31.86 

Fig. 3. Variation of the elastic constant (C11, C12, C44), bulk modulus (B), shear mod-
ulus (G) and Young’s modulus (E) for Mg1-xSrxAl2O4 with respect to the Sr content x. 

Fig. 4. The 3D differential charge density of Mg1-xSrxAl2O4. (a) x = 0, (b) x = 0.25, (c) x = 0.5, (d) x = 0.75, (e) x = 1. Mg1, Sr4, O6, O18, O22, O28 indicate the positions of Mg, Sr, and O 
atoms in Mg1-xSrxAl2O4. 
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and nearly have no effect on the stability AlO6 octahedrons. The 
results are displayed in Fig. 4(a)–(e). We focus attention on five 
tetrahedrons on the body center of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 
0.75, 1). The Barder charges of cations and anions in these tetra-
hedrons are listed in Table 4. The Bader charges of Sr is more ne-
gative than that of Mg, which indicate that < SreO > bonds have 
weaker covalency than that of < MgeO > bonds. 

This same conclusion also can be drawn out from analysis of 
partial density of states (PDOS) of Mg1-xSrxAl2O4 as shown in Fig. 5. 
After Sr doping, a small Sr 4p and O 2s peak appears between 
− 12.5 eV and − 15 eV. To further investigate how the Sr doping in-
fluences the electronic properties of MgAl2O4 spinel, a comprehen-
sive analysis of the DOS distribution is performed. The band gap 
energies of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1) have been calcu-
lated and summarized in Table 5 together with available theoretical 
and experimental results [63,64]. For MgAl2O4 spinel, the band gap 
in this work is 6.08 eV, which is smaller than the experimental va-
lues. The discrepancy originates from the GGA, which has been re-
ported to underestimate the band gap of insulators [64]. The PDOS 
show that O 2s, Mg 3s and Al 3s orbitals hybridization dominate at 
the conduction band minimum (CBM). While the O 2p, Mg 2p and Al 
3p orbitals hybridization dominate at the valence band maximum 
(VBM). With the increasing Sr concentration in MgAl2O4 spinel, the 
CBM shifts toward lower energy levels and result in a narrower band 
gap than the pure MgAl2O4. That is, With the increasing of Sr con-
tent, the band gap energies decrease from 6.08 eV of pure MgAl2O4 

to 4.35 eV of pure SrAl2O4, as shown in Table 5. Therefore, the in-
corporation of Sr in MgAl2O4 affects the electronic structure, which 
may be the underlying mechanism of the change of mechanical 
properties induced by Sr doping as discussed in Section 3.4. There 
are some useful studies in properties [65,66] of spinel remaining for 
future attempts and this will be addressed in future research work. 

4. Conclusions 

The effects of Sr incorporation on the structural, mechanical, 
electronic properties and radiation tolerance of MgAl2O4 spinel have 
been systematically investigated by first-principles calculations. 
Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1) are stable with the spinel 
phase in the whole range of Sr contents and the lattice constant of 
Mg1-xSrxAl2O4 increases linearly with the increasing of Sr content. 

Table 4 
The Barder charges of Mg, Sr and O in tetrahedrons on the body center of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1). Mg1, Sr4, O6, O18, O22, O28 indicate the positions of Mg, Sr, and O 
atoms in Mg1-xSrxAl2O4, which are presented in Fig. 4.            

x = 0 x = 0.25 x = 0.5 x = 0.75 x = 1 

Atom Charge (e) Atom Charge (e) Atom Charge (e) Atom Charge (e) Atom Charge (e)  

Mg1 + 1.63 Sr2 + 1.52 Sr4 + 1.48 Sr6 + 1.51 Sr8 + 1.47 
O6 -1.605 O6 -1.605 O6 -1.563 O6 -1.576 O6 -1.562 
O18 -1.641 O18 -1.627 O18 -1.601 O18 -1.61 O18 -1.596 
O22 -1.629 O22 -1.605 O22 -1.582 O22 -1.602 O22 -1.579 
O28 -1.617 O28 -1.618 O28 -1.601 O28 -1.604 O28 -1.579    

Fig. 5. Projected density of states for Mg1-xSrxAl2O4. (a) x = 0, (b) x = 0.5, (c) x = 1, (d) x = 1.5 (e) x = 2.  

Table 5 
Band gap energies of Mg1-xSrxAl2O4 (x = 0, 0.25, 0.5, 0.75, 1).    

Mg1-xSrxAl2O4 Band gap (eV)  

x = 0  6.08 
Exp. [63]  7.80 
Cal. [64]  6.27 
x = 0.25  5.03 
x = 0.5  4.65 
x = 0.75  4.46 
x = 1  4.35 
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We calculated the cation antisite defect formation energies to pre-
dict the radiation tolerance of the solid solution and the results show 
that the substitution of Sr in Mg sites in MgAl2O4 spinel can make 
the cations easier to disorder and then reduce the resistance to 
amorphization under irradiation. From the viewpoint of energy, the 
MgAl2O4 (Mg1-xSrxAl2O4, x = 0) exhibits the best radiation tolerance 
among the solid solutions because it has the highest cation antisite 
defect formation energies. The mechanical properties demonstrate 
that the solid solutions are mechanically stable. The differential 
charge densities of different Sr concentrations in spinel have been 
calculated and the results show the charge redistribution mainly 
occurs between the Sr cations and its nearest neighboring O anions. 
The Sr doping in MgAl2O4 spinel results in a narrower band gap than 
the pure MgAl2O4. 
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