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The electronic band structure, electronic charge density distribution and optical properties of MgAl,O4
were calculated using the full potential linear augmented plane wave. The exchange correlation potential
was solved by recently developed modified Becke Johnson potential in the framework of DFT. The band
structure and partial density of states (PDOS) were calculated. The PDOS exhibit the role of orbital in
bands formation and nature of the bonds. The calculated effective mass of electrons show high mobility
of electrons in the conduction band minimum with respect to heavy and light holes. The calculated elec-
tron charge density confirm the existence of mixed ionic and covalent nature of the bonds. Mg-0 show
more ionicity because of greater electro-negativity difference than Al-O. Imaginary part of dielectric
function &, (w) exhibit high transparency in the visible and infrared region. For further investigation of
optical properties absorption coefficient I(w), refractive index n(w), reflectivity R(w) and energy loss
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function L(w) were calculated. We found reasonable agreement with the experimental data.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Spinel oxides are important members of ceramics family having
fascinating applications in photoelectronic, geophysics, magne-
tism, and irradiated environments [1,2]. Among the spinel family,
magnesium dialuminium oxide (MgAl,04) is often considered as
a model of spinel structure and important for both experimental-
ists and theoreticians because of its various applications [2,3]. As
the oxide exhibit some interesting properties like high strength
and melting point, it shows less electrical loss and electrical resis-
tively [4]. Therefore MgAl,0, is used as electrical dielectric in
refractory ceramics and irradiation resistant material. MgAl,0y, is
also suitable to use as a covering material replacing the quartz
glass in high pressure discharge lamps [5]. It is a promising
candidate for heterogeneous catalysis [6]. The permeable form of
MgAl,0, is suitable for humidity sensor which can be used for
monitoring and controlling the environment humidity and ultra-
filtration membranes [7-9]. MgAl,0, is the important component
of the shallow upper mantle of the earth which plays important
role in geophysics [10].

MgAl,04 is generally taken as a model of the AB,O, family
materials, crystallizes in spinel structure [11]. There are several
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theoretical [12-21] and experimental approaches [22-31] used
to study the features of MgAl,0,.

In the previous literature there is clear disagreement between
experimental results and theoretical work for different parameters
of the investigated compound. This gave us strong motivation to
use most recent modified Becke-Johnson potential [32] with high
mixing factor (0.5) in order to get close agreement with the exper-
imental data namely; band gap, density of states and optical prop-
erties of MgAl,0,4. The mB], a modified Becke-Johnson potential,
allows the calculation of band gaps with accuracy similar to the
very expensive GW calculations [32]. It is a local approximation
to an atomic “exact-exchange” potential and a screening term.

2. Crystal structure and computational detail

Crystal structure of MgAl,0, is close packed face-centered cubic
(FCC) space group Fd3m. Each cubic cell contains eight units [33] as
shown in Fig. 1. It consist tetrahedrally coordinated Mg and
octahedrally coordinated Al [34]. In the present work the lattice
parameter and atomic positions are taken from experimental work
of Peterson et al. [28] as shown in Table 1. We make use of full
potential linear augmented plane wave (FPLAPW) method as
implemented in Wien2K code [35] for calculating the electronic
structure, electronic charge density and optical properties of
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Fig. 1. Calculated unit cell of MgAl,0,4.

MgAl,04. The exchange correlation potential was treated by most
recent modified Becke and Johnson (mBJ) potential [32]. In order
to achieve energy eigenvalues convergence, the wavefunctions in
the interstitial region were expanded in plane waves with a cutoff
of Kpax=7/Rur, Wwhere Ryr denotes the smallest atomic sphere

radius and K. gives the magnitude of the largest K vector in
the plane-wave expansion. The Ry are taken to be 1.71 atomic
units (a.u.) for Mg and O atoms and 1.72 a.u. for Al atom. The
valence wavefunctions inside the spheres are expanded up to
lmax = 10, while the charge density was Fourier expanded up to
Gmax =12 (a.u.)" .

We have optimized the structure by minimization of the forces
(1 mRy/a.u.) acting on the atoms. From the relaxed geometry the
electronic structure and the chemical bonding can be determined
and various spectroscopic features can be calculated and compared
with experimental data. Once the forces are minimized in this con-
struction one can then find the self-consistent density at these
positions by turning off the relaxations and driving the system to
self-consistency. We have used 40 k-points in the irreducible Brill-
ouin zone for structural optimization. For calculating the total, the
angular momentum decomposition of the atoms projected elec-
tronic density of states, the electron charge density distribution
and the optical properties a denser mesh of 286 k-points was used.
The convergence of the total energy in the self-consistent calcula-
tions is taken with respect to the total charge of the system with a
tolerance 0.0001 electron charges.
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Fig. 2. Calculated band structure and partial density of states of MgAl,0,.
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Table 1

Comparison of theoretical and experimental crystallographic data, band gap, and static optical constants, our calculated n(w) is done at static limit while for the experiments were

done at a wavelength vary between 350 and 650 nm.

Atomic positions

Present work’

Exp [28] Theoretical [19]

Mg (1/8,1/8,1/8)

Al (1/2,1/2,1/2)

(0] (0.263157,0.263157,0.263157)
Present work

Lattice parameter (A) 8.175

Band gap E; (eV) 7.8

n(w) 1.54"

£1(0) 238"

(1/8,1/8,1/8)
(1/2,1/2,1/2)
(0.261714,0.261714,0.261714)

Experimental

(1/8,1/8,1/8)
(1/2,1/2,1/2)
(0.2632,0.2632,0.2632)

Theoretical

8.085 [28] 7.905 [14], 8.027 [21],

7.8 (28] 520 [18], 5.55 [19], 7.4 [20]
1.712-1.762 [29] 1.7320 [14]

1.69-1.73 [30] 1.763 [18]

2.89 [31] 3.00 [14], 3.112 [18]

+0,0000
+0,2000
+0,4000
+0,6000
+0,8000
+1,0000

+0,0000
+0,2000
+0,4000
+0,6000
+0,8000
+1,0000

Fig. 3. Calculated valence electron charge density of MgAl,0,4 (a) in (001) plane (b)
in (101) plane.

3. Result and discussion

3.1. Band structure and density of state

Band structure of the material is very important because it is
correlated to the optical properties and it could help in the expla-
nation of many physical properties of the compound. The calcu-
lated band structures along the high symmetry directions in the
BZ is shown in Fig. 2a. Our calculated band gap (7.8 eV) show
excellent agreement to the experimental band gap (7.8 eV) [28]
as compared to the previous theoretical calculation (5.20 [18]
5.55 [19] and 7.4 eV [20]) these values are listed in Table 1. The
PDOS as illustrated in Fig. 2b shows the contribution of orbitals
in the bands formation. In the energy range between —5.0 eV and

—4.0 eV the bands are originated from Mg-s/p, Al-s/p and O-s/p
states. Mg-s/p, Al-p and O-s are strongly hybridized, the O-p state
is dominant. In the energy range from —4.0 eV to —1.0 eV, the O-p
state is dominant while the other states (Mg-s/p, Al-s/p and O-s)
show small contribution in bands formations. From —2.50 eV to
—1.12 eV the formation of the bands comes from the combination
of Mg-s, Al-s/p and O-s/p states. O-p is foremost where as Al-s and
0-s show negligible contribution. From —1.0 eV up to Fermi level
the bands are mainly formed by hybridized Mg-p, Al-p and prevail-
ing O-p states. The dominancy of O-p state increases the ionicity of
bonds with Al and Mg. The valence band is mainly formed by O-p
state (1.5 states/eV unit cell) with small contribution of Mg-p and
Al-p states (0.035 states/eV unit cell). The conduction band is
primarily fashioned by Mg-s and O-s states with negligible contri-
bution of hybridized Mg-p and Al-p states. In the energy range
between 12.0 eV and 14.0 eV the foremost Al-s and O-p state show
strong hybridization while the weakly hybridized Mg-p, Al-p and
O-s states also contribute in bands formations. From 14.0 eV to
15.0 eV, Mg-s, Al-s and O-p states are dominant while the other
states show small contribution in this range. The effective mass
of electron (m}), heavy hole (m;,) and light hole (m;,) were calcu-
lated by fitting the valence and conduction bands extrema’s to the

parabola according to the expression E = 2’;128";, where m stands for
rest mass of electron. The effective mass ratio for electrons
(m;/m.), heavy holes (mj, /m.) and light holes (m},/m.) were calcu-
lated in conduction band minimum (0.0085), upper valence band
maximum (—0.2475) and lower valence band maximum
(—0.3488), respectively. The calculated effective mass of electrons
exhibit the high mobility of electrons in the conduction band as

compared to the holes in the upper and lower valence bands.

3.2. Electronic charge density

In order to understand the bonding nature between the atoms
of MgAl,0, compound we have calculated valence electronic
charge density in (001) and (101) planes as shown in Fig. 3a
and b. The bond between Al and O (Al-0) show ionic mix covalent
nature. Because of greater electro-negativity difference between Al
(1.61) and O (3.44) atoms, therefore the charge transfer from Al to
O site, which results increases the ionicity of the Al-O bond. It is
clear from the thermo-scale that the blue color show maximum
charge density and red color indicate zero charge concentration.
To have deep insight into the bonding nature of the investigated
compound we also plotted the electronic charge density in the
(101) plane. It is clear that the (001) plane exhibit only two atoms
while the (101) plane contains all atoms of MgAl,0,4. The (101)
plane have Mg-0 covalent bond which is absent in (001) plane.
The electro-negativity difference of Mg-O (1.73) is greater than
Al-0 (1.43) therefore Mg-0 show more ionicity than Al-O.



A.H. Reshak et al./Optical Materials 37 (2014) 322-326 325

&, (@)

0 5 10 15 20 25 30 35
Energy (eV)

n(w)

Energy (eV)

Fig. 4. (a) Calculated imaginary part of dielectric function &, (w), (b) calculated real part of dielectric function &;(w), (
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c) calculated refractive index n(w), (d) calculated

absorption coefficient I(w), (e) calculated energy loss function L(w) and (f) calculated reflectivity R() in comparison with the experimental data [34].

3.3. Optical properties

Optical properties of solids play important role in materials
research. It is impossible to get improvement in photonic devices
for optical communication without proper understanding of opti-
cal properties of the materials [36,37]. The most important factor
for calculating the optical properties is the complex dielectric
function,;

&(0) = &1(w) + &(w) (1)

Dielectric function shows the electronic response of the mate-
rial to electromagnetic radiations propagating in the material.
The imaginary part of the dielectric function &;(w) is given as [38]

4m2e?

£2(0) = mezvz/ (WL 1B W5 Po(Ey: — Eyr — hoo) 2)

where e, V and p; represent the electronic charge, volume of unit
cell and momentum operator. The quasi particle energies are

represented by Ey and Ey and hw shows energy of the incident
photons.

Fig. 4a shows the imaginary part of the dielectric function. As
the compound is cubic therefore, only one component is com-
pletely identify the optical properties. In the lower energy range
the material shows transparency. The absorption edge occurs at
7.8 eV which shows the first transition of electrons from valence
band maximum (VBM) originated from Al-p and O-p states to con-
duction band minimum (CBM) formed by Mg-s, Al-s/p and O-s
states. The main spectral structure is situated around 16.0 eV.
The rest peaks shows transition of electron from lower to higher
energy bands. The real part of dielectric function & (w) can be
determined by using Kramers—I(ronig relation [39]

6082

(@) =1+= P/ P e

where P represent principal value of integral. The real part of dielec-
tric function ¢&; (w) is shown in Fig. 4b. The spectra of & (w) shows

dw 3)
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maximum peak at 12.0 eV. It gradually decreases with increase in
photon energy and show minimum value at 22.0 eV.

Further deep into the optical properties we have calculated the
refractive index n(w), absorption coefficient I(w), reflectivity R(w)
and energy loss function L(w) using the relations given in [40-42].

(@) = gl(zco)Jr 8%(w)2+8%(w) @
1) = { e%(w)+s§(w>—sl<w>}% 5)
R(@) = % 6)

The calculated refractive index n(w) is illustrated in Fig. 4c, our
calculated value of the refractive index at static limit n(0) is listed
in Table 1 along with the experimental [29,30] and other theoret-
ical [14,18] results. It is clear that our calculated n(0) is not well
matched the experimental n(w), that is attributed to the fact that
the experimental n(w) was obtained at a wavelength vary between
350 and 650 nm. The static part of dielectric function & (0)
depends on band gap of the material and &;(0) is directly linked
to the n(w) by the relation n(w) = \/¢;(0). The absorption coeffi-
cient as illustrated in Fig. 4d exhibit the maximum absorption peak
at 21.0 eV which corresponds to the minimum value of & (w). The
energy loss spectrum is related to energy loss of fast traveling elec-
tron in the material and its value is generally large at plasma
energy [43]. The dominant peak of energy loss spectrum is located
at 30.0 eV. The reflectivity spectra show 4.5% reflection at 0 eV.
When the photon energy is increases the reflectance of MgAl,04
also increases and shows maximum peak with 42% reflection at
22 eV as shown in Fig. 4f. We have compared our calculated reflec-
tivity with the experimental data [34]. We would like to mention
that the difference between the magnitudes of the experimental
and the theoretical curves can be made smaller if we choose a
smaller broadening in our theoretical calculations. In the present
calculation the broadening is around 0.1 eV.

4. Conclusions

In present work the DFT study is performed for calculating the
electronic structure, electronic charge density and optical proper-
ties of MgAl,04, using the full potential linear augmented plane
wave method. The recently developed mB] potential was used to
solve exchange correlation potential. The calculated band gap
show close agreement to the experimental results. The calculated
PDOS provide accurate information of the bands formation and
nature of the bonds. The calculated effective mass ratio of elec-
trons, heavy holes and light holes expose the high mobility of elec-
trons in the conduction band. The electronic charge density
contours in (001) and (101) plane showed mixed ionic covalent
bond between Al-0 and Mg-0. The ionic nature of Mg-0 is dom-
inant because greater electro-negativity difference. The calculated
&(w) and I(w) shows high transparency in IR and visible region
and gave response in extreme UV region. The absorption edge

show the electron transitions from valence band maximum to con-
duction band minimum around I" point of the BZ. The other optical
constants n(w), R(w) and L(w) are also calculated and discussed in
detail.
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