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Advanced GGA +U (Hubbard) and modified Becke—Johnson (mBJ) techniques are used for the calculation of the
structural, electronic, and optical parameters of ¢&¢-Al;_Co,O3 (x = 0.0, 0.167) compounds. The direct band gaps calcu-
lated by GGA and mBJ for pure alumina are 6.3 eV and 8.5 eV, respectively. The mBJ approximation provides results very
close to the experimental one (8.7 eV). The substitution of Al with Co reduces the band gap of alumina. The wide and direct
band gap of the doped alumina predicts that it can efficiently be used in optoelectronic devices. The optical properties of
the compounds like dielectric functions and energy loss function are also calculated. The rhombohedral structure of the
a-Aly_Co,O3 (x =0.0, 0.167) compounds reveal the birefringence properties.
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1. Introduction

The alumina compound has been widely studied experi-
mentally and theoretically because of its wide range of appli-
cations and smaller number of atoms per unit cell. ! It is crys-
tallized in more than 15 different crystallographic phases.!>!
The o-Al,O3 is one of the most important oxides that has
many technological applications, such as its use in insulators,
ceramics, piezoelectric transducers, and electronic devices.
The results of Denis et al.’! show that alumina doped with car-
bon and magnesium (Al,O3: C, Mg) has many applications in
luminescence dosimetry.

Its properties depend mainly on the crystal structure, the
purity of the oxide, and the preparation method. Most of the
investigations reported up to now are concerned with the stud-
ies on the crystalline phases of a-Al,03.1% The results re-
cently obtained by Yazdanmehr ef al.!”) show that Al and O
atoms are tightly connected by a strong dipole bond. Dop-
ing of alumina with magnetic elements, such as Ni, 8! Mo, ]
and Co,'% Jeads to excellent optical properties and thermal
stability. For example, the CoAl,O4 spinels have a wide
range of industrial applications as ion conductors and chem-
ical sensors. !}

The aim of this study is to investigate the influence of Co
on the electronic band structure, density of state, and optical
properties of a-Al,O3. The structure of a-Al,O3 is rthom-
bohedral that consists of close-packed planes of oxygen and
aluminum. Its space group is R3C with number 167. There

are 12 Al atoms and 18 O atoms (30 atoms) in the unit cell
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of a-Al,03.1"?! Typically, the Al atoms are in the centers of
tetrahedrally and octahedrally coordinated sites with 4 and
6 atoms, respectively. The well known crystal structure of
corundum (-Al,O3) contains all Al atoms in the octahedral
coordination'3 and we have chosen this structure for calcula-
tions.

The focus of the present work is to study the optoelec-
tronic properties of &¢-Aly_Co,O3 (x = 0.0, 0.167) that con-

3] and we

tains all Al atoms in the octahedral coordination,
consider the substitution of Al with Co (most likely), which

occurs at the octahedral sites within the alumina structure.

2. Detail of calculations

The calculations were carried out with a self consistent
scheme by solving the Kohn—-Sham equations using a FP-
LAPW method in the framework of density functional the-
ory (DFT) along with GGA, GGA + U, and mBJ using the
Wien2k code.[!'*] The calculations were performed with 600
k-points and Rkp,x = 7 (R is the smallest muffin-tin radius and
kmax 1s the cut-off for the plane wave) for the convergence pa-
rameter, in which the calculations stabilized and converged in
terms of the desired energy, e.g., less than 0.0001 Ry between
steps. The magnitude of the largest vector in the charge density
Fourier expansion or the plane wave cut-off was Gpax = 12.
The muffin-tin radii for Al, Co, and O were 2.1 a.u., 2.38 a.u.,
and 1.92 a.u., respectively. The cut-off energy, which defines
the separation of the valence and core states, was chosen to be
—6Ry.
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First of all, the calculations were carried out to obtain the
relaxed lattice constant (theoretically) for each compound by
minimizing the total energy of the unit cell of the correspond-
ing crystal. The comparison of the calculated lattice constants
with the experimental ones is summarized in Table 1. Fur-
thermore, the calculated lattice parameter in the rhombohedral
crystal structure is converted to the lattice parameters in hexag-
onal.

In order to calculate the optoelectronic properties of pure
and doped a-Al,O3 by GGA + U, we assumed that the density
matrix is diagonal, U is the same for all Coulomb interactions
Ui =U ), and J is also the same for all exchange interac-
tions (J;; = J). There are several methods to incorporate the U
term,!'®!7] here we used the self-interaction correction (SIC)
introduced by Anisimov and coworkers!'®! as implemented in
the Wien2k package. In the GGA + USIC method, the total en-
ergy may be written as

E =Ey+Egga,ysics ey

Uu-J
Egoatysic = —5— (N - n%n,o‘)v (2)
m,c

where N is the total number of local electrons and #,, ¢ is the

orbital occupancy of the ¢ orbital in question (i.e., s, p, or d or-
bital) with spin ¢. For transition metals, the ¢ orbital is usually
the d orbitals. With an approximated correction value of U —J
for the self-interaction correction, this is probably the best for
a strongly correlated system and for a full potential method.

The effective U can be calculated within the augmented
plane wave methods as implemented in the WIEN2k code.['*]
Our results show that the effective U for the Co 3d orbital
is about 4 eV. The study of Vladan er al.
for transition metals, the suitable value for Hubbard U is
3-5 eV.[?)) The Hubbard potentials used in this work were
Ut = U —J =4 eV, and it was applied only to the d states
of Co.

The modified Becke—Johnson exchange (mBJ) potential

also shows that

Vi 211 uses the mBJ exchange potential plus the GGA correla-
tion potential and calculates the band gaps with accuracy simi-
lar to the very expensive GW calculations. This method yields
gaps in very good agreement with the experiment. Therefore,
we used this method for the calculation of the optoelectronic
properties of pure and doped alumina. In addition, the spin
polarization effect was implemented in GGA, GGA + U, and
mBJ methods.

Table 1. Calculated lattice constants (A), band gaps E, (eV), static dielectric constants £(0), and plasmon energies @, (eV) by GGA,

GGA +U, and mBJ for a-Al,_;Co,0O3 (x = 0.0, 0.167) compounds.

Present work Others

Compound

O(—A1203 (X—A11.g33C00_167O3 A1203 A1203/(C0, W, Sc, Y)
a=b 4758 4764 4.76% -
c 12.981 12.949 12.999 -
Space group R3C R3 R3C? -
GGA:
E, 6.3 2.8 6.4, 629,539, 8.7, 8.89 5.8Y, 6.4™
£(0)xx 3.12 3.66 3.179),3.20M, 3.847), 2.69) 3.259,3.17™, 2.79"
£(0) 3.07 3.56 - 3.210,3.15M), 2.79"
hy—xx 26.10 26.26 259, 21.47), 26 -
hewp—z 25.94 26.26 - -
GGA+U:
E, - 2.9 - 5.8Y, 6.4™
£(0)x - 3.65 3.20", 3.84) 2,699, 3.17¢) 3.259,3.17™, 2.79"
£(0) - 3.56 - 3.219,3.15™, 2.79"
hy—xx - 26.37 259, 21.4), 269 -
hy— - 26.28 - -
mBJ:
E, 8.5 3.8 6.4,6.29,5.39,8.79, 8.8 6.8, 8.4P)
£(0)x 2.54 2.61 3.179),3.20M, 3.84) , 2.69) 2.51°,2.50P)
£(0) 253 2.60 - 2.499)2.48P)
hp—x 30.37 26.81 259, 21.4), 269 -
hwp—z 30.05 26.81 - -

YRef. [15] experiment, a-Al,O3; b)Ref. [12] theory, a—A1203;C)Ref. [27] theory, a-Al,O3; dRef. [28] theory, k-Al,O3; ©)Ref. [22] experiment, amorphous-
Al,O3; NRef. [29] experiment, a-A1203;g>Ref. [30] experiment, KK analysis of EELS data; h)Ref. [31] theory (FP-LMTO); Ref. [32] theory (OLCAO);
DRef. [13] theory (FP-LAPW, GGA96); ¥ Refs. [30] and [33] experiment, VUV spectroscopy; VRef. [34] theory, a-Al,O3/Sc (GGA); ™ Ref. [34] theory,
a-Al,03/Y (GGA); ) Ref. [35] experiment, Co-doped a-Al,O03:W; °)Ref. [34] theory, a-Al,O3/Sc (mBJ); P)Ref. [34] theory, a--Al,O3/Y (mBJ).
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3. Results and discussion
3.1. Band structure and density of states

Figure 1 shows the calculated band structures of «-
Al;O3. The Fermi energy is on the top of the valence band.
The direct band gaps calculated by GGA and mBJ for pure
a-Al,O3 are 6.3 eV and 8.5 eV, respectively. The band gap
calculated by mBJ is very close to the experimental value
(8.7 eV).?2l The spin polarized band structures of the a-
Al 833C00.16703 compound calculated with GGA, GGA +U
(U =4 eV), and mBJ are shown in Fig. 2. The results for
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Fig. 1. (color online) Calculated band structures for a-Al,O3 by (a)
GGA and (b) mBJ.
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Fig. 2. (color online) Calculated band structures for &t-Al; §33C0q.16703

with (a) GGA, (b) GGA + U, and (c) mBJ.

both states (spin up and spin down) are the same. The band gap
decreases for the Co doped alumina. There is no spin splitting
by applying the three exchange correlation potentials. Since in
non magnetic compounds, the spin-up density of electrons is
equal to the spin-down one, the total magnetic dipole moment
of electrons is zero and there is no spin splitting for electrons.

The electron distribution in the energy spectrum is de-
scribed by the density of states. The total densities of states
for up states of &-Al,O3 and &-Alj §33C0q.16703 obtained by
GGA and mBJ are shown in Fig. 3. The energy gap seems to
be very well compatible with the band structure. The 2s or-
bitals make the core states, the contribution of O 2p and Al 2p
orbitals is more in the top of the valence band, and the bot-
tom of the conduction band includes O 2p, Al 3s, and Al 3p
orbitals. By adding the cobalt impurity, the gap decreases in
both states (spin up and down) due to the existence of Co 3d
in the conduction band.
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Fig. 3. (color online) Total densities of states for (a) a-Al,O3 and (b)
(X—A11_833C00.16703 obtained by GGA and mBJ.

3.2. Dielectric function

Transitions between occupied and unoccupied states, in-
cluding plasmons and single particle excitations, are caused by
the photon electric field. The dielectric function €(®), which
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describes the linear response of a system to an electromag-
netic radiation, can be obtained via the following well-known
relation: (3!

inter h2€2
tme 5 (@) = U - [ aklal i) (ol )
X O(Eck — Ep — ). 3)

The corresponding real part of the interband expression is
obtained by the Kramers—Kronig transformation

2 T o'Imeyg (o)
Re €p(®) = S + P 7w,2j";2 o. @

0

Figure 4 shows the real and imaginary parts of the dielec-
tric functions of pure and doped ¢-Al,O3 in the x and z direc-
tions. The real part of the dielectric function gives us informa-
tion about the electronic polarizibility of a material. The static
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dielectric constants, £(0), are given in Table 1. In comparison
with GGA, mBJ gives optical spectra in good agreement with
the experiment. [24] Therefore, we discuss the mBJ results. The
band gap of a-Al,O3 is larger than that of a-Al; 333C00.16703
and £(0) of pure alumina is smaller than that of the doped alu-
mina, hence £(0) varies inversely with the band gap for these
compounds. Beyond the static dielectric constant, &, (&) in-
creases and reaches a peak value of 4.84 (5.08) at 12.08 eV
(12.44 eV) for a-Al,03. After the maximum, &, (g;) de-
creases and is below zero in the negative regime for the range
19.73-29.89 eV (18.47-29.89 eV) for a-Al,O3. A material is
metallic when the real part of the dielectric function is nega-
tive, and dielectric otherwise. Hence in these ranges, ¢-Al,O3
is metallic. Substituting by Co changes the configuration of
the dielectric function and creates new fluctuation at 4.07—
8.79 eV for a-Al; §33C0(.16703. The creation of this fluctu-
ation at low energies may affect the optical properties.
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Fig. 4. (color online) Real and imaginary parts of the dielectric functions of (a), (b) a-Al,O3 and (c), (d) ¢t-Al; 833C0¢ 16703 obtained
by GGA and mBJ. The inset experiment result is from Ref. [24] for pure a-Al,O3.

The peaks in the imaginary part of the frequency depen-
dent dielectric function show several transitions from the va-
lence band (VB) to the conduction band (CB). The first peak,
in both compounds, is equal to the band gap energy. The other
peaks show the transitions from the lower valence bands to the

conduction band. The peaks in the range of 8.5-14.6 eV for

a-Al,O3 appear due to the transitions of electrons from the
O 2p and Al 2p states to the Al 3s, Al 3p, and O 2p states in
the CB, while the peaks in the range of 14.6-28.5 eV are due
to the transitions of electrons from the O 2s and Al 2s states
of the VB to the unoccupied states of the CB. The peaks in
the range of 4.07-8.79 eV for a-Al; g33C0¢.16703 appear due

097102-4



Chin. Phys. B Vol. 24, No. 9 (2015) 097102

to the transitions from Al 2p, O 2p, Co 3p, and Co 3d (VB)
to the unoccupied states of Co 3d and other conduction band
states, while the peaks in the range of 10.8-24.5 eV are due to
the transitions of electrons from Al 2s, Co 2s, and O 2s to the

unoccupied states of the CB.

3.3. Electron energy-loss spectroscopy

The electron energy-loss function describes the energy
loss of a fast moving electron by interaction with a material.
It plays an important role in the material design related to the
dielectric.!>>! These spectroscopes have the advantage of cov-
ering the complete energy range, including non-scattered and
elastically scattered electrons (zero loss), as well as electrons
that excite an atom’s outer shell (valence loss) or valence in-
terband transitions. One can calculate the EEL spectrum from

the following relation: %%
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Fig. 5. (color online) Electron energy loss spectroscopy for (a) o¢-Al, O3
and (b) a-Al; g33C00,16703 obtained by GGA and mBJ.

Figure 5 shows the electron energy loss spectroscopy of
a-Al,O3 and o-Alj g33C0q.16703. The energy of the main
maximum of Im[—&~!(®)] is assigned to the energy of volume
plasmon h@®,. The h®, obtained in this work and by others are
given in Table 1. It is usually a broad peak in mBJ, situated at
28-31 eV and 25-26 eV for a-Al, O3 and a-Al; g33C00.16703,
respectively, which corresponds to a collective excitation of

electrons in the crystal. From the partial density of states of
the O atoms, it can be seen that the O 2s state has a narrow
band separated from the upper valence band, therefore, the
participation of the O 2s state in the volume plasmon exci-
tation is rather weak. For the a-Al; 333C0¢.14703 compound,
the energy of volume Plasmon h, is lower than that for pure
a-Al,O3 in mBJ calculation. There is another small peak at
lower energy, 5.7 eV, which is mainly due to the Co 3d state.
The intraband transitions are due to the excitations of the va-
lence electrons into the conduction band. It is possible to ob-
tain the band gap from the low energy loss spectrum. The band
gaps calculated with EELS are in close agreement with the
band structure results. The high energy region is characterized
by atomic ionization, in which the electrons are ejected from
the core shells of the atoms (Al, O, and Co 2s). This process
requires that the core electron receives energy greater than the

minimum energy of the conduction band.

4. Conclusion

In this study, we have applied the FP-LAPW method to
investigate the electronic and optical properties of ¢-Al,O3
and o-Al; 833C00.16703 using different approximations such
as GGA, GGA + U, and mBJ. The direct band gaps calculated
by GGA and mBJ for a-Al,O3 are 6.3 eV and 8.5 eV, re-
spectively. The band gap obtained by the mBJ method is in
very good agreement with the experiment. The calculations
show that the energy gap reduces by adding Co impurity to -
Al;O3. There is no spin splitting in the a-Al; 333Coq.16703
compound by all approximations. For a-Al,O3, a static
dielectric function of 2.54 (2.53) and an EEL spectrum of
30.37¢eV (30.05 eV) in the x (z) direction are obtained by mBJ.
The substitution of Co with Al increases the dielectric function
to 2.61 (2.60) for a-Al 833C00.16703, and this is mainly due
to the states originating from Co 3d in the conduction band.
The mBJ results also show that substituting by Co changes the
configuration of the dielectric function and creates new fluc-
tuation at 4.07-8.79 eV for a-Al; §33C00.16703. For the a-
Al 833Co00.16703 compound, the energy of volume Plasmon
ha, is lower than that for pure a-Al,O3. These results are
useful to obtain a satisfactory explanation for different approx-
imations used in the calculations of optoelectronic properties
and also reveal the properties of a-Al,O3 substituted with Co.
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