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We have studied the structural, electronical and optical properties of pure a-Al,O; (corundum) and
doped with manganese by the first principles calculations method based on the density functional
theory (DFT), with generalized gradient approximation (GGA). Obtained results show that a-Al,O; has an
energy gap of 6.3 eV and the substitution of manganese decreases the energy gap so that spin splitting
effect is observed. Calculated optical results show that with adding this impurity, reflectivity increase at
low energy and decreases at high energy; also static refractive index increases.
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INTRODUCTION

Alumina is one of the most interesting materials at
industry and it has high importance because of its
hardness, useful optical properties, abrasion resistance,
mechanical strength, and electronical and optical
properties (Ahuja et al., 2004). It has different phases
such as, a, B, y, x so that the a-phase is the permanent
and suitable condition for the industrial applications that
there are some good studies in both fields, experimental
and theoretical (Wang et al., 2005). In this article, we
bear in mind the a-phase of this compound that is called
corundum. Today, for understanding the electronical and
optical properties of this material, first principles
calculations have great usage. For optimizing of these
properties, we tried to study the electronical and optical
properties of this compound with doping Mn magnetic
impure. We study the effect of Mn’s spin polarization on
electronical and optical properties a-Al,O3. The structure
of a—Al,O3 is rhombohedral that consists of close-packed
planes of oxygen and aluminium. lts space group is R-3c
with number 167. There are 12 Al atoms and 18 O atoms
(30 atoms) in the unit cell of a —Al,O3 (Peterson et al.,
2000). Mn atoms, which have the same valence with Al
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(+3), are substitute at octahedral sites within the alumina
structure in the Al sites (Figure 1). For calculation of
lattice constants, lattice energy variation as a function of
the deviation of c/a (ratio, %) in constant volume have
been calculated from experimental values for a-
Aly sMnys03. These results are shown in Table 1. It can
be seen that our results is in good agreement with
experimental results for a-Al,Os;. Then with calculated
lattice constants, relaxed atomic positions were obtained
for a-Al,O; and a-Al;sMng5035. The obtained results are
based on relaxed parameters.

METHOD OF CALCULATIONS

In our calculations, we have used density functional theory (DFT)
based on the work by Hohenberg and Kohn and by Kohn and Sham
(2011). Self-consistent electron structures were performed using
the full potential linearized augmented plane wave (FP-LAPW)
method as implemented in WIEN2K code (Blaha et al., 2011). We
have also used the generalized gradient approximation (GGA) for
the exchange-correlation interaction (Chatterjee et al., 2005). For
solving the Kohn-Sham equations, the relativistic effects have been
taken into account. In our calculations, we selected the parameter
that determines the size of the secular matrix to be: RMT * Knax = 7
where the RMT is Muffin-Tin sphere radii and Kmax is the cut-off
wave vector in the first B.Z. The iteration process was stopped after
the calculated total energy converged to less than 0.0001 Ry. The
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(a)

Figure 1. The unit cells of (a) pure a -Al,Os; and (b) a-AlisMngs03 used in

this study.

Table 1. Calculated lattice constants for a —Al.O3; and a—Al; sMng 50s.

Compound This work(A) Others (Experiment A)
a=b= 4758 a=b= 4761

a —AlOs c=12.981 c=12.991
a=b = 4759 -

o ~Al Mo 505 c=12.974 .

LAPW+LO method is used, because for Mn element is suitable and
it has localized d states.

RESULTS AND DISCUSION
Electronical results
Band structure and band gap

The calculated band structure for a-Al,O; has been
shown in Figure 2. Fermi energy has considered on the
top of the valence band. On the top of the valence band,
O 2p orbital has the most contribution and at the bottom
of conduction band there are O 2p, Al 2s and Al 2p
orbital’s. The obtained energy gap is 6.3 eV that had
been compared with the theoretical and experimental
results of others in Table 2. The calculated band structure
for a-Al; sMng 503, with spin-up and spin-down have been
shown in Figure 3. In these two cases, the energy gap,
decreases in both states. The band gap in both states is

indirect and is equal to 3.7 eV for the spin-down and 0.6
eV for spin-up. In spin-up valence band, Mn 3d and Al 3p
orbitals and for its conduction band Al 3p orbitals have
the most portions. Spin splitting is seen at the figures
obviously. It is very interesting that energy gap also
change without the spin polarization effect. Calculated
band gap for a-Al; sMng 503 without spin effect is shown in
Figure 4. In this case, obtained band gap is 2.5 eV and
this value is very different with before states. Therefore
spin polarization effect is playing important role in
calculation of electronical properties of this compound.

Density of states

Electron distribution in energy spectrum describes by
density of states. Obtained total density states spectrum
for a-AlbOs; and a-Al;sMngsO3 with spin-up and down
have been shown in Figure 5. In this situation, like band
structure, because of adding Mn magnetic impure to
Alumina, the energy gap decreases. This reduction is
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Figure 2. Calculated electronic band structure for a —Al,Os.

Table 2. Calculated band gaps for Al,O3 and Al sMng 503,

Present (eV) Theory (eV) Experiment (eV)

Al,O3 6.3 6.4 8.7
Al1.5Mng sO3(up) 0.6 - -
AI1_5Mno,503(down) 3.7 - -
Al1 5sMno 503 (without spin polarization) 2.5 - -
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Figure 3. Calculated band structure for Al sMno 503 with (a) spin up and (b) spin down.
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Figure 4. Calculated band structure for AlisMnosOs without spin

polarization effect.
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Figure 5. Calculated total density of state for (a) a- Al,O3 and (b) for a-Ali sMng 503 in spin up

and down.

because of appearing d states of these elements at the
bottom of conduction band. The partial density of states
is shown in Figure 6 .The obtained results,shows that d
states of Mn magnetic impure,in spin-up and down
states, are existing in different energy levels. And a kind
of spin splitting happens for them. In Figure 6, in energy
range -20 to -25 eV, there is extended O 2s orbital. The
most portions of Al 2p and Al 2s orbital’'s are in

conduction band and the portion of O 2p is more at
valence band. Density spectrum of partial states helps a
lot, to explain the mechanism and the chemical nature of
the hybridization between the elements of Al; sMng50s.
According to the Figure, Al 2p, O 2p and Mn 3d orbitals
have the most affect at valence and conduction bands,
and the portion of other states is worthless. Also Al 2p, O
2p and Mn 3d orbital’s have a good overlapping and can
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Figure 6. The partial density states for Al1sMno 503 in (a) spin up and (b) spin down.
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Figure 7. Calculated real part of dielectric function for a- Al,O3 and a-AlisMns0s (a) x-direction,

and (b) z- direction.

have good hybridization together.

Optical results
Dielectric function

Transitions between occupied and unoccupied states,
including plasmons and single particle excitations, are
caused by the electric field of the photon. The dielectric
function e(w), which describes the features of linear
response of the system to an electromagnetic radiation,
can be use in the following well-known relation (Hosseini
et al., 2004):

MW@—
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(1)

The interband expressions in the corresponding real

parts are obtained by Kramers—Kronig transformation:
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0
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According to the symmetry of the crystal, the dielectric
tensor may have up to two components (xx = yy and zz).
The real part of the frequency dependent dielectric
function for a-Al,O; and a-Al;sMnys03; are shown in
Figure 7 for x and z components. The static dielectric
permittivity tensor, eq5(0), of a nonpolar material contains
electronic (high frequency) and ionic contribution. The
square of this value is equal to refractive index. The high
frequency dielectric constant, g(«), and static refractive
index are presented in Table 3. The results show that
with the addition of Mn to alumina, refractive index
increases; also this value is different for two components.
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Table 3. Obtained high-frequency dielectric constants and static refractive index for a- Al.O3

and a-Al; sMng 503,

n
Direction M, () 0
a- A|203 G-A|1,5Mno,503 a- A|203 (X-A|1,5Mno,503
This work:
XX 3.11 3.85 1.76 1.96
zz 3.09 3.75 1.75 1.94
Experiment 3.17 - 1.78 -
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Figure 8. Calculated imagiary part of dielectric function for o-
Al>O3 and a-Al; sMng 503 (a) x-direction, (b) z- direction.

Therefore, this compound is birefringent.The imaginary
part of the frequency dependent dielectric function for a-
Al,O3 and a- Al;sMny 503 are given in Figure 8 for x and
z components. According to band structure (without spin

polarization), the peaks on Im g(w) curves for these
compounds (Eo, E;, Es, E3) are related to the interband
transitions from the valence to the conduction band
states along I'-I', I- P, I'-H and I'- N directions. For



absorb_xx (ALO))
= = — absorb_xx (Al_Mn_ _O,)

25 30 35

1l5 2I0
Energy(eV)
(a)

Figure 9. Calculated absorption for a- Al,Oz and a-Als sMno 503 (a) x-direction, (b) z- direction.
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Figure 10. Calculated reflectivity for a- Al,Oz and a-AlisMnosOs (a) x-direction ,(b) z- direction.

a-Al,O3, the electronic transitions are between the O-2p
and Al- 3p in valence and conduction band states
whereas, higher transitions are related to O-2s states. In
the other hand for Al;5Mny503, Mn-3d states have
important role in this transitions. It is clear for a-
Al; sMng 503 that energy range of these peaks changed
so that new peaks are created. These new peaks
originate from created new states in band gap. Therefore
electronic transitions for AlisMngs0O5; are different with
pure a-Al;Os.

Absorption

For calculating of absorption, we used the following
relation:

N i

Figure 9 shows the calculated absorption for pure a-Al,O3
and a-Al; sMng 503. The absorption coefficient a(w) is very
large (about 10* cm™) and increases rapidly in the low
energy region.The absorption edge of alumina begin in
6.2 eV but in Al; sMng 505 begin in 2.9 eV .The maximum
absorption of a-Al,Oz; occurs at 19.02 and 16.20 eV
whereas for Al; sMng 505 occurs at 18.86 and 17.92 eV for
x and z directions, respectively. With adding Mn, the
maximum peak shifted to lower energy ranges at x
direction and shifted to high energy ranges for direction.
Mn impurity cause to create new peaks in absorption
spectrum for a-Al,Os.

Reflectivity

Calculated reflectivity spectra for pure a-Al,O; and o-
Al; sMno 503 are given in Figure 10, which plot is in xx and
zz directions. Optical reflection depends on incidence
photon energy and it is plot in energy range of 0 to 35 eV.
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Figure 11. Calculated EELS for a- Al,O3; and a-Al;sMno 503 (a) x-direction, (b) z- direction.

Table 4. Obtained plasmon energy for a- Al,O3 and a-Als sMng 503 and compared
with other results.

Direction hwp

a- A|203 G-A|1 ,5Mno,503
This work
XX 26.09 26.00
zz 25.93 25.93
Others
Experiment 26.0 -
Theory 21.4 -

Obtained reflectivity in low energy is small so that it is
increases and this increase oscillates .It gets maximum
between 22.5 to 25 eV energy ranges in zz direction and
this value is larger than x direction. Adding Mn to alumina
cause to reflectivity increases at low energy (about 0 to 6
eV) and decreases at high energy (about 6 to 40 eV).

Electron energy loss spectroscopy (EELS)

EELS is a valuable tool for investigating various aspects
of materials (French et al., 1998). It has important role in
the materials design related to dielectric. Also these
spectroscopes have the advantage of covering the
complete energy range including non-scattered and
elastically scattered electrons (zero loss), electrons that
excite an atom’s outer shell (valence loss) or valence
interband transitions. Also the fast electrons excite the
inner shell electrons (core loss) or induce core level
excitation of near edge structure (ELNES) and XANES. In
the case of interband transitions, this consists mostly of
plasmon excitations. The scattering probability for volume
losses is directly connected to the energy loss function.

One can then calculate the EEL spectrum from the
following relations (Yourdshahyan et al., 1997):

L(w)zhn{ - }
EEL spectrum= £(@) (3)

In Figure 11, the energy loss function is plotted for a-
Al,O; and a-Al; sMngsO5 for x and z directions in the
energy range 0 to 40 eV. There is no energy loss for a-
Al,O3 up to 6.36 eV and for Al sMngsO3; up to 2.56 eV
energy range.

The short peaks before 25 €V in energy loss of Alumina
relates to the transition from O-2p,Al-3p and peaks
between 25 to 30 eV relates to the transition from O-2s
and Al-3s to conduction band . The energy of the main
maximum of Im [—s“(E)] is assigned to the energy of
volume Plasmon hw,. The values of hiw, obtained in this
work are given in Table 4. It is clear that, Mn impurity
have not significant influence on Plasmon energy of a-
Al; sMng 503. Obtained results are in good agreement with
others.



Conclusion

We have calculated the structural, electronical and optical
properties of a-Al,O; and a-Al;sMngsOs using the full
potential-linearized augmented plane wave (FP-LAPW)
method with the generalized gradient approximation
(GGA). The calculations show with adding Mn magnetic
impurity to a-Al,O3 the energy gap reduces. According to
the atomic configuration of Mn ([Ar]3d°4s?), d levels of
these elements are half-full so that the results show that
band gap is different for spin-up and down (spin splitting
effect). Obtained results show two static refractive index
1.76, 1.75 and two plasmon energy, 26.09 and 25.93 eV
for x and z directions, respectively. The substitution of Mn
for Al increases the static refractive index to 1.96 and
1.94 for a-Al; sMng 503 for x and z directions, respectively,
and this is mainly due to the number of states originating
from the Mn-d state in the conduction band.
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