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A first-principle method is used to investigate the electronic structure and optical properties
of MgO and MgO containing an oxygen vacancy. In the presence of the oxygen vacancy, a new
electronic state appears in the band gap, which leads to additional peaks in the optical spectra.
Furthermore, under applied pressure, the band gaps become larger, and the curves of optical
properties including the dielectric function (w) and absorption coefficient «(w) shift towards
higher energy. The knowledge of MgO and MgO with F' center under high pressure may provide
insight into their practical applications.
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1. Introduction

Group-II oxides have received a large interest because of their applications including
catalysis, microelectronics, electronics and optoelectronics. As an important material
of the Earth’s lower mantle, at ambient conditions MgO crystallizes in the NaCl-type
structure which is stable up to at least 227 GPa using synchrotron X-ray diffraction,*
and the high pressure behavior of MgO has been studied theoretically.>* Moreover,
using density functional theory (DFT) within the generalized gradient approxima-
tion (GGA), the electronic and optical properties of MgO have been investigated
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either at ambient pressure’ or at high pressure.” However, during the synthesis of
crystal, the intrinsic defects are easily formed in these oxides. For MgO, the main
intrinsic defect is oxygen vacancy (F or color center), which will introduce defect
energy levels into the forbidden gap and result in novel optical properties. Neutral F
center means that the oxygen vacancy traps two electrons, which has been widely
studied. Experimentally, the F' center optical absorption band at 5.03eV is ob-
served.’ In order to understand optical spectra, the properties of F' center in MgO
have been investigated with theoretical methods.” '® The energetics and electronic
structures of a series of defects (F, F*, F?*, V, V=, V2>~ and P centers) in MgO
have been computed using the stationary total-energy functional.'® The optical
absorption energy of F' center in MgO has been predicted by means of explicitly
correlated ab initio cluster model calculations.'* Recently, the calculated optical
spectra based on many-body perturbation theory are in good agreement with ex-
perimental spectra, which leads to a reinterpretation of the F' center’s optical
properties.'> Up to now, most of the researches are devoted to the properties of
MgO and MgO with F' center at ambient conditions. Pressure is certainly a critical
parameter for electronic and optical properties of materials, and the properties of
materials at high pressure may be very different from those under normal conditions.
Thus, it is significantly necessary for fundamental physics and potential applications
to study the influence of pressure on the electronic and optical properties of MgO and
MgO with F center.

In this paper, we present the results of DFT calculations of both perfect MgO
crystal and MgO crystal containing F' center. The aim is to understand the optical
spectra of perfect MgO and MgO with F' center under high pressure. The outline of
this paper is as follows: a brief description of the initial models and the calculation
methods is given in Sec. 2. In Sec. 3.1, the structural and electronic properties of MgO
and MgO with F' center have been presented. The optical properties through the
study of the imaginary part of the dielectric function, the real part of the dielectric
function and the absorption spectra are discussed in Sec. 3.2. A brief summary is
given in Sec. 4.

2. Models and Methods

First-principles calculations are carried out using the projector augmented wave
(PAW) method,'S as implemented in the VASP code.'” There are a large number
of simulations on electronic structures and optical propertites of crystals using
the VASP code.*'® For the relaxation of ions and total energy calculations, the
Perdew—Burke—Ernzerhof (PBE) exchange-correlation functional is employed.'®
The cut-off energy of the plane wave basis set is chosen to be 520 eV, and a tolerance
of 1.0 x 107% eV is adopted for the self-consistent field calculations. Forces on atoms
and stress tensors are converged to within 0.001eV/A and 0.01 GPa, respectively.
The perfect MgO crystal is calculated using the primitive cell. Oxygen vacancy
calculations are made using a cubic supercell which is constructed by a 2 x 2 x 2
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conventional unit cell. Taking the defect site (oxygen vacancy) to be located at the
origin, the unit cell contains 32 magnesium atoms and 31 oxygen atoms (Mgs,Os3).
Based on the relaxed structures, the electronic structure, the dielectric function,
and optical absorption spectra are calculated. The dielectric function e(w)=
€1(w) + iey(w) is known to describe the optical response of the material. The imag-
inary part g,(w) can be obtained after the electronic ground state has been deter-
mined. Then, from the imaginary part of the dielectric function one can also calculate
the real part £, (w) using the appropriate Kramers—Kronig relationship. Arising from
¢1(w) and e9(w), the other optical properties, such as the refractive index n(w), the
extinction coefficient x(w) and the absorption coefficient a(w) can be evaluated.'

) = [y/27) + 230 +2(0)] - /e )
o) = [t rei e/ va )

alw) = 2wk (w) . 3)

c

3. Results and Discussions
3.1. Structural and electronic properties

The perfect MgO is an ionic crystal with space group Fm3m at ambient conditions.
The calculated lattice parameter a is 4.239 A which shows good agreement with the
experimental result of Speziale et al. The equilibrium lattice parameter for Mgs,O5;
is @ = 8.495 A which is bigger than that for perfect Mgs,O3,. In the case of the
optimized Mgs3,03, the existence of color center induces distortion of local geometry
around the oxygen vacancy (V,). As can be seen from Table 1, both the first-nearest
neighboring (1NN) Mg atoms and the second-nearest neighboring (2NN) O atoms
move slightly away from the F' center at ambient pressure. With pressure increasing
up to 100 GPa, the INN Mg atoms and the 2NN O atoms move slightly towards the
F center.

Table 1. Relaxed structures for MgO with F’ center at different pressures. Lattice
parameters and distances from the defect (V,) position to neighboring atoms are
listed.

Distance (A)

Pressure (GPa)  Lattice parameters a (A) Mg (INN)-V2 O (2NN)-V2

0 8.495 2.140 (0.016)  3.011 (0.007)
100 7.585 1.853 (—0.043)  2.678 (—0.004)

aPositive (negative) numbers in parentheses represent outward (inward) dis-
placements with respect to the MgO lattice positions.
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Fig. 1. Band structures: (a) perfect MgO at 0 GPa, (b) perfect MgO at 100 GPa, (c) Mgs,O3, at 0 GPa
and (d) MgsyO3;, at 100 GPa. The top of valence band is set to be the zero energy.

For perfect MgO and MgO with F' center, the band structures are shown in Fig. 1.
At 0 GPa, the calculated band gap of perfect MgO is 4.5 eV which is smaller than the
experimental result of 7.78 eV.?! It is well known that DFT calculations within GGA
underestimate the band gap. The perfect MgO is an insulator with a direct band gap
at the brillouin zone center. For perfect MgO, the fundamental band gap increases
(4.5eV at 0 GPa and 8.4V at 100 GPa) with pressure increasing up to 100 GPa and
the upper valence bands broaden under compression. The major difference between
the band structure of perfect MgO and that of MgO containing F' center is that a new
energy level occurs in the forbidden band due to the oxygen vacancy.

3.2. Dielectric functions and optical absorption spectra

Since MgO has cubic symmetry, we need to calculate only one dielectric tensor
component to completely characterize the linear optical properties. The &;(w) and
€9(w) as functions of the photon energy are shown in Fig. 2. The dielectric function
curves shift towards high energy with pressure increasing for perfect MgO and MgO
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Fig. 2. (Color online) The real part | (w) and the imaginary part e,(w) of dielectric function for perfect
MgO and Mgz, 03,. (2) €, (w) for MgO at 0 and 100 GPa, (b) &, (w) for MgO at 0 and 100 GPa, (¢) &, (w) for
Mgs,03; at 0 and 100 GPa and (d) &y(w) for Mgs,03; at 0 and 100 GPa.

containing F center. In a high-energy area (>32€V), the value of the real part
changes very little, while that of the imaginary part is very small. At ambient con-
ditions, our calculated results show good agreement with the previously reported
theoretical investigations for perfect MgO.* In the real part, the calculated static
dielectric constant €;(0) is 3.22 at 0 GPa and 2.93 at 100 GPa for MgO. When the
oxygen vacancy is introduced, ¢;(0) is 2.62 at 0 GPa and 2.32 at 100 GPa, which
indicates that the oxygen vacancy reduces €;(0). Additionally, as the pressure is
increased from 0 GPa to 100 GPa, the static dielectric constant £;(0) decreases for
perfect MgO and MgO with F center. The imaginary part of the dielectric function is
directly related to the band structure of a solid. In the imaginary part, €5(w) curves
have thresholds of transition close to the band gap values of the corresponding
compounds. The peaks in €,(w) curves originate from the electron transitions bet-
ween the occupied and unoccupied states. For the perfect MgO at 0 GPa, the peaks
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Fig. 3. (Color online) Absorption spectra a(w): (a) perfect MgO at 0 and 100 GPa and (b) Mgs,03, at
0 and 100 GPa.

centered at 11.0, 13.9, 16.3, 17.7 and 20.5, agree with experimental observation of
10.8, 13.3, 16.8, 17.3 and 20.5eV.?? The peaks localized at around 8.6 and 11.0eV,
are mainly due to direct transitions between the upper valence band and the first
conduction band above Fermi energy level at L-point and K-point, respectively.
At 100 GPa, the main peak positioned at 12.8 eV arises from direct transitions
at K-point. The highest peak in imaginary part increases with pressure increasing.
The &y(w) curve of Mgs,03; has additional peaks below 4.5eV (0 GPa) and 8.4eV
(100 GPa) due to the oxygen vacancy compared with the ey (w) curve of perfect MgO.

The absorption spectra a(w) of the perfect MgO under 0 and 100 GPa, and
Mgs,03; under 0 and 100 GPa are given in Figs. 3(a) and 3(b), respectively. For
Mgs3,03; at ambient pressure, although the peak centered at 3.5 €V is associated with
the oxygen vacancy, the value of the peak is underestimated by 1.5eV compared
with experimentally observed F center absorption energy of 5.03eV.° The main
reason for discrepancy is the underestimation of the band gap. Additionally, the
positions of the main peaks are shifted towards higher energy under pressure while
they still have the same type as those at zero pressure.

4. Conclusion

The electronic structures and optical properties for pure MgO and MgO with an
oxygen vacancy (Mgs,Os3;) have been studied using the pseudopotential plane wave
method. The introduced oxygen vacancy leads to the distortion of local geometry.
The line shapes of the dielectric function and adsorption coefficient are almost un-
changed while there is a little shift forward high-energy region, when perfect MgO
and Mg3,03; are compressed to 100 GPa. Meanwhile, the MgO with oxygen vacancy
exhibits additional absorption peaks compared with that of pure MgO at the same
pressure.
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