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Abstract. Maximum solubility of Si in MgO has been reported to be 9.0 at.%. The local
environment of the Si solute is of great interest. In order to foresee the difference of the O
K-edge electron-energy-loss near-edge structure (ELNES) or x-ray absorption near-edge structure
(XANES) due to the presence of the Si solute, first-principles molecular orbital calculations are
performed using model clusters composed of 27 and 125 atoms that include a core hole. Extra peaks
are found in the theoretical O K-edge photoabsorption cross section (PACS) of the Si-doped cluster.
Their positions are found to depend strongly on the Si–O bond length. A realistic model cluster
for the Si-doped MgO is constructed by total energy minimization using interatomic potentials.
An Mg vacancy is included to keep the charge neutrality. The extra feature in the O K-edge PACS
due to the presence of Si is then expected to be located mainly at the higher-energy shoulder of the
main peak of the undoped MgO.

1. Introduction

Solid solubility of Si4+ in MgO has been reported to be 9.0 at.% at the eutectic temperature
of MgO (periclase) and Mg2SiO4 (forsterite), that is 2133 K [1]. Si4+ in SiO2 usually
exhibits fourfold coordination except for the high-pressure form, known as stishovite. On
the other hand, Mg2+ in MgO shows sixfold coordination. When Si4+ is dissolved into MgO
by substituting the Mg2+ site, Si4+ can be expected to occupy the sixfold coordination site.
A trial to detect the sixfold coordinated Si was reported by Kanekoet al [2] at the grain
boundary of Si-doped Al2O3 ceramics. Si was found to segregate at the grain boundary
showing signs of sixfold coordination by the spatially resolved electron-energy loss near-edge
structure (ELNES) at the O K edge. Because of the localization of the Si in the Si-doped Al2O3

ceramics and very high susceptibility to irradiation damage, detailed study of the doped Al2O3

was not possible to complete. MgO as a host may be much easier to investigate since Si was
reported to show rather high solubility. In the present study, prior to the experimental work,
we calculate the theoretical ELNES for the Si4+-doped MgO system.

An electron energy loss spectrometer (EELS) is often installed in a modern transmission
electron microscope (TEM). Under ordinary experimental conditions of TEM, the near-edge
structure of EELS is similar to XANES (x-ray absorption near-edge structure). In the core-
loss process, an electron is excited from a core level to an unoccupied state by electric dipole
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transition. As a result, experimental ELNES is related to the unoccupied partial density of
states of the selected atom that is allowed by the electric dipole selection rule.

First-principles cluster calculations on the basis of molecular orbital (MO) theory have
been successful for reproduction of O K-edge ELNES of some oxides [3–7]. Core-hole effects
can be rigorously included in the self-consistent calculations, which were pointed out to be
essential for the ELNES calculation [5–7]. Since the excited electron is localized near the core
hole, cluster calculations should be advantageous for ELNES reproduction as compared with
some more sophisticated band-structure methods on the basis of the structural unit cell when
a core hole is not included.

In the present study, major efforts are focused on O K-edge ELNES. Mg L23, K and O
K-edge ELNES or XANES can be commonly investigated for both undoped and doped MgO
systems. Since oxygen is directly bound to Si, the O K-edge spectrum may exhibit greater
effects than spectra from the Mg edges. Si L23-edge spectra may also provide information
on the chemical environment of Si directly. However, experimental complexity due to the
superposition of the Si L23-edge spectra with the high-energy tail of the Mg L-edge spectra
should be encountered.

In order to understand the orbital interactions most clearly, present calculations are done
using a minimal basis set that is generated by solving the radial part of the Schrödinger
equation for atoms at each self-consistent iteration. Thus they are flexible to the given chemical
environment. We found that the present calculation reproduces satisfactorily the O K near-edge
structure of MgO up to about 20 eV above the edge. Its major features are well explained by
orbital interactions inside the small clusters.

2. Computational procedures

First-principles MO calculations were made for MgO and Si4+-doped MgO using model
clusters composed of 27 and 125 atoms. The excited atom for the corresponding core loss
was put at the centre of the clusters. Model clusters were embedded in point charges located
at the external atomic sites so as to produce an effective Madelung potential. A program
SCAT [8] based on the discrete variational Xα (DV-Xα) method [9] was employed in which
numerical atomic orbitals (NAOs) were used as basis functions. They were generated flexibly
by solving the radial part of the Schrödinger equation for a given environment. Minimal
basis sets were used in order to clarify the simple relationship between spectral features and
chemical bondings. Basis sets were 1s, 2s and 2p for O and 1s, 2s, 2p, 3s, 3p and 3d for Mg
and Si. Integrations to obtain energy eigenvalues and eigenfunctions were made in a numerical
manner.

In the electron-energy-loss process, an electron is promoted from a core level to an unoc-
cupied state leaving a core hole. As a result, electronic structure in this state differs from that of
the ground state. In order to reproduce the experimental spectrum, self-consistent calculation
should be carried out including a core hole. The difference in total energies between initial and
final states (transition energy) is well approximated as the difference in molecular orbital (MO)
energies calculated for the Slater transition state [10] where half of an electron is removed from
a core orbital to put into an unoccupied MO. In order to compute the absolute transmission
energy, temporary spin polarization associated with the electronic transition was taken into
account. In other words, spin-unrestricted calculations were made for the core-hole states.

The overlap population between theith atomic orbital andj th atomic orbital at thè th
MO is given by

Q`
ij = Ci`Cj`Sij (1)
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whereSij is the overlap integral given by∫
χ∗i (r)χj (r) dr = Sij . (2)

χi andCi` are theith atomic orbital and its coefficient for thèth MO.
The oscillator strengthIij for the electric dipole transition for photon absorption between

statesi andj is given by

Iij = 2
31E|〈j |r|i〉|2 (3)

where1E represents the transition energy. In the present work,Iij was obtained directly by
the numerical integration of the dipole matrix. The photo-absorption cross section (PACS)
that we need is proportional to the oscillator strengthIij .

Discrete energy eigenvalues can be computed by the MO calculation. In order to visualize
the density of states, discrete energy levels were broadened by the Lorenzian function with
FWHM of 1.0 eV. PACS and overlap population diagrams were made in the same way by
broadening the quantities at discrete levels given by equations (2) and (1), respectively.

Atomic relaxation around Si4+ with an Mg vacancy was evaluated by energy minimization
using interatomic potentials. A program GULP developed by Gale [11] was used. Interatomic
potentials of Buckingham type for Mg–O, Mg–Mg, O–O and Si–O given by Kawamura [12]†
were used. In the GULP program, the crystal that surrounds the defect is divided into three
spherical regions, namely regions 1, 2a and 2b. In region 1 all atomic interactions are treated
exactly. In region 2a the ions are assumed to be situated in a harmonic well. In region 2b only
the implicit polarization of sub-lattices, rather than specific ions, is taken into consideration.
The radii of spherical regions 1, 2a were chosen to be 0.8, 2.0 nm, respectively. The energy of
region 2b was evaluated using a method analogous to the Ewald sum until infinity.

3. ELNES of MgO

Before comparing experimental ELNES with theoretical results, calculated PDOS and PACS
are compared. Local PDOS of the core-hole atom is used. When minimal number of atomic
orbitals are used as basis functions, the PACS may be well approximated by the local PDOS
that is allowed by the selection rule,1` = ±1. In the present computational method, basis
functions are a minimal number of atomic orbitals that are generated flexibly by solving the
radial part of the Schrödinger equation for a given chemical environment. Therefore, the PACS
can be well approximated by the PDOS in many systems as reported previously [5–7].

The calculated O 2p unoccupied PDOSs and PACS are compared with the experimental
O K-edge ELNES [13] in figure 1. Computations were made for two kinds of cluster, i.e.
(OMg6O12Mg8)

2+ and (OMg6O12Mg8O6Mg24O24O12Mg24O8)
2− both centred by an oxygen

atom. A half-filled O 1s core hole is included. In other words, computations were made for

† Inter-atomic potentialUij is given by

Uij (rij ) = zizj e
2

rij
+ f0(bi + bj ) exp

(
ai + aj − rij
bi + bj

)
− cicj

r6
ij

where parameters are given as follows.

a b c z

O 1.626 0.085 20−2
Mg 1.161 0.08 2 2
Si 1.012 0.08 0 4
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Figure 1. Comparison of the experimental oxygen K-edge ELNES by Lindneret al [13] from
MgO, theoretical O 2p PDOS and O K-edge PACS calculated for two model clusters. Calculations
are made for Slater’s transition state.

Slater’s transition state. As can be seen, PACS is well approximated by the PDOS except for
difference in intensities in the high-energy region. This fact implies that the cross-transitions
from O 1s to unoccupied Mg orbitals are almost negligible in the energy region we are interested
in. Four peaks denoted by a to d can be found in the experimental spectrum in the energy range
of 20 eV from the edge. They are reproduced by the calculation using the smaller cluster. The
agreement is improved when a larger cluster is used. The absolute transition energy by the
present calculation agrees with the experimental result within an error of 4 eV that is less than
1% of the transition energy.

Spectral features that appear in the O K-edge ELNES can only be understood through
the investigation of Mg–O covalent interactions. The Mg 3s, 3p and 3d are the dominant
components for orbitals in the energy range of interest. The O 2p is the minor component that
is made predominantly by anti-bonding interaction with Mg 3spd orbitals. Figure 2 shows the
DOS together with overlap population diagrams for the Mg–Mg and Mg–O bonds calculated
for the smaller cluster at the Slater transition state. Peak b can be divided into two sub-peaks,
b1 and b2, based on their origin. Mg 3s is the dominant component for peaks a and b1. Mg
3p is dominant for peaks b2 and c. Mg 3d is dominant for peak d. Separation of peaks a and
b1 can be ascribed to the manner of Mg 3s–Mg 3s interactions. The interaction is bonding
for the peak a and antibonding for the peak b1. Wavefunctions responsible for peaks a and b1

are shown in figure 3. The molecular orbitals responsible for these peaks by the calculation
of the (O13Mg14)

2+ cluster under octahedral (Oh) symmetry are 15t1u and 16t1u that are triply
degenerate orbitals. The wavefunctions shown in figure 3 are one of these triplets. Assignment
of all peaks can be made in a similar manner from the viewpoint of interatomic bondings. The
present type of molecular orbital calculation is advantageous for providing physical insight for
the origin of the spectral features.
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Figure 2. (Top) Density of states and bond overlap population diagrams of (middle) Mg 3s–Mg
3spd, and (bottom) O 2p–Mg 3spd calculated for the Slater transition state of the (O13Mg14)

2+

cluster.

4. Effects of Si solutes in MgO

In order to examine the effect of Si4+ dissolution into MgO on the O K-edge PACS, Mg2+

is substituted by Si4+ without introducing any charge-compensating defects for simplicity to
begin with. Lattice relaxation around Si4+ is not included, either. Figure 4 shows O 2p PDOS
in comparison with cation PDOSs for two kinds of cluster at the Slater transition state. A Mg
atom located at one of the nearest neighbour sites of the central oxygen atom is substituted
by an Si atom. Extra features in the O 2p PDOS that is originated from Si–O interactions are
denoted by a′ and b′. Similar to the case of Mg–O interaction, they can be ascribed to the Si
3s–O 2p antibonding and Si 3p–O 2p antibonding interactions, respectively. Peak a′ appears
approximately 7 eV lower in the transition energy than the peak a.

The separation between peak a and a′ is found to be strongly dependent on the Si–O bond
length. The ionic radius of Si4+ is 54 pm when coordinated by six ligands, whereas it is 86 pm
for Mg2+ [14]. The Si–O bond length in the unrelaxed model is therefore 32 pm longer than
expected from the ionic radius. Figure 5 shows the dependence of the energies of peak a and
a′ on the Si–O bond-length computed for a series of small model clusters, (SiO6Mg12O8)

0. It
should be noted that this cluster is different from that used in figure 4 in order to include the
lattice relaxation in a simple manner. In this case, a model cluster was centred by an Si atom
in order to include the relaxation in the simplest manner, as can be seen in the cluster model
shown in figure 5. Atomic positions other than those of six oxygen atoms coordinating central
Si atoms are fixed throughout the series of calculations.
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Figure 3. Contour maps of the wavefunctions on the (110) plane at peak a and b1 in the
(O13Mg14)

2+ cluster for the Slater transition state. Curves are drawn for±0.015,±0.03,±0.06,
±0.12 and±0.24, respectively. Solid and dotted curves are for positive values and negative values,
respectively. Their schematic views are shown together. The dotted area corresponds to the contour
map.

Figure 4. Unoccupied partial density of states for cation orbitals (top) and that for O 2p (bottom)
calculated for Slater’s transition state using two clusters that include Si (unrelaxed).

As can be seen in figure 5, the peak a′ exhibits strong dependence on the Si–O bond-
length, whereas the peak a does not. The decrease of the Si–O bond-length has a dual effect
on the increase of electrostatic potential at the oxygen site. One is simply ther−1 effect, the
other is due to the increase of the net charge of Si, as can be seen in figure 5. Since the Si–O
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Figure 5. (a) Transition energy of the peak a and a′, and (b) net charge of Si as a function of Si–O
bond length, calculated for the Slater transition state by the (SiMg12O14)

0 cluster shown at the top.

bond-length in the unrelaxed model is much longer than the optimum, charge transfer from Si
to O cannot be completed, thereby showing smaller ionicity.

When an Si4+ ion substitutes the Mg2+ site, an Mg2+ vacancy is likely to be introduced
in order to maintain the charge neutrality. In order to include the effect of the Mg2+ vacancy,
and also to include the atomic relaxation other than the nearest-neighbour sites, a total energy
minimization using interatomic potentials has been conducted. An Mg2+ vacancy is put at one
of the nearest cation sites of Si. The equilibrium lattice constant for pure MgO obtained by
the present set of interatomic potentials is 410 pm, which is 97.4% of the experimental value.

A part of the optimized structure around Si is shown in figure 6. The Si–O bond-lengths
are 175.9, 183.4 and 196.1 pm according to the optimization. The Si ion is slightly moved
toward the Mg vacancy. The average Si–O bond length is 185.1 pm, which is 4.1% greater
than the average Si–O bond length in stishovite, 177.5 pm. Stishovite is the only SiO2 crystal
having sixfold coordinated Si.

Since the equilibrium lattice constant of MgO is 2.6% smaller than that determined by
experiment, the effect of the artificial compression should be known before the analysis of the
optimized structure. The O K-edge PDOSs for undoped and Si-doped MgO (unrelaxed, no
vacancy) using small clusters composed of 27 atoms having two different lattice constants are
compared in figure 7. Although the compression brings about the shift in the transition energy
by approximately 1 eV toward higher transition energy, the spectral shape does not change
remarkably. This is also the case for the Si-doped cluster. We can therefore use the compressed
MgO cluster as a reference to compare with the optimized structure shown in figure 6.
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Figure 6. Atomic arrangement around an Si solute and an Mg vacancy optimized by energy
minimization.

Figure 7. Effect of lattice constant on the O 2p PDOS by model clusters composed of 27 atoms.
Top: (O13Mg14)

2+ cluster. Bottom: (O13SiMg13)
4+ cluster. Solid and broken curves correspond

to Mg–O distances of 205.6 and 210.5 pm, respectively.
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Figure 8. Comparisons of O K-edge PACS and O 2p PDOS between undoped and Si+4 + V ··Mg-
doped MgO calculated by model clusters composed of 125 and 124 atoms for the Slater transition
rate.

Figure 8 compares the O K-edge PACS and O 2p PDOS of undoped MgO (using Mg–O
distance of 205.6 pm) and the optimized structure shown in figure 6. Calculations were made
for model clusters with 125 and 124 atoms at the Slater transition state. A half-filled core
hole is introduced into an oxygen atom located at the common neighbour of the Si and Mg
vacancy (see figure 6). The hatched area shown in the theoretical PACS is expected to be seen
by experiment if the geometry is correct. Because of the reduction of the Si–O bond length,
peak a′ is expected to be much closer to peak a as compared with the unrelaxed model. In
addition, peak a′ becomes broader because of the presence of three Si–O bond lengths. Shapes
and energies of peak a and b also change because of the presence of the Mg vacancy. The extra
feature in the theoretical O K-edge PACS due to the presence of the Si4+ and Mg vacancy is
then expected to be located mainly at the higher-energy shoulder of the main peaks.

5. Summary

First-principles molecular orbital calculations using model clusters are made in order to
understand the way to change the O K-edge ELNES by the presence of Si4+ solutes in the
MgO host. Major results can be summarized as follows:

(1) Experimental O K-edge ELNES of undoped MgO is satisfactorily reproduced by
calculation of PACS for a cluster composed of 27 atoms when a half-filled core hole
is included. The reproduction is improved when the cluster size is expanded to 125 atoms.
All spectral features up to 20 eV from the edge, denoted by peaks a to d, are interpreted
from the viewpoint of Mg–O and Mg–Mg interactions.

(2) Extra features denoted by a′ and b′ appear by the substitution of Mg2+ by Si4+. Positions
of these peaks are found to be strongly dependent on the Si–O bond length. Therefore,
the extra-peak position can be used as a good measure for the local environment of Si.
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(3) Relaxation around the Si solute in MgO is evaluated by total energy minimization using
interatomic potentials. When an Mg vacancy is introduced in order to maintain the charge
neutrality the Si ion is expected to move toward the Mg vacancy. The average Si–O bond
length is 185.1 pm. Theoretical O K-edge PACS of the relaxed structure found that the
extra feature appears mainly at the higher-energy shoulder of the main peak. This may
only be detected by careful experiments.
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