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We carry out first-principles molecular-orbital calculations for model clusters composed of 21 to 41 atoms
with and without inclusion of a core hole. The strongest peak that appears near the AlL23-edge x-ray-
absorption spectrum and electron energy-loss spectrum ofa-Al2O3 is found to originate from the presence of
a core hole. Such an effect is less significant in MgO anda-quartz~SiO2!. The cation-cation overlap population
in the lowest unoccupied molecular orbital~LUMO! is found to be exceptionally strong at one of the Al-Al
bonds ina-Al2O3 because of its short Al-Al bond length. The LUMO strongly localizes when the core hole is
introduced.@S0163-1829~96!04331-7#

INTRODUCTION

Recently, both near-edge x-ray-absorption fine structure
~NEXAFS or XANES! and electron energy-loss near-edge
structures~ELNES! have been of broad interest for physi-
cists, chemists, and materials scientists,1 since they are sen-
sitive to local electronic and geometric structures of selected
atoms in a given compound or complex. On the absorption
phenomenon, an electron is excited from a core level to an
unoccupied orbital leaving a core hole. If the band structure
remains rigid during the electronic transition, the partial den-
sity of unoccupied states~unoccupied PDOS!, as a result of
electric dipole selection rule, can be monitored using these
spectroscopic techniques. However, the presence of the core
hole sometimes changes the spectral shape from that of the
ground-state unoccupied PDOS significantly: Sharp peaks
that are not present in the ground-state PDOS are then ob-
served near the absorption edge.2 This is the so-called ‘‘core-
hole effect’’ or ‘‘excitonic feature’’ on the absorption spec-
tra.

The ground-state PDOS provides valuable information
that is desired by many materials researchers, since it can be
directly interpretable in terms of chemical environment of
the selected element. However, the presence of the ‘‘core-
hole effect’’ complicates the interpretation. The uncertainty
for the magnitude of the ‘‘core-hole effect’’ eventually com-
prises a bottleneck for full use of the spectra for chemical
analysis.

A number of experimental NEXAFS and ELNES studies
have been made on alkali halides and some oxides. In these
works extra features that did not coincide with the calculated
PDOS at the ground state have been ascribed to be the
‘‘core-hole features.’’ For example, O’Brienet al.3 com-
pared their NEXAFS spectra of MgO,a-Al2O3, and
MgAl2O4 at the cationL23 edge with theoretical DOS. Their
unoccupied DOS did not reproduce the experimental spectra;
the origin of the major spectral features was concluded to be
the atomiclike excitons due to the presence of the core hole.

The influence of the core hole has been evaluated mainly
through multiple-scattering calculations in which atoms are
represented by a muffin-tin-shaped potential well. The

atomic number of the nucleus undergoing excitation is as-
sumed to be increased by 1 in order to include the core-hole
effects, which is called theZ11 approximation.4 Although it
is true that some of these multiple-scattering calculations
successfully reproduced the experimental absorption spec-
trum, there are always uncertainties about the calculation as-
sociated with the non-self-consistency of the excited electron
and arbitrary choice of the muffin-tin parameters. In addi-
tion, it is more useful for materials scientists to represent the
excited electrons in terms of bands and bonds rather than
scattered waves.

We have recently demonstrated that our first-principles
molecular-orbital~MO! calculations for the ground state well
reproduce all spectral features at the cationL23-edge NEX-
AFS and ELNES of MgO and SiO2 up to 30 eV.5–7 The
photoabsorption cross section~PACS! or oscillator strength
for the transition as well as the unoccupied PDOS were cal-
culated; they were found to be not significantly different.
These results suggest that the presence of the core hole does
not change the unoccupied PDOS features remarkably in
these compounds at these edges. If this is the case, the ex-
perimental absorption spectra are directly interpretable
through the comparison with the unoccupied PDOS, i.e., in
terms of chemical bonding around the selected element as
mentioned above.

In the present paper, we aim to understand the condition
that should be satisfied to see a significant ‘‘core-hole ef-
fect,’’ in other words, the limitation of using the ground-state
PDOS for the interpretation of the experimental spectra.
First-principles MO calculations are made for model clusters
that include a core hole. The shape of the unoccupied PDOS
at the ground state is compared with that at the intermediate
state~Slater’s transition state! and the final state of the tran-
sition. The results are discussed with special interest in the
relationship between unoccupied MO structure that is deter-
mined by the chemical environment of atoms under investi-
gation and the magnitude of the core-hole effect on the ab-
sorption spectra.

COMPUTATIONAL PROCEDURES

Calculations were made for MgO,a-Al2O3 ~corundum!,
and SiO2 ~a-quartz! using model clusters of~Mg13O14!
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~Al8O33!
422, and~Si5O16!

122, respectively. They are cut from
real crystals and embedded in a Madelung potential gener-
ated by point charges located at the external atomic sites. A
cation atom is put at the center of the cluster, which is sur-
rounded by one cation shell and two anion shells. The
discrete-variational~DV! Xa method8,9 is employed for the
computation. In this method, a linear combination of numeri-
cally generated atomic orbitals given as follows is used to
describe the MO’s:

f l~r k!5(
i
Cilx i~r k!, ~1!

wherex i(r ) denotes the atomic orbital~AO!, andr k is one of
the sampling points in the DV calculation. All integrations
are made in a numerical manner. Nearly minimal basis sets
are used in order to clarify the simple relationship between
spectral features and chemical bondings. Basis sets are 1s-
2p for O and 1s-3d for Mg, Al, and Si. The numerical basis
functions were obtained by solving the radial part of the
Schrödinger equations. The radial part of the basis functions
is thus flexible to chemical environment. Self-consistent cal-
culations are made for three electronic configurations,
namely, the ground state~initial state!, the final state with the
presence of a core hole, and Slater’s transition state10 in
which a half electron is removed from the core orbital to fill
an unoccupied orbital. The number of electrons in a cluster is
the same for all three states. The total energy difference be-
tween the initial and the final states can be well approxi-
mated by the difference of one-electron orbital energies ob-
tained for the Slater’s transition state.10

The overlap population between thei th AO and thej th
AO at thel th MO is given by

Qi j
l 5CilCjl(

k
v~r k!x i~r k!x j~r k!, ~2!

wherev(r k) is the integration weight or reciprocal of the
sample point density atr k . The sum with respect toj pro-
vides the orbital populationQ i

l of i th AO at thel th MO, i.e.,

Qi
l5(

j
Qi j
l . ~3!

The localization index for each MO,Ll , given by

Ll5(
i

~Qi
l !2, ~4!

was computed in order to evaluate the spread of thel th MO
among different atomic sites. The sum without squaring is
unity, i.e.,

(
i
Qi
l51. ~5!

The definition of the localization index is the same as that
used by Ching, Song, and Jaswal.11 It has a value ranging
from 1/N to 1, whereN is the total number of AO’s,Ll is
unity when thel th MO is perfectly localized and 1/N when
perfectly delocalized.

The oscillator strengthI i j for the electric dipole transition
for photon absorption between statesi and j is given by

I i j5
2
3DEz^ j ur u i & z2, ~6!

whereDE represents the transition energy. In the present
work, I i j is obtained directly by the numerical integration of
the dipole matrix.12

RESULTS AND DISCUSSION

The right-hand side of Fig. 1 compares the Al 2p edge
~L23 edge! experimental ELNES by Bruley, Tseng, and
Williams13 and NEXAFS by O’Brienet al.3 The two experi-
mental spectra exhibit similar structures although the energy
resolution is higher in the NEXAFS. The absolute loss en-
ergy is different by 0.6 eV; its reason is not clear. Splitting of
the peakA is found only in the NEXAFS, which is attribut-
able to the spin-orbit splitting components, 2p3/2 and 2p1/2.
The magnitude of the experimental splitting is 0.4 eV. This
is in good agreement with the 2p3/2-2p1/2 splitting for the
free Al atom we have calculated using a relativistic Hartree-
Fock-Slater method, that is 0.45 eV.

Calculations were made for three electronic configura-
tions denoted by the ground state, transition state, and final
state. Since theL23 absorption allowed lowest unoccupied
MO ~LUMO! in the ~Al8O33!

422 cluster is the 72a orbital,
the electronic configuration for the transition state and the
final state are taken to be (2p)5.5(72a)0.5 and
(2p)5.0(72a)1.0, respectively. The left and middle columns of

FIG. 1. Left: The sum of Al 3s and 3d unoc-
cupied partial density of states~PDOS!; middle:
Al L23-edge photoabsorption cross section
~PACS! for a-Al2O3 using the~Al8O33!

422 clus-
ter at ground state~top!, Slater’s transition state
~middle!, and final-state electronic configuration
~bottom!. Right: Experimental spectra obtained
by digitizing the reported curves in Refs. 3 and
13.
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Fig. 1 compare the unoccupied PDOS and the AlL23-edge
theoretical PACS calculated for oura-Al2O3 cluster for three
electronic configurations. Following the electric dipole selec-
tion rule, the cation 2p core electron is excited to occupy the
cation s andd unoccupied orbitals, which brings about the
NEXAFS or ELNES at the cationL23 edge. Since we use a
nearly minimal basis set throughout the present work for
simplicity, a sum of Al 3s and 3d PDOS is shown as an
approximation to the theoretical spectrum. The PDOS and
PACS curves are made by broadening of discrete energy
eigenvalues by a Lorentzian of 0.5 eV full width at half
maximum. The energy separation between the 2p core or-
bital and the 72a orbital is used as the transition energy to
the 72a orbital, and the horizontal scale of the calculated
spectra is translated. The sum of Al 3s and 3d PDOS and Al
2p PACS are found to be almost the same. This fact con-
firms that the present PDOS is a good approximation of the
theoretical PACS.

Both PDOS and PACS structures, especially the shape of
the first peak near the edge, are found to be significantly
dependent on the electronic configuration. PeakA, which is
the low-energy shoulder of peakB at the ground state be-
comes the most prominent peak at the final state. It is also
noticed that the separation between the first peaks (A,B) and
the second peaks~C, D, andE! is dependent on the elec-
tronic configuration.

The intensity ratio of peaksA andB in the experimental
spectra is best reproduced by the transition-state calculation.
The ground-state calculation shows much smaller intensity
of peakA than that of the experimental spectrum, and the
final-state calculation exhibits much greater intensity of peak
A. The three-peak feature of higher-energy peaks~C, D, and
E! is well reproduced by the calculation irrespective of the
electronic configuration. However, the energy separation be-
tween the first peaks (A,B) and the second peaks~C, D, and
E! is larger by 1.5 eV in the theoretical spectrum at the
transition state than the experimental spectrum. The small
discrepancy seems to be general in the minimal basis-set
calculations. As a matter of fact, Nakamatsu, Mukoyama,
and Adachi14 reported that the theoretical absorption spec-
trum by the DV-Xa calculation overestimates the separation
between individual features by a few percent when minimal

basis sets are used. However, the systematic discrepancy
does not affect our peak assignments at all. PeaksA andB
originate from Al 3s orbitals andC, D, andE are ascribed to
Al 3d orbitals. The absolute transition energy obtained by
the present transition-state calculation overestimates the ex-
perimental NEXAFS by 0.9 eV at the peakA. When spin
polarization during the transition7 is taken into account, the
transition energy decreased by 1.0 eV, and the theoretical
value shows excellent agreement with the experimental one.

Similar calculations were conducted for a model cluster of
MgO, and the results are compared with the experimental
ELNES by Lindneret al.15 and NEXAFS by O’Brienet al.3

in Fig. 2. For the~Mg13O14!
22 cluster in Oh symmetry, the

L23 absorption allowed LUMO is 12a1g. Therefore,
(2p)5.5(12a1g)

0.5 and (2p)5.0(12a1g)
1.0 configurations were

used for the transition-state and final-state calculations. The
presence of the core hole does not change the shape of the
first peak in the MgL23-edge spectrum contrary to the case
of the Al L23-edge spectrum ofa-Al2O3. Only the splitting
of the second peak that is denoted byB and C increases
when the core hole is present. As a result, the experimental
spectrum can be reproduced even by the ground-state calcu-
lation as reported previously.5 The absolute transition energy
of peakA obtained at the transition state is only 1 eV greater
than that of the experimental spectrum. The agreement be-
tween the ground-state spectrum and the experimental cation
L23-edge XANES is similarly good for SiO2 ~a-quartz!. We
have reported that the theoretical SiL23-edge PACS is not
significantly modified by the presence of a Si 2p core hole.7

Since Al is located between Mg and Si in the periodic
table, the exceptional photoabsorption spectrum ofa-Al2O3
at the AlL23 edge cannot be explained simply by the nature
of the Al atom itself. We have to consider the environment
of the excited atom in detail. Because all of these compounds
are typical insulators having fully oxidized cations, their pri-
mary bonding mechanisms are the same. However, small
differences in their chemical environment may change the
excited-state structures notably.

Contour maps of the LUMO’s in the~Al8O33!
422 and the

~Mg13O14!
22 clusters, i.e., 72a and 12a1g, at three electronic

configurations are shown in Fig. 3. These MO’s are respon-
sible for the peakA in the experimental spectra. At the
ground state, these MO’s are mainly composed of a cation

FIG. 2. Left: The sum of Mg 3s and 3d un-
occupied PDOS; middle: MgL23-edge PACS for
MgO using the~Mg13O14!

22 cluster at ground
state~top!, Slater’s transition state~middle!, and
final-state electronic configuration~bottom!.
Right: Experimental spectrum obtained by digi-
tizing the reported curves in Refs. 3 and 15.
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3s orbital overlapping with its neighboring cation 3s orbit-
als. On the formation of a core hole, the nuclear potential is
temporarily deepened. As a result, electrons tend to be bound
to the nucleus. As can be seen from Fig. 3, the magnitude of
the localization is more significant ina-Al2O3 than in MgO.
The 72a orbital in the~Al8O33!

422 cluster almost localizes at
the Al atom undergoing excitation at the final state. The lo-
calization of 12a1g orbital in the ~Mg13O14!

22 cluster is
much weaker even at the final state. The magnitude of the
localization can be quantified by the localization index of
these MO’s. The values for three configurations are dis-
played in Fig. 4. Significant localization of the 72a orbital of
the ~Al8O33!

422 cluster during the transition process can be

seen. This is the phenomenological origin of the notable
core-hole feature ina-Al2O3 near the AlL23 edge.

The magnitude of the localization due to the formation of
the core hole is expected to be greater when the overlap
between neighboring cation AO’s is stronger. The overlap
population between the neighboring cation orbitals for the
LUMO at the ground-state configuration is calculated and
shown in Table I together with the corresponding cation-
cation distances. The overlap population between the neigh-
boring cation orbitals is found exceptionally strong only for
one special Al-Al bond ina-Al2O3: It is 0.2653 nm, which is
about 10–20% shorter than the other cation-cation bonds in
the other two compounds. It is natural to expect that the
overlap of cation orbitals is strong only for this particular
bond. As a matter of fact, the localization associated with the
formation of the core hole occurs significantly only in
a-Al2O3 near the AlL23 edge.

The spatial distribution of unoccupied MO’s responsible
for the higher-energy peaks is greater in general. These
MO’s interact with more atoms than those responsible for
near-edge peaks discussed in the present paper. The relation-
ship between atomic arrangements and the magnitude of

FIG. 3. ~a! Contour map of the
72a orbital in the ~Al8O33!

422

cluster at the initial state,~b! at the
transition state, and~c! at the
final-state electronic configura-
tion. ~d! The 12a1g orbital in the
~Mg13O14!

22 cluster at the initial
state, ~e! at the transition state,
and ~f! at the final state. Curves
are drawn for60.016, 60.032,
60.064, 60.128, 60.256, and
60.512, respectively. Broken
curves are for negative values.

FIG. 4. Localization index of 72a orbital in the ~Al8O33!
422

cluster and 12a1g orbital in the ~Mg13O14!
22 cluster at the initial,

transition, and final states.

TABLE I. Cation-cation bond lengths, coordination numbers,
and calculated overlap populations at theL23 absorption allowed
LUMO for three compounds.

Cation-cation

Bond length~nm!
and

coordination number Overlap population

MgO 0.2978312 0.055
a-Al2O3 0.26533 1 0.142

0.27923 3 0.046
0.32233 3 0.008

SiO2 ~a-quartz! 0.30613 4 0.043
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core-hole features may therefore be more difficult to under-
stand intuitionally.

In summary, the cationL23-edge X-ray-absorption spectra
of three oxides are found to be well reproduced by the first-
principles molecular-orbital calculations using model clus-
ters composed of a cation atom with one cation shell and two
oxygen shells. A core hole is included in the self-consistent
calculation. The strongest peak that appears in the spectrum
of a-Al2O3 is found to be due to the presence of an Al 2p

core hole. The origin of the significant core-hole excitonic
feature ina-Al2O3 is ascribed to the presence of an excep-
tionally short Al-Al bond in thea-Al2O3 structure, which
brings about strong overlap of the neighboring cation orbit-
als.
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