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Ab initio calculation of the core-hole effect in the electron energy-loss near-edge structure

Shang-Di Mo and W. Y. Ching
Department of Physics, University of Missouri-Kansas City, Kansas City, Missouri 64110

~Received 25 April 2000!

A computational scheme to fully account for the core-hole relaxation effect in electron energy-loss near-
edge structure has been successfully implemented. Results ona-Al2O3, MgO, and MgAl2O4 crystals have
reproduced all experimental details in all 11 edges. This is achieved by including three essential elements in the
calculation:~1! A correct description of the presence of the hole in the core state of the excited atom.~2! The
interaction between the excited electron in the conduction band and the hole left behind.~3! Use of large
supercell for the final-state calculation. To a lesser extent, the inclusion of dipole matrix elements between the
initial ground state and the final core-hole state is also important for the relative intensity of the structures. It
is shown that the wave function of the excited electron in the conduction band in the presence of the core-hole
state is localized to within the second-nearest-neighbor atoms, and is significantly different from the
conduction-band wave function obtained from the ground-state calculation.
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I. INTRODUCTION

In recent years, electron energy-loss spectroscopy
evolved into a very useful tool for studying material prope
ties at atomic level.1 In particular, the energy-loss near-ed
structure~ELNES! observed in the inner-shell ionization pro
cess is a powerful technique for material characterization
is similar to the x-ray-absorption near-edge struct
~XANES!. Generally speaking, XANES measurements c
give a higher-energy resolution than ELNES measureme
but will require special facilities and associated instrumen
tion. The ELNES is more accessible, and can be obtaine
using dedicated analytical transmission electron microsco
With a realistic goal of having a sub-eV resolution, t
ELNES spectra can show a rich variety of structures, wh
can be correlated to the structure and composition of
material under study. The so-called ‘‘fingerprint’’ approa
is often used by looking for common features of the sa
ELNES edge in different compounds, and inferring the el
tronic or structural property.2 With ELNES fingerprints, a
quantitative determination of site occupancy, the chem
shift of a given element, as well as information on local bo
lengths and bond angles are possible. Recently, the ELN
was used to characterize the interfacial states of$111% Cu-
MgO interfaces,3 to elucidate the chemical bonding i
electron-irradiated graphite,4 to investigate the role of oxy
gen in the intergranular amorphous layers inb-SiC,5 to
clarify the atomic-scale structure, segregation, and bond
at the grain boundaries in superplastic ceramics,6 and to
probe the electromagnetic near-field in nanoparticles.7

To properly interpret experimental ELNES edges, es
cially for complex materials of unknown structures, a the
retical calculation with sufficient predictive power issine
qua non. The fundamental theory for the ELNES was esta
lished a long time ago based on inelastic electron scatte
theory.8,9 Over the years, many ELNES calculations ha
been carried out on many crystals, using either a multip
scattering approach,10,11 or one-electron band theory,12–14 or
a molecular cluster calculation.15 In the band-structure
method, the site-projected local density of states~LDOS!
from density-functional calculations is widely used to inte
pret the ELNES spectra.13,14 However, the agreement be
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tween the calculated and measured spectra is not alway
good as one would like to claim. There are several reas
for this disappointment. First, it is a common practice
align the major peak, which is usually the most dominati
feature in a given spectrum. In other words, the actual tr
sition energy is not a part of the calculation. This can som
times result in a misassignment of the peak structures. S
ond, the intensity of both the calculated and measu
spectra are in arbitrary units. They are adjusted to prod
the best ‘‘agreement.’’ One of the major challenges in E
NES calculation is to reproduce the relative intensities
various peak structures, not just their positions. Third, li
ited experimental resolution and the broadening proced
applied to the theoretical curve tend to mask fine deta
which could otherwise be significant. Also, sample impur
or contamination may introduce spurious structures in
measured spectra. Finally, it is not common to present
culated results for all the edges in a given compound, or
same edge in different compounds. A good agreement in
edge and in one material is not always accompanied by
equally good agreement of the other edges in the same c
pound, or the same edge in different compounds. Such se
tive presentations make an honest assessment of the su
or failure of a particular method in ELNES analysis a rath
difficult task.

In this paper, we show that superior agreement betw
measured and calculated ELNES spectra can be obtaine
would be demonstrated in the 11 K andL edges in three
oxides: MgO,a-Al2O3, and MgAl2O4. In Sec. II, we will
outline the main reason for the difficulty to obtain super
agreements, namely, the neglect of the core-hole relaxa
effect. We then describe a computational scheme that
counts for the core-hole effect. The results on the three c
tals are presented and compared with the experimental
in Sec. IV. Some conclusions are presented in Sec. V.

II. CORE-HOLE EFFECT

The main reason for the poor agreement between the
and experiment of the ELNES spectra is the neglect of
core-hole effect, and to a lesser extent, the exclusion of
7901 ©2000 The American Physical Society
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7902 PRB 62SHANG-DI MO AND W. Y. CHING
matrix elements of transition in the calculation. The ELNE
intensityI (E), which is proportional to the differential cros
section, can be expressed in terms of the macroscopic die
tric function «(q,v):16

I ~E!}
d2s

dV dE
}ImH 21

«~v!J ~1!

where the quantity Im$21/«(v)%5«2 /(«1
21«2

2) is the
energy-loss function. At high energies,«1 is close to unity
while «2 is small, and the energy-loss function can be writt
as17

ImH 21

«~v!J 5«2~v!

5
e2

mp\v2 (
f

u^ f uPW u i &u2d~\v2Ef1Ei !, ~2!

where ui& is the initial core state,uf& is the unoccupied fina
state in the conduction band~CB!, and Ei and Ef are the
respective energies of the states.PW 52 i¹W is the momentum
operator, and\v is the transition energy. The final state
the one with an electron in the CB and a hole in the atom
core. The electron and hole can interact strongly, ther
modifying the final state to be drastically different from th
of the ground-state calculation. If one ignores the core-h
relaxation effect and assumes a constant matrix elem
I (E) reduces to the site-specific LDOS in the CB regio
subject to the dipole selection rule for the orbital quant
number. Thus the excitation of a 1s core electron~K edge! is
interpreted by ap type LDOS and the excitation of a 2p core
electron~L edge! is represented by the (s1d) components of
the LDOS in the CB.

The theory of a core exciton in semiconductors was
tablished about two decades ago.18 It was also realized tha
many-body effect may play an important role,19 especially
when the perturbation by the core-hole potential is sign
cant. Nevertheless, in extreme cases when a single-ph
electron either makes a transition into an initially empty sh
or fills the shell, the near-edge x-ray absorption or the e
tron energy loss can be reduced to a single-particle prob
Various attempts have been made to account for the c
hole effect in the ELNES~Refs. 20–25! and XANES.26,27 A
popular approach is to replace the excited atom by the n
element in the Periodic Table to simulate the absence
core electron, or the so-called Z11
approximation.20,21,23,24,27 In particular Lie and
co-workers23,24 indicated that the presence of the core h
must be considered in order to reproduce the experime
features. They calculated the core-hole effect using a f
potential linear-augmented plane-wave method with aZ11
supercell approximation. The results on the B-K edges in
TiB2 and AlB2 are in good agreement with experiment. Ho
ever, there are many different ways to implement theZ11
approach. The most common one is to use theZ11 calcu-
lation for the electronic structure and use the results of
LDOS for interpretation, and this may not result in an im
provement over the simple LDOS. As will be shown lat
below, the ELNES measures a single ion excitation. A la
supercell must be used to correctly describe the electron-
hole interaction, whether using aZ11 approximation or a
c-
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more rigorous scheme. This was rarely the case in prev
studies. Another method that has been used effectively
account for the core-hole relaxation is to use the Slate
transition state in conjunction with a large-cluster molecul
orbital calculation.15 The ELNES spectrum is represented
the LDOS of a transition state in which the core state of
central atom has only a12 electron occupation, with the othe
1
2 electron placed at the lowest unoccupied molecular orbi
~LUMO’s!.15,25An advantage of this approach is the relati
energy of the core state and the half-occupied LUMO st
gives some qualitative estimation of the leading ELNE
peak. Strictly speaking, the core-hole effect is a two-parti
interaction between an electron in the unoccupied CB an
hole in the core. They interaction must be accounted for,
separate calculations of the initial and final states are ne
sary.

III. IMPLEMENTATION OF CORE-HOLE EFFECT
WITHIN THE OLCAO BAND METHOD

The orthogonalized linear combination of atomic orbi
~OLCAO! method is a density-functional-theory-basedab
initio all-electron band-structure method.28 One of the attrac-
tive features of this method is the atomic description of
basis function in the expansion, which makes the decom
sition of the density of states into local atomic component
natural and unambiguous task. The core states can be e
nated from the final secular equation by a
orthogonalization-to-the-core process, which can sign
cantly reduce the computational burden for large system28

Over the years, the OLCAO method has been extensiv
used to study the electronic structure and optical proper
of many inorganic crystals as well as their defe
structures.29–34 In particular, the LDOS obtained from th
OLCAO calculation has been used to interpret the ELN
spectra of several oxides including grain bounda
structures.14,29,31,33The LDOS result has only limited succes
in the interpretation of the ELNES spectra, for reasons sta
above. However, the method is ideal for a rigorous inclus
of the core-hole effect in the ELNES calculation, upon whi
we will elaborate below. First, the initial and final states a
calculated separately on supercells of sufficient size. In
supercell, the core states of the excited atom are retaine
the basis set, while those of other atoms are eliminated
the orthogonalization process.28 This flexible scheme is par
ticularly advantageous, since a large supercell can be u
for electron-hole interaction without being computationa
burdensome. A supercell that is too small is undesirable
cause the excited atom may interact with its image in
adjacent cells. The initial state is just the usual ground-s
calculation on the supercell. The final state is obtained
removing one electron from the core of the target atom, a
placing it at the lowest CB. The interaction between the
cited electron and the hole left behind is fully accounted
by self-consistent iterations of the Kohn-Sham equations
the final state. The calculation is thus similar to that of
impurity atom ~here represented by an excited atom! in a
supercell. The ELNES spectra are obtained by direct ev
ation of I (E), including the full evaluation of the momentum
matrix elements between the initial and final states. The
ference in the total energy~TE! of the initial ground state and
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PRB 62 7903Ab initio CALCULATION OF THE CORE-HOLE . . .
the final excited state is related to the experimental transi
energy. A correction energy from the absorption edge to
major peak is added to the TE difference to obtain the th
retical peak position for the major ELNES peak. In this wa
the transition energy of the electron excitation can also
estimated. This transition energy is different from the o
obtained in the Slater transition-state approach,15 which is
the difference between the energies of the core state and
LUMO state from a single diagonalization.

To illustrate the importance of the supercell size, in Fig
we show the size dependence of the O-K edge in MgO cal-
culated using the scheme outlined above. The details of
spectra will be discussed in Sec. IV. The main point is tha
takes a supercell of more than 100 atoms for the spectru
converge. A small supercell contributes to the inaccur
both in the peak positions and in the relative intensities of
peaks.

IV. RESULTS FOR THE K AND L EDGES IN MgO,a-Al2O3,
AND MgAl 2O4

We have applied the above scheme within the OLCA
method to calculate the ELNES spectra of the 11K and L
edges in three oxides, MgO,a-Al2O3, and MgAl2O4. Our
intention is to make a systematic investigation and to se
the ELNES fingerprint technique is really hopeful or hop
less from the stand point of theoretical computation. Th
three crystals have the same cations in different coord
tions and local environments, and hence very differ
ELNES spectra. Structural information about the three cr
tals is summarized in Table I. Furthermore, rather comp
experimental data are available for comparison. After so
tests, we decided to use supercells of 128, 120, and
atoms for MgO,a-Al2O3, and MgAl2O4, respectively, which
should give sufficient accuracy. To achieve high resoluti
27 k points in the Brillouin zone of the supercell were us
for k-space integration. In an earlier attempt, Lindneret al.
studied the core-hole effect for theK edge in MgO using the
Z11 approximation within the multiple-scattering approac
but not theL edge.21 They contended that forL-edge absorp-
tion, the presence of the core hole can be neglected; thu
Z11 approximation should not apply. Ogasawara and
workers analyzed the core-hole effect in the cationL2,3 edge

FIG. 1. Supercell size dependence of the O-K edge in MgO.
n
e
-

,
e
e

the

he
it
to
y
e

if
-
e
a-
t
-

te
e

12

,

,

the
-

of MgO anda-Al2O3, based on discrete variationalXa clus-
ter calculations and a Slater transition-state approach.15 They
concluded that the core-hole effect in MgO is not significa
since their ground-state LDOS calculation could reprodu
the experimental spectra reasonably well. On the other h
they found that the strongest peak in the Al-L2,3 edge in
a-Al2O3 has its origin in the presence of the core hole. R
cently, Köstlmeier and Elsa¨sser calculated several ELNE
edges in the same three crystals using a pseudopoten
mixed basis method.13 The core-hole effect in the Mg-K
edge was investigated by using a different construction of
on-site ionic pseudopotential to simulate the presence of
core-hole. Their calculated LDOS’s exhibit the same pe
positions and intensities as in the ground-state calculat
and were unable to reproduce the first spike near the on
This is at least partly due to the use of small cell of only
atoms.

The 11 calculated ELNES edges in the three crystals,
gether with the available experimental data,14,21,35,36are pre-
sented in Figs. 2–6. The energy scale is set at the top of
valence band. The number on the experimental curve is
actual experimental value of the peak. The number on
theoretical curve is obtained as the difference in the TE
tween the initial- and final-state calculations, corrected
the shift in energy from the absorption threshold to the pe
position. The differences between the two numbers in th
spectra are quite small. It is gratifying to see that almost
the fine details of the peak positions and relative intensi
in these spectra are reproduced by the calculation. This
sharp contrast to the previous results based on the LDO37

This is particularly impressive when one realizes that
edges of the same atom in different crystals are very differ
because of the different local environments. To our kno
edge, the so-called spike structure in the Mg-K edge at
1310.2 eV~see Fig. 2! has never been successfully repr
duced in the past.13,15 We believe that the calculated Mg-K
and Mg-L2,3 edges for spinel MgAl2O4 are first-time theoret-
ical results. The significantly different Mg edges in MgO a
MgAl2O4 are obviously due to the fact that Mg in MgO
octahedrally coordinated, and Mg in MgAl2O4 is tetrahe-

TABLE I. Local bonding configurations in MgO,a-Al2O3, and
MgAl2O4. Note that the lattice constants used were the optimi
one using the LDA total-energy calculation, and may be sligh
different from the experimental values.

Crystal MgO a-Al2O3 MgAl2O4.
Space group Fm3m R3c Fd3m
Lattice constants~Å! a54.213 a55.128 a58.086

a555.333°
Cation coordination 6 6 4 for Mg

6 for Al
Cation-O bond length~Å!:

Mg-O 2.1012~6! 1.919~4!

Al-O 1.969~3! 1.929~6!

1.857~3!

O coordination 4 4 4
O-cation bond length~Å! 2.1015~6! 1.969~2! 1.919~1!

1.857~2! 1.929~3!
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7904 PRB 62SHANG-DI MO AND W. Y. CHING
drally coordinated. No experimental data for the Al-K edge
in MgAl2O4 has been reported, to our knowledge, but o
theoretical curves show different positions for the main pe
The Mg-K data in MgAl2O4 ~Ref. 36! is from the XANES,

FIG. 2. Calculated and experimental Mg-K edges in MgO and
MgAl2O4. The experimental data are from Ref. 21~MgO! and Ref.
36 (MgAl2O4).

FIG. 3. Calculated and experimental MgL2,3 edges in MgO and
MgAl2O4. The experimental data are from Ref. 21~MgO! and Ref.
35 (MgAl2O4).
r
k.

which has a better resolution. In the case of O-K edges
where the experimental resolution appears to be poor,
calculation provides more detailed information than the
periment. The O-K edges in these oxides are also differe
especially for the structures beyond the main peak.

The only discrepancy in these comparisons appears t
that the experimental peak at 80.5 eV in the Al-L2,3 edge of
MgAl2O4 in Fig. 5 is much more pronounced than in th
theoretical curve. This is most likely due to the fact that t
experimental data on MgAl2O4 were collected on a natura
mineral sample, which contains a certain fraction of inve
spinel.35 In the inverse spinel, Al ions occupy both the oct
hedral (Aloct) and tetrahedral (Altet) sites, while in the nor-
mal spinel Al ions occupy only the Aloct sites. In Y3Al5O12,
both Aloct and Altet sites are present. There is strong eviden
that Altet has a stronger peak and is at a higher energy t
Aloct.

14 Thus the enhanced peak at 80.5 eV in the exp
mental Al-L2,3 edge is most likely due to the presence of Atet
in the natural mineral sample.

To illustrate the different hierarchy of the ELNES calc
lations, in Fig. 7 we show the Mg-K and Mg-L2,3 edges in
MgO obtained from four different levels of calculation wit
increasing sophistication. Figure 7~a! shows the ground-stat
LDOS involving no core states.37 Figure 7~b! shows a pho-
toabsorption cross section~PACS! calculation in which the
matrix elements of transition between the core and the

FIG. 4. Calculated and experimental Al-K edges ina-Al2O3 and
MgAl2O4. The experimental data are from Ref. 14 (a-Al2O3). No
experimental data were available for the Al-K edge in MgAl2O4.
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PRB 62 7905Ab initio CALCULATION OF THE CORE-HOLE . . .
states are included but with no core-hole interaction
cluded. Figures 7~c! and 7~d! show the result of theZ11
approximation and the result with a full inclusion of th
core-hole effect, respectively. In these calculations, the in
and final states are calculated separately using a large s
cell. The only difference between the two is that there is
actual hole in the core in theZ11 approximation, so tha
there is no difference in the potential for a 1s electron exci-
tation or a 2p electron excitation. We can see the followin
~1! The LDOS is very different from the spectra with th
core-hole effect included.~2! The PACS result is similar to
the LDOS with slightly different relative peak intensitie
reflecting the effect of the matrix elements. The difference
much larger for theL edge than for theK edge.~3! The Z
11 approach gives similar results to the full core-hole c
culation for the Mg-K edge, but is less satisfactory for th
Mg-L2,3 edge. The intensity of the first peak in the Mg-L2,3
edge is overestimated because of the difference in the scr
ing effects for a 1s core hole and a 2p core hole.~4! The
rigorous inclusion of the core-hole effect reproduces all
spectral details discussed above. These results clearly
firm the assertion that core-hole relaxation has the larg
effect on the structures near the absorption edge. It shoul
emphasized that the main reason the presentZ11 approxi-
mation also yields superior agreement is because it is im
mented in the same rigorous manner, using the same su
cell, and including the matrix elements as in the rigoro
specific core-hole calculation. The only difference is in t
potential representation of the core of the excited atom.

Up to now, it is clear that a rigorous inclusion of th
core-hole effect is crucial to a successful ELNES calculati
However, for most energy-band methods, the inclusion
transition matrix elements requires additional computatio

FIG. 5. Calculated and experimental Al-L2,3 edges ina-Al2O3

and MgAl2O4. The experimental data are from Ref. 14 (a-Al2O3!
and Ref. 35 (MgAl2O4).
-
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effort, which may be onerous. In Fig. 7~e!, we show the
calculated LDOS of the final state, which includes the co
hole effect. Surprisingly, the resulting spectra are close to
more rigorous one with matrix elements included. In partic
lar, they can produce the peak positions very well, but
the relative intensities of the peaks. This is quite eviden
the 10–17-eV ranges for the Mg-K edge and in the first pea
in the Mg-L2,3 edge. We thus conclude that the inclusion
the transition matrix element is desirable for a better rep
duction of the experimental spectra.

In Figs. 8 and 9, we display the square of the final-st
wave functions in the CB for the Mg-K, Mg-L2,3, and O-K
edges in MgO. For comparison, the lowest CB state from
ground-state calculation and those obtained using theZ11
approximation are also included. The figure in the~001!
plane is Mg~O! centered for the Mg~O! edge. The wave func-
tion of the core-hole state extends to the region of nea
neighbors~NN’s! for the Mg-K and Mg-L2,3 edges, and to
the second NN’s for the O-K edge. They are somewhat mo
delocalized due to the presence of the core hole. The
edge state from the ground-state calculation is essentia
very delocalized one. Also, the core-hole state wave fu

FIG. 6. Calculated and experimental O-K edges in
MgO,a-Al2O5 and MgAl2O4. The experimental data are from Re
21 ~MgO!, Ref. 14 (a-Al2O3), and Ref. 35 (MgAl2O4).
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7906 PRB 62SHANG-DI MO AND W. Y. CHING
tions obtained from theZ11 approximation are slightly dif-
ferent from the rigorous calculation, reflecting the appro
mation made in theZ11 approach for the excited atom
Also, in the Z11 approximation, no distinction betwee
Mg-K and Mg-L2,3 edges can be made. We have investiga
the size of the core-hole states in the other two cryst
a-Al2O3 and MgAl2O4, with similar conclusions.

V. CONCLUSIONS

We have successfully implemented a rigorous schem
account for the core-hole effect in the ELNES calculati
within the ab initio OLCAO method. Application of this
scheme to three crystals, MgO,a-Al2O3, and MgAl2O4,
yield superior agreements on all 11 metal-K, metal-L, and
O-K edges. All experimental features in these spectra
reproduced by the calculation. This is achieved by satisfy
the three important components in the calculation.~1! The
calculation must account for the presence of the hole in
core state of the excited atom.~2! The excited electron in the
conduction band must be allowed to interact with the hole
the core.~3! A sufficiently large supercell must be used f
the final-state calculation to avoid spurious interactions. T
inclusion of the transition matrix elements is important if t
relative intensities of the peaks in the spectra are to be
produced. This has to be accomplished by separate calc
tions of the initial state~ground state! and the final state~an
electron in the lowest CB in the presence of a core hole!. It is

FIG. 7. Five different levels of the ELNES calculation for th
Mg-K edge~left panel! and the Mg-L2,3 edge~right panel! in MgO.
~a! LDOS from ground-state calculation;~b! PACS calculation with
matrix elements included;~c! Z11 approximation;~d! full core-
hole calculation;~e! LDOS from the final state of the core-hol
calculation with no matrix elements included.
-

d
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to

re
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also shown that theZ11 approximation for the core-hole
effect can provide very satisfactory results provided that
above conditions are met.

The present results provide great confidence in using
ELNES and XANES as fingerprint techniques for compl

FIG. 8. uC(r )u2 of the lowest CB state in the supercell calcul
tion for MgO on a~001! plane of the rocksalt structure. The cent
is at the Mg ion. The dark~white! shades represent region of lo
~high! density. The gray areas are regions of intermediate den
~a! Ground state calculation.~b! The same result obtained using th
Z11 approach. Note in theZ11 approach, no distinction can b
made between the Mg-1s or Mg-2p core excitation.~c! A Mg-1s
core electron is excited to the lowest CB.~d! A Mg-2p core electron
is excited to the lowest CB.

FIG. 9. Same as in Fig. 8 for the O-1s core electron excited to
the lowest CB. The center is at the O ion.~a! Ground-state calcu-
lation. ~b! Calculation using theZ11 approach.~c! Core-hole
calculation.
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PRB 62 7907Ab initio CALCULATION OF THE CORE-HOLE . . .
material characterizations. Preliminary calculations
ZnO,SrTiO3,Y2O3,Y3Al5O12, and other crystals yield
equally impressive agreement, and will be reported e
where. It appears that the many-body effect in the ELN
spectra is not as important as originally envisioned, at le
in the non-transition-metal oxides. This is quite surprisi
since, strictly speaking, the Kohn-Sham single-particle s
in the unoccupied energy region has no physical mean
Perhaps by allowing for the interaction between a core h
and an excited electron in the present scheme, an impo
step beyond the usual one-electron density-functional the
is already taken. It is hoped that with this computation
scheme, a systematic interpretation of the ELNES spectr
many materials can be properly interpreted within the o
electron theory.

The crystals discussed so far are insulators. It is not c
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to what extent the present method will be equally succes
in metals, transition-metal oxides, and systems with stro
electron-electron correlation. In these cases, a specific tr
ment of the many body effect will be necessary for ELNE
and XANES, and for the theory of excited-state spectrosc
in general. In a strongly correlated electron system, two e
trons may produce collective states,38 whose implication on
the spectroscopic properties is unknown. A many-bo
Green’s, function method39 or time-dependent density
functional theory40 may have to be used. Such a treatmen
clearly beyond the scope of the present paper.
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