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Ab initio calculation of near-edge structures in electron-energy-loss spectra
for metal-oxide crystals

S. Köstlmeier and C. Elsa¨sser
Max-Planck-Institut fu¨r Metallforschung, Seestraße 92, D-70174 Stuttgart, Germany

~Received 12 August 1998; revised manuscript received 25 May 1999!

The local electronic structure and its relation to the atomic environment of the ions in MgO, MgAl2O4, and
a-Al2O3 are analyzed by means ofab initio band-structure calculations based on the density-functional theory
~DFT!. The theoretical results for local densities of states are compared to electron-energy-loss near-edge
structures~ELNES! obtained by analytical transmission electron microscopy. For the peak positions of the
anionic centers, the validities of the effective one-electron approximation for the crystal potential in the DFT
and of the perturbative treatment of single-electron excitations are demonstrated at least semiquantitatively.
Limitations in the theoretical treatment for ELNES at the cationic centers are investigated. Improvements are
illustrated and discussed in comparison to experimental ELNES data. In particular, this concerns the explicit
account for core-hole relaxation effects in the excitation process, and the inclusion of symmetry constraints on
the probabilities for the excitations from a core state to conduction-band states.@S0163-1829~99!07543-8#
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I. INTRODUCTION

Electron-energy-loss spectroscopy~EELS! has proven to
be a valuable method for the investigation of material pr
erties at a microscopic scale~see, e.g., Ref. 1!. Especially the
energy-loss near-edge structure~ELNES! was found to be
sensitive to variations of the chemical environment of
given element. To name a few examples, ELNES data h
been successfully employed to study the distribution
dopants,2 segregation phenomena at grain boundaries,3 or
electron transfer processes at heterophase interfaces4–6 ~for a
recent survey see, e.g., Ref. 1, p. 301 ff!.

The analysis of experimental ELNES data is usua
based on the comparison of the observed spectrum to
from a set of reference materials and yields information o
through changes relative to such a standard.5,7–9 Theoretical
investigations of electronic structures, on the other ha
provide a fundamental tool for the interpretation of structu
and electronic changes. Therefore, several attempts
been made to link theory and experiment by calculating
ELNES in analogy to x-ray excitation processes10–16 to em-
ploy these results for the analysis of the experimen
ELNES.17–23 For this purpose, the measured energy-loss
tensity I (E) can be related to the square of the transit
matrix elementuM (E)u2 for a single-electron excitation an
the density of unoccupied electron statesNu(E) through Fer-
mi’s golden rule~see, e.g., Ref. 10!.

Both quantities M (E) and Nu(E) are accessible by
electronic-structure calculations. A recent overview of t
common theoretical approaches is given in the introduc
of Ref. 22. Most prominently, they are based on real-sp
cluster models, like multiple-scattering~MS! or molecular-
orbital methods, or on reciprocal-space band-structure~BS!
theory for crystals~for reviews see, e.g., Refs. 1, 24, and 2!.

In the present study self-consistent density-functional26,27

BS calculations were performed to determine the density
states~DOS! Nu(E) for a set of metal-oxide crystals b
means of a mixed-basis pseudopotential method.28–31 This
PRB 600163-1829/99/60~20!/14025~10!/$15.00
-

ve
f

ta
y

d,
l
ve
e

l
-

e
n
e

f

method employs norm-conserving ionic pseudopotentials
the representation of the atom cores. An explicit treatmen
the inner-shell electrons is not required in the procedure o
lined here, because only conduction-band densities of st
are used for the analysis of the ELNES. A mixed-basis se
plane waves and local orbitals represents the one-elec
wave functions in the self-consistent solution of the Koh
Sham equations. Site- and angular-momentum-resolved
tial DOS ~PDOS! are obtained from the total DOS by pro
jection onto atom-centered partial waves with angu
dependencies given by spherical harmonicsYlm(u,f). The
method will be described concisely in Sec. II.

A clear correlation of shapes can be observed between
measured ELNES intensity of the OK edge in crystalline
oxides and the PDOS of the unoccupied single-elect
states projected on the O site for an angular momentum
l 51, as will be demonstrated in Sec. III. This correlatio
will be employed to determine and analyze characteristic
K-edge fingerprints for the local environment of the strong
scattering anion centers in different crystal structures.

For the calculation of the ELNES at the weakly scatteri
cation centers of main-group-metal oxides some refinem
must be performed in the site and angular-momentum p
jection of the density of states. These concern both the ca
K and L edges, but stem from different physical origin
namely core-hole relaxations, spin-orbit, and crystal-fi
splittings, which will be addressed in Sec. IV.

II. COMPUTATIONAL METHOD

A. Pseudopotential band-structure calculation

For the crystals MgO,a-Al2O3, and MgAl2O4 self-
consistent density-functional26,27 calculations were carried
out, employing the conceptually simpleXa approximation32

as well as the more accurate local-density functional of P
dew and Zunger,33 based on electron-gas data of Ceper
and Alder,34 and the gradient-corrected functional of Perde
14 025 ©1999 The American Physical Society
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14 026 PRB 60S. KÖSTLMEIER AND C. ELSÄSSER
and Wang35–37 for exchange-correlation~XC! interactions.
The core-valence interactions were accounted for by no
conserving ionic pseudopotentials generated according
scheme of Vanderbilt38 for the following atomic valence ref
erence configurations: O (s2p3.75d0.25); Mg (s1.5p0.25d0.25);
Al ( s2p0.75d0.25). The Kohn-Sham equations were solved f
the valence electron Bloch statescnk(r ) with eigenvalues
Enk represented in a mixed-basis set of plane waves
additional local orbitals forp states of O~Refs. 28–31!
@numbers of valence electrons per atom:n(O)56, n(Mg)
52, n(Al) 53].

The smallest possible unit cells were used for the ca
lations, and three-dimensional periodic boundary conditi
ensure that the space-group symmetry of the whole cryst
included properly in the calculation. These were fac
centered cubic Bravais lattice cells containing two atoms
MgO ~rocksalt structure39! and 14 atoms for MgAl2O4 ~two
formula units, normal spinel structure40!. a-Al2O3 was rep-
resented by a rhombohedral unit cell composed of ten at
with trigonal symmetry ~corundum structure41!. Unless
stated otherwise in the text, all theoretical results were
tained for these small unit cells.

All experimental spectra, that are given in the followin
figures for comparison to our calculated results, were
corded on a dedicated scanning transmission electron m
scope installed at the MPI fu¨r Metallforschung in Stuttgart
STEM, VG HB501 UX, 100 keV, equipped with a Gata
666 PEELS. The spectra were recorded with energy dis
sions of 0.1 eV/channel for the OK edges, and of 0.3 eV
channel for both cation-K and -L2,3 edges, and analytica
background functions were subtracted~courtesy of Mu¨llejans
and Duscher; for more details on the experimental techni
see, e.g., Ref. 42!.

B. Approximate calculation of ELNES

In the EELS process a part of the incident electron be
experiences inelastic scattering with the sample, leadin
excitations of both core and valence electrons at the sca
ing center. Using Bethe’s theory for inelastic scattering~see,
e.g., Ref. 10! the intensityI (E) in the near-edge region ca
be shown to be proportional to the square of the transi
matrix elementsM (E) and the density of unoccupied, fina
statesNu(E) as given by Fermi’s golden rule:

I ~E!}Nu~E!uM ~E!u2. ~2.1!

The following four assumptions are made for the conc
tually simplest stage of the present approach to calculate
NES. ~1! The individual electrons occupy and are excit
between single-electron states~one-electron approximation!.
~2! The transitions between the single-electron states are
sumed to happen instantaneously, i.e., within an infinite
mally short time interval.~3! The validity of the dipole ap-
proximation is assumed for the transitions.~4! The
dependence of the transition matrix element on the ene
and on the spatial characteristics of initial and final state
neglected.

The single-electron states of approximation~1! are calcu-
lated from self-consistent effective ground-state one-elec
potentials of the density-functional theory.~Different
exchange-correlation approximations have been conside
-
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see Sec. III A.! To go beyond assumption~1! requires the
calculation of quasiparticle spectra instead of single-elect
spectra. This has become feasible in recent years by m
of theGW approach.43,44Its application to covalent and ioni
bulk materials has been very successful, but for defect st
tures like surfaces or grain boundaries, theGW approach is
still computationally rather costly. However, relative diffe
ences between calculated quasiparticle and single-elec
energy dispersion curves for conduction-band states
rather delicate~see, e.g., Refs. 45 and 46! and thus not so
important for ELNES. Therefore the single-electron a
proach investigated in the present work, and intended
ELNES studies of defect structures, can be justified at le
as a reasonable approximative methodology for ionic m
oxides.47

Assumption~2! means that for initial and final states o
the excitation, one-electron states from the same~initial!
ground-state effective one-electron potential are used. It
be improved by accounting for final-state effects due to co
hole relaxations. This issue will be discussed in Sec.
Assumptions~3! and~4! concern the matrix elementsM (E)
and will be addressed below after considering site- a
angular-momentum resolved PDOS. In Fermi’s golden r
@Eq. ~2.1!# the matrix elements select the appropriate com
nation of PDOS compatible with the dipole approximati
@assumption~3!# and crystal-field symmetry~see Sec. IV B!.

All-electron and pseudopotential BS calculations yield t
total densities of states@DOS, N(E)# in a self-consistent
crystal potential:

N~E!5(
n,k

d~«2«n,k!5(
n,k

z^cn,kucn,k&Vz2 d~«2«n,k!,

~2.2!

where^u&V denotes the spatial norm integral over the who
unit cell. All states up to the Fermi level are occupied
electrons@No(E)# and are not directly involved in core los
spectroscopy. The unoccupied part of the DOS@Nu(E)# at
energies above the Fermi level is the first factor in relat
~2.1! For the analysis of bonding interactions it is useful
decompose this DOS into its angular-momentum com
nents by a projection onto partial waves within a sphereSa
around an atomic sitea, where:

Na~E!5(
n,k

z^cn,kucn,k&Sa
z2d~«2«n,k!5(

l ,m
Na lm~E!

~2.3!

with

Na lm~E!5(
n,k

z^xnk
a lmuxnk

a lm&Sa
z2d~«2«nk!, ~2.4!

where^u&Sa
denotes a norm integral over a sphere centere

the atomic sitea, andcn,k , in general, can be expanded in
set of partial waves at sitea:

cn,k~r !5(
l ,m

xnk
a lm~r2Ra!. ~2.5!
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PRB 60 14 027AB INITIO CALCULATION OF NEAR-EDGE . . .
Thus one obtainss-, p-, andd-type PDOS separately at th
specific sitea, which are used to fulfill selection rules re
sulting from the dipole approximation and from crystal-fie
symmetry. The property of norm conservation in pseudo
tential theory25 warrants that projections of the DOS o
atom-centered spheres are the same in all-electron
pseudopotential calculations to a high degree of accuracy
long as the sphere radiiSa are larger than the cutoff radii fo
the corresponding atomic valence pseudo-wave-function

The second factor in relation~2.1!, the transition matrix
element for a one-electron excitation, is given by

M ~E!5E c f* ~r !e2 iq•rc i~r !d3r ~2.6!

wherec i(r ) and c f(r ) are the initial- and final-state wav
functions of the excited electron andq5k i2k f is the mo-
mentum transferred during the scattering event (k i andk f are
the wave vectors of the scattered electron before and afte
EELS process!. More accurately, the transition matrix ele
ments M (E) depend on the energy loss and also on
atomic sitea and the angular momental andm of c i(r ) and
c f(r ).

The calculation ofM (E) is straightforward with all-
electron BS methods, which provide wave functions for b
initial core and final conduction-band states. With pseudo
tential BS methods, on the other hand, the core states ar
calculated explicitly for crystals, but included implicitly i
the ionic pseudopotentials.25 For the conduction-band as we
as valence-band states the pseudo-wave-functions are c
lated instead of the all-electron wave functions. By constr
tion of norm-conserving ionic pseudopotentials, both wa
functions coincide in the interstitial volume regions of cry
tals and thus are equally well suited for density-functio
total-energy and force calculations of structure and bond
properties. In the volume regions of overlap with the co
states, they are different in shape but equal in norm.@Only
the latter is needed for the PDOSNa lm(E), cf. Eq. ~2.4!.#
Hence, in order to calculate matrix elements accurately w
a pseudopotential method, the all-electron core a
conduction-band wave functions need to be reconstruc
This is possible without much more computational effo
compared to the calculation of pseudo-wave-functions,
instance by means of the technique of Ref. 48.

In the present work, the matrix elements were not cal
lated explicitly, because their main effect on the ELNES c
be assessed by symmetry considerations. Compared to
densities of states, the matrix elements are of minor imp
tance for the following reasons: With the dipole approxim
tion ~4!, e2 iq•r'12 i (q•r ), which is natural for x-ray ab-
sorption near-edge structures and justified for ELNES w
near-parallel scattering, all matrix elements vanish exc
those for transitions fulfilling the dipole selection ruleD l 5
61. Thus the ELNES is composed of only a few PDO
Na lm(E). For instance, for oxygenK edges the Op PDOS
~discussed in Sec. III and displayed in Figs. 1 and 2! are
given by (m521

1 Nu
a1m(E) with a specifying an oxygen site

and l 51 the projection on p states. Concerning assump
~4!, the spatial characteristics of initial and final states
determined by the radial overlap between the core
conduction-band wave functions, and by the local crys
-

nd
as

he

e

h
-

not

lcu-
-

e

l
g

e

h
d
d.
,
r

-
n
the
r-
-

h
pt

n
e
d
l-

field symmetry. The former can be mimicked by a choice
the projection-sphere radiusSa similar to the radial exten-
sion of the core-state wave function. The latter leads to
other selection rule forDm, which is obtainable without
much computation by group-theoretical considerations. T
remaining matrix elements are energy dependent, but in
lier ELNES calculations it was found that this dependence
slowly varying and, thus, not significantly changing the sp
tral shapes of the ELNES.49

Accounting for these assumptions, an at least semiqua
tative comparison between experimental and calculated

FIG. 1. OxygenK edge in MgO. The experimental spectrum
compared to the unoccupied Op-PDOS calculated with the follow-
ing approximations for the exchange-correlation interaction: S
er’s Xa approximation witha52/3 ~xa! and a51 ~hf!, local-
density approximation~ca!, and generalized gradient approximatio
~pw!. ~The ordinate units are arbitrary.!

FIG. 2. Comparison of measured OK edges~top! of the three
oxides MgO~left!, MgAl2O4 ~middle!, anda-Al2O3 ~right! and the
corresponding calculated unoccupied Op-PDOS ~bottom!. ~A
Gaussian broadening of 1 eV full width at half maximum was a
plied to the calculated DOS. The ordinate units are arbitrary.!
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14 028 PRB 60S. KÖSTLMEIER AND C. ELSÄSSER
NES can be anticipated for a limited number of cases. Qu
tative agreement on the number of intensity maxima a
their relative positions, however, as necessary for the an
sis of local environments, can be expected for many syst
at the advantage of low computational effort, even for co
plex defect systems with large supercells, whose ato
structures can be determined very accurately by pseud
tential BS methods.

C. Comparison of calculated and experimental results

A direct comparison between calculated and measu
spectra is complicated by deviations from ideal cases in b
theory and experiment. Therefore, some conventions
briefly introduced.

The DOS were obtained by summing over energy eig
valuesEnk on discrete meshes ofk points in the first Bril-
louin zone. For comparison with the experimental spectra
energy eigenvalues were artificially broadened with Gau
ian functions of 1 eV full width at half maximum. This mim
ics roughly damping effects within the typical energy res
lution of about 0.7 to 0.8 eV attainable at the VG HB501 U
STEM.42 The intensities in both the experimental and t
calculated spectra are normalized to the highest peak a
edge onset and are given in arbitrary units.

From the theoretical side, absolute energies of the e
onsets cannot be determined due to the use of pseudop
tials. The required core levels are incorporated in the pseu
potential and are not calculated explicitly. Additionally, ba
gaps of insulators are systematically underestimated in
local-density approximation. A calculation of absolute ed
onset energies is therefore not feasible within the pres
scheme. Consequently, the interpretation of EELS edge
ergy shifts~as described in Ref. 1, pp. 225–227! cannot be
carried out in strict analogy to molecular core level spectr
copy, and a closer analysis of the recorded ELNES patte
is required. As an alternative solution, the inflection point
the edge onset42 is arbitrarily defined as the zero point of th
energy scale.

The radii of the projection spheres in the calculation
the PDOS are chosen to give the same ratios as stan
ionic radii for Mg21, Al31, and O22,50,51 and they were
scaled to the smallest interatomic distance to yield touch
spheres. This procedure was adopted since a variation o
projection radii in an interval of60.2 Å around the scaled
ionic radii turned out to be of marginal influence on t
PDOS intensities.

III. OXYGEN K EDGES

Both ELNES and XANES measurements have been
cussed as probes for the local coordination around the s
tering center, e.g., in silicates,8 various main-group and
transition-metal oxides,7,9,52 or, recently in titanates.53,54 In
principle, all edges can be used to obtain ‘‘fingerprints’’
the local atom arrangement,55 but theK edges are probably
best suited, because the initial 1s state is not degenerate an
most strongly localized at the scattering center. This has
advantages that the 1s state is not involved in bonding to
neighboring atoms~negligible dispersion!, and that it causes
no further crystal-field splittings.
li-
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A. Influence of the exchange-correlation approximations

The determination of the appropriate treatment of at
cores by ionic pseudopotentials may be crucial for the
proximation of an instantaneous transition and all approac
to get beyond it. In order to assess the reliability of the
fective one-electron potentials entering the scheme, for
test case of MgO four different XC functionals were em
ployed both in the pseudopotential generation and in the s
consistent screening of the ionic pseudopotential for
DOS calculation: Slater’sXa approximation witha51 ~hf,
local Hartree-Fock approximation32! and a52/3 ~xa!,32,27,56

the local-density functional~ca!,33,34 and the gradient-
corrected functional~pw!.35–37

Figure 1 displays a comparison of the oxygenp-PDOS
obtained from self-consistent one-electron potentials with
four different XC approximations and the experimental sp
trum of the OK edge of MgO. At first glance no difference
between the calculated curves are obvious: the sec
fourth, and fifth peaks of the calculated PDOS agree v
well also with the respective experimental ELNES signa
Only with the hf functional the overall energy difference
between the signals are slightly larger than with all oth
methods. The splitting between the second and the third p
is underestimated by all four XC approximations, and
shoulder is obtained instead of a distinct peak at the e
onset in the experimental spectrum. This prominent feat
can be tentatively interpreted as due to a core-hole ef
which can manifest as an additional excitonic peak sup
posed to the first structure of the ELNES. Some minor n
merical differences are detectable between the results o
four XC functionals. Quantitatively, the best match for t
edge onset was obtained with the xa functional. Hence,
because of its conceptual advantage for a simple justifica
of single-electron spectra~approximate validity of Koop-
man’s theorem in local Hartree-Fock theory, see, e.g., Re!
the xa functional was mostly used throughout the subseq
study. All results and conclusions, however, remain the sa
for the more sophisticated ca and pw functionals.

B. ‘‘Fingerprinting’’

A comparison of the OK ELNES measured for the two
cubic oxides MgO and MgAl2O4 ~Fig. 2, upper parts of left
and middle panels! displays a rather similar four-peak pa
tern, whereas the spectrum for the rhombohedral cry
a-Al2O3 ~Fig. 2, upper part of right panel! exhibits only
three prominent features within the same energy range
about 30 eV above the edge onset. The amount of splitt
however, as well as the shape at the edge onset differs
MgO and spinel, because O is coordinated octahedrally
MgO, but only by a distorted tetrahedron of one Mg ion a
three Al ions in spinel. This is in accordance with previo
findings, attributing a noticeable shoulderA8 at the very edge
onset to O in~near-! tetrahedral coordination.4,8 The relative
splittings of the other three signalsA to C are of comparable
magnitude in the cubic oxides, displaying again the clo
structural relationship in the close-packed anion arrangem
and confirming it to be the dominating effect on the ba
ELNES features.

In the rhombohedrala-Al2O3 the oxygen sites are coor
dinated by distorted Al31 octahedra41 and the spectrum re
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PRB 60 14 029AB INITIO CALCULATION OF NEAR-EDGE . . .
sembles more the one of MgO with the prominent first sig
being A8. The splittings betweenA8, A, andC are compa-
rable to the ones determined experimentally for MgO. T
major difference between the hexagonal close-packed o
gen sublattice ofa-Al2O3 and the face-centered-cubic ox
gen sublattices of MgO and MgAl2O4 is the very low inten-
sity of signalB in the casea-Al2O3.

Given in the lower part of Fig. 2 are the calculated uno
cupied p PDOS at the oxygen site. For all three cases
agreement between the calculated and the measured d
remarkably good. Not only are the rough peak patterns
produced, but even the peak splittings and the intensity ra
of the features within the spectra are in rather close ac
dance with the measured data. A direct comparison of
peak positions along with the root mean square deviati
~rms! between calculated and measured maxima is give
Table I. Especially the rms values for the cubic oxides
extraordinarily small with 0.1 eV and 0.2 eV, respective
i.e., 1.0% and 0.5% of the total energy range analyzed.
the case ofa-Al2O3 the deviation amounts still to only abou
1.5% of the whole ELNES region under investigation.

From these results we conclude that the main feature
the ELNES of a strongly scattering anionic center are do
nated by the spatial arrangement of the surrounding stro
scattering anionic centers. Even the basic peak splitting i
comparable magnitude for all three oxides. The tiny deta
on the other hand, such as intensity ratios and smaller s
tings at a sub-eV to few-eV scale are determined mainly
the cation arrangement within the crystal.

IV. CATION K AND L 2,3 EDGES

The same treatments as described for OK edges in the
preceding section were carried out for the metal edges
well. As for the OK edge, differences between the cati
PDOS obtained with the four XC approximations cou
hardly be determined by visual inspection.~Therefore they
are not displayed here.!

A. Consideration of core-hole effects

The cationK edges occur at electron-energy losses ab
1000 eV~Mg, 1305 eV, Al 1560 eV! ~see, e.g., Refs.17 an
20!, i.e., at rather high energies compared to the OK edges,
which are recorded around 530 eV in the oxides of

TABLE I. O K edges for MgO, MgAl2O4, and a-Al2O3. A
comparison of the positions of the energy-loss peaks in the exp
mental spectra and the maxima of the calculatedp-PDOS at the O
center is listed along with the root mean square deviations betw
the measured and the calculated peak positions. All energies
given with respect to the edge onset and in eV.

MgO MgAl2O4 Al2O3

Expt. Calc. Expt. Calc. Expt. Calc.

A’ 22.6 22.6 23.4 23.4 21.9 22.9
A 0.0 0.0 0.0 0.0 0.0 0.0
B 6.5 5.5 6.8 6.4 – –
C 17.1 17.3 18.7 18.9 17.0 17.0

rms 0.3 0.1 0.3
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present study. Thus, changes in the electronic structure a
metal centers are more pronounced than the ones at O
ters, and may no longer be neglected as in the BS calcula
for the electronic ground state of the solid. Differences b
tween calculated and measured data occur especially in
energy region around the edge onset, where the meas
Mg K-edge spectrum of MgO displays a prominent, spi
feature, and also the AlK edge ofa-Al2O3 starts off with a
distinct steep peak~see the experimental spectra displayed
Figs. 3 and 5 for Mg and AlK edges, respectively!.

In the literature this first peak has been ascribed to
formation of excitonic states at the scattering center a
local reaction of the electron system on the excitation o
core electron.9,17,20,55,58The reduced screening of the nucle
potential causes a shift of the conduction-band states
lower energies, which then split from the band manifold
localized states with negligible dispersion.59,60 This effect
becomes most prominent inK edges because the excitatio
of a 1s electron affects the screening of the nuclear poten
most strongly. In an extreme picture the valence electr
feel a potential of the nucleus like that of an atom of the n
element in the Periodic Table with one additional proton.58

In MS calculations this picture has been adopted by s
stituting the atom at the scattering center with the next hig
element. This so-calledZ11 approximation (Z is the
nuclear charge! has been successfully employed in the c
culation of numerousK edges leading to a better reprodu
tion of the very sharp feature at the edge onset in m
cases, provided the cluster size was sufficiently large.53,58,61

In a recent BS investigation~using a linear muffin-tin or-
bital method! core-hole effects were included by excitin
one core electron to previously unoccupied states and k
ing the occupancy of the core level fixed during the se
consistent field calculations.18 This procedure, however, did
not lead to the reproduction of the spike at the edge on
but only to a decrease of the band gap and a diminishing
the conduction-band width.

FIG. 3. Core-hole effect on the MgK edge in MgO. The experi-
ment and the unoccupied Mgp-PDOS for the following potentials
at the Mg center are compared:~a! V(Mg), ~b! V1, ~c! V2, ~d! V3,
and ~e! V(Al). For details on the potential generation, see Sec.
A.
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Both approaches were applied to MgO as a test case
addition to the substitution of Mg by Al in theZ11 approxi-
mation, norm-conserving ionic pseudopotentials were ge
ated for the following core-hole excitations of the Mg ato

V1 :Mg~1s22s22p63s2!→Mg* ~1s1.52s22p63s23p0.5!,

V2 :Mg~1s22s22p63s2!→Mg* ~1s12s22p63s23p1!,

V3 :Mg~1s22s22p63s2!→Mg1~1s12s22p63s2!11e2.

The generation of pseudopotential V1 is motivated by Slat-
er’s transition-state concept for the treatment of low-ene
excitations within the ground-state density-function
theory.62,63 This procedure is necessary, because dens
functional theory, given by the two theorems of Hohenbe
and Kohn, strictly applies only to the ground state of
electron system in a given external potential, e.g., by
nuclei.26 Therefore, in principle excitation energies cannot
calculated in analogy to Hartree-Fock theory as the diff
ence between the total energies of electronic ground and
cited states or equally from the one-electron orbital energ
via Koopmans’ theorem.57 Slater demonstrated, howeve
that the excitation of only half of an electron can still b
performed within the limitations of a ground-state theo
The resulting electron density and potentialV1 incorporate
already some final state effects of the excitation, althoug
a lower degree than the full 1s→3p process would do.

The construction of the second and the third pseudopo
tials V2 and V3 strictly violates the basic principles o
density-functional theory. ForV2 a whole 1s electron is ex-
cited to the previously empty atomic 3p states, leaving a
complete hole in the 1s core shell. InV3 the removal of the
core electron by cation formation deviates even more fr
the ground state. With the help ofV3 an upper bound for the
effects of a full 1s core ionization at the Mg center is est
mated. By additional comparison to calculations on grou
state MgO with the pseudopotentialV(Mg) and the hypo-
thetical isostructural compound AlO@with V(Al) # the
amount of unscreening of the nucleus can be studied s
wise in increasing orderV(Mg),V1,V2,V3'V(Al). ( ,
and' symbolize the strength ratios of the core-hole exc
tions.!

Figure 3 shows a compilation of the experimental MgK
edge in MgO and the calculatedp-projected densities o
states (p-PDOS! on Mg, employing the pseudopotentials f
the five reference atoms in the following order: for t
ground-state Mg atom~a!, for the three excited Mg atom
with V1 ~b!, V2 ~c!, andV3 ~d!, and for the ground-state A
atom ~e!.

As stated previously, the peak positions of the experim
tal spectrum~uppermost curve! and the ground-state MgO
p-PDOS~a! are in quite good agreement, but the peak sha
and intensities differ especially at the edge onset. With
pseudopotentialV1 only minor changes occur: The secon
prominent feature in the spectrum~b! gains more intensity
compared to the pureV(Mg) case~a! and the features a
higher energy loss match better. The sharp peak at the
onset, however, is not reproduced. Upon further exciting
full electron from 1s to 3p with V2 the observed change
become more pronounced~c!, but, as noted previously fo
transition-metal silicides,18 the only consequences are a fu
In
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ther narrowing of the conduction-band width and a slig
diminishing of the band gap. With the ion pseudopoten
V3 the same result is obtained~d!.

It is worth noting that the PDOS~e! calculated with the
Z11 approximation exhibits the same peak positions a
intensities as the PDOS obtained with the potentialsV2 and
V3, for which one electron is missing in the 1s shell. On the
one hand this result confirms that theZ11 approximation is
a good qualitative description of the core-hole effect inK
edges, justifying its use in MS calculations~see, e.g., Ref.
17!. On the other hand it means that the introduction of
core hole in the band-structure calculation, at least for sm
unit cells like (MgO)1, is not sufficient to reproduce the firs
sharp feature at the edge onset. Comparing the Mgp-PDOS
to the MgL1 edge in MgO~see also Ref. 17! the agreement
in intensities is significantly improved. TheL1 edge displays
only a small peak at the edge onset, but the number
energy spacings of the peaks are identical to theK edge and
in good agreement with the band-structure data.

In MS calculations the intensity differences betweenK
andL1 emerged only with increasing cluster size, when bo
the excited Mg atom in the cluster center and the nonexc
Mg atoms in the surrounding shells were present.17 Analo-
gous to this investigation, a small simple-cubic supercell
the size (MgO)4 was calculated with the mixed-bas
method, using three timesV(Mg) and onceV1 for the cat-
ions (Mg3Mg* O4). To allow a more detailed analysis,
smaller Gaussian broadening of 0.25 eV was used here.
corresponding Mgp-PDOS data are shown in Fig. 4, whe
Mg denotes the PDOS of the ground-state Mg center
Mg* the PDOS of the excited Mg center. For the Mg* cen-
ters the difference between the small cell~d! and the super-
cell ~a! are not pronounced. The major improvement appe
for the second group of peaks at a 7–10 eV energy lo
whereas the edge onset is virtually unchanged. Thep-PDOS
of the ground-state Mg center in Mg3Mg* O4 changes
slightly compared to thep-PDOS of pure MgO@cf. Fig. 4,
curves~b! and (c)#. This finding indicates that the influenc
of the centers with the modified core-hole potentialV1 is not
yet sufficiently screened at the nearest-neighboring grou
state Mg site. Visible by the small differences betwe
curves~a! and ~d! there is some artificial superlattice inte

FIG. 4. Core-hole effect on the MgK edge in MgO studied with
a Mg3Mg* O4 supercell, compared to MgO andMg* O unit cells.
~A Gaussian broadening of 0.25 eV was employed.!
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PRB 60 14 031AB INITIO CALCULATION OF NEAR-EDGE . . .
action between two excited next-nearest-neighbor Mg s
in the Mg3Mg* O4 model. As the experimental recordin
conditions ensure that two excitation processes are inde
dent from each other, a thorough treatment of the core-h
effect requires the use of large and computationally intens
supercells. This, however, is beyond the scope of the pre
investigation on the abilities and limitations of a simple a
quick scheme for the interpretation of EELS.

The analysis of the AlK edge ina-Al2O3 yields a similar
picture. As displayed in Fig. 5, the corresponding measu
spectrum reveals only a few distinct features. The splitting
the first peak is found already in the ground-state calcula
with reasonable accuracy.

B. Account for crystal-field symmetry

For theL2 andL3 edges of the third-row metals Mg an
Al the core relaxation effects are of less importance, beca
the corresponding excitation processes for the 2p→3s; 3d
transitions are low in energy@Mg: 51 eV, Al: 78 eV ~Refs.
17 and 20!#. In this case the major complication with respe
to the calculation is the large number of 18 different possi
one-electron excitations from the threep states into the sixs
andd states at the scattering center. For a nonrelativistic
atom all initial and all final states, respectively, would
degenerate with respect to the magnetic quantum numbm
for a given value of the angular-momentum quantum num
l. Two types of interactions lift these degeneracies for a re
tivistic atom in a crystal. The initial 2p core states are spli
by the spin-orbit interaction which gives rise to the ener
difference between theL3 and theL2 edge. In free Mg or Al
atoms this splitting was determined as only 0.4 eV from
self-consistent Dirac-Fock-Slater calculation employing
same XC functional as used in the BS calculations for
oxide crystals. Optical measurements ona-Al2O3 with a
synchrotron light source yielded the same splitting of the fi
peak in the AlL2,3 edge by 0.4 eV, which was attributed
the spin-orbit splitting of the 2p states.64 However, this
amount is below the experimental energy resolution of
EELS experiment and is presently neglected. The calcula
edges will therefore be denoted as ‘‘L2,3’ ’ in the following,
although they are not corrected for the 2p3/2-2p1/2 splitting
and strictly correspond only to aL3 or a L2 edge.

FIG. 5. ExperimentalK edge and calculatedp-PDOS of Al in
a-Al2O3.
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Both the core and the conduction-band states can be
additionally into subsets of different symmetries due to
influence of the crystal environment, which lifts the dege
eracy with respect to the magnetic quantum numberm. In
analogy to optical spectroscopy, not all possible transitio
between these subsets contribute to the ELNES. Some o
subsets cannot interact with one another for symmetry
sons, thus the corresponding transition-matrix elements v
ish. As pointed out in Ref. 23, however, the sum over p
jections onto partial waves for the momental 50 andl 52 is
a reasonable approach in the case of main-group me
since both the 3d and the 4s states are diffuse~no white
lines! and have comparable overlap with the 2p core state.
The l dependence of the transition matrix element may the
fore be neglected.

The influence of the crystal field can be accounted for
follows. Both the initial- and the final-state levels are sp
into manifolds belonging to one of the irreducible represe
tations of the local point-symmetry group at the scatter
center. The determination of the correct point group may
complicated by the fact that thez axis is already fixed by the
direction of the incident electron beam. If thisz axis and the
principal rotation axis of the local point group do not coi
cide, this leads to a symmetry reduction which must be
counted for. From the orthogonality theorem for the com
nation of representations it follows that electronic transitio
between two states have a nonvanishing contribution onl
the integrand of the transition matrix element belongs to
totally symmetric representation of the point group~for a
detailed description see, e.g., Ref. 65, pp. 20–25 and 80–!.
Otherwise, positive and negative contributions in the integ
tion cancel due to symmetry reasons. Instead of calcula
the full matrix element it is sufficient to form a reducib
representation from the irreducible representations of the
tial state, the dipole operator, and the final state, which
be decomposed into irreducible representations. If the tot
symmetric representation contributes, the corresponding
citation is allowed by symmetry, and the matrix element
arbitrarily chosen as 1. All other matrix elements are se
zero.

In the following the local coordinate system is chos
with the z axis parallel to the direction of the incident ele
tron beam. From the nominally 335515 transition pro-
cesses fromp to d states, only nine can be achieved, obeyi
the selection ruleDm50,61. The allowed transitions are
schematically given in Fig. 6~a! where a horizontal arrow
depicts an excitation to them50 component, and the arrow
pointing up and down are symbols for excitations to them
561 components, respectively. Thus for theL2,3 edges the
projections to spherical harmonicsY2m should be added up
including to corresponding weights, i.e., the ratioY222 :
Y221 : Y20: Y21: Y22 should be 1:2:3:2:1. Note, howeve
that all p→s transitions are allowed.

In another step, the interaction with the incident electr
beam is reconsidered. The dipole selection rule was der
under the assumption that the scattering angle is small,
ideally the spectrum is recorded under parallel scatter
conditions. In this limit only thez component of the dipole
operator contributes, whereas thex andy components can be
neglected as they are perpendicular to the electron be
This situation may be compared to the use of longitudina
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14 032 PRB 60S. KÖSTLMEIER AND C. ELSÄSSER
polarized light in optical spectroscopy. Evidence for inte
sity changes with the polarization direction is given
synchrotron-light spectra recorded by Tomikiet al.64 for the
highly anisotropic materiala-Al2O3. Therefore, the AlL2,3

edge ina-Al2O3 was chosen for such a further investigatio
Figure 6~b! displays the experimental AlL2,3 edge, the

equally weighted sum of the Als- andd-PDOS@dashed line
~a!# and a sum weighted by the matrix elements accordin
the irreducible representations in parallel scattering con
tions, as described above@solid line ~b!#. Concerning the
number and positions of the peaks, already the equ
weighted sum and the experimental spectrum agree
well, especially in the first ten eV from the edge onset, wh
the PDOS is dominated by thes contribution. The agreemen
is still quite good also in the higher-energy part of the sp
trum up to theL1-edge onset, where thed contribution pre-
vails. Major discrepancies occur around 20 eV energy lo
where one huge, featureless peak is observed in the ex
ment, whereas the calculation shows more structure
lower intensity. The peak position cannot be changed by
weighting procedure outlined above, but only the intens
ratios of already existing features. For the AlL2,3 edge, how-
ever, it leads to a noticeable improvement, when only
transitions allowed withinC3v symmetry around the Al cen
ter are taken into account@see Fig. 6~b!#.

FIG. 6. ~a! Schematic diagram of all symmetry-allowedp→s
and p→d transitions contributing to the AlL2,3 edge.~b! Al L2,3

edge ina-Al2O3. The experimental ELNES is compared to th
simple sum of unoccupied Als andd PDOS~a!. The result of the
weighting procedure explained in Sec. IV B is given by curve (b).
~A Gaussian broadening of 0.25 eV was employed in the calc
tion.!
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V. SUMMARY

A theoretical scheme based on Fermi’s golden rule w
presented for the calculation and analysis of near-edge s
tures in electron-energy-loss spectra by means of site-
angular-momentum-projected densities of states obta
from crystal-electron band structures. The band structu
were calculatedab initio, based on density-functional theor
employing a mixed basis of plane waves and local orbitals
represent the valence electron wave functions, and no
conservingab initio pseudopotentials for the core-valen
interaction. Both the efficiency and the limitations of th
approach were discussed in detail.

The application of this scheme to the main-group-me
oxides MgO,a-Al2O3, and MgAl2O4 supports the concep
of fingerprinting with the OK edge. Very good agreemen
between calculated and measured data is obtained with
spect to the following criteria: Number of maxima or shou
ders, positions and intensity ratios of the peaks. The spa
arrangement of the strongly scattering anions determines
basic ELNES features such as the number and the posit
of the peaks. The additional fine structure superimposed
the prominent peaks as well as the intensity ratios, on
other hand, are caused by the symmetry of the cation sub
tice and the related crystal-field effects.

An analysis of the cation ELNES in MgO anda-Al2O3
by a straightforward comparison with the corresponding
cal site- and angular-momentum projections of densities
unoccupied states yielded less satisfactory results. The
crepancies were attributed to the effect of core-hole rel
ation in the case of theK edges and to the influence of th
crystal field on the more complicated excitation proces
involved in theL2,3 edges.

To check relaxation effects caused by the core hole,
Mg K edge of MgO was recalculated with a series of pseu
potentials, which were generated for different atomic ref
ence configurations of Mg. The conduction band beca
contracted and the band gap slightly diminished. The exp
mentally observed sharp peak at the edge onset, howe
was not yet reproduced. The use of a small supercell did
improve the result significantly. It merely indicated a cons
erable screening range of the excited core. It is conclu
that the shape of energetically highK edge onsets is no
easily obtained on the basis of the effective one-electron
proach used here, unless larger supercells are employed

The matrix-element contribution for cationL2,3 edges was
reexamined, since many different excitation processes f
the 2p to the (3d13s/4s) states may contribute to the in
tensity of these edges. Some of the transitions are forbid
due to local-symmetry constraints imposed by the selec
rule Dm50,61, and the condition of near-parallel scatte
ing. The matrix elements for all remaining allowed tran
tions were chosen as equal. The AlL2,3 edge ofa-Al2O3
was investigated as a test case because of the larger an
ropy of this material compared to the cubic MgO, and t
corresponding low local symmetry. Already an equa
weighted sum of thes-PDOS and thed-PDOS agreed rathe
nicely with the measured data. If the corrections for t
proper weighting factors of the DOS projections were
cluded into the calculated spectrum, an additional impro
ment of the intensity ratios in the AlL2,3 edge was achieved
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Elaborations of the methodology and its application
ELNES and the local bonding at interfaces in ceramics ar
progress. One principal goal of the present study was
make the methodology as simple as possible both conce
ally, e.g., by usingXa together with more sophisticated X
approximations, and computationally, e.g., by avoiding
explicit calculation of transition matrix elements. This mak
the approach immediately suitable, in connection w
pseudopotential total-energy and force calculations for lar
supercell systems, as a quicka posteriori analysis tool for
local electronic structure and bonding.
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