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Abstract

Over the last eight years, a large number of x-ray absorption near edge structure (XANES)
and/or electron energy loss near edge structure (ELNES) spectroscopic calculations for complex
oxides and nitrides have been performed using the supercell-OLCAO (orthogonalized linear
combination of atomic orbitals) method, obtaining results in very good agreement with
experiments. The method takes into account the core-hole effect and includes the dipole matrix
elements calculated from ab initio wavefunctions. In this paper, we describe the method in
considerable detail, emphasizing the special advantages of this method for large complex
systems. Selected results are reviewed and several hitherto unpublished results are also
presented. These include the Y K edge of Y ions segregated to the core of a X31 grain
boundary in alumina, O K edges of water molecules, C K edges in different types of single
walled carbon nanotubes, and the Co K edge in the cyanocobalamin (vitamin B;,) molecule. On
the basis of these results, it is argued that the interpretation of specific features of the calculated
XANES/ELNES edges is not simple for complex material systems because of the delocalized
nature of the conduction band states. The long-standing notion of the ‘fingerprinting’ technique
for spectral interpretation of experimental data is not tenable. A better approach is to fully
characterize the structure under study, using either crystalline data or accurate ab initio
modeling. Comparison between calculated XANES/ELNES spectra and available
measurements enables us to ascertain the validity of the modeled structure. For complex
crystals or structures, it is necessary to use the weighted sum of the spectra from structurally
nonequivalent sites for comparison with the measured data. Future application of the
supercell-OLCAO method to complex biomolecular systems is also discussed.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Within the last two decades or so there have been tremendous
developments in the experimental probes of the unoccupied
states in solids using x-ray absorption near edge structure
(XANES) [1-3] and electron energy loss near edge structure
(ELNES) spectroscopy [4, 5]. This is mainly due, on one
hand, to the availability of high intensity x-ray sources offered
by the establishment of many synchrotron radiation centers

0953-8984/09/104202+16$30.00

(SRC) worldwide. On the other hand, the advancement of
high resolution transmission electron microscopy (HRTEM)
and, more recently, scanning transmission electron microscopy
(STEM) in conjunction with electron energy loss spectroscopy
(EELS) as an effective materials characterization tool has
also yielded unprecedented amounts of data on many types
of different material systems [6—10]. To properly interpret
the measured spectral data and to understand the underlying
physics, theoretical calculations have become indispensable.

© 2009 IOP Publishing Ltd  Printed in the UK


http://dx.doi.org/10.1088/0953-8984/21/10/104202
http://stacks.iop.org/JPhysCM/21/104202

J. Phys.: Condens. Matter 21 (2009) 104202

W-Y Ching and P Rulis

This has resulted in the development of many computational
methods which were further assisted by timely advances in the
electronic structure theory of solids within the same period,
especially the local density approximation (LDA) of density
functional theory (DFT). Together with the wide availability
of ever faster computers, more realistic calculations could be
extended to systems of greater complexity and with increased
accuracy.

There are now several well established methods for
XANES/ELNES calculation.  These methods either use
different computational approaches, or cover different energy
ranges of interest, or focus on different aspects of the
underlying theory with attendant approximations [11-15].
These methods and approaches have been amply described
by other leading researchers who contributed to this special
issue as summarized by Tanaka [16]. Among these
methods, the orthogonalized linear combination of atomic
orbitals (OLCAO) method in the supercell implementation has
demonstrated itself to be an efficient and accurate method for
XANES/ELNES spectral calculations and is especially suitable
for large complex systems. Ostensibly, the supercell-OLCAO
method has not been widely recognized since it has been
used by only a few groups within the last few years. The
motivation of this review article is therefore to give a detailed
account of the supercell-OLCAO method; to point out its
special advantages and also some of the current limitations,
and to outline the directions that it can be further improved to
meet greater challenges ahead. In spite of the limited publicity,
a large number of calculations on many crystals and defective
structures of increasing complexity have been performed using
the supercell-OLCAO method. They are succinctly reviewed
in this article. Based on these extensive calculations, we point
out the failure of the prevailing concept of ‘fingerprinting’,
which is routinely used to interpret XANES/ELNES spectra,
beyond a set of very limited special cases. Additional results
obtained by the supercell-OLCAO method, including some
new unpublished results, are presented to illustrate these
points.

2. Review of the supercell-OLCAO method

We start with a brief description of the OLCAO method
in the context of electronic structure theory. The OLCAO
method has its roots in the traditional LCAO method which
itself has a long history starting in the early days of the
quantum theory of solids [17]. The OLCAO method [18],
being an all-electron method, contains the core orbitals in
the basis expansion but the core orbitals are later eliminated
by the orthogonalization procedure from the final secular
equation [19], thereby reducing its dimension. This is in
the same spirit as the orthogonalized plane wave method
(OPW) [20]. However, it should be pointed out that the
purpose of the OPW method was to speed up the convergence
in the number of plane waves needed for the basis expansion.
It never became practical and was later replaced by much
more practical and robust methods such as the plane wave
pseudopotential method, the augmented plane wave method
(APW), and its linearized version (LAPW) as implemented in

many popular codes such as CASTEP, VASP, Abinit, Wien2k,
etc. The purpose of orthogonalization in the OLCAO method is
mainly to reduce the dimension of the secular equation so that
it can be applied to much larger systems (measured in terms
of the number of electrons in the system). There are other
methods in both quantum chemistry and in condensed matter
theory similar to LCAO or OLCAO methods but they differ
in the type of basis used or in their implementation. These
methods will not be reviewed in this article.

2.1. Fundamentals of the OLCAO method

In the OLCAO method for periodic solids, the solid state
wavefunction W, (7) is expanded in terms of Bloch sums
bio(k, 7). o
W (F) =Y Ch, (k)bia (k. 7) (1)
Lo

by (k. F) = (Jl—ﬁ) Y e PG~ Ry 1), (@)

Here, n is the band index, k is the wavevector, C is
the wavefunction (eigenvectors), (i, «) is a pair of indices
specifying the orbital and atomic state, and v is the index for
the lattice. The u; (¥ — F;) are the atomic orbitals i centered at
the atomic site A whose radial part is expanded in terms of N
Gaussian type orbitals (GTOs) and whose angular part is the
usual set of spherical harmonics Y;,, (6, ¢).

wi(7) =[SV A" e ] ¥, (0, ). 3)

In (3), the atomic orbital i collectively represent the principle
quantum number n (not to be confused with the band index
n in (1)) and the angular quantum numbers (/, m). The GTO
in (3) is characterized by a decaying exponential «; (not to be
confused with the label o for the atomic sites in (2)). {o;}
and the expansion coefficients {A ;} are carefully constructed
and tested for each atomic type and stored in the OLCAO data
base.

In the OLCAO method, three types of atomic basis
expansions are used: minimal basis (MB), full basis (FB), and
extended basis (EB). The MB consists of the core orbitals and
orbitals in the valence shell of the atom. It is used mostly
for calculations of effective charges and bond order values
based on Mullikan population analysis [21] where the basis
function used should be more localized. The FB includes an
extra shell of orbitals beyond the MB. For most electronic
structure calculations the FB is more than sufficient. In
cases where highly excited states are desired, such as in the
XANES/ELNES calculations, the EB is used which includes
additional higher atomic orbitals than the FB. There is no fixed
rule for designating the boundaries between a MB, FB, or EB
in the OLCAO data base. Much of these are based on past
experience and the nature of the problem to be solved. As
an example, for the element Si, the MB consists of the core
orbitals (1s, 2s, 2p) and the valence orbitals (3s, 3p). The FB
has 3d, 4s, and 4p added to it, and the EB have additional
excited state orbitals of 4d, 5s, and 5p. Depending on the
type of the problem to be solved, sometimes the 3d orbital is
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included in the MB for Si to address the possible s—d and p—d
interactions. Likewise certain semi-core orbitals (such as Ca
3p or Ge 3d) are considered to be in the valence shell. It is
such flexibility in the basis expansion that makes the OLCAO
method extremely versatile with virtually no limitations on
the type of crystals it can be applied to. Over the years,
the OLCAO method has been successfully used to study the
electronic structure and optical properties of many different
types of crystals.

As in any electronic structure method, the central step is
to solve the Kohn—Sham equation at various k-points in the
Brillouin zone (BZ), or equivalently diagonalize the secular
equation: . ~ ~

|Hiq,jp(k) — E(k)Siq,jp(k)] =0 (€]

where Sjq, g (12) and Hjq, jﬂ(lE) are the overlap and Hamiltonian
matrices.

Siejp (k) = (big(k, 7) | bjg(k, 7))
= Zei’?'kv /u[(7 — tou; (F — Ry, — 1) dF 5)
Hiy jp(K) = (bio(k, F)| H |bjp(K, 7))
= ) f Ui (F = 1)[=V? + Veou () + Vex ()]
v

xuj(7—§u—;ﬂ)d7. (6)

In the above, the overlap matrix involves summation
over two-center integrals with atomic orbitals at two different
sites. The Hamiltonian matrix consists of the kinetic energy
term, the Coulomb potential term and the exchange—correlation
term. The kinetic energy part is a two-center integral and
the potential parts are three-center integrals since the crystal
potential V (¥) is cast as the superposition of atom-centered
functions VaA(F). Each of these atom-centered potential
functions combines the Coulomb and exchange—correlation
parts, and is collectively expressed as a sum of Gaussian
orbitals.

Vcry(7) = Ea VA(F - ;cr)
Z
= - TA eXP(—Wz) + Ej'vlej exp(—ﬂjrz)_ 7

In (7), Za is the atomic number, 7 is a fixed damping
parameter (~20). The charge density p(¥) of the crystal,
which is required in the evaluation of the potential at each
iteration in the SCF solution of the Kohn—Sham equation, is
also expressed as a sum of Gaussians where the set of Gaussian
exponentials {B;} are chosen to be the same set as in the
potential representation.

Pery(F) = TopaA(F — 1) = T} Bjexp(—B;r’).  (8)

The set {B;} is again chosen carefully for each type of
atom and the corresponding expansion coefficients {D;} and
{B;} are initially chosen from single atom calculations, but
they are iteratively updated in the self-consistent cycles until
convergence in the potential is attained.

All the multi-center integrals can be expressed in analytic
forms via the technique of Gaussian transformation [22]. The
efficiency of the OLCAO method is rooted in the analytic

expression for the interaction integrals in direct space and the
judicious choice of the Gaussian exponentials representing the
one-electron LDA potential and charge density as well as the
radial part of the basis function. The computational burden is
further reduced by the orthogonalization scheme [19] in which
the core orbitals are eliminated from the final secular equation,
making it particularly suitable for large systems with large
numbers of electrons.

2.2. Supercell-OLCAO method for XANES/ELNES
calculations

The OLCAO method was later extended to the supercell-
OLCAO method and specifically designed for XANES/ELNES
calculations [23]. In this method, the core orbitals of the target
atom whose absorption edges are to be calculated are retained
while the core orbitals of all other atoms in the supercell are
eliminated by orthogonalization. For a supercell of sufficiently
large size, the corresponding BZ is very small. We can use just
one k point either at the BZ center or at a general k point within
the BZ. The index k can then be dropped.

The general theory for the XANES/ELNES calculation
in solids is based on quantum scattering theory and has
been extensively reviewed in many articles [5, 24-30].
Experimentally, the measured quantity is the inelastic partial
differential scattering cross section of the incoming particle (a
photon or an electron):

-1
}- (€))

d*o 1
= M =
dQdE  (mweap)g? e(q, hw)

where £(g, Aiw) is the microscopic complex dielectric function
and IM stands for the imaginary part. For small momentum
transfer and at energies far above the plasma frequency
IM{—1/e(q, hw)}, can be approximated as &,(0, Aiw) with no
g dependence. The transition probability I per unit time for
the inner shell core excitation within the dipole approximation
can be reduced to the following simple expression according to
the Fermi golden rule [31].

10> [(gIFIN)PS(Es — Eq — ho) (10)

where g and f stand for the initial ground state and the final
state with respective energies of E, and Ey. The summation
in (10) is over all final states. In the context of one-electron
band theory, the initial state g is the atomic-like core state of
the target atom in the solid and f are the final states which span
all conduction band (CB) states.

In the early days of XANES/ELNES calculation, the
matrix elements in (10) were approximated by the orbital
resolved partial density of states (PDOS) of the CB with
specific angular momentum symmetry. This is based on the
fact that the atomic core level in the ground state is highly
localized and orthogonal to the final states. The dipole
selection rule restricts the transition from the 1s core state
(¢ = 0) to only the p states (¢ = 1) in the CB and the transition
from the 2p core state (£ = 1) can only be to s or d type states
(¢ = 0 or 2). However, in many instances, this approximation
is found to be a poor one because the CB states are generally
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delocalized and there is no precise way of decomposing them
into different components of specific angular momentum. In
the supercell-OLCAO method, the dipole matrix elements of
transition between the initial and final states are explicitly
included, and the selection rules are automatically imposed by
the symmetry of the wavefunctions.

In XANES/ELNES calculations for insulators, it was
recognized early on that the core-hole effect [32-34] is very
important and must be properly accounted for. When an
electron is excited from the inner core shell to the CB of
the solid, it leaves behind a positively charged hole in the
core (core-hole) which interacts with the excited electron
in the CB, a process analogous to the excitonic effect in
semiconductors. In metals, the effective screening by the CB
electrons reduces the interaction and the core-hole effect is
less important [35, 36]. There are two approaches to account
for the core-hole effect. The first one is the Z + 1 approach
based on the assumption that the presence of a core hole can be
mimicked by replacing the atomic number (Z) of the target
atom with that of another atom of a higher atomic number
(Z + 1) [37, 38]. The second one is to use the Slater transition
scheme where a half-electron is removed from the core orbital
and put at the lowest unoccupied state [39, 40]. A single
diagonalization of the secular equation gives the transition
energy AE. The final spectrum is obtained by combining
AE and the oscillator strength from the dipole matrix elements
calculated between the initial and final states. Both approaches
have their drawbacks. For example, the Z + 1 approach
cannot distinguish the effect of the core-hole for transitions
from different core levels. The Slater transition scheme does
not accurately reflect the actual interaction between the core
hole and the excited electron.

In the supercell-OLCAO method, a different approach is
used to account for the core-hole effect. The initial state and
the final states are calculated separately at the level of LDA
theory [41, 42]. The initial state is the ground state of the
supercell with the core states of the targeted atom retained in
the orthogonalization procedure. The final states are obtained
by placing a core electron in the lowest CB state and the
resulting Kohn—Sham equation is solved self consistently. It
is assumed that the self-consistent solution of the final states
accounts for all the multiple scattering effects of the excited
electron in the CB and its interaction with the core-hole.
The electron—core-hole interaction greatly modifies the final
state wavefunction, and is the single most important factor
for accurate reproduction of the measured spectra [23]. The
placement of the excited electron from the core to the CB is
important since it maintains the charge neutrality condition
necessary for all electronic structure calculations. The core-
hole effect cannot be accurately accounted for without using
a supercell. This is because the theory is based on a single
electron process where only one core-hole in the target atom is
present while the band theory of solids is based on the Bloch
Theorem of the periodic lattice. If a primitive cell or a small
supercell is used, there will be spurious interactions between
the core-hole and those of the image atoms in the adjacent
periodic cell. This is illustrated schematically in figure 1.
The size of the supercell used must be sufficiently large and

Unit Cell

~—

Q00

QD00

S I Qo000 |0Q00
PN [0000|0@00
Target OOOO OOOO
Atom

Q00
Q000
0G0oQ
Q000

0000
Q900
0®00
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Figure 1. Supercell scheme for XANES/ELNES calculations.

carefully chosen for accuracy. A small supercell results in
considerable interaction between the adjacent core-holes. Too
large a supercell increases the computational burden. The
size of the supercell is determined mainly by the shortest
distance of separation from the core-holes in the adjacent
cell. Thus a cubic cell usually has a much smaller number of
atoms in the supercell than an anisotropic elongated crystalline
cell for the same distance of separation. Past experience
indicates that a distance of separation of about 9 A should be
sufficient depending on the system to be studied. For a cubic
system, this amounts to about 100 atoms at most. For highly
anisotropic crystals, or for models involving microstructures or
interfaces, the calculations could involve supercells containing
up to several hundred atoms. So, the calculation treats highly
anisotropic crystals and those with light elements (shorter bond
lengths) less favorably.

The final calculation of the XANES/ELNES spectrum
in the supercell-OLCAO method entails the evaluation of
equation (10) for the transition intensity between the initial
core state and final core-hole states which are calculated
separately. It can be easily shown that the dipole matrix in
equation (10) is equivalent to the momentum matrix element in
the optical transition calculation in the usual OLCAO method
represented by the imaginary part of the frequency-dependent
dielectric function &, (Aiw) [18]:

(gIF1f) = Mia.jp = (bia|VIbjp)

=§:/m0—aﬁmﬁ—§u—®&é (an
&? - 5> L=
@mw=(5agxfﬂg;WMhMP
X |1//,(l?, 7))|25(Ef —E, — hw). (12)

The momentum matrix elements in (12) are two-center
integrals and can be efficiently evaluated analytically. The
square of the momentum matrix in (12) can be resolved
into Cartesian directions enabling the study of anisotropy in
the calculation of the XANES/ELNES spectra. The explicit
inclusion of the dipole transition matrix in the calculation of the
XANES/ELNES spectrum is important since it provides more
accurate amplitudes of transition in the spectral features. In
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Figure 2. Flowchart for XANES/ELNES calculation using the
supercell-OLCAO method.

the current implementation of the supercell-OLCAO method,
a Gaussian broadening with a FWHM of 1.0 eV is applied to
all calculated spectra to account for the life-time broadening.
In other words, no attempt is made to use the broadening
procedure itself as a means to achieve a better agreement with
experiment. There are research efforts specifically dedicated to
this issue of life-time broadening in order to better understand
the actual process in the experiments and improve agreement
with measured data. The broadening of the spectrum can
depend on the excitation energy and also the instrumentation.
This is a subject for future development and improvement
in the supercell-OLCAO XANES/ELNES calculation. In the
present implementation of the supercell-OLCAO method, all
spectra for the same edge from the same atomic type are
normalized to the same area. The specific procedures of
the XANES/ELNES calculation using the supercell-OLCAO
method are summarized in the flow chart shown in figure 2.

2.3. Special advantages of the supercell-OLCAO method

Before we review the vast amount of XANES/ELNES
calculations using the supercell-OLCAO method, it is
imperative to point out some special advantages of the method
that make such calculations possible. Like any other method,

there are ways that the method can still be improved while
it also faces certain inherent limitations. These will be
discussed in a later section. Still, we believe that the supercell-
OLCAO method is among the most competitive methods
for XANES/ELNES calculations, especially for systems with
large and complex structures. These advantages are listed
below.

First, the fundamental theory in the OLCAO method for
electronic structure calculation is solid within the framework of
the DFT. Although many-body interactions are not considered
in the method, the separate calculation for the ground state
and the final states is one step beyond the usual one-
electron approximation since the electron—hole interaction is
accounted for via the self-consistent iterations of the Kohn—
Sham equation for the final states.

Second, the OLCAO method is an all-electron method
with the core states explicitly included in the basis expansion.
The physical presence of the core hole in the method and its
explicit interaction with the electron in the CB distinguishes
itself from other approaches where the core is described by an
effective potential. The full secular equation is diagonalized to
obtain all-electron states. When an EB is used, the CB states at
a very high energy can be obtained to get the XANES/ELNES
spectra up to 40-50 eV from the absorption edge on-set. In
contrast, if an iterative procedure is used, only a small number
of CB state wave functions are usually obtained. To obtain
CB states at a high energy range could be computationally
prohibitive. Of course, the full diagonalization of a large
secular equation for large complex systems can also be a
computational burden. On balance, the supercell-OLCAO
method is still advantageous, as can be seen by its robust
application to many complex systems.

Third, the dipole matrix elements of transition between
the initial ground state and the final core-hole states are
accurately calculated from the ab initio wave functions and
explicitly included in the spectral calculation. These dipole
matrix elements automatically impose the selection rules for
the transition and the PDOS of the CB states play no role
in the calculation. Of course it is still possible to use the
PDOS which can be easily obtained in the OLCAO method
for the interpretation of the final spectrum. The dipole matrix
elements can also be resolved into Cartesian components to
investigate the anisotropy of the XANES/ELNES spectra.

Fourth, the transition energy A E for each absorption edge
can be obtained from the difference in the total energies of
the ground state (N electrons in the core level and the VB)
and the final state (N — 1 electrons with an extra electron in
the CB). Although the theoretical AE can never reproduce
the experimental transition energy at the edge on-set and may
depend on the size of the supercell, it is usually within a
few per cent of the experimental transition energy. It is very
useful for comparing different spectra of the same edge at
different sites or in different crystals, as long as the same
computational procedure is used in the calculation. The ability
to relate AE to experimental spectra is very important. This
is because the measured spectrum of a particular atom in a
crystal is usually the weighted sum of the spectra from atoms at
nonequivalent sites with slightly different local environments.
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Figure 3. SiC—GB non-polar model. Large (small) spheres represent Si (C). The arrows indicate the wrong Si—Si and C—C bonds.

A slight difference in A E will result in a substantially different
total spectrum when combined. This will be illustrated by
specific examples later in the paper. Hence, even though the
calculated AE may differ from the experimental transition
energy by a few per cent due to the finite basis set and the
well known limitations of LDA-DFT, the errors involved are of
the same magnitude and the combined spectra is accurate for
comparison with the measured data.

Fifth, the supercell-OLCAO method is very versatile and
can be applied to almost all elements in the periodic table and
for any edges deep or shallow. It can be applied to almost
any materials systems whether it is a metal or an insulator, an
inorganic crystal or a biomolecule, having an open structure or
a compact one, whether it contains numerous light atoms such
as H or Li, or heavy atoms such as Y or rare earth elements.
The method avoids the use of atomic radii in any parts of the
calculation which could be problematic if the system under
study is a complex one with different local bonding for the
same element. For example, in spinel silicon nitride (y-Si3Ny),
Si occupies both the tetrahedral and the octahedral sites in the
lattice and will not have the same atomic radius. In calculations
involving grain boundary (GB) models, the atoms near the
GB will have very different local bonding environments than
those in the bulk region. These points will be illustrated and
discussed in the next section.

Sixth, because of the use of local atomic orbitals and the
efficient evaluation of multi-center integrals in the analytic
forms described in section 2, the method is highly efficient
and can be applied to large systems. The computational
demand for large complex systems in the supercell-OLCAO
method comes from two sources. The first one is from the
calculation of all multi-center integrals in the setup stage.
In this respect, it should be pointed out that the OLCAO
method is essentially an order N method in the evaluation of
the Hamiltonian and overlap matrices since localized atomic
orbitals are used in the basis. The judicious choice of a fixed
set of Gaussian exponentials {«;} in (3) for different orbital
wave functions of the same atom and the strategy to represent
the total potential function using the atom-centered Gaussian
functions in (7) have significantly reduced the total number of
three-center integrals that need to be evaluated. The second

part is from the diagonalization of the full secular equation
(an order N* process) in the self-consistent iterations which
always use the FB, and in the calculation of the initial and
final states for the final spectrum which may employ the EB.
Currently, calculations have been applied to a ¥31 GB model
in alumina with 700 atoms and to a model of water with 320
H,O molecules (1020 atoms). These results will be presented
in section 4.

3. Review of past calculations using the
supercell-OLCAO method

Over the last eight years, a large number of XANES/ELNES
spectral calculations for complex oxides and nitrides have been
performed using the supercell-OLCAO method with results in
very good agreement with experiments. These calculations
were carried out almost exclusively by the electronic structure
group (ESG) at the University of Missouri-Kansas City
(UMKC) and the group at Kyoto University and more recently
at the University of Tokyo in Japan. They include a
large number of crystals with simpler structures [23, 43-56],
crystals with more complex structures [57-63], crystals with
anisotropy [52, 54], crystals containing defects [64-69],
surfaces [70], interfaces [71], grain boundaries [64, 72-74, 68],
solid solutions [75], high T, superconductors [73, 76], and
more. Some of these results have been reviewed by Tanaka
et al [29]. We will selectively comment on some of these recent
calculations focusing mostly on the more complex crystals and
structures.

Figure 3 shows a non-polar {122} >~ = 9 GB model in
B-SiC [72]. To maintain periodic boundary conditions for the
calculation, the model contains two equivalent but oppositely
oriented GBs. The special feature of this model is the presence
of the so-called Si—Si and C—C ‘wrong bonds’ in SiC due to
the creation of the 5-member and 7-member rings at the GB.
Such GBs have been observed in HRTEM images in CVD SiC
films [77]. The wrong Si-Si (C—C) bonds in this model have
bond lengths increased (decreased) by 19.1% (23.1%) from the
Si—C bond length in B8-SiC. The bond angles for atoms near the
GB are also severely distorted [72]. Such wrong bonds result
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Figure 4. Calculated C K, Si K, Si L3 edges in the non-polar SiC GB model for selected atoms as indicated. (see text for details). The
corresponding spectra from the bulk crystalline b-SiC are shown in the lowest panels. The C K edge for g-SiC is shifted by 3.41 eV to match

the absorption edge.

in different electronic structures and XANES/ELNES spectra.
Figure 4 shows the calculated C K, Si K, and Si L3 edges
for selected wrong bond atoms (Sil4, Sil8, C15, C19), GB
region atoms (Sil0, Si22, Sil2, S16, C11, C13, C21, C17),
and bulk crystal region atoms (Si32, C33). Also shown at the
bottom of figure 4 are the corresponding C K, Si K, and Si
L3 edges obtained from the supercell calculation in perfect 8-
SiC crystal. It can be seen that the wrong bonded atoms have
spectra that are quite different from those of the bulk atoms.
Further, even the spectra of those atoms in the GB region that
do not have the wrong bonds deviate slightly from those in the
bulk region because of the large bond angle variations. This
clearly indicates that the XANES/ELNES spectra of atoms
depend critically on their local bonding environments. On the
other hand, the spectra for atoms in the bulk region agree with
those in the perfect crystal, as expected. Similar results for
the same GB but with polar interfaces are also calculated with
similar conclusions [72]. Recent developments in microscopy
technology will enable such spectral differences to be observed
directly.

Another interesting example is the XANES/ELNES
spectral calculation of the three phases of AIPO4 which are
formed at different pressures [58]. The most well known
phase is «-AlPOy4 (berlinite) with a trigonal structure that
is isostructural with a-quartz. In «-AlPOy4, both Al and P
are tetrahedrally coordinated with O with Al-O bond lengths
of 1.727 and 1.728 A and P-O bond lengths of 1.518 and
1.524 A. At a pressure of 13 GPa, it transforms into an
orthorhombic phase (0-AlPO4) in which Al ions become
octahedrally coordinated (Al-O bond lengths 1.818, 1.913 A)

but the P ions remain tetrahedrally coordinated (P-O bond
lengths 1.463, 1.576 A). At an even higher pressure of 97.5
GPa, AIPOy transforms into a monoclinic phase (m-AIPOy) in
which both Al and P are octahedrally coordinated with Al-O
bond lengths of 1.716 and 1.745 A and P-O bond lengths of
1.503 and 1.879 A. This was the first time the presence of
six-fold coordinated P has been reported [78]. The interesting
point is that these three phases of AIPO, offer a rare example
of structurally different crystals with the same formula unit, the
same number of different types of ions, but similar local units
among them. According to the prevailing notion of the so-
called ‘fingerprinting’ technique, the XANES/ELNES spectra
of an ion can be predicted by the local nearest neighbor (NN)
coordination. However, the supercell-OLCAO calculation
shows that this is not true [58]. Figure 5 compares the
calculated Al K and Al L3 edges of the octahedrally bonded
Al in 0-AIPO4 and m-AIPO,. Figure 6 compares the P K and
P L3 edges of the tetrahedrally bonded P in «-AlPO4 and o-
AIPO,4. Figure 7 compares the O K edges of Ol site in o-
AlIPO,4 and O2 site in m-AIPOy, both are three-fold bonded
to two Al and one P. None of these comparisons support
the widely used ‘fingerprinting’ interpretation technique. The
only experimental data we can locate is the P K edge in a-
AIPOy4 [79] which is in good agreement with the calculations.

Similar conclusions on the non-validity of the ‘finger-
printing’ technique have been reached in extensive calcula-
tions in ten crystals in the Y-Si—O-N system which pro-
vides a large data base for analysis [59]. The O K, N
K, Si K, Si L3, Y K, and Y L3 edges in six binary («-
SiO,, stishovite SiO,, B-SizN4, «-SizNa, y-SizNg, Y,03),
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Figure 8. Calculated Si K and Si L; edges in the four spinel nitrides. The arrows pair up the cases for Si in the tetrahedral site and in the

octahedral site of the spinel lattice.

three ternary (Si,N>O, Y»Si,07, Y»SiOs) and three quaternary
(Y2Si3N403, Y4Si1,07N», Y3SisNyO) crystals were calculated
using the supercell-OLCAO method and carefully analyzed.
No meaningful correlation can be established between spectral
features on the calculated spectra and the atomic environment
based on the NN coordination.

Other notable accomplishments of the supercell-OLCAO
calculation include the application of the calculation to identify
ultra dilute dopants in MgO [65], the faithful reproduction of
the anisotropy in wurtzite crystals [52, 54] and the elucidation
of the structure of y-Al,O3; [60]. More recently, calculations
on metal—ceramic interfaces [71] and high 7¢. superconductors
YBa,CuzO; (YBCO) [63, 76] were also reported. The O
K edges for atoms at the Cu/Al,Os heterointerface were
calculated and its dependence on the direction of momentum
transfer was discussed. It was demonstrated that the O K edges
from four different types of O in YBCO are very different and
only the weighted sum compares favorably with the measured
data. The remarkable part of this paper was the ability to
resolve the bonding for O ions in the Cu-O chain and that
in the Cu-O planes. This indicates the great versatility of the
supercell-OLCAO method emphasized in the last section.

4. Select results from recent calculations

In this section, we present some as yet unpublished new results
on XANES/ELNES calculations using the supercell-OLCAO

method which can further exemplify the strengths of this
method.

4.1. Binary and ternary spinel nitrides

The successful synthesis of Siz;Ny in the cubic spinel structure
(y-Si3Nyg) in 1999 [80] has lead to many theoretical and
experimental studies of spinel nitrides [81-83].  Three
binary spinel nitrides y-SizN4, y-GesNy, y-Sn3Ny, have
been successfully synthesized [84—86]. Many of the early
XANES/ELNES calculations using the supercell-OLCAO
method were on these compounds [44, 47, 49, 50, 75] because
of the unique feature that the same cation occupies both the
tetrahedral A site and the octahedral B site of the spinel
lattice. The only ternary compound that has been studied
in considerable detail is the spinel nitride with Si and Ge
as cations [87, 88]. Several calculations on the structure
and properties of Si/Ge spinel nitrides have been carried out
[88-91]. In an earlier calculation, Ching et al predicted
that y-GeSi,Ny is unstable or meta-stable while y-SiGe,Ny
should be stable [90]. This is in line with the conventional
expectation that the smaller Si ion should prefer the smaller
tetrahedral site and the larger Ge ion would prefer the larger
octahedral site. However, experimental findings showed
a composition close to y-GeSi,N4 [87] which appears to
be counter intuitive. Further investigation on the relative
stabilities of these compounds point to the possible existence of
a solid solution series of y-(Si,Gej_,)3Ny [92-94]. Because



J. Phys.: Condens. Matter 21 (2009) 104202

W-Y Ching and P Rulis

Ge-K Ge-L,
1-Ge,N, (tet) 7-Ge,N, (tet)
‘_
1-Ge,N, (oct) 1-Ge,N, (oct)
2
[7/]
=
]
£
°
N
= 1-SiGe,N, (oct) 7-SiGe,N, (oct)
£
S
z
7-GeSi,N, (tet) y-GeSi,N, (tet)
‘_
LI L L L L L B B
11005 11015 11025 11035 11045 1245 1255 1265 1275
Energy (eV) Energy (eV)

Figure 9. Calculated Ge K and Ge L; edges in the four spinel nitrides. The arrows pair up the cases for Ge in the tetrahedral site and in the

octahedral site of the spinel lattice.

of the possible disordered nature of the compound and the
fact that single crystals of sufficient size are not available,
XANES/ELNES spectra may be a useful technique to resolve
some of these controversies. To this end, we have calculated
and compared the XANES/ELNES spectra in the four spinel
nitrides: y-SizNy, y-SizNy, y-SiGe, Ny, and y-GeSi,Ny. The
structures of these four compounds were first optimized using
the Vienna ab initio simulation package (VASP) [95, 96]. The
K- and L-edges for cations at the tetrahedral and octahedral
sites are calculated using the supercell-OLCAO method and
compared. Also calculated are the N K edges in the four
crystals.

Figure 8 shows the calculated Si K and Si L3 edges in
the four crystals. When we compare the spectra of the Si
K and Si L3 edges for Si at the tetrahedral site in y-SizNy
and y-SiGe,;Ny it is apparent that there are no similarities,
especially for the Si K edge. Similarly, we compared the
Si K and Si L3 edges for Si at the octahedral site in y-
SizNy and y-GeSipNy. Here there are similarities especially
in the Si K edge. It is not clear as to why there are such
differences for Si at the two different sites in the four spinel
nitrides. Figure 9 shows similar comparisons for the Ge K
and Ge L3 edges. Again there are little resemblances in Ge
K and Ge L; edges for Ge at the tetrahedral site in y-Ge;Ny
and y-GeSi;Ny although the dissimilarities are less than that
for the Si K and Si L; edges in figure 8. Similarly, the
Ge K and Ge L3 edges for Ge at the octahedral sites in y-
Ge;Ny and y-SiGe, N4 show some degree of similarities. A
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possible explanation is that when a cation is at the smaller
site, its interaction with atoms beyond the NN coordination
shell becomes more important and its XANES/ELNES spectra
show a greater degree of variation. On the other hand, the N
K edges in the four spinels (figure 10) show unambiguous and
distinctively different features. Since there is only one unique
site for N in the spinel nitrides, it appears that the use of the
theoretical N K edge spectra to interpret an experimentally
measured one will likely be effective in identifying the correct
phase in the ternary spinel nitrides. The calculated N K
edge in y-SizNy has already been shown to agree with the
experiment [49]. Within the first 25 eV from the edge on-
set, y-SiGe,N4 has two prominent peaks A and B and a
smaller peak C. On the other hand, y-GeSi;N4 shows four
well-resolved peaks A’, A, B, and C within the same energy
range with C being the most prominent. Also, the N K
edge in y-GeSi,Ny has a steeper on-set slope than that in y-
SiGe,Ny. The real samples in ternary spinel nitrides may also
contain additional impurities or vacancies that could add to the
uncertainty in the measured spectra and make them even more
difficult to interpret.

4.2. YK edges in Y-doped £31 GB in Al,03

It is well known that Y impurities in alumina tend to segregate
to the GBs in polycrystalline alumina and can increase
the creep resistance. Using scanning transmission electron
microscopy (STEM) and bicrystals of Al;O3 doped with Y,
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it was clearly shown that, in the case of the X31 GB,
Y segregates to the center of the 7-member rings of Al
columns [10]. Based on ab initio theoretical simulations,
the strengthening of the Y segregated ¥31 GB in alumina
was explained as being due to the increased number of Y-O
bonds and their strength compared to the Al-O bonds they
replace. The ¥31 GB model in that study has 700 atoms
and contains two oppositely oriented GBs due to the periodic
boundary conditions. The system is sufficiently large to serve
as a supercell for the supercell-OLCAO calculation. Recently,
we have calculated the Y K edge of the Y ion at the center
of the seven-member rings of Al columns. The calculated
result is displayed in figure 11. Also shown are the Y K
edges from three other different systems: crystalline Y,O3
in the bixbyte structure, Yttrium alumina garnet (YAG) in
the garnet structure, and the YBCO superconductor in the
perovskite structure. The supercell sizes in these three cases
are respectively 80, 160, and 117 atoms. As can be seen,
the Y K edges in these four cases are completely different
because of the very different local environment of Y. In the
Y31 GB, Y is bonded to six different O ions with bond lengths
ranging from 2.14 to 3.00 A. In Y,Oj there are two different
Y sites, both of which are six-fold coordinated with slightly
different bond lengths ranging from 2.29 to 2.39 A. In YAG,
Y is 8-fold coordinated with two bond lengths of 2.30 and
243 A. In YBCO, Y is also eight-fold coordinated with Y—
O bond lengths of 2.39 and 2.41 A, similar to that in YAG.
The large differences in these spectra, especially in the case
of Y in the ¥31 GB and in YBCO underscore the sensitive
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dependence of the XANES spectrum of an ion to its local
environment, not just in the number and type of NN atoms and
their bond lengths, but also the presence of other ions beyond
the NN atoms such as in the YBCO superconductor. Such
investigations for materials with complex structures are only
in the beginning stages and more such studies are expected.

4.3. Two-dimensional carbon structures

One of the earliest XANES/ELNES studies was on the C
K edge in graphite which clearly showed two sharp peaks
above the absorption edge and labeled them as 7* and o*
to serve as fingerprints for two-dimensional sp® bonding in
carbon systems. These have been extremely useful, especially
in organic and bio-related materials characterization. However,
little has been discussed concerning the structures in the C K
edge other than these two peaks. In figure 12, we compare
the calculated C K edges in five sp> bonded C systems:
graphite, graphene, and three single walled carbon nanotubes
(SWCNT) labeled as [n,m, (s, m)] where n and m are
integers denoting the relative positions of the circumferential
vector when a graphene sheet is rolled onto itself in forming
the SWCNT [97, 98] and s or m indicate whether it is a
semiconductor or a metal. The three SWCNTSs are: [4, 2, s]
with a radius 2.071 A, [9, 3, m] with a radius 4.234 A, and
[14,0, s] with a radius 5.480 A. As can be seen, the five
spectra are indeed very similar showing characteristic 7*
and o* peaks at almost the same energy. However, on a
closer inspection, one can see small difference in the spectra
above 10 eV from the edge on-set. The difference is quite
small between graphene and graphite since graphene is just a
single sheet of graphite and the effect of interlayer coupling
is obviously small. Still there are obvious differences in the
numbers and locations of peak structures at energies 15 eV
above the absorption edge. The differences in the C K edge
with the SWCNTs are more significant. The calculations for
SWCNT were done with the model containing a single tube
in a supercell of 20 A x 20 A with periodicity in z direction.
The different radii of the three tubes give different strains in
the 2-d wrapping of the carbon sheets and these differences
show up in the different peak structures of the C K edge
at energies above 10 eV from the edge on-set. A broad
structure appears between the 7* and o* peaks in the small
radius [4, 2, s] tube and disappears in the larger radius [14, 0, s]
tube. These preliminary calculations again demonstrate that
the current supercell-OLCAO method is capable of delineating
minute difference in the two-dimensional carbon system as
reflected in the calculated C K edge spectra. When the axial
and radial components of these spectra are analyzed, more
distinct features can be treated.

4.4. O K edges in water molecules

Although water is the most common material on earth’s sur-
face, its structure and properties are complicated, fascinating,
and the subject of many experimental and theoretical studies.
Surprisingly, there have not been extensive data obtained via
XANES/ELNES measurement. Recently, Ilannuzzi published
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Figure 11. Comparison of the calculated Y K edges in four systems. (a) Y at the core of the £31 GB in alumina; (b) Y,0s3; (¢) Y3Al504,
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a calculation on the O K edge for water molecules using an all-
electron Gaussian and augmented plane wave calculation [99].
The result was not in particularly good agreement with experi-
ment [100] and the implication of the H bonding between water
molecules was inferred. We have used the supercell-OLCAO
method to calculate the O K edge of water molecules. The
model we used is a cubic cell with 340 H,O molecules (1020
atoms) with a density of 1gm/cc. The model was constructed
using an ab initio molecular dynamic code [101] and is a part of
an overall investigation on the electronic structure and optical
properties of water. Since water is a liquid with an amorphous
structure with random orientations determined by H bonding,
other short-range and long-range interactions [102], none of
the H,O molecules and hence O atoms in the water molecule
should have the same local environment and their O K edges
will not be the same. This is indeed the case. Figure 13
shows the calculated O K edges of 10 different O ions in the
model and their average. Also shown are the experimental
data from [100] for comparison (calculated curve shifted by
—5.22 eV to align the major peak). As can be seen, the 10 in-
dividual O K edges from the calculation are very different and
bear little resemblance to the experimental spectrum. These O
ions in water molecules have different numbers H bonds and
bond distances with other water molecules. However, the av-
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eraged spectrum is very close to the measured one in terms of
the peak shape and other minor structures. The calculated spec-
trum covers a much wider range of energy than the measured
data, presumably due to experimental difficulties with liquid
samples. This is another example of using theoretical calcu-
lations to supplement the data where laboratory measurements
may be difficult to carry out.

4.5. Co K edge in vitamin B},

In recent years, XANES/ELNES spectroscopic studied have
found many applications to bio-inspired materials [103—105].
We would like to explore the possibility of using the supercell-
OLCAO method for such studies. The OLCAO method
has been successfully used to study the electronic structure
and bonding in By, cobalamins [106-109]. This includes
the cyanocobalamin (CNCbl), methylcobalamin (MeCbl),
adenosylcobalamin (AdoCbl) and hydroxocobalmin (OHCbl).
The central focus is the octahedral Co(IIl) ion at the center
of the corrin ring to which the cofactor R (R = CN, NHs,
Ado, or OH) attaches in the sixth position. All the currently
known reactions of the Bj;-dependent enzymes involves the
making or breaking of the Co—C bond between R and Co.
Champloy et al have published the x-ray absorption spectra
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Figure 12. Calculated C K edges in three SWCNT compared with C
K edge of graphene and graphite.

of these cobalamins [110]. The motivation of that study was
to investigate whether the bond elongation to Co is due to
the x-ray induced reduction of the cofactor’s Co center. To
this end, the Co K-edges of these cobalamins before and after
radiation were measured. Figure 14 shows the result of our
preliminary calculation of the Co K edge in CNCbl together
with the measured data of CNCbl before irradiation from [110].
Also shown in figure 14 is the structure of the vitamin B,
molecule in the supercell. In spite of the low experimental
energy resolution, there is a very decent agreement with the
calculated spectrum. Not only the double peak structure and
its slope are faithfully reproduced, also in agreement is the
presence of two pre-peaks between 7670 and 7680 eV and
some other minor structures in the spectrum. This gives us
a great confidence in using the supercell-OLCAO method to
calculate the XANES/ELNES spectra in complex biomaterials
and biomolecules.

5. Conclusions

We have reviewed the supercell-OLCAO method for ab initio
XANES/ELNES calculation in a variety of materials systems.
The theory and the techniques of this method are fully
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Figure 13. (a) Calculated O K edges in 10 different water molecules;
(b) the averaged O K edges in (a) shifted by —5.22 eV. The dashed
line is the experimental curve from [100].

described and special advantages of the method pointed out.
From these results, several major conclusions emerge.

(1) In complex crystals and non-crystalline materials, there
would be many nonequivalent atomic sites for a given
element. In these cases, the weighted average of the
spectra from different sites should be used to compare with
the measured ones. Depending on the actual variations
of their local environment, these spectra can differ widely
and so will their final weighted sum.

(2) The often celebrated fingerprinting technique based
on local NN coordination of an ion to interpret the
experimental data should be dismissed. There is no basis
for such simple interpretation except in a small set of
limited cases with single elements and simple structures.
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The fingerprinting notion is totally untenable in complex
systems. A common argument of using the fingerprinting
technique is that they reflect the oxidation state of the
ion. However, the assignment of oxidation state or the
charged state with an integer value is increasingly under
attack [111] on the grounds of detailed calculations that
show it to be a myth due to charge self-regulation [112].

(3) The main purpose of XANES/ELNES calculation is for
the characterization of structurally complicated systems
such as those involving defects, interfaces, or grain
boundaries where experimental investigations face many
challenges and where their interpretations are difficult.
However, spectral calculation of structurally complicated
multi-component systems can be overwhelming and
intractable. In our opinion, the best strategy would be
to carefully model the anticipated structure through large-
scale structural modeling, (equivalent to experimental
theoretical sample preparations), accurately calculate the
XANES/ELNES spectra of atoms of interest and then
compare with experiments to assess the validity of the
model constructed.

In spite of the many advantages of the supercell-OLCAO
method, there are still ample grounds for improvement. For
example, at present the L, 3 edges of the transition metals
cannot be calculated because the spin—orbit interaction is not
included in the present method. A proper treatment may
require the inclusion of multiplet effects [113, 114]. For
magnetic oxides, the underlying LDA theory may have to be
extended to account for the intra-atomic correlations. There
are also cases where the agreement between experiment and
calculation is not always satisfactory, and it is not clear if there
are some fundamental limitations in the method or it is related
to the experimental measurement such as the nature of the
samples used. In certain materials systems where the dipole
transition is forbidden or weak, it would be necessary to extend
the calculation beyond the dipole approximation [115, 116].
There are also questions about putting the excited electron
from the core level in the bottom of the conduction band in
the supercell-OLCAO method. Is this the best description of
what happens in the experimental process? Perhaps it would
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be more realistic to spread the excited electron through the
entire CB region. This is particularly important for applications
to biological systems since there will be only excited energy
levels, not the conduction bands, and the proper placement
of the excited electron is important for the accuracy of the
final spectrum. Such possibilities are certainly worth pursuing.
Another issue worth considering is the proper development
of the energy-dependent broadening procedure to account for
the life-time broadening which could potentially improve the
agreement with measured data. Given time and resources,
these are not insurmountable obstacles.

In summary, we believe that the supercell-OLCAO
method has great potential for further development and
greater applications. For example, the generalization to a
spin-polarized version [22] and with the inclusion of spin—
orbital splitting the method can be very competitive for x-
ray magnetic circular dichroism calculations for the L;3
edges in magnetic systems which can now be accessed by
modern TEM [117]. Currently, the supercell-OLCAO method
has only been applied to transitions from the core to the
CB. With some diligence, calculations can be extended to
resonant and non-resonant inelastic scattering processes in
general including the x-ray emission spectra (XES) and soft x-
ray fluorescence spectroscopy where many experimental data
exist [118, 119]. Another very promising area is to develop
a spectral imaging technique based on the calculated spectral
data that can complement the experimental imaging using
modern microscopy [120]. However, the greatest opportunity
for the supercell-OLCAO method is with biomaterials and
biomolecules where the structures are much more complicated
and the need for theoretical input is urgent. The localized
orbital description for the electronic structure in such systems
is most natural. The preliminary data on O K edges in
water molecules and Co K edge in cyanocobalamin show great
encouragement in this direction.
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