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Ab initio calculation of the O-K, N-K, Si-K, Si-L3, Y-K, Y-L; edges in the Y-Si-O-N system:

A strategy for ELNES/XANES spectral modeling in complex materials
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The electron energy-loss near-edge structure (ELNES) or the x-ray absorption near-edge structure (XANES)
spectra of the anion (O, N) and cation (Si,Y) (O-K, N-K, Si-K, Si-L3, Y-K, and Y-L;) edges in 12 crystals of
the Y-Si-O-N system have been calculated using an ab initio supercell method based on density functional
theory in its local approximation. The collection consists of six binary (a-SiO,, stishovite SiO,, B-SizNy,
a-SizNy, ¥-SizNy, and Y,03), three ternary (Si;N,O, Y,Si,O;, and Y,SiOs), and three quaternary
(Y»Si3N403, Y4Si,09N,, and Y3SisNgO) crystals. The calculations took into account the core-hole effect and
included the explicit evaluation of the transition matrix elements. Based on the extensive data calculated,
attempts were made to correlate the spectral features in the calculated spectra with the local structural envi-
ronments of the atoms in the crystal. It is shown that with the exception of the fourfold tetrahedrally coordi-
nated Si ion, there is no clear evidence of trends in the ELNES/XANES spectra that can be established to
justify a so-called finger printing capability. In crystals with well-defined Si-O4 units, very different Si-K edges
were obtained. For the O-K and N-K edges, there are numerous counterexamples of such a correlation that can
be traced to effects beyond the nearest neighbor coordination. In the Y-K and Y-L; edges, no meaningful
correlations can be established because of the longer bond lengths and more ionic nature of the bonding. For
simpler crystals where nonequivalent sites of a particular ion exist, the weighted sum of the spectra from
individual sites should be used for comparison with experiment. These results indicate that for proper inter-
pretation of the experimentally measured spectra in complex ceramics, or for ceramic materials containing
microstructures, calculated spectra based on simpler crystals with similar coordination should not be used. It is
argued that the proper way to understand these spectra would be to actually model the structure and then carry

out the full spectral calculations on the constructed models.
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I. INTRODUCTION

In recent years, electron energy-loss spectroscopy (EELS)
has developed into a very versatile tool for materials
characterization,'= especially with complex systems contain-
ing microstructure, interfaces, internal grain boundaries, etc.
It has often been claimed that EELS and the associated spec-
tra in the near edge, electron energy-loss near-edge structure
(ELNES), can reveal the detailed electronic structure and
bonding in such materials. Recent improvements in instru-
mentation with other various corrections have pushed the
energy resolution to the level of 0.2 eV and beyond.®’ In
practice, such a lofty goal has not been achieved except in
simple crystals where the atomic bonding is relatively
simple. The typical examples are the o and 7 bondings in
graphite that differ from sp® bonding in diamond crystal.® In
most cases, the experimentally measured spectra for the
same edge focusing on different spots of a structurally com-
plicated sample differ only in minor details, making proper
analysis relating to local structure a daunting task. This is
mainly because the ELNES measurements are beam sensi-
tive and have an illuminated sample area larger than the
atomic scale resolution. Experimental data are also subject to
background subtraction for the tail of the strong zero-loss
peak. Different practices and techniques by different groups
also add some uncertainty.

The availability of intense light sources in the form of
synchrotron radiation from storage rings all over the world
within the past decades has promoted the x ray as the pri-
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mary source for studying the electronic structure and bond-
ing in materials. The x-ray absorption near-edge structure
(XANES) (also named as near-edge x-ray absorption fine
structure) is, in principle, similar to ELNES except that it
uses intense x rays as the source and, therefore, can probe at
a much higher energy range compared to ELNES. However,
ELNES has an advantage in that it contains information on
both energy and momentum transfer, while XANES has only
the energy transfer. In the limit of low momentum transfer,
these two techniques can be considered similar to each other.
ELNES is measured by using high resolution transmission
electron microscopy or scanning transmission electron mi-
croscopy, and has the advantage of high spatial resolution.
ELNES can be measured at near normal vacuum conditions
and is not particularly sensitive to the surface. XANES has
the advantage of high intensity, high energy resolution, a
small divergence of the beam, and is the preferred technique
to study materials with heavy elements including the rare
earth and transuranic elements.

The interpretation of the ELNES/XANES spectra has
been greatly facilitated by comparing the measured spectra
with theoretically calculated ones. In the past three decades,
many theoretical and simulation methods have been devel-
oped for this purpose. Initially, the agreement between the
measured and the calculated spectra were poor and the com-
putational techniques were far from being predictive. Most
of these calculations were devoted to either one or two spe-
cific crystals with simple crystal structures, or were focused
on a given edge with total disregard for the other edges in the
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same crystal. In many of these works,’!# the “finger print-
ing” technique was used to distinguish a few well-defined
local environments of the ions. Within the past decade or so,
significant development of theoretical tools has greatly im-
proved the quality of the calculated XANES/ELNES spectra,
and, in some cases, predictability is a realistic goal.'>>? Still,
for complicated multicomponent systems, such predictability
is far from being clear and a different strategy and approach
need to be developed.

In this paper, we present detailed calculations of the
ELNES/XANES spectra of all elements in the 12 crystals
within the general Y-Si-O-N system. The electronic structure
and bonding of these crystals have been reviewed in a recent
series of papers.>*~2° Our goal is to use the Y-Si-O-N system,
in which a variety of bonds between cations (Y,Si) and an-
ions (O,N) exist, to develop a general rule (or lack thereof)
for interpreting ELNES/XANES spectra based on local near-
est neighbor (NN) coordination that would be useful for the
modeling of complex nanostructured ceramic materials. We
would also like to use this comprehensive set of data, calcu-
lated using a state-of-the-art method, to refute some prevail-
ing concepts and questionable assumptions regarding the in-
terpretations of the ELNES/XANES spectra. Our results
provide a database of high quality ELNES/XANES spectra
that can be used for comparison with data obtained from
future measurements or from calculations using other meth-
ods. The majority of the spectra presented in this paper have
no experimental data to compare with at this moment and
can be considered as predictions.

We used the now well-established supercell orthogonal-
ized linear combination of atomic orbitals (OLCAO)
method®® at the level of density functional theory (DFT) in
its local density approximation (LDA) for ELNES/XANES
spectral calculations. Since the first publication of the
OLCAO-supercell approach, the method has been success-
fully applied to many crystals,'>2%30-3%  defects,?33-36
interfaces,?” and grain boundary structures?!?>3 in ceramics
with results in good agreement with experiments. The
present calculations are very comprehensive, comprising the
0O-K, N-K, Si-K, Si-L3, Y-K, and Y-L; edges in 12 crystals
(a-SiOZ, stishovite SiOz, B-Si3N4, a-Si3N4, ’y—Si3N4, Y203,
SizNzO, Y2Si207, stiOS, Y28i3N403, Y4Si207N2, and
Y;SisNgO). In Ref. 28, for the electronic structure and opti-
cal properties, our analysis includes the two other quaternary
crystals YSiO,N and Y [SiO4]¢N, (N-apatite). They are not
included in the present study for ELNES/XANES spectra
because the structures of these two crystals are not as well
established as the other quaternary Y-Si-O-N crystals.?*2¢ On
the other hand, we have included the N-rich Y;SisN¢O com-
pound in the study because of its unique structure of having
only one O ion in the crystal.”? We have also added the
a-SisN, and y-SizN, phases. The high pressure phase
y-SisNy is particularly illuminating because of the rare oc-
currence of the octahedral bonding of Si to N.3%%0 The cat-
ions and anions in these complex crystals have crystallo-
graphically nonequivalent sites and different local
coordinations and bonding environments, thus providing a
rich playground for seeking meaningful correlations based
on calculated site-specific spectra and detailed structural
analysis. We consider the local NN and next NN (NNN)
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environments of both the cations and anions by taking into
consideration the number of bonds and the types of bonds
(chemical species), and by paying special attention to any
noticeable exceptions including bond angles and crystalline
anisotropy. We focus on the comparison of the ELNES/
XANES spectra of the same element in different local envi-
ronments. Based on these calculations, specific correlations
(or the lack of such correlations) with local structural char-
acteristics in these complex crystals are presented. No spe-
cific comparison with experimental data is attempted. This
is because for most of the complex crystals studied here,
there are no measured data available. For some binary com-
pounds, comparisons of the calculated data with the mea-
sured data show excellent agreement, which have been re-
ported in the published literature [a-SiO,,'"3! stishovite
Si02,19’31 B‘Si3N4,32 SizN20,32 ’y—Si3N4,15’32 and CY-Si3N4
Ref. 32] and will not be repeated here. For these crystals, the
results presented here are the repeated calculations along
with the other crystals for consistency.

In the next section, we summarize the local atomic-scale
structures around the anions (O, N) and cations (Si, Y) in
these 12 crystals. This is followed by a brief description of
the method of calculation. The main results are presented in
Sec. IV and discussed in Sec. V. The paper ends with a
summary in Sec. VI together with our conclusions.

II. BONDING CONFIGURATIONS IN THE BINARY,
TERNARY, AND QUATERNARY CRYSTALS

Before we present the method and the results of the
ELNES/XANES calculation, we will first analyze the struc-
ture and the local bonding configuration of the ions in the 12
crystals. This makes our analysis of the calculated results
much easier. In the electronic structure studies, the total den-
sity of states (DOS) can be easily resolved into atom specific
partial DOS (PDOS). This is a common practice in many
electronic structure studies. In the analysis of ELNES/
XANES spectra, it is difficult to resolve each edge into par-
tial components of different atoms of the same chemical spe-
cies since the electronic structure of the empty conduction
bands (CBs) are generally more delocalized. In the past, the
calculated orbital-resolved PDOS of the CB states were often
used to interpret the experimental ELNES/XANES data with
only limited success.*>** In the analysis of experimental
data for complex crystals or structures containing micro-
structures and defects, it is customary to use the spectra from
simpler crystals as a guideline for interpretation. This ap-
proach seldom works because the CB states are not a super-
position of those from crystals with similar local environ-
ments and there are too many unknown factors that affect the
unoccupied electronic states. In the present study, we will
illustrate this subtle point, which is generally ignored in ex-
perimental analysis, by careful analysis and comparison of
the vast amount of the data calculated within a single
scheme.

In Table I, we list the crystal structures and the space
groups of the 12 crystals studied. The list consists of six
binary (a-si02, stishovite SiOZ, B-Si3N4, a-Si3N4, 'y—Si3N4,
and Y,0;), three ternary (Si,N,O, Y,Si,O;, and Y,SiOs),
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TABLE 1. Comparison of crystal structure of the 12 Y-Si-O-N crystals. The supercell size is indicated by the number of the atoms in the
cell and lattice multiplicity (in parentheses). Np is the number of atoms in the primitive cell of the crystal.

Lattice constants

Crystal (A) Space group N,  Supercell size  Y/(O+N) Si/(O+N) O/(0O+N) N(O+N)

a-Si0, a=4.916, c=5.405 P3,21 (154) 9 72 (2X2X2) 0.5 1.0

Stishovite  a=4.179, ¢=2.665 P4, (136) 6 144 2X2x4) 0.5 1.0

B-SizN,  a=7.607, c=2.911 p63/m (176) 14 168 (2X2X3) 0.75 1.0

a-SisN, a=17.766, c=5.615 p3ic (176) 28 224 (2X2X4) 0.75 1.0

y-SisN, a=7.8367 Fd3m (159) 14 112 (2Xx2X2) 0.75 1.0

Y,05 a=10.6073 la-3 (206) 40 80 (cubic cell)  0.666 1.0

Si,N,O a=8.8742, b=5.4894, Cmc2, (36) 10 120 (2X2X3) 0.666 0.333 0.666
c=4.8486

Y,Si,04 a=4.694, b=10.856, c=5.588 p2l/c (4) 22 88 (2X1X2) 0.286 0.286 1.0
8=95.01°

Y,Si05 a=14.371, b=6.71, c=10.388 C2/c (15) 32 128 (1X2X2) 040 0.20 1.0
B=122.17°

Y,Si3N,O3  a=7.4238, b=7.6027, c=4.8162 P2, (4) 24 192 (2X2X2) 0.286 0.429 0.429 0.571
B=89.938°

Y,Si,O;N, a=7.5601, b=10.4411, ¢=10.7626  P2,/c (14) 60 120 2X1X1) 0.444 0.222 0.778 0.222
B=110.042°

Y;3SisNgO  a=4.9697, b=16.1192, pbem (57) 72 144 2X1X1) 0.333 0.50 0.100 0.900
¢c=10.6277

and three quaternary (Y,Si3N,4O;,  Y,Si,O;N,, and As can be seen from Tables II-V, there is a plethora of

Y;SisNyO) crystals. Even the binary crystals such as Y,0;
and a-SisN, have rather complex structures. Also listed are
the supercell sizes used in the OLCAO calculation (see next
section). The supercells were chosen such that they will pro-
vide accurate ELNES/XANES spectra without being pro-
hibitively time consuming. For the convenience of making a
connection to the experimental samples, we have also listed
the ratio of each type of ion to the total number of anions
(O+N) in these crystals. We next describe the local atomic
environment and the number of nonequivalent sites of O, N,
Si, and Y in these crystals. They are listed in Tables II-V.
These tables contain the structural details of the two anions
and two cations in these crystals which will help us to ana-
lyze the calculated spectra presented in Sec. IV. In each table
for a particular ion, the first column specifies the crystal. The
second column lists the number of nonequivalent sites of this
ion in the crystal with their ratios in parentheses. The third
column lists the number of NN atoms for the ion at each site.
In the fourth column, the NN coordination at each site is
indicated and the number in parentheses indicates the num-
ber of occurrences of this coordination. As an example, in
Table II, O-Si2 implies that the O is bonded to two Si ions as
NN, and O-SiY3 implies that the O is bonded to one Si and
three Y ions. The fifth column lists the NN bond lengths
(BLs) of the local coordination. The number in parentheses
indicates the occurrence of this BL for the configuration in
the fourth column. In a few cases with quaternary crystals,
there are too many BLs for the Y ions to be listed. Only the
range (minimum to maximum) is indicated.

local bonding configurations in the Y-Si-O-N system and
their potential role in characterizing the structures in the
ELNES/XANES spectra is most interesting. Because of the
rather comprehensive list of crystals with different structures
in the present investigation, it is unlikely that any other type
of NN configurations will occur in other crystals, although
we cannot rule them out completely. For the Y ion, the NN
analysis is a little uncertain because of a much larger varia-
tion in the BL due to the more ionic nature of the Y-O and
Y-N bonds. We used the value of 2.95 A as the upper limit
for both Y-O and Y-N BLs.

III. METHOD OF XANES/ELNES CALCULATION

The theory of electron energy-loss spectroscopy based on
quantum scattering theory has been reviewed in many
papers.'#7% The basic quantity to measure is the inelastic
partial differential scattering cross section.

-1
Im = ,
{s(q,ﬁw)}

where &(q,%w) is the microscopic complex dielectric func-
tion and Im stands for the imaginary part. For small momen-
tum transfer and at energies far above the plasma frequency
Im{-~1/&(¢,fw)}~ &,(0,%w), the transition probability I per
unit time for the inner shell core excitation in ELNES/
XANES within the dipole approximation can be reduced to
the following expression according to the Fermi golden

rule:>!

d*o B 1
dQdE ~ (meay)q”

(1)
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TABLE II. Local O environment in nine Y-Si-O-N crystals. Ny denotes the number of nonequivalent O sites. The ratios of the

nonequivalent sites are in parentheses.

NN bond length

Crystal No NN Ng NN coordination (A)

a-Si0, 1 2 0-Si2 1.605, 1.614

Si0, (stishovite) 1 3 0-Si3 1.757 (2), 1.810

Y,05 1 4 0-Y4 2.244, 2.268, 2.288, 2.337

Si,N,0 1 2 0-si2 1.624 (2)

Y,Si,04 4 (1:2:2:2) 2,3(3) 0-Si2, 0-SiY2 1.631 (2); 1.622, 2.252, 2.274; 1.616, 2.251, 2.297; 1.627,
2.250, 2.328

Y,Si05 5 (1:2:2:2:2) 4,4,3 (3) 0O-Y4, O-SiY3, O-SiY2 (3) 2.199, 2.203, 2.279, 2.373; 1.628, 2.283, 2.374, 2.604,
1.602, 2.275, 2.319; 1.605, 2.280, 2.287; 1.636, 2.299,
2.317

Y,Si3N405 3 (1:1:1) 4,4, 4 0-Si2Y2, O-SiY3 (2) 1.697, 1.713, 2.355, 2.852; 1.653, 2.359, 1.377, 2.555;
1.630, 2.361, 2.509 (2)

Y,Si,0,N, 7 (L1:1:1:1:1:1) 4 (7) 0-SiY3 (5), 0-Y4 (2) 1704, 2.271, 2.391, 2.692; 1.621, 2.265, 2.422, 2.621;

1.618, 2.310, 2.336, 2.599; 1.677, 2.285, 2.368, 2.691;
1.600, 2.297, 2.302, 2.902;
2.220, 2.278, 2.297, 2.319; 2.164, 2.248, 2.263, 2.287;

Y;Si5NgO 1 4 0-SiY3 1.653, 2.346, 2.494 (2)
] E (el APP St + E,-E), 2) from the dipole approximation restricts the transition from
N ’ the 1s core state (£=0) to only the p states (€=1), and the

where g and f stand for the initial ground state and the final
state with energies E, and E,. The summation in Eq. (2) is
over all final states. In the context of one-electron band
theory, the initial state g is the ground state of the solid and
f are the final states in the empty conduction bands. In the
early development of the ELNES/XANES calculation, the
matrix elements in Eq. (2) were approximated by the orbital
resolved PDOS of the CB with specific angular momentum
symmetry using the argument that the core level is highly
localized and orthogonal to the final states. The selection rule

transition from the 2p core state (€=1) can end up in states
with a (s+d) (€=0 or 2) type of orbital symmetry. In a more
advanced treatment such as in the present calculations, the
dipole matrix elements are explicitly calculated from the
wave functions, and the section rules are automatically im-
posed by the symmetry of the wave functions. In the super-
cell OLCAO method, the Bloch functions for the initial and
final states are expressed in terms of Bloch sums b which are
expanded in terms of atomic orbitals u centered at each
atom:>?

TABLE III. Local N environment in seven Y-Si-O-N crystals. Ny denotes the nonequivalent N sites. The ratios of the nonequivalent sites

are in parentheses.

NN bond length

Crystal Ny NN No NN coordination (A)

B-SizNy 2 (3:1) 3,3 N-Si3 (2) 1.711, 1.758 (2); 1.719 (3)

a-SizNy 4 (3:3:1:1) 3,3,3,3 N-Si3 (4) 1.710, 1.763, 1.773; 1.700, 1.736, 1.758; 1.732 (3);
1.731(3)

v-SizNy 1 4 N-Si4 1.765, 1.869 (3)

Si,N,O 1 3 N-Si3 1.718, 1.722, 1.726

Y,SisN,O5 4 (1:1:1:1) 4 (4) N-Si2Y2 1.639, 1.664, 2.282, 2.331; 1.684, 1.692, 379, 2.695;
1.682, 1.700, 2.356, 2.563; 1.686, 1.671, 2.327, 2.768

Y,Si,O;N, 2 (1:1) 4,4 N-Si2Y2, N-SiY3 1.707, 1.732, 2.330, 2.481; 1.664, 2.315, 2.318, 2.767

Y;SisNgO 6 (2:2:1:2:1:1) 4 (5),5 N-Si2Y2 (4), N-Si2Y3, N-Si3Y  1.723, 1.745, 2.521, 2.357; 1.723, 1.727, 2.389, 2.439;

1.735 (2), 2.444 (2),
1.718, 1.730, 2.373, 2.820, 2.877; 1.738, 1.770 (2), 2.568

035125-4



AB INITIO CALCULATION OF THE O-K, N-K,...

PHYSICAL REVIEW B 77, 035125 (2008)

TABLE IV. Local Si environment in 11 Y-Si-O-N crystals. Ng; denotes the nonequivalent Si sites. The ratios of the nonequivalent sites

are in parentheses.

NN bond length

Crystal Ng; NN Ng NN coordination (A)

a-Si0, 1 Si-O4 1.605 (2), 1.614 (2)

Si0, (stishovite) 1 6 Si-06 1757 (4), 1.810 (2)

B-SisN, 1 Si-N4 1711, 1.719, 1.758 (2)

a-SisN, 2 (1:1) 4,4 Si-N4 1710, 1.731, 1.738, 1.773; 1.700, 1.732, 1.758, 1.763;

-SisN, 2 (122) 4,6 Si-N4, Si-N6 1.765 (4), 1.869 (6)

Si,N,0 1 4 Si-ON3 1.624, 1.718, 1.722, 1.726

Y,8i,0; 1 4 Si-04 1.616, 1.622, 1.631, 1.637

Y,Si0s 1 4 Si-04 1.602, 1.605, 1.628, 1.636

Y,Si5N,05 3 (1:1:) 4,4, 4 Si-ON3 (2), Si-02N2  1.713, 1.683, 1.684, 1.686; 1.653, 1.664, 1.692, 1.700;
1.630, 1.697, 1.639, 1.671

Y,4Si,0,N, 2 (1:1) 4,4 Si-O2N2, Si-O3N 1.621, 1.677, 1.664, 1.732; 1.600, 1.618, 1.704, 1.707

Y5SisNyO 4(1:1:2:1) 44,44  Si-N4 (3), Si-ON3 1723 (2), 1.745 (2); 1.653, 1.697, 1.727 (2); 1.718, 1.723,

1.735, 1.770,
1.664, 1.730 (2), 1.738

Wil(7) = 2 Cio(R)bolk.F) (3)

bia(lg’;) = (%)2 eik‘RUui(;_ Rv_ ;a)' (4)
N/ »

In Egs. (3) and (4), n is the band index, C%, is the wave
function (in the form of eigenvectors) of the self-consistent
solution of the secular equation, (i,«) is a pair of indices
specifying the orbital and atomic state, and v is the index for
the supercell lattice. For a sufficiently large cell, the Bril-
louin zone is very small, we can set k=0 or the zone center,
and the index k in Egs. (3) and (4) can be dropped. So the
dipole matrix in Eq. (2) takes the form

<g|;|f> - Mia,jﬁ= <bia|v|bj[3>
=> f ulF =L )Vu(F = R~ i)dr. (5)

Equation (5) can be easily calculated since the atomic orbit-

als in the OLCAO method are expressed in terms of Gauss-
ian type orbitals. The two center integrals in Eq. (5) can be
evaluated analytically. The explicit inclusion of the dipole
transition matrix in the intensity calculation of the ELNES/
XANES spectrum is an important component in providing
more accurate amplitudes of transitions in the spectral fea-
tures.

One of the problems in the ELNES/XANES calculation
that has been recognized early on is the core-hole effect in
insulators.>*>3 In metals, the effective screening by the CB
electrons may reduce the core-hole effect significantly. %>’
When an electron is excited from the inner core shell to the
CB of the solid, it leaves behind a core hole (positively
charged) which interacts with the excited electron in the CB,
a process analogous to the excitonic effect in semiconduc-
tors. To minimize the spurious interactions between the posi-
tively charged core holes in adjacent supercells, the size of
the supercell used must be sufficiently large. Thus, the core-
hole effect cannot be accurately accounted for if the calcula-
tions of the ELNES/XANES spectra used the primitive cell
of the crystal. In the OLCAO supercell scheme, the electron

TABLE V. Local Y environment in six Y-Si-O-N crystals. Ny denotes the nonequivalent Y sites. The ratios of the nonequivalent sites are
in parentheses. For more than four different BLs of the same type, only the maximum and the minimum are indicated.

NN bond length

Crystal Ny NN No NN coordination (A)

Y,0; 2 (1:3) 6,6 Y-06 (2) 2.288 (6), 2.244 (2), 2.234 (2); 2.268 (2)

Y,Si,04 1 6 Y-06 2.250-2.328 (min to max)

Y,SiO5 2 (1:1) 7,6 Y-07, Y-06 2.199-2.604 (min to max); 2.203-2.287(min to max)

Y,SisN,O5 2 (1:1) 8 Y-O3N5, Y-O5N3 2.359, 2.509, 2.555, 2.331-2.768 (min to max for five Y-N
bonds)
2.355-2.852 (min to max for five Y-N bonds), 2.282,
2.327, 2.563

Y,Si,O4N, 4 (1:1:1:1)  8,7,6,7 Y-O6N2, Y-O7, Y-O5N, Y-O5N2 2.263-2.902 (min to max for six Y-O bonds), 2.330, 2.767

Y;SisNgO 2 (2:1) 7,8 Y-ON6, Y-ON7 2.494, 2.324-2.820 (min to max for six Y-N bonds)
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core-hole interaction is fully taken into account at the level
of the LDA of density functional theory.’®° The initial state
and the final states are calculated separately by solving the
self-consistent Kohn-Sham equations. The initial state is the
ground state of the supercell, with the core states of the tar-
geted atom retained in the orthogonalization procedure. The
final state is obtained by moving the electron in the core to
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 state accounts for all the mul-
tiple scattering effects of the excited electron in the CB. The
interaction of the electron in the CB and the hole left behind
greatly modify the final state wave function, and is the single
most important factor for the calculation to reproduce the
measured spectra.®® This procedure of accounting for the
electron core-hole interaction is superior to the so-called (Z
+1) approximation.®®®! The latter cannot distinguish the ef-
fect of the core hole for transitions from different core levels.
The final spectrum is obtained by using Eq. (2) with the
dipole matrix elements calculated between the initial and fi-
nal states.

Another advantage of the OLCAO-supercell method is
that the transition energy for each edge can be obtained from
the difference in the total energies of the ground state (N
electrons) and the final state (N—1 electrons). Here, the ref-
erence to N-electron and (N—1) electron system is in the
spirit of the density functional theory even though the actual
calculations of the final states involve N electrons, albeit
with one of them in the conduction band region. Although
the theoretical transition energy can never reproduce the ex-
perimental energy at the edge onset and depends on the size
of the supercell, it is usually within a few percent of the
transition energy and is very useful for the comparison of
different spectra of the same edge at different sites or in
different crystals as long as the same computational proce-
dure is used in the calculations.

The OLCAO-supercell method has been successfully ap-
plied to the calculation of the XANES/ELNES spectra of a
large number of crystals as well as systems with microstruc-
tures and defects,!3-23-30-41.62-66 More recently, similar super-
cell calculations have also been used by other groups using
different computational methods.*%’-7? It has been shown
that in crystals where nonequivalent sites for the same spe-
cies of atom exist, the spectra at the different sites of the
same element will be different. The experimentally obtained
spectra cannot distinguish the data collected from crystallo-
graphically nonequivalent sites. It is imperative to use the
weighted sum of the calculated spectra at various sites to
compare with the measured spectra of a particular edge. The
most vivid examples are the recent calculations of the EL-
NES spectra of sillimanite®® (Al,SiOs) and y-SizN,." In sil-
limanite, Al atoms occupy both the tetrahedral sites and the
octahedral sites, which have different spectral characteristics.
Only the appropriately combined spectrum can achieve good
agreement with the measured spectra. The case for y-SizNy
will be discussed later.

It is not uncommon to apply a broadening procedure to
the calculated spectra since the lifetime effect is not included
in most of the theoretical formalisms. There are research
efforts specifically dedicated to this subject in order to better
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understand the actual process in the experiments. In the
present calculations (and those published previously), all
ELNES/XANES spectra are broadened by a Gaussian with a
full width at half maximum of 1.0 eV. In other words, no
attempts were made to use the broadening procedure itself to
achieve better agreement with experiment. For easy compari-
son, all spectra for the same edge are normalized to the same
area. It should also be pointed out that the supercells used in
the calculation must be chosen carefully. A small supercell
will give inaccurate results because of the considerable inter-
action between the adjacent core holes. Too large a supercell
increases the computational burden. It is not the number of
the atoms in the supercell that matters. It is the distance of
separation between the core holes of the adjacent supercells
that is relevant. Our past experience indicates that a core-
hole separation distance of about 8—9 A is quite sufficient.
So, the efficiency of the calculation treats highly anisotropic
crystals and those with light elements (shorter bond lengths)
unfavorably. The supercells used for the 12 different crystals
in the present calculations are listed in Table I.

IV. RESULTS

The results of the calculated ELNES/XANES edges in the
12 crystals are presented in this section. For each edge, we
first show the spectra of that edge from the involved crystals
so as to have a quick glance at the overall differences among
them. These are the spectra that are most relevant for com-
parison with the measured ones. For those crystals that have
nonequivalent sites, the spectrum is the weighted average
over these sites. This is then followed by the presentation of
individual spectra at each site in crystals with nonequivalent
sites. The local NN bonding configurations are indicated in
each panel of the figures. We feel that this is the best way to
systematically present our vast amount of results in a cohe-
sive way.

A. O-K edges

Figure 1 shows the calculated O-K edges in nine crystals.
Five of these have unique O sites, and their local bonding
configurations are indicated. The number of nonequivalent O
sites in the four crystals is noted in parentheses in Fig. 1 and
also in Table II. It is obvious that these spectra are very
different, especially in the first 10 eV range from the edge
onset, displaying features with double peaks, single broad
peaks, additional small peaks, and shoulders. Even for O
ions in the bridging configuration O-Si2 [@-SiO,, Si,N,0,
and Ol in Y,Si,05 in Fig. 2(a)], the spectra have noticeable
differences in their shape and edge onset. This could imply
that the O-K edge spectrum may be influenced by the second
NNs, bond angles, etc. (The O bridging angle in the three
crystals are 143.7°, 150.0°, and 180.0°, respectively.) O in
stishovite is the only case where it bonds to three Si atoms.
Its spectrum shows a sharp leading peak followed by a
prominent but broad peak in the first 10 eV range. O in Y,0;3
and in Y3SisNgO both have four NN atoms, with four Y in
the former and one Si with three Y in the latter. Their spectra
are also very different in the separations of the double peaks
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FIG. 1. Calculated total O-K edges in nine crystals. The number
in parentheses indicates the number of nonequivalent sites for O.
For crystals with unique O site, their NN bonding coordination is
indicated.

and in their relative intensities. These variations underscore
the importance of the chemical species in the NN shell in
addition to the NN numbers.

The weight-averaged O-K edges in Y,Si,O7, Y,SiOs,
Y,Si3N4O3, and Y,4Si,0,N; in Fig. 1 are more broadened as
expected. They are very different from the crystals with only
one O site. In Fig. 2, we display the spectra from the non-
equivalent sites in these crystals. In Y,Si,0, the spectrum
for Ol in a bridging configuration with two Si atoms is very
different from the spectra of 02, O3, and O4, which all bond
to one Si and two Y, and whose spectra are very similar with
well-defined double peaks. In Y,SiOs, O1 distinguishes itself
as having four Y as NN and is responsible for a prominent
sharp peak at —15.1 eV in the valence band.” The spectrum
for Ol resembles that of O in Y,Oj3, but with different peak
intensities. This could be related to the shorter O-Y bonds in
Y,SiOj (see Table II). The spectra of O2 through O35, though
having a similar double-peak structure, have higher absorp-
tion edges compared to O1. O2 bonds to one Si and three Y,
while O3, O4, and OS5 all bond to one Si and two Y. For that
reason, the second peak in O2 is broader than that in O3 and
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FIG. 2. The site-specific O-K edges in crystals with nonequiva-
lent sites: (a) Y,Si,07, (b) Y,SiOs, (¢) Y,SizsN4Os3, and (d)
Y 4Si,07N,. The NN bonding coordination is indicated.

0O4. Conspicuously, the O-K edge of OS5 is quite different
from O3 and O4 in spite of the same local coordination. This
could be attributed to the slightly longer Si-O and Y-O bond
lengths in O5 (see Table II). In Y,Si;N,O3, the spectra for
01, 02, and O3 show considerable differences in the shape
of the broad peak. They are all fourfold coordinated, with
bonds to one Si and three Y in O1 or two Si and two Y in O2
and O3. These differences can be related to the differences in
the BLs (see Table II), especially the Si-O BL. The influence
of the second NN effect such as the presence of N in these
crystals cannot be ruled out either, although it is more diffi-
cult to quantify. In Y,4Si,0,N, or N-YAM, there are seven
nonequivalent O sites. O1 through O5 have O-SiY3 coordi-
nation, and O6 and O7 have the O-Y4 coordination. They all
have the double-peak structure in the first 7 eV range, but O6
and O7 have a lower edge onset. The differences in the edge
onset contribute to the more broadened feature in the weight-
averaged spectra in Fig. 1. The slight difference in the peak
positions and shapes for the spectra of O atoms having the
same coordination can again be correlated to the slight dif-
ferences in their BLs, especially the Si-O BL. Figure 2 also
shows that for O atoms having the same local coordination
(O-SiY2, 0-Si2Y2, O-SiY3, and O-Y4) in different crystals,
their edge spectra need not be very close.
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FIG. 3. Calculated total N-K edges in seven crystals. Notations
are similar to Fig. 1.

B. N-K edges

The calculated N-K edges for the seven N-containing
crystals are displayed in Fig. 3. Of these seven crystals, only
y-Si3N, and Si,N,O have a unique N site, and the huge
difference between them is clearly due to their different local
environments. N in y-Si3N, is fourfold bonded with one
short bond to Sil and three long bonds to Si2, whereas in
Si,N,O, N has three nearly equal coplanar bonds. The N-K
edge in y-SizN, has multiple peaks, while in Si,N,O, the
spectrum in the first 10 eV is an asymmetric peak with a
steep edge onset. As with the O-K edges, the spectra for the
nonequivalent N sites in the other five crystals (B-SizNy,
OZ-Si3N4, YzSi3N403, Y4Si207N2, and Y3SISN90) are dis-
played in Fig. 4, with their local coordination indicated. It
can be seen that the N-K edges in these seven crystals are
quite different even between 3-SisN, and a-SizN,4, which are
generally considered to be structurally similar except in the
stacking sequences of the Si-N layers along the c¢ axis. In
B-SizNy, there are two N sites (N1 and N2 in the ratio of 3 to
1); their K-edge spectra are very different. N1 has a three-
peak structure, whereas N2 has a two-peak structure which
lines up with peaks 2 and 3 in N1. The difference in the N-K
edges from N1 and N2 in B-Si;N, defies easy explanation.
They both have planar bonding to three Si atoms and similar
BLs. The only difference is that in N2, all three BLs are
equal, while in N1, two of the three BLs are equal. Most
likely, the second NN effect including the difference in bond
angles (BAs) due to different layer stacking is at play. In-
deed, the bond angles for N1 are 111.8°, 124.1°, and 124.1°,
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FIG. 4. The site-decomposed N-K edges in crystals with non-
equivalent sites: (a) B-SizsNy, (b) Y,Si3sN403, (¢) Y4Si,0;N,, and
(d) Y3SisNgO. The NN bonding coordination is indicated.

whereas the bond angles for N2 are all 120.0°, implying a
perfect coplanar arrangement. However, it is still puzzling
why the difference is so large. In a-Si3Ny, there are four N
sites in the ratio of 3:3:1:1. The differences between these
four spectra are much less than the difference between N1
and N2 in B-Si3Ny. Their weighted average, shown in Fig. 3,
bears surprising resemblance to that of Si,N,O. However, it
can still be recognized that the spectra of N3 and N4, which
have all three Si-N BLs equal, are slightly different from
those of N1 and N2, where all three Si-N BLs are different.
We also note that N3 in a-Si;N, has a perfect planar arrange-
ment similar to N2 in B-Si3Ny, yet their K edges are very
different, underscoring the fact that BA effect alone cannot
be used for a simple explanation. In Y,SisN,Os3, there are
four N sites all having N-Si2Y?2 coordination. Yet the spec-
trum for N1 is quite different from the other three, which are
similar. Inspection of Table III reveals that the most likely
cause is the shorter Si-N BL in N1 compared to the other
three Ns. The Y,Si,O;N, crystal has only two N sites of
equal proportions. N1 bonds to two Si and two Y, and N2
bonds to one Si and two Y. Their spectra and absorption
edges are very different. N1 has three peaks and N2 has only
two peaks, with a smaller additional peak preceding the sec-
ond peak. This difference signifies the importance of the NN
atomic bonding to Si in the N-K edge. It is also noted that
the single Si-N bond in N2 has a BL of 1.664 10\, consider-
ably shorter than the two Si-N bonds of BL of 1.707 and
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1.732 A in N1. The N-rich Y3SisNgO crystal has six differ-
ent N sites with a weight factor of either 2 or 1 (see Table
IT). Four of them have Si2Y2 coordination (N1, N2, N3, and
N6), one with N-Si2Y3 coordination (N4), and the other has
N-Si3Y coordination (N5). Their spectra differ, but not as
dramatically as in Y4Si,0,N,. In this crystal, the Si-N BLs
are much longer than those in other N-containing crystals
and this could be the reason for the smaller deviations of
their K-edge spectra. We have also noted that the weight-
averaged N-K edges in Y,Si3N,05 and Y3SisNgO show suf-
ficient similarity, underscoring the difficulty to distinguish
them experimentally.

C. Si-K and Si-L edges

The Si-K and Si-L edges in many inorganic and mineral
crystals have been intensively investigated both experimen-
tally and theoretically.”3-3° The Si-K edges from 11 crystals
are presented in Fig. 5. Six of these crystals have unique Si
sites and five of them have multiple Si sites. The site-specific
spectra in these five crystals are presented in Fig. 6. Si al-
ways has a fourfold tetrahedral coordination with well-
defined NN coordination. Under high pressure, Si can as-
sume octahedral coordination with O (as in stishovite) and N
(as in y-SizNy,). The spectacular differences in the Si-K
edges, especially in the first 5—10 eV, present a real chal-
lenge for interpretation. We first focus on those crystals with
unique Si sites. The difference in Si-K edges between a-SiO,
and stishovite has been discussed in many past
calculations,!?31:73-7680 and is due primarily to the different
NN numbers of 4 and 6, respectively. Both have a strong
leading peak, which is much sharper in @-SiO, than in
stishovite. Stishovite has a secondary peak at a slightly
higher energy, which gradually decreases its intensity in the
energy range at least 5 eV above it. The interesting point is
to compare the Si-K edge in «-SiO, with that of Y,Si,O4
and Y,SiOg; all have the same Si-O4 local coordination. The
spectrum for @-SiO, is a single sharp peak, but that of
Y,Si,05 is a broader double peak and that of Y,SiOs is a
very broad plateaulike peak. The BLs of these four Si-O
bonds are not drastically different (see Table IV), so the only
logical explanation for these observed differences must come
from the NNN effect or the bond angle effect. In @-Si0O,, Si
has four NNN Si atoms at the separation of 3.059 A. In
Y,Si,05 (Y,SiOs), it has only one Y as a NNN with a dis-
tance of separation of 3.135 A (3.106 A). Since Y is a much
larger ion than Si and its wave function extends further than
Si, reasonable interaction between Si and Y can be expected.
Nonetheless, this still cannot explain the differences between
the Si-K edges in the two ternary yttrium silicates. A possible
explanation is that two of the Si-O bonds in Y,SiOs5 are
relatively shorter (1.602 and 1.605 A) than in the other two
crystals. Furthermore, Si in Y,SiO5 has a NNN Y at a dis-
tance of 3.106 A, whereas for Si in Y,Si,O, the distance to
the NNN Y is a littler farther (3.135 A). This clearly illus-
trates that the finger printing argument fails in complex crys-
tals even in the most favorable case of tetrahedral Si-O4. We
next compare the Si-K edges in 3-SizN, with Si-N4 coordi-
nation and in Si,N,O with the Si-ON3 coordination. Inter-
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FIG. 5. Calculated Si-K edges in nine crystals. The notations are
similar to Fig. 1. In @-SiO, and stishovite, the spectra are scaled
with a factor of 1/2.

estingly, in these cases, the Si-K edges are also dominated by
a leading peak, like Si in a-SiO, with Si-O4 coordination.
The Si-K edge in Si,N,O is only marginally different from
that in a-SiO,. The Si-K edge in 3-Si;N, has a more broad-
ened peak with additional structures in the higher energy
range. It appears that the effect of having N or O as a NN to
Si on Si-K edge is not a drastic one, but a gradual one. Thus,
a simple finger printing argument cannot distinguish these
two cases. We will further discuss this point in Sec. V.

We now turn to the spectra shown in Fig. 6 for crystals
with multiple Si sites. a-Si3Ny has two Si sites with almost
identical local environments. So the fact that Si2 has a much
sharper leading peak than Sil is somewhat difficult to ex-
plain. This is similar to the case of the N-K edges in a-SizNy
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FIG. 6. The site-specific Si-K edges in crystals with nonequiva-
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NN bonding coordination is indicated.

discussed above, and could be related to the NNN effect. The
difference in the Si-K edges between Sil (tetrahedral site)
and Si2 (octahedral site) in y-Si;Ny is the most dramatic one,
and neither of them resembles the spectrum of the weighted
sum shown in Fig. 5. This has already been discussed in the
previously published work.'332 Obviously, the number of
NNs (4 vs 6) and their BLs play an important part. The
difference in the Si-K edges of Sil and Si2 in y-Si3Ny is
much larger than the differences between Si-O4 (in a-SiO,)
and Si-O6 (in stishovite). This again underscores the point
that for calculated spectra to be comparable with the mea-
sured ones in crystals where nonequivalent sites exist, a
weighted sum of the individual spectra must be used. The
Si-K edges in the three quaternary crystals have a variety of
local coordinations including Si-ON3 (Sil and Si2 in
Y,Si3N,O3, and Si2 in Y;SisNgO), Si-O2N2 [Si3 in
Y,Si3N,O5, Sil in Y,Si,04N, (N-YAM)], Si-O3N (Si2 in
N-YAM), and Si-N4 (Sil, Si2, and Si4 in Y3SisNyO). The
Si-K edge for Si,N,O which has a Si-ON3 configuration has
a much sharper leading peak than Sil and Si2 in Y,Si3N4O5.
This enables us to ascertain if there is a systematic change
when the four NNs of Si are gradually changed from having
four O to four N as NNs. This will be discussed later in Sec.
V. However, it should be pointed out that there are noticeable
differences between the Si-K edges of the same configura-
tions in the same crystal such as Sil and Si2 in Y,Si3N4O3,
or in different crystals (Si2 in Y3SisNgO). These differences
may be partially explained by the differences in their BLs as
listed in Table IV. The other observations from Fig. 6 are the
following: (1) In Y,Si;N,O3, the spectra from the three Si
ions show differences in the first 6 eV range. Sil has a single
peak and a shoulder, Si2 has a single peak and two shoulders,
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FIG. 7. Calculated Si-L; edges in nine crystals. The labeling is
similar to Fig. 5.

and Si3 has two peaks. (2) In Y,Si,0;N,, the two Si atoms
have very different spectra. Sil with O2N2 coordination has
a broad peak with some shoulderlike structures, and Si2 with
O3N coordination has two sharp peaks. (3) In Y3SisNyO, the
four Si-K spectra show similar patterns, but with discernable
differences in peak structures, mainly in the first 8 eV range.

We now come to discuss the results of the Si-L; edge in
the same 11 crystals which are presented in Fig. 7. This is
followed by the site-specific L3 edges for crystals with non-
equivalent Si sites in Fig. 8. The L; edge, which basically
probes the (s+d) type of states in the CB, is very different
from the K edge. In Si, the transition energy of the 2p core
electron to the CB is much less than the transition energy
from the 1s core electron. Hence, some of the observations
described above for the Si-K edges do not necessarily hold
true for the Si-L; edges. Still, there are some similarities in
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labeling is similar to Fig. 6.

the overall characterization. From Figs. 7 and 8, we briefly
summarize our observations as follows, along the line dis-
cussed for the Si-K edges. (1) In Fig. 7, the Si-L; edge in
a-Si0, shows three well-defined peak structures A, B, and C
over a diffuse background. A is preceded by a weaker peak
A’ near the absorption edge, B is about 6.37 eV above A, and
C is broader, with the peak centered at 9.35 eV above B. (2)
In stishovite, peak C becomes overwhelmingly dominating
and shifts slightly to a lower energy. Peaks A and B are
barely visible. This huge difference between the fourfold Si
in a-Si0O, and sixfold Si in stishovite is more dramatic than
in the Si-K edges. (3) The single site Si ions in Y,Si,0; and
Y,Si05 both have Si-O4 coordination, and their L; edges are
quite similar. They show some resemblance to the spectrum
in @-SiO, except that the three peaks are more broadened,
especially for peaks A which are flatter. These can be related
to the differences in BLs and also the possible NNN effects.
(4) By comparing Si-L; edges in binary nitrides (8-SizNy
and @-Si3N,) that have Si-N4 coordination to the Si-O4 co-
ordination in @-SiO,, the differences are quite remarkable. In
B-SizN,, peak A moved down toward the absorption edge,
peak C becomes even more broadened, and peak B disap-
peared or transformed into multiple ripplelike features. These
differences are much larger than those found in the Si-K
edges. (5) The Si-Ls edge spectrum in Si,N,O (a single Si
site with coordination of Si-ON3) lies somewhere between
that of @-SiO, with Si-O4 coordination and that of 8-SizNy
with Si-N4 coordination. This is the strongest case so far that
shows a spectral correlation to the chemical species of the
NN atoms. We will return to this point later in Sec. V. (6)
The weight-averaged spectrum for Si-L; in @-Si3N, is close
to that for B-SisN,, but they are drastically different from
that for y-SizN, since the two Si sites in the latter are very
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FIG. 9. Calculated total Y-K edges in six crystals. The notations
are similar to Fig. 1.

different (fourfold and sixfold with very different BLs). As
can be seen in Fig. 8(b), the spectrum for the tetrahedral Si
(Sil) has more peaks in the first 25 eV range, while that of
octahedral Si (Si2) is almost featureless in the first 15 eV
range. (7) The weight-averaged Si-L; spectra in the three
quaternary crystals show surprisingly similar features. In
Y,SisN,4O5, we can divide the spectral range into three re-
gions: (a) the first 6 eV from edge onset, (b) the next 10 eV,
and (c) those above 125 eV. The three Si-L; spectra show
some differences in region (a), minor differences in region
(b), and considerable differences in region (c) in their shapes
and peak positions. In Y,;Si,O;N,, the two Si-L; edges (with
Si-O2N2 and Si-O3N coordinations) show much less devia-
tion than in Si-K edges of Fig. 6(d). In Y3SisNyO, the four Si
edges show some differences in the three regions defined
above, especially for Sil which has a much sharper peak in
region (b) and a highly asymmetric but broader peak in re-

gion (c).

D. Y-K and Y-L; edges

The ELNES/XANES spectra of Y in inorganic crystals are
much less commonly reported in the literature. Experimen-
tally, it requires a much higher energy source to excite the
deep core electrons from a heavy element such as Y, espe-
cially for the Y-K edge. Modern synchrotron facilities do
have this capability, but the spectra obtained are usually of
poor energy resolution. Here, theoretical calculations can
provide a useful complement to such measurements. The cal-
culated Y-K edges in the six crystals are presented in Fig. 9,
which show large variations in terms of their peak positions
and shapes. Of these six crystals, only Y,Si,0; has a unique
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FIG. 10. The site-specific Y-K edge in crystals with nonequiva-
lent sites: (a) Y203, (b) Y25105, (C) YzSi3N403, (d) Y4Si207N2,
and (e) Y3SisNogO. The NN bonding coordination is indicated.

Y site with Y-O6 coordination, but actually shows the least
distinguished features. Figure 10 shows the Y-K spectra for
the five crystals with different Y sites and their coordination.
Table V indicates that Y atoms in these crystals can have
six-, seven-, and eight-fold coordinations to different num-
bers of O and N atoms, with Y-O6 being the most common
one. One would, thus, expect the Y-K edges in Y,Si,0; and
Y,0;5 as well as Y2 in Y,SiO5 to be somewhat close to each
other. This is not the case. Y,05 has two Y sites both having
Y-O6 coordination and their spectra are very close, but not
with the spectra from the other two crystals with the same
coordination. The most logical explanation to this unex-
pected variation is the presence of Si in Y,Si,O; and
Y,SiOs, or the NNN effect, since there are no large differ-
ences in their BLs (see Table V). The difference between the
Y spectrum in Y,Si,O and the spectra from the two Y sites
in Y,Si05 is more difficult to explain. In Y,SiOs, the K edge
for Y1 is almost featureless with a rather broad peak, while
the spectrum for Y2 has a well resolved two-peak structure.
On the other hand, there is a much closer resemblance be-
tween the Y-K edges in Y,053 and Y,Si3N,O5. The two Y
sites, Y1 and Y2, in Y,Si3N4O3 have local coordinations of
Y1-O3N5 and Y2-O5SN3, respectively, they are eightfold
bonded, and with different numbers of N atoms as NNs. In
the Y,4Si,O,N, crystal, there are four Y sites with different
coordinations of Y1-O6N2, Y2-O7, Y3-O5N, and Y4-O5N2,
respectively, and their spectra show considerable differences
in the shapes and positions of the main broad peak. In the
Y;SisNgO crystal, the two Y sites with coordinations of ON6
and ON7 have similar spectra. On the other hand, the spec-
trum for Y1 in Y,SiO5 and for Y2 in Y,4Si,0;N, both have a
Y-O7 configuration and show a marked difference. All these
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FIG. 11. Calculated total Y-L; edges in six crystals. The label-
ing is the same as in Fig. 9.

indicate that at least in the case of Y-K edges, there is no
clear evidence of any correlations in the spectra to their local
NN environments.

The Y-L; spectra for the six crystals are presented in Fig.
11. The site-specific spectra for five of these crystals having
nonequivalent sites are shown in Fig. 12. The weight-
averaged Y-L; edges in Fig. 11 show mostly a double-peak
structure of varying intensity ratios and different separations
between the two peaks except for Y-L; in Y,Si3N,O3, where
there is only a single peak. In Y,SiOs, the L3 edges of Y1
and Y2 with coordinations of Y1-O7 and Y2-O6 show varia-
tions due to the extra O as a NN to Y1. There are two Y sites
in Y,Si3N4O53 with coordinations of Y-O3N5 and Y-O5N3,
respectively, but they both have a single-peak structure. This
is similar to the Y-K edges for these two sites discussed
above. The other cases with a single peak in the Y-L; spec-
trum occurs in Y4 of Y,4Si,0,N, (coordination Y-O5N2), and
in Y2 of Y3SigNgO (coordination Y-ON7). Y1 in Y,Si,O;N,
having a coordination of Y-O6N2 actually has a plateaulike
structure. The Y sites having O6 coordination (Y1, Y2 in
Y,0; and Y2 in Y,SiOs) show similar two-peak structure
and intensity ratios. The only discernable difference appears
to be that in Y,SiOs, the separation of the two peaks is much
less, about 0.7 eV, and the absorption edge is at a higher
energy. The other cases that have a distinct two-peak struc-
ture in the L; edge are Y2 and Y3 in Y,;Si,O4N, (coordina-
tion Y-O7 and Y-O5N) and Y1 in Y3SigNgO (coordination
Y-ONG6). The Y1 site in Y,SiO5 with the same coordination
of Y-O7 as Y2 in Y,4Si,0,N, has two peaks that are much
closer and which have less intensity variations.

The above analysis of the L3 edges in the six Y-containing
crystals shows that there is no clear correlation between the
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FIG. 12. The site-specific Y-L; edge in crystals with nonequiva-
lent sites: (a) Y203, (b) Y2Si05, (C) YzSi3N403, (d) Y4Si207N2,
and (e) Y3SisNgO. The labeling are the same as in Fig. 10.

peak structures of the spectra and the NN coordination of the
Y ions, more so than for the Y-K edges. Why this is the case
is not all clear. One possible reason is that the states with s or
d symmetries in the CB for the Y-containing crystals are
much more spread out. The variations of their spectra due to
interactions at larger distances and the subsequent changes in
the electronic structure cannot be easily quantified.

V. DISCUSSIONS

The data presented in Sec. IV are overwhelming and, to a
large extent, fail to provide a clear picture regarding the pos-
sibility of finding a correlation between the calculated spec-
tra and the local atomic-scale environment of the ions in
Y-Si-O-N crystals. It is necessary to sift through the data in
an organized fashion to seek any potential correlations such
that key questions can be answered simply by yes or no.
Specifically, we will answer the following five questions by
recapturing the special features from the large amount of
spectral data of anions (O, N) and cations (Si, Y) presented
above.

(1) Are there any spectral features in the calculated spec-
tra that can be clearly correlated with the number of NN
atoms?

(2) For a given number of NN atoms, are there any cor-
relations or trends in the spectral features with the atomic
species of the NN atoms?

(3) Is there any strong evidence in (1) and (2) that the
changes in the spectral features can be accounted for by
variations in the BLs?

(4) Ts there any evidence in (1) and (2) for the NNN effect
in the correlations or trends in (1) and (2)?
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(5) Is there any specific difference in the above observa-
tions between cations and anions in general? between anions
O and N? and between cations Si and Y?

The answer to question (1) is clearly no. O has coordina-
tion numbers of 2, 3, and 4, and N has coordination numbers
of 3, 4, and 5. From Figs. 1 and 3, the O-K and N-K edges
are very different for different numbers of NN, and no
systematic trend can be observed. Si always has four NN
atoms, except for Si2 in y-SizN, which has six. We have
already pointed out in Sec. V C that Si in a-Si0,, Y,Si,07,
and Y,SiOjs all have four O as NNs, but their spectra differ
completely. There are only two cases for Si with six NN
(Si-O6 in stishovite and Si-N6 for Si2 in y-SizNy). The com-
plete difference in the spectra of these two high pressure
phases has already been commented upon. Y has NN num-
bers of 6, 7, and 8. From Figs. 9 and 10, no specific features
of any kind can be identified in either the Y-K or the Y-L
spectra. This lack of correlation in the spectra with the num-
ber of NN atoms for both anions and cations is related to
questions (2)—(4).

The answer to question (2) is a weak yes, with some
exceptions which are related to questions (3) and (4). This is
illustrated in Figs. 13(a)-13(c) for O with four NN, where
the O-K edges of configurations O-Y4, O-SiY3, and
0O-Si2Y?2 are shown. There is a clear trend in going from a
configuration of O-Y4 to O-SiY3 and then to O-Si2Y2. The
two-peak structure in Fig. 13(a) changes to a one-peak struc-
ture in Fig. 13(c) with concomitant changes in the intensity
and broadening. There are only two cases of O with a three
NN coordination number, O-SiY2 in Y,Si,05 and Y,SiOs,
and O-Si3 in stishovite, so we cannot speak of any trends.
Their spectra are very different [see Figs. 13(d) and 13(e)].
In stishovite, the spectrum consists of a sharp leading peak,
and a broad second peak whereas in the two ternary silicates
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with two Y ions in the NN shell, the second peak is well
defined and relatively sharp and its position is close to the
first sharp peak in O-Si3 of Fig. 13(e). In the case of N with
coordination numbers 3 (all to Si) and 4 (to Si and Y), we
can only discuss the second case. The answer is again a weak
yes with exceptions. Figure 14 shows the spectra from se-
lected crystals with configurations of N-Si4, N-Si3Y,
N-Si2Y2, and N-SiY3 in increasing order of the number of
NN Y ions. There is a general trend. The absorption edge
decreases as the number of Si in the NN shell decreases.
There is also a shift in the spectral weight toward lower
energy as the number of multiple peaks changes from 3 to 2
to 1, and then back to 2 in going from Fig. 14(a) to Fig.
14(d).

The most definitive “yes” answer for question (2) is for Si
with four NN atoms, the most common tetrahedral configu-
ration in all silicates. In Fig. 15, we show the Si-K edges
with different numbers of O/N ratios: (a) Si-O4, (b) Si-O3N,
(c) Si-O2N2, (d) Si-ON3, and (e) Si-N4. We selected these
spectra from the more complex crystals instead of the ones
with simpler structures (a-SiO, and Si,N,0) since they are
more representative of complex systems. The change in the
spectra as the O/N ratio changes is very clear. First, the
absorption edge shifts to lower energy in going from (a) to
(e). From (a) to (b) and (c), the double peak changes their
relative intensity and peak separations. The change from (b)
to (c) is smaller in the first 10 eV range, but more obvious in
the range above the first 10 eV. In going from (c) to (d), the
double peak evolves into a broader single peak with a shoul-
der, but less change in the structures above 10 eV. Finally,
the Si-N4 configuration in (e) shows a sharp peak near the
absorption edge and more structures in the range 5 eV above
the edge. On the other hand, the answer to question (2) for Y
edges is “no” because the spectral variations for a given
number of NN are quite complex and they are very much
influenced by the answers to questions (3) and (4) below.

The answer to question (3) is yes in most cases. As dis-
cussed in the previous sections, there are cases where the
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discrepancy in the spectra can be best explained as due to the
possible variations in the BLs. The NN BL controls the spe-
cific interatomic interaction and affects their electronic struc-
ture in the CB to a large extent. Unfortunately, in multicom-
ponent complex crystals, the effect due to variations in the
BL cannot be quantified and can only be discussed in the
general context of the maximum and the minimum BLs for a
given configuration as listed in Table V.

The answer to question (4) is similar to question (3), but
is even less definitive. From the results of the previous sec-
tion, it is obvious that the second NN can play an important
role, especially in multicomponent crystals. For example, the
presence of Y as a NNN to Si can apparently explain the
difference in the Si-K and Si-L edges of the ternary and
quaternary crystals. Unfortunately, the second NN effect is
also very difficult to quantify. Further, we did not investigate
the BA variations with the spectral features. We feel that
such endeavor would be fruitless since any spectral correla-
tion, even if they exist, would be weak, not definitive. What
we are looking for is already very complicated just based on
the NN environments. It may be feasible that in simpler and
more specific systems, such as in the case of passive defects
in crystalline Si,* variations with BA could be attempted to
gain further insight. Here, our conclusions with the NNN
effect is mostly inferred from the presence of the NNN ions,
especially the larger and more ionic Y ions.

The answer to question (5) is necessarily general in na-
ture, but is quite important. Obviously, there are differences
between cations (Si,Y) and anions (O,N) in our discussions.
This is because the cations in these crystals have more of
their PDOS in the CB region due to the charge transfer to
anions, while anions have more PDOS in the VB region.?”-?
One would then expect that it would be easier to seek corre-
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lations in the ELNES/XANES spectra in cations rather than
anions. This is generally not true. Although a clear trend can
be established for Si with four NN atoms, it is certainly not
for Y. The differences between Si and Y can be many. The
most important one is the ionicity, which affects the charge
transfer and the presence of the 4d electrons in Y. Y is also a
larger ion with larger interatomic BLs and can bond to more
atoms but with weaker bonds. This has been illustrated in
many of our past calculations of the electronic structures of
Y-containing crystals.?*->?31.82 The difference between O and
N is less dramatic than the difference between Si and Y. Still
we can see there are marked variations in their trends. Again,
this can be attributed to the ionicity of O and N. They have
formal charges of —2 and -3, respectively, which can cer-
tainly affect their electronic structure and bonding in a very
significant way. Another important issue is for the L, 5 edges
of the transition metal ions; it may need to use the more
complicated multiplet theory>!:#384 for proper interpretation,
which is beyond the scope of the present paper.

A few additional comments related to the above discus-
sions may be in order. First, we have mentioned the differ-
ences in the edge onset of various spectra obtained as the
difference in the calculated total energies of the initial and
final states. We cannot rule out the numerical inaccuracy as-
sociated with different sizes of the supercells for different
crystals (see Table I). However, the edge onset for different
sites in the same crystal using the same supercell should be
accurate. We have also not considered the anisotropy of the
spectra for noncubic crystals, which could result in addi-
tional complexity.!® Since it is not our intention in this paper
to compare with any experimental measurements, we feel it
is better to focus on the directionally averaged spectra for our
discussion. In more focused studies limited to a few crystals,
anisotropic effect can be studied using the same method and
approach. The present calculations are at the level of density
functional theory with a further step to account for the elec-
tron core-hole interaction. More elaborate many-body cor-
rections beyond DFT is clearly impractical for complex ce-
ramics at this stage.

VI. CONCLUSIONS

Based on the ab initio calculations of the ELNES/XANES
spectra (0O-K, N-K, Si-K, Si-L;, Y-K, and Y-L; edges) of the
anions (O, N) and cations (Si,Y) in 12 crystals of the Y-Si-
O-N system, attempts were made to correlate the calculated
spectra with the local structural environments of each atom.
We found that, with the exception of the fourfold coordinated
Si ion, there is no clear correlation that can qualify for the
much discussed and celebrated finger printing capability of
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the ELNES/XANES spectra. For the O-K and N-K edges,
there are many counterexamples to the perceived correlations
that can be traced to effects beyond the NN or to variations
in BLs and BAs. In the Y-K and Y-L; edges, no meaningful
correlations can be established. For simpler crystals where
nonequivalent sites of a particular ion exist, the weighted
sum of the spectra from individual sites must be used for
comparison with experiment. These results indicate that for
proper interpretation of the experimentally measured spectra
in complex ceramics, or ceramic materials containing micro-
structures, theoretically calculated spectra from simple crys-
tals with similar coordination will not be useful. For complex
systems, the spectral features cannot be predicted by a simple
scheme or schemes. Attempts to model the measured spectra
with a series of Gaussian peaks centered at different energies
and explain the spectral features with reference to the peaks
in simple crystals is a fruitless endeavor. In nanostructured
materials, or materials containing defects, impurities, grain
boundaries, or at the interfaces with other dissimilar crys-
tals, no broadly applicable and quantitative methods are
available.® It is our opinion that a more promising approach
is to carry out detailed structural modeling followed by ac-
curate electronic structure and spectral calculations. This is
necessary because the subtle changes in the electronic struc-
ture in structurally complicated materials as a result of struc-
tural changes beyond the nearest neighbors, especially in the
CB region, cannot be simply inferred from those of the
simple crystals. The correctness of the structure of a particu-
lar system such as in grain boundaries or interfaces can be
judged by comparing the calculated spectra of different
structural models with the experimental measurements. Fu-
ture development of ELNES/XANES computational capa-
bilities should focus on an improvement to the speed of com-
putation and the efficiency with which such data can be
analyzed. The present work clearly demonstrates the power
and utility of accurate ab initio spectral calculations. The
theoretically calculated spectra can serve as a useful guide in
the characterization of complex materials systems, especially
when the experimental measurements are unlikely to match
the resolution and the site specificity of the calculations.
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