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Abstract
High-resolution Al L2,3-edge x-ray absorption near edge structure (XANES) spectra have been
measured in selected materials containing aluminium in 4-, 5- and 6-coordination. A shift of
1.5 eV is observed between the onset of [4]Al and [6]Al L2,3-edge XANES, in agreement with
the magnitude of the shift observed at the Al K-edge. The differences in the position and shape
of low-energy components of Al L2,3-edge XANES spectra provide a unique fingerprint of the
geometry of the Al site and of the nature of Al–O chemical bond. The high resolution allows
the calculation of electronic parameters such as the spin–orbit coupling and exchange energy
using intermediate coupling theory. The electron–hole exchange energy decreases in tetrahedral
as compared to octahedral symmetry, in relation with the increased screening of the core hole in
the former. Al L2,3-edge XANES spectra confirm a major structural difference between glassy
and crystalline NaAlSi2O6, with Al in 4- and 6-coordination, respectively, Al coordination
remaining unchanged in NaAl1−xFex Si2O6 glasses, as Fe is substituted for Al.

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

1. Introduction

Al-oxides and aluminosilicates form crystalline and glassy
materials of major technological and geophysical importance.
In glasses, Al crystal chemistry controls a broad range
of physical and chemical properties, including insulating
and optical properties, molar volume and mechanical and
thermodynamic properties. Al may occupy sites with different
coordination numbers (CN), 4, 5 or 6 (hereafter noted [4]Al,
[5]Al and [6]Al, respectively), having a major influence on the
structural properties. In oxide glasses, Al coordination is of
great interest as it controls the structure of the glassy network.
For instance, the presence of [4]Al increases the polymerization
of the glass structure due to the network-forming role of this Al
CN [1].

Determining Al CN in multicomponent glasses requires
the chemical resolution of spectroscopic techniques such as
nuclear magnetic resonance (NMR), extended x-ray absorption
fine structure (EXAFS), x-ray absorption near edge structure
(XANES) and electron energy loss near edge structure
(ELNES). EXAFS provides access to interatomic distances
and cation CNs although disorder effects and site mixing
limit its accuracy [2]. XANES and ELNES are also
widely used to determine the chemical state and local
stereochemical environment of cations, including bonding,
valence, coordination, and site symmetry [2–5]. In addition,
XANES and ELNES spectra are the projection of the
atom-resolved, partial density of unoccupied states of the
conduction band, which yields information on thermodynamic
properties and, more generally, on phase stability. Indeed,
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in aluminosilicates, Al–O and Si–O bonds involve the lowest
unoccupied molecular orbitals of Si and Al and the highest-
occupied molecular orbitals of O [6–8]. Due to limited
broadening resulting from long core–hole lifetimes [9], L2,3-
edge XANES spectra show an increased spectral definition
compared with K-edge spectra.

Within single-electron theory, the dominant absorption
features of L2,3-edge XANES spectra are described through
excitation of a 2p electron to unoccupied s- and d-like density
of states. The excitation energy lies in the band gap and is
therefore interpreted in terms of exciton absorption, the Al 3s
levels being pulled down into the band gap from the bottom
of the conduction bands by the core–hole potential [10–12].
The onset energies correspond to transitions to the lowest
unoccupied s-like states [13], modified by the core–hole
potential. The absorption edge is split by spin–orbit coupling.
This yields a separation of the 2p core state into 2p3/2 ( j =
3/2) and 2p1/2 ( j = 1/2) core levels, which correspond to
L3 and L2 edges, respectively. High-resolution synchrotron
radiation XANES spectroscopy reaches spectral resolutions of
0.03 eV. It is then possible to resolve fine features such as
the L2 and L3 excitons at the Al L2,3-edge. As the energy
width of spectral features is inversely related to the lifetime
of the excited state, spectra tend to be narrower in insulators
(e.g. α-Al2O3) than in metals, in which deep core levels tend
to exhibit short lifetimes. Hence, L2,3-edge XANES allows
detailed investigation of the s- and d-like levels, which are
important for understanding the nature of the Al–O bond in
insulating samples, such as the ones studied here. However,
despite this interest and the need for high-resolution spectra
for helping in the interpretation of ELNES features, there are
no data showing how Al L2,3-edge XANES spectra vary as a
function of crystal structure and composition.

We present high-resolution Al L2,3-edge XANES spec-
tra of crystalline materials containing different Al CN’s.
These crystalline references include α-Al2O3 (corundum),
NaAlSi2O6 (jadeite), NaAlSi3O8 (albite), NaAlSiO4 (nepheline),
AlPO4 (berlinite) and the Al2SiO5 polymorphs (kyanite, silli-
manite, andalusite). This reference dataset is used to investi-
gate the local structure of NaAl1−x FexSi2O6 glasses, a system
in which magnetic properties preclude the use of magnetic res-
onance techniques to determine the surrounding of Al atoms.
Taking advantage of the information provided by our high in-
strumental resolution, focus has been given to the variations in
edge shape and position of the low-energy edge components of
the Al L2,3-edge XANES spectra. These variations confirm the
strong influence of Al site geometry and the spectral resolution
allows us to clearly resolve the L3 and L2 edges. This addi-
tional information allows quantification of spin–orbit coupling
values and exchange energy, as well as the relative contribution
of the L2 and L3 edges to the overall XANES features. Varia-
tion of these parameters is responsible for the observed differ-
ences of the XANES spectra between the different compounds
investigated. Low-energy components of Al L2,3-edge XANES
spectra provide a unique fingerprint of the Al-surrounding,
in contrast to the broad components located at higher energy
and/or related to multiple scattering, which are widely used in
ELNES [14]. Al L2,3-edge XANES spectra show that Al re-
tains a network-forming position in NaAlx Fe1−x Si2O6 glasses

Table 1. Composition and usual name for the crystals, atomic
content of Al, coordination number of Al, average Al–O distances
and site multiplicity.

Sample Composition at.% Al CNAl−O

Average dAl−O (Å)
and site multiplicity

Corunduma α-Al2O3 40.0 6 1.914
Jadeiteb NaAlSi2O6 20.0 6 1.928
Kyanitec k-Al2SiO5 33.3 6 1.907 (4 sites)
Andalusitec a-Al2SiO5 33.3 5 1.836 (2 sites)

6 1.935 (2 sites)
Sillimanitec s-Al2SiO5 33.3 4 1.764 (2 sites)

6 1.912 (2 sites)
Berlinited AlPO4 33.3 4 1.738
Low albitee NaAlSi3O8 7.7 4 1.742
Nephelinef NaAlSiO4 14.3 4 1.719

a Reference [15].
b Reference [16].
c Reference [17].
d Reference [18].
e Reference [19].
f Reference [20].

during the Al to Fe substitution. As our knowledge of glass
structure is generally limited by disorder effects, Al L2,3-edge
XANES provides interesting complementary information on
the surrounding of Al in glasses.

2. Experimental details

The crystalline model compounds used in this study are
presented in table 1 along with details on the Al crystal
chemistry. The model compounds include α-Al2O3 and a chain
silicate (jadeite-NaAlSi2O6) for [6]Al, and AlPO4 (berlinite)
and two framework silicates (albite-NaAlSi3O8, nepheline-
NaAlSiO4) for [4]Al. Furthermore, we also investigated the
Al2SiO5 polymorphs, sillimanite (s-Al2SiO5), andalusite (a-
Al2SiO5), and kyanite (k-Al2SiO5), in which Al occupies two
distinct crystallographic sites. One site contains Al in 6-fold
coordination while the other has Al in 4- (sillimanite), 5-
(andalusite) or 6-fold coordination (kyanite). The identification
of all samples was confirmed by powder x-ray diffraction.

Absorption experiments were performed at the Canadian
Light Source (CLS) (Saskatoon, Canada) on the Variable Line
Spacing Plane Grating Monochromator (VLS PGM) beamline.
This beamline uses a 185 mm planar undulator, and three
variable line spacing gratings to cover a photon energy of
2.5–250 eV. The medium energy grating was used in this
study and accesses energies from 25 to 120 eV. The entrance
and exit slits were set at 50 μm, giving a flux of about
1012 photons/s/100 mA and a resolution (E/�E) greater than
10 000 at 100 eV [21]. The spectra were normalized to the
intensity of the incident beam (I0), which was determined from
monitoring the current emitted from a nickel mesh located
after the last focussing mirror. Photon energy was calibrated
against Kr 3d and Ar 2p lines [22] and the energy stability
of the beamline is better than 0.04 eV between different
sample runs. XANES spectra were recorded simultaneously
in fluorescence yield (FLY) and total electron yield (TEY)
modes. A microchannel-plate detector was used to record the
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Figure 1. Comparison of TEY and FLY spectra normalized to I0 for
α-Al2O3. TEY has been multiplied by 20 for clarity.

FLY spectra while TEY spectra were recorded by measuring
the sample current as a result of the photoabsorption.

Sample preparation consisted of grinding the samples to
a fine powder and depositing them on carbon tape supported
on a stainless steel sample holder. Prior to each experiment,
the samples were dehydrated for one hour in an oven at 100 ◦C
and then placed in the sample chamber. Three spectra were
obtained for each sample and then averaged. We did not
observe any incident beam damage on the samples. The spectra
were normalized to the intensity of the incident beam, I0 and
a linear fit of the pre-edge background was subtracted. In
addition each spectrum has been normalized to the peak with
maximum intensity in order to aid in comparison of the data.
The position of the edge components was determined by their
apparent maximum.

3. Results

The edge onset at the Al L2,3-edge corresponds to atomic-like
excitations, which have been modified by the coordination state
of the Al and the nature of the chemical bonding. We therefore
focus on the XANES features observed near the edge onset, for
which the enhanced spectral resolution clearly resolves the L2

and L3 edges split by the spin–orbit coupling.
As shown in figure 1, the Al L2,3-edge XANES spectra

of the investigated compounds are rich in structure. The high
resolution attained is essential to characterize accurately the
various edge features. The FLY and TEY spectra exhibit
similar edge shapes but the detailed spectral features are
more clearly resolved in the FLY spectra (figure 1). Indeed,
spectra collected in TEY mode are surface sensitive and, for
insulating samples like those investigated here, are affected
by surface charging. The XANES spectrum of α-Al2O3 is
in good agreement with previous studies [23], but the higher
spectral resolution provides a better separation of the L2 and
L3 edges. The experimental Al L2,3 XANES spectra at the
vicinity of the absorption threshold for [4]Al, [5]Al and [6]Al are
shown in figure 2. They exhibit variations in position, shape
and relative intensity of the low-energy components (labelled
A and B following previous conventions [24]). Several
absorption peaks exist in this energy region, with feature A

Figure 2. XANES Al L2,3-edge spectra of crystals and glasses (the
numbers in brackets indicate the Al CN. The glasses are indicated
by (g)).

being resolved into two or more components (A′, A′′ and
sometimes A′′′) in most spectra. The variation in the relative
intensity of features A and B is due to the selection rules
for the different symmetries but site distortion significantly
contributes to enhance the intensity of peak B [25]. In addition,
the edges shift to lower energy as Al coordination decreases.
The shift of the edge onset between [4]Al and [6]Al is ∼1.5 eV
(table 2), a value similar to that observed at the Si L2,3-edge
between [6]Si and [4]Si in crystals and glasses [26, 27]. The
intensity of the two main components at the absorption edge
is different for 4- and 6-coordinated Al, due to differences
between Al site symmetry, as noted above.

In the samples with Al exclusively in octahedral
coordination (α-Al2O3, NaAlSi2O6 and k-Al2SiO5), Al L2,3

XANES spectra exhibit similar shapes but with individual
spectral features occurring at different energies. Peak A has the
strongest intensity and has two clearly resolved components
(A′ and A′′), with similar relative intensities, the A′ component
being the less intense. The A′ and A′′ components corresponds
to the L3 and L2 edges, respectively. The full width at
half maximum (FWHM) of the individual edge (A′ and A′′)
components are similar in samples that contain edge sharing
AlO6 octahedra (NaAlSi2O6, Al2SiO5 polymorphs and Al2O3),
despite differences in Al site multiplicity and point group
symmetry.

[4]Al has been investigated in two framework aluminosili-
cates (NaAlSi3O8, NaAlSiO4) and in AlPO4, which is isostruc-
tural with α-quartz (SiO2). The L2,3-edge XANES spectra of
the two aluminosilicates containing [4]Al exhibit similar fea-
tures, which are shifted to lower energy than in the XANES
spectra of phases containing [6]Al. In these compounds, the L3

and L2 edges are not resolved and peak B is the most intense
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Table 2. Position of the XANES features A, B and C, spin–orbit splitting calculated with the position of the L2 and L3. The peak positions
are determined at the maximum. The estimated uncertainty on the peak position is ±0.02 eV.

A (eV)

Sample A′ (eV) A′′ (eV) B (eV)
Spin–orbit splitting
ξ (eV)

Binding energy
(eV)

Onset energy
(eV)

α-Al2O3 78.45 78.92 80.11 0.47 74.48a 77.9
NaAlSi2O6 78.03 78.49 79.79 0.46 — 77.7
k-Al2SiO5 78.31 78.79 79.77 0.48 74.48a 77.8
a-Al2SiO5 77.72 and 78.13 79.64 (and 78.95) ∼0.41 74.07a 76.9
s-Al2SiO5 77.60, 77.97 and 78.45 79.65 0.37 and 0.48 74.65a, 74.06a 77.0
AlPO4 77.92 78.30 80.45 0.38 75.0b 77.4
NaAlSi3O8 77.32 80.3 ∼0.42 74.3c 76.5
NaAlSiO4 77.16 80.3 ∼0.37 — 76.4
NaAlSi2O6 (g) 77.30 80.3 <0.4 — 76.4
NaFe0.5Al0.5Si2O6 (g) 77.32 80.3 <0.4 — 76.4

a Reference [44].
b Reference [45].
c Reference [46].

feature near the absorption threshold (figure 2). The topolog-
ical environment around Al is distributed in NaAlSi3O8 and
NaAlSiO4, due to the existence of four distinct tetrahedral sites
together with a distribution in the nature of the Al next nearest
neighbours (NNN). The resulting broadening of the edge com-
ponents is at the origin of the merging of the L3 and L2 edges
into one broad feature as also observed in MgAl2O4 [11]. The
splitting of the A feature can be evaluated by curve fitting the
spectral envelope with two Gaussian components and the re-
sults of the fits are given in table 2. This Gaussian line shape
indicates chemical and structural disorder, at the origin of a
large number of local topological configurations. As observed
in an Al L2,3-edge ELNES investigation of anorthite, the sen-
sitivity of low-energy spectra to the structure beyond the coor-
dination shell results in a loss of spectral resolution [28]. The
edge onset of the AlPO4 XANES spectrum is shifted to higher
energy relative to the framework aluminosilicates and the fea-
tures of peak A are better resolved, although with a smaller
separation between A′ and A′′ components than in the spec-
tra of [6]Al (table 2). In addition, the A′ feature is less intense
than A′′, but with a higher relative intensity (A′/A′′) than in the
spectra of [6]Al.

Site mixing effects have been investigated using s-Al2SiO5

and a-Al2SiO5, in which [6]Al coexists with [4]Al or [5]Al,
respectively. The L2,3-edge ELNES spectra are different
among the Al2SiO5 polymorphs [25], but the enhanced
resolution of the XANES spectra allows us to better understand
the relative contribution of the different Al CNs to the
overall spectral features. In s-Al2SiO5, with Al in 4- and
6-coordination, there are three features at 77.60 eV (A′),
77.97 eV (A′′) and 78.45 eV (A′′′). The feature A′, at the lowest
energy is assigned to the L3-edge of [4]Al due to the low-energy
position of the feature. The position of the structure at the
highest energy is in agreement with the position of the L2-edge
of NaAlSi2O6 and is therefore assigned to the L2-edge of [6]Al.
Consequently, the intermediate feature A′, is the superposition
of the L2-edge of [4]Al and the L3-edge of [6]Al. The XANES
of a-Al2SiO5, with [5]Al and [6]Al, also shows two features
contributing to the A component, at 77.72 and 78.13 eV. The

shift to lower energy observed from k- to a- and s-Al2SiO5 can
be correlated with a progressive decrease of the nominal charge
(expressed in valence units, v.u.) on O, calculated on the basis
of Pauling electrostatic bond valence principle [29]: −2, −1.98
and −1.94 v.u., for k-, a- and s-Al2SiO5 respectively.

Peak B occurs at higher energy in the compounds
containing [4]Al relative to that of compounds containing only
[6]Al. However, in the compounds containing different Al
coordination sites (a- and k-Al2SiO5), it occurs at the same
position, but is more intense and asymmetrical in a-Al2SiO5.
In s-Al2SiO5, which contains Al in 6- and 4-fold sites, there
is an additional broad B component at higher energy. This
high-energy component is at the same position as peak B
in the spectra of compounds that contain exclusively [4]Al
and is probably associated with the [4]Al site. However, this
peak occurs at a different position (relative to the peak A)
in AlPO4, despite similar Al–O distances to those found in
NaAlSi3O8 and NaAlSiO4. This feature does not correspond
to multiple scattering events, characterized by a dependence of
the peak position as a function of cation–oxygen distances [4],
which is not observed for peak B. In tetrahedral symmetry,
its high intensity with respect to the A feature arises from s–
p hybridization. Furthermore, even in octahedral symmetry,
site distortion intensifies this feature, because of the increased
s-character of the final state, as shown by the comparison
between α-Al2O3 and the aluminosilicates.

There is a strong difference between the spectra of
crystalline and amorphous NaAlSi2O6. The edge threshold
is shifted in the glass to lower energy than in the NaAlSi2O6

crystalline phase, which contains [6]Al but is at the same
energy position as in the NaAlSiO4 and NaAlSi3O8 crystalline
phases where Al is exclusively [4]Al. This indicates a
major structural difference between glassy and crystalline
NaAlSi2O6, a confirmation of previous NMR studies, which
showed that Al is 4-coordinated in NaAlSi2O6 glass, with
AlO4 tetrahedra randomly distributed throughout the silicate
network [30]. Furthermore, the edge onset observed on
the spectra of the glasses is not at the same position as
in the spectra of the crystalline phases that contain [5]Al
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Figure 3. Correlation between the position of L3 maximum and the
average Al–O distances. The coordination number of Al is indicated
for the crystalline references. This relationship shows the presence of
[4]Al in the glasses (indicated as (g)).

(a-Al2SiO5) and [6]Al, which excludes the presence of a
significant proportion of [5]Al and [6]Al.

The overall XANES spectra are similar in NaAl1−x Fex Si2

O6 glasses. However, only the spectra of the glasses with
x < 0.5 have an acceptable signal-to-noise ratio. Peak A
is broad and unresolved by comparison with spectra obtained
on crystalline phases. This broadening is caused by the
increased distribution of bond distances and angles resulting
from the disordered nature of the glassy structure. The
position of the XANES features does not change in the glasses
(NaAl1−x FexSi2O6) indicating that Al retains the same CN
throughout the Al–Fe substitution range.

4. Discussion

4.1. Influence of the Al site

In figure 3, the position of the L3 peak maximum is
plotted against the average Al–O distance for each site in
the different compounds investigated. For NaAlSi2O6 and
NaAl1−x Fex Si2O6 glasses, the Al–O distance was obtained by
a Gaussian fit of neutron diffraction correlation functions [31].
The L3-edge position for [4]Al-containing compounds occurs
at lower energy than for [6]Al-containing compounds. The
differences in the spectra of the phases containing [4]Al or
[6]Al result from the strong p–d hybridization allowed for Td
symmetry but forbidden for Oh symmetry [13]. Additional
differences between the electronic structures of [4]Al and [6]Al
result from the presence of a core hole in the final state, which
affects the absorption spectra by creating an attractive potential
that shifts the edge toward lower energy. In Oh symmetry, the
core–hole is screened by a charge transfer from O to Al, which
is not allowed in Td symmetry. The screening is therefore more
important for octahedral than for tetrahedral symmetry [13].
The position of the L3-edge in a-Al2SiO5, with [5]Al and [6]Al,
is between that of [4]Al and [6]Al. In a compound of unknown
Al CN, Al L2,3-edge XANES is thus an attractive probe to
determine Al CN. For [4]Al-compounds, the more distributed
environment around Al, arising from site multiplicity and from

the distribution of the nature of the NNN’s, is responsible for
the merging of the L3 and L2 edges into one broad feature
A, as mentioned previously. By contrast, the presence in
AlPO4 of only one Al site, slightly distorted (Al–O distance
distribution of 0.01 Å) results in the resolution of L2 and L3

edges. In glasses, no edge onset shift is observed relative to
crystals with [4]Al. Al keeps a tetrahedral coordination in the
NaAl1−xFex Si2O6 glasses for the x values investigated, charge
compensation being ensured by Na, which gives a continuous
random network with all oxygens in bridging configurations
and Si and Al both in tetrahedral coordination, such as in other
aluminosilicate glasses in which the modifier oxide/Al2O3 ratio
R = 1 [1]. The low packing efficiency results in a density
decrease from crystalline to glassy NaAlSi2O6, 3.2 and 2.3,
respectively [31].

4.2. Nature of bonds and position of the threshold

The position of the L2,3-edge is sensitive to the nature of the
chemical bond, which depends for a given site geometry on
the nature of the Al NNN. Then, second and further nearest
neighbours have an influence on the L2,3-edge spectra even
though they are not probed directly [5, 28]. The position of
the edge onset is related to the effective charge on the Al atoms
in the different materials. The more ionic the bonds, the higher
the energy of the threshold. Indeed, Al2O3 is the most ionic of
all compounds studied in this work and its threshold appears
at the highest energy. Furthermore, as the Al NNNs include Si
such as in the Al2SiO5 polymorphs, the edge onset is shifted to
lower energy relative to Al2O3. This reflects the effect of the
next nearest Si neighbours, the presence of which decreases the
effective charge of the O neighbours, producing a shift of the
lowest unoccupied Al s states to lower energy. For the [6]Al-
containing crystals, the edge onset is also located at low energy
in the presence of alkalis (such as in NaAlSi2O6), due to the
smaller polarizability of alkalis. The influence of the polarizing
power of the NNN has also been observed at Si L2,3-edges in
various crystals, where silicates with the least polarizing NNN
cations, e.g., Ca, Mg, and Fe, have low-energy edge onsets
relative to α-quartz [5].

For [4]Al reference compounds, the threshold is shifted to
lower energy in aluminosilicates, as compared to AlPO4. This
shift of the threshold towards higher energy in AlPO4 is due to
the presence of P as the NNN. As a consequence the Al–O bond
has little charge density between the atoms and has a clear ionic
character [32]. In aluminosilicates NaAlSi3O8 and NaAlSiO4,
the Al NNNs are Si and Al, and there is a higher charge density
shared on the Al–O bonds, due to the more similar bonding
around O atoms.

In glasses, no edge onset shift is observed compared to
crystals with the same Al CN. In addition, the edge onset does
not appear to shift in the presence of Fe, which indicates that Fe
sites are not linked with Al sites in these glasses. In contrast,
the Si L2,3-edge onset shifts to lower energy in presence of
Fe NNN around Si and a shift is also observed in the spectra
of crystals relative to their amorphous equivalents [5]. This
shift is attributed to the lowering of the conduction-band edge
onset or to the high density of localized band-tail states in the
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Figure 4. Variation of exchange energy � as a function of the
average Al–O distance. The two Al CNs are clearly distinguished by
this parameter.

forbidden gap [33]. The more ionic nature of the Al–O bond
relative to the Si–O bond explains the absence of shift in the Al
L2,3-edge between crystalline and amorphous aluminosilicates.

Spin–orbit coupling values may be deduced from the
splitting between L2 and L3 components (table 2). The
magnitude of spin–orbit splitting decreases with distance from
nucleus and hence with Al–O covalence, due to increased
nuclear shielding. In Al silicates, [4]Al and [6]Al correspond
to a spin–orbit splitting of ∼0.39 eV and 0.47 eV, respectively
and consequently the spin–orbit coupling values can be used to
discriminate differences in Al–CN. In the glasses investigated,
peak A is broad and the L2 and L3 edges are unresolved,
which corresponds to a maximum spin–orbit coupling value
of ∼0.4 eV, consistent with the presence of [4]Al.

4.3. Variations of the exchange energy

The relative intensity of the L3 and L2 components,
I (L3)/I (L2), was evaluated by taking the absolute intensity
of the L3 and L2 peaks relative to a horizontal background
set at zero. I (L3)/I (L2) is equal to 0.64 ± 0.03 for [4]Al
versus 0.43 ± 0.03 for [6]Al. This observation combined with
the smaller spin–orbit coupling values for [4]Al explains the
fact that L3 and L2 edges have merged in NaAlSi3O8 and in
NaAlSiO4.

The difference in I (L3)/I (L2) between [4]Al and [6]Al can
be understood within the intermediate coupling theory in terms
of screening of the core hole. Increased screening reduces the
exchange energy, which represents the attraction between the
core hole and the photoelectron. With an infinite separation
between the core hole and the photoelectron, the electron–hole
exchange energy � would be equal to zero and the L2,3 spin–
orbit splitting ξ would be much larger than �. A statistical
value of 2/1 is then predicted for the I (L3)/I (L2) value.
Because the screening is more important in Oh than in Td
symmetry [13], the I (L3)/I (L2) ratio should be closer to 2/1

Table 3. Estimation of L3/L2 intensity and exchange energy for
reference compounds.

Sample CNAl−O

L3/L2

intensity
Exchange energy
� (eV)

α-Al2O3 6 0.46 0.30
NaAlSi2O6 6 0.43 0.32
k-Al2SiO5 6 + 6 0.40 0.33
AlPO4 4 0.64 0.23
NaAlSi3O8 4 0.71 0.21
NaAlSiO4 4 0.76 0.20

for octahedral than for tetrahedral environment. But variations
in the relative values of the exchange energy and spin–orbit
splitting modify the actual I (L3)/I (L2) values [12]. In
tetrahedral symmetry, the difference observed between AlPO4

and the aluminosilicates arises from the electronegativity of
Al NNN, P and Si, with electronegativity being higher in the
former compared to the latter. I (L3)/I (L2) can be used to
determine the electron–hole exchange energy � between the
core hole and the bound photoelectron. As demonstrated by
Onodera and Toyosawa [34] and by Balzarotti et al [10] for
the electronic transition p6 → p5s [34], the exchange energy
is calculated from the following relationship, assuming that ξ

and � are of similar magnitude:

I (L3)/I (L2) = tan2

[
arctan 21/2 − 1

2
arctan

(
81/2�

3ξ − �

)]
.

(1)
The L2,3 spin–orbit splitting ξ value has been fixed at

the free ion value, 0.426 eV [12]. The � values of the
crystalline reference compounds have been calculated within
the intermediate coupling theory (table 3). The value for α-
Al2O3 is similar to that previously determined [12]. � is
smaller by about 0.1 eV for [4]Al than for [6]Al (figure 4), due
to the weaker core–hole screening of Al in Td symmetry [13].
The small dispersion of the exchange energy shows that this
parameter is a useful indicator of Al coordination.

4.4. Comparison with Al K-edge XANES

In a traditional interpretation of the XANES/ELNES spectra,
the K-edge of an atom corresponds to the p component of
the local density of states of the atom in the conduction band,
while the L2,3-edge corresponds to the (s + d) component. In
Al K-edge XANES, the different Al CNs are distinguished
by the specific position and relative intensity of the edge
components [35–37]. In both K- and L2,3 XANES spectra,
the edge onset of [6]Al shifts by ∼1.5–2 eV to higher
energy compared to that of [4]Al. A common energy scale
may be used to compare the two kinds of XANES spectra
(figure 5), aligning the pre-edge feature in Al K-edge XANES
(assigned to s-like final states with some p-character due
to site distortion) with peak A in the L2,3-edge XANES
(assigned to an s–p–d hybridized orbital) [13]. Both the
K- and L-edge XANES spectra discriminate Al in different
coordination environments, but the differences induced by
different Al CNs are more pronounced at the Al L2,3-edge
than at the K-edge. The Al L2,3-edge is sensitive to the

6
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Figure 5. Al L2,3- and K-edges of [6]Al reference compounds. The
energy scales at the top and at the bottom are for L2,3- and K-edges,
respectively.

short-range structure and electronic environment of the Al.
For example, the overall shape of the Si L2,3-edge XANES
spectrum on quartz SiO2 is reproduced by ab initio full MS
calculations, using a 5-atom model [38]. This indicates
that information in L2,3 spectra concerns mainly short-range
interactions. This is different for the Al K-edge XANES
spectra that are sensitive to structural ordering up to 15 Å
around the absorbing aluminium atom [39]. That the medium-
range ordering is less important in L2,3-edge than in K-edge
spectra is interpreted to be due to the decreased hybridization
of the s and d orbitals; the s orbital density sampled at the L2,3-
edge is more local [13]. Consequently, Al L2,3-edge XANES
provides more information on local structural changes, while
the splitting of the L3 and L2 edge gives information on the
electronic state.

4.5. Core hole influence on transition energy

During x-ray absorption, the excitation of a photoelectron
creates a core hole, which modifies the energy of the final
state. The effective energy difference between the initial-
state and the final-state energy levels is given by �E =
hν + U , where hν is the photon energy, and U the core–hole-
photoelectron attraction [13]. The larger screening in Oh than
in Td symmetry modifies the U values, which contributes to
the shift of the XANES features observed for [4]Al and [6]Al.
The difference between the Al L2,3-edge onsets and the Al 2p
binding energies (BE) varies between 2.2 and 3.4 eV in the
compounds investigated (table 2). The former is a measure
of the energy required to promote the 2p core electron to
the lowest unoccupied Al s-like state above the Fermi level.
The latter corresponds to the energy of the 2p core electron
relative to the Fermi level [40]. In insulating oxides and
silicates, the Fermi level is located in the middle of the band
gap and the differences between the Al L2,3-edge onsets and
Al 2p BEs should be equal to half of the band-gap energies.

The band gap evaluated here for [4]Al and [6]Al is about 4.5
and 7 eV, respectively. The band gap for [4]Al is the same
as derived for [4]Si. For [6]Al, the value is smaller than
the optical band gap, 8.9 eV [41]. The resulting band-gap
values underestimate significantly the actual values in these
wide-band-gap insulators, as observed in silicates [33]. In
these compounds, the presence of a core hole pulls down
the ground state conduction-band onset during the absorption
process [42, 43]. The relative position of both the initial core
level and the unoccupied final state is affected by the charge
transfer occurring as a result of chemical bonding. The smaller
band gap of [6]Al is an indication of a smaller charge transfer
due to a more ionic Al–O bond.

5. Conclusion

Low-energy components of Al L2,3-edge XANES spectra
provide unique information not only on CNs but also on
the nature of chemical bonding and the geometry of Al site.
They may be used as a comparison dataset for future ELNES
investigations of Al compounds. Comparison of the XANES
spectra of crystalline reference compounds containing 6-, 5-
and 4-coordinated Al confirms the strong influence of Al site
geometry. A shift of 1.5 eV is observed between the onset of
the L2,3-edge XANES spectra of [4]Al and [6]Al, in agreement
with the magnitude of the shift observed between these two
CNs at the Al K-edge. The two kinds of information obtained
from K- and L2,3-edge XANES spectra are complementary
because of their different selection rules. The variations of the
spin–orbit coupling and of the exchange energy are responsible
for the observed differences of the XANES spectra between
the different compounds investigated. This study confirms
that the exchange energy, calculated using the intermediate
coupling theory, decreases in tetrahedral versus octahedral
symmetry, in relation with an increased screening of the core–
hole in the former. Al L2,3-edge XANES spectra confirm
a major structural difference between glassy and crystalline
NaAlSi2O6, with Al in 4- and 6-coordination, respectively.
We show that Al retains a network-forming position in
NaAl1−xFex Si2O6 glasses during Fe–Al substitution. This
gives rise to a continuous random network, explaining the
density decrease from crystalline to glassy NaAlSi2O6, 3.2 and
2.2, respectively. As the knowledge of glass structure is often
limited by disorder effects, L2,3-edge XANES provides useful
information to rationalize structure–property relationships in
glasses.
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