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Abstract

Near-edge features of Al x-ray absorption near-edge structure (XANES) spectra
in aluminosilicate compounds with mixed coordination number are usually
assigned to a fourfold coordinated site contribution followed by a sixfold
coordinated site contribution that is displaced towards higher energy because
of the increasing ligand nucleus potentials, neglecting possible contributions
due to bond distance variations and local geometrical distortion. Here
we present and discuss the Al K-edge XANES spectra of synthetic micas
with either fourfold coordinated Al (phlogopite), or with sixfold coordinated
Al (polylithionite), as well as with mixed coordination (preiswerkite).
Multiple scattering simulations of XANES spectra demonstrate that octahedral
contributions may overlap the tetrahedral ones so that the lower energy
structures in mixed coordination compounds may be associated with the
octahedral sites. This unexpected behaviour can be described as due to the
effect of a significant reduction of the ligand field strength (i.e. large local
distortion and Al-O bond distances).

Recently, there has been intense activity in x-ray absorption near-edge structure (XANES)
investigations of the valence, coordination number (CN) and bond length of minerals of the
earth’s crust on well characterized systems such as: micas, olivines, feldspars, garnets, etc
as well as on some aluminosilicate melts and glasses. This is due, at least in part, to the
consistent growth of XANES spectroscopy, from both the theoretical and experimental point
of view [1]. Indeed, this modern technique allows one to directly probe and characterize the
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chemical composition, site symmetry and other structural information on the selected atomic
site (photoabsorber) independently upon other atoms present in the studied material.

Among the compounds of interest, attention has been recently devoted to mica minerals.
Micas are abundant minerals on earth and are also structurally significant because they are
characterized by layered structures consisting of sheets of tetrahedra and octahedra cornered
by O or OH that alternate with sheets centred by very large alkali and alkaline-earth atoms
that are loosely coordinating only the O of the tetrahedra. Let us forget for the time being
about other major atoms such as Si, Mg and K, and rather concentrate on Al, one of the most
significant constituents of these minerals, which may occur either in the tetrahedra or in the
octahedra only, or in both these coordination polyhedra simultaneously. The gross features in
XANES spectra at the Al K-edge are dominated by the first coordination sphere around the
absorber i.e. by the surrounding four and/or six O atoms. In the experimental XANES spectra
recorded on micas with Al in mixed coordination, the main edge consists of two or three
peaks [2, 3]. Usually these peaks are assigned to either the tetrahedral or octahedral sites,
respectively, in terms of ligand electronegativity. However, without a careful and accurate
theoretical analysis any approach of this kind can be misleading since:

(1) many investigations utilize the average K-edge position, neglecting possible variations in
the coordination polyhedron bonding distances (i.e. large distortion) that indeed affect the
edge features, and

(2) the edge position depends also on the chemical environment, such as the next-near
neighbour O-H units and even higher-shell cations. As a matter of fact, recent
investigations carried out on the atomic structure of model compounds sometimes show
a good deal of disagreement [4, 5].

In order to determine the relationships between type of first coordination shell and energy
position of the relevant edge feature, it is useful to analyse the spectroscopic properties in
conjunction with a detailed full multiple scattering (MS) analysis. This strategy has proved
successful in the interpretation of many systems [1, 6-9]. In this paper we present experimental
data and ab initio full MS calculations of the XANES spectra at the Al K-edge for three
micas: phlogopite (Phl), containing fourfold coordinated Al sites only, polylithionite (Pol),
containing Al in sixfold coordinated sites only, and another mica having Al in both (i.e. 4 + 6)
coordinations, preiswerkite (Pwk). Their Al K-edge spectra had been previously interpreted
according to the ligand electronegativity model by the fingerprinting method, i.e. by comparison
with the spectra of model compounds albite (CN = 4) and grossular (CN = 6) [2]. Results
were satisfactory in the case of the micas with one type of Al only, but not clear in the case
where both Al types were present. This research and the resulting data suggest a new kind of
relationships i.e. the lower energy structure in the Al K-edge XANES spectrum of our mixed
coordination compound has to be attributed to the octahedral sites, or it originates mainly
from the contribution of the octahedral sites. This may be due of the reduced ligand field
strength owing to the rather large Al-O bond length distribution i.e. to polyhedral distortion.
This behaviour is supported by the analysis of the spectra of certain Fe?* and Ti** bearing
compounds [10, 11].

All three micas here discussed are synthetic materials whose preparation procedure is
described in [2]. They were chosen to cover a wide spectrum of Al contents: (1) Al in the
tetrahedral sheet only (Phl), (2) Al in the octahedral sheet only (Pol), and (3) Al in both sheets
simultaneously (Pwk). X-ray absorption fine-structure (XAFS) experiments were carried out
at SSRL (Stanford, CA, USA), with the SPEAR storage ring operating at energy 3 GeV
and injection current 100 mA, at beam line SB03-3, which is equipped with the JUMBO
monochromator of the double-crystal type consisting of two plates of a single YBg¢ crystal
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Figure 1. Experimental XANES spectra at the K-edge of: Phl containing [*/Al, Pol containing
[6TAl, and Pwk containing Al in both coordinations.

cut along the (400) plane, with resolution less than 0.55 eV. Spectra were recorded in the
total electron yield (TEY) mode by scanning the Al K-edge from 1540 to 1690 eV in steps of
0.3 eV. They were corrected for background contribution from lower energy absorption edges
by linear fitting of the baseline, and normalized in energy to + 60 eV from the first inflection
of the edge i.e. at the uppermost energy value for XANES [12].

The experimental spectra presented in figure 1 show a dramatic change in the major
features at the Al K-edge as a function of the different Al coordination states. Pol and Phl both
contain one Al atom per formula unit. However, in the Pol system the Al atoms are located
in the octahedral sheet [13], whereas in Phl Al is in the tetrahedral sheet [14, 15]. The two
minerals have XANES spectra showing a major feature followed by several minor ones, but
they differ both in energy position and in the relative intensities. By contrast, Pwk contains
one Al in the octahedral sheet and two Al in the tetrahedral sheet [16] and exhibits three peaks
at the edge that have fairly similar intensities.

The XANES spectra have been computed using full MS theory and SW packages
described elsewhere [9, 17-21]. In the muffin-tin model and one-electron approximation,
the local density potentials for the system have been constructed according to the Mattheiss
prescription [22] by superposition of neutral atomic charge densities using the Clementi—
Roetti [23] basis set tables. For the exchange—correlation part of the potential, for practical
reasons, we used the energy-independent X, potential with o equal to 0.60 for the excited Al
atom. In order to simulate the charge relaxation around the core hole, we selected the well
tested screened Z + 1 approximation final state rule [21], which consists of taking into account
the orbitals of the (Z + 1) atom and constructing the charge density by using the excited
electronic configuration of the photoabsorber with the core electron promoted to an empty
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orbital. In metallic and (nearly) covalent systems this method is known to provide a quite
reasonable approximation of the relaxed charge distributions as obtained by self-consistent-
field (SCF) calculations, at least within the muffin-tin model and for the purpose of calculating
absorption spectra in the MS scheme, in the sense that the two methods yield very similar
spectra. However, if one is interested in the near-edge region of the spectrum, one should
perform a self-consistent calculation of the cluster under investigation. As is quite well known,
with standard computational systems it is almost impossible to built self-consistent potentials
for clusters with a large (about 20) number of atoms. In our case we actually calculated an SCF
potential and a charge density for a small cluster around the photoabsorber and embedded this
cluster into the larger one for the MS simulation. This method has been considered because
the use of SCF potentials only affects the first 5-10 eV above the edge [24]. Actually in this
energy region localized molecular states contribute significantly to the total cross section [25].
Due to their spatial localization, they are only sensitive to the details of the potentials of
the absorber and its first neighbours. The calculated spectra are further convoluted with a
Lorentzian shaped function with a full width I', = 0.42 eV [26] to account for the core hole
lifetime and I'ex, = 0.55 eV for the experimental resolution. We have chosen the muffin-tin
radii according to Norman’s criterion [27] and allowed a 10% overlap between contiguous
spheres to simulate the atomic bond. The z axis in all our calculations is along the ¢ axis of
the compound.

The conventional strategy for calculating Al XANES spectra would be to construct cluster
models with Al in tetrahedrons and octahedrons, respectively for Phl and Pol, using the Al-O
bond distances determined with the best x-ray diffraction (XRD) refinements available and with
clusters of increasing size until convergence is achieved i.e. until two successive calculations
do not show substantial variation. Usually convergence is reached after adding atoms up to the
sixth or seventh shell [28]. However, we decided to test this strategy starting from its initial
assumption, because XRD sees an average cation—anion distance only, whereas XANES is
essentially a local probe. Therefore, we checked the effect on the edge position of first the
bond length and then the coordination i.e. the number of nearest neighbours. We also checked
how a change of the coordinated anion from O (oxygen) to OH (hydroxyl) would affect the
edge position for the coordinating octahedral Al cation.

In order to show how much the edge peak position depends upon bond length, we present
in figure 2 a series of SCF-MS calculated spectra using simplified cluster models, a tetrahedron
and an octahedron, both as a function of the bond distances. A clear tendency of the edge to
shift towards lower energies with increasing AI-O bond length is observed. The rate of change
is about 20.4 eV A~! for fourfold coordinated Al over the range 1.70-1.80 A and about
13.6 eV A~! for sixfold coordinated Al over the range 1.90-2.00 A. These rates are similar to
those experimentally observed for Ti K-edge features [11] and Si K-edge features [29].

In figures 3(a) and (b) we present calculations of the idealized tetrahedron and octahedron
models (indicated in the figures by IM) using two different potentials: Z + 1 and SCF. In
figures 3(c) and (d) we present similar calculations that take into account all the distortions
observed in the real crystal structures of Pwk (indicated in the figures by RS). Figure 3 clearly
shows that the main peak position of the octahedral cluster is at a lower energy than the
tetrahedral one, even with the SCF potential, thus indicating that the observed ‘anomalous
chemical shift’ is mainly due to the larger distortion around the photoabsorber. On the
other hand, the results obtained for the ideal model (IM) exhibit a net shift of about 2.2 eV
(the fourfold coordinated site contribution being followed by the sixfold coordinated site
contribution). These XANES calculations at the Al K-edge suggest that structural distortion
plays an important role in determining the details of the transition features of compounds with
mixed coordination.
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Figure 2. Simplified self-consistent model calculations at the Al K-edge in tetrahedral and
octahedral clusters, as a function of the bond distance.
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Figure 3. (a) Ideal octahedral model calculations (d = 1.95 A), (b) ideal tetrahedral model
calculations (d = 1.75 A), (c) real sixfold cluster calculations in Pwk, and (d) real fourfold cluster
calculations in Pwk, using two different potentials: SCF (solid curve) and Z + 1 (dashed curve).
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Figure 4. Comparison of experimental and theoretical MS simulations at the Al K-edge in Phl.

In figure 4 we present the MS calculation at the Al K-edge for Phl, along with its
experimental spectrum. These calculated and observed edge structures are, in fact, quite similar
to those observed in other minerals having fourfold coordinated Al, such as albite [2, 4]. They
consist of a strong single-edge maximum (A), which is attributed to 1s—3p transitions, and
at least other four well defined features (MS contributions). All these experimental features
are reproduced well using an 80-atom cluster extending to about 6.0 A from the centre of
the cluster.

The related spectrum of sixfold coordinated Al in Pol is reported in figure 5 along
with its MS computation, which reproduces the experimental spectrum very closely. There
are four features in the first 20 eV. Two resonances are clearly resolved at the main edge,
which resembles the spectrum of octahedral Al in grossular [2, 28]. The experimental and
calculated Al K-edge XANES spectra of Phl (I*/Al) and those of Pol (1! Al) differ in two major
characteristics: (1) the negative shift in the energy position of the edge (about —2 eV), and
(2) the intensity ratio of the main peak. The negative shift of Phl is certainly due to its lower
Al CN. This shift is consistent, and it is a reliable basis for the fingerprinting method.

Figure 6 shows the experimental and calculated Al XANES spectra for Pwk, a mica
having Al in two coordination states (one octahedral /Al and two tetrahedral [“1Al). We
first calculated the convergent 91-atom cluster for each site, then we combined them in the
proportion 11°7A1 + 241A1. Peak A originates from the O-site contribution, peak B from a
superposition of contributions from both sites, while C is dominated by the T-site contribution.
This is not surprising if one notices that, according to the crystal structure determination, the
Al-O bond lengths are about 2.02 and 1.69 A for octahedral and tetrahedral sites, respectively.
The large octahedral bond distance shifts the edge position towards lower energy (see figure 2),
whereas the opposite occurs for Al clusters having short length tetrahedral sites. Furthermore
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Figure 5. Comparison of experimental and theoretical MS simulations at the Al K-edge in Pol.
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Figure 6. Pwk—comparison of theoretical Al K-edge spectra for the two different sites and their
combination with experimental data.
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Figure 7. Pwk—comparison of theoretical Al K-edge spectra for the two different sites using the
same atomic cluster as figure 6, but different distances (in A) between photoabsorber and the first
oxygen shell.

the larger distortion of the tetrahedral site also shifts the peak position toward higher energy
by more than 2.0 eV [6]. As a matter of fact, MS calculations would indicate that all features
are determined by the superposition of contributions from both sites. However, peaks A and B
are mainly, but not only, of octahedral origin, while C is only due to tetrahedral contributions.
Another strong piece of evidence to support the above assignments comes from the inspection
of spectral feature E (figure 6), which has the typical shape of the tetrahedral Al XANES
spectrum, in contrast to the octahedral one that is flat in this energy range.

To summarize, in figure 7 we present the calculated spectra of one tetrahedron and one
octahedron for Pwk using the same atomic clusters used in figure 6. Here d = dgps i.e. the
actual sizes of the two polyhedra as determined by SC-XRD [16] are used: dieial-0 = 2.02 A
and dinpj-o = 1.69 A A stepwise increase of the size of the nearest octahedron by 0.02 A
enhances the first peak in the simulation. It becomes the strongest peak, but it does not affect
the position of the inflection point. The main peak position appears to be at about 3.4 eV lower
energy than expected. By contrast, a stepwise increase of the tetrahedral size enhances only
slightly the entire spectrum and makes its edge broader (in the lower energy part) except for
the features at 20 eV above the edge onset. These data confirm the assignment to ¢/ Al of the
origin of the first feature of the Al K-edge in our mixed coordination compound Pwk.

We also carried out a further test, albeit preliminary, on the changes induced by O—H bonds
onto the ®Al spectrum. This test is important because of the special configuration of the Al
coordination polyhedron in micas: it consists of four O anions in common with the tetrahedral
sheet plus two OH located at the centre of the ensuing O hexagonal network. The formation of
the O—H bond reduces the total electronegativity of the Al-O bonds in two opposite directions,
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Figure 8. Comparison of MS calculations at the Al K-edge for a simplified Al cluster (e.g. Al + 60)
with (solid) and without hydrogen (dotted).

and leads to an edge shift towards lower energies, as shown in figure 8. Here we present the
calculations for a simplified small cluster that contains only a first coordination oxygen shell
with one O anion linked to hydrogen. Theory shows that formation of the O—H bond shifts
the edge position towards low energy (about 1.0 eV), and decreases the intensity of the main
edge with a concomitant formation of new states near the Fermi level. This finding supports
our previous assignment and is in agreement with data available in the literature [30-32].
Actually, increasing bond length, O—H bond formation and large site distortion, on one side,
and increasing CN, on the other side, are competitive mechanisms for the formation of the Al
K-edge.

In conclusion, a detailed experimental and theoretical investigation of the Al K-edge
XANES has been performed on three different micas that contain Al in different coordinations.
The present study characterizes the Al signature in the octahedral and tetrahedral coordinations.
However, coordination is not the only factor that affects the edge position. Bond length, OH
formation and, more importantly, site distortion have to be considered. Moreover, it should be
noted that tetrahedral bond lengths determined by the x-ray methods are only average values
taking into account all Al + Si sites; in fact, for a given Al atom the local bond length should
be expected to be different from the average value, but the magnitude of this difference has
large uncertainties. XANES, on the other hand, probes the local environment i.e. the first
coordination shells, so that the spectra represent the weighted sum of all these sites without
averaging them over a long distance.

The anomalous chemical shift contribution to the Al K-edge peak indicates that the
fingerprinting technique based on the extrapolation of the results of the fourfold and sixfold
structures in the spectra of model compounds is reliable only if combined with a theoretical
analysis. This is particularly true for compounds relevant in mineralogy and geochemistry,
where atoms such as Al occur in different coordination sites and with different bond lengths,
distortions and chemical environments.
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