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INTRODUCTION

X-ray absorption spectroscopy (XAS) has developed into a powerful tool for the
study of all types of materials since the early 1970s, when strong sources such as
synchrotrons became available from which experimental spectra with high signal to noise
ratios and fine spectral details could be recorded. Just a little earlier, some physical
theories had been conceived to explain the XAS spectra, which until then had been
recorded using conventional X-ray sources (Sayers et al. 1970, 1971; Stern 1974; Lee and
Pendry 1975; Pendry 1983). As soon as new, well-resolved experimental data became
available, those theories developed into practical methods by which XAS spectra could
be numerically computed and theoretically understood (Kutzler et al. 1980; Natoli et al.
1980; Durham et al. 1982; Natoli et al. 1990; Filipponi et al. 1991; Rehr et al. 1992;
Tyson et al. 1992; Zabinsky et al. 1995; Filipponi and Di Cicco 2000; see Rehr and
Albers 2000 for a recent review). At present, a full range of applications in material
science makes routine use of XAS, and numerous reviews have been published that
highlight its potentials in all fields of modern research (e.g., Stern and Heald 1983; Teo
1986; Bianconi 1988; Gurman 1989; Lytle 1989; Henderson et al. 1991).

Specifically for mineral science, XAS became definitively established in the middle
1980s, after a period of parasitical development during which the technical and theoretical
principles of the method were adapted and finalized to all types of Earth materials: the
crystalline ones, mostly, as well as those in the glassy state (cf. Brown et al. 1978; Calas et
al. 1980, 1984; Waychunas et al. 1983, 1986; Davoli et al. 1987, 1988; Brown and Parks
1989; Bassett and Brown 1990; see Brown et al. 1988, 1995 for reviews).

Currently, the main advantages of synchrotron-activated XAS in mineral studies can
be outlined as follows:

(a) XAS is element-specific, and can be used for multi-atomic compounds (most
natural minerals) with no loss of information on any individual atom, the concentration of
which in the sample may range from 100 wt % as in a pure element down to few parts per
million (ppm) as in a very diluted natural mixture.

(b) XAS is a local structural probe: although the sample is irradiated by photons, the
physical probe is the excited electron. The mean free path of the photoelectron is system-
dependent, but it is small. As a result, the excited electron probes a small cluster around
the photo-absorbing site (Miiller et al. 1982). In other words, it can detect only a few
shells of neighbors around the absorbing atom (typically up to a distance of ca. 0.6~0.9
nm), thus giving information mainly on short-range order that is impossible to gather
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otherwise on either ordered (i.e., crystalline) or disordered (i.e., glassy) systems.

(c) XAS is recorded by means of a brilliant photon beam that is strongly linearly
polarized in the plane of the synchrotron ring (in this review we will neglect other
polarization states now available in modern storage rings using special insertion devices).
Moreover, the beam can be focussed down to very small areas (0.1 x 0.2 um:
microXANES, i.e., SmX: Dyar et al. 2001; <100 nm: Kaulich et al. 2000). Thus, XAS
can give information on the local site anisotropy of the material.

(d) XAS is a very fast process, the estimated time of the photon absorption excitation
being of the order of 10™'®s, so that spectra may easily distinguish physical processes that
happen on longer time-scales. Moreover, the availability of brilliant and intense sources
now allows collection of XAS spectra with high signal to noise ratios in a short time (<1
s), thus following the dynamics of reaction processes practically in real time on a very
short time scale (s to min). The so-called dispersive EXAFS system (Phizackerley et al.
1983; Dartige et al. 1986) has reached the same resolution as that of standard double-
crystal monochromators, and opened the field of time-resolved XANES experiments to
investigate structural dynamical processes.

(e) Extended XAS (i.e., EXAFS: Extended X-ray Absorption Fine Structure
[spectroscopy]) provides average interatomic distances accurate to +£0.002 nm, and
average coordination numbers accurate to £10-20%, at least for the nearest or next-
nearest-coordination shells. Polarized X-ray absorption spectra show a strong dichroism
for anisotropic sites. Moreover, in the single scattering approximation that best describes
polarized EXAFS spectra (i.e., P-EXAFS; cf. Benfatto et al. 1989), oscillations
originating at a particular scattered atom can appear or disappear depending on whether
or not the electric field is directed towards that atom.

(f) Near-edge XAS (i.e., XANES: X-ray Absorption Near-Edge Structure
[spectroscopy]), although not yet fully quantitative, provides high-quality information on
oxidation state, symmetry, coordination and bonding of atoms in their local environment;
furthermore, it gives some indication of bond distances and angles. While in EXAFS the
electron scattering is weak and the observed modulation of the absorption cross-section
barely reaches 5% of the total signal, in XANES the electron scattering is much stronger
and the modulated signal is significantly larger. Nevertheless, quantitative interpretation
of near-edge experiments is never simple: some theoretical help may be obtained from
recently developed computer codes (Joly 2001).

(g) XAS can be used as a bulk method to look for information on samples that are
very fine-grained (powders), even using impure mixes (provided that the associated
material does not contain the atom to be probed in the mineral). Alternatively, it can be
used on oriented specimens, provided suitable crystals are available, which can be
oriented either crystallographically or morphologically on the sample holder. Using a
special set up, XAS can even be used to scan only the surface of a mineral (SEXAFS) or
the interface between two contacting layers (e.g., the fresh substrate and its
transformation crust). Polarized XAS spectra have been widely used in this context to
determine separate interatomic distances on planes parallel and normal to a surface plane.
In the XANES spectra of anisotropic clusters the polarization dependence of the
absorption cross-section allows the multiple-scattering contributions due to a set of atoms
in a particular direction or on a plane to be selectively recorded. Therefore, the
orientation and angular distribution of neighboring atoms can be easily determined by
changing the relative position between the incident beam and the sample. In angular-
resolved XAS spectroscopy, dichroism is usually very large and appears both in the
threshold region for the molecular-like bound excitations, producing the white-line, and
upwards, all along the spectrum up to the EXAFS region. The interpretation of polarized
XANES spectra in terms of multiple-scattering theory allows the role of a selected group
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of atoms to be determined. Moreover, the measurement and multiple-scattering
interpretation of angular-resolved XANES spectra, when possible, is very useful to
unravel and clarify the non-polarized spectrum of the same material.

Because of all these advantages, the number of minerals studied by XAS ranges now
over 500, being limited only by their availability (rarity). The number of papers devoted
to minerals (including synthetic analogues) making use of XAS exceeds 3000.
Nevertheless, there are still problems that limit the usefulness of XAS for certain types of
minerals. Among these problems, the most relevant one lies in the morphology of the
mineral itself, which usually relates to the anisotropy of its structure. Consequently,
minerals such as the phyllosilicates are still among the least studied by XAS: on one side,
those usually available as powders (clay minerals) can be best studied, and indeed have
been frequently, because XAS provides information unattainable by other methods (e.g.,
Bonnin et al. 1985; Manceau and Calas 1986; Manceau 1990; Paris et al. 1991); on the
other side, and by contrast, for those phyllosilicates that occur as both fine and coarse
grains, XAS information might appear to be only complementary, or even superfluous,
when compared to the wealth of information gathered by other methods, unless the highly
polarized nature of synchrotron radiation is suitably employed (cf. Manceau et al. 1988,
1990, 1998).

The purposes of this review are:

(1) to collect and present the widest possible spectrum of XAS studies performed on the
micas, the most common group of phyllosilicates and the one that displays the
greatest textural variability: certain species occur only as powders and others may
be up to gigantic crystals (e.g., 4.27 x 4.27 x 10.06 m as found at the Lacey Mine,
Loughborough Township, Ontario, Canada phlogopite in pegmatite: Rickwood
1981);

(2) to show that studies by XAS on micas must be pursued, because they provide
important information unattainable by other methods or, if attainable, certainly
more rewarding (though painstaking and time-consuming).

To these purposes, a review of the methods used for the study of lamellar materials
will also be included, and indications on how to ameliorate spectral recording to enhance
fine details will be given. Nevertheless, we point out that combining XAS with other
techniques (e.g., XRD, NMR, neutron scattering, etc.) is still the best way to fully
characterize any material at the present time. See Table 1 for definitions of spectroscopic
symbols used in this chapter.

OVERVIEW OF THE XAS METHOD

XAS spectroscopy is basically an application of Lambert’s law, i.e., a measurement
of the variation of linear X-ray absorption coefficient n (defined as p = pmp [cm™]) as a
function of X-ray energy E (defined as E = hv [eV]) in the region across the characteristic
absorption edge of the atom Z (absorber) to be determined in the investigated material. A
modern synchrotron-radiation activated XAS spectrum essentially reports the same
structures near and far away the absorption edges as those that were first detected by
Hertz (1920) and Fricke (1920) using conventional discharge tubes. However, more
details and much greater resolution is now obtained, particularly for the fine structures in
the region immediately following the absorption threshold (defined as the energy of the
lowest empty state reached by the core excitations). The properties of X-ray absorption
edges were explained long ago in their general terms (Kossel 1920; Kronig 1931
1932a,b), but only much later have satisfactory theories been proposed (Sayers et al.
1970; Stern 1974; Lee and Pendry 1975; Dehmer and Dill 1976; see Lytle 1999 for a
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Table 1. Definitions of spectroscopic symbols.

Symbol Property

p electron density

h Planck’s constant

v photon frequency

k photoelectron wavenumber

E photon energy

Er Fermi energy

o(E) absorption cross section

M;¢ matrix element of the electronic transition

) Dirac delta function

E; energy of the initial state

E¢ energy of the final state

Y1, 12,...., Ty) final many-body radial wave function

Wi(r1, 12500005 Tn) initial many-body radial wave function

Tn vector describing the position of the n-th electron

€ polarization vector of the radiation

a fine-structure constant

my (g) matrix element, between the radial part of the wave function calculated
inside the sphere of the absorbing atom and the corresponding func-
tion of the absorbing atom, which chooses the final angular
momentum L

Im imaginary part

I unit matrix

/ orbital angular momentum

tli atomic t-matrix element of the atom at site i

Ta= 8jj S £ diagonal matrix of atomic t-matrix elements describing the scattering

process (i-j) of the L spherical wave photoelectron

H=H (1- 5y)

free amplitude propagator of the photoelectron in the spherical wave
state from site i with angular momentum L to site j with angular
momentum L'

M1 atomic dipole transition matrix element for the photoabsorbing atom
(radial part only)

610 phase shift of the absorbing atom

OF total absorption coefficient

ol atomic absorption coefficient

Yn the n-th contribution arising from all multiple scattering pathways
beginning and ending at the central atom, and involving n-1
neighboring atoms.

Pi(cosd) Legendre polynomials

fi(w) scattering amplitudes of the i-th atom

Rio= ri—i-rij—i—rj

total length of the triangle composed by the absorbing atom and the i-th
and j-th atoms.
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historical review). Even more recently a long-lasting attempt has been dedicated to
developing a complete and unifying theory for XAS (Natoli 1983; Natoli and Benfatto
1986; see Davoli and Paris 1990, and Rehr and Albers 2000, for reviews).

For theoretical as well as for practical purposes, a XAS spectrum is normally divided
in two regions: (1) the X-ray absorption near-edge structure (XANES) region, and (2) the
extended X-ray absorption fine structure (EXAFS) region.

EXAFS

In the absorption coefficient formalism, the EXAFS signal is substantially due to
interference of the outgoing photoelectron wave from the absorbing atom with the back-
scattered wave from each surrounding atom. Hence EXAFS provides information about
the pair distribution function.

EXAFS spectra were adequately recorded even at the time when conventional X-ray
spectrometers were used, and indeed rotating-anode X-ray sources with brightness in the
range 10°~10° photons.s”.mm™.mrad>.(0.1% bandwidth)™" are still in use that produce
fine spectra. Despite representing only a few percent of the total absorption, EXAFS was
also the first region of the XAS spectrum that found a theoretical interpretation resting on
sound physical principles (Sayers et al. 1970; Stern 1974). Fitting methods with
calculations based on Fourier analysis now provide quantitative data with a high degree
of reliability (Sayers et al. 1971; Teo et al. 1977; Teo and Lee 1979). For a full coverage
of the EXAFS method the reader is referred to classical works such as those by Lee et al.
(1981), Hayes and Boyces (1982), Stern and Heald (1983), and Teo (1986), and to the
recent review by Rehr and Albers (2000).

EXAFS structures occur in the form of wide, low-frequency oscillations that in most
systems start at energies ca. 50~100 eV higher than the absorption threshold and
progressively damp out to within 13~15 A" [k (A")= \V2m/(h/2n)* (E - Ef)] or even
more, depending on the edge of the measured atom and on the system (Borowski et al.
1999). These oscillations arise from back-scattering of photoelectrons of high kinetic
energy involved in a single-scattering (SS) process with the nearest neighbors, during
which the outgoing and back-scattered photoelectron waves undergo constructive and
destructive interference. In the multiple-scattering formalism, EXAFS signals correspond
to the single scattering paths of the photoelectron involved in the absorption process.
EXAFS spectra can be analyzed to extract information about the distance from the
absorber and its neighbors, in some cases extending to several shells as far away as ca.
0.6~0.7 nm (or even more in the case of super-focussing, when the arrangement of
neighboring atoms in the structure is collinear: cf. Kuzmin and Parent 1994; Kuzmin et
al. 1995) as well as about the number and type of the back-scatterers. The frequencies of
the back-scattering photoelectron waves are roughly inversely proportional to the
distance between the absorber and its neighboring atom shells. However, frequency and
distance are not exactly proportional because the photoelectron undergoes a phase shift,
as a result of the interaction of the outgoing and back-scattered waves with the potentials
of the absorbing and back-scattering atoms. Such a phase shift is typically ca. 0.02-0.05
nm and is characteristic of a particular absorber to back-scatterer atom pair. The
amplitude of the scattered wave reflects primarily the number and type of atoms located
around the absorber, but it is reduced by the interference of several effects. Nevertheless,
when all these limitations are well considered, the EXAFS function can be adequately
modeled, in the single-scattering, spherical wave approximations, as being the sum of the
scattering contributions from each shell of neighboring atoms up to a distance that may
reach as much as ~0.5 to ~0.6 nm depending on the investigated system, this distance
being determined by the inelastic losses undergone by the photoelectron along its mean-
free path.



376 Mottana, Marcelli, Cibin & Dyar

EXAFS provides information on the local structure around the absorber on an almost
instantaneous time scale (107'° s), so it is a most efficient method to detect time-
dependent reactions or atom re-orderings for the investigated compound. However, the
resolution of EXAFS for interatomic distances is bound to be large (+0.002 nm at best)
because static and vibrational atom disorder in most solids is large. Furthermore, Holmes
et al. (1988) showed that errors increase with the order of the investigated shell: they may
be as low as +0.001 nm for the first-shell distances, and up to £0.005 nm for the fourth-
shell ones. The determined coordination numbers are also affected by high errors, such as
~10% (i.e., 0.2 atoms) for the nearest-neighbor shell, increasing to ~20% (i.e., 0.5
atoms) for the second shell. For higher order shells, the error may be so large (ca. 50%)
as to practically make the determination irrelevant. Normally, the coordination numbers
determined by fitting EXAFS spectra are lower than the expected theoretical ones.
Results become worse and worse as the coordination number increases, and may be very
difficult to evaluate even when using complex analytical methods (Diaz-Moreno et al.
2000). Indetermination in the coordination numbers is also partially due to the presence
of multi-electron processes superimposed on the EXAFS oscillations (Deutsch and Hart
1984; Filipponi et al. 1987; Chaboy et al. 1994).

In the analysis of EXAFS spectra, neglecting multi-electron excitations, all these
effects are accounted for by the Debye-Weller factor, which measures the mean square
deviation of the absorber to scatterer interatomic distance from its average length. In
order to minimize these effects, EXAFS spectra are increasingly often recorded at low
temperature, where the signal to noise ratio is higher than at ambient temperature, and the
scanned reciprocal space longer. Yet, there are satisfactory EXAFS determination carried
out at extremely high temperatures, and many limitations of the EXAFS technique in
determining coordination numbers can be overcome using the additional information
contained in the XANES region.

XANES

The XANES spectrum is certainly the most conspicuous and interesting part of the
total absorption spectrum and, with the availability of third generation synchrotron
radiation sources having brightness in the range 10'°~10*' photons's'mm™mrad™
(0.1% bandwidth)™, it can be recorded even for atoms highly diluted in the investigated
material (trace elements: down to 50 ppm). Qualitative XANES analysis is now well
established, and there is consensus that XANES spectra contain information on the
oxidation state of the investigated atom, on its coordination in the structure, and on the
form and orientation of the first-coordination polyhedron around it. However, XANES
spectra for a long time were impossible to interpret quantitatively, and even now their full
understanding is hampered by the complexity of the crystal structure of most minerals.
However, XANES examination allows extraction of reliable information on the
electronic and structural properties of the system under investigation. In fact, while in a
crystalline material, that can be oriented in the scattering geometry, the pair distribution
function may be sufficient to determine the complete crystal structure, in disordered
materials (e.g., glasses) all directional information is lost. In other words, the radius of
the first coordination sphere is not simply correlated with bond angles that involve at
least the three-atom correlation functions. Thus, methods such X-ray diffraction (or
neutron scattering, EXAFS, and others that do not provide more than the pair distribution
function) make many subtle correlations of non-crystalline systems inaccessible. By
contrast, XANES contain a structural information that is not confined to a pair correlation
function between different atoms only, but it also explains atomic correlation functions at
high order (Benfatto et al. 1986; Filipponi et al. 1990).

The generally strong scattering power of the atoms of the medium for low kinetic
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energy photoelectrons favors multiple scattering (MS) processes. At higher energies such
as those at which the atomic scattering power becomes small, a single scattering (SS)
regime occurs. Consequently, by decreasing the photoelectron kinetic energy, a gradual
transformation from the EXAFS regime to the XANES regime takes place. Therefore, the
EXAFS part of the XAS spectrum probes the first-order or pair correlation function of the
atomic distribution near the absorbing atom, while the XANES part probes the triplet and
the higher orders of the atomic distribution function. Indeed, the growth of XANES was
stimulated by interest in the determination of higher order correlation functions of local
atomic distributions in complex systems and multiple-scattering theories have been used
in recent years to solve the XANES spectra of crystals, amorphous solids, surfaces,
biological molecules, liquids, catalysts and chemical compounds.

The first successful attempt at extracting this kind of information for metal atoms in
both tetrahedral and octahedral coordinations was carried out on liquid systems (Garcia et
al. 1986), and only recently have similar studies on solid systems become satisfactory
(Wu et al. 1996; Mottana et al. 1997, 1999). However, XANES spectra are still difficult
to fully interpret quantitatively, because experimental data sometimes exhibit such a
richness in structures as to make it difficult to unravel them one by one, while theory has
to face the significant problem of finding out a good potential that enables describing
large atom clusters. Essentially: the period of “fingerprinting” use of XANES is over, and
although significant theoretical work is in progress, the time of its full appreciation has
not yet come, except for a few, fairly simple systems.

A XANES spectrum consists of a sequence of features (i.e., peaks) that are
characterized for their relative intensity (generally given as arbitrary units) and energy
position (eV). Indeed, although the general characteristics of the XANES spectra are
mainly determined by the atomic distribution of the atoms neighboring the absorber
(local site symmetry), while being almost independent of crystalline order, the observed
features are actually system-dependent, particularly for their intensity. Consequently,
XANES spectra are usually divided in three regions (Natoli and Benfatto 1986; Fig. 1):

(a) the edge region, or low-energy XANES region, from the absorption threshold (i.e.,
the energy of the first allowed transition, that represents the lowest energy state
reached by the core excitations) up to ca. 10 eV above;

(b) the full-multiple-scattering (FMS) region, up to ca. 20-30 eV above the absorption
threshold;

(c) the intermediate-multiple-scattering (IMS) region, from ca. 20-30 eV above
threshold upwards to ca. 50-100 eV.

The edge region contains a few weak features caused by electronic transitions to
empty bound states; the FMS region contains an infinite number of multiple-scattering
contributions; and, finally, the IMS region contains a small number (e.g., n < 4) of
multiple-scattering contributions that are limited only by the core-hole lifetime process
and by the inelastic photoelectron-valence electron scattering, mainly related to the
overall structural properties of the material. This last region is bound with and actually
merges into

(d) the single-scattering (SS) region, which is the EXAFS region mentioned above.

The distribution of peaks and the ensuing separation of them in the three region is never
straightforward, and in some systems they even overlap to a certain extent. However, if
this theoretical description of XANES spectra is adopted (Natoli 1983; Natoli and
Benfatto 1986; see Benfatto et al. 2001), then the two alternative theories of single- and
multiple-scattering (Sayers et al. 1970 and Lee and Pendry 1975, respectively) can be
unified and the treatment of the entire XAS spectrum traced back to a unique, complete,
and physically coherent theory.
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Figure 1. The full XAS spectrum of a high-Z atom showing (insets) the different energy
regions discussed in the text: pre-edge (left) and edge (right) region. Traditionally, XANES is
the region of the spectrum where the photoelectron undergoes multiple scattering, and
EXAFS that of the single-scattering regime.

The edge region contains a few, normally weak features caused by electronic
transitions to empty excitonic states that are controlled primarily by the selection rules for
mainly dipolar (less quadrupolar) electronic transitions. These transitions can be
explained by the molecular-orbital theory (Obashi 1978), which has been applied for
many years to the interpretation of edge spectra. At the beginning, the quantum
mechanical selection rules that control the transition probabilities in the edge region were
considered to be the same as those for optical spectra (Brown et al. 1988), for which a
theoretical framework was already known. Indeed, although Shulman et al. (1976) were
the first to recognize that pre-edge features can arise from ls <> 3d transitions (based
upon the observation that Zn®", with a 3d'® configuration, has no pre-edge features), their
entire assignment relied upon calculations, in the framework of the ligand-field theory, of
the atomic or molecular final states of an atomic cluster that considered only the first
shell. This theory proved to be inadequate. However, their method allows interpretation
of the features occurring in the energy range 5 to 10 eV around the threshold only (pre-
edge (PE) region). The first study that reached agreement between theory and experiment
in the XANES study of solids, over a wide energy range that encompassed all the
XANES region up to 50 eV above threshold, was by Bianconi et al. (1982). In that
investigation, the experimental features in the XAS spectra of solids were associated to
shape resonances, in which electrons are trapped in a molecular group, of the same type
as those discussed by Dehmer and Dill (1976) for diatomic molecules.

The features just above the absorption threshold (called PE features) arise from
different mechanisms: (1) the quadrupole mechanism (Balzarotti et al. 1980; Driger et al.
1988); (2) the mixture of the transition metal 4p-states with the 3d ones owing to the non-
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centrosymmetric symmetry of the coordination polyhedron around the absorbing atom

(p < d mixture; Ravel et al. 1993), and (3) the dipole-allowed transitions of the transition
metal ls electrons to the unoccupied 3d states of the neighboring transition metal atoms
(band effect: Bianconi et al. 1985; Uozumi et al. 1992; Vedrinskii et al. 1997). Several
additional factors contribute to intensity and energy of features in the pre-edge region,
including spin state, oxidation state, and site geometry.

The intensity of peaks is related to transition probabilities. The 1s <> nd transitions
in the pre-edge region are formally dipole-forbidden, but they have non-zero probabilities
due to electric quadrupole transitions (Cabaret et al. 1999; Joly et al. 1999). This
quadrupolar coupling is extremely weak (Hahn et al. 1982), about two orders of
magnitude smaller than electric dipole coupling (Bair et al. 1980; Brouder 1990);
however, in the cases where the cation occupies a non-centrosymmetric site, most of the
intensity of the pre-edge features results from hybridization between the 3d and 4p states.
In iron-bearing compounds, where the electric-dipole mechanism is fundamentally
intense, a very small amount of 4 p<> 3d mixing can have a dramatic effect on the
intensity of the pre-edge feature (Roe et al. 1984; Randall et al. 1995; Westre et al. 1997).
Consequently: (1) the greater the amount of 4p mixing into the 3d orbitals, the greater the
intensity of the resultant pre-edge features; (2) the relatively symmetrical octahedral sites
display little electric dipole coupling, but as site asymmetry increases, so does the 4p
mixing into 3d orbitals. In micas, the tetrahedral sites have point symmetries of Tq, so
they are more distorted than the octahedral sites for which point symmetries may be Cj,
C,, or Cyn. Accordingly, for a transition element occurring in both the tetrahedral and
octahedral sites, the pre-edge tetrahedral peak will be far more intense. This effect is
illustrated in Figure 2 for two micas that contain Fe’” in different types of coordination
(cf. Dyar et al. 2001).

40

= 30 + tetra-ferriphlogopite

15 +

Normalized Intensity

annite

-5 - : . : . ‘
7108 7110 7112 7114 7116
Energy (eV)

Figure 2. Effect of coordination on pre-edge peak intensity: the
lower intensity spectrum is taken from a Pikes Peak annite, which
has been shown to contain only octahedral Fe*" and Fe*'; the higher
intensity spectrum is from a synthetic tetra-ferriphlogopite (after
Dyar et al. 2001). Note that peak positions and intensities vary
independently, and as a function of both coordination and oxidation
state.

Brown et al. (198 ]) quantlﬁed the increase in pre-edge 1nten51ty to be from 0.7~2.0%
of the main ed%e for | , to 5~7% of the main edge for *Fe*", and up to 15% of the
main edge for YFe’". Ga101sy et al. (2001) further noted that pre -edge intensity varies
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inversely with coordination number for non-centrosymmetric environments, such that I, <
Isfold < liet. Finally, the transition probability (and thus the relative intensity of the peak) is
increased if the number of empty states in the d orbitals is large. For example: the pre-edge
spectrum of a mineral containing vanadium, an atom which may occur in four valence
states (V2+, v V4+, and V', having configurations of 3d4, 3d° ,3d%, and 3d', respectively),
would be most intense for the V> (Delaney et al. 2000; cp. Wong et al. 1984; and also
Cressey et al. 1993, and Schofield et al. 1995, for L-edge spectra).

The energy position of the peaks in the pre-edge region is also important, because it
has a first-order relationship to oxidation state. Shulman et al. (1976) showed that pre-
edge transitions differ from their analogous optical transitions because the number of
transitions present (i.e., the strong field many-electron states) must be modeled for the
d" excited state. This assumes that the dominant effect of the ls core-hole is an
increase in potential because it is spherically symmetrical (Westre et al. 1997). This ls
hole is so close to the nucleus that the outer orbitals see a configuration equivalent to that
of the next highest ion in the periodic chart, with a fully occupied 1s shell. So, the final
state of the ion, rather than having an atomic number Z with a ls hole, is instead best
approximated by that of a different nucleus with atomic number Z+1 (Shulman et al.
1976; Lee and Beni 1977): XANES spectra will show the energy levels predicted by the
optical spectra for these Z+1 states. For example, the best analogs for Fe XANES spectra
are Co optical spectra (of which, unfortunately, there are relatively few). However, for
minerals, studies of this type on the pre-edge region are rare. Thus, it is necessary to fall
back upon simple models based on fundamental principles. Tanabe-Sugano diagrams
have been calculated for most simple coordination polyhedra, and from these the identity,
if not the precise energy, of the peaks in any given pre-edge can sometimes be
approximated.

Only recently have the energy separations of the pre-edge features of elements in
different oxidation states and coordinations precisely been measured: e.g., in a series of
minerals excluding the micas Petit et al. (2001) determined the energy separation
between the average pre-edge centroid positions for Fe*" and Fe’™ to be 1.4 + 0.1 eV.
Additionally, the pre-edge transitions for Fe in different coordination polyhedra relevant
to micas can be summarized as follows (Calas and Petiau 1983; Galoisy et al. 2001): (1)
[JFe? pre-edges should be composed of (at least) three peaks corresponding, from lowest
to highest energies, to the Tlg(4F), ng(4F), and Ty, ('P) states respectively; a fourth
predicted transition, Ay, is not visible because it is a two-electron transition with low
probability. For Fe’* in either tetrahedral or octahedral coordination, two electronic
transitions are expected: (2) for 6IFe®", the 5ng(SD) state is lower in energy than the
5Eg(5 D) state by approximately 1.1~1.5 eV (Westre et al. 1997); (3) for ’Fe”", the states
reverse in energy, as expected, on going from the octahedral to the tetrahedral
coordination, with a smaller separation of about 0.6 eV (Westre et al. 1997), as predicted
by crystal field theory.

Given that the current peak width with existing technology is roughly 0.9 eV, the
[JFe®" transitions can barely be resolved, and the MIFe®" site shows only a single intense
pre-edge. Furthermore, distortions from ideal octahedral symmetries to tetrahedral and
square pyramidal geometries (as are found in most mineral spectra) allow for 3d <> 4p
mixing, and affect both the intensity and energy distribution in the pre-edée region. So,
while these simple models (three component peaks in pre-edge spectra of [*/Fe*", two for
[JFe*, and one for ['Fe’) represent the best approximations for currently available data,
we await better technology for higher resolution to improve our understanding of the
complexity of transitions represented in the pre-edge region of micas, the more so as very
satisfactory pre-edge calculations have been proven to be feasible in other systems (Ruiz-
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Loépez and Muioz-Paez 1991) even in the polarized setting, which best accounts for the
layered structure of the micas (Joly et al. 1999).

The full multiple-scattering (FMS) region of a XANES spectrum is dominated by
multiple-scattering resonances of photoelectrons ejected at low kinetic energy, even when
the binding energy is great. In particular, this region contains several intense resonances
(including the white-line, i.e., the most intense resonance) that arise from superposition of
contributions from the multiple-scattering interactions undergone by the photoelectron
along its pathways, as well as from the atom electronic properties. Thus, most
information contained in the FMS region relates to long- as well as short-range order, but
all contributions are interwoven in such a way as to make interpretation in terms of
multiple-scattering rather difficult. Only lately has suitable de-convolution software been
developed (Benfatto et al. 2001) that is based on sound physical principles rather than
being a mere mathematical peak fitting. Therefore, information on the electronic
properties of the system can now be obtained.

The FMS region of XANES spectra may provide information about bond length.
Indeed, the continuum part of the spectrum, where multiple-scattering features of the
photoelectrons can be easily resolved, is sensitive to both coordination geometry and
interatomic distances. The effect of the interatomic distance d has been shown to shift the
multiple-scattering resonances, first in diatomic molecules with a given geometry
(Dell'Ariccia et al. 1984; Bianconi et al. 1985), following the relationship &, d = const,
where £, is the wave vector of the photoelectron at resonance; this relationship is valid
only for small variations of d (< ~10%).

In solid compounds, the extraction of this kind of information is essentially based on
the relationship known as Natoli’s rule (1983, 1985):

E.- E, = const / Cl’(A_L)2

where E; and Ey, are the energies of the resonance feature and of the electron bound state,
respectively, and dar) is the distance from the absorber to its ligand. This formula does
not need any determination of average interstitial potential, and is certainly true for the
bound states at the K edges of transition metals (e.g., 1s to 4p transition). One of the
major fields of application for such a formula is related to disordered or non-crystalline
materials. However, it is seldom used for crystalline substances and, in particular, it has
never been applied to any mica.

The intermediate multiple-scattering (IMS) region is a region that shares the
multiple-scattering behavior of XANES and the single-scattering behavior of EXAFS. It
usually consist of few, fairly weak and broad features (however sharper and stronger than
the SS oscillations that follow) that mostly arise from interactions of the photo-electron
with atoms in distant shells, at a high order (e.g., 4th or even 6th shell: Cabaret et al.
1996; Wu et al. 1996), or with preferential paths inside the first shell. This implies that
the IMS region is strongly affected by the medium- to long-range orders of the studied
structure, so that the similarity of IMS regions often represents a substantial proof of
overall structure identity among the members of a complex solid solution series
undergoing chemically-driven structural ordering (e.g., omphacite pyroxenes: Mottana et
al. 1997, 1999).

Multiple scattering theory. At the end of this general overview of the practice of
XAS spectroscopy, a short overview of the underlying theory is advisable that will clarify
some statements otherwise acritically given. The short presentation that follows is based
on the multiple-scattering theory as developed over the years by C.R. Natoli and
coworkers (Natoli 1983; Natoli and Benfatto 1986; Natoli et al. 1980, 1990; Tyson et al.
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1992). Natoli’s approach unifies various schemes of interpretation, including, pioneering
schemes such as the “one-electron single-scattering” approach to EXAFS by Sayers et al.
(1970, 1971; see also Stern 1974) and Lee and Pendry (1975; see also Pendry 1983), the
“one-electron multiple-scattering” approach by Dehmer and Dill (1976), and finally those
based on band calculations by Miiller et al. (1982). In this way, he was able to reach a
complete physical theory.

The absorption cross section for X-rays may be written in the dipole approximation as
o(E) =4 i’ o E 2¢ [Migf* 8(E; - Es+ E)
M;s = _[ W (11, Ty, Tn) 2 (10.€) WilT1, T, 1) dr

where € is the polarization vector of the electric field and the r, is the vector describing
the position of the n-th electron. The mathematical problem to solve is the calculation of
the cross-section and in particular the description of the final state of the system, in
accordance with the proper normalization and boundary conditions. Actually, three
methods have been used to reproduce the experimental absorption cross sections o(E) in
both XANES and EXAFS regions:

(a) an approach based on the band calculations where the final states of the systems are
Block states and the sum is performed on a Brillouin zone (Miiller et al. 1982;
Miiller and Wilkins 1984);

(b) a method based on the wave function approach of the system with appropriate
boundary conditions (Natoli and Benfatto 1986);

(c) a Green's function approach, i.e., a calculation of the scattering solution of the
Schrodinger equation of the excited photoelectron, and of the proper boundary
conditions (Durham et al. 1982; Benfatto et al. 1986).

In the next paragraphs, we will briefly outline the multiple-scattering theory within
the framework of a single-particle approximation. The multiple-scattering method has
been developed in nuclear physics to calculate nuclear scattering cross-sections and in
solid state physics to compute the electronic structure of solids. Indeed, this method
represents an extension of the bound-state molecular scattering method used by Johnson
(1966, 1973) to determine the one-electron wave function for continuum states. In this
scheme, the total potential is represented by a cluster with non-overlapping spherical
potential centered on the atomic sites (typically three or four shells around the absorbing
atom). The Coulomb and exchange parts of the input potential are calculated on the basis
of a total charge density obtained by superimposing the atomic charge densities,
calculated from Clementi and Roetti’s (1974) tables of the individual atoms constituting
the cluster. For the exchange potential it is possible to use either the usual energy-
independent Slater (1979) X-o approximation or the energy-dependent Hedin-Lundqvist
(1971) potential in order to incorporate the energy-dependent exchange and screening
effects as well as extrinsic losses (local plasmon excitations).

To clarify the physical implication of the cross-section of the photoabsorption
process discussed in the previous sections, it is better to use the Green's function
approach with a generalized optical theorem (Natoli et al. 1986), and to write the
following expression for the cross section

o(E;e) = -k/m 4n” E o T my(e) Im{( I + T,H) — 1T} 1 my(g)
where my (€) is the matrix element, which selects the final L by the dipole selection rule.

In this expression, T, = &;; 8.1 tli, where tli is the atomic t-matrix element of the atom
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at site 1, describing its scattering power for a / spherical wave incident on it, while H =
HY (1 - &) is the free amplitude propagator of the photoelectron in the spherical wave
state from site i with angular momentum L to site j with angular momentum L' and T is
the unit matrix. Looking with care at the last equation, it is clear that all the geometrical
information about the medium around the photoabsorber is contained in the inverse
matrix (I + TaH)'l. When the modulus of the maximum eigenvalue, p(T,H), of the matrix
T.H is less than one, it is possible to expand the inverse in series (Natoli and Benfatto
1986) that are absolutely convergent relative to some matrix norm, so that

o(E;€) = Zn>0 on(E;€)

where

on(Ese) =-4n E ok Zppmy(e) Im{(-1)" (TH)" Ty} myg(e).

In this expression, the term n = 0 represents the smoothly varying "atomic" cross section
while the generic n term is the contribution to the photoabsorption cross section coming
from processes in which the photoelectron has been scattered (n - 1) times by the
surrounding atoms before returning to the photoabsorbing site. The unpolarized
absorption coefficient, which is proportional to the total cross section, is given by
(Benfatto et al. 1986):

op=hv {({+ 1) My e+ IM e

where [ is the orbital angular momentum of the core initial state (/ = 0 for a K level),
M+ is the atomic dipole transition matrix element for the photoabsorbing atom, and

v = {21+ 1) sin®8} " Ty Im {( T+ T,H) " To} i

is the quantity that contains the structural geometrical information. Here, 8 is the phase
shift of the absorbing atom. The total absorption coefficient can be expanded as a series

OF = O (1 + 2n>2 XH)

where the first element o is the atomic absorption coefficient and the second term o is
always zero because H/m /m= 0. For the K edge, in the plane-wave approximation, the
expression for n = 2 is the usual backscattering amplitude, i.e., the EXAFS signal times
the atomic part. Actually, the first multiple-scattering contribution is the o3 term, which
can be written (Benfatto et al. 1989) as

a3 =0y Zidm { Pi(cosd) fi(w) fi(6) exp(2i(8,” + kRyq))/ kririt; }

where r;; is the distance between atoms i and j, fi(w) and f;(0) are the relative scattering
amplitudes, which now depend on the angles in the triangle that joins the absorbing atom
to the neighboring atoms located at sites r; and rj, and Ry,= 1; + 1j; + 1. In this expression,
cos = - rirj, cos®w = —riT; and cosO = r;r j;. As a consequence, the n = 3 term and all
terms with n higher than 2 contain information about the higher order correlation
function. It is possible to observe also that, in this framework, because of Pi(cos¢) =
cos¢, there is a selection rule in the pathways. As an example, consider the as term: in
all the cases where 1; is perpendicular to 1, the corresponding MS term does not
contribute to the total cross section because cos¢ = 0. Neglecting multi-electron
contributions, this description makes clear the distinction between the FMS and IMS
regions in a XANES spectrum, and assigns any differences to the local geometrical
structure of the system.
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In a practical way, in the analysis of XANES spectra of condensed systems the first
step is to identify the size of the relevant cluster of atoms (Garcia et al. 1986; Benfatto et
al. 1986), i.e., the cluster of atoms around the central absorbing atom. The size of this
cluster may range from the smallest one, including only the nearest neighbors, to clusters
including several surrounding shells. Neither translation symmetry nor site symmetry of
such a cluster is required, and the finite size of the cluster is determined only by the mean
free-path for elastic scattering of the photoelectron and by the core-hole life time. In the
energy range 1~10 eV, where the mean free-path becomes longer than 0.1 nm, the size
limitation due to the core-hole lifetime is the most important parameter. Actually, the
contribution of further shells can be reduced or cancelled out by different degree of
structural disorder.

Experimental spectra recording

Recent advances in X-ray spectroscopy of minerals are mainly related to the
development of synchrotron radiation sources that overcame the limitations in energy
range, intensity and stability of radiation that conventional X-ray tubes had. Currently,
the availability of third generation electron storage rings and of special sources generated
by insertion devices (wigglers and undulators) offers brilliant, tunable, and polarized
sources in a wide range of energy, from IR to hard X-rays, and opens up new
opportunities to all material sciences.

&
Storage Ring Incident flux (I O)
Tonization Chamber Transmitted flux (1))
Ionization Chamber
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crystals

Figure 3. Schematic representation of a modern experimental setup for X-ray absorption
spectroscopy in the transmission mode.

A schematic view of an experimental setup at one modern facility for X-ray
absorption spectroscopy studies in the conventional transmission mode is shown in
Figure 3. However, experimental setup and detection methods depend on several factors,
the most important being the energy range of the X-rays to be used. In turn, this strictly
depends upon the absorption edges to be analyzed. In the study of micas, it is opportune
to investigate both low Z atoms (i.e., Na, Mg, Al, Si, K, etc.) and high Z atoms (e.g., Ti,
V, Cr, Mn, Fe, etc). Such different energy ranges require different types of
monochromators: (1) the soft X-ray energy range (<1 KeV) needs glancing incidence
grating monochromators; (2) the X-ray energy range 1~3 KeV needs special crystals like
YBgss (Wong et al. 1990, 1999), InSb, quartz or beryl; and (3) the hard X-ray energy
range (>4 KeV) requires double reflection Si or Ge crystals, the reflecting crystal plane
being properly chosen to the purpose of achieving best resolution and high intensity.
Moreover, the soft X-ray range requires special beam lines and experimental chambers
and, because of the strong absorption of the radiation at these wavelengths in air, high
(HV) or ultra-high vacuum (UHV) conditions are compulsory. The strong photon
absorption of gases prevents the use of photo-ionization chambers; thus, in HV or UHV
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conditions, electron detection systems are usually employed. Metal grids can be used to
monitor beam intensity, either by means of electron multipliers (channeltron) that collect
all electrons extracted by the photon beam, or by direct measurement of the drained
photo-electron current (Stohr et al. 1980).

The detection system depends on the concentration of absorbing atoms in the
material and photon energy. For bulk experiments usin% hard X-rays (i.e., with Av >
4 KeV) on samples with concentrations above 10~ (atomic ratio), standard X-ray
transmission techniques are used. The incident and transmitted fluxes are typically
measured by photo-ionization chambers. In the soft X-ray range (i.e., with Av < 1000
eV), absorption spectra may be efficiently measured by recording core-hole decay
products. If we describe the inner-shell photo-ionization process as a two-step process,
then in the first step the photon excites a core-hole electron pair, and in the second step
the recombination process of the core-hole takes place. There are many channels suitable
for core-hole recombination. These channels may produce the emission of photons,
electrons, or ions, all of which are collected by special detectors. The recombination
channel that is normally used to record bulk XAS spectra of dilute systems is the direct
radiative core-hole decay that produces X-ray fluorescence lines. When fluorescence
lines have high photon energies, this technique probes the bulk. In Figure 4 a beam line
with an apparatus to record absorption spectra in the fluorescence mode is schematically
represented.

Incident flux (1))
Tonization Chamber

Figure 4. Schematic representation of an apparatus designed to record X-ray absorption spectra in
the fluorescence mode.

In the soft X-ray range, the Auger recombination has a higher probability than the
radiative recombination (Stohr et al. 1984). Because the energy of the Auger electrons is
characteristic of a particular atom, the selective photoabsorption cross-section of an
atomic species (in particular those chemisorbed on a surface) can be measured by
monitoring the intensity of its Auger electrons as a function of photon energy. An intense
Auger line is selected by an electron analyzer operating in constant final state (CFS)
mode with an energy window of a few eV. A standard experimental setup for this type of
XAS measurement is shown in Figure 5 (modified after Stohr et al. 1984). Note,
however, that Auger electrons arise from the uppermost impinged layers of atoms;
consequently, this type of measurement is essentially probing the surface of the sample,
i.e., it competes with surface EXAFS (i.e., SEXAFS), rather than with bulk XAS. For
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Figure 5. Schematic representation of a standard experimental setup for surface X-ray absorption
measurements.

bulk measurements, the total electron yield (TEY), which has been found to be
proportional to the absorption coefficient (Gudat and Kunz 1972), is used. This technique
measures the integral yield over the entire energy range of the emitted electrons. The
advantage of this method is that maximum counting rates are obtained, since all the
emitted electrons over a large solid angle can be collected by applying a positive voltage
to the detector. Another detection method used is the low-energy partial electron yield
(PEY), where only the secondary electrons within a kinetic energy window around the
maximum in the inelastic part of the electron energy distribution curve (EDC) are
collected. Because of the long escape depth for low-energy electrons, the bulk absorption
recording with this method makes use of an electron analyzer.

High resolution, on the order of 0.15-0.2 eV (i.e., a resolving power in the range
10%), is experimentally demanding in XANES spectroscopy because important physical
information can be extracted from small variations in the intensity and/or energy shift of
an absorption peak. For this reason, careful preparation of homogeneous pinhole-free
samples and suppression of high harmonics in the incident photon beam are required.
Using crystal monochromators, the energy band width AE of the photon beam
monochromatized by Bragg diffraction is determined by the angular divergence A® and
by the crystal rocking curve. In synchrotron radiation beam lines, the angular divergence
depends upon the intrinsic vertical spread of the radiation, which is determined by both
the energy of the electron beam circulating in the storage ring and the source size, i.e., the
diameter of the electron beam and its divergence at the emission point as determined by
the electron optics. Resolution can be improved by changing either the crystal or the
reflection plane. In a double-crystal monochromator, two parallel reflections produce a
monochromatised photon beam parallel to the incident one. These two reflections reduce
the tails of the rocking curve, and consequently increase the resolution, but they leave the
higher-order harmonic reflection content like that of a single reflection (Greaves et al.
1983). Less common are other types of high-resolution crystal monochromators with
special geometries that make use of antiparallel reflections. Finally, high-resolution
XANES spectra may be measured using higher-order reflections. Harmonic rejection
may be achieved in devices with two crystals by detuning one crystal with respect to the
other. In fact, when the two crystals are misaligned, the intensity of the harmonics drops
off much more rapidly than the intensity of the fundamental, because bandwidth w,(}) is
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much narrower for n > 1 harmonics than for the fundamental one. The higher-order
harmonic content in the synchrotron radiation beam is due to the intense continuum of the
primary beam extending towards high energies, and it represents a significant
contribution in all the high-energy third-generation synchrotron sources. Actually,
rejection of higher-order harmonics may be obtained using either mirrors behaving as
low-band pass filters, and/or by detuning crystals, or even by means of undulator sources.

Optimization of spectra

Orientation effect. Most experimental XANES spectra on micas were measured on
powders, obtained by grinding hand-picked grains that had been gently settled on a flat
sample-holder after dispersion in a liquid. The resulting mounts were considered to be
randomly oriented, regardless of their grain-size homogeneity and distribution. However,
experience gathered on other sheet-silicates (e.g., Manceau 1990; Manceau et al. 1988,
1990, 1998) has shown that, even in fine-grained powders, crystallite orientation strongly
affects the shape of the final spectrum: primarily, it changes peak intensity, which is a
significant component of the information and certainly reflects onto its quality (see
above). If this is indeed the case, then among the mica XANES spectra performed so far
(Table 2) only a few can be considered to be reliable. These include work by Osuka et al.
(1988, 1990), Mottana et al. (1997) and Sakane et al. (1997), in which no special care
was taken, but the investigated micas, being synthetic, were so homogeneously fine-
grained (1 um) as to certainly lie on the sample-holder with their ¢ axis more or less
orthogonal to its surface and with their a and b axes oriented at random on it.

A theoretical study of the orientation effect has been recently presented for self-
supporting clay-mineral thin films by Manceau et al. (1998), who also propose a
tridimensional system of coordinates to record spectra in a standard setting. Their
method, slightly modified by Cibin et al. (2001), has been adopted by Mottana et al. (in
preparation) for single crystal mica blades (Fig. 6). Another approach used by Dyar et al.
(in prep.) uses mica single crystals mounted on fibers in goniometer heads, which are
then fitted onto a spindle stage mounted with the plane of rotation perpendicular to the
path of the beam. C)

Figure 6. The coordinate system applicable to i

angular measurements on self-supporting phyllo-
silicate films as used for micas (Cibin et al.
2001; cf. Manceau et al. 1998, Fig. 2). Z-Y is the
plane onto which the sample lies, with the X-ray
beam impinging along X and linearly polarized
on X-Y; o is the incidence (rotation) angle
between the electric field vector € and Y.

Sample surface

For a perfectly random distribution of very small crystals (powder) there would be
no angular variation effect on the experimental XAS spectra; however, for a fully
oriented crystal structure such as that of a mica blade lying flat on the sample-holder, the
amplitude of the scattered photoelectron wave depends on the angle o between the



388 Mottana, Marcelli, Cibin & Dyar

electric field vector € of the impinging beam and the layers in the structure. This angle
can be determined either by rotating the sample-holder on its vertical axis, or by
preparing suitably oriented thin sections to be glued on the sample-holder in its routine
setting orthogonal to the X-ray beam (o = 0°).

Mottana et al. (in preparation) operated at SSRL at the 3-3 beamline (Hussain et al.
1982; Cerino et al. 1984), which is equipped with a double-crystal monochromator made

Table 2. Published XAS data on mica species materials.

| SPECIES | ATOM | REFERENCE | polylithionite (F) | Al[ Mottana et al. (1997
| DIOCTAHEDRAL ipreiSWerkile Al| Mottana et al. (1997
celadonite | Fe | Drits et al. (1997) tainiolite (Na) Ba| Sakane et al. (1997)
illite (T1) Ti | Huggins & Huffmar tainiolite (Na) 5| Sakane et al. (1997)
(1996) tainiolite (Na) Rb| Sakane et al. (1997)
illite K | Huggins & Huffman| | tainiolite (Na) Sr| Sakane et al. (1997)
(1996) | [ tetra- Fe|Cruciani et  al
illite Fe | Dnts et al. (1997) ferriphlogopite (1995)
illite [ | Fuhrmann et al} |tetra- Fe| Dyar et al. (2001)
(1998) | | ferriphlogopite |
muscovite V | Jagannatha Rao &) | tetra- Fe! Giuli et al. (2001)
Chetal (1982) ferriphlogopite
muscovite Si | Brytov et al. (1979) | zinnwaldite (Mg) | Al| Mottana et al. (1997)
Li et al. (1995a) | | SYNTHETIC(as yet unknown)
muscovite K | Huggins & Huffman |tetrasilicic ~ Na| Na| Soma et al. (1990)
(1996) | | fluormica
muscovite Fe | Jagannatha Rao tetrasilicic Na Nd| Han et al. (2001)
& Chetal (1982) fluormica
Jain et al. (1980) -
muscovite Cr | Brigatti et al. (2001) SERIES NAMES
Calas et al. (1984)
Jagannatha Rao biotite | Al[Li et al. (1995b)
& Chetal (1982) biotite Fe|Bajtetal. (1995) |
muscovite Al | Doyle et al. (1999) Heald et al. (1995) |
Mottana et al. (1997 Manceau (1990)
Li et al. (1995b) Manceau et  al
lldefonse et al | (1990)
(1994) Giittler et al. (1989)
Brytov et al. (1979) Manceau et al
TRIOCTAHEDRAL (1988)
bityite Al | Mottana et al. (1997 Jain et al. (1980)
ephesite Al | Mottana et al. (1997) | Dyar et al. (2001)
phlogopite | Cr | Kemner et al. (1997)f | biotite [ '] Fuhrmann et al
phlogopite Fe | Jain et al. (1980) | 1(1998)
phlogopite Fe | Cruciani et  al] [ biotite | Si| Lictal (1995a)
(1995) biotite Ti| Waychunas (1987)
phlogopite Si | Brytov et al. (1979) ilite Cs| Kemner et al. (1997)
phlogopite Al | Brytov et al. (1979) illite Fe| Drits et al. (1997)
phlogopite (F) Co | Osuka et al. (1988) illite . 1 |Fubrmann et al
phlogopite (F) Mn | Osuka et al. (1990) (1998)
phlogopite (F) Al | Mottana et al. (1997) | illite K | Spiro et al. (1984) |
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of efficient crystals such as YB¢s (Wong et al. 1990 1999). They scanned single-crystal
mica blades lying flat on the vertical sample-holder and optically-oriented in such a way
as to have a = b // Z. Here Z is an axis lying parallel to the mica surface (Fig. 6). The
synchrotron beam first impinges the mica at right angle (o = 0°); then the blade is rotated
and o increased up to 60~80°, this being the maximum angle allowed by the mechanics
of the sample compartment and the geometry of detection, which uses channeltrons.
Therefore, the electric vector € always lies on the horizontal plane, but it impinges two
almost perpendicular sections of the mica structure so as to scan its atoms under different
angles, with their atomic bonds and angles geometrically modified.

The orientation effects observed in this way are clearly visible in a natural muscovite
compositionally close to the end member (Fig. 7). It is quite clear that orientation
dramatically affects the intensity of all peaks, including the white-line, but also—
although to a much lesser extent—the positions of some of them, by as much a
5 eV. A comparison between Figure 7 and the Al K-edge spectrum reported by Mottana
et al. (1997; cf. Fig. 4) for synthetic muscovite, which is expected to be randomly
oriented owing to its very fine-grained powdery nature, shows that best agreement is
attained for a rotation angle o in between 45 and 70°.
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Figure 7. Changes in an Antarctica muscovite Al K-edge spectrum due to changing the orientation
of the same crystal blade against the impinging, horizontally-polarized synchrotron radiation beam.
In the right panel a magnified view of the white-line intensity as a function of the o rotation angle.

A similar comparison between the Fe K-edge spectra of a phlogopite single crystal
rotated in the same way (Fig. 8) and the several Fe XANES spectra of phlogopites in the
literature (Table 1) confirms that best agreement is obtained when the crystal is rotated at
o ca. 45°. Indeed, later work (unpublished) showed that best agreement for the same
sample, when scanned as both single crystal (at various angles) and as a settled
homogeneous powder having a grain size of ca. 5 um, is obtained when a is equal or very
close to the “magic angle” value 54.7° (Pettifer et al. 1990).

Changes with orientation are also clearly evident in the XANES spectra of a number
of di- and tri-octahedral micas and one brittle mica, respectively at the Mg (phlogopite:
Fig. 9), Si (muscovite: Fig. 10, and tetra-ferriphlogopite: Fig. 11), K (muscovite: Fig. 12),
and Fe (clintonite: Fig. 13, and tetra-ferriphlogopite: Fig. 14) K edges. Such changes
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Figure 8. Changes in a Franklin phlogopite Fe K-edge spectrum due to changing the orientation of
the same crystal blade against the impinging, horizontally-polarized synchrotron radiation beam. In
the right panel a magnified view of the changes undergone as a function of the o rotation angle by
the edge and FMS regions (top) and by the IMS region (bottom).
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Figure 9. Changes in the FMS region of a
Franklin phlogopite Mg K-edge spectrum
due to changing the orientation of the same
crystal blade against the impinging, hori-
zontally-polarized synchrotron radiation
beam.
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imply displacements in the peak positions from 0 up to 5 eV, and variation in the
intensities by as much as 50%, with even reversals in the intensity of the edge top (Fig. 9)
or appearance viz. disappearance (Fig. 11) of certain features. Most commonly, these
changes occur gradually and trend always in the same direction, thus demonstrating their
dependence upon the gradual rotation applied to the crystal. In turn, this rotation mostly
reflects changes in the lengths of the bonds lying in the polarization plane, excited in the
photoabsorption process, or in the lengths of multiple-scattering paths which are also
probed in that geometry. Such spectral changes affect both the FMS and IMS regions,
thus showing their dependence mostly upon the geometry of the section of the crystal that
is being scanned by the synchrotron beam, as cosa.. However, unexpected changes such
as the one at the white-line in the phlogopite Mg K-edge spectrum (Fig. 9), or the sudden
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Figure 10. Changes in an Antarctica muscovite Si K-edge spectrum due to changing the orientation
of the same crystal blade against the impinging, horizontally-polarized synchrotron radiation beam.
In the right panel a magnified view of the changes undergone by the edge and FMS regions.
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Figure 11. Changes in a Tapira tetra-ferriphlogopite Si K-edge spectrum due to changing the
orientation of the same crystal blade against the impinging, horizontally-polarized synchrotron
radiation beam. In the right panel a magnified view of the changes undergone by the edge and FMS
regions.

appearance of a new low-energy peak, as in the muscovite Al and Si K-edge spectra
(Figs. 7 and 10) and in the tetra-ferriphlogopite Si K-edge spectrum (Fig. 11),
demonstrate the possibility that the electronic properties of the absorbing atom are also
involved. We have to underline here that this interpretation of the near-edge structure is
fully equivalent to the interpretation that is based on local geometrical distributions, such
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Figure 12. Changes in an Antarctica muscovite K K-edge spectrum due to changing the orientation
of the same crystal blade against the impinging, horizontally-polarized synchrotron radiation beam.
In the right panel a magnified view of the changes undergone by the edge and FMS regions.

Absorption (Arb. Un.)

6

(3]

(3]

[ Clintonite Fe K edge

‘: | S ——-—

+

; 7105 7110 7115 7120 7125 7130 7135
- 1y

i | E S\

{ = ‘-,
; i | E
- b b

E N
C | 11 | 11 11 | 11 1 | L1 | 1-11 1 .J_l 1 11 111 |
7100 7150 7200 7250 7300 7150 7200 7250
E (eV) E(eV)

Figure 13. Changes in a Lago della Vacca clintonite Fe K-edge spectrum due to changing the
orientation of the same crystal blade against the impinging, horizontally-polarized synchrotron
radiation beam. In the right panel a magnified view of the changes undergone by the edge (top) and
IMS regions (bottom).

as those expected when the different local atomic distributions in the micas are being
compared.

To summarize, in order to obtain XANES spectra that may be meaningfully

compared, we recommend orienting the sample, when a single crystal, always at the same
angle of rotation oo = 54.7°. This is essentially the same conclusion reached by Manceau
et al. (1998) for the self-supporting clay films they experimentally investigated by
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Figure 14. Changes in a Tapira tetra-ferriphlogopite Fe K-edge spectrum due to changing the
orientation of the same crystal blade against the impinging, horizontally-polarized synchrotron
radiation beam. In the right panel a magnified view of the changes undergone by the edge (top) and

FMS and IMS regions (bottom).

polarized EXAFS and theoretically interpreted by performing full multiple-scattering
calculations. Furthermore, we also recommend recording a full XAS spectrum of the
same sample, after grinding it and settling in water for precisely determined times so as to

obtain a well-classified powder possibly in the grain size range 1 to 2 um.

Dyar et al. (2000) used a different method of studying the orientation effects on the
pre-edge region of Fe-bearing micas, with similar results. In that study, the micro-
XANES probe at the National Synchrotron Light Source (NSLS), Brookhaven, NY, was
used, allowing a beam size of 10 x 15 pm. Because the beam is smaller, samples on the
order of 30 x 30 x 100 um (orders of magnitude smaller than those used by other
workers) could be studied, and concerns about sample homogeneity lessened. Each
crystal was oriented with its cleavage perpendicular to a glass thin section, and then UV-
hardening epoxy was used to maintain it in that geometry. The mica+epoxy was removed
from the thin section, and two mutually parallel faces were polished on each sample
perpendicular to cleavage (though in an unknown orientation relative to the a and b axes:
see Fig. 15). This preparation permitted acquisition of spectra in two important directions

Figure 15. Optical orientation of a model mica
crystal showing the random position of the thin
section cut across cleavage and wused for
microXANES measurements (Dyar et al. 2001).
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perpendicular and parallel to cleavage by simple rotation of the sample. A further
advantage of this method is that parallel studies of the optical and IR absorption spectra
of the identical crystals could be made. In more recent work (Dyar et al. in prep.) single
crystals were analyzed while mounted on goniometer heads, so the beam could be
polarized along the X, Y, and Z optical orientations.

As with the work of Mottana et al. (in preparation), changes in peak intensity and, to
a lesser extent, energy, were observed by Dyar et al. (2001) as a function of sample
orientation. At the main edge, the difference in the intensity of the highest energy peak
relative to the other prominent peak or peaks is generally greatest when the synchrotron
beam is polarized in the direction of the cleavage plane, with a few exceptions. In the pre-
edge region, intensity variations were also observed, but the maxima and minima were
not necessarily parallel or perpendicular to cleavage, and the orientation at which
maximum intensity occurred was different for various samples. This implies that there
are variations in peak intensity not only perpendicular and parallel to the mica cleavages,
but also within the sheets themselves as a function of orientation with respect to the
unconstrained position in the XY plane. Such a conclusion is not surprising in a
monoclinic mineral species: the XANES probe is sampling different bonds at different
orientations relative to noncentrsymmetric Fe sites (Dyar et al. 2001; in prep.).

Spectrum fitting. In standard XAS experiments, signal to noise (S/N) ratios in the
range 10°~10 can be achieved. However, to fully enhance XANES potentials, these are
not enough, especially in the soft-X-ray energy range where such ratios are only achieved
after a perfect preparation of the sample. Consequently, with a lower S/N ratio, the best
understanding of XANES critically depends upon a careful fitting of the experimental
spectrum during which no fine details get lost.

The standard procedure in XAS spectrum analysis follows two steps: the
experimental spectrum is (1) corrected for background contributions from lower energy
absorption edges by linear or polynomial fitting of the base line, then (2) normalized at
high energy, i.e., close to the upper end of the XANES region at an energy position where
no obvious features can be seen. In addition, for pre-edge analysis the contribution of the
absorption jump is subtracted by an arctangent function. This procedure leaves a profile
of the entire K-edge region that consists of a number of features, occasionally partially
superimposed, that can be either evaluated visually or fitted by Gaussian or Lorentzian
curves. The numerical values of the fitted curves (energy and intensity, with errors and
significance bars) can then be used as solid data for interpretation. This standard
procedure assures accuracy in energy position 0.1 eV for the pre-edge, and +0.03 eV for
all other regions of the XANES spectrum. Both values are well within resolution, which
increases with energy from ca. 0.3 to ca. 1.5 eV on going from the Na K-edge to the Fe
one (Schaefers et al. 1992). Accuracy in the intensity measurements is estimated to be
better than 10%. However, such intense structures as the "white line" are affected mainly
by the harmonics content.

At all synchrotron sources, a step preliminary to all this standard procedure consists
of calibrating the energy positions of all peaks against standards (usually metal foils). An
alternative way is to calibrate them against a “glitch”, i.e., a spurious absorption at
constant energy in the spectra that is due to a planar defect present in the monochromator
crystal (cf. Wong et al. 1999, for YB¢). When high thermal loads heat the
monochromator crystals, a further systematic correction is applied that takes into account
the decrease of the ring current (and heat load) with time.

As a matter of fact, in most mica studies a careful fitting procedure is seldom
applied, and the “fingerprinting” method of evaluation is still predominant (Table 1). A
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recent improvement in the fitting procedure is based upon a novel software (Benfatto et
al. 2001). However minor the error induced by such evaluation may be, any concomitant
carelessness in taking into account orientation effects would, at the end, result in
crowding the literature with spectra useless for interlaboratory comparisons.

Systematics

XAS studies on micas: a catalogue. Table 1 lists all XAS studies carried out on
micas that could be retrieved in the relevant literature. They are presented in the
alphabetical order of the di- and tri-octahedral mica species nomenclature approved
recently (Rieder et al. 1998) and are further subdivided on the basis of the investigated
atom.

Almost all investigated samples are natural and are therefore intermediate in
composition. However, some of them are close enough to end member compositions as to
make it possible to classify them accordingly. Only seven true end members
corresponding to natural mica species have been studied so far by XAS, i.e., the Tapira
tetra-ferriphlogopite (Giuli et al. 2001) and the six synthetic micas investigated by
Mottana et al. (1997). Even all other synthetic micas (Osuka et al. 1988 1990; Sakane et
al. 1997) are intermediate, as they are doped crystals obtained for technological purposes.
Furthermore, among the synthetic micas quite a few have no natural counterpart (Soma et
al. 1990; Han et al. 2001). XAS studies on otherwise insufficiently characterized samples,
or on samples with composition being complex solid solutions from the crystal-chemical
viewpoint, are listed at the bottom of Table 1, in the section that accounts for the
approved series names (cf. Rieder et al. 1998 Table 4).

The first XAS spectra ever recorded on micas were those by Brytov et al. (1979) at
the Si and Al K edges. However, as all these spectra were recorded in the late 1970s and
early 1980s using a conventional X-ray tube as the source, they are practically useless for
present-days studies because of the limited resolution: in practice, only the general shape
is worth examining (e.g., Jain et al. 1980 Fig. 1). Nevertheless, these early attempts
deserve to be remembered, for both the pioneering effort they record and their historical
significance.

The earliest synchrotron-activated experimental XAS spectrum for any mica was
Calas et al.’s (1984) chromium muscovite at the Cr K edge. Although noisy, particularly
in the pre-edge region, this spectrum satisfactorily compares with the recent spectrum of
a similar mica at the same edge (Brigatti et al. 2001; see below), thus suggesting not only
the high level of technical skill of the operators, but also that comparison of power
spectra collected at very different times and on widely different synchrotron storage rings
can be confidently made, provided the basic requirements of energy calibration and
background subtraction were carefully applied (see above).

Occasionally, mica has been used also to support epitaxially-grown layers that have
been investigated by XAS (e.g., Blum et al. 1986; Drozdov et al. 1997). Although
reported in Table 1, these XAS studies actually do not belong to mica studies. Finally,
there has never been a spectrum published so far but those presented above to which the
above-given precautions on orientation effects were applied (see also Dyar et al. 2001
and in prep.). Even the spectra that will be described in the following were obtained on
ground powders, presumed to be homogeneous in their grain-size and randomly oriented,
but never tested for those conditions.

Determination of the oxidation state. Determining the effective charge on the
absorbing atom from the chemical shift of the X-ray absorption threshold is a
fundamental issue for XANES. However, a direct measure of the "ionization threshold"
or "continuum threshold" (i.e., the energy at which the electron is excited in the
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continuum: e.g., the Fermi level in metals) is not possible because of the lack of any
signature of it. Therefore, XANES is not a direct probe of core-level binding energy as
other methods are (e.g., XPS or ESCA). However, there is evidence in both gas
molecules and solid compounds that the energy shift of the first bound excited state at the
absorption threshold follows the binding energy shift of the core level. Moreover, a linear
dependence between core-level binding energy and atomic effective charge has been
measured (Belli et al. 1980). By contrast, no linear relationship between the measured
shift of the first strong multiple-scattering resonance and the effective atomic charge on
the ion exists. The energy of multiple-scattering resonances is strongly dependent on
interatomic distance, so their chemical shifts are much larger than that of the core
excitation. Actually, the variation of the effective charge on an atom is often increased
and a linear correlation with core-level binding energy indeed exists; however, this effect
is always system-dependent. Moreover, within the same structure any correlation among
the parameters of the potential is certainly confined only to small changes of the
interatomic distances (e.g., less than 10%).

Correct identification of the oxidation state of 3d transition metals is indeed
important, but the quantification of the oxidation ratio is even more important in the case
of potentially multivalent minerals such as the micas, a group where the number of
elements occurring with more than one oxidation state is significant (Fe, Mn, Cr, V and
possibly Ti: cf. Table 1) and their amounts may be so large as to even become essential
and determine new end members. All transition element K-edge spectra display a pre-
edge (Belli et al. 1980) and, mostly, all features of the pre-edge are strong enough to be
easily recorded experimentally. Position and intensity of the peaks occurring in the pre-
edge region can be reliably used to determine the oxidation state(s) of the absorbing atom
(e.g., Waychunas 1987). However, as already seen (Fig. 2, above), coordination too plays
a role, so that care must be made in discriminating the two effects, and to this purpose
spectra need to be properly deconvoluted.

As discussed above, the energy position of the peaks in the pre-edge region may be
directly related to the increase in the oxidation state of the absorber atom: e.g., the pre-
edge feature of Fe’" is generally ca. 2~3 eV higher in energy than the corresponding
feature for Fe*" (Waychunas et al. 1983; cf. Petit et al. 2001). The amount of such a
“chemical shift” is different for the different transition elements, and depends on the final
state reached by the electron. Implicitly, this weakens the possibility of reliably
determining the oxidation state of a given atom when it occurs in different coordination
sites of the same compound. However, when a significant part of the atom occurs in a
tetrahedrally-coordinated site, the relevant pre-edge is strongly intensified owing to d-p
mixing, and the determination of the oxidation state of the tetrahedral atom is made fairly
easy to measure: e.g., amounts of Cr’" in tetrahedral coordination as small as 0.5% could
be detected even in the presence of a significant amount of Cr'~ in octahedral
coordination (Brigatti et al. 2001; see below). Consequently, subtraction of the
tetrahedrally-coordinated component can be made. The residual pre-edge spectrum of the
octahedrally-coordinated atoms is then de-convoluted into its components to determine
their oxidation state(s).

Bajt et al. (1994 1995) and Sutton et al. (1995) have pushed the practice of pre-edge
examination further to reach an effective quantification of the oxidation states for Fe, the
atom which most frequently occurs in two oxidation states in the same site of minerals.
They have developed, and Galoisy et al. (2001) and Petit et al. (2001) have recently
improved upon, a procedure that makes use of the known positions of pre-edge peaks of
Fe K-XANES spectra in mineral standards to fit a calibration line giving the Fe’'/ZFe
ratios of various minerals (Fig. 16).
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Figure 16. Plot of “pre-edge peak energy” vs. “Fe’*/SFe” for well characterized
standards. The trend is linear with a correlation coefficient of 0.99 (after Sutton
et al. 1995, p. 1465, Fig. 3).

However, extensive additional work by Dyar et al. (2001) on suites of Fe'” and Fe*"
end members confirms that the energies of the end-member pre-edges vary considerably
for several different mineral groups, and thus no single mineral species can be used to
model all cases of any type of Fe (Fig. 17). Because different mineral groups have
variably distorted coordination polyhedra, use of mineral group-specific standard end
members will ultimately be necessary to interpret pre-edge positions a351gned to different
transitions. Examples of usmg this method to determine of the Fe’'/ZFe ratios of a
number of rock-forming micas are given elsewhere (Dyar et al. 2001).

Determination of local coordination geometry. The position and intensity of the
peaks in the pre-edge region do not solely depend upon the oxidation state of the absorber
transition metal, but also upon the shape of the site (coordination polyhedron) where the
absorber is located in the structure (Calas and Petiau 1983). An increase in coordination
number provokes a positive energy shift, while the intensity of the peak is proportionally
reduced (Waychunas et al. 1983).

The first attempt at using the pre-edge features to determine quantitatively site geometry
is Waychunas’ (1987) for the Ti K-edge of a suite of silicate and oxide minerals,
including a biotite from Antarctica. He fitted Gaussian features to the entire edge region,
and found that individual features are insensitive to changes in the Ti- O bond length, but
sensitive to valence, with Ti’" at ca. 2.0 eV lower energy than Ti*". Moreover, the
intensity of the second pre-edge feature at ca. 4969 eV turned out
to be sensitive to both octahedral site distortion and to presence of tetrahedral T1 LA
correlation was found for silicates between intensity and bond-angle variance c in the
octahedral Ti site, and for biotite o could be quantified to be ca. 30 deg”, in fair
agreement with the value computed from the X-ray diffraction crystal structure
determination (Ohta et al. 1982). Cruciani et al. (1995) essentially followed the same
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Figure 17. Variation of the absolute pre-peak energy vs. Fe’* content in the end-
members of several mineral groups; after Delaney et al. (in preparation).
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Figure 18. Experimental Cr K-edge spdétfeMpr the Anatoki River and Westland
chromium muscovites, a synthetic SrCrO, standard for tetrahedral Cr®" (top) and an
Outukumpu uvarovite standard for octahedral Cr’* (bottom). See text for discussion
(Brigatti et al. 2001, Fig. 6).
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Figure 19. Pre-edge fit of the Westland chromium muscovite Cr K-edge
spectrum of Figure 18 and (inset) its de-convolution in two Gaussian
components (Brigatti et al. 2001 Fig. 7).

procedure when trying to determine the /Fe’* contents of a series of natural phlogopites,
but came to a purely speculative result owing to the insufficient resolution of the
monochromator crystal and the extremely low amount of sample available.

As an example of successful evaluation, we report the case of two chromium
muscovites worked out by Brigatti et al. (2001) at the Cr K pre-edge; the procedure they
followed is the one developed by Peterson et al. (1997) for oxides. The Anatoki River
and Westland chromium muscovites Cr K-edge spectra were compared with a synthetic
SrCrO,4 standard, for tetrahedral Cr6+, and a natural uvarovite, for octahedral crt (Fig.
18). The Anatoki River muscovite Cr K-edge spectrum proved to be too noisy for further
evaluation, but the Westland one, after subtraction of the edge contribution by a pseudo-
Voigt function, had its pre-edge resolved in two Gaussian components: at 5991.3 eV and
5994.0 eV, respectively (Fig. 19). The second Gaussian component appears in the
experimental spectrum only as a skew tail at the end of the pre-edge, owing to
interference with the rapidly rising slope leading to the edge. However, after subtracting
this interference, it can be reliably measured for both energy and intensity. The
evaluation step that follows involves interpretation. If the second-component intensity is
assumed to be the same as that of the single, symmetrical Gaussian pre-edge feature of a
SrCrOy4 standard in which the Ccr® is entirely in tetrahedral coordination, then it can be
appraised that amount of /Cr in muscovite, if any, cannot exceed 0.4-0.5% of total Cr
(cf. Lee et al. 1995). By contrast, if both Gaussian components are considered to be due
to [6]Cr3+, as in the uvarovite standard, and inte@reted as a way to measure the distortions
of the muscovite octahedral sites where Cr'® is possibly hosted, then their relative
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intensities (1.3 and 1.2% nau [= normalized absorption units]) show that these two sites
are very similar. Indeed, this is nothing more than an extension to Cr of the method for
quantitatively determination of site distortion for octahedra centered by Ti'" calibrated by
Waychunas (1987).

In the case of the already-mentioned Fe K pre-edge of tetra-ferriphlogopite, where
Fe’" is entirely in the tetrahedral site, the pre-edge is twice as strong and shifted to higher
energy (ca. 2 eV) relative to annite, where Fe is mostly in the octahedral site (Fig. 2).
This apparent irregularity can be explained by comparing the sharp single peak of tetra-
ferriphlogopite, a synthetic endmember, and the broad, probably double peak of the Plkes
Peak annite, the Fe of which is entirely octahedral, but partly Fe*" and partly Fe*"
Clearly, the 0x1dat10n effect is more important than the coordination effect in determining
the position of the Fe K pre-edge. However, the strong intensity of the tetra-
ferriphlogopite peak also suggests that its Fe is constrained in a more tightly-bound
coordination polyhedron than the annite one. Note, however, that there is an underlying
problem in the pre-edge region that needs a more careful evaluation, and not only in these
systems: this problem is the amount of quadrupolar effects present (see Giuli et al. 2001,
for additional evaluation).

Al K edge
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Figure 20. Shift of the white-line in the FMS region of the Al K-edge spectra of
two synthetic micas as a result of two different coordination geometries: in
phlogopite the Al atoms are entirely in a tetrahedral site geometry, and in
polylithionite in an octahedral site geometry, as they are in the reference albite
and grossular natural standards, respectively (Mottana et al. 1997, Fig. 3).

Coordination geometry also plays a role in shaping the FMS region of a XANES
spectrum. This effect was clearly documented for the Al K edges of certain synthetic
mlcas by Mottana et al. (1997), who showed that there is a shift of at least 2 eV between

Al as in phlogopite and albite, and Al as in polylithionite and grossular (Fig. 20).
Moreover, they found that it is possible, although difficult, to recognize the concomitant
presence in the spectra of two white-line features arising from contrlbutlons of the same
atom occurring in two different geometries (YAl and Al in zinnwaldite and
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preiswerkite: Mottana et al. 1997 Fig. 4). Thus, the FMS region of the XANES spectrum
of a mineral with Al in two coordinations can be seen as the weighted combination of the
contributions arising from the two Al atoms, although the general appearance of the
spectrum (and its ensuing evaluation) is somewhat blurred by next nearest neighbor
effects due to the presence of other atoms in the same sites substituting for the absorber
Al (cf. the muscovite vs. bityite spectra: Mottana et al. 1997 Fig. 4).

In the following we will document visually and sparingly comment upon a series of
XANES spectra obtained at different K edges for the powders of a number of natural
micas close to the end members. The present state of our investigation, which is still
under way, compels us to defer to a later moment for drawing conclusions (Mottana et
al., in preparation): micas are no simple systems, and XAS literature is already cluttered
by faulty reasoning and wrong conclusions reached when hastily evaluating even simpler
systems!
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Figure 21. Experimental Mg K-edge spectra for the powders of
four natural tri-octahedral micas.

Figure 21 shows the experimental Mg K-edge spectra of three tri-octahedral micas
(phlogopite, tetra-ferriphlogopite, and biotite) and one brittle mica (clintonite). All
spectra are very similar and have no pre-edges, as magnesium is not a transition element.
The FMS regions consist of three features, like the K edge of talc (Wong et al. 1995).
However, the relative intensities of the three features differ significantly among the four
spectra suggesting that there are substantial differences in the local order of their Mg that
may be resolved via comparison with spectra taken for other absorbers. Note, moreover,
that the three features in the clintonite spectrum are possibly doubled.

Figure 22 shows the experimental Al K edge spectra of three tri-octahedral micas
(phlogopite, annite, biotite) and one di-octahedral mica (muscovite). Again, Al is not a
transition element, therefore the spectra have no distinct pre-edges. The FMS regions are
apparently simpler than the ones occurring in the Mg K-edge spectra above, but in fact
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Figure 22. Experimental Al K-edge spectra for the powders of three natural
tri-octahedral and one natural di-octahedral mica.

they contain the same three features, although with strongly different intensities and
energies (cf. Mottana et al. 1999). Possibly, the fact that non-precisely oriented powders
were used affects the recorded features (cp. this muscovite spectrum with that in Fig. 7).
The IMS regions are poor in features, but they display shifts and relative differences that
are enormous, considering the similarity of the local structures that originate such
differences. The significant role of the outer shells around the Al absorber appears to be
well depicted here, but it will create great problems when interpreting the spectra from a
quantitative viewpoint.

Figure 23 shows the experimental Si K-edge spectra of five micas: four tri- and one
di-octahedral one. Nowhere is there a pre-edge, and the entire XANES spectrum is
dominated by the strong white-line of Si in tetrahedral coordination (cf. Li et al. 1994; Li
et al. 1995a). The regions in between FMS and IMS (inset) undergo subtle but significant
variations as a result of changes in the local and medium-range ordering occurring in the
relevant structures for the volumes that surround the Si tetrahedra. Such variations may
also occur in the energies of certain peaks, but this variation is also certainly due to the
tri- vs. di-octahedral structure of the investigated mica (inset: cf. muscovite with the other
micas).

The experimental K K-edge spectra of the same five micas are shown in Figure 24.
These XANES spectra are rather complex, both to record experimentally and to reckon
with. The FMS regions have no strong white-lines, and only small differences show up in
the intensities of their IMS regions (inset). However, their analysis suggests that the K
coordination number is less than the expected 12, possibly 8 or even 6. In a case like this,
only XANES simulations by the multiple-scattering code may be able to reveal safely the
actual site geometry around the potassium atom.

Finally, Figure 25 shows the experimental Fe K-edge spectra of two trioctahedral
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Figure 23. Experimental Si K-edge spectra for the powders of five natural micas.
The strong differences displayed by a portion of their FMS and IMS regions is
shown as inset.

micas (biotite and tetra-ferriphlogopite) and one brittle mica (clintonite). Iron is a
transition element, therefore all spectra exhibit significant pre-edges (inset), each one of
them having properties of its own. In particular, the tetra-ferriphlogopite pre-edge is a
singlet (cf. Fig. 2), as is the clintonite one, but at 1 eV lower energy. Fe is tetrahedrally-
coordinated in both micas, but in the former one it is Fe*" and in the latter one an
additional contribution arising from Fe®" is likely. The biotite pre-edge is weak, because
it mostly arises from octahedral Fe*". The three pre-edges require a deconvolution of the
same sort as the one previously demonstrated for the Cr pre-edge of muscovite (Fig. 19)
in order to reveal all the information they contain. The FMS regions of these spectra are
dominated by the Fe white-line, which undergoes energy variations accounting for
differences in both coordination and oxidation state. The presence of significant
variations in the medium- to long-range ordering occurring in these mica structures is
made evident by their greatly different IMS regions (and also by their EXAFS regions:
cf. Giuli et al. 2001).
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Figure 24. Experimental K K-edge spectra for the powders of five natural
micas. The strong differences displayed by a portion of their FMS and IMS
regions are shown as an inset.
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