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ABSTRACT

We present a comparison between X ANES experiments and full multiple-scattering cal-
culations at the magnesium K-edge for two pyroxenes, diopside and enstatite, for which
Mg atoms are only in the M1 site and in two distinct sites M1 and M2, respectively. The
influence of the number of octahedral sites per unit cell and of the site distortion on Mg
K-edge XANES spectra is investigated. Good agreement between experiment and calcu-
lations is obtained. Full multiple-scattering calculations permit identification of the contri-
bution of each site. Comparison reveas that the Mg K-edge spectra of enstatite and di-
opside M1 sites have the same XANES profile. Cluster size analysis shows that most Mg
K-edge XANES features are related to medium range order, i.e., 6 A around the absorbing
atom. We therefore clearly define the Mg K-edge signature of the geometrical arrangement

of atoms around each site, M1 and M2.

INTRODUCTION

Pyroxenes are an important group of rock-forming fer-
romagnesian silicates. They are widespread in crustal and
upper mantle rocks of basdltic and ultramafic compositions
and occur as stable phases in dmost every type of igneous
rock. Pyroxenes have been extensively studied in mineral-
ogy and petrology. Understanding the crystalographic,
chemical, and physical properties is till of great interest in
earth and environmental sciences (Yang and Ghose 1995;
Wentzcovitch et d. 1995; Dimanov et a. 1996).

X-ray absorption spectroscopy is a powerful technique for
structural characterization of minerals. Notably, X-ray ab-
sorption in the vicinity of absorption edges (commonly
caled XANES: X-ray Absorption Near Edge Structure) is
highly sensitive to the geometrical environment around the
absorbing atom and its medium range organization. Full
multiple scattering (FMS) caculations alow interpretation
of X-ray absorption spectra even in structuraly complex
materials (Wu et a. 19963, 1996b, 1996¢; Cabaret et a.
1996). We used this method to interpret Al K-edge spectra
in oxides and silicates with various coordination numbers
(Cabaret et d. 1996). Most XANES studies related to py-
roxenes involve the energy range 4 keV-8 keV: Paris and
Tyson (1994) interpreted Fe K-edge XANES spectra of the
orthoferroglite Fe,S,0; by FMS theory and compared the
results with wigtite (FeO). Farges (1995) also examined the
Fe-K edge in orthopyroxene (Fe-bearing Mg,S,0O,) to in-
vestigate the iron substitution processes. Paris et a. (1995)
characterized the calcium environment in omphacitic pyrox-
enes, comparing Ca K-edge XANES spectra with FM S ca-
culations. More recently, Closmann et a. (1996) presented
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an experimenta and theoreticd EXAFS study of the crystal
chemistry of (Mg,eFe,.,)SO; a the Fe K-edge.

In contrast, Mg K-edge XANES spectra in pyroxenes
have not been widely studied because measurements in the
energy range 1000-2000 eV proved to be difficult (Mottana
et d. 1996). Furthermore, the theoretica interpretation of
XANES in complex materials is a delicate matter. In the
literature, most Mg K-edge studies are related to MgO. This
compound is used as a reference due to its cubic structure,
and is aso an important substrate for numerous studies in
surface physics (Wu et al. 1996b; Aritani et a. 1996; Yosh-
idaet al. 1995; Tanaka et a. 1995). Experimenta studies of
Mg K edge XANES in mineras have been the subject of
two papers: lldefonse et . (1995) present Mg K-edge spec-
traof crystalline model compounds such as spind, periclase,
pyrope, and diopside; and Mottana et d. (1996) briefly com-
pare experimental data with calculations &t the Mg K-edge
of diopsde and omphacite. To our knowledge, no detailed
multiple-scattering analysis at the Mg K-edge in pyroxenes
has been carried out. In this paper, we present FMS calcu-
letions at the magnesium K-edge in two pyroxenes that we
compare with experiments: Enstatite, which is characterized
by two different sites for Mg atoms, and the clinopyroxene
diopside, in which Mg atoms only occupy one type of site.
Thus, our purpose is to clearly determine how the number
of octahedral sites on the one hand and the site distortion
on the other hand affect the Mg K-edge XANES spectra.

EXPERIMENTAL AND THEORETICAL METHODS

Diopside and engtatite samples from Kilbourne Hole
ultramafic xenoliths, New Mexico, have the following
compositions diOpSide = (Nao.oscao.73M90.14)(Mgo.78|:e0.os
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Cro.mAl0.10)(Si1.89Ti0.01A|o.10)06; enstatite = (Nao.mcao.mMgo.gs)
(M s 76F€015Cr00A L10.67) (S 16iA006)os (Gliicklich-Herbas 1992).
Mg K-edge spectra were recorded on the SA32 beam line
of the French storage ring Super-ACO using a two-barrel
monochromator. The super-ACO ring was operating at 800
MeV (\. = 18.6 A) with a beam current in the range 100—
300 mA. Powder samples are directly mounted on copper
dides after dispersion in acetone. The sample holder was
transferred into the sample chamber where the pressure is
below 1 mPa. Mg K-edge spectra were collected a room
temperature over a photon energy range of 1300-1380 eV
in 0.2 eV steps. The data were collected using entrance
dits giving an energy resolution of about 0.5 eV. Energy
calibration was made using the Cu L ,-edge absorption peak
of CuO (931.2 eV, Cartier et a. 1990). Tota eectron yield
detection was carried out by recording the total drain cur-
rent for | and I,.

X-ray absorption spectra were caculated in the FMS
formalism, with the ““extended Continuum” code devel-
oped by Natoli et al. (1980). The absorbing atom and
surrounding atoms are modeled by a monoelectronic
“muffin-tin” potential. The potential was constructed fol-
lowing the approach described by Levelut et al. (1995).
Convergence of the basis functions for the final state were
tested by calculating the total cross section for severa
values of 1., the maximum orbital angular momentum,
in the range 3 < |,.,, = 5. For al calculations the angular
wave function expansion could be truncated at |, = 3.
The best results were obtained with the “relaxed and
screened” potential calculated in the *Z + 1" approxi-
mation for the excited state and with a real Dirac-Hara
exchange potential (Cabaret et al. 1996). An overlap fac-
tor of 10% was used for the atomic sphere radii and cho-
sen using the Norman prescriptions (Norman 1976).
Overlapping spheres have the advantage of reducing the
volume of the interstitial region, where the approximation
to the potential is the poorest (Kutzler et a. 1980). Ini-
tialy, calculations were performed for large clusters,
about 8 A in radius. Then the cluster size was decreased
to examine the influence of medium range order on the
features in the XANES spectra. The calculated spectra
were convolved with a Lorentzian function whose width
at half maximum is related to the effective mean free path
of the photoelectron, which takes into account the instru-
mental resolution (0.5 €V), the finite lifetime of the core
hole (0.36 eV, Krause and Oliver 1979), and the inelastic
scattering of the photoel ectron by the electrons in the ma-
terials. Because the ““ Continuum’” code yield only ener-
gies relative to the muffin-tin zero, the theoretical and the
experimental spectra have been aigned at the maximum
of the first strong resonance (labeled A).

FULL MULTIPLE SCATTERING CALCULATIONS
Diopside
Diopside crystallizes in the monoclinic system with a

=0.75b=2890,c=525A, and 8 = 105.63°. The unit
cell contains four CaMgSi,O, units and the space group
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Ficure 1. Experimental and calculated Mg K-edge spectra
of diopside.

is C2/c. Mg atoms are in MI sites, which have sixfold
coordination with respect to O atoms in fairly regular
octahedra. Ca atoms are located in irregular eightfold-
coordinated sites, labeled M2. For details, see Cameron
et al. (1972) or Smyth and Bish (1988).

Experimental and calculated Mg K-edge X-ray absorp-
tion spectra of diopside are displayed in Figure 1. The
experimental spectrum is characterized by three well-re-
solved peaks near the edge (A at 13104, B at 13144,
and C at 1318.8 eV), and two broader resonances D and
E at around 1331.8 and 1354.7 eV, respectively. The cal-
culations were performed with a cluster of radius 8 At
is clear that all the experimental features are well repro-
duced by the FMS calculations.

To determine the volume seen by the photoelectron, we
performed a cluster size analysis. Figure 2 shows spectra
calculated for various cluster sizes, starting from a 7-atom
cluster, i.e., the absorbing atom and its coordination shell,
up to an 8.0 A radius. Cluster compositions are reported
in Table 1. Features A, B, and C are well resolved only
for large clusters (more than 7 A in radius). Although the
7.3 and 8.0 A radius clusters reproduce these peaks, the
agreement with experiment, in terms of relative intensi-
ties, is better for the 8.0 A radius cluster. Therefore peaks
A, B, and C are clearly related to medium range order.
Feature E is present in the coordination shell spectrum
and is therefore a signature of the local atomic arrange-
ment around the absorbing atom. It can be mainly as-
signed to multiple scattering in the coordination sphere.

Enstatite

Enstatite is orthorhombic with a = 18.23 A, b=2882
A, c = 5.18 A. The unit cell contains eight Mg,Si,O, units
(space group Pbca). In contrast to diopside, Mg atoms
are in two distinct sites, M1 and M2, with point sym-
metry 1. M1 is till afairly regular octahedron, as it was
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Ficure 2. FMS calculations of diopside for various cluster
radii, indicated above each curve (in angstroms).

the case for diopside, whereas M2 is a strongly distorted
sixfold-coordinated site (Yang and Ghose 1982). For de-
tails see Sasaki et a. (1982) and Smyth and Bish (1988).

Caculations and experiment are compared in Figure 3.
Because two sites exist for Mg atoms in the endtetite struc-
ture, the experimental spectrum (with weak pesk A’, three
main resonances A, B, and C located respectively at 1310.8,
1314.4, and 1319.4 eV and two broad features D and E, at
around 1332 and 1356 eV, respectively) is the sum of two
contributions corresponding to the absorbing atom in each
ste. To evaluate the effects of site geometry and discrimi-
nate between the contributions for each site, FMS calcula
tions have been carried out twice, by locating the absorbing
atom either in M1 (noted Cac. M1) or in M2 (Cac. M2)
and then summing (Cac. M1 + M2). These caculations
were performed with 7.6 A radius clusters. We obtain a
fairly good agreement between experiment and the summed
M1 and M2 contributions. All the spectra features are re-

TAaBLE 1. Cluster compositions
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Ficure 3. Mg K-edge spectra of enstatite. The spectra, from
top to the bottom, respectively, are the experimental spectrum,
the calculated spectrum with contributions from Mg in both M1
and M2 sites, the calculated spectrum from M1 site only, and
the calculated spectrum from M2 site only.

produced by the calculation. From the individua M1 and
M2 spectra, the intensities of the features can be compared
to assign the origin of the resonances present in the Cal-
culation M1 + M2 spectrum. Festure B is more intense in
Caculation M1 than in Calculation M2. Therefore the con-
tribution to B, originating from Mg in M1 ste, is more
important than that originating from Mg in M2 site. On the
other hand, the contributions to festures A, C, D, and E
amogt equally come from both sites, dthough D and E
pesks are broader in the Calculation M2 spectrum than in
the Calculation M1.

Calculations performed with various cluster sizes (Te-
ble 1) for the absorbing atom in M1 and M2 sites are
plotted in Figure 4. For MI, the main resonances (A, B,
and C) are well defined only for the largest clusters: the
7.1 and the 7.6 A radius clusters. Feature C appears as a
shoulder in the 4.4 A radius spectrum and tends to be-

Enstatite

Diopside M1 M2
Radius Radius Radius

(A) Composition (A) Composition (A) Composition

3.0 1 Mg 60 3.0 1 Mg 60 33 1 Mg 60

5.0 3 Mg 80 6 Si 3 Ca 4.4 6 Mg 90 6 Si 4.4 4 Mg 90 5Si
5.4 3 Mg 200 8 Si 3 Ca 5.3 6 Mg 220 7Si 5.3 4 Mg 220 8 Si
6.6 5 Mg 340 8 Si 5 Ca 6.1 10 Mg 380 11 Si 6.0 9 Mg 370 10 Si
6.9 7 Mg 42 0 20 Si 8 Ca 6.6 13 Mg 390 17 Si 6.6 18 Mg 44 0 16 Si
7.3 7 Mg 60 O 20 Si 12 Ca 7.1 20 Mg 56 O 20 Si 7.2 23 Mg 530 17 Si
8.0 13 Mg 90 O 30 Si 14 Ca 7.6 26 Mg 79 O 25 Si 7.6 28 Mg 75 O 22 Si
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come more intense and narrower with increasing cluster
size. Resonance D clearly appears in the spectrum cal-
culated with a 5.3 A radius cluster and is well resolved
for the 6.1 A spectrum. As in diopside, the 3.0 A radius
cluster calculation exhibits feature E, from which we de-
duce that E is mainly due to the first coordination shell.

For M2, spectra calculated with cluster radius larger than
6.0 A display the three well-defined A, B, and C features.
Feature B appearsin the 4.4 A radlus cluster calculation
and becomes well resolved in a cluster with a radius of
7.2 A. Adding more atomic shell does not yield signifi-
cant changes in the shape and the intensity of this peak.
Figure 3 shows that experimental feature C contains equal
contributions from Mg in M1 and M2 sites. This cluster
size analysis gives the following additional information:
Feature C is due to multiple scattering effects inside a
sphere of radius of about 6 A around the M2 site and
inside a sphere of radius of about 7.6 A around the M1
site. The lowermost curves of Figures 4a and 4b, which
represent the influence of the coordination sphere on the
spectra, both exhibit one main peak around 1316 eV,
which is more intense and narrower in the M1 spectrum
than in the M2 spectrum. These differences can be related
to the fact that the M2 Mg site is more distorted than the
M1 site. This point is further discussed in the next
section.

DiscussioN

The Mg-K edge XANES spectra of enstatite and di-
opside up to 1545 eV are dominated by medium range
order, because only caculations performed with cluster
radii greater than 6 A reproduce most of the XANES
features. This result has already been observed at K-edge
of low Z-elements in mineralogical compounds: at the
magnesium K-edge (Wu et a. 1996b), at the aluminum
K-edge (Wu et al. 1996b, 1997; Cabaret et al. 1996), and
a the silicon K-edge (Wu et a. 1996c; Wu and Seifert
1996). It relates to the large mean free path of the pho-
toelectron near the edge. Calculation of the imaginary
part of the photoelectron self-energy, suggests that the
mean free path could reach 40 A near the edge.

Although calculations with large clusters are essential
to mimic the spectra, coordination shell calculations can
provide information about the distortion of the site of the
absorbing atom (Paris and Tyson 1994; Cabaret et al.
1996). Calculations with a coordination sphere cluster (7
atoms) for M1 sites in diopside and enstatite (Figs. 2 and
43) show an intense and narrow resonance. The same
coordination sphere cluster calculation for M2 site in en-
statite (Fig. 4b) shows a broad resonance with some struc-
ture. The difference between M1 and M2 calculations can
be directly related to the fact that M1 sites resemble a
regular octahedron whereas M2 sites are strongly distort-
ed. M1 sites in both structures are similar, athough the
exact symmetry point group is 2 for diopside wheress it
is 1 for enstatite. An evaluation of the geometry of oc-
tahedral sites can be expressed in terms of quadratic elon-
gation (QE) and angular variance (AV) (Robinson et al.
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Ficure 4. FMS calculations of enstatite for various cluster
radii (in angstroms). (a) M1 site. (b) M2 site.

1971). From Cameron et al. (1972), Sasaki et al. (1982),
and Smith and Bish (1988), QE is equal to 1.0050 and
1.0088 and AV is equal to 17.4 and 26.5 for the M1 sites
in diopside and enstatite, respectively. These values are
close to each other in contrast to those of enstatite M2
site, which are very distorted: QE = 1.0489 and AV =
140. Furthermore, the Mg—O mean distances of both M1
sites are identical and equal to 2.08 A, while that of en-
statite M2 site is 2.15 A (e.g., Smith and Bish 1988).
Although the average bond length, the quadratic elonga-
tion, and the angle variance are useful numbers to dis-
criminate between different types of sites, the average
angle does not provide much information.
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The theoretical spectrum of the enstatite M1 site (Fig.
3) is aso virtualy identical to that of diopside (Fig. 1).
Furthermore, the calculated M1 spectrum of enstatite
(Fig. 4a) follows amost the same evolution with cluster
size as the calculated diopside spectrum (Fig. 2). Con-
sequently, we assume, with great confidence, that the con-
tribution of M1 site to the enstatite experimental spectrum
should look like the diopside experimental spectrum. This
assumption has been confirmed by the fact that the spec-
trum obtained by substracting diopside and enstatite ex-
perimental spectra is in good agreement with the calcu-
lated M2 site contribution, not only in terms of positions
but also in intensities of the resonances. Because M2 sites
are occupied by Ca atoms in diopside and Mg atoms in
enstatite, we conclude from the preceding discussion that
the nature of the atom that occupies the M2 site has a
minor influence on the M1 calculated X-ray absorption
spectrum.

Both experimental spectra of diopside and enstatite ex-
hibit three main resonances near the edge. The main dif-
ference between the two spectra is in the relative inten-
sities of features A and B. The FMS calculations alow
the assignment of these differences of intensity to the
presence of Mg atom in the M2 site and not to a modi-
fication of the local environment around the M1 site due
to the substitution of Ca for Mg in the M2 site.
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