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Abstract
Pre-edge X-ray absorption features are commonly used to derive redox states for transition metal 

oxides in crystals and glasses. Several calibrations for Fe2+ and Fe3+ in silicate glasses have utilized 
the general relationships among pre-edge peak intensity, energy, and redox state. However, absorption 
variations complicate those relationships in anisotropic crystals. Although absorption anisotropy at 
and above the energy of the rising edge adheres to the typical cos2 relationship observed in absorption 
spectroscopies at other energies, the anisotropy of the pre-edge is far more complicated. Prior studies 
focusing on pre-edge absorption anisotropy demonstrate a 1-cos4φ dependence of absorption magni-
tudes with rotation. Experiments presented here show that absorption magnitudes of the pre-edge vary 
as a function of both electric field vector orientation and wave vector direction. However, rotations 
around the field vector axis or wave vector axis individually result in cos2 dependence of absorption 
magnitudes. Rotations where both wave vector and field vector orientation are varied are not well 
fit by either model in the pre-edge. The resulting anisotropy complicates the process of measuring 
characteristic absorption in the pre-edge, making valence state determinations challenging for strongly 
anisotropic crystal structures such as pyroxene.
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Introduction
In transition metal oxides, absorption over the pre-edge 

energy range of X-ray absorption spectra is an important indicator 
of oxidation state and distortion of metal-containing polyhedra. 
Because of its sensitivity to valence state, the pre-edge has been 
used by numerous authors to indicate oxygen fugacity (fO2) of 
the crystallization or solidification environment of igneous and 
metamorphic rocks (Bajt et al. 1994; Wilke et al. 2004; Yaxley 
et al. 2012). Among the community of X-ray absorption spec-
troscopy (XAS) users, absorption anisotropy of spectra collected 
from crystals is known to be a barrier to quantifying valence 
states of multivalent elements (Dyar et al. 2002; Muñoz et al. 
2013). Research on mineral samples has shown that in anisotropic 
materials, calibrations for quantifying multivalent elements can 
be profoundly affected by the orientation of the photon source 
relative to the polarization direction of the crystals being studied.

The angular dependence of absorption anisotropy from ener-
gies spanning from the rising edge and above is closely approxi-
mated as a cos2θ relationship from one absorption magnitude to 
another. This has been demonstrated by numerous authors (Heald 
and Stern 1977; Rosenberg et al. 1986; Stöhr and Outka 1987) 
and applied as a way of empirically interpolating absorption 
magnitudes. In this study, the cos2θ relationship was determined 
from observations made using ultraviolet-visible (UV-Vis) and 

infrared spectroscopies, where absorption magnitudes have 
similar anisotropies.

In our earlier work, Steven et al. (2022) show that absorption 
anisotropy is well modeled in three dimensions with a cos2θ 
absorption indicatrix, a geometric model representing absorption 
magnitudes for a given field vector direction. However, pre-
edge anisotropy was distinctly discordant from the cos2θ model. 
The discrepancy was suspected to be due to the nature of the 
quadrupole transitions at pre-edge energies coupled with the 
relatively low-absorption intensities near the intense rising edge. 
For example, even a slightly over absorbed scan causes pre-edge 
peaks to be systematically more intense than an ideal scan, and 
is not always fully corrected for in the normalization process. 
The suggestion that the discordance is the result of quadrupole 
transitions is not new. An earlier example is a model employed by 
Hahn et al. (1982), sin22φ, which interpolates the observed data 
in Cu K-edge scans of a (CuCl4)2– complex. Similarly, Uozumi 
et al. (1992) employed an equivalent model, 1-cos4φ, to describe 
pre-edge anisotropy of Ti K-edge spectra of TiO2.

The objective of this research is to characterize the nature 
of absorption anisotropy in clinopyroxene, with a focus on the 
pre-edge. Geologically, clinopyroxenes are an important index 
mineral for determining conditions of the crystallization envi-
ronment, namely in geothermobarometry and oxybarometry. 
Among anisotropic minerals, clinopyroxenes exhibit extreme 
X-ray absorption anisotropy, making them an ideal candidate 
for examining the angular dependence of absorption anisotropy. 
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