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Abstract Determination of Fe®*'/SFe in minerals at
submicrometre scale has been a long-standing objective
in analytical mineralogy. Detailed analysis of energy-
loss near-edge structures (ELNES) of the Fe L,; core-
loss edges recorded in a transmission electron
microscope (TEM) provides chemical information about
the iron oxidation state. The valence-specific multiplet
structures are used as valence fingerprints. Systematic
investigations on the Fe L,; ELNES of mono and
mixed-valence Fe-bearing natural minerals and synthetic
solid solutions of garnets (almandine-skiagite and
andradite-skiagite), pyroxenes (acmite-hedenbergite)
and spinels (magnetite-hercynite) are presented where
the presence of multiple valence states is distinguished
by a splitting of the Fe L; edge. We demonstrate the
feasibility of quantification of the ferrous/ferric ratio in
minerals by analyzing the Fe L,; ELNES as a function
of the ferric iron concentration resulting in three
independent methods: (1) The method of the modified
integral intensity ratio of the Fe L,; white lines employs
two 2-eV-wide integration windows centring around
both the Fe L; maximum for Fe’" and the Fe L,
maximum for Fe?”. This refined routine, compared to
the previously published quantification method of the
ferrous/ferric ratio in minerals, leads to an improved
universal curve with acceptable absolute errors of about
+0.03 to +0.04 for Fe’" /ZFe ratios. (2) The second
method uses a simple mathematical description of the
valence-dependent splitting of Fe L; ELNES by fitting
several Gaussian functions and an arctan function.
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The systematic analysis of the integral portions of the
individual Gaussian curves for different mineral groups
provides a further Fe’*/ZFe quantification method
with an absolute error of about +£0.02 to +0.03. (3)
The Fe L; ELNES can also be modelled with the help of
reference spectra, whereby the Fe" /SFe ratio can be
determined with an absolute error of ca. +£0.02.
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Introduction

The high spatial resolution available on a transmission
electron microscope (TEM) combined with the benefits of
electron energy-loss spectroscopy (EELS) allows detailed
analysis of multivalent element ratios (e.g. Fe* " and Fe* ™)
on the scale of nanometres. Such data allow determination
of redox states for mineral crystallization and interpreta-
tion of geological evolution of mineral reactions. Estima-
tion of P-T conditions of igneous and metamorphic rocks
via geothermobarometers that involve Fe? " —Mg” " ex-
change in coexisting minerals (e.g. Essene 1982; Luth et al.
1990; Canil and O’Neill 1996) and determination of oxygen
fugacity (Frost 1991) can be significantly affected by ne-
glecting Fe* " or using incorrect values. Hence, the precise
knowledge of the ferrous/ferric ratio in iron-bearing mi-
nerals is indispensable for the understanding of the exact
crystal chemistry of constituent minerals.

Modern developments have had an enormous impact
on the number and quality of Fe®"/ZFe quantification
methods, including electron microprobe analysis
(EPMA), Méssbauer spectroscopy, X-ray photoelectron
(XPS) and X-ray absorption near-edge structure
(XANES) spectroscopy, and EELS. Traditionally, the
ferric iron concentration is estimated from elemental
electron microprobe analysis by stoichiometric calcula-
tion, which, however, is restricted by uncertainties and



assumptions (Canil and O’Neill 1996) and is extremely
sensitive to errors since the analytical errors of all other
element concentrations are combined in its calculation
(Spear 1995). Recently, progress has been made in
EPMA by the flank method (Hofer et al. 1994), which is
based on the concomitant changes of both the intensity
ratio and the wavelength of the Fe L, and Fe L; X-ray
emission lines with Fe* " /ZFe. This method was estab-
lished for iron oxides (hematite, magnetite and wiistite),
olivines and synthetic hercynite-magnetite solid solu-
tions (Hofer et al. 1994) and for garnets (Hofer et al.
1995) — the same samples were used in this study — and
has further been applied to Fe®* /ZFe determination of
sodic amphiboles (Enders et al. 2000) and of wiistites
synthesized at different oxygen fugacities (Hofer et al.
2000). Although relatively high spatial resolution can be
obtained on the order of 1 um, the results for Fe** /ZFe
are strongly influenced by carbon contamination and
carbon coating, by peak shape alterations and by matrix
correction procedures used in data analysis (Hofer et al.
2000). In general, it is accepted that Fe’*/ZFe ratios
determined by Mdssbauer spectroscopy of mineral
separates are most accurate, but this technique has to
be used as a bulk method with lower spatial resolu-
tion limited to ca. 200 pum (McCammon et al. 1991;
McCammon 1994).

Advances in XPS (Raeburn et al. 1997a,b) provide
another technique for quantitative analysis of Fe’ " /ZFe
which was shown for individual biotite crystals using the
Fe 3p photoelectron peak. During the past decade, en-
ormous progress has been made in the determination of
Fe’ ' /ZFe ratios of iron-bearing silicates and iron oxides
measuring XANES at the Fe K edge (Manceau et al.
1992; Sutton et al. 1993; Bajt et al. 1994; Delaney et al.
1996, 1998; Dyar et al. 1998; King et al. 2000) and at the
Fe L,; edge (van der Laan and Kirkman 1992; Cressey
et al. 1993; Crocombette et al. 1995). The spatial re-
solution obtainable in XPS and XANES lies between
those of EPMA and Mdssbauer spectroscopy, however,
with a larger error in Fe®* /ZFe determination.

Fe L,; ELNES studies provide chemical information
about valence-specific multiplet structures of iron which
can be used as valence fingerprints. The Fe L,; edges are
characterized by sharp maxima at the near-edge region,
which are known as white lines. EELS spectra of Fe? ™ -
and Fe’"-bearing minerals show distinct Fe L,; edge
shapes and chemical shifts. Although transitions from
the Fe 2p to 3d and 4s symmetry orbitals are allowed by
the selection rule of dipole transition, the probability of
transition to the s orbitals is much lower, and the Fe L,;
spectra are dominated by excitation to Fe 3d orbitals.
Transitions to the dipole-allowed s-like states have only
a small effect on the Fe L,; edges and are manifested as
weak structures at higher energies above the Fe L;
peaks (Abbate et al. 1992). The atomic state changes
from the 2p°®3d™ Fe ground state to the 2p°3d" "' state
after the excitation of a 2p core electron, where n = 5 for
Fe’" and n=6 for Fe?". The L; and L, lines are
transitions of 2ps3,» to 3dsp3dsp, and 2pip to 3dsp,
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respectively, and their intensities are related to the
unoccupied states in the 3d bands (van der Laan and
Kirkman 1992). The two white-line features, L3 and L,,
are separated by about 13 eV due to the spin-orbit
splitting of the Fe 2p core hole. Nowadays, EELS in-
vestigations at the Fe L,; and Fe M,; edges with a TEM
allow qualitative (Leapman et al. 1982; Otten et al.
1985; Krishnan 1990; Paterson and Krivanek 1990;
Garvie et al. 1994) and detailed quantitative (van Aken
1995; Garvie and Buseck 1998; van Aken et al. 1998;
1999; Gloter et al. 2000a, b; Lauterbach et al. 2000;
Liebscher 2000) analysis of Fe®" /ZFe ratios at highest
spatial and high-energy resolution among all analytical
microbeam methods. Furthermore, Golla and Putnis
(2001) were able to record quantitative compositional
maps and Fe® " /Fe?" valence state distribution maps at
nanometre scale of hematite-ilmenite exsolutions in a
natural titanohematite crystal using electron spectro-
scopic imaging in an energy-filtered TEM. Hence, one
main objective of EELS aims at an improvement of the
accuracy in Fe’ " /ZFe determination.

In this paper, we present systematic investigations on
the Fe L,; ELNES of mono and mixed valence Fe-
bearing natural minerals and synthetic solid solutions of
garnets (almandine-skiagite and andradite-skiagite),
pyroxenes (acmite-hedenbergite) and spinels (magnetite-
hercynite), where the presence of multiple valence states
is distinguished by a splitting of the Fe L; edge. In
particular, the method of Fe? " /ZFe determination using
the universal curve (van Aken et al. 1998) was extended
to pyroxenes, iron oxides and iron hydroxides, resulting
in improved absolute errors of about £0.03 to +0.04.
Another procedure employs a simple mathematical de-
scription of the valence-dependent splitting of Fe L;
ELNES by fitting several Gaussian functions and an
arctan function. The systematic analysis of the integral
portions of the individual Gaussian curves for different
mineral groups provides a further Fe®*/SFe quantifica-
tion method with an absolute error of about £0.02 to
+0.03. An improvement of the approach by van Aken
(1995) and Garvie and Buseck (1998) is proposed by
modelling only the more intense Fe L; ELNES spectra,
using reference spectra resulting in low absolute errors
of ca. £0.02 for the deduced Fe®*/ZFe ratios. The ac-
curacy and errors of the three methods are discussed and
compared to previously published techniques.

Experimental methods, data evaluation
and sample catalogue

The EELS experiments were performed at 120 kV using a Philips
CM 12 TEM equipped with an energy-dispersive X-ray micro-
analysis (EDX) system EDAX PV9900 and a Gatan 666 PEELS.
The single-crystal LaBg cathode operated in an undersaturated
mode produces a typical energy width of ca. 0.8 eV measured as
full width at half maximum (FWHM) of the zero-loss peak. To
ensure the validity of dipole selection rules for the electronic
transitions from the 2p core level (Egerton 1996), the EELS spectra
were acquired in the diffraction mode at small scattering angles
under the following conditions: 0.1 eV/channel energy dispersion,
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Table 1 Mineral name, simplified formula, Fe** /SFe and reference of the iron-bearing samples used in this study

Mineral and sample name Simplified formula

Fe** /ZFe Reference

Garnets

Almandine—skiagite al-sk®":
algssky, algssks, alsosky,
alsoskyy, alyiskyo, aljgskog

Andradite-skiagite and—sk®:
and“skgg, and225k7g, and37sk63,
and7zsk28, 'clrldgzsklg, and935k7

Andradite and;y,®

Almandine aly,(™)

Andradite-grossular andg,gr;s™

Ca;Fe3 '[Si04]s
Y FC3A]2[SiO4]3
" Cas(Fe ADA[SIOM)
Pyroxenes
Hedenbergite—acmite hd—ac®:
hdgo, aciohdgo, acashdss,
acqohdg, acsphdso,
acgohdsg, acsshdss, aceohdg,
acCioo

Hedenbergite hd, oo™ CaFe? " [SiOs]

Acmite acy OO(N) NaFe3 - [Slo;]z
Spinels

Hercynite hcoo® Fe? " ALO,

Hercynite-magnetite he-mt®:
hcygg, mtshegs, mtjghcgg, mtaphcsgo,
mtzghcyg, mtyohcso, mtsphcso,
mtgohcsg, mtzohcsg, mtygg

Spinel-magnetite spgomt;g

Hercynite hC]OO(N) FCZ+A1204

Magnetite mt ;o Fe* " ( Fe? " Fe’ )0,

Franklinite fr;oo™" ZnFe3 0,
Olivines
Fayalite fajo0> Fe3"Si0,

(Mg,Fej - )2Si04
(Mg,F@2 : )zsi04
(Mg,Fe™"),8i04

Forsterite fo-54™
Forsterite fo-90®V
Forsterite fo-91™Y

Iron oxides and hydroxides
Whuestite: wu-20, wu-4, wu-15,

’s) Fe).0400, Fe o350, Feg 0200,
wu-18, wu-14

Fep.0100, Feg 3970

Hematite®™’ Fe,05

Goethite™ FeO(OH)
Other

Brownmillerite®™ Ca,Fe,0s5

Fe-orthoclase®™ KFeSiz0g

Fe3"AL[SiO4]; —Fe3 "F37[Si0u]s

Ca;Fe3 '[Si04]; — Fe3 "Fed T[Si0u]s

CaFe? " [SiO;], — NaFe? ' [SiO;];

Fe* " ALO, — Fe* " ( Fe? " Fe’ )0,

MgALO, — Fe* " ( Fe**Fe* )0,

0.045, 0.091, 0.123,
0.215, 0.345, 0.375

Woodland and O’Neill (1993),
Woodland and Ross (1994)

0.428, 0.461, 0.514,
0.704, 0.787, 0.905

Woodland and Ross (1994),
Woodland and O’Neill
(1995)

1.0 Synthesis Fehr, unpubl.
0.03 Woodland et al. (1995)
1.0 Tamnau collection,

TU Darmstadt

0.015, 0.099, 0.223,
0.384, 0.440, 0.572,
0.702, 0.898, 1.0

Redhammer (1996);
Redhammer et al. (2000)

0.0 Tamnau collection,
TU Darmstadt

1.0 Tamnau collection,
TU Darmstadt

0.0 Synthesis Fockenberg,

unpubl.
0.0, 0.091, 0.167, 0.286, Synthesis O’Neill, unpubl.
0.375, 0.444, 0.500,

0.545, 0.583, 0.667

0.667 Synthesis Woodland,
unpubl.
0.0 Tamnau collection,
TU Darmstadt
0.667 Ramdohr collection,
University of Heidelberg
1.0 Tamnau collection,
TU Darmstadt
0.0 Synthesis Brey, unpubl.
0.0 Kohler and Brey (1990)
0.0 Kohler and Brey (1990)
0.0 Tamnau collection,
TU Darmstadt
0.11, 0.14, 0.17, Hofer et al. (2000)
0.20, 0.23
1.0 Tamnau collection,
TU Darmstadt
1.0 Tamnau collection,
TU Darmstadt
1.0 Colville (1970)
1.0 Synthesis Shaw, unpubl.

2®). synthetic sample
oM natural sample

2 mm PEELS entrance aperture, o = 2.6 mrad illumination semi-
angle, f =7 mrad spectrometer acceptance semiangle. We
examined 6—12 grains per sample measured at different crystal or-
ientations to exclude errors due to orientation-dependent effects
and sample inhomogenity and also to improve reproducibility. A
wide range of measuring geometries including the TEM nanoprobe
mode was used, which provides small spotsizes down to 10 nm and
illumination of semiangles up to 10 mrad, although the standard
measuring conditions for the Fe L,; spectra in the TEM diffraction
mode use larger spotsizes on the order of 1 pm. This allows short
measuring times of 30 s integration time. To improve the counting

statistics, we always measured a series of at least six spectra to be
added. This gives us a good control of possible changes in the
specimen during the EELS investigations because we have to take
care of and to avoid electron beam-induced chemical reactions as
oxidation processes.

Data processing of the measured spectra includes corrections
for channel-to-channel gain variations as well as for the dark cur-
rent of the detector. Afterwards, the background intensity at the Fe
L3 edges is subtracted by fitting an inverse power-law function for
a range of 30-50 eV before the edge and extrapolating this function
to higher energies. The Fe L,; core-loss ionization edges and the



corresponding low-loss valence EELS spectrum, including the zero-
loss peak, were acquired consecutively from the same specimen
region. The low-loss spectrum was used to remove the multiple-
inelastic scattering effects in the core-loss region using the Fourier
ratio technique (Egerton 1996). Consequently, the data presented
here are the results of the single scattering processes.

We examined 54 natural and synthetic iron-bearing minerals,
well characterized for chemical composition and ferric/ferrous ratio
by electron microprobe analysis, Mdssbauer spectroscopy and X-
ray diffraction. Table 1 summarizes data on nomenclature, sample
identification, Fe’*/ZFe and reference. TEM specimens are ex-
clusively prepared by crushing small crystals between clean glass
slides, and suspending tiny fragments with ethanol onto standard
holey TEM grids. This procedure needs only very small amounts of
sample material compared to ion milling techniques, and provides
enough electron-transparent grains. In general, these samples need
no carbon coating.

Results and discussion
Fe L,; energy-loss near-edge structure

Fe’" and Fe’" in minerals are most commonly octa-
hedrally coordinated, although Fe in four- and eight-
fold coordination is sometimes found. The Fe L,; edges
from a number of reference minerals containing Fe?"
and Fe*" in four-, six- and eight-fold coordination are
shown in Fig. 1. They are almandine (aly; — ®Fe?™),
hedenbergite (hdypy - [(’]FeH), hercynite (hcigg —
[4]Fez+), the Fe analogue of orthoclase (KFeSiz;Og —
MFe3*), brownmillerite (Ca,Fe,0s — U Fe* ") and
andradite (and,oo — [Fe* ). The comparison of Fe L;
ELNES for different iron oxidation states already allows
qualitative statements about the valence (Otten et al.
1985; van Aken et al. 1998; Garvie et al. 1994; Garvie
and Buseck 1998; Krishnan 1990; Liebscher 2000;), since
the Fe L,; edges show different edge shapes, as well as a
distinct chemical shift between divalent and trivalent Fe
L3 edges. The measured separation of the Fe L; and L,
maxima, due to spin-orbit splitting of 12.8 £ 0.1 eV
and 13.2 + 0.1 eV for Fe?™ and Fe’ ", respectively, is in
good agreement with previously published data (Colliex
et al. 1991; Garvie et al. 1994; van Aken et al. 1998;
Gloter et al. 2000a). The Fe?" L; edges display a sharp
maximum at 707.8 eV and a weaker partially resolved
feature post the main maximum at around 710.5 eV,
which is more distinct for ®'Fe? " and [/Fe?". For Fe? " -
bearing compounds, the Fe L; edge shows a chemical
shift of 1.7 eV with the main maximum at 709.5 eV.
Andradite contains [Fe** and has a characteristic Fe
L;-edge shape, with a prepeak at 708.0 eV leading the
main L; peak, whereas the Fe analogue of orthoclase,
which contains "Fe®", shows an L; edge without any
pronounced fine structure. For ®/Fe’*- and MFe’*-
bearing brownmillerite, the prepeak at 708.0 eV is much
weaker compared to andradite, suggesting that the Fe L;
edge is composed of and can be described by a super-
position of /Fe** and ¥Fe* ™ L ;-edge spectra. The two
peaks on the Fe L; edge in and;o, are separated by
1.5 eV, as in many other [®Fe’*-containing minerals,
and have been assigned to 2p — 3d transitions into #,,
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and e, orbitals using a simple crystal-field model
(Krishnan 1990). As a consequence, different site sym-
metries are documented by changes in the multiplet
structures on the Fe L; edges. This effect, however, is,
for example for the Ti L,; edges, much more dramatic.
The spectral features of the Ti L,; ELNES are sig-
nificantly influenced by the coordination and site sym-
metry of the Ti cation (de Groot et al. 1992), which was
also shown for Ti*"-bearing compounds in the co-
ordinations Ti¥, Ti" and Til® by Langenhorst and van
Aken (2000).

Representative Fe L; ELNES spectra corrected for
the continuum background (cf. subsequent section Total
integral white-line intensity ratio) of the solid solutions of
garnets (almandine-skiagite and skiagite-andradite)
pyroxenes (hedenbergite-acmite) and spinels (hercynite-
magnetite) containing various Fe’'/ZFe ratios are
shown in Fig. 2a—c, respectively. The Fe L; edges of aly;
(Fig. 2a) and hd,qo (Fig. 2b) display their main max-
imum at 707.8 eV followed by a less intense maximum at
ca. 710.5 eV. With increasing ferric iron concentration,

normalised intensity (arb. units)

710 720
energy loss AE (eV)

Fig. 1 Fe L;edges from selected minerals containing single-valent Fe
with different coordination numbers for Fe bonded to oxygen show a
constancy of edge shape for given oxidation states: almandine (aly; —
BIFe2 ), hedenbergite (hd;go — Fe? ™), hercynite (heyg — “IFe? ™), Fe
analogue of orthoclase (KFeSi;03 — MFe*™), brownmillerite
(CayFe,05 — B+ 9Fe ") and andradite (and; o — Fe*). The spectra
have been normalized to the integral Fe Lz-edge intensity, and some
of the spectra have been shifted vertically for clarity. The dotted lines
represent the position of the Fe L; white-line maxima located at 707.8
and 709.5 eV for Fe? ™ and Fe* ™, respectively. The solid line below the
Fe Ly; edge of andioy represents the double arctan background
function, and the grey shaded areas correspond to the integral
intensities used for the Fe®*/IFe quantification by applying the
universal curve
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the relative intensity of the first peak decreases and the
second peak at around 709.5 eV becomes more intense.
For the Fe® " -bearing end members and oy and ac;qo, the
maxima are located at 709.5 eV, with an additional peak
at 708.0 eV. These basic edge shapes are consistent with
published Fe L; ELNES (Colliex et al. 1991; Garvie
et al. 1994; Garvie and Buseck 1998; Krishnan 1990,
Paterson and Krivanek 1990; van Aken et al. 1998;
Liebscher 2000) and Fe L; XANES (van der Laan and
Kirkman 1992; Cressey et al. 1993; Crocombette et al.
1995). Accordingly, Fe L; spectra with iron in mixed
valence states always show two separate Fe L; maxima
for ferrous and ferric iron. The intensity ratios of these
maxima are obviously dependent on ferric iron con-
centration, and the mean iron valence can be obtained by
comparison with experimental standard spectra based on
a simple valence fingerprint technique. Exceptions to this
approach are the Fe L; ELNES of magnetite and mag-
netite-rich hercynite solid solutions (Fig. 2c). Their Fe L;
spectra exhibit only one asymmetric peak due to strong
charge-transfer interactions between ferrous and ferric
iron on adjacent octahedral sites, which is known as
electron hopping (e.g. Crocombette et al. 1995). With
increasing magnetite concentration and a concomitant
increase of Fe?™ /ZFe, the mt-hc Fe L; spectra show a
systematic change from a spectrum with two peaks to-
wards the magnetite spectrum with Fe®"/XFe = 0.667
displaying only one broad peak. A dramatic Fe L; edge
alteration occurs when magnetite is highly diluted with
common MgAl,O4 spinel (mtjospgg), while Fe'?/
XFe = 0.667 remains constant. For mt;oSpyg, the iron
cations on the octahedral sites are mainly neighboured to
octahedral sites occupied with aluminium. Consequently,
electron-hopping processes are frozen in, leading to the
lowest Fe L; spectrum shown in Fig. 2c. The mt;ospyg Fe
L; ELNES consists of two separate maxima located at
707.8 and 709.5 eV, which is very similar to the spectra
for garnets and pyroxenes.

Total integral Fe L,; white-line intensity ratio

The anomalous behaviour of the L;:L, white-line in-
tensity ratios for all 3d transition metals was recognized
in the early 1980s (Leapman et al. 1982). These intensity
ratios show large valence-dependent deviations from the
expected value of 2:1, in accordance with the multiplicity
of the initial states with four 2ps;», and two 2p;p
electrons. This leads to the possibility of identifying the
occupation number of the 3d orbital and concomitantly
the 3d transition metal valence state. To establish

<

Fig. 2a—c Fe L; ELNES normalized with respect to the integral
intensity and corrected for the arctan background function of a the
garnet solid solutions almandine-skiagite (a/-sk) and andradite—
skiagite (and-sk) and the natural garnet aly; b the pyroxene solid
solutions acmite-hedenbergite (ac—hd) and ¢ the spinel solid solutions
magnetite—hercynite (mt-hc) and magnetite—spinel (mt;9spgg). The
Fe* " /ZFe ratios are data from literature (cf. Table 1).



the numerical proportionality between the white-line
intensity ratio and the ferric iron concentration Fe’™"/
YFe, the white lines must be isolated from the back-
ground intensity which is due to transitions to un-
occupied continuum states. Therefore, a double arctan
function (Eq. 1) is used as a background function which
is plotted in Fig. 1 for andradite.

S(AE) = h—nl {arctan (wil (AE —E1)> _5_%} +

hy
(1)

The height of the two arctan functions (4, and h,) are
scaled to the minima behind the Fe L;- and the Fe L,
edge with fixed inflection points at E; = 708.65 eV and
E, =721.65 eV and with fixed widths of w; =w, =
1 eV, which can be applied to all measured spectra in a
consistent way. After subtracting this arctan function,
the spectra are normalized to their total integral intensity
to compare directly the near-edge structures.

Figure 3 shows the total integral Fe L,; white-line
intensity ratios I(L3)/I(L)i0: as a function of the ferric
iron content Fe’" /ZFe. The values for the intensity ra-
tios, increasing from about 3.7 for ferrous iron to about
5.5 for ferric iron, are in the same range as in previously
published data. Small differences between the absolute
values for our intensity ratios and the data of Colliex
etal. (1991) depend on the model chosen for
the isolation of the white lines from the underlying
transitions to unoccupied continuum states, which
affects the magnitude of the intensity fraction attributed
to the continuum below the white-line peaks. An un-

X {arctan <£~ (AE —Ez)) +g] .

w2

o]
|

|
®  gamet I
O pyroxene + ]
[ A spinel ]
| ¢ oxide & hydroxide )
5| v olivine | Jf -

B
[T

—_——
| 4

total integral intensity ratio I(L,)/I(L,),,

w
|
|

0.5
Fe¥'/sFe

Fig. 3 Total integral white-line intensity ratio I(L3)/I(L5)w versus
ferric iron concentration Fe*™ /ZFey;, for the solid solutions
almandine—skiagite, skiagite—andradite, acmite-hedenbergite and
hercynite—-magnetite, as well as for iron oxides, hydroxides and
olivines. The subscript /it refers to data taken from the literature

193

ambiguous variation of the total integral Fe L,; white-
line intensity ratios with increasing Fe’ " /SFe occurs for
the different minerals, and at first-order approximation,
the data for different mineral groups can be described by
a linear relationship which could be used for quantita-
tive determination of ferric iron concentrations, how-
ever, with high absolute errors of +0.10 to =+0.15.
These results reveal that the total integral Fe L,; white-
line intensity ratios are not only dependent on the iron
valence state, but they also might be influenced by the
crystal structure, e.g. coordination, and/or by the che-
mical composition. Although the L,; ELNES of four-,
six-, and eightfold-coordinated iron exhibit only slight
differences, we observe clear changes in the intensity
ratios I(L3)/I(L,)ior- For example, these values increase
from 3.5 for tetrahedral coordinated Fe? " to 3.6-3.7 for
octahedral-coordinated Fe>" and to 3.8-3.9 for eight-
fold-coordinated ferrous iron.

Modified integral Fe L,; white-line intensity ratio

The relatively small range for the total integral intensity
ratios with a statistic standard deviation on the order of
5% of the absolute values causes relative high errors in
the determination of Fe** /ZFe. Therefore, a modified
method was developed in order to evaluate the intensity
ratios, for which the continuum background was re-
presented by the double arctan function, as defined in
the previous section (Eq. 1), and subtracted from the Fe
L,; ELNES. Furthermore, two integration windows of
2 eV width each were applied to the Fe L,; edges from
708.5 to 710.5 eV and from 719.7 to 721.7 eV centred
around the maximum at the L; edge for Fe* " and at the
L edge for Fe*", respectively, as previously described
by van Aken et al. (1998). The modified integral white-
line intensity ratios I(L3)/I(L,)moq Of the pyroxene solid
solution were used to test the validity of and to refine the
universal curve, for which the results are shown in
Fig. 4. The complete dataset is within the errors in good
agreement with the calibration curve which can be de-
scribed by a second-order hyperbolic function (Eq. 2)
1(L3) 1

= -1 2
](LZ)mod a-x>+b-x+c ’ ()

where I(L3)/I(L;)moq is the modified intensity ratio, x
the ferric iron concentration Fe®* /ZFe. The new para-
meters are a = 0.193 £+ 0.007, b = -0.465 + 0.009 and
¢ =0.366 = 0.003, and the coefficient of determination,
. is 0.9985. Within error limits, these values are identical
to the previously published values (van Aken et al. 1998).
The statistic standard deviation of the I(L3)/I(L2)mod
ratios is less than 5%. This leads to acceptable absolute
errors of about £0.03 to +£0.04 for the determination of
Fe’ ™" /XFe ratios, which will be discussed later in the
section Error evaluation and error sources. The universal
curve can be applied to the quantitative determination of
Fe® Y/ZFe without knowledge of sample composition or
crystal structure, since the modified intensity ratios for all
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the measured samples (garnets, spinels, pyroxenes, iron
oxides and hydroxides, olivines, cf. Table 1) are well
described within the experimental errors. The com-
pounds studied in this paper always contain iron in high-
spin configuration which is bonded to oxygen atoms, as
only strong field ligands cause spin pairing (e.g. Marfu-
nin 1979). Low-spin Fe L,; edges display different spec-
tral features as compared to their high-spin counterparts,
e.g. in spin-transition compounds, I(L3)/I(L,) can be
modified with temperature where Fe® " /ZFe is constant
(Briois et al. 1995). Therefore, the universal curve de-
scribed here is restricted to compounds with iron in high-
spin configuration.

Mathematical description of the Fe L; edge

In an effort to analyze the fingerprints of the Fe L;
ELNES quantitatively with the intention of extracting
the Fe’" /EFe ratio, we developed a simple empirical
model for the mathematical description of the Fe L;-
edge spectra. This model uses a sum of Gaussian func-
tions in order to describe the spectral features and an
arctan function to fit the remainder of the spectrum
removing the contribution from transitions to the
atomic continuum. The spectra were then fitted to

Eq. (3):

12 T T T T T 1 T T T T ]
- ®m  garnet 6
O pyroxene
10 a spinel I
. © oxide & hydroxide AT
v olivine i
8 = —— universal curve v ]

modified integral intensity ratio  I(L)I(L,),..

6 e —_
4 | —
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Fe*'/zFe,

Fig. 4 Modified integral white-line intensity ratio I(L3)/I(L2)mod
versus ferric iron concentration Fe® ™ /SFe using the 2-¢V integration
windows for garnets, pyroxenes, spinels, oxides, hydroxides and
olivines. The resulting universal curve can be described by a second-
order hyperbolic function (solid line). The dotted lines represent the
error range with A(Fe** /=Fe ) = +£0.03

I
5

f(AE) = % {arctan [% (AE —Ew)} +g} + l H;
T

1

(3)

The arctan function was constrained to be zero at low
energies but with following adjustable parameters: step
height &, slope w describing the spectral resolution and
position of the inflection point E,, resulting in an energy
near the edge onset. The four Gaussian lines consist of
the variables peak height H;, peak position E; and full
width at half maximum (FWHM) W,.

We make no attempt at assigning these fitted peaks to
specific electronic absorptions. The purpose of this
analytical fitting procedure is merely to quantify the
previously described fingerprint technique in order to
determine Fe* " /ZFe ratios. Hence, these Gaussian lines
do not directly reflect the physical conditions, e.g. empty
3d states, but this technique is a useful tool in the de-
scription of the details of the Fe L; ELNES-like in-
tensities, energy positions and FWHM of the visible
maxima and spectral features. This model can be applied
to spectra with iron in a single- or mixed-valence state,
where several discrete peaks at the Fe L; edge appear.
For the garnet solid solution series, the Gaussian lines
used for the mathematical model and the fitted curve,
which is in perfect agreement with the corresponding
experimental Fe L3-edge spectra, are shown in Fig. 5.
Obviously, the intensity distribution of the individual
Gaussian lines changes with increasing ferric iron con-
centration, and the integral intensity of the first peak at
707.8 eV systematically decreases with increasing Fe’ ¥/
XFe (Fig. 5). This leads to a further possibility of de-
termining Fe’ " /ZFe ratios. Figure 6 shows the linear
relationship between x = Fe®"/ZFe and the relative
intensity of the first peak

i=4
y= (11/21,) - 100%
i=1

in the Fe L; ELNES, which is the integral intensity of
the first peak normalized to the total integral intensity of
the four Gaussian lines. This linear correlation
y=ax + b witha=-684 + 0.7 and b=283.1 =+ 0.4
can be used for Fe’ " /ZFe determination with absolute
errors of about +£0.02 to +0.03, and the coefficient of
determination, r°, is 0.997. The error estimation is dis-
cussed in more detail in the later section Error evalua-
tion and error sources. However, this method has some
restrictions and limitations, since for the fitting proce-
dure very high-quality Fe L;-edge spectra are required in
terms of energy resolution and count statistics. Fur-
thermore, electron-hopping processes, as in magnetite-
rich spinel solid solutions (cf. Fig. 2¢), cause smearing
and blurring of the spectral features, so that the Fe L;
ELNES consists of only one broad maximum, and
hence, the mathematical description as presented above
fails.
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Flg. 5 The Fe L3 ELNES of the garnets (alg7, al595k41., and37sk63,
andgsk s, andgp) have been fitted in the range from 700 eV to the first
minimum post the Fe L; white line to an arctan step function and four
Gaussian lines. The diagram contains the experimental data (circles),
the fitted curve (solid line through the circles) and the four different
Gaussian lines (grey shaded peaks)

Regression with standard spectra

Since the Fe’* and Fe’" L; edges are well separated in
energy, it is possible to determine Fe’*/ZFe ratios by
fitting reference spectra to the experimental Fe Ly;
edges. This has been demonstrated by Cressey et al.
(1993) using spectral simulations representing mixtures
of Fe d° and Fe & states as reference spectra and fitting
them to the Fe L,; XANES from a number of phases
(spinel, amphibole, Fe-containing glass and amethyst).
Van Aken (1995) and Garvie and Buseck (1998) ap-
plied this method successfully to Fe L,; ELNES by
fitting experimental reference spectra. Any Fe L;
spectrum M(AFE) can be described as a linear combi-
nation of two reference spectra S;(AE) and S,(AE)
from samples with known Fe'" /ZFe ratios according
to Eq. (4):
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Fig. 6 Linear relationship between the relative integral intensity of the
first peak 707.8 eV with respect to the integral intensity of all four
Gaussian lines versus Fe*/=Fey;, for garnets, spinels and pyroxenes.
The solid line is the linear best fit for the data

(Eq. 1). Garvie and Buseck (1998) used a straight line
with a positive slope between 705 and 730 eV instead,
which is an empirical assumption without physical
basis, since the intensity of 2p electron excitations to
unoccupied continuum states can be described in a
first-order approximation as a step function. Further-
more, with increasing energy loss, the scattering cross-
section of these transitions decreases and does not
increase linearly. The procedure presented here uses
two parameters, ¢« and b, where the Fe L; reference
spectra normalized to their integral intensity are fitted
to the normalized Fe L; spectrum of the phase with
unknown Fe’'/ZFe ratio. We restricted the fitting
range to the Fe L; edge only, from 703 to 717 eV, in
order to minimize the deviation between the Fe’ " /ZFe
ratio determined from the fitting procedure and the
published value. The unknown Fe*" /ZFe(M) ratio of
a sample can be calculated from the parameters a and
b following Eq. (5), where Fe’*/ZFe(S;) and Fe’™"/
2Fe(S,) are the ferric iron concentrations of the re-
ference compounds.

M(AE) ) Si(AE) ‘b S>(AE) )
AE=T17eV - AE=T17eV AE=T17eV
ar—103ey M (AE)d(AE) ar=103ev S1(AE)d(AE) ar=103ev S2(AE)d(AE)
For the fitting procedure, the d-like component of the Fg3+ a FeXt b Fext
spectrum, representing the Fe L; white line, must be 5 (M) = T+ SFe (S1) 5 TFe ($2) (5)

isolated from the continuum background intensity
applying an arctan function as defined in the section
above Total integral Fe L,; white-line intensity ratio

The quality of this fitting procedure largely depends on
the constancy of the Fe Lj-edge shapes in different
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materials and environments. Since a large set of stan-
dard samples for different mineral groups was available,
reference spectra were always chosen from the same
mineral group as the compound with unknown Fe’"/
XFe ratio. Figure 7a,b illustrates typical examples,
where the Fe L; spectrum of the garnet ands;skg; with
Fe’ ' /ZFe = 0.514 (published value, cf. Table I and
Fig. 1a) is fitted with the garnet reference spectra of aly;
and and;q (Fig. 7a) and of and,,sk;g and and;,skog
(Fig. 7b). Although the residuals in Fig. 7a are quite
large, the energy position and height of the maxima in
the spectral analysis procedure are described well by the
reference spectra, resulting in Fe® */ZFe = 0.537 with a
goodness of fit of ¥ = 0.967 and 3> = 4.96. These results
are improved enormously when reference spectra of
compounds with similar chemical composition and
Fe®/ZFe are used in the fitting procedure as in Fig. 7b,
where the difference A(Fe**/ZFe) = 0.015 between the
calculated ferric iron concentration of Fe’"/ZFe =
0.529 and the published value is smaller than in Fig. 7a.
A(Fe*/ZFe) = 0.023. Furthermore, the residuals are
effectively minimized, which is expressed by an improved
goodness of fit of r* =0.998 and y* = 0.16. Thus, mi-
nerals with Fe’* and Fe’* show Fe L; spectra that are
linear combinations of the separate Fe>” and Fe®" L;
spectra, thereby allowing Fe? “/XFe to be determined.
For all investigated samples and mineral groups, we find

o

normalised intensity (arb. units)

715

710
energy loss AE (eV)

705

Fig. 7a, b The experimental Fe L; spectrum of ands;skes (circles), the
corresponding fit (solid lines) using the Fe L; spectra a of aly; and
and, g, and b of and,,sk7g and and,skog as reference spectra, and the
differences between the experimental and fitted spectra (dotted lines)
are superimposed at the same scale

a very good agreement between the expected and cal-
culated Fe® "/ZFe ratios with average deviations between
A(Fe**/ZFe) = 0.01 — 0.02. These deviations are smal-
ler by a factor of 5 to 10 than the procedure used to
determine Fe®"/EFe ratios proposed by Garvie and
Buseck (1998), since they have observed maximum ab-
solute deviations of A(Fe’*/ZFe) = 0.1.

Error evaluation and error sources

The results of the Fe®/SFe determination by the three
independent Fe L,; EELS analysis procedures (universal
curve, peak fitting and fitting of reference spectra) are
shown in Figs. 8 and 9a—c. For the error evaluation in
Fe?"/Fe determination, the Fe L.; spectra of all stan-
dard samples were used for both calibration and esti-
mation of errors. In Fig. 8, the Fe''/SFe ratios
determined by EELS and the published Fe® Y/ZFe data
are compared for which the data points lie on or at least
very close to the 1:1 correlation line. In order to evaluate
the absolute error in Fe’" /ZFe determination for the
three different methods, the residuals between the cal-
culated and published Fe’'/ZFe values, defined as
A(Fe*"/EFe) = |Fe® {/ZFepg s-Fe® Y/ZFey |, are shown
in Fig. 9a—c. The smallest errors are obtained for the
reference spectra fitting method (Fig. 9a), where the
maximum deviation from the published value is A(Fe*”/
YFe) = 0.022. The mean value of A(Fe®'/ZFe) is
7.5%x 1072, with a statistical standard deviation of
7.5%x 107 as indicated in Fig. 9a by the solid and
dotted lines, respectively. Although the highest deviation
for the peak fitting procedure amounts to about
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Fig. 8 Comparison of Fe*'/SFe ratios determined by the three
independent Fe L,; EELS analysis procedures (universal curve, peak
fitting and reference spectra fitting) and published results (cf. Table 1).
All data lie within the errors on the 1:1 correlation line



A(Fe*/ZFe) = 0.04 (Fig. 9b), the mean value and the
standard deviation of A(Fe®"/ZFe) are in an acceptable
range, with 0.012 = 0.011. The application of the
universal curve exhibits the largest differences for
A(Fe* ™ /2Fe) with a maximum of 0.05 and a mean value
of 0.015 £+ 0.012 (Fig. 9¢). The last method was per-
formed for all investigated samples, instead of the first
two procedures, where only the Fe L; ELNES of garnet,
pyroxene and spinel samples were analyzed. Although
the errors are slightly higher in the use of the universal
curve, this method is a straightforward way to determine
Fe’ Y/ZFe ratios, since no reference spectra have to be
measured and no complicated fitting procedures have to
be performed. The universal curve can be used for the
quantitative determination of Fe’*/ZFe ratios without
knowledge of sample composition or crystal structure.
Hence, materials as diverse as extremely fine-grained
materials like clay minerals in environmental sciences, or
microstructure assemblages, like exsolutions and inclu-
sions in petrology, and also the ferric iron character-
ization in amorphous materials (e.g. glasses) can be
studied, since the crystallinity of the mineral has little
effect on the shape of the Fe L, ; edges (Cressey et al.
1993; Garvie et al. 1994).
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Fig. 9a— Comparison of the residuals |Fe3 * [SFepp s Fe* /EFey|
with Fe* /SFey, for the three Fe’" /ZFe quantification procedures:
a fitting of reference spectra, b peak fitting and ¢ universal curve. The
mean value (solid lines) and the statistical standard deviation (dotted
lines) are shown for the three methods
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Sources of error in the determination of Fe®'/XFe
ratios are difficult to eliminate, since they include the
available energy resolution of the Fe L,; ELNES which
is determined by TEM-EELS system, the signal-to-noise
ratio of the spectra, possible beam damage of the sample
and the mathematical treatment of the data (subtraction
of the background, deconvolution of the multiple scat-
tering, removal of the continuum background intensity
under the Fe L,; white lines and the method for the
determination of Fe’'/ZFe ratios itself). Furthermore,
Gloter et al. (2000a) observed orientation-dependent
effects of the Fe L,; egdes of aluminium-doped brown-
millerite, which they interpreted as natural linear
dichroism caused by internal axial components of the
crystal field of octahedrally coordinated Fe**. Due to
this dichroic observation, they questioned the accuracy
of quantitative methods to measure ferrous/ferric ratios
(Garvie and Buseck 1998; van Aken et al. 1998), since
the specific effect of dichroism on the Fe®/ZFe calcu-
lation reaches 16% for Ca,(Alyg7Feq33),05 (Table II in
Gloter et al. 2000a). We will, however, demonstrate here
that it is possible to overcome this problem.

Linear dichroism

Since its prediction by Thole et al. (1985) and observa-
tion by van der Laan et al. (1986), XAS dichroism has
proved to be an impressive tool in the characterization
of anisotropic materials. In linear dichroism, the ab-
sorption of linearly polarized radiation varies between
two contrasting directions. It is commonly observed in
anisotropic crystals, where the site symmetry of e.g. 3d
transition metals is decreased and the charge distribu-
tion associated with the transition metal cation becomes
distorted. Natural linear dichroism can be present in
the absence of a magnetic exchange field, reflecting
anisotropy of the ground state 3d charge distribution
due to crystal-field interaction (see, e.g. Schofield et al.
1998 and references therein). Magnetic linear dichroism
is used to determine the magnetic moment of 3d tran-
sition metals and rare earth ions in (anti)ferromagnetic
and ferromagnetic materials (see, e.g. van der Laan et al.
1986; Kuiper et al. 1993). XAS linear dichroism is
generally defined as the difference of the spectra Al = I, —
I, where I, and [, are the spectra collected with
polarization perpendicular and parallel to the principal
axis, respectively.

In EELS, the situation differs slightly from XAS,
since an electron energy-loss spectrum consists of ex-
citations with the electron momentum transfer ¢ parallel
and perpendicular to the incident electron beam direc-
tion, whereby the relative weight of the two contribu-
tions depends on the experimental conditions «,  and
0. o and f are the convergence and collection semi-
angles, respectively, and O is the characteristic inelastic
scattering angle (Egerton 1996). In EELS, the measured
spectrum I(¢) at a tilt angle ¢ between the principal axis,
e.g. crystallographic ¢ axis, and the incident electron
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beam direction is a linear combination of /, and [ (e.g.
Menon and Yuan 1999). A comparison of the measured
Fe L,; ELNES for scattering geometries with ¢ = 0°
and ¢ = 90° (cf. Fig. 6a and b in Gloter et al. 2000a)
leads to the maximum dichroism signal which can be
observed in EELS. The spectra for ¢ = 0° (Eq. 6a) and
¢ = 90° (Eq. 6b), respectively, can be decomposed as:

](([)ZOO):(J)'I‘|+(1—CL))~IJ_ (63.)
Hp=90) =1, + (1 —w) (I +1))/2 , (6b)

where o is the proportion of transitions with ¢ parallel
to the incident electron beam direction, the so-called
parallel weighting fraction. Thus, the EELS linear
dichroism Al (Eq. 7) can be written as

Al =1(p =0°) —I(p =90°)
=(1-3-0)-(IL-1)/2, (7)

and the resulting dichroism signal is only a part of the
maximum difference spectrum attainable in XAS linear
dichroism (/; — /;). In order to obtain an isotropic
measurement of the Fe L,; ELNES and to determine
“isotropic” Fe® "/EFe ratios, Eq. (7) predicts the use of
experimental conditions with o = 1/3. Gloter et al.
(2000a) write in their manuscript: *“... Nevertheless, the
illumination conditions required to achieve this value
are inadequate for a nanometre-scale analysis, and then
cannot be used.” This statement, however, is not correct,
as will be pointed out in the following paragraph.

For our experimental conditions, i.e. o = 2.6 mrad,
f = 7.0 mrad and an energy loss of AE =710 eV at an
incident electron beam energy of E, = 120 keV with a
concomitant characteristic scattering angle for the Fe
L»; edge of 0 = 3.3 mrad, the parallel weighting frac-
tion w is calculated for variable tilt angles ¢ using
Egs. (9a—) and (10) from Menon and Yuan (1998).
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Fig. 10 Parallel weighting fraction @ as a function of tilt angle ¢
between the incident electron beam direction and the principal axis for
following experimental conditions: solid line o = 2.6 mrad, = 7.0
mrad; dotted line « = 10 mrad, f = 15 mrad and 6z = 3.3 mrad. At
the magic angle ¢, = 54.7° (black dot), the parallel weighting
fraction is v = 1/3

Under these experimental conditions, the parallel
weighting fraction reaches its maximum value with
o =48% for ¢ =0° and decreases to w = 26% for
@ = 90° (solid line in Fig. 10). At a magic tilt angle of
@y = 54.7° between the principal axis and the incident
electron beam direction, the parallel weighting fraction
becomes w = 1/3, and hence, the Fe L; ELNES, mea-
sured at ¢,, = 54.7°, corresponds to an isotropic spec-
trum. This geometric relation has already been described
for isotropic XAS measurements by van der Laan et al.
(1986) and Schofield et al. (1998). Table II in Gloter
et al. (2000a) describes the Fe®'/ZFe ratio for
Ca,(Aly ¢7Feg 33),05 as a function of tilt angle ¢ with the
¢ direction, where Fe®" /ZFe = 0.95-0.91 for ¢ = 45°
and Fe’ " /ZFe = 0.90 for ¢ = 60°. The Fe’ " /ZFe ratio
determined by the isotropic Fe L,; edge yielded 0.91
(Table I in Gloter et al. 2000a). This value is located
between the two Fe® * /ZFe ratios determined at ¢ = 45°
and 60°, and corresponds to an Fe’/ZFe ratio de-
termined from an Fe L,; spectrum measured at the
magic angle ¢,, = 54.7°. As a consequence, in the case
of highly anisotropic materials, the dichroic effect can be
minimized or becomes zero, when the isotropic Fe L;;
ELNES is measured at this magic angle, in order to
determine the “isotropic” Fe®" /ZFe ratio. This proce-
dure, however, requires the exact knowledge of the
crystallographic directions where maximum dichroic
effect can be observed. Hence, for an unknown sample,
it will be necessary to make several orientation-depen-
dent measurements in order to exclude or minimize
possible dichroism. Another possibility to minimize or
overcome dichroistic effects is to increase the illumina-
tion and acceptance semiangles o and 5. For example, if
the semiangles are chosen as o= 10 mrad and
f =15 mrad, then the parallel weighting fraction is
calculated to w(¢p = 0°) =0.32338 and w(p = 90°) =
0.33536 (dashed line in Fig. 10) with only minor devia-
tion from the value for an isotropic spectrum (w = 1/3).
Under these measuring conditions, one also would ob-
tain an “isotropic” Fe L,; spectrum.

Conclusions

We have shown that the EELS fine structures of the Fe
L»; edges are largely controlled by the valency state of
iron and, to a lesser extent, by the coordination number.
A detailed experimental Fe L,; ELNES investigation of
synthetic solid solutions of garnets, pyroxenes and spi-
nels, as well as of a large number of natural and other
synthetic samples (cf. Table 1), allows qualitative dis-
tinction between ferrous and ferric iron by means of Fe
Ly;-edge fingerprints. We have presented different
methods for quantitative determination of Fe’"/ZFe
ratios using the various details of the Fe L,; near-edge
structures.

The total integral L;:L, white-line intensity ratios
display only small differences for ferrous and ferric iron,
resulting in high absolute errors for the Fe’'/ZFe



determination of about +£0.10 to +£0.15. The method of
the modified integral intensity ratio of the Fe L,; white
lines employing two 2-eV-wide integration windows
leads to a universal behaviour for all investigated samples
and mineral groups, resulting in acceptable absolute er-
rors of about +0.04 for Fe’'/ZFe ratios. Another
method employs a simple mathematical modelling of the
valence-dependent splitting of Fe L; ELNES by fitting
several Gaussian functions and an arctan function. The
systematic analysis of the integral portions of the in-
dividual Gaussian curves for different mineral groups
provides a further Fe® ¥ /Fe quantification method, with
an absolute error of about £0.02 to £0.03. The linear
regression with Fe Lj; reference spectra yields the best
results, with the lowest absolute errors in Fe® " /ZFe of
+0.02.

Once the Fe’"/SFe ratio is determined from the
universal curve, two optimum reference spectra can be
chosen among the large set of Fe L; ELNES spectra of
the investigated samples, where the Fe® " /ZFe ratio of
the unknown sample lies between the values of the re-
ference samples and the chemical compositions of the
reference and unknown samples are nearly identical. As
a consequence, this method becomes the most powerful
tool for the quantitative determination of Fe’®/ZFe
ratios. Anisotropic effects and orientation dependence of
Fe L,; ELNES spectra, like natural linear dichroism in
brownmillerite (Gloter et al. 2000a) and magnetic linear
dichroism in hematite (Menon and Yuan 1999), can be
minimized or even become zero, when the spectra are
measured at the magic angle ¢, = 54.7° between the
principal axis and the incident electron beam direction,
in order to obtain “isotropic” Fe®* /ZFe ratios.
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