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Direct determination of cation site occupancies in natural ferrite spinels by L2,3 X-ray
absorption spectroscopy and X-ray magnetic circular dichroism
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ABSTRACT
Cation distributions in natural ferrite spinels, some containing large amounts of Mg, Ti, Mn, and
Zn, have been investigated using the element-, site-, and symmetry-selective spectroscopic techniques
of L2,3 X-ray absorption spectroscopy (XAS) and X-ray magnetic circular dichroism (XMCD). By
comparing XMCD data with calculated spectra, the site occupancies of the Fe cations have been determined. From the analysis of natural ferrite spinels with formulae very close to that of pure magnetite
(Fe3O4), a standard XMCD spectrum for natural magnetite is proposed. Magnetites with small numbers of cation vacancies due to oxidation (solid solutions with maghemite, γ-Fe2O3) show that all the
vacancies occur in octahedral sites. Ti L2,3 XAS of oxidized Ti-bearing magnetites (hereafter referred
to titanomagnetites) shows that Ti is tetravalent occurring on the octahedral site with 10Dq ~2eV; Fe
L2,3 XMCD spectra indicate that the vacancies occur in both tetrahedral and octahedral sites. Mn L2,3
XAS of the Mn-rich ferrite spinels shows that Mn is predominantly ordered onto the tetrahedral site
with an Mn2+:Mn3+ ratio of 0.85:0.15. Mn- and Zn-rich ferrite spinels have an excess of cations over
3.0 per 4-oxygen formula unit. The sign of the XMCD for Mn corresponds to a parallel alignment of
the Mn moments with the Fe3+ moments in the tetrahedral sublattice.
This work demonstrates clearly that combined XAS and XMCD provides direct information on
the distribution of multivalent cations in chemically complex magnetic spinels.
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Magnetite (Fe Fe O4) is the most abundant member of the
spinel group of minerals. It is present throughout the Earth’s crust
and uppermost mantle and is the main contributor to rock magnetism (O’Reilly 1994). Fe2+ and Fe3+ in natural magnetite can
be replaced by other metallic cations, often with the same charge
and similar ionic radius, to form substitutional series (Fe-bearing
spinels are called ferrite spinels). A wide range of stoichiometries
occurs naturally, e.g., titanomagnetite Fe3+(Fe2+,Fe3+,Ti4+)2O4,
franklinite (Zn 2+ ,Mn 2+ )(Fe 3+ ,Mn 3+ ) 2 O 4 , magnesioferrite
Mg2+Fe3+2O4, and jacobsite (Mn2+,Fe2+)(Mn3+,Fe3+)2O4; these form
under a variety of conditions including magmatic, metamorphic,
metasomatic, and hydrothermal.
Spinels are among the most important ferrimagnetic materials
for industrial applications, including data storage, transformers, and antennae (Smit and Wijn 1959). The magnetoresistive
properties of spinels have been of recent interest in the area of
spin electronics (Coey et al. 1998). According to band theory,
Fe3O4 is a half-metal above the Verwey transition temperature
TV (~120 K), i.e., its minority-spin electrons are conducting,
whereas the majority-spin electrons are insulating. Below TV,
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charge-ordering of the octahedral Fe site has been suggested
from reÞnements of X-ray and neutron diffraction data (Wright
et al. 2001), implying that the 3d electrons have a strongly localized character. The latter has been conÞrmed by X-ray magnetic
circular dichroism (XMCD), giving an orbital magnetic moment
of 0.65 μB per Fe3O4 formula unit (Huang et al. 2004), and hence
no indication for a quenched moment, as in itinerant systems.
In addition, research into the properties of natural ferrite spinels
is of petrological and mineralogical interest because their intracrystalline cation ordering provides petrogenetic information
on the temperature and oxygen fugacity of mineral formation
(Buddington and Lindsley 1964; Frost 1991a, 1991b).
Analysis of cation distribution in the structures of natural
spinels is complex due to difÞculties in assigning the cations to
the octahedral and tetrahedral sites. Accurate determination of
Fe3+:Fe2+ concentration in natural spinels is also problematic.
Therefore, the site occupancies of cations in spinels tend to be
studied using a combination of several complementary methods.
These include X-ray and neutron diffraction, which can be used
to probe cation ordering in minerals based on the difference in
scattering properties of the elements present in the different
sites. Using these techniques, the cation site occupancies can
only be determined unambiguously for binary mixtures and
they are not well suited to the analysis of chemically complex

