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Evidence of charge ordering of Fe21 and Fe31 in magnetite
observed by synchrotron X-ray anomalous scattering
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ABSTRACT

Synchrotron anomalous scattering experiments with X-ray wavelengths at the Fe K ab-
sorption edge have made it possible to distinguish between ions having different valence
states in magnetite at low temperatures. Using a large difference in anomalous scattering
factors between Fe21 and Fe31, the valence-difference contrast method was applied for the
intensity measurements of fundamental and superlattice reflections of magnetite at low
temperature. Reflections with half-integer indices, such as 0 4 7⁄2 and 4 4 9⁄2, were observed
at 102 K, showing that magnetite transformed to a lower symmetry form. The energy
dependence in the diffracted intensity was clearly observed at the Fe K-edge for the 0 4
7⁄2 superlattice reflection at 102 K. A sharp minimum of the normalized intensity at E 5
7.122 keV was explained by the valence contrast between Fe ions occupied in the respec-
tive upper and lower parts of the double cell. Thus, our results strongly suggest the exis-
tence of charge ordering between ferrous and ferric ions in magnetite at low temperatures.

INTRODUCTION

X-ray anomalous scattering techniques using tunable
synchrotron radiation are suited for determining the elec-
tronic structure of a crystal. The X-ray atomic scattering
factor can be described as f 5 f0 1 f9 1 if0 where f0 is
the Thomson scattering term and f9 and f0 are real and
imaginary parts of anomalous scattering factors, respec-
tively. At the energy region of the X-ray absorption near-
edge structure (XANES), the change of the energy levels
in electrons gives a chemical shift up to several eV be-
tween different oxidation states. The chemical shift is
about 5 eV between Fe21 and Fe31 ions that are octahe-
drally coordinated O atoms. Absorption by the resonant
element is related to f0, whereas f9 can be theoretically
transformed from f0 by a Kramers-Kronig relation. A
breakthrough on valence contrast studies appeared when
the anomalous scattering factors were calculated from the
observed absorption data with relatively accurate values
for X-ray beams and crystals. Many attempts have been
made with X-ray diffraction analysis for mixed-valence
compounds such as Eu3O4 (Attfield 1990), YBa2Cu3O61x

(Kwei et al. 1990), GaCl2 (Wilkinson et al. 1991), a
Fe2PO5 (Warner et al. 1992), (m-dioxo Mn-(2,29-bipyri-
dyl) 2) 2 (BF4) 3·3H2O (Gao et al. 1992), and NbSe3 (Gao
et al. 1993). Specifically, f9 at l 5 1.7415 Å is remarkably
different for having the values of 29.07 and 27.10 for
Fe21 and Fe31, respectively (Sasaki 1995).

Because the X-ray determinations depend on differ-
ences in atomic scattering factors, a large difference in f9
allows oxidation states to be distinguished with higher
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accuracy in the valence-difference contrast (VDC) meth-
od. This relatively new technique to survey different ox-
idation states has high potential for determining an elec-
tronic structure but its accuracy during practical use
remains in dispute. An effective and direct use of the
VDC method was reported on the observation of the dif-
fuse scattering related to the valence fluctuation in mag-
netite, Fe3O4 (Toyoda et al. 1997). The VDC method can
clearly distinguish Fe21 ions from Fe31 in X-ray diffuse
intensities at the Fe K absorption edge. On the iso-dif-
fusion surface around a 440 reciprocal lattice point of
magnetite at l 5 1.7425 Å, the horn-like diffuse streak
pattern elongating along the [110]* was clearly observed
at 150 K but disappeared at room temperature. Similar
diffuse streaks were reported in neutron and electron dif-
fraction (Shapiro et al. 1976; Chiba et al. 1975) but origin
of the streaks differ from the X-ray case. The neutron
diffuse streaks were interpreted by introducing a molec-
ular polaron model with the local displacement of O at-
oms (Yamada et al. 1979). The X-ray diffuse streaks,
which disappeared when the valence contrast was re-
moved, were explained as a partial charge ordering of
Fe21 and Fe31 in the ratio of 1:3 (or 3:1) along [110]
(Toyoda et al. 1997).

High electric conductivity of magnetite at room tem-
perature is due to hopping in a mixed-valence state where
the continuous interchange of electrons exists between
Fe21 and Fe31 in the B sites. As the result of freezing of
the electron hopping, magnetite transforms to a lower
symmetry form below the Verwey transition temperature
(TV ù 123 K). Although the low-temperature transition is
a typical metal-insulator one, understanding of the tran-


