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First-principles calculation of the infrared spectrum of hematite
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Abstract
The theoretical infrared spectrum of hematite (α-Fe2O3) was computed using ab initio quantum
mechanical calculations. Frequencies of the normal vibrational modes and Born effective charges
were computed using the density functional theory (DFT) with and without the addition of a Hubbard
U correction. The infrared reflection spectra of a single crystal of hematite were calculated as well
as the infrared powder absorption spectrum using an electrostatic model that takes into account the
shape of hematite particles. The theoretical behavior of the absorption bands is in agreement with
experimental observations and provides a firm basis for the interpretation of the bands in term of
vibrational modes. Overall, results suggest that the use of DFT + U, which is necessary to describe
correctly the electronic and magnetic properties of hematite, does not improve noticeably the prediction of vibrational properties.
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Introduction
Divided minerals occurring in low-temperature environments
are often involved in bio-geochemical and bio-mineralization
processes and can act as substrates for the adsorption of organic
molecules and trace elements. In these environments, several
generations of a given mineral can form as a function of the
variations or fluctuations of the physical-chemical conditions
(Muller et al. 1995). Specific features (e.g., structural defects,
impurities, isotopic composition, and particle shape) make it
possible to identify these different generations on the basis
of objective criteria. To this end, the vibrational properties of
minerals deserve special attention because they enable the identification of specific defects using IR or Raman spectroscopy
(e.g., Balan et al. 2007) and control some of the thermodynamic
properties of crystals, including those determining their isotopic
composition (e.g., Méheut et al. 2007). This use of vibrational
spectroscopic methods is supported by the advances made in the
first-principles modeling of crystals, which have been recently
applied to major clay minerals and aluminum hydroxides (Balan
et al. 2001, 2005, 2006, 2008).
Unfortunately, limitations related to the density functional
theory occur when considering Fe oxides and Fe-bearing compounds, which are major phases of many geological environments. These minerals are indeed deeply involved in redox and
bio-geochemical processes and magnetic oxides are able to
record the fluctuations of the Earth’s magnetic field over geologic
times (e.g., Théveniaut and Freyssinet 1999). The spectacular red
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to yellow colors of tropical soils can also be ascribed to the occurrence of finely divided Fe oxide particles, hematite (α-Fe2O3)
and goethite (FeOOH), respectively (Fritsch et al. 2005).
Hematite, the most common of all Fe oxides, is an insulator
with a corundum-type structure. The width of its band gap (2
eV; Mochizuki 1977) is the result of the strong on-site Coulomb
repulsion that occurs between the Fe 3d electrons. This feature
is a challenge for theory and recent computational work has
demonstrated that methods beyond the regular density functional
theory (DFT) are needed to describe correctly the structural,
electronic, and magnetic properties of hematite (e.g., Punkkinen
et al. 1999; Bandyopadhyay et al. 2004; Rollmann et al. 2004;
Velev et al. 2005). All these studies took into account the electron correlations by adding a Hubbard U correction (DFT + U).
However, while the effect of this U parameter on the electronic
and magnetic properties of bulk hematite is well documented, no
first-principles study of the vibrational properties has been done
so far. To our knowledge, the only phonon calculation available
is reported by Chamritski and Burns (2005), who employed
an atomistic simulation method with interatomic potentials.
Experimentally, the frequencies of the infrared normal modes
and the optical constants have been determined from reflection
and thermal emission spectra using dispersion theory (Onari et
al. 1977; Glotch et al. 2006). Several works have also focused
on the effect of particle size, shape, and orientation on hematite
infrared spectra (e.g., Rendon and Serna 1981; Serna et al. 1987;
Wang et al. 1998).
In this paper, we present the first theoretical infrared spectrum
of an Fe oxide computed using first-principles methods. This
work compares the results obtained from DFT and DFT + U
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