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abStract

The iron oxides hematite, magnetite, and goethite were studied with density functional theory to 
establish a consistent set of structures for both the bulk mineral and key surfaces, characterize sur-
face relaxation, and predict and test calculated scanning tunneling microscopy (STM) images. Spin-
polarized, plane-wave pseudopotential calculations were carried out on recognized terminations of the 
hematite (0001) and goethite (010) surfaces and on two terminations of magnetite (111), derived from 
bulk structures optimized with the same simulation parameters. In the bulk, geometry optimizations 
having different spin configurations were compared, to find that even without an on-site Coulomb 
correction, the expected spin states were found to have lowest energy: antiferromagnetic in hematite 
and goethite and ferrimagnetic in magnetite. However, magnetite shows a conducting minority spin. 
All four surfaces showed structural relaxation consistent with previous work. The ½-monolayer 
termination (octahedral and tetrahedral Fe) of magnetite (111) underwent slightly more relaxation 
than the ¼-monolayer termination, with consequently lower surface energy. A calculated STM im-
age for ¼-monolayer magnetite is compared to an observed image at positive bias and suggests that 
the tetrahedral Fe dominates the image. STM images are predicted for hematite and goethite to aid 
interpretation of future experimental work.
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introduction

The oxide and (oxy)hydroxide minerals of Fe are of great 
importance, both as resources and as materials of environmen-
tal significance. For example, hematite and magnetite are the 
dominant minerals in the banded iron formations that are the 
sources of most of the world iron production, and they are com-
monly important accessory minerals in igneous, metamorphic, 
or sedimentary rocks (Craig and Vaughan 1994). The Fe (oxy)
hydroxides, as well as being weathering products of the oxides 
and other Fe-bearing minerals, are produced by the breakdown 
of Fe sulfides. Commonly, they occur as very fine particulate 
materials in so-called “acid mine drainage” settings where they 
contaminate streams and rivers and may transport significant 
amounts of toxic elements (As, Cd, Hg, etc.) into the environ-
ment (Jambor and Blowes 1994). Magnetite is also by far the 
most important mineral in rock magnetism and paleomagnetism 
studies. The synthetic analogues of the Fe oxides also have 
important technological applications. 

Much is already known about the bulk and surface chemistry 
of these materials from both experimental work and computer 
modeling studies. See, for example, the excellent reviews of 
the crystal chemistry of oxides and oxyhydroxides in bulk by 
Waychunas (1991), and of oxide surfaces by Henrich and Cox 
(1994) and Al-Abadleh and Grassian (2003), and observations 
concerning magnetic properties of microcrystalline Fe oxides 
by Murad (1996). Currently, there is considerable interest in 

understanding the ways in which certain of the Fe oxide minerals, 
such as hematite and goethite, are able to act as terminal electron 
acceptors for anaerobic bacteria through charge transfer reactions 
(Lovley et al. 1987, 1991; Lovley and Phillips 1988; Lloyd et 
al. 2000; Lloyd 2003; DiChristina et al. 2005). Certain bacteria, 
such as members of the Geobacter and Shewanella families, 
are known to couple the reduction of Fe(III) to Fe(II) with the 
oxidation of organic matter (Arnold et al. 1988). Such action 
may, on the one hand, be beneficially employed for the clean-
up of organic contaminants from groundwater but, on the other 
hand, may cause problems through the release of toxic heavy 
metals bound to the insoluble oxides when they are reduced to 
the relatively soluble ferrous form.

Motivated by a desire to contribute to a better understanding 
of the surface chemistry and reactivity of major Fe oxide/(oxy)
hydroxide minerals and, ultimately, the mechanisms involved in 
microbially mediated redox reactions involving them, we present 
computational studies of the bulk crystal and electronic structures 
of hematite, magnetite, and goethite. Having established their 
validity by comparison with published experimental data, we 
go on to model the structures of key surfaces of those phases. 
The predicted surface structures are used to calculate scanning 
tunneling microscope (STM) images (with comparison to experi-
ment where possible). 

There is a very long history of computational studies of the 
Fe oxides, and no attempt is made to review all of this work 
here. Earlier studies ranged from cluster molecular orbital cal-
culations on hematite and mixed-valence Fe oxides (Tossell et 
al. 1974; Sherman 1986) to an ab initio Hartree-Fock approach * E-mail: michele.warren@physics.org


