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ABSTRACT

Scanning tunneling microscope (STM) images and scanning tunneling spectroscopy
(STS) spectra of hematite (a-Fe203) surfaces were calculated using ab-initio methods, not
only to interpret experimentally collected STM data, but also to gain insight into atomic
level changes in electronic structure that are associated with heterogeneous surface
reactions.

The electronic structure and wave functions inside the studied crystal were obtained as
a periodic solution of the SchrOdinger equation by using the program Crystal92. STM
images and STS spectra were calculated by applying a technique similar to the Tersoff
and Hamann (1985) method.

Experimental STM images of the upper valence band of hematite (001) surfaces, cleaved
in air, show a periodic array of bright spots that differs slightly from the 0-0 separation
in the bulk. However, our calculations show that these spots are located at the Fe positions
of the surface Fe atoms and above the Fe atoms between the first and second hexagonally
close-packed

°
layers. The calculated STS spectra for tip positions above the three non-

equivalent Fe positions show significant differences, in particular because the contribution
of

°
2p-like and Fe 3d-like states changes with the distance between the tip and the

respective Fe atom underneath.
Hematite crystals that were used to obtain STM images experimentally in previous

studies were cleaved in air, and the presence of adsorbed H20 and O2 was considered in
this study. Calculations that optimize the surface atomic arrangement with respect to total
energy of the slab indicate that Hp and O2 adsorbed to the surface have binding energies
too low to withstand the dragging force and the electric potential applied during the scan-
ning process. In addition, only calculations of STM images of fresh hematite surfaces
exactly mimic the periodicity of high electronic density spots, as observed in experiments.

STS spectra calculated for equivalent Fe positions on terraces and near steps show the
increased electron density of the top of the valence band for step sites, which is experi-
mentally observed as higher intensities of bright spots at steps.

These calculations show that the local electronic structure of surfaces can be very dif-
ferent from bulk electronic properties and that conclusions drawn from cluster calculations
representing the bulk can be misleading. In addition, this theoretical approach helps to
explain the increased reactivity at specific sites on hematite, such as steps and kinks, in
terms of the electronic surface structure of this mineral.

INTRODUCTION AND BACKGROUND

The electronic structure of hematite (a-FeP3) has been
studied over the years (e.g., Tossell et al. 1973, 1974;
Sherman 1985; Fujimori et al. 1987) to permit interpre-
tation of XPS and UPS spectra (e.g., Kurtz and Henrich
1983, 1987; Lad and Henrich 1989a, 1989b; Ciccacci and
De Rossi 1991), X-ray fluorescence spectra (e.g., Kawai
et al. 1994), X-ray emission and absorption spectra (Dra-
ger et al. 1992), and ultraviolet and infrared absorption
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spectra (e.g., Sherman and Waite 1985), and to under-
stand the bonding mechanisms and magnetic properties
of iron oxides (e.g., Vaughan and Tossell 1978; Tossell
and Vaughan 1992; Henrich and Cox 1994). These stud-
ies provide information about bulk properties and surface
properties averaged over relatively large volumes and sur-
face areas. However, surface reactions often occur in a
highly nonuniform way across the surface (e.g., Hochella
1990, 1994). For instance, Junta and Hochella (1994)
found that aqueous MnH oxidizes and precipitates on he-
matite {001} surfaces starting at steps before manganese
oxides grow from these sites to eventually cover the ter-
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FIGURE 1. Top and side views of a hematite surface-slab
model with relaxed surface atoms. This slab was used for Crys-
tal92 calculations. The side view represents the actual thickness
of the slab used for the calculations. The slab is infinite perpen-
dicular to the [00 I] axis (i.e., to the left, right, top, and bottom
in the top view). The labels A, B, and C stand for Fe,'ow,Fe~igh'
and Fe~,w' respectively. The top view shows nonequivalent Fe
atoms with varying sizes depending on their distance from the
surface (Feiowbeing the largest, F~,w the smallest). The symbols
Cl and i3 in the side view represent the spin symmetry of the
antiferromagnetic spin configuration. The side view also shows
the most significant relaxation feature, which is the Fe,'owatoms
being attracted toward the center of the slab by 0.48 A.

races completely. This is a good example of why it is
necessary to examine experimentally and theoretically the
electronic structure of flat surfaces and to compare them
with specific sites, such as steps, kinks, and defects. With
the knowledge of the properties of these sites, it may be
easier to predict environmentally relevant metal-partition-
ing reactions, e.g., for the removal of metals from surface
or ground waters. These reactions are also important for
the purification of drinking water (e.g., Knocke et al.
1990). In addition, studies of the electronic and magnetic
surface structures of iron oxides can help to explain the
properties of iron oxides used in magnetic data-storage
devices (Masai et al. 1994).

Only a few studies have been performed to image iron
oxide surfaces at an atomic or near-atomic level using
scanning tunneling microscopy (STM) (Zeng-Jun and
Jun-Jue 1992; Eggleston and Hochella 1992; Eggleston
et al. 1992; Eggleston and Stumm 1993; Masai et al.
] 994; Condon et al. ] 994; Lennie et al. ] 996). However,

interpretations of these images have remained ambiguous
because the assignment of sites with high electronic den-
sity in the upper valence band to particular atoms or to
specific atomic orbitals had to be deduced from cluster
or bulk molecular orbital (MO) calculations (e.g., Sher-
man 1985; Fujimori et al. ]986, ]987). Some assignments
were undertaken by comparing the periodicity of bright
spots in the experimental STM image to the periodicity
of atoms in the unrelaxed surface geometry.

In this study, we present calculations of STM images
of hematite {001} surfaces that can be directly compared
with experimentally obtained images. If theoretical STM
images are compared with experimental images collected
in air, the presence of adventitious material must be taken
into account. It is known from previous XPS studies that
adventitious O2, H20' and C can be found on hematite
parting planes that are exposed to air (Junta-Rosso and
Hochella 1996). These layers usually have a thickness of
approximately 10 A. Therefore, these calculations had to
clarify whether the observed periodic arrays of bright
spots represent orbitals of atoms that belong to the he-
matite surfaces or orbitals from adsorbed 0, or H,O.

We also calculated scanning tunneling spectra (STS)
that can serve as characteristic patterns for future mea-
surements to analyze more precisely the electronic struc-
ture of single atoms. By comparing these calculated STS
spectra with future measurements of experimentally ob-
tained STS spectra, single atomic sites or adsorbed struc-
tures in geologic samples may be unambiguously identi-
fied at an atomic scale for the first time. Experimental
STS spectra were obtained by stopping the scanning pro-
cess over certain atomic positions of the sample and
ramping the bias voltage over a selected voltage range,
e.g., from -2 to +2 V. In this example, electronic infor-
mation would be obtained for the uppermost 2 eV of the
valence band and the bottom 2 eV of the conduction band
of the sample underneath the tip termination. For exam-
ple, Avouris and Lyo (1991) were able to resolve the
mechanism of back bonding during oxidation of Si sur-
faces by comparing calculated and experimental STS
spectra.

In addition, the combination of STM, STS, and MO
calculations is the only method that can monitor electron
transfer at an atomic level. Therefore, it is the most prom-
ising approach for obtaining insight into the nonuniform
character of surface redox reactions that are influenced
by several complex surface sites such as terraces, steps,
kinks, vacancies, and impurities.

CRYSTAL STRUCTURE OF HEMATITE

To explain relaxation features of surface slabs, we brief-
ly describe the bulk structure of hematite. Hem~ite has
the corundum (!X-AI203) structure (space group R3c, with
six formula units in the conventional hexagonal unit cell).
Its structure consists of slightly distorted, hexagonal
close-packed {OOI} layers of 0 atoms (0-0 separations
of 2.6 and 3.] A), with Fe atoms fining two-thirds of the
octahedra] sites (as shown in Fig. 1). Described in terms
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of a layered or slab structure parallel to the {DOl} face,
there are two Fe layers between each hexagonal close-
packed layer of 0 atoms. These two layers are 0.64 A
apart, and the {DOl} parting plane is between these two
Fe layers. Fe atoms in the upper Fe layer are labeled with
the subscript "high," in the lower with "low." The su-
perscript indicates between which 0 layers the Fe atom
can be found. With this nomenclature, F<4~wis the Fe atom
above the uppermost 0 layer, and Fe~;ghand Fefoware the
Fe atoms in the two Fe layers between the first and sec-
ond 0 layer. In each hexagonal surface unit cell on a
parting plane, there is one surface FeH atom (Felow)and
three 0 atoms (Fig. I).

The bulk structure was refined by Sato and Akimoto
(1979) from X-ray diffraction data. These data were used
in this study for MO calculations of the bulk.

COMPUTATIONAL METHODS

To calculate the electronic structure within the sample,
the program Crystal92 (Dovesi et al. 1994) was used.
This program calculates wave functions for periodic
structures that are infinite (in x and y) slabs in the case
of modeling surfaces. The periodicity of the slab is ob-
tained from a surface unit cell by solving the Coulomb
and exchange integrals in the Hartree-Fock (HF) ap-
proach for treating the Schrodinger equation in reciprocal
space (for a review, see Pisani et al. 1988). For all ge-
ometry optimizations, Pople-type 3-2 Ig* basis sets were
used with a 41g basis set for calculating Fe 3d orbitals.
The contraction set for the inner valence electrons was
split, and the exponents for the outer valence functions
were optimized for the bulk geometry as determined by
Sato and Akimoto (1979). For geometry optimizations,
we implemented a program written by Becker (1995a)
that uses Crystal92 and a combination of a Newton-Raph-
son algorithm and a quadratic convergence approach to
minimize the total energy of a periodic structure.

The method for calculating STM images, STS spectra,
and projected STS spectra is described in Becker (1995b,
1995c) and Becker and Hochella (1996). Projected STS
spectra were obtained by multiplying a wave function (\(I)

with only the contributions of those atomic orbitals (e.g.,
\(IF,

3d' for projections onto Fe 3d) onto which it is pro-
jected, instead of calculating 1\(112for the evaluation of the
charge density of an orbital. In this way, the contribution
of, for example, Fe 3d orbitals to STM images or STS
spectra can be separated.

For the calculation of STM images, special care must
be taken with the diffuse Gaussian functions of each basis
set to obtain reliable results for the vacuum tail of the
wave function. Therefore, the diffuse basis functions were
modified by a method described in Becker and Hochella
(1996). However, the use of very diffuse functions is
computationally and disk-space intensive in the reciprocal
space approach. Therefore, it was necessary to simplify
the role of the 0 and Fe ion cores by applying the pseu-
dopotential theory, which allows the use of valence-only
basis sets. The pseudopotential method approximates the

--

molecular orbitals of the inner shells as an electrostatic
field of screened ion cores with radial symmetry. This is
legitimate because the inner shells of these atoms are rel-
atively undisturbed by their own valence electrons and
those of the coordinating atoms. Hay and Wadt-type
large-core pseudopotentials (Hay and Wadt 1985) were
used.

The hematite slab used in this study was three close-
packed 0 layers thick (see side view, Fig. 1) with three
o atoms per surface unit cell and layer (see top view,
Fig. I). There are two Fe layers, labeled B ("high" po-
sition) and C ("low" position), in between each 0 layer,
and an Fe layer on the top (labeled A, in "low" position)
and bottom (in "high" position) of the slab. Each Fe
layer contains only one Fe atom per surface unit cell. The
chosen slab was thick enough to mimic bulk-like condi-
tions in the middle of the slab, where relaxation features
do not extend. In addition, slab thickness was limited by
the cost of the computations, which formally increase
with the fourth power of the number of electrons (in prac-
tice, efficient screening criteria reduce this cost to a qua-
dratic scaling). A slab too thick would therefore require
undesirable compromises in computational precision. The
argument that the slab thickness was sufficient to mimic
the main relaxation features is further justified in the sec-
tion on the atomic structure of relaxed hematite (see
below).

Because typical tip-sample separations are on the order
of 4-10 A, and STM images can vary with the tip-sample
separation within the first few angstroms above the sam-
ple surface (one example is given in the Results and Dis-
cussion section below), it is crucial to approximate the
vacuum region as well as possible. Therefore, in addition
to using the methods described in Becker and Hochella
(1996) to calculate the electronic structure within the sur-
face slab, a grid of ghost atoms was put between the
surface and the tip. Ghost atoms are symmetry centers
for basis functions, but they do not have a nuclear charge.
Such a grid was necessary because the charge-density
dropoff from the sample surface into the vacuum is over-
estimated by the periodic HF approach using Gaussian
functions (Becker and Hochella 1996). In addition, be-
cause of the overestimated charge-density dropoff of the
sample, we chose tip-sample separations of 4 A in most
cases, i.e., near the lower end of the ones typically ap-
plied (for a particular experimental image, the tip-sample
separation is never exactly known, but it can be assumed
to be low because hematite is a wide-band-gap semicon-
ductor). Because of the structure of hematite, orbitals of
Fe atoms as far down as the second close-packed 0 layer
can potentially contribute to bright spots of high elec-
tronic density in STM images because none of these Fe
atoms (Fe!ow,Fe~igh'Fefow)is covered by the uppermost 0
layer. The application of a grid of ghost atoms helps to
minimize the underestimation of the electronic density
that stems from orbitals of atoms that lie deeper below
the surface. The ghost-atom approach has typically been
used to create additional basis-function centers to repre-
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TABLE 1. Surface relaxation, binding energies, and bond distances of freshly parted hematite and hematite surfaces with H20 or

O2 adsorbed to them

Freshly parted hematite O2 adsorbedH20 adsorbed

0.48 A 0.48 A
Relaxation of uppermost Fe

(Felow)

Binding energy of adsorbed
molecule

Felow.adsorbed molecule dis'
tance

N/A

N/A (closest bond distance
in bulk hematite: 1.88 A)

0.30A

11.8kcal/mol*~ 0.5 eV/molecule*
=0.7 eV/molecule** =0.2 eV/molecule"

2.25 A 2.51 A

* Hendewerk et al. (1986), from desorption experiments.

** This study.

sent valence orbitals better within and around an atomic
cluster (e.g., Latajka and Scheiner 1989). In this study,
we used a grid of ghost atoms in the vacuum gap because
extremely diffuse functions cannot be handled by the pe-
riodic HF approach.

The ghost-atom grid was positioned about 1 A above
the surface. This distance could be varied in only a small
range. Smaller separations between the surface and ghost
atoms lead to undesirable basis-set superpositions and
thereby an overestimation of the lattice energy near the
surface. Larger separations would result in wave func-
tions that drop off from the sample and increase again
toward the ghost-atom grid. Also, in both of these cases,
the solution of the HF approach usually does not con-
verge. Laterally, ghost atoms were uniformly distributed
to avoid artifacts resulting from ghost-atom positioning.
In addition, ghost atoms preferably should be located on
symmetry axes, such that the symmetry of the slab
(which has the same symmetry properties as any observ-
able, such as an STM image) is preserved. Therefore, we
put ghost atoms on the threefold symmetry axes, of which
there are three per unit cell perpendicular to the {OOI}
surface. Another ghost-atom grid with twice the ghost-
atom density (one-half the ghost-atom-ghost-atom sepa-
ration, which still preserves the symmetry) was applied
for comparison but did not significantly change the wave
function in the vacuum. Each ghost atom was the center
of a diffuse s, p, and d basis function, with the same
Gaussian exponent (ex = 0.18) on each of them. This ex-
ponent and the distance between the ghost-atom grid and
the mineral surface was optimized with respect to total
slab energy.

The ghost-atom grid cannot be used if STS spectra are
compared with their projections onto certain orbitals to
get orbital character information, as was done in this
study. This is because the ghost-atom orbitals mix the
information of different atomic orbitals. For instance, an
s orbital of a ghost atom would correct for the vacuum
tail of Fe 4s and 0 2s orbitals; therefore, the contribution
of the orbitals to a particular spectrum could not be sep-
arated by using the projection method. However, if the
ghost-atom grid is omitted in the calculation, the inten-
sities of calculated spectra are unreliable, whereas the
shape of the spectra stays fairly constant. Therefore, the
intensities of STS spectra presented in this study can be

compared only with the intensities of their projections,
not with the intensities of STS spectra calculated for dif-
ferent tip positions with varying distances between the tip
and the closest surface atom.

Different antiferromagnetic spin configurations were
tested to find the energetically most favorable one. In
agreement with bulk calculations by Catti et a1. (1995),
this study used the optimized spin configuration for sur-
faces shown in Figure 1 (ex = spin i, [3 = spin J..).

RESULTS AND DISCUSSION

Relaxation of fresh hematite surfaces and surfaces with
adsorbed H20 and O2

Relaxation of fresh hematite surfaces and surfaces with
H20 or O2 adsorbed to them were studied to clarify the
effect of relaxation on the electronic structure and STM
images. In addition, these studies give insight into the
bond energies of adsorbed species and the ability of ad-
sorbate structures to restore the coordination sphere of
surface FeH. Table 1 summarizes the results of the cal-
culated relaxation. The most significant relaxation feature
of fresh hematite surfaces is that the uppermost Fe atom
(Fe,lowin Fig. 1) is pulled toward the surface by 0.48 A
after parting because of the loss of three Fe-O bonds (in
bulk hematite, FeH is bonded octahedrally to six 0 at-
oms). As can be seen in Figure 1, the surface Fe atoms
lie almost in the outermost plane of 0 atoms. This process
shortens the bond length only from 1.88 to 1.77 A be-
cause the first 0 plane relaxes by 0.07 A toward the next
o plane. In addition, there is a lateral relaxation in the
uppermost 0 plane because the top surface Fe atom
(Feiow)being pulled toward the surface pushes the surface
o atoms surrounding it 0.014 A to the side. The contrac-
tion of the surface metal ion toward the bulk and the
lateral relaxation of the 0 atoms in the uppermost 0 layer
compare well with similar relaxation features that have
been calculated for isostructural corundum (see, e.g.,
Causa et a1. 1988; Manassidis et a1. 1993). Fe atoms be-
tween the first and second 0 layers

0
(Fe~ighand Felowin

Fig. 1) relax by only 0.03 and 0.01 A toward the center
of the slab. These small relaxation values one monoatom-
ic layer down from the surface show that the slab thick-
ness for our calculations as represented in the side view
of Figure 1 is sufficient to capture the depth where sig-
nificant surface relaxation takes place.
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FIGURE 2. Top and side views of a hematite surface-slab
model with adsorbed H20, optimized using CrystaI92 and an
optimizer by Becker (I995a) (based on an optimizer by Towler
1993, only the upper half of the slab is shown). Labels A, B,
and C as in Figure 1. Adsorbed H20 restores the octahedral co-
ordination sphere of FeLw (these relatively weak bonds are indi-
cated by a white dot on the bond). If there were interaction only
between the H20 molecule and Felow' the negative pole of the
H20 dipole would point toward FeLw' However, one of the H
atoms always forms a hydrogen bond to another H20 molecule
that is bonded to a different FeLw(three such hydrogen bonds are
indicated by dashed lines in the top view). These hydrogen bonds
can be seen as weak shadows in the theoretical STM image
shown in Figure 12. The other H atom forms a weak hydrogen
bond to an 0 atom on the hematite surface (one such bond is
indicated by an arrow in the top view and the side view). In the
side view, the position of Fe,'owin the bulk is indicated by a
dashed circle, and the position on a relaxed hematite surface by
a solid circle. This shows how H20 is able to pull Fe,'owpartially
back to its original position in the bulk.

It is interesting that during relaxation, the surface Fe
atoms (Felow)almost completely restore their spin density
from 3.8 in the unrelaxed case to 4.4 in the relaxed po-
sition. Bulk Fe atoms have a spin density of 4.6 according
to a Mulliken population-density analysis, whereas an
isolated Fe3+ ion (3d5) has a spin density of 5. The dif-
ferent values are due to the partially covalent character
of the Fe-O bond.

To study H20 adsorption, we optimized the geometry
of three H20 molecules per surface unit cell of hematite
because this is the maximum number of molecules that
can be adsorbed to the surface within a monomolecular

side

FIGURE 3. Top and side views of a hematite surface-slab
model with adsorbed molecular 0, optimized using Crystal92
(only the upper half of the slab is shown). Labels A, B, and C
as in Figure 1. Adsorbed molecular 0 atoms are represented with
lighter shading than 0 atoms incorporated into the hematite
structure. In contrast to the binding mechanism of H20 with a
permanent dipole, the 0 atom in molecular 0 that is closer to
the surface is negatively polarized, whereas the other has a partial
positive charge.

layer. With H20 adsorbed to the surface, the octahedral
coordination sphere of the top Fe3+ ion (Felo) is restored
(Fig. 2), but the octahedron is very distorted. Because of
the attractive force of the dipolar H,O molecules, Fe3+
ions are only 0.3 A closer to the und~rlying 0 layer rel-
ative to where they would be in the bulk structure. In
other words, adsorption of H20 withdraws Fe3+ ions by
0.18 A with respect to the Fe/ow position (which was con-
tracted by 0.48 A into the top 0 layer, Fig. 1) on the
relaxed, fresh hematite surface (see side view in Fig. 2).
Yet, the Fe-OH,o bond strength is weaker than the Fe-O
bond strength In the bulk. This is observable as an in-
crease in bond length (Fe-OH 0 separation = 2.25 A vs.

Fe-Ob"'k separation = 1.88 A)~ The bond energy is about
0.7 ::I:: 0.2 eV between one H20 molecule and a surface
Fe as calculated from the difference in energies of the
slab with H20 adsorbed and the isolated slab with isolated
H20 molecules. This bond energy is comparable to 0.5
eV (~50 kJ/molab,o'bedH,o)' as determined by desorption
experiments of Hendewerk et aI. (1986).

---
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FIGURE 4. Experimental constant-height STM image, 54 x
54 A, of a hematite {DOl} surface, taken at -0.3 V bias voltage
and 1.5 nA setpoint current, showing monoatomic surface steps
with spots of increased electronic valence-band density along the
steps. The surface steps down from the top right to the bottom
left. The height of each step is approximately 2.5 A. The data
are displayed in a three-dimensional block tilted 60° toward the
viewer (from Eggleston and Hochella 1992).

Adsorbed O2 does not have a detectable influence on
the surface topography of hematite (Fig. 3). The bond
length Fe-Ooo is about 2.5 A, and the bond energy is
about 0.2 eY.

Bond energies can be compared to bias voltages ap-
plied between tip and sample. Eggleston and Hochella
(1992) applied negative bias voltages between -0.3 and
-1.2 V (Figs. 4 and 5). The maximum applied bias volt-
age, with a corresponding electrical energy of - 1.2 eV,
especially can break bonds between the surface and ad-
sorbate structures up to about that energy. A simple mod-
el of how this bond breaking occurs could be as follows:
At a negative sample bias voltage, the negative end of
the H20 dipoles get turned away from the sample (these
ends were originally pointing toward Fe/ow)and the neg-
ative polarization of adsorbed O2 molecules toward Fe,low
gets overcompensated by the polarization toward the tip.
In addition to the electric field induced by the tip, a me-
chanical dragging force can act on adsorbed molecules
during the scanning process. Therefore, the applied elec-
trical energy of 0.3-1.2 eV is likely to push most ad-
sorbed O2 molecules and at least some of the H20 mol-
ecules away from the location of the tip, in the case in
which Hp or O2 are adsorbed to the surface during ex-
posure to air. This is the first hint that the bright spots in
Figures 4 and 5 do not relate to adsorbed O2 or H20 even
though they are present before the tunneling process (Jun-
ta-Rosso and Hochella 1996).

FIGURE 5. Experimental STM image of a hematite {DOI}
parting plane showing a flat surface terrace, taken at -0.3 V bias
voltage and 2.2 nA setpoint current. There are three spots of high
valence-band density per unit cell in a hexagonal array with a
uniform spot-spot separation of 2.95 A. The hexagonal unit cell
is slightly distorted because of drift effects (from Eggleston and
Hochella 1992).

Electronic structure of fresh hematite surfaces

For the calculation of STM images and STS spectra,
the most significant orbitals are those at the top of the
valence band for negative bias voltages and at the bottom
of the conduction band for positive bias voltages. In ad-
dition, this represents very well the energy range for elec-
trons that can potentially take part in surface reactions.

Figure 6a shows the density of states (DOS) of a surface
slab at the top of the valence band and the bottom of the
conduction band. The DOS representation is projected onto
Fe 3d states of the uppermost Fe layer (Felow,Fig. 6b), the
Fe layer underneath the top 0 layer (Fe~,gh'Fig. 6c), and
o 2p states of 0 atoms in the top 0 layer (Fig. 6d). It can
be seen that the top of the valence band is formed by
mixed Fe 3d and 0 2p states with predominantly 0 2p
character. This is in agreement with previous results by
Catti et al. (1995) for bulk hematite and with cluster cal-
culations performed by Tossell et al. (1973, 1974) and
Sherman (1985). These mixed states are due to ligand-to-
metal charge transfer (LMCT), as already stated in studies
using cluster calculations, IR and UV absorption spectra,
and photoelectron emission spectra (Sherman and Waite
1985; Lad and Henrich 1989a, 1989b; Fujimori et al.
1987). Even though this pattern is also found in this study
for surface slabs, it might be possible that HF calculations
slightly underestimate the influence of LMCT and there-
fore overestimate the importance of 0 2p states for the top
of the valence band. This may be because with the use of
the HF approach, electron redistribution from occupied 0
states to unoccupied Fe states (with respect to a completely
ionic bonding mechanism) is hindered by the neglect of
correlation effects.

The bottom of the conduction band is dominated by Fe
3d-like states. The bulk band gap of ~ 12.5 eV, as mod-
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FIGURE 6. (a) Total density of states (DOS) of a hematite
{001} surface layer with projections of the DOS onto (b) the 3d
states of the uppermost Fe layer (Fe,'ow),(c) the 3d states of the
Fe layer underneath the top 0 layer (Fe~i'h)' and (d) the 0 2p
states of 0 atoms in the top 0 layer. HF surface-slab calculations
result in a major contribution of 0 2p states to the top of the

valence band (compare a and d in the range between -3 and 0
eV). In contrast, the bottom of the conduction band is dominated
by Fe 3d character, with Felow3d creating the surface states in
the bulk band gap between 5.5 and 12.5 eV (insets of a and b),
and in c is represented by the projection onto Fe~i'h 3d.

eled by an infinite three-dimensional crystal, is greatly
overestimated, as is typically observed for HF calcula-
tions. However, at the bottom of the conduction band of
slabs (between +6.5 and + 12.5 eV, Crystal92 calculates
the Fermi level to be close to the top of the valence band,
Fig. 6a), a small amount of electronic density is observed,
which is best described as surface states (see insets of
Figs. 6a and 6b). These states almost exclusively have Fe
3d character of the topmost Fe atoms (Felow, Fig. 6b).
Even though the band gap is overestimated by HF cal-
culations, the first empty states can be used as an estimate
of the bottom of the conduction band (e.g., Becker and
Hochella 1996).

Magnetic structure of fresh hematite surfaces
According to our calculations, the most energetically

favorable spin configuration for surface slabs is anti fer-

-..----

romagnetic, which is in agreement with earlier studies by
Tasaki and Iida (1963) and Worlton et al. (1967). The
antiferromagnetic structure reduces the space group of
bulk hematite from R3c to R3 because the Fe atoms are
no longer equivalent. This is important because the spin
configuration influences the electronic structure and cal-
culated STS spectra (see next section). In addition, an
understanding of the magnetic properties is relevant if
iron oxides are considered as magnetic storage devices
(e.g., Masai et al. 1994) or if magnetic force microscopy
studies are performed on iron oxide surfaces (e.g., Wil-
liams et al. 1992; Lovlie 1993). In the antiferromagnetic
spin configuration, the Fe atoms between two consecutive
hexagonal close-packed (001) 0 layers have parallel
spins, and the spin direction is opposite for the Fe atoms
between the next two 0 layers. The stabilization energy
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sA
FIGURE 7. Calculated STM image of a hematite {DOl} sur-

face at -0.3 V bias voltage (the shape of the image is relatively
independent of the bias voltage in the range from -0.15 to -2
eV). Bright spots of high electronic valence-band density are
located above Fe atoms (labeled Fellow,Fe~i'h' and Fei.,w' see Fig.
I) with varying contributions of states with Fe 3d and 0 2p
character (see Fig. 8 and text). A surface unit cell is outlined.

of the antiferromagnetic spin configuration in comparison
with the ferromagnetic spin configuration is 0.0020 har-
trees/FezO, unit (0.0544 eV/Fe203 unit) for the relaxed
surface. This value is of the same order as the antiferro-
magnetic stabilization energy of bulk hematite as deter-
mined by Catti et al. (1995; 0.0034 hartrees/Fez03 unit
for HF, 0.0027 hartrees/Fez03 unit for HF after correcting
for correlation effects).

Comparison of calculated STM images and STS spectra
for fresh hematite surfaces with experimentally
obtained images

The types of DOS calculations presented in the elec-
tronic structure section can provide us with electronic
structure information averaged over the whole surface
layer. However, for the calculation of STM images and
STS spectra and for the study of the local distribution of
reactive sites, the local density of states (LDOS) for each
tip position above the sample must be examined. Two
major factors determine the change between an averaged
representation as in Figure 6 and an LDOS representation
that is an approximation of an STS spectrum. The first
factor is the geometry of the surface. For instance, one
would expect a higher contribution of Fe 3d states for
tunneling at negative bias voltages and tip positions on
top of the uppermost Fe atom (labeled Fe/owin Fig. 1)

because at these positions the distance between the tip
and a surface Fe atom is minimal. The second factor is
the degree of delocalization of atomic states. Tossell et
al. (1974) stated that 0 2p-like states are more localized
than states with Fe 3d character, which suggests that the
relative importance of Fe states might increase for the
tunneling process that usually takes place in a range of
about 4-10 Aof the vacuum gap between sample surface
and tip.

Figure 7 shows the calculated STM image of a fresh
hematite surface for a tip-sample separation of 4 A and
a bias voltage of -0.3 eV (images calculated for bias
voltages ranging from 0.2 to -2.0 eV have very similar
shapes even though the absolute value of the tunneling
current varies significantly). The bright spots in Figure 7
are located above the Fe atoms that are labeled Fe/uw,

Fe~igh'and Fefowin Figure 1. Because these three Fe atoms
are not equivalent, the three bright spots per surface unit
cell do not have the same intensity in Figure 7.

This can be better understood if one analyzes the
LDOS (ex STS spectra, Figs. 8a-8c) above the Fe atoms,
which can also be projected onto certain states, analogous
to the projection of the total DOS onto certain states (see
previous section). From Figures 8d, 8g, and 8j, the pro-
jections of the STS spectrum for a tip position on top of
Felowonto Fe,'ow3d, Fe/ow4s, and 0 2p states, respectively,
it becomes clear that STS spectra taken above these top-
most Fe atoms are mainly influenced by their 3d states
(Fig. 8g). Only about 1% of such a spectrum has Fe 4s
(Fig. 8g) character, and about 2% can be attributed to 0
2p (Fig. 8j). In contrast, according to HF calculations,
spectra taken above Fe~ighand Fefowatoms should have
roughly 50% (compare Figs. 8b, 8e, and 8k) and 90%
(compare Figs. 8c, 8f, and 81) 0 2p character, respective-
ly. The main reason why these 0 2p contributions cannot
be detected as tunneling current intensity above 0 atoms
is that these 0 2p-like orbitals point toward the threefold
symmetry axes that are located at the Fe positions. There-
fore, at the position of the tip, tunneling current intensity
can be detected only at these threefold axes having dif-
ferent combinations of states with Fe 3d and 0 2p char-
acter. It is important to evaluate the percentage of Fe 3d
character because electron transfer during surface reac-
tions primarily takes place to and from Fe 3d states, in
particular for redox reactions (e.g., Luther 1990). Also,
adsorbed molecules tend to be oriented toward Fe/owat-
oms rather than Fe~ighor FeL atoms (see Figs. 2 and 3
and the next section), although all three spots show sim-
ilar valence-band densities on the STM image. Note that
in contrast to ,the spectra, which always have positive val-
ues (STS spectrum ex LDOS ex1'1'1»,the projected spectra
can also have negative values (projected STS spectrum ex

IW,W:roJ""d ""e,l, see Becker and Hochella 1996). STS
spectra must be calculated without ghost-atom grids if
they are to be compared with their respective projections
(see Computational Methods section). Because neglect of
the ghost-atom grid significantly affects the intensity of
the spectra, and not so much the shape, the spectra in
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Figures 8a-8c were normalized to give similar intensities
for comparison (Figs. 8d, 8g, and 8j were normalized
with the same factor as 8a; 8e, 8h, and 8k with the same
factor as 8b; and 8f, 8i, and 81 with the same factor as
8c).

The nonequivalency of the three Fe atoms (Fe/ow,
Fe~igh'Fe~o) cannot be detected as a significant difference
in intensity of the three bright spots in one unit cell on
the experimental image of a hematite terrace as shown in
Figure 5. These differences might be exaggerated in the
calculated image because of an incomplete correction for
the overestimated wave-function dropoff into the vacuum
by the ghost-atom method. This argument is supported by
the fact that the differences in the calculated tunneling
current above the three nonequivalent Fe atoms are even
higher if no ghost-atom grid is applied between sample
and tip. Another reason for the disagreement in the tun-
neling current variation between experiment and theory
could be that the electric potential gradient resulting from
the applied bias voltage was assumed to take place com-
pletely in the vacuum between sample and tip. This as-
sumption is inherent by applying the Tersoff and Hamann
(1985) theory. Part of this gradient could take place with-
in the sample, which would result in a shift of electron
density toward the surface (in the case of a negative sam-
ple bias). In this way, part of the intensity differences can
be leveled by the electric potential gradient within the
sample. Also, calculated STS spectra of the upper 3 eV
of the valence band above these three Fe atoms show
different patterns (Figs. 8a-8c). Therefore, in future ex-
periments the STS spectra of neighboring Fe atoms could
prove the nonequivalency of these sites with bright spots.

The interpretation that bright spots are located above
Fe atoms explains the uniform spot-spot separation of
2.95 A, which agrees with the experimental data of Eg-
gleston and Hochella (1992, see also Fig. 5). They inter-
preted spots with high electronic density as being located
above 0 atoms with predominantly 0 2p character be-
cause the density of bright spots and their arrangement
as a hexagonal close-packed pattern roughly agreed with
the arrangement of 0 atoms in the uppermost 0 layer of
a (001) surface. However, the 0-0 separation in such a
layer in a bulk crystal varies from 2.6 to 3.1 A, and a
lateral relaxation on the order of 0.3 A would be neces-
sary to explain the uniform separation of the bright spots
in the STM image of 2.95 A. As described in the section
on the relaxation of fresh hematite, the calculated lateral
relaxation of 0 atoms is only 0.014 A.

In contrast to the HF calculations presented in this
study, some previous calculations that were based on con-
figuration-interaction cluster calculations (e.g., Fujimori
et al. 1987) have suggested that the very top of the va-
lence band (approximately the uppermost 2 eV) has an
almost exclusive Fe 3d character, but these calculations
neglected surface-specific features. Future calculations
that include correlation effects (e.g., by applying the den-
sity functional theory) and the specific atomic, electronic,
and magnetic surface structure (as in this study) might be
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FIGURE 8. Calculated STS spectra for negative bias voltages
between 0 and - 3 V and their projections onto certain orbitals.
The spectra were calculated for tip positions 4 A away from the
surface, above the Fe atoms Fe,'"w(a), Fe~i'h (b), and Fer,>w(c).

The spectra are projected onto the orbitals that contribute to the
valence-band density at the respective positions. The STS spec-
trum of Fe,'"w(a) is projected onto

Fe,'"" 3d (d), Fe:"w4s (g), and
the 0 2p orbitals (j). If the intensities of the projections (d, g,
and h) are compared with the original calculated spectrum, it is
obvious that spectra taken above Fe,'""atoms have predominantly

Fe,'"" 3d character. Analogously, the STS spectrum of Fer,igh(b)
is projected onto Fe~igh3d (e), F~igh 4s (h), and the 0 2p orbitals
(k), and the STS spectrum of Fer"w(c) is projected onto Fe/ow3d
(f), Fer"w 4s (i), and the 0 2p orbitals (I). From Fe,'"w(0 2p
character :S10%), the 0 2p character of the STS spectra increases
about 50% at Fei,igh(k) and >90% at Fei"w(I) because of decreas-
ing Fe 3d character with increasing tip-Fe atom separation.

able to refine ligand-to-metal charge-transfer effects and
correct the calculated spectra for these effects. Such a
procedure might also result in slightly different ratios of
Fe 3d and 0 2p contributions to the calculated spectra.
Understanding the orbital character of a mineral surface
a few angstroms away from the surface can be very in-
structive because reactants approaching the mineral might
react with only certain types of orbitals because of orbital
symmetry restrictions.

At positive bias voltages, Eggleston and Hochella
(1992) observed variable images. Some contained only
one bright spot per hexagonal unit cell, others featured
triplets of spots of high conduction-band-state density

-----
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FIGURE 9. Experimental constant-height STM images of he-
matite {DOl} flat surfaces taken at positive bias voltages showing
different features; both images were low-pass filtered to remove
high-frequency noise. (a) STM image, 38 x 38 A, taken at + 1.05
V bias voltage and 5.2 nA setpoint current. Peaks occur in triplets
(one such triplet is marked with arrows); the triplets occur in a
hexagonal array with 5 A periodicity. (b) STM image, 35 x 35
A, taken at + 1.1 V bias voltage and 3.8 nA setpoint current.
Peaks occur in a hexagonal array with 5 A periodicity, as ex-
pected for equivalent surface Fe (Felnw)positions (both images
from Eggleston and Hochella 1992).

(Fig. 9). One possible explanation for this observation is
that the tip-sample separation was not constant for the
different images collected. Therefore, we calculated STM
images for a bias voltage of + 1.1 eV, as in the experi-
mental setup, and for tip-sample distances of 2.5 and 4.0
A (Fi&s. lOa and lOb, respectively). The image calculated
at 4 A shows only one bright spot per hexagonal unit
cell, and the one calculated for 2.5 A represents the ob-
served triplets. Differences in the tip-sample separation
of experimental images could account for this variation.
The image showing the triplets (Fig. 9a) was taken at a
higher setpoint current (5.2 nA), and therefore smaller
tip-sample separation, than the image (Fig. 9b) featuring
just one spot per surface unit cell (3.8 nA). A setpoint
current of, e.g., 1 nA means that the tip stops approaching
the sample once the tunneling current reaches 1 nA for

FIGURE 10. Calculated STM images, lOx 10 A, of hematite
{DOl} flat surfaces at positive bias voltages for different tip-
sample separations: (a) 2.5 A, (b) 4.0 A. The triplets in a might
explain the triplets in Figure 9a (one such triplet per hexagonal
unit cell), and the one bright spot per hexagonal surface unit cell
(b) may be a good representation of the experimental image in
Figure 9b.

the bias voltage chosen. However, a decrease in the set-
point tunneling current of about 25% between the two
experimental images usually does not account for a
change in the tip-sample separation of 1.5 A. Therefore,
another argument in the observed variability of STM im-
ages at positive bias voltages has to be considered. If
images are collected at different times, changes in the
resistivity of mainly the tip can cause variations in the
tip-sample separation. For instance, oxidation of the tip
surface increases its resistivity, and for the same setpoint
current the tip-sample separation would be decreased.
This leads us to another possible explanation for the vari-
ability of experimental STM images at different bias volt-
ages. Our calculations assume spherical tip wave func-
tions as stated in the Tersoff and Hamann (1985) theory.
However, as shown by Tsukada et al. (1991) and Ka-
geshima and Tsukada (1992), the pattern seen on STM
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FIGURE 11. Calculated STS spectra for tip positions on top
of Feiowin the ferromagnetic (a) and antiferromagnetic (b) spin
configurations. In both cases, the spin density of Fe,'ow(0'-13spins)
is the same, but the spin direction of the second Fe layer (Fe~igh
and Fei"w)is parallel to Felowin a and antiparallel to Fe!.,win b.

images can depend on the atomic structure of the last tip
atoms.

The location of these conduction band states is impor-
tant for understanding redox reactions that involve elec-
tron transfer from a reductant to the hematite surface
(e.g., Hering and Stumm 1990).

Figures lla and lIb compare the calculated STS spec-
tra for a tip position on top of Fe,'owof the ferromagnetic

sA

FIGURE 12. Calculated STM image of a hematite {OOI} sur-
face with adsorbed H,O (see Fig. 2), at -0.3 V bias voltage.
Distances between bright spots vary from 2.67 to 3.22 A, which
is not in agreement with the experimentally observed uniform
spot-spot separation of 2.95 A (see Fig. 5).
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and antiferromagnetic spin configurations. In both cases,
the spin density of Fe,lOW(a-13 spins) is the same, but we
wanted to check whether the spin direction of the second
Fe layer (parallel to Fe,'owin the ferromagnetic case, an-
tiparallel to Fe,'OWin the antiferromagnetic case) influences
the local electronic structure on top of Fe,'ow.Comparison
of Figures lIa and lIb reveals similarities between the
two calculated spectra, such as the peaks at -0.8 and
-2.2 V and the double peak between -1 and -1.5 V.
However, significant differences must be noted, such as
the absence of an LDOS peak at -1.7 V and differences
in the intensity ratios of the peaks, e.g., the ratio between
the double peak mentioned above and the peak at -1.7
V. Therefore, for a reliable calculation of STS spectra it
is necessary to consider the local magnetic structure of
the sample, in this case being antiferromagnetic (the most
favorable spin configuration denoted by "a" and "13" in
Fig. 1).

Calculated STM images of hematite surfaces with
adsorbed H20 or O2

Even though, as stated above, the binding energy of
H20 or O2 (approximately 0.6 and 0.2 eV, respectively)
adsorbed to the surface is likely to be insufficient to with-
stand the tunneling process, we calculated STM images
for these adsorbed structures to ensure that the experi-
mental images truly represent fresh hematite surfaces.
Figures 12 and 13 show the calculated STM images for

sA

FIGURE 13. Calculated STM image of a hematite {001} sur-
face with adsorbed 0, (see Fig. 3), at -0.3 V bias voltage. Dis-
tances between bright spots vary from 2.62 to 3.25 A, which is
not in agreement with the experimentally observed uniform spot-
spot separation of 2.95 A (see Fig. 5).
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side

FIGURE 14. Top and side views of a hematite 2 x 2 surface
supercell that was used to model the electronic structure of a
step. Two Fe20, units were removed (outlined by two lines in
the top-view model) to create a groovelike structure. Only the
surface relaxation of flat terraces was applied, but because of
computational expense, no surface relaxation was included that
is specific for the steps shown. The side view represents the
actual thickness of the slab used for the calculations. The slab is
infinite perpendicular to the [001] axis (e.g., infinite to the left,
right, top, and bottom in the top view). The labels "step" and
"terrace" in the top view represent two F~gh atoms underneath
a flat terrace and at a step edge.

the optimized adsorbed structures shown in Figures 2 and
3, respectively. In both images, the major contribution to
bright spots comes from 0 2p-like states of the adsorbed
molecules. Their local density of states at tip positions a
few angstroms away from the sample exceeds the LDOS
of Fe 3d states because the 0 atoms of H20 and O2 are
approximately 2 and 3 A, respectively, closer to the tip
than Fe/ow'Note that in Figure 12, one can also "see" the
hydrogen bonds as brighter shades between the egg-like
structures that represent H20 molecules.

Neither of these images can reproduce the experimen-
tally observed uniform spot-spot separation of 2.95 A. In
addition, at positive bias voltages, each of these adsorbed
structures would show three bright spots per unit cell al-
most equally spaced, which is not in agreement with any
of the images shown in Figure 9. This is additional evi-
dence that the observed STM images are indeed mimick-
ing fresh surfaces.
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FIGURE 15. Calculated STS spectra with tip positions above
Fe~ighatoms underneath a flat terrace (a) and at a step edge (b)
(see also Fig. 14). Both spectra show peaks at similar positions,
but there are two peaks in the step spectrum (b) that are almost
absent in the terrace spectrum (a) (marked by arrows). These
result in the increase in valence-band density observed in the
experimental STM image (Fig. 4). (c) Integrated LDOS for these
two tip positions, which is roughly proportional to the tunneling
current for a given bias voltage and tip position.

It can be assumed that the observed STM images do
not represent adventitious C even though we did not spe-
cifically calculate this. The binding energy of adsorbed
C02 would be too low because it does not have a per-
manent dipole moment, in contrast to H20 that interacts
with the highly ionic hematite surface forming hydrogen
bonds (Fig. 2), and C02 cannot be polarized as easily as
O2, In addition, adventitious C in a lower oxidation state
than the C in C02 is not likely to form such a regular
pattern with uniformly distributed bright spots that are
exactly 2.95 A apart.

Electronic structure near step sites

To examine differences in the electronic structure of
step and terrace sites, we created a 2 x 2 surface unit
cell from which two surface Fe203 units were removed.
In this way, a "groove" was created (Fig. 14) that mimics
the atomic structure of an atomic surface step. Because
of the computational cost of such a setup, a slightly less
expensive basis set had to be applied (the diffuse part of
the Fe 3d set was contracted into the inner valence part)
and no geometry optimization was performed near the
step site. Only the surface relaxation as derived from flat
surfaces was taken into account. Therefore, only a qual-
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itative comparison of calculated STS spectra with tip po-
sitions above step and terrace Fe atoms is possible where
the Fe atoms are otherwise equivalent on flat terraces
(Fe~ighin Fig. 15). Even though the STS spectra of the
terrace (Fig. 15a) and the step Fe atoms (Fig. 15b) show
certain similar features, the calculated STS spectrum
above the step Fe atom has two significant peaks at -1.0
and -1.7 eV (marked by arrows in Fig. 15) that are much
lower for the STS spectrum above the terrace site. Pro-
jections of these spectra onto Fe 3d, Fe 4s, and 0 2p
orbitals (analogous to Fig. 8) show that these peaks in
the step spectrum have predominantly Fe 3d-O 2p anti-
bonding character with a minor contribution from Fe 4s-
o 2p bonding character. Because of the differences in the
terrace and step spectra, one would expect an increase in
tunneling intensity at step sites for images taken at a neg-
ative bias voltage, this effect being even more pro-
nounced from - 1.0 V on. To quantify this effect, Figure
15c represents the integral over the LDOS, which is
roughly proportional to the tunneling current at a partic-
ular bias voltage. With this information, one would expect
the tunneling current to be about 15% higher at step sites
(hidden by the line width in Fig. 15c) for bias voltages
in the range between 0 and - 1.1 V. For bias voltages
between -1.1 and -1.6 V, a tunneling current increase
at step sites of about 50% is expected with respect to
equivalent sites on terraces, and an increase of about a
factor of 3 is expected at -2 V. Therefore, the calculated
spectra nicely explain the experimentally observed in-
crease in electronic density at step sites in Figure 4. In
addition, they hint at why the reactivity at these sites is
significantly different from the reactivity on terraces (Jun-
ta and Rochella 1994), because typically the top 3 eV of
the valence band is involved in reactions that require elec-
tron transfer (e.g., Luther 1990).
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