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The reactivity of a mineral surface is determined by the variety and population of different types of
surface sites (e.g., step, kink, adatom, and defect sites). The concept of “adsorbed nutrient’ has been
built into crystal growth theories, and many other studies of mineral surface reactivity appeal to
ill-defined ‘‘active sites.” Despite their theoretical importance, there has been little direct
experimental or analytical investigation of the structure and properties of such species. Here, we use
ex-situ and in-situ scanning tunneling microcopy (STM) combined with calculated images based on
a resonant tunneling model to show that observed nonperiodic protrusions and depressions on the
hematite (001) surface can be explained as Fe in an adsorbed or adatom state occupying sites
different from those that result from simple termination of the bulk mineral. The number of such
sites varies with sample preparation history, consistent with their removal from the surface in low
pH solutions. © 2004 American Institute of Physics.

I. INTRODUCTION

Mineral surfaces are the medium upon which the Earth’s
solids and fluids interact. Their reactivity in the fundamental
processes of adsorption, dissolution/growth, and electron
transfer is directly tied to their atomic structure.' In addition
to two-dimensionally periodic surface structures, there are
one-dimensional periodic and zero-dimensional structures
such as steps and kink sites that play important roles in min-
eral reactivity. These include adsorbed or adatom sites. There
are long-standing models of surface chemistry that appeal to
the existence of populations of adatom species having prop-
erties distinct from both the solid and aqueous solutes. In
crystal growth theories,” for example, dissolved nutrient is
postulated to pass through the ‘““adsorbed nutrient” state be-
fore incorporation into the crystal structure. Despite the the-
oretical importance of a pool of adsorbed nutrient in mineral
dissolution and growth, there is little work confirming its
existence or properties on mineral oxides. Surface adatom
species (or sites) are difficult to study because of their small
size, restriction to surfaces and interfaces, and nonperiodic
nature. Indirectly, it has been shown that transient spikes in
dissolution rate occur in response to pH changes in a way
consistent with the formation and dissolution of adsorbed Fe
at the hematite surface,’® and an isotopic exchange and
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Mossbauer study by Rea ef al.” concluded that a population
of kinetically labile sites characterizes the ferrihydrite sur-
face.

Nonperiodic adatom sites at mineral surfaces can behave
quite differently from other surface sites, and thus are crucial
to understanding the overall chemical reactivity of mineral
surfaces. Adatom sites are more sterically accessible than
other sites and thus may be more easily complexed by or-
ganic molecules that are prone to formation of multidentate
surface complexes. There is evidence that organic molecule
adsorption can be enhanced by formation of organic-Fe ter-
nary surface complexes, which suggests that adsorbed or
adatom iron creates a surface more prone to organic mol-
ecule adsorption.®” Here, we make a first step toward direct
study of such adsorbed, adatom, or nonperiodic surface ma-
terial for the case of hematite («@-Fe,03). We present atomi-
cally resolved scanning tunneling microscopy (STM) images
of hematite (001) surfaces, supported by a resonant tunneling
model (RTM) parametrized with ab initio calculations, that
are consistent with the existence of nonperiodic adsorbed Fe
on the periodic hematite (001) surface structure. We also
present initial evidence that exposure of the surface to acidic
conditions removes much of the nonperiodic material from
the surface. This suggests a direct correspondence between
the observed nonperiodic Fe and the dissolution-labile Fe
observed in other studies of hematite.*~°

Il. HEMATITE (001) SURFACE STRUCTURE

Hematite surfaces have been a frequent subject of STM
study because hematite is one of the very few common ox-
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FIG. 1. (Color) Illustrations of hematite (001) surface structures. Blue
spheres represent oxygen; in (c), they represent the uppermost oxygen layer.
Red spheres represent Fe; in (c) they represent Fe in “B” and “C” octahe-
dral sites below the uppermost oxygen layer. Every third octahedral site is
vacant. Green circles represent Fe in surface sites above the uppermost
oxygen layer. (a) Illustration of the Fe termination; Fe resides in trigonal
surface sites over vacancies in the underlying octahedral layer [see the 3V
sites in panel (c)]. (b) The O termination; the uppermost Fe ions in (a) have
simply been removed (relaxations, as well as adsorbed H,O and its disso-
ciation products are not shown). (c) Illustration of some possible “adatom”
or “adsorbed” Fe sites. The 3V site is an Fe over a vacancy (V) in the
underlying octahedral layer; this is also called the ““A” site and can be part
of a bulk termination [identical to the uppermost Fe in panel (a)]. The F site
shares an octahedral face with an underlying octahedral Fe, and although it
could be part of a bulk termination, such sites have not been observed. The
2V and 1V sites represent Fe in or near a 3V site but with one and two bonds
to the surface severed. The 2E and IE sites are Fe in sites sharing 2 and 1
edge with underlying octahedra. The 2V, 1V, 2E, and 1E sites (yellow
boxes) do not occur as part of a termination of the hematite bulk structure.

ides that is sufficiently conductive for STM.!*"!” STM
results are generally consistent with the existence of two
different surface structural domains (Fe- and O
terminations;'>~'""' Fig. 1). Hematite has also been used in
wet-chemical studies of adsorption and dissolution (includ-
ing reductive dissolution), allowing for the possibility of re-
lating observed surface structures to reactivity effects or
consequences.?’ %

A resonant tunneling model (RTM) parametrized using
ab initio calculations has been used as a way to take solvent
reorganization (Marcus theory?®~%") into account in the cal-
culation of STM images for different two-dimensionally pe-
riodic surface structures.'® Molecular modeling of water ad-
sorption on Fe- and O-terminated hematite (001) surfaces
has also been carried out.** Experimental STM images from
previous studies have often revealed a range of nonperiodic
surface features (e.g., see Fig. 2). As suggested in Ref. 19,
the widespread nature of these nonperiodic features suggests
a parallel between them and adsorbed or adatom Fe, but it is
necessary to rule out other possibilities and to probe the
properties of these features both experimentally and theoreti-
cally in order to support such an interpretation.

IIl. METHODS
A. Hematite

We used natural hematite from Tarascon sur Ariége,
France. Sample preparation and characterization are de-
scribed in more detail in Ref. 19. We used samples that had
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been exposed to distilled and doubly deionized (DDI) water
for 96 h and either imaged subsequently or exposed to con-
centrated nitric acid for 1 h before imaging.

Natural hematite is typically an n-type semiconductor at
25 °C due to donor impurities. Based on resistivity, our he-
matite had an estimated impurity concentration (donors mi-
nus acceptors) of between 1X107% and 4X 1072 at. %. A
laser-ablation ICP-MS analysis gave a total donor minus ac-
ceptor concentration of 2.0X 10~2 at. %, within the range of
values from resistivity. These semiquantitative measurements
confirm that our hematite is n-type, and show that the main
donor impurities are Sn and Ti. Adding up donor, acceptor,
and impurities that do not affect conduction, we have about
6X 1072 at. % impurities on the basis of ICP-MS. Oxygen
vacancies, which act as electron donors, are included in the
resistivity measurement but not in the ICP-MS measurement.

B. Scanning tunneling microscopy (STM)

A Digital instruments Nanoscope IIla controller was
used with a Molecular Imaging electrochemical STM with a
4-pm scanner to image hematite both in- and ex-situ (in pH
1 HNO; or DDI H,O when in-sifu). Imaging conditions (bias
voltage, setpoint current) are given in the figure captions. For
ex-situ imaging we used electrochemically etched tungsten
tips, and for in-situ imaging we used commercial Pt/Ir tips
insulated with Apiezon wax and tested for <10 pA faradaic
current (Molecular Imaging).

C. Resonant tunneling model (RTM)

The concept of resonant tunneling is well known in
solid-state physics, and is the basis of devices known as reso-
nant tunneling diodes.?'*? The models have been extended to
include thin-film semiconductor devices that are physically
akin to the situation described here (metal tip, resonator in
the tip—sample gap, semiconductor). As applied to hematite,
the RTM is a relatively quick way to evaluate both the dis-
tance dependence of current from an adatom to the substrate
as well as changes in the degree of adatom solvation associ-
ated with changes in bonding to the surface. For example, an
Fe atom with one bond to the surface (e.g., a 1V site in Fig.
1) will likely have a different distance to nearest-neighbor Fe
atoms than a 3V (or A) site and be coordinated by more
inner-sphere water molecules than would an Fe atom in A, B,
or C sites (Fig. 1). These factors, in addition to changes in
electronic structure, will affect the kinetics of electron trans-
fer from the surface atom to or from an STM tip.

The RTM, and the ab initio calculations used to support
and parametrize it, are described in Ref. 19. Here, we present
only the main concepts. The solvent structure around an
aqueous Fe*® ion changes when the Fe’" is reduced to
Fe’". Fe—O bond lengths increase, and the hydrogen-
bonded structure of outer-sphere water of solvation changes.
In this reduction (a process of zero net AG known as self-
exchange), the solvent reorganizations required to bring the
donor and acceptors states to the same energy is the reorga-
nization energy, \. For electron transfer between aqueous
Fe’™ and Fe’" \ is relatively large (about 100 kT or 2.6
eV>? at room temperature), making it an important consider-
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FIG. 2. (Color) Examples of nonperiodic features in STM images of hematite (001) surfaces. (A) A 60X 60 nm image (in air), —500 mV, 726 pA, 300 pA
z range (current contrast). This image shows a semiperiodic modulation of the terrace structure with a ~2 nm periodicity, as observed in Ref. 19, and which
typically involves height differences between high and low points of about 0.1 nm. In Ref. 19 it was concluded that the higher parts of the modulation are
domains of Fe termination. Atomic-scale structure can be discerned in some parts of the image. There are a few nonperiodic bumps on the terraces, but they
are most common along the steps. (B) A 20X20 nm image (in air), —800 mV, 500 pA, z range 0.5 nm. In this image there is a highly periodic surface
structure punctuated both by a few protruding “bumps” as well as slight depressions. Again, there are more of these features along the step.

ation for electron transfer to and from hematite in air or
water. Methods for calculating current from an electrode
(such as an STM tip) through a redox-active monolayer to a
metal substrate in which the redox-active layer is subject to
solvent reorganization have been presented and tested.** ¢
We have used this idea because the N\ for different surface
sites (A, B, and C sites as well as ‘“adsorbed” Fe in sites
other than A, B, and C; Fig. 1) can be substantially different
from one another because of differing degrees of solvation,
leading to different electron-transfer characteristics for dif-
ferent surface sites.

We only consider tunneling to and from iron atoms, in
agreement with previous work. %1937 The A, B, and C sites,
as well as nonperiodic or adatom sites, are the resonators
mediating electron transfer between the tip and the hematite
substrate. Electron transfer (ET) occurs in two steps; for cur-
rent from substrate to tip, ET occurs first from the substrate
to the redox center (sr), and then from the redox center to
the tip (7). We assume that the density of states of substrate
and tip are independent of bias voltage. The tunneling cur-
rent, j, is then

w eV,
joc_eogexp(_ﬁrtdrt)exp(_ﬁsrdsr) JO Dox(s)dg’

where S is the tunneling decay constant for the couple indi-
cated by the subscript, d is the distance between the desig-
nated couple (the nearest-neighbor Fe atoms are considered
the substrate, which determines the d,, distances), & is the
electron energy, and V,, is the STM sample bias voltage rela-
tive to the tip. e, and 7 are the electron charge and Planck’s
constant, respectively. For given distances and electronic
structures, the current is thus proportional to the density of
unoccupied states on the resonator, also called the density of
oxidized states D,.(e), which can be approximated by a
Gaussian

T
Dox(s): kTN exp

where \ is the Marcus reorganization energy,” and ¢, is the
reduction potential of the redox center. The N term allows us
to incorporate the effect of a solvent on current through sur-
face sites. N can be separated into inner-sphere (\;g) and
outer-sphere (X g) components.”’

Unlike studies in which bias voltage was kept at a con-
stant, small value and only the electrode potential was varied
relative to a reference electrode,’®*® here the bias voltage is
varied. The resulting image characteristics are therefore

—(e—e,)’

ANKT

’

TABLE I. Parameters used in the RTM. Other symbols are defined in the text, except “NN”” which indicates the

number of equivalent ‘“‘nearest neigbors.”

(:)Bsr OBH doxr )\is )\os &y NN
(A7h (A7h (A) (eV) (eV) (eV)
A 1.2 1.2 3.550 0.474 1.686 0.40 1
A 1.2 1.2 3.290 0.474 1.686 0.40 3
B.C 1.0/1.2 1.0/1.2 2.959 0.274 0.126 0.00 3
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FIG. 3. (Color) Images calculated using the RTM for different bias voltages
(listed at left), reorganization energies (\; list across the top for each block
of six images), and Fe atom heights (listed across the bottom, in A). These
images show local current with the tip at constant height.

somewhat more complex than the simple increases and de-
creases in current when a particular site comes into and then
out of resonance. However, our approach is in keeping with
the simple STM imaging we performed, rather than electro-
chemical resonant tunneling microscopy. We discuss some of
these complexities as the calculated images are presented and
compared to STM images.

To calculate images, we need values for the parameters
in Egs. (1) and (2) for each type of site we wish to model.
Plane-wave pseudopotential calculations and density func-
tional theory calculations on clusters were used to predict
bond lengths and thus d,,., N (=N\;s+Npg), €,, and contrib-
uted to the determination of (. Details on the calculations
and the methods used can be found in Ref. 19. For the case
of “adsorbed” Fe, we have not attempted to model each of
the many different structures that could occur. Instead, we
simply recognize that the various possible sites will have a
range of N\, d,,, d,,, and &, values. We initially use &, from
the A sites modeled in Ref. 19 (see Fig. 1) and vary the
height of the Fe site above the surface (which varies d;, and
d,,;) as well as the \ attributed to the site. We also vary €, at
fixed N. This approach allows us to test a range of conditions
in a simple way, but cannot be expected to model all of the
possible structural variations for such adatoms. In effect, the
RTM as applied here is a qualitative guide to trends, but
cannot be expected to quantitatively reproduce the experi-
mental results.

The parameters used in the RTM are give in Table I. We
used a model in which spin states determine whether neigh-
boring Fe sites can contribute electrons to the surface sites in
question (see Ref. 19). We adjusted the height of the tip in
the RTM for each set of conditions until the average tunnel-
ing current was the same for each calculated image; this most
closely approximates conditions of constant-height STM im-
aging at a setpoint current.

IV. RESULTS AND DISCUSSION
A. RTM calculations

Figure 3 summarizes the results of a series of RTM cal-
culations for surface Fe “A” sites (Fig. 1) with different
reorganization energies (\) and heights above the surface
plane relative to those in the rest of the surface structure, as
described in Sec. III. The location of this site is clear in Fig.
3, and is the same for other calculated images presented be-
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low. Compared to A-type surface sites with A~2.2 eV, ada-
toms with smaller N appear as bumps at positive bias and
depressions at negative bias. However, for surface sites with
larger N\ than other surface sites the results are reversed, with
a depression at positive bias and slight protrusions at nega-
tive bias (the triplet is an additive effect, discussed later).
Calculated images are also presented in Fig. 3 for an adatom
that is 0.1 A higher above the surface than an A site. This
calculation is an attempt to mimic the possible effect of 2 V,
1V, and 2 E sites (Fig. 1) in which Fe atoms may sit slightly
higher above the surface than in a 3 V site. In this case,
protrusions are observed under all conditions except negative
bias and low . A general conclusion is that both protrusions
and depressions can be observed at a given bias voltage,
depending on the A, height, and &, that characterize each site.
Other RTM results are presented in comparison with specific
images below.

B. Bias voltage and preparation dependence of STM
images

Through acquisition of hundreds of images of hematite
(001) surfaces prepared in various ways, we noted a ten-
dency for nonperiodic features to be observed mostly at
higher negative bias voltages for which electrons tunnel from
the sample surface to the STM tip. Figure 4 gives one obser-
vation of this general result. Although there are undulations
on the surface for all images, the bright nonperiodic features
that extend roughly a monolayer above the surface in these
height images only occur at — 800, — 700, and —600 mV. In
other imaging sessions, we sometimes observed nonperiodic
features at other bias voltages, but the general observation is
that more nonperiodic features are observed at higher nega-
tive bias.

Figure 5 demonstrates this point and also shows the im-
portance of sample preparation history. Two data sets are
presented, one for a surface that had been soaked in DDI
water for about 96 h before imaging in air (blue squares) and
one for a surface that had been boiled in concentrated nitric
acid for 1 h before imaging in air. A relatively large number
of nonperiodic features are observed at —400 to —800 mV
on the water-soaked sample, but almost none was observed
on the acid-treated sample. For Fig. 5, we used a height
threshold of 0.23 nm (the height of a monolayer step; non-
periodic features smaller than this were omitted from the
count along with current “spikes’’), which omits depressions
[e.g., see Fig. 2(b)] from the overall count. Note, however,
that the water-soaked sample had been boiled in nitric acid
prior to the water treatment as part of cleaning procedures,
indicating that the nonperiodic surface features can be regen-
erated by aging in water. This behavior is similar to the ob-
served regeneration of “‘active” of kinetically labile dissolu-
tion sites by near-neutral pH solutions observed in Ref. 5.
Because water adsorbs to the hematite surface from air, it is
likely that an acid-treated surface gradually reverts to a state
with more nonperiodic material during storage in air. This in
turn suggests that Fe(III) is labilized on the hematite surface
over a period of several days, although a more precise kinetic
study is needed.
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FIG. 4. (Color) STM images of the hematite (001) surface, all taken during one imaging session within a 3-h period using one tip. All images were taken at
a setpoint current of 500 pA, and all are displayed with a color scale of 0.3 nm. Top row (mV): —800, —700, — 600, — 500, —300, — 100. Bottom row (mV):

100, 200, 300, 400, 600, 800. All images are 20X 20 nm.

Figure 6 demonstrates observation of nonperiodic sites
both as a function of time and of bias voltage during a single
imaging session in pH 1 HNO;. We present a series of im-
ages in Fig. 6 in which, initially, we alternate between low
and high negative bias voltage. At —300 mV [Fig. 6(a)],
undulations but no atomic-scale nonperiodic sites are evi-
dent; increasing the bias voltage to —778 mV [Fig. 6(b)]
brings out nonperiodic sites, and a return to —300 mV [Fig.
6(c)] makes them less (or not) evident. Nonperiodic sites are
then again observed at —800 mV [Fig. 6(d)], but not at
—400 mV [Fig. 6(e)]. At —600 mV, nonperiodic sites are
again evident after about 1.5 h of imaging. After 2.5 h of
imaging at pH 1, however, nonperiodic sites are not evident,
even at high negative bias voltages of up to —1.0 V [Figs.
6(g)—(@)]. This suggests that the surface species that are im-
aged as the nonperiodic sites may have dissolved in the pH 1
solution during imaging. This interpretation is consistent
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FIG. 5. (Color) Number of nonperiodic sites (protrusions of height greater
than 0.23 nm) per image, from a series of 142 images, all of the same size
(20X20 nm). “Spikes™ in current that only affect one or two pixels of a
single scan line were also omitted. For a surface prepared by aging for 96 h
in DDI H,O (but imaged in air), relatively large numbers of nonperiodic
sites were observed in the —800 to —500 mV range but not at other bias
voltages (blue squares). For a surface prepared by boiling in nitric acid for 1
h, nonperiodic sites were not observed in any significant numbers (red
squares). The data points represent averages for different images; error bars
are 20 values from the variance in numbers of sites for the different images.

with the macroscopically observed accelerated dissolution of
a kinetically labile form of Fe at the hematite surface over a
period of a few hours in response to pH jumps.>* We em-
phasize that we do not think that the nonperiodic sites are
created by high negative bias; our interpretation is that high
negative bias is a necessary condition for significant tunnel-
ing current to flow through these sites. This point is illus-
trated in the next section. Also, we point out that steady-state
hematite dissolution rates at pH 1 (see Ref. 5) correspond to
only one Fe atom removed from a 20X 20 nm area every 12
h on average. This strongly suggests that the apparent disso-
lution of the nonperiodic sites indicates the dissolution of a
kinetically labile form of surface Fe akin to that observed by
wet-chemical means in other studies.””’

C. Dual-bias imaging

Images taken in sequence are open to the criticism that
either (a) different places with different surface features are
imaged as time passes (because of drift and tip variability, it
is virtually impossible to image in one location at the atomic
scale for more than a few scans); or (b) the STM tip causes
changes in the surface, possibly by sweeping protrusions
aside as successive scans are made, eventually making an
area appear “clean” (although we point out that the images
in Fig. 4 were not taken in sequence from — 800 mV on up to
+800 mV, but in a more random order). Dual-bias imaging
allows us to obtain two images, at different bias voltages, of
the same place simultaneously (every other scan line is taken
at a different bias voltage). Figure 7 gives three examples of
such imaging in which the negative bias image shows non-
periodic surface features that are not evident in the positive
bias scan of the same area. This observation is in agreement
with Figs. 4—6, and with them indicates that nonperiodic
surface features are evident at —500 to —800 mV bias that
are not evident at positive bias.

This situation is most closely matched in the RTM cal-
culations (Fig. 3) by conditions of high reorganization energy
(N\). However, Fig. 7 does not show that the protrusions in
the negative bias image always correspond to depressions in
the positive bias image. Figure 8 shows RTM calculations for
different resonance energies (&,) for \ fixed at 2.3 eV in
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(a) -300 mV, 8 min, 15 nm (b) -778 mV, 18 min., 15 nm

(e) <400 mV, 99 min, 8 nm

(d) -800 m\, 98 min., 8 nmf

(g) -800 mV, 149 min,, 10 nm (h)-1000 mV, 154 min,, 10 nm

which protrusions in the negative-bias images are accompa-
nied by only a slight depression in the positive bias image.
Figure 7 also shows, in addition to protrusions, depressions
that are found in both the negative and positive bias images.
Figure 9 shows that this can be produced in the calculated
images for conditions of low N\ but high resonance energy.
Although the RTM cannot be regarded as quantitatively
accurate, the RTM results presented in Figs. 3, 8, and 9 sug-
gest that the STM observations in Fig. 7 might be explained
if the local N and resonance energies of the sites involved
differ slightly from those of the periodic surface structure. It
should also be kept in mind that the RTM calculations only
consider an A-type site with altered RTM parameters on an
iron-terminated surface; the behavior of Fe adatoms on an
oxygen-terminated surface is likely to be quite different.

D. Structural hints

Figure 3 shows triplet sites at higher negative bias for A
sites with A greater than that of a normal A site. Triplets are
an additive effect in which, when the tip is positioned over
the B site, the total current is the normal B site current plus
some current added from increased current through the A
site, making the B site appear larger. Although such triplets
are peculiar to an A site with an altered N parameter, it is
possible that an Fe atom near an A site would produce a
triplet site in STM images, perhaps not with all members of
the triplet of equal height if the Fe is not directly over the A

(1) -600 mV; 158 min,, 10 nm
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(c)-300 mV, 21 min,, 15 nm

FIG. 6. (Color) A sequence of STM
images of hematite (001) taken in-situ
in pH1 HNO; at room temperature
using insulated tips. Bias voltages, im-
age size (e.g., 15nm=15X15nm im-
age) and acquisition time are given in
the figure. All images are height im-
ages with a vertical color scale of 0.3
nm. Nonperiodic sites are observed
mostly at higher negative bias and ear-
lier in the experiment. After over 2 h
from the start of the experiment, non-
periodic surface sites are less com-
mon, particularly those that protrude
more than 0.23 nm, even at higher
negative bias voltage [(g)—(i)].

site. Such an observation could also be explained as a cluster
of three iron ions in A sites. Triplets are indeed observed in
some STM images, along with double and single sites. Fig-
ure 10 is a particularly striking example. Usually, in STM
images, the occurrence of multiple examples of the same
pattern is evidence for a multiple-tip artifact rather than a
real surface structure, but in Fig. 10 not all of the triplets
“point” in the same direction as they must for a multiple-tip
artifact. While most triplets ““point” to the left (blue arrows
mark many but not all of these), some “point” to the right
(red arrows). This demonstrates that the triplets are not a tip
artifact.

E. Impurities and site densities

The measured impurity concentration allows us to ask
whether the nonperiodic bumps and depressions in the STM
images could be caused by impurity atoms (e.g., through
local potential effects on the local electronic structure). For
example, in a 20X20 nm STM image, there are just under
5500 Fe sites (assuming an Fe termination and including A,
B, and C sites). Based on our highest impurity concentration
(4X107% at. %), only about 2.2 atoms are impurities. As
pointed out in Eggleston et al. (2003), we have observed up
to about 60 nonperiodic features in some 20X 20 nm images.
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FIG. 7. (Color) Dual-bias STM images of the hematite (001) surface, taken
in air. All images have a z range of 0.30 nm, and all are 14X 14 nm. (A)
—700 and +600 mV, 424 pA; (B) —800 and +500 mV, 424 pA; (C)
—600 and +400 mV, 700 pA. Circles and lines have been overlaid on all
images to aid comparison of features in the negative-bias and positive-bias
images.

Therefore, only a small minority of the nonperiodic features
can be explained by appeal to impurities exclusively, and it is
therefore highly unlikely that most of the observed nonperi-
odic sites are caused by impurities.

-900 mV

-500 mV

500 mV

FIG. 8. (Color) Images calculated for bias voltages of —900, —500, and
500 mV (on left) at a series of resonance energies (g,) (heading each col-
umn). All calculations were made with N=2.3 eV. The sequence shows a
transition from an A site dominated image at low &, to a B site dominated
image at higher e,. This leads to the triplet sites in Fig. 3 for e,
=0.400 eV.
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-500 mV 500 mV

FIG. 9. (Color) RTM calculations made with a X of 0.8 eV and an &, of 0.64
eV.

Another useful comparison between Ref. 4 and the
present work is that of site densities. On the basis of disso-
lution transients in response to pH jumps, Samson ef al.*
estimated a site density for kinetically labile surface Fe sites
of about 1.0 wmol m™ 2. This translates to about 24 sites in
each 20X 20 nm image. Figure 5 shows that our STM obser-
vations are up to a factor or 2 to 3 higher than this, but are
within the same order of magnitude.

V. CONCLUSIONS

We have presented calculated and experimental STM
images showing that nonperiodic sites (both protrusions and
depressions) observed on hematite (001) surfaces by STM,
both ex-situ and in-situ, are consistent with Fe in an adsorbed
or adatom state on the hematite surface. These sites are ob-
served as protrusions at higher negative bias voltages. Acid
treatment of the surfaces both prior to imaging and during
in-situ imaging removes most of these sites, consistent with
their interpretation as adsorbed species. The time scale of

FIG. 10. (Color) STM image, 20X 20 nm, —600 mV, 500 pA. This sample
had been soaked in room-temperature DDI water for 96 h prior to imaging
in air. Blue arrows mark many of the nonperiodic triplet sites that ““point™ to
the left; red arrows mark those triplets that “point” to the right.
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removal during in-situ imaging at pH 1 is consistent with the
pH-jump experiments of Samson et al.* for dissolution of
kinetically labile Fe from the hematite surface during ap-
proach to steady-state dissolution, and is roughly consistent
with the time scale of isotopic exchange experiments of Rea
et al.” for kinetically labile surface Fe on ferrihydrite.

Adatom Fe in nonperiodic and nonbulk sites at the he-
matite surface represents structures whose chemical behavior
differs from, and cannot be directly predicted from, an un-
derstanding of the bulk termination structure. The conditions
that influence or control the production and consumption of
this reservoir of reactive surface sites should thus be a sub-
ject of future investigation.
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