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INTRODUCTION

Since the invention of scanning probe microscopy tech-
niques, it has become increasingly obvious that the reactivity
of mineral surfaces is often controlled by the reactivity of sur-
face steps. This can be the case, e.g., for growth and dissolu-
tion processes (Dove and Hochella 1993; Stipp et al. 1994;
Bosbach et al. 1995; Dove and Platt 1996; Jordan and
Rammensee 1996, 1998). For most growth mechanisms, such
as layer-by-layer growth and spiral growth, atoms and mol-
ecules from solution adsorb to the mineral surface at step edges
that bound growth islands and spirals (Pina et al. 1998). Reac-
tions at step edges become even more important when ions
from background electrolytes (Bosbach et al. 1996; Risthaus
et al. 2001) and growth inhibitors or organic molecules that
may be involved in biomineralization processes selectively
adsorb to specific crystallographically oriented steps and con-
trol crystal growth rates and morphologies (Bosbach and
Hochella 1996; Teng and Dove 1997). Reactions at steps are
particularly interesting if adsorption is coupled with redox pro-
cesses (Eggleston et al. 1996; Becker et al. 2001). Junta and
Hochella (1994) have shown that the initial Mn adsorption from
solution on hematite (001) surfaces predominantly takes place
on surface steps. Becker et al. (1996) have described the dif-
ferences between the electronic structure of flat terraces and
step edges on hematite (001) in detail. This helps to explain
why electron transfer from the Mn oxyhydroxide complex to
oxygen via the hematite surface is enhanced at the step and
thus, why the Mn oxidation from Mn 2+ in solution to Mn 3+ in
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ABSTRACT

Scanning tunneling microscopy (STM) images of the PbS (100) surface with a step and several
kinks were obtained with atomic resolution. These images show an increased tunneling current at
step edge sites and an apparent deformation of the lattice near the step. The experimental images are
compared with theoretical ab initio calculations for which we developed a hybrid method of constant
current and constant height mode STM image simulation. With these calculations, we find that the
apparent deformation is mainly an electronic effect rather than relaxation of atoms. In addition, with
the help of these calculations, we can identify the changes of individual terrace-like and step-like
orbitals that are observed using the STM in terms of the energy, density and shape of these states.
This detailed knowledge of the electronic behavior of the PbS surface near a step can be used as a
basis for explaining adsorption, acid/base, and redox behavior on PbS terraces and at steps, and the
differences between the two.

the adsorbed state is increased with respect to the adsorption at
a flat terrace.

With respect to the PbS (100) surface, there have been sev-
eral studies that indicate an increased tendency to react at step
edges relative to flat terraces. Theoretical calculations have
shown that although water preferentially physisorbs to flat PbS
terraces (a weakly bound but structurally intact state), sorption
to steps leads to rapid dissociation of the water molecules
(Wright et al. 1999a, 1999b; Bryce et al. 2000).

In terms of the reactivity of steps, it is interesting to note
that Vaitkus et al. (1998, 1999) found that the growth of galena
clusters on a semiconducting Si surface is dependent on the
surface morphology, especially, if the clusters grow on surface
steps of the substrate. Thus, for the interfacial growth of one
solid on another, the step reactivity of both substrates can play
an important role for the nucleation of growth.

An elegant experimental technique to observe dissolution
at atomic resolution is the Electrochemical STM (ECSTM,
Higgins and Hamers 1995, 1996a, 1996b). Dissolution experi-
ments on galena, pyrite and covellite using the ECSTM suggest
that the formation of a single vacancy or of an initial microscopic
etch pit and, thus, the formation of surface steps may be rate lim-
iting during dissolution under acidic conditions (Higgins and
Hamers 1996a). For galena, it was observed that in acidic condi-
tions, dissolution occurs by selective removal of step edge spe-
cies. Higgins and Hamers (1995) discussed crystallographic effects
in terms of atomic structures of the step edges, but in the current
study, evidence is found that electronic structure changes associ-
ated with different steps may be even more important.

Experimental and theoretical investigations of the electronic
structure of PbS surfaces were performed by Tossell and
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Vaughan (1987), Eggleston and Hochella (1993, 1994),
Laajalehto et al. (1993), Becker and Hochella (1996), Bottner
et al. (1996), Mian et al. (1996), Eggleston (1997), and Becker
et al. (1997a, 1997b). It was found that the top of the valence
band is dominated by combined S 3p-Pb 6p states where the
states with S 3pz character extend into the vacuum or the solu-
tion that is in contact with the surface. The states that are close
to the Fermi level are the ones that are most important for re-
dox reactions, and are analogous to the frontier molecular or-
bitals in molecules. Thus, oxidation reactions on the PbS surface
are likely to be initially controlled by the shapes and density of
states (DOS) of the orbitals with S 3pz character. Accordingly,
STM images at negative sample bias voltages mainly “pick
up” S 3pz electron density from sulfur atoms. In contrast, STM
images at positive sample bias voltages probe the bottom of
the conduction band, which is dominated by Pb 6p-like states
and which are mainly responsible for nucleophilic reactions at
the PbS surface. In this study, we show that these surface elec-
tronic properties are significantly modified at surface steps,
and use this information to explain why certain reactions take
place preferentially at these surface sites.

The mechanism of adsorption to PbS surfaces is also im-
portant in sulfide flotation processes with different collector
molecules such as mercaptobenzothiazole and its derivatives
(Maier and Dobias 1997; for a review in recent advances in
flotation chemistry, see Woods 2000) or xanthate and
dithiophosphate derivatives (Persson 1994). Especially at low
dosages that are applied for economic reasons, or because of
the toxicity of the collector molecules, understanding the physi-
cal basis underlying step-adsorbate interaction may be particu-
larly important because at low concentrations, a high percentage
of the molecules may be attached to surface steps due to their
increased reactivity. Such an understanding begins with an
analysis of the structure and electronic properties at the step
edge. Other structural defects or impurities at the surface can
have a similar effect in terms of an increased surface reactiv-
ity.

Finally, because many sulfide surface reactions are enhanced
by microbial interaction (Fowler and Crundwell 1999; Holmes
et al. 1999; Sharma and Rao 1999; Wieland and Kuhl 2000;
Sampson et al. 2000; Santhiya et al. 2000; Wang et al. 2000),
the redox processes that occur at steps, including the redox
changing properties of bacteria, may be an interesting field for
future research.

EXPERIMENTAL METHODS

The ultra-high vacuum (UHV) instrumentation and experi-
mental methods used in this study are described in detail else-
where (Rosso et al. 1999a, 1999b). Briefly, natural single
crystals of galena were cleaved in a UHV load-lock chamber
at a pressure of less than 10–7 mbar. Cleaving was performed
using an in-house cleavage stage designed to produce well con-
trolled cleavage along (100) planes of galena. Cleaved samples
were immediately transferred into an ambient temperature UHV
STM (Omicron, Inc.) in the main chamber at a base pressure
of 10–10 mbar. Low energy electron diffraction images of the
sample indicated that the surface was well ordered. STM tips
were produced by electrochemical etching tungsten wire in 1

M KOH using AC current. Topographic (feedback signal) and
current (error signal) images were collected in the dark using
0.25 V sample bias and 1 nA setpoint current. Filtering was
accomplished using a low pass Fast-Fourier-Transform (FFT)-
filter.

COMPUTATIONAL METHODS

General procedure
We used a cluster and a periodic two-dimensional quantum

mechanical approach to evaluate the electronic and atomic
structure near steps and to calculate STM images for tip posi-
tions above the near-surface region. In general, the calculation
of STM images using a cluster approach follows the methods
described in Becker and Hochella (1996) and Becker et al.
(1997a). Calculation of the wavefunctions in the substrate was
performed using the program package Gaussian98 (Frisch et
al. 1998) with the option to embed the cluster in point charges
to minimize edge effects, as described in Becker et al. (1997a).
In addition to the point charge embedding, the contributions of
the wavefunctions of neighboring clusters that are not contained
in the actual Gaussian98 calculations were taken into account
(Becker et al. 1997a).

Constant current STM images
In contrast to our previous studies (Becker and Hochella

1996; Becker et al. 1997a), constant current images were cal-
culated in addition to constant height images. For constant cur-
rent images, an imaginary tip is placed at about 5000 different
(x,y) positions, 10 Å (z) (where x,y is defined as being parallel
to the surface, z perpendicular to the surface) above the cluster
with a grid spacing of ~0.1 Å. Then, this virtual tip approaches
the surface in constant steps of ∆z = 0.2 Å until a previously
given value of Itheo with
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is obtained. In Equation 1, a z position of the tip has to be found
such that the sum over the densities (|Ψ|2) of all states with
energy eigenvalues (E) between e  (bias voltage, Vbias) to the
Fermi level (EF) has to equal Itheo which is the value of a theo-
retical tunneling current that is applied to the whole image (simi-
lar to the setpoint current in an experimental image). Equation
1 is for negative bias voltages; for positive bias voltages, the
summations runs from EF to e.Vbias. The theoretical setpoint
current is in arbitrary units because the actual tunneling cur-
rent also depends on the atomic and electronic structure of the
tip, which is not known. Note that in Equation 1, one would
also have to sum over the k-points, if a calculation is performed
with periodic boundary conditions. Once a sample-tip separa-
tion (z) is reached where the sum over the density of states is ≈
Itheo, a Newton-Raphson-like algorithm is used to find a tip po-
sition which exactly satisfies Equation 1. Using this approach,
there is a problem when the electronic structure near a surface
step is evaluated. On the side of the lower terrace of such a
step (about 2 Å away from the step), there are lateral (x,y) po-
sitions of the tip that can have local minima in the z direction
(usually not more than one for a monoatomic step) of the den-
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sity of states and, thus, there may be two z positions (one above
and one below the step) for which Equation 1 is fulfilled. This
phenomenon can be thought of as a small “vertical cleavage
plane” at steps with local maxima and minima. Therefore, it is
necessary in the first approach to move the tip closer to the
surface than to the first z in order to find all tip positions with
that condition. In these cases, the software picks the position
that is closer to the surface.

In experimental STM images, one never obtains ideal con-
stant height or constant current images. Especially near step
sites, it is not desirable to turn off the feedback loop for con-
stant height images because the tip may crash into the step. In
order to achieve perfect constant current mode, the electronics
and mechanics of the instrument would have to react infinitely
fast to follow topographic changes of the sample. Because we
have now developed the methodology to calculate both modes,
we are also able to combine these. The way we achieve this
goal is to begin by calculating the z positions of all (x,y) posi-
tions in constant current mode. The next step is to apply a
scheme to average these z values over a certain region about a
given lateral (x,y) position. As a rule of thumb, the lower the
feedback in the experimental setup, the larger the area needed
to average the z values. In our calculations of theoretical STM
images of the cluster setup (see below), we chose to average
the z positions of the tip over the whole length of the cluster
parallel to the step and over 1 Å left and right of a given (x,y)
position perpendicular to the step. In this way, we obtain a plane
for tip movement that is almost flat and at a certain distance
(≈2.5 Å away from the sample) above the upper and lower ter-
race. In the vicinity of the step, the path of the theoretical tip
describes a curved surface about the step. Then, we let the (theo-
retical) tip scan along this plane and calculate the tunneling
current as a function of the (x,y) positions of the tip.

Such an approach for (more realistic) constant current mode
STM simulations has the advantage of more closely mimick-
ing the experimental scanning modes and allows the user to
evaluate the electronic structure of the upper and lower terrace
and of the step in one single theoretical image. For ideal con-
stant height mode simulations, only the electronic structure of
the upper terrace can be represented in the theoretical image.
This is because for tip positions above the lower surface, the
tip-sample separation would be the tip-sample separation above
the upper surface plus the step height (≈ 3 Å in the case of
PbS). Because of the exponential dropoff of the tunneling cur-
rent as a function of the tip-sample separation, ideal constant
height mode simulations above the lower surface would ap-
pear to be dark.

It has to be noted that this technique makes no assumption
about real tip morphology. That means, for instance, that the
curvature of the virtual tip is infinitely small and no additional
“rounding” of the step is applied due to a finite tip curvature.

Clusters and periodic models
The cluster calculations were performed with and without

surface and step relaxation. This allows one to distinguish be-
tween effects on the STM image that are caused solely by elec-
tronic structure changes near steps and those that are caused
by electronic and atomic structure changes.

Calculations with periodic boundary conditions were per-
formed using the program package Crystal98 (Dovesi et al.
1999). Basis sets were structure and energy optimized from a
Durand and Barthelat basis set that was developed in combina-
tion with the Durand pseudopotential set. We used these
pseudopotentials to mimic how the core electrons act on the
valence electrons and to take into account the relativistic ef-
fects of the heavy Pb core. Relaxation of flat terraces and of
step atoms were calculated using a conjugate gradient method
in the optimizer LoptCG which is designed to work with the
Crystal98 code.

For the calculation of the STM images and the structure
optimizations, a hybrid method of the density functional theory
(DFT) and Hartree-Fock (HF) approach was applied
(Becke3LYP option in Gaussian98). The exchange is described
by a mixture of HF-exchange and a Lee, Yang and Parr (LYP)-
type density functional, whereas the correlation is provided by
a combination of LYP-terms (local correlation) and Vosko, Wilk,
and Nusair (VWN, excess local correlation) terms. This hybrid
method usually gives the most precise results for cluster ge-
ometries of semiconducting and insulating materials (Fox, per-
sonal communication; Gibbs et al. 1999). In addition, this
method is computationally faster and sturdier than pure DFT
calculations.

RESULTS

Experimental STM images
Figure 1 shows in vacuum STM images of a clean galena

(100) surface including a half unit cell high step with several
kinks taken at positive bias voltage (0.25 V, set point current =
1 nA). The topographic image (Fig. 1a) shows atomic corruga-
tion across a (100) terrace up to the step edge. At the step edge,
an increase in the apparent height is displayed relative to the
average level of the terrace sites, and individual atomic sites at
the step edge are less clearly distinguished than sites across the
terrace. In the absence of other information, the apparent height
increase at the step edge could be interpreted as a change in the
atomic structure, or as a change in the electronic structure, or a
combination of the two. Atomic corrugation is also seen in the
current image (Fig. 1b), which is more easily resolved because
the full grayscale contrast range has been applied to the entire
atomic corrugation, whereas in Figure 1a, it is applied to the
step edge which dominates the surface topography. The cur-
rent image gives an indication that the tunneling current is
higher at step edge sites, but as will be discussed below, this
indication is less meaningful than the indication given in the
topographic image. As shown by Becker and Hochella (1996),
and by using a somewhat more optimized basis set in Figure
2a, the conduction band density that is picked up by STM im-
ages using a positive sample bias is dominated by Pb 6pz states
such that the bright spots on flat terraces are located above Pb
atoms. However, as indicated in Figure 1c, the apparent Pb-
Pb-Pb angle where the first and third Pb are in an atomic row
closer to the step open up from 90 to approximately 120 in
the row next to the step. Collectively, the image data suggest
that two characteristics are associated with the step edges on
galena (100). The first is a change in the atomic or electronic
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served tunneling current distribution near the step edge is
present in the images because the tip did not properly negoti-
ate the topographic height increase encountered at the step edge.
In the ideal limit for situations where a step edge is to be im-
aged, where the tip response to such features is perfect (i.e., a
constant tunneling current is always maintained), any true in-
creased tunneling current at step edge sites would be displayed
in the topographic image as an increase in the apparent height
(Fig. 1a) while the current image (the error signal) would be
featureless (Figs. 1b and 1c). For a condition where the tip re-
sponse is not perfect, artifacts may appear in the images. One
such artifact is a false increased tunneling current at the step
edge in the current image, arising because at that location the
tip briefly passed closer to step edge atoms before correcting
its course. In a case where no increased tunneling current is
actually associated with step edges sites, this would not be a
reflection of the true electronic structure. In topographic im-
ages, this unwanted deviation in the tip path can make the step
edge appear smoother than it is. In our images, the ideal limit
was not attained, which is routinely the case in STM studies at
the atomic scale. If the ideal limit was attained, then the im-
ages in Figures 1b and 1c would be featureless. This means
that the increased tunneling current at the step edge displayed
in Figures 1b and 1c are artifacts to some degree. However, we
can argue that the images were collected close enough to the
ideal limit. There is no obvious step edge smoothing in the
topographic image, so we can make the assumption that the
atomic structure at the step edge is close to ideal (a pure step
function). This assumption is supported by previous work (e.g.,
Wright et al. 1999a, 1999b) and results presented below. Also,
the presence of this type of artifact suggests that the apparent
height increase observed at the step edge in the topographic
image (Fig. 1a) may actually be somewhat underestimated.
Therefore, because the apparent height increase at the step edge
is recorded in the topographic image, it can be concluded that
this is a real characteristic of the step edge. The artifacts are
thus inconsequential to the conclusions of this study.

Theoretical STM images
To understand these observations of the electronic struc-

ture, we used a cluster calculation designed to model the [100]
step edge environment. We set up a cluster with six atomic
rows parallel and perpendicular to the step, and two atomic
layers at the lower terrace and three at the upper terrace as
shown in Figure 2b. As described in the Methods section, this
setup also contains embedding point charges on the sides and

FIGURE 1. (a) Topographic image of a galena surface taken at 0.25
V sample bias voltage and 1 nA setpoint current. The image shows a
galena surface with a step and several kink sites. An increased tunneling
current is localized along the step edge sites, causing them to be less
distinguishable than terrace atoms. The bright spots on flat terraces
correspond mainly to Pb6pz-like states that are located above surface
Pb atoms. (b) Unfiltered current image for the area of the surface shown
in a. (c) FFT filtered current image that shows the apparent changes in
the structure of the terrace in the proximity of the step edge. The
apparent widening of the Pb-Pb-Pb angle is labeled which is mainly a
result of the modified electronic structure of the surface near steps
rather than atomic relaxation.

structure at step edge sites. The second is an apparent defor-
mation in the arrangement of atoms in nanometer proximity to
step edges.

It is important to consider the possible contribution of scan-
ning artifacts to the image data. In this case, it is crucial be-
cause each row of the image was collected with the tip scanning
from left to right, which introduces the possibility that the ob-
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below the cluster to minimize edge effects. To further reduce
edge effects, the area for which the STM image was calculated
is smaller than the actual cluster (see dashed rectangles in Figs.
2b and 2c) and is then repeated in Figure 2b for a better graphi-
cal representation of the electronic structure near the step. At
this time we are not able to run calculations on a cluster or a
periodic unit cell large enough to mimic the whole surface area
that is shown in the experimental image in Figure 1 because

the computational expense of these types of calculations in-
creases with the number of atoms to the power of approximately
3. However, the combination of a periodic calculation (Fig. 2a,
for the extreme case of being infinitely far away from a step)
and a cluster calculation (Fig. 2b and 2c) representing the elec-
tronic structure close to the step allows us to capture most of
the features shown in the experimental image. First, one can
see how the apparent Pb-Pb-Pb angle (denoted as an 132 angle
in Fig. 2c) opens up in the third to last row before the step on
the upper terrace. It should be noted that all atoms in the clus-
ter were kept frozen at unrelaxed lattice positions in order to
determine whether this is solely an electronic effect or a com-
bination of electronic and atomic relaxation in the near step
region. The reduction in the lateral symmetry due to the step
has a far reaching influence on the shape of the orbitals several
atomic rows away from the actual step site. As will be dis-
cussed later in the Atomic Relaxation section, this is for the
most part an electronic effect rather than the result of atomic
relaxation. Further, our calculations show that the area of high
empty state density close to the Fermi level begins in the sec-
ond to last row before the step on the upper terrace. Now, if the
(theoretical) tip moves closer to and beyond the step, a new
pattern of the electronic structure emerges. About 2 Å beyond
the step on the side of the lower terrace, another maximum of
the tunneling current from the tip to the sample appears. This
maximum is a superposition of a Pb 6px-like state (x defined as
being perpendicular to the step) of a Pb atom at the top of the
step and a Pb 6pz-like state of the Pb atom located in the next
atomic row at the bottom of the step. This feature is also vis-
ible in the experimental images as a “frayed” state density on
the side of the lower terrace whereas the maximum of the state
density on the side of the upper terrace is almost terminated by
a straight line (Fig. 1b and 1c).

The described effects of surface symmetry reduction near a
step were found to be highly suppressed when the step is mod-
eled as a two-dimensional periodic array with single PbS rows
removed on the surface. In order to create a periodic supercell
for the simulation with Crystal98, we removed every fourth
surface row (Figs. 3a and 3b) and calculated the density of states
at the top of the valence band and at the bottom of the conduc-
tion band. This information was used to calculate constant
height STM images (Fig. 3c). In this model, there is a pertur-
bation of the electronic structure of the “ridges” formed by the
uppermost atomic plane (three atomic rows wide) arising from
two steps on both sides of a ridge. Interestingly, the symmetry
reducing effects from these two steps on the electronic struc-
ture cancel each other such that we only find maxima of the
state density directly above the atoms as on flat terraces. Be-
cause we learned from Figure 2c that the increase in the den-
sity of states begins about one atomic row away from the step,
the “ridges” in Figure 3 are not wide enough to show the com-
plete dropoff in state density from a step to a terrace.

Electron density of states of the bulk, flat, and stepped
terraces

Figure 4 shows the total and projected density of states of
the top of the valence band and the lower 7 eV of the conduc-
tion band of bulk galena. In this representation, the band gap,

FIGURE 2. (a) Calculated constant height STM image for a flat
terrace with periodic boundary conditions using Crystal98. (b) Setup
for a cluster calculation of a theoretical STM image as shown in c. The
cluster consists of 6  6 atoms with 3 atomic layers on the upper terrace
(larger balls; bright balls = S and dark balls = Pb) and 2 atomic layers
on the lower terrace (smaller balls). Indicated are also the embedding
point charges that are located at lattice positions around and below the
cluster (outside the solid square). The values of the embedding point
charges are calculated using the method described in Becker et al.
(1997a). (c) Calculated STM image for a bias voltage of +0.25 V using
the cluster setup in b. In brief, in constant current mode, the tip positions
are calculated and averaged over y and over 1 Å in the ±x direction.
The tip is scanned along this surface and the tunneling current calculated
as a function of (x,y). No surface relaxation is applied. The image is
calculated for the area represented by the dashed rectangle (in b and c)
and repeated for better graphical representation. The fine grid in the
image represent the lateral positions of the tip for which the STM image
was calculated. Surface Pb atoms on the upper terrace are indicated by
“+” signs. Parts a and c are aligned such that the lattice is continuous.
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visible as a flat line left and right of the Fermi level, is overes-
timated (~1.2 eV) when compared with experimental values
which are on the order of 0.3 to 0.5 eV (Tossell and Vaughan
1987, and references therein). This is due to the nature of the
one-electron/mean-field computational approach, inherent to
both DFT and HF methods, which is not capable of leading to
an accurate estimation of band gap widths (Tossell and Vaughan
1992). Both the top of the valence band and the bottom of the
conduction band consist of states with S 3p and Pb 6p charac-
ter with S 3p dominating the top of the valence band and Pb 6p
the bottom of the conduction band. Therefore, spots of high
state density in STM images are located above S atoms for
negative bias voltages and above Pb atoms for positive bias
voltages. The Pb 6s peak lies deep in the valence band because
of the relativistic stabilization of the 6s electron pair. This ef-
fect also has chemical importance such that this “inert pair”

effect for heavy elements is believed to be the reason for why
elements such as Hg, Tl, Pb, and Bi can seldom occur in oxida-
tion states higher than +2 (Jolly 1991).

When we compare the density of states projected to surface
S 3p and Pb 6p states (Fig. 5a) with the respective bulk-like
states, we find that the DOS increases for surface states when
their energy eigenvalues are close to the Fermi level. This ef-
fect is more pronounced when we make the transition from
surface-like to step-like states (Fig. 5b). This is important be-
cause the states that are close to the Fermi level are the ones
that are involved in redox reactions. The increase of the DOS
at sites that are less coordinated than sites on flat terraces is
another explanation why steps are usually more reactive than
terraces, especially for adsorption reactions involving electron
transfer. In contrast, the bulk DOS is more concentrated at states
deeper in the valence band or higher in the conduction band
than the terrace or step DOS. It is interesting to note that the
energy eigenvalues for the bulk, terrace, and step sites are at
the same positions (this is exactly true if bulk, surface, and
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FIGURE 3. (a) Top view (only the uppermost layer is shown) and (b)
side view of an atomic relaxation calculation where only the atoms labeled
“r” were allowed to relax. The amounts of vertical and lateral relaxations
are described in the text. (c) Calculated constant height STM image for a
bias voltage of +0.5 V for the setup shown in a and b.

FIGURE 4. Total and projected density of states of bulk galena using
three-dimensional periodic boundary conditions calculated with
Crystal98. The band gap is indicated by straight vertical lines with the
Fermi level EF within the band gap and the valence band (VB) on the
left and the conduction band (CB) on the right of the band gap.
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step states are modeled in the same computational setup). This
is not surprising because each state in a crystal is represented
by a Bloch function. These Bloch functions have the periodic-
ity of the lattice (if there are perturbations to the lattice such as
defect sites, the number of Bloch functions has to be increased
but the general scheme still holds true). Thus, each of these
functions “travels” through the whole crystal with different
densities at different positions but each is represented by a single
energy value. This explains why we obtain peaks for different
projections at the same position but with different heights in
Figures 4 and 5.

It is interesting to note that the apparent band gap decreases
from Figure 5a to Figure 5b. Even though the Becke3LYP
method underestimates the band gap of semiconductors, com-
parison of both figures suggests that the introduction of steps
creates “step states” (analogous to the often described surface
states that can be located in the bulk band gap).

Atomic relaxation
As previously described by Becker and Hochella (1996),

and by recent experimental work (e.g., Leiro et al. 1998), there
is little relaxation on flat PbS (100) terraces. Our calculations
in this study with a more optimized basis set and taking elec-
tron correlation effects into account confirm this finding. There
is a small vertical rumpling which means that the distance of a
surface Pb to an underlying S is reduced from 2.99 Å (experi-
mental value 2.96 Å) to 2.95 Å and the corresponding surface
S to Pb distance from 2.99 Å to 2.86 Å. The lateral relaxation
is calculated to be zero.

The situation is different at steps. The vertical distance of a
surface step Pb to the S atom underneath is reduced to 2.9 Å
and the separation of a surface step S to the underlying Pb to
2.7 Å (Figs. 3a and 3b). As derived from cluster calculations,
atoms at corner sites will be drawn another 0.2 Å towards the
underlying substrate. In addition, with the setup in Figures 3a
and 3b, we calculated a lateral contraction of step atoms of
about 0.22 Å towards the upper surface. The vertical contrac-
tion of the uppermost atomic plane, and the lateral contraction
of the step edge atoms demonstrate similarities in both the re-
laxation behavior of the undercoordinated atoms (a contrac-
tion) and displacement magnitude. This behavior is consistent
with observed trends for the cubic surfaces of many ionic and
covalent minerals based on the rocksalt structure, which also
indicate that almost all of the relaxation displacement is re-
stricted to the outermost atoms (Noguera 1996; Gibson and
LaFemina 1996). Therefore, the optimized surface structures
for the models used in this study are likely to have released the
vast majority of the strain present in the initial unrelaxed sur-
face.

It is interesting to note that this lateral relaxation is far less
than what one would expect from the experimental image in
Figure 1, if the bright spots in the image are interpreted as po-
sitioned directly above atomic sites. Thus, by taking into ac-
count the calculated image in Figure 2c and the atomic
relaxation in Figure 3, it becomes obvious that the apparent
change in the Pb-Pb-Pb angle as observed by STM (Fig. 1c) is
predominantly an electronic effect and little can be attributed
to atomic relaxation.

DISCUSSION

The results of this study allow us to put forward an expla-
nation for the known reactive behavior of PbS surfaces and the
catalytic properties of step edge sites, specifically in regard to
acid/base interactions with H2O. A complete understanding of
the acid/base behavior of surface sites is based on a compli-
cated set of interrelated factors such as the ability to receive or
donate electrons (charge transfer) and adsorption energies
(Noguera 1996). Here, we consider specifically charge trans-
fer, because it is the principal factor that drives the weakening
of the O-H bond in a sorbed H2O molecule. The latter is largely
the control on protonation or Brønsted-type reactions at sur-
faces. The charge transfer behavior of a surface site can be
viewed in terms of Lewis acidity/basicity, where a site that
readily accepts electrons is a Lewis acid. In this context, the
site acidity is increased by increasing its ability to accept and
lower the energy of the donated electrons. As an H2O molecule
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FIGURE 5. Projected density of states (S 3p and Pb 6p like states)
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like and step-like states). EF, VB, and CB here the same meaning as in
Figure 4.
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approaches a surface site, its orbitals overlap with the acces-
sible orbitals at the surface and the valence electrons are af-
fected by the potential of one other. The Fermi levels of the
two equalize, with charge transfer directed from the highest
occupied states to the lowest unoccupied states. Weakening of
an O-H bond, the precursor step to hydrolysis, is achieved by
either decreasing the occupation of bonding sp3-like orbitals or
by increasing the occupation of antibonding orbitals in H2O.
Wright et al. (1999a, 1999b) have shown that the negative end
of the H2O dipole interacts strongly with step edge Pb sites,
causing a lengthening of the O-H bond. Our results clearly show
that the density and energy of empty Pb 6p states is signifi-
cantly increased at step edge Pb sites relative to that of terrace
Pb sites. The former can be viewed as increasing the capacity
to accept electrons and the latter can be viewed as increasing
the driving force to accept them. Collectively, a consistent pic-
ture emerges involving charge transfer from the sorbed H2O
molecule to step edge Pb sites, via σ-like interaction between
sp3 and 6p orbitals in the surface adduct group.

Geometric considerations can also exert a potentially im-
portant influence on the propensity for sorbed H2O to dissoci-
ate. The fact that the main maximum of empty state density is
on the upper terrace, approximately one row away from the
actual step edge plane, could mean that H2O would preferen-
tially adsorb at the upper terrace of the step rather than the
lower terrace. This would be in contrast to many mineral sur-
faces where the lower terrace is an energetically preferred ad-
sorption site because the adsorbed species can coordinate to
atoms at the lower and upper terrace. H2O adsorption to a step
could lead to a higher probability for hydrogen bonds to form
with surrounding surface sites, affecting the O-H bond strength
and the tendency to dissociate. The calculations by Wright and
co-workers seem to suggest that hydrogen bonding is not im-
portant in the precursor complex, but are formed in the transi-
tion state of dissociation.

In addition, we have to consider the effect of the step elec-
tronic structure on nucleophilic adsorption of metal atoms to
step or near step sites. In analogy to the water adsorption, nu-
cleophilic species could adsorb at the upper terrace of the step
rather than the lower terrace. Such a nucleophilic species could,
for example, be a neutral metal atom that is less electronega-
tive than the sulfide surface (e.g., Ag, Au). If we imagine such
a metal atom to undergo surface diffusion on the upper terrace,
it may eventually bond at the described maximum of conduc-
tion band state density near the step. At higher surface metal
concentrations, this effect can lead to the formation of metal
clusters or ridges along the surface. How far reaching the in-
fluence of a surface defect such as a step, kink, or vacancy can
be is described by Rosso et al. (2000). In contrast, a species
diffusing on the lower terrace may eventually bond to the other
maximum of conduction band density which is located on the
side of the lower terrace of the step (Figs. 1 and 2).

Finally, we consider the importance of the conclusion that,
at PbS step edges, the electronic structure deforms more sig-
nificantly than the atomic positions. This observation is not
unlike that documented by Eggleston and Hochella (1992) in
an ambient STM investigation of step edges on pyrite (FeS2)
(100) in oil. The findings are suggestive of the long-range in-

fluence structural defects may have on the shapes and energies
of the frontier orbitals at the surface and therefore the surface
reactivity. In this way, defects can exert a “remote” influence
on sorbates interacting with sites nearby (Rosso et al. 2000;
Becker et al. 2001). That the structure local to one site can link
with the structure of another on the scale of a few tens of
Ångstroms should be considered paramount to understanding
individual site behavior on these and other semiconducting
mineral surfaces.
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