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Approach to surface structure determination with the scanning tunneling microscope:
Multiple-gap imaging and electron-scattering quantum-chemistry theory
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We have successfully developed and tested a method of quantitative surface structure determination
using scanning tunneling microscopy (STM). Image simulations of the c (2 X 2) S on Mo(100) chemisorp-
tion system were calculated as a function of surface and tip structure using electron-scattering quantum-
chemistry STM theory. STM images with a wide range of tunneling gap resistance values were acquired
in a "multiple-gap" mode which preserves information on the z separation and lateral registry between
the images under dift'erent tunneling conditions. The best At of a numerical comparison of the image
simulations with experimental data simultaneously determined two structural parameters of the surface.

0
The STM results di6'er from those of dynamical LEED by approximately 0.1 A, which we estimate to be
the level of accuracy obtainable with the present implementation of the method.

I. INTRQDUCTIQN

The understanding of the electronic, physical, and
chemical properties of surfaces requires an accurate
knowledge of their atomic level structure. A number of
methods are now routinely used to determine the adsorp-
tion sites and bond lengths of adsorbates on metal sur-
faces. These include low-energy electron diffraction
(LEED), ' ion scattering, x-ray photoelectron diff'raction
(XPD), and surface-extended x-ray-absorption fine struc-
ture (SEXAFS). When coupled with appropriate
theoretical modeling, these methods provide information
on either the average surface structure or the structure of
we11-ordered portions of the surface. However, it is gen-
erally believed that many of the properties of surfaces are
a consequence of defect sites which may be present in low
concentration and randomly distributed. As a real-space
technique, scanning tunneling microscopy (STM) has the
ability to focus on a specific region of the surface, such as
a defect site, isolated adsorbate atom, or antiphase
boundary. The ability to study nonperiodic surface
features gives this technique the potential to provide
structural information unavailable by other methods.
However, to our knowledge no general technique for
deriving the complete surface structure from STM im-
ages has been developed.

Some information on surface structure can be immedi-
ately determined by inspection of STM images. It is sim-
ple to measure the distance between equivalent points on
the surface, both laterally and in height. These measure-
ments provide the periodicity of the surface and the sepa-
ration of atomic layers (step height). Additionally, the
binding site of adsorbate atoms (top, hollow, or bridge)

may often be determined from an analysis of the symme-
try of the images, especially at defect sites and antiphase
boundaries. In contrast, STM does not directly yield in-
formation about the relative positions of inequivalent
atoms, such as the bond length between adsorbate and
substrate atoms or the distance between adsorbate atoms
bound at different surface sites. This is because STM
does not produce a simple image of a hard-sphere model
of the surface, but a map of tip-surface conductance
which is a combination of physical and electronic struc-
ture. Other factors besides the surface structure may
influence the image contrast, including the tunneling con-
ditions (bias voltage and tunneling current) and the mor-
phology of the tip termination. A theoretical ap-
proach is needed to separate this electronic structure
influence on the image from the physical structure of the
surface.

Considerable effort has been focused on developing an
accurate theoretical description of electron tunneling
with which STM images can be calculated. ' Most
early models of tunneling described the tip and surface
with free-electron models which do not have atomic
structure. " ' Other approaches use more accurate
descriptions of the surface and tip physical and electronic
structure, but most use Bardeen's approximation, ' a per-
turbation approach, to calculate the tunneling current.
Using this approximation, Tersoff and Hamann showed
that STM images may be approximated by the surface
electron density at the Fermi level at the center of a tip
modeled by a single s wave function. ' Lang improved
the description of the tip, modeling the tip and surface as
atoms embedded in jellium and calculating the electronic
states with the local-density approximation (LDA). ' '
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Tsudaka et al. have developed a model using a linear
combination of atomic orbitals (LCAO) description of the
wave function of the surface and a tip cluster coupled to
a specialized model of the vacuum tail. Other theories
avoid Bardeen s approximation, taking the tip-surface in-
teractions into account, which is especially important for
accurate modeling of tunneling with a small tip-surface
separation. These includ. e the theories of Doyen, Drako-
va, and SchefBer' and Sautet and Joachim, ' ' which ac-
curately include the inQuence of the tip-surface electronic
interaction by modeling the surface and tip with atomic
orbitals and treating the electron tunneling between them
with a scattering theory.

Despite the development of these theoretical methods,
STM theory has only rarely been applied to deduce sur-
face structure from STM images. Feenstra et al. used the
Tersoff and Hamann' approach to determine the buck-
ling angle of bonds on the GaAs surface. STM images
acquired with positive and negative bias voltages were
compared to calculations of the surface density of states
as a function of the bond angle. In our previous work, a
partial structural determination was made for the
p (2 X 2)S on the Re(0001) chemisorption system.
The experimental images of this system were consistent
with calculated images only for a small range of trial sur-
face structures. From the comparison of the experimen-
tal and calculated images, the binding site of the ad-
sorbed sulfur atom was determined to be the threefold
hollow site. The height of the sulfur over the surface was
limited to within the small range from 1.60 to 1.75 A
above the first Re layer. The results agree closely with
those of a dynamical LEED structure determination.

An important result of this theoretical work has been
the improved understanding of the mechanisms of con-
trast in STM images. The contrast was found to be
modified by electronic interferences among several tun-
neling paths between the surface and the tip. In general,
atomic orbitals of more than one surface atom may over-
lap significantly with the atomic orbitals of the tip ter-
mination atom. The tunneling amplitudes of electrons
for these paths are complex quantities which may inter-
fere, significantly enhancing or reducing the tunneling
current compared to the sum of the individual paths.
This electronic interference of states with approximately
the Fermi wavelength ( —1 A) makes the STM contrast
sensitive to the geometry of the tunneling gap region with
a resolution of fraction of this wavelength, of order 0.1 A.
In principle, this fact allows quantitative information on
the structure of the surface to be obtained from the con-
trast in STM images.

Here a comparison of experimental STM images with
those calculated by an electron-scattering theory is used
quantitatively to determine the structure of the c (2 X 2)S
on Mo(100) system. We begin with a model structure as-
suming that S is bound at the fourfold hollow site as it
has been found to bind at the highest coordination site on
nearly all metal surfaces studied to date. Two parame-
ters of the structure are optimized by fitting the STM
data: the height of the bound sulfur and the buckling of
the second Mo layer. Unlike previous work on the S on
Re system, a quantitative approach is used for the com-

parison of theoretical images with calculated ones. In ad-
dition, the images are obtained at more than one tunnel-
ing condition, enlarging the experimental data set.

II. APPROACH

Our approach to STM structure determination is
analogous to that of dynamical LEED. As with STM im-
age data, there is no way to directly invert LEED I( V)
curves to real-space surface structure. Instead, a
multiple-scattering theory is used to calculate I ( V)
curves for each of a large set of trial structures. Each of
these curves is numerically compared to the experimental
one by calculating an R factor representing the quality of
the fit. The trial structure which has the best R factor is
presumed to be the correct structure.

In the STM approach, images are calculated as a func-
tion of surface structure, tip structure, and tunneling con-
ditions for a set of trial structures. The surface structure
is determined from the best fit between these calculations
and the experimental STM data. As a single unit cell of a
STM image has few distinct features, we enlarge the data
set by obtaining simultaneously a set of images with
different tunneling conditions. The complete set of im-
ages is fit to an equivalent set of calculated images.

Two tunneling parameters may be controlled by the ex-
perimenter: the bias voltage and the tunneling current
(or gap resistance). Changing the bias voltage modifies
the energy overlap of the states of the surface and tip. In
systems, such as semiconductors, in which the density of
states or their wave functions vary rapidly with energy,
changes in the bias voltage will have a pronounced effect
on the image contrast. However, metals have a relatively
Hat density of states near the Fermi level, and hence
changing the bias voltage has little effect on the image.
Experimentally, this was verified for the S on Mo system.
Inverting the bias voltage from +0.2 to —0.2 V pro-
duced almost no measurable change in the image con-
trast.

On the other hand, changing the gap resistance
(through variation of the tunneling current), does have an
efFect on the image contrast of adsorbates on metals.
Changes in the gap resistance result in a shift in tip-
surface separation. The separation varies approximately
linearly with the logarithm of the gap resistance. Chang-
ing the distance between the tip and surface modifies the
interference between different tunneling paths, resulting
in image contrast variations. DifFerent surface structures
will have different degrees and forms of interference
change with tip height. Therefore, acquiring data at mul-
tiple tunneling gaps provides additional information on
surface structure beyond what an image at a single tun-
neling gap can provide.

In order to maximize the amount of experimental data,
images were acquired over a wide range of tunneling gap
resistance values at a low fixed bias voltage. The gap
resistance was modified by changing the tunneling
current setpoint of the feedback loop controlling the tip z
position. A special parallel image acquisition mode was
implemented which preserves information on the relative
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z separation and registry of images acquired at different
tunneling gap resistance values.

An additional factor which may vary in the STM ex-
periment is the structure of the STM tip termination.
Unfortunately this structure is largely beyond the control
and knowledge of the experimenter. Therefore, a number
of likely model tip termination structures must be used in
the theoretical image simulation. The fit between the ex-
periment and theory must simultaneously determine the
surface structure and at least part of the structure of the
tip.

III. KSQC STM THKQRY

The simulated STM images were calculated using the
electron-scattering quantum-chemistry (ESQC)
theory. ' ' This theory has been employed to calculate
STM images on a wide range on systems with a high de-
gree of success. As previously described, this theory was
successfully applied to the p (2 X 2)S on Re(0001) system.
The theory has also correctly predicted the shape of ben-
zene and CO molecules adsorbed at different sites on
the Pt(111) surface. While it has proven to be highly ac-
curate, ESQC theory is capable of simulating STM im-
ages of a simple surface structure in less than 1 h of com-
puter time on a standard workstation. This computation-
al e%ciency is required for application to structural
determination, where it is necessary to calculate the STM
images of a large number of possible structures. In addi-
tion, unlike in some of the approaches to calculating
STM images outlined above, ESQC accurately models the
surface and the tip with an atom by atom description of
the bulk, surface, and tip geometries.

In ESQC theory the tunneling of electrons between the
surface and tip is described as a scattering process. Elec-
trons traveling through the bulk substrate and tip are
scattered at the tunneling junction, where the periodic
layer symmetry of the bulk is broken. This junction con-
sists of the top few surface layers, the adsorbate layer, the
tunneling gap, and the tip apex. Electrons in each bulk
eigenstate of the surface and tip will be mostly reAected
at the junction, with a very small fraction transmitted
across the gap. The reAection and transmission probabil-
ities are expressed by a scattering matrix S that describes
how the gap couples the bulk electronic wave functions
on each side. This matrix is clearly dependent on the
junction structure, including the tip position, the tip ter-
mination morphology, and the surface structure. The
gap resistance, as a function of the structure in the tip-
adsorbate-surface region, is calculated from the scatter-
ing matrix in the zero-bias voltage approximation with
the Landauer formula. A simulated STM image is pro-
duced by plotting the reciprocal of the gap resistance as a
function of lateral tip displacement.

The calculation of the scattering matrix requires that
the surface, adsorbate, and tip all be considered simul-
taneously. The complete model system is infinite in the z
direction perpendicular to the surface and has periodic
boundaries in the surface (xy) plane. Each component of
the system is described atom by atom. The bulk tip and
sample in the present experiments are semi-infinite struc-

tures described by two layers of Mo atoms with periodic
boundary conditions in the z direction. Within the sur-
face plane the Mo bulk is described as a 4X4 atom cell
with periodic boundary conditions. The surface-
adsorbate-tip region consists of two layers of Mo, the ad-
sorbate layer, and the tip apex. This region is placed be-
tween the semi-infinite bulk tip and sample sections.
While the tip is formally repeated, the size of the repeat-
ed cell is large enough (4X4) so that the interactions be-
tween adjacent tips are insignificant.

Each atom in the system is associated with an orbital
basis set. In the bulk, only one 5s orbital is used to de-
scribe the atom, while a full ad basis set is used in the
surface and tip regions where the scattering takes place.
The exponents of the Slater-type orbitals (STO's) of this
basis set are taken from ab initio atomic calculations. A
tight-binding approach based on the extended Huckel
theory is then used. The overlap matrix elements be-
tween these STO's are calculated with no limitation to
nearest-neighbor interaction. The Hamiltonian matrix
elements are approximated ' from the overlap and from
the diagonal Hamiltonian matrix elements (these atomic-
orbital energies are parameters of the calculation and are
taken from the literature). This approach allows a simple
and fast determination of the matrix elements, and
correctly takes into account the atomic-orbital overlaps
and their dependence upon atomic distances. Besides the
approximation in the determination of the Hamiltonian,
the major limitation of this approach is its non-self-
consistent character which tends to overestimate the elec-
tronic transfers. This approximation is, however, noi
very important for the relativdy weak tip-surface interac-
tions, and is usually corrected by using effective atomic-
orbital energies in order to simulate self-consistent field
effects.

By such a projection on the atomic basis, the
Schrodinger equation is transformed into an infinite ma-
trix, general eigenvalue equation. Propagators, which are
transfer operators of the wave function in the z direction,
are built for both the periodic bulk regions and for the
entire STM gap junction. The scattering matrix is de-
rived from these propagators. This theoretical approach
completely takes into account the electronic coherence in
the complete tip-surface system including multiple
scattering and interference between tunneling paths.

IV. THEORY RESULTS

The model of the c (2X2)S on Mo(100) surface, which
is input into the theory, is shown in Fig. 1. The c (2X2)
structure has the lowest S coverage of the three ordered
structures formed by S on the Mo(100) surface. The
models considered all have the S adsorbate atoms placed
at the fourfold hollow site, consistent with a dynamical
LEED structure determination of this surface. The Mo
surface interlayer spacing is taken froxn the LEED
structural determination. The value of this spacing is
quite close to the bulk value of I.575 A, so that using the
bulk value would not have a significant effect on the re-
sults. Two parameters in the model are left free: the
height of the sulfur adsorbate and the buckling of the
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FIG. 1. A model of the c(2X2)S-Mo(100) surface. (a) Top
view. Every other fourfold hollow site contains a S adsorbate
atom, shown in white. There are four high-symmetry sites on
the surface: the location of the adsorbed sulfur atom (S), the
bridge site (B), the empty hollow site (E), and over a Mo sub-
strate atom (Mo). (b) Cross section. There are several numeri-
cal parameters which describe the surface structure. Two of
these are determined by the analysis of the STM image data:
the height of the sulfur atom over the surface (ds M, ) and the
second-layer Mo buckling (b). Here the buckling {b) sign is
defined as positive when the Mo atom under the sulfur adsor-
bate moves up toward it. {A negative buckling is indicated in
the figure. ) The other parameters, which specify the interlayer
spacing of the Mo, are set to the values determined by a dynam-
ical LEED study. These values are very close to the bulk layer
spacing.

second Mo layer. As half of the atoms in the second Mo
layer are nearest neighbors with the sulfur adsorbate
atoms while the other half are not, buckling of the second
layer is expected. These two free parameters were in-
dependently varied over a likely range of values. The
sulfur height over the surface was set to one of five values
from 0.8 to 1.2 A, while the second-layer buckling was
picked from five values between —0.4 and +0.4 A.
Hence a total of 25 trial surface structures were con-
sidered.

Besides the structure of the surface, the tip structure
must be input into the theory calculation. The tip is
modeled as a cluster of atoms of a given composition and
structure. Due to the exponential decay of the tunneling
current with the distance to the surface, only the last few
atoms at the tip apex contribute significantly to the tun-
neling current and thus to the image contrast. Therefore,
the complete set of possible tips may be modeled by a
smaller set of tip termination structures. The number of
trial tips can be further reduced by considering only
symmetrical tips terminating in one atom. Theoretical
work has shown that slightly asymmetric or tilted tips
produce nearly the same image contrast as completely
symmetric ones. Experimental data with low corruga-
tion or which do not have the complete symmetry of the
surface, known from LEED, must be a result of a more

complex tip termination or multiple termination tip and
can be excluded, making it unnecessary to model these
complex tips in the theory.

The model tip we used is shown in Fig. 2. Since the
bulk tip composition has no efFect on image contrast, it
can be modeled as any conductor. For simplicity, the

FIG. 2. Model tips used in the theory. The tip model con-
tains three parts: the bulk, a cluster, and a termination atom.
Throughout the tip all nearest-neighbor atomic separations are
set to the sum of the covalent radii of the two neighbors. The
bulk tip consists of Mo (the sample material) for simplicity. A
four-atom Pt cluster is attached to the bulk to model the Pt al-

loy tip used in the experiment. A single atom is attached to this
cluster. This tip termination atom is chosen from a set of likely
experimental tip termination structures: Pt for a clean tip and

S, C, or Mo for a contaminated tip.

theory uses the same material and crystal structure as the
bulk sample, bcc molybdenum.

Attached to the end of the bulk tip, near the tunneling
gap, is a cluster of Pt which is the predominant atomic
species in the experimental tip (Pt/40% Rh alloy wire).
A single atom is attached to the end of this cluster. The
atomic identity is chosen from several likely candidates:
Pt from the bulk tip and S, Mo, or C to model contam-
inated tips. The separation between neighboring atoms
in the tip is set to the sum of the covalent radii of the
neighbors. Test calculations have confirmed that small
changes in this separation, even at the tip termination,
produce very little change in the simulated image con-
trast.

The complete set of image calculations were done on
25 surface structures and four tip structures for a total of
100 model systems. Each individual calculation deter-
mined the tunneling gap conductivity at four high-
symmetry points of the surface overlayer unit cell over an

approximately 4—6 A range of tip-surface separations at
0.5 A increments. The four high-symmetry points
chosen, shown in Fig. 1(a), are at the sulfur adsorbate
(denoted S), the empty fourfold hollow site (E), over a
Mo atom (Mo), and at a bridge site (8). Every point on a
1.57-A( —,

' X —,
'

) mesh covering the surface is symmetrically
equivalent to one of these points. This distance is ap-
proximately the lateral resolution of STM under op-
timurn tunneling conditions. Hence these four points are
sufhcient to fully describe the shape of the surface ob-
served by STM at a fixed tunneling gap. The complete
set of data for a given tip and surface structure is a
three-dimensional spatial map of the tunneling current
with a resolution of 0.5 A in z, and 1.57 A in x and y.

Topographic images, over a four-order-of-magnitude
range of tunneling gap resistance, may be easily interpo-
lated from this map. However, for comparison with ex-
perimental data, a complete set of images is not neces-
sary. Instead, the tip height for a set of experimental gap
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FKx. 3. Theoretical image shape plot for a single surface and tip structure. Each curve in this graph represents the distance from
the tip to the surface at a specific tunneling gap resistance at the four high-symmetry sites on the surface, shown in the model below
the graph. The distance between the tip and surface is defined as the distance between the center of the atom terminating the tip and
the center of the first layer of Mo atoms on the surface. The tunneling gaps range from 2 to 500 MQ by factors of 2. To the right of
the plot are simulated images corresponding to the highest and lowest values of the tunneling gap. The contrast and corrugation of
STM images varies markedly as a function of tunneling gap resistance.

resistance values was interpolated at each of the high-
symmetry sites. The result for a single surface model and
tip structure (one of the hundred) is shown in Fig. 3. The
y axis of this graph is the tip height, specifically the dis-
tance between the center of the tip termination atom and
the top Mo layer. Qn the x axis are the four high-
symmetry points on the surface (one is repeated). Each
curve represents the tip height over the surface as it fol-
lows the triangular path shown below the graph over the
four high-symmetry points and back to its starting posi-
tion while maintaining a constant tunneling gap resis-
tance, labeled to the right of the curve. Concave-up
curves represent images with a maximum at the location
of the sulfur adsorbate, while concave-down curves are at
a minimum at this location. In the example shown, the
image contrast changes significantly with the gap resis-
tance, as shown by the simulated images at the highest
and lowest gaps.

Figure 4 displays how the contrast indicated by these
curves is affected by the surface structure. The results for
all of the 2S surface structures calculated for a Pt-
terminated tip are displayed simultaneously. Each set of
curves is similar to the plot of Fig. 3. The outer y axis
represents the sulfur adsorbate height over the Mo sur-
face, while the x axis represents the second-layer Mo
buckling. As the surface structure is changed along ei-
ther axis, clear changes appear in both the image shape at
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FIG. 4. Theoretical image shape plots as a function of sur-
face structure with a Pt-atom-terminated tip. Each set of curves
in this graph is equivalent to the graph in Fig. 3 for a specific
structure of the surface. They indicate the tip height (labeled
for several of the groups on the right y axis) at the four high-
symmetry points on the surface at five values of the tunneling
gap resistance. The outer x and y axes represent the two free
parameters of the surface structure, the S adsorbate height, and
the buckling of the second Mo layer. The changes in the shape
of the groups of curves and the spacing between them indicates
that the STM images are sensitive to changes in the structure of
the surface. The surface structure is determined by ascertaining
which set of these, compared with similar ones for other tip ter-
mination structures, best fits the experimental data.
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different gap resistance values and in the decay of the
tunneling current with gap distance. These curves can
easily be numerically compared to analogous ones de-
rived from our experimental STM data.

V. EXPERIMENT

The Mo sample preparation and STM imaging were
performed inside a standard surface science ultrahigh-
vacuum (UHV) chamber with a base pressure of 2 X 10
Torr. Besides the STM, the chamber was equipped with
Auger electron spectroscopy (AES), LEED, and Ar+
sputtering. The single crystal Mo(100) sample could be
separately heated with an electron-beam heater, and
cooled by placing the sample holder in contact with a
copper block cooled by liquid nitrogen. All STM imag-
ing took place at room temperature. The design of the
STM is described elsewhere. Mechanically cut Pt/Rh
(60%/40%) tips were used. The tips were cleaned by ap-
plying electrical pulses of several volts between a
sacri6cial area of the sample and the tip when in tunnel-
ing range.

The single-crystal sample was approximately 1 cm in
diameter and less than 1 rnm thick. It was oriented to
within less than 1' of the [100] direction, and polished us-
ing standard metallo graphic techniques. Carbon and
other impurities were removed by sputtering while heat-
ing to approximately 600 K. The carbon remaining after
this treatment was removed by repeated heating in oxy-
gen (5X10 Torr at 1600 K). The remaining oxygen
was removed by heating the crystal in UHV above 1900
K. In order to prevent contamination, sulfur was depos-
ited on the clean surface by the decomposition of H2S gas
immediately after the removal of the oxygen. The sample
was heated to approximately 800 K and exposed to 10 L
of HzS. After this treatment, the S coverage on the sur-
face slightly exceeded the 0.5 ML required for the
c(2X2) structure, as indicated by AES and LEED. The
LEED pattern had a c(2X2) symmetry, with streaks in
the (011) directions from each of the overlayer half-
order spots, indicating frequent antiphase boundaries in
the overlayer. ' The crystal was annealed in short cycles
to desorb S and reorder the surface until a sharp c (2X2)
LEED pattern was observed. After this preparation pro-
cedure the AES spectrum showed no trace of carbon or
oxygen contamination.

As shown in the example of Fig. 5, STM images of the
sample showed an array of maxima spaced by &2 of the
Mo(100) surface lattice. Each maximum is therefore at-
tributed to one unit cell of the c(2X2)S overlayer, con-
sisting of one S atom and two top-layer Mo atoms. As
has been reported elsewhere, S adsorption on Mo(100)
was found to promote the clustering of single-atomic
height steps, increasing the size of atomically flat ter-
races. Occasional point defects and antiphase boundaries
were observed on these terraces. Point defects always ap-
peared in the image where a current or topographic max-
imurn would otherwise be found, indicating that the
sulfur atoms are located at current maxima in the STM
images, consistent with observations of sulfur on other
metal surfaces. Changes in the contrast of the image

FIG. S. A topographic STM image of c(2X2)-ordered S on
Mo(100). The maxima in the image are separated by 4.45 A or
&2Mo(100) lattice constants. This distance corresponds to the
separation of the sulfur adsorbates. Therefore, each maximum
is associated with one S and two Mo surface atoms. Defect sites
in the lattice always appear as a missing maximum, indicating
that the maxima correspond to the location of adsorbed S
atoms.

sometimes occurred during scanning, and are attributed
to movement of atoms at the tip termination. The z (per-
pendicular to the surface) calibration of the piezoelectric
element was determined by measurements of the height
of single atomic steps. The calibration was calculated
from the offset in z control voltage between planes fit to
the terraces above and below a step. This calibration was
reproducible within a single experiment to within 2%.
After stable tunneling conditions were obtained with low
thermal drift, images containing 30—40 S atoms total
were acquired with a tunneling gap bias voltage in the
range +50 to +150 rnV.

VI. MULTIPLE-GAP IMAGING

A special mode of image acquisition, multiple-gap im-

aging, was used to acquire STM data over a wide range of
tunneling gap resistance values. While in principle this
could be accomplished by sequentially obtaining a series
of images at different tunneling currents, it is not clear
whether such images are generated with the same tunnel-
ing tip and are of precisely the same area of the surface.
The tip termination may change between images by the
diffusion of the atom at the tip end or the movement of
atom between the tip and the surface. Thermal drifting
of the sample relative to the tip makes an accurate deter-
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mination of the relative registry and gap distance be-
tween images very dificult. These problems may be over-
come by taking nearly simultaneous images at multiple
tunneling gaps using a multiplexing technique.

A schematic model of this technique is shown in Fig. 6.
In the multiple-gap imaging mode the tip is scanned over
the surface while maintaining a constant tunneling
current within each line by means of a feedback loop as
in standard STM imaging. The setpoint of the feedback
loop is cycled over a range of exponentially distributed
current values, changing at the end of each scan line. In
other words, line numbers 0, 8, 16, etc. are acquired with
a tunneling current of 0.1 nA, while lines 1, 9, 17, etc. are
acquired at 0.2 nA, and lines 2, 10, 18, etc. are acquired
at 0.4 nA. Due to the exponential response of the tunnel-
ing gap, the gain of the feedback integrator must be
changed inversely with the current setpoint in order to
maintain a constant feedback loop response. Once an en-
tire image of scan lines has been acquired, the individual
1ines of data were sorted by their gap resistance (or tun-
neling current setpoint) into separate images. As all data
were acquired at the same time, any thermal drift in the
latera1 or z directions is the same for all the images, and a
uniform correction may be applied. Therefore, the rela-
tive registry and the z displacement between the images
are known. Since the images are acquired almost simul-
taneously (the time di6'erence corresponds to only the
time to acquire one scan line), it is certain that the tip ter-
mination which produced them is the same. Any change
in the tip termination structure will appear as a contrast
change at the same point in all the images. In this case
the complete set of data was discarded.

VII. EXPERIMENTAL DATA

Hundreds of experimental multiple-gap images were
acquired at eight tunneling gaps exponentially spaced
from 2.5 to 500 MQ. This range of 200 represents the
maximum dynamic range available with our current
preamplifier at which data can be acquired at low noise
levels and without saturating the amplifier. The
minimum gap resistance value of 2.5 MQ was chosen as
the minimum value at which it is certain that the pres-
ence of the tip will not perturb the surface, based on oth-
er experimental evidence.

Much of the experimental data were discarded for one
of several reasons. Any data showing defects either in
the overlayer or due to atomic steps were excluded in or-
der to avoid the complication of possible changes in sur-
face structure in the regions surrounding these defects.
Images in which the contrast was extremely low or in
which the tip showed signs of instability were also dis-
carded. The decay of the tunneling current with the gap
distance was extracted from each of the remaining image
sets simply by calculating the average tip height for each
of the eight gap resistance values. In many cases the de-
cay rate was found to be far less than the one order of

0
magnitude per A expected from the theory, and con-
sistent with most other experiments. An example of this
result is shown in Fig. 7. Additionally, these data deviat-
ed from the expected exponential behavior at small tun-
neling gap resistance values. Such anomalous data are at-
tributed to tips contaminated with a nonconductive ma-
terial at the contact point with the surface. During ac-
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FIG. 6. A representation of the multiple-gap imaging tech-
nique. In this imaging mode the tunneling current is cycled be-
tween a small number of exponentially spaced values, changing
between these values at the end of each scan line. This change
in current setpoint causes the feedback loop to change the phys-
ical distance of the tunneling gap. After an entire image is ac-
quired, the data are sorted into separate images, each corre-
sponding to one tunneling gap resistance. This method of data
acquisition has the advantage of preserving the relative position
of images taken at difTerent tunneling gap resistance values. In
addition, it prevents discrepancies in the data produced by tip
changes occurring between sequential images.

FIG. 7. The decay of the tunneling current with tip-surface
spacing: normal {upper curve) and anomalous data (lower
curve). Theoretical results, even from simple models, indicate
that the electron wave function and hence tunneling current
should decay exponentially away from the surface at a rate of

0
approximately one order of magnitude per A. The experimental
data in the top curve are consistent with these results. Often,
however, we found experimental I(z) curves, showing anoma-
lously slow decay rates and a nonexponential shape at low tun-
neling gaps, like the example shown in the lower curve. As ex-
plained in the text, these curves are attributed to tips contam-
inated with nonconducting material.
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quisition of these images, the tip physically pressed
against the surface, decreasing its ability to move in
response to a voltage change to the piezoelectric element,
especially at high current setpoints. This produced a
slow decay of tunneling current with changes in the ap-
parent z position (applied control voltage). Surprisingly,
these images were among those which qualitatively
looked best, perhaps due to the stabilizing e6ect a
mechanical contact has on the tunneling gap. As the
theory assumes a conductive tip and does not include
mechanical interactions between the tip and surface, data
showing these features were excluded from comparison
with the theory results.

The remaining experimental image data were pro-
cessed into the same form as the theory data shown in
Fig. 3. The raw data consist of multiple images with
eight gap resistance values, each approximately 20X20-
A size and containing around 30 unit cells of the over-
layer. In order to correct for the surface slope and
piezoelectric element hysteresis, a single parabolic fit is
subtracted from all eight of the images, taking into ac-
count the one scan line displacement between sequential
images. The maxima in the images are connected with
the vertices of a c(2X2) square lattice. A second-order
two-dimensional transform mapping the data space to
real space was determined from a least-squares fit be-
tween the locations of maxima in the image and their
presumed locations in real space. This fit precisely
corrects for any nonlinear thermal drift or piezoelectric
hysteresis in the (xy) image plane during data acquisi-
tion. The data in the equivalent unit cells of the images
were averaged together to make a composite unit cell for
each tunneling gap. The composite unit cell was Fourier
filtered to remove spatial frequencies higher than those
which could represent real data. The resulting average
unit cells (repeated three times in each direction) are
shown in Fig. 8.

Measurements are made of the relative tip height at the
four high-symmetry points in these unit cells. Unlike the
theoretical results, the absolute height of the STM tip
over the surface cannot be determined experimentally;
only the relative tip height within the set of data is
measurable. These numerical image data, in the same
form as the theoretical data in Fig. 5, are shown in Fig. 9.
Due to the symmetry of the surface, some of the high-
symmetry points (B and Mo) are present more than once
in each overlayer surface cell. These locations have more
than one data point associated with them.

A completely symmetric tip termination should pro-
duce images in which all equivalent points are equal.
However, in all of the data sets, including that shown in
Fig. 9, some asymmetry was observed. In the data of Fig.
9 this asymmetry is most severe in the middle range of
gap resistance at the Mo location, and disappears at high
and low gaps. Changes in the asymmetry with gap resis-
tance qualitatively shows the changes in image contrast
with gap resistance predicted by the theory, albeit for a
nonideal tip. In this case, the tip might have been a tilted
dimer. At certain gap distances, the dimer atom which
was further from the surface contributed more
significantly to the current than at other gaps, perhaps as

500 MQ 250 MQ 122 MQ 50 MQ

25 MQ 12.2 MQ 5 MQ 2.5 MQ

FIG. 8. Average unit cells over a range of gap resistance
values. Each image is a 3 X 3 unit-cell plot of the composite unit
cells derived by averaging approximately 20 unit cells from an
image. All image data were acquired simultaneously with the
multiple-gap imaging technique. The grid in the plots has ver-
tices over the fourfold hollow sites of the Mo(100) lattice.
While the maximum in the unit cells remain at the same place in
all of the images, the contrast surrounding these maxima change
with the gap resistance. In particular, these data show an asym-
metry, due to an asymmetric tip, which appears most prom-
inently in middle range of tunneling gaps and nearly disappears
at high or low tunneling gaps.

a result of interferences between the tunneling paths
through the two atoms making up the dimer.

Unfortunately, all of the acquired data showed some
degree of asymmetry at least at some range of gap resis-
tance. This indicates that the tip structure was in general
less ideal than the models used in the theory, as might be
expected. Various experimental methods were explored
to produce completely symmetric tips, with only partial
success. The least asymmetric images were selected for
comparison to the theory.
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FICx. 9. Example of an experimental data set prepared for
comparison to the theory. The data in this graph are extracted
from the image data in Fig. 8. The data are in the same form as
the theoretical data in Fig. 3, and can easily be compared quan-
titatively with it. An asymmetry appears at the Mo point in the
unit cell in the middle range of tunneling gap resistance images.
Two symmetrically equivalent data points have slightly different
values.
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A, buckling of —0.05 A) results by approximately 0.1 A.
This error is significantly greater than the error expected
for the LEED results. The most probable causes of the
error in the STM results are an inadequate modeling of
the tip, which the data indicate was always somewhat
asymmetric. Additionally, the extended Huckel approxi-
mation of the electronic structure of the surface and tip
produces inaccuracies in the theory. Finally, experimen-
tal error, such as small inaccuracies in the calibration of
the piezoelectric elements moving the tip, could have
produced some additional error.

IX. CQNCLUSIQN

We have demonstrated that the contrast in STM im-
ages as a function of the tunneling gap is sensitive to the
structure of the surface, and this fact may be utilized to
determine quantitative information on the structure of
the surface. By obtaining images over a wide range of
tunneling gaps, the structure of the tip termination can
be determined while simultaneously reducing the range of
potential surface structures. As with LEED structure
calculations, several difFerent minima may be obtained in
the fit between experimental and theory data. The data
contained in the set of multiple gap images are smaller
than that of most data sets used for dynamical LEED.
However, STM is sensitive to the structure of fewer lay-
ers (only one or two) of the surface and thus fewer free
structure parameters need to be fit. Additionally, a quali-
tative analysis of STM images often can provide a start-
ing point for the structural determination by indicating
the correct atomic binding site through symmetry argu-
ments. In the future the STM data set may be expanded
to include spectroscopic information as well as images ac-
quired with several tip terminations. Further work is re-
quired to find out the number of free parameters which
can be determined with STM image analysis. However,
we expect that simultaneously ascertaining more than
two or three parameters, as is common in dynamical

LEED, will be diScult or impossible.
While STM is never likely to be as sensitive a probe of

surface structure as difFraction techniques such as LEED,
it can provide information inaccessible to these tech-
niques. While here our technique was applied to a
periodic surface to make comparison with LEED results
possible, there is no reason why the same techniques can-
not be applied to the study of defects on surfaces. In fact,
the method may even be more accurate in this case, as
images of the periodic areas of the surface may serve as a
reference point with which to optimize the model of the
tip structure.

There are several areas in which future work may im-

prove the accuracy of the technique. The current
definition of RsTM may overemphasize the rate of decay
of the current with gap distance relative to the shape and
corrugation of the images. This definition may be
modified to reAect the important features in the image
better from a structural point of view. The weakest point
in the theory is the calculation of the Hamiltonian matrix
elements with extended Hiickel theory. In the future this
calculation will be replaced with a more accurate
method, derived from ab initio calculations of the surface
electronic structure. In the experiment the greatest gains
can be made through better control and characterization
of the tip termination structure. It is likely that few
methods will provide more accurate information on the
tip termination than the analysis of the contrast of STM
images produced with the tip. Therefore, the tip ter-
mination will be characterized by imaging a known sur-
face structure before or simultaneously with the imaging
of an unknown structure. Tips with more symmetric tip
termination structures may be produced by etching
single-crystal wire.

While a number of challenges remain ahead, we believe
that the combination of multiple-gap imaging with
theoretical calculations will allow the structure of simple
chemisorbed systems on metal and defects in these over-
layers to be determined from STM images.
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