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ABSTRACT

The effect of compressive and shear forces between tip and surface during the operation of
the Scanning Tunneling Microscope is illustrated with examples obtained both in air and vacuum
environments. We show that at typical gap resistances used in STM (< 20 G?) these forces
can have significant effects. Compressive or repulsive forces give rise to anomalous topographic
corrugations (elastic deformations) as well as to permanent damage (inelastic or plastic defor-
mation). These forces also cause the anomalously low values obtained in measurements of the
tunneling barrier height. The effects of shear forces when imaging weakly bound material will
also be demonstrated. v

1. INTRODUCTION

The existence of forces between the tip and the surface in the Scanning Tunneling Micro-
scope has been recognized since the invention of the instrument.! The measurement and control
of these forces led to the developmeﬁt of a new instrument, the Atomic Force Microscope.? Due
to tip-surface forces, there can be gross distortions in STM images and damage to the surface in
the extreme of large forces (plastic deformation), and more subtle effects that affect image inter-
pretation when the forces are smaller and their action reversible (elastic region). The anomalous
atomic corrugation observed in graphite®* is one of the best known examples of the effects of
compressive forces. Mamin et al. have linked the abnormally high corrugations on graphite to a
contamination-mediated deformation of the graphite surface. They have shown that corrugations
of < 1A and current vs. distance curves steeper by two orders of magnitude than in air can only

be obtained by cleaning tip and sample in UHV.®

!Departamento de Materia Condensada, Universidad Autonoma de Madrid, Madrid, Spain



The purpose of this paper is to illustrate for various samples, which differ in their bulk proper-
ties (elastic moduli) as well as their intermolecular (chemical) interaction with the tip, the effect
of the short-range repulsive part of the tip-surface forces on STMvimages. We will present data in
air as well as UHV environment and will link the operation of these forces with the measurement
of very low work function values. Finally, we will illustrate that the shear or frictional component

of the tip-surface force also becomes important when tip and sample are in contact.

2. EXPERIMENTAL

The experimental results presented in this paper were obtained using a variety of STM instru-
ments in two laboratories operating in different environments. The STM’s used a single .piezo tube
for zyz tip motion. Tip-sample approaches were performed by means of fine screws or by inertial
displacement using an auxiliary piezo tube concentric to the scanner.® Most of the results pre-
sented here were obtained in air, particularly those decribed in section 3 and when using graphite.
The results on sulfur overlayers were obtained in high vacuum (10~7 torr) and in UHV (1071
torr). An atomic force microscope (AFM) of the interferometric type, similar to that described

by Erlandsson et al., was used to measure forces during graphite STM imaging.”

3. IMAGING UNDER STRONG COMPRESSIVE FORCES: THE PLASTIC
REGIME

We start by illustrating the effect of oxide layers on tungsten tips, a common situation during
operation in air. A layer of oxide might become apparent by instability in the gap width as the
feedback loop tries to maintain a constant value of the tunneling current. We would like to point
out that in this context the gap represents the distance between the delocalized electronic states
in the tip and surface between which electron transfer occurs. The insulating oxide layer is then
part of the gap.The thicker the oxide layer and the smaller the gap resistance (i.e., ratio of applied
bias voltage and measured current), which decreases with gap width, the more likely mechanical
contact of tip and sample is to occur. That will result in compression of the gap and eventually

damage of tip or sample when the elastic response limit of the materials involved is exceeded.
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Figure 1 represents an example of such behavior: A nickel CD stamper is imaged with a
tungsten tip operating at a gap resistance of 68MQ in air (fig. 1a). After scanning for 15 minutes,
severe erosion has been caused by the tip force, as indicated by the debris accumulated in the
trough regions. Since substantial plastic deformation has obviously occurred, the pressure during
scanning probably exceeded 210 GPa or 2.1 x 10N/m?, if we take the elastic modulus of Ni.
When the gap resistance is increased to 38G(2, no visible damage occurs, as shown in fig. 1b. We
assume that in this case tip and surface are not in contact any more. In a control experiment with
a less reactive PtIr tip, which should not form a bulk oxide layer, no damage was found when

imaging at the reduced gap of 62 MQ.

4. IMAGING UNDER WEAK COMPRESSIVE FORCES: THE ELASTIC
REGIME

. The onset of plastic behavior depends not only on the elastic threshold as a specific material
bulk property, but also on the strength of intermolecular (chemical) interactions between tip and
sample. Two clean metal surfaces, for example, will exhibit a transition from elastic to plas-
tic behavior over a small range of applied forces, with plastic deformation sometimes found at
zero applied force as a consequence of forces of adhesion.!” Alternately, in the absence of strong
(chemical) interaction between tip and sample, stable and reproducible images can be produced,
as long as the compressive forcés, which might be present, do not exceed the elastic limits of tip
or sample. There are two typical signatures of this case of imaging. One is the observation of
anomalously large atomic corrugations, often several times the expected electronic corrugation.
The other is the measurement of very low values of the barrier height. Graphite provides the
most widely known example of giant corrugations,® but other materials can show similar effects

when the STM is operated in air or in UHV, as we will show in the next section.

Once the tip-surface gap is being compressed, forces are acting on the entire mechanical
loop linking tip and sample, and most of the displacement will be absorbed by deformation of
the weakest part in the loop. Again, as a reminder, when the gap is defined as the distance

between the electronic states where electron transfer occurs, any non-conducting adsorption or



contamination layer is included in the gap. The schematic drawing in figure 2 illustrates the
concept. Here kggp, Ksurface and keip are the spring constants of the gap, the sample being imaged
and the STM, respectively, Azsury and Aztip are deformations of surface and tip, respectively.
The true change in gap distance Azg,y, i.e., the true surface corrugaﬁon, is related to the z-piezo
displacement Azpezo by:

AZpiezo = DAZgap + AZgur face + 'Aztip

ksurface + ktip )_.1

Azga,p = (1 + kgap 2 A‘?r'piezo = a—lAzpiezo

surface ktip

When « > 1 the measured or apparent corrugation Azp;e;o Will be larger than the true change in

the gap.

4.1 Forces acting during tunneling when imaging graphite

The effects of tip and surface deformation can be easily demonstrated in a combined AFM/
STM instrument where the tip cantilever is designed to be the weakest mechanical link. We
simultaneously measured normal lever deflection and current while bringing the sample repeatedly
up to and beyond the point of hard contact, where the lever starts bending backwards due to the
pressure of the advancing sample. Current in these experiments was detected just at the onset of
repulsive force and, depending on the sharpness of the tip, generally required repulsive forces in

the 10~® N range to reach currents of a few nA. Similar results have been found by others.?

We then acquired a topographicvSTM image of graphite under such repulsive force at a cur-
rent of 8nA and a bias of 50mV while simultaneously recording the AFM lever deflection. Similar
experiments have also been performed by others.® Figure 3 reflects the remarkable agreement
between the cantilever deflection (fig. 3b) and the corresponding STM piezo displacement topo-
graphicimage (fig. 3a). From the calibrated line scans in figure 4 we obtain an average topographic
corrugation of ~ 9A while the average lever deflection corrugation is ~ 64, corresponding to a
force corrugation of 2 x 10~7 N (cantilever £ = 310 N/m). From the average lever deflection of
28A during these measurements we derive an average load of ~ 9 x 10~7 N during imaging. The
difference befween the two corrugations suggests that another component in the mechanical loop,

presumably the graphite sample, is deforming with an effective spring constant of ~ 600 N/m.

4
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Using the elastic modulus of graphite®, such a spring constant can be obtained for a small flake,
which might have attached to the tip, of size 200A x 200A and thickness 130 A (see also section

4.4).

4.2 Elastic properties of sulfur monolayers on metals

We conducted a series of experiments to measure the changes in tunnel current as a function
of tip displacement on a sulfur covered Re(0001) surface. An ordered (2v/3 x 2+/3)R30° sulfur
overlayer was prepared in UHV and the sample was transferred through air to an STM operating
in a 10~7 Torr vacuum.!© We have demonstrated earlier by LEED, Auger, and STM that a
saturation coverage of sulfur (0.5 monolayer) prevents oxidation of the Re(0001) surface when
exposed to air. %! STM images showed corrugations due to sulfur atoms between 0.2 and 4 A
depending on the tip shape. For comparison, LEED calculations on other structures indicate that

sulfur adatoms are typically located ~ 1.3 A above the top layer metal atoms.

In the experiments presented here, the (2\/§ X 2\/§)R300 sulfur structure was first imaged in
the topographic mode at a gap resistance of 20 M and a -16mV sample bias. The tip was then
positioned in the middle of the image, the feedback loop was disabled, and the tip was advanced
until a predetermined current I,,,, was obtained. Currents as large as 900 nA were obtained after
z piezo displacements of 20 A, as shown in figure 5. The gap resistance reached values as low as
20 kQ, on the order of the Sharvin point contact resistance.!® However, no changes were seen in
atomic resolution images of the sulfur overlayer recorded before and after tip approach, indicating

that only elastic deformations of the tip or sample took place.

Tip-surface forces could not be directly measured in these STM experiments. However, if
we assume that most of the 20 A displacement is due to elastic d\eformations of tip or sample,
we can get to an estimate: First, we assume a rigid gap and a deformable tip and/or surface
with increasing area of contact as the tip advances. The increase in current would then be
proportional to the increase in contact area and we can treat the measured gap resistance as

the Sharvin resistance R = 4pl/3ra2.1® Here p is the specific resistivity of the material, [ is the



electron mean free path, and a = a(z) is the radius of the circular contact area which depends
on the tip shape as the only parameter: Indeed, we obtain a good fit to the data of figure 5 by
implying a conical tip (solid line). Using the elastic moduli of Re and PtRh, and a radius of 100
A for the tip (estimated from the observed step widths) the initial compressive force is estimated

to be of the order of 107® N and the maximum gap pressure ~ 10 GPa.

4.3 The origin of low work function values in STM

Unrealistically small values of ¢, the work function (or more accurately, the local barrier
height), measured in I — 2z or 8I/0z experiments indicate the presence of tip-surface forces. For
the system described in the last section, for example, we find ¢ = 90 meV from the initial slope

of the I — 2 curve in figure 5, if Azy oy = Azpicso-

We also made a series of 9I/9z measufements at different gap resistances for a PtRh tip and
a clean Rh(111) substrate in UHV. The barrier height ¢ = (81/Iodz)? is plotted as a function of
gap resistance in figure 6. As we can see "normal” values of ¢ (above a few eV’s) independent of
R,qp were not obtained until Ryq, exceeded 20 GQ. Since we obtained stable images and did not
observe any damage at gaps as small as 20MQ for clean Rh, we believe that the expected strong
adhesion of clean metal surfaces,!” (which can cause surface damage even at applied forces well
below the elastic threshold - see section 4), is prevented due to a passivating contamination layer

such as carbon on the tip.

Elastic tip and sarﬁple deformations are not the only source of low k¢ values. Lang has demon-
strated through model calculations that the tunnel barrier collapses for tip-sample gaps of a few
A.13 The results of Lang’s calculations were expressed in terms of gap resistance and replotted
in figure 6 (dashed line) for comparison with our experiment: The expeﬁrimental results have a
different functional form and drop off much more quickly than predicted by Lang’s theory. This
comparison is not intended as a test of Lang’s results, but rather to show that the electronic effect
of barrier collapse alone is not sufficient to explain the magnitude of the decrease in ¢ and that in

the presence of strong repulsive forces the elastic deformation mechanism has a substantial effect.
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4.4 Shear forces during STM imaging

The presence of shear or frictional force components parallel to the surface is to be expected
in view of the above observations: the surface damage described above, is certainly the result of
both force components since lateral displacement of debris is observed. These forces have been

measured directly only by McClelland and collaborators.”415

As with compressive forces, frictional forces can cause elastic and inelastic effects: As evidence
for elastic effects of frictional forces, we found in STM images of graphite, recorded with a long
tapered etched tip (from electron micrographs), significant distortions of the lattice and featureless

regions over several A at the start of each scanning line. Others have reported similar results.®

Two dimensional graphite flakes provide another dramatic demonstration of shear forces dur-
ing STM imaging, in this particular example for their inelastic effects: One small flake ~ 200 A
in diameter was observed in several large scale topographic images. The flake appeared to shift
in position from one image to another. The tip was then positioned on top of the flake and a
20 A square topographic image was acquired (figure 7). A highly distorted graphite unit cell
was imaged with dimensions of 4 and 7 A in the x and y directions, respectively, 2 to 3 times
larger than the undistorted cell. We believe that the tip is dragging the flake back and forth, with

different effects in the x (fast raster) and y (slow raster) directions.

5. SUMMARY

We have shown that, under rather typical tunneling conditions, significant repulsive forces
acting in the compression and in the shear modes are more the rule than the exception: Both
plastic and elastic effects can occur depending on the intermolecular interaction of tip and sample
and the force, or better pressure, as compared to the elastic threshold as a bulk property. When
operating below the elastic thresholds of the materials involved and in the absence of a strong
chemical interaction between tip and sample, the deformations can be elastic and reversible.
They manifest themselves through the anomalous corrugation values obtained for many surface

structures, and also in the very low values of the work function obtained in STM experiments.
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FIGURE CAPTIONS

Figure 1: Images of a nickel compact disk (CD) stamper showing top view grey scale images
and cross sections.

(a) A 6 X 6pum image recorded with a tungsten tip at Ry, = 68 MSQ, and the same image after
scénning the central 2 X 2um part of the image for 15 minutes. Substantial surface damage can
be seen: At this gap resistance the gap distance is thus less than the oxide layer thickness.

(b) A 6 x 6um image of a new area recorded with a tungsten tip at Rg,p = 28 GQ, and the same
image after scanning the central 2 X 2um part of the image for 20 minutes. There is no apparent

change in the surface structure: the gap distance now is larger than the oxide thickness.

Figure 2: Schematic drawing showing the effect of the tip and sample compliance on the tunnel
gap. Deformations of the tip and surface make the change in the tunnel gap Azg,, less than the

applied displacement Azpiezo-

Figure 3: Forces during STM imaging of a graphite surface with a PtRh tip: (a) Topographic
image of an HOPG sample (vertical scale arbitrary units) recorded at 8nA and 50 mV; (b) Si-
multaneously recorded cantilever deflection showing the forces acting on the tip during tunneling.
Note the perfect registry of the two images. Horizontal streaks are due to unfiltered low frequency

noise.

Figure 4: Forces during STM imaging of a graphite surface with a PtRh tip. Calibrated line
profile over 15 A in the sample  direction showing several periods of the graphite lattice. The

cantilever displacement and the z piezo displacement were measured simultaneously.

Figure 5: Tunnel current and gap resistance as a function of tip displacement for a Re(0001)
surface with a (2\/5 X 2\/§)R300 sulfur overlayer and a PtRh tip. Tip displacement is measured
relative to the initial tunneling conditions of 8 nA and -16mV sample bias. The symbols show
different runs from the same sample and tip and the solid line is calculated by assuming the

current increase is due solely to an increase of the area of contact for a conical tip.

Figure 6: The solid line shows the experimental decrease in¢ as a function of Rg,, for a PtRh tip
and a clean Rh(111) surface in UHV. The dashed line shows the results of Lang’s ¢(2) calculations

on a different system replotted in terms of Ry,, for comparison.

Figure 7: An 18 A square topographic image (-100mV sample bias, 100 MQ gap resistance)
acquired on top of a two dimensional ~ 200 A graphite flake. The tip is dragging the flake back
and forth, grossly distorting the image.
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