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Detailed experimental investigation of the barrier-height lowering and the tip-sample force gradient
during STM operation in air
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Using a combined scanning-tunnel-microscopy (STM)/atomic-force microscopy (AFM) setup, we

have measured simultaneously the apparent barrier height and the tip-sample force gradient for various

tip-sample distances of an STM configuration in air. Our results reconfirm the existence of repulsive

tip-sample forces during the STM operation with inert metal systems in air. Also, the gradient of such

forces is of the correct sign that is necessary to cause the lowering of the apparent barrier heights

through elastic deformations. However, our results indicate that the model that is based on the elastic
deformation due to the tip-sample forces does not provide a satisfactory explanation of the lowering of
the barrier heights for the case of gold in air.

In scanning tunneling microscopy, the tunnel barrier
height P, in eV, can be extracted (up to a good approxi-
mation) from the expression:

~$=0 976d (ln. I ) /ds,

where I is the tunnel current and s is the tip-sample dis-
tance in angstroms. ' The barrier height is generally tak-
en as the average of the work functions of the tip and of
the sample. However, it is well known that when the bar-
rier heights are measured with scanning tunneling mi-
croscopy (STM), unusually low values are obtained. As
an example, Binnig et a/. , in their pioneering work, re-
ported a value of /=0. 6 eV for the W-Pt system, under
what they called a moderate vacuum. ' The expected bar-
rier height for this system is about 5 eV. The situation
for some other materials such as graphite is even more
drastic. These extremely low values of barrier heights
are not due to an intrinsic deficiency that is associated
with the STM, since under clean UHV conditions,
reasonable values for barrier heights have been ob-
served. ' Thus, the contamination that is inevitably
present on surfaces under non-UHV conditions must be
responsible. It is known that surface impurities can
change work-function values. However, these changes
are small compared to the drastic lowering of barrier-
height values that are observed commonly in STM mea-
surements.

Improving over the model by Soler et al. , Coombs
and Pethica, and independently Mamin et a/. , put for-
ward a model to explain the lowering of barrier-height
values in STM measurements. In this model, which is
originally suggested for the case of graphite, there exists a
repulsive interaction between the tip and the sample.
This repulsive interaction is mediated by the surface con-
taminants that are present between the tip and the sam-
ple. Under this situation, when the tip moves a distance
LL away from the sample, the actual increase in the tip-
sample distance is M =hz+EF /k, where hI' is the in-
crease in the force between the tip and the sample, and k
is the spring constant that characterizes the elastic defor-
mation of the tip-sample system in the tunnel direction.

What the STM measures is the tip motion da, not the ac-
tual change in tunnel distance hs. Thus the STM mea-
sures an apparent barrier height P„which is related to
the barrier height P in Eq. (1) by

gP, =M/[1+(1/k)(dF/dz)] .

If it is taken that F increases as the tip moves closer to
the sample (that is, z decreasing), which is the case under
many typically used potentials, then dF/dz is negative
and therefore, the apparent barrier height that is mea-
sured by the STM is lower than the true barrier height.

This model received some support by experiments
which established the existence of both the repulsive tip-
sample force and the negative force gradient (dF/dz), for
the case of graphite samples in air. ' Other experiments
showed that similar situations occur for silver-tungsten,
and gold-iridium in UHV and gold-gold in air. ' How-
ever, experiments that relate in detail the apparent bar-
rier heights with the tip-sample force gradients have not
been reported in literature. In this paper, we report an
experimental attempt to relate the variation of the ap-
parent barrier height to the tip-sample force gradient for
the gold-gold system in air. During the experiment, we
measured simultaneously the apparent values of tip-
sample force gradient and barrier height, while the tunnel
conductance was varied over a decade. Then we obtained
the best straight-line fit for P,'~2 vs dF/dz as suggested by
Eq. (2).

The experiment was performed on a home-made
STM/AFM setup that was built around an inertial sam-
ple translation scheme. " The setup consisted of a gold-
coated microcantilever that acted as the sample as well as
the force-sensing element. The sharp gold tip was posi-
tioned carefully over the cantilever, forming a tunnel
junction similar to a regular STM. The deflection of the
cantilever was measured by using an optical lever detec-
tion scheme. ' ' We used previously an essentially simi-
lar arrangement to detect forces with subnano Newton
resolution during an STM operation in air. ' In the
present experiment, we used a commercially available
Si3N4 cantilever. The cantilever was 0.6—pm-thick,
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tip-sample interaction. ' If this picture is correct, P,' vs
—dF/dz should be a straight line, with a negative slope
and with an intercept that is equal to P'

Figure 2 shows one plot of P,' vs d—F/dz. The data
that are plotted in Figs. 1 and 2 were measured simul-
taneously. In Fig. 2, the solid line is the best straight-line
fit to the data, by the least-squares method. The best
straight-line fit has a positive slope. This is contrary to
the behavior that is predicted by Eq. (2). The data have
much scattering. We have seen evidence that this
scattering is not due to instrumentation noise but due to
some changes that are happening at the tunnel junction.
We will address this issue in detail somewhere else. Since
the data have much scattering, we should look at the
overall behavior of many runs rather than one particular
measurement. In eight out of eleven measurements, we
obtained a positive slope for the best straight-line fit to
P,'~ vs dF /dz—. Even for the few cases where a negative
slope was obtained, the intercept was far lower than the
expected value of P' . The highest value of the intercept
that we have observed is 0.038 (eV}'~ . Thus our data
suggest that the variation of the apparent barrier height
of the gold-gold system in air, when the tunnel conduc-
tance is varied from 0.02X(10—9) 0 ' to 0.5X100, is not caused by a variation in the tip-sample force
gradient. However, our data up to this point do not show
whether or not the force gradient plays any significant
role in lowering the apparent barrier height in STM mea-
surements.

In order to look at the effect of force gradients in
lowering the apparent barrier heights we performed the
following experiment. Here, we prepared a set of six can-
tilever tips of varying spring constants, k„by bending a
Pt-Rh wire of diameter 0.075 mm. Using these six cantil-
ever tips, and one regular Pt-Rh tip on an STM, we mea-
sured the apparent barrier heights on a gold film in air.
During this measurement, the tunnel current was about
0.1 nA and the tunnel bias was 100 mV. The cantilever
spring constants were calibrated by pressing against a 5-
mm-long, 1-mm-wide rectangular cantilever that was
made out of a 12-p,m thick aluminum foil. The spring

"V'-shaped, and had an apex-base distance of 100 pm.
The cantilever was coated with gold on both sides to a to-
tal gold film thickness of 400 nm. The spring constant of
the cantilever was estimated to be abound 1 N/m. The
tip was formed by cutting a piece of gold wire at an angle
of about 45' with the wire axis. Much care was taken
with electrical shielding, to minimize the noise coupling
with the tunnel current.

During the experiment the tunnel current I was held at
0.1 nA by using a constant-current feedback mechanism.
The bias voltage was adjusted to several values that were
in the range of 0.02—0.5 V. This voltage range corre-
sponds to a tunnel conductance range of 0.02 X 10 0
to 0.5X10 0 '. To make a measurement, the feed-
back was interrupted, then the tip was moved by
bz =1.25 nm towards the sample, and EI, the change in
tunnel current, and LF, the change in tip-sample force,
were noted. Afterwards, the tip was moved back to its
original position, and the feedback was enabled again.
For each bias voltage value, this process was repeated 32
times in succession, and then the data were averaged.
From the measured data, the apparent barrier height and
the apparent force gradients were calculated.

Figure 1 shows one plot of the square root of the ap-
parent barrier vs the tunnel conductance for the gold-
coated cantilever sample and a gold tip. Two features
can be seen in the figure. First, the obtained barrier-
height values are much smaller than the typical STM
values, which are a few tenths of eV, that are seen in air.
This is understood easily in terms of the force gradients,
as can be seen from Eq. (2}. In the presence of a negative
dF!dz, tI), will be less than P. In the case of a cantilever
sample, the spring constant k in Eq. (2} will be replaced
by the lower value [kk, /(k+k, )], where k, is the spring
constant of the cantilever. This lower effective spring
constant, in turn, will make P, even lower. Second, tIt,
tends to decrease towards higher conductances (that is,
smaller tunnel distances). One may be tempted to inter-
pret this decrease as arising from an increase in dF/dz-
as the tip gets closer to the sample. After all, potentials
that yield such a force behavior have been used to model

0.03 0.03

0.02-
0

—0.02-

(D

0.01— 0.01-

Conductance (10 ' n')

64 66

-dF/dz (arb. units)

68

FIG. 1. The square root of the apparent barrier height vs the
tunnel conductance for gold-gold system in air.

FIG. 2. The square root of the apparent barrier height vs the
negative of the apparent tip-sample force gradient. The data of
Figs. 1 and 2 were gathered simultaneously.
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constant of this aluminum cantilever was calculated to be
about 0.2 N/m. The results of this measurement are
shown in Fig. 3 as a plot of 1/P,'~ vs 1/k, . The solid
line is the best straight-line fit to the data. The relation
between P, and P is also given by

20

1 1 1 dF 1 dF
k ds k, ds

(3)

Equation (3) is analogous to Eq. (2) except that Eq. (3) in-
volves dF/ds instead of dF/dz. If we assume that all the
tips have similar geometrical features in the tunneling vi-
cinity, then we can assume that dF/ds and k are constant
for all the tips, for a given tunnel conductance. Thus ac-
cording to Eq. (3), 1/P,'/ vs 1/k, should be a straight
line with a slope that is proportional to dF/ds. The data
in Fig. 3, even with the scattering present, conforms with
this behavior with a negative value for dF/ds. This again
confirms the existence of the negative tip-sample force
gradients that can lower the apparent barrier heights
through elastic deformation. However, if we take a typi-
cal value of 4 eV for P, then to fit the data, the spring
constant k that is associated with the sample deformation
and dF/ds s—hould be estimated to be about 15 and
about 31 N/m, respectively. Following other authors, we
can model the tip-sample system by a rigid punch and a
sample system. ' Then, by using the elastic constants of
gold, the value of k becomes approximately equal to 181a
N/m, where a is the radius of the punch in nanometers.
Thus to obtain a k value of 15 N/m, the punch radius has
to be unreasonably small. Thus, although the tip-sample
force gradient is of the correct sign that is necessary to
lower the barrier heights through elastic deformations,
the role that this force gradient actually plays must be
minor for the case of gold in air. Although Lang has pro-
posed an alternate explanation for the lowering of the ap-
parent barrier heights, that theory is not completely satis-
factory for the present case. ' This is because Lang's cal-
culations do not take into account a role played by the
surface contaminants, while we know that the barrier-
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FIG. 3. The inverse of the square root of the apparent barrier
height in air vs the inverse of the spring constant of cantilever-
tips. The sample was a gold film and the cantilever tips were
made of a wire of Pt-Rh.
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height lowering is quite drastic in the non-UHV environ-
ments. Thus we say that the occurrence of low apparent
barrier heights during STM operation on inert metal sys-
tems such as gold in air is still an open problem.

In summary, we have measured experimentally the
variation of the tip-sample force gradient with the ap-
parent barrier height during STM operation with inert
metal system in air. We used low tunnel conductances
where we found a prominent variation of the barrier
height with the tunnel conductance. Our results show
that the tip-sample force gradient does not play a
significant role in the lowering of the apparent barrier
heights in STM measurements on gold in air.
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