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Spatially resolved measurements of the apparent tunneling barrier height @, in scanning tunneling microscopy have been used to

estimate variations of the local work function @ of surface structures. We experimentally show that @, can fail as a measure of @.

The discrepancies are attributed to a kinetic-energy contribution to ®,p,,. This contribution depends on the lateral extent of the

tunneling current filament and, consequently, on the local surface structure.

Findings

The work function of a metal surface [1], the work required at
temperature 7 = 0 K to move an electron from the metal to
infinity, is relevant for, e.g.,the behavior of electronic devices
[2], the energetics of molecules at surfaces [3], including reac-
tions [4,5], and electronic states confined near surfaces [6].
Practical surfaces are finite in size and contain plenty of inho-
mogeneities that cause local variations of the electrostatic
potential. This is reflected by the notion of a local work func-
tion @ [7-9]. Adsorbates modify ® in an intriguing manner [10-
13]. In turn, variations of ® produce, e.g., atomic-scale contrast
in field-emission microscopy, photo-emission electron micros-

copy, and low-energy electron microscopy [14-16].

Atomic steps are a well-known example of a structure that
affects the local work function ®. The spill-out of electrons

from a planar crystal surface creates a dipole layer that in-

creases @ [17,18]. Steps modify the spill-out and thus reduce @
[19] as observed by Kelvin probe measurements [20] and
photoelectron spectroscopy [9].

The concept of a local work function is particularly relevant for
scanning tunneling microscopy [7,8]. In the most simple one-
dimensional model the exponential variation of the tunneling
current / at low bias with the tip—sample distance z is directly
related to the average of the work function ® of the tip and the
sample [21,22]. A closer look shows that factors like the image
potential of the tunneling electron or the electronic structure of
the electrodes complicate matters [23-26]. [ still varies expo-
nentially with z, but @ is replaced with an apparent barrier
height ®,p, [27]. Although there is no simple expression
connecting @y, and the local work function of the sample @

(partially because the tip structure is usually unknown), it is
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common practice to assume that measured variations of @y,
represent those of ® [28-31].

Here we experimentally show that @, can fail as a measure of
®. /(z) data from Cu atoms arranged in extended single-atom
rows and double rows as well as from trenches of single-atom
depth are analyzed. @y, determined from these data varies sig-
nificantly, but the variation is opposite to the expected trend of
the local sample work function. We explain this observation in
terms of the lateral extent of the tunneling-current filament.
While an atomic asperity at the sample is expected to exhibit a
reduced @, it simultaneously reduces the lateral range over
which a significant part of the current flows. This effectively
raises the energy required to overcome the potential barrier be-
tween the tip and the sample.

In the context of the scanning tunneling microscope, the idea of
an increased barrier due to lateral confinement has been attri-
buted to J. Tersoff in [27]. Lateral confinement plays a key role
in ballistic transport through nanoscale constrictions [32] and
was suggested to affect the apparent barrier height in single-
atom contacts [33]. Atomistic transport calculations have been
performed for Au contacts in [34]. Symmetric junctions
comprised of two (001) surfaces, either planar or with an
adatom or with a five-atom pyramid, were considered. The
apparent barrier heights extracted were 5.7, 6.7, and 6.8 eV, re-
spectively. Because of a systematic error of the local density
approximation used in the calculations [34], the value of the flat
surface is larger than the experimental one [35]. However, the
trend of a barrier height increase with decreased lateral size of
the tunneling-current path is expected to be reliable. These
results predict a kinetic energy contribution of the order of 1 eV
for tunneling between two atomically sharp structures.

Experiments were performed in an ultrahigh vacuum STM
operated at 4.5 K. Cu(111) surfaces were cleaned by Ar*
sputter/anneal cycles. W tips were electrochemically etched
from polycrystalline wire. After sputtering, they were further
prepared in situ by indenting them into the Cu(111) substrate.
Because of this procedure, the tips were presumably covered
with Cu.

In surface areas close to the point of indentation (typical dis-
tance 200 nm) long, straight atomic chains are formed on the
substrate (Figure 1). While the width of the chains varies, one-
and two-atom wide chains are frequently observed. They may
be identified from their apparent widths in topographs and from
a characteristic signature in differential conductance (dZ/dV)
spectra. As first reported by Folsch et al., short single-atom Cu
chains on Cu(111) exhibit an unoccupied resonance at 1.5 eV
above the Fermi energy Ef [36]. Closely related data including
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Figure 1: STM images of a Cu(111) surface with chains and trenches
of monolayer height. (a) A Cu chain approximately two atoms wide and
a parallel trench. (b) Two wide trenches (approx. 2 and 3 atoms) with
deposited single Cu atoms. (c) Monatomic chains and trenches. The
images were acquired at (a) V=20 mV and / = 3 nA and

(b, c) V=100 mV and / = 5 nA.
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the limit of very long chains were reported from chains on
Ag(111) [37]. In addition to chains, we occasionally observed
long trenches of varying widths with an apparent depth of one
atomic layer or less (Figure 1). Finally, single Cu adatoms were
prepared by transfer from the tip to the surface [33].

To measure the current / as a function of the vertical tip excur-
sion Az the feedback loop of the STM was disabled at a sample
voltage of V=20 mV and a current of /=200 pA. The tip was
then brought closer to the structure under investigation at a rate
of 1.7 nm/s while recording /. Figure 2 shows typical results
from a clean (111) terrace, a Cu adatom, a monatomic chain, a
wide chain, and grooves of monolayer depth with single-atom
or wider width. There are systematic differences between the
slopes of the terrace data (black line) and the other data sets
(colors). On asperities such as adatoms and narrow chains the
current varies more rapidly, on narrow trenches the slope is
reduced. The slopes observed on wide trenches and chains are
close to the terrace data.
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Figure 2: Current—distance data /(Az). Negative values of Az indicate
reduced tip—sample distances with respect to the initial separation
defined by / = 200 pA and V =20 mV. Data recorded from a (111)
terrace (black), a Cu adatom, a monatomic chain, a wider chain
(approx. 2 atoms), and trenches of monolayer depth with single-atom
and wider width (approx. 2 atoms) are displayed. The curves are arbi-
trarily offset along the ordinate for clarity. The terrace data are shown
with each curve for comparison. Small undulations of the data are due
to low-frequency vibration of the microscope.

The apparent barrier heights @, which we extracted from the
exponential variation of the current 7 oc exp(—1.025,/® ¢ AZ),
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are presented in Table 1. These values were measured with the
same tip apex. The absolute values are obtained using the cali-
bration of the piezoelectric transducer, which leads to an esti-
mated uncertainty of 10%. The ratios between them, however,
are not affected. The maximal apparent barrier height is
measured on Cu adatoms. It exceeds the minimal value, which
is observed from monatomic trenches, by approx. 0.9 eV and is
0.3 eV larger than on flat terraces. Repetition of the measure-
ments at another low bias voltage (V=10 mV) led to virtually
identical results as expected.

Table 1: Apparent barrier heights ®;,, extracted from Figure 2.

structure Dypp (V)
(111) terrace 3.9
adatom 4.2
monatomic chain 4.2
wide chain 4.0
monatomic trench 3.3
wide trench 3.8

The electron spill-out at steps is associated with a dipole
moment [19]. It counteracts the dipole present at flat surfaces
and therefore reduces the work function. Atomic chains and
single atoms represent stronger corrugations of a surface and
therefore are expected to further enhance this effect. The ob-
served trend of @, however, is opposite to this expectation.

®,pp may vary when the local surface normal is at an angle o
with the z direction of the STM [38]. However, this is expected
to reduce @, by a factor cos2q and thus cannot explain our
large experimental values. In any event, we measured @y, of

atoms and chains on maxima of the topographies, where a = 0.

We therefore attribute the peculiar variation of @y, at adatoms
and chains to the kinetic-energy contribution that was proposed
in earlier theoretical works [27,33,34]. Considering the topogra-
phies of adatoms and chains, the lateral extension of the tunnel-
ing current filament is expected to be narrower on these struc-
tures than on flat terraces. The trend of the experimental @,
data is consistent with these expectations and the theoretical
results of [34]. A quantitative estimate of the kinetic-energy
contributions has to take into account the local work function of
the structures under investigation. Unfortunately, neither experi-
mental nor theoretical data are currently available for the struc-
tures of Figure 1.

The data from trenches require an additional consideration.

When the tip is centered above a trench, a part of the tunneling
current is expected to flow to the edge atoms of the adjacent
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