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The apparent height of the tunneling barrier in scanning tunneling microscopy measured on Au�111�,
Ag�111�, and Cu�111� surfaces is found to vary significantly with the bias voltage. In particular, the apparent
barrier height �a is asymmetric with respect to the bias polarity on all three surfaces, in contrast to simple
interpretations of �a in terms of an average work function of tip and sample. Model calculations of the
tunneling current, which take band-structure effects into account, describe the experimental observations.

DOI: 10.1103/PhysRevB.81.035426 PACS number�s�: 68.37.Ef, 73.30.�y, 73.20.At

A fundamental physical property of a metal surface is its
work function �, which is defined as the minimum work
required to remove an electron from the metal at T=0 K.
Knowledge about � at the atomic scale can improve the
understanding of chemical surface processes such as hetero-
geneous catalysis and adsorption.1,2 Scanning tunneling mi-
croscopy �STM� offers the possibility to study � of conduc-
tive samples at the atomic scale3,4 using the exponential
variation in the tunneling current I with the tip excursion z.5,6

From I�z� data an apparent barrier height �a may be deter-
mined, which—within the WKB approximation of the tun-
neling current through a rectangular barrier—is related to the
sample work function �s by7,8

�a =
1

2
��s + �t − �eV�� , �1�

where �t is the work function of the tip apex, V is the applied
tunneling bias voltage, and −e is the electron charge. Hence,
the effect of the finite voltage on �a is assumed to be linear.
A more realistic barrier shape, which takes into account a
classical image potential, leads to minor modifications.9 Ato-
mistic calculations for tunneling between an Au�100� sample
and tip confirm this picture in the zero-bias limit.6

The number of publications using measurements of �a to
characterize surfaces is considerable. Often �a is evaluated
at elevated sample voltages with �V��0.1 V assuming that
Eq. �1� is valid.10–16 On the other hand, surprisingly few
reports on voltage-resolved �a measurements are
available.16–21 For example, �a on the reconstructed Au�111�
surface was reported to show a voltage polarity dependence,
which was suggested to result from the surface dipole layer
originating from the reconstruction.19 In a subsequent study
no voltage polarity dependence was found.20 Calculations
predicted a voltage polarity dependence of �a on Al�100�
and excluded the possibility that the polarity-induced differ-
ence may be due to the formation of an additional surface
dipole layer.22 Overall, more work appears to be required to
clarify the origin of the voltage dependency of �a on metal
surfaces and its interpretation.

Here, we report low-temperature STM results for voltage-
resolved apparent barrier heights �a on the �111� surfaces of
Au, Ag, and Cu. Probing the unoccupied states of defect-free
surface areas we find similar behavior for all surfaces. �a
remains rather constant for sample voltages up to

V�3.5 V. At higher voltages, �a decreases within some
hundred millivolts by ��a�2 eV and then undergoes oscil-
lations due to Gundlach resonances.17 When probing the oc-
cupied states �V�0�, �a decreases approximately linearly
with the sample voltage as expected from Eq. �1�. Near steps,
�a no longer remains constant at V�0 and becomes sym-
metric as a function of bias voltage. Using model calcula-
tions of the tunneling current we find that observed varia-
tions in �a may be attributed to the band structures of the
investigated surfaces. The geometric asymmetry of the tip-
sample junction plays a minor role.

I. EXPERIMENT

Measurements were performed with a home-built scan-
ning tunneling microscope operated at 5 K in ultrahigh
vacuum conditions. The tunneling voltage is applied to the
sample. Au�111�, Ag�111�, and Cu�111� single-crystal sur-
faces were prepared by repeated Ar+ bombardment and an-
nealing cycles. W tips were first electrochemically etched
and then further prepared in vacuo by repeated annealing. Au
tips were cut at ambient conditions and used without further
treatment. The current I versus tip excursion z was measured
by opening the feedback loop at a current of 100 pA and
driving the tip toward the surface by 2 Å at velocities rang-
ing from 3 to 8 Å /s. dI /dz versus V spectroscopy was per-
formed at constant current �closed feedback loop� with a
sinusoidal voltage added to the z-piezoactuator voltage of the
tip �resulting in a root-mean-square amplitude of 0.15 Å�
and by measuring the current response with a lock-in ampli-
fier. The frequency of the modulation voltage was chosen
between 300 and 1000 Hz, and the velocity of the bias sweep
dV /dt was low enough to maintain a constant current. �a is
calculated from the measured data as

�a =
�2

8m
�d ln�I�

dz
�2

, �2�

where m denotes the electron mass and � is the reduced
Planck constant. Spectra of the differential conductance
�dI /dV� were acquired at constant current using standard
lock-in detection �root-mean-square modulation 2.5 mV at
10 kHz�.
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II. MODELING

The one-dimensional tunneling current is calculated in the
limit T=0 K as23

I�V� � �
0

eV

	s�E�T�E,V, z̃�dE , �3�

where 	s�E� denotes the local density of states �LDOS� of the
sample at the surface and z̃ is the tip-sample distance. Since
STM measures only relative tip displacements, z̃ differs from
the tip excursion z by a constant offset zi. Throughout this
paper the Fermi level of the sample EF has been used as the
reference level and is set to 0 eV. In using Eq. �3� we assume
an electronically featureless tip. It should be mentioned that
	s�E� denotes an effective local density of electronic states,
which are involved in the tunneling process, and may deviate
from the LDOS as obtained from band-structure calculations
owing to a certain selectivity of the tunneling probability in k
space.7,24 The transmission probability T�E ,V , z̃� for an elec-
tron impinging on the tunneling barrier with energy E is
given by7,8

T�E,V, z̃� = exp�−
2

�
�

0

z̃
	2m
U�s� − E�ds� , �4�

where U�s� is the barrier potential felt by the tunneling
electron. The sample and tip surfaces are located at s=0 and
s= z̃, respectively. The barrier potential U�s� is approximate
by the electrostatic potential of a spherical metallic tip with
radius R in front of a planar metal surface, UR�s�. For our
one-dimensional calculation we use the resulting potential
barrier at the central axis of symmetry. Thus the barrier po-
tential reads

UR�s� = �s + 
eV + ��t − �s��R
1 +
R

2z̃
�



 1

z̃ + R − s
−

1

z̃ + R + s
� . �5�

In the limit R→�, i.e., an infinitely blunt tip, we obtain the
widely used trapezoid approximation of the barrier potential,

U��s� = �s +
s

z̃

eV + ��t − �s�� . �6�

The choice of U�s�=UR�s� will be discussed in more detail in
the Appendix. For simulating the feedback loop, z̃ was ad-
justed at each voltage V to ensure constant current I, which
in turn was numerically differentiated using dz̃=0.2 Å to
obtain d ln�I� /dz̃.

III. RESULTS AND DISCUSSION

Figure 1 shows the main experimental finding for �a on
defect-free �111� surfaces of Au, Ag, and Cu. On these sur-
faces, we find an asymmetry of �a with respect to zero bias.
For V�0, �a decreases approximately linearly while for
V�0, �a tends to be constant up to V�3.5 V. Beyond this
voltage, �a drops significantly within some 100 mV and os-

cillates for even larger V.25 As shown by Scandella and
Güntherodt17 these oscillations are due to Gundlach
resonances.26

A possible reason for the observed asymmetry with re-
spect to bias polarity is the asymmetric geometry of a sharp
tip in front of a planar surface which affects the shape of the
potential barrier. We discard this possibility because calcula-
tions �see Appendix� show that the resulting polarity depen-
dence is opposite to the observed experimental asymmetry.

Spatially resolved measurements of �a �Fig. 2� show clear
variations on and near monatomic surface steps. For voltages
close to 0 V, �a is reduced by �−0.4 eV on top of the step
edge 
Fig. 2�a��, as expected owing to a reduced barrier
height, which results from the Smoluchowski effect.11,27,28 At
the step, the asymmetry of the voltage dependency of �a,
which is observed on terraces, vanishes. Moreover, in the
vicinity of step edges, �a changes continuously �at interme-
diate voltages� as a function of lateral displacement 
Fig.
2�b��. Before any further analysis of these data, it is worth
noting that the reduction in �a at step edges and, in particu-
lar, its apparent lateral extension depend on the sample bias
and should not be mistaken to directly reflect work-function
differences.29

We suggest that the peculiar band structures of the coin-
age metal �111� surfaces30 are the origin of the observed
polarity asymmetry of �a and its disappearance near steps.

These band structures exhibit a projected band gap around �̄
�wave vector parallel to the surface k� =0� and a partially
occupied surface-state band within this gap �Fig. 3�. As a
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FIG. 1. �Color online� Voltage-resolved apparent barrier height
�a data acquired on �a� Au�111�, �b� Ag�111�, and �c� Cu�111� with
W, W, and Au tips, respectively. Black lines denote dI /dz data ac-
quired at constant current I=1 nA, squares show results obtained
from I�z� spectroscopy using Eq. �2�.
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result, the local density of states at the surface is comprised
of components due to bulk states and the surface band. Their
relative weights vary at step edges31–35 and, as a conse-
quence, �a exhibits lateral variations.

To substantiate this interpretation, additional information
on the LDOS on terraces and near steps is required. We
therefore recorded constant-current dI /dV spectra at these
locations 
Fig. 2�c��, which exhibit a similar lateral variation
as the �a data. The spectra acquired on a bare Au�111� sur-
face �black line� display a steplike increase at V�3.6 V
which is generally assigned to the upper edge of the pro-

jected band gap at �̄.38 Closer to the step edge 
increasingly

light colors in Fig. 2�c�� the steplike feature vanishes, the
dI /dV signal below 3.6 V gradually increases, and the rapid
increase above 3.6 V becomes less pronounced. Using a nor-
malization for constant current data,39–41 the effective tunnel-
ing density of unoccupied states is estimated from these
spectra.

Figure 4 shows the resulting 	exp on a logarithmic scale.
The color code is identical to the one used in Fig. 2, i.e.,
black on the bare surface, light gray on the step edge, and
intermediate colors in between. In spectra acquired on
a terrace at varying distances from a step edge, the
logarithm of 	exp decreases rather linearly with increasing V
�up to V�3.2 V�. The magnitude of the slope of log�	exp�
increases for increasing distance from the step edge.

The reduction in 	exp with increasing electron energy may
be attributed to the projected band gap, which extends up to
3.6 eV above EF for Au. As the tunneling probability de-
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FIG. 2. �a� Experimental results for �a on a terrace �black� and
on top of a step edge �light gray� on Au�111�. �b� Detailed view of
�a in the vicinity of a step edge for positive V. Light-gray curves
were acquired on top of the step edge; darker gray denotes increas-
ing distances on the upper terrace from the step edge. Black lines
were acquired 20 Å away from the step edge and are identical to
spectra acquired on wide perfect terraces. On the lower terrace,
similar results were obtained. �c� dI /dV recorded at constant
I=5 nA near a step edge. In �b� and �c� curves with the lightest
gray were acquired on top of a step edge, darker gray corresponds
to increasing distance on the upper terrace from the step edge as
denoted by the legend in �b�.
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FIG. 3. �a� Sketch of the electronic band structure at �̄ of the
�111� surfaces of Au, Ag, and Cu. The gray area denotes projected
bulk bands. The black line inside the band gap �white area� shows

the surface-state band, with its minimum energy E0 at �̄. Ele �Eue�
denote the lower �upper� edge of the band gap. EF is the Fermi
energy. Table I lists the relevant energies for Au, Ag, and Cu. �b�
Model LDOS 	s�E� used for calculations.
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FIG. 4. Experimental effective LDOS 	exp which is extracted
from the differential conductance dI /dV shown in Fig. 2�c� �using
the same color scheme� by normalization with T
eV ,V , z̃�V�� as
explained in the text. The black curve is acquired on the bare
Au�111� surface, the lightest gray curve is taken on the step edge
and intermediate colors in between.

TABLE I. Energies of the surface state E0 �Refs. 36 and 37� and
the lower and upper projected band-gap edges Ele and Eue, respec-

tively, at �̄ �Ref. 30�.

Surface Ele �eV� Eue �eV� E0 �eV�

Au�111� −1.0 3.6 −0.487

Ag�111� −0.4 3.9 −0.063

Cu�111� −0.89 4.25 −0.435

INFLUENCE OF BAND STRUCTURE ON THE APPARENT… PHYSICAL REVIEW B 81, 035426 �2010�

035426-3



pends on k� the gap is expected to diminish the contribution
of bulk electronic states to the current. Similarly, the spec-
troscopic signal of the two-dimensional surface state de-
creases with increasing k�.32,36,39,42 Moreover, for increasing
k� the surface band turns into a surface resonance, which may
affect its contribution to the current.43,44

On top of step edges, a rather constant 	exp is observed.
This difference from the terrace result may have two possible
reasons. As the step edge breaks the symmetry of the peri-
odic lattice the band gap may be disturbed. Moreover, the
presence of a one-dimensional state located at the step edge
as found on Cu�111� �Ref. 31� may modify 	exp.

For numerical calculations of �a the experimental 	exp
�Fig. 4� was approximated by the model LDOS shown in
Fig. 3�b�. For energies between EF and Eue, 	s�E�
decreases exponentially as found in the experiments:
	s�E�=exp
−
�E−EF��, with 
 describing the exponential
decrease in LDOS inside the band gap. 
 varies for different
distances from the step. At Eue, 	s�E� increases in a
arctan�E�-like manner �characteristic width 30 meV� to reach
again a constant value 	s�E�=1.

Figure 5�a� shows calculated constant-current �a data as
obtained from Eqs. �3� and �4� using 	s�E� as shown in Fig.
5�b�. We find that the exponential decrease in 	s�E� results in
an increased �a in the band-gap region. The stronger reduc-
tion in 	s�E� for large 
 and the increased �a for eV�Eue is
in good agreement with our experimental findings. At Eue, �a

decreases in a steplike manner as also found experimentally.
Thus, the simple model for the LDOS is sufficient to repro-
duce the essential experimental effects.

According to the model calculations, �a is constant
due to an exponentially decaying effective local density
of electronic states 	s�E�, which are involved in the
tunneling process. 	s�E� may be viewed as a weighting of
T�E ,V , z̃� in Eq. �3�, which is used to calculate the tunneling
current.

IV. CONCLUSION

The band structure of the �111� faces of the coinage met-
als Au, Ag, and Cu has a significant impact on the voltage-
resolved apparent barrier height �a measured by scanning
tunneling microscopy. This leads to a surprising, asymmetric
voltage dependence of �a with a constant-�a range for posi-
tive sample voltages below V�3.5 V. These results have
direct consequences for the interpretation of maps of the ap-
parent barrier height. Such maps may exhibit interesting
voltage dependencies, which, however, may reflect band-
structure variations rather than local changes in the decay of
wave functions into the tunneling gap.
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APPENDIX: INFLUENCE OF THE GEOMETRIC
ASYMMETRY OF THE JUNCTION

The observed asymmetry of electron tunneling upon re-
versal of the bias polarity may, in principle, be caused by the
asymmetric geometry of a sharp tip in front of a planar sur-
face. Below we analyze the importance of such an effect. As
to its impact on �a, we find that the geometric asymmetry
cannot explain the experimental data.

First, we define the potential U in the barrier for limiting
cases of the junction geometry. Two contributions to U are
considered: U=Ui+Ue. Here Ui is the multiple image poten-
tial and Ue is the potential resulting from the contact poten-
tial in case of a work-function difference between tip and
sample and the applied sample voltage. Figure 6�a� shows
the multiple image potential for planar tip-sample electrodes
�solid line� �Ref. 45� and for a planar sample facing a hemi-
spherical tip with radius R=5 Å on a planar metal surface
�dashed-dotted line�. The potential for the hemispherical tip
in front of the planar metal surface was calculated along the
high-symmetry axis according to Ref. 46.

Figure 6�a�, dotted line, shows an asymmetric reduction in
Ui for the hemispherical tip, as expected. This reduction may
be reasonably approximated by a straight line. In other
words, the asymmetry of Ui induced by the hemispherical tip
is similar to an additional contact potential between two pla-
nar electrodes, which effectively lowers �t. Below, its effect
may therefore be estimated by using different work function
of tip and sample.

Figures 6�b� and 6�c� display the electrostatic potentials
for different electrode geometries and bias polarities. Com-
pared to the case of planar tip and sample electrodes �solid
lines� the higher electric field causes a more rapid variation
in Ue near the hemispherical tip. Hemispherical and spherical
tip electrodes yield similar shapes of Ue, although the asym-
metry is more pronounced for the spherical tip. A spherical
tip may therefore be used to estimate an upper limit of the
impact of geometry.

Figure 7 summarizes the results of our numerical calcula-
tions of �a. For planar electrodes with identical work func-
tions 
Fig. 7�a�, solid line� �a is symmetric about V=0 V
and decreases approximately linearly with V according to Eq.
�1�. The curvature of �a exhibits an inflection point at

V= �5 V, where eV=�s and the field-emission regime is
approached. For a spherical tip �dashed line�, an asymmetry
occurs. The asymmetry can be understood from Figs. 6�b�
and 6�c�. For all V�0, the average tunneling barrier �i.e., the
average value of the gray shaded area below the dashed line�
is larger than the average of the trapezoidal barrier �i.e., the
area below the solid line�. Thus, �a decreases less as a func-
tion of voltage for a spherical tip. For V�0 the effect is
reversed. Electrons emitted from the Fermi level of a spheri-
cal tip toward the sample, “feel” an average barrier height
that is smaller than for a planar electrode. Similar results are
obtained when different electrode work functions are consid-
ered to mimic the effect of multiple image charges 
Fig.
7�b��.

In summary, the geometric asymmetry of the STM junc-
tion may lead to a polarity dependence of �a, which is, how-
ever, opposite to the experimentally observed trends. If
present in the experiment, it appears to be hidden by the
band-structure effects presented above.
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