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Direct Observation of Standing Wave Formation at Surface Steps
Using Scanning Tunneling Spectroscopy
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Using scanning tunneling microscopy and spectroscopy, we have observed the formation of standing
waves by the scattering of surface state electrons at steps and defects on the Au(l I I) surface. From the
periods, peak positions, and intensities of the standing waves, the energy dispersion of the surface states,
the scattering phase shifts as a function of energy and crystallographic direction, and coherence length
could be determined.

PACS numbers: 73.20.At, 61.16.Ch, 72. 10.Fk

Crystals imperfections such as point defects, grain
boundaries, or surface steps disrupt the periodicity of the
crystal potential, and become scattering centers for the
electron waves. These scattering phenomena have a pro-
found influence on a number of properties of the solid, in-
cluding its electrical resistivity, thermoelectric power,
magnetic susceptibility, electromigration, and electronic
specific heat [I]. The electron-scattering processes are
usually studied indirectly through their influence on the
above material properties. A macroscopic volume or sur-
face area of the solid is employed and the property is usu-

ally studied as a function of the concentration of impuri-
ties or imperfections.

In this paper, we present a direct, real-space, nano-
meter-scale study of electron scattering processes at local-
ized defects using scanning tunneling microscopy (STM)
and spectroscopy (STS). Specifically, we discuss the in-
teraction of surface state electrons at the Au(l I I)-
22& J3 surface with steps. At the step, the change in po-
tential leads to the partial reflection of incident electron
waves. Interference between the incident and reflected
waves results in the formation of standing waves and the
modulation of the density of states near the step. We
show that this oscillation of the state density can be
directly imaged in spatial maps of the diAerential conduc-
tance; such maps can be readily obtained by STS. From
these images, important information about the states in-

volved, the scattering process, and subsequent dynamical
processes can be easily extracted.

The details of the STM and STS setups used in this
study have been described before [2]. All STM experi-
ments were performed in ultrahigh vacuum at room tem-
perature. The Au(111) samples were prepared by eva-
poration of gold on cleaved mica and subsequent anneal-
ing at about 600 C in situ [3] The surface prepared in

this way has wide (I I I) planes [4]. In addition to the
simplicity of its preparation, two other factors make it
ideal for studies of electron scattering by defects. First,
the Au(111) surface has a surface state in the gap of pro-
jected bulk states [5,6]. Thus, the electron states are lo-
calized near the surface, making them ideally suited for
STM probing. Second, the surface state has a simple

dispersion: energy minimum at the I point and isotropic
dispersion with a positive eA'ective mass. Therefore, the
surface state electrons can be treated as a two-dimen-
sional, free-electron-like system.

In Fig. 1(a) we show an STM image of a 320 AX 320
A area of Au(111) In this image, a step runs from the
corner of the upper right to the center of the left side. A
small corrugation (-0.1 A) due to the 22X J3 recon-
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FIG. I. (a) STM image of a Au(111) surface with a step.
The size of the image is about 320 A&&320 A. (b) Contrast im-

age of the quantity (dl/dV)/(1/ V) calculated at +0.15 V from
tunneling spectra obtained over the same area shown in the
STM image of (a). The stabilizing bias voltage is —I V.
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struction, which is characteristic on the Au(111) surface
[7-9], is observed. In addition to the topographic image,
tunneling spectra have been obtained at 3 A intervals
over the entire area shown in the image of Fig. 1(a). Us-
ing the spectroscopic data, a spatial map of the quantity
(dl/dV)/(I/V) at a sample voltage of +0.15 V is pro-
duced [Fig. 1(b)]. Bright contrast indicates a large value
of (dI/dV)/(I/V). It has been shown [10,11] that the
value of (dI/dV)//(I/ V) provides a rough measure of the
local surface density of states (LDOS). Thus, the image
of Fig. 1(b) corresponds to a map of the surface LDOS at
an energy of 0.15 eV above the Fermi energy level. This
image shows a high LDOS right at the step, suggesting
the possible formation of a localized step state. In the
upper terrace near the step, several bright lines running
parallel to the step are seen. As we will discuss later in
more detail, the value of (dI/dV)/(I/V) oscillates near
steps with a period of about 16 A in the direction perpen-
dicular to the step. We suggest that this oscillatory struc-
ture is due to standing waves formed by the scattering of
surface state electrons at steps. Our interpretation is
based on studies of the variation of the period and peak
positions of these oscillatory structures with the voltage at
which the values of (dl/dV)/(I/ V) are calculated.

Such data are sho~n in Fig. 2. This figure was made
by laterally averaging the STS data along the (112)
direction which is normal to the step [see Fig. 1(a)].
[The direction is determined from the pattern of the 22
&& J3 reconstruction which is weakly visible in Fig. 1(a).]
From these curves we see that the peak positions shift
with voltage; they are drawn closer to the step and the
period of the oscillation becomes shorter with increasing
voltage. Since the voltage at which (dI/dV)/(I/V) is

calculated corresponds to the energy of states measured
from the Fermi level, our results indicate that LDOS at
higher energy has an oscillatory structure near steps with
a shorter period.

The change of period with voltage can be related to the
energy dispersion of the surface state of Au(l 1 1). This
dispersion has been determined by photoemission [6] for
levels below EF, and then extrapolated to obtain the be-
havior of the empty levels (solid line in Fig. 3). The ener-

gy of the surface state has a minimum at kii =0 and in-
creases with increasing kI~. Our experimental results are
consistent with the behavior expected from such a disper-
sion. The dispersion curve obtained from our experimen-
tal results is given in Fig. 3 (open circles). Although the
wave numbers at the Fermi level are the same in photo-
emission and STS, the slopes of the dispersion curves
are different. The eAective mass calculated by fitting
our dispersion data to E(k) =Fo+ It k /2m* is m*
=0.15m, . This effective mass is significantly smaller
than the m*=0.28m, obtained by photoemission [6]. lt
is not clear that the two techniques should give exactly
the same dispersion. The STM provides a local measure-
ment near the step. Near steps, the electron density
should exhibit an oscillatory behavior, the so-called
Friedel oscillation, with a period determined by the Fermi
wave number kF. Bn —cos(2kFx) [121. As a result, the
potential near the steps should also have a component
modulated with the same period. The surface state levels
can be perturbed by the modulated potential, resulting in
a change of their wave number near the steps A numeri-
cal solution of the Schrodinger equation in which a poten-
tial Ucos(2kpx) has been added to the surface potential
Uo(=0.4 eV) [6] near the step shows that for U/Uo
=0.1-0.01 the wave number measured by the STM near
EF is given by k =(kF+kii)/2, where kii is a wave num-
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FIG. 2. Plots of (dl/dV)/(I/V) at different sample voltages
as a function of the distance from the (112) step, showing shifts
in peak positions and changes in the period of the oscillatory
structure.
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FIG. 3. Energy dispersion of surface states of the Au(l 1 I )
surface measured by photoemission [61 (solid line) obtained
from this experiment (circles), and calculated from k = (kF
+kii)/2 (dashed line), where kF is the wave number at the Fer-
mi level and k]] is the wave number measured by photoemission.
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ber of the Bloch wave state without the modulated poten-
tial as is measured by photoemission. As Fig. 3 shows,
the agreement of the effective dispersion predicted on the
basis of the above considerations (dashed line) and the
experimental data is reasonably good. The oscillatory
structure is also observed at the lower terrace near the
step, although its intensity is weaker than that of the
upper terrace suggesting a lower reflection coefficient. Its
period, however, is the same as that at the upper terrace,
as it should be if our interpretation of the oscillations is

correct. We note that an alternative, trivial explanation
for the oscillatory structure as a multiple-tip effect can
readily be dismissed, given the observed change in the
period of the oscillations with bias voltage. Our con-
clusion is confirmed by two other observations. First, we
have observed similar oscillations on two other surfaces:
Cu(111) and Ag(111). These systems possess surface
states completely analogous to the one on Au(111). The
measured wave numbers near EF agree with the Fermi
wave numbers measured by photoemission [61. Second,
in addition to oscillations near steps, we have observed
rings around the perimeter of metal islands and rings
around individual point defects, indicating scattering and
spherical-wave formation by these defects. We also point
out that under the conditions of our experiment, the soli-
ton 22&& J3 surface reconstruction of Au(111) does not
interfere with the observation of the surface oscillations.
The reconstruction is more prominent in (dI/dV)/(I/V)
images of higher voltages [13]. At this point, it should be
noted that there have been previous reports of oscillations
on graphite surfaces induced by deposited particles or de-
fects [14-161. However, these oscillations were observed
in STM images, not in spectroscopic maps, as in our
study, and as a result it was difficult to separate electronic
structure from geometric structure and thus quantitative-
ly analyze the oscillations (see discussion below).

Since STM and STS are real-space imaging tech-
niques, important information on scattering which is not
easily accessible using diffraction techniques can readily
be obtained. One such property is the phase shift of the
scattered waves. By measuring the relative position of
the step within the period of the oscillatory structure as a
function of bias voltage (see Fig. 2), we can obtain the
value of the phase shift as a function of the energy of the
states. Because the ratio (dI/dV)/(I/V) results in a
built-in 180 phase shift upon crossing the zero bias
point, the unnormalized differential conductance dI/dV
was used for the evaluation of the phase shifts. Figure 4
gives the scattering phase shifts induced by steps perpen-
dicular to the (112) and (112) directions. These steps in-

volve (111) and (001) facets, respectively. The shifts in-

duced by both steps are negative, indicating a net repul-
sive interaction of the electrons with the step. The (112)
step induces a —x phase shift which implies that it acts
as a repulsive barrier with a reflection coefficient of unity,
R= 1. At the (112) step the phase shift is about —x/2.
This indicates that there is some transmission of the sur-

EF

0—

X
X X X

X XX
X X

—jt 0
0 0 0 0

I

0
T 0 0

I 0+ 0 0
0 0

—0.25 0.00 0.25
Energy (ev)

0.50

FIG. 4. A plot of the scattering phase shifts as a function of
the energy of the states involved, measured at the (1 l2) step
(circles) and at the (112& step (crosses).

face state electrons through this step. By using a simple
model of a delta-function potential barrier, a transmission
coeScient T=1 —R of about 0. 1 is obtained. The finite
transmission through the (112) step is most likely the re-
sult of the more open structure of the (001) facet. The
ability to determine reflection coe%cients for electrons
near EF from a particular atomic scale structure implies
that one can determine the contribution of such an indivi-
dual structure to the electrical resistance [17].

In the absence of additional scattering mechanisms the
oscillations, produced by a potential U(R), should decay
as —R '+, where v is the dimensionality of R [18].
At T&0 in a real solid the coherence of electronic states
can be broken by additional scattering processes involving
phonons, impurities, and defects. These processes lead to
an effective electron mean free path or coherence length
l„and the oscil1ations are expected to decay as
exp( —R/l, ) [18]. The decay of the STM-detected oscil-
lations is better fitted by an exponential rather than a
power law. The coherence lengths determined in the en-

ergy range studied are in the 30-40 A range. The possi-
bility that the coherence is limited by scattering by point
defects [19] can be excluded. ln our spectroscopic maps,
we do observe scattering by point defects. The scattering
appears as a set of concentric rings surrounding the de-
fect. The density of such defects, however, is not capable
of accounting for the observed l, . Without measurements
at different temperatures, the possible role of phonons in

dephasing cannot be ascertained. However, another ef-
fect of temperature, that is, the thermal width of the
STM beam appears capable of explaining our results.
From the Fermi distribution, one obtains a width h, F.
(FWHM) of —3.5k~T, which is substantial (—0.09 eV)
at room temperature. This thermal width can be related,
through the dispersion relation of the surface state, to a
wave-number spread of Akt~ =(m*AE)/(6 k~~). The
coherence length l, will then be l, —1/hk~t. At room tem-
perature, a coherence length of —50 A is predicted, in

rough agreement with our observations. It thus appears
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that dephasing due to the h, k
~~ spread of the electron wave

packet can be responsible for the observed decay. I f this
is true, then substantial enhancement of the oscillations
will be achieved by operating at low temperatures.

In conclusion, using STS, we have observed the stand-
ing waves produced by the scattering of surface state
electrons at steps of the Au(l 1 1) surface. The dispersion
of the states, the energy and crystallographic direction
dependence of the scattering phase shifts, and the coher-
ence length of the surface state electrons can be directly
obtained from the spectroscopic maps. This study shows
that STS maps can provide a powerful new approach for
the real-space observation and study of electron scatter-
ing by individual point and extended defects.

We acknowledge valuable discussions with I.-W. Lyo,
R. E. Walkup, C. Lutz, and D. M. Newns.

Note added. —After the submission of our manuscript
we became aware of similar work on Cu(111) by M. F.
Crommie, C. P. Lutz, and D. M. Eigler, Nature (Lon-
don) 363, 524 (1993).

*Present address: Mesoscopic Materials Research Center,
Kyoto University, Kyoto, 606-Ol Japan.
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