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Anisotropic Standing-Wave Formation on an Au(111){23x+/3) Reconstructed Surface
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Significant effects of the long-range “herringbone” reconstruction on the formation of standing waves
in the Fermi-level surface-state electron density were observed for the first time on an A@A24)-
\/3) reconstructed surface using a low-temperature scanning tunneling microscope at 30 K. Enhanced
oscillation of the surface local density of states was observed, especially along the pairwise soliton walls,
which suggests the possible existence of anisotropic wave propagation. [S0031-9007(97)03153-0]

PACS numbers: 68.35.Bs, 61.16.Ch

Close-packed surfaces of noble metals are well known Figure 1(a) shows a STM image of the Au(111) surface
to have two-dimensional (2D) nearly free electron sur-(V, = 30 mV, tunneling currenf, = 0.3 nA), which ex-
face states, whose energy bands were reported to shdvibits mostly the topographic nature of the surface. The
isotropic dispersions in thep band gaps of the pro- upper and lower terraces are separated by a monatomic
jected bulk states [1-5]. Recently, scanning tunnelstep of 0.24 nm height that corresponds well to the
ing microscopy (STM) has revealed that interference ofmonatomic height of 0.236 nm on the Au(111) plane [14].
incident and scattered 2D electron waves at potentialhe image shows several pairs of bright stripes on the
barriers results in the spatial modulation of the local denterraces. According to the proposed models for the re-
sity of states (LDOS) of the surface-state electrons [6—9]constructed Au(111)23 X +/3) surface [15,16], 23 gold
Among the observed (111) surfaces of the noble metalsurface atoms are packed on 22 bulk lattice sites along the
the Au(111) surface is especially interesting to study fur<110) direction in a unit cell, resulting in uniaxial contrac-
ther because of the following reasons. Gold is the onlftion of 4.4%. Consequently, the surface atoms are forced
face-centered-cubic (fcc) metal whose (111) surface reto occupy the three different atomic-stacking sites such as
constructs. Moreover, the reconstruction of the Au(111normal fcc type(ABC ...), hexagonal-close-packed (hcp)
surface is not a conventional one, but is a complex systype (ABA...), and incommensurate typér{dge siteg.
tem consisting of both short-rang®3 X +/3) and long- The observed ridges calledsdliton wall§ (s) are in-
range structures, called theérringboné pattern [10,11]. terpreted as transition regions consisting of bridge-site
This herringbone reconstruction offers strikingly orderedatoms, which separate f¢g’) and hcp ) regions. For-
adsorption and nucleation sites on the surface [12—14nation of zigzag patterns is characteristic of the herring-
In spite of the interesting properties of the herringbonebone reconstruction, and is explained by the spontaneous
structure, its potential effects on standing-wave formaformation of“stress domains”in order to reduce the uni-
tion of the surface-state electrons have not been studieakial surface stress [17].
yet. Here, we report the first observation of the effects By approaching the bias voltage very close to
of the large-scale reconstruction on the interference of theero (/, = —2 mV), the constant-current STM image
2D electron waves on the Au(111) surface using a lowshowed a dramatic change, as shown in Fig. 1(b), which
temperature STM. is almost the same area as Fig. 1(a). Compared with

Experimental data shown here were obtained aFig. 1(a), the observed striking difference is the emer-
~30 K in ultrahigh vacuum of3 x 107° Pa. The gence of long-range spatial oscillations with a decay
Au(111) sample was made by vapor deposition of goldength of up to~50 nm. Especially in the upper terrace
on a mica substrate at 800 K and subsequent heating uyear the step, the ripples with a constant periodicity of
to 1000 K in vacuum. The surface was cleaned with Ar~1.8 nm were clearly observed, being aligned parallel
ion sputtering and annealing at1000 K. Using this to the monatomic step. The most probable reason for
method, atomically flat Au(111) surfaces were routinelythe oscillatory structure is interference of waves. The
obtained [13]. Electrochemically etched tungsten tipd. DOS of surface states on Au(111) and their interaction
were used for the STM measurements. After the samplerith monatomic steps were investigated earlier with
preparation, STM images of the Au(111) reconstructedSTM and theory by Daviset al.[18], followed by
surface was observed with atomic resolution at roomAvouris et al.[9]. Based on their reports, the standing
temperature (RT). The tunneling bi&s is defined as the wave in the LDOSp(k,x) caused by the interference
voltage of the sample measured with respect to the tip. of electron waves at a step edge can be expressed as
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Although the image of Fig. 1(a) seemed to exhibit
only the topography of the surface, differentiation and/
or cross-sectional profiling made it possible to detect
the faint oscillatory structures on the upper terrace near
the step edge. The maximum corrugation was found to
be only less than 0.005 nm, and the oscillation decayed
more quickly within a few intervals. The reason why
the standing waves were clearly observed in Fig. 1(b)
can be explained as follows. By using an extremely low
bias of —2 mV, the constant-current image corresponds
directly to a Fermi-level LDOS contour of the surface-
state electrons, taken at the center of the curvature of the
tip [19]. If conventional voltage$~100 mV) are used,
the image should be composed by summing all of the
energy-resolved LDOS oscillations frofy to the applied
bias energyeV). Superposition of waves with different
periodicity must blur the structure of standing waves and
reduce both the amplitude and the decay length.

A more astonishing observation is that the standing-
wave oscillations were found to be strongly affected by
the herringbone reconstruction structures. The observed
amplitude of the LDOS oscillations was found to be in-
homogeneous and dependent on the three regions with
different geometries on the Au(111) reconstructed sur-
face. Figure 2 shows cross-sectional profiles measured
in the three regions near the step edge. In the hcp
and the soliton-wall regions, the observed amplitudes of
the standing waves are more enhanced than that in the
fcc regions. The average corrugations caused by the

standing-wave oscillations in the hcp and soliton-wall
FIG. 1. (a) A constant-current image of the reconstructed
Au(111) surface(V, = 30 mV, I, = 0.3 nA) at ~30 K. Two
terraces are separated by a monatomic step of 0.24 nm height.
Pairwise soliton walls (indicated a§ with a corrugation of
~0.015 nm are clearly evident, which are the transition regions
between the hcp-likéh) and the fcc-like regiongf). (b) A
constant-current image of almost the same area as above using_,
an extremely low tunneling biag; of —2 mV (I, = 0.1 nA).
It is remarkable that long-range spatial oscillations have become
distinct, especially near the step.

—_—

follows:

p(ky,x) = po(1 — Jo(2kx)), (1)

wherex is the distance from the step eddg,is the 2D
wave number of surface-state electron, is the LDOS
of the homogeneous free electron gas, aR@dis the
zeroth-orderBesselfunction. The observed oscillation
has a characteristic periodicity of 1.8 = 0.1 nm, from
which the wave numbek; can be deduced using the
relation of ky = 7/L. The estimated wave numbéj
of ~1.7 nm™! corresponds well to that of the previously FIG. 2. Cross-sectional profiles of Fig. 1(b) measured perpen-
reported wave numbdk; = 1.73 nm~!) of the surface- dicular to the monolayer step along the soliton wall, the hcp,

; and the fcc regions. All profiles show oscillations of the surface
f’;ate quctro?stgt the Fﬁr?_ﬂ levlr) t[)l]. (t:to.gsiqgepﬂyt’h LDOS with the same periodicity on the upper terrace. The cor-
the orgin 0 € osciffauon can be atribuied 10 erugation caused by the standing-wave formation is more distinct
interference effect and the formation of standing wavesn the case of the soliton-wall and the hcp regier0.02 nm)

in the surface-state electron density. than in the fcc casé~0.01 nm).

Relative Height, z [nm

Distance, x [nm]
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regions were about 0.02 nm, whereas that in the fcc re-
gions was~0.01 nm. Those differences in amplitudes
may be attributed to the inhomogeneous distribution of
the surface-state LDOS.

The reason why the herringbone effect can be ob-
served distinctly at~30 K can be attributed to the more
enhanced elastic mean free path or coherence length o
electrons at lower temperatures. Using the uncertainty re-
lation for position and momentum, the coherence length
A, can be expressed as

Ae = 1/Aky, ()

whereAk) is a wave number spread of the 2D electrons at
Er. The energy dispersion relation for the free-electron-
like surface-state electrons can be expressed as

E = i%kj/2m", (3)
where m* is the effective mass of the surface-state
electrons. Using the Fermi distribution function and the

energy dispersion relation for the surface-state electrons,
the wave number sprealk; can be expressed as follows:

Aky = m*AE/Fky . 4)

Thermal widthAE can be evaluated as the full width at
half maximum of the differential Fermi-distribution func-
tion, that is,~3.5k3T, wherekp and T are Boltzmann's
constant and temperature, respectively. Finally, the coher-
ence length of the surface-state electrons can be expresse
as below:

Relative Height, z [nm]

Ao = ﬁzkﬁ/3.5m*kBT. (5) Relative Distance, x [nm]

Using Eqg. (5) and the reported values fof (= 0.28m.)  FIG. 3. (a) A constant-current 2D image of Au(111) observed
and kj(=1.73 nm™!') [1], the coherence length of at ~30K (V, = —2mV,I, = 03 nA). Amplitudes of the
surface-state electrons &t is estimated to be-5 nm LDOS oscillation are different in the three regions, g0, hcp

: : h), and soliton wall(s). It is observed that the direction of
at 298 K. Since the coherence length at RT is mucd/vave propagation along the soliton walls is apparently changed

shorter than the typical widtf~15 nm) of stress domains 4 the elbow positioné). (b) Cross-sectional profiles between
of the herringbone structure, it is reasonable that th@-p and C-D lines along the same soliton wall, indicated
previous studies at RT could not observe the effects of than the above image. Arrows indicate the peak positions of
heringbone reconstruton (791 In convast, at 30 KILe Sl veves ens e SOH M, ot o
the Coheren_ce Ieng;h is evaluated 50 nm, which is L = 1.8-1.9 nm). On the lower terrace, faint standing-wave
almost consistent with the observed decay length for the, mation was observed along the soliton wall as indicated the
standing waves. Since the coherence length at 30 K igsterisk(x).
much longer than the typical domain width-15 nm),
it is quite reasonable that the effects of long-range
reconstruction has become observable at this temperaturgomain. In the second stress domain, along the soliton
The other significant feature of the STM image atwall (C-D), we can still observe the oscillation with
~30 K is the observation of the enhanced standing-wavex similar periodicity L (1.9 = 0.1 nm) and a slightly
formation along the pairwise soliton walls. As shown smaller corrugatiorf0.01 ~ 0.02 nm). If the direction of
in Fig. 3(a), the oscillation appear to be elongated alonghe standing waves from the step edge is unchanged, the
the pairwise soliton wallssf. Figure 3(b) shows cross- interval of oscillation along the soliton walls in the second
sectional profiles along a typical soliton wall. From domain should be about twice= 1/cos60°) as large
the step edge to the first elbow positions along theas the initial periodicityL (~ 1.8 nm). However, the
soliton walls @A-B), the wave front is parallel to observed intervals along the soliton walls in the second
the step-edge line. At the first elbow positiong),( domain are almost the same as the original periodicity
the soliton walls change their directions with an angle ofobserved near the step edge. That is, the electron waves
about 60 to the left, because they enter another stresgppear to be propagating quasi-one-dimensionally along
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to demonstrate this model, a detailed knowledge about

db step the local potential distribution on the surface is required.
N : Moreover, it can be inferred from this model that the local
\ ' 2D Fermi surface might have some anisotropic nature.

In summary, we have observed the significant effects of
the long-range reconstruction on the formation of standing
waves in the surface LDOS on the Au(111) reconstructed
surface at~30 K. The observed anisotropic standing

waves suggest the important role of the herringbone

structure on the interference of surface-state electrons,

and the possible existence of one-dimension-like wave
! propagation along the pairwise soliton walls.

@o
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FIG. 4. Contours of the probability densities of the surface-

state electrons ofky = 3.27/d, which are confined in a )

quasi-one-dimensional waveguide with width The shape of *Corresponding author.

potential walls is schematically based on the observed pairwise  Electronic address: fujitad@nrim.go.jp
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