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Scanning-tunneling-microscope study of antiphase domain boundaries, dislocations,
and local mass transport on Au(110) surfaces
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We have used a scanning tunneling microscope to investigate surface defects and atomic motion
occurring on Au(110)(1 X2) reconstructed surfaces at room temperature over a period of time of several
hours. Evaluation of time-lapsed topographies shows that distinct changes occur at step structures and
domain walls. These features can be classified into basic building blocks to model surface disorder and
from the relative changes occurring at each element a local description of mass transport is obtained.
Local transport via kinks occurring along atomic rows of the superstructure in [110]is observed to dom-
inate. Finally, unique atomic structures introduced by bulk dislocations are presented and the subse-
quent inAuence on the creation of new phase boundaries and distortions in the surface superstructure are
discussed.

I. INTRODUCTION

All low-index gold surfaces exhibit a tendency to in-
crease their atomic surface density through reconstruc-
tion. ' For the (110) surface, this is achieved by means of
the formation of (111) microfacets resulting in a closely
packed surface with lower surface energy than the (1 X 1)
surface despite the increase in microscopic geometric
area. The lowest-order possibility of such microfaceting
is the (1X2) reconstruction in which alternating atomic
rows in the [110] direction are removed. A variety of
techniques [low-energy electron diffraction (LEED),
atom scattering, high-resolution electron micros-
copy, scanning tunneling microscopy (STM), ' x-ray, "
and medium-energy ion scattering' ' have established
the existence of the "missing-row" model and, in addi-
tion, showed that the outermost gold layer is relaxed in-
wardly by some 20% of the bulk atomic layer spacing.

Theoretically the missing-row structure has been
favored by tight-binding' and pseudopotential density
functional calculations' as well as by a calculation using
a semiempirical "glue" Hamiltonian. ' The latter model
predicted that higher-order reconstructions such as
( 1 X 3 ) or ( 1 X 4) would be energetically similar. Wolf,
Jagodzinski, and Moritz' ' published an extensive
study on the nature of surface disorder to account for the
diffuseness of LEED spots in the [001] direction which is
observed already at room temperature and increases with
temperature transforming at 420'C into a diffuse (1 X 1)
LEED pattern. Here, one-dimensional disorder was
modeled by assuming strictly ordered chains along the
[110] direction. Binnig et al. were the first to provide
real-space images of this disorder using scanning tunnel-
ing microscopy. They observed a heavily disordered sur-
face formed by (1X3) reconstruction randomly inter-
spersed with the (1X2) phase. More recent STM studies
where the clean surface was annealed at -300'C for
periods of time exceeding 6 h followed by quenching to

room temperature resulted in ordered terrace lengths of
8 —20 nm along the [001] and ) 100 nm along the [110]
directions, respectively, in agreement with our prelimi-
nary observations. ' A similar anisotropy in step struc-
ture was observed on the Pt(110)(1X 2) reconstructed sur-
face. '

While the geometric arrangement of atoms on the
Au(110) surface has been thoroughly studied, less infor-
mation on self-diffusion of this surface is available. Using
STM, Jaklevic and Elie observed annealing of craters in
Au(111) generated by tip-surface contact. These craters
were a few atomic layers deep and had a volume of some
1000 atoms. Jaklevic and Elie were able to identify sur-
face self-diffusion as the dominating process and estimat-
ed rates for a number of atoms filling up the craters but
could not resolve individual atoms. Emch et al. , in
their study of epitaxial gold films with STM in air, ob-
served that terrace edges move at speeds in a wide range
(0.05 —5 A/s). Lin and Chung attempted to extract an
activation energy from STM measurements of profile de-
cay of annealed polycrystalline gold films. Despite these
encouraging results, to date the inhuence of local atomic
structures on surface diffusion processes, in particular the
role played by defects, remains unresolved.

In this paper we present a detailed investigation of the
atomic nature of "disorder" on the Au(110) surface. In
particular, we show that surface structures are formed by
two principal types of antiphase domain boundaries. The
evolution of these structures with time is clarified by
several time-lapse sequences of atomically resolved STM
images. In diffraction measurements, ordered domains
must be larger than the coherence length in order to ob-
serve sharp diffraction patterns. On the other hand, pre-
vious STM measurements have indicated that these
domains are often too small to fulfill this condition. Our
measurement of large scan areas demonstrates that the
statistical nature of diffraction measurements and the lo-
cal nature of STM can be brought into harmony by
visualizing antiphase domain distributions, on large scale
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images. A distinct anisotropy in step distribution and
structure was found in [110]and [001] with evidence of
step bunching in [001] but with the absence of step
coalescence into (111)facets. Our STM observations also
indicate the temporally unstable nature of the Au(110)
surface where surface diffusion results in a constantly
changing distribution of antiphase domains. The anti-
phase boundaries themselves form a variety of patterns of
(1 X 2) domains whose structure may be understood in
terms of basic atomic building blocks. An analysis of the
topographs in the framework of such a model gives a
deeper insight into which particular atomic configu-
rations exhibit greatest mobility and hence less local sta-
bility of the surface. We suggest that the relative local
stability of such configurations plays a determining role
in the final surface structure after annealing. In this
respect attention is also drawn to the inQuence of bulk
dislocations on the nucleation and domain-wall structure
of the reconstructed surface.

II. EXPERIMENT

The Au(110) crystal (99.999%%uo purity) was mechanical-
ly and then electrochemically polished. The clean surface
was prepared by prolonged cycles of low-energy Ne ion
bombardment and annealing at a temperature of 750 K.
In situ x-ray photoemission spectroscopy (XPS) and
LEED were used to control surface contamination and
surface ordering, respectively. Initially, elongation of the
(1X2) LEED spots was observed to be consistent with
one-dimensional disorder. This effect was diminished
with sputtering/annealing cycles until a sharp (1X2)
LEED structure was observed. The STM was connected
to a conventional combined XPS-LEED system and sam-
ples were transferred to the microscope under UHV
(p ~ 10 ' Pa).

The STM tips were electrochemically etched from
polycrystalline W wire and mounted on a tip-transfer
holder where they were heated to —1300 K in UHV and
later sharpened using Ne ion bombardment prior to being
mounted in the STM just before imaging the surface.
The STM was previously calibrated for sensitivity and
orthogonality in the lateral scan directions using the
Si(111)—(7 X 7) reconstruction and in the vertical direc-
tion using a stepped Cu(111) surface exhibiting a variety
of steps of monatomic up to quadroatomic size. The data
were acquired using an IBM PC-AT system described
elsewhere. BrieAy, all data sets were recorded using
16-bit analog-digital converters and the scanning was
achieved using 16-bit digital-analog con verters. Two
types of STM image were recorded in this study. First,
conventional STM topographs were recorded at constant
tunnel voltage V, and tunnel current i, . The actual
values are indicated in the figure captions and they were
selected to give the best image quality. They depended
on the tunnel-tip condition and do not usually reQect
changes in surface condition. Second, we found it con-
venient to also record differential STM images simul-
taneously in certain cases (particularly on highly stepped
surfaces). Here the tip was modulated in the x direction
by -0.2 A at a frequency of -7 kHz, well above the

scanner resonance frequency (fo=2 kHz) and the
response dI /dx recorded using phase-sensitive tech-
niques. A discussion of this procedure is published else-
where. Unless stated, no post-processing was done on
the images and various visualization routines were used
to render the STM topographs as gray-scale topview im-
ages or in other more sophisticated ways when appropri-
ate.

III. RESULTS AND DISCUSSION

A. (1X2) domains

Extensive sputter-anneal cycles are required to produce
a sharp LEED pattern. Our STM measurements indicate
that (1 X2) domains of dimensions of several thousand A
can be achieved with a minimum of defects. Figure 1

shows an example of a 670X670-A area of the surface
exhibiting an almost perfect (1 X 2) phase in which atomic
rows separated by 8.16 A are clearly resolved, the corru-
gation amplitude being 0.8 A at tip voltage V, =0.37 V
and set current i, =250 pA. No atomic resolution was
observed along the rows. Just at the bottom of Fig. 1, a
single atomic step (1.4 A high, marked S) is observed run-
ning along [110]corresponding to a (111)microfacet. In
general, the steps show long-range ordering in [110]
whereas kinks in [001]exposing (100) facets are rarely ob-
served to be longer than several atomic distances. Figure
2(a) shows a 3000 X 3000-A area of the surface recorded
during a different experimental run. Owing to a limita-
tion on the number of data points, governed by the com-
puter memory size, the (1X2) corrugation cannot be
recorded. However, we confirmed its existence during
the total scan by monitoring the z signal on a storage os-
cilloscope and by recording smaller areas in the field of
view, one of which is shown in Fig. 2(b). Our principle

FIG. 1. Gray-scale image of STM topograph from the
Au(110) surface exhibiting (1 X 2) reconstruction. Notice atomic

0
step in bottom left of picture. Area = 670X 670 A . V, =0.37
V, i, =350 pA.
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observation is that the (1 X2) domains have large spatial
extensions and are separated by staircases of step struc-
tures forming bands in [110]. In general, step structures
are to be expected on the crystal due to local crystal
misorientations. These STM observations of large area
scans go beyond previous LEED analyses ' ' and show
that the necessary step structures tend to condense into
bands rather than being uniformly distributed over the
surface in the form of periodic terraces separated by
monatomic steps. However, the steps in the bands them-
selves are distinctly monatomic separated by small (1 X2)
cells except, as discussed later, in the region of disloca-
tions where fractional step heights are observed. The
former behavior is in contrast with observations of fcc
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(111)surfaces such as on Cu and Au (Ref. 28) where dou-
ble, triple, and quadruple atomic steps are observed. No
evidence was found in our investigation for condensation
of steps into facets of greater than monatomic height,
suggesting repulsion between steps which nevertheless ex-
hibit bunching. This observation may indicate a longer-
range attractive interaction. Another possible mecha-
nism for the apparent condensation may be pinning of
steps which migrate over the surface during annealing.

The differences between the virtues of STM and
diffraction techniques become very evident from inspec-
tion of the (1X2) domain dimensions in Fig. 2(a). Here
the STM images show that domain dimensions clearly
exceed the typical coherence lengths of LEED or atom-
scattering experiments, STM being particularly sensi-
tive to the step structure. If STM topographs were ana-
lyzed from small scan areas of the surface one might
come to the conclusion that the surface is well ordered or
disordered depending on the particular area where the tip
happened to be positioned. Hence, any realistic discus-
sion of the nature of the Au(110) surface requires an over-
view of extended surface areas (several thousand A in
size) from many experimental runs to exclude artifacts or
anomalous local surface properties. In the following sec-
tion we shall direct our discussion on the nature of the
disordered areas. For investigation of the (1X2) domains,
diffraction methods are better suited since they represent
an average over mm-sized areas of the crystal. The utili-
ty of STM here lies in elucidating the local shape and na-
ture of antiphase boundary or domain wall structures and
their temporal evolution.
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FIG. 2. (a) Pseudoilluminated 3D image of STM topography
from the Au(110) surface recorded on a different run from data
sho~n in Fig. 1. Bands of atomic steps are observed in upper-
and lower-middle parts of image. Area denotes =3000X3000
0 2
A . V, =0.78 V, i, =350 pA. (b) Gray-scale image of an STM
topograph from Au(110) recorded in the upper left corner re-
gion of (a) showing the (1X2) reconstruction and a cluster of

0

atomic steps at the top of the figure. Area .=650X650 A .
V, =0.08 V, i, =350 pA

B. Antiphase domain walls

There are two equally probable ways to create the
(1X2) reconstruction which differ only in terms of a
translation vector of one lattice constant in [001]. Nu-
cleation of both types of antiphases may then result in
formation of domain walls. The boundary between such
domains can be realized in two ways as considered by
Moritz, Jagodzinski, and Wolf. ' ' First, if the
domains meet perpendicular to [110] a domain wall
structure can be modeled as shown in Fig. 3(a). We shall
refer to this as the derailment wall or boundary. Such a
phase boundary may be generated by two (1 X 2) anti-
phases meeting on a Bat surface. The result is a phase
shift of one-half of a (1 X 2) unit-cell distance in [001] be-
tween the superstructures. This boundary, as will be
shown later, is pinned and requires a concerted transla-
tion of the atomic rows of one phase in [001] to coalesce
into a monophase.

Alternatively if domains run into each other parallel to
[110], the resulting domain wall will consist of either a
local (1 X 1) or (1 X 3) phase. The presence of a (1 X 1) re-

gion is generally considered energetically unfavorable and
we have observed it only within (331) microfacets at ter-
race edges on clean Au(110). By adding an atomic layer
[see Fig. 3(b)] the (1 X 1) or (1 X 3) phase is transformed
into a step. Here a phase shift of one-quarter and three-
quarters of the (1X2) unit-cell distance occurs in [001],
respectively. Steps in [110], observed previously with
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types of antiphase boundary which were taken from
larger-scale topographs. In Fig. 4(a) the (1X2) rows in

both phases are well resolved. However, at the domain
wall there is an apparent loss of resolution which results
in a diffuse boundary region, which is almost perpendicu-

0
lar to the rows and approximately 15 A wide. Repeated
scans of this domain wall (discussed in Sec. III D) show
that it is temporally unstable and in a constant state of
motion around its pinning points. We interpret this be-
havior as evidence of significant atomic motion at the
derailment boundary, whereas step boundaries are well
resolved in [110]indicating their greater stability.

, ',«6

vs C. Atomic step structures

FIG. 3. Models of antiphase boundaries for a Au(110)(1X2}
surface proposed by Wolf, Jagodzinski, and Moritz (Ref. 19).
(a) Domain boundary formed vertical to ordered chains with
not atomic step by a unit-cell displacement in the origin of the
superstructure on a Hat surface which we call the "derailment
wall. " (b) Two ordered domains separated by a (111)step gen-

erating a displacement of the origin of the superstructure, which
we call a "step" wall.

STM, appear to play a dominant role in surface
structuring at room temperature. Step boundaries usual-
ly expose a (111) tnicrofacet. Theoretically, glue-model
calculations indicate that this boundary is only slightly
less stable than the (1X2) monophase. ' To date, the
derailment boundary has not been observed on
Au(110)(1 X 2), although its existence has been postulated.
Figures 4(a) and 4(b) show detailed STM images of both

(a3

Derailment Domain Wall

[110j

[001)

(b)

Step Domain Wall

[110J
C)

[001]

FIG. 4. Pseudoilluminated 3D image of a region of a STM
topograph from the Au(110) surface corresponding to the disor-
der model in Fig. 3. (a) shows the (1 X2) two domains displaced
by unit cell along the [001] direction displacement forming a
derailment domain wall, and (b) shows a domain boundary
formed by an additional atomic layer. V, =0.25 V, i, = 150 pA.

In the previous section we discussed two ways in which
the interface between antiphase (1 X 2) domains can form
energetically favorable boundaries. One of those was the
step wall which, at an antiphase boundary, produces a
(111) microfacet. If we add an adlayer of atoms in the
form of a terrace to a single domain surface (Fig. 5) a
(111) microfacet is produced at one side of the terrace
and a (331) microfacet or a (1X1) region (inclusion of
hatched atom) at the other side of the terrace, both of
which are energetically less favorable than (111)steps. If,
however, a miniterrace joins two antiphase domains, both
sides of the terrace are conveniently terminated by (111)
facets. Our infrequent observations of adlayers on mono-
phase terraces indicate that (111) steps preferentially
form to energetically stabilize antiphase boundaries in
[110]. Figures 6(a) and 6(b) show the STM images of
(111)and (331) faceted steps. The slope of the (111)facet
(a) is greater than the slope of the (331) facet (b). In addi-
tion, the latter shows an additional hump where the
(1X1) atomic row is resolved. Another difference be-
tween the step structures is that the phase shift between
the (1X2) rows on the upper and the lower terrace is
larger in (b) by one lattice constant.

We have compared the step profiles shown in Fig. 6
with theoretical calculations of a (111)and a (331) faceted
step profile on Au(110)(1X2) made by Tersoff using an
atom superposition method. ' We find that in both
phase and shape a good agreement between experiment
and theory is obtained even for small (1X2) domains.
Note that the calculated step profile shown in Fig. 7(a)
for a (111) faceted step has a smooth shape even at high
resolution, whereas that of a (331) faceted step [Fig. 7(b)]
displays an additional bump (see schematic illustration in
Fig. 5). This additional feature can be clearly observed in
the experimental data [Fig. 6(b)] of a (331) step. It should
be noted that the differing phase shifts between the (1 X 2)
rows on the upper and lower terraces provide an addi-
tional means of difFerentiating (331) and (111)steps.

Figure 8 shows a cross section along [001] of a single
(1 X 2) cluster observed on a monophase (1 X 2) under-
layer. Here the cluster sits asymmetrically on the under-
layer forming a (331) microfacet on one side and a (111)
microfacet on the other. To indicate how well the posi-
tions of the maxima in the line profile of the cluster fit
with Tersoff's calculation, we have marked the expected



6848 J. K. GIMZEWSKI, R. BERNDT, AND R. R. SCHLITTLER 45

(a}

[110]

(~ (~

'UF [ 001]

FIG. 5. (a) Schematic illustration of the effect of adding a miniterrace adlayer of Au atoms to a single (1 X 2) phase. On the left a
stable (111)facet may be formed. However, termination of the facet on the right results in a (1 X 1) row if the hatched atom is present
or in a local type (1 X 3) structure if it is missing. (b) Models of (111)and (331) steps produced by adding additional (1 X2) rows to a
monophase terrace.

l(a '

(111}Microfaceted Step

positions of the maxima with tick marks. It can be seen
that, within experimental error, even a single (1X2) row
fits in with the geometrically expected position based on

simple superposition of spherical atomic charge densities.
Preferred distances between steps have been reported

for the reconstructed surfaces of Au(100), Au(111),

and Si(111). Bartolini, Ercolessi, and Tosatti inter-
preted these "magic" terrace lengths as surface energy
terms which stabilize certain vicinal surfaces. The terms
turn out to be minimal whenever the terrace length is
able to accommodate an integer number of reconstructed
unit cells. In the case of the (1 X 2) reconstructed Au(110)
surface, the predominance of (111) steps compared with
(331) steps can be explained in these terms. Roelofs
et al. have calculated the energetic stability of both

(a)
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[110]
D

[001]

(b)

(331}Microfaceted Step

[110]

[001]
I II III III I II II I I II IIIII IIIIII II I II II II III

Distance (A)

III I II Ill I II II I III II IIIII III III I III II I II I

FIG. 6. Pseudoilluminated 3D image of STM images of
Au(110)(1X2) showing (a) a step across the [100] direction ex-
posing a (111) microfacet and (b) a step across the [100] direc-
tion exposing a (331) microfacet, which is observed only rarely.
V, =0.25 V, i, =150 pA

FIG. 7. Image calculated with an atom superposition method
(Ref. 32) for (a) a (111) step and (b) a (331) step on
Au(110)(2X1). Thus figure shows (110) plane through outer-
most atoms. Contours reflect different tunneling currents. The
tip is represented as a point source.
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structures exhibit little long-range order and display ex-
treme roughness in contrast to steps running along [110]
that are stabilized by the generation of (111)microfacets.
Figure 9 shows a stepped area of the surface that illus-
trates preferential roughness in (100). The (1 X2) rows of
atoms are clearly resolved and the step structures run-
ning across the picture are extended in [110]whereas the
exposed (100) facets extend over several rows of the su-
perstructure. Also note that the steps in [110]compared
with the steps exposing (111) microfacets apparently
show slightly poorer definition. We shall return to this
observation in Sec. III E when we discuss the mobility of
surface atoms.

D. Observation of bulk dislocations

FIG. 8. Line profile across a single additional row of (1X2)
on a monophase (1 X 2) terrace. Asymmetry in structure reflects
a (111)microfacet on the right-hand side and a (331) microfacet
on the left-hand side of the structure. The arrows indicate posi-
tion of the maxima determined using a theoretical calculation of
(111)and (331) step profiles by Tersoff.

(111)and (331) steps on the (1 X 2) missing-row phase on
Au(110) using an extended embedded atom method.
They find that (ill) steps are far more probable than
(331) steps on energetic grounds in accordance with our
observations.

We now turn our attention to steps created perpendic-
ular to the (1X2) rows in the [110] direction. These
steps expose a (100) microfacet and are observed to exhib-
it a markedly different behavior from the step boundaries
in [100]. In general our observations show that such step

In Sec. IIIA we discussed the dimensions of (1X2)
domains and the observation of step bunching. Here we
shall present evidence of an additional type of domain
structure which occurs on the surface and which we have
observed to occur in localized patches during quite a
number of independent runs. Figure 10 shows a 0.5 X0.5-

pm area of the surface. The gray-scale image has been
post-differentiated to represent dz/dx. We use this tech-
nique to improve the visibility of atomic steps (bright
bands represent positive slope and dark bands represent
negative slope). Due to the limited data point density (1
point/10 A), the (1 X 2) phase is not resolved but, as dis-
cussed in Sec. III A, all detailed subregions of the image
window showed the (1 X2) phase to be present in domain
dimensions of up to —1000 A in [001] and up to —3500
A in [110]. Characteristic step bunching with bands
directed predominantly along [110] (see Bl and B2) is
also observed. The step bands show a "bowing out" as is
known for pinned bulk dislocations.

We shall now discuss another characteristic structure

', lL =,
FIG. 9. Detailed gray-scale image of a STM topograph for

Au(110) showing a sequence of steps with preferential ordering
in the [110]direction and poor ordering in the [001] direction.
Note the apparent lack of resolution on particular kinks (ar-
rows). V, =0.56 V, i, =200 pA.

hl 4

FIG. 10. Gray-scale post-differentiated (dz/dx) image of an
STM topograph from a 0.5 X0.5-pm' area measured at
V, =0.25 V, i, =200 pA.
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FIG. 11. Gray-scale image of a differential STM topograph from Au(110) showing textured patterns. (a) Area in 550 X 550 A and
(b) area of 1100X1100 A . Differential topography shows steps as distinct dark or light bands depending on slope sign. V, =0.25 V,
i, =200 pA.

observed in regions F1 and F2. Here the step structure
can be described in what we term a fish scale pattern
where an overall misorientation predominantly in [110]
is accommodated by the intersection of two bands of
steps, both aligned approximately along a ( 1 1 1 ) direc-
tion. The steps themselves terminate abruptly into Aat
parts of the surface (see regions indicated D) or even ex-
hibit steps which reverse form positive slope to negative
slope (region I). The disappearance of steps into the sur-
face is a signature for the intersection of dislocations with
the surface and we shall discuss atomically resolved im-
ages of these features below.

Figure 11 shows a detailed region of the fish scale pat-
terns formed by the intersection of bunches of steps with
obtuse and acute orientations with respect to [110] ob-
served in an independent experiment. Since the overall
effect is a'misorientation in [110],one might expect more
steps in [110) than in [001]. However, our observations
strongly suggest that the shape of the terraces result from
stabilization of the (100) microfacets by the (111) mi-
crofacets resulting in the fish scale pattern observed.
Consequently, although the local misorientation is
predominantly in the [110]direction, the resulting step
structures exhibit considerable (111)faceting.

Figure 12 shows another atomically resolved image of
a fish scale region. We note that the pattern is associated
with a large number of antiphase boundaries on the sur-
face, i.e., between each terrace on the same atomic plane
one can identify a shift of the superstructure by —,

' of a
unit cell. The step edges are all of the (111) type with
king's in [001). Given the phase shift between adjacent
terraces, (111) steps cause an additional +—,

' superstruc-
ture unit cell phase shift depending on whether the step
direction is upward or downward. They have the effect
of regenerating an antiphase boundary of
superstructure unit cell between terraces associated with
a given side of the triangular step structure. We would
like to suggest that the presence of bulk dislocations at
the surface certainly appears to play an important role in
the nucleation of the (1X2) phases as evidenced by the

large number of antiphase domain walls observed in the
region of the dislocation. This point will be elaborated
on when we show evidence for additional phase shifts be-
tween domains resulting from partial dislocations.

To recap, step structures terminate in a manner typical
of the presence of bulk dislocations intersecting the sur-
face. Terminated step structures are associated with fish
scale patterns suggesting that the nucleation of the (1X2)
superstructure, in particular phase-matching conditions,
are affected by the presence of these bulk dislocations.
Local distortions of the surface atomic positions intro-
duced by the above phenomena are now addressed.

Figure 13 shows an atomically resolved image near the
core structure (C) of a dislocation where it emerges at the

FIG. 12. Detailed gray-scale image of a STM topograph
from Au(110) showing steps forming a textured pattern. The
(111)steps delineate antiphase domains.
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surface. Two forms of representation have been used to
illustrate the essential observations discussed below. Two
clusters (Il and I2) consisting of an additional single row
(height denotes 1.4 A) are visible. What is particularly
relevant is the presence of two steps, S1 and S2, observed
in the image which have a height of only —,

' of a normal

step in the region of C and which gradually increase their
height as the distance from the core increases. In addi-
tion the monophase (1 X2) region of the surface is heavily
distorted and can be described in terms of a helicordal
structure centered at (C). The formation of a shift in the
lattice by —,'[110] is typical of the slip of closely packed

I 111] planes and can be invoked to explain the observa-
tion of the step height near C. The unit dislocation with
a Burgers vector in [110] is achieved by two vectors
—,'[110]—+ —,'[211]+—,'[121]. This unit dislocation is typi-
cal of fcc metals. Recently a similar stacking fault was
atomically resolved on Cu(111) using STM where the
dislocation emerges in the form of steps of —,

' or —', the
height normally observed on the (111) surface. The re-
sulting stacking fault generates quite a large region of dis-
tortion in the region of the partials.

Despite the distortion introduced by the stacking fault,
it is evident from Fig. 13(b) that the (1 X 2) reconstruction
persists over the entire region around point C. An intri-
guing aspect of the —,

' atomic step introduced by the dislo-
cation compared to the monatomic step that develops at
the periphery of Fig. 13, in addition to the distortion of
the superstructure in [110], is that different phase shifts
occur due to the stacking faults. Recalling that a (111)
monatomic step introduces a —,

' superstructure cell shift in

[001] we calculate that the respective shift for the —,
' step

height is —,', . The (1X2) rows, therefore, accommodate a
16% distortion of the superstructure in [001]with no dis-
tortion calculated for the atomic positions in [110]. The
above discussion implies that the minimization of the sur-
face free energy by formation of a (1X2) reconstruction
dominates over the presence of a highly strained bulk lat-
tice and that distortions can be accommodated by the
atomic rows.

Additional defect structures and effects induced by
contamination and adsorption are now discussed. The
simplest defect for a surface is missing atoms or adatoms.
Figure 14 shows a block of four Au atoms missing from
an atomic row in a (1X2) reconstructed area (A). This
kind of defect is rarely observed (less than once per 10
surface atoms) on the flat areas as well as on more
stepped structures. Here we include the possibility that
there are foreign atoms embedded in the surface whose
local density of states in the tunnel voltage region is
negligible, however, there are certainly no gold atoms
present in the defect region.

Individual Au adatoms, although probably present on
the surface, are extremely mobile and we have found no
evidence of them in the topographs. However, during
our measurements the tip was occasionally sharpened by
applying a short pulse ( —10 ms at 5 V). This leads to

C

.:c%4

a+

FIG. 13. (a) Gray-scale image of a STM topograph of a dislo-
cation emerging from the surface (see text for explanation of
marker). Area =240X240 A, V, =0.37 V, i, =200 pA. (b)
Pseudoilluminated 3D representation of (a). Note that filtering
was applied in (b) to reduce the corrugation amplitude enabling
the dislocation to be better visualized.

FIG. 14. Gray-scale image of a STM topograph of four miss-

ing atoms in a row of the (1X2) reconstruction. V, =0.25 V,
i, =200 pA.
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(b)

FIG. 15. Gray-scale image of a STM topograph of Au(110)
showing three small structures deposited by pulsing the tip at

0+5 V for 10 ms. The structures are -3 A in height and their
shape was independent of tip polarity within the range

~ V, ~
(1

V.
ll)If p'

field desorption of tip adatoms. Figure 15 shows three
clusters or atoms deposited from the tip after desorption;
they are approximately 3 A in height and their structure
was found not to depend on tip polarity. We ascribe
these features to foreign atoms.

We next discuss the effects of contamination of the
reconstruction. Gold surfaces are known to be extremely
stable to contamination. Even more than 3 days after
preparation the (1X2) reconstruction persists in bad
UHV conditions. Figures 16(a) and 16(b) show an exam-
ple of STM image recorded after 80 h exposure to UHV
at p =5X10 ' mbar. In comparison with the previous
figures, the overall topography displays significant
differences. On the left-hand side of Fig. 16 we observe
an apparently amorphous area consisting of a rough
I110] texture which slowly transforms into a more or-
dered sequence of (1 X 2) rows of finite extension inter-
spersed with steps in the [001] direction, resulting in
what was previously described as a local (1X3) phase.
We discount that the observed structural changes are due
to an abrupt change in tip condition since on the top
right of the picture a similar amorphous patch is also evi-

dent, and also since there is no abrupt spatial change in
the order-disorder transition region. In the ordered region
we typically observe two to four rows of (1X2) recon-
struction separated by steps. The structure along these
rows appears to be somewhat noisy. These results indi-
cate that contamination destabilizes the long-range order
and generates amorphous patches. Such a stabilization of
the (1 X3) phase has been reported for submonolayer Cs
adsorption ' and STM results also indicate formation of a
(1X3) phase. We ascribe the change in structure to CO
adsorption which represents the major source of contam-
ination in our UHV system.

(]x2)

FIG. 16. (a) Gray-scale image of a STM topograph from con-
taminated Au(110). (b) Pseudoilluminated 3D representation of

o 2
the same topograph. Area =500X500 A, recorded —80 h

after preparation and left in a UHV at p-4X10 ' mbar. To-

pographs of the fresh film were similar to previous figures.

E. Surface mobility

Binnig et al. suggested that mass transport via kinks
might occur in rows along the I110] direction. Rear-
rangements of atomic columns on gold surfaces including
(110) were found to be highly mobile as shown by time-
lapsed high-resolution TEM. In our study we have ob-
served that even at room temperature, considerable
differences can be detected between consecutively record-
ed pictures.

To investigate the temporal changes of the surface in

more detail, we observed the evolution of a variety of re-

gions of the surface using time-lapse sequences of images.
Figures 17(a)—17(d) show four images selected from a

0 2
series of topographs of a 400X400-A area of the surface
repeated every 2 h. ln Fig. 17(a) we note that the surface
comprises a series of step structures containing mainly
(1 X2) atomic rows and that in the center of the picture a
miniterrace of dimension —50 X 100 A is clearly
resolved. The next obvious observation is that between

Figs. 17(a) and 17(d), a variety of structural changes have

occurred in the step structure and miniterrace shape a1-

though a semblance of similarity still exists after a period
of -6 h. At the tunneling parameters used in our experi-
ment, we expect the influence of the tip on surface mobil-

ity to be small. This assumption is supported by the ob-

servation that even after several scans over a particular
region no tip-induced effects could be recognized when
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of monatomic height and has a perfect internal (1 X 2) or-
dering. However, there is a general trend in the sequence
(a) —(m) for atoms to leave the structure, resulting in a di-
minuation in the number of atomic rows in [110]but not
in their average length. Even in Fig. 19(m) when only two
atomic rows remain, the rniniterrace retains its identity.

These observations are in accordance with our previ-
ous discussion relating to the relative stability of Au ada-
toms at various surface sites. Individual atoms are not
observed on the surface. Evidence of nucleation and mi-
gration along [110]towards (100) microfaceted kinks re-
sults in long rows of atoms exposing dominantly (111)mi-
crofacets. The interaction of the missing rows with each
other appears, from our observation, to be weaker based
on the anisotropy of the dissolution of the miniterrace,
however, some form of stabilization does, nevertheless,
appear to exist.

Usually steps are observed to extend over several hun-
dred A in [110],whereas they expose one or two atom

(c)
0

FIG. 17. (a)-(d) Gray-scale images of a 400X400-A STM
topograph of Au(110) recorded at two-hour time intervals. The
apparent bending of atomic rows at the tops of the pictures is
due to creep of the piezoelectric scanners.

the scan range was enlarged.
We performed a detailed analysis of the series of pic-

tures and we now use the basic building blocks described
in Secs. III A —III C to analyze the more essential details
of disorder in this picture. First, in region A of Fig.
17(a) we observe a derailment antiphase domain wall

[previously shown in Fig. 4(a)] which collapses during a
time-lapse sequence of images. Selected images of the
temporal disintegration of the domain wall are shown in

Figs. 18(a)—18(c). As discussed previously, this domain
boundary is rather i11-de6ned due to surface mobility. It
is observed to begin collapsing in Fig. 18(b) where six
atomic rows have been displaced by a [100] unit cell to
register in phase with the larger domain. By Fig. 18(c)
this process has developed further and only three (1 X 2)
rows are out of phase. The process appears to require
considerable cross-channel motion. Although our STM
observations suggest that the process is abrupt with
respect to the measurement time, i.e., a progressive
cross-channel transport of single atoms is not observed
on the time scale of the sequence of images, further stud-
ies at low temperature are required to elucidate the trans-
port process. The movement of atoms across or over
rows has been investigated by Wrigley and Ehrlich.
They have demonstrated that W atoms on Ir(110) sur-
faces move preferentially through [110]rows.

Local areas of (1X2) phase can resemble monatomic
clusters or miniterraces. Figure 19 shows a sequence of
STM images of a miniterrace structure which is initially

0-50X100 A in size. With time-lapse images we can
directly visualize the gradual evolution of this structure.
From image to image a variety of changes in the rniniter-
race occurs, although the (1 X 2) phase remains distinctly

FIG. 18. Pseudoilluminated images of STM topographs of a
o 2

120X 170-A area of Au(110) selected from a series recorded at
time intervals of 30 min, with V, =0.25 V and i, =150 pA. The
surface shows (1X2) reconstruction. Horizontally, a domain
boundary separates two (1 X2) domains, which are displaced by
one lattice constant in the [001] direction. The domain bound-
ary initially extends over eleven (1X2) atomic rows and col-
lapses down to three out of phase rows in the later stages of the
measurement. On the time scale of measurement, rows ap-
parently jump instantaneously in a concerted fashion.
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ht ~ 30 min
[001)

FIG. 19. Sequence of gray-scale images of STM topographs which display structural changes occurring at a (1X2) reconstructed
miniterrace. The time interval between each picture is 30 min. Part (n) is a repetition of (e). Over the total measurement time of 6 h
the miniterrace gradually dissolves from (d) initially 12 rows to (m) 3 rows.
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FIG. 21. Detailed pseudoilluminated 3D representation of
Fig. 20(a). The atomic rows along the [110]azimuth are visi evisible

on three terraces. The middle terrace consists of two domains

separated by a derailment boundary marked C. The displace-
ment by one lattice constant of the underlying gold crystal be-

th domains forces the topmost terrace to orm a 111)
331microfacet step in the upper part of the surface (A) and a ( )

microfacet step in the lower part (B).

kinks perpendicular to the close-packed rows. Figure 20
shows the temporal evolution of a stepped surface region,
taken at 30-min intervals. The area is split into three ter-
races by monatomic steps. In contrast to the behavior
mentioned above, the middle terrace shows a step to-
wards the lowest terrace along [001],which is up to seven
rows wide. The highest terrace, in turn, exposes a similar
boundary towards the middle region. A remarkable
f t re in this sequence of images is that both steps ap-

hpear to be linked. They meet in the center of any of t e
pictures. In fact, this point was used as a reference when
extracting these pictures from larger-area scans. Due to
the high mobility observed on the Au(110) surface it is

ll impossible to locate any fixed point in a series of
topographs. Here, however, it is possible to judge t e re-
ative positions of steps. The reason for the extraordinary
stability becomes obvious in Figs. 20(a), 20(d), and 20(m).
The middle terrace is separated into two domains by a
phase boundary exactly where the [001]-directed steps
meet. This is displayed in greater detail in Fig. 21, which
is a pseudo-3D representation of Fig. 20(a). The midd e
terrace is divided into two antiphase areas by a derail-
ment boundary marked "C"in Fig. 21, resulting in a shift
of one lattice constant of the underlying gold lattice in
[001]. Since the topmost terrace forms a single (1X2)
domain, steps (A) and (B) must have a different atomic
geometry. By comparison with the basic step structures
discussed in Sec. IIIC, we can unambiguously identify
them as (111)and (331) structures, respectively.

Locally, antiphase domain boundaries can stabilize un-
stable structures. As in the case described above, they
can be viewed as local defects where the kinetics of the
nucleation of the reconstruction are significantly
modified.

F. Anomalous corrugation

A corrugation along densely packed atomic rows has
not usually been observed. Rarely, however, was it possi-
ble to obtain images like those shown in Fig. 22. The
measurement was made at the rather usual tunneling pa-
rameters of i, =1 nA and V, = —0.8 V. Rows along
[110)exhibit a corrugation of 0.3 A with a periodicity of
2.9 A corresponding to the nearest-neighbor distance of
gold. The corrugation across rows amounted to an

0
anomalously large value of 1.4 A, clearly indicating elec-
tronic e6'ects to be important. Atomic rows appear
strongly asymmetric. This might hint at an asymmetric
tip able to atomically resolve (111) microfacets on one
side of the rows. 45

i n of a to o ra h from an area (120X90 A ) recorded ati, —0
i = 1 nA and V, = —0.8 V.FIG. 22. Pseudoilluminated 3D representation o a opograp

g h t- '
hb distance of gold.Rows along [110]exhibit a corrugation of 0.3 A with a penodicity of 2.f 2.9 A corres onding to the nearest-neig or

'
ap g h
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IV. CONCLUSIONS

The measurements presented above show that (1X2)
reconstructed Au(110) surfaces can be prepared to a
reasonable degree of perfection, resulting in defect-free
areas larger than typical coherence lengths of scattering
experiments. However, during the initial phase of crystal
preparation we did observe highly stepped surfaces con-
sisting of small (=5000 A ) (1X2) facets. With succes-
sive sputter-anneal cycles, areas extended some 500000
d

A, and were separated by monatomic steps which con-
densed into characteristic bands.

Our observations indicate that only monatomic steps
are dominant, and that they expose either a (111)or, to a
much lesser extent, (331) microfacet since these have the
lowest surface free energy. (331) facets are necessary to
bring (1 X 2) islands into registry with an underlying
(1X2) monophase. In [110], steps extend over several
tens of A. Kinks, which cause (100) facets to occur, are
much shorter, extending typically over a few atomic
rows.

Whereas perfectly ordered areas of the surface appear
to be basically static, the stepped regions show temporal
changes which provide a useful insight into the kinetics
of the surface reconstruction. On the time scale of our
experiment we observe movements of kinks over several
0
A/min and hopping of complete atomic rows, as evident
in the region of the antiphase boundaries. These fast
changes in the surface geometry may be responsible for
the rareness of derailment phase boundaries. Initially,

atoms may register into two equally probable sublattices.
However, since the atomic movement along step and kink
sites appears to be fast, any step will rapidly spread one-
dimensionally over large distances in [110]. Phase boun-
daries parallel to the atomic rows are easily avoided by
monatomic steps. Thus the probability of finding the in-
stance of a derailment domain wall is relatively low com-
pared with that of a step domain wall.

Finally our results show that STM can be used to in-
vestigate finer details of the growth of the surface recon-
struction. They show that the temporal evolution of the
surface should be considered in systems where sufficient
surface mobility occurs and that kinetics strongly
inhuence surface as well as purely thermodynamic con-
siderations. The role of bulk dislocations in the perfec-
tion of surface domain size has been addressed. Bulk
dislocations do play an important role in step structure
and spatial anisotropy of step density.
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