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epitaxial growth and coarsening processes. They are usually

described in terms of independent, statistical diffusion and
attachment/detachment of individual metal adatoms or vacancies'?.
Here we present high-speed scanning tunnelling microscopy (video-
STM) observations of the dynamic behaviour of five-atom-wide,
hexagonally ordered strings of Au atoms embedded in the square
lattice of the Au(100)-(1x1) surface that reveal quasi-collective lateral
motion of these strings perpendicular to as well as along the string
direction. The perpendicular motion can be ascribed to small atomic
displacements in the strings induced by propagating kinks, which also
provides a mechanism for the exchange of Au atoms between the two
string ends, required for motion in string direction. In addition, quasi-
one-dimensional transport of Auadatoms along the string boundaries
may contribute to the latter phenomenon according to density
functional calculations.

The reconstructed Au(100) surface exhibits a hexagonally ordered
topmost layer with a 25% higher packing density than the underlying
square Au lattice, resulting in a uniaxial, vertical modulation of the Au
surfacelayer’.Itisa prototypical example of a striped adlayer phase and
structurally identical to phases found on other reconstructed f.c.c.(100)
surfaces® as well as in many heteroepitaxial metal® and non-metallic
adlayers’ onsquare substrates. In thiswork, the Ausurface dynamics was
studiedinan electrochemical system, where areversible phase transition
between the ‘hex’ reconstructed and the unreconstructed (1x1) phase
can be induced by the electrode potential®". The formation of this
potential-induced reconstruction negative of a critical potential
proceeds through nucleation and growth of small, strongly anisotropic
‘hex” domains parallel to the {110} directions and exhibiting one or
several ~14.5-A-wide strings'"%. Each ‘hex’ string consists of five
hexagonally ordered rows of Au surface atoms (Fig. 1a,b), which are
displaced from the fourfold-hollow sites in the underlying bulk (100)
lattice, corresponding to a uniaxial, vertical modulation of the Au
surfacelayer (indicated by the different shadingin the models). Two types
of strings exist with the Au atoms at the ‘hex’-(1x1) boundary (dashed
lines) being out-of-phase (Fig. 1a) or in-phase (Fig. 1b), resulting in a
single (Fig. 1a) or double (Fig. 1b and Fig. 1c,d) ridge of elevated atoms
in atomic-resolution STM images. As will be shown below, these
elementary units of the Au(100) reconstruction are highly mobile
objects. Detailed data on the dynamic behaviour of the ‘hex’ strings
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could therefore not be obtained in studies by conventional STM"-'3,
where 30-200 s are required for the acquisition of a single STM image.
Using a novel in situ high-speed STM developed in our group'?,
however, the ‘hex’ string dynamics is readily accessible. After a potential
step from +0.45 V (versus saturated calomel electrode), where the Au
surface is unreconstructed, to —0.1V, the growth of isolated ‘hex’ strings
along the two main directions of the square (100) lattice is observed (a
full video is provided as Supplementary Information). High-resolution
in situvideo-STM images of these isolated strings reveal frequent lateral
displacements in the direction perpendicular to the string (Fig. 1c,d),as
already noticed in the previous studies'>. These displacements
manifestin the form of sudden shifts of the hex’strings by one or several
Au lattice distances (marked by arrows) during the recording of the
images. As the surrounding (1x1) lattice or other ‘hex’ strings (see for
example, Fig. 1d) are not shifted at the position of the jump, a change in
the ‘hex’ string position due to experimental artifacts, such as lateral
jumps of the STM tip, can be excluded. Furthermore, the presence of
the tip does not significantly enhance the string mobility under the
tunnelling conditions used in this work, as verified by systematic studies.
In most events displacements of one (Fig. lc, white arrow) or two
(Fig. 1c,d black arrow) surface lattice spacings a,, are observed, which
usually occur within one or two scan lines, that is, within <300 us for
images recorded at 15 frames per second. The jumps result in arandom
motion of ‘hex’ strings easily visible in video-STM sequences. This is
illustrated in Figs 2a and 3a for ‘hex’ strings running approximately
perpendicular and approximately parallel to the slow scan direction
(thatis,in the xand ydirections, respectively). For ‘hex’strings oriented
roughly parallel to the y direction (Figs 1c and 3a) the lateral jumps
result in a ‘wiggly’ appearance, with jumps occurring on average every
25 ms (pinning by neighbouring strings or Au steps, however, can
strongly reduce the string mobility). In contrast, strings in the
x direction, where the entire row is recorded within a few scan lines (that
is, within 4 ms for the ‘hex’ string in Fig. 2a), usually appear rather
straight, despite large lateral displacements between successive images.
These observations suggest discrete ‘hex’ string jumps in which the
entire string is shifted within a few milliseconds, separated by larger
periods of inactivity. As visible in Fig. 3a, facile lateral motion is only
observedinisolated ‘hex’strings and not in wider domains, consisting of
two or more ‘hex’strings. Attachment of a ‘hex’string to another isolated
string or to a wider domain immediately results in its immobilization.
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Figure 1 Atomic-scale structure and mobility of isolated ‘hex’ strings in the Au(100)-(1x1) surface. a,b, Models of the two types of strings. The small black and shaded
circles denote Au surface atoms in fourfold-hollow sites, that is, the (1x1) phase, and in the ‘hex’ string, respectively. Large open circles indicate atoms in the underlying
square lattice. The rectangular area is discussed in Fig. 3c. ¢,d, Atomic-resolution in situvideo-STM images, taken from videos recorded at 15 frames per second ¢, 70 x 70 e,

d, 80 x 80 A2. Sudden lateral string displacements are indicated by arrows.

On the other hand, the mobility is independent of the string length,
indicating that the highly dynamic behaviour is primarily a consequence
of the nanoscale widths of the strings.

The facilelateral shift of ‘hex’strings by one or two lattice constants in
the perpendicular direction can be explained by small displacements of
the atoms within and along the hexagonally ordered strip of Au surface
atoms (see Fig. 1a,b). As a high mobility was even observed for strings of
several hundred &ngstroms in length (consisting of more than 1,000 Au
surface atoms), a truly collective motion is improbable. More likely, the
displacements occur through propagation of structurally relaxed kinks
along the string, that is, through mobile structural distortions that
extend over a distance Ax;,, and involve local string bending (see the
model in Fig. 2¢). This is supported by observations of ‘hex’ domains
consisting of two strings, where the propagation of such relaxed kinks
can be directly followed in the video sequences (Fig. 2b). As double and
single ‘hex’ strings are, apart from their larger width, structurally
identical, the mechanisms of surface dynamics should also be identical.
In double strings, however, twice the number of atoms has to be shifted
in each elementary step of the kinks motion (that is, during the
displacement of the kink along the string by one lattice spacing d,,),
resulting in a much slower kink propagation rate of only ~ 100 A s7'.
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Assuming that the effective activation barrier E; for kink motion in
double strings is twice that in single strings, and using conventional
attempt frequencies (10" s7'; ref. 16), a value E; = 0.5 eV and a
propagation rate for kinks in single strings of the order of #, = 100 um
s can be estimated. The time scales obtained by this crude model seem
plausible considering recent observations of rapid dislocation glide
motion at metal surfaces"”, and are in accordance with our STM
observations on single-string dynamics. Kinks corresponding to string
jumps by one lattice spacing d,, and a second type of kink
corresponding to jumps of 2d,, may also exist. In both cases each atom
within the string has to be displaced by = 1/2 d,, (albeit in different
directions for both types of jumps). The coexistence of two different
shift mechanisms with similar jump rates is supported by a statistical
analysis of this perpendicular lateral motion, currently in progress.
Even more surprising than the perpendicular displacements of
‘hex’ strings is the observation of rapid string motion along the string
direction, asillustrated by a string 145 A long in Fig. 3a (ends marked by
arrows). Obviously, the length of the string is almost constant despite a
movement by 5 to 95 A between successive images (the neighbouring
immobile strings are pinned by ‘hex’ domains or surface defects). This is
even more evident in plots of the y positions of upper and lower string
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Figure 2 Motion of ‘hex’ strings perpendicular to the string direction. a,b, video-STM sequences, showing a, positional fluctuations of an isolated string in the x direction
(230 x 230 A2, 20 frames per second), and b, kink propagation along a double string (120 x 300 A2, 15 frames per second). ¢, Model of a structurally relaxed kink in an isolated

‘hex’ string (extension of the kink, Axg, indicated by dashed lines).

end versus time, as shown in Fig. 3b for a similar event. Clearly, the
positional changes at the two ends of the ‘hex’ string are strongly
correlated. Furthermore, both ends move at orders of magnitude higher
rates than the ends of neighbouring (immobile) ‘hex’ strings, that is,
much faster than the local growth of the reconstruction. This type of
motion can therefore not be explained by independent growth and
dissolution processes at both ends of the ‘hex’ string as found for
example, for the motion of surface dislocations'®, but requires a novel,
quasi-collective mechanism.

Contrary to the displacements in the perpendicular direction,
motion along the string direction requires long-range mass transfer,
that is, the transport of Au atoms from the ‘back’ end of the string,
where the ‘hex’ phase is transformed into the lower density
(1x1) lattice (Fig. 3a, white arrows), to the ‘front’ end, where the
hexagonally close-packed ‘hex’ surface layer is formed (black arrows).
One important contribution to this mass transport is the propagation
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of kinks as in Fig. 2¢, which can be viewed as domain walls in the ‘hex’
adlayer and consequently exhibit a locally enhanced (heavy domain
walls) or reduced (light domain walls) Au surface density (3 additional
or missing Au atoms per kink for kinks corresponding to jumps by
ax,)- A second possible mass transport mechanism is the quasi-one-
dimensional diffusion of adatoms that are confined to the surface
region on top of the ‘hex’ string. As shown in previous studies, Au
adatom diffusion on reconstructed Au(100) is strongly anisotropic
with the effective diffusion barriers parallel to the string direction
being considerably lower than that of adatoms on the (1x1) lattice'".
However, these studies were restricted to homogeneous reconstructed
or unreconstructed surfaces, and consequently cannot explain why
the adatoms are confined to the ‘hex’ string rather than adsorbing in
the energetically preferred fourfold hollow sites of the neighbouring
(Ix1) lattice. We therefore performed density functional theory
calculations, where the specific nanoscale geometry of isolated strings,
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Figure 3 Motion of ‘hex’ strings parallel to the string direction. a, video-STM sequence (180 x 290 A2,15 frames per second). b, Position in the ydirection of the upper
and lower end of a mobile string as a function of time, obtained from evaluation of a video-STM sequence. ¢, Energy surface for aAu adatom on and in the vicinity of an isolated
‘hex’ string, obtained from density functional theory calculations (the corresponding surface area is indicated by the rectangle in Fig. 1a).

that is, the presence of ‘hex’-(1x1) boundaries, was explicitly taken
into account. As illustrated by the resulting energy surface for the Au
adatom (Fig. 3¢), the diffusion barrier on the ‘hex’ surface indeed is
strongly reduced along the string direction as compared with
diffusion onthe (1x1) lattice (AE, ., =0.11eV versusAE,,, =0.79 eV for
hopping and 0.80 eV for exchange diffusion) and adsorption on
the (1x1) lattice is strongly favourable (energy of adsorption in the
fourfold-hollow sites is =0.56 eV higher than that in the threefold-
hollow sites on the ‘hex’ string). Furthermore, diffusion by direct
hopping between neighbouring fourfold sites along the ‘hex’-(1x1)
boundary also has a barrier of 0.78 eV, that is, it is not preferred.
However, the energy barrier for an adatom that hops onto the string
fromaneighbouring fourfold-hollowsite (indicated by white arrow in
Fig. 3¢) is only AE,,| ;. = 0.66 eV, that is, 0.13 eV lower than AE,,,,.
Consequently, a string-assisted hopping process with a lower effective
barrier than AE,,, exists, where an adatom hops from a fourfold site
onto the string, moves one or several lattice constants on the string,
and then falls back into a neighbouring fourfold site. This opens up a
new pathway of rapid one-dimensional diffusion along the ‘hex’string
boundaries. As can be seen in other video-STM sequences (not
shown), both microscopic mass transport mechanisms are also
effective in the growth of the ‘hex’ strings and therefore directly affect
the kinetics of the ‘hex’ — (1x1) transition.
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Our video-STM observations of nanoscale ‘hex’ strings in the
Au(100) surface demonstrate that even an apparently simple material
such as an elemental metal may exhibit a surprisingly complex dynamic
behaviour. In fact, the quasi-collective lateral types of motion discussed
here are only the most simple processes involving ‘hex’ strings.
For example, attractive interactions between neighbouring ‘hex’strings
resulting in the formation of larger ‘hex’ domains, the breaking of
stringsinto two, independently moving parts, the recombination of two
strings, and transient disordering of large sections of strings have been
observed. Similar dynamic phenomena can be expected during phase
transitions and growth processes in structurally similar systems®’.
Due to their simple, well-defined structure, the rich dynamic
phenomena, as well as the good agreement between the rates of these
processes and the time-resolution accessible by STM, isolated ‘hex’
strings provide an interesting model system for future detailed studies of
the dynamic behaviour of nanoscale objects.

METHODS

STM video sequences 1-3 min long were recorded at image acquisition rates of 10 to 20 images per
second in ‘constant height’ mode (using Apiezon-coated W tips, average tunnelling currents of 1-3.5 nA,
and 50 mV tunnelling bias) with the slow scan direction running from bottom to top. Images are low-
pass filtered to appear as if illuminated from the left. The Au(100) sample was prepared by flame
annealing, transferred in the electrochemical cell of the STM, and then covered under potential control
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by 0.01 M Na,SO, + 0.001 M HClI, prepared from suprapure Na,SO, and HCI (Merck) and from ultrapure
water. Adsorbed CI- enhances the Au surface mobility and was added to remove Au islands from the initial

unreconstructed surface at 0.45 V. At the potential of the dynamic studies (-0.1 V) CI is almost
completely desorbed and should only have a small effect on the surface dynamics. The density functional
theory calculations were performed with the local-density approximation for the exchange-correlation

functional, as implemented in the FHI98md code. A (7x2) surface unit cell with the long side crossing the
entire ‘hex’ string; a slab thickness of 5 layers (allowing the top layer and the adatom to relax) and 6 A of
vacuum; a plane-wave basis set with a cut-off energy of 30 Ry; and 4 k points in the surface Brillouin zone

were used.
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