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Manipulation of the Reconstruction of the
Au(111) Surface with the STM

Y. Hasegawa and Ph. Avouris*

Modification of the reconstruction of an Au(111) surface with a scanning tunneling micro-
scope (STM) is demonstrated. This modification is accomplished by transferring a number
of surface atoms to the STM tip to generate a surface multivacancy (hole), which modifies
the stress distribution at the surface. The structural changes that follow the tip-induced
surface perturbation are imaged in a time-resolved manner. The structural modification is
the result of both short-range interactions, which lead to local atomic relaxation, and
long-range elastic interactions, which produce large-scale rearrangements.

In recent years, the STM (1) has emerged
as a unique tool for the atomic and na-
nometer-scale modification and manipula-
tion of materials (2, 3). In particular,
experimental approaches have been devel-
oped that allow the reversible transfer of
atoms between the sample and the STM
tip by means of chemical tip-sample inter-
actions and voltage pulses (4, 5). Here, we
demonstrate the manipulation of the re-
construction of the Au(111) surface. This
reconstruction involves an array of surface
dislocations whose pattern we are able to
modify with- the STM. To accomplish
this, we induce “local” perturbations by
transferring a number of surface atoms to
the'tip (4). The resulting vacancy modifies
the stress distribution at the surface, and
through substrate-mediated long-range
elastic interactions it leads to large-scale
atomic rearrangements. We are able to
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follow these atomic relaxation processes in
a time-resolved manner, and we find evi-
dence not only of single atom motion
(diffusion) but also of concerted motion of
large numbers of atoms. An important
implication of this work is that, because of
the elastic coupling between surface at-
oms, there are limits, which are material-
dependent, to how small and how local
STM-induced modifications can be.

A variety of diffraction techniques (6—
8) and the STM (9-11) have been used to
study the reconstruction of the Au(111)
surface, which has a 22 X V3 structure
(that is, a structure with a unit cell whose
sides are, respectively, 22 and V3 times
the nearest neighbor Au atom distance in
the unreconstructed surface). This surface
structure is considered to be the result of a
balance between two opposing tendencies
(12): the surface layer would like to con-
tract in order to compensate for its re-
duced coordination, whereas opposing this
contraction the underlying substrate po-
tential favors a commensurate surface lay-
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er. The misfit between the surface layer
and the substrate leads to the formation of
a periodic array of pairs of partial disloca-
tions (domain walls), which separate al-
ternating domains in which surface atoms
occupy face-centered-cubic (fcc) and hex-
agonal close-packed (hcp) sites (Fig. 1).
The surface atoms at the dislocation lines
occupy bridge instead of hollow sites, and
in STM images of the surface (Figs. 2 and
3) the dislocation lines appear as ridges
with a height of ~0.1 to 0.2 A. The unit
cell of this reconstruction (22 times the
unit length) contains 23 surface atoms
instead of 22, thus allowing a 4.4% con-
traction along the (110) direction in the
surface layer. Because of the small energy
difference between fcc and hcep sites, the
widths of fcc and hcp domains are differ-
ent; the wider domain is presumed to have
the fcc structure, which is energetically
more favored. Although the 22 X V3 re-
construction relieves the stress along the
(110) direction, stress remains in other di-
rections.

To relieve the stress in a more uniform
manner, a surface superstructure is formed
consisting of a regular alternation of
uniaxial domains arranged in a zigzag pat-
tern. This rotational domain superstruc-
ture, usually referred to as a herringbone
structure, is energetically favored because
of the substrate-mediated elastic interac-
tions between the rotational domain
boundaries (13, 14). Because the reduc-
tion of surface stress is the main driving
force for this reconstruction, the surface
structure is expected to be sensitive to
perturbations that affect the stress distri-
bution at the surface.

From a study of large numbers of STM
images, we find that there is a strong
tendency for the dislocation lines to be
perpendicular to ‘the surface steps. Steps
are free edges of the surface layer, and
therefore the stress component perpendic-
ular to the steps must be zero. Because
surface stress is still present along the
dislocation lines, these lines tend to align
themselves perpendicular to the steps-so as
to relieve the surface stress. This observa-
tion suggested that, if step-like structures
can be made artificially on the surface, the
pattern of dislocation lines could be mod-
ified intentionally and the structural
changes that take place could be imaged
with the STM. For example, an STM-
generated hole (multivacancy) on the sur-

face is surrounded by steps and thus should

be able to relieve the surface stress around
it.

In this work, we applied voltage pulses
between the STM tip and the sample to
remove surface atoms, generate holes at
specific surface locations, and thus modify
the surface reconstruction (pattern of dis-
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Fig. 1. In-plane structure of
the Au(111) surface with a
22 x V3reconstruction. The
circles and crosses corre-
spond to atoms in the first
and second surface layers,
respectively. Surface atoms
in both sides of the figure lie
on fcc sites, whereas atoms
in the center of the figure lie
on hcp sites. The domain
walls (dislocation lines) in-
volve atoms in bridge sites.

© <Al

location lines). The method of making a
hole on the surface is the same as that
reported before (4): We remove atoms
from the surface by first bringing the tip
close to the sample to establish an inter-
action between tip and sample, and then
we apply a voltage pulse. The barrier for
atom transfer between the tip and sample
is reduced at close distances, and the high
electric field generated by the voltage
pulse further reduces the barrier, induces
directionality, and makes the transfer of
the Au atoms possible. By this “chemical-
ly assisted field evaporation” (CAFE)
mechanism (4), we can make holes at
specific locations and, if desired, we can
redeposit the removed atoms at other lo-
cations. We can control the size of a hole
by adjusting the pulse height, pulse width,
and the distance between the tip and
sample.

All experiments reported here were
done under ultrahigh vacuum conditions
with a base pressure of ~1 X 1071° torr.
The Au samples used in this study were
prepared in situ by evaporation of Au on
cleaved mica at room temperature and
subsequent annealing at ~900 K for about
1 min. The samples prepared in this way
have large (111) facet planes with the
same reconstruction (15, 16) as that ob-
served on a single crystal Au(111) sample.
All STM images shown in this report were
taken with the use of a tungsten tip with a
sample bias voltage of +0.5 to +1.0 V and
a tunneling current of 100 pA. Under
these conditions, no changes in the dislo-
cation patterns were observed, except in
the case of intentional manipulation.

Several STM images of an Au(111)
surface were taken in a time sequence
(Fig. 2). The area of the surface shown in
the images is about 200 by 200 A. Figure
2A is an STM image taken before a hole
was made: pairs of partial dislocation lines
(their separation is about 44 A) are seen
with a periodicity of 63 A; that is, 22
times the lattice spacing of the Au(111)
surface. At the top and bottom of the
picture are two rotational domain bound-
aries where the dislocation lines bend by
120°. (We use the term “kink” to describe
these bending regions.) Figure 2B shows a
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hole that we generated (~10 A in diam-
eter) on top of a dislocation line, using the
CAFE technique (pulse height: +1.5 V,
pulse width: 10 ms). STM line-scans show
the depth of the hole to be equal to a
monoatomic step height, which indicates
that only surface atoms have been re-
moved. Subsequent to the creation of the
hole by the STM tip, we followed the
changes induced in the surface structure
by recording STM images as a function of
time (Fig. 2, B through F).

After the generation of the hole (Fig.
2B), the two segments of the dislocation
line on which the hole was formed change
their relative positions slightly: the upper
segment of the dislocation line shifts to
the right, while the lower segment shifts
to the left. This change is due to stress
relief by the hole. Judging from the direc-
tion of the shifts, we find that the tension
of the dislocation lines, which tends to
make them straight, is a driving force of
these shifts. However, the effect of the
hole is not only local. The adjacent dislo-
cation line was also deformed around its
bending point (kink), leading to the gen-
eration of a protrusion (17) (see upper left
part of the image). The induced protru-
sion is far away from the hole, ~80 A, as
compared to the size of hole (~10 A).
This deformation of dislocation lines pro-
vides a direct verification of the proposed
long-range elastic interactions at this sur-
face and will be discussed in more detail
below.

The next image (Fig. 2C) shows that
the original two dislocation lines have
split. The dislocation lines in the upper
half have been joined to form a U-shaped
loop, while the lower portion has been
pinned at the hole. The protrusion gener-
ated at the elbow position after the hole
was made has also disappeared in Fig. 2C.
As time progresses, the size of the hole
decreases as diffusing Au atoms enter the
hole (18). The shape of the hole also
changes, and faceting is observed. The
two dislocation segments are orientated
perpendicular to the facets. The squashed
appearance of the U-shaped loop in Fig.
2C suggests that a repulsive interaction
between the hole and the U-shaped loop
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Fig. 2. STM images of the Au(111) surface (200
by 200 A) obtained: (A) before making a hole,
(B) after the hole was formed, (C) O to 6 min
after (B), (D) after 6 to 12 min, (E) after 12to 18
min, and (F) after 50 min.

may be present. In Fig. 2D, the hole is
now very clearly faceted (inset) with steps
perpendicular to the (112) direction. At-
oms at (112) steps have a high coordina-
tion number (sevenfold coordination),
and therefore (112) steps are expected to
be most stable.

Finally, in Fig. 2E, we observe that,
within 6 min after Fig. 2D, the hole has
disappeared and a new arrangement of the
dislocation lines has emerged. This arrange-
ment involves the two lower branches of
the dislocation lines, previously stabilized
by the hole, fusing with the neighboring
dislocation pair to their right to give a
characteristic forked structure. This forked
structure is quite stable, as can be seen in
the image (Fig. 2F) taken 1 hour later.
Without the hole, the U-shaped loop is
seen to attain a more symmetric structure.
The most interesting observation involves
the abruptness with which the hole disap-
peared, simultaneously with the change of
the dislocation pattern.

In another experiment (not shown
here) we observed that a similarly made
hole was not eliminated but changed its
relative position during the change of the
dislocation pattern. To make a dislocation
line, 1/V/3 additional atoms are required
per unit length in the (112) direction.
Thus, the change of dislocation pattern
requires diffusion or rearrangement of sur-
face atoms, and this explains the long time
scale over which the modification takes
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Fig. 3. STM images of the Au(111) surface (500
by 380 A): (A) and (B) were taken before and
after making the hole shown in Fig. 2, respec-
tively; (C) was taken after making another hole
in (B).

place. Most important, the STM results
show that, on this surface, structural
changes occur not only by single atom
motion but also by the concerted motion
of large numbers of atoms through the
motion of dislocation patterns.

Figures 3A and 3B are larger area STM
images (500 A by 380 A) obtained before
and after the manipulation shown in Fig. 2.
Before a hole was made (Fig. 3A), the
Au(111) surface had the familiar structure
of dislocation lines. After a hole was made,
the dislocation lines were rearranged to
form a forked structure (Fig. 3B). We can
continue manipulating the surface structure
by generating new holes and changing the
stress distribution. As an example, Fig. 3C
shows an STM image obtained after another
hole was made at the neck of the forked
structure. In this image, the pair of disloca-
tion lines on which the hole was made is
split, making a new U-shaped dislocation
loop. The other split side is switched back to
the left and is connected to the U-shaped
loop produced by the previous manipulation.

These results show that one can modify
and manipulate the pattern of dislocation
lines of the Au(l11) surface by locally
removing surface atoms with the STM tip.
The STM experiments provide evidence for
two kinds of interactions that lead to the

L

Fig. 4. Typical modified patterns of dislocation
lines. Structures A, B, and C are patterns gen-
erated by creating a hole at sites a, b, and c,
respectively; d is a closed loop structure
formed as an initial stage of the modification.

surface modification: local effects and long-
range effects. Local effects involve relax-
ations similar to those taking place at steps;
the hole deforms the dislocation lines by
relieving the surface stress around them. As
a result of these local effects, dislocation
lines terminated by a hole are forced to
bend so as to be perpendicular to the edge
of the hole (see Fig. 2, C and D). However,
the effect of holes is not restricted to only
their immediate vicinity because disloca-
tion lines far from a hole are also deformed
(Figs. 2 and 3). By these long-range effects,
kink sites (that is, dislocation lines at rota-
tional domain boundaries) are most affect-
ed. This finding suggests that the observed
deformations are the result of elastic inter-
actions between domain boundaries, which
may be responsible for the herringbone
structure on the surface (14). Elastic long-
range forces applied at domain boundaries
are determined by the stress distribution on
the surface, and a hole made on the surface
perturbs this distribution. In the manipula-
tion shown in Fig. 2, the hole was placed
almost midway between two kink sites lo-
cated in the upper part and lower part of the
images, respectively. However, only the
kink site in the upper part of the images was
affected by the hole. As can best be seen in
Fig. 3B (see arrows), the two kink sites
have different structures. At the upper kink
site the narrow hcp domain pinches off,
whereas at the lower kink site it bulges
(11). Our experiments suggest that kink
sites of the type in the upper part of the
image are more easily deformed by the
generation of a hole.

The response of the Au surface to the
perturbation induced by a hole is site-
dependent, apparently reflecting the differ-
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ence in the local stress distribution. Figure
4 shows schematically some of our observa-
tions involving kink sites of the type in
which the hcp region is “pinched off.” An
intermediate structure (not shown in Fig.
2) composed of a closed loop is shown in
structure d. We observe this structure
around kink sites only early (that is, within
the first 2 to 3 min) after the creation of the
hole. This loop has three protrusions point-
ing in the (I12) directions and serves as a
precursor for the formation of the other
structures. Structure A in Fig. 4 shows a
protrusion similar to that in Fig. 2. This
structure can be generated from the loop
pattern in structure d when two of the three
protrusions are connected with two
U-shaped dislocation loops. Structure B in
Fig. 4 can be generated from structure d
when only one protrusion is connected with
a U-shaped loop. Finally, to form structure
C, one protrusion of the loop is extended
downward and is inserted between a dislo-
cation pair.
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