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Since the realization that the tips of scanning probe microscopes
can interact with atoms at surfaces, there has been much interest
in the possibility of building or modifying nanostructures or
molecules directly from single atoms'. Individual large molecules
can be positioned on surfaces’™, and atoms can be transferred
controllably between the sample and probe tip**. The most
complex structures’™'! are produced at cryogenic temperatures
by sliding atoms across a surface to chosen sites. But there are
problems in manipulating atoms laterally at higher tempera-

T Present address: Department of Physics, Bilkent University, 06533 Ankara, Turkey.

NATURE|VOL 404| 13 APRIL 2000 | www.nature.com

## © 2000 Macmillan Magazines Ltd

letters to nature

tures—atoms that are sufficiently well bound to a surface to be
stable at higher temperatures require a stronger tip interaction to
be moved. This situation differs significantly from the idealized
weakly interacting tips'>" of scanning tunnelling or atomic force
microscopes. Here we demonstrate that precise positioning of
atoms on a copper surface is possible at room temperature. The
triggering mechanism for the atomic motion unexpectedly
depends on the tunnelling current density, rather than the electric
field or proximity of tip and surface.

For Br adsorbed on Cu(001), we find that whereas normal stable
and atom-resolved scanning tunnelling microscope (STM) images
can be obtained at lower tunnel currents, the adsorbed atoms start
moving if the images are taken with a tunnel current above a few
nanoamps. The tunnel current provides a remarkably well defined
motion-control parameter. The STM images reported here were
taken at room temperature with an Omicron ultrahigh vacuum
(UHV) STM. The line scans are horizontal, and start at the bottom
of the image. The Cu(001) was cleaned by standard UHV pro-
cedures and the bromine was then deposited at low coverages using
an in situ electrochemical cell doser*.

Figure 1 shows an image where the tunnel current is changed
from 3 to 1 nA halfway up the scan. In the first, lower part of the
image (3 nA), most of the Br adsorbates appear as a series of tracks,
perpendicular to the line scan. In the upper (1 nA) part of the image,
the Br atoms are in fixed, well defined locations on the surface. The
tracks in the lower part of the image are in fact single atoms being
driven in front of the tip, and hopping from one Cu surface site to
another. Figure 2 is the same surface region just afterwards, but with
a current of 1 nA, which is below the threshold to induce motion.
The atoms marked ABCD are seen to be still in the same place as
they were left in Fig. 1, but the area below them has been ‘swept’
clear of most Br adsorbates. For 95% of our images, the underlying
metal lattice has a corrugation too small to observe, as is expected
for low-index metal surfaces'; but occasionally a tip structure
occurs which enables the metal atoms to be seen'”’. We find that
the tip structure makes no significant difference to the general
character of the Br motion we observe. Therefore, in the remaining
figures we show these rather rarer types of image where the metal
lattice can be seen, to make the local nature of the atom motion
completely clear.

The image shown in Fig. 3, taken at 2 nA, clearly shows the
underlying Cu(001) lattice registry. Most atoms are hopping

1nA

-10mV

3nA

-10mV

Figure 1 STM image, 60 Ax 60 A, of Bron Cu(100). The tunnel current is reduced
halfway up the image. The tracks in the 3-nA (lower half) area are single atoms hopping
from site to site. When the current is reduced the bromine atoms stop moving, for example
those marked A,B,C and D.
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between nearest-neighbour sites in the {110} direction most nearly
normal to the line scan direction. The line scan in Fig. 1 is along
[110], producing essentially straight tracks, whereas in Fig. 3 it is
slightly misoriented from [110], giving zigzag tracks—most indi-
vidual hops are along [110] but some are along [110]. Aligning
image line scans along {100} produces fairly even zigzag tracks at 45°
to the scan line. The form of the hopping motion of a single atom is
shown in more detail in a line section of the image along one of the
hopping paths (Fig. 4). The bromine is imaged as a depression in the
surface, so as the tip nears the atom its track lowers towards the
surface. At a critical separation the Br jumps away from the tip, so
the tip then jumps back out to the normal height above the Cu
surface. The process is similar that described by Meyer et al."’ for
carbon monoxide on Cu at 30 K.

We conclude from all the above that the atoms are pushed
(repelled) by the tip along the easiest available {110} direction.
As might be expected, this is the direction with the lowest
diffusion barrier to motion. The motion resembles a ‘cut’ or
‘sliced” shot in billiards. The atom moves at nearly right angles to
the direction of tip scan, because the tip’s closest-approach distance
to the Br atom increments in the direction normal to the raster line
scan.

It might be thought that all that is now required to move an atom
to a specified location is to move the tip towards the atom from the
opposite direction with a tunnel current above the threshold. This is
much more difficult at room temperature than at cryogenic tem-
peratures, because minute drifts of tip position between the time of
the prior imaging (below threshold, to see what is to be manipu-
lated) and the manipulation stroke itself, cause the tip to approach
off-centre to the atom—and hence to risk either an undesired
sideways jump or even a complete miss.

We have solved this problem by modifying the motion-inducing
stroke to include a small rapid ‘dither’ perpendicular to the stroke
direction. The stroke thus locally replicates the effect of the image
line scan on a single atom. Figure 5 shows the ‘before’ and ‘after’
images of such a stroke on the marked atom. It has been deliberately
displaced by five lattice spacings, and this can be done in a
controlled manner over any chosen, programmed distance. Clearly,
the size of the lateral dither affects the proximity to which groups of
atoms can be laterally positioned—at present, this is within a
couple of nearest-neighbour spacings. A thermally highly stable
STM, with a smaller and more carefully shaped lateral dither

Figure 2 Image taken immediately after Fig. 1, showing the same atoms marked A,B,C
and D. The area below them, swept almost clear of Br atoms, is the 3-nA area of Fig. 1.
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pattern, should permit very close atom placement at room tem-
perature and above.

For a given tip, the threshold current required to induce atom
motion was remarkably stable and reproducible. Even for different
tips, and hence different appearances of the metal and Br atoms, the
value always lay between 1 and 6 nA. We found that the tips that had
the highest threshold currents also gave the smallest adsorbate
image corrugations below the threshold. Small image corrugation
suggests blunter tips, hence a larger area over which the tunnel
current is spread and thus a lower current density at a single atom
site. This suggests that the threshold at an atom might be governed
by current density at that atom rather than just total tip—surface
current.

Varying the tunnel parameters produced some interesting effects.
(1) The polarity of voltage between tip and surface had no
discernible effect on the threshold current for motion: the polarity
could even be reversed during motion, with no apparent effect. This
implies that fixed dipoles at the surface have no significant role. (2)
Increasing the imaging voltage also did not detectably affect the
threshold current. Images were taken at 1 nA and tip biases varying
between 5 mVand 400 mV, and at none of these biases was any atom
motion induced. The forces on induced atom dipoles depend on
field squared, so there should be a very substantial change in tip-
field-induced polarization forces over this voltage range, but noth-
ing was in fact seen. (3) In contrast, in the same experiments, if the
current was increased to 3 nA, the atoms always moved, irrespective
of tip voltage. Taken together, these results strongly imply that the
electric field between tip and surface is not directly responsible for
the observed induction of motion.

More surprisingly, halving the voltage at constant current during
an image failed to induce motion, whereas doubling the current at
constant voltage during the same image did induce motion. Because
in both cases the tip—surface separation should be reduced by a
roughly similar amount, this implies that the actual distance
between tip and surface itself is not solely responsible for the
onset of atom movement. That is, although there is surely an overall
distance-dependent force'>" with some repulsion on the Br atom,
such short-range forces seem not to be the dominant factor in
triggering individual site-to-site lateral motion. This leaves us with
the actual tunnel current density as the main mechanism for

Figure 3 STM image, 120 Ax120 A, showing most Br atoms moving across the clearly
visible Cu lattice. (The image was taken at 2 nA, 10 mV.) Each individual hop is in a {110}
direction.
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Figure 4 Vertical section through an image along the track of a single moving atom. The
individual jumps between adjacent adsorption sites are shown. The atom motion is left to
right.

inducing motion. We stress again that none of the above observa-
tions or conclusions appear to be affected by the tip type or
structure.

For two images taken of the same area at low current, with a delay
of a few minutes between them, we observe that some 5-10% of the
Br atoms have moved, typically by one site step. Assuming an
Arrhenius prefactor of about 10" Hz, the lateral barrier to motion
can therefore be crudely estimated to be a little under 1 eV. If we
raise the sample temperature by 80 °C or so for even a short time, the
Br atoms all diffuse away to steps and other sinks, which also
suggests that the lateral diffusion barrier is around 1 eV. Now
therefore if an energy of around 10 meV, additional to room
temperature energy, can be delivered to an atom from an increased
tunnelling current, the hopping rate of this atom will increase to a
second or so per hop. With the addition of a background tip—atom
repulsion, this is sufficiently rapid to account for the manipulation
we actually observe.

Following previous workers'®", we therefore suggest that the
tunnel current is inelastically scattered, giving vibrational excitation
(heating) of the Br. The excess temperature reached by the Br atom

16,17

Figure 5 Controlled positioning of a single atom at room temperature. The lower image is
taken before, and the upper image after, a manipulation stroke on the arrowed atom. Note
that the next Br atom to the right moved during the second image. Images were taken at
1 nA and 10 mV; the manipulation between images was at 3 nA.
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would then depend on the balance between the vibrational relaxa-
tion rate and the energy input rate'*™'®. The latter is proportional to
the current, giving the behaviour we observe. An increase in current
by a factor of two causes the number of adsorbed atoms moving
during a single image to go from a very small fraction to more than
80%. The inelastic scattering cross-section would not vary greatly
over our range of a few hundred millivolts, so that the motion onset
should be largely independent of voltage and in particular of
polarity, as observed. Note that when we vary the voltage in the
experiments, the current remains constant. We did not use voltages
below 10 meV in the motion experiments, so there is always enough
energy available to excite the Br motion. Multiple excitation before
relaxation is also possible'”"”, which might allow use of even lower
voltages, but we do not have direct evidence to indicate this at
present. We point out that all surface atoms become very unstable in
general STM when the currents reach values around 100 nA.

A variety of mechanisms of atom manipulation have now been
reported”'>?. The type of mechanism acting in a particular case
depends on the atom species being manoeuvred, and more than one
threshold process might be present in more complex chemical and
molecular systems. Atom positioning is clearly possible at elevated
temperatures, and we speculate that some chemical specificity
of manipulation mechanism might become possible, leading
eventually to atom selectivity when manipulating more complex
molecules or structures. O
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