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Basic Steps of Lateral Manipulation of Single Atoms and Diatomic Clusters
with a Scanning Tunneling Microscope Tip
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Detailed tip height measurements during manipulation of single atoms, molecules, and dimers on
a Cu(211) surface reveal different manipulation modes depending on tunneling parameters. Both
attractive (Cu, Pb, Pb dimers) and repulsive manipulation (CO) are identified. Using attractive forces,
discontinuous hopping of Cu and Pb atoms from one adsorption site to the next can be induced
(“pulling”). Pb dimers can be pulled with repeated single, double, and triple hops. Pb atoms can also
be “slid” continuously. The occurrence of different movement patterns is shown to be a sensitive probe
for surface defects. [S0031-9007(97)03676-4]

PACS numbers: 68.35.Fx, 61.16.Ch

The scanning tunneling microscope (STM), invented inneling resistance o&=60 M() and a voltage of=50 mV.

1982 by Binnig and Rohrer [1], was recently further de-Lateral manipulation involves short range forces between
veloped from an imaging instrument with atomic resolu-tip and sample [13]. Hence it proceeds by first moving
tion to an operative tool [2] with which individual atoms the tip to the desired initial point, then the set point current
and molecules can be manipulated laterally [3—5] and veris increased by 2 orders of magnitude, thus decreasing the
tically [6,7] at will. Although different modes of move- tip-sample separation by3.5-4.5 A (where=6.5 A re-
ment of atomic scale have been anticipated for laterasults in a point contact), and the tip is moved at constant
manipulation [3,8—11], no detailed experimental datecurrent along the desired line of manipulation whereby the
have been presented up to now. Firm knowledge on th#ép height is recorded. Before and after manipulation the
basic mechanisms of single atom manipulation is, howeontour along the same line is measured at imaging tun-
ever, fundamental for both experimental nanostructuringneling resistance to determine the initial and final sites of
and theoretical description. The interaction and mobilitythe manipulated species and to rule out uncertainties due
of adsorbed metal clusters has gained large scientific ate piezo-creep and drift.

tention during the last years and is of great technologi- The tip height curves during moving of a single Cu
cal interest once structures of a few nanometers in sizatom, a Pb atom, a CO molecule, and a Pb dimer, respec-
are to be assembled. In this Letter we report on directively, are shown in the left part of Fig. 2. All tip height
experimental evidence of three different kinds of atomiccurves are vertically and horizontally scaled in A; they
adparticle movement, which can be induced on Pb atomsre carefully aligned horizontally according to the proper
Cu atoms, and CO molecules by choosing the appropriatedsorption sites of the manipulated species: The vertical
manipulation parameters. Further we applied our experielotted lines indicate the Cu adatom sites separated, by
mental method to the smallest possible Pb clusters analong[110]. On the right part of Fig. 2 surface plots of
found that we could additionally achieve double and triplethe different adsorbates are shown. The washboardlike
adsorption site hops with these dimers. As the deperstructure surrounding the adsorbates corresponds to the
dence of the hop length on the experimental parameteiGu(211) substrate corrugation. The arrows denote the
proved to be very minute, we could employ it as an ex-manipulation direction parallel to the step edges in
tremely sensitive probe to distant surface defects. the surface plane.

We used a self-built STM [12] at 30 K to manipulate  Figure 2(a) shows the tip height during moving a Cu
atoms on the Cu(211) surface. We used electrochematom. In the initial flat part the tip approaches the Cu
cally etched tungsten tips for all measuremeritssitutip  atom. The following sudden upward jump of the tip must
preparation involved mechanical contact between the tippe interpreted that the Cu adatom is attracted by the tip
and the Cu substrate. Hence, the tips used are expectadd hops by one adsorption site (distahié) towards the
to be covered by Cu atoms. The following results couldtip. After this jump the tip moves over the top and then
be obtained using almost any tip of metallic imaging qual-downward along the contour of the Cu adatom. From the
ity and a resolution sufficient to discern and address singleontour line of the Cu atom we can deduce that its new
adspecies. Low temperatures are essential for controllddcation is a fcc adatom site again. Once the downward
manipulation of small adsorbates to suppress thermal agmovement of the tip along the side of the atom has reached
tation. The adsorption sites of the manipulated adparticlea threshold depending on the tunneling resistance, another
on Cu(211) as determined previously [5] are indicated irupward jump of the tip occurs [the second in Fig. 2(a)].
Figs. 1(a) and 1(b). STMimaging is performed with atun-At this point the Cu atom hops by one adsorption site
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FIG. 2. The left part shows tip height curves during manipu-
lation of a Cu atom(a), a Pb atom(b, ¢), a CO moleculgd),

and a Pb dime(e)—(g) along[110]. The tip movement is from

left to right, and the tunneling resistances are indicated. All tip
height curves are unfiltered raw data. The vertical dotted lines
correspond to fcc sites next to the step edge. The initial sites of
the manipulated species are indicated by small sphere models.

FIG. 1. (a),(b) Top and side views of sphere models of theOn the right part STM images of the different adparticles are
Cu(211) surface. The adsorption sites of the manipulate@nOWn. Aspect ratio and angle of view are optimized for each
species are indicated. While CO adsorbs on top of the stepRdsorbate. The arrows indicate the direction of tip movement.
edge atoms, Pb and Cu atoms occupy fcc sites next to the step

edges. The atoms of the Pb dimer lie near the fcc site but are . .
displaced by= |a,|/3 due to the larger Pb diameter. In (c) the show different absolute values but a similar dependence

geometry of the attractive movement of a Pb atom along then the gap resistance. The data comprised in Figs. 2
step-edge row with an idealized STM tip is shown. and 3 provide an important basis for detailed theoretical
analyses of this basic manipulation mechanism. Verifying
the presented data in a simple model based on the
following the tip. Subsequently the tip moves again overundisturbed diffusion barrier along (100) steps on Cu(111)
the atom and downward its slope. This process is repeatddl4] yields a gradient of the force between tip and
with the periodicity of the substrate for the rest of theadparticle consistent with atomic force measurements by
manipulation line. This manipulation mode in which the Diirig et al. [13].
atom follows the tip discontinuously at varying tip-atom Lead atoms adsorb at the same sites as Cu atoms on
distance we denote gmilling in the following. Cu(211) (Fig. 1) but appear significantly larger than Cu
The modulation (or jump height) during moving varies atoms in the STM image (Fig. 2). Nevertheless with re-
for a single tip with gap resistance between 0.3 and 0.8 Ajard to manipulation at a tunneling resistance 20 kQ
(curvea of Fig. 3) while the total downward displacement they exhibit the characteristics of pulling: First the
of the tip relative to the imaging tip height is in the tip climbs up the (larger) slope of the Pb atom until
tunneling resistance regime between 150 &0 k()  the atom does a single hop towards the tip, indicated by
a constant 0f3.6 = 0.1 A resulting in =2.9 A distance the first upward jump on the measured curve. Then the
between tip apex and sample surface (curve Fig. 3). tip declines along the slope of the atom. Upon reaching a
Nevertheless the lateral displacement of the tip from thevoltage dependent threshold the Pb atom hopkzblyfol-
center of the manipulated atom immediately before itdowing the moving tip and the process starts over again.
hop varies between 1.9 and 2.4 A (curbeof Fig. 3). Interestingly, decreasing the tunneling resistance to a
The data set shown in Fig. 3 corresponds to a singleery low level like 43 k) and thus increasing the tip
tip apex. Different tip apices (or manipulated speciesydparticle force, a different kind of manipulation can be
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O) the molecules quickly. As an example we present the
lateral manipulation of CO molecules at gap resistances
between=300 and=600 k(2. CO molecules on Cu(211)
appear in the STM image in the sombrero shape [15],
i.e., as round depression with a protrusion at its center
which in the present case (Fig. 2) does not reach the
apparent height of the surrounding substrate. Repulsive
manipulation of a CO molecule is shown in Fig. 2(d). In
the initial flat part of the curve, the tip approaches the CO
molecule before it starts to descend into the rim of the

b] 3 r—— = ti. —— . sombrero until it reaches a threshold depth. Then the tip

25 E_dis‘r. to sample o) jumps back to its initial height as the CO molecule hops

T SRR Sl i by |a;| away from the tip; this makes the tip move up,
since it is now outside the apparent depression around the

15 CO molecule. As the tip moves on it declines again into
,& 1 the depression and the cycle is repeated. On the contour

05 Jump height line after the manipulation stroke, the CO molecule can
e be found shifted by as many adsorption sites as are jumps

150 200 KQ 250 300 in the tip height curve, again supportimmushingmode

. . ) ) manipulation.
FIG. 3. (a) A measured tip height curve during pulling of a = A" |ateral manipulations described so far involve
Cu atom is shown superimposed on a schematic drawing of ~ . h : f sinal d
the positions of the tip apex, the manipulated atom, and th&ONtinuous movement or hopping of single atoms an

substrate atoms alongl10]. Indicated are the jump height Small molecules by one adsorption site. Hops by more
(a), the lateral distance between tip apex and the manipulatethan one adsorption site can regularly be found for Pb
Cu atom at the tip position at which a hop of the Cu atomdimers (the smallest possible Pb clusters) on Cu(211).
occurs(b), and the approximate tip height during manipulation Their hopping range can be tuned to one, two, or

(c) assuming an initial distance of 6.5 A. (b) While the jump > ; ; ; ; .
height (a) and the lateral distancg) between tip-apex center three |a;| by the tunneling resistance during manipula

and center of the manipulated atom at the point of its hop ardion. Employing a relatlyely IO,W tunnellng resistance of
strongly dependent on the tunneling resistance, the height o100 k() for lateral manipulation results in a force be-
the tip(c) at the point of hopping is less strongly affected. Thetween tip and dimer strong enough that the dimer follows
error bars denote the maximum observed deviation from thehe tip tightly and does single hops [Fig. 2(e)]. Increasing
;gdéi%tggmrgﬁ?sn\?vi?ri g'iif\gllg ttigea;gc)’(""” data set corresponding,e gap resistance te 130 kQ makes the dimer perform
' double hops [Fig. 2(f)] and at a gap resistance 9%f k()

the tip moves far down along the slope of the dimer un-
observed [Fig. 2(c)]. The tip approaches the Pb atontil the in-plane component of the attractive force is strong
until it hops towards it by2.5 |a;|. The tip height curve enough to make the dimer overcome the hopping barrier
shows subsequently no discontinuities and its minimand to invoke a hop. As the lateral distance between tip
correspond to the Pb-adsorption sites. We interpret thiapex and dimer center at this point corresponds to more
as an example ofliding an atom continuously over the than2.5|a,|, once the dimer performs a motion to follow
substrate. The modulation amplitude during moving thethe tip, it does a triple hop [Fig. 2(g)] to reach the ener-
Pb atom corresponds reasonably well to what would begetically most favorable site under the tip apex.
expected for a Pb atom gliding on Cu(211) in a hard- The force needed to manipulate an adparticle depends
sphere model. Retracting the tip after the manipulatiorcritically on the direct vicinity of the adparticle and hence
stroke leaves in all cases the Pb atom at the adsorpticzan be employed to probe very locally the hopping barrier
site on the substrate corresponding to the point of tipunder presence of the tip. For instance, it is independently
withdrawal. Even for this low gap resistance no verticalof the gap resistance hardly possible to pull a dimer
transfer [6] of Pb atoms to the tip has been observed.  perpendicular to the step edges or to make it pass a

These two modes of attractively manipulating atoms orPb atom incorporated into the nearest step-edge row.
a surface might be quite general for lateral manipulationVorking at a fixed gap resistance the occurrence of single
on the atomic scale with the STM tip and are highlyand multiple hops gives us insight into tiny alterations of
likely the ones which have been applied before [3,15]the hopping barrier. Figure 4 shows an example where
On low index surfaces controlled manipulation of CO cana Pb dimer is passed by a Pb atom incorporated into
only be performed using attractive forces. As we usehe next nearest step-edge row [16] and is then pulled
a substrate of high anisotropy, where CO adsorption islong the edge row of a terrace of the surface. Although
confined to the step edges (Fig. 1), we can also performo disturbances of the step-edge row, along which the
controlled repulsive manipulation of CO, without losing dimer is moved, can be made out in the STM image,

699



VOLUME 79, NUMBER 4 PHYSICAL REVIEW LETTERS 28 JLy 1997

tip proceeds and adparticles like Cu atoms, Pb atoms, and
Pb dimers perform hops to follow discontinuously the at-
tractive tip. Sliding of Pb dimers is observed at lower
tunneling resistance where the tip-adsorbate distance re-
mains nearly constant, and a continuous movement of the
Pb atom over the substrate is observeelishing where

an adsorbate like CO is repelled by the approaching tip to
do single adsorption site hops away from the tip. More
important, we have shown that in the case of simple clus-
ters controlled initiation of hops over multiple adsorption
site distances is possible and that the different hopping
width can be used in turn to probe effects of adjacent sur-

FIG. 4. STM image and hard-sphere model of a Pb dimerface defects on the local hopping barrier.

adsorbed next to a step-edge row. In the second step-ed ePart of this pr_OJeCt was flnance_zd by the Deutsche
row to the left of the dimer a Pb atom is incorporated. In theForschungsgemeinschaft. L.B. wishes to thank the
upper part of the image this step-edge row is missing whichH-riedrich-Ebert-Foundation for supporting him with a
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along the arrow indicated in the STM image the tip height
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