PHYSICAL REVIEW B 79, 125431 (2009)

Nanoengineering with dynamic atomic force microscopy: Lateral interchange of adatoms
on a Ge(111)-c(2X8) surface
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Ab initio techniques are used to elucidate the lateral noncontact AFM pair exchange of Sn and Ge adatoms
on the Ge(111)-¢(2 X 8) surface both at low and room temperatures. Two different processes are considered:
(a) tip-assisted surface diffusion and (b) active tip participation via adatom pick-up/deposition processes. The
adatom diffusion profiles indicate fairly modest energy barriers between 0.6 and 0.8 eV, which can be further
significantly reduced by the tip. However, the diffusion-mediated exchange mechanism is precluded by a large
barrier (>1 eV) to the (Sn, Ge)-pair exchange. The experimental data are only consistent with a mechanism
involving a simultaneous adatom pick-up/deposition and adatom diffusion processes. Simulation results show

that, contrary to general belief, the tip apex modification due to the pick-up/deposition processes may not be

experimentally noticeable.
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Noncontact/nearcontact atomic force microscope (NC
AFM) (Refs. 1-3) has in the last decade demonstrated three
unique  capabilities: atomic  resolution,'  chemical
resolution,*>  and  nanomanipulation®®  for  both
semiconducting/insulating and conducting materials. While a
lot of progress has been seen in understanding atomic-scale
image formation®~'? and to a lesser degree also in chemical
resolution,” the nanomanipulation, subject of the present
study, is less well understood when it comes to comprehend-
ing the atomic-scale processes.'>~13

Lateral manipulation of single atoms and molecules has
long been seen as the cornerstone of two-dimensional na-
noengineering. Scanning tunnel microscope (STM), and
more recently NC AFM, has provided the capabilities to per-
form well-controlled manipulation of components strongly
bonded to the surfaces, such as atoms or molecules. Na-
nomanipulation was long pioneered by STM. Vertical and
lateral manipulations of individual atoms,'® molecules,!” and
bonds'® have been demonstrated. Only much later was, for
the first time, NC AFM used for vertical manipulation of
adatoms on the Si(111)-7 X7 surface in constant excitation
mode.® Soon lateral manipulation of individual atoms fol-
lowed. Oyabu et al.” succeeded in laterally moving a single
Ge adatom on Ge(111)-c(2 X 8) surface. Later they reported
an interchange manipulation of Sn and Ge atoms on the same
surface® with part of Ge adatoms substituted by Sn in con-
stant frequency shift mode. Despite the fact that all reported
atomic manipulations are experimentally well reproducible,
their mechanisms are only gradually uncovered. The same is
true of most of the STM manipulations, where too atomic/
molecular-scale understanding of experimental protocols is
still often missing. In this respect simulation techniques have
proven extremely useful in providing insights into the verti-
cal atomic manipulation.!® The purpose of the present paper
is to shed light on the lateral manipulation. This is obviously
a very general question, which can only be addressed in a
meaningful way by analyzing the mechanisms of experimen-
tally well-controlled specific representative systems. For ex-
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ample, understanding of lateral manipulation of adatoms on
Si(111)-7X7 surface was recently provided.”’ Here we
study the (Sn, Ge)-pair exchange on the Ge(111)-¢(2X8)
surface.®?!

The Sn<Ge interchange manipulation on the
Ge(111)-c¢(2 X 8) surface is unique as the Sn and Ge adatoms
could not only be moved in several different directions® (see
Fig. 1) but also both at room® and low temperatures.”> The
experimental temperature range of 80-300 K indicates that
the manipulation process is either not thermally activated or
that under the action of the tip the diffusion barriers are
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FIG. 1. (Color online) The experimental NC AFM image (Ref.
8) with superimposed ball-and-stick model before (left) and after
(right) the (Sn, Ge)-pair exchange, see white arrows. Sn adatoms
(green color) are imaged as brighter spots, and germanium adatoms
are imaged as darker spots (red color). Rest atoms are shown in
yellow. The two types of adatoms (A;,A,) are indicated by black
dashed lines. The calculated lowest-energy pathways for adatom
diffusion (Ref. 21) along the directions where manipulation was
observed experimentally (Ref. 8) are shown by blue arrows, A la-
bels Hj sites, and 4 labels the midpoint site between two neigh-
boring 7} sites.
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FIG. 2. (Color online) Schematics of the lateral manipulation
processes. (a) indirect and (b) direct processes. The arrows (num-
bers) indicate the respective motions of the atoms during the ex-
change process. Color coding of atoms follows Fig. 1.

flattened and become vanishingly small. Two scenarios can
be envisioned, see Fig. 2: (a) “indirect” process, where the
tip is acting merely as a “catalyst” lowering the energy bar-
riers for diffusion of the adatoms and (b) “direct” process
with the tip actively participating in the exchange process,
e.g., by adatom pick-up/deposition processes. Both scenarios
are hard to reconcile with common sense and experimental
evidence. While it is difficult to imagine a tip process leading
to a local flattening of the potential-energy surface (PES) in
different directions, as assumed in process (a), the pick-up/
deposition processes (b) is expected to lead to signal (fre-
quency shift) discontinuities in the manipulation process,
which were not observed.?® These conceptual problems can-
not be addressed solely by experimental means, as experi-
mental time scales [0(10°) Hz] are too slow to capture the
dynamics of the manipulation processes.

Ideally, the manipulation process should be described by a
complete simulation of the experimental NC AFM apparatus,
including cantilever dynamics, effects of electronics, etc.?
This, though, would require the knowledge of a complete
PES for the manipulation process, in addition to the details
of the experimental tip, its apex termination, elastic proper-
ties, etc. Such a wealth of detailed knowledge is unrealistic.
For that reason we limit ourselves to just a number of PES
calculations for very simple model systems which provide
insights into the possible basic steps of the manipulation pro-
cess.

The PESs were described at the density-functional theory
level.”> The electronic structure was modeled in plane-wave
pseudopotential®® formulation using the CPMD suite of
codes.? All calculations were carried out using the Perdew-
Burke-Ernzerhof functional,?” I'-point sampling of the sur-
face Brillouin zone, and a 10 Ry plane-wave cutoff; see also
Ref. 21. This basis set is sufficient in converging energy
differences such as barrier heights. Increasing the plane-
wave cutoff to 40 Ry changes the barrier heights by less than
chemical accuracy. The surface was described by a slab
model, three double-layer thick, doubling the unit-cell size in
the short side direction, i.e., by a 4 X 8 surface unit cell with
dangling bonds on the bottom layer of germanium atoms
saturated by hydrogen atoms. The bottom layer and hydro-
gen saturation are kept fixed. The 4 X 8 surface unit cell is
large enough to provide a fair sampling of the Brillouin zone
by the I point for a semiconducting system. The dangling
bonds in the bottom layer of the slab were saturated by hy-
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drogen. Simple and well-tested model tips were used, a 10
atom germanium tip saturated at the base by hydrogen’ and a
dimer-terminated tip.28 In addition, we use also a trimer-
terminated tip, see below. In all tip models the germanium
atoms in the tip base and the hydrogen termination were kept
fixed. Static PESs were computed by both nudged elastic
band (NEB) method®® and by application of constraints. In
practice, NBE was finding diffusion pathways along the

[110] and [112] directions, similarly to the method of con-
straints which, however, turned out to be computationally
faster. Hence, most of the simulations were done by applica-
tion of constraints. The simulation typically consists of mov-
ing the adatom (Sn or Ge) or simultaneously the (Sn, Ge)-
pair on the surface in small steps with just one coordinate
fixed, with or without presence of a tip, which itself may be
moved in the direction normal to the surface. At each
adatom/pair/tip position all ionic degrees of freedom are op-
timized, except for those kept fixed by the applied con-
straints. We noticed that the PESs exhibited hysteretic behav-
ior and the PESs for forward and backward motions were not
identical.?! Further analysis revealed that the PESs consist of
extremely flat terraces especially in the direction perpendicu-
lar to the surface. First-order optimization methods, such as
conjugate gradients, left the structures “hanging” on the ter-
races causing the hysteresis. The same problem applies
equally to the NEB method. For that reason we have reopti-
mized the structures typically by moving the Sn (Ge) ada-
tom(s) in a wide range of distances toward the surface. Using
the minima from the vertical scans resulted in totally sym-
metric PES without any hysteresis. Short molecular dynam-
ics (MD) runs? were also performed.

Both proposed mechanisms (see Fig. 2) share one com-
mon feature, namely, the adatom destabilization from their
T, positions by the tip. The increased propensity to adatom
diffusion is in line with incomplete surface melting just be-
low the melting temperature.® In the indirect mechanism
[Fig. 2(a)] it is assumed that either one or both adatoms
delocalize and move toward the other and exchange their
positions either at the opposite T, position (mechanism i) or
in between the two T, positions (mechanism ii). It is indeed
fairly easy to destabilize both types of adatoms by the tip.
From the geometry of the Ge(111)-¢(2 X 8) surface in Fig. 1
it is seen that only the rest atoms and adatoms can easily by
affected by the tip. We found that adatom manipulation has
little effect on the stability of the nearby adatoms, and it is
the rest atom manipulation that has destabilizing effect on
the adatoms. The adatoms on (111) semiconductor surfaces
such as Si or Ge are stabilized by charge transfer from ada-
toms to rest atoms.3! Logically, reversal of the adatom
—rest atom charge transfer will destabilize the adatoms
from their equilibrium 7, positions. The charge-transfer
blocking/reversal can be achieved by approaching a reactive
tip apex to the rest atom dangling bond whereby a bond will
be formed. This simple idea was tested both by a series of
static calculations as well as by a finite-temperature MD
simulations (see Fig. 3). In both cases both adatoms (Ge and
Sn) were found to easily delocalize from their T, positions. If
the process is thermally activated, the ability to exchange the
(Sn, Ge)-pairs in different directions is striking, as adatom
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FIG. 3. (Color online) Static energy profiles for the indirect

process of (Sn, Ge)-pair exchange between two T, sites in [110]
direction labeled by &. The PESs were computed with a 10 atom Ge
tip (Ref. 9) positioned over a rest atom as shown in the lower panel.
The light blue arrow indicates the line along which the PES was

computed in the [110] direction. Process (i): Sn diffusion toward
and exchange around a Ge adatom in a T, position (red: no tip;
green: tip in equilibrium over a rest atom; blue: tip over rest atom in
a 0.5 A compression; and magenta: tip over rest atom in 1.0 A
compression). Process (ii): exchange around a 4 site, with Sn ada-
tom staring the diffusion (magenta: tip over rest atom in a 1.0 A
compression; cyan: tip over rest atom in a 1.25 A compression; and
orange: tip over rest atom in a 1.25 A compression but with the Ge
atom diffusing first to the 4 site). For more details see text and Ref.
21. Finite-temperature delocalization of Sn adatom is shown in the
inset by projection of MD trajectory onto the surface plane (red
trace). The simulation was done at 1800 K with a 10 atom Ge tip
(Ref. 9) indenting a nearby rest atom by 1.25 A; see the lower
panel. Color coding of atoms follows Fig. 1.

diffusion was found to be very anisotropic, with [110] being

the “easy” direction and the [112] the “hard” direction for
diffusion.?? As shown in Fig. 4 the diffusion barriers into
empty T, sites in both directions are almost equal (0.6-0.8
eV), with no hard and easy diffusion directions.>? However,
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static energy calculations in Fig. 3 show that interchange of
delocalized atom(s) cost an inordinate amount of energy (1-2
eV) depending on the details of the mechanism considered.
Hence, at finite temperatures the adatoms destabilized by the
tip will be bouncing back and forth from their 7, positions
without causing the experimentally observed (Ge, Sn)-pair
exchange.?

How can the pairwise exchange proceed? On energy
grounds, the destabilized adatom “diffusion” into the adja-
cent T, site can only proceed into a vacant site. This is
shown in Fig. 4 which demonstrates the huge reduction in
the dominant first diffusion barrier from 0.55 eV (0.65 eV) to

0.28 eV (0.15 eV) along [110] ([112]) direction upon indent-
ing the nearest rest atom by a tip (see Fig. 4). However, the
successive barriers are seen to be affected much less. For

example, the barrier between the H; and 4 sites in the [110]
direction only reduces from 0.5 to 0.38 eV if the tip is posi-
tioned as shown in Fig. 3, i.e., over a rest atom close to the
initial 74 site. By moving the tip to the next rest atom in the

[110] direction, the second barrier reduces further to just
0.28 eV, i.e., to the same tip-reduced height found for the
first barrier. Similar results are found also for the other bar-

riers and the [112] direction. Hence, moving the tip and in-
denting the rest atoms along the diffusion pathways leads to
reduction in the successive barriers and makes the adatoms
move along with the tip into an empty 7, site. The natural
explanation is along the direct process [Fig. 2(b)]. As the
energy of an oscillating tip is many orders of magnitude
larger than any barrier encountered in removing one of the
adatoms blocking the diffusion, we assume that the process
will consist of three major steps: (i) creation of an adatom

FIG. 4. (Color online) PESs for Sn adatom diffusion toward a
nearby empty 7, site without the presence of a tip (red) and with tip
indenting the rest atom closest to the Sn adatom by 1.25 A (green).

Adatom diffusion in the [110] direction (top) and in the [112] di-
rection (bottom). Both profiles were computed for geometries and
tip position shown in the lower panel of Fig. 3. The diffusion paths
are shown in the insets. The green/red numbers indicate the domi-
nant barrier reduction upon rest atom indentation.
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FIG. 5. (Color online) Schematics of a spontaneous formation of
a trimerized apex from a dimer-terminated tip (Ref. 28). Color cod-
ing of atoms follows Fig. 1.

vacancy by a pick-up process by a tip; (ii) the broken sym-
metry will make the almost barrierless tip-assisted diffusion
from an occupied 7} site into an adjacent empty 7 site pos-
sible, see Figs. 2 and 4; (iii) deposition of a tip-bonded ada-
tom back onto the surface and diffusion into the vacancy
previously formed by the adatom pick-up process. While
step (ii) follows from Fig. 4, the ability of the tip to perform
the adatom pick-up/deposition processes without causing ob-
servable differences in the experimental signal due to apex
changes remains to be demonstrated.

In line with experimental results,® we have found that the
pick-up/deposition processes are only possible with certain
model tip apexes. For example, we were unable to perform
the pick-up/deposition processes with the 10 atom Ge tip,’
the dimerized tip,?® etc. However, the dimerized tip, which
was found to be consistent with experimental results in the
imaging mode,?® spontaneously formed trimerized tip apex
by removing an adatom from the surface (see Fig. 5) upon
close approach to the Ge adatom. The trimerized apex is
unique as it is barely reactive when further away from the
surface. On close approach to the surface the Ge triangle at
the apex opens up, forming two highly reactive ends able to
bind and manipulate the adatoms.

As shown in Fig. 6, the model trimerized tip has the ada-
tom pick-up/deposition ability. When close to the occupied
target T, site, the first oscillation with the trimerized termi-
nated tip causes adatom pickup, while the successive oscil-
lations retain the manipulation result unchanged. Similarly,
approaching a vacant T, site by a trimerized terminated tip
with an adatom temporarily bonded to it causes adatom
deposition onto the surface, a result which the successive
oscillations do not revert. One might wonder why the adatom
is left on the surfaces without being picked up again. We
note that in the case of deposition, the adatom is not returned
to the 7, site but rather remains trapped in the diffusion
channel(s) from which it is delocalized and moved by the tip
as explained above. This demonstrates that the manipulation
process is irreversible with respect to the successive tip 0s-
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FIG. 6. (Color online) PESs for adatom extraction (top) and
adatom deposition (bottom) with a trimerized apex. Dashed line:
first oscillation of the tip, and black line with dots: second/
successive tip oscillations. Green: tip approach; red: tip retraction.
The insets show the configurations at the (a) beginning of the pro-
cess and (b) end of the process. d—d, is the tip-surface distance
(Ref. 9). Color coding of atoms follows Fig. 1.

cillations. Figure 6 shows that the processes are not only
irreversible but also that the apex modification will not be
experimentally noticeable. As can be seen, the differences in
PESs before and after manipulation are tiny and will be
masked by a number of discontinuities arising due to the
other tip/substrate processes (see Fig. 6) and in real experi-
ments also by finite-temperature and associated electronics
effects.’*

In summary, we presented an ab initio simulation of the
experimentally realized NC AFM manipulation of the (Sn,
Ge)-pair exchange on the Ge(111)-¢(2X8) surface. Using
simple models for the basic steps of the intricate manipula-
tion process we show that the experimental results are com-
patible only with the “direct process” which involves simul-
taneous occurrence of tip-induced pick-up/deposition and
diffusion processes of the adatoms on the surface. The pick-
up/deposition processes were so far not considered as the
accompanying apex modification was expected to generate a
significant change in the measured signal. The computed
energy-distance curves demonstrate that for certain model tip
apexes these processes are not only irreversible but also un-
detectable experimentally. Similar line of arguments applies
equally to the lateral manipulation of the Ge adatoms on the
Ge(111)-¢(2 X 8) surface.”?
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