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Abstract. This chapter unveils the atomic-scale mechanisms that are responsible
for the room temperature manipulations of strongly bound atoms on semiconductor
surfaces. First-principles simulations, matching the experimental forces, identify the
key steps in two paradigmatic examples: the lateral manipulation of single adatom
vacancies on the Si(111)-7x7 reconstruction in the attractive regime and the vertical
interchange of atoms between the tip and the Sn/Si(111)-(v/3 x v/3)R30° surface by
a gentle exploration of the repulsive force regime. Our calculations reveal that the
outstanding experimental control of the manipulation under attractive forces comes
from the localized reduction of the diffusion energy barriers induced by the tip for the
different steps in the complex path followed by the Si adatom during the process.
Using selective constraints, to face the difficulties posed by the complexity of a
multi-atom contact and operation in the repulsive regime, our simulations illustrate
how the vertical interchange can take place at the atomic scale, identify the crucial
dimer structure formed by the closest tip and surface atoms, and discuss the role of
temperature in the competition with other possible final outcomes (including atom
removal or deposition by the tip).

11.1 Introduction

Scanning probe microscopes (SPM) have become the tool of choice for imag-
ing and manipulation at the nanoscale. During SPM operation, the forces
appearing due to accidental contact may lead to changes in the tip and surface
structure. This experimental observation has triggered the efforts to convert
the tip-induced removal, deposition, and lateral displacement of atoms into a
controlled manipulation process, where the final outcome of the process can be
determined at will with atomic-scale precision. Just a decade after the devel-
opment of the scanning tunneling microscope (STM), Eigler and Schweizer
started the era of man-made atomic patterns manipulating Xe atoms on an
Ni(111) surface at cryogenic temperatures to form the IBM logo [1]. While
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atomic-scale manipulations with the STM under low-temperature (LT) con-
ditions have become routine in many laboratories, progress with the atomic
force microscope (AFM) was hampered by the limitations in resolution.

The first atomically resolved images of the Si(111)-7 x 7 reconstruction
taken with the AFM operated in the frequency modulation mode (FM-AFM,
also known as noncontact AFM) [2] were published in 1995. After this break-
through, it took only 7 years for the FM-AFM, operating at 78 K, to show
its ability to remove single adatoms from this reconstruction and to fill these
vacancies again with Si atoms coming from the tip [3] (see Fig.11.7). At
variance with similar experiments with the STM, no bias voltage or voltage
pulse was involved in these atomic manipulations as both tip and sample were
always electrically grounded. They are purely mechanical, and rely only on
the exquisite control of the tip—sample interaction to extract from the sur-
face a single adatom that is strongly connected by three covalent bonds to
the underneath Si layer. These manipulations were followed by experiments
at room temperature from two groups [4,5] on the same surface. In 2005,
lateral atomic manipulations at both LT and room temperature (RT) were
reported on Ge(111) surfaces [6]. These experiments proved that adsorbates,
as well as intrinsic adatoms of semiconductor surfaces, could be individually
manipulated laterally using the tip—sample short-range interaction force. The
interchange lateral manipulation of substitutional Sn adatoms — that are not
mobile on the Ge surface at RT — allowed the formation of artificial nanos-
tructures that are stable at RT [7]. Basic atomic manipulations at RT have
also been achieved on insulating surfaces [8,9].

The very precise control of the position of the tip-apex even at RT [10-12]
as well as the ability to measure the tip—sample interaction in force spec-
troscopy experiments with outstanding accuracy (see [13,14] and Chap. 3) are
behind the recent breakthroughs in FM-AFM manipulation: (1) The atom-
istic mechanism involved in the lateral manipulations at RT — the local tuning
of energy barriers for tightly-bound atoms to allow thermally induced dis-
placements — has been identified and put on a firm, quantitative basis by a
combined theoretical and experimental study on the Si(111)-7 x 7 surface [15];
(2) The force required to move an atomic adsorbate on a metallic surface at
LT has been determined [14]; and (3) an atomic dip-pen lithography technique
based on the vertical interchange of single atoms between the tip-apex and
the topmost layer of a semiconductor surface at RT has been developed [16].

All of the atomic manipulations mentioned so far can be grouped in terms
of the character of the tip—sample interaction: lateral manipulations are per-
formed in the attractive regime, while the deposition or removal of surface
atoms and the vertical interchange correspond to the repulsive regime of the
short-range interaction. The goal of this chapter is to unveil the atomic-scale
mechanisms that are responsible for the RT manipulations of strongly bound
atoms on semiconductor surfaces and to characterize the basic properties
of the two interaction regimes. Our approach is based on a set of care-
fully designed, large-scale first-principle simulations. At variance with STM,
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FM-AFM provides direct access to the forces during the manipulation process.
This information can be exploited to reproduce the experimental conditions
in our simulations, matching quantitatively the theoretical forces and those
measured in force spectroscopy experiments.

The rest of the chapter is organized as follows: In Sect. 11.2, we summarize
our theoretical approach for the calculation of the optimal atomic pathway
in different manipulation processes. A detailed analysis of the interaction
between a semiconductor surface and a silicon tip is provided in Sect.11.3.
Section 11.4 describes the study of the lateral manipulation of single adatom
vacancies on the Si(111)-(7 x 7) surface at room temperature performed in the
attractive interaction regime. In Sect. 11.5, we report theoretical simulations
of the vertical atomic exchange taking place between the tip and sample in
the strong-repulsive interaction regime.

11.2 Theoretical Approach: First-Principles
Simulations

Atomic manipulations are directly accompanied by the breaking and forma-
tion of chemical bonds between the different atoms involved in the process.
The inherent quantum character of the chemical bonding requires the use of
first-principles methods based on density functional theory (DFT). Further-
more, atomic manipulations, mainly those performed in the repulsive regime,
involve many atoms of both the surface and the probe. This multi-atom
contact significantly increases the number of possible trajectories and their
complexity in the configuration space. The efficient characterization of the
potential energy surface (PES) and the search for optimal trajectories are
challenging tasks that have attracted a lot of attention during the last few
years [17,18].

Although several theoretical studies on atomic manipulation with FM-
AFM [19,20] have been carried out with a fully converged first-principles
description using plane-wave (PW) DFT methods, an extensive search of
the PES using PW methods is still precluded by their large computational
demand. An interesting alternative is to resort to DFT methods based on a
local orbital basis, specially those developed with the aim of computational
efficiency, that allow first-principles studies of much more complex systems
and trajectories. In the simulations presented in this chapter, we have used a
fast local-orbital DFT-LDA technique (Fireball) [21,22]). This approach offers
a very favorable accuracy/efficiency balance once the atomic-like basis set is
carefully chosen [23].

We model the real tip—surface system using a supercell approach. In the
simulations described later, the Si(111)-(7 x 7) and the Sn/Si(111)-(v/3 x v/3)
reconstructions were represented by a (7 x 7) and a (6 x 6) periodic slab that
includes 7 Si layers and a total of 347 and 264 atoms, respectively. Due to the
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large size of these surface unit cells, only the I" point was used to sample the
Brillouin zone.

The modeling of the tip is one of the key issues in AFM. This is a complex
problem, where the lack of direct experimental information on the structure
after tip preparation combines with the possibility of surface contamination
during the AFM operation. Our long experience with semiconductor sur-
faces shows that, to simulate processes where the tip-apex does not interact
strongly with the surface, i.e., in the attractive regime, a tip model that
fairly reproduces the chemical reactivity of the few outermost atoms of the
apex is appropriate. In particular, we have shown [13,15, 24, 25] that it is
possible to characterize the most probable structure and composition of the
apex by a detailed comparison between the attractive short-range (SR) forces
obtained in first-principles simulations with the experimental ones. However,
in the strong-interaction regime, the role of the mechanical response of the
tip becomes more important, and larger models would be required for a com-
plete, quantitative study. This problem is further discussed in the context of
the vertical manipulations presented in Sect. 11.5.

The vertical scanning operation in AFM was simulated in a stepwise, quasi-
static manner by making small movements of the tip perpendicularly to the
surface. The atoms of both tip and surface were allowed to relax to their
ground state configuration — with convergence criteria for the total energy
and forces of 107%eV and 0.05eVA~!, respectively — at each of these steps.
Only the slab last layer with H atoms saturating it and the topmost part of
the tip model were kept fixed. The quasi-static approximation provides a very
good description of the imaging process due to the fact that the motion of
AFM tip is much slower than the ongoing atomic processes in the system.

11.3 The Short Range Chemical Interaction Between
Tip and Sample

Imaging [13,26] and manipulation [5,14,15,19] mechanisms on semiconductor
and metal surfaces are mostly determined by the short-range chemical interac-
tion between a surface atom and the outermost atoms of the probe. Therefore,
a detailed knowledge of the character of the chemical forces acting between
the tip and the sample, and its dependence on the tip—sample distance and
their atomic and electronic structure, is a key ingredient to understand and
control these processes.

Semiconductor surfaces often undergo a strong structural rearrangement
of the upper surface atomic layers, with respect to an ideal surface, to mini-
mize the number of unsaturated bonds — the so-called dangling bonds — and
lower the total energy. Taking the Si(111)-7 x 7 case as an example, the recon-
struction leaves only 12 adatoms in the upper layer, reducing the original 49
dangling bonds to only 19 (located on the 12 adatoms, the six rest atoms
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in the second layer and the corner hole). These dangling bond states deter-
mine the strong chemical activity of most semiconductor surfaces. The atomic
resolution obtained on semiconductors with the FM-AFM [26] was precisely
attributed to the presence of a dangling bond state on the outermost atom of
the silicon tip that interacts with the dangling bonds on the surface.

The strong covalent bonding of surface atoms in semiconductors signif-
icantly reduces their mobility and, therefore, to manipulate them, larger
mechanical forces, used for weakly bound adsorbates on metal surfaces, are
required. However, this problem in the manipulation process turns into an
asset when considering stability issues: the strong interaction significantly
extends the lifetime of the formed atomic patterns, and allows the existence
of these assemblies at RT, which makes them much more relevant for tech-
nological applications. To illustrate the strength of the chemical interaction
between the dangling bonds of a prototypical semiconductor tip and a surface
adatom, we present results of a DFT simulation for the system considered
in our study of the lateral manipulation (see Sect.11.4): a corner Si adatom
on the Si(111)-(7 x 7) reconstruction with a vacancy in the adjacent central
adatom position in the half-unit cell. Due to the localized character of the
interaction, these results can be generalized to an arbitrary semiconductor
surface with strongly localized dangling bonds.

Figure 11.1 shows the evolution with the tip—sample distance of the atomic
and electronic structure. At large tip—sample distances, there is a negligible
vertical displacement of the adatom (see the left top plot in Fig.11.1). A
sudden upward movement of the adatom of ~0.4 A is observed for a tip—
sample distances of ~4.5A. A strong correlation between the onset of the
short-range chemical force between tip and sample and the vertical displace-
ment of the adatom can be clearly identified in the middle graphs in Fig. 11.1.
Next, the vertical adatom displacement decreases until it reaches its initial
value at a tip-sample distance near to 2.5 A while, at the same time, the SR
force increases linearly. A further decrease of the tip—sample distance, below
2 A, induces substantial atomic rearrangements as too much elastic energy has
been already stored in few bonds (for details see Fig. 11.6 and the discussion
in Sect. 11.5).

These changes in the structure are coupled with significant changes in the
electronic properties. A detailed analysis of the density of states projected on
the adatom along the tip—sample distance (see Fig.11.1) points out a strong
modification of the dangling bond state [27]. In the far-distance regime, the
dangling bond state remains in a similar energy as on the unperturbed surface.
Reaching tip—sample distances of ~4.5 A, where the onset of the chemical bond
between tip and sample takes place, we observe a strong modification of the
local electronic state of the inspected surface adatom. At closer tip—sample
distances, below 4.5 A, the dangling bond state is completely wiped off from
the Fermi level, as it can be seen in Fig. 11.1. These electronic modifications
have significant implications for the transport properties as discussed in [27].
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Fig. 11.1. (Top) Relaxed atomic structures at different tip—sample distances during
the approach of a silicon tip toward a corner adatom on the Si(111)-(7 x 7) surface.
(middle) Short-range force (left) and vertical and lateral displacement of the adatom
(right) as a function of the tip—sample distance. (bottom) Projected density of states
(PDOS) on the Si adatom below the tip apex at different tip—sample distances

To summarize, we have seen how the proximity of the tip and the conse-
quent formation of the chemical bond between the outermost apex atom and
the surface adatom, induces a strong modification of the atomic and electronic
structure of the intrinsic adatom states on semiconductor surfaces. This effect
leads to a weakening of the adatom surface bonds and, therefore, it facilitates
its eventual transfer on the surface, as in further sections.

11.4 Manipulation in the Attractive Regime: Vacancies
in the Si(111)-(7 X 7) Reconstruction

The vacancy-mediated lateral manipulation of intrinsic Si adatoms on the
Si(111)-(7 x 7) surface at room temperature [15], represents a paradigmatic
example of atomic manipulation performed in the attractive tip—sample inter-
action regime. A precise command of both the vertical and lateral position
of the probe allows the controlled movement of individual Si adatoms on
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Fig. 11.2. (a) The optimal atomic pathway during the Co—Ce manipulation.
(b) Topographic signals taken at different stages of the manipulation process
obtained in two different, low (Af;) and high interaction (A far), set points

semiconductor surfaces (see Fig. 11.2). The manipulation was performed using
an experimental protocol similar to the one reported in [7] and described in
Chap. 8: the process of imaging and manipulation itself was controlled by
switching between a weaker (A f1) and a stronger interaction (A fyr) set point
while scanning along the direction of the desired movement (see Fig. 11.2b).
Constant-frequency shift profiles A-C in Fig. 11.2b correspond to consecutive
scans moving the tip from left to right over the same line of the surface. Profile
A has been obtained before the manipulation at the low-interacting set point,
Af1. The vacancy placed in the central (Ce) adatom position can be clearly
identified. Profile C shows the position of the atoms after the manipulation:
the corner (Co) adatom has been displaced to the center adatom position.
Profile B, acquired at the stronger tip-sample interaction regime (A fyr), cor-
responds to the manipulation process. This profile clearly illustrates that the
single-atom manipulation process involves, at least, two consecutive jumps
between adjacent sites: CoA — M and M — CeA (see Fig. 11.2a). The maximal
attractive short-range force needed to move the silicon adatom, experimen-
tally determined for the A fy; operating conditions, was ~0.5nN. Notice that,
in principle, a larger value — closer to the maximum strength of the covalent
bonds between the adatom and the surface — could be expected.

To obtain a detailed picture of the atomic-scale processes involved in the
lateral manipulation, we have carried out an analysis of the optimal atomic
pathways using first principles DFT methods. We have considered the case
illustrated in Fig.11.2: an Si(111)-7 x 7 reconstruction, where an adatom ini-
tially located on the Co site is transferred to the Ce empty site. The PES
for the vacancy pathway was characterized through an extensive set of DFT
simulations, including the determination of the energetics for the vacancy on
different adatom sites and the activation energy barriers for the adatom hop-
ping toward available empty sites. To estimate the magnitude of the activation
energy barriers on the surface, we have used a quasi-static approach where the
adatom is moved in discrete steps along the most energetically favorable tra-
jectory between two adjacent local minima, letting the system to relax to its
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ground state keeping the adatom lateral (z,y) coordinates fixed. These calcu-
lations reveal that the apparent two-step manipulation is actually a much more
complex process. We have identified the path Co — H3 — My — H; — Ce
(see Fig. 11.2a) as the optimal pathway to move the adatom from the Co site
to the empty Ce site. The magnitude of the activation energy barriers of the
individual jumps along the optimal trajectory, estimated from our constrained
minimization calculations, are summarized in Fig. 11.3a. The large energy bar-
riers for some of the steps (e.g., > 1.5eV for the Co — Hjs step) practically
forbid the thermally activated diffusion of adatoms at RT, in agreement with
the experimental observations under the normal imaging conditions (using the
Afr set point).

In Sect. 11.3 we have shown how the proximity of a silicon tip weakens the
adatom bonds with its neighboring surface atoms. It is evident that this effect
must play a crucial role in the lateral manipulation processes discussed here.
Therefore, we have analyzed in detail the influence of the tip—sample inter-
action (as determined by the relative position of the tip and the adatom) on
the barriers associated with the different jumps in the adatom pathway from
the Co to the Ce site. For these simulations, a well-tested Si(111) nanoasper-
ity [26] was used as tip model. This tip, although small and consequently
fairly rigid, correctly reproduces the dangling bond termination of the Si tips
used in the experiments. In particular, this tip matches quantitatively the
measured forces and provides a fairly symmetric interaction, in agreement
with the experimental observation that identical Afy; operating conditions
are needed for manipulating the adatom in different directions. As shown
later, these are the key ingredients to reproduce the role played by the tip
in the atomic manipulations performed in the attractive regime. Neverthe-
less, other tip-apex structures (as the tip model showed in Fig. 11.9) were also
tested. No significant differences with the results for the tip considered here
were found.
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Fig. 11.3. (a) Energy barriers along the optimal atomic pathway for the diffusion of
a silicon atom from the Co to the Ce site on the Si(111)-(7 x 7) without the presence
of a tip. (b) Change of the energy barriers along the optimal atomic pathway induced
by the proximity of a silicon tip at the tip-sample distance of 4.0 A.
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To estimate the influence of the tip on the energy barriers, we have
performed a large set of constrained minimizations for several tip—sample
distances and different tip lateral positions. Notice that during the energy
minimization procedure all the atoms in the tip, apart from the last Si layer
and the saturating H-layer, are allowed to relax. Figure 11.4 illustrates the
reduction of the activation energy barriers with the increasing tip—sample
interaction in the case of the two most difficult steps, the Co — Hs and
the M; — fIg, with the tip placed in the P; and P, horizontal positions
respectively (see Fig.11.2a). These points are located on the scan line fol-
lowed during the manipulation experiments. Similar tendencies can be found
in both cases: the reduction of the tip-sample distance below 4.5 A is accom-
panied by a substantial reduction of the activation energy barriers. A total
energy lowering of the final metastable positions, H3 and H, respectively, is
also observed.

We have quantified the role of the horizontal position of the tip in the
mechanism of the lateral adatom manipulation. We have calculated the acti-
vation energy barriers of the Co — Hj step varying the lateral position of
the tip, see Fig.11.5, while the tip height was kept constant at z = 4.0 A.
Figure 11.5a displays the change of the barrier according to the variation of
the tip position in the direction perpendicular to the scan movement. Along
this direction, only minor variations of the activation barrier are observed.
However, the variation of the horizontal tip position in the direction from the
Co to the Hj site (see Fig.11.5b), shows more dramatic changes in both the
magnitude of the barrier and the total energy of the final state.

The results presented earlier provide a clear indication of the basic mech-
anism operating during atomic manipulations in the attractive regime. As
Figs. 11.4 and 11.5 show, for tip—surface distances corresponding to calculated
SR forces around the experimental values used during the manipulations, the
barriers are reduced close to the value (~0.8¢V) that enables spontaneous
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Fig. 11.4. Calculated diffusion barriers for the (a) CoA = Hj and (b) M = Hj
steps, when the tip is located at the P1 and P2 positions (see Fig.11.2) at differ-
ent tip—sample distances. The insets show the short-range force and the vertical
displacement of the silicon surface adatom as a function of the tip—sample distance
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Fig. 11.5. Calculated diffusion barriers for the CoA = Hj step for different hori-
zontal tip positions (shown in the inset). The tip height was fixed, in all cases, at
4.0 Awith respect to the corner Si adatom of the Si(111)-(7 x 7) faulted unit cell

thermally activated jumps between the two sites at RT during the long time
(for typical oscillation frequencies around 100 kHz) that the tip spends close
to the sample. Similar significant reductions on the calculated energy barriers
(see Fig.11.3) are also found for the rest of the transitions between adjacent
adsorption sites when the tip is located close to the relevant lateral position
along the manipulation path where the adatom jumps are observed.

This mechanism based on thermally activated hopping, already proposed
for previous STM manipulation experiments, is now put on a firm quantita-
tive basis. Surprisingly, our simulations confirm the experimental observation
that atomic manipulations are possible at tip—samples forces that are quite
small compared to the strength of the semiconductor covalent bonds. The
explanation lies on the thermal energy available at RT and the long tip resi-
dence times. This combination allows a precise control of the atomic jumps by
means of tip assisted diffusion, fine tuning the interaction strength through
the tip—sample distance for a range of operating temperatures. Notice that
this precise command on the atomic jumps would not be possible without
the strong localization of the energy barrier reduction induced by the “sharp”
dangling bond of the outermost atom of the tip, as illustrated by the results
showed in Fig. 11.5. Blunter tips would reduce several barriers at the same
time, making the controlled manipulations much more difficult. The unique
combination of sharp tips and precise experimental control of the tip posi-
tion found in FM-AFM, where the apex can be placed in a specific point to
induce an atomic jump over a particular energy barrier, provides access to the
atomic-scale manipulation at RT.

In summary, our DFT simulations have revealed the key for controlled
lateral manipulation: the substantial local reduction of the diffusion energy
barriers. The onset of significant attractive forces below 5A, directly asso-
ciated with the covalent interaction between the tip and surface dangling
bonds, induces pronounced vertical relaxations on the adatom (see the insets
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of Fig. 11.4), the surrounding surface atoms and the outermost tip atoms. By
gently tuning this interaction, it is relatively easily to reduce these barriers
below the limit that enables instantaneous thermally activated diffusion at
RT. The control of the net adatom displacement is then possible using the
directionality imposed by the tip global movement.

11.5 Manipulation in the Repulsive Tip—Surface
Interaction Regime

11.5.1 A Complex Phase Space Under Strong Tip—Surface
Interactions

The theoretical simulation of the vertical manipulation processes described in
Sect. 11.1 — and, in particular, the vertical atom interchange discussed later
in Sect.11.5.2 — represents a formidable challenge. These manipulations are
produced by the gentle exploration of the repulsive part of the short-range
chemical interaction between the closest tip—surface atoms. At variance with
the simulations for lateral manipulation described so far, it is necessary to face
the problems associated with working in the repulsive regime of the tip—surface
short-range interaction and the intrinsic complexity of the phase space asso-
ciated with a multi-atom contact. We understand, from our previous work on
force spectroscopy [13], that the slope of the repulsive part of the interaction,
that is controlled by the effective combined stiffness of the tip and surface,
varies significantly for different tips on different experimental sessions. Our
first-principles calculations for tips with quite different apex structure and
chemical composition (even for large tips including 48 Si atoms) show a much
smaller variability, with effective stiffnesses consistently larger than the exper-
imental results. This systematic behavior is due to the constraint of fixed
atomic positions for the last atomic layer of the tip imposed in first-principles
calculations: we are losing the long-range elastic response of the tip, that is
not dominated by the apex. One could argue that with an atomistic approach
with classical potentials, we can consider much larger tips models and fix this
problem with the elastic response. Unfortunately, these potentials performed
very poorly in the description of the breaking and remaking of bonds that
necessarily lies behind the vertical manipulation. This is the reason why we
choose to stick to first-principles calculations, sacrifice the precise, quantita-
tive description of the tip—elastic response, and focus on providing some clues
about the feasibility of these processes and the atomic mechanisms involved.

To start the study of the relevant configurations that the closest tip and
surface atoms can explore in this strong interaction regime, we first analyze
the atom removal or deposition by the tip on the Si(111)-(7 x 7) achieved in
the first FM-AFM manipulation experiments (see Fig.11.7e, ). To this end,
we have considered the same Si tip used in our simulations of the lateral
manipulation in the attractive regime. We have performed DFT simulations
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approaching the tip towards the Si(111)-(7 x 7) surface and then retracting
the tip back to the starting position. These simulations illustrate how the
removal of the adatom from the surface takes place at the atomic scale.

Our results for the case, where the tip-apex atom is positioned right on top
of one of the corner adatoms are shown in Fig.11.6. In the first steps of the
tip excursion toward the surface, the system explores the attractive interac-
tion regime discussed in detail in Sect. 11.3. Reducing the tip—sample distance
further, below 2 A, the apex atom is pushed into the tip (see Fig.11.6b),
increasing the mechanical strain of the system. At even closer tip—sample
distance, ~0.5 A, the system is no longer able to sustain the applied mechan-
ical load: it undergoes a substantial rearrangement of atoms in the contact
area between tip and sample to minimize its total energy and to release the
mechanical stress. The irreversible atomic deformation manifests in the char-
acteristic jump in the total energy vs. distance. We should emphasize that,
until reaching point B, the response of the system to the mechanical load is
purely elastic and during tip retraction, the system returns to the original
configuration with no significant energy dissipation [24,28]. However, crossing
point B, a plastic deformation — associated with the breaking of few bonds
where the stress was accumulated during the loading — takes place. The sys-
tem no longer matches the original pathway on retraction and it undergoes
different atomic rearrangements. On further retraction, a characteristic dimer-
like structure with the apex atom and the surface adatom (see Fig. 11.6¢) is
formed. Finally, the adatom is picked up by tip (Fig.11.6f) and removed from
the surface.
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Fig. 11.6. Atomic pathway for the adatom extraction process: (left) Total energy
and short-range force along the approach/retraction cycle of a Si tip over a corner
silicon adatom on the faulted unit cell in the Si(111)-(7 x 7) surface. (right) Snap-
shots (a—f) show the evolution of the atomic structure during the approach (A-C)
and the retraction (C-F)
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Fig. 11.7. Complexity of the phase space in the strong interaction regime.
(a) Characteristic dimer-like structure that minimizes the energy of a tip—surface
system at close tip—sample distances. (b)—(d) Possible final atomic structures after
the tip approach/retraction cycle: (b) the tip extracts the surface adatom, (c) the
tip and the surface keep their original structure, and (d) a tip atom is deposited
on the surface. (e) and (f) the experimental formation of an atomic vacancy on the
Si(111)-(7 x 7) surface using FM-AFM (for details, see [3]). The arrows mark the
place where the manipulation process took place

The dimer-like configuration found in the process (Fig. 11.6e, and clearly
illustrated in Fig. 11.7a), is very interesting, because it represents a bifurcation
point in the phase space. This basic motif appears in all of the simulations that
we have performed, starting from different initial conditions. However, from
this atomic configuration, the system can branch out into quite distinct areas
of the configuration space corresponding to different local energy minima and
atomic structures. Our simulations show that, depending on several factors
such as the initial tip position and the indentation depth, the system can reach,
without crossing significant energy barriers, different final configurations on
retraction. These possible scenarios include (1) the extraction of a surface
adatom (Fig.11.7b), (2) the return to the initial configuration (Fig.11.7c),
and (3) the deposition of a tip atom on the surface (Fig.11.7d). These results
illustrate, even with this relatively simple tip, the complexity of the phase
space when exploring the repulsive regime, where subtle differences in the
bonding configuration of the basic dimer structure lead to markedly different
outcomes of the approach/retraction process. The presence of several atomic
species further enlarges the phase space. As discussed in Sect. 11.5.2, the dimer
motif plays also a central role in the microscopic understanding of the vertical
atom interchange experiments performed at room temperature (Fig.11.8),
where a surface atom is replaced by a tip atom of a different chemical species
after an approach/retraction cycle. This analysis will require the inclusion of
temperature effects in the competition among different final states.
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Fig. 11.8. (a) Characteristic frequency shift (Af) signal on approach (black) and
retraction (red) of the tip over an Si substitutional atom in an Sn/Si(111)-(v/3 x v/3)
surface during a vertical exchange manipulation. The insets display two consecutive
topography images taken before and after the vertical manipulation, where the Si
atom, marked with a white circle, was replaced by an Sn atom. (b) Characteristic
frequency shift signal on approach (black) and retraction (red) of the tip above the
Sn atom deposited in (a), pointed out by a black circle. In this case the Sn atom
has been replaced by an Si atom coming from the tip

11.5.2 Dip-Pen Atomic Lithography: Vertical Atom
Interchange Between the Tip and the Surface in the
a-Sn/Si(111)-(+/3 x v/3) Surface

The ability to incorporate individual atoms in a surface following prede-
termined arrangements might bring closer future atom-based technological
enterprises. In this section, we discuss the basic atomistic mechanisms behind
the recent experimental assembling of complex atomic patterns at RT by
the vertical interchange of atoms between the tip-apex of an atomic force
microscope and a semiconductor surface [16] (see Fig. 11.8). Our analysis will
focus on the Sn/Si(111)-(v/3 x v/3)R30° reconstruction, but these vertical
interchange manipulations have also been reproduced in the Pb/Si(111)-
(v/3 x v/3)R30° and the In/Si(111)-(v/3 x v/3)R30° reconstructions, where
we expect the same mechanisms to be operative.

Although these experiments are discussed in detail in Chap.8 of this
volume, we provide here the basic experimental facts that are particularly
relevant for the theoretical analysis. The inset of Fig. 11.8a shows topographic
atomic resolution AFM images of a single atomic layer of tin atoms (bright
protrusions) grown over a silicon (111) single crystal substrate. The dark
spots correspond to substitutional silicon defects at the perfect tin surface
layer. These Si defects can be vertically manipulated during force spectroscopy
[13,29] experiments. After imaging the surface and positioning the AFM tip
with a lateral precision better than +0.1 A [10] on top of the marked Si atom,
the sample was progressively approached toward the oscillating AFM tip. At
a given tip—surface distance, an instability in the frequency shift occurs as
highlighted by the arrow in the graph. In the image taken immediately after
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the sample retraction, the targeted Si atom has disappeared, and an Sn atom
occupies the corresponding lattice position instead (right image in Fig. 11.8a).
The only reasonable hypothesis to explain this event is that the Si atom at the
surface has been replaced by an Sn atom originally located at the tip-apex,
as sketched out by the cartoon in Fig. 11.8a. The same procedure can be con-
secutively applied to the freshly deposited Sn atom (marked with a circle in
the left image of Fig. 11.8b), resulting in the replacement of this surface atom
by an Si atom coming from the tip, and in a partial loss of atomic contrast
(right image in Fig.11.8b). The resemblance of the characteristic frequency
shift curves (see Fig.11.8) recorded on vertical atomic interchange manip-
ulations performed on different experimental sessions with different tips is
truly remarkable [16]. In spite of the apparent complexity of the process, this
extremely good reproducibility strongly indicates the presence of a common
basic microscopic mechanism.

The extensive force spectroscopy experiments on this surface show that
29% of the tips produced vertical interchange atom manipulation, being
almost equally probable to find tips producing either Si deposition or alternate
deposition of Sn and Si atoms (this is the case illustrated in Fig.11.8), and
less probable to have a tip depositing only Sn atoms. The preparation of these
tips relies on making a number of gentle tip—surface contacts using the same
cantilever over different measurement sessions, but there is no systematic way
of producing a priori a particular kind of tip. Once an atom exchanging tip
is found, it is possible to perform the manipulations in a reproducible way.
Therefore, these vertical interchange atomic manipulations require a tip-apex
rigid enough to endure the high loads over the repulsive part of the short-range
chemical interaction without undergoing major structural modifications.

The creation of these atomic patterns must involve not only the repeated
interchange of atoms between tip and surface but also diffusion and segre-
gation processes at the tip-apex to guarantee the presence of the required
chemical species in the appropriate atomic arrangement. The simulation of the
whole process is far beyond the capabilities of current first-principles methods.
Thus, we focus our analysis on the feasibility of the vertical atom interchange
and the identification of the common atomistic mechanisms involved.

At this point, we still have to face the complexity of the phase-space that
the closest tip and surface atoms can explore, with different possible outcomes
including atom removal or deposition by the tip, apart from the vertical inter-
change. We have used the possibility to impose constraints on the tip model
to further simplify the complex scenario associated with the tip mechanical
response and separate the discussion in two different steps. First, we model
the experimental apex with a rigid tip where only the two atoms defining the
apex are allowed to relax on interaction with the surface (see Fig. 11.9). These
simulations illustrate how the vertical interchange can take place at the atomic
scale, and identify the crucial dimer structure formed by the closest tip and
surface atoms. In a second step, we relax some of these constraints to show
the interplay with the other possible final outcomes and processes and the role
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Fig. 11.9. First-principles simulations of the vertical interchange manipulation.
(a) Evolution of the total energy on two consecutive tip approach and retraction
cycles with a model rigid tip — only the two atoms in the dimer defining the apex are
allowed to relax — over the same location of an Sn/Si(111)-(v/3 x v/3)R30° surface
resulting in the alternate deposition of an Sn atom (first cycle, continuous lines)
and a Si atom (second cycle, dashed lines), respectively. (b) Atomic configurations
associated with the transitions between energy branches labelled in (a) showing the
relevant atomistic processes involved in the vertical interchange of atoms between
tip and surface. (c) shows a zoom of the same selected configurations

of the temperature. In spite of its obvious limitations, our tip model captures
an important property of the real tips, as a very robust apex is required to
stand the high loads associated with the exploration of the repulsive part of
the tip—surface short-range chemical interaction. This is the aspect that we
have emphasized, sacrificing the quantitative description of the softer elastic
response found in the experiments.

Figure 11.9 illustrates, using the total energy, the evolution of the system
during an alternate deposition of an Sn (continuous lines) and an Si atom
(dashed lines) using the rigid tip model. The most relevant atomic configura-
tions during both processes are depicted in Fig.11.9b. In the case of the Sn
deposition, the system follows the branch A (squares), starting at A, where
there is no significant interaction. At Ay, we are near the total energy minima
and hence the zero of the short-range attractive force. Further tip—surface
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approach leads to a repulsive force that increases up to structure As, where
the atoms are significantly compressed but still keeping their original bond-
ing topology. On retraction from any tip—surface distance larger than the one
corresponding to Ag, the system follows the same energy curve back to the
original structure A;. On the contrary, approaching the tip beyond Ags, the
system undergoes a discontinuous jump to a new energy branch B (trian-
gles) with a significantly different bonding topology (panel By in Fig. 11.9b).
During further approach and consecutive retraction the system follows this
energy branch up to Bs, where a new jump takes it to another energy solu-
tion (branch C, circles), leading to the final bonding topology (structure Cs)
and the atomic interchange. The Si deposition case presents the same basic
features. During approach, the system follows the C branch until reaching Cs,
where it jumps to branch D (pentagons). Retraction from any distance along
the D branch after this jump leads to a new jump from Dy to Ay and to the
atom interchange. Comparing the two deposition cases, although the atom-
istic details are slightly different, overall, the atom interchange mechanism
seems to be the same. The key step in these processes is to reach the earlier
discussed dimer-like structure shown in panels B; and D;. In these atomic
configurations, the two original tip and surface closest atoms have now an
“equal” number of bonds with the surrounding atoms, losing their identity
as being part of the tip or the sample. Our simulations confirm that this
dimer structure, that minimizes the stored elastic energy under compression,
is the lowest energy configuration reached also with other tip—surface relative
orientations and even with different tip structures.

Our DFT simulations using the rigid tip model reproduce the vertical
interchange atom manipulations observed in the experiments and highlight
the atomistic processes behind. The constraints imposed on the tip keep the
energy barriers for all of the alternative processes — including tip modifications
and extraction of atoms from the surface — quite high, while the barrier for the
vertical interchange reduces significantly on loading. To further explore the
role of the mechanical response of tip and the interplay among the different
possible outcomes, we have approached our tip to a more realistic situation
and carried out simulations with a setup, where the four outermost atoms
of the tip-apex are allowed to relax. Figure 11.10a depicts the energy for an
approach (squares) and retraction (triangles) cycle over an Si atom resulting in
a tip change, where the Sn atom at the apex is lost and left on the surface. On
retraction, the system crosses an energy branch (circles) that would result in
the vertical interchange of these atoms — the Sn replaces the Si at the surface,
while the Si atom incorporates into the dimer structure at the tip apex.

Given the complexity of the configuration space shown by these simu-
lations, where an apparently small change in the tip leads to a completely
different result for the approach/retraction curve, one may wonder about the
feasibility of the vertical interchange. The important point to notice is also
highlighted in Fig.11.10a: all of the alternative outcomes lead the system to
a final state of higher energy than the one associated with the vertical atom
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Fig. 11.10. (a) Total energy (squares and triangles) for a tip—surface approach and
retraction cycle over an Si atom producing a tip modification where the Sn atom
at the apex is lost and left on the surface. (b) Activation energy barrier between
two atomic configurations close in total energy labelled as o and § in (a). The
atomic configurations corresponding to the two o and [ state are shown on the
right. (c) Details of the bonding configurations along the minimum energy path for
the transition from state a to state 8

interchange. In the simulations discussed so far, where no temperature effects
are included, the details of the tip structure and mechanical response deter-
mine which are the final states that can be reached without crossing significant
energy barriers. However, in the experiments that are performed at room tem-
perature, thermodynamics would favor the lowest energy final configurations.
Therefore, the feasibility of the vertical interchange process is controlled by
the energy barriers among the different local minima.

The calculation of the energy barriers in this multi-atom contact, where
the structure of the transition state is difficult to guess, requires a more
sophisticated approach that the constrained minimization used in the case of
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the lateral manipulation. We have used the “Nudge Elastic Band” method [17],
a well-established method for finding transition paths and the corresponding
energy barriers between given initial and final states. In this method, a col-
lection of intermediate sets of atomic configurations (or images) is created by
a straight line interpolation of the coordinates of the atoms from the initial
to the final state. Those images are connected together with springs to form
a chain that provides a discrete representation of the path from the initial to
the final state. This chain mimics an elastic band made of beads (the images)
and springs. The total energy of the entire chain has to be minimized to find
the minimum energy path (MEP). This total energy includes both the sum of
the total energies of the different images and the contribution from the har-
monic interaction between neighboring images along the direction of the path
described by the chain. The minimization process involves the relaxation of
the coordinates of the atoms in the different images subject to the constraints
imposed by the springs. Any maximum along the MEP is a saddle point on
the potential energy surface, and the energy of the highest saddle point gives
the activation energy needed for the transition.

In our estimation of the typical barriers involved in vertical atom inter-
change processes, we have studied the transition of the system from an energy
branch resulting in an Sn deposition to the one associated with the concerted
vertical interchange. In particular, we have considered the transition energy
between two atomic configurations very close in energy (points o and § in
Fig.11.10a) belonging to these two different branches: the starting atomic
arrangement («) is a dimer-like configuration in which both atoms have lost
their identity as being part of the tip or the sample; the final state (3) is the
deposition of the Sn atom. We have used nine images including the initial
and final states labelled as o and (3, respectively. Figure 11.10b displays the
final energies for the sets of different atomic configurations defining the MEP.
A zoom of the final relaxed structures over the relevant region of the tip—
surface interface is displayed in Fig.11.10c. We have found that there is an
energy barrier of 0.4eV for the transition between these two configurations
(Fig. 11.10b), which is associated with the breaking of the remaining bond of
the Si atom with the surface and the formation of a second bond of the Sn
atom with the surface (see the panel labelled as 5 in Fig.11.10c). With this
relatively small energy barrier, these vertical interchange atom manipulations
can easily take place at RT. It is not necessary to reach the high repulsive
energies at which jumps between branches in Fig. 11.9 occur — energy values
that would turn into extremely repulsive forces. In contrast, just driving the
tip to tip—surface separations close (or slightly beyond) to the distance for
the zero short-range force, we are very likely to obtain a vertical atomic inter-
change by a thermally activated jump near the crossing point of the different
energy branches available for the system.

The simulations described earlier also shed light over some of the features
exhibited by the associated experimental curves. The frequency shift signals
(Fig. 11.8) display a shoulder at closer tip-surface distances, that develops into
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a double well structure in the corresponding short-range chemical interaction
forces (see Chap.8). These features, together with the large energy dissipa-
tion measured at the closest tip—surface distances [24,28] can be qualitatively
explained in terms of the presence of several energy branches — and, thus, dif-
ferent tip—surface interaction forces — during the evolution of the system. The
energy barriers between branches as a function of the tip—surface distance
dictate where the system jumps during either approach or retraction and,
thus, determine the details of both frequency shift and force curves [16]. Since
the frequency shift is proportional to a weighted average of the tip—surface
interaction force over one oscillation cycle [30,31], the existence of these dif-
ferent force branches is blurred [24,28] in both the frequency shift and the
short-range chemical interaction force derived from it; magnitudes that, a pri-
ori, only reflect the average conservative part of the interaction [30, 32, 33].
However, the calculated energy landscape provides a clear indication that the
striking presence of two force minima of very similar depth are due to the
evolution of the system between two different bonding configurations during
an approach and retraction cycle.

Figure 11.11 shows the theoretical results that explain the origin of the
dissipation signal and the force spectroscopy results measured in the exper-
iments. An oscillation cycle of the experimental approach curve shown in
Fig. 11.8b, before reaching the point of maximum proximity between tip and
surface, can be simulated by assuming that: (1) the tip approaches the sur-
face following energy branch C in Fig. 11.9; (2) at a given tip—surface distance
(Cs), the system jumps to the energy branch D; and (3) on retraction the
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Fig. 11.11. (a) Short-range forces corresponding to the evolution and transitions
between the energy branches C and D shown in Fig. 11.9; squares and circles denote
the force upon approach and retraction, respectively. The theoretical forces that
would be obtained from the inversion of the frequency shift at zero (dashed) and
non-zero (continuous) temperature are also included. (b) Normalized frequency shift
obtained from the short range force curves shown in (a) at zero (dashed line) and
nonzero temperature (continuous line). The inset displays the probability of being
in the C branch during the approach-retraction cycle used to incorporate the effect
of a nonzero temperature in the frequency shift calculation
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system jumps back (Ds) to the branch C. Notice that, in this case, there is
not vertical atomic interchange and therefore the initial and final configuration
upon approach and retraction are identical. The forces on approach (squares)
and retraction (circles), assuming these transitions between energy branches,
are shown in Fig.11.11a. An approach and retraction cycle considering these
two force solutions leads to a dissipated energy of ~7eV. The normalized fre-
quency shift v associated with this process is shown in Fig.11.11b (dashed
line). The step-like change of v at the tip—surface distance where the atom
reallocations take place is an expected consequence of the force hysteresis. The
green dashed line of Fig. 11.11ais the force curve associated to this normalized
frequency shift when it is calculated with the same inversion procedure used
with the experimental results. This curve coincides with the force of the C
branch before the jump (up to this point, the force over the oscillation cycle
is conservative), but, for closer distances, a strong hysteresis (jump) appears
and the short-range force calculated from the frequency shift inversion loses
its meaning [30, 32, 33].

Both the force curve and the dissipated energy (~7eV) associated with
this process are still quite different from the experimental ones. The origin of
this discrepancy lays on the role played by the temperature: our calculations
so far are done at zero temperature while the experiments are performed at
RT. At finite temperature, the system can overcome energy barriers between
different energy solutions that smears out the steps and reduces the dissi-
pation signal found at zero temperature [28]. To incorporate the effect of
the temperature, we have calculated the normalized frequency shift (contin-
uous line in Fig. 11.11b) using the force solutions on approach and retraction
shown in Fig. 11.11a, but giving them some relative probabilities (see the inset
of Fig.11.11b) that reproduce the measured dissipation energy (~1.2eV) at
the closer tip—surface distances. The corresponding short-range force curve
(continuous line in Fig.11.11a) obtained from this frequency shift using the
inversion procedure [31] now exhibits the main feature of the experimental
forces: a double well with similar force minimum values. Therefore, this charac-
teristic feature in the experimental short-range force curve is a clear signature
of force hysteresis during the approach and retraction cycle.

11.6 Conclusion

This chapter unveils the atomic-scale mechanisms that are responsible for
the RT manipulations of strongly bound atoms on semiconductor surfaces.
First-principles simulations, matching the experimental forces, identify the
key steps in two paradigmatic examples: the lateral manipulation of single
adatom vacancies on the Si(111)-7 x 7 reconstruction in the attractive regime,
and the vertical interchange of atoms between the tip and the Sn/Si(111)-
(v/3 x V/3)R30° surface by a gentle exploration of the repulsive force regime.
Our calculations reveal that the outstanding experimental control of the
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manipulation under attractive forces comes from the localized reduction of
the diffusion energy barriers induced by the tip for the different steps in the
complex path followed by the Si adatom during the process. Using selective
constraints to face the difficulties posed by the complexity of a multi-atom
contact and operation in the repulsive regime, our simulations illustrate how
the vertical interchange can take place at the atomic scale, identify the cru-
cial dimer structure formed by the closest tip and surface atoms, and discuss
the role of temperature in the competition with other possible final outcomes
(including atom removal or deposition by the tip).
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