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Vertical atomic manipulation with dynamic
atomic-force microscopy without tip change
via a multi-step mechanism
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Manipulation is the most exciting feature of the non-contact atomic force microscopy
technique as it allows building nanostructures on surfaces. Usually vertical manipulations are
accompanied by an abrupt tip modification leading to a change of contrast. Here we report on
low-temperature experiments demonstrating vertical manipulations of ‘super’-Cu atoms on
the p(2 x 1) Cu(110):0 surface, both extractions to and depositions from the tip, when the
imaging contrast remains the same. These results are rationalized employing a novel and
completely general method that combines density functional theory calculations for obtaining
energy barriers as a function of tip height and a Kinetic Monte Carlo algorithm for studying
the tip dynamics and extraction of manipulation statistics. The model reveals a novel multi-
step manipulation mechanism combining activated jumps of ‘super’-Cu atoms to/from the tip
with their drag by and diffusion on the tip.
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he ability of scanning probe microscopies, such as scanning

tunnelling microscopy (STM) and non-contact atomic

force microscolpy (NC-AFM), to scan surfaces with atomic/
molecular resolution’ and provide in some cases information on
the chemical identity of the scanned atoms?, has placed these
methods at the top of the list of the experimental toolkit of
surface science. However, the most exciting applications of either
of the techniques are related to their ability to perform nano-
manipulation®=>. Both lateral®=® and vertical®~!! manipulations
have been used to build bottom-up nanostructures on surfaces.
The latter manipulation, where the manipulated atom is either
dropped to or extracted from the surface, normally results in a
modification of the tip apex with the concomitant change of the
image contrast.

Compared to STM, the NC-AFM technique is more versatile,
since the force between tip and surface is effectively measured,
and therefore this method can be applied to surface imaging and
manipulation of any material. In all cases of both vertical and
lateral NC-AFM manipulations at room temperature reported so
far, it was assumed that the species are displaced thermally in a
single elementary event triggered simply by the reduction of
relevant energy barriers. The barriers are lowered due to tip
proximity as compared with the situation of the tip being
sufficiently far away from the species when the barrier is large,
making the species essentially immobile. In comparison with
STM, a unique advantage of NC-AFM in nano-manipulation is
concerned with the fact that the tip oscillates and hence the
energy barriers are periodically modified. This unique feature
allows accessing processes that in microscopes operating at fixed
tip—sample distance, such as STM, would be inaccessible.

A characteristic signature of a successful manipulation event
using NC-AFM is an incomplete image of the surface object being
manipulated. For instance, if an atom is picked up vertically by the
tip during the scan, only the initial part of a circular blob
representing the atom is imaged, the rest is missing and the image
is terminated by a straight line running along the fast imaging
direction (a ‘half-moon’ image). In the opposite case of an atom
being deposited from the tip to the surface, the final part of the
circular blob shows up starting with a straight line along the fast
imaging direction!?. In fact, in most cases reported so far after
such a vertical manipulation the whole contrast abruptly
changes'? as the tip apex structure changes significantly after
the manipulation event. Note that in the case of the lateral
manipulation there are two spots of the manipulated atom on the
same image: the first one shows the atom’s initial position and is
terminated abruptly (a ‘half moon’), while the second one
corresponds to the atom’s new position. For a lateral
manipulation it is natural to assume that the tip structure
remains the same before and after the manipulation event, and
this fact enables, at least in principle, collecting the corresponding
statistics. The situation is not that simple in the case of the vertical
manipulation, as the tip apex structure is bound to change,
making accumulation of reliable statistical information difficult.
Therefore, understanding vertical manipulation mechanisms
poses a real challenge for both experiment and theory.

Here we report on a joined experimental and theoretical study
of low-temperature NC-AFM experiments of vertical manipula-
tions of ‘super’-Cu atoms on the p(2 x 1) phase of oxidized
Cu(110) surface, both extractions to and depositions from the tip,
which leave the imaging contrast unchanged after each
manipulation event. To rationalize these observations we have
developed a new and completely general theory applicable to both
vertical and lateral manipulations that takes explicit account of
the tip movement in NC-AFM. The model reveals a novel multi-
step manipulation mechanism combining activated jumps of
‘super’-Cu atoms to/from the tip with their drag by and diffusion
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on the tip. We note that copper surfaces are important in their
own right as industrial catalysts'®, and surface oxidation is
believed to play a crucial role in their catalytic activity'®.

Results

Summary of main results. The results of vertical NC-AFM
manipulation of ‘super’-Cu atoms on the p(2 x 1) Cu(110):0
surface are shown in Fig. 1. Both depositions and extractions of
atoms to/from the surface have experimentally been performed
and theoretically analysed in unprecedented detail. The experi-
mental system and our theoretical analysis exhibit a few unique
features: (1) the contrast before and after the vertical manipula-
tion events remains essentially the same, that is, the tip apex
structure must be changing only in its secondary features;
(2) extensive theoretical modelling leads to an explanation of the
mentioned contrast stability in terms of a multi-step model,
involving unexpected processes at the apex after picking up/dis-
posing of an atom; (3) kinetic simulations based on a Kinetic
Monte Carlo (KMC) algorithm!> were performed to include the
tip motion, slow at atomic time scale, and to provide access to the
realistic calculations of the likelihood of the extraction and
deposition manipulations.

The surface systems. At the experimental oxygen exposures the
oxidized Cu(110) surface consists of p(2 x 1) and ¢(6 x 2) pat-
ches!?16 The p(2 x 1) surface shown in Fig. 1a on the left has an
alternating row/missing row conformation!”!8 in the [110]
direction, where along the [001] rows alternating Cu and O
atoms lie. Occasionally additional Cu adatoms are found on the
p(2 x 1) patches on the surface as well, which are bonded between
two oxygen atoms as shown in the left part of the figure. Note that
a periodic arrangement of such adatoms on a slightly different
Cu-O row structure constitutes the ¢(6 x 2) reconstruction of this
surface shown in the right part in Fig. la. The additional Cu
atoms lie higher than all other surface atoms and have thus
acquired the name ‘super Cu atoms’'”>18, and the two O atoms on
either side of them are raised slightly out of plane and move
closer to their super Cu, acquiring the names ‘high’!” or
‘buckled’'® O atoms.

Tip preparation. During the course of the experiment, we were
able, using the method of ref. 12, to interchange the chemical
identity of the tip between O- and Cu-terminated. Two types of
NC-AFM images were routinely obtained, shown in Fig. lc-f,
where a p(2 x 1) patch (seen on the left) is positioned next to a
c(6 x 2) reconstructed island (on the right): (i) in (c) rows of
single bright spots are seen in the p(2 x 1) patch, while double
spots appear at the positions of high O atoms around ‘super’-Cu
atoms on the ¢(6 x 2) patch, and (ii) shown in (d) are single spots
that are seen for both patches. Although the chemical identity of
the rows of bright spots on the p(2 x 1) surface cannot be iden-
tified from the images of this phase alone!S, this, as well as the
chemical identity of the tip apex atom, can uneq ivocally be
identified from the image of the c¢(6 x 2) surfacel%: ‘super’-Cu
atoms are imaged with the O-terminated tips and appear as single
bright spots, while high-O atoms are imaged with the Cu-
terminated tips and appear as double bright spot features.
Therefore, by inspecting the contrast in the image of the ¢(6 x 2)
island, we can identify the Cu-terminated tip in (c) and
O-terminated tip in (d). In the following, only images like (d-f)
related to the O-terminated tip will be considered.

NC-AFM vertical manipulation of ‘super’-Cu atoms. A typical
sequence of three NC-AFM images of the surface taken during
the same experimental run (in chronological order but not
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necessarily one after the other) with an O-terminated tip is shown
in Fig. 1d-f. This incidentally means that Cu atoms are imaged on
the p(2 x 1) terrace in these images by this tip. In all images we
can also see bright spots in the middle of the p(2 x 1) terrace,
some of which are numbered for ease of comparison. The identity
of the spots in the images can be identified as adsorbed Cu atoms.
Indeed, these are single spots in images (d-f) taken with an
O-terminated tip; the spots are positioned exactly between two
Cu-O rows and exactly between four Cu atoms in these rows
(recall that only Cu atoms are imaged in these rows), that is, it
must be between two O atoms as shown on the left side of the ball
model in Fig. la. At the same time, the same location on the
surface appears in image (c) as double features (compare the
numbered spots in images (c) and (d)): since image (c) must have
been taken with the Cu-terminated tip, the observed bright fea-
tures should be related to the shifted high O atoms on both sides

p(2x1)

of the ‘super-Cu adatoms. This amazing similarity in how
separate species on the two reconstructions are imaged with both
tip terminations confirms our assignment for the additional spots
imaged on the p(2 x 1) terrace to correspond to ‘super’-Cu atoms
as in the ball model in Fig. la. As shown below, our density
functional theory (DFT) calculations confirm this model; they
also show that the ‘super’-Cu atoms have a very similar structure
in both surface phases.

Let us now compare images (d) and (e) of Fig. 1. Several
elementary manipulation events take place: two additional spots
(two Cu atoms) appear in (e) on the left of the spot numbered 7.
One of the spots in (e) has an abrupt termination on the upper
side, which is a signature of a deposition of an atom after image
(d) was taken. The other feature in (e) corresponds to an atom
that was initially deposited and then, after some time during the
same scan, extracted (since this spot has abrupt terminations both

Surface Cu

Added Cu O

‘Super’-Cu
High O
Low O

p(2x1)

c(6x2) .
-

Figure 1 | NC-AFM imaging and manipulation. (a) Ball model (top and side views) of the p(2 x 1) phase (on the left) immediately next to the c(6 x 2)
phase (on the right) with unit cells of 5.10 x 3.61 and 15.30 x 7.22 A2, respectively, shown by a green dashed line. Note that at intermediate oxygen
exposures, when both phases are formed next to each other, Cu atoms adsorb also on the p(2 x 1) surface as adatoms in geometries very similar to those
of the ‘super’-Cu atoms of the c(6 x 2) surface (one such atom is shown on the left). (b) Schematic model of vertical manipulations leaving the tip apex
chemical identity unchanged. (c-f) The same area of the surface as imaged by (¢) Cu- and (d-f) O-terminated tips. Slow scan direction is vertically
down. For ease of comparison, spots corresponding to the same super-Cu atoms are numbered identically in c-e. Notice that the same contrast

is found on the c(6 x 2) island and the p(2 x 1) terrace for the super-Cu atoms in ¢,d: these are observed either as double (¢) or as single (d) spots. Images
(d-f) were taken during the same experimental run but not necessarily immediately one after the other. One can clearly see a number of vertical
manipulations on the p(2 x 1) terrace corresponding to extractions (blue circles) and depositions (red circles) of the Cu adatoms during imaging.
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at the top and at the bottom), and the forthcoming image (not
shown) confirms that. In addition, we see another Cu atom in (e)
with abrupt termination in the lower part and hence correspond-
ing to a Cu atom extracted during the scan. Similar events are
seen in many other images we took in this and similar
experimental runs showing multiple atom depositions and
extractions, see Supplementary Information. The fact that we
have been able to perform these manipulations in a systematic
and controlled way, so that a definite outcome was obtained after
a certain number of oscillation cycles related to the corresponding
probabilities (to be discussed below), is documented in (f), where
the letter X’ was written on the p(2 x 1) terrace by a sequence of
deposition/extraction manipulations.

What we find the most surprising in all these images was that
the contrast during these multiple vertical manipulation events
remains the same, that is, Cu atoms are interchanged between the
tip and surface multiple number of times; however, the chemical
identity of the tip apex atom does not change at all and still stays
as an O atom. This can only signify that when a Cu atom is
picked up from the surface it must be diffusing up the tip
structure away from the apex, see the cartoon in Fig. 1b;
conversely, it diffuses down and gets adsorbed on the surface in a
‘super’-Cu position during vertical manipulation events corre-
sponding to depositions. We also find that experimentally the
deposition events were easy to perform, while extraction
manipulations were very rare. Unfortunately, due to the nature
of these manipulations, we found it difficult to experimentally
quantify the deposition/extraction event probabilities.

Two main questions need explanation: (i) why and whereby
which mechanism(s) the tip remains O-terminated after either of
the vertical manipulation events? and (ii) why deposition is much
more probable than extraction? As it is practically impossible to
shed more light on these questions from the experiment alone, we
turn to modelling to face these challenges.

Modelling: the direct approach. When placing a single Cu
adatom on the p(2 X 1) reconstructed surface, we find in our DFT
simulations that the Cu atom occupies the ‘super’-Cu position,
which is very similar to that on the ¢(6 x 2) surfacel>1? (see
Fig. 1a and Supplementary Information). The interaction of the
tip!? (see Fig. 2) with a single ‘super’-Cu atom was studied. The
energy barrier for taking the ‘super’-Cu atom from the surface to
the O-terminated tip between states S and T in Fig. 2 is >1eV,
unless the tip is positioned unreasonably close, <2.04, to the
surface. As the experiments were conducted at a temperature of
78 K, the investigated direct transitions would correspond to such
negligible rates that can be disregarded altogether.

Four-state model and energy barriers. Next a four-state model
taking explicit account of the tip motion was considered (see
Fig. 2). We found that for tip heights ze (2-5) A from the sur-
face, the Cu atom can be stabilized between its surface state S, and
tip state T. This position designated as intermediate state I is
shown in Fig. 2 along with the calculated energy barriers AEs_,
for the S—1 transitions at different tip heights z7. One can see
that the S—1I barrier remains <0.5eV for the tip heights
< ~2.5A,; further increase of zy results in the barrier increasing
dramatically, whereas the barrier for the reverse I— S transition
fluctuates around 0.4-0.5e¢V and then drops to 0 around
zr~4.5A. Once in state I, the Cu atom can be dragged by the tip
up to the height of z7~5.0 A, where the barrier AE;_,  for the
I— T transition drops to 0 (Fig. 2), or may return back to the
surface via equally small AE; g barrier. Once the state T is
reached the system spontaneously assumes a new upper tip state
U (Fig. 2) as the T state is metastable at large z; (ref. 16). To reach

4

Transition barrier (eV)

Tip-surface separation (A)

Figure 2 | The model and computed barriers. Upper panel: The four states
of the ‘super’-Cu atom in the surface-tip system: S, I, tip T state and
upper tip U state; for details, see the text. Colour coding as in Fig. 1a. Lower
panel: Calculated energy barriers for different transitions between S, |,
Tand U states of the ‘super’ Cu atom in the surface-tip junction as a
function of the tip height. The horizontal dashed lines indicate tip heights at
which the transition barrier was assumed constant at the high value
indicated; no calculation was performed in this region as the transition
probability is too low.

this state, the Cu atom diffuses up the tip structure, exposing
again the O atom tip termination to the surface. It is essential
that the T— U transition only happens after z;>4.0 A, when the
corresponding barrier becomes very small (see Fig. 2). Once the
state U is reached, the Cu atom remains on the tip as the energy
barrier to jump back into state T is fairly large (~0.8eV) when
the tip is sufficiently far away from the surface'®. The fact that at
some tip heights the Cu atom may jump to the tip and then
diffuse up its cone-like structure (Fig. 1b) is essential for
understanding the experimental observation that the contrast
remains the same after a Cu atom is picked up from the surface;
this is because the O atom at the tip apex is the closest to the
surface before and remains such after the transition, and hence
the contrast does not change significantly.

The proposed extraction mechanism of vertical manipulation
suggests also an explanation for the reverse U—S deposition
process via T and I states, see the corresponding reverse barriers
in Fig. 2 and Supplementary Information.

KMC modelling of tip motion and probabilities. To better
understand the stochastic nature of the vertical manipulations
and work out their probabilities, we have developed a new KMC
scheme based on the ideas of time-variable KMC method!® (see
the details in Supplementary Information) and performed
extensive KMC simulations. As an example we consider
explicitly the extraction manipulation. In short, first the initial
S—1I transition is worked out. This gives the oscillation
cycle n and the time 7, within the n-th cycle at which state I is
formed. The time 7. corresponds to the tip height z(t)=
Zo+ Acos(2nft.), where z, is the tip average position above the
surface, A oscillation amplitude and f oscillation frequency.
Next a set of subsequent independent calculations of the
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corresponding conditional probability P;_, ;(t.) to reach step U
provided that system was in state I created at time 7, during the
n-th oscillation cycle was run. The final probability of a successful
S§— U extraction transition

1/f
/ Py 1 (t)rs (e Proo(e)dre, (1)

0

Psou = l—e R

is calculated assuming that transition S— I, which is followed by
I— U, may happen during any oscillation cycle n and within any
time 7, of the n-th cycle. All quantities in the formula above, the
probability densities Ps_,j, P;_y, transition rates rg_,;=v
exp(—AEs_,/kgT), and Rg= —InPs_/(1/f) can all be fully
determined by KMC modelling. For details and for the
discussion of the reverse Py_g deposition probability see
Supplementary Information.

The individual probabilities appearing in equation (1) are
shown in Fig. 3. The probability Ps_,;(n) for the transitions to
happen at the n-th cycle falls off exponentially, but a significant
number of transitions require &~ 10° oscillations to occur. The
probability density Ps_,(t.) has a nearly Gaussian shape centred
around the point of the closest approach (t.= 1/2f, that is, at the
half period). The results corresponding to higher temperatures
show that Pg_, ;(n) decays much faster with #n (not shown) and the
probability density Ps_, (1) moves towards the descending part
of the cycle (smaller values of 7.).

At all temperatures the conditional probability P;_, y(t,)
(Fig. 3) is non-zero only within two narrow regions of the tip
positions around ft.~0.46 (approach) and fr,~0.54 (retrac-
tion), both corresponding to z;~5.0 A. This behaviour can be
understood as a result of the competition between I—» T and I - §
processes, both having very similar transition barriers.

In the deposition manipulation the initial stage consists of the
U— T transition, which, similarly to extraction, may need many
tip oscillations until state T is reached (see Supplementary
Information). However, the conditional probability Pr_ (t,)
(Fig. 3) shows that in this case the Cu atom prepared in state

(2.0<zr<3.5A) around the distance of closest approach reaches
state S with 100% probability irrespective of temperature. This
finding is crucial for understanding the differences between the
extraction and deposition manipulations.

The calculated final probabilities for the Cu atom extraction are
0.05, 0.07 and 0.09 at 78, 150 and 225K, respectively, and for
deposition 0.98 irrespective of the temperature. The differences in
the likelihoods of extraction/deposition can easily be understood
in terms of differences in the respective P;_ y(t.)/Pr_s(7.)
conditional probabilities (Fig. 3). Although the extraction
probability increases slightly with temperature, we expect low
(but non-zero) count in observing the ‘super’-Cu atom extraction
and a very high probability of their deposition from the tip when
scanning the p(2x1) terrace, the fact confirmed by our
experimental results. We note that in reality the tip does not
continuously oscillate above the given point on the surface, as
assumed for computational feasibility here, but moves. We expect
that the actual probabilities may be reduced. The simple tip
model used in our study may also have some effect on the
computed properties'>1®. Nevertheless, keeping in mind the
experimental limitations, the computed probabilities do agree
with our experimental findings at least qualitatively.

Discussion

We observed multiple vertical NC-AFM manipulation events,
both extractions and depositions, of Cu atoms on the p(2 x 1)
reconstructed Cu(110):O surface. Intriguingly, we find that in all
these events the contrast remained the same and that deposition
was much more likely than extraction although systematic
experimental statistics is difficult. The fact that our observation
is not limited only to the system studied here but is a more
general phenomenon is supported by the work of Sugimoto
et al.'%, who observed exchange NC-AFM manipulation without
tip modification. However, their observation was limited to one
special tip structure occasionally generated in a subset of
experiments, which, at variance to our case, neither could
be systematically controlled experimentally nor was the mecha-

T anywhere within the time interval fr.=0.47—0.53 nism behind that observation explained in ref. 10 theoretically.
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Figure 3 | KMC results. Upper panel: Calculated statistics for the initial S— [ step of the vertical extraction manipulation with the curves proportional to the
probability densities Ps_,(n) (left) and Ps_, (o) (right). Lower panel: Conditional probability densities P,_, y(t.) for - T— U transition (extraction)

and P;_ s(t.) for the T—/—S transition (deposition).
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Using DFT theory in conjunction with KMC simulations, we
were able to propose atomic-scale mechanisms for both types of
the vertical manipulation, which fully explain our experimental
observations. Namely: (i) the tip before and after manipulation
remains O-terminated and hence there is no change of imaging
contrast since the Cu atom extracted from the surface climbs up
the tip structure to occupy a more energetically favourable
position; at the same time, the barrier for this atom to leave this
state is reduced at close approach to such extent that its
deposition becomes very likely; (ii) both manipulations are of
inherently stochastic nature, although the extraction transition
must be much rarer than the deposition transition. Theory
suggests that both transitions consist of a sequence of steps,
containing both activation and dragging (no activation required).
We find that in this case when trying to work out the underlying
atomistic mechanics just an energetic consideration may be
misleading and a consideration of kinetics is essential.

Our manipulation process belongs to a class characterized by a
strong tip-height dependence of energy barriers between the
intermediate states encountered, with barrier reduction in some
cases with the tip close to and in other cases far away from the
surface (Fig. 2). Hence, while the manipulation proceeds easily in
the NC-AFM microscope where the tip oscillates, the manipula-
tion would not happen in an apparatus operating in a constant
tip-sample distance regime, such as STM.

The theory we have developed here is completely general and
applicable equally to both vertical and lateral manipulations,
which we expect to be required for a full understanding of the
majority of NC-AFM/STM manipulations. We expect to find
qualitatively similar behaviour, albeit with different states and
transition rates, also in manipulation of other systems, such as, for
instance, oxidized Cu(100), Ag(100), Ag(110), Ag(111), Ni(110)
and Au(110), all of which have either a missing row reconstruc-
tion or distinct and different arrangements of metal and oxygen
atoms. The metal-oxide surfaces play an important role in their
own catalytic reaction?®?!, in serving reaction centres associated
with structural defects and adsorbed metal atoms on the
surface?>?3 and in electronic modification of adsorbed metal
atoms?>?3, In fact, the structures formed by our manipulation
processes are atomic realizations of dip-pen nano-lithography!®24,
where metal wires are written by the tip on a semiconducting
oxide layer grown on metallic copper substrate (Fig. 1f). Further
development and application of related nano-manipulations could
encompass creation of magnetic nanostructures on surfaces with
relevance for spintronics>® and quantum computing®®, or 4 la
carte creation of active sites on catalyst surfaces.

Methods

NC-AFM manipulation experiments. The experiments were carried out using a
home-built NC-AFM operating under ultrahigh vacuum conditions at 78 K. To
detect the tip-sample interaction, the frequency-modulation technique was used?’.
Low-resistivity (0.01-0.025Q cm) n-doped commercial silicon cantilevers (PPP-
NCLR, Nanoworld, Switzerland) were oscillated by keeping the oscillation
amplitude constant at A =67 A. The cantilevers typically had a Q-factor of 150,000,
spring constant of 40 N m ~ ! and resonance frequencies of f= 150 kHz. The radius
of curvature of the tip apex was <10 nm. The tip is shaped like a polygon-based
pyramid with a height of 10-15 um. The frequency shift of the oscillating cantilever
was measured by using phase-locked-loop-based commercial electronics (easyPLL
plus detector and controller, Nanosurf, Switzerland). The Cu(110):O surface was
prepared by first cleaning by repeated Ar ion sputtering (1,200 V) and then
annealing at 550 °C, followed by exposure to 2,0001 of oxygen at 300 °C. The tip
apex was cleaned by Ar ion sputtering (650 eV) in situ and was found to have a
radius of curvature <100 A. Both the cantilever and the sample were always
electrically grounded. Manipulation experiments were performed by scanning a
chosen area of the surface with the frequency shift more negative (by — 3.5Hz)
compared to the value used for non-intrusive imaging.

Simulating energy barriers. The surface was modelled using a four-layer slab
with the upper two atomic layers allowed to relax'®!°. To model the tip we used a
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relatively stiff O-terminated Cu tetrahedron'?19, see also Fig. 2, with the lowest

four atoms allowed to relax upon interaction with the surface. Calculations of the
energies and forces were performed using DFT with Perdew-Burke-Ernzerhof
density functional®® and projector augmented-wave pseudopotentials®® as
implemented in the VASP code3. Since van der Waals interactions were found to
be essential for the O-terminated Cu surfaces'®, this interaction was accounted for
here using the DFT-D2 scheme3!. Energy barriers were calculated using the
Nudged Elastic Band method32. The barriers were then used in calculating the
corresponding transition rates by employing transition state theory.

Modelling of tip dynamics and probabilities. Calculations of the dynamics of
this system with standard KMC are impossible because while the tip moves the
transitions rates strongly depend on time, making the main assumption of the
standard KMC theories>> invalid. The calculation can be done using the fixed time
step KMC dynamics method!>3# that was adopted for this study. More details can
be found in Supplementary Information.

References

1. Gross, L., Mohn, F., Moll, N,, Liljeroth, P. & Meyer, G. The chemical structure
of a molecule resolved by atomic force microscopy. Science 325, 1110-1114
(2009).

2. Sugimoto, Y. et al. Chemical identification of individual surface atoms by
atomic force microscopy. Nature 446, 64-67 (2007).

3. Eigler, D. M. & Schweizer, E. K. Positioning single atoms with a scanning
tunneling microscope. Nature 344, 524-526 (1990).

4. Heinrich, A. ], Lutz, C. P,, Gupta, J. A. & Eigler, D. M. Molecule cascades.
Science 298, 1381-1387 (2002).

5. Custance, O., Perez, R. & Morita, S. Atomic force microscopy as a tool for atom
manipulation. Nat. Nanotech. 9, 803-810 (2009).

6. Sugimoto, Y. et al. Mechanism for room-temperature single-atom lateral
manipulations on semiconductors using dynamic force microscopy. Phys. Rev.
Lett. 98, 106104 (2007).

7. Oyabu, N., Sugimoto, Y., Abe, M., Custance, O. & Morita, S. Lateral
manipulation of single atoms at semiconductor surfaces using atomic force
microscopy. Nanotechnology 16, S112-S117 (2005).

8. Sweetman, A., Danza, R., Gangopadhyay, S. & Moriarty, P. Imaging and
manipulation of the Si(100) surface by small-amplitude NC-AFM at zero and
very low applied bias. J. Phys. Condens. Matter 24, 084009 (2012).

9. Opyabu, N,, Custance, O., Yi, I, Sugawara, Y. & Morita, S. Mechanical vertical
manipulation of selected single atoms by soft nanoindentation using near
contact atomic force microscopy. Phys. Rev. Lett. 90, 176102 (2003).

10. Sugimoto, Y. et al. Complex patterning by vertical interchange atom

manipulation using atomic force microscopy. Science 322, 413-417 (2008).

. Sweetman, A. et al. Manipulating Si(100) at 5 K sing qplus frequency
modulated atomic force microscopy: Role of defects and dynamics in the
mechanical switching of atoms. Phys. Rev. Lett. 106, 136101 (2011).

12. Bamidele, J. et al. Chemical tip fingerprinting in scanning probe microscopy of

oxidized Cu(110) surface. Phys. Rev. B 86, 155422 (2012).

13. Louis-Rose, 1., Méthivier, C. & Pradier, C.-M. Oxidation of NH3 on
polycrystalline copper and Cu(110): a combined FT-IRAS and kinetics
investigation. Catal. Today 85, 267-278 (2003).

14. Stampfl, C. Surface processes and phase transittions from ab initio atomistic
thermodynamics and statistical mechanics. Catal. Today 105, 17-35 (2005).

15. Kantorovich, L. Simulating system dynamics with arbitrary time step. Phys.
Rev. B 75, 064305 (2007).

16. Bamidele, J. et al. Contrast inversion in NC-AFM imaging of the oxidised

Cu(110) surface Phys. Rev. B 90, 035410 (2014).

. Kishimoto, S., Kageshima, M., Naitoh, Y., Li, Y. J. & Sugawara, Y. Study of
oxidized Cu(110) surface using noncontact atomic force microscopy. Surf. Sci.
602, 2175-2182 (2008).

. Feidenhans’l, R. et al. Oxygen-chemisorption on Cu(110)- a model for the
c(6 x 2) structure. Phys. Rev. Lett. 65, 2027-2030 (1990).

19. Bamidele, J., Brndiar, J., Gulans, A., Kantorovich, L. & Stich, 1. Thermodynamic
stability and structure of oxidized Cu(110) surfaces: the critical role of non-local
interactions. J. Chem. Theor. Comp. 20, 5578-5584 (2013).

20. Esch, F. et al. Electron localization determines defect formation on ceria

substrates. Science 309, 752-755 (2005).

. Matthey, D. et al. ‘Enhanced bonding of gold nanoparticles on oxidized
Ti02(110).". Science 315, 1692-1696 (2007).

. Lopez, N, Illas, F. & Pacchione., G. Adsorption of Cu, Pd, and Cs atoms on
regular and defect sites of the SiO2 surface. J. Am. Chem. Soc. 121, 813-821
(1999).

23. Nilius, N., Wallis, T. M. & Ho., W. Influence of a heterogeneous A1203 surface

on the electronic properties of single Pd atoms. Phys. Rev. Lett. 90, 046808 (2003).

24. Piner, R. D., Zhu, J., Xu, F., Hong, S. & Mirkin., C. A. ‘Dip-pen’
nanolithography. Science 283, 661-663 (1999).

25. Zutic, 1, Fabian, J. & Sarma., S. D. Spintronics: fundamentals and applications.
Rev. Mod. Phys. 76, 323-410 (2004).

1

—

1

~

1

e

2

—_

2!

[N)

| 5:4476 | DOI: 10.1038/ncomms5476 | www.nature.com/naturecommunications

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications

ARTICLE

26. Leuenberger, M. N. & Loss, D. Quantum computing in molecular magnets.
Nature 410, 789-793 (2001).

27. Albrecht, T., Griitter, P., Horne, D. & Rugar, D. Frequency-modulation
detection using high-q cantilevers for enhanced force microscope sensitivity.
J. Appl. Phys. 69, 668-673 (1991).

28. Perdew, J. P., Burke, K. & Ernzerhof, M. Generalized gradient approximation
made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).

29. Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953-17979
(1994).

30. Kresse, G. & Furthmiiller, J. Efficiency of ab-initio total energy calculations for
metals and semiconductors using a plane-wave basis set. Comput. Mater. Sci. 6,
15-50 (1996).

. Grimme, S. Semiempirical gga-type density functional constructed with a long-
range dispersion correction. J. Comput. Chem. 27, 1787-1799 (2006).

32. Henkelman, G. & Jonsson, H. Improved tangent estimate in the nudged elastic
band method for finding minimum energy paths and saddle points. J. Chem.
Phys. 113, 9978-9985 (2000).

. Fichthorn, K. A. & Weinberg, W. H. Theoretical foundations of dynamical
Monte Carlo simulations. J. Chem. Phys. 95, 1090-1096 (1991).

34. Trevethan, T., Watkins, M., Kantorovich, L. N. & Shluger, A. L. Controlled

manipulation of atoms in insulating surfaces with the virtual atomic force
microscope. Phys. Rev. Lett. 98, 028101 (2007).

3

—

3

w

Acknowledgements
This work was supported by the Grant-in-Aid for Scientific Research of Japan, by
APVV-0207-11, VEGA (2/0007/12) projects, and the Engineering and Physical Sciences

Research Council (EPSRC). We also gratefully acknowledge the Computing Centre of the
Slovak Academy of Sciences and use of the supercomputing infrastructure funded by the
ERDF, projects ITMS 26230120002 and 26210120002, and King’s College London’s HPC
Facility managed by Dr Alessio Comisso and the Material Chemistry consortium for the
computer time allocation on the HECToR UK National Facility.

Author contributions

S.H.L, YK, Y.N. and J.L. contributed equally to the NC-AFM manipulation and imaging
experiments, supervised by Y.S. J.B. and R.T. performed the DFT calculations of energy
barriers. J.B. and L.K. performed the majority of the KMC modelling. L.K. and I.S.
conceived theoretical interpretation of the experiments. All co-authors contributed to the
data interpretation and internal discussions. L.K. and LS. contributed to the manuscript
writing.

Additional information
Supplementary Information accompanies this paper at http://www.nature.com/
naturecommunications

Competing financial interests: The authors declare no competing financial interests.

Reprints and permission information is available online at http://npg.nature.com/
reprintsandpermissions/

How to cite this article: Bamidele, J. ef al. Vertical atomic manipulation with dynamic
atomic-force microscopy without tip change via a multi-step mechanism. Nat. Commun.
5:4476 doi: 10.1038/ncomms5476 (2014).

| 5:4476 | DOI: 10.1038/ncomms5476 | www.nature.com/naturecommunications 7

© 2014 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/naturecommunications
http://www.nature.com/naturecommunications
http://npg.nature.com/reprintsandpermissions/
http://npg.nature.com/reprintsandpermissions/
http://www.nature.com/naturecommunications

	Vertical atomic manipulation with dynamic atomic-force microscopy without tip change via a multi-step mechanism
	Introduction
	Results
	Summary of main results
	The surface systems
	Tip preparation
	NC-AFM vertical manipulation of ‘super’-Cu atoms
	Modelling: the direct approach
	Four-state model and energy barriers
	KMC modelling of tip motion and probabilities

	Discussion
	Methods
	NC-AFM manipulation experiments
	Simulating energy barriers
	Modelling of tip dynamics and probabilities

	Additional information
	Acknowledgements
	References




