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Theory of single atom manipulation with a scanning probe tip: Force signatures,
constant-height, and constant-force scans
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We report theoretical results predicting the atomic manipulation of a silver atom c@@lSsurface by a
scanning probe tip, and providing insight into the manipulation phenomena. A molecular mechanics technique
has been used, the system being described by a quantum chemistry method for the short-range interactions and
an analytical model for the long-range ones. Taking into account several shapes, orientations, and chemical
natures of the scanning tip, we observed four different ways to manipulate the deposited atom in a constant-
height mode. In particular, the manipulation is predicted to be possible witli1a15iip for different tip
shapes and adatom locations on the silicon surface. The calculation of the forces during the manipulation
revealed that specific variations can be associated with each kind of process. These force signatures, such as the
tip height signatures observed in scanning tunneling microscope experiments, could be used to deduce the
process involved in an experiment. Finally, we present preliminary results about the manipulation in constant-

force mode.
DOI: 10.1103/PhysRevB.68.115427 PACS nunider81.16.Ta, 82.37.Gk, 02.70.Ns, 68.43.Fg
I. INTRODUCTION performed for very small objects, such as Xe atoms on

Ni(110),° CO molecules and Pt atoms on(Bt1),%* Cu, Pb
Originally designed to image surfaces, scanning probé&toms, and CO, Bb C,H, molecules on C{@11 253545
techniques™ have also rapidly proved to be efficient for However, in these studies, all supporting substrates are
acting on the surfaces at the nanoscopic Sébae'st evi- closed metallic surfaces. Their low diffusion energy barriers
dences came from the observation of the consequences of tAéke the manipulation easier. Theoretically, several calcula-
contact between the scanning probe tip and the studied sufons of the lateral manipulation of one atom have been done,
face. For instance, Let al. observed that the mechanical @nd it has been found that single atoms can be manipulated
: - ' : - - : n metallic[Pt(111),%? Cu(110),*¢*’ Cu(212)*®] or insulatin
interaction between their scanning tunneling microscop NaCl001 Ref. 4 ' bstrat ! H | i dg f
(STM) tungsten tip and one Au surface led to the creation o ’ ais (usugll ecbng dseurez r?/lvﬁiséh I?%\??s\/?rr{eogc% ogeof 't?]e (r)e-
nanoscopic pits. Similar indentation has also been per- pl ﬁ’ limitati ' h b P
formed on dichalcogenide WgeurfaceS:” Another kind of sults. Another limitation concerns the substrate. Toour
. . - knowledge, the manipulation of one unique atom on a sur-
nanopatterning was achieved by the formation of mounds o

. - . _ _ ce having a significant technological importance has not
the surface by field-emitting gold tip atofi¥imensions of been achieved yet. The(8D1) surface, heavily used in the

these created nanostructures were typically 100-300 Apjectronic industry, is an interesting and still unprobed can-
However, manipulation with scanning probe techniquesyigate. In a previous paper, preliminary calculations had
made a major step when state-of-the-art experiments peghown that one single Ag atom deposited on théD@i)
formed in the group of Eigler have shown that the STM tipsyrface may be manipulated by a tip during a constant-height
could even control a unique deposited atom with an impresscan®® The complete results of the study are presented and
sive accuracy. According to the notation of Stroscio and discussed in this paper. First, we focus on constant-height
Eigler, manipulation processes can be classified into twenanipulation. In particular, we analyze the influence of sev-
categories? Vertical processes involve atom transfers be-eral parameters, such as the shape of the tip, its orientation,
tween the tip and the surface, voltage pulse or direct tipand its chemical composition. Second, we show original re-
surface contact being used for the atom transfers. Adsorbatésilts about the variation of the forces acting on the tip during
or native surface atoms can be either permanently extractedifferent manipulation processes. These variations are then
by the tip?~2? or redeposited in another locatiéi?® This ~ discussed in relation with the recent works on STM current
mode has been theoretically studied by several graligs.  Signatures™>>**Finally, in the last section, we discuss the
In the lateral category, manipulated objects always stay onPOSsibility to perform constant-force manipulation scans
the surfacé? It is the scanning probe tip which eithéy ~ With an atomic force microscop@AFM) tip, and we show
traps the object in the surroundings of its apex and slideSOMe examples.
it,253435(ji) pushes the object along the scan p&ti?or
(iii) controls the diffusion by voltage pulé&®*

It seems that the potential of lateral manipulation has not The silicon (001) surface is now very well under-
been completely explored. Successful experiments have bestood, thanks to several experimertal® and theoretical

Il. MODELS
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FIG. 2. Models used in the calculations. The left panel repre-
sents the geometrical shaféght gray) from which long-range van
der Waals forces are estimated. The small dark gray region shows
the very end of the scanning tip, the adatom and the surface beneath
which are treated by an extendedd#el calculation to account for
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R the chemical bondings. A ball-and-stick model of this region shows
= LT \\\\~ LY
0.0 i:: ’I,;:,”‘s\\\\\\‘ S the clusters used to represent the surface and 4 1Fitip (right
S -0.5 ll’t‘?m:\‘g\#?ﬁ £ pane).
2 _1.0] SNNIRaSSE _
B _4.5 Sy chemical forces between the very end of the tip, the adatom
g 2.0 and the surface are described by the atom superposition and
528 S electron delocalizatiofASED) method®® This extension of
& _3'0 the extended Hekel molecular orbital§EHMO) model has
§ 5 '5 been successfully used for the study of adsorption on silicon

surfaces$’ In addition, it allows to describe the interactions
between several different species within a uniform and co-

FIG. 1. Adsorption energy map of one Ag deposited oi0®l)- herent scheméAb initio methods have the same advantage,
2x1. The black spheres represent the Si surface and subsurfabdlt the systematic study of several manipulation conditions
atoms. The bold arrow shows the tip movement direction. with a realistic system is still an unfeasible task. In our cal-

culations, the silicon surface is represented by a four-layer

studies’® 8 In its ground state, the surface @§4x2) re-  cluster, each layer encompassing 4 Si atoms(eight Si
constructed, with alternating asymmetric dimers.(2x1) dimers. Hydrogen atoms are added to passivate the bottom
reconstruction is observed at room temperature because tlaed the sides of the slab, leaving a cleaf081) surface on
asymmetric dimers oscillate very rapidly and appear to beop (see Fig. 2 Careful checks have shown that this cluster
symmetric on the time scale of experiments. When a silvesize is large enough to avoid unwanted size effects. Relax-
atom is deposited on the (8D1) surface, most of the experi- ation of the bare $001) surface with the ASED method
mental studies agreed that the adatom adsorbs preferentiallyads to a symmetri€2x1) surface instead of the(4x 2)
in the cave site, i.e., between two Si dimers belonging to twaeconstruction. However, the energy difference between
adjacent dimer rows’®3In Fig. 1, we have represented the these two structures is very sntlland within the uncer-
adsorption energy map for one Ag atom deposited on theainty of the ASED model. In addition, the height difference
Si(001) surface® The cave site is the most stable, though itsbetween the “up” and “down” atoms of the asymmetric
corresponding adsorption energy is very close to the energgimer atoms is also small. Therefore, we expect correct ten-
of the bond site{Ag atom bonded to one dimerized Si at- dencies for manipulation processes involving much larger
oms. This quasidegeneracy could explain why the Ag atomenergies and amplitudes. The tip apex has been modeled us-
is sometimes found in the bond sffeHere, most of the ing Si and Au clusters built along tH&11) orientation, with
calculations have been carried out with the silver atom ini-13 Si or 10 Au atoms for sharp tipsee Fig. 7. Each Si
tially adsorbed in the cave site. However, we have also conatom located in the base layer of the pyramidal tip was satu-
sidered the case of adsorption in the bond site for selectedated by a hydrogen atom. All the EHMO parameters used in
examples. our calculations are reported in the Table |.

Two complementary models have been used to represent With the second model, we describe the long-range van
our system, which is composed of the scanning probe tip, thder Waals forces between the tip and the surface. Although
Ag atom, and the $001) surface. First, the short-range these interactions are the leading forces for the manipulation

TABLE I. EHMO parameters( , 4 are the Slater orbital exponents, | the ionization potentials, and
C, , the linear coefficients for doublgfunctions.

{s 1P & 1Py {14 IPq Cy {24 G
H 1.1600 —13.600
Si 1.6998 —13.460 1.4855 -—-8.151
Ag 1.9060 —7.580 1.6200 —-3.920 4.9890 -—10.500 0.5576 2.5840 0.5536
Au 26020 —10.920 25840 -5550 6.1630 —15.070 0.6851 2.7940 0.5696
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of physisorbed aton&;*’*?these are expected to have a (b) ©

negligible effect in the case of a chemisorbed atom. We can
then safely neglect the long-range interactions involving the
Ag atom, as well as the very small contributions arising from
the tip cluster apex. However, it is essential to take into
account the van der Waals interaction between the macro-
scopic tip and the substrate in order to get a correct force
distance relatiof® It is well known that quantum chemistry
methods such as ASED or local-density-aproximation-related
techniques are unable to describe the dispersive van der 2
Waals interactions. Here we have used an analytical Ha-
maker modef® with the parametric relatiofEq. (1)] derived
from a tip built with an infinite con€ and a spherical cap,
and an infinite surface. The geometry of the model is shown
on the left panel of the Fig. 2. We used a spherical cap radius
p=50 nm. The Hamaker constaatfor the Si-Si interaction
is 1.865<1071°J."t In Eq. (1), h is actually the distance
between the surface and the bottom of the macroscopic tip
(without the tip apex clustgri.e., h is the sum of the dis-
tanceZ between the surface and the bottom of the tip apex F|G. 3. Example of a surface-to-tip transfét,,= 3.6 A). Up-
cluster, determined from the center of the atoms, and of thger panel: snapshots for three different tip positions. The dark
height of the clustefabout 6.4 A for the $111) tip]. With  (light) gray spheres show the ig) atoms. Lower panel: variation
this parametrization, we obtained a maximum attractive varf the X-position difference between the Ag adatom and the tip apex
der Waals force of 6.42 nN between the Si tip and the Siempty squares of the height difference between the adatom and
surface. the tip apex(filled circles, and of the short-range contributions to
the total energy(thick line), Ref. 88. The zero of energy corre-
2 ) . . sponds to the relaxed system with the tip far away from the surface.
Ap“(1-siny)(psiny—p—hsiny—h) Only one in two symbolésquares and circlefave been plotted for
6h%(p+h—psiny)? clarity. The vertical dotted lines mark the tip positions correspond-
ing to the snapshots in the upper panel.

- @ @

== X(Ag)-X(ip)| |
o—e Z(Ag)-Z(tip)

Difference (.Z\)
Energy (eV)

X(tip) (&)

F.(h)=

Atany[hsiny+psiny+pcog2vy)] i
6 cosy(p+h—psiny)? ’ IIl. CONSTANT-HEIGHT MANIPULATION

In this section, we describe the results obtained in the

In view of the very slow displacement of the tip apex constant-height mode. In particular, we focused on the con-
usually achieved experimentally in manipulation as com-ditions required for adatom manipulation. Different kinds of
pared to the relaxation time of the adsorbate on a surface, &datom movements have been observed, depending on the
molecular mechanics approach was preferred to a moleculaip height, orientation, shape, or chemical nature. However,
dynamics approacff. For each tip position (¥,,Z,) con-  we considered that a successful manipulation occurred only
sidered, the Ag and slab atoms positions are optimized to g&ethen the tip translation by a surface lattice parameter leads
the system minimum energy.X is the tip apex coordinate to an adatom movement in the same direction, and when this
along the Si dimer row axis, a zero value referring to theprocess can be successively repeated.
initial location of the silver adatom. In order to avoid time-  \We have been able to obtain four different manipulation
consuming calculations, only the Ag atom and all the surfacenechanisms with our calculations. One is a vertical process
silicon atoms closer to Ag than a fixed distaiRésee Fig. 2 where the adatom transfers from the surface to the tip. The
were allowed to relax. We have checked the validity of thisthree others are the usual lateral manipulation processes,
approximation by considering seveRldistances, from 5 A sliding, pulling, and pushing’ The upper panel of Fig. 3
to 0 A (frozen surface In most of the cases, we used a shows selected snapshots of the first case. When the tip is
frozen surface because we got no qualitative changes argdill far away from the adator(on the left of the Fig. § one
nonsignificant quantitative variations. The tip atoms are notan see that the height difference remains constant and that
allowed to relax, what could be questionable for small tipthe X-position difference decreases continuously, i.e., the
surface distances. Consequently, our tip was always locatestlatom stays in the cave site, unperturbed by the tip ap-
high enough to ensure no significant interaction with the surproach. The energy does not vary, meaning that the tip is
face atoms. In this work, we have considered constant-heightigh enough such that the tip-surface interaction is negli-
and constant-force mode for the manipulation. The simulagible. At a specific tip positiofiposition(a) in Fig. 3], which
tion of the constant-height mode is straightforward; for adepends on the tip height, the configuration becomes ener-
given Z;,, we performed calculations for a large range ofgetically unstable, and the adatom “jumps” under the tip
Xiip values QAX;,=0.12 A between two steps The apex[position (b) in Fig. 3]. Obviously, we do not have a
constant-force mode is far more complicated and raises seVateral manipulation since the adatom does not remain on the
eral issues which will be discussed in the last section. surface. The mechanism is similar to that depicted for the
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FIG. 4. Example of a sliding procesZ(,=2.7 A). See the FIG. 5. Example of a pushing process;(=3.3 A). Note that
caption of Fig. 3 for explanations. the S{111) tip is here rotated and that the adatom is initially located

in the bond site. See the caption of Fig. 3 for further explanations.

transfer of one atom between two flat electrotfeBhere are
two adsorption minima, one in the cave site and the othethat the potential trap is deep enough to overcome the diffu-
under the tip apex, separated by an energy barrier. Becausen barrier on the surface. The,g-X;, variation repre-
our calculations are done with=0 K, the transition occurs sented in Fig. 4 shows the expected characteristics of a stick-
only when the energy barrier vanishes. The transition islip behavior? also very well known in the field of
clearly visible in the curves, th¥-position difference being friction.”>="®
now almost zero, and the height difference being reduced by Another manipulation process is the pushing mode where
0.9 A. The energy difference between the two minima, wherthe adatom is repelled by the tip displacement. In Fig. 5, an
the tip is far away from the surface, is about 260 meV inexample of pushing is represented for another configuration
favor of adsorption under the tip. It is energetically favoredincluding a rotated $111) tip and the Ag atom initially lo-
because the adatom is strongly bonded with the danglingated in the bond site. Now, théposition difference ranges
orbital on the apex atom of the (311) tip. After the transi- from 3to 4 A, indicating that the Ag atom is always in front
tion, the Ag adatom remains attached to the tip apmosi-  of the moving tip. At the beginning, the distance between the
tions (b) and (c) in Fig. 3]. Weak undulations of the tip and the adatom decreases, since this one prefers to remain
X-position difference and of the energy prove that the Agin the initial bond sitgposition(a) in Fig. 5]. It then jumps
atom still “feels” the surface. The variation of height and in the next bond sit¢position(b) in Fig. 5], and the process
energy are perfectly sinusoidal, which Bougi al. have is repeatedposition (c) in Fig. 5. The movement of the
shown to be impossible in the case of a sliding mode, i.e.silver adatom does not appear in the energy cdfig. 5). In
with the adatom remaining on the surfaéefhe adatom is fact, the energy difference between the two configurations
now clearly bonded only to the tip. Therefore, if the tip is before and after the transition is very small. Instead this is
raised, the Ag atom is carried away. However, subsequerthe variation of the tip-surface interaction energy which
deposition may follow if the adatom is brought by the tip in dominates the curve. The asymmetry of the curve can be
the vicinity of a surface site with a lower adsorption energy,explained by the asymmetry of the tip.
near a step or a kink for instance. Such investigations are In the last process, the manipulated object is pulled by the
beyond the scope of this study. scanning probe tigFig. 6). During the first tip steps, we get

Lateral manipulation occurred only within three distinct a behavior similar to that for the sliding mode. The tip is
processe®’ In the sliding mode, the adatom is trapped by theapproaching the silver atom in the cave site, and at some
tip apex and follows the tip displacemeRte:**3°It can be  point, this one jumps under the t[position (a) in Fig. 6].
obtained if the tip is closer to the surfa@€g. 4). During the  However, instead to be right under the tip apex, it is now
tip approach, the adatom jumps again under the apex, and liscated between the cave site and the tip apex. The tip is too
subsequently trailed by the tip. Unlike the surface-to-tiplow to allow the adatom to remain permanently under the tip
transfer case, the adatom is still chemisorbed on the surfacapex. Then, the energy continues to decrease, with a mini-
Whether or not the tip is more attractive than the surface isnum aroundX;;,=0 where the tip apex and the adatom are
no more important in this tip height range, since there is nowight above the case site. It means that the Ag atom is at-
only one minimum energy position between the tip and theracted by both the tip and the surface. Further tip steps lead
surface. The adatom is pushed back both by the tip and th® an increase in energy whereas the adatom prefers to re-
surface. The only condition for the tip trailing the adatom ismain in the vicinity of the cave site. At some point this
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; ' | FIG. 7. Results of the scans for all the considered céseS.
; For A-D (E-G), the Ag adatom is initially located in the cave
e E S S (bond site. For each cas&—G, the column represents th&;,
X(tip) (&) range corresponding to different adatom behaviors among five. The

black color is for a successful pushing mode, the gray one for a
surface-to-tip transfer or sliding mode, whereas shaded zones cor-
respond to pulling processes. White and checkerboard areas show
unsuccessful manipulations. In the first cdséite), the adatom
configuration becomes unstable, and the adatom jumps t@tays in its initial location and in the second céskeeck boarjithe
ward the rear of the tipposition(b) in Fig. 6]. We will show  adatoms did not remain in line with the tip after the scan. In top
later how this behavior can be correlated with the tip geom{A—D) or bottom E—G) of each column, we have represented a
etry. The adatom is now pulled by the tip during the scanside (with the arrow and a top view of the tip used in each case.
One can see the nonsinusoidal undulations inXfmosition ~ White (gray) spheres represent 8hu) tip atoms.
and height differences. The silver adatom feels both the at-
traction of the tip and of the supporting(801) surface. The experiments, because of thermal enhancement. This argu-
process includes two distinct steps. In the first step, the adanent emphasizes the need to perform atomic manipulation
tom goes up and tries to stay close to the stable cave sitéxperiments in a very low temperature environment.
[position(c) in Fig. 6]. When the tip attraction exceeds the A preliminary study had shown that the manipulation of
surface attraction, the adatom quickly comes again close tthe Ag adatom on the &01) surface was feasible under
the tip rear. This mode is somewhat peculiar, because the tigpecific conditions. Indeed, it has been calculated that with a
has to pass over the adatom in order to trail it. However, thgjold tip, pushing occurs within a tip height range between
same result could be achieved if the tip is first high above th@.2 and 0.5 A° This range is may be too small to be certain
surface, then lowered in front of the adatom, before the beof the transferability of this result in the experiments, where
ginning of the scan. conditions could be different. However, the overview of our
In Fig. 7, we have summarized the results obtained fokesults depicted in Fig. 7 clearly shows that the tip height
several cases of constant-height scans, with a tip height ranganges of successful simulations are typically between 1.5
ing from 0.5 A to 6 A, with successive increments of 0.1 A and 3 A for the Si tip. This is large enough to ensure that our
(Si tips) or 0.5 A (Au tips). With the Ag atom initially in the  results are not strongly dependent on the physical approxi-
cave site, we have first considered &1310) tip (A), then the  mations we have made. In addition, the controlled manipu-
same Si tip, but rotated by 120° to have a leading ed®)e ( lation is predicted for different kind of tips and adsorption
an Au(111) tip (C), and finally a truncated Ad11) tip with-  sites. This is a crucial requirement since despite recent suc-
out Au atom at the apexY). With the Ag atom initially in  cesses irin situ structural characterization of the very end of
the bond site, the rotated($L1) tip was first usedE), then the tip2® the geometry of the tip apex is usually not known.
an Au11) tip (F), and the truncated A1) tip (G). The  Therefore, our results show that with scanning probe tech-
different areas represef;, ranges for five different adatom niques one should be able to manipulate one Ag atom on the
behaviors. Besides the four manipulation processes depictesi(001) surface.
above, two other cases are emphasized. In the white areas in Several clues about the manipulation on surfaces such as
Fig. 7, the tip passes over the adatom that remains in itSi(001) can be drawn from the calculations. Here, we found
initial location, because either the tip is too high or the tipthat a sliding process is possible when the tip is made of
attraction on the adatom is not strong enough to overcomsilicon but not of gold. This result can be explained by the
the diffusion barrier. Instead, checkerboard areas gather difarge diffusive energy barrier to overcome on thé081)
ferent unsuccessful behaviors, where the adatom typicallgurface. The potential well generated by the Si tip is deep
avoids the tip by jumping in nearest lateral adsorption sitesenough to drag the adatom on the surface which cannot be
Our calculations have been done Bt 0 K, and one can done with an Au tip. In this last case, only the core-core
expect such site hopping’s in a larger tip height range irrepulsive pushing mode is possible. Another necessary con-

FIG. 6. Example of a pulling procesZ{,=2.4 A). See the
caption of Fig. 3 for explanations.
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FIG. 8. (X,Z) position and energy of the Ag atom on the iso-
lated S{11)) tip, the atom being at the center of the tip along Yhe -0.2
axis (perpendicular to the scanning directiofhe full circles show —a 0 a
the tip atom positiongtip apex at the originand the letters refer to X(tip)
different minima. The minimunA is the energy reference. Note that
if the tip scans to the decreasidgdirection and not to the increas- FIG. 9. Variation of the vertical (J§ and lateral (k) forces
ing X, it corresponds to the rotated($L1) tip. acting on the tip as a function of the tip position along the dimer

row direction forZ;;,=3.6 A. The thick full lines show the forces

dition to perform manipulation is that the adatom stay in lineF, with the adatom initially located ax=0, whereas the thick
with in the tip direction. On a surface strongly anisotropic,dashed lines represent the force$, Rvithout the adatom. Also
vicinal with regular steps for instance, this condition can beshown with thin lines are the differences (B}, . a is the lattice
fulfilled whatever the tip. However, for the (801) surface, constant-of the $001) surface 6=3.84 A).
the adatom must also be guided by the tip. Indeed, the Si tip,
with the directional bondings originating from the-p” hy- these observations remain essentially qualitative and limited
bridization, prevents in most cases the adatom from escapirig a set of calculations. The success or failure of the manipu-
aside. On the contrary, the Au tip has a more isotropic adlation is decided by nontrivial interactions between the sur-
sorption energy surface due to its predominasitonding.  face, adatom, and tip. Our results seem to show that the tip is
It explains why its range of successful pushing is so narrowthe essential part of the trio, but more investigations are
the adatom jumping sideways or staying low below the tip. needed to confirm this phenomenological criterion.

In Fig. 8, we have represented the position and adsorption
energy of the Ag adatom on the isolated Si tip, along the scan IV. FORCES SIGNATURES
direction. We noticed that during the manipulation processes
the Ag atom was always located in or very close to a position Experiments done by Rieder and co-workers have high-
corresponding to an energy minimum of the energy curvelighted that, during constant-current STM manipulation of
The minimum labeledA corresponds to the surface-to-tip adatoms, recognizable patterns in response to the tip height
transfer or sliding modéAg under the tip, B to the pulling  sSignal can be associated with each manipulation protess.
mode(Ag behind the tip, andC to the pushing modéAg in  The variations pertaining to each process have been recently
front of the tip. Our results also suggest that the rangegeproduced using a numerical simulation of a STM tip and
associated with different processes in Fig. 7 depend on thiés associated feedback loop deviéé! During the manipu-
characteristics of these minima. Colund) of the Fig. 7 lation, the object switches between positions alternatively
shows that sliding and pulling occur for large ranges. Ac-close to or far from the immediate vicinity of the tip apex,
cordingly A and B are deep minima, where the adatom canwhat is responsible for the large variations of the extremely
be accommodated over a large variation of tip height. Consensitive tunneling current. The perturbations caused by the
versely,C is a very small minimum, almost an instable point, object will not only modify the tunneling current but also the
and it corresponds to the narrow range of tip height of thforces acting on the probing tip. We therefore expect to find
pushing mode. Further support for this relationship comes bgimilar patterns in the force monitored during constant-
considering columriB) of Fig. 7. Because the Qil1) tip is  height scans.
invariant under the £symmetry operation, Fig. 8 also shows  We have calculated theandz components of the force
the 120° rotated $111) tip if the scan is towards decreasing acting on the scanning probe tip, using the computed energy
X. Accordingly,B is now the minimum where the Ag atom is Vvalues during a large number of constant-height scans. Once
adsorbed during the pushing mode @dluring the pulling  the energy is known on each node of a f{Xg;, , Z;;p} mesh,
mode. One clearly sees that becasis a deep minimum, the forces are derived from the usual formula. For the deri-
the pushing mode is now possible over a large range. Ouvation of F;, care has been taken to use tip height values
suggestion is also supported by the result shown in columalose to each other and corresponding to the same manipu-
(E) of the Fig. 7, where pushing and sliding modes occuration mode. The results for one scarzat,=3.6 A are rep-
over a large similar tip height range. In this last case, the Agesented in Fig. 9. When the tip is far from the adat®ef
atom is now located in the bond site, which tends to indicatepart of the Fig. 9, F and the tip-surface forde® are identical
that this criterion may be general whatever the surface, thend show negligible variations since the tip is too high to feel
tip, or the kind of adatom. However, one must be aware thathe corrugation of the surface, &nd I%’ are not zero because
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of the long-range attractive van der Waals contributions. The F, (nN) F_(nN)
force on the tip deviates from zero as soon as the distance
with the adatom is slightly smaller than a lattice parameter
(3.84 A). F, decreases whereas Fcreases, the tip being
attracted by the adatom. WhexX;,=—1.5 A, the curve
F,(X) and F(X) show discontinuities related to the transfer
of the adatom under the tip. These divergences originate
from the numerical calculations of the energy derivatives.
Once the adatom is located under the tip, we observe oscil-
lations of both Eand F,, with the surface lattice periodicity.
Actually, the tip is now probing the silicon surface, since the
tip is enlarged by the adatom at its apex and is then closer to
the surface. The transfer of one adatom under the tip can then
be recognized from the increased sensitivity of lateral and
vertical forces. An equivalent situation is the sudden increase
of contrast obtained with a STM when an adatom initially on
the surface transfers under the tip.

The same analysis has been performed for all the configu-
rations considered in the previous part. To get insight into the
force variations involved during the manipulation, it is re-
quired that has a much larger amplitude tha FFigure 10
shows some of the most significant force signatures we have
obtained. The upper panél represents the vertical and lat-
eral forces signatures after the adatom has been transferred
under the tip. F minima occur when the tip carrying the X(tip)
adatom is exactly above the cave sites. Heres fower than o )

FY, which indicates that the force between the tip and the FIG. 10. Variation of the vertical ¢ and lateral (E) forces
adatom is attractive.,As small and is around zero, the ada- acting on .the tp as a funcyon qf the tip position along _the dimer
tom being successively attracted by the cave sites in line Orow direction for three manipulation processes. The full lines show

. ) the forces during the manipulatiofir) whereas the dashed lines
the surface. Neither Fnor K shows the typical sawtooth represent the forces without the adatd®)( The first casé show

behavior associated with the lateral manipulation. The ada; g, face-to-tip transfer with an attractive vertical force between the
tom must stay on the surface in order to introduce an asymsgatom and the tipZ;,=3.6 A). The caséB is an example of a
metry in the force variation. The surface-to-tip transfer cangjiging process with a repulsive vertical force between the adatom
then only be recognized by the increased sensitivity of theynd the tip Zip=2.8 A). Finally C show a pushing proce$g;,

tip. The central paneB shows the forces variations calcu- =2.8 A, rotated Sil11) tip and adatom in site bord

lated during a sliding process as depicted in Fig. 4. First, one

can see that Fis greater than ¥, so the vertical force be- associated with the approach of the tip, the contribution of
tween the adatom and the tip is repulsive. The most apparefiie adatom to Fbeing more and more repulsive, and the fast
feature of the forces variation is the apparition of asymmetriciecrease of the force is now caused by the escaping jump of
sawtooth patterns for ,£X), and also for E{X), though the adatom in the direction of the next bond site.

more weakly. The analysis of the curves in relation to the Constant-current mode STM studies have shown that it is
adatom positions shows the same kind of stick-slip behaviopossible to extract the manipulation modes from the tip
obtained in STM experimerits® and also well known in the height variation$>°! Figure 10 suggests that the analysis of
theory of friction”*~"® Starting with both adatom and tip at forces variations could also provide similar and meaningful
the cave site positiofiF,(a)=0 and F(a) close to a mini- insights. Tunneling current and interactions are completely
mum], F, becomes negative and decreases slowly as the tigifferent quantities, but it is possible to compare their varia-
moves away, the tip being “retained” by the adatom thattions as a function of the tip-surface distance. The tunneling
tries to remain in the cave site. When the tip~g.1 A current is a positive scalar quantity, and it approximately
ahead, the adatom position is instable and it quickly reacheshanges by one order of magnitude for 1 A, whatever the
a new position between the tip and the following cave sitenature of the tunneling junction. The distance variation is far
F, suddenly becomes positive whereas the peak;iodfre-  more complicated for interaction forces, which can be repul-
sponds to the tip and adatom between two cave sites, in sive or attractive, the latter with either positive or negative
highly repulsive configuration. ,Fand F, then slowly de- gradient. The gradient depends on the nature of the
crease until both the tip and the adatom are again in a cav@aterial£%®2and the shape of the tip is also known to have
site. Similar analysis can be done for a pushing procesa non-negligible influenc& % In the case of a blunt tung-
[panelC of Fig. 10]. Here, although Fshows a sharper but sten tip in interaction with an Ad1l) surface, the force
similar variation as in theB panel, the asymmetry in the gradient has been measufedetween —4 nNA~! and
oscillation of F, is now reversed. The slow increase gfi& +1 nNA~1. We therefore expect that the force signatures
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TABLE II. Tip height (constant-current scanand forces signaturggonstant-height scapsluring ma-
nipulation processessliding/pulling and pushingwith a scanning probe tip. We distinguished two cases
whether the manipulated object is seen as a depression with STM and the fdreaEen the tip and the
object varies with a positive gradie(tase\/), or the object is seen as a protrusion with STM and the force
F, varies with a negative gradieftase/\).

Tip height F, 28

\/ sliding/pulling
pushing

/N sliding/pulling

3223
3223
5%%%

pushing

might show approximate sawtooth shape, unlike the heightnode. Its simulation is easier than for modes based on the
variations in the STM measurements. control of one interaction quantity, such as constant current
Using our results and deduction, we gathered in Table lin STM or constant force in AFM. Indeed, in constant-height
the force signatures, just as the tip height signatures reportaglode, there is no need to take into account the effect of a
in STM constant-current experiments, for all the possiblefeedback loop on the scanning tip. To our knowledge, the
cases. We distinguished two cases: whether the force gradirst attempt to simulate other modes has been achieved by
ent is positive or negative. It is to be noted that two casegoyjy et al®? With their virtual scanning tunneling micro-
must also be considered for the tip height variation in thescope, they were able to reproduce the sawtooth variation of
STM experiments. In fact, it is well known that most of the yhe STM tip height during the constant-current manipulation
adsorbates will appear as a protrusion in the constant-curregt 5 xe atom on a QW10 surface. However, as far as we
imagg, effectively i.ncreasing the tunneling current, but Oth‘know, other modes, such as AFM constant force, have not
ers will act as a kind of screen for the tunneling and themyeen investigated yet in the purpose of manipulation. From
appear as a depression in the mé@@he variation shape is  the experimental point of view, no reports of manipulation in
then inversed, as was shown in STM experiméhts, OuUr  constant-force mode have been made. The occurrence of the
calculations, we were unable to obtain the force variationg,g_c5jled snap-to-contact due to mechanical instabilities
for both sliding/pulling and pushing processes in the positivgyhen the force gradientF,/9z exceeds the cantilever stiff-
gradient regime. The adsorption energy minimum being,ess for small tip surface separation may be one of the in-
lower on the Si tip, a vertical transfer occurred in the relevany,grent difficulties” Therefore, numerical simulations are an
tip height range. The strong attraction of our tip, needed tqyajuable tool to investigate the manipulation mechanisms
overcome the large diffusion barrier of the surface, also ex;, this mode.
plains why the calculated force signatures are not as sharp as the straightforward way to simulate constant-force scans
in Table II. During the manipulation, most of the time the -qngjsts in implementing an extra algorithm in the computa-
adatom remained in the proximity of the apex, and the laterafiong) code, which mimics the feedback loop. First, we have
jumps to the next site were small. Larger jumps wouldyieq this approach. We made the assumption that the char-
greatly enhance the sharpness of the signature patterns.  cteristic time of the adatom relaxation is much smaller than
The force signatures compiled in Table I could first help e feedback loop response, i.e., the time required to adjust
to determine if manipulation occurred. Indeed, a sudden ingyg height of the tip. Practically, the adatom position is then
crease of the asymmetry of Fariation means that the tip )1y relaxed for each tip height, which corresponds to the
push or drag an object on the surface. Also, the increase Qfyatom following adiabatically the tip vertical movemeAt.
the amplitude of the Fvariation may be associated with a |6y tip speed adjustment is needed in order to avoid large
transfer of the objecfc under the tip. Man_lpulatlon processeggcillations of the tip, which may lead to tip crashing or
could also be recognized from the analysis of thedwtooth |ateral adatom jumps. Although less elaborate, this scheme is
variations. Once the relation between the force and the tipaquivalent to the technique used for the virtual scanning tun-
surface distance is determined, i.e., we know if the gradlen,t]e”ng microscop@ However, this automatic technique
is positive or negative, it should be relatively easy to deducgnows several drawbacks for constant-force mode. In the
if sliding/pulling or pushing had occurred during the scan. yseful range, the variation of the force between the tip and
the surface as a function of the tip height is not monotonic,
unlike the variation of the tunneling current with the dis-
tance. This problem can be tackled by a careful optimization
Theoretical studies of the manipulation of one atom by aof the speed of the tip height adjustment. Hence, we were
scanning probe tip usually focused on the constant-heigtdble to obtain constant-force scans of the bare surface using

V. CONSTANT-FORCE MANIPULATION
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FIG. 11. Constant-force scans foy#-1.6 nN, —1.8 nN, and FIG. 12. Left panel: Tip height variations as a function of the tip

—2 nN (positive force gradientwith a S(111) tip and the Ag atom  position for a constant-force,& — 1.8 nN scan, before and after
in the cave site. The crosses mark the tip position at which thgne transition[marked by the dashed curve X(tip)=—1.72 AJ.
adatom jumps under the tip. Note that the adatom is initially locatecRight panel: Tip height variations as a function of the vertical
at Xp=0. force F, for the tip positionX(tip)=—1.72 A. For the curves la-
beled A, the adatom remains in its initial adsorption Sité(tip)

this technique. However, additional difficulties appear wher=© Al whereas it is located under the tip f8r (negative force
the scanning tip interacts with the supported adatom. Fogradient,dF;/9z<0) andC (positive force gradientyF,/7z>0)
example, a jump of the adatom directly under the tip may™"™**

drastically change the interaction between the tip and sur—h H | . . N i
face. In the tip height range useful for the manipulation, archanges the value o ,F and mechanical instabilities are

attractive vertical force will be repulsive after the jump, ex;l)\leocted éof;‘éllzw(-)n e affect of the surface-totin b of
which will result in instabilities in the feedback loop. Ww u p jump

Therefore, in this work, we favored another approachthe adatom during the scan af=-1.8 nN. Owing to the

, : : L . o . 'much longer response times of the cantilever and the feed-
with which these instabilities are clearly identified. Practi- back, the final outcome can be determined from the static

cally, we used the vertical force petwgen the tip and surfacgz(z) at the location of the adatom jump. We reported in Fig.
calculated for eacl ,Zyi, on a fine grid. The sequence of 15 the possible tip trajectories. The left graph shows the tip
the tip heightsZ;, during a scan is then extracted for suc- pejght variation before the jump, reported from Fig. 11. At
cessiveX;, from this set by assuming a constant- force.he jump[X(tip) = — 1.72 A], the adatom is transferred un-
When an instability occurs, for example, because of an adager the tip. The right graph of Fig. 12 represents how the tip
tom jump under the tip apex, we then consider a new set ofieight varies as a function of the force at the transition point.
positions and forces associated with the new tip configuraThe curveA corresponds to the configuration with the ada-
tion, i.e., with the adatom located under the tip. The advantom on the cave site, whereas ®andC, the adatom is now
tage of this method is the possibility to get all the solutionslocated at the tip apex. The intersection of the curves with
for a given force. In particular, we can analyze precisely thethe dashed line gives the tip height for each configuration.
behavior of the system near a feedback instability. After the jump, there are two solutions, one for the braBch
Figure 11 shows tip height variations calculated for sev{negative force gradientand the other for the branc@
eral force values in the case of a(Hil) tip and the Ag (positive force gradient We have to examine the two pos-
adatom in the cave site. Far from the neighborhood of the&ible transitionsA—B and A— C. The corresponding con-
adatom, we have obtained height variations with the periodtinuations of the scan are shown in the left graph of Fig. 11.
icity of the S(001) substrate, with asymmetric shapes re-First, we considered the transitioh—B. At B, the force
flecting the nonsymmetric configuration of the tip. The mini- gradient is negative, unlike the configuratidnBecause the
mum heights occurred close to the cave sites locations. Fdeedbacks are usually assumed by design to keep the sign of
F,=—1.6 nN, the tip still did not “feel” the adatom until the force gradient, a slow instability of the tip holder is ex-
Xiip is approximately lower thar-a. After this position, the  pected, followed by a crash on the surface. The other pos-
tip rose because of the increasing interaction with the adasible transition, A— C, does not suffer the gradient restric-
tom. The tip then passed over the adatom vdth =4 A, tion. At A, before the adatom jump, the tip-cantilever system
high enough to prevent a surface-to-tip transfer. The higheis in equilibrium, the attraction by the surface being balanced
bump atX;;, =0 is the image of the Ag atom in the constant- by the return force of the cantilever. Right after the adatom
force mode. However, for &=—1.8 nN or E=—-2.0 nN, transfer, the tip-surface force becomes suddenly repulsive
the tip is closer to the surface during the scan, and the adand adds up with the return force to raise the tip. The tip will
tom jumped under the tip apex whefy,=—a/2. In the oscillate around the new equilibrium position with a maxi-
normal conditions, the slow motion of the tip holder causesmum amplitude equal to the difference between the initial
gradual changes. But here, the adatom jump completelgnd final positions. Here, the height difference betwéen
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andCis about 1 A. If we assume that the adatom remains irvan der Waals contributions. We have identified four differ-
its location at the tip apex during the oscillations and that theent possible manipulation processes, i.e., the surface-to-tip
feedback speed is much greater than the scan speed, thasensfer, the sliding, pulling, and pushing modes, when using
oscillations will be progressively dampened and the slowa Si(111) tip, whereas only pushing is achieved in the case of
compensation by the feedback loop will bring the tip to thean Au tip. The structure of the tip apex has been shown to be
new equilibrium position. The scanning will then continue the predominant factor for determining the ordering and tip
with the height variations shown on the brarhn the left  height ranges associated with each manipulation process.
graph of the Fig. 12. The second part of the paper was devoted to an original
For the system we have considered, in the range of atstudy of the forces variations during the manipulation. We
tractive force with a positive gradient, we observed that ei-have determined that each process is associated with charac-
ther the tip images the adatom or a surface-to-tip transfeteristic variations, very similar to the height signatures ob-
happened during the scan over the adatom. Other possibilserved in constant-current STM experiments. It is suggested
ties, encompassing attractive forces with negative gradienthat the kind of process involved in the manipulation could
repulsive forces, or different tip shapes and orientationde inferred from the monitoring of the forces. Finally, we
have not been fully investigated; an exhaustive study beinppave presented the numerical simulations of the AFM
out of the scope of the present paper and could be the mattepnstant-force mode. From a preliminary analysis, the differ-
of a future publication. However, we emphasize that ourent possible behaviors of the tip during a surface-to-tip trans-
analysis remains valid for the general case since we havier are discussed, taking into account the feedback and can-
always observed a jump of the adatom during the approactilever responses.
of the tip.
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