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Recently it was demonstrated that the manipulation of atoms with the tip apex of a scanning probe
microscope is a promising tool for the fabrication of nanometer-scale structures. We report time-
dependent calculations of the motion of gold atoms on the NaCl(100) surface occurring after the col-
lision with the tip of an atomic-force microscope (AFM). The interaction between the adsorbates and
the tip-sample junction is calculated by considering a summation of pairwise potentials. The time-
dependent trajectories of the adsorbed species are then derived from a classical dynamical dissipative
method. Within this framework, the possibility of moving a single gold atom is investigated. We have
also studied the formation of gold dimers and trimers from such manipulations. The stability of such
clusters is discussed, in particular, its dependence on the initial position of the AFM tip. The range of
tip-surface distances, which allows a controlled manipulation, has been determined.

I. INTRODUCTION

When the tip of a scanning tunneling microscope
(STM) is scanned over a surface decorated with adsor-
bates, the mechanical interaction introduced by the tip
apex can be larger than the electronic interaction stabiliz-
ing the adsorbed species on specific surface sites. As was
first demonstrated by Eigler and Schweizer, the force ex-
erted by this apex on an adsorbate can be very well con-
trolled by using STM devices.! More recently, a similar
procedure was used to slide Pt atoms and CO molecules
on the Pt(111) surface.> This sliding process has been at-

tributed to an attractive van der Waals trap induced by’

the tip apex when it is located just “on top” of the adsor-
bate.>*

The atomic-force microscope (AFM) also appears to be
an interesting alternative for manipulating metallic
atoms, organic molecules, and aggregates deposited on
the surface of insulating materials. For example, it is
well known that large adsorbates like proteins can be
dragged away with the tip of an AFM.> Currently, the
control of the interaction generating such a motion is not
precise enough to allow manipulation of a single atom in
the manner which has been achieved with a STM device.
This would require the construction of an AFM machine
with a very accurate determination of the tip-surface dis-
tance Az and a very fine control of the tip apex fabrica-
tion. Let us recall that, for an STM able to slide atoms,
Az is known with a precision close to 1073 A! and the tip
apgx can be fabricated with a single atom at its extremi-
ty.

Nevertheless, the possibilities offered by improvements
in AFM instrumentation can be explored theoretically,
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since tip-adsorbate interactions can now be well calculat-
ed taking into account the atomic structure and the
chemical composition of both tip apex and surface.’
Some of these possibilities have been listed in Ref. 4, e.g.,
the study of the forces between reactants originating
from a surface reaction, the mapping of the potential be-
tween an atom and the surface, and the manipulation of
metal atoms on an insulating substrate to fabricate wires
of subnanometer section.

Recently, we have shown that the sliding of a gold (Au)
atom on the NaCl(100) surface with a diamond tip apex
cannot be an “on top” sliding process, as happens for Xe
on Cu(110) or Ni(110) surfaces, but rather is a lateral slid-
ing process which could be called a “pushing” process.®
This singular behavior is due to the 0.190-eV Au surface
diffusion barrier along the Nat-Na™ path, one order of
magnitude larger than the 15-meV diffusion barrier for
Xe along the (110) copper rows. In fact the van der
Waals trap created by the diamond apex is not deep
enough to compensate for the diffusion barrier height.?
Consequently, one needs to bring the apex close to the
surface without destabilizing the adsorbate in an uncon-
trolled manner. Adiabatic and time-independent calcula-
tions have shown that a lateral shift of the apex by half a
surface unit cell along a Nat-Na™ path constitutes a pos-
sible approach. In that case, the effect of the apex in-
teraction raises the Au atom slightly in its hollow site.
This implies a decrease of the Au atom diffusion barrier
height along the diffusion path, and the atom may then
be pushed with the tip.® However, no time-dependent
calculations of such a process have been made to confirm
the validity of the described mechanism.

In this paper we report time-dependent calculations of
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gold atom motions on the NaCl(100) surface after col-
lision with an AFM tip. The same diamond-tip-Au-
NaCl(100) junction used in our preliminary static study®
will be adopted in the present calculation, since the vari-
ous interaction potentials have already been checked.
This time-dependent approach is applied to the collision
between an isolated Au atom pushed by the tip and
another single Au atom or an Au dimer at rest on the
surface. In fact because of the metallic cohesion between
adsorbed species, one deals with a reactive collision pro-
cess which results in the production of a dimer or trimer
of gold atoms. We note that such a sequence of physical
mechanisms would be interesting to study experimental-
ly, since the reactants and the final product are well
identifiable using the current AFM image capabilities in
UHV.

The paper is organized as follows. The Au-NaCl(100),
the Au-diamond apex, and the Au-Au interaction poten-
tials are presented in Sec. II. A dissipative classical
dynamical method is used in Sec. III to calculate the
time-dependent trajectories of the Au atoms. The
influence of the tip apex size on the pushing process of
Au atoms on NaCl(100) will also be considered. Lateral
and frontal dimer and trimer formations will be reported
in Sec. IV. Finally, AFM constant height images of the
reactants and of the products will be presented to facili-
tate their experimental recognition. Further extensions
of this work will be proposed in Sec. V.

II. DIAMOND APEX-AU-NaCl(100)
INTERACTION POTENTIALS

Before undertaking a studying of the time-dependent
trajectories of an isolated Au atom pushed by the tip, an
energy-based description of the tip apex-Au-NaCl(100)
mechanical junction has to be considered. In such a junc-
tion, the tip apex is described as a finite diamond cluster
structured in a C;, symmetry, and the NaCl material by
a finite slab composed of five layers (Fig. 1). The struc-
ture of both the tip apex and the NaCl(100) slab have
been previously optimized separately using standard rou-

FIG. 1. Detail structure of the tip apex-gold atom-NaCl(100)
surface junction used in the present paper. The diamond tip is
limited to a C;, apex of 13 atoms with a (111) orientation. The
NaCl material is a finite slab of five layers with 289 atoms by
layer with a standard 3.98-A lattice parameter.
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tines of molecular mechanics.”® For the apex structure,
most of our calculations have been performed with a clus-
ter of 13 carbon atoms structured in four layers, and
some with a 128 carbon atom cluster to check the validity
of the 13-atom cluster results. There are 289 atoms per
layer in the chosen NaCl(100) slab. In the junction, the
Au atoms will be free to find their final equilibrium posi-
tions on NaCl(100); these positions depend on the tip-
sample distance (Z,) to the lateral position (X,,,Y,). The
distance Z, can vary to keep the interaction force be-
tween the apex and the surface constant during the scan-
ning of the surface in a constant force regime. These
changes in equilibrium position are controlled by interac-
tions between all the atoms in the junction. The apex and
the NaCl(100) slab are assumed to be rigid after their in-
dependent full structure optimization. The total energy
Uioral(Rg; R, R,) Of the junction can then be reduced, in
a first approximation, to the sum of pairwise interaction
potentials between atoms:

Uotal(Rais R j,Ro)= Uy (R, R+ Uy (Rg;, R )

U, (R,,R)+U,R,) (1)

The tip apex to the NaCl(100) slab U,(R;,R,) potential
is given by the usual summation of Buckingham terms:

Uy(Rj,Rp)=3 [ 4;.exp(— |Rj—Ra|/kja)
ha

—C,o/ IR, =R, %] . 2

The vectors R; represent the coordinates of the carbon
atoms, and the R, those of the Na™t or Cl™ ions of the
NaCl(100) slab. The Ajg Ajer and Cj, are calculated fol-
lowing the usual approximation: 10 4,,=2.9%10°
(A; A% Ajg=(X;+1,)/12.5, and C}, =2, 25(1 +2g)
(A A )l/ 2. The optlmlzed constants are A, 20.079
kcal/mol and A,=0. 9393 A for Na*t , A4,=0.238
kcal/mol and A,=2.27 A for CI7, and A =0.044
kcal/mol and A, —1 90 A for apex carbon atoms This
leads to 4;,= 17097 7 kcal/mol, A;,=0.2271 A and

] =69. 498 kcal A%/mol for the C- Na 1nterac°t10n, and

——29 676.5  kcal/mol, k] =0.3336 A, and

C =1210.63 kcal A®/mol for the C-C1~ interaction.

The Buckingham potential is preferred to the
Lennard-Jones one since it leads to a better agreement be-
tween experimental and calculated constant force AFM
images of the NaCl(100) surface at low applied forces.’
Notice that our optimized NaCl(lOO) slab presents a rum-
pled surface, with the Na' ions calculated to be
depressed by 0.089 A in the surface relative to the Cl~
ions surface layer. The experlmental value given for this
rumpling distance is 0.0874 AN

The tip apex-Au atom potential U, (R,;,R;) is also
chosen as a sum of Buckingham terms:

Upa(Rai,Rj)= Z[A,-jexp(—— |Ra,-—Rj|/k,-j)
L]
6
—C,-j/!Ra,-—Rj| ]. (3)

A;j, Ayj» and C;; are calculated using generalized parame-

ters for metals from the MM2 molecular mechanics rou-
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tine:'>  4;,=37600.8 keal/mol, X;=0.3576 A, and

C;;=2328. 7 kcal A%/mol. Apart from a possible weak
van der Waals bonding between the tip apex and an Au
atom, no chemical bond between the two interacting sys-
tems is allowed for in (3). This choice is justified by the
fact that the surface holding energy U, of the adsorbate
is large enough to prevent, at the tip apex to the Au dis-
tance considered here, the formation of an Au-C chemi-
cal bond.

The Au-NaCl(100) interaction is described by a poten-
tial of Lennard-Jones type:

Uy(RR)=3 Ce Cr
s ha 1Rai_Ra|6 |Rai—Ra[8
_ CIO + C12
— 10 — 12
|Rai Ra] 'Rai Ral
(4)

It was shown by Fuwa et al.!> that Au atoms are
weakly chemisorbed on the NaCl(100) surface with a
bonding energy reaching about 0.7 eV. The semiempiri-
cal potential (4) proposed first by Chan, Buckingham, and
Robins!* reproduces accurately the Au bonding proper-
ties on NaCl(100). The repulsion constant C,, and the
various dispersive strength coefficients occurring in this
potential are available in Refs. 15 and 16. When the rum-
pling effect is included in our calculations, the diffusion
barrier along the Na™ rows reaches about 0.19 eV, and
the equilibrium site of the gold atom is calculated to be
directly above a Na™ site.®

In order to describe the Au-Au interaction, we have
chosen a Gupta-type potential in which a standard Born-
Mayer term is compensated for with a pseudo-many-body

contribution introduced to mimic the metallic
cohesion:!"13
Uaa(Rai )=E 2 A zexp[ —p( ]Rai —jo ] -ro)]
j i

- [zexp[ —2g( IRai _Rajl

172
] . (5)

This potential reproduces in a satisfactory way the
geometry of small Au clusters with the following parame-
ters: r,=2.884 A (the bulk interatomic distance),
pro=10.3, and gr,=4.0. E and A4 were determined to fit
the bulk cohesive energy per atom. This leads to
E=3.57eVand 4=0.1135."

We have tested this potential for small Au, clusters
(n=2-7). Apart from the Jahn-Teller distortion, the
ground-state geometries of these clusters were found to
be nearly identical to those obtained from ab initio calcu-
lations.?>2! This distortion implies a less symmetrical
geometry than the Gupta potential could predict. For
Au;, an equilateral triangle configuration is found by us-
ing the potential in Eq. (5), whereas ab initio calculations
lead to an isosceles triangle configuration for the ground

—rg)]

state.” This feature is well known from calculations on
alkali clusters.?? Concerning the tetramer, recent theoret-
ical works on the Cu, Ag, or Au clusters have shown that
the rhombus pattern is the most stable geometry,?
analogy with the case of other metals having a smgle
valence electron, 24 The calculated bond length in the te-
tramer is 2.73 A, whereas the Gupta potential leads to
2.5 A. For larger aggregates, the pentamer displays a
plane trapezium equilibrium structure with the potential
in Eq. (5) rather than a trigonal bipyramid or a square py-
ramid. The calculated Aug conformation is a pentagonal
pyramid,? and that of Au, is a pentagonal bipyramid. In
spite of the rather good agreement the bond lengths cal-
culated with Eq. (5) are generally too short compared to
the experimental results or to more sophisticated calcula-
tions.” This means that the metallic cohesion allowed
for in Eq. (5) is too large. It is possible to adjust the pa-
rametrization in Eq. (5) for each n value, but this would
be artificial. Consequently, we have preferred to retain
the standard parameters, since for our manipulation
study only a reasonable prediction of the cluster confor-
mation is required.

III. MOVING AN ISOLATED GOLD ATOM
WITH A DIAMOND TIP

A. The equation of motion

The process proposed to move a single gold atom is
based on a lateral interaction between a diamond apex
and the adsorbate. From a time-dependent point of view,
such a process can be simulated by considering the atom
as a classical particle constrained to stay in the region of
the tip-surface mechanical junction by a potential of the
form (1). So the equation of motion of the gold atom near
the tip is given by

d?R,(1) dR (1)

+
m dt? mn dt

d
T 3R, Utora (Ro(2),R;(1),R,) ,  (6)

where 7=7"! is a friction constant and m the Au atom
mass. Uy, is now time dependent, since the position
R; of each apex atom changes with time to be able to
push the Au atom. Moreover, the surface is assumed to
be at 0 K. Consequently, there is no stochastic contribu-
tion to Eq. (6), in contrast to the usual model for the ad-
sorbate surface diffusion.?®

For an AFM (and for a STM), the experimental tip dis-
placement speed is around 10 A/s. So, on the time scale
(1071 5) of the low amplitude vibration of Au in a Na™
hollow site, the tip does not move. This was the basis of
our adiabatic and time-independent calculations concern-
ing this process.® Therefore, the dynamical Eq. (6) has to
be solved taking into account the difference of many or-
ders of magnitude in the time scale. This is formally rem-
iniscent of the calculation of protein conformations,
where the time scale of the local vibrating bonds is very
different form the one for a collective change of the whole
protein conformation.?’” What helps in our case is the ac-
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commodation time 7 of Au on NaCl(100). The spatial ex-
tension of the migration of a “hot” Au atom on
NaCl(100) is limited by friction effects. They come from
the local polarization of the NaCl(100) surface around
the instantaneous position of Au (time scale 7, ), and from
surface phonon excitations (time scale 7).

This accommodation time 7=, + 7, is a time scale,
allowing us to adjust the speed of the tip apex: as in usual
experimental work, a motion of the apex must occur for a
time At larger than 7. Unfortunately, neither experimen-
tal nor calculated 7 values are available for Au on
NaCl(100). For example, 7, is obviously larger for chem-
isorbed species than for physisorbed ones: on an Ag sur-
face, 7,=3.3X 107 s for Xe atoms and 7,=10"'" s for
Ag adsorbates.”® In the case of an insulating substrate,
the estimation is less easy. We have chosen an intermedi-
ate value 7=2.0X 107" s for the Au-NaCl(100) system.
In our calculation, the changing of tip position awaits the
end of the Au atom relaxation. Thus a change in 7 will
not change our conclusion about the pushing process, but
only some details in the time-dependent trajectories.

Equation (6) has been solved numerically for given ini-
tial positions of the tip apex at R, =(X,,,Y,,Z,) and of
gold atoms by applying a standard Verlet molecular dy-
namic algorithm.?’ Moreover, At has to be chosen to be
around a tenth of the value of the period of the largest
frequency of the vibration to be simulated in the system.

B. Movement of a single Au atom

From an experimental point of view and at low Au
coverage, the Au clusters are accumulated along the
cleavage steps of the NaCl(10) surface.’* Some isolated
Au atoms can be found on the atomically flat terraces be-
tween these steps.’! Prior to any atomic manipulations,
AFM images must be used to locate the Au atoms on the
terraces. Very small scanning forces have to be used so
as to leave each adsorbate in its equilibrium site. The
threshold between the range of height to image and the
range to manipulate is determined by the magnitude of
the surface corrugations experienced by the adsorbate.
In fact, what was a perturbation for the imaging process
turns out to be an advantage for a controlled manipula-
tion.!

For the sliding process currently used with a STM, the
tip apex is positioned directly above the adsorbate atom.!
This is the so-called “on top” configuration. If such a
configuration is applied with an AFM in order to slide an
Au atom on NaCl(100), the energy gain due to a weak
apex touch on the adsorbate atom, i.e., one with Zp >5.5
A, is much lower than the Au surface diffusion barrier
height.® Reducing the apex-surface distance leads to a
destabilization of the Au atom which is then constrained
to move sideways to avoid the apex. This behavior is il-
lustrated in Fig. 2. When the tip apex is displaced across
the surface at fixed height Z, =5.1 A, the atom jumps
into another hollow site in a direction opposite to that of
the apex displacement. As illustrated in Fig. 2, beyond
this threshold value the Au atom avoids the apex but
keeps its equilibrium site. These facts mean that the “on-
top” tip adsorbate configuration does not allow con-
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FIG. 2. The lateral position X, of a gold atom along the Na*
row is represented as a function of the lateral position X, of the
tip apex along the same row. At the beginning of the moving
process, the apex is located just above the Au atom at a very
large approach distance Z,. This distance is then reduced to-
ward its chosen value. This procedure explains the presence of
the vertical line occurring just for X, =0 A It corresponds to
the time-dependent apex approach. After this preparation, the
apex is scanned at a constant altitude along a Na™ row of the
crystal. For each tip-sample configuration the energy is mini-
mized by considering three typical approach distances.

trolled manipulations of a single gold atom adsorbed on
NaCl(100).

Let us now examine the pushing process in which the
tip is positioned beside the gold atom in the same hor-
izontal Na* row.® This configuration is illustrated in
Fig. 3. The tip apex is first positioned 8 A away from the
Au atom on the Nat row axis corresponding to the Au
equilibrium position. This is the initial condition for the

cl |
I L7
L/ L/ % I \J
Au

N
._+ 49 Na

AT —
N N (] ]
L N> L U

FIG. 3. Initial configuration used for the pushing process.
The extremity (small grey circles) of the diamond tip apex is
drawn on the NaCl(100) surface with the initial Au position
(large circle with horizontal lines).
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pushing process. Then, the height Z, is slowly decreased
until the chosen Z, is reached. During that time, the Au
atom adopts an equilibrium position in the apex-
NaCl(100) junction. After this preparation, the tip is
scanned along the Na™ row direction at the chosen Z,
distance. Using this procedure, three kinds of Au atom
motion have been obtained by solving the dynamical
equation (6) (Fig. 4).

(i) For large Z, (Z,2>5.36 A), the Au atom is not
sufficiently trappcd by the apex to be able to jump over
the saddle point located between the two nearest Cl1~ ions
in order to reach the next hollow site. Therefore, due to
its weak repulsion with the end tip atom when the apex
passes over it, only a little backward destabilization can
be expected. Finally, the atom returns to its initial hol-
low site when the tip passes on [Fig. 4(a)].

(ii) In a narrow range, 4.86 A<Z, <5.35 A, as the tip
passes over the Au atom during the scan it ejects the
atom backwards. In this case, the Au atom goes back to

255

-~

2 \\ [ / 435/1 | ;
N \\\\{ - ’1"””,: ik Crgsaed \\f
N
f
225 Zn=4.36 A\ \ I
NG
4 3 2 1 Xp(;\) 0 1 2 3

FIG. 4. Variation of both the lateral position X, (curves a)
and the corresponding altitude Z, (curves b) of the Au atom as
a function of the tip position X,. As in Fig. 2, both the adsor-
bate and the tip move along a Na* row of the NaCl crystal.
Different typical tip-surface heights Z, have been considered.
The initial configuration used to calculate this sequence is pic-

- tured in Fig. 3. At the beginning of the process the gold atom is
located at the origin of the absolute frame just above a Na™ site.
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the nearest-neighboring equilibrium hollow site [Fig. 4(a)]
due to a vertical pressure exerted by the tip apex. For
example, with Z, =4.86 A [Fig. 4(b)], the adsorption dis-
tance Z, of the Au atom decreases continuously when
the tip is scanned, until a certain threshold (Z,=2.16 A)
is reached. In this situation, the repulsion due to the
atoms of the apex becomes too strong for the Au atom to
stay in its initial equilibrium site. This results in the
backward jump observed in Fig. 4(a).

(iii) Finally, for small Z, (Z, <4.85 A), the Au atom is
sufficiently destabilized m 1ts initial hollow site by the
apex repulsion to produce a jump from its initial position
to the next hollow site when the tip is scanned. The
curves in Fig. 4(a) illustrate in a striking way the gradual
and reproducible motion of the Au atom along the Na™*
row. A corresponding effect appears in Z,, since to sur-
mount the C1~ saddle point, Z, must increase. This ex-
plains the presence of the two narrow peaks at X, =—3.1
and 1 A observed in Fig. 4(b) when Z,=4.0 A.

More details about the Au dxsplacement induced by
the tip are given by the time-dependent functions X,(¢)
and Z,(t). The time dependence of the Au trajectories
do not appear in Fig. 4, since only the parametric curves
X, (1)=f(X,(1)) and Z,(¢)=f,(X,(2)) are plotted. In
Fig. 5, X,(¢t) and Z_,(t) are presented, starting a few pi-
coseconds before an Au jump via the neighborhood C1~
saddle point, for a sliding tip with Z,=3.0 A. The Au
atom transfer occurs when X, reaches about 4 A ie.,
when Z, decreases toward its 2.5- A equilibrium position.
This transfer is accompanied by damped oscillations in
lateral and vertical positions due to the friction constant
introduced in Eq. (6). The oscillation frequency of X,(¢)
is smaller than that of Z,(¢) because of the large force
constant which binds the Au atom on the surface, as
compared to the force constant which keeps the gold
atom in a hollow site.

As shown in Fig. 4, two distance thresholds (Z,=4.85
and 5.36 A) are characteristic of the Au pushlng process
with a diamond tip on NaCl(100). This is summarized in
Fig. 6 by representing the probability P(Z,) of such a
push as a function of Z,. For the “on top” sliding of a
Xe atom on Ni(110), there is only one threshold altitude,
Z,=6.8 A? defined as the altitude for which
P(Z,)=0.5 for sliding. This was determined experimen-
tally over a sequence of successful and unsuccessful slid-
ing processes.>’ For the Au atom the existence of two
different Z, threshold backward and forward jumps, in-
stead of the single threshold for the Xe atom, appears to
be a consequence of the pushing process chosen. Since
this process is determined by the height of the diffusion
barrier, one may wonder if such a double threshold can
be observed in STM by choosing an adsorbate-substrate
combination displaying larger diffusion barrier height.

Another difference between our calculated P(Z,)
curves and the experimental ones is the discontinuous
P(Z,) variation in the threshold regions (Fig. 6). This is
due to the fact that the Au surface tunneling is not con-
sidered in Eq. (6). In the threshold regions, the possibili-
ty for the Au atom to tunnel through the deformed
diffusion barrier instead of jumping over it will smooth
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FIG. 5. Time variation of the coordinates X,(¢) (curves a)
and Z,(¢) (curves b) of a single Au jumping from one equilibri-
um position to another one. The second equilibrium site is lo-
cated along the same Nat row. We have considered a tip-
sample distance Z, =3 Aanda tip motion speed of 21 A/ns.

forwards

o
wh

Prabability to transfer

-
backwards

FIG. 6. Probability P(Z,) of obtaining a successful push of
the Au atom as a function of the tip-sample distance Z,. In the
forward case, the function P(Z,) clearly indicates a whole dis-
placement along the initial Na* row. In the backward case, the
atom jumps in the opposite direction from the tip motion. Note
that in the framework of a whole quantum-mechanical calcula-
tion, the vertical transitions ocurring in the variation of P(Z,)
should be smoothed by the surface tunneling effects.
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the variation of P(Z,). This effect is found experimen-
tally for the Xe P(Z,) curves.>?

Equation (6) was also solved with a larger tip apex of
128 carbon atoms, while keeping the same C;, 13-atom
apex at the end. No significant change was found in the
result. The attractive contribution introduced by the ad-
ditional tip atoms does not change the main features of
the manipulation process described above. The only
difference lies in a weak shift of the two distance thresh-
olds: 4.81 A instead of 4.86 A, and 5.31 A instead of 5.36
A.

IV. Au DIMER AND TRIMER FORMATION

When a beam of particles composed of atoms or small
clusters is focused on a surface, the first clustering of ad-
sorbates occurring at a given temperature depends
dramatically on a subtle competition between the atom-
atom interactions, the adsorbate holding energy, and the
initial kinetic energy of each adsorbate.

As recently observed by Weiss and Eigler for the Xe-
Pt(111) system, “hot” Xe atoms may diffuse over hundred
of A before being accommodated.*® The Xe atoms accu-
mulate preferentially near the step edges and the
structural defects of the Pt(111) surface. To overcome
this spontaneous organization, one must wait for the ac-
commodation and, at very low temperature, use a STM
tip to slide the Xe atoms, one by one, in order to fabricate
artificial structures.! In the case of Xe adsorbates, the
weak lateral interactions between them prevent any clus-
tering processes. For Pt atoms on Pt(111), artificial con-
structions such as atomic lines can also be assembled, us-
ing the sliding process.> At low temperature (4 K), the
displacement barrier height [about 0.2 eV for Pt on
Pt(111)] seems to be sufficiently large to avoid a spontane-
ous reorganization’* even after the construction of a
close-packed linear chain.? At higher temperature, this
reorganization will occur via the random motion of sur-
face atoms or via hopping and will lead to cluster forma-
tion.

For the Au-NaCl(100) system, it is well known that
clustering also occurs at the step edges.’*>! Unlike what
happens for the Pt-Pt(111) system, even at very low tem-
perature, the competition between the 0.19-eV Au
diffusion barrier height and the Au-Au interaction given
by Eq. (5) will not permit the use of such artificial fabrica-
tion processes to form close-packed atomic metallic lines
on NaCl(100).

In Sec. IV A and IV B, the dynamical equation (6) will
be solved for two and three gold atoms located in the
tip-substrate junction. At the beginning of the simulation
a single gold atom will be pushed by a diamond tip apex
formed of 13 carbon atoms, and the others will be con-
sidered at rest. Let us note that in this simulation the
damping of the Au-Au bond vibration has been taken to
be identical with that of a single Au atom adsorbed on
NaCl(100).

A. Au, formation

From the Gupta potential [Eq. (5)], an isolated Au, di-
mer has a bond length of 2.31 A, a little too short com-
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FIG. 7. Initial (circles with
horizontal lines) and final (cir-
cles with vertical lines) positions
of the Au atoms on NaCl(100)
before and after a collision of
two gold atoms. The full and
dashed lines are an example of a
possible time-dependent trajec-
tory. In this simulation the tip
speed is 80 A/ns, and the dura-
tion of the represented trajec-
tories is 0.06 ns.

pared to recent ab initio calculations?® and evaluated data
obtained from experiments.>* On NaCl(100) at very low
temperature, two isolated Au atoms will stay in their
respective hollow sites if their relative distance is greater
than 8 A3 Using Eq. (5), the equilibrium position of
Au, on NaCl(100) has been calculated. The Au-Au 2.32-
A distance on NaCl(100) is a little larger than that in the
gas phase, due to the mismatch between the NaCl(100)
lattice constant and the 2.31-A bond length of Au, in the
gas phase. Furthermore, there is no symmetry breaking
at our level of approximation. The two atoms formed a
dimer centered on the saddle point in a direction perpen-
dicular to the C1™-Cl™ direction.

Starting with the Au atoms far apart, there are two
different ways of sliding one of them in the direction of
the other: a lateral approach or a frontal approach.

For the lateral approach, the two Au atoms are ad-
sorbed on two different parallel Na* rows. The tip is
then positioned laterally with respect to the Au atom to
be moved, and Eq. (6) is solved for a tip motion in the
row parallel to the row occupied by the stationary Au
atom. Only configurations with two consecutive rows
bave been investigated (Figs. 7 and 8). A typical trajecto-
ry of the two Au atoms during both the approach and
scattering processes is drawn in Fig. 7. In this case, the
speed of the tip is 80 A/ns and Z,=4.85 A. A detailed
analysis of this trajectory shows that initially the pushed
atom is attracted by the stationary atom (located at the
origin in Fig. 7). We note that during this first part of the
collision, the stationary Au atom is slightly attracted by
the pushed one, and is then repelled when the first Au
atom crosses the saddle point. Constrained by the second
gold atom, the apex, and the C1~ row, the pushed atom
escapes backwards into another equilibrium site. The re-
sult of this reactive collision is the formation of a dimer
parallel to the Na* horizontal rows. In Fig. 7, the dura-
tion of the atom trajectory is 0.06 ns, which represents a
speed of the gold atom four times larger than the tip
speed. During the collision, the tip is situated at
X,=—28.6 A, so as not to disturb the scattering process.
After that, the tip apex follows its straight trajectory
without perturbing the dimer structure.

When the speed of the tip is reduced with the same ap-
proach distance Z,=4.85 A, the final orientation of the
Au, dimer changes In fact, in this situation the pushed
Au atom does not obtain enough energy from the tip to
overcome the Cl™ barrier. As presented in Fig. 8 for a
speed of 20 A/ns, a dimer is first formed (circles with ob-

X,R)

FIG. 8. Another example of time-dependent trajectories for
the two gold atoms during an Au-Au collision induced by an
apex push of one Au on NaCl(100). In this second application
the tip speed is 20 A/ns, and the duration of the represented
trajectories is 0.5 ns. The circles with horizontal, oblique, and
vertical lines schematize, respectively, the initial, intermediary,
and final positions of the two Au atoms.
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FIG. 9. Time-dependent representation of
an Au-Au frontal collision. The motion of the
apex and the two gold atoms is represented by
the variation of the coordinate X,(¢) along a
sodium row of the surface. The dashed line
describes the motion of the stationary atom
after the collision; the full line characterizes
the movement of the atom pushed by the tip.
The initial positions are —12 A for the pushed
atom and 0 A for the stationary Au. The tip
speed is fixed at 80 1°\/ns, and its successive po-
sitions are represented by the stepped dashed
line.

0 30 60 90 120 150
time (ps)

lique lines in Fig. 8). Subsequently, this dimer rapidly
perturbed by the tip apex, since the pushed gold atom has
been stabilized after starting from the next Na™ row.
The stationary Au atom passes over the CI~ row via a
saddle point to reach the next hollow site in the consecu-
tive Na* row. Then the pushed Au atom occupies the
initial hollow site left by the other Au atom. The result
of this collision is the formation of a dimer along the
Na* vertical row (circles with vertical lines in Fig. 8),
with the same structure and energy as that formed at a
higher speed of the tip.

In a frontal approach (cf. Fig. 9), the two Au atoms
and the tip are aligned on the same Na™ horizontal row.
The initial condition is chosen with the stationary Au
atom at X =0 A and the pushed one at X =—12 A. The
tip is prepared at Z,=4.85 A as described previously,
and the sliding process is started 30 ps afterward (Fig. 9).
Here we have chosen a time-dependent representation in-
stead of one based on trajectory, since all the motions are
constrained on the same axis. This is due to the fact that
the push on the Au atom is weak enough to prevent any
lateral escape. At the first Au atom jump from —12 to
~8A (Fig. 9), the position of the stationary Au is slight-
ly perturbed. At the second jump, the Au, dimer is
formed and the Au-Au distance is quickly stabilized at
2.32 A. One remarks that the tip continues to move after
the Au, dimer formation. Therefore, the whole dimer is
pushed at the next jump, as presented in Fig. 9, and will
continue to be pushed until the retraction of the tip.

B. Au; formation

From the Gupta potential described in Eq. (5) the
ground-state geometry of an 1solated trimer Au, is an
equilateral triangle with a 2.48- A bond length. The equi-
librium position of the Au trimer on NaCl(100) is
presented in Fig. 10 (circles with vertical lines). The
bond length is not changed from the gas phase due to the
fact that already for the trimer the cohesive energy dom-
inates the substrate contribution.

The initial conditions for the collision are presented in
Fig. 10. The Au atom to be pushed and the stationary
Au, dimer are chosen in the same Na™ row (circles with

horizontal lines). The initial distance between the two
adsorbates is about 8 A to avoid any mutual attraction.
The bond length in Au, is 2.32 A and Z,=4.85 A.

The trajectories of the Au atoms are presentcd in Fig.
10. Upon collision with the pushed Au[Au(3)], the front
atom of the dimer [Au(2)] is laterally repelled and reaches
the C1~ row. It passes over the Cl -Cl~ saddle point
and can escape from its original Na™ row into the next
one. But due to its attraction to the two other Au atoms,
Au(2) is stabilized on the saddle point with an altitude
above the surface larger (2.78 A) than those for Au(l)
(2.65 A) and Au(3) (2.68 A). This position is controlled
by the motion of the Au(1) atom, which upon collision is
attracted by Au(2) and Au(3) along the Na* row. At the
same time, Au(3) follows the direction of the Na™* row
and finds its equilibrium position between the saddle
point and the Na* hollow site. The result of this col-
lision is the formation of a trimer (circles with vertical
lines in Fig. 10) with an equilateral conformation, as in
the gas phase. In the calculation, the motion of the tip
was stopped after the full relaxation of this trimer
geometry.

If the apex continues its motion, successive positions of
Au, are represented in Fig. 11. The Au(3) atom is re-
pelled sideways by the tip since it is higher in altitude
than on a hollow site. This results in a complete reorgan-

2 i 7 T
1 _ “J‘&f‘
g 0 *
> -1 S — _,
_2\:
-3 3
-14 -12 -10 -8 -6 -4 2 0
X,(A)

FIG. 10. An example of time-dependent trajectories of three
Au atoms during an Au-Au, collision induced by the AFM tip.
The circles with horizontal lines are the initial Au atom posi-
tions, and those with vertical lines represent the final atomic po-
sitions. The tip speed is fixed at 80 A/ns, and the duration of
the represented trajectories is 0.06 ns.
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FIG. 11. A sequence of different equilibrium positions of a
gold trimer on NaCl(100) induced by the tip displacement along
a Na‘t row of the surface. The circles with horizontal lines
schematize the gold atoms after the collision when the tip is lo-
cated at the position X, =—14.8 A. When the tip continues its
straight motion, a reorganization of the trimer occurs (circles
with oblique lines, X, = —8.8 A). Finally, the tip apex pushes
the Auj; cluster (circles with vertical lines, X b= —4.8 A). The
tip height used in this simulation is Z, =4.85 A.

20

ization of Au,, since a lateral push on Au(3) leads to a
displacement of Au(2) and Au(l) (circles with oblique
lines in Fig. 11). Notice that, as for Au,, Au,; will be
pushed as a whole trimer until the retraction of the tip.

The trajectories during the Au,; formation are less
chaotic than those during Au, formation. This is due to
the fact that Au, creates a deeper and larger potential
well than a single atom on NaCl(100). Therefore in this
case, the trajectories are less sensitive to the details of the
surface corrugations than those for a single stationary
atom. One consequence is that there is no variation in
the trajectories as a function of the initial speed of the tip
for a given Z,. When Au(3) enters the region of the at-
tractive potential created by Au,, the gradient of the po-
tential energy is large enough to control the Au(3) gain in
kinetic energy independently of the initial tip speed.

To help in the recognition of Au, and Au; on
NaCl(100), constant distance AFM images of these gdsor-
bates have been calculated. A height of Z,=5.5 A was
chosen in order to leave the clusters in their equilibrium

FIG. 12. Constant distance AFM images of
Au, Au,, and Au; on NaCl(100). The structure

(nN)

u 2+

of the tip for this simulation is represented on
Fig. 1. In order to minimize the apex-cluster
interaction, these images have been calculated
at a distance Z,=5.6 A. The first AFM map
(a) gives some indication on the surface topog-
raphy before the collision. The second map (b)
represents the AFM image of the trimer after
the collision.
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position upon scanning. At this distance, the atomic
structure of the NaCl(100) surface is not resolved (Fig.
12). Notice also that the AFM map of an isolated Au is
not symmetric when imaged with a C;, diamond apex
[Fig. 12(a)]. This is due to the interaction of the second
layer of the apex with Au atom.

The clusters show up as an asymmetrical bump on the
surface. Nevertheless, it is difficult to identify precisely
each Au atom composing the clusters; for example, to
distinguish the two gold atoms in the Au, AFM map of
Fig. 12(a). In this case, this is due to the short bond
length and to the tip symmetry. Au; is more easily
identifiable due to its triangular shape and to the presence
of the atom Au(3) which has a higher altitude on the sur-
face [Fig. 12(b)].

CONCLUSION

Depending on the surface diffusion barrier height, the
tip apex of a STM may be used to slide or push an adsor-
bate. For a small barrier, the sliding process is very con-
trollable, but for a large barrier a pushing process is
preferable. To decide between the two processes, the
heights of the barrier must be compared to the energy
gain for an “on top” tip apex-adsorbate configuration.

X. BOUJU, C. JOACHIM, AND C. GIRARD 50

For the Au-NaCl(100) system, we have shown, using
time-dependent trajectory calculations, that the ‘“push-
ing” of Au atoms with an AFM tip apex can be used to
manipulate Au atoms on the surface and to fabricate Au
dimers and trimers. Due to the metallic cohesion, the
constructed trimer is not a close-packed linear chain but
a triangular cluster as in the gas phase. Larger clusters
may also be assembled, but their conformation is globular
and does not extend in linear chains.

Further improvements of the presented calculations
will involve a better description of the friction effect, the
calculation of the surface tunneling effect when the
diffusion barrier is deformed by the tip apex, and the de-
formation of the surface by the tip apex interaction.
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