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Transport of physisorbed Xe atoms on Ni(110) using a scanning tunneling microscope:
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Using a simple theoretical model we have simulated the conditions under which a scanning tun-

neliug microscope is able to transport a physisorbed xenon atom sitting on a nickel (110) surface.
Simple calculations of the tunnel current for the atomic geometries derived using the former model
are in good agreement with an elegant experiment performed by Eigler and Schweizer on the same
system [Nature 344, 524 (1990)]. On these theoretical grounds, we discuss in detail how different
conditions affect the transport process for this system.

I. INTRODUCTION

In a recent work, Eigler and Schweizer~ have reported
an interesting experiment where xenon single atoms
physisorbed on a Ni(100) surface were positioned with
atomic precision at will using a scanning tunneling mi-
croscope (STM). The experiment was performed at low
temperature (4 K), thus avoiding any thermal diffusion
of the physisorbed species on the substrate and ensuring
that the process is, in principle, temperature indepen-
dent.

Moving a single Xe atom along the surface was carried
out basically as a three-step process: (i) First, a scan-
ning of the surface was done in order to locate the Xe
atoms originally physisorbed. After locating one of those
atoms, the tip is stopped right above this site and then
lowered until su%cient attractive force between the tip
and the atom is achieved. At this moment, (ii) the tip is
moved slowly across the surface under closed-loop con-
ditions, dragging the Xe atom with it, until the desired
new location is reached. Then, (iii) the tip was raised
reducing its interaction with the Xe, leaving the atom
underneath on the new desired physisorbed site. The
fact that the magnitude or sign of the applied voltage
had no appreciable effect in the whole process is a clear
indication that the system could be, in principle, studied
neglecting any tunneling current (as far as the transport
is concerned), regarding it merely as an accurate tool to
establish the tip sample distance.

As the importance of this experiment is clear from the
possible implications to the design of quantum devices,
we have performed a theoretical study of the process, try-
ing to understand a number of questions, such as whether
the tip is pushing or pulling the atom, whether a simple
van der Waals model would be able to explain the ex-
periment and under which conditions (shape and height
of the tip, influence of possible contaminants, etc.) will
the transport occur. A general good agreement between
our theoretical model and the description given by Eigler
and Schweizer is found and we have been able to show

that values for tunneling currents during the dragging
process used by these authors are in accordance with the
values we obtain using a simple model for the tunneling
process, when considering the geometrical limits we
derive on the positions of the tip and the Xe atom with
respect to the Ni surface.

Further evidence for the controlled movement of atoms
with the STM, but using voltage pulses to transfer atoms
from the tip to the substrate and vice versa, have been
reported, including a wide variety of chemical species.

II. THE TUNNELING CURRENT

In Fig. 1 we show the four tips that have been consid-
ered in our analysis. The tips are grown according with
the parameters that correspond to a tungsten bcc crys-
tal along the (110) and (111) directions. In all cases the
growth is in a pyramidal form with a rhombic base for
the (110) plane and a triangular one for the (111) case.
No relaxations or reconstructions have been considered,
with the atoms keeping their bulk distances. This par-
ticular choice was based on the two following reasons: (i)
It is known that the standard way of creating W tips
produces most likely atomic orientations along the (110)
plane7 and (ii) a sharp tip is expected to be obtained
at the "corners" where different (110) planes meet, with
the structure of these corners resembling a (111) plane.
To test different sharpnesses, in each case the tip was al-
lowed to end up either in just one atom (sharp tips) or in
the lowest platform possible: a rhombic four-atom base
for the (110) case, or a three-atom equilateral triangle for
the (111) (flat tips).

In this section we discuss how to calculate the tip-
sample tunneling current in two different cases: (i) for
a clean Ni(110) surface and (ii) for a xenon atom phys-
isorbed on the nickel surface. For the moment the surface
geometry is assumed to be known. In the next section
we shall discuss how to calculate the xenon equilibrium
site on the Ni(110) surface as a function of the tip posi-
tion. Figure 2 shows the interface geometry of the tunnel-
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(a)
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ing problem we consider in this section. In our analys~s
we follow the tight-binding prescription as discussed in
Refs. 2 and 3. In this approach the tunneling current is
calculated by means of the hopping interactions T~~ ap-
pearing between the diferent orbitals of the tip and the
sample. First, consider case (a) of Fig. 2. As an initial
step, we assume that the tunneling current only flows
from a single tip atom to another single substrate atom.
This interface is then defined by the following Hamilto-
nian:

+ —+tip + + ampl + +int

where Ht, & and Hszmplp refer to the tip and the sample
atoms, respectively, and

Hint ) +kl(ek ~el, e + Ci ~ek, cr)igt

k, l, cr

(2)

(b)

I I ~
I I I

where k and l refer to the atomic orbitals associated with
the tip and the sample atoms, respectively. The tunnel-
ing current I across the interface can be obtained by way
of the Ikeldysh method as applied in Ref. 9. In Ref. 3, it

llhas been shown that the tunneling current I for a sma
bias V is given by the following equation:

FIG. 1. Simulated STM tips studied in this work; (a)
sharp (111); (b) liat (111);(c) sharp (110); and (d) flat (110).

where

4e2V z
irh (I + z)~ '

(4)

tip

(a)

sample

(E ) and p (EF) are the density of states at
u l of thethe Fermi level, associated with the orbitals k an o xe

tip and the sample atoms. Equation (3) is still valid for
very small tip-sample distances, as all higher-order terms
in the hopping parameter TI,~ are included in the denom-
inator, so that the resistance saturates (when z I) at
close contact, its value being h/2e2. In our calculation
we have only considered the contribution to the tunnel-
ing current due to the conduction 8 bands of % and Ni,
since the corresponding d bands are too localized. As

for (Ek ) and
p&& (E~), the bulk density of states foror ~kj i

the s bands, p& (¹i)and p& (W), were used; sma
changes in these values due to the surface eKects are neg-
ligible compared with the most important contribution
due to the coupling TI„-~. This hopping interaction, Ty~,
between the tip and sample orbitals is calculated using
the following equations:

sample B BTer: P&BTat T
2m

[@k&@l—0['~0k] ' dS

where ok. ~ is a surface between the orbitals k and l, chosen
such that the following condition is satisfied:

FIG. 2. Interface geometry for (a) a W tip and a metal
surface, and (b) the same system with a Xe atom physisorbed
at the surface. where the whole space is split into the subspaces Og an
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4e~V ~ . zj
nh ~ (1+z )z' (7)

O~ by the surface o I„-~. 0 = Qk + Qt.
For Ni, we use the 4s orbital given by Clementi and

Roetti and for W we have taken the tabulated wave
functions of Herman and Skillmann. i2 Furthermore, in

Eq. (5) 7~~ is a parameter close to 1.5, which takes into
account the long-range order of the atomic potentials.

Finally, as Eq. (3) has been deduced for just one sin-

gle tip atom and another single substrate atom, we must
generalize this expression in order to take into account all
other substrate and tip atoms. Within our tight-binding
approach, and neglecting any interference between adja-
cent atoms, this generalization yields

ls
Experimental

o~~~~ Sharp —(111)
Flat —(111)

—— Lang (Ref. 14)

0.0 '

-8 -'4 6 4
Lateral Disp. (A)

FIG. 3. Normal tip displacement (A) vs the lateral tip
displacement (A) when scanning the Xe atom at a constant
tunneling current of 1 x 10 A [only (111)tips are shown for
clarity].

where j refers to the tip atoms and zj is now given by

the label i indexing the sample atoms.
Let us now turn our attention to case (b) of Fig. 2,

with the xenon physisorbed on Ni. The new contribution
to the current appearing in this case is associated with
the electrons tunneling between the tip and the sample
through the xenon orbitals. We have found that, the most
important contribution to this tunneling current is due
to the first empty orbital of xenon, the 6s level, in good
agreement with the results of Eigler ef at. i4 Here, we dis-
cuss how to obtain the Xe tunneling current by includ-
ing only this interaction between this 6s level and the s
levels of W and Ni. In general, we follow the same pro-
cedure discussed above; there is, however, a difference:
for xenon, the interactions Tx, ; and Tx,j with the tip
and the sample never become too large, as the Xe 6s wave
function, although very extended, presents a rather small
main peak when compared to other Riled orbitals. Then,
the tunneling current can be calculated up to second or-
der in Tx, ; and Txe j Following the discussion of Ref. 2,
we have obtained for the tunneling current through the
Xe,

(9)

where

zi = 7r[ Tx, ~ [ ) [ Tx, , ~ p~„(Ni)p~ (W)

x
( Gx, (E~) ),

Gx, (E~) being the Green function associated with the
xenon 6s orbital at the Fermi energy. A good approxi-
mation to Gx.,(E~) is to take

1

E~
' —Ex, (6s)

where Ex~(6s) is the 6s atomic level of Xe. For this case,
we have used an atomic local-density-approximation
(LDA) calculation, is i7 obtaining the 6s wave function

and its energy level that appears to be located 0.53 eV
below the vacuum level. For the Ni energy at the Fermi

level, E&( '), we have taken the experimental value given
in Ref. 18. The different hopping terms between xenon
and the metals were calculated by using Eq. (5) and the
corresponding atomic wave functions.

Equations (7) and (9) are the main theoretical formulas
that allow us to calculate the tunneling current between
the tip (Fig. 1) and the ideal Ni(110) sample, with and
without a xenon atom physisorbed on the surface. We
have concluded that this approach affords a reasonable
way of calculating tunneling currents, by analyzing the
perpendicular displacement of the tip as a function of
the relative sample-tip position for xenon physisorbed on
nickel, keeping constant the total intensity. This intensity
is normalized to the experimental one used by Eigler et
al. to observe the xenon atom physisorbed on the nickel

(110) surface (1 x 10 s A). Figure 3 shows our results for
the (111) tips, comparing them with the experimental
evidence and the theoretical results obtained by Eigler et
a/. following Lang's approach. It should be noticed that
the two (110) tips yield protrusions very similar to the
sharp (111)one, and are not shown in the figure for the
sake of clarity. One then finds a reasonable agreement in
all cases, except for the flat (111) tip, where both a too
high normal displacement and a too broad signal appears
(thus this tip could in principle be discarded, although it
has actually been included in the calculations following
this section). The rest of the tips also gave a slightly
broader signal when compared to experiment; an effect
which we believe to be related to the LDA calculation
of the xenon 6s orbital. Nevertheless, Fig. 3 indicates
that our simple procedure is good enough to calculate the
different tunneling currents associated with the actual
tip-adsorbate-sample geometry.

III. THE INTERACTION OF XENON
WITH THE METAL SURFACE

Systems involving noble gases physisorbed on metal
surfaces have been the object of a variety of theoretical
and experimental studies. In general, the interaction of
noble gases and metal surfaces can be understood in the
following terms: (i) at long distances, the neutral atom
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TABLE I. Quantities used in the Lennard- Jones parametrization. Energies are experimental
values, while the van der Waals coefficients are semiempirical ones.

Heat of adsorption (meV)
Cs (meVA )

Xe-W
395

3591

Reference
26

24

Xe-Ni
220-280

3056

Reference
27,28

24

is attracted by the surface due to electron correlation ef-
fects that are well described by Lifschitz's formula, which
yields an interaction going like —Cs/z, with z being the
distance between the atom and the surface and Cs a co-
ef6cient depending on the metal dielectric function and
the adatom polarizability, (ii) at short distances a repul-
sive interaction appears mainly due to the increase in
the electron kinetic energy of the system, arising from
the overlap between the electron clouds of the metal and
the adatom.

The description of the metal adatom interaction has
been fully analyzed by many different authors.
In the He case, the short-distance interaction has been
shown to be well described by using a local interaction
such that a repulsive potential is proportional to the local
metal density:

(14)

where i refers to a metal atom, r; is the distance between
the xenon and the atom i, and Cs is a constant that can
be fitted to yield Eq. (14).

Equations (13) and (14) show that the metal-xenon
interaction can be described as the superposition of the
different potentials, V;(r) given by

with nn; describing the repulsive part of the metal-xenon
interaction and Cs/r —its attractive long-range part.

In our approach to the analysis of the metal-xenon
interaction, we propose to replace Eq. (15) by the more
conventional Lennard-Jones potential:

I repulsive(~) = &nmetal(r) & (12) (16)

where o, is a constant depending on the metal and the
adatom properties. As the surface metal density can be
well described as the superposition of the densities asso-
ciated with each metal atom, Eq. (12) takes the form

~repulsive(~): O' ni, metal(&) &

where n; describes the electron density of atom i. Equa-
tion (13) shows that the total repulsive energy between
He and the metal can be written as the linear superpo-
sition of the diRerent repulsive energies between He and
each metal atom. This analysis is closely related to the
embedded-atom model that assumes an atom-metal in-

teraction to be basically described by an equation similar
to Eq. (12) given above. We shall assume that the same
equations [either (12) or (13)] are satisfied by the xenon-
metal interaction.

On the other hand, the long-range interaction be-
tween xenon and the metal has also been analyzed by
many authors. As mentioned above, this interac-
tion goes like —Cs/z . The important point to notice
here is that this interaction can be obtained as the linear
superposition of the long-range van der Waals interac-
tion, —Cs/z, operating between two neutral atoms:25

where the repulsive term 4e(o'/r) represents a stan-
dard approximation to ctn, (r). Equation (16) depends
on two parameters, e and 0. Instead of attempting a
first-principles calculat, ion of them, we have chosen to
fit them to two independent quantities: the heat of ad-
sorption of xenon on the metal, and the van der Waals
long-range interaction given by (—Cs/zs). A good fit to
these quantities (see Table I) is obtained with the param-
eters of Table II. We should stress that the parameters
given in table II for o are slightly smaller (around 10%)
than the usual sum of the Pauling radii for Xe and the
corresponding metal atom. This reduction in cr allows us
to get a good fitting in the two data mentioned above,
the heat of adsorption and the van der Waals interaction.

TABLE II. Parameters fitting the Lennard-Jones poten-
tial to the quantities of Table I. Energies are reproduced
within 1 meV accuracy, while the van der Waals coefficients
yield a 3070 overstimation.

a (A)
c (meV)

Xe-W
3.0

46.7

Xe-Ni
3.0
27.4

FIG. 4. Potential energy surface obtained when minimiz-

ing the Lennard- Jones interaction between the Ni substrate
atoms and the Xe adsorbed atom with respect to the Xe [110]
coordinate.
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Using the values given in Table II, we have calcu-
lated the potential-energy profile of the xenon atom
physisorbed on a Ni(110) surface. We display this po-
tential in Fig. 4 for a grid made of three surface unit
cells in the [110] direction (z) and by two unit cells in
the [002] direction (y). For each point on this grid, the
potential given by Eq. (16) (summing up all the metal
atoms) was minimized with respect to z to yield the sur-
face displayed in the figure. In Table III we give the
xenon binding energies to the nickel surface at four dif-
ferent typical adsorption sites.

It is clear from these results that the xenon transport
will be easier through the [110] direction than along the
[002] one, as the corrugation is smaller in this case. This
is in accordance with the results of Eigler and Schweizer.

In simulating the experiment by Eigler and Schweizer,
the xenon atom was initially left at the fourfold site, and
the center of the tip was placed on top of the Xe atom.
The tip was then successively moved along the [T10] di-
rection keeping the other coplanar coordinate (the [002])
fixed for a given tip height (we define the tip height as
the normal distance from a Ni top atom at the surface to
the tip end atom or platform). The potential energy in
this situation is calculated adding the interaction of the
Xe atom with the nickel and tungsten as independent:

V(r, r') = Vx N;(r)+ Vx w(r ), (17)
where r' denotes the distance from the xenon to the tung-
sten atoms, r its distance to the nickel ones, and V takes
the functional form given in Eq. (16). Using this simple
expression the potential was minimized for every fixed tip
coordinate r' with respect to the normal coordinate z,
throughout three entire consecutive surface unit cells. By
following the evolution of the potential minimum as the
tip was moved step by step, it was determined whether
the Xe transport was successful or not. The same scheme
was then used for the [002] direction.

The tip height was kept constant throughout the car-
riage, this not being the exact experimental situation,
as Eigler-Schweizer transport was performed at constant
tunneling current. However, we have tested the influence
of this correction to find that it is negligible in all cases.
To perform the summation in the Lennard-Jones expres-
siori for nickel we have considered a 50 x 50 x 50 region
of material along the three bulk unit cell directions. This
was tested for convergence against a 100 x 100 x 100 case
to find that difFerences were smaller than 1 meV. For the
tungsten tip, the summation was performed vertically up

TABLE III. Xenon binding energies to the ¹isurface for
four typical surface sites. Energies are taken from Fig. 4
and the adsorption heights are given with respect to a Ni top
atom.

to 40 layers, taking for each layer all the tungsten atoms
present according to the pyramidal growth. The mini-
mization respect to z was made with a numerical error
of +0.005 L.

IV. DISCUSSION FOR THE TRANSPORT
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The four tips considered were found to carry the xenon
physisorbed atoms, but yielding different geometrical
constraints. Below we shall explain in detail the trans-
port procedure for the cases analyzed, only considering
the [002] direction (y), which represents the most difficult
case for the carriage.

Let us first consider the (111)sharp tip. In Figs. 5(a),
6(a), and 7(a) we have plotted the xenon y coordinate ob-
tained after the minimization explained above, as a func-
tion of the tip y coordinate for three different tip heights:
zt, p

——4.0, 4.8, and 5.6 A. One finds that for each tip po-
sition, the xenon atom is never located directly below
the center of the tip, but always a few angstroms be-
hind, as can be seen in Figs. 5(b), 6(b), and 7(b), where
the transport s atomic geometry is depicted. This im-
plies that the very end of the tip does not exert enough
force on the xenon atom as to surpass the surface cor-
rugation, so that tip sites providing a greater number of
nearest neighbors (these are high coordination points at
the slopes) are responsible for the carriage process, or in
other words, they give the main contribution to the at-
tractive van der Waals forces. As expected, the smaller

Surface site

Center
Top
Short bridge
Long bridge

Binding energy
(meV)

260
157
178
226

Adsorption height

2.41
3.10
2.95
2.60

FIG. 5. Description of the transport for the sharp (111)
tip at a tip height of zt;tt ——4.0 A. (a) The graph shows how
the Xe atom moves across the surface along the [002j direction
(y axis) as the tip is displaced (x axis), and (b) relative tip-
adsorbate-substrate positions at an instant of the transport
where the Xe is at the hollow site; the Pauling radii have been
used to determine the atomic sizes in the figure.
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Q

6
~4-
0300

2. 5
z=2.6

Q1

0 2 4
Tip y coordinate

3.1

(a)
FIG. 6. Same as Fig. 5, but for a tip height of zt, p: 4 ~ 8

the tip height, the lateral separation between the xenon
atom and the tip midpoint (hereafter called y distance)
becomes progressively greater (for instance, at zt, ~ = 4.0
A this lateral distance is around 3.1 A, while for zq, &

——5.6
A, this value diminishes to around 2.2 A).

It should also be noticed that, for a fixed tip height,
the y distance does not keep a constant value throughout

the carriage, so that when pulling the noble atom from
the fourfold site to the bridge site, this value attains a
maximum. At this point, the y distance starts dimin-
ishing [as can be seen from the increase in the slope in
Figs. 5(a), 6(a), and 7(a)] and the xenon atom "precip-
itates" to the new fourfold site at the next surface unit
cell. This stepped process is then again repeated as the
tip is moved further, so that one can regard this transport
as a hopping process. This hopping effect is enhanced
as the tip height increases, as a consequence of the de-
crease in the xenon-tip interaction; this becomes clear at
z„p = 5.6 A—see Fig. 7(a).

In Figs. 5(a), 6(a), and 7(a) numbers on the left of
data points give the tunneling current (x10 A) es-
timated according to the formulas discussed in Sec. II,
considering the tunneling both through the xenon atom
and directly from metal to metal. The intensity values
remain fairly constant (within 15%) for each tip height,
thus confirming that the approximation of keeping the
tip height constant is a good procedure.

When comparing these tunneling currents with those
reported by Eigler and Schweizer [(1 —6) x 10 s A], one
finds an excellent agreement for tip heights ranging from
3.9 to 5.0 A. For greater tip heights, the hopping terms
W-Ni become negligible, and the main contribution to
the tunnel current is that going through the xenon atom,
which in turn, and as mentioned in Sec. II, cannot attain
too high intensities (around 0.8 x 10 s A).

A final important feature arises from the fact that
about 3 A to the left of the tip midpoint (along the [002]
direction), and in the absence of the metal surface, the
tip slope would physisorb the xenon atom with a binding
energy of at least 280 meV (thus always greater than that
at the nickel surface hollow site; see Table III). This can
be seen from Fig. 8, where we display the sharp (111) tip
energy profile as seen by a xenon atom in the absence
of the nickel surface. Since these binding energies cor-
respond to normal distances from the xenon to the tip
edge of around 1 A. , it would be expected that if the tip
slope could come closer to the xenon atom (closer than 1

z=3.2
&1111III&

yI, ,'IIII,

~ 7

~4-
Og0 0.
U

2. z —3.0

+1

O 5 4 t'. 5 '0
Tip y coordinate f)

FIG. 7. Same as Fig. 5, but for a tip height of z&,.p
——5.6

FIG. 8. Potential energy surface when considering only
the interaction between a, Xe atom and the sharp (111) tip.
The Xe atom hardly finds any corrugations when moving away
from the tip midpoint, so that it can initially climb up the tip
slope.
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A) then, when withdrawing the tip, the noble atom will

keep attached to the tip rather than to the surface. This
will result in a contaminated tip. For all tip heights, the
xenon physisorption height to the nickel surface does not
vary drastically while being dragged (typically ranging
from 2.6 to 3.0 A), so contamination should occur at tip
heights smaller than approximately 4.0 A.

The situation discussed previously changes substan-
tially when considering the (111) tip with three atoms
at the end. Here, the xenon binding energy to the three-
fold tip midpoint is 349 meV, at a physisorption height
of 1.87 A (the presence of the nickel surface is not con-

sidered now). This high value for the adsorption makes
clear that the xenon atom will tend to stick to the tip,
remaining fixed in that position during the carriage and,
when withdrawing the tip from the surface, the xenon
will be pulled away from the nickel. The tip is again con-
taminated, but this time the potential created by the tip
presents a considerable barrier for the xenon to escape
from the threefold tip midpoint site (145 meV). Thus,
we conclude that if this tip approaches another surface
atom, it will be this surface atom which migrates to an-
other surface unit cell, leaving the "contaminated" tip
unchanged, so no transport will be present.

A different transport mechanism could be to regard
the contaminated tip as a repulsive tool (via the Xe-Xe
repulsion), i.e. , pushing instead of pulling . However, this
is unlikely since the Xe atom, when being pushed, can
escape to other surface unit cells located not necessarily
along the y direction. On the other hand, the intensity
obtained for this case is too low.

As regards the (110) tips, the same arguments can
be applied, but now binding energies are considerably
smaller than for the (111) case since the structure is less
compact. For the sharp-ended tip the situation is anal-
ogous to the previous one, the main differences being:
(i) A very small range in tip heights for which trans-
port is possible; only up to 4.3 A and (ii) the y distance
increases, this time varying between 2.8 and 3.3 A. In
Fig. 9(a) we plot the xenon y coordinate versus the tip
position for a tip height of 4 A. Again, intensities are
shown to the left of some data points, the corresponding
values being within the experimental range. Figure 9(b)
shows the corresponding geometry.

Contamination will now be less probable, as the bind-
ing energies in the tip slopes are smaller than for the
sharp (111) tip by about 50 meV. However, for a very
small tip height (less than 3.0 A.), the y distance in-
creases, so that the xenon atom might physisorb at a
third or fourth layer of the tip, where the binding ener-
gies exceed 260 meV, but these tip heights, on the other
hand, yield too high tunneling currents.

Finally, for the tip within a four-atom base [flat (110)],
two different situations can be considered. First, if the tip
is initially placed right on top of the xenon, the tip height
cannot become smaller than 5.9 A as the minimized po-
tential gives positive energies. The transport is then only
possible for a very small range in the tip heights; namely,
from 5.9 to 6.3 A. , but then tunneling currents an order of
magnitude too small are obtained. Second, we consider
lowering the tip further. In this case, we expect the Xe

2.6

z=2.6
S

4 8 5
Tip y coordinate III)

FIG. 9. Description of the transport for the sharp (110)
tip at a tip height of zt, p ——4.0 A. (a) Xe [002] coordinate (A)
vs tip [002] coordinate (A), and (b) geometry of the system
when the Xe atom is at the hollow site.

atom to migrate to a nearby surface unit cell, pursuing
a more stable minimum. Hence, when displacing the tip,
the tip slope rather than the twofold site at the tip base
would be the main source of the van der Waals attrac-
tion. We have studied this case considering an equivalent
situation: the tip midpoint is not initially placed on top
of the Xe atom, but with a nonzero y distance, or in
other words, the Xe atom is assumed to have migrated
to the surface unit cell behind the original one along the
y direction (the basis of the transport should neverthe-
less be rather independent of the initial Xe coordinates).
For this case, the Xe transport is done with a y distance
of 5.0—5.5 k. Again the hopping effect is present and the
calculated intensities agree with the experimental values
for tip heights between 4.2 and 4.8 A. In Fig. 10 we show
the carriage process for this case, considering a tip height
of 4.4 A.

Although not explicitly discussed above, as the tip be-
comes higher, the attractive van der Waals force on the
xenon atom obviously decreases, setting a threshold for
the tip height beyond which there is no transport. Ta-
ble IV summarizes the thresholds in the tip heights for
successful transport along both directions, as well as the
height below which "contamination, " if any, will happen.
As expected, thresholds along the [110]direction are less
restrictive than those for the [002] direction. We also
give in Table IV the range in tip heights for which the
estimated tunneling currents are within the experimen-
tal values used by Eigler and Schweizer. Although values
for the flat (111) tip appear in this table, we stress that
this tip can hardly be accepted as a reasonable approx-
imation to the experimental one used in the transport.
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As regards the other three tips considered, one finds that
the tip heights yielding the correct tunneling current are
always below the corresponding thresholds, thus no in-
consistency appears between the two theoretical models
used here (the fact that these thresholds seem slightly
too permissive is probably related to the fitting in the
van der Waals asymptotic form).

As the final point in this discussion, we mention the
fact that it seems quite plausible that during the trans-
port, the tip height might take values very close to the
contamination heights given in Table IV, so we could ad-
dress the following question: would a contaminated tip
still be able to drag another Xe atom? We find that the
Xe attached to the tip changes considerably the tip po-
tential profile as seen by another Xe atom in the absence
of the Ni surface. This is shown in Fig. 11, where phys-
isorption of a Xe atom at the slope of a sharp (111) tip
[with coordinates (—Q.4,—0.2,—0.42) A relative to the tip

FIG. 10. Description of the transport for the fiat (110) tip
at a tip height of zi, &

——4.4 A. (a) Xe [002] coordinate (A)
vs tip [002] coordinate (A), and (b) geometry of the system
when the Xe atom is at the hollow site.

lg

~o

FIG. 11. Potential energy surface when considering the
Lennard-Jones interaction between a sharp (111) tip with a
Xe atom attached to it and another Xe atom. The minimiza-
tion with respect to the [110)of the latter was done keeping
fixed the tip Xe atom at (—5.4,—0.2,—0.4) A from the tip
midpoint.

midpoint] is considered. Now, the tip slope s potential is
completely governed by the attached noble atom, which
appears as a high protrusion in this energy profile. These
severe modifications when compared with the "clean" tip
(Fig. 8) are caused by the small Xe-Xe binding energy
(ex~ x, = 19.2 meV = 0.46cx~ ~, while the correspond-
ing separation is large (ox x, = 4.1 A. = 1.3+x,-w).
Then, when approximating the contaminated tip to an-
other Xe on the surface, the Xe-Xe interaction by itself
will not be able to pull the atom away from the fourfold
site, but if we make the tip come closer in order to in-
crease the attraction of the W atoms, repulsion between
the two Xe atoms will occur. At this point, depending
on which one of the two sees a greater corrugation, either
the surface Xe will migrate to an adjacent surface unit
cell or the Xe on the tip will move further up the slope
to another high coordination site.

As seen in Figs. 8 and 11, if we consider migration in
the upwards direction, tip corrugations become greater
as we move away from its midpoint due to the increase
of W nearest-neighbor atoms present, but the initial val-
ues give very small potential barriers (if any), certainly
smaller than those present at the Ni surface which is 34
meV. Downwards migration can, on the other hand, be
readily discarded. Thus, one might expect the Xe at the
tip to be pushed upwards along the slope, leaving a re-

TABLE IV. Geometrical limits for transport derived in this work: columns 1 and 2 give the tip
height thresholds for both directions, above which the tip will not drag the Xe atom following the
Lennard-Jones formalism (accuracy of +0.1 A); column 3 shovvs the ranges in tip heights that yield
a tunnel current within the experimental values (accuracy of +0.1 A); column 4 gives tip heights
below which tip contamination is probable.

Tlp

(111)Sharp
(111) Flat
(110) Sharp
(110) Flat

Transport threshold (A)
[—110] [002]

5.9 5.6
6.3 6.3
5.3 4.3
6.3 6.1

Tip height range
for valid I (A)

3.9 ~ 5.0
4.3 —+ 5.5
3.7 ~ 4.6
4.3 ~ 5.3

Contamination
height (A)

4.0
5.5
2.5
4.0
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gion at the end of the tip free to transport the Xe surface
atom from one surface unit cell to another. Hence, the tip
becomes a small "reservoir" for the noble atoms, which
can adsorb a certain number of Xe atoms per slope, un-
til one of these reaches a too high potential barrier to
continue moving up. Furthermore, when this "reservoir"
saturates, no other Xe atoms will be allowed to get at-
tached to the tip when it is withdrawn. Therefore, based
on the above simple grounds, one can expect that a "con-
taminated" STM tip might still position Xe atoms where
desired.

V. CONCLUSIONS

We have simulated from a theoretical point of view
the Eigler and Schweizer experiment showing the capa-
bilities of a scanning tunneling microscope to transport
at will xenon atoms on a Ni(110) surface. In our study,
we have stressed the role of two key parameters: the
shape of the tip and its distance to the surface. At the
same time as the Lennard-Jones analysis was carried out
we have calculated tunneling currents for each situation.
When comparing with the available experimental results
the following conclusions can be drawn.

(1) Of the four tips we have studied only one model
can be clearly discarded; the (111)ended on a three-atom
platform. First, this tip yields a too broad image for the
xenon atom (Fig. 3) and, second, it binds too strongly
the xenon at the hollow site preventing any subsequent
movement. This is due to the high potential barriers
created at this adsorption site.

(2) STM tips must have relatively sharp ends, but
never constituting compact high coordination sites, as
otherwise the Xe will simply stick to the tip and no trans-
port will occur. This also means that the tip is more
likely to be formed by convergent sloped planes than just
chemisorbing a metal atom at Bat surfaces.

(3) During the transport, the xenon remains 3—5 A be-
hind the tip midpoint. We interpret this as an indication
of the important role played by final atoms sitting on the
tip's slopes.

(4) The tunnel current can, then, be achieved directly
from the tip to the substrate, not being only mediated
by the adsorbed atom.

(5) The most likely distance between the tip and the
substrate to achieve the xenon transport ranges from 4.0
to 5.0 A.

(6) Tips may become contaminated by physisorbing
Xe atoms, but still they can contribute to the transport
provided that the number of contaminants is not high.

(7) The transport mechanism for the Xe might not look
like an object continuously sliding on the surface, but
rather, the Xe atom follows a certain hopping process.
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