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Abstract. This paper describes the results of several scanning tunnelling microscope (STM) computer
simulations. In these simulations, a model tungsten tip is used to scan adsorbed clusters of xenon
atoms lying on a clean surface of nickel. The computer program views the tip and the adsorbate as
discrete atomic clusters attached to the planar surface of facing Sommerfeld metallic half spaces. The
potential barrier crossed by the tunnelling electron is constructed from the measured values of the tip
and substrate work functions and Fermi energies, supplemented by the effect of multiple electron
images. The xenon and tungsten free-atom electronic structures are used to define the one-electron
atomic pseudopotentials which create the three-dimensional scattering channels. It is shown that the
detailed description of the elastic electron scattering on this three-dimensional potential barrier
provides a quantitative description of the xenon images : (1) a single Xe atom, (2) a row of three Xe
atoms and (3) the recently described one-atom switch.

1. Introduction

One of the clearest and best reproducible adsorbate system depicted by scanning tunnelling
microscopes is the isolated xenon atom lying on a clean metal surface. Xe on Ni (110) also provides
the attendant parts for the first one-atom switch

There is something astonishing in the fact that the Xe atom appears so clearly in STM images in
view of the low value of the adsorbed Xe density of states at the tunnelling energy. This problem was
examined by Eigleret al." who showed that the shape and corrugation of the constant-current
tunnelling signal appear compatible with an atom-on-jellium model of the local density of states of the
adsorbate. This description of the STM image neglects the tip-sample interaction and requires a
significant adsorption-induced broadening of theand p states of xenon to provide enough
contribution to the local density of states at the tunnelling energy. This broadening is however quite
difficult to assess, in part because the adsorption distance of Xe on Ni is known to be rather large
(close to 3 A above the centre of the first-layer Ni atoms) and because the binding is highly dependent
on intricate correlation effects, still difficult to describe with highly localised electron densities.

On the other hand, we note the presence dl st&te of tungsten relatively close to the tunnelling
energy. The importance oftestate pointing out of the tip apex has been properly recognised by Chen
as a factor of improvement for resolution and sensitivity in many STM experiments. The description
of the image in terms of the Xe-induced changes in the sole local surface density of states of nickel
may not be satisfactory and leads us to consider an extended approach, with a more symmetrical
treatment of the tip and the sample, and more emphasis on the electronic interaction between them.

2. Methodology

A reliable description of the tunnelling process taking place in the STM starts with a careful
description of the different contributions to the potential energy, and is followed by a very accurate



representation of the associated scattered carrier wave functions. Such a scheme, which improves on
many computations based on the Bardeen transfer hamiltonian and approximate models of the tip and
sample wave functions* * > © has been introduced by Lucas et al.” ® in the framework of a Green
function formalism. Similar ideas have later been applied to more refined STM models’, or extended
to exhibit a more detailed information about the electron flow'® ™. A preliminary account of the basic
ideas sustaining the transfer-matrix approach used in the present paper can be found in a short paper
by Derycke et al.® and this will only be summarised here. Standard semi-empirical quantum
chemistry is now able to provide input to highly sophisticated and convincing STM simulations®,
including the case of adsorbate imaging'.

The region where the scattering takes place is the gap which separates the planar surfaces of two
free-electron metas. The first metal (1) carries the tip cluster and the second meta (111) carries the
adsorbate. The free-electron metals are each described by two parameters, the experimental work
functions &< (sample side) and @+ (tip side) (in the range 4-5 €V) and the bulk Fermi levels Ers and
Err (in the range 10-20 eV). At equilibrium (vanishing external bias V), the chemical potential (Fermi
level, at low temperature) is constant, so the barrier between the planar metals exhibits a trapezoidal
shape, with the top dlightly tilted by the contact eectric field arising from the difference in work
functions. This trapezoida barrier is further modified by the multiple image potential arising from the
dynamic charge induced on both metal surfaces™. Imbedded in this one-dimensional barrier, we find
the three-dimensional forces on electrons induced by the presence of the tip apex and, on the other
side, the adsorbate. These potential wellswill be replaced by one-electron pseudopotentials, reduced to
alocal approximation, and fitted to gaussian functions for anaytical convenience.

The transfer-matrix approach of the tunnelling current computation is basically borrowed from the
dynamic low-energy electron diffraction theory®®. In this approach, the incident waves are described as
two-dimensional Bloch waves, which can be expanded into two-dimensional Fourier series, leading to
the so-called Laue (or g—z) representation. In this representation, the wave késtoaturally split
into a Brillouin-zone vectog and a supercell reciprocal lattice veaar
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In this formalism, the Schrodinger equation is then a linear system of complex ordinary differential
equations which, if solved with the appropriate boundary conditions, provides the dynamic (i.e.
multiply-scattered) wave functions needed to compute the current.

In the tip and the sample substrates, the potential keeps a constan¥yvalu¢hg tip side, ands
on the sample side) and the general solution of the wave equation can be written in terms of one-
dimensional travelling or evanescent sine waves. In the tip holder region (repfon), we have
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where Q is the plane wave normalisation volume, and where the Zcomponent (of positive real part) of
the wave vector is given by
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Similar expressions hold in the sample substrate region (reétiom > z;,). The search for the
amplitudes agfgl and a;, can be easily reduced, by linearity, to the integration of the
one-dimensional system of Schrédinger equations, iwittal conditions imposed at one edge of the



tunnelling barrier. The total current exiting a supercell can be computed by summing the contributions
of al incident waves originating with energies between Ex (tip Fermi level) and E — eV (for a bias
V). This leaves us with the following expression, specialised to the case of a zero-bias conductance
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e’/h=1/25813 O is the quantum Hall conductance.

We use this formula, including the reference current subtraction, in simulations where specific
models have been designed to describe the scattering of electrons on the apex of a tungsten tip, while
scanning a single Xe atom, a group of three Xe atoms properly aligned on a (110) Ni surface or a Xe
atom switching in or out of a kink site. Our STM images can be explained in terms of the tip,
adsorbate and substrate electronic structure interactions and, in particular, be put in relation with the
changes of the scattered electron distribution as the tip position varies. These results show that the
three-dimensional elastic electron scattering gives a convincing representation of the STM images of
physisorbed Xe atorfs™. In view of these results, it seemed relatively safe to undertake, with the
same potential parameters, a study of the current contrast in the two-terminals single-atom switch.

3. The two-terminals one-atom switch

The two-terminals single-atom switch described by Eiglel.! is a simple device directly derived

from manipulations of Xe atoms on tlarface of Ni. Here, however, the surface is chosen to be
vicinal of (110) and a high-co-ordination site at a kink is used to stabilise the Xe atom. The tip of the
STM is used to visualise the adsorbed atom and this information allows to bring the tip apex at an
adequate distance to the Xe atom. In this position, using pulses of tunnel current, the Xe atom can be
reversibly moved from its kink site to an adsorption site on the tip. Little is known on this tip
adsorption site and we cannot know very precisely from experiment if the tip experiences any
geometric rearrangement due to the Xe capture. The motion of the Xe atom induces reproducible
changes in the conductivity of the tunnel junction, which define two distinct states: the "on" state of
high-conductance obtained when the Xe atom is captured by the tip and the "off" state of low
conductance obtained when the Xe lies on the Ni surface. The current contrast between the "on" and
"off" states is found to be close to 7 with an initial (fesnduction) resistance of 1.6 MQ.

In order to represent the kink site, an incomplete layer of Ni atoms is constructed above the planar
"Sommerfeld" Ni surface (9.3 eV Fermi level and 4.9 eV work function). A gaussian pseudopotential
(1.4 A radius, 14.2 eV depth) is used to define an array of wells which covers half the supercell plus a
further half row. The parameters for the wells are chosen to produce a "natural extension" (with the
same mean potential energy) of the Sommerfeld metal representing Ni. The kink site is located at the
termination of the extra half row. The macroscopic single-atom-tip-holder, considered to be tungsten,
is also modelled by a Sommerfeld metal surface described by a Fermi level 19.1 eV above the constant
effective potential/r and a work function of 4.6 eV. The tungsten apex atom is modelled by a sum of
gaussian pseudopotential wells (1.56 A radius, 23.7 eV depth) with strengths adjusted todbring a
state at the self-consisterd &tom-level (6.0 eV) and sistate at the $atom level (-7.0 eV). The
centre of this well is placed at the adsorption distance of 0.8 A (measured from the centre of the W
adatom to the edge of its supporting Sommerfeld metal). The Xe potential is chosen to bpng the
state close to —7.5 eV and thestate within 1 eV below the vacuum level. These are the values
suggested by a self-consistent relativistic calculation of the free atom, for a configuraftiprwiéee
the 6s state is entirely occupied. Following the experimental procedure, the tip apex is not placed
straight above the Xe atom, but displaced laterally, above the terrace, by an amoun{tbfs5isA
important to improve on the chances that the Xe returns to the kink site in a "switch off' transition).

In the experiment of Eiglegt al.’, the "off" state resistance is 1.5 MQ. In the present simulation,



with the Xe adsorbed at the kink site, the distance s between the tip and the sample Sommerfeld edges

is adjusted to a value of 7.36 ¥Which gives a centre-to-centre distance from the apex W atom to the
adsorbed Xe atom of 7 A (which represents a tip apex 5 A above the lower terrace, and 3.8 A above
the upper terrace), as suggested in the report of Eighkl. The result of the evaluation of the tunnel
resistance in that case gives the very satisfactory value G = 1.6 MQ , which provides a confirmation, a
posteriori, of the top-sample distance suggested in the experimental report.

We now proceed to study the conductance of the "on" state. The Xe atom is then on the tip,
presumably still close to the apex, as it seems to keep ready to return to the kink site as soon as the
"off" pulse is applied. The structure of the tip apex is not precisely known and we should make
reasonable guesses about the geometry of the terminating tungsten cluster and the location of the Xe
adsorption site. Since a BCC crystal has a lower surface energy on a (110) surface, we assume a < 111
> or < 100> oriented tip terminated by a pyramid-shaped apex with four orthogonal facets. Each facet
is then a triangular portion of (110) surface and, here again, we are entitled to consider several
possibilities of adsorption sites for Xe. Even if locally symmetric sites of co-ordination 1, 2 or 3 can be
found on this undistorted tungsten tip, we should expect that the tip rearrangement under a Xe capture
invalidates any symmetry-based assessment of the adsorption configuration. The geometries
specifically studied in this work are described in Fig. 1. In all parts of this figure, the tip apex kept at
the same distance from the nickel terraces (s = 7.3B4d%) (a) of Fig. 1 describes the low conduction
state which provides a tunnel resistance of 1.6 M. Part (b) of Fig. 1 shows the simulation of the
tunnelling in the (naive) highly symmetric configuration where the Xe atom hangs "on top" of the tip
apex. This geometry provides a maximum lowering of the tunnel barrier and yields a resistance 66
times smaller than in the "off " state (0.025 M£). In part (c) of Fig. 1, the Xe atom is supposed to be
adsorbed on the 3-fold co-ordinated hollow site on the side of the W pyramid, lying slightly (0.4 A)
lower than the apex W atom. In this configuration the potential barrier is nearly as wide as in the "off "
state and the current is only enhanced by a factor 3.9 (0.42 MQ). The conductance enhancement is
here partly due to the fact that the Xe atom effectively doubles the tunnelling channel width. The
experimental enhancement (a factor 7) is somewhere between these two extreme positions of the Xe
atom, most probably closer to the geometry described by Fig. 1 (c). A slight relaxation of the tip
bringing the Xe at a larger distance of the tip holder surface could easily lead to a much better value of
the conductance contrast. However, due to many uncertainties in the structure of the undistorted tip,
we think we have reached here a limit for the predictive power of our model and we then refrain from
making a stronger statement about the involved relaxation. Finally, as a last indication on the possible
influence of the Xe rearrangement on the tip apex, we like to mention the series of results summarised
on Fig. 2, where the Xe atom is considered to occupy the same site as in Fig. 1 (c), but for the four
different faces of the pyramid of tungsten atoms at the tip apex, and for a second position of the tip
relative to the kink site. We note that the resistance ranges from 0.13 MQ to 0.19 MQ, which means
that we do not observe a drastically different conductance when the Xe atom is considered to move
around the tip apex.

4. Summary and conclusions

First, this paper has introduced a new, highly accurate procedure. We have shown that the procedure
used to compute the tunnel conductance of a STM is efficient enough to produce simulated images in
all modes of operation of the STM (constant-height, constant current or effective barrier height mode).
The basic idea sustaining this theory is that tunnelling, including part of the electronic tip-sample
interaction (without carrying out self consistency), can be treated as a three-dimensional scattering
problem in a one-body context, with potential barriers based on the knowledge of surface work
functions, perturbed by multiple image effects. The method has been applied to simulations allowing
to compare the case of Xe adsorption "on top" and in the "hollow" high-co-ordination site. Our results
favour the "on top" configuration, a result which suggests that the Xe/Ni bonding contains more than a
simple Van der Waals effect. This result was already suggested by Joachim and Eigler in recent
analysis of STM scans showing the stripe-shaped corrugation of the Ni (110) surface as a background



to the Xe image™.

The study of the two-terminals one-atom switch is somewhat more complicated, but involves the
same theoretical ingredients. In the simulations described here, the low and high conduction states are
properly recognised, and the current contrast between those states is found with the correct order of
magnitude (a value between one and ten). This simulation calls for a better knowledge of the
adsorption site of Xe on the tip apex in this experiment and of the relaxation which might rearrange
the atoms when the Xe is captured. Such a study is outside the scope of the present paper. Further
imaging experiments on various simple ad atoms with atip carrying a xenon atom might be of further
help, while self consistent quantum-chemistry calculations of Xe on tungsten clusters should be
advocated to give preliminary informations on this subject.
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Figure 1. Three simulations describing the operation of the two-terminals one-atom switch based on Xe/Ni
(110). (& The low-conductance state, with a resistance of Ry = 1.6 M2; (b) The "on top" model, for which a
resistance of R;/66 isfound; (c) the (seemingly more probable) "hollow-site" model, with aresistance of R/4.



Figure 2.Tunnel resistances (in M) found for different orientations of the tungsten-xenon bonds around the tip
apex. Theresistance is not drastically changed by the choice of the orientation.
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