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Abstract. We have theoretically investigated the resistance obnly have supposed that the two Xe atoms kept their align-
two Xe atoms in series in a STM junction, in relation with ment in the STM junction, even for smat,. Therefore,
a previous experimental study [A. Yazdani, D.M. Eigler, andfurther calculations are needed before this experiment can be
N.D. Lang, Scienc@72, 1921 (1996)]. The resistance versusfully understood in relation to the behavior of the Xe atoms
the separation between the STM tip and the surface has beahthe STM junction. In a recent paper [6], we briefly de-
calculated, the relaxation of the Xe atoms being calculatedcribe the results of our calculations for one or two Xe atoms,
using molecular dynamics. Two major deviations from theand for the linearXe), chain. Here, we focus on the two-
well-known exponential decrease of the junction resistanc¥e case. First we show that an electronic interference effect
have been found. The first is due to an electronic interfereccurs for a mediurz;, range. This behavior can be qualita-
ence effect. With a tight binding model, we showed that thidively explained with a simple tight-binding model. Secondly,
effect comes from the destructive interference between twthe study of the influence of the Xe atoms’ relaxation on
different tunneling paths. The second deviation is due to ththe R— z;j, characteristic for smalt;, is presented. We con-
sideways motion of one Xe atom under the tip compression.clude with an estimation of the resistance of the STM junction
equipped withXe,, taking into account these two effects.

1 Method

Several experiments made by different groups have recently
showed that the tip of the scanning tunneling microscopé& he elastic scattering quantum chemistry (ESQC) method [7]
(STM) can be viewed not only as an observation probe, butas been used for the determination of the tunneling cur-
also as a nanoscopic tool to manipulate single atoms on a suent through the tip-Xe atoms—surface junction. This method
face [1]. These experiments have opened the way to designiadjows us to calculate the transmission coefficient through
and fabricating diverse nanostructures [2]. Furthermore, tha defect enclosed in a periodic chain. In our case, the defect
prospect of fabricating nanoscopic electronic devices [3] hais composed of the tip and the Xe atoms, and the model sys-
increased interest in the characterization of transport progem for the tip body and the surface is a cell semi-infinite
erties in these nanostructures [4]. Although transport is welin the propagation direction and periodically repeated in the
understood at a macroscopic scale, a lot of questions remdgteral directions. We then used the Landauer formula to ob-
unanswered when only a few atoms are involved. tain the resistance of the system [8]. We must emphasize

In arecent experiment [5], Yazdani et al. have investigatethat the calculated resistance cannot be considered as the
the electrical resistance of either a single Xe atom or two Xeéntrinsic resistance of théXe), wire, but almost as the elec-
atoms in series. In the latter case, one Xe is on a Ni(110) sutronic transparence of the electrod&e).—electrode in the
face and the other is adsorbed at the end of the STM tip apeglastic regime [9]. In the ESQC method, the electronic struc-
The Xe atoms are then brought together by decreasing thare is described by an extended Hickel model. Although
distancez;, between the STM tip apex and the surface, theghe absence of self-consistency works against this model, it
resistance versug, (R— zip characteristic) being recorded. is particularly suited for this kind of calculation because of

Yazdani et al. considered that the electrical contact octhe large number of atoms required to describe the junction
curred when the resistance begin to saturate at smpallThe  properly [4].
measured resistances @ 2 for the single Xe atom and The periodic cell includes two (110) planes ofx%
107 Q for the two-atom system. However, it must be emphaatoms. The tip is a cluster of 10 atoms oriented in the [111] di-
sized that they had no access experimentally tgXieg, wire  rection, single-atom ended, adsorbed on the (110) surface of
conformation during the tip approach and therefore they cathe tip body. Yazdani et al. [5] keep an atomic resolution sub-
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sequent to the transfer of the Xe from the end of the tip to thé.
surface, indicating that their tip apex is also composed of one
single atom at the end. In our calculations, we chose a Cu tip
and a Cu(110) surface, instead of the W tip and the Ni(110)
surface of their experiment. On one hand, the parametriza-
tion of the interactions is better known for tle—Xe system
than for theNi—Xe system. On the other hand, the results

For largezp, that is forz;, > 13A, the curve shows the
exponential behavior characteristic of a tunnel transport
through the(Xe), chain. Note that in this case, the two
energy curves merge together. This means that the Xe
atoms are stable in their starting positions, one Xe being
adsorbed at the end of the tip apex and the other on the
surface (see insert in Fig. 1).

presented in this paper do not have to be considered as % For105A < Zip < 13A, there is a bump in th&® — Ziip

or substrate dependent but rather as characteristic of the phe-

nomena which occur during this kind of measure. The elec-
tronic structure of the Cu atoms is described Isyofbitals,
whereas we have used 6mpty and P filled orbitals for the
Xe atoms. These porbitals have a non-negligible influence
on the tunneling current when the Xe atoms are strongly con-
strained between the tip and the surface for smgll 3.
The positions of the Xe atoms have been calculated by
molecular dynamics. We resolve the classical equations of
motion using the Verlet algorithm. The interaction energy be-
tween the Xe and the surface includes pairwise dipolar and
quadrupolar extended Born—Mayer contributions, whereas
we used a potential found in the literature for the interac4.
tion between the Xe atoms [10]. The last contribution comes
from the interaction between the Xe atoms and the tip. A gen-

characteristic, although comparison of the two energy
curves reveals only small differences. We are always in
the attractive regime and the slight shifts of the Xe po-
sitions cannot explain this large deviation from standard
exponential behavior. The origin of this effect is discussed
below.

For9.5A < zj < 1054, the calculated curve shows a
saturation similar to the experimental one. The energy for
the frozen(Xe), dimer increases, whereas for the free
dimer it varies approximately like the resistance. The sys-
tem is now in the repulsive regime. Thig, range will be
studied below in the section on mechanical deformations.
If zp < 9.5 A, an exponential decrease is recovered.

eralized propagator technique have been used to calculage The interference effect

N-body dipolar terms, which may become significant accord-

ing to the tip geometry [11]. For eadg,, we let the two Xe We have mentioned previously that a bump in Re- z;,
atoms relax until we reach an equilibrium state. The timecharacteristic occurs for &y range where there are still no

averaged positions are then used for the ESQC calculationsmechanical deformations. This bump must therefore be the
consequence of an electronic effect. If we remove th®b
bitals of the Xe atoms, the bump is not cancelled but occurs
for somewhat differenty,, indicating that only the $ or-
bitals are involved in this effect. Another test was to remove
the 10-atom tip and investigate the resistance variations when
Figure 1 shows th&® — z;, characteristic as well as the total two Xe atoms, each located at a constant distance from the
energy for the(Xe), dimer. We also report the experimen- Cu(110) slab, were brought together. We still noticed a bump.
tal data from [5]. The agreement between experimental and To determine what causes such a bump, we have consid-
calculated curves is clearly excellent, both quantitatively an@red a simple tight-binding model (Fig. 2a). The slabs are
qualitatively. The theoretical curve can be decomposed inteepresented by two semi-infinite chains and tiseaGomic
four regions. orbitals of the Xe atoms by two levels of energy All

the couplings between the Xe atoms and the slabs have to

be considered to describe the system correctly. These cou-

plings depend on the overlap between electronic wave func-

2 Results
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Fig. 1. Variation of the resistance (——) and the total energy (— — —) of theFig. 2. a Tight binding representation of two Xe atoms in a tunnel junction
(Xe)2 dimer as a function of;p. The full and long dashed lines correspond composed of two slabs. The semi-infinite chains on each side represent the
to the free Xe case; the short dashed line shows the total energy when theo slabse is the energy level of thesorbital of the Xe atomsy, 8, y and

two Xe are frozen in their stable positions on the surfa&t@gA) and under  § are respectively the couplings between the Xe atoms, between the slab and
the tip 3.43A) for large zjp. The black dots correspond to the experimental the closest Xe atom, between the slab and the more distant Xe atom, and
data from [1] between the two slabs. Effective tight binding model
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Fig. 3a—d.Schematic picture of the tunneling paths (- — —) through the tight , V.
binding model of Fig. 2a. Each path corresponds to one contribution in the S ’,/ K B
expression of the effective coupling E) (Fig. 2b) Vi s z, O
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which is strictly equivalent (Fig. 2b) [12]. The main advan- 9 10 11 12 13
tage of this transformation is that the contributions due to Tip-surface distancgz(A)

Fhe different COUpImgS are n_OW Coma'”eo_' na smgle eﬁeCtFigA. Variation of the resistance of thg<e), dimer as a function ofip

ive energy-dependent couplidgE). If the distance between for a narrowerz, range than in Fig. 1. The full line shows the resistance
the two slabs is now reduced, the couplings, ands will for two free Xe atoms. The short dashed line corresponds to the case where
be stronger, and therefore the level$E), 2(E) and I'(E) the overlap between the two Xe atoms is cancelled. The long dashed line
will be modified. The strongest contribution to the variationS"oWs the resistance calculated for two frozen Xe atoms

of the transmission coefficient comes from the variation of the

effective couplingl (E): curve must be correlated with the Xe displacements. How-
ever, in order to be sure that no other effects have to be put
ap? YB(E —¢) forward, we plotted in Fig. 4 th&R— z;, characteristic for
I'E) = (E—&)2— a2 + [(E —e)2— az} the system with the Xe atoms frozen in their initial positions.
2 In this case, the resistance is clearly no more saturated. The
L SR (1) mechanical contact is defined fay, equal to10.5A, lead-
(E—e)2—a? ing to an experimental resistance of ab@ut 107 €. In this

zip range, the Xe p orbitals must be included in the cal-
"tulation otherwise the resistance curve is deformed but does
not show the same saturation behavior as in the experimental
curve. Although the spatial extension of these orbitals is weak
in comparison with 6 orbitals, they make a non-negligible
ontribution to the tunneling current for the short interatomic
istances in the repulsive regime.
Figure 5 represents different configurations during the tip
proach. In configuration 1, the Xe atoms are in series be-
tween the tip and the surface. Beyond the electrical contact,
3%le Xe at the end of the tip apex begins to move sideways
(configuration 2). Then the decrease of the transmitted current
hrough channel A (Fig. 3) because of this shift is solely com-
nsated by the strengthening of the transmission through the
annel B due to the tip descent. Therefore the resistance

Each term in (1) corresponds to a different transmission cha
nel. For examplegp? in the first term means that the elec-
trons tunnel from the left chain to the left lewdg), then to
the right levels(«) and finally to the right chaing). The dif-
ferent tunneling paths are indicated schematically in Fig. 3
A is the path corresponding to the first term, B to the secon
term, and so on.

As previously mentioned, the stronger the overlap, theap
stronger the coupling. For the distances investigatednds
are the weakest couplings, so we neglect the third and the |
terms in the expression @f(E). The electronic transmission
now relies only on the tunneling paths A and B (Fig. 3). But
the phase shift introduced on the wave function through ea
of these channels is different. Therefore, the superposition qi,

the two channel contributions at the end of the tunneling pat,, e saturates. Fagp < 9.5A, we again found an exponen-

‘é"i” be c(ijestructive ;orhenergy lower th&de?]iS will intro- 431 decrease in the resistance. In this case, the electrons are
uce a decrease of the transmission and then an increase ) nejing from the tip to the surface through one unique Xe

the elastic resistance. ! . ;
; . . atom (configurations 3 and 4), the influence of the other Xe
In Fig. 4, we have plotted the — z;, curve obtained while becorr(ﬂng vgry weak. )

the overlap between the two Xe atoms is removed just before i 7.6 15A, the deformation of the dimer is elastic;
calculating the transmission properties. This is equivalent t9, it e raise the tip, the Xe atoms come back to their ini-

cancel thex coupling between the two electronic levelIhe 5| hositions. Under this limit, the tip Xe atoms jump to the
first term in thel(E) expression vanishes and the bump dis‘surfgce (plas.tic deformation)., P jump

appears, confirming the destructive interference effect.

5 Conclusion
4 Mechanical deformations

We have calculated the transport properties foX@), dimer
If zp is lower than10.5A, the constraint due to the tip is confined in the gap of a STM junction. Our results are in ex-
strong enough to shift the Xe atoms away from their ini-cellent agreement with previous experiment and simulation
tial positions. It is obvious that the saturation in tRe-z;, by Yazdani et al. [5]. In comparison with their calculations,
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ing of the experimental curve. Moreoveer we have obtained

a strong deviation from the exponential decrease of the resis-
tance junction for &, range not investigated in the experi-
mental study. We showed using a simple tight binding that
this variation is due to an electronic interference effect be-
tween two different tunneling channels.

A measure of the resistance of the two Xe in series re-
quires thatzg, is greater tharl0.5A, which is the upper
bound before deformation. Fag, > 10.5 A, we have to deal
with the electronic interference effect and therefore the resis-
tance can only be estimated. We estimate that the resistance
ranges froml0 M to 30 M.
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