
PHYSICAL REVIEW B VOLUME 47, NUMBER 12 15 MARCH 1993-II

Imaging and moving a xenon atom on a copper (110)surface
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The sliding of a xenon atom on a Cu(110) surface caused by a scanning tunneling microscope (STM)

tip is discussed. Initially, the stable height and lateral position of a Xe atom on Cu(110) in the absence of
the tip is calculated by considering Born-Mayer repulsive and van der Waals interactions. Using this

geometry, a constant-current STM image of the Xe atom is then calculated using the STM-ESQC tech-
0

nique. For I =1 nA and V = 10 mV, a bump of 1.7 A is found, which is in good agreement with experi-

ments. The stability of the Xe atom under the tip apex as a function of the tip to substrate distance is

also discussed. At each tip height, the tunnel current intensity is calculated. The threshold tunnel resis-

tance required to move a Xe atom with the tip is deduced from these calculations and is in good agree-

ment with the experimental one. It is argued that the sliding process is due to the trapping of the Xe
atom in a van der Waals well created by the tip apex. This trap is moved along the (110) rows as the tip

scans.

I. INTRODUCTION

The adsorption of rare-gas atoms on surfaces has been
the subject of extensive experimental investigations. '

It is well known that on metal, standard methods such as
low-energy electron diffraction and elastic neutron
scattering can be used to determine the average structure
of a rare-gas monolayer on a metallic surface. The main
drawback of these techniques is the difficulty of obtaining
the local arrangement of the adsorbates. With the advent
of the scanning tunneling microscope (STM), one can ob-
tain atomic-resolved images of a large variety of adsor-
bates on metal and semiconductor surfaces. Conse-
quently, the STM allows the adsorption sites to be locat-
ed and the adsorbate-substrate interaction potentials to
be determined.

Recently, a series of experiments have demonstrated
the capability of the STM to move atoms or molecules
adsorbed on metal or semiconductor surfaces. ' In a
pioneering work, Eigler and Schweizer have used a
tungsten tip to position with subnanometer precision in-
dividual xenon atoms adsorbed on a single-crystal (110)
nickel surface. In similar experimental conditions, the re-
versible transfer of adsorbed atoms between the Ni(110)
surface and the tungsten tip has been demonstrated using
a pulse bias voltage technique.

The adsorption energy of Xe on Ni(110) is low (200
meV). Therefore, atom-push mampulations must be
performed at low temperature (4.2 K) and in ultrahigh

vacuum. In such conditioris, very well-resolved images of
Xe atomic arrays can be recorded by scanning at a tip-
sample distance sufficiently large for the Xe atoms to
remain in their equilibrium sites. When the tip-surface
distance is reduced, it has been proposed that the forces
between the tip apex and the Xe atom responsible for the
Xe sliding along the (110) rows are of the van der Waals
type, rather than of the electrostatic type.

A detailed interpretation of these experiments requires
quantitative data for the Xe-Ni(110) surface —tip-apex in-
teractions. If the surface crystallographic structure is
taken into account, the Xe-Ni(110) distance can be de-
duced from the computed STM images, and the adsorp-
tion sites can be recognized in these images. However,
little has been done to predict how a rare-gas atom may
look on the surface of a metal when it is imaged with an
STM. In a recent contribution, Eigler et a/. have used
the atom-on-jellium model to calculate the apparent
height of a single Xe atom in a constant-current STM im-
age. These authors conclude that the Xe 6s resonance
tail is the major contributor to the Fermi-level local-state
density that permits such an adsorbate to be imaged. But
the surface crystal structure and the atomic structure of
the tip were not considered in the calculation.

In this paper, we present a theoretical study of the sta-
bility of Xe atoms placed between a STM tip and the
(110) face of a fcc metallic substrate. We also present a
calculation of the tunnel current between the probe tip
and the adsorbate-substrate system. For this study, we
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have chosen the (110) face of copper, for which extensive
experimental results with physisorbed rare-gas atoms are
available in the literature. ' This standard system
displays dynamical and structural characteristics very
close to the Ni-Xe system studied by Eigler and co-
workers.

This paper is organized as follows. In Sec. II, the sta-
bility of a Xe atom on Cu(110) is analyzed using a
discrete-potential model. The potential is the sum of
long-range dispersion terms and of short-range Born-
Mayer terms characterizing the repulsive effects between
the atom and the surface. Our method is similar to that
of Hill, Hailer, and Celli' and Vidali, Cole, and Klein'
since it relies on the knowledge of a reduced number of
parameters describing the atom and the surface (atom-
surface dispersion coefficient, short-range repulsive pa-
rameters, and crystallographic characteristics of the sur-
face). The van der Waals coefficients are related to the
dipolar and quadrupolar Auctuations of both the adsor-
bate and the atoms of the surface. ' In Sec. III, we
present theoretical STM images of a single Xe atom. The
tunneling current between the tip and the substrate
through the xenon is calculated from the generalized
Landauer formula. ' The electronic structure of the
complete system (tip, surface, and adsorbate) is obtained
by molecular orbitals which are calculated using the
extended-Hiickel-molecular-orbital (EHMO) method. '

In Sec. IV, the physical mechanisms responsible for the
sliding of a Xe atom are analyzed by introducing the
whole potential experienced by Xe within the gap be-
tween the tip and the substrate. Finally, our results are
compared with the experimental sliding-threshold tunnel
resistance found by Eigler.

sion between Xe and the surface copper atoms. The
short-range parameter Ao is determined for the Cu(110)
face by fitting the total energy U to the experimental
value for the adsorption energy at zero coverage.

In contrast with this semiempirical estimation of the
short-range energy U&, the long-range dispersion energy
UD can be determined using the generalized susceptibility
theory. ' In (2), y, is the linear susceptibility of the Xe
atom and K& the generalized susceptibility of the electric
potential generated by the metal surface. For a single
atom or a small molecule, the multipolar expansion of g,
is valid

y, (r', r, ig') =a,'(ig) [2]V, V,(r' —R)5(r —R)

( )(g)[4]V( )V( )
1

0 r' r

X6(r' —R)5(r —R)+
where a(,')(co) and a( )((o) represent both the dipolar and
quadrupolar polarizabilities of the isolated Xe atom. Us-
ing (4) to calculate UD, it comes from (2)

dg S~("(R,R, ig') [2]a,"'(ig)
277 0

+ —S(s"(R,Rig)[4]a', '(ig) . . (5)

In (4) and (5), the conventional notation [k] is used for a
tensor contraction of kth order. The tensors S' ' are
defined by

S("'(R,R,ig)=V'")V, K (rs, r', ig) .

II. THE STABILITY OF A Xe ATOM ON THE Cu(110)
SURFACE

The interaction energy U between a Xe atom and the
copper crystal surface can be decomposed into a short-
range Born-Mayer part Uz and a long-range dispersion-
energy part UD with

Us= g X ~o expl —(ox c )~R r„,„,, ~]
nl, n2 p

and

UD = — f dg f dr dr'y, (r', r, ig)Ks(r, r', ig) . (2)
2'TT 0

In (1) and (2), the lattice vector r„„is defined by

r„„=(n,a, +n2az+r~, z ),
where a, and a2 are the bidimensional primitive transla-
tion vectors on the surface, and n &, n2 are integer num-
bers. ~ defines the relative position of atoms in a given
cell and two different planes, and z defines the coordi-
nate of a plane with respect to the z =0 crystal surface.
Note that in (1), the vector R(l, d) gives the location of
the Xe atom on the surface, d being the Xe-copper sur-
face distance.

The Born-Mayer part U& of U accounts for the repul-

After further calculations, UL, given by (5) can be
separated into a continuum part UD and a corrugation
part UD with

3C3 5C5
UD(R) = bg — +

() (d +pb) (d +pb)

and

UD(R)= bg g cosg —(I+r„)
p=0 g

3C3g
X K2[g (d +pb)]

(d +pb)

5C5g+,K3[g (d +pb)]
(d +pb)

where b = ~Zz+) —Zz ~
is the distance between two suc-

cessive planes of the substrate. The van der Waals pa-
rarneters C3 and C5 are related to dipole and quadrupole
fluctuations. ' The sum over the reciprocal lattice vec-
tor g runs over the doublet values (g),gz)W(0, 0) which
are consistent with the symmetry properties of the lattice.
K„is a modified Bessel function of integer order.

From (7) and (8), we calculate the potential energy
U(d) of a Xe atoms on the unreconstructed Cu(110) sur-
face as a function of its distance d to the first copper layer
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FIG. 4. Variations of the Xe-bump apparent shape as a func-

tion of the tip apex chosen. The tip was constant-current
scanned orthogonally to the (110) rows for I = 1 nA and V =10
mV. (1), no tip apex; (2), one-atom tip apex; (3), a two-layer py-

ramid five-atom tip apex; and (4), a three-layer pyramid 14-atom

tip apex.

trons in the tip and in the substrate. Scattering from this
defect is mainly elastic due to the small size of the STM
tunneling junction. At low bias voltage V, the tunnel-
current intensity I(x,y, z) through such a (x,y, z)-
dependent defect is given by the generalized Landauer
formula. ' This formula relates the conductance I (x,y, z)
V ' of the defect to the trace of the squared transmission
matrix through the defect taken at the bulk Fermi level.
This matrix is obtained following our ESQC procedure
and using EHMO calculations. ' In this manner, we cal-
culate the tunneling-current intensity with the tip apex
and surface connected to electron reservoirs without
making use of the standard Fermi golden rule (or Bar-
deen) approximation. ' This tunnel current is a function
of the Fermi level position relative to the energy of the
molecular orbitals of the defect, i.e, the STM image cal-
culated with this technique depends on the bias voltage.
But there is no polarization efFect of these orbitals taken
into account due to the electric field.

In order to obtain theoretical images that are valuable
for determining the structure of Xe on Cu(110) and for
discussing the sliding process, we need a good description
of the electronic structure of the tip-Xe-Cu(110) tunnel
junction. The Cu(110) surface is described here by two
layers of copper atoms, each layer being composed of 54
atoms in a 6X9 rectangular lattice that respects crystal-
lographic distances. The fcc Cu bulk lattice supporting
the Cu(110) surface is generated by a periodic repetition
of these two layers, which gives the bulk regular fcc
copper structure. Lateral cyclic boundary conditions are
used. The Xe atom is positioned on this surface on a cen-
tral hollow site that respects the equilibrium position (po-
sition a) found in Sec. II.

The tip apex is itself attached to an identical Cu(110)
surface. This surface is connected to the bulk of the tip
wire, which has the same atomic structure as the bulk of
the substrate. As shown in Fig. 4 for a line scan that
passes over on the Xe atom, the print of the Xe atom on
the scan strongly depends on the tip atomic shape. There
is no trace of the Xe atom in an image made with a Oat
tip [curve (1) of Fig. 4]. In this case, it is the Xe atom
that plays the role of a tip apex and scans the tip surface.

Away from this extreme case, the print of the Xe atom
becomes independent of the tip-shape geometry when the
tip apex is represented by at least two atomic layers. This
is due to the size of a Xe atom: the interaction between
the tip base and the Xe atom becomes negligible for a
two-layer tip.

For the scans in Fig. 4, each copper atom is described
by a 4s Slater atomic orbital with an exponent and an en-
ergy given by the standard EHMO parametrization. '

However, the extension of this type of orbital in space is
not sufficient to ensure that the tunneling current varies

0
by one order of magnitude per A. Therefore, a double-
zeta 4s orbital is used for the end atom of the tip. This
orbital incorporates a difT'use part so that a better descrip-
tion of long-range interactions with the tip and a good
current-distance variation are obtained. Parametrization
of the Xe atom is more critical. Since Xe is a closed-shell
atom, electron tunneling may occur by the virtual
creation of an electronic hole in its ground-state
configuration or by the virtual occupation of its 6s atomic
orbital. The Sp ground-state configuration of Xe has a
high ionization energy. Since the energy level of the Sp
configuration is well below the copper Fermi level, a hole
creation in this Sp configuration is not going to play a
first-order role in the tunneling process. On the other
hand, the 6s orbital is the first electronic excited state
Sp 6s' of Xe. Therefore, the 6s virtual orbital has to be
considered. The EHMO parameters of this 6s orbital are
optimized starting from the cesium atom 6s orbital
EHMO parameters because Cs has a Sp 6s' electronic
configuration in its ground state. Experimental evidence
has shown that the Xe 6s virtual state is close to the vac-
uum level. Therefore, since cesium has a very low ioniza-
tion energy, the EHMO coulomb parameter of this 6s or-
bital has been derived from the cesium 6s one. The su-
perposition of two 6s Slater orbitals, one with a 2.09 ex-
ponent and one with a 1.24 exponent, is used for the spa-
tial part of this parametrization. This parametrization
can be optimized using the experimental scans as in any
semiempirical calculations. ' Notice that we have tested
a more complete description of the Xe using the 6p and
Sd atomic orbitals. No change in the image was ap-
parent. The 5d is too contracted to modify the tunnel
current intensity through the Xe atom. The 6p do not
contribute significantly to the image and was neglected.

For a chosen parametrization, one possible way of
comparing theory and experiment is to consider the ap-
parent height of the Xe bump in the STM image as a
function of the Xe-Cu altitude on the surface. As shown

0
in Fig. 5, the height increase is not large: 0.1 A for a
0.5-A increase in the Xe-Cu altitude variation. But
thanks to the progress in STM instrumentation, this
difference can be detected. We have, therefore, a way of
extracting the Xe-Cu altitude by comparing experimental
and theoretical STM images. However, this determina-
tion depends critically on the tip-apex structure. There-
fore, an effective tip shape must be constructed by consid-
ering a scan over a naked surface before the Xe altitude is
studied.

Figure 6 presents a three-dimensional image of a calcu-
lated constant-current STM image of a single Xe atom
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on ( u(110). The shape of the Xe atom is in good agree-
ment with the shape determined experimentally. More-
over, due to the rectangular character of the Cu(110) lat-
tice, the bump is found to be slightly asymmetric, as ob-
served in the Eigler's experiment. We also find 0.17 A
for the naked Cu(110) corrugation. This is a small ap-
parent corrugation resulting from the fact that Cu(110)
does not reconstruct.

IV. MOVING A Xe ATOM ON Cu(110)

When the STM tip apex is brought close to the sub-
strate (above or near the adsorbate), the potential energy
of the adsorbate is modified relative to its value in ab-
sence of the tip. The new total energy U(R, RO) of the
tip-apex —adsorbate-surface system can be written as

U(R, RO)= Us+ UD+ Vs+ VD .

In this summation, potentials U& and UD are as defined

Xe-Cu &A&

FIG. 5. Variation of the apparent height DZ „ofthe Xe
bump in the STM image as a function of the Xe-to-surface dis-
tance dx, c„.This height was calculated on I = 1 nA and
V = 10 mV constant-current scans. The saturation for large d is
due to the limited size of the tip apex. The dashed line indicates
the DZ „variation for a sharper tip apex.

previously. V& is a short-range repulsive term due to the
overlap between the electronic clouds of the adsorbate
and the tip apex at very short distance. It is a pairwise
summation of Born-Mayer potentials such as that used in
Sec. II. VD comes from long-range dispersive forces.
Such forces are due to correlation efFects between the po-
larization fluctuations of the electron cloud of each atom
of the tip apex and the xenon atom. Theoretical expres-
sions of this energy are available for simple geometries
(atom on a plane, atom near a sphere, etc). But little
work has been devoted to the specific geometry of a me-
tallic tip apex positioned above an atom. The coupled-
modes method provides a convenient framework for
studying such a geometry. It describes the dispersion en-
ergy between an atom and an STM tip apex in the follow-
ing way: the allowed coupled modes between a n-atom
tip apex and an adsorbate are solutions of the standard
dispersion relation

D(co) = det[I —B(R,Ro, co)], (10)

where I is the identity matrix and B is the (3n X3n) ma-
trix defined by

B(R,Ro, co) =a, (co)

S(a)H(&). . . H(a)
11 12 1n

H(a)S(a) . . . H(a)
21 22 2n

H(&). . . S(a)
n1 nn

Here, a, (co) represents the effective dipolar polarizability
of an atom of the tip apex. S',."—=S"(R;,R, co) is the
field susceptibility associated with the adsorbed atom.
Finally, the H' ' terms are given by

H"(R;,Rj., co) =S"(R;,Rj, co)

3(R;—R, )(R; —R) ) —I
I R; —R, I'

IR, —R, I'

(12)

FIG. 6. Constant-current STM image of the
Cu(110) face with a Xe atom adsorbed. I =1

0

nA, V = 10 mV. The corrugation is 1.7 A from
black to white in a linear gray scale. The

0
scanned area is 28 X 15 A .
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FIG. 10. Map of the minima Eb, of the Xe potential energy
U(d) above the (110) Cu surface. The Xe scanned area is the
same as in Fig. 3. (a) Map of a tip-substrate distance Z0=5.4
0
A. (b) A section of this map along a bottom row for different tip
altitudes.

on the adsorption site chosen for the Xe atom.
For such large tip-to-surface distances, the Cu(110)

surface can be scanned at constant current without the
Xe equilibrium position being destabilized. For example,
given a constant current of 10 pA and a bias voltage of 10
mV, the absolute Zo (calculated usiny the STM-ESQC
technique described in Sec. III) is 9.74 A on the top of Xe
atom and 8 A on average over the naked Cu(110) surface.
This corresponds to a tunnel-junction resistance of 1 GQ,
which is higher than the 5 MQ threshold resistance re-
quired experimentally to slide a Xe atom along the
Ni(110) rows.

For intermediate Zo (6 A(ZO(9 A) and for the tip
positioned above a hollow site, there is a progressive col-
lapse of the two previous wells into a single well. This
corresponds to the formation of a tip-Xe-surface bonded
object (Fig. 8). The Xe atom is constrained by the tip to
stay between the tip and the surface in its hollow site.
The complete collapse occurs around ZO=7 A. Before
then, there is still an inflection point on the E(d) curves
which is well marked at 9 and 8 A. This is a souvenir of
the tip adsorption well (Fig. 8).

More important for the understanding of the sliding
process is the variation of Eb, in the hollow site when the

tip apex approaches the Xe atom. Eb, starts at 178 meV
for Zo=9 A and rises to 205 meV for ZO=6. 4 A. This
variation can be explained by the fact that the tip blocks
the Xe atom in its hollow site and that the tip-Xe repul-
sive interaction is not sufficient in the intermediate Zo
range to push the Xe atom away. The binding energy
also increases for the other adsorption sites. Figure 9(a)
represents a map of the Eb, variation when the tip apex is

0
fixed at Zo =6.4 A above a hollow site when the Xe atom
is moved around laterally. To make the Eb, increase
clear, a cross section of this map along a (110) bottom
row is presented in Fig. 9(b). Let us point out the small
extension of the deformation in the neighborhood of the
hollow site under the tip apex. The van der %'aals in-
teraction is well localized on this site. This would not be
the case for a perturbation created by a strong electric
field between the tip and the surface.

For I=1 nA and V=10 mV, the Zo calculated using
the STM-ESQC method is 7.3 A when the tip apex is
above a Xe hollow site. This is in the Zo range where one
can still distinguish the tip and surface wells in U(d).
Therefore, a scan at 1 nA constant current will not desta-
bilize Xe out of its equilibrium site. In fact, the Eb, map
is slightly deformed for this altitude [Fig. 9(b)j. But the
well created is less than 10 meV lower than the one ob-
served for Eb, on the free surface. The tip-Xe-surface
tunnel-junction resistance is equal to 10 MQ, , which is
again higher than the 5-MQ threshold resistance. Fur-
thermore, if the setup current is increased so as to reduce
the junction resistance under 5 MQ, the calculated Zo is

0
under 6.4 A. For example, a 1-MQ resistance (or I =10
nA, V=10 mV) leads to ZO=5. 8 A). Therefore, for a
current intensity higher than 5 nA, the Xe atom is more
stable under the tip apex, in the hollow site than in the
other sites in the same row. If, under these conditions,
the tip is moved along the row, the Xe atom trapped un-
der the tip also moves. This analysis supposes that the
deformation of the potential-energy surface follows the
tip-apex displacement adiabatically and that the Xe atom
always relaxes into the hollow site with the largest E„,.0

For small Zo (Zo (6 A), Eb, is lower, since the repul-
sive part of the tip-Xe interaction becomes larger than
the attractive part. The Eb, maps indicate that the po-
tential energy at the hollow site above which the tip is po-
sitioned is much higher than the potential energy at the
other hollow sites where the tip is not present (Fig. 10).
Therefore, Xe must leave its initial size and move toward
another hollow site in the same row or in another row.

0

Such an escape channel appears for Zo (5.4 A, i.e., for a
theoretical tunnel-current intensity higher than 40 nA.
Consequently, if this intensity is increased, the tip apex is
brought closer to the substrate and the Xe atom is desta-
bilized. In this case, the Xe atom cannot be stabilized on
the nearby hollow site due to the kinetic energy gain dur-
ing its collision with the tip apex. Therefore, the sliding
can only be explained by the van der Waals process de-
tailed for the intermediate Zo distance range.

V. CONCLUSION

When the STM tip scans at a low tunneling current
over a Cu(110) surface upon which a Xe atom has been
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adsorbed, the Xe atom keeps its hollow-site equilibrium
position. At its 2.78-A equilibrium distance above the
surface, it produces a bump 1.6 A high in the STM image
(I = InA, V = 10 mV). If the tip-to-surface distance is re-
duced in such a way that the Xe atom is constrained in
its initial hollow site between the tip apex and the sur-
face, this atom can slide on the surface following the at-
tractive depression created by the tip apex on the hollow
site. We have determined theoretically that this sliding
process occurs for a tunneling-current range (or a
tunnel-junction resistance range) which is in good agree-
ment with the experimental range found by Eigler and
co-workers. For a given adsorbate, the sliding process
appears limited to a precise tunnel-resistance range. For
xenon on copper, this is between 1 and 5 MQ. If the
current increases further, the collision between the tip
apex and the Xe atom will force the Xe atom out of its in-
itial equilibrium site.

A comparison between the experimental data and our
results shows that all our absolute tip-apex-to-substrate

0
distances appear to be underestimated by 0.3—0.6 A.

However, it is well recognized' that the experimental
threshold resistance necessary to slide an adsorbate de-

pends on the particular arrangement of the tip-apex atom
by a factor estimated to be less than 4. A factor of 4 in
the junction resistance leads to a precision in the altitude
not better than 0.5 A. Moreover, the tip apex used in our
calculation is made of copper and not of tungsten, with a
tetragonal instead of a trigonal base. This is not the tip
used by Eigler and co-workers. This may explain the
small discrepancies observed. Note also that our calcula-
tions suppose that the substrate and the tip apex are rig-
id. Therefore, the deep well in the Eb, map [Fig. 9(b)] is

perhaps less pronounced in the experiment than in the
calculated map.
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