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The interaction energy and forces between tunnel tips composed of an adsorbed W or Al atom on W~110!
and Al~111! with an Al~111! sample surface have been calculated within a spin-unrestricted screened Hartree-
Fock theory, which includes electron correlation, multiple image effects, and the electric fields between tip and
sample. The potential-energy surface for an Al atom between the W~110! and the Al~111! electrodes is also
calculated within the same model. The results show that the Al atom will be spontaneously transferred from the
Al surface to the W surface, if the W~110! surface is brought close enough to the Al~111! electrode. This
suggests that transfer of Al atoms to the tip in scanning tunneling microscopy will occur, if an Al~111! surface
is scanned with a tungsten tip. The analysis of the interaction energy between the tip and the sample reveals the
physics behind this behavior. The special properties of the Al/W~110! tip formed in this way are discussed in
relation to the tunnel current and the force gradient, which have been measured by Du¨rig and Züger for an Ir
tip on an Al foil. The calculated force gradients for the Al/W~110! tip above the Al~111! sample surface
resemble closely the experimental results of Du¨rig and Züger, indicating that material transport from the
sample to the tip has occurred in these experiments. The force between the tip and sample reaches its attractive
extremum at a relatively large tip-sample separation of 8 Å and the force gradient changes sign because the
dominating interaction changes from the long-range image type to chemisorption covalentlike. With the tunnel
tip obtained by Al-atom transfer from the Al~111! surface to the W~110! electrode, the theory gives a satis-
factory explanation of the trends displayed by the measured tunnel current and the force gradient. Comparison
of the theoretical and the experimental force gradient provides the possibility of calibrating the absolute
tip-sample distance.@S0163-1829~96!01224-6#

I. INTRODUCTION

Atomic scale manipulation of the tunnel tip and the
sample surface in scanning tunneling microscopy~STM! is
gaining importance in view of its potential to produce sur-
face structures on the nanometer scale. Aside from the tech-
nological interest, the manipulation of the tip in a usually not
very well defined way has interesting consequences for the
STM imaging per se, e.g., it leads to atomic resolution,
changes the distance dependence of the tunnel current, and
even produces image inversion, where protrusions turn into
indentations and vice versa. It has often been suggested by
experimentalists that~field-induced! mass transport and dif-
fusion may occur in a STM operation, modifying both the
sample surface and the tunnel tip in an uncontrolled way.1–5

By means of manipulations with the tunnel tip and the
bias voltalge, it proves possible to transfer single atoms or
atom clusters from the sample towards the tip and to place
them with precision on the scale of atomic dimensions back
on the sample surface.3–5 This is possible in the low tem-
perature STM at 4 K when the surface atom diffusion does
not interfere and under ultrahigh vacuum conditions. In the
experiments of Eigler and co-workers,3,4 a voltage pulse of
positive or negative sign is applied relative to a Ni~110!
sample, leading to the reversible transfer of an adsorbed Xe

atom in the direction of the tunnel current. In the experi-
ments of Lyo and Avouris,5 even at room temperature Si
atoms or clusters could be removed and deposited on the
STM tip or vice versa in the direction opposite to the direc-
tion of current flow. Another example is the transfer of Au
clusters from a gold tip towards the sample at voltages above
some threshold value.2

The physics of the transfer of adsorbed atoms, due to the
applied external electric field, has been studied by Kreuzer,
Wang, and Lang6 by Lang,7 by Walkup, Newns, and
Avouris,8 by Gao, Persson, and Lundqvist,9 and recently by
Brandbyge and Hedega˚rd,10 and by Hirose and Tsukada.11

The driving mechanism usually discussed involves field
evaporation combined with the effect of the chemical tip-
sample interaction forces.6,7 In these cases~transfer of Xe or
Si atoms! strong external electric fields and the modification
of the barrier for field-induced atom or ion desorption are
important. Other mechanisms of atom transfer are atom tun-
neling and thermally activated transfer, as discussed by
Gomer.12 In the paper by Du¨rig et al.,13 empirical nearest-
neighbor two-body potentials are constructed, which are then
summed up to get the interaction energy between an Ir-tip
cluster and a cluster of Al atoms describing the Al~111! face.
They achieve good agreement with the experiments, but this
approach is not capable of revealing the underlying physics.
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Except for the fact that they find that an aluminum atom
transferred towards the Ir-tip cluster reproduces the experi-
mental force gradients, we cannot find any other connection
to our work. Our own studies showed that two-body poten-
tials are not capable of reproducing the many-particle poten-
tials over the whole physically relevant range of distances.14

We study the transfer of ametal atom~which has a com-
pletely different electronic structure compared to the Xe or
Si! in the absence of an external electric field. In this case,
the atom follows the gradient of the potential-energy surface.
Ciraci15 has discussed this situation for the case of two
Al ~100! electrodes with an Al atom in between. The results
~based on super cell calculations in the local-density approxi-
mation! are in good qualitative agreement with ours, where
they are comparable. Our investigation extends these studies
by ~a! considering an atom between twodifferentelectrodes
~different chemical nature and different lattice structure!, ~b!
explicitly including the multiple image interactions,~c! per-
forming a detailed analysis of the tip-sample interaction en-
ergy, and~d! calculating the tunneling current in addition to
the interaction energies and forces. Energies and forces act-
ing on a single Al-tip atom between two flat electrodes
W~110! and Al~111! and the interelectrode forces are re-
ported. The internal electric field, due to difference in the
work functions of the two surfaces, is accounted for. The
results show that the Al atom is spontaneously transferred
from the Al surface towards the W surface at closer distance.
The activation barrier for atom transfer collapses, due to the
chemical interactions in the system.

The calculated force gradient for a rigid Al/W~110! tip
above the Al~111! sample surface resembles closely the ex-
perimental results of Du¨rig and Züger16 for an Ir tip on an Al
film, indicating that material transport from the sample to the
tip has occurred in these experiments. Du¨rig and Züger16

measured, in addition to the tunnel current, simultaneously,
the force gradient as a function of tip-sample separation. In
the case of transition metal samples, the interaction force
could be measured within the range of distances where the
attractive component dominates as repulsion occurs at too
small distances. For an Al film the situation was, however,
qualitatively different. The force gradient was found to be an
order of magnitude smaller than for transition metal samples
and it turned to positive values at distances that correspond
to typical tunneling conditions. Our aim is not so much to
reproduce the measured values for a special tip/sample sys-
tem, but to understand the trend in the described experiments
in physical terms.

An appropriate interpretation of the experimental findings
poses the challenge to the theory of STM to evaluate within
the same model the electronic structure, the interaction
forces, and the tunnel current for a realistic tunnel junction,
including a tip that is truly three-dimensional and includes
d electrons. First principle methods are not yet in a shape to
tackle this difficult task, but careful model studies can al-
ready yield valuable information and add to the understand-
ing of this important subject.

For several reasons, first principle methods based on the
local-density approximation cannot be used to solve this
complicated problem of two semi-infinite metal electrodes
with the atomic structure being in contact with each other via
a tip atom.

~1! The two plane electrodes consisting of a W~110! and
an Al~111! surface have different geometry and unit cells,
which prevents the use of supercell methods, because of the
lattice mismatch. In addition, the introduction of the tip atom
will break any kind of symmetry. Any kind of supercell cal-
culation will introduce an array of tips with artificial tip-tip
interactions.

~2! In order to calculate the tunnel current, one has to treat
two semi-infinite metal electrodes.

~3! The local-density approximation does not treat the im-
age interaction correctly, which is essential for obtaining a
realistic barrier potential and which has an important influ-
ence on the magnitude of the tunnel current and the interac-
tion potential.

~4! First principle methods use basis sets~e.g., plane
waves, floating Gaussians, etc.!, which are optimized to ob-
tain numerically correct numbers, but which are not physi-
cally significant expansions in the sense that they facilitate a
quantitative interpretation of the nature of the tip-sample in-
teraction.

The fundamental physical phenomena can be qualitatively
understood without having the exact first-principle solution
available, if the interactions and self-energies are modeled
carefully, based on the available knowledge and physical in-
tuition. In the next section, a brief description of the theo-
retical model and the applied method of solution is given.
Section III describes three different tunnel tips. The
potential-energy curves and the analysis of the chemisorption
bond between the tip atoms and the tip base metal reveal the
different nature of the bonding of an Al-tip atom compared
to a W-tip atom on W~110!. In Secs. IV and V, a similar
analysis is performed for the interaction energy of the tips
with the Al~111! surface. The total-energy surface of an Al
atom between W~110! and Al~111! reveals the collapse of
the activation barrier for atom transfer towards the tungsten
surface and the nonactivated nature of the transition of an
adsorbing aluminum atom from Al~111! towards W~110! be-
low a certain interelectrode separation. This is a consequence
of the stronger bonding of an Al atom to W~110!, which is
related to the presence ofd electrons. The distance depen-
dence of the tunnel conductivity and the force gradient be-
tween the Al~111! sample and the Al/W~110! tip produced in
this way, compare nicely to the experimentally measured
trends and support the picture of an Al atom being trans-
ferred towards the W tip in experiment. The results for the
Al/Al ~111! tip, presented in Sec. VI suggest that a similar
behavior is expected if a whole cluster of Al atoms get trans-
ferred towards the tungsten tip.

II. THE MODEL

We consider the scanning tunneling microscope from the
point of view of a single tip atom or a cluster of tip atoms
adsorbed on a semi-infinite tip electrode, interacting with a
semi-infinite sample surface. In the present work, the tip is
treated as a metal atom~called tip atom! absorbed on a flat
metal surface. Figure 1 summarizes some essential charac-
teristics of the model Hamiltonian, which treats the local
region near the tip atom in a quite explicit way. The interac-
tion between the tip atom and the metal surfaces involves
short-range and long-range effects. The short-range effects
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are calculated within the region overlapped by the tip atom
wave functions and include electron-electron interactions
and a potential due to the tip-atom core (Vtipcore). The attrac-
tive screened core potential as felt by the metal electrons is
described as a generalized Go¨ppert-Mayer-Sklar~GMS! po-
tential (VGMS). The screened tip core potential acting on
overlap charges is of the Yukawa-type (VYuk). These poten-
tials are tip orbital dependent and they are parametrically
introduced in the model Hamiltonian. They have been exten-
sively studied before.17,18 The polarization of the more dis-
tant metal electrons leads to image effects, which can be
handled by coupling the local charge density to surface and
bulk plasmons. Multiple image effects arising from the po-
larization of one electrode by the induced charge density in
the other electrode have to be included as well. Other inter-
actions accounted for explicitly in the model Hamiltonian
concern the metal surface dipole layer and the core-core re-
pulsion.

A. The Hamiltonian

It is reasonable to partition the Hamiltonian according to
the different geometrical regions as illustrated in Fig. 2:

H5H01Vtip -sample ~1!

5H tip1Hsample1Vtip -sample ~2!

5Hbase1Vatom -base1Hatom1Hsample1Vtip -sample. ~3!

H0 describes the noninteracting tip plus sample surface. The
tip is described by a tungsten atom or an Al atom adsorbed
on a flat W surface.Hatomstands for the isolated tip-atom and
Hbase for the flat W surface.H sample represents the sample
surface without the tip present andVtip -sample is the interac-
tion between the tip and the sample.

The explicit form of the model Hamiltonian~formulated
in the notation of second quantization! is the following:

Hatom5(
A,s

^Asu2 1
2¹21VtipcoreuAs&nAs1 (

B,t>A,s
^AsBtuVel -eluAsBt&nAsnBt , ~4!

Hbase1Hsample5(
k,s

^ksu2 1
2¹21Vmetcoreuks&nks1 (

k,l ,s
@^ksuVGMSu ls&aks

† als1H.c.#

1 (
l ,t>k,s;n,t>m,s

^ksltuVel -elumsnt&aks
† alt

†amsant , ~5!

Vatom -base1Vtip -sample5 (
A,k,s

@^Asu2 1
2¹21VYuk1Vmetcoreuks&aAs

† aks1H.c.#1 (
A,B,k,s,t

@^AsBtuVel -eluAskt&nAsaBs
† 1H.c.#

1 (
A,s; l ,t>k,t

@^AsktuVel -eluAslt&nAsakt
† alt1 H.c.#1 (

A,B,k,l ,s,t
@^AsBtuVel -elukslt&aAs

† aBt
† aksalt1H.c.#

1 (
A,k,s,t;m,t> l ,t

@^AsltuVel -eluksmt&aAs
† alt

†aksamt1H.c.#1Vcore-core1Hplasmon. ~6!

FIG. 1. Illustration of the interactions in the STM included in
the Hamiltonian.

FIG. 2. Schematic representation of the STM Hamiltonian.
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Vel -el is the Coulomb repulsion between electrons,Vmetcoreis
the attractive potential of the tip base and sample ion cores.
Vcore -coreis the core-core repulsion.Hplasmon is the operator
describing the interaction with the surface plasmons, which
yields the long-range component of the interactions in the
combined system.19 A,B refer to the tip-atom basis orbitals,
k, l , m, n label the unperturbed metal basis states,s, t as-
sume the values↑ and↓ and refer to thez component~per-
pendicular to the surface! of the electron spin.ais , ajt

† , and
nis5ais

† ais denote the electron destruction, creation, and
number operators, respectively.

Equations~4!–~6! contain a full set of one- and two-
electron integrals. This allows us to account for all important
physical interactions like electron-core attraction, electron-
electron repulsion, and core-core repulsion. The interaction
of an atom with a single metal surface is just the chemisorp-
tion problem that is routinely handled by this method. The
metal surfaces are semi-infinite and have atomic structure.

B. Parametrization

The model Hamiltonian~MH! is set up and parametrized
to satisfy the following general criteria.

~i! The ‘‘model space,’’ in which the MH is defined, is a
subset of the total Hilbert space. It should be accessible to
physical intuition, i.e., it should be adapted to the chemical
constituents from which the system is built.

~ii ! The MH should yield sufficiently accurately the low-
lying part of the exact energy spectrum.

~iii ! The model space should be complete enough to avoid
intruder states.

~iv! The interaction terms, though simplified, should be
mutually and physically consistent to avoid artifacts like
ghost states, electron nonconservation, etc.

~v! Transferrability of potentials and parameters should be
guaranteed.

According to the above criteria, the electronic structure of
the separated system~tip base, sample surface, and the iso-
lated tip atom! is not recalculated, but is taken fromab initio
calculations and reliable experimental information is used to
compensate for errors like neglected correlation effects.

The one- and two-electron integrals in Eqs.~4!–~6! are
reexpressed in terms of overlap integrals and a handful of
Coulomb repulsion integrals, exchange integrals, and core
energies on the tip atom.18 The latter are determined by solv-
ing a system of equations, so that the experimentally deter-
mined ionization and affinity energies are reproduced. This is
described in Ref. 35. The overlap integrals are evaluated nu-
merically from the basis wave functions, which are described
below. The model includes thesp-conduction band,d elec-
trons, metal core states, and metal plasmons. For the W~110!,
the full set of 5s, 5p, 5d, 6s, and 6p states is included. The
5s, 5p, and 5d electrons are explicitly introduced by means
of localized wave functions, which have been calculated by
including relativistic effects21 and are centered at the lattice
sites. The valencesp electrons are described in an effective
one-electron model. The wave functions are taken as eigen-
functions of the Sommerfeld model and have been orthogo-
nalized to the core states of the metal atoms. On the W-tip
atom, the 5d-6s-, and 6p-wave functions are taken into
account.22,35On the Al-tip atom, the 3s and 3p valence or-

bitals are accounted for. They are described by a basis set of
ab initio wave functions found in the literature.23 An accu-
rate treatment of wave function tails in the barrier is essential
for any theory of tunneling. The basis wave functions chosen
here have the correct asymptotic behavior in the barrier and
artifacts, which might occur with calculations based on
Gaussian or plane-wave basis sets, are absent.

The description of the metal surfaces requires input val-
ues, which are taken from experiment and band-structure cal-
culations available in the literature: the work function, the
inner potential depth, the energetic position, and the width of
thesp-d hybridization gap, the lattice constants, and the en-
ergetic position of thed band.20–24Of some relevance for the
tunnel current is thesp-d hybridization gap for W~110!,
which was extracted from relativistic band-structure
calculations.24 It extends from the Fermi level down to
22.22 eV belowEF . This means that for a small applied
bias with a W-tip base, electrons will tunnel only into the W
d band and not into the W 6sp band.

C. Method of solution: Calculation of total energy and forces

The Hamiltonian is solved in a self-consistent spin-
unrestricted screened Hartree-Fock approximation, in order
to evaluate the electronic structure, the interaction forces,
and the tunnel current. This is an approximation to dynamic
Hartree-Fock, which would yield the exact solution of the
problem. The dynamic Hartree-Fock procedure is formally
similar to the standard unrestricted Hartree-Fock formalism
with the important difference that the effective potential seen
by the electrons becomes energy dependent, because the
Coulomb repulsion of the electrons is described by a nonlo-
cal, energy-dependent self-energyS(r ,r 8;E). The equation
replacing the Fock equation in dynamic Hartree-Fock is
sometimes called the Dyson equation and the eigenstates
Dyson orbitals@cf. Eq. ~8! below#. Another common name is
the quasiparticle equation and quasiparticle states. Different
names for the dynamic Hartree-Fock theory are Green-
function theory or many-body field theory.

In the dynamic Hartree-Fock procedure, the Fock equa-
tions have, in principle, to be solved for any value of the
energy parameterE in the self-energy and for any such
value, one obtains a set of ‘‘orbital energies’’En(E). The
correct quasiparticle energies are those that satisfy the con-
dition

En~E!5E. ~7!

All one-particle properties can be obtained from the quasi-
particle energiesEn(E) and the corresponding one-particle
wave functionscn(r ;E). The Fock equation in the dynamic
Hartree-Fock procedure reads

H1cn~r ;E!1E d3rS~r ,r 8;E!cn~r ;E!5En~E!cn~r ;E!.

~8!

H1 contains the kinetic energy and the potential energy due
to the ion cores. Electron-electron repulsion and screening
are accounted for by the self-energyS(r ,r 8;E). The electron
density is expressed as
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r~r !5 (
En,EF

hncn* ~r ;En!cn~r ;En!. ~9!

The sum is over those polesEn5En(E5En) of the Green
functionG(r ,r 8;E), with residueshn , which lie below the
Fermi level. The poles are the exact ionization levels
(En,EF) and affinity levels (En.EF) of the N-electron
system. The residues are the amplitudes of the lines in the
single-particle excitation spectrum. The total energy is ob-
tained by

E05
1

2 (
En,EF

hn@En1H1~n,n!#. ~10!

The forces are then calculated by directly evaluating the gra-
dient of the total-energy surface.

LDA does not appear as a mathematically well-defined
approximation to the quasiparticle equation. Hartree-Fock is
very bad for solids, e.g., the density of states of a metal is
zero at the Fermi level. The reason is that the self-energy
contains the unscreened~i.e., infinitely long ranged!
electron-electron repulsion. Therefore, we use the spin-
unrestrictedscreenedHartree-Fock theory, which yields ap-
proximations to the exact quasiparticle energies and wave
functions and avoids the above-mentioned deficiencies of the
Hartree-Fock method. In this approximation, the residues
hn are either unity or zero. Correlation effects are accounted
for by screening the Coulomb interaction via the polarization
of the environment. In order to solve the problem on a com-
puter, the discretization technique for thesp bands of the
metal surfaces, described in Ref. 25, is applied.

D. Analysis of the tip-sample interaction

The analysis is in close analogy to the procedure proposed
by Ruedenberg for the analysis of the gas phase chemical
bond, which is the accepted way of interpreting chemical
forces.26 This interpretation is based on an expansion of the
wave functions of the interacting system in terms of the
eigenfunctions of the separated, noninteracting system. In
this way, it is possible to get an idea of how the chemical
compound is formed from its constituent parts.

The starting point for a physical interpretation of the tip-
sample interaction is the population analysis. Populations are
defined by projecting the quasiparticle one-electron wave
functionsucn& on either the input basisua& or the dual~re-
ciprocal! basisuâ&. We define the one-electron density op-
erator:

P5 (
En<EF

ucn&^cnu. ~11!

Forming the scalar product of the dual basis functions
(uâ&5SbSab

21ub& yields

^b̂uâ&5~Sba!
21, ~12!

whereS is the overlap matrix of the input basis functions.
Hence, the net population can be written in the form

^âuPuâ&5^auS21PS21ua&5^auP̃ua&. ~13!

The trace of theP̃ matrix is not equal to an integral number
of electrons. To achieve this, the density operator has to be
evaluated in a mixed representation:

^auPuâ&5^auPS21ua&5^auSP̃ua&. ~14!

The trace ofSP̃equalsN, the total number of electrons. One
can, therefore, extract the quasiclassical charge (SP̃)diag

from the diagonal elements of the one-electron density op-
erator P̃. This leaves a rest, which together with the off-
diagonalP̃-matrix elements have the meaning of interference
one-electron density:

P̃5~SP̃!diag1 P̃intf. ~15!

The quasiclassical density satisfies the electron conservation
rule. An analogous partitioning exists for the two-electron
density operator and the total energy can be expressed using
these density matrices.26 Using the respective parts of the
density operator, the components of the interaction energy
between tip and sample surface can be defined as follows:

Eel
tot5Eel

qc1Eintf, ~16!

Etot5Eel
qc1Vcore -core1Eintf, Eel

tot5Eel
tot~LR!1Eel

tot~SR!,

Eel
qc5Eel

qc~LR!1E el
qc~SR!, Eintf5Eintf~LR!1Eintf~SR!.

~17!

LR stands for ‘‘long range,’’ meaning image contribution
and SR stands for ‘‘short range,’’ meaning local contribu-
tions.

E. The tunnel current

Although results for the tunnel current are presented, this
is not a major issue of this paper. Therefore, we present only
the final formula and postpone the derivation to a later
publication28 stressing, however, that the tunnel current is
calculated exactly within the spin-unrestricted screened
Hartree-Fock approximation. The tunnel current is given
by27

\J

2pe
5(

f ,i
u^fuṼtip -sampleu i1&2d~Ef2Ei !. ~18!

^fu indicates a one-electron wave function of the sample elec-
trode unperturbed by the tip~for bias positive voltage, when
the tunneling is from the tip into the sample!. It should be
considered as the state in which the electron is prepared
when a measurement of the current is performed.u i1& is a
quasiparticle function of the total Hamiltonian, including the
interactionṼtip -samplebetween the tip and the sample surface.
1 and 2 signs indicate incoming and outgoing scattering
boundary conditions, respectively.Ef and Ei are the one-
electron energies of the states involved. The exact form of

Ṽtip -sample is described in Ref. 28. The potential induced by
the tip atom is described by a set of basis orbitals$um&%,
which are localized in the region around the tip. This local-
ized basis set consists of atomic orbitals describing the tip
atom plus a set of tip projected metal states constructed from
the continuum states. Decay operators describing the decay
of discretized states into the continuum are introduced as
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D ini~E!52
1

p(
i

u i&^ iu
E2Ei

, ~19!

Dfin~E!52
1

p(
f

uf&^fu
E2Ef

, ~20!

with matrix elements in the dual representation:

D̃mn
ini ~E!52

1

p(
lk

Sml
21(

i

^lu i&^ iuk&
E2Ei

Skn
21 , ~21!

where $um&% denotes the localized basis described above,
$u i &% are the asymptotic continuum states describing the in-
coming electron,$u f &% are the asymptotic continuum states
describing the outgoing electrons in the sample. The tunnel-
ing current has the form

\J

2pe
5E

E1

E2
dE Tr^muT̃2~E!un&^nuImD̃fin~E!ul& ~22!

^luT̃1~E!uk&^kuImD̃ ini~E!um&. ~23!

A notation is used whereun&^nu implies summation over all
statesun& and Tr denotes summation over the statesum&.
^muT̃6(E)un& is a matrix element of the transition operator.

III. DESCRIPTION OF THREE INVESTIGATED TIPS

A first step in the theoretical investigation is to study the
electronic properties of isolated tips. The chemisorption
theory described in the previous section has been applied to
study metal tips consisting of a single atom~W, Al! adsorbed
on a metal surface. An ideal STM tip will be one atom ad-
sorbed on a group of other metal atoms, which is embedded
in an infinitely extended metal electrode. For a first theoreti-
cal attempt, we will model this as a single atom adsorbed on
a flat W~110! or Al~111! surface~cf. Fig. 3!. Results for a
cluster tip will be presented elsewhere.

A. W/W „110…

The first tip studied consists of a W atom adsorbed on a
W~110! surface. The possible adsorption sites are displayed
in Fig. 4. The adsorption site of lowest energy was found to
be in the long bridge. Figure 5 shows the potential-energy
curve for a W atom above the bridge position on W~110!
versus the perpendicular distance. The adsorption energy at
the equilibrium position equals 5.3 eV. The diffusion barrier
via the tip position is found to be 0.8 eV. These findings
agree nicely with experimental data obtained with field-
emission microscopy.29 The electronic structure of the ad-
sorbed W atom representing the apex of the tip has a decisive
influence on the tunnel current. An important quantity in this
respect is the modification of the local density of states, due
to the presence of the tip atom, or, more precisely, the spec-
tral resolution of the W-tip-atom orbitals$uA&% in the eigen-
states$uc i&% of the tip HamiltonianH tip:

FIG. 3. A schematical one-dimensional drawing of the potential
between the tip and the Al~111! surface in the neighborhood of the
tip atom.

FIG. 4. Sites for self-adsorption and for Al atom adsorption on
W~110!.

FIG. 5. Potential-energy curves for W and Al on W~110! versus
perpendicular distance. The distance is with respect to the first layer
of metal atoms. The equilibrium distance of the W-tip atom with
respect to the W~110! surface is 2.09 Å in the long bridge site. The
equilibrium distance of the Al-tip atom, with respect to the W~110!
surface is 2.38 Å in the long bridge position.
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rA~E!5(
i

z^Auc i& z2d~E2Ei !. ~24!

An isolated W atom has four electrons in the 5d shell and
two electrons in the 6s orbitals, all deeper shells being com-
pletely filled. In Fig. 6, we show the spectral resolution of
the 5dz2- and 6s-tip orbitals~majority spin!. The tunnel cur-
rent will depend on the weight of these spectral functions at
the Fermi level. Due to the bonding-antibonding character of
the spectral functions, the weight near the Fermi level will
vary with the distance of the tip atom from the base and with
any modification of the surrounding electron density.

An understanding of the interaction forces between tip
and sample requires also an insight into the bonding mecha-
nism of the tip atom on its base metal. We perform the analy-
sis described in Sec. II D. The analysis partitions the energy
components into quasiclassical and interference contribu-
tions. In Table I, these energy components of the binding
energy of W on W~110! are further subdivided into contri-
butions arising from the image interaction and the local in-
teraction.

The components listed in the row ‘‘frozen local charge’’
correspond to the situation where the charge on the tip atom
and in the adjacent environment in the metal~this is the
‘‘local region’’ ! has been frozen as it is on the noninteracting
tip atom plus tip base system. The column ‘‘image’’ contains
the energy contribution, due to the polarization of the metal
electrons outside the local region in response to the potential
induced by the tip atom. The gain in image energy of
234.63 eV for the frozen charge configuration is mainly due
to reduction of electron-electron repulsion in the local region
arising, because each electron experiences an attraction by
the images of the other electrons. The sum of the contribu-
tions for the frozen local charge situation is still considerably
repulsive.

The quasiclassical charge redistribution may be visualized
as a fractional occupation of the eigenstates of the separated
system. It contains that part of the charge rearrangement,

which is not due to mixing of wave functions. The second
row of Table I lists the differences between the quasiclassical
energiesVcore -core1Eel

qc~SR! and Eel
qc~LR! and the corre-

sponding contributions from the frozen local charge. In gas
phase chemistry, the quasiclassical contribution to the inter-
action energy is usually interpreted as a preparation~‘‘pro-
motion’’! for optimal interference, i.e., for a mixing of wave
functions that leads to a maximum gain in energy. This in-
terpretation is also applicable for the present case, where the
adsorptive interaction is stable due to the interference contri-
butionEintf~SR! andEintf~LR! listed in the third row of Table
I. It is, however, important to note that the local complex on
its own would not be stable just because of the energy low-
ering due to interference in the local region. The image in-
teraction, i.e., the polarization of the remaining part of the tip
base metal, is essential for preparing the ground for a local
chemical bond. Somewhat contrary to the intuitive feeling,
the image interaction leads to energy lowering, not only in
the case when the net charge on the adparticle is nonzero. In
fact, in the present case, we have essentially a neutral W-tip
atom that is bonded to the adjacent atoms in a covalent way.

B. Al/W „110…

Figure 5 contains also the potential-energy curve for an
Al atom on W~110! in the long bridge position. Here, no
experimental or theoretical data are available for comparison.
An Al atom behaves chemically quite differently from a W
atom. Al has an ionization energy of 5.986 eV, which is not
much larger than that of a Li atom~5.39 eV; ionization en-
ergy of W: 7.98 eV!. The work function of W~110! is 5.219
eV. This implies that already at 4.7 Å from the image plane
('6 Å from the geometrical surface!, the image shift would
be large enough to ionize the Al 3pz orbital. Taking into
account the broadening of the 3pz level due to the interaction
with the continuum, we understand that already at distances
where overlap effects are small, the 3pz orbital becomes par-
tially depleted of electron charge, and this gives rise to a
classical image force. Therefore, at separations much larger
than the equilibrium adsorption distance, where for W on
W~110! no gain in energy is obtained, there is already a
lowering of the energy for Al on W~110!, and the potential
energy of this system lowers in a rather soft way. This be-
havior differs from the way the potential for a W atom varies
in front of the W~110! surface, because the image shift is not
large enough in this case and the W atom will not be par-
tially ionized. The image energy of the positively polarized
aluminum atom is the dominating contribution to the energy
lowering in the long-range part of the attractive Al/W~110!
potential.

FIG. 6. Spectral resolution of the W 5dz2 and 6s tip orbitals
~majority spin! for an isolated W tip at the equilibrium adsorption
distance of the W atom.

TABLE I. Energy components~in eV! of the interaction of a
W-tip atom with the W~110! base at the equilibrium distance of
2.09 Å .

Local Image Total

Frozen local charge 54.73 234.63 20.10
Quasiclassical change 17.42 23.74 13.68
Interference energy 231.86 27.26 239.06
Sum 40.29 245.57 25.28
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Near the equilibrium distance, however, chemical forces
of stronger character dominate, although we know that the
image interaction in its general sense will have a significant
influence on the nature of the chemisorption bond. The par-
titioning of the binding energy of Al/W~110! at the equilib-
rium distance is displayed in Table II. The frozen asymptotic
charges on Al and the W~110! surface repel each other simi-
lar to the W/W~110! system. The quasiclassical charge redis-
tribution in Al/W~110!, however, leads to energy lowering
contrary to the W/W~110! system. This gain in quasiclassical
energy has little to do with the positive polarization of the
adsorbing Al atom. It is rather connected with the capability
of the electrons on the tip atom to screen its positive charge.
If the screening in the local region is not efficient, the system
can gain more energy by pushing the electrons on the tip
atom somewhat aside and letting the metal electrons profit
from the attraction by the tip ion. This formulation has, of
course, to be understood in the Ruedenberg sense and does
not mean violation of the fundamental principle that elec-
trons are indistinguishable. The energy profit by the metal
electrons can already be achieved to a large part via frac-
tional reoccupation of the eigenfunctions of the separated
partners and hence it appears as a large gain in the quasiclas-
sical energy. We realize that this quasiclassical reorganiza-
tion of charge is connected with a loss in the image energy,
which means that the image interaction is not the main driv-
ing force for bond formation at this separation, although the

image reduction of the electron-electron repulsion is an in-
dispendsable condition to activate this mechanism. Because
the system tries to gain energy in a quasiclassical way, the
gain in interference energy is rather small. The gain in qua-
siclassical energy is not typical of a normal gas phase cova-
lent chemical bond. In fact, it appears that this type of bond-
ing is special for adsorption at metal surfaces and it should
not be misinterpreted as an ionic bond. This kind of bonding
has also been observed for nonmetallic adsorbates like hy-
drogen atoms, for example.17

The spectral distributions for this tip@cf. Eq. ~24!# are
displayed in Fig. 7 and show considerably less spectral
weight at the Fermi level than the tungsten tip. This suggests
that the Al/W~110! tip might result in higher tunnel resis-
tance. Compared to Fig. 6, we see that the smaller spectral
weight of the tip orbitals at the Fermi energy can be traced
back to the lack ofd states on the Al atom.

C. Al/Al „111…

For a pure Al tip, the potential-energy curve is displayed
in Fig. 8. Here, a comparison with first-principle calculations
in the local-density approximation is possible and provided
in Table III. The equilibrium distance is smaller in the cal-
culations by Stumpf30 and Feibelman,31 because they al-
lowed all surface atoms to relax, whereas they have been
fixed at their bulk equilibrium positions in our theory.

The character of the Al/Al~111! bonding is quite similar
to that of Al/W~110!, but as we observe from the data in

FIG. 7. Spectral resolution of the Al 3pz and 3s tip orbitals for
an isolated Al/W~110! tip at the equilibrium position of the Al
atom.

FIG. 8. Potential-energy curve for Al on Al~111! vs distance
measured with respect to the first layer of aluminum atoms.

TABLE II. Energy components~in eV! of the interaction of an
Al-tip atom with the W~110! base at the equilibrium distance of
2.38 Å .

Local Image Total

Frozen local charge 16.94 29.61 7.33
Quasiclassical change 210.70 1.42 29.28
Interference energy 20.95 22.28 23.23
Sum 5.29 210.47 25.18

TABLE III. Bond distance and adsorption energy for Al self-
adsorption on Al~111!.

Equilibrium Adsorption
distance energy

~Å! ~eV! Ref.
Al ~111! 2.1 2.7 31
Al ~111! 2.1 3.2 30
Al ~111! 2.3 3.1 this work
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Tables II and III, it is more than 2 eV weaker on Al~111!.
This is important, if we want to consider material transport
from an aluminum surface to a tungsten tip. To understand
the origin of this energy difference we present in Table IV
the difference in energy component for Al/W~110! and Al/
Al ~111!. The equilibrium distance of the Al atom is further
away on the W~110! surface. Therefore, the electrostatic re-
pulsion for the frozen local charge configuration is less re-
pulsive. This is nearly compensated by the smaller image
polarization, due to the larger distance, so that the local fro-
zen charge configurations differ only slightly for the two
tips. The largest variation between Al/Al~111! and Al/
W~110! appears in the local quasiclassical energy gain,
which is roughly 3.71 eV more attractive for Al on W~110!.
The reason for this is that the W~110! surface has large oc-
cupied and emptyd density of states around the Fermi level,
which means that thed electrons are rather polarizable. In
addition, thed orbitals have a geometrically favorable shape
to yield a large overlap in the region of the Al core. The
additional quasiclassical gain for Al/W~110! is partially com-
pensated by a less attractive interference. A closer inspection
reveals that for the W~110! surface interference is more at-
tractive in the metal and more repulsive in the region be-
tween the tip atom and the metal surface. Interference im-
plies orthogonalization of the one-electron wave functions,
which is necessary to obey the Pauli exclusion principle. If
the interference cannot be exploited to gain energy, it will
usually become repulsive in regions of large overlap, be-
cause it just serves for orthogonalization. The other differ-
ences are rather minor. We summarize the comparative en-
ergy analysis of the Al-terminated tips by remarking that~1!
the potential-energy curves are soft on both surfaces,~2! en-
ergy is gained by a quasiclassical charge redistribution in the
metal in order to profit from the attraction by the tip core,~3!
the attraction is larger on W~110!, because of the presence of
d states.

The spectral distribution of the 3s tip orbital for this tip is
displayed in Fig. 9. It shows even less structure than for
Al/W ~110!.

In this paper, we do not present results for the elastic
relaxation of the metal atoms in the close vicinity of the tip
atom. They are fixed at the equilibrium lattice sites typical
for the ideal crystal.

IV. THE W „110…/W TIP IN INTERACTION
WITH AN Al „111… SAMPLE SURFACE

The case of an atom in interaction with two plane elec-
trodes is handled in a similar fashion as described above. The
wave functions for the W surface together with its adsorbed
tip atom are just those of the one-atom chemisorption prob-

lem. Multiple image effects arising from the polarization of
one electrode by the induced charge density in the other elec-
trode are included. The effect of the distortion by the electric
field resulting from the different work functions on the elec-
tronic structure of the tip atom is included. A schematical
one-dimensional drawing of the one-electron potential in the
region of the tunnel tip is shown in Fig. 3.

Figure 10 shows the calculated tip-sample interaction en-
ergy and the interaction force gradient as a function of tip-
sample separation. The asterisk markers indicate the experi-
mental results of Du¨rig and Züger for an Ir tip on an Al
foil.16 The tip-sample distance is not known in experiment,
so the experimental data have been adjusted in such a way
that the points of zero force gradient coincide.

The experimental force gradient is one order of magnitude
smaller than the calculated one. Figure 11 compares the dis-

TABLE IV. Differences of energy components~in eV! between
Al/W ~110! and Al/Al~111! at their respective equilibrium distances.

Local Image Total

Frozen local charge 21.74 1.38 20.36
Quasiclassical change 23.71 20.51 24.22
Interference energy 1.95 0.58 2.53
Sum 23.50 1.45 22.05

FIG. 9. Spectral resolution of the Al 3pz and 3s tip orbitals in
the energy band of Al~111! at the equilibrium adsorption distance of
the Al atom.

FIG. 10. Interaction energy and force gradient of a tungsten tip
with an Al~111! surface. The tip is positioned above an Al atom.
The experimental data for the force gradient of an Ir tip on an Al
foil ~* ! have been taken from the work of Du¨rig and Züger ~Ref.
16!.
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tance dependence of the calculated and the measured tunnel
conductivity. With the above adjustment of the tip relative to
the sample surface, the experimental values of the tunnel
conductivity are three to four orders of magnitude smaller
than the theoretical ones. In addition, the data points from
the experiment would, with the above adjustment, corre-
spond to unphysically short distances. Obviously the tung-
sten model tip cannot describe the experiments by Du¨rig and
Züger.16

V. THE W „110…/AL TIP IN INTERACTION
WITH AN AL „111… SAMPLE SURFACE

The hint to the origin of the above-mentioned discrepancy
between theory and experiment comes already from the ex-
perimental side. It has been suggested several times that dur-
ing the process of tip preparation, material transport from the
Al sample to the tip might occur.

A. Potential-energy surface: The transfer of an adsorbed Al
atom from Al „111… towards W„110…

We investigated this point by calculating the potential-
energy surface for the perpendicular motion of an Al atom
between a W~110! electrode and an Al~111! electrode for
zero applied bias. Figures 12~a! and 12~b! give two different
graphical representations. In the gray scale representation of
the potential-energy surface@Fig. 12~b!#, dark regions corre-
spond to low~attractive! energy and bright regions to higher
~more repulsive! energies. At the right-hand side of the fig-
ure, we have the situation of an Al atom adsorbed on Al~111!
facing the W electrode at large distances. The two white
cutting lines indicate the directions along which the potential
varies, if the Al-tip atom is moved perpendicular to the elec-
trodes for fixed electrode separation. For large electrode
separations~white line further to the right!, there is an acti-
vation barrier for the movement of the Al atom between the
two minima corresponding to equilibrium adsorption on the
two electrodes. For shorter electrode separations~closer than
6 Å , white line further to the left!, the activation barrier

vanishes and the potential energy of the Al atom decreases
monotonously on its way from the Al electrode to the W
electrode. This means that for close approach of the W elec-
trode to the Al sample, an Al atom adsorbed on the Al~111!
surface experiences a force that pulls it towards the W elec-
trode. The physical reason for the vanishing of the activation
barrier at close electrode separation is rather obvious from
the above analysis of the adsorption energy of an Al-tip atom
on the two electrodes. The softness of the adsorption curves

FIG. 11. Conductivity~log10) of the W~110!/W-Al ~111! system
vs tip-sample distance~in Å!. The experimental data of Du¨rig and
Züger from Ref. 16 using an Ir tip on an Al foil are displayed for
comparison with asterisks.

FIG. 12. ~a! Potential-energy surface for W~110!-Al-Al ~111!.
~b! Gray scale representation of the potential-energy surface for
W~110!-Al-Al ~111!.
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and the quasiclassical character of the chemisorption bond
lead to the continuous decrease of the energy between the
two electrodes.

B. Tunnel current and force gradient

Figure 13 shows the interaction energy and the force gra-
dient for an Al/W~110! tip above an Al~111! surface. The Al
atom has been kept fixed at its adsorption equilibrium dis-
tance, with respect to the W~110! surface. The asterisks in-
dicate the force gradient values for an Ir tip above an Al foil
as measured by Du¨rig and Züger.16 In these experiments, the
point of contact was not reached, which would have been a
convenient method for calibrating distances in experiment
against the theoretical ones. We, therefore, identify the zero
of the force gradient in the experimental curve with the first
theoretical zero at largest distance.

In the mentioned experiments, the force gradient between
tip and sample was measured simultaneously with the tunnel
current for small applied bias~0.1–0.3 V!. In the theory and
in the experiment, the measured force gradient is slightly
attractive at further distances and turns repulsive several ang-
stroms before the plateau in the conductivity is reached.
Only at smaller distances~where the measurements became
unstable! does the force become strongly repulsive. The ex-
act tunnel conductivity is calculated within the scattering
theoretical approach, which has been outlined in Sec. II E. In
Fig. 14, the theoretical conductivity-versus-distance curves
in the limit of zero bias are plotted for the three investigated
tips and compared with experimental data for an Ir tip above
an Ag foil ~black rectangulars!33 and an Al foil ~asterisks!.16

In the experimental data for the Ag foil, the scale for the
tip-sample separation has been shifted, so that the steps in
the conductivity-versus-distance curves agree in theory and
experiment.~The physics of this step will be discussed else-
where.! For the Al foil, the adjustment is based on the zero
of the force gradient as outlined above. As it was remarked
in connection with the spectral resolution of the tip orbitals

in the base metal band, the Al/Al~111! tip yields smaller
conductivity values than the tip with a W atom at the apex.
Al/W ~110! yields even smaller current, because of tunneling
in the tungstend band only. With the Al/W~110! tip, a sat-
isfactory agreement between theory and experiment is
achieved for both the force gradient and the tunnel current
~cf. Figs. 13 and 14!. The theory is even capable of repro-
ducing the somewhat unexpected repulsive force gradient for
tunnel currents corresponding to normal STM imaging con-
ditions ~cf. Fig. 13!. For STM experiments on transition-
metal surfaces, a repulsive force gradient has never been
measured up to very short distances where stable operation
of the STM becomes impossible. The theory explains these
findings by material transport from an Al surface to the
transition-metal tip and the special properties of the tip ob-
tained in this way.

C. The special properties of the Al/W„110… tip

We now describe the physics behind these special prop-
erties of the Al/W~110! tip by comparing it with a tungsten
tip. We make use of the formalism developed to analyze, in
a quantitative way, the nature of the tip-sample interaction.
This analysis is performed within the same procedure as it
was used for the analysis of the adsorption bond of the tip
atoms on the base metal surfaces.

In Table V, we compare the contributions to the tip-
sample interaction energy of the W/W~110! and the Al/
W~110! tips with the Al~111! surface with the Ruedenberg
analysis of the chemical bond in H2 and the HeH1 ion.
‘‘Frozen local charge’’ refers now to the superposition of the
charge distributions of the tip base with its adsorbed metal
atom and that of the sample surface when they do not perturb
each other. Qualitatively, we have the same characteristics as
discussed above for the adsorption of a W and an Al atom,
i.e., the tungsten tip makes a gas-phase-like interference
bond with the Al sample, whereas the Al/W~110! tip gains
energy quasiclassically. An important difference is, however,
that for the Al/W~110! tip, the energy due to interference

FIG. 13. Potential-energy curve and force gradient~steplike
curve! for a W~110!/Al tip above an Al~111! surface. The experi-
mental data of Du¨rig and Züger ~Ref. 16! for the force gradient of
an Ir tip on an Al foil are indicated with asterisks.

FIG. 14. Theoretical conductivity~log10) versus distance curves
for three different tips in comparison with experimental data for
Ir/Ag ~black rectangles—from Ref. 33! and Ir/Al ~asterisk—from
Ref. 16!.
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with the sample wave functions is now repulsive. Together
with the partially charged character of the Al-tip atom, this is
the key point for understanding the behavior of this tip. From
Table VI, we learn that the repulsive interference arises from
the local interaction and a closer inspection shows indeed
that it occurs in the region between the tip and the sample.

The zero of the force gradient at typical tunneling dis-
tances means just that the curvature of the potential-energy
curve has changed its sign here. For large distances, the in-
teraction between the Al/W~110! tip and the Al~111! sample
is dominated by the multiple image effects, due to the charge
on the Al-tip atom. This part of the potential-energy curve
has a negative curvature~cf. Fig. 13!. The multiple image
force saturates at approximately 8-Å separation of the tip and
the sample, because it merges into a general exchange-
correlation potential. From that distance on, additional en-
ergy is gained by the quasiclassical dominated tip-metal in-
teraction discussed above for the example of Al adsorption
on W~110!. Because of the repulsive interference energy,
from this distance on, the energy decreases more slowly
upon decreasing the tip-sample separation, compared to the
distance range where the interaction was dominated by the
image interaction. This implies, of course, a change in the
curvature of the potential-energy curve and therefore the
force gradient changes sign from negative at largerz to posi-
tive values at smaller interelectrode distances.

For the W tip, the situation is quite different as detailed in
Table VII. The W-tip atom does not carry a charge and there-
fore the long-range attractive part due to multiple image in-
teractions is absent in the tip-sample interaction curve~cf.
Fig. 10!. In Table VII we see that the quasiclassical charge
rearrangement increases the local energy, but decreases the
image energy. From this we conclude that the tip-sample
interaction involves a quasiclassical charge redistribution on
the W-tip atom, such that a hybridization of 6s-, 6pz-, and
5dz2-tip orbitals in the direction to the sample surface oc-
curs. This acts as a preparation for forming a covalent chemi-
cal bond with the sample, which sets in more abruptly at

smaller separations. Therefore, the curvature is larger in
magnitude, but only at much smaller separations~cf. Fig.
10!. We suggest this as the explanation for the experimental
finding that when a transition-metal tip approaches a
transition-metal sample~the atom at the apex of the tip has to
be a transition-metal atom! the force gradient is much larger
and always negative and the regime of positive force gradi-
ent is never reached.

VI. THE AL „111…/AL TIP IN INTERACTION
WITH AN Al „111… SAMPLE SURFACE

From the way the tip is prepared in the STM experiments
~i.e., pushing the tip into the sample surface and applying a
voltage pulse!, it is not clear that one would necessarily end
up with a single Al atom on a W base. It might appear indeed
more likely that a cluster of several Al atoms is transferred to
the tip. This situation is perhaps theoretically better simu-
lated by a pure Al tip. For this purpose, the interaction of a
tip consisting of a single Al atom adsorbed on an Al~111!
surface with an Al~111! sample surface was investigated as
well.

This STM model has also been investigated by Ciraci,
Baratoff, and Batra34 in a supercell arrangement based on the
local-density approximation. This theory, however, did not
permit the calculation of the tunnel current. They calculated
the total electronic charge density of the interacting tip-
sample system and the force acting on the Al-tip atom. This
force is, of course, different from the force acting between
the sample and the tip as a whole, which is measured in
experiment. In order to make contact with this theoretical
effort, the force on the Al-tip atom was also evaluated in the
present model Hamiltonian approach. Figure 15 shows the
calculated potential-energy curve of the tip-sample interac-
tion together with the force resulting from this curve. It also
displays the force acting on the tip atom as evaluated in the
two mentioned approaches. The force acting on the tip atom
is, at least at small separations, much smaller than that be-

TABLE V. Analysis of tip-sample interaction in comparison to the H2 and HeH
1 molecule~energies in

eV!.

W/W~110!-tip Al/W ~110!-tip
on Al~111! on Al~111!
4.81 Å H2 HeH1 3.23 Å

Frozen local charge 0.08 20.3 0.2 0.86
Quasiclassical change 1.18 2.3 5.3 22.19
Interference 21.49 26.0 27.4 1.67
Sum 20.23 24.0 21.9 0.34

TABLE VI. Contributions to the interaction energy in eV for
W~110!/Al-Al ~111! at distance53.23 Å.

Local Image Total

Frozen local charge 2.12 21.26 0.86
Quasiclassical change 22.79 0.60 22.19
Interference 2.10 20.43 1.67
Sum 1.43 21.09 0.34

TABLE VII. Contributions to the interaction energy in eV for
W~110!/W-Al ~111! at tip-sample separation of 4.81 Å .

Local Image Total

Frozen local charge 0.20 20.12 0.08
Quasiclassical change 2.18 21.00 1.18
Interference 21.22 20.27 21.49
Sum 1.16 21.39 20.23
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tween tip and sample, because the total energy changes less
when only one atom is moved instead of the whole tip. The
comparison of this quantity as calculated within the two
theories is favorable.

The main interest is, however, in the measurable force
gradient between tip and sample at larger distances than dis-
played in Fig. 15. This is shown in Fig. 16, in comparison to
the experimental data by Du¨rig and Züger.16 The experimen-
tal distance~which can only be measured relative to an arbi-
trarily defined reference distance! has been adjusted again so
that the zeros of the force gradients agree. At these large
separations the behavior and the physics are quite similar to
those of the Al/W~110! tip ~cf. Sec. IV!. At closer distances
the behavior is, however, quite different. The interaction en-
ergy is significantly more attractive than for the Al/W~110!
tip and this leads to a second pronounced minimum in the
force gradient.

In this paper, we only studied the force gradient for a
fixed tip atom-tip base distance. Of course, the tip atom will
adjust its position according to the forces acting on it. Cal-
culations taking this into account have been performed and
lead to a relaxation of the tip-atom position of up to 0.5 Å
~Ref. 35!. This does not lead to any change of the physical
picture presented here. One should, however, remark that
with this relaxation taken into account the force on the tip
atom ~cf. Fig. 15! will always be zero and, therefore, this
quantity has no meaning at all.

VII. CONCLUSIONS

The theory of the interaction of an Al atom with a W~110!
and an Al~111! electrode has been presented within a spin-
unrestricted screened Hartree-Fock method, which takes into

account electron correlation, multiple image effects, and
electric-field effects. The results favor a nonactivated spon-
taneous transfer of the Al atom from the Al surface to the W
surface, even without an applied electric field, if the W~110!
surface is brought close enough to the Al~111! electrode. The
barrier for desorption from the Al~111! surface collapses and
a directional driving force pulls the Al atom towards
W~110!. This behavior is due to the stronger chemisorption
interaction of the Al atom with the tungsten surface. The
reason is associated with the presence of thed electrons on
tungsten, which can polarize towards the adatom, gaining
energy from the attractive interaction with the Al core.

Our investigation suggests that Al atoms will be trans-
ferred to the tip in scanning tunneling microscopy, if an
Al ~111! surface is scanned with a tungsten tip. This will
occur even in the limit of zero voltage at some critical elec-
trode separation and has no relation to field-induced desorp-
tion. Of course, field effects might modify this behavior.
However, our results demonstrate that no applied electric
field is necessary for atom transfer beyond a critical elec-
trode separation. Support that this is indeed what happens in
experiment comes from the comparison of the tunnel current
and force gradient variations with tip-sample distance. The
calculated force gradient for the Al/W~110! tip above the
Al ~111! sample surface resembles closely the experimental
results of Du¨rig and Züger16 for an Ir tip on an Al film. The
force between the tip and the sample reaches its attractive
minimum at 8-Å tip-sample separation. At this separation,
the slightly positively charged Al-tip atom is neutralized, due
to the proximity of the sample electrode and the image inter-
action ceases to be of dominant importance. The theory ex-
plains the change in sign of the force gradient as a conse-
quence of this change in the chemisorption interaction of the
Al atom with the two metal surfaces. The comparison with
the experimental force minimum might be used for an abso-
lute calibration of the tip-sample distance.

The special properties of the tunnel tip, produced when an
Al atom is transferred from the Al~111! sample to the
W~110!-tip electrode, can yield an explanation of the experi-

FIG. 15. The interaction energy between an Al/Al~111! tip and
an Al~111! sample, the force between the two electrodes and the
force acting on the Al-tip atom between the two electrodes
~crosses!. The force on the Al-tip atom calculated by Ciraci, Barat-
off, and Batra~Ref. 34! for the same model in a supercell calcula-
tion is plotted with rectangles.

FIG. 16. Interaction energy and force gradient~steplike curve!
for an Al/Al~111! tip above Al~111! surface.
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mentally observed features with two different probing tech-
niques, i.e., scanning tunneling and force microscopy. Using
this tunnel tip, we reproduce the distance variation of both
the tunnel conductivity and the force gradient, two seemingly

unrelated quantities. This fact gives us confidence to claim
that Al atom or cluster transfer indeed occurs when an alu-
minum surface is scanned by a tungsten tip even in the ab-
sence of an external electrical field.
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