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The operation of the STM on metallic surfaces from the tunneling to the contact regime has been explored
with a combination of first-principles total energy methods and a calculation of the electronic currents based on
nonequilibrium Keldish-Green’s function techniques. Our calculations for the behavior of the total energy,
forces, atomic relaxations, and currents for an Al tip on an Al(111) surface as a function of the tip-sample
distance indicate that atomic relaxations and saturation effects become relevant in a similar distance range
where the onset of a short-range chemical interaction between the tip apex and the surface atoms is taking
place. These two factors, that have an opposite influence in the current, lead to corrugations of the order of
0.2 Å, similar to the ones found experimentally in other(111) metal surfaces, for the closer distances(around
4.25 Å) where stable operation can be achieved.
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I. INTRODUCTION

Scanning tunneling microscopy(STM)1 has led to a revo-
lution in the study of the structure and electronic properties
of conducting(semiconductor and metal) surfaces and adsor-
bates. However, STM does not give a direct image of the
atomic geometry of the surface but it rather maps the elec-
tronic structure.2 For example, an oxygen atom adsorbed on
a metal surface is seen as a depression on the STM image.3

The interpretation of STM images is mostly based on the
early development by Tersoff and Hamman(TH)4 of a
simple theory for the low-bias experimental images. Based
on severe approximations for the tip electronic structure and
the tunneling process(see later), they showed that the tun-
neling current is proportional to the local density of states of
the sample at the Fermi level evaluated at the position of the
tip apex.

This simple approach provides a quick, qualitative under-
standing of many experimental images, but fails to reproduce
the quantitative details. For example, the corrugation mea-
sured on close-packed metallic surfaces5,6 is an order of
magnitude larger than the one predicted by the TH theory
(see, for example, Refs. 2, 7, and 8). These discrepancies
have to be related to the crude approximations involved in
the TH approach:(1) Assume no change in the structure and
electronic properties of the tip and sample due to their mu-
tual influence,(2) a simplified electronic structure for the tip
(TH assumes ans wave whiled orbitals have a significant
contribution at the Fermi level for typical W or Pt tips that
can play a role in STM imaging),7 and (3) the use of a first
order perturbative approach for the tunneling process. These
assumptions are specially questionable for low tunneling re-
sistance images, where tip-sample distances are shorter(be-
low 5 Å, closer than expected in the early days), and multiple
scattering events are relevant. Furthermore, recent work
shows that, under those conditions, relaxations induced both
in the tip and the sample due to the tip-sample interaction
can lead to the modification of the relative stability of differ-
ent adsorption sites.9 In this latter case, density functional
theory (DFT) calculations are crucial to understand the con-

flicting evidence provided by low-energy electron diffraction
and STM for the coverage and adsorption site of highly mo-
bile adsorbates.

The earlier discussion strongly calls for a theoretical ap-
proach capable to handle at the same time a sophisticated
description of the electronic structure of the system and a
rigorous nonequilibrium nonperturbative treatment of the
tunneling process. Few studies have combined in the past
standard first-principles electronic structure methods based
on extended orbital basis[plane waves(PW),10 linear
muffin-tin orbital,11 projector augmented waves]12 with a
scattering formalism for the current. These approaches were
limited by the severe restrictions in the description of the
geometries of the tip and sample imposed by the symmetry
requirements in order to keep the calculation feasible(in
some cases, the tip is not even atomically described but mod-
eled by simple potentials).12 Corbelet al.13 developed a more
flexible scheme that combines a multiple scattering
formalism,14,15 where only transfer matrix elements between
tip and sample bulk states are considered, with first-
principles calculations for the relevant fragments of the
hamiltonian of the whole system. They were able to describe
the atomic structure of tip and sample but they did not con-
sider the effect of the atomic deformations induced by the
tip-sample interaction. This effect has been recently taken
into account by Hoferet al.,16 combining a first-principles
pseudopotential approach to determine the tip and surface
structure with Bardeen’s perturbation theory for the calcula-
tion of the tunneling current between the relevant tip and
sample wave functions obtained from independent calcula-
tions.

In this paper, we combine standardab initio plane wave
pseudopotential methods for the determination of the atomic
relaxations induced in the tip and sample by their mutual
interaction, with a calculation of STM currents based on
nonequilibrium Keldish-Green’s function techniques.17 The
connection between the structural and transport calculations
is done through a fast local-orbital DFT technique
(FIREBALL2003),18 that efficiently maps the electronic hamil-
tonian determined from the PW calculation, and can be natu-
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rally linked with the transport formalism, that is expressed in
terms of localized orbitals.

Using this approach, we perform a detailed study of the
currents from the tunneling to the contact regime. The large
tunneling resistance limit provides a stringent test on the
convergence with system size of the tunneling currents and
validates our approach. In the low tunneling resistance re-
gime, these calculations allow us to explore the interplay
between the current increase due to the atomic relaxations
and the saturation effects(due to multiple scattering pro-
cesses) in the value of the current, not considered
previously.16

We have focused our analysis on Al(111) surfaces, where
extremely large corrugations have been reported, and tenta-
tively attributed to large tip-induced surface relaxations.5 Our
results for an Al(111) surface and an Al tip indicate that the
presence of both significant atomic relaxations and saturation
effects in the current are associated with the onset of a
chemical interaction between the tip apex and the surface
atoms, and become relevant in a similar distance range. As
these two effects tend to compensate, calculations including
all the hopping processes are needed in order to validate
previous claims of the role of atomic relaxations in the ex-
planation of the measured corrugation amplitudes.16 In the
case of Al(111), we found corrugations of the order of 0.2 Å,
similar to the ones found in other(111) metal surfaces. The
atomic relaxations and the conductance between an Al tip
(modeled by a single atom) and an Al(110) surface have been
explored by Di Ventra and Pantelides19 but for distances be-
tween 1.3 and 3.3 Å, that fall out of the distance regime con-
sidered in this work.

The rest of the paper is organized as follows. In Sec. II,
we present our theoretical description for the calculation of
the atomic relaxations induced by the tip-sample interaction,
including the model for the tip and sample we are going to
consider. The presentation of the Keldish-Green’s function
method we use for obtaining the electronic conductance and
the discussion and validation of our particular implementa-
tion (including the mapping of the electronic hamiltonian in
a local basis and convergence issues) is covered in Sec. III.
Section IV is devoted to the characterization of the atomic
relaxations induced in the tip and sample by their mutual
interaction along the approaching paths on different points of
high symmetry in the surface. The distance dependence of
well converged calculated currents is analyzed in Sec. V,
with particular emphasis on the interplay between atomic
relaxation and saturation effects on the resulting theoretical
corrugations. We conclude(Sec. VI) with a comment on the
general validity of our results.

II. THEORETICAL MODELING OF THE ATOMIC
RELAXATIONS DUE TO THE TIP-SAMPLE

INTERACTION

A. Model geometry

Figure 1 shows the initial geometry of the system we
consider for the calculation of the tip and sample atomic
relaxations due to their mutual interaction: a five-layer
Al (111) slab with the correct face-centered-cubic(fcc) stack-

ing and a tip, represented by a pyramid with four Al atoms,
attached to one of the(111) surfaces. W tips prepared by
electrochemical etching of tungsten wires and cleaned by
field desorption were originally used in the STM experi-
ments on fcc(111) surfaces. The resulting tips are relatively
blunt and produce images with a poor resolution. Atomic
resolution was only obtained after a large increase in the
sample potential by a short time while the surface was
scanned.5,6 This procedure leads to a significant deformation
of the scan area in the surface and the lengthening of the tip
that can only be explained by a restructuring of the tip that
involves material transfer from sample to tip. Our four-atom
Al tip mimics the basic characteristics of the low-
coordinated metallic cluster resulting from sample contami-
nation that can be expected to be formed at the tip apex.

In our calculation we introduce a 333 periodicity in the
direction parallel to the surface, large enough to decouple the
different tips from each other. We use a supercell approach,
imposing also periodic boundary conditions in the direction
perpendicular to the surface. In this way, the tip interacts
with the free surface of the slab. The vector defining this last
periodicity has, in the case of the hollow fcc and hollow
hexagonal-close-packed(hcp) sites, also an in-plane compo-
nent, adjusted in each step of the approaching process in
order to keep the tip on top of one of these different high
symmetry positions on the surface(see Fig. 1).

The approaching of the tip to the surface is simulated
reducing the normal(out-of-plane) component of the corre-
sponding supercell lattice vector by steps of 0.25 Å. After
each step, the system is allowed to relax towards its configu-
ration of minimum energy. In this relaxation, the atoms lo-
cated in the central three layers of the slab remain fixed. This
is a good approximation for small relaxations of the sample

FIG. 1. (Color online) Initial geometry for the supercell[with
the four-atom Al tip and the five-layer Al(111) slab] used for the
calculation of the atomic relaxations due to the tip-sample interac-
tion. The vector defining the normal periodicity has, in the case of
the hollow fcc and hollow hcp sites, also an in-plane componentv̄h,
adjusted in each step of the approaching process in order to keep the
tip on top of one of these different high symmetry positions. An
arbitrary constant is substracted tod, the distance between the fixed
planes, to make the tip-sample distance equal to the normal distance
between the tip apex and the topmost surface atoms when the tip
and sample are far apart.
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atoms; for small tip-sample distances, these relaxations
might be large(see later) and our calculations should be
taken as a first approximation to the problem. The tip-sample
distance is defined as the distance between these fixed layers
in two neighboring slabs(see Fig. 1). An arbitrary constant is
substracted in order to make the tip-sample distance equal to
the normal distance between the tip apex and the topmost
surface atoms when the tip and sample are far apart and there
are no induced relaxations. With this definition, variations in
the tip-surface distance are directly comparable to the rela-
tive displacements of tip and sample which are measured on
the vertical piezo scale in the experiments.

B. Total energy DFT calculations

The relaxed structures of the tip and sample due to their
mutual interaction have been determined using a standard
first-principles total energy code(CASTEP).20 The energies
and forces were calculated within the DFT in its plane-wave
pseudopotential formulation.21 We have used both the local
density approximation(LDA ) and the gradient corrected
approximation22 (GGA) for the exchange-correlation func-
tional in order to assess their influence in the relaxed struc-
tures. Al atoms were described by ultrasoft
pseudopotentials.23 The wave functions were expanded on a
mesh of 16 Monkhorst-Packk points24 on the two-
dimensional first Brillouin zone with a plane-wave cutoff of
140 eV. A smearing width ofs=0.2 eV was used.25 The evo-
lution of the total energy and the forces are used to monitor
the relaxation. The process is stopped when the changes are
less than 10−6 eV/atom and 0.01 eV/Å, respectively. The
normal force acting on the tip is calculated as a numerical
derivative of the energy curve. As very low voltages can be
used to image metal surfaces, we have not considered the
influence of the electric field in the structure of tip and
sample.2

III. MODELING TUNNELING CURRENTS

A. Keldish-Green’s function method

Our approach for the calculation of the electrical current
flowing through the tip-sample system is based on the non-
equilibrium Green’s function formalism developed by
Keldish.26 Details of the formalism can be found in Ref.17.
Here we stress the main points and compare this formulation
with other approaches in the literature for the calculation of
tunneling currents.

The whole tip-sample system is assumed to be described
in an orthogonal local orbital basis. This leads to an effective
tight-binding hamiltonian that can be parametrized, as has
been done in the past, or calculated from first-principles cal-
culations as described later at each point of the approaching
path. Having in mind the application to the STM simulations,
it is advantageous to rewrite this hamiltonian as the sum of

three terms:Ĥ=Ĥs+Ĥt+Ĥts, with one term associated with
the samplessd, one with the tipstd, and finally a term that
takes into account the interaction between tip and sample.
Notice that this interaction is simply described by the hop-

ping matrix T̂ts (the corresponding box linking the basis or-

bitals in the tip and sample in the hamiltonian of the whole
system). Then, we can write an expression for the tip-sample
current that only involves the calculation of the Green func-
tions for the isolated tip and sample and the hopping matrix
that couples both parts of the system17

I =
4pe

"
E

−`

`

dvTrfT̂tsr̂sssvdD̂ss
r svdT̂str̂ttsvdD̂tt

asvdg

3ff tsvd − fssvdg, s1d

where f isvd si = t ,sd is the corresponding Fermi-Dirac distri-
bution function,r̂tt and r̂ss are the density of states matrices
associated with the tip and sample, while

D̂ss
r = f1̂ − T̂stĝtt

r svdT̂tsĝss
r svdg−1 s2d

and

D̂tt
a = f1̂ − T̂tsĝss

a svdT̂stĝtt
asvdg−1; s3d

whereĝtt
r and ĝss

r are the retarded and advanced Green func-
tion for the tip and sample, respectively. The sum over all the
orbitals in the tip and sample have been rewritten in Eq.(1)
in terms of the trace(Tr), the sum over the diagonal elements
of the corresponding product matrix.

Notice that the denominatorsD̂ss
r andD̂tt

a take into account
the multiple scattering effects via the summation up to all

orders of an expansion of the scattering matricesX̂A

=T̂tsĝss
a svdT̂stĝtt

asvd and X̂R=T̂stĝtt
r svdT̂tsĝss

r svd, and are re-
sponsible for the saturation of the tunneling current found for
small tip-sample distances(see the discussion later).

We can easily make contact with other multiple-scattering
approaches12,13 developed for the calculation of STM cur-
rents that are based in the Landauer formalism.27 In the low
tip-sample bias case(the only one discussed in detail in this
work), the relevant quantity is the differential conductance
G=dI /dV, that is given by

G =
4pe2

"
TrfT̂tsr̂sssEFdD̂ss

r sEFdT̂str̂ttsEFdD̂tt
asEFdg. s4d

This expression can be rewritten in a form that closely
resembles the Landauer equation

G =
dI

dV
=

2e2

h
Trft̂t̂+g, s5d

where t̂=2pr̂tt
1/2D̂tt

aT̂tsr̂ss
1/2 and use of the cyclic property of

the trace has been done. Notice thatt̂ defines the transfer
matrix of the system and we can analyze the contribution of
the different channels to the differential conductance by di-
agonalizing it.

Compared with the standard formulation for those trans-
mission coefficients in terms of the Green’s function of the
whole tip-sample system and the self-energies representing
the coupling with the corresponding reservoirs, our approach
shows explicitly the dependence with the Green’s functions
of the different fragments, each of them coupled to its own
reservoir, and the coupling between these fragments. Notice
that those Green’s functions are easy to calculate in practice
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as the fixed metallic layers in the slab(with two-dimensional
periodicity) (see Sec. III B) are enough to provide the infinite
number of channels needed to represent the corresponding
electrodes. The additional flexibility introduced by this de-
composition into the tip and sample subsystems can be also
particularly useful when simple approximations can be made
to the tip-sample coupling, as discussed later.

Notice that, although we find the combination with the
FIREBALL code particularly efficient(see Secs. III B and
III C ), the formulation for the STM simulations presented
here can be easily implemented with any other local orbital
code. Closely related approaches, based on the combination
of ab initio calculations on local-orbital basis and Keldysh-
Green function methods, have been recently applied to study
transport properties in nanocontacts.28–32

B. Mapping the electronic hamiltonian in a local basis:
FIREBALL

The connection between the structural and transport cal-
culations is done through a fast local-orbital DFT technique
(FIREBALL2003),18 that efficiently maps the electronic hamil-
tonian determined from the DFT-PW calculation, and can be
naturally linked with the transport formalism described ear-
lier, that is expressed in terms of localized orbitals.

In FIREBALL, the valence wave functions are expanded in
a set of strictly localized pseudoatomic orbitals(they are ex-
actly zero for distances larger than the cutoff radiusrc). This
offers a very favorable accuracy/efficiency balance if the
atomic-like basis set is chosen carefully. We have used a
minimal basis that includess and p orbitals for Al with a
cutoff radii Rc=6.4 a.u., and provides values for the lattice
parameter and the bulk modulus of fcc AlsA=3.97 Å, B
=74 GPad, identical to the results of the PW codeCASTEP

and in good agreement with the experimentsA=4.05 Å, B
=76 GPad.

The ability of the FIREBALL code to reproduce, with a
properly chosen minimal basis, the results of fully converged
first-principles calculations has been extensively checked in
a number of systems against fully converged plane-wave
DFT calculations(see, for example, Refs. 33 and 34). Notice,
in particular, the tests that we have performed in our recent
study of the mechanical properties and electrical conduc-
tance during the stretching and final breaking of Al
nanocontacts.35 Those results indicate that we could have
usedFIREBALL, not just as a way to map the PW results in a
local basis, but as the total energy method to calculate the
structure of the tip and sample during the approach. How-
ever, in order to rule out any inaccuracy in the determination
of the onset of the tip and sample relaxations and to compare
the influence of the exchange-correlation functional use, we
have decided to perform the calculation of the relaxed struc-
tures with the fully converged PW code.

C. Simulating STM currents: Practical implementation and
convergence issues

The proper simulation of the STM images on a close-
packed metal surface like Al(111) requires to go beyond the

model considered for the calculation of the tip and surface
relaxations. While, according to our calculations, a slab with
five layers is a reasonable model to describe those relax-
ations (remember our discussion of this point earlier), this
finite system does not describe properly the details of the
surface density of states. This would reflect, in particular, in
the presence of spurious large differences between the tun-
neling currents calculated for symmetry positions like hcp
and fcc that have to be pretty equivalent for large tip-sample
distances. These errors can lead to a 100% overestimation of
the corrugation when the top and one of the hollow positions
are compared, and, even more importantly, to the wrong cor-
rugation vs distance behavior. In our current calculations we
have thus considered a slab with 11 layers, where we kept
the positions from the total energy calculations for the 5
layer slab and include in between the third and fourth layers
six more(111) planes with the correct stacking. Test calcu-
lations on a 14 layer slab, where three more bulk layers are
included, show that the STM currents and corrugations are
already converged with the 11 layer slab(differences are
below the numerical accuracy).

The other critical point in the simulation of the STM im-
ages is related to the calculation ofHts. During normal STM
operation, the average tip-surface distance is assumed to be,
depending on the voltage and current conditions, in the range
between 4 and 8 Å. It is clear that, in the large distance
regime, we cannot use in order to calculate the tip-sample
hopping elements the strictly localized pseudoatomic orbitals
that are needed to have an accurate and efficient description
of the electronic bulk properties, as typical cutoff radii are
smaller than the tip-surface distance. In our case, we have
determined these hoppings from the calculation of a dimer
formed by the corresponding tip and sample atom with the
FIREBALL code. In this calculation we have used pseudo-
atomic orbitals, generated with a cutoff radius larger than
20 a.u., that reproduce the behavior of the real free-atom or-
bitals and, thus, are able to describe properly the overlap of
the tip and sample wave functions. Notice that there is no
inconsistency in the fact that we use different basis for the
calculations of the different terms in the conductance[see
Eq. (5)]. The formulation outlined in the previous section
explicitly separates the contributions coming from the “inter-
atomic” matrix elements(those between an atom in the tip

and another atom in the sample) that are represented byT̂ts
and the “intraatomic” ones that are described through the
density of states matricesr̂tt and r̂ss. This separation allows
us to concentrate our efforts in the proper calculation of each
term. In particular, the charge density matrices have to be
calculated from the corresponding tip and sample intraatomic
Hamiltonians, that include the structural and electronic ef-
fects induced by the mutual interaction between tip and
sample at close distances and are properly described by the
pseudoatomic basis with the finite cutoff. For large distances,
where those effects can be neglected, this approach simpli-
fies significantly the calculation of STM currents as it only
requires, apart from the very quick dimer calculation for the
hoppings as a function of the distance, two independent
(smaller) calculations for tip and sample.

Although the use of the dimer calculation for the determi-
nation of the tip-sample hoppings adds flexibility and a sig-
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nificant speed-up to the STM calculation, it is based on an
approximation that has to be validated. The hoppings calcu-
lated in this way include the dominant orthogonalization ef-
fects of the corresponding two atoms but not the orthogonal-
ization and electrostatic potential contributions coming from
the rest of the atoms in the tip and sample. For the short
distance range, where we can expect those effects to be par-
ticularly important, we have checked the influence of those
contributions in the STM currents. For that, we have com-
pared the conductances obtained with the dimer approxima-
tion and those calculated using the real hopping elements
that appear in the final selfconsistent Hamiltonian for the
whole tip-sample system(see Fig. 2).

These calculations show that, for distances smaller than
4.75 Å, although absolute values of the conductance differ
due to the different cutoff radii for the orbitals used in both
cases,13 the two approaches produce for the different symme-
try positions, conductance versus distance curves that have
the same shape, leading in both cases to the correct distance
behavior of the corrugation and quantitative differences in
the estimated corrugation smaller than 2.5%. Larger corruga-
tions correspond to the calculation with the full Hamiltonian
s0.29 vs 0.22 Å for the maximum value, as discussed in Sec.
V), where the orbitals with shorter range are considered. This
increase in the corrugation with the use of more localized
basis sets have also been described in STM simulations with
semiempirical matrix elements.15 For larger distances, or-
thogonalization effects are negligible and the different decay
behavior in the conductance is related to the different exten-
sion of the orbitals considered in each calculation(extended
free-atom-like orbitals for the dimer calculation and local-
ized pseudoatomic orbitals with cutoff radius equal to
6.4 a.u. in the hoppings in the final self-consistent Hamil-
tonian).

IV. TIP-SAMPLE RELAXATIONS DURING THEIR
APPROACH

The nature and strength of the short-range tip-sample in-
teraction for the tip approaching the surface in three different
symmetry positions(top, hollow fcc, and hollow hcp) can be
characterized through the analysis of the total energies(sum-
marized in Fig. 3), the tip-sample forces(see Fig. 4) and the
atomic relaxations induced(monitored through the apex-
surface distance in Fig. 5). These data correspond to the sys-
tem with the five-layer slab, where the three central layers
are kept fixed during the atomic relaxation for each step of
the approaching process(see Fig. 1). In Fig. 3 and subse-
quent figures the results are plotted as a function of the “tip-
surface distance” defined in Sec. II A. Remember that, with
this definition, variations in the tip-surface distance are di-
rectly comparable to the relative displacements of tip and
sample as measured on the vertical piezoscale in the experi-
ments.

Total energies already show the marked differences be-
tween the top and the two hollow positions considered. The

FIG. 2. (Color online) Conductance(in units of 2e2/h) as a
function of the tip-sample distance for the different symmetry po-
sitions (top, fcc, and hcp) in the Al(111) surface. Two different
schemes for the calculation of the tip-sample hoppings are com-
pared: fully self-consistent calculation(with strictly localized
pseudoatomic orbitals,Rc=6.4 a.u.) of the whole system(empty
symbols), and a dimer calculation with the real free-atom orbitals.

FIG. 3. (Color online) Total energy, calculated with the DFT-
LDA approximation, as a function of the tip-sample distance ap-
proaching the tip on top of three different high symmetry positions
(top, hollow fcc, and hollow hcp) in the Al(111) surface.

FIG. 4. (Color online) Forces, calculated with the DFT-LDA
approximation, as a function of the tip-sample distance approaching
the tip on top of three different high symmetry positions(top, hol-
low fcc, and hollow hcp) in the Al(111) surface.
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three curves are very similar till a distance of 4.75 Å, where
the energy of the top position starts to increase significantly.
This departure can be correlated with the onset of significant
tip-sample forces(see Fig. 4) and relaxations induced in tip
and sample, that are particularly large in the range
4.25–4.50 Å, where the apex-sample distance decreases by
1.17 Å (see Fig. 5) leading to the formation of a strong co-
valent bond between the two atoms.

This distance reduction is mainly due to the upwards dis-
placement, by approximately 0.9 Å, of the Al atom right be-
low the tip. Notice that, before that point, the relaxations
induced in both the surface adatom and the tip apex are quite
symmetric and of the order of 0.1 Å. For distances smaller
than 4 Å, the surface atom is pushed back towards the sur-
face, keeping the bond with the apex atom, that also relaxes
back to the initial tip configuration. These atomic displace-
ments lead to a slow decrease of the apex-surface distance,
which is close to the Al bulk n.n. distance(2.80 Å).

The two hollow positions present a different behavior. Re-
laxations on the surface atoms are modest(below 0.05 Å at
4.5 Å), reaching a maximum value of 0.2 Å for a tip-surface
distance of 3.3 Å, while the position of the apex atom
changes 0.4 Å at that same distance.

It is worth mentioning that the tip-sample forces increase
significantly for distances smaller than 4.75 Å in the top po-
sition. This force presents a maximum ford=4.25 Å, a dis-
tance for which the microscope operation might be mechani-
cally unstable.36 For the hollow positions, this maximum
appears ford.3.25–3.5 Å. It is clear that, due to the me-
chanical instability of the interface(see later), corrugations
can only be measured for distances larger than 4.25 Å.

Similar results have been found in previous studies of the
interaction of tips and metallic surfaces. Regarding the
atomic relaxations, the behavior we observe for the top po-
sition agrees quite well(in the absolute value of the relax-
ations of the apex and the surface atom, and in the relevant
tip-sample distance range) with the results of Hoferet al.16

for a four-atom W tip and a five-layer slab of Au(111) planes.
However, we do not see the even larger tip and sample re-
laxations that they have reported for the hollow position.

Total energies and normal forces acting on the tip can be
qualitatively compared with those found by Dieskaet al.37

for a Cu(111) surface interacting with a Si tip. In these cal-
culations, energies and forces for top and hollow positions
present a behavior very similar to the one found in this work.
The maximum normal force values[approximately
1.5 s1.8d nN for top (hollow) in our case] are of the same
order of those found in Ref. 37(around 2 nN).

Given the well-known deficiencies of the LDA approxi-
mation describing weak bonds, it seems necessary to check
that the main conclusions of our analysis, and, in particular,
the relevant distance range and absolute value of the induced
relaxations are not sensitive to the exchange-correlation
functional used. We have repeated the calculation of the
total-energy as a function of the tip-sample distance with the
GGA approximation for the top position. Our results show
that the two energy curves are very similar, apart from an
almost rigid small shift in the energy(substracting the corre-
sponding total energy values at 5 Å, the two curves fall one
on top of the other). The onset of significant relaxations and
the value of the atomic displacements are also very close in
both calculations.

V. WELL CONVERGED TUNNELING CURRENTS AND
CORRUGATIONS: COMPARISON WITH THE

EXPERIMENT

As STM experiments on metal surfaces are usually done
with small bias voltages(less than 100 meVd, the conduc-
tance provides a good characterization of the system: Com-
parison with experiments at different bias conditions are
easy, as the theoretical current can be simply estimated as the
product of the conductance and the bias voltage. On the other
hand, the values of conductance, particularly when written in
terms of its quantum unitG0=2e2/h, provide insight into the
relation between the structure of the system and its electronic
transport properties. The values of the conductance as a func-
tion of the tip-surface distance for the three symmetry posi-
tions considered in our study are shown in Fig. 6. We are
covering here the different relevant regimes, showing in par-
ticular the transition between the tunneling and the contact
regions.

These curves already reflect the role of the tip and sample
relaxations, as the conductance of the top and hollow posi-
tions become markedly different in the distance range where
those relaxations start to be significant for the top position.
However, there are other effects, including multiple scatter-
ing effects, that have an important role in determining the
final value of the conductance. Figure 7 helps to quantify the
contribution of these different factors comparing the final
curves for the top and fcc positions with those where either
the multiple scattering or the induced relaxations are not in-
cluded. Multiple scattering effects start to play a role for
distances below 5 Å, but they become particularly relevant
for the distance range where relaxations take place: If they
are not included both the values of the conductance and the

FIG. 5. (Color online) Apex-surface distance as a function of the
tip-sample distance for different symmetry positions in the Al(111)
surface. The straight line shows the apex-surface atom distance if
no relaxations of tip and sample were allowed. The faster change in
the top case is mainly due to the upwards displacement of the sur-
face atom below the tip.
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differences between different positions in the surface are
grossly overestimated. Notice, in particular, that these con-
ductance values would lead to an overestimation of the sur-
face corrugation calculated theoretically. On the other hand,
the proper calculation(including multiple scattering) for an
ideal tip and sample(where we keep their structure when
they are far apart for the whole distance range) shows that
relaxations play the crucial role in the differences observed
between the top and hollow positions.

Before discussing the implications of these conductance
results for the corrugations observed as a function of the
tip-sample distance, it is interesting to compare these results
with those published in the literature for other metallic sys-
tems.

In the pure tunneling regime, where relaxations do not
play an important role, our results can be compared with
other calculations where the tip and surface electronic prop-
erties have been determined byab initio methods, like those

presented by Hoferet al.16 for a W tip on a Au(111) surface
and Corbelet al.13 for a Cu tip on a Cu(001) surface. In the
case of W on Au(111), they have used a simple Bardeen
approach where the wave functions from independent tip and
sample calculations are used to calculate the tunneling cur-
rents. The conductance at the largest distance considered in
that calculation(5 Å) can be estimated from the currents(see
Fig. 3 in Ref. 16 and the bias considered, −0.1 V). This gives
a value of 0.3310−3G0, that is roughly three orders of mag-
nitude smaller than our result for the Al tip on Al(111) sur-
face for that same distance. We believe that part of this dis-
crepancy is due to the Bardeen’s model used in Ref. 16:
image potential effects would reduce considerably the tun-
neling barrier and would increase by one or two orders of
magnitude the tunneling current.38 In our approach, the ap-
propriate behavior of the tunneling currents is included as
shown by the saturation currents we find when the tip-sample
distance is small(around 3.5 Å).39 However, as discussed
later, corrugation values for the relevant distance regime are
of the same order(0.2 Å) in both our calculations and those
of Ref. 16. The approach for the current calculations by Cor-
bel et al. for a Cu tip on Cu(001)13 is more similar to our
work, as they used a Landauer approach combined with scat-
tering techniques to calculate the transmission coefficient,
and the scattering matrix is determined using Green’s func-
tion techniques. The self-consistent hamiltonian is deter-
mined on a localized orbital basis set of Slater-type orbitals
using theADF-BAND program. In this case, the conductance
values(e.g., 0.01G0 for d=5.6 Å, see Fig. 5 in Ref. 13) are
a factor of 10 smaller than our results for an Al tip on
Al (111). These differences in the absolute value of the con-
ductance could be related to the different nature of the atoms
involved, if we recall the atomic-like nature of the tip apex
and the significant contribution of extendedp states in the Al
atom, as opposed to thes states that are dominant in the case
of Cu. Our results for the behavior of the conductance in the
long distance tunneling regime also agree with those of Cor-
bel et al. We observe an exponential decay with a slope
value,d log10s /dz, of −0.82(a reduction by a factor of ten in
1.2 Å), close to the one found in experiments and calcula-
tions for other metallic surfaces[,−s0.9−1d]. For the inter-
esting small resistance regime(tip-sample distances of
3–5 Å), relaxations are not included in the calculation of
Ref.13. Nevertheless, we can compare with our results in
Fig. 7 for the case with no relaxations. Both calculations
show a smooth evolution of the conductance, with no
marked differences between the different symmetry positions
in the surface, leading to quite small corrugations. This fur-
ther confirms the important role of tip and sample relaxations
in the observed corrugations.

Finally, we consider the influence on the corrugation of
the STM images of the tip and sample relaxations induced by
their mutual interaction. The corrugation, defined as the
height difference between the top and hollow positions in a
constant current image, can be extracted from the corre-
sponding current versus distance curves for these two sites
(see Fig. 6). The evolution of the corrugation as a function of
the tip-sample distance is displayed in Fig. 8. These results

FIG. 6. (Color online) Conductance(in units of 2e2/h) as a
function of the tip-sample distance for the different symmetry po-
sitions(top, fcc, and hcp) in the Al(111) surface. The curves for the
three positions tend to merge rapidly as we increase the tip-sample
distance, resulting in a very small normal corrugation(see inset).

FIG. 7. (Color online) Conductance(in units of 2e2/h) as a
function of the tip-sample distance for the top and fcc positions,
showing the effects of multiple scattering and atomic relaxations.
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show that, in the high resistance tunneling regime(tip-
sample distances larger than 4.75 Å), the corrugation has a
simple exponential behavior, decreasing by a factor of 5 in
1 Å. Below that distance, the tip and sample relaxations pro-
duce a complicated behavior in the corrugation. The impor-
tant tip and sample relaxations induced in the top position for
distances smaller than 4.75 Å produce a significant change in
the exponential behavior of the corrugation, that increases
from 0.05 to 0.175 Å when the tip-sample distance is re-
duced from 4.5 to 4.25 Å. For smaller distances, the corru-
gation tends to saturate and reaches a maximum of
0.225 to around 4.13 Å.

According to these results, corrugations of a few hun-
dredths of an angstrom are characteristic of metallic surfaces
in the high resistance regime(where no significant relax-
ations are taking place). Similar values have been reported in
other theoretical calculations.13 Larger corrugations, of the
order of a few tenths of an angstrom, are associated with the
atomic relaxations induced by the tip-sample interaction. No-
tice that corrugations of the order of 0.2 Å have also been
attributed to tip and sample relaxations in the case of a W tip
on an Au(111) surface,16 and have been measured experi-
mentally in certain close-packed fcc surfaces.5,6

In the particular case of Al(111),5 while most of the cor-
rugation amplitudes measured lie in the range 0.1–0.4 Å,
depending on tunneling conditions, corrugations as large as
0.8 Å have also been reported. These high-resolution condi-
tions are very unstable and the tip often undergoes irrevers-
ible changes. From our calculations(see Fig. 4) we deduce
that those instabilities should appear for distances close to
the maximum of the forcesd.3.5–4.25 Åd. It is clear that
relaxations and forces due to the tip-sample interaction de-
pend significantly on the tip structure. While we cannot ex-
plain the large corrugations with our tip model, we cannot
rule out that a more realistic description of the tip state after

the experimental treatment, with a loosely bound atom or
small metallic cluster at the apex, could lead to a stable
operation with a significant enhancement of the corrugation.
These soft modes of the tip apex have also been suggested
to explain the large energy dissipation observed during
some frequency-modulation atomic force microscopy
experiments.40

VI. CONCLUSIONS

The operation of the STM on metallic Al(111) surfaces
from the tunneling to the contact regime has been explored
with a combination of first-principles total energy methods
for the determination of the atomic relaxations induced in the
tip and sample by their mutual interaction, and a calculation
of the electronic currents based on nonequilibrium Keldish-
Green’s function techniques. This approach overcomes the
limitations of all the previous studies, providing at the same
time an accurate description of the structure and electronic
properties of the tip-sample system with a proper description
of the tunneling process, that includes, in particular, multiple
scattering effects that become relevant in the low resistance
tunneling regime and lead to the saturation of the current.

We have shown that our alternative formulation of the
current in terms of the tip and sample subsystems can be
exploited to achieve an efficient practical implementation
based on a dimer approximation for the corresponding tip-
sample coupling. This approach reproduces the expected de-
cay behavior of the current and the corrugations in the large
tunneling resistance limit and includes properly the relevant
chemical bonding effects in the low resistance limit.

Our calculations for the behavior of the total energy,
forces, atomic relaxations, and currents as a function of the
tip-sample distance for an Al tip on different symmetry po-
sitions (top, fcc, hcp) on an Al(111) surface allow us to de-
termine the expected maximum corrugation and the me-
chanical stability of the different regimes of operation.

Our results indicate that atomic relaxations and saturation
effects become relevant in a similar distance range where the
onset of a short-range chemical interaction between the tip
apex and the surface atoms is taking place. We expect this
behavior to be common to all of the metallic surfaces. These
two factors, that have an opposite influence in the current,
lead to corrugations of the order of 0.2 Å, similar to the ones
found experimentally in other(111) metal surfaces, for the
closer distances(around 4.25 Å) where stable operation can
be achieved.
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