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Using the self-consistent field pseudopotential method we calculated the adhesive energy, perpendicular and lateral forces
and barrier height between two rigid A1(001) slabs modeling the sample and a blunt tip. We found that the adhesive energy
and forces are site specific, and can lead to a significant corrugation in the constant force mode with negative force gradient.
Lateral forces, which determine friction on the atomic scale are not simply proportional to the-perpendicular force, and are
typically one order of magnitude smaller. Our results confirm that perpendicular tip force and barrier height are interrelated

for separations where the force gradient is positive.

1. Introduction

The interaction energy £, between tip and
sample and the force derived thereof are of rele-
vance in scanning force microscopy (SFM) [1]
when they show significant variations with the tip
position. At large tip—sample separations (z = 7—
10 A) the force exerted by an atomically flat
sample is van der Waals (VdW) in origin and is
usually uncorrugated (one important exception
may be a noncompact overlayer of easily polariz-
able adatoms). As z is decreased the interaction
energy becomes increasingly negative until the
separation z =z, corresponding to maximum ad-
hesion. In the range z >z, the perpendicular tip
force F|, = —0E;/0z, becomes increasingly at-
tractive, passes through a minimum and then
decreases to become repulsive. For an atomically
sharp tip it is expected that significantly strong
lateral forces can also arise when the tip is posi-

tioned off high symmetry positions. If the lateral
force gradient exceeds the restoring spring con-
stant, the tip starts to perform a stick—slip motion
on the sample surface [2]. These lateral forces,
which are fundamentally conservative, can thus
induce hysteresis and losses via energy transfer to
shear modes, resulting in an average microscopic
friction force of nonconservative nature.

It is important to understand the origin of the
force exerted on the tip by the sample in order to
interpret the corrugation detected in SFM. For
atoms far from the apex it is of VAW character
and almost uncorrugated. On the other hand, it is
better described in terms of nearly compensating
ion—ion repulsion and ion-electron attraction be-
tween the nearest atoms at small and intermedi-
ate separations. For separations close to maxi-
mum adhesion ion—ion repulsion dominates the
force on the tip apex [3]. At somewhat larger
separation electron—ion attraction becomes dom-
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inant. Therefore, in the attractive force range
with positive gradient the tip images the total
charge density [3,4]. The interpretation of images
obtained by SFM becomes difficult when the tip
is blunt and not in registry with the sample sur-
face [5,6]. Furthermore, in the range where signif-
icant forces are acting on the tip, the potential
felt by electrons also undergoes significant site-
dependent modifications with decreasing z [3,7-
9]. The variation of the barrier height &, with z,
and the formation of a mechanical contact have
important implications in scanning tunneling mi-
croscopy (STM) as well [10].

A quantitative treatment of tip—sample inter-
actions, more specifically the interaction energy,
the forces acting on individual atoms and the
variation of the barrier requires detailed compu-
tations. Another important but not completely
understood issue is the origin of the microscopic
friction between tip and sample. Even if the
detailed atomic structure of a tip is usually un-
known and affected by sharpening procedures
and also during measurements, one can neverthe-
less theoretically analyze those interactions on
the atomic scale to reveal their fundamental fea-
tures. Our work is based on such a premise, and
investigates the interactions between two simple
metal slabs. In order to apply periodic boundary
conditions and thus perform calculations on finite
systems, we avoid questions of lattice mismatch
and assume that both slabs (representing the
sample and the blunt tip) are made from the
same atomic layers. On the basis of self-con-
sistent field (SCF) pseudopotential calculations
we address the following issues: (i) The site-de-
pendence of interaction energy and tip forces. (ii)
The variation of the lateral forces with lateral
and perpendicular motion of the tip. (iii) The
correlation between perpendicular force and bar-
rier height.

2. Description of calculations

Our results are extracted from standard SCF
calculations with nonlocal ionic pseudopotentials
[11] and a local exchange—correlation potential
[12]. While the sample is taken as a 5-layer A1(001)

slab, the blunt (flat) tip is represented by another
Al(001) slab, the thickness of which is varied
between 1 and 4 layers in order to assess the
sensitivity of our results to computational restric-
tions. The separation between two slabs, z, was
allowed to vary between 3 and 11 a.u. The lateral
lattice constants, R, and R,, and the interlayer
spacing are maintained equal to the experimental
equilibrium nearest-neighbor distance d,= 5.4
a.u. of bulk Al. The computations are performed
in a tetragonal supercell (R, =R, =54 and R, =
46 a.u.) in order to use periodic boundary condi-
tions. The Bloch states of the whole system are
expanded in ~ 500 plane waves corresponding to
a cut-off |k+ G| <8 Ry. The total energy and
atomic forces are calculated in the momentum
representation [13] for different lateral and per-
pendicular positions of the tip slab with a conver-
gence criterion (rms deviation in potential en-
ergy) of ~ 1077 Ry. The arrangement of the
supercell, the surface unit cell, and the various
lateral tip positions for which computations were
performed (top T, hollow H, C and M sites) used
in the SCF calculations are illustrated by insets in
fig. 1.

The interaction energy, E(z)=Fg, (z) - Eq
— L, is extracted from the total energies of
sample and tip slab together (E, 1), sample (Ey),
and tip slab alone (FE;), each calculated sepa-
rately in the same supercell described above. By
definition E(z) <0 indicates an attractive bind-
ing interaction. The minimum of E(z) at z =z,
is identified as the binding energy of the slabs
E,. It is also customary to define the adhesive
energy, E,,=E(z)/2, which is the negative of
the amount of work necessary to separate two
semi-infinite slabs from z to o«c. Note that the
surface energy is the negative of Ef(z=2z.)/2
calculated for two such slabs.

3. Discussion of results

In fig. 1a we show the variation of the interac-
tion energies E,(z) corresponding to a four-layer
tip slab at the H- and T-site. The calculated
binding energies are 1.37 and 0.92 eV per cell for
the H- and T-site, respectively. The binding en-
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Fig. 1. (a) Interaction energy E; versus separation z between
two Al(001) slabs at the hollow (H) and top (T) sites. E}, is the
binding energy for maximum adhesion. (b) Scaled energy E*
versus scaled separation a* according to the Rydberg func-
tion of Rose et al. [14]. (¢) Perpendicular force on the tip slab
versus separation z. The configuration of the two slabs with
separation z, surface unit cell and four different relative
positions (top T, hollow H, C and M sites) are shown in the
insets.

ergy at the H-site is larger since it corresponds to
a natural stacking of the AI(001) layers in bulk
Al. Note that maximum binding at the T-site
occurs close to z =d,, nearest-neighbor distance
of bulk Al. For z > d,, E(z) at the T-site slightly

exceeds that at the H-site. The calculated interac-
tion energies, for both sites show only small varia-
tion with the number of layers in the tip slab. For
example, E; is lowered less than 0.1 eV in going
from a single-layer to a four-layer slab at z-z, for
the T-site. However, E; of a two-layer tip slab is
0.05 eV lower than that of a four-layer slab.
Normally, E; is expected to decrease slightly with
increasing number of layers and then to saturate.
The nonmonotonic dependence of the calculated
E, is reminiscent of the oscillations of the work
function and surface energy calculated earlier for
thin Al(111) slabs [13]. These oscillations were
interpreted as the manifestation of the quantum
size effect due to an empty band dipping below
the Fermi level as the thickness is increased.

Earlier, Rose et al. [14] proposed a simple
universal relation in terms of the Rydberg func-
tion, E* = —(1+a*) exp(—a™), to scale interac-
tion energies of flat interfaces between pairs of
metals. The energy and distance are scaled by
E,/E, and (z —z,)/A, respectively, where A can
be taken as the screening length or a fitting
parameter. This scaling of the adhesive energy
has been exploited by Diirig et al. [15] to fit the
variation of the force gradient with separation in
a combined atomic force and tunneling mi-
croscopy measurement. The present SCF results
revealing that E(z) is strongly site-dependent
even for a simple metal interface represent a
nontrivial test for the universal scaling expres-
sion. To this end we scaled the interaction ener-
gies illustrated in fig. 1a by taking A — 1 a.u. The
comparison of the scaled values with the Rydberg
function given in fig. 1b shows good fits at both
H- and T-sites, especially for positive force gradi-
ent. The origin of this scaling can be traced back
to the form of the electron density which decays
exponentially as one goes away from the surface.
The inverse decay constant x, in turn, is related
to the barrier height.

The forces on individual atoms are calculated
using the Hellmann-Feynman theorem. The re-
sultant of all atomic forces in the supercell must
be zero, and in mechanical equilibrium or at a
local minimum all force components have to van-
ish. In our calculations all lattice spacings within
both slabs were kept equal to the equilibrium
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bulk value. Previous calculations indicate the in-
terlayer spacings of thin Al slabs deviate from the
bulk value [13], and hence internal strains and
forces derived thereof are indigenous to our re-
sults. The total internal forces in each slab must
cancel out, but the force due to the interslab
interaction remains. Accordingly, the lateral
forces on each AI(001) layer and the net perpen-
dicular force on each slab are physically signifi-
cant. Fig. lc illustrates the variation of the per-
pendicular force on the single-layer tip slab for
various lateral positions. Along the line from the
H- to the T-site, the strongest attraction occurs at
the smallest z, for the H-site. As the tip slab is
moved from the H- towards the T-site, the mini-
mum of F (z) gradually shifts to larger z and
concomitantly the magnitude of the attractive
force decreases. This behavior can be explained
by the decreased ion—ion repulsion component in
F | for separations z > z.. The calculated curves
indicate a corrugation Az = 0.6 A (or 1.25 a.u.) of
SFM operating in the constant force mode for
F, in the range +1 nN/atom. The corrugation
is expected to be relatively smaller along the edge
of the unit cell. The curves in fig. 1c also suggest
that in the attractive force range, ~ —1 nN <F |
< 0, the tip may trace an inverted but relatively
smaller corrugation if the force gradient is posi-
tive. The latter corrugation may be difficult to
observe since a conventional SFM cantilever with
a soft spring constant &k is mechanically unstable
in the range where 8F | /9z — k <0 [3]. Note that
the attractive forces acting on the atoms behind
the apex add to the force given in fig. 1c when a
multilayer tip slab is taken into account. In prac-
tice VAW forces neglected, in our treatment, can
give an additional attraction.

The above-mentioned scaling expression for E;
leads to F (z)= —E,a*exp(—a*)/A. This ex-
pression can be useful in obtaining constant force
corrugation contours from calculations of E at a
few mesh points in the surface cell. However,
such a fitting procedure is justified only for the
perpendicular force in the region of strong attrac-
tion.

Measurements of the lateral forces acting on
the tip in SFM with perpendicular loading force
and scan velocity have revealed atomic-scale vari-
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Fig. 2. Perpendicular £, and lateral F force on the single-
layer “tip slab” versus separation z. Forces are calculated at
the C- and M-sites shown in the inset.

ations on graphite [2]. A full account of friction
arising in the course of relative stick—slip motion
should include the dissipation of energy by
phonons and other excitations in both tip and
sample, and requires further work. Zhong and
Tomanek [16] provided a theoretical estimate of
the friction constant p from E(z) calculated for
a commensurate Pt monolayer against graphite
by assuming that in the slow motion limit the
whole potential energy difference between the T-
and H-sites is dissipated. The experimental data
show an average nonconservative force super-
posed on a conservative force modulated with the
lateral periodicity of the sample surface [2]. An
important factor which is ignored in the analysis
in ref. [16] is that the strain energy stored in the
vicinity of the tip may only be partially released
during the stick-slip motion [17]. In the present
study we can only calculate the conservative lat-
eral forces F”(z), as illustrated in fig. 2 for the M-
and C-site. For our system they are one order of
magnitude smaller than the perpendicular forces
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Fig. 3. (a) Perpendicular force F | (z) versus the function /@, exp(— /@, z) at the top site. Crosses and dots refer to the two-layer
and four-layer “tip slab”, respectively. (b) Same for the hollow site.

in a wide range of z. This can qualitatively be
understood as follows: whereas attractive contri-
butions from all neighboring sample atoms tend
to add up in F , they tend to cancel out in F.
Interestingly, F, can be finite even though F | =0,
because the zero of F, occurs at a relatively
larger z.

The fact that the interaction energy is related
to the barrier height through the inverse decay
constant, k = \/?D;, of the electron density implies
a correlation between F, and &, for a given
separation z. The tunneling barrier with its height
and width enters as a crucial parameter in the
tunneling conductance ¢. The actual dependence
of k, @, or log ¢ on z is affected by several
factors, such as the lateral modulation of the
potential through which electrons tunnel, and its
change with decreasing z. Earlier we pointed out
the reversible modifications of electronic states
prior to contact, and correlations between force
and barrier height derived thereof [3,8]. Experi-
mentally, Diirig et al. [15] drew attention to the
correlation between force gradient and tunneling
conductance as the tip approaches the sample.
More recently, in an effort of presenting a “uni-
fied view of STM and SFM”, Chen [18] pointed
out a simple relation between perpendicular tip

force and tunneling conductance. He considered
the overlap of the tip and sample wave functions
(¢, and ) near the Fermi level and assumed
that the interaction energy is proportional to the
splitting of the coupled states through the hop-
ping integral, {¢,|.%, . |¥,). Based on this as-
sumption and in line with the work by Flores et
al. [19] he argued that F,(z) is equal to tunneling
matrix element M(z), and hence F, (z)=
—0M /32, thus leading to F  (2) = ¢k exp(—«kz),
¢ being proportional to the width of the conduc-
tion band. We note that the tunneling matrix
element alone can approximately describe the
main contribution to F, only for z for separa-
tion larger than that corresponding to the point
of zero force gradient. As pointed out above, in
this region the electron-ion interaction and thus
the decaying electronic charge density dominate
the perpendicular force. For smaller z the barrier
collapses and the site-dependence of F, becomes
pronounced reflecting the ion—ion repulsion. In
fig. 3, we investigate the relation between our
calculated F, and xexp(—«z). For the barrier
height @, we took the difference between the
maximum of the planar averaged potential at z /2
and the Fermi energy. Despite the fact that the
range of variation is limited and that @, itself is
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calculated between flat metal surfaces using LDA,
the linear proportionality depicted by fig. 3 is
encouraging and deserves further study.

4, Conclusions

We found that the interaction energy and per-
pendicular forces are strongly site-dependent even
for nominally flat Al surfaces, and that they are
well approximated by a universal expression. A
significant corrugation is predicted in the con-
stant force mode of SFM operating in the nega-
tive force gradient region. Beyond this region at
intermediate separations our results show that
the perpendicular force and barrier height are
interrelated. For the separations considered in
this study the lateral tip force is not proportional
to the perpendicular one, and generally one or-
der of magnitude smaller.
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