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We report on high-resolution friction force microscopy on a stepped NaCl(001) surface in ultrahigh

vacuum. The measurements were performed on single cleavage step edges. When blunt tips are used,

friction is found to increase while scanning both up and down a step edge. With atomically sharp tips,

friction still increases upwards, but it decreases and even changes sign downwards. Our observations

extend previous results obtained without resolving atomic features and are associated with the competition

between the Schwöbel barrier and the asymmetric potential well accompanying the step edges.
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Measuring the friction forces acting on an atomically
sharp tip sliding across a well-defined obstacle (such as a
monatomic step edge) is quite important for a better
understanding of mechanical processes occurring on the
nanometer scale. A common observation in the few experi-
mental studies on this topic [1–5] is the enhancement of
friction at step edges, which is attributed to the activation
barriers for diffusion at such locations (Schwöbel-Ehrlich
barriers) [6,7]. Indeed, in the investigations reported
so far, friction was usually found to increase when a step
edge was crossed both upwards and downwards, although
the friction variation may be not always appreciable in the
step-down direction [1,5]. It is important to note that all
these studies were performed on length scales in the mi-
crometer range, with no atomic resolution along the scan
direction.

In this Letter, we have used an atomic force microscope
(AFM) in contact mode to scan cleavage step edges on a
NaCl(001) surface in ultrahigh vacuum (UHV). When the
tip climbs up an edge, the latter always acts as an obstacle,
increasing the friction force experienced by the tip.
However, when the tip crosses the edge downwards, two
different tendencies are observed. Blunt tips are still
pinned—and friction consequently increases—as upwards.
Atomically sharp tips, in contrast, easily slip into the
bottom of the edge, thus experiencing a friction force
which is temporarily oriented in the direction of motion
and not opposite to it. This behavior seems to contradict the
presence of a strong Schwöbel barrier.

Our measurements were performed with a home-built
AFM setup at a pressure of about 10�10 mbar [8]. The
NaCl(001) surface was cleaved in UHV and annealed at
150 �C to remove surface charges. The results presented
below were obtained with a commercial cantilever with
normal resonance frequency fnorm ¼ 10:8 kHz and stiff-
ness knorm ¼ 0:117 N=m (Nanosensors, PPP-CONT).

The (lateral) friction force F was detected by using a
four quadrant photodiode, which is sensitive to the canti-
lever torsion. In order to calibrate the normal and lateral
forces, we used the method discussed in Ref. [9].
Figures 1(a) and 1(b) show a topography and the corre-

sponding lateral force image acquired on a 15� 15 nm2

area across a step edge of NaCl(001) with one monolayer
height. The normal force was kept constant at the value
FN ¼ �0:2 nN, assuming that FN ¼ 0 corresponds to the
unbent cantilever. As shown by the arrow in Fig. 1(a), some
kink sites are present. The most noticeable feature are the
atomic features revealed across the step edge. This is clearly
visible also in the profile in Fig. 1(c), where the surface
height drops 0.22 nm (slightly less than half of lattice
constant a ¼ 0:564 nm) within 0.28 nm. Furthermore, the
change of contrast in both images suggests that the tip apex
has a width of two lattice constants in the fast scan direc-
tion. Since the measurements were performed a few days
after cleaving the NaCl surface, many atomic defects are
present. As shown by the circle in Fig. 1(b), the defects
always appear as squares with side length 2a, meaning that
the tip end has a width of two lattice constants also in the
slow scan direction. Furthermore, the lateral force profiles
for the forward and backward scans are almost overlapping,
and the friction loop is consequently quite small. This
means that the measurements were performed close to the
superlubric transition [10]. For the scan in the step-up
direction (continuous curve), friction increases at the step
edge as expected. In contrast, the lateral force for the step-
down direction (dashed curve) decreases and changes sign
when crossing the edge, meaning that the tip temporarily
overtakes the cantilever.
Although images like those presented in Fig. 1 could be

reproduced with different cantilevers, they still represent
an exception rather than the rule. Figure 2 shows a topog-
raphy and a friction map acquired across another step edge.
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Here we used the same tip as in Fig. 1 after repeated
scanning with high loads in different regions on the sur-
face. The horizontal traces clearly indicate the presence of
abrasion wear, which contaminates the tip and increases
the size of the contact area between the tip and surface
[11]. The friction profiles in the two directions also
changed considerably. Friction is now enhanced in both
directions when the tip crosses the step edge. Images
taken with other blunt tips presented similar features.
Incidentally, we have also tried to excite the normal and
torsional resonance of the cantilever while scanning, which
is expected to reduce friction [12,13]. Although this has
indeed been the case, the resolution of the AFM images
across the step edge could not be improved in such a way.

Friction on atomically flat terraces is usually explained
by the Prandtl-Tomlinson model [14,15]. In this frame-
work, a point mass representing the tip apex is driven by a
lateral spring across an effective potential Ueff . On alkali
halide surfaces, the spring constant k almost coincides with
the lateral stiffness of the contact area [10]. This quantity
can be obtained from the analysis of friction loops [16,17],
and in our case it turns out to be�1 N=m. On a flat terrace,
long-range interactions can be neglected and the potential

Ueff corresponds to the potentialUint describing the chemi-
cal interaction between the atoms at the bottom of the tip
and surface atoms. The potential Uint has thus the period-
icity of the surface lattice a. In the presence of a step edge,
however, long-range interactions are varying, meaning that
a second contribution Ulong to the tip-surface potential has

to be taken into account. Our experimental results suggest
that the potentialUlong is highly sensitive to the distribution

of the atoms at the tip apex.
In order to quantify the effective potential Ueff , we have

calculated the Lennard-Jones (LJ) contribution ULJ to the
effective potential in the case of a single atom crossing a
monatomic step edge on NaCl(001) (Fig. 3). The calcula-
tion of the LJ potential was done analogously as in the
paper by Hölscher, Ebeling, and Schwarz [5] with the
parameters E0 ¼ 1 eV and r0 ¼ 0:56 nm. In order to re-
produce the feedback mechanism of the AFM, the atom
was first set at a certain distance d from the surface and
then forced to travel along the curves @ULJ=@z ¼ const:As
shown in Figs. 3(a) and 3(b), the LJ potential suddenly
drops at the step edge and slowly recovers over a distance
on the order of two lattice constants. The potential drop is
anticipated by an energy barrier. When d ¼ 0:65 nm, the
depth E1 of the potential well is larger than the height E2 of

FIG. 2 (color online). (a) Topography and (b) lateral force
images acquired in the same conditions as in Fig. 1 after
prolonged scanning at high load. Profiles are taken along the
black line for (c) the topography and (d) the lateral force
(continuous curves). The dashed profiles represent the backward
scan direction (images not shown). Note that friction increases at
the step edge for both the step-up direction and the step-down
direction (see arrows).

FIG. 1 (color online). (a) AFM topography image (frame size:
15� 15 nm2) and (b) corresponding lateral force image ac-
quired across a single cleavage step edge on a NaCl(001) surface
by using a load of�0:2 nN. A kink site is highlighted in (a) by a
white arrow, whereas the circle in (b) points out a defect. Profiles
are taken along the black line for (c) the topography and (d) the
lateral force for the forward scan direction (continuous curves).
The dashed profiles represent the backward scan direction (im-
ages not shown). The arrow indicates that friction increases step-
up (dashed curve) but decreases step-down (continuous curve).
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the energy barrier [Fig. 3(a)]. However, when the surface is
approached, the quantity E2 increases faster than E1 and
E2 >E1 when d ¼ 0:55 nm [Fig. 3(b)]. The electrostatic
potential Uel follows the atomic corrugation of the NaCl
(001) surface, with a slight enhancement at the step edge.
At the distances considered in Fig. 3, its contribution to
the potential Ueff is 1 order of magnitude less than that of
the LJ potential and can be safely ignored in the rest of the
discussion.

It is reasonable to assume that the energy landscape
sensed by the sharp tip used in the experiment, which
was close to jump-off, has similar features as the LJ
calculation in Fig. 3(a). In order to prove that, we have
constructed an empirical one-dimensional potentialUeffðxÞ
formed by (i) a sinusoid representing the periodic interac-
tion Uint between tip and surface and (ii) an asymmetric
well simulating a sharp drop followed by a slow recovery
of the potential Ulong:

UlongðxÞ ¼ E1

�
�erf

�
x

b1

�
þ erf

�
x� c

b2

��
: (1)

In Eq. (1), the parameters b1, b2 (> b1), and c are expected
to be in the order of the tip apex, and the origin of the x
coordinates corresponds to the step edge. Finally, we have
calculated the lateral force F experienced by a point mass
driven by a spring with elastic constant k ¼ 1 N=m over
the potential Ueff under adiabatic conditions, i.e., neglect-
ing the inertia and the damping of the point mass. As
shown in Fig. 4(a), we find that a decay of Ulong on

the order of 1 eV and a corrugation of 0.1 eV for the
potential Uint are consistent with the experimental results
in Fig. 1.
A different situation is expected for the blunt tip. In this

case, while the fore atoms at the tip apex cross the step
edge, the tip-surface interaction decreases and the tip is
pushed down by the feedback mechanism of the AFM.
However, the back atoms of the apex are still in contact
with the upper terrace, which leads to a strong repulsive
effect [the energy barrier in Fig. 3(b)]. Only when the tip
has crossed a distance corresponding to the apex width
does the repulsive effect end, and atomic stick-slip con-
tinues on the lower terrace. This can be reproduced by
adding a Gaussian profile to the potentialUlong used for the

sharp tip. The choice of a Gaussian shape is motivated by
our ignorance of the atomic arrangement at the tip apex.
To take into account the finiteness of the apex, we have
also assumed that the barrier is found at locations separated
by a few lattice constants when scanning forward and
backward. A good agreement with the results in Fig. 2 is
obtained by assuming that the barrier has a height of 2.3 eV
and the separation between forward and backward scans is
4 times the lattice constant [Fig. 4(b)].
Our conclusions differ from previous works in the lit-

erature, where friction at step edges was associated with

FIG. 3 (color online). Lennard-Jones potential calculated at
constant load starting from a distance (a) d ¼ 0:65 nm and
(b) d ¼ 0:55 nm from a stepped NaCl(001) surface.
(c) Corresponding tip trajectories when d ¼ 0:65 nm (dashed
curve) and d ¼ 0:55 nm (continuous curve).

FIG. 4. Friction response of a point mass driven by an elastic
spring across the potential Ueff ¼ Uint þUlong. The potential

Uint follows the crystal lattice with a corrugation of 0.1 eV,
whereasUlong is represented (a) by the asymmetric potential well

(1) with E1 ¼ 0:8 eV, b1 ¼ 0:40 nm, and b2 ¼ c ¼ 0:90 nm
and (b) by the same potential well anticipated by a Gaussian
peak with a height of 2.3 eV. The corresponding shapes of Ueff

are shown in the two insets.
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the presence of a Schwöbel-Ehrlich barrier. Our results
show that this is the case only for a blunt tip, where a
strong repulsion between part of the tip apex and surface
atoms is unavoidable, as confirmed by the occurrence of
abrasion wear. An atomically sharp tip, however, can slide
across the step edge without experiencing an activation
barrier and wearing off the surface. Applying a low load
(close to the jump-off) is enough to reach this goal. At this
point the question may arise whether these results are
limited to ionic crystal surfaces or they are more general.
To address this point we have also measured the lateral
force across a monatomic step edge on a semiconducting
Ge(001) surface. The frictional response of a sharp silicon
tip in the two directions is indeed very similar to the case of
NaCl(001) (Fig. 5). This gives a strong indication that the
removal of the Schwöbel barrier predicted in the calcula-
tion of the LJ potential is a general effect. The same cannot
be said for the occurrence of abrasive wear when the tip is
blunt and/or the normal load is increased. Already in the
case of NaCl systematic measurements performed by
Sheehan across a step edge showed that the wear rate is
strongly dependent on the humidity conditions [18]. Wear
is enhanced when relative humidity is<20%, which makes
it an important issue in UHV measurements. In order to
gain further insight into this topic, atomistic simulations of
friction with finite tips become mandatory. An example
was recently given by Wyder et al., who simulated the
atomic stick-slip experienced by differently shaped tips
sliding on flat KBr surfaces [19]. An extension of these
studies to stepped surfaces is still missing to our
knowledge.

In summary, we have measured friction across step
edges by using an AFM tip in a sharp and a blunt condition.
In the first case, a well-defined stick-slip motion is ob-
served at the step edge, with a jump length corresponding
to the tip width. The configuration of the tip and cantilever
with respect to the surface are quite similar while scanning
up and down the step edge. This leads to overlapping
lateral force profiles and indicates that the lateral force is
reduced at the step edge when scanning step-down. The
sharpness of the tip facilitates scanning the step edge
without occurrence of a Schwöbel-Ehrlich barrier (pro-
vided that the normal load is not too high). Contrary to
that, a blunt tip acts as a pinning center, where the lateral
force is increased also in the step-down direction as re-
ported in previous experimental studies. The atomic fea-
tures observed in the present investigation reveal that
abrasion wear may occur in such a case.
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FIG. 5 (color online). (a) Topography image (frame size:
15� 15 nm2), (b) friction map, and (c) corresponding friction
loop acquired while scanning a Ge(001) surface with a normal
force FN ¼ �3 nN. The probing tip crosses a step edge at x ¼
9:5 nm (see arrow). The step height is approximately 0.25 nm.
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