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The frictional properties of ultrathin films of KBr on a Cu�100� substrate have been studied on the atomic
scale by means of friction force microscopy. Films as thin as two atomic layers support the sliding tip and
exhibit atomic stick-slip friction similar to cleaved surfaces of bulk KBr. Steps on the film are prone to wear,
while substrate steps overgrown by the film are found to be stable. The interpretation of these results is
supported by a detailed analysis of the structure of the films by means of atomic-resolution noncontact force
microscopy. The films are found to be compressively strained by 1.0�0.2 %. They exhibit a regular super-
structure originating from the interference of lattice constants at the substrate-film interface, which also causes
a weak modulation of the frictional response. Monolayer films of KBr are subject to significant wear when
imaged in contact-mode force microscopy. Noncontact imaging confirms that these monolayers are rich in
defects.
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I. INTRODUCTION

The frictional properties of surfaces can be changed sig-
nificantly by adsorbing molecularly thin films onto them.
Self-assembled monolayers of organic molecules are one
class of materials that have recently attracted wide attention
both in fundamental tribology1–3 and in applications to mi-
croelectromechanical systems.4 Similarly, inorganic solid
films with a thickness of a few atomic layers can change the
frictional response of a surface. Macroscopic in situ experi-
ments on well-defined films grown in vacuum have found
friction reduction for ultrathin films of alkali and iron halides
on iron surfaces5,6 and for Ag on the Si�111� surface.7

Friction force microscopy is the tool of choice to study
friction of such films with nanometer-scale resolution. It has
been used to directly demonstrate the reduced friction on
nanometer-thick WS2 islands which develop as part of a
transfer film in tungsten-sulfide-lubricated macroscopic
contacts.8 An example for the friction contrast of single layer
films is a study of CaF and CaF2 islands grown on a Si�111�
surface.9

Friction force microscopy reveals more than only varia-
tions of the frictional response between different materials.
Its sensitivity to mechanical processes at the atomic scale has
also been used to explore fundamental phenomena of friction
from a molecular perspective.1 Even higher resolution can be
achieved in the noncontact dynamic mode of force micros-
copy. It has been used to analyze the surface structure of
insulating ultrathin films with atomic resolution, revealing
the variation of interactions at different atomic sites.10,11

In this paper, we address the nanometer-scale frictional
response of ultrathin films of KBr on a Cu�100� substrate
surface. This system serves as a model toward understanding
the fundamental tribological properties of engineering films
such as FeCl2 that form during extreme-pressure lubrication
of iron.5,6 In particular, this alkali halide and metal system
has also been chosen because the atomic-scale frictional
properties of both materials have been previously studied for
their bulk surfaces.12–17 Here, we demonstrate that the films
are not only stable under contact-mode scanning but also

yield atomic friction results. Using the full atomic-resolution
capabilities of noncontact force microscopy, we characterize
the film growth process and the film structure including
structural defects which have an important influence on fric-
tional response. After an introduction of the experimental
methods, we present and discuss results for the film growth,
the atomic structure of the film, and its frictional response.
We then close with a summary connecting the atomic struc-
ture and friction results.

II. EXPERIMENTAL DETAILS

All experiments have been performed with an ultrahigh
vacuum multimode atomic force microscope �AFM� oper-
ated at room temperature with a base pressure in the
10−11 mbar range.18 Ultrathin films of KBr were deposited in
situ on a freshly prepared Cu�100� single crystal substrate.
The Cu sample was cleaned by repeated cycles of argon ion
sputtering �1 keV� and annealing �725 K�. Various thick-
nesses of KBr films, as measured by AFM imaging, were
evaporated from a home-built Knudsen cell at a rate of
�2.5 atomic layers /min onto the substrate kept at �350 K.

For this work, the multimode AFM has been operated in
noncontact, Kelvin probe19,20 and friction force modes. Two
types of silicon cantilevers �Nanosensors� have been used for
measurements. For noncontact and Kelvin probe measure-
ments, stiff cantilevers with a backside coating of Al were
used �f =160–180 kHz�. In noncontact mode, topographic
imaging was recorded using a constant amplitude. For fric-
tion force measurements, soft uncoated cantilevers were used
�f =9–10 kHz, kN=0.06–0.09 N /m, kL=40–60 N /m�. Nor-
mal and lateral force constants were individually calibrated
in air using the Sader method.21 For the noncontact cantile-
vers, argon ion sputtering was used to remove the native
oxide layer from the tip. No such treatment was applied to
the contact-mode cantilevers. For quantitative friction mea-
surements, the normal load acting on the cantilever was de-
termined with reference to the unbent cantilever. Positive and
negative normal loads correspond to contact in the repulsive
and attractive regimes, respectively. Average friction values
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were determined from friction loops recorded in the forward
and backward scan direction over the same position on the
sample. The average friction force was calculated as half of
the difference between the average lateral force in the for-
ward and backward directions. Experimental results have
been analyzed and converted into images by means of the
WSXM software.22

III. EXPERIMENTAL RESULTS

A. Film growth

The first two atomic layers of KBr grow on Cu�100� in
the form of large islands with side lengths of many hundreds
of nanometers, smoothly overgrowing substrate steps. The
“carpetlike” overgrowth of substrate steps has previously
been observed for NaCl on Ge�100� �Ref. 23� and is attrib-
uted to the strong cohesion within the ionic films. The third
and subsequent layers grow in the form of small rectangular
islands with side lengths of a few tens of nanometers. The
basic growth modes are schematically described in Fig. 1,
the labels of which will be used to identify corresponding
features throughout this paper.

The topography of the film growth is shown in the non-
contact AFM image in Fig. 2. Large monolayer and bilayer
films cover most of the surface. We have never observed
isolated monolayer islands on the bare Cu substrate; the sec-
ond layer always covers part of the large first-layer islands.
Small rectangular islands of the third-layer cover the bilayer
area of the film. No small rectangular islands have been ob-
served on a monolayer film. This suggests that absorbed mol-
ecules are more mobile on the Cu�100� substrate and on
monolayer films than on bilayer films. The kinetics of alkali
halide growth are dominated by the motion of strongly
bound diatomic molecules and are therefore generally dis-
cussed in terms of molecular diffusion.24 Note that there is a
decrease of island size and density close to the edges of
bilayer areas. These step edges act as a trap for KBr mol-
ecules diffusing on the bilayer which then contribute to the
growth of the second layer rather than forming islands of the
third layer. The steps between monolayer and bilayer of KBr
are typically less regular than the atomically straight edges of
rectangular islands in the third layer �Fig. 2�b��. The diffu-
sion of molecules along island edges in conjunction with the
reduced mobility on the bilayer produces islands with a mini-
mum number of corner and kink sites.

The steps of the Cu�100� surface, clearly recognizable
under the monolayer and the bilayer film, have a character-

istic curved appearance, with kinks at sites where the step
movement during surface preparation is pinned by impuri-
ties. Areas of the bare substrate surface can be identified by
either the simultaneously recorded damping signal Aexc or by
employing the Kelvin probe mode;19,20 both provide a good
material contrast on heterogeneous surfaces based on the
variation of the work function for different materials.25 Ac-
curate height measurements of steps between bare Cu, mono-
layer, and bilayer areas of the KBr films have been achieved
by compensation of the varying electrostatic interactions be-
tween those surface areas and the tip using Kelvin probe
mode.

From Kelvin probe measurements, the work function of
the Cu substrate is found to be reduced by about 1.3 eV on
the bilayer films. However, we find that a monolayer film of
KBr reduces the work function only by about 1.1 eV. These
numbers are only an approximation since quantitative Kelvin
probe force microscopy requires a lateral extension of the
structure under study which exceeds the tip radius,20 a con-
dition which is not fully satisfied for the areas of monolayer
coverage we have measured. The work function difference
between KBr and Cu�100� is higher but in the same range as
that found for similar alkali halides on metal substrates.25–27

A theoretical study by Olsson and Persson has predicted a
difference in work function between a monolayer and a bi-
layer of NaCl on the strongly corrugated surface Cu�311�.28

The difference in work function between film layers was
attributed to a stronger rumpling of the monolayer as com-
pared to the bilayer film. A similar rumpling of the mono-
layer was predicted for the growth of NaCl on Cu�100�, the
substrate of this study. We will see in the next section that the
atomic-scale structure of the KBr monolayer as observed by
noncontact AFM is indeed less ordered than that of the
bilayer.

Details of the growth of the small rectangular islands
forming the third and fourth layers can be seen in Fig. 2�b�.
The KBr films generally grow with their �100� directions
parallel to the �100� directions of the substrate surface which
are indicated by arrows. This is evident from the orientation
of the square islands and confirmed by low-energy electron
diffraction �LEED� measurements and atomic-resolution im-
aging presented in the next section. The rectangular islands
of the third layer have started to coalesce on the surface and
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FIG. 1. Schematic representation of a stepped Cu�100� surface
covered with an ultrathin film of KBr. �Cu� Bare Cu�100� substrate,
�I� monolayer of KBr, �II� bilayer of KBr, �S� substrate step over-
grown by the film in a carpetlike mode, and �III� third-layer island.
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FIG. 2. �a� Noncontact AFM topography image of a Cu�100�
surface covered with an ultrathin film of KBr. �b� Topography im-
age showing detail of third- and fourth-layer island growth. Note
that the regions are labeled with reference to Fig. 1.
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small fourth-layer islands reside in the center of the third
layer, as shown in Fig. 2�b�. This supports the conclusion
that absorbed molecules have reduced mobility on films
thicker than one monolayer. The nucleation of islands on the
KBr bilayer seems to be largely homogeneous, since no de-
fect sites enforce the nucleation of islands close to the edge
of a bilayer terrace. On the other hand, a higher density of
islands on top of underlying substrate steps �see Fig. 2�b��
indicates that either defects or strain in the bilayer above a

substrate step provides the enhanced interaction or reduced
mobility for a preferential nucleation.

The growth of alkali halide films on metal single crystals
with straight nonpolar edges has been reported for many sys-
tems on both �100� and �111� substrate surfaces.26,27,29–33

Growth of nanometer-size rectangular islands has previously
been reported on both micrometer-size monolayer or bilayer
islands26,30,31,33 and directly on the substrate.27,29,34,35 The ac-
tual growth mode may vary depending on substrate tempera-
ture and evaporation rates. For example, Repp et al. have
observed that monolayer islands grow at lower substrate
temperatures, whereas only bilayer islands grow at elevated
temperatures.33 The orientation of alkali halide films with
respect to the underlying substrate lattice has been observed
with perfect registry,30,31,34 45° rotation,27 random orientation
with certain preference toward the substrate orientation,33

and random orientation or orientation at substrate step
edges.29,35 While the ionic bonds give the films a character-
istic internal structure which includes the prevalence of
straight nonpolar steps and the smooth overgrowth of sub-
strate steps, their orientation seems to depend on very subtle
details of the interactions at the substrate-film interface.

B. Atomic structure of the KBr films

Atomic-resolution images recorded by noncontact AFM
are shown in Figs. 3 and 4. The atomic structure of the KBr
film is imaged with only one of the ionic species protruding
due to the modulation of the short-range electrostatic inter-
action by the differently charged ions. Step edges of islands
in general and corner and kink sites, in particular, have a
larger atomic corrugation reflecting the enhanced interactions
at low-coordinated atomic sites.10,32 Additional to the atomic
structure of the film, a regular square-lattice superstructure is
observed. Figures 3�a� and 4 show the superstructure on the
second, third, and fourth layers of the KBr film. Detail of the

(b)(a)

II

FIG. 3. �a� Noncontact AFM topography image of a bilayer of KBr showing both the superstructure and the atomic lattice. �b�
Topography profile following the line indicated in �a�. All AFM data in this paper is presented as measured with respect to drift in the slow
vertical scan direction. The contribution from drift can be clearly observed in atomically resolved images such as in �a�. Quantitative analysis
has generally been performed using data recorded in the fast scan direction to avoid systematic errors caused by drift.
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III
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FIG. 4. Noncontact AFM topography image of a fourth-layer
KBr island on top of a third-layer island. The inset shows the island
in a different gray scale in order to highlight the appearance of the
superstructure on the fourth-layer island.
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superstructure and a cross section of its topographic profile
are shown in Fig. 3. The corrugation of the superstructure is
of the order of 30 pm, very close to the observed corrugation
of the atomic lattice. LEED measurements on the KBr films
also show the presence of a superstructure through the ap-
pearance of satellite spots surrounding the KBr diffraction
spots.

The bulk lattice spacing ratio of Cu and KBr is very close
to 11:6 suggesting the development of a moiré pattern with a
periodicity of 3.96 nm along the �100� directions. The ex-
perimentally observed superstructure was determined to be
3.54�0.09 nm, very close to 5.5 unit cells of the KBr film.
The observation of a smaller moiré pattern indicates that the
KBr film is compressively strained, in this case by
1.0�0.2%. Direct measurements of the film lattice constant
from atomically resolved images confirm this compression
albeit with a larger error. Such a lateral contraction of an
ultrathin alkali halide film is also in qualitative agreement
with predictions of ab initio calculations.28,29

In conclusion, we assume that the superstructure origi-
nates in the interference of the lattice constants of a strained
KBr film and of the substrate at the interface. Similar super-
structures have been observed for NaCl on Cu�100�,36 NaCl
on Ag�100�,27 and KBr on NaCl�100�.37 It is worth noting
that the strain in the first bilayer does not allow a defect-free
layer-by-layer growth of thicker films. The growth of the
third layer in form of separated islands may be a conse-
quence of the strain in the first bilayer.

We were not able to observe the atomic structure of
monolayer films of KBr on Cu�100�. Figure 5�a� shows a
region of transition between a monolayer and a bilayer.
High-resolution images were recorded on both in direct se-
quence. The atomically resolved image of the bilayer in Fig.
5�b� reveals the regular superstructure. The monolayer
shown in Fig. 5�c�, however, does not allow atomic reso-
lution due to a high concentration of irregular defects in the
film. This structural difference is also visible in the overview
image in Fig. 5�a� where both layers are imaged simulta-
neously. While we do not know the exact nature of the de-
fects in the monolayer film, it is interesting to note that Ols-
son and Persson have predicted less buckling for bilayer than
for monolayer films for the similar system NaCl on
Cu�100�.28

The structure of the KBr films has also been investigated
in regions where smooth growth occurs over monatomic
steps of the Cu�100� surface. Such a step on a bare Cu�100�
surface is shown in Fig. 6�a�. The step edge appears fuzzy
due to the high mobility of Cu atoms around the step edge at
room temperature.38 A step covered by a bilayer of KBr does
not exhibit any visible fluctuations, and stable facets in the
substrate step edge can be imaged over long time periods
�see Fig. 6�b��. The superstructure undergoes a phase shift of
one-half of its period across the substrate step. This phase
shift reflects the phase shift in the atomic lattice of the Cu
substrate which is characteristic for adjacent �100� terraces of
fcc metals separated by a monatomic step. In Fig. 6�b�, the
superstructure is rotated by about 14° with respect to the
atomic lattice of the KBr film. Such a rotation suggests a 1.3°
relative orientation between the KBr film and the Cu�100�
substrate. The rotation is amplified by the moiré effect simi-

lar to the compression of the film. Figure 6�c� shows a high-
resolution detail of a monatomic substrate step covered with
a bilayer of KBr. The line profile of the topography across
the step in Fig. 6�d� reveals that the expected step height of
0.18 nm is ascended by the KBr film within three of its unit
cells. The shift of the moiré pattern at substrate steps and the
perfectly crystalline overgrowth of the steps prove the strong
cohesion within the film, while its slight rotation indicates
that stress in the film close to substrate steps can affect the
relative orientation of the film.

C. Friction measurements

Contact-mode force microscopy was used to investigate
the frictional properties of the ultrathin KBr films. Figure
7�a� shows a typical topographic image of a KBr film re-
corded in contact mode. The characteristic structure of the
film as described in Sec. III A with rectangular coalescing
islands in the third layer and smaller rectangular islands of

(a) (c)(b)
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FIG. 5. �a� Noncontact AFM topography image of a monolayer
to bilayer transition on a KBr film. �b� Atomically resolved region
of bilayer KBr �black square in �a��. �c� High-resolution image of a
region of monolayer KBr showing a high number of defects �white
square in �a��.
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FIG. 6. �a� Noncontact AFM topography image of an area of
bare Cu�100� with a monatomic step. �b� Topography image of a
Cu�100� monatomic substrate step covered with a bilayer of KBr.
The lines indicate both the phase shift in the superstructure across
the step and the relative rotation of atomic lattice and superstruc-
ture. �c� High-resolution image of a Cu�100� monatomic step cov-
ered with a bilayer of KBr. �d� Line profile taken along the cross
section indicated in �c� showing atomic corrugation across the step
edge.
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the fourth layer is fully reproduced by contact-mode imaging
despite the multiatom contact and adhesion forces. Neither is
the bilayer film worn off the Cu�100� substrate nor are the
islands significantly altered by the scanning tip.

However, significant wear is typically found to occur at
the transition from areas of bare Cu�100� surface to KBr
films, as shown in Fig. 7�b�. The fuzzy appearance of the
film edge and the stripes starting at the edge indicate material
being detached by the action of the tip and transferred over
the surface. This wear at the edges of KBr films is signifi-
cantly reduced for sharp tips with very low adhesion. An
example for this situation is given in Fig. 8�a� which shows a
contact-mode topography image of an area of the sample
with bare Cu�100� and KBr film coverage up to the fourth
layer.

A strong friction contrast is observed between the KBr
film and the Cu�100� substrate �see Fig. 8�b��. The line pro-
files of the lateral force in Fig. 8�c� reveal that the average
lateral force is significantly higher on the substrate
��0.7 nN� than on the film ��0.1 nN�. The bilayer of KBr
not only supports the tip while scanning in contact mode but
it also reduces the frictional forces dramatically. No signifi-
cant change in lateral force is observed between a bilayer of
KBr and the third or fourth layer. However, increased lateral
forces are detected at the step edges between different film
layers, similar to observations at evaporation spirals on
NaCl�100�.39 Systematic studies of friction on KBr monolay-
ers have been hampered by wear at the transition between
such monolayers and areas of bare Cu�100� substrate surface.
As pointed out in Sec. III A, small patches of monolayer film
are always found next to bare Cu�100� areas and no closed
monolayer films could be grown. In the following, we will
therefore describe the atomic-scale friction properties of bi-
layer films and subsequent island layers.

Figure 9�a� shows a lateral force map recorded in contact
mode on the bilayer of a KBr film. The lateral force is found
to follow the periodicity of the KBr lattice. This atomic
stick-slip behavior is typical for friction force microscopy
measurements on this scale for bulk KBr crystals. Here, we
provide experimental evidence that bulklike atomic stick-slip
is supported by films as thin as two atomic layers. Figure
9�c� shows a corresponding friction loop with the sawtooth
characteristic and force values typical for bulk KBr�100�.13,17

We have found atomic stick-slip behavior also for bilayers of
NaCl grown on Cu�100� �results not shown�.

The slope of the sticking phase of the lateral force curve
in Fig. 9�c� was used to calculate the lateral stiffness of the
contact between the tip and sample according to Ref. 40. The
lateral contact stiffness depends strongly on the contact size
and hence will vary significantly between tips with differing
apex radii. For different tips sliding on bilayer KBr films, we

(a) (b)

II KBrIII

II Cu Cu

(c)

FIG. 8. �a� Contact AFM topography image of Cu�100� surface
covered with an ultrathin film of KBr. �b� Simultaneously recorded
lateral force map of the same area in the forward scan direction. �c�
Line profile of the lateral force in both scan directions. The image
was recorded at a constant normal load of −0.8 nN.

(c)

(b)(a)

(d)

II Cu

FIG. 9. �a� Lateral force map of a bilayer KBr film surface. �b�
Lateral force map of a bare Cu�100� surface. ��c� and �d�� Lateral
force line profiles for lines indicated in images �a� and �b�,
respectively.
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FIG. 7. �a� Typical contact AFM topography image of Cu�100�
surface covered with an ultrathin film of KBr with up to fourth layer
coverage. �b� Contact AFM image demonstrating significant wear
initiated at the transition from a region of bare Cu to the KBr film.
Both images are recorded at a constant normal load of −0.6 nN.
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found values between 1.1 and 2.7 N /m. This suggests that
there is a systematic error associated with typical differences
in tip radii on the order of a few N/m. The contact stiffness
on the bilayer films are found to be in agreement with values
for bulk KBr�100� of 1–5 N /m.13,17 In summary, the bilayer
films of KBr on Cu�100� exhibit an atomic stick-slip friction
which is essentially the same as that found on bulk KBr�100�
with respect to characteristic lateral force curves, typical
force values, and lateral contact stiffness.

Figures 9�b� and 9�d� show a lateral force map and fric-
tion loop, respectively, for atomic stick-slip on the bare
Cu�100� surface. The lateral force is found to regularly fol-
low the periodicity of the Cu�100� surface lattice, without
experimental difficulties reported previously.16 Figures 9�a�
and 9�b� have the same lateral scale and demonstrate the
relative size of the Cu and KBr lattices with respect to one
another. For the bare Cu�100� surface, the contact stiffness
was found to be 15�3 N /m. This value is significantly
higher than the values stated above for the KBr films, but
similar to a previously reported value of �9 N /m for the
Cu�111� surface.15 It is remarkable that the atomic-scale fric-
tional properties of the bilayer film are hardly influenced by
the quite different properties of the substrate. The atomic
structure of the tip apex and the surface layers dominate the
possible influences of bulk elasticity or interface compliance.

The effect of the superstructure discussed in Sec. III B on
the frictional properties of the films is summarized in Fig.
10. The lateral force shown in Fig. 10�a� exhibits a very
weak periodic variation which is revealed in the Fourier
transform shown in the inset. Two patterns with cubic sym-
metry are found, one with the periodicity of the KBr lattice
and one corresponding to the superstructure. A line profile of
the lateral force taken along the �010� direction of the lattice
�Fig. 10�b�� shows a modulation in the amplitude of the
stick-slip curve. The periodicity of the superstructure devi-
ates from the 5.5 unit cells observed in Fig. 3 due to the
rotation between superstructure and atomic lattice which is
evident in the spatial frequency map in Fig. 10�a�. A similar
modulation of atomic friction has recently been observed on

thin KBr films deposited on a NaCl�100� substrate.41 It is
difficult to judge whether the variation of the stick-slip am-
plitude is an effect of the topographic modulation or of a
modulation of interactions at the interface between Cu�100�
substrate and KBr film. A definite answer may require atom-
istic modeling of the system of substrate, film, and sliding
tip.

Finally, we will discuss results regarding the frictional
properties of KBr films at step sites. Figures 11�a�–11�c�
present results for steps between a bilayer film and a third-
layer KBr island, while Figs. 11�d� and 11�e� show details of
the friction on a bilayer film growing across steps of the
Cu�100� substrate.

The topographic contact-mode image of a third-layer is-
land in Fig. 11�a� does not reveal any of the atomic details
seen by noncontact-mode imaging in Figs. 3 or 4. Steps
edges and, in particular, corner sites exhibit fuzzy stripe fea-
tures indicating wear. The enhanced wear probability at the
corner and edge sites can be directly explained using the
noncontact image in Fig. 4. These sites of lower atomic co-
ordination exhibit a strongly enhanced interaction with the
tip as demonstrated by their protruding appearance. Such en-
hanced interaction makes the sites prone to wear off under
the tip sliding in contact. Correspondingly, the lateral force
maps in Figs. 11�b� and 11�c� exhibit regular stick-slip on the
bilayer and on top of the island. However, the step edges
appear rounded and the regular stick-slip pattern is disor-
dered in a region of several unit cells around the step edges.

In contrast, the bilayer films overgrowing substrate steps
are very stable and show little friction contrast at the step
sites. The topographic image recorded in contact mode in
Fig. 11�d� clearly reproduces the two underlying monatomic
substrate steps. As already seen in Fig. 6�b�, the substrate
steps are stabilized by the bilayer film, preventing any wear
from occurring that could be expected for the rather unstable
monatomic substrate steps imaged in Fig. 6�a�.15 The simul-
taneously recorded lateral force map in Fig. 11�e� exhibits
atomic stick-slip with a weak modulation revealing the film’s
superstructure. The underlying substrate steps cause only a

(a) (b)

FIG. 10. �a� Lateral force map of the bilayer KBr film surface. The inset shows a spatial frequency map of the image with weak inner
spots indicating the superstructure described in Sec. III B. �b� Lateral force line profile for the line indicated in image �a�. Note the
modulation in the amplitude of the lateral force.
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small variation of the lateral force. The detailed view of a
single monatomic step covered with a bilayer film in Fig.
11�f� demonstrates that the regular stick-slip pattern is not
interrupted at the step site.

IV. CONCLUSION

Our friction force microscopy experiments demonstrate
that KBr films as thin as two atomic layers on a Cu�100�

substrate support the sliding tip in a way that is not distin-
guishable from bulk KBr crystals in terms of the appearance
of atomic stick-slip, the typically observed force values, and
the lateral contact stiffness. Lateral forces are dramatically
reduced as compared to the metallic substrate. The only no-
table influence of the substrate on the frictional response of
the films is a weak modulation of the amplitude of atomic
stick-slip friction which resembles a superstructure arising
from the mismatch between the lattice constants of the sub-
strate and the strained films. This superstructure was ana-
lyzed in detail in noncontact-mode imaging with atomic res-
olution, revealing a compressive strain of 1.0�0.2 %.
Generally, the detailed analysis of film growth by means of
high-resolution noncontact force microscopy provides essen-
tial information for the understanding of the frictional re-
sponse of the thin film system. For example, the observation
of a strongly enhanced interaction for step and kink sites at
third-layer islands explains why these sites appear as nucle-
ation sites for wear processes in friction force microscopy.
On the other hand, noncontact-mode imaging demonstrates
how the irregular and mobile monatomic substrate steps are
smoothly covered, stratified, and stabilized by a continuous
bilayer KBr film. The films provide a coherent basis for the
sliding contact without appreciable friction contrast at the
site of the substrate step. In summary, bilayer films of KBr
act as efficient solid lubricant layers on Cu�100� substrates.

We have not been able to study the atomic-scale frictional
response of monolayer films due to the occurrence of severe
wear. Again, noncontact-mode imaging helps us understand
that monolayer films have a high defect density and may not
be structurally stable on Cu�100� substrates. Our results sup-
port the interpretation of macroscopic friction experiments
on alkali halide films on an iron substrate by Gao et al.5 Gao
et al. reported a dramatic reduction in the friction on clean
iron substrates by a factor of 4–5 for a variety of deposited
halide films. The group concluded that a minimum friction
coefficient is achieved as soon as a complete first layer of the
film has formed on the substrate, as recently confirmed by
deuterium titration experiments.6 Our microscopic study con-
firms the importance of a closed film for the effective reduc-
tion of friction and protection against wear, which is
achieved in form of bilayer films for our system.
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