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Atomic-scale friction modulated by a buried interface: Combined atomic and friction force
microscopy experiments
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Combined atomic and friction force microscopy reveals a significant modulation of atomic-scale friction
related to the small periodic rumpling induced at the interface between heteroepitaxial films of KBr on
NaCl(100). Transitions from dissipative atomic-scale stick slip to smooth sliding with ultralow friction are
observed within the 6 X6 surface unit cell of the underlying superstructure. Scanning across atomic-scale
defects confirms the high-resolution capabilities of friction force microscopy close to the ultralow friction state.
Strong variations of the tip-surface interaction energy across the superstructure demonstrate that subsurface
chemical and size inhomogeneities dramatically change the frictional properties of the surface probed by the

microscope tip.
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I. INTRODUCTION

The understanding and control of frictional properties on
the atomic scale have made tremendous progress since the
dawn of friction force microscopy' and are of crucial impor-
tance, especially in device applications such as microelectro-
mechanical systems (MEMS) and nanoelectromechanical
systems (NEMS). One ubiquitous observation in the motion
of a nanoscale asperity, i.e., the tip of an atomic force micro-
scope (AFM), across an atomically flat surface is the atomic
stick-slip process, where the lateral force grows almost lin-
early, then suddenly changes at specific locations which re-
flect the periodicity of the underlying surface lattice. At each
force discontinuity, the tip jumps from one surface lattice
position to an adjacent one. The characteristics and even the
occurrence of stick-slip motion can be tuned by several pa-
rameters, such as the normal load applied on the tip,>3 the
relative orientation of the tip,* the scan velocity,>® the
temperatureﬁ’8 or even electromechanical excitation of the
contact region.” In order to develop new ways of controlling
friction, it is crucial to understand how friction depends on
the atomic structure of the contacting surfaces. For instance,
Park et al.'® found a strong friction anisotropy on the surface
of a quasicrystal between the periodic and aperiodic crystal
directions. However, most atomic-scale studies based on fric-
tion force microscopy have so far been limited to perfectly
ordered crystal terraces and in some cases to step edges be-
tween them.

In this paper, we investigate the influence of periodic
long-range order induced by heteroepitaxial growth of
chemically similar materials on atomic friction. Ultrathin
films of KBr deposited on NaCl(100) surfaces form a square
superstructure with a periodicity of 3.9 nm, equal to six lat-
tice spacings of KBr and seven lattice spacings of NaCl, as
revealed by helium atom diffraction,'' investigated in detail
by atomistic simulations,'? and recently confirmed by non-
contact atomic force microscopy.'3 The surface of such films
exhibits a small rumpling of the order of 0.1 A.'> We present
images of the film surface in contact mode which clearly
show the KBr lattice and the superstructure, as well as
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defect-induced atomic-scale distortions, and also interpret
the observed load-dependent lateral force traces.

This study shows that a buried interface, which leads to a
tiny long-range rumpling at the sample surface, is not ob-
servable at low loads but causes large variations of frictional
forces at increased loads. Therefore, we conclude that atomic
friction depends not only on the surface composition but is
also influenced by the presence of interfaces at nanometer
depth. The underlying mechanism is attributed to the inter-
action between elastic strains caused by the sharp probing tip
and by atomic-scale mismatch at the interface. Similar ef-
fects may occur in the case of a workpiece with nanometer-
scale asperities moving parallel to a nominally very smooth
ultrathin coating on a substrate with asperities of similar size.

II. EXPERIMENTAL SETUP

Single crystals of NaCl were cleaved in ultrahigh vacuum
(UHV) and heated at 150 °C to remove charges produced in
the cleavage process. Films were grown in situ by evaporat-
ing KBr from a Knudsen cell at a rate of 0.1 A/min on the
clean substrate at room temperature. Details about the mor-
phology of the films obtained under different evaporation
conditions are described elsewhere.'> The present measure-
ments were performed on top of nearly perfect two-layer
thick KBr islands with a home-built atomic force microscope
equipped with a four quadrant optical deflection detector op-
erated in UHV at room temperature.'* Rectangular silicon
cantilevers with spring constants of ky=0.05 N/m for nor-
mal bending and k;=39.1 N/m for torsion were used. The
normal and lateral forces acting on the tip were calibrated
according to the procedure described in Ref. 15. All normal
forces are defined with respect to the unbent cantilever, so
that negative forces indicate bending of the cantilever toward
the sample, owing to partially compensated net attractive
forces.

III. RESULTS

A. High-resolution capability of friction force microscopy

Figure 1 shows images of the surface topography (a) and
of the lateral force (b) along the forward scan direction si-
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FIG. 1. (Color online) Simultaneously recorded images of (a)
the surface topography and of (b) the lateral force at a normal force
of =0.01 nN on a KBr double layer deposited on NaCl(100). They
reveal the underlying superstructure, as well as atomic-scale modi-
fications (indicated by the circle and arrows) induced by an uniden-
tified defect at the same locations in both images. (¢) Topography
and lateral force traces across the unidentified defect along the yel-
low line in (b).

multaneously measured on top of a KBr double layer island
on NaCl(100) in soft contact mode. The lateral force exhibits
sharper variations than the topography, also evident in the
corresponding traces (c). The vertical jumps in the lateral
force nearly coincide with smoother rises and broader, more
symmetric maxima in the vertical position of the cantilever
holder because the height control feedback cannot faithfully
follow the rapid variations of the normal force which accom-
pany each slip. Together with the atomic lattice, a fairly
regular superstructure with a periodicity of six KBr unit cells
is clearly visible in the right bottom half of both images.
Significant deviations from both periodicities are found
around the asymmetric feature inside the circle in Fig. 1(a).
Very similar distortions are observed in Fig. 1(b) and in the
traces of Fig. 1(c), which show details of the topography and
lateral force variations across the feature in question. These
deviations are presumably induced by a complex, low-
symmetry defect. Smaller deviations indicated by arrows,
which may result from anisotropic defect-induced strains, are
also found. Although some close-packed rows are signifi-
cantly distorted in the vicinity of the defect, careful exami-
nation shows that none are interrupted. Thus the defect can-
not be associated with a dislocation line crossing the surface.
The marked dip in the topography and the significant varia-
tions in the spacings between successive minima strongly
suggest that the defect involves at least one missing ion close
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FIG. 2. (Color online) Constant height lateral force image of (a)
a KBr double layer on NaCl(100) and [(c) and (d)] corresponding
forward and backward traces along the lines indicated in (a). (b)
Difference between lateral forces recorded in successive forward
and backward scans. The average normal force was reduced from
—0.01 to —0.32 nN in the lower half of the image.

to the exposed surface. No further identification appears pos-
sible, however. Atomic-scale contact mode images of crystal
surfaces typically show a periodic lattice, sometimes locally
distorted, but without evident point defects. This suggests
that the atomic contrast in contact mode originates from a
convolution of the tip and surface structure, which usually
reflects the periodicity of the surface but seldom ‘‘true
atomic resolution” of defects.!® Only a few experimental
studies have demonstrated that such resolution is
possible!”2% provided the contact is small and stable enough.
Thus, we can assume that in the present measurements, the
tip apex was indeed sharp with only a few atoms involved in
the contact.

B. Friction modulation

Figure 2(a) shows representative lateral force images re-
corded on a defect-free area of the KBr double layer using a
slow distance control setting. The average normal force was
—0.01 nN in the upper half and —0.32 nN (close to the canti-
lever jump off force of about —0.37 nN) in the lower half.
The corresponding lateral force traces along the indicated
lines are plotted in Figs. 2(c) and 2(d). In Fig. 2(d), apart
from noise, the tip smoothly follows the atomic corrugation
of the surface lattice, resulting in a nearly perfect match be-
tween forward and backward scans, i.e., almost zero friction.
In contrast, the lateral force trace in Fig. 2(c) shows a super-
imposed long-range modulation which reveals a strong varia-
tion of the maximum lateral force associated with the super-
structure. Because the horizontal scan direction was slightly
off the [001] axis of the surface, only the first seven oscilla-
tions are positioned on a line of maximal modulation of the
lateral force and are considered for further analysis. A de-
tailed view of this part in the forward direction is given in
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FIG. 3. (a) Forward lateral force trace along a line of maximal modulation from Fig. 2(a) (top). The gradual change from a nearly
symmetric shape to a sawtooth shape indicates a transition in atomic-scale friction from smooth sliding to stick slip. (b) Simulated lateral
force trace assuming a modulated energy corrugation with period 6a but constant stiffness in a one-dimensional Tomlinson model (Ref. 21).
(c) Simulated lateral force trace assuming a modulated stiffness with period 6a but constant energy corrugation. (d) Corrugation amplitude
Ey, (e) effective stiffness k, and (f) dimensionless parameter 7 determined for every oscillation within the supercell on the KBr-terminated
superstructure. The transition from stick slip to smooth sliding is consistent with the change in 7 from values below one to values larger than
one. The effective stiffness k was found to be nearly constant. The error bar for the last value of k is large because the corresponding value

of 7 is low.

Fig. 3(a). The lateral force variation across the diagonal of
the superstructure reveals a transition from a nearly sinu-
soidal to an asymmetric sawtooth-like shape. Moreover, the
nearly perfect match between forward and backward scans
for the traces at the edges of each supercell in Fig. 2(c)
indicates a state of smooth sliding with ultralow friction. On
the other hand, the hysteresis in the center of the supercell
corresponds to atomic-scale stick-slip events with dissipa-
tion. Figure 2(b) shows the friction map obtained by sub-
tracting the lateral force recorded in each backward scan
from that recorded in the previous forward scan. Thus the
regions which exhibit a strong contrast reveal the hysteresis
associated with stick-slip motion, while in the gray regions
the difference between forward and backward scans is small.
This friction map clearly shows the transition between nearly
smooth sliding to stick-slip motion of the tip while scanning
at the average normal force of —0.01 nN. This value implies
a near compensation between short-range repulsive and
longer-range attractive forces. The net friction forces in the
stick-slip range are still quite small, typically less than 20
pN. On the other hand, smooth sliding with nearly zero fric-
tion without any apparent superstructure modulation is ob-
served close to jump off, i.e., when the short-range repulsion
is minimal.

To elucidate the origin of the apparently strong modula-
tion induced by the superstructure in the former case, we
attempt to adapt the theory which has successfully described
several aspects of atomic-scale friction, the transition from

stick slip to smooth sliding in particular.” In the most simple
one-dimensional version of the mechanical model proposed
by Tomlinson,?! a spring attached to a support moving at
constant velocity drags an asperity over a sinusoidal surface
potential. This leads to a combined surface-tip potential of
the following form:

Ey (2mxg) 1
V=- —%05(—27”l ) + ~k(xg, — v1)?,
2 a 2

(1)
where the effective compliance 1/k is the sum of the com-
pliances of the cantilever, the tip, and the sample in contact,
v is the scan velocity, and a is the lattice constant of the
surface lattice.”> The amplitude of the potential corrugation
E, is proportional to the maximum lateral force F;™,
a ..
Eyg=—F;™. (2)
T
The ratio between the curvature of the potential and the ef-
fective stiffness k is defined by the parameter 7,

27E,
7= ka?

, A3)

where k itself can be determined from the experimentally
determined slope k., of the stick stage according to?
+1
_mtl
7

k (4)

exp*
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Because the modulation is rather long ranged, Egs.
(2)—(4) can be used to extract approximate local values of the
parameters E,,k,7n from the experimental data by applying
them to successive oscillations of the lateral force. Figures
3(d)-3(f) display the parameters determined in this fashion
from Fig. 3(a) with error bars estimated from 20 similar scan
segments. The lattice spacing of a=0.66 nm of bulk KBr was
used throughout because away from defects the experimental
images reveal no significant variations of the surface lattice
spacing. F;*™™ was determined as the mean of the minimum
(negative) lateral force F;=k(x—v1) in the forward scan and
the corresponding maximum in the backward scan.

The modulation of the lateral force signal and hence F;**
in Fig. 3(a) implies a strong variation of the potential corru-
gation E, between 0.06 and 0.17 eV. The slope k., varies
between 0.26 and 0.56 N/m. However, Fig. 3(e) shows that
the effective spring constant k does not change significantly.
The variation in the slope k., is mainly associated with the
correction factor in Eq. (4). The parameter 7 is found to vary
between 0.25 and 1.5 [Fig. 3(f)]. For values of <1 smooth
sliding is expected, whereas 7> 1 would be stick-slip behav-
ior. 23 This is consistent with the observed transition from an
ultralow friction state to a stick-slip regime in the center of
the supercell. The potential corrugation E, varies around a
mean value Ey=0.114 eV with the periodicity b=6a of the
superstructure. We therefore attempt to reproduce the experi-
mental trace by replacing the constant E, in the Tomlinson
model?! by

—_— 2 Xti
Eo[acos<%9>+l}, (5)
where the constant a=0.45 defines a normalized modulation

amplitude.

Results of simulations which locate the minimum of the
total potential closest to the previous tip position, then the
next minimum when the former one disappears as the posi-
tion vt of the cantilever is incremented, are shown in Figs.
3(b) and 3(c). In Fig. 3(b) a modulated energy corrugation
with period 6a but constant stiffness of k=1 N/m was as-
sumed. The long-ranged modulation as well as the transition
from a nearly sinusoidal to a sawtooth shape is in good
agreement with the experimental trace in Fig. 3(a). Figure
3(c) demonstrates that a cosine modulation of the local stiff-
ness between k=0.25 and 1.75 N/m with a constant potential
corrugation (E,=0.114 eV) fails to reproduce the observed
smooth modulation in the lateral force. The simulations con-
firm that a modulation of the potential corrugation, rather
than of the local stiffness, causes the observed variation in
the lateral force across the superstructure.

IV. DISCUSSION

The structure of KBr films on NaCl(100) was previously
investigated by Baker and Lindgard.'> Their Monte Carlo
simulations showed that the seven to six lattice spacing mis-
match caused an alignment of C1~ and Br™ ions perpendicular
to the interface at the center of each supercell; this in turn
induces a rumpling which propagates to the surface of the
film. Moreover, by representing the topographic corrugation
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of the top layer by a sum of cosine functions with periods a
and 6a, with amplitudes of ~0.1 A, they could reproduce the
helium diffraction intensities measured for two to six KBr
layers on NaCl(100).!" The corrugation observed in noncon-
tact AFM measurements in the attractive range,13 i.e., at dis-
tances several angstroms above those probed by scattered He
atoms, also appears to be a sum of two contributions. How-
ever, the superstructure component is about 1 order of mag-
nitude larger than that which fits the He diffraction data. This
enhanced corrugation is likely caused by a variation of the
van der Waals and electrostatic forces acting on the tip apex.
Because any Fourier component with a wavelength A along
the surface decays exponentially over \/(27) along the out-
ward normal, the superstructure outweighs the atomic contri-
bution at distances probed by noncontact AFM. In the
present contact measurements, the disappearance of the long-
ranged modulation close to cantilever jump off [see Fig.
1(b)] indicates that the modulation is enhanced when the tip
is brought closer to the sample. A different mechanism must
account for this behavior, as well as for the modulation
(product rather than sum of two components). A possible
explanation is that in the range of loads investigated here, the
effective interaction area with our sharp tip is larger in the
troughs of the superstructure while remaining confined
within the unit cell of the superstructure. Owing to its sharp-
ness, the tip apex induces localized compressive as well as
shear deformations. Increasing the effective load leads to a
larger deformation volume, which then would make the lat-
eral force more sensitive to the interface where some ions are
aligned with equally charged ones within each period of the
superstructure. An additive contribution to the potential cor-
rugation with the periodicity b=6a of the superstructure,
which could more readily be expected from the fit of Baker
and Lindgard'? to helium diffraction intensities, is actually
present in our results. Indeed, a careful examination of Fig.
2(c) reveals that the lateral force rides on a weakly undulat-
ing baseline with the periodicity b. This trend is more evi-
dent in Fig. 1(c) away from the defect discussed previously.
Being much weaker than the a priori unexpected modulation
(product) term, this sum term was not included in our model.

As in previous atomic-scale friction measurements on
NaCl and KBr(100) surfaces, the effective stiffness k is of
order 1 N/m, i.e., much smaller than the lateral stiffness of
the cantilever, and essentially independent of load.??? This
strongly suggests that k is dominated by the easy shear de-
formation of the tip apex.’>*

V. CONCLUSION

In conclusion, we have found a strong influence of the
periodic interfacial mismatch on the atomic-scale friction of
an ultrathin KBr film on NaCl(100). A transition from
atomic-scale stick slip to smooth sliding across the unit cell
of the superstructure could be attributed to a variation of the
potential-energy corrugation. Numerical simulations based
on a one-dimensional Tomlinson model®! including a spatial
modulation of the tip-sample interaction reproduce the mea-
sured lateral force along a line of maximal variation. These
results demonstrate that the chemically homogeneous sur-
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faces of such films can still exhibit significant differences in
their atomic friction properties owing to small structural in-
homogeneities caused by a varying local coordination of in-
terfacial ions. The underlying mechanism merits further
study. A modulation of the diffusion barriers of adsorbed
species might also occur, thus suggesting possible applica-
tions of such heteroepitaxial films as templates for the self-
assembly of molecules or nanoparticles on insulating sub-
strates. Furthermore, scans across atomic-scale defects
confirmed the high-resolution capabilities of friction force
microscopy close to the ultralow friction state.
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Note added in proof. T. Filleter et al.” recently reported
contact AFM data on ultrathin KBr films grown on a
Cu(100) substrate, in particular a similar but weaker modu-
lation of the lateral force.
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