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Fluctuations and jump dynamics in atomic friction experiments
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Atomic stick-slip processes have been studied in detail by means of friction force microscopy with high
spatial and temporal resolution. The influence of the tip-sample contact on the thermal fluctuations of the force
sensor and on the dynamics of the stick-slip process are characterized. Results are compared with simulations
based on an extended Tomlinson model including thermal fluctuations. A correlation between the duration of
the atomic slip event and the atomic structure of the contact is established.
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I. INTRODUCTION

Friction force microscopy studies tribological properties
of nanometer-scale, single asperity contacts. By reducing the
complexity of tribological problems arising for rough sur-
faces in contact to one single contact, the method contributes
to the understanding of basic mechanisms of adhesion, fric-
tion, and mechanical energy dissipation. When the sharp tip
of the force microscope slides over a flat surface, lateral
forces as small as some tenths of nanonewtons can be mea-
sured which reflect the interaction of a very small number of
atoms.

Already Mate et al. described in their report on friction
force microscopy a stick-slip movement of the tip with the
atomic periodicity of the samples surface structure.! This
atomic stick-slip process has attracted a lot of attention since
it can be seen as an elementary mechanism of friction. The
tip is locked to one atomic position at the surface until the
increasing lateral force is strong enough to initiate a sudden
jump to the next position. In a recent paper, we have dem-
onstrated how the occurrence of the stick-slip behavior is
one-to-one related to energy loss in the sliding process.”
When reducing the normal load on the contact, the tip starts
to slide continuously over the surface potential and friction is
reduced essentially to zero. Only at increased normal load
the stick-slip instabilities arise and cause energy dissipation.
An alternative pathway to avoid stick-slip has been realized
by Dienwiebel et al., who found zero friction when they
rotated the contact such that the atomic structures of surface
and sliding tip became incommensurable.? Other recent re-
sults include the understanding of the role of thermal activa-
tion for the velocity dependence of atomic friction.*” The
release of the slip instability due to thermal fluctuations re-
duces friction at elevated temperatures, and at slow sliding
velocities.

All these results indicate the key role of the slip instability
for the dissipation of mechanical energy into heat. In this
paper we describe experiments and simulations which ad-
dress in detail the dynamics of the atomic-scale slip and role
of thermal fluctuations of the force sensor for the process.
The relatively simple structure of the cantilever-beam type
force sensor serves as a model system for the interplay be-
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tween microscopic contact and macroscopic body which is
part of the general problem of understanding friction. After
introducing our experimental methods we present results for
the fluctuations of the force signals and the dynamic of the
stick-slip process. We then describe results of a simulation
for a one-dimensional model of the process and finally com-
pare and discuss the results.

II. EXPERIMENTAL SETUP

The friction force acting on a nanometer-sized tip was
measured by means of a home-built atomic force microscope
in ultrahigh vacuum (UHV) at room temperature. The canti-
lever deflection was detected using the beam-deflection
scheme and position-sensitive photodiode. A fast preamp-
lifier was integrated into ultrahigh vacuum in order to keep
low-voltage signal lines from the photodiode very short. This
effort provides a high bandwidth of 3 MHz for force mea-
surements, which is sufficient to detect the torsional reso-
nance frequency of the cantilever. We recorded the forces
while scanning the tip over the surface employing a commer-
cial scan controller (SCALA, OMICRON nanotechnology).
Selected time series of the lateral force were simultaneously
recorded with a sampling rate of up to 20 MHz using a
digital oscilloscope card (National Instruments).

Silicon cantilevers bearing sharp tips with a spring con-
stant ky=0.09 N/m for normal bending and k=62 N/m for
torsion were used for atomic friction experiments. These
spring constants were calculated for the clamped beam ge-
ometry using optical microscopy data for the length and the
width of the beam and the frequency of the first normal
bending mode to determine its thickness. The sensitivity of
the photodiode was determined by recording force-distance
curves on a hard surface. All normal forces are given with
respect to the unbent cantilever, negative normal forces refer
to a up bending of the cantilever that partially compensates
adhesion forces. The experiments were performed on a
KBr(100) single crystal, which was cleaved in air, trans-
ferred immediately to UHV, and annealed at 120 °C for 30
min in order to remove contaminants.

For load dependence studies we also used an alternative
set of silicon cantilevers bearing a spherical tip (Nanosen-
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FIG. 1. (Color online) (a) Power spectral density (PSD) of thermal fluctuations in the lateral force signal showing peaks corresponding
to the first torsional resonance for the free cantilever (narrow peak) and for the cantilever with a sharp tip in contact with an applied normal
force of —0.1 nN (wider peak). The inset shows the frequency shift between free cantilever and cantilever in contact for different applied
loads. Note that no significant load dependence is found. (b) Power spectral density of the lateral force signal from a cantilever bearing a
micrometer-scale spherical tip in contact with an Al,O5 surface for different loads. The center frequency increases monotonously with higher
loads, while the width of the peaks decreases as indicated in the inset. Note that the total area of the peaks is not constant. The torsional

resonance frequency of the free cantilever was 195.0 kHz.

sors). The radius of curvature of the sphere was determined
by scanning electron microscopy to be 0.9 um. The spring
constant of the cantilevers with spherical tip were ky
=0.11 N/m for normal bending and k;=82 N/m for torsion.
Load dependence experiments with this tip were performed
on a Al,05(0001) single crystal which guaranteed negligible
deformation of the sample. The Al,04(0001) sample was
heated in air at 1400 °C for four hours and in an UHV at
120 °C for 30 min, producing clean atomically flat terraces
with a typical width of 60 nm.

III. FLUCTUATION MEASUREMENTS
A. Frequency spectrum of fluctuations

In order to characterize the dynamic properties of the can-
tilever force sensor, we have measured fluctuations in the
lateral force signal. In Fig. 1(a), the power spectral density of
the signal is compared for the free cantilever and for the
cantilever with the sharp tip resting in contact with the KBr
surface. The sharpness of the peak at 168.6 kHz reflects the
high quality factor of Q,,~350000 for this oscillation
mode. When the tip is in contact, the resonance frequency
shifts to 172.5 kHz, and its width increases significantly. As-
suming a harmonic oscillator model to be adequate, the
width corresponds to a Q-factor of Q.,,uc:~ 700. An addi-
tional ring-down measurement for an externally excited
oscillation® confirms a quality factor of about 600. This fre-
quency spectrum of the lateral force signal does not change
significantly when the tip is scanned over the KBr(100) sur-
face. The only additional features are a peak at a low fre-
quency given by the periodicity of the stick-slip events, and
the higher harmonics of this frequency reflecting the saw-
tooth shape of the stick-slip signal.

B. Load dependence of the resonance

The occurrence of stick-slip instabilities and accordingly
of energy dissipation in atomic friction experiments depends

critically on the normal load on the contact.2 However, once
the contact was established we found no monotonous depen-
dence of the position or width of the torsional resonance
peak in Fig. 1(a) depending on loads up to 15 nN applied to
the tip. The position of the resonance peak varies as much as
700 Hz even for subsequent measurements at the same load.
Any distinct relation between resonance and load is hidden
by this fluctuation. This result is in some contrast to findings
by Drobek et al.® who reported that for a v-shaped cantilever
in air the resonance frequency of the first torsional mode
increases with higher loading forces and related the increase
of frequency to an increase of the contact stiffness. In order
to elucidate whether the vacuum environment or the different
tip sample interaction cause the differences between our and
Drobek’s findings we have recorded the thermal fluctuation
spectra for spherical tips with micron-scale apex radius.
Upon contact to the flat Al,05(0001) surface, frequency and
quality factor change in the same sense as when the sharp tip
on the KBr(100) comes in contact with surface. Upon in-
creasing the normal load, the frequency shift increases as
seen in Fig. 1(b). With increasing load, the width of the
resonance curves decreases and its peak height increases.
Using a harmonic oscillator analysis this would imply that
the quality factor in contact increases with increasing load.
The total area below the peaks is reduced by the increasing
load. Therefore, the description of the curves as thermal fluc-
tuations in a point-mass model is not sufficient.

IV. DETERMINATION OF SLIP DURATION

Figure 2(a) shows a typical friction loop, where the lateral
force for a single scan line in forward and backward direc-
tion is measured. All stick-slip friction loops were recorded
on a KBr(100) surface along the (001) direction when the tip
was moving through the center of the apparent unit cells, i.e.,
along lines of maximal modulation of the lateral force. The
sawtooth-shape signal consists of sticking phases where the
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FIG. 2. (Color online) (a) Friction force loop recorded as part of a typical scan frame on a KBr(100) crystal along the (001) direction. The
time resolution is typical for commercially available data acquisition setups. The cantilever in this experiment is the same as the one used
to produce the data for Fig. 1(a). (b) High temporal resolution scan line simultaneously acquired with the forward scan data [square symbol
in (a)] at a sampling frequency of 3.3 MHz, subsequently averaged over 50 points in order to clearly reveal the shape of the stick-slip pattern.

lateral force is built up in an almost linear slope, and slip
events where the tip jumps from one atomic position to the
next. The slope of the sticking part, .., reflects the effective
lateral stiffness of the force sensor and the contact. Here, we
find k,,,=2.23+0.05 N/m. The data for this figure was ac-
quired with a commercial data acquisition setup (SCALA,
OMICRON Nanotechnology). The sampling rate of data
points recorded (1250 Hz at scan velocity of 15 nm/s) is not
high enough either to detect thermal fluctuations in the force
signal or to measure the duration of each slip. Therefore, we
simultaneously acquired the lateral force signal with a sam-
pling frequency of 3.3 MHz, the bandwidth of our force de-
tection. The actual stick-slip structure can be made out in a
wideband of noise, composed of both thermal fluctuations of
the cantilever and electronic noise. In order to analyze the
slip duration we have averaged the force data over 50 points
so that the stick-slip characteristics can be clearly recog-
nized, reducing the bandwidth of the results to 66 kHz or to
a time resolution of 15 us. A typical scan line in forward
direction is shown in Fig. 2(b). A tilted step function is fit to
the averaged data in order to determine the slip duration.
Figure 3 shows four averaged curves. The same instrumental
parameters were used for the measurements: normal load
Fy=-0.1 nN and scan velocity v=25 nm/s. We extract a
slip duration of r~8.2 ms in Fig. 3(a) and t<<15 us in Fig.
3(b). The duration of the second slip is below the limit of
time resolution and could actually even be shorter than
15 ws. As a first conclusion we find that the slip process in
atomic friction can happen on very different time scales for
similar experimental conditions.

Figures 3(c) and 3(d) give examples of slip events which
suggest possible mechanisms for the prolonged slip duration.
In Fig. 3(c) the tip jumps forth and back between two atomic
positions before finally settling at the new position. In Fig.
3(d) the tip jumps into an intermediate position before the
jump over a full lattice constant is finished.

An overview of the distribution of slip durations for sev-
eral tips which range from some microseconds up to several
milliseconds is given in Fig. 4. We have included corre-
sponding lateral force maps in order to reveal possible cor-

relations between the appearance of such maps and the du-
ration of slip events. Lateral force maps corresponding to fast
slips appear as a pattern of flat tilted diamonds with the size
of one unit cell of the KBr(100) surface. In contrast, maps
associated with slower slips show features on a scale smaller
than the unit cell. Such features could arise from an irregular
structure of the tip. Several atoms of the tip may be in con-
tact with different unit cells of the surface, having a distance
between the contact points that is not in registry with the
KBr(100) surface structure.

V. SIMULATION OF THE STICK-SLIP PROCESS

A model comprised of a single spring pulling a mass
along a sinusoidal potential surface which included thermal
activation has described atomic friction phenomena like tem-
perature and velocity dependence, and the distribution of
jump forces.” The results are in agreement with experiments
studying the velocity dependence,* the temperature
dependence,'® and the jump force distribution."! However,
the experimental situation is not well represented, since a
one-spring model cannot reproduce both the resonance fre-
quency of the cantilever, and the experimentally found lateral
stiffness which is dominated by the contact. Therefore we
extend the simulations to a two-spring model, where one
spring represents the cantilever and the other spring the mi-
croscopic contact. The two springs are connected in series to
a support moving at constant velocity. A tip attached to the
contact spring is dragged over a periodic potential surface
[see Fig. 5(b)]. Including the random effect of thermal fluc-
tuations we have simulated the resulting Langevin equation
using Ermak’s algorithm'? along the lines pointed out in Ref.
5.

The parameters describing the cantilever spring in the
two-spring model are taken from the experimental data. An
effective cantilever mass m=kz/(2mfie)?=5.5x 107" kg
can be calculated using the frequency of the free cantilever

Jree~168.6 kHz and the spring constant k=62 N/m.

The occurrence of the stick-slip instability in the tip

movement depends on the relation between the potential cor-
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FIG. 3. (Color online) Lateral force vs time acquired on KBr(100) with a sampling frequency of 3.3 MHz and subsequently averaged
over 50 data points. The same scan parameters were used for these four measurements of atomic stick-slip: normal force Fy=-0.1 nN and
scan velocity v=25 nm/s. The slip duration was determined to be (a) r=~8.2 ms and (b) <15 ws. (c) In the process of slipping to the next
atomic position, the tip jumps forth and back between the new and the old position. (d) During the slip, the tip assumes an intermediate

position.

rugation E; and the elastic energy in the springs. It can be
described by the parameter
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Stick-slip behavior is found for 7>1.> We choose k,
=3.7 N/m and a value of =2 in order to obtain a value for
the potential corrugation E; for which the simulation pro-
duces a stick-slip pattern similar to the experimental results.

Equation (1) allows us to determine k,,=3.5 N/m. The
lattice constant of KBr(100) a=0.66 nm determines the spa-
tial period of the potential. The mass of the tip is assumed to
be m,;,=1.0X 10712 kg. Since we have no experimental esti-
mate for the effective mass of the tip which corresponds to
the tip stiffness, we have varied m, by a factor of ten for the
simulations, and found no influence on the key results de-
scribed below. The damping of the tip movement is calcu-
lated in units of the critical damping 7,=2\| iip! My Re-
imann and Evstigneev have suggested to model tip damping
based on the tip velocity relative to the surface but also rela-
tive to the support.®’ For the low sliding velocities simulated
here such distinction is not necessary. The simulations were
performed at room temperature and for a scan velocity of
25 nm/s. The time step used for solving the Langevin equa-

number of slips

slip duration (ms)

FIG. 4. Distribution of the slip durations for 150 slip measure-
ments on KBr(100) taken from 46 different scan frames using four
different tips. The applied load was always very close to O nN. Four
lateral force maps are shown to reveal possible correlations between
their appearance and the duration of slip events. Note the irregular
features within the unit cell for the three maps on the right. The
lines indicate which slip durations were found in which lateral force
map. The bar for shortest slip duration reflects the slips which hap-
pened faster than our time resolution of 15 us.

245418-4



FLUCTUATIONS AND JUMP DYNAMICS IN ATOMIC ...

—
vt
[]
Q) |
kﬁp -
mti
EoI (a)
—
a
m, —
vt
il K

(b)

tion was 1 ns, data points were sampled from the simulation
at a rate of 3 MHz equal to the experiment.

Simulations using the two-spring model and the param-
eters described above have provided the expected stick-slip
results, plotted in Fig. 6(a). However, the slip duration was
always shorter than 15 us, independent of the damping of
the contact spring which was varied from critical to strong
damping.

Experimental friction maps often show features within a
unit cell which let us conclude that the contact between the
tip and the surface consists of several smaller contacts.
Therefore, we expanded the two-spring model to the case of
multiple tips in contact with the potential surface, where the
distance between tips was either commensurate or incom-
mensurate with the periodicity of the potential. Figure 5(c)
gives a scheme of the multiple-tip model. The parameters for
each N-tip simulation were the same as described above,
with each of the contact springs having a tip stiffness of
k,,/N and a mass of m,,/N. We also divided the potential
corrugation E, by the number of tips N. This scaling is cho-
sen in order to always reproduce the experimentally ob-
served slope and amplitude of the stick-slip force curves,
however, for a different number of tips involved.

For the multiple-tip model, the dynamics of each tip i is
described by the Langevin equation
&E(xtig,i) = &),

PR 2)

MyipXiipi T Myip YVeipXtip,i T

where the combined surface-tip potential has the form
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FIG. 5. (Color online) Three
spring configurations for different
implementation of the Tomlinson
model.

vt

ki E 2T X0 i
2 0 tip,
E(xtip,i) = _lE(xzip,i,() - xzip,i) - _COS( : 1)- (3)
2 2 a
Xiip,i0 18 the equilibrium position where the springs k;;, have

no deviations. &(¢f) is a random noise satisfying the
fluctuation-dissipation relation (&) &("))=2m, ¥,k Tt
—t"), where the angular brackets denote an average, and kj is
Boltzmann’s constant.

As the mass of the cantilever is many orders of magnitude
larger than the tip’s, the thermal effects on the cantilever can
be neglected. Therefore, the cantilever’s motion is described
by Newton’s equation

mcljécl + mclY(tlxcl - kC[(Ut - xcl) + E ktip(xtip,i,() - xtip,i) =0.
i

(4)

Figure 6 shows simulation results for the stick-slip pro-
cess with a multiple-tip model for critical damping of the
contact springs. We compare the cases of one, three, and five
tips, where the multiple tips are in positions commensurate
with the potential surface. The number of tips is crucial for
the duration of the slip: The slips become slower for an in-
creasing number of tips. As mentioned above, a single tip
always slips faster than 15 us. For five tips we observe slip
durations in the range of 2.8 ms—3.2 ms. For three tips, the
slips show a wide variation of duration between microsec-
onds and milliseconds. In this case the slip often contains
intermediate states, where one or several tips have jumped
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FIG. 6. Simulation of the stick-slip process with a critically damped two spring model. The contact consists of (a) one, (b) three, and (c)
five commensurate tips. Data were sampled from the simulation at a rate of 3 MHz and subsequently averaged over 50 points. (d) Detail of
the simulation with one tip, no averaging. (e) and (f) Details of the simulation for three and five tips, respectively, averaged over 30 points.

but others still stick. The duration of the slip does not depend
significantly on the damping of the contact springs; no dif-
ference was noticed for critical damping and the ten times
overdamped system. Details of slip events are plotted in
Figs. 6(d)-6(f). For the one-tip model, the slip happens faster
than the data capture rate of 3 MHz. It is interesting to note
that the thermal fluctuations clearly follow the frequency of
the cantilever resonance. However, no excitation of oscilla-
tions with subsequent ring-down can be observed after
jumps. The simulation for three tips reveals jumps forth and
back between the previous and the final position and into
intermediate states, indicating the mechanisms responsible
for the wide variation of slip durations. For five tips, multiple
events of tip jumps smoothen the transition from one atomic
position to the next and cause the prolonged slip duration.

We have also studied the case of multiple tips in incom-
mensurate contact with the potential surface, not shown here.
For a small number of tips with a distance of 1.1 Xa the
periodicity of the potential can be recognized in the lateral
force. However, for as few as five tips the asymmetric stick-
slip instabilities are almost completely changed into a sym-
metric force modulation. For a fully incommensurate con-
figuration with a tip distance \V2Xa no structure of the
potential is reproduced in the lateral force.

VI. DISCUSSION

We start the discussion with an analysis of changes in the
resonance structure of the cantilever’s thermal fluctuations
upon contact of the tip with the surface. First of all, the
frequency of the torsional resonance of the cantilever in-
creases upon contact formation. The increase can be ex-

plained by the additional stiffness caused by the fixation of
the tip apex. It has been observed in ambient environment
and described in a finite element analysis by Drobek et al.
who used such frequency shift to determine the shear stiff-
ness of the contact.” For rectangular cantilevers, a point-mass
harmonic oscillator model can describe the frequency shift
reasonably well. The resonance frequency of the torsion
mode of the cantilever can be modeled as

free: L \ lﬁ
r 277 md

where kp is the spring constant for torsional bending and m,
is an effective mass of the cantilever. Bringing the tip in
contact, the contact stiffness k., can be added to the spring
constant and

(5)

con

1 Jkp+ ke,
2m my
The contact stiffness, a combination of the tips stiffness
and the curvature of the surface potential, can be calculated

from the slope of the force curve k,,, in Fig. 2(a) assuming
that the cantilever and the contact act as springs in series

fi"= ©)

-—. (7)

Combining Egs. (6) and (7), the point-mass spring model
predicts

245418-6



FLUCTUATIONS AND JUMP DYNAMICS IN ATOMIC ...

on _ gfree
T —JT

(8)

With k,,,=2.23£0.05 N/m from Fig. 2 we expect f;"
=171.75+0.08 kHz, a little less than the actual value of
172.5 kHz found in Fig. 1. The discrepancy can easily be
caused by the error in the determination of ky, which de-
pends critically on the precise measurement of the actual
height of the tip. Another explanation for the discrepancy
could be a change of the effective mass m,; if the shape of
the cantilever deflection is modified by the contact forma-
tion. However, considering the small relation between con-
tact stiffness k,,,, cantilever stiffness k7, and the small ther-
mal oscillation amplitude of about one tenth of an atomic
diameter at the tip apex, a significant change of the deflection
mode can be excluded.

A further frequency shift with increasing load on the con-
tact is found for micrometer-sized spherical tips. For the
sharp tips used in atomic friction experiments, no clear ten-
dency of the frequency shift is observed, but a smaller fluc-
tuation of the peak position even for measurements at the
same load. Following the point-mass model or the model of
Drobek et al. and taking the frequency shift as a measure for
the contact stiffness,’ we find that the contact stiffness for
very sharp tips is not load dependent but shows smaller
variations as a function of time. This is in agreement with
prior analysis of the load dependence of the contact stiffness
from atomic friction data.> In a continuum mechanics ap-
proach we expect the lateral stiffness to increase with load
proportional to the contact area. The breakdown of con-
tinuum models at the nanometer scale for the contact stiff-
ness has recently been discussed by Luan and Robbins, who
found that their applicability depends on the atomic structure
of the tip apex. Tips that maintain a spherical shape even on
nanometer scale are well described by continuum models,
while tips with a stepped atomic structure exhibit disconti-
nuities in the contact area with increasing load.'> We find
apex clusters with a stepped structured a more probable tip
model and conclude from our results that for very sharp tips
and low loads the contact size and the contact stiffness do
not vary as a function of load. The unsystematic changes of
the contact stiffness are related to changes of the contact
geometry, due to uncontrolled processes such as diffusion or
drift. For larger spherical tips and higher loads, our data in
Fig. 1(b) confirm the established relations between load, con-
tact size, contact stiffness, and shift in the torsional reso-
nance frequency. We have determined an increasing lateral
contact stiffness from the slope in friction loops reaching
kep=32 N/m for the highest load of Fy=51nN, i.e., the
lateral contact stiffness k, becomes equal to the cantilever
stiffness k.

Upon contact formation, we do not only observe a shift of
the resonance frequency but also a drastic increase of the
width of the resonance peak, corresponding to a drop in the
quality factor by nearly three orders of magnitude. This ob-
servation is only possible in vacuum, as in earlier studies in
ambient environment the quality factor is dominated by air

PHYSICAL REVIEW B 72, 245418 (2005)

damping. Let us consider possible sources of the additional
dissipation. The quality factor of the free cantilever is given
by the internal friction in the beam. As discussed above, a
significant change of the shape of the cantilever deflection
upon contact formation can be excluded. Consequently, the
observed strong damping cannot be caused by additional in-
ternal friction in the cantilever. Rather, dissipation in the tip-
sample contact causes the decrease in the quality factor of
the cantilever. In order to analyze how damping of the tip
deflection will influence the cantilever motion we calculate
the quality factor of the cantilever oscillation for the two-
spring model depicted in Fig. 5(b). The tip motion is de-
scribed by Newton’s equation

mtipjc.tip == ktip(xtip - xcl) - mtip’y{ipxtip’ (9)

where x,, and x; are the respective deflections of tip and
cantilever, v;;, is a damping coefficient for the tip movement,
and the other parameters are the same as in Sec. V. We ne-
glect the internal friction of the cantilever since we know
that dissipation due to the tip motion dominates. Assuming
for this derivation that the cantilever oscillates with x
=A_ sin(w,t), with w,=Vky/m,, the equation of motion [Eq.
(9)] becomes

k—i&sin(wclt) . (10)

.. . 2 KiipAerl
Xiip + ViipXiip + WX = m
tip

The time-averaged power loss in this driven, weakly damped
oscillation of the tip is given as

2 42 2
kripA cl ytip Wy

2 2\2 2
tip wcl) +

P= (11)
zmtip (w tip

This dissipation in the tip movement will damp the cantilever
oscillation. The quality factor Q,,, of the cantilever is de-
fined as the relation between the total energy of its oscillation

and the power loss per oscillation cycle

1 2 2
E skiAL 1 kAL 0,
Qo = 27— = 22t = —Loeld. (12)
27—
Wy

Combining Egs. (11) and (12) and introducing the critical
damping y,=2wy, for the tip movement we obtain

o - l(m_ng)”z(ﬁf“(L){(m . ﬂ)ﬂﬁﬂ,
2 mgy ktip Yiip Wy Wyip 75
(13)

For the parameters used in the simulations, oy,
=vkyp,/my;, and y,,=7,, one obtains Q,,~ 30, in the same
order as the result for a resonance analysis of the simulated
lateral force data. For m,,<m, we have w;,> . and the
expression simplifies into

1 ] 172 k 172 .
an=—<@> (—T ) (14)
2 mtip ktip ytip

As one would expect, the quality factor Q,,,, of the canti-
lever is lowered by the effective mass m,;, of the tip, the

coupling k,;, between cantilever and tip, and by the damping

245418-7



MAIER et al.

Y:ip Of the tip movement. In order to reach a quality factor of
the order of 600 as found in the experiment, one would have
to assume a hundred times smaller tip mass or a strong un-
derdamped tip movement. No signatures of the latter has
been observed in experiments. On the other hand, an effec-
tive tip mass of only m,;,=10""* kg would make sense as it
corresponds to a volume of 1 um.?> Reimann and Evstigneev
have come to a similar conclusion in their analysis of friction
force microscopy focusing onto the tip deflection.” The au-
thors have also employed a two-spring model where the
main physical effects of atomic friction and dissipation are
attached to the contact spring, while the cantilever spring
serves as a detection tool.

With a quality factor of 600 for the cantilever torsion one
may expect to observe a ringdown of the oscillation after fast
slip events. The excitation of such oscillations by each slip
event has been reported for an uncalibrated atomic friction
experiment on graphite.'* The cited experiment is difficult to
compare to our results since the magnitude of forces is un-
known and the experimental method included bandpass fil-
tering around the expected torsional resonance. In both our
experimental and simulation results we do not observe any
excitation of cantilever oscillations by the slip events. The
magnitude of the force relaxation in the slip is of the same
order or smaller than the thermal fluctuations of the force
signal. Therefore, excitations of oscillations with subsequent
ring-down cannot be observed since thermal oscillations
dominate.

The increase of the quality factor with increasing load
observed for the micrometer-sized contact and higher loads
cannot be explained in a simple two-spring model. The lat-
eral contact stiffness becomes comparable to the torsional
stiffness of the cantilever. Consequently, the contact can act
as a hinge and change the shape of the cantilever deflection,
as can be inferred from the changing area under the reso-
nance curves in Fig. 1(b). More complex models including
the finite volume of the beam and internal friction following
stress distributions will be necessary to predict the quality
factor in these cases.

As a result of the analysis of the fluctuation spectra we
can summarize that there must be a strong damping of the tip
movement mediated by the tip-sample contact. The observed
reduction of the quality factor of the cantilever movement
due to the tip damping can be coherently described using a
two-spring model, as long as the contact stiffness is small
compared to the stiffness of the cantilever.

We will now discuss the wide variation of slip durations
in the atomic stick-slip experiments. The shortest possible
duration of a slip is given by the time the cantilever needs to
swing back from the deflected to the relaxed position, i.e.,
1/(4fp). With f;7"=172 kHz this reaction time is 1.5 us.
While we observe that many slips happen indeed on a time
scale faster than our time resolution of 15 us, other slips
may take up to several milliseconds. These long slip are very
surprising as we would not expect any relaxation process on
atomic scale to be that slow.

A possible explanation for slow slip events can be found
in the framework of the Tomlinson model. The effective po-
tential governing the tip movement consists of a sinusoidal
surface potential and a parabolic spring potential which are
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continuously shifted relative to each other. The tip is stuck in
a potential minimum until the ramped spring potential flat-
tens the potential barrier to the next atomic position. The
decrease of the resonance frequency of the system when ap-
proaching the slip instability is described in Refs. 5 and 15.
When the resonance frequency decreases in the flattened po-
tential a slower reaction of the cantilever might be expected.
On the other hand, thermal fluctuations activate the slip be-
fore the potential barrier has completely vanished, resulting
again in a fast slip. The simulation results in Figs. 6(a) and
6(d) demonstrate that no retardation of the slip takes place in
the single-contact model. All slip durations are clearly faster
than the resolution of 15 us. As a conclusion, we can rule
out any explanation for long slip durations within the simple
one-dimensional Tomlinson model including thermal activa-
tion at room temperature.

Our results suggest that multiple tips in contact play an
important role for the understanding of slow slip events. We
measure fast slips in the order of several microseconds, if the
lateral force maps look similar to the two-dimensional mod-
eling for an ideal single tip reported by Liithi e al.'® Slow
slips are encountered when the lateral force maps exhibit
features within a lattice unit cell or deviate significantly from
the expected diamond pattern, see Fig. 4. Such irregularities
can be explained only by multiple tips which are in contact
with different unit cells of the KBr surface. The simulations
support the idea that multiple tips can give a clear stick-slip
motion, however with a significantly longer slip duration
than the reaction time of the force sensor. Our three-tip
model with thermal activation also reproduces the wide dis-
tribution of slip durations found in the experiments. Further-
more, the simulations indicate mechanisms for the retarda-
tion of the slips. Figure 6(e) shows that multiple tips do not
jump coherently but that single tips can jump ahead and
actually may go back to their previous atomic position before
the increasing lateral force enforces a jump of all tips. A
similar mechanisms of molecular rebinding has been pre-
dicted through simulations of the rupture of adhesion bonds
in dynamic force spectroscopy by Dudko et al.'” In recent
theoretical study, Krylov et al. have pointed out that the ther-
mally activated jumps between atomic positions can create a
situation of ultralow friction, provided that the scan velocity
is small enough.'® The jump mechanism is clearly observed
in our experiments. Figures 3(c) and 3(d) exhibits signatures
of jumps between positions and intermediate states, respec-
tively. The latter may also be an effect of two-dimensional
stick-slip where the slipping tip takes a zigzag path including
a neighboring unit cell.'>?° However, a zigzag movement
should produce its characteristic slip pattern for all slip in a
given scan line. Since we observe a wide distribution of slip
times and shapes in a single scan line, we believe that ther-
mally activated jumps of a multiple tip are the appropriate
picture for our experiments.

VII. CONCLUSION

Atomic friction phenomena have been studied in detail by
means of a home-built force microscope allowing for high-
bandwidth detection of the lateral force signal. Thermal fluc-
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tuations of the cantilever which have a strong impact on the
atomic stick-slip process are strongly damped through the
tip-sample contact. By modeling the experiment by two
springs, one representing the cantilever force sensor and one
the compliant tip-sample contact, a consistent description of
the lateral contact stiffness in static and dynamic lateral force
measurements has been achieved. Recording the atomic
stick-slip movement of the force microscope tip with high
bandwidth reveals a wide variation of slip durations up to
several milliseconds, by far longer than expected for a relax-
ation process on atomic scale. These long slip events are
believed to be the consequence of a multiple contact between
tip and surface. This conclusion is drawn from a correlation
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between irregular features in lateral force maps and long slip
durations, and from a comparison of our experimental results
with a multi-tip simulation based on a Tomlinson model in-
cluding thermal activation.
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