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Tip-jump statistics of stick-slip friction
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Friction maps with atomic unit cell periodicity on highly oriented graphite in ultra-high vacuum are mea-
sured with the friction force microscope. The well-known stick-slip phenomenon is observed where the tip
jumps between individual equilibrium positions. We perform a statistical analysis of the frictional forces that
are necessary to induce the tip jumps. The corresponding histograms give a direct fingerprint of the distribution
function of the tip-jump events. The histograms depend strongly on the atomic structure of the surface, which
is related to the two-dimensionality of the surface potential. We compare the experimental to the theoretical
distribution function, which is based on the thermally activated Tomlinson model for atomic friction, and
quantitative values for the effective energy barriers are extracted.
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I. INTRODUCTION Il. THEORETICAL BACKGROUND

The understanding of friction properties at the nanoscale The Tomlinson modélhas been successfully used to ex-
remains a challenge to scientists and engineers in a widgiain the stick-slip phenomenon with atomic peridocity. In
range of disciplines. One of the fundamental processes Ghis model it is assumed that a pointlike tip at positign
sliding friction is the “stick-slip” phenomenon. Already \yhich js coupled elastically to the microscope body at posi-

many decades ago, Tomlinsoand Pranddl developed a i, Xy, is moving in a periodic tip-sample interaction poten-
theory which tried to establish a correlation between macrog, .| V(x). Assuming a sinusoidal interaction potentiix)

scopic friction and microscopic stick-slip procg;ses. With the_ E, cog2mx/a), with a surface barrier potential heighEg,
invention of the atomic force microscogpAFM)? it became . ' .
possible to observe sliding friction processes with atomic"’.md a lattice constard, the corresponding equation of mo-
periodicity? opening up the possibility for a direct investiga- tion'is
tion of atomic scale friction. The surface of highly oriented . 27Ey . (27X,
graphite(HOPQ has been the focus of several experimental M X = Cetf(Xm = Xp) = <—>
studies with the AFM® due to its relative inertness and
technological relevance as an efficient lubrication material. Herecgy;is the effective lateral spring constant describing
Atomic scale friction maps on HOPG have been interpretedhe elastic coupling of the tip with the microscope base,
in terms of a two-dimensional hopping motion of the tip which includes the elastic behavior of the cantilever and the
between different equilibrium positiors? tip-sample contact® The factory is the microscopic friction

If the temperature is nonzero, the hopping or jump pro-coefficient, which was introduced by Hélscheral.” to de-
cess is of statistical nature. GneoebalX® were the first to  scribe the loss of energy during the slip movement as a
apply this idea to stick-slip friction measurements. As a di-velocity-dependent process. Solving this equation leads to a
rect consequence they found that stick-slip friction dependsolution describing the stick-slip movement of the tip at zero
logarithmically on the tip sliding velocity. Saref al* have  temperature.
investigated theoretically these jump processes and presented For better clarity, the corresponding potential diagram is
an analytical expression for the corresponding statistical disshown in Fig. 1. The tip is trapped in a local potential mini-
tribution function. mum. An energy barrier of heigl®E prevents the tip from

In this paper we focus on the statistics of these jumpreaching the next energy minimum to the right. The tip base
processes. We extract the probability distribution of themoves with velocityv, and at a certain positiory =Xy jump
jumps from experimental friction force maps on HOPG. Thethe local minimum vanishes and the tip “jumps” to the next
results are compared to the statistical distribution functiodocal minimum. The jump height, i.e., the maximum force
from Sanget al*! Quantitative values for the parameters thatjust before the slip-event occurs, is a direct function of the
govern the friction process can be extracted from the fit tesurface barrier potentid,, the effective masa', the effec-
the model. tive spring constant¢;, and the lattice constaiat

The paper is structured as follows: First, we will review At nonzero temperatures, however, the jump event be-
the thermally activated Tomlinson model after Satcal!!  comes a statistical process. In previous publications Gnecco
In the experimental part the stick-slip experiments are preet all® and Sanget al!! have taken the influence of a finite
sented followed by the method, which allows us to extractip-sample temperature into acount and found as a result that
the distribution function of the tip jumps from the experi- the temperature will induce a velocity dependence of the
mental friction maps. Finally, the experimental and theoretifriction, which was verified experimental). Additionally,
cal distribution functions are compared. an analytical description for the theoretical probability distri-

*
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1.0 _(a) AN -(b) v, FIG. 1. The potential diagram of the Tomlin-
s son model at zero temperature. (& the tip is
g trapped in a local minimum and is separated from
o 05 N the next minimum to the right by an energy bar-
% \ rier of heightAE. In (b) the tip base has moved to
"g - ' AE the right, and the energy barrier has vanished,
g \//\/ which causes the tip to “jump” to the next local
00 B _ minimum. However, at nonzero temperature,
L X X I M = XM jurnp | there is a finite probability that the tip jumps over
0.0 0.4 08 12 0.0 0.4 08 12 the energy barrier already i@ (dashed arroyv
x-position (nm) x-position (nm)

bution function of the individual jumps was derivEddow-  statistical nature. For example, at zero temperature the dis-
ever, a statistical analysis of experimental stick-slip eventsribution function would become a delta peak.
has not been presented so far.

The analytical formula for the jump probability from Sang

et al.l*l can be written as a function of the so-called reduced Ill. FRICTION EXPERIMENTS
biasf: The friction force experiments were conducted in a com-
. 3f2 . N mercial atomic force microscopéAFM) under ultra-high
P(f )=5 —exp(- ¥ - ). (2)  vacuum (UHV) conditions at room temperatu@®micron
v VT-AFM). The sample was highly oriented pyrolytic graph-
The dimensionless velocity” is defined according i ite (HOPQ that was cleaved in the load lock in vacuum at
5 p=1x10"° mbar shortly before the AFM experiments. As
x_ UYCeif@ O 3) force sensors we used single crystalline, rectangular silicon

cantilevers(LFMR-type from Nanosensorsvith a width of
W=42 um, a length ofL=214 um, and a tip height oH

with Q,=1'css@2/ 47°E,, Which is the ratio of the resonance =15 um (data supplied by manufactujeiThe thickness of
frequency of the tip in the surface potenti@) versus the the cantilevers was determined from the resonance frequency
torsional resonance frequency of the tip in conthctThe  of the normal oscillatiorf, measured in vacuuif. The nor-
reduced biag” is a direct function of the lateral forde,, at  mal (c,) and torsionalc,) spring constants of the cantilever
which a jump is induced:

*_(2E0)2/3 OF 4w
3keT/  (1-QYMcera

The critical position R., where the effective barrier
height vanishes, is defined aswR./a= arcco$—Q§)
+(, 2 siffarcco$-Q7)]. Combining Eqs(2)—(4) yields the
analytical description of the jump probability as a function of
the jump-heightd=,,. An example for the normalized distri-
bution function is shown in Fig. 2. Typical parameters taken
from our experiments were chosen: temperaflire300 K,
lattice constant of HOP@&=0.246 nm, tip scan velocity of
v=80 nm/s, effective spring constanis=1 N/m, friction
coefficient y=1x10° s™%, and resonance frequenc§
=75 kHz. The energy barrier heigh}, was varied between
100 and 160 meV, resulting in four different histograms. The
histograms can be characterized by four parameters: thi ;g4
width of the peak, the height of the peak, the asymmetry of 0.0 0.1 0.2 0.3 0.4
the peak, and the position of the peak with respect to the
force axis. The difference in the energy barrier causes a large

change of the lateral position of the peak by a factor of 2.3, g1, 2. (Color onling The relative probability that a jump oc-
while the height and width only change by 16% in the con-cys as a function of the maximum lateral forgg, which was
sidered regime. For increasing energy barriers the laterecessary to induce the jump, after the analytical derivation of the
force needed to jump over the effective barrier height isthermally activated Tomlinson model from Saeg al. (Ref. 11.
higher, inducing a shift of the peak to larger values. How-Typical parameters encountered during the experiments were cho-
ever, the width of the distribution is mainly caused by thesen(see text The four histograms represent the cases for different
temperature, which causes the jump process to become efiergy barrier heightg,,.

= .
27k Tfe 1-04f

0.03 T T T
(CetRe = Fi)- (4) E, =120 meV E,= 140 meV

E, =100 meV \ / E, = 160 meV
0.02 / —

0.01

normalized jump probability P(F )

jump-height F_ (nN)
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FIG. 3. (Color onling (a) A 3 x 3 nn¥ lateral friction force map Ip base position (nm)

on HOPG at tip base scan velocity-60 nm/s.(b) The schematic FIG. 4. (Color online The friction loops from the friction map
representation of the HOPG unit cell. The solid black circles are the, Fig. 3@ showing the stick-slip behavior of the scanning tip in

carbon atoms in the top layer which are arranged hexagonally,e trace(blue) and retracdred directions at a tip base velocity of
around a hollow-site. The big blue circles represent the equilibriumgg 1.

positions where the tip would stick and the blue arrows indicate the

jump or slip process. . . . -
ward (blue) and backwardred) directions is shown in Fig. 4

were calculated from the geometric dimensingielding and shows a sawtooth type behavior. The stick part is char-
¢,=0.12 N n! and ¢,=14.0 N n7? (with the E-modulusE acterized by a linearly increasing or decreadtigignal as a
n_ . - .

=169 GPa and shear modul@=50 GPa, data supplied by fu_nction of the Ia_te'ral tip base position. In this case, the tip
the manufacturer sticks at the position between the surface atoms and while

For quantitative interpretation of the normal and frictional the tip base moves continuously the cantilever is twisted. If

forces we calibrated the sensitivity of the AFM. Once the tipth.‘;“I _Iatera: ftorC?I dltjettho s ttW|st|r_1|gb|_s large gtl_wough, thg tp
was in contact, we performed force distance curves, wher hjump faterally 1o the next equilibrium position, causing

we assumed that the contact is much stiffer than the cantilet— € sfu_dtqen vertlc?l change Hj. Ih(taharea emb;ﬁct[ad by tjh_e .
ver spring constant. From the slope of the force distancdVO friction scan lines represents the energy that was dissi-

curves we determined the sensitivity of the normal direction.p"ﬂeOI d_urlr_19_ this friction loop. .
The individual carbon atoms form hexagonal rings that

For the calibration of the torsional twisting of the cantilever . .
g are arranged in a honeycomb structfysee also Fig. @)].

induced by the frictional forces we used the method from~ ~ . R .
Bilas et al1® This method is only applicable to systems with During the scan the tip will jump in between the local energy
inima, which are located at the center of the carbon rings,

a beam deflection detection system and only in the case th B N
the tip is scanned and the sample is fixed. The method relie e so-called *hollow sites” of the HOPG surfdcolue

on the effect that a bending of the piezotube during scanning"vrd?f’ In F!g. $Ib)]_. In genet[]al thtehse Jur%pé W|:;_follct)w a
induces a small angle between the cantilever and the incide o-dimensional zig-zag path on the surlacdeading o a
laser beam. movement of the tip along the fast scan direction as well as
The adhesion force between the tip and the sample durin erpendicular to it. Due to this effect, contrast will not only
the following friction force experiments was determined ppear in the Iatera_ll force S|gn5[, but also in t_he norr_nal
from the average jump-off-contact val@B,=11.0 nN of force signalFy, which complicates the analysis of single

several force-distance curves. No additional load was applieHjmps considerably. In order to minimize this effect we ori-

in order to prevent any further changes in the atomic con-emed the sample in such a way that the fast scan direction

figuration of the tip-sample contact. Hence, the effective loadX direction scans along the1,2,1,0) direction of the

during the friction experiments is entirely determined by (0001 HOPG surface. In this case, the tip will perform al-

Fosr. most exclusively jumps along the rows of the hollow-sites as
After the tip was approached towards the surface, a largédicated by the blue arrows in Fig(l8. Only if the the next

area(1x 1 um?) of the HOPG sample was scanned in order’ow along they direction is reached will the tip perform one

to verify that a flat and homogeneous part of the surface withump perpendicular to the scan direction.

no steps was investigated. Then small areas of the sample

were scanned while the tip-sample distance feedback loop IV. STATISTICAL ANALYSIS OF INDIVIDUAL

was switche_d off. Each line is scanneq in _the forward and JUMP HEIGHTS

backward direction of the fast scan direction. A typical 3

X 3 nn¥ friction force map, i.e., the friction force as a func-  In the following we investigate the statistical distribution
tion of tip base position, is shown in Fig(e3. The well-  of single tip jumps during the friction loops. A good experi-

known stick-slip phenomenon is observed which leads to thenental observable is the maximum lateral fofeg during
friction force contrast with atomic unit cell periodicity of the the stick part just before the individual jumps, i.e., slip-
surface. The friction signal for a single scan line in the for-events, occur. For simplicity in the further discussion we call
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FIG. 5. (Color onling The jump height analysis: The raw data
of a single friction tracéblue ling is shown as a function of the tip
base position. The differentiated friction sigrialack line, bottom FIG. 6. The experimental jump-height histogram for a tip base
is used to find the position of the slip events, by comparison with ane|qity of 120 nm sL. The number of jumps is shown as a function
appropriate threshold valuelotted ling. The raw data between the ¢ the |ateral force necessary to induce the jump. A total of 23 748
slip positions is fitted with a linéblack line and the maximum of jumps were analyzed for this histogram, and a bin width of
the lateral force just before the slip events is then extracted as thg§ gog nN was chosen. The right-hand scale shows the relative jump
jump-height, i.e., thé, value (red arrows. probability, which is the number of jumps from the left-hand scale
divided by the total number of jumps.

jump-height F_ (nN)

this maximum forcd~,, the “jump-height.” We developed a
method to extract the jump-heights with sufficient accuracy

from the raw data. First, the average of the forward andbccur. Therefore we expected that a one-dimensional model
backward line scans is calculated and fitted with a straightor atomic friction would be a good approximation. How-
line that defines the zero friction line. A typical forward fric- ever, in Fig. 7 we show a zoom of a typical friction map
tion raw signal corrected by the zero friction line is shown intogether with a plot for the dissipated energy per friction
Fig. 5 (blue line. loop per atomic unit cellwith a=0.246 nm, which is de-

Second, in order to find the lateral position of a jump, thefined as the area between trace and retrace divided by the
raw data signal is numerically differentiatéalack line atthe  number of unit cells along the scan line. Clearly, the dissi-
bottom of Fig. 5 and the tip base positions where the differ- pated energy varies substantially from 10 to 30 eV with the
entiated signal is above a certain threshh@ldtted line in  tip position along the slow scan axig direction, depending
Fig. 5 are determined. Then each individual stick part of theon whether the tip scans exactly along the center of the
friction curve is fitted with a lingupper solid black line in  hollow-site rows(e.g., solid arrowsor between two rows of
Fig. 5. The height of the peaks is then extracted, yielding the
individual jump-heightd=,,. Please note that the jump-height
is always measured with respect to the zero friction line. This
procedure takes advantage of all the data points acquired
during the friction scan, which allows an improved signal-to-
noise ratio for the jump-height determination.

Figure 6 shows a typical “jump-height histogram,” i.e.,
the number of jumps as a function of the maximum lateral
force F,, just before the jump. The histograms were compiled
from a 6x6 nn? fricion map at a scan speed
=120 nm . A total of 23 748 jumps were extracted from
the friction map. The jumps were collected in bins with a
width of 0.008 nN, which is a compromise between resolu-
tion and smoothness of the resulting histogram. For compari-
son with the theoretical jump distribution function the histo- £ 7. (color onling The left image shows a zoom of the
gram must be normalized by the total number of jumps. Theiction map of image size 86 nn? at a scan speed of 60 niiis
right-hand scale shows the corresponding relative jump probrhe dissipated energy was calculated from the individual friction
ability. The overall shape of the curve roughly resembles theoops and is shown in the right part of the graph. For better com-
theoretical curve for the distribution function in Fig. 2. A parison with other measurements, the dissipated energy is normal-
quantitative comparison will follow in the next sections. ized by the number of lattice unit cells, over which the tip was

We intentionally adjusted the sample orientation such thascanned. The black line is a 3-point box average of the raw data
only jumps parallel to the fast scan directi¢x direction (squaresand is meant as a guide to the eye.

0 10 20 30 40
lateral frictionmap dissipated energy (eV)
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tions of the surface(a) along the center of the
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tween two hollow-site rowdred lines in Fig.
7(a)]. The dashed lines show the fitted zero fric-
tion line which serves as the reference for the
jump-height determination.
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hollow-sites (e.g., dashed arrowsThe friction loops also V. COMPARISON OF EXPERIMENTAL
look very different depending on the exact position of the tip AND THEORETICAL JUMP STATISTICS
along they direction. Figures @) and 8b) show, for ex- In order to compare our experimental jump-height distri-

ample, typical friction loops along the center of the hollow- ption diagrams to the theoretical curves we first analyze the
site rows and between the rows, respectively. Thereforgelevant fit parameters of the system. From the experiment
some crucial parameters governing the atomic friction prothe tip-sample temperatur®=300 K, the HOPG unit cell
cess must change considerably, depending orythesition  |attice constana=0.246 nm, and the relative tip-sample ve-
of the tip. locity v are known. The effective lateral spring constant is
Since the average friction depends strongly on the exaderived from the slope of the stick-part of the friction
tip position in they direction, a one-dimensional model must curves? yielding c.;;=1.02+0.16 N m'. The torsional reso-
be insufficient to describe the system adequately. It is therenance frequency of the tip in contafgt can be estimatetf
fore necessary to separately analyze the situations where tide free torsional resonance frequency was measured di-
tip is in the center and on the side of the hollow-site rows. Saectly in the UHV chambe(f;=274 948 H2. Assuming that
far, the jump-height histogram in Fig. 6 represents an averthe effective mass does not change if the tip is in contact
age over different sites. In this context it should be noted thavith the surface, the resonance frequency scales with
the appearance of the two-dimensional friction maps canc./c;, giving an estimate fof,.=73 482 Hz. For triangular
change considerably also under different lo&ds. cantilevers,f,. values of comparable magnitude have been
In Fig. 9 (scan speed=80 nm/3 and Fig. 10(scan speed reported beforé®
v=120 nm §') we present experimental jump-height distri-  The only unknown parameters left are the friction coeffi-
bution functions(solid cityscape lingsthat are created from cienty, describing the rate at which the kinetic energy of the
the jumps occuring in the center of the hollow-site rowstip is dissipated, and the surface barrier poterffigl How-
(solid arrows, compare also Fig) @nd between the rows ever, the fit of the theoretical distribution function to the
(dashed arrows Each diagram is compiled from about 6000 experimental histograms does not allow an independent de-
jumps out of a total of 24 000 jumps, to achieve sufficienttermination of both parameters. In our case, we will use an
statistics. Although a certain averaging over different sitesstimate for the friction coefficieng. The ratio ofy versus
can still not be excluded, these histograms represent now thig, determines the type of damped oscillation behavior. For
almost one-dimensional stick-slip case and will be comparetheoretical studies of the Tomlinson motite case otriti-
to the thermally activated Tomlinson model in the next para-cal damping is usually assumed. For critical damping the
graph. ratio is y/f,=4m. Although we do not know the precise
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FIG. 9. (Color online The experimental jump-height distribu-
tion functions for a scan speed of 80 nm ¢solid lines, cityscape  tion functions for a scan speed of 120 n ésolid lines, cityscape
shapg, which were compiled from the jumps at the sidled and  shapg, which were compiled from the jumps at the siged and
the center(blue) of the hollow-site rows. The dashed lines are the the center(blue) of the hollow-site rows. The dashed lines are the
corresponding best fits with the thermally activated Tomlinsoncorresponding best fits with the thermally activated Tomlinson
model from Sanget al. (Ref. 11 with the energy barrier heights model from Sanget al. (Ref. 11 with the energy barrier heights
Eg'"=118 meV andEg®=132 meV, respectively. ET"=118 meV andE]™=132 meV, respectively.

FIG. 10. (Color onling The experimental jump-height distribu-

value of y in our experiments we will use the value for = o )
critical damping, since it represents a defined oscillation beln stick-slip friction experiment$>!#in this context it is in-
havior. Therefore we use an estimate)ef9.2x 10° s1, At teresting to note that the absolute value of the fitted barrier
this point we note that it would also be possible to obtain théneights depends on the friction coefficiept however, the
vy coefficient directly from friction measurements above thedifference between the maximum and minimum barrier
critical velocity!8 Alternatively, one could determine the en- heights AE,=14 meV is independent of the particular
ergy barrier heighg, from the velocity dependence of the value.
friction'® and extract the friction coefficient from the fit to A similar good agreement is observed for the diagrams in
the histogram. Fig. 10, which were compiled from jumps at a higher tip
A comparison between experimental and theoreticabase velocity o =120 nm S!. Best fits were achieved with
jump-height distribution functions is shown in Fig.(8can  exactly the same values farandE,, except that the velocity
speed ofv=80 nm s?). The peak width and the peak posi- was adjusted to the experimental value, which results in a
tion of the experimental curvesolid cityscape lingsare  shift of the curves by 20 pN towards higher force values.
well reproduced by the theoretical curvésoken lines. The
peak height and the asymmetry, however, cannot be unam-
biguously confirmed, which is due to the noise in the experi-
mental histogram. Unfortunately, the noise of the jump- In conclusion we have measured atomic scale stick-slip
height determination is of comparable magnitude as thériction on graphite(HOPQ. From the friction maps we ex-
statistical noise of the lateral force measurement, and therdract the maximum lateral force, which is necessary to induce
fore the original distribution function will be superimposed a jump. Additionally, we perform a statistical analysis of the
by a Gaussian noise peak. However, the width of the theojumps. The concept of the jump-height histogram is intro-
retical distribution function is mainly determined by the tem- duced which directly shows the probability of the tip to jump
peraturg(and also indirectly by the force calibratiprand the  at a certain lateral bias force. We compare the experimental
reasonable agreement of the experimental and theoretichlstograms with the theoretical distribution function from
widths of the distribution function indicates that the spreadSanget al! which is based on the thermally activated Tom-
of the jump-heights is related to the thermally activated Tomdinson model. We find that the width and the shift of the
linson model. histograms agree well with the theory, while the expected
The histogram compiled from jumps at the center of theasymmetry of the histograms cannot be confirmed within the
hollow-site rows(solid arrows in Fig. ¥ was fitted with a  noise of the experiment.
surface barrier potential d;,=132 meV, and the histogram However, the histograms depend strongly on the exact
from the jumps at the side of the hollow-site rovdashed position of the tip with respect to the atomic structure of the
arrows in Fig. 7 was fitted withE;=118 meV. These energy surface, which is a direct consequence of the two-
barrier heights are comparable to the values previously foundimensionality of the surface potential. In fact, the energy

VI. CONCLUSION
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dissipated during one friction loop varies by a factor of 3,tion on HOPG can also vary dramatically depending on the
depending on the exact tip position. From the fits to ourscan anglé?

experimental distribution functions we find a correlation be-

tween the site dependence of the friction loops with different

energy barriers of the surface potential, ranging from ACKNOWLEDGMENTS

118 to 132 meV. This means that already a small variation

of the effective surface energy barrier by about 10% can We gratefully acknowledge continuous support and many
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