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We propose a model for a description of formation of quasiperiodic nanoscale patterns induced by

scratching a surface with an atomic force microscope tip. The simulations demonstrate that the interplay

between the developing surface corrugation and the frictional stress produced by the moving tip plays a

decisive role in the formation of the regular ripples. Our model reveals the size and shape of the tip as the

main factors that determine periodicity and amplitudes of the patterns, and it allows experimental

observations to be explained. It is shown that the wear at the nanoscale cannot be explained by

conventional macroscopic wear theories.
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The practical importance and relevance to basic scien-
tific questions have motivated recent studies towards
understanding mechanisms of wear at the nanoscale
[1–9]. The atomic force microscope (AFM) is ideally
suited to gain insight into the problem, as it allows us to
perform localized and controllable modifications of sur-
face structure and in situ imaging of the resulting topog-
raphy with nanometer scale resolution. An AFM tip
moving over the surface induces the rupture of chemical
bonds and displacement of atoms or small clusters, there-
fore producing a change in surface topography. It has been
reported that repeated scratching of surfaces of different
materials, such as polymers [10], ionic crystals, metals
[2,11], and semiconductors [12] resulted in the formation
of quasiperiodic nanoscale patterns (ripples). Similar struc-
tures also can be created by ion beam sputtering [13], and
they are commonly observed on macroscopic scales. In
spite of the universal nature of the process of pattern
formation and the growing efforts in investigations of this
phenomenon [2,7,10–14], many fundamental aspects of
ripple formation induced by a localized moving perturba-
tion are still not understood.

In this Letter we propose a model for a description of
formation of regular ripples induced by scratching a sur-
face with an AFM tip that is repeatedly scanned along a
line. The simulations demonstrate that interplay between
the developing surface corrugation and the lateral stress
produced by the moving tip plays a decisive role in the
formation of the quasiperiodic nanoscale patterns. Our
model reveals the main factors that determine periodicity
and amplitudes of the patterns, and it allows experimental
observations to be explained [2,11,12].

A schematic representation of the model is shown in
Fig. 1. A tip is elastically coupled to a support with a spring
having an effective spring constant k and experiences a
constant loading force FN in z direction while it is pulled

over the surface with a constant velocity V along the
x direction. Three-dimensional frictional motion of the
driven tip can be modeled by the following Langevin
equations:

M €xþ � _x� FðintÞ
x þ kðx� VtÞ ¼ fx; (1)

M €yþ � _y� FðintÞ
y þ kðy� y0Þ ¼ fy; (2)

M €zþ � _z� FðintÞ
z � FN ¼ fz: (3)

Here (x, y, z) and M are the position and effective mass
of the tip, � is the damping constant (the same for x, y, and
z directions). The effect of thermal fluctuations on the tip
motion is given by the random forces fx;y;z which are

� correlated, hfsðtÞfs0 ðt0Þi ¼ 2�kBT�ss0�ðt� t0Þ, s ¼ x,

y, z, and FðintÞ
x;y;z are the interaction forces between the tip

and the underlying substrate.

FIG. 1. Schematic sketch of the model setup.
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The tip-surface interactions in the lateral x, y directions
are approximated by a sum of repulsive Gaussian poten-
tials

FðintÞ
xðyÞ ðx; y; zÞ ¼ �U0

@

@xðyÞ
X

i;j;k

expf�½ðx� xiÞ2 þ ðy

� yjÞ2 þ ðz� zkÞ2�=r20g; (4)

which are spatially centered at the positions of surface
atoms (xi, yj, zk), occupying sites of a cubic lattice, which

are marked by i, j, k ¼ 0;�1;�2; . . . . In order to accel-
erate the numerical simulations only atoms with a distance
smaller than 5r0 from the tip were included in the sum.
The parameter r0 defines a characteristic range of the tip-
surface interaction and depends on the radius of the tip
apex. In the normal direction we assumed an exponential
decrease of the tip-surface repulsion with a distance from
the surface atoms,

FðintÞ
z ¼ �Uz

@

@z

X

k

exp½�ðz� zkÞ=r0�; (5)

where, as above, the sum includes all atoms with a distance
smaller than 5r0 from the tip.

In this Letter we focus on the mechanical action of the
scanning tip that leads to the removal, displacement, and
rearrangement of surface atoms. Recent scanning probe
microscopy experiments [6,7,15] demonstrated that such a
wear process occurs through an atom-by-atom detachment,
which in turn implies the breaking of individual bonds. The
bond breaking can be considered as a thermally activated
process governed by the Arrhenius type kinetics with an
activation barrier that decreases with an increase of the
friction stress [16,17]. Here, we neglect the effect of ther-
mal fluctuations on the atom detachment and assume that
the tip is able to remove a surface atom when the absolute
value of the instantaneous force acting on the atom
jFtip-atomj exceeds a threshold value Fth. Including the

Arrhenius kinetics of bond rupture does not change the
conclusions of this work.

Rather than using a dynamic description of motion of
detached atoms, we utilize a procedure that defines the
displacement of the atoms located in the uppermost layer.
At each time-step (n) of the simulations, we examine
the detachment condition jFtip-atomj> Fth. If it is fulfilled,

the corresponding atom is removed from its position at the
previous time step, (n� 1), and located in a new one:
fxn�1

i ; yn�1
j ; zn�1

k g ! fxni0 ; ynj0 ; znk0 g. We assume that the dis-

placement in the fx; yg plane occurs at the angle ’ with
respect to the pulling direction x, and it is proportional to
the force acting on the atom at the moment of detachment.
The impact angle ’ is determined by the shape of the tip.
We discuss a dependence of the results on the value of ’
below. Thus, the new fx; yg coordinates of the atom are
given by the following equations:

xni0 ¼ xn�1
i þ ak cos’jFtip-atomj=F0k; (6)

ynj0 ¼ yn�1
j � ak sin’jFtip-atomj=F0k; (7)

where F0 is a normalization constant and the symbol kk
denotes the closest integer number to the argument, since
the atoms occupy sites of the discrete lattice. The sign of
the displacement in the y direction [see Eq. (7)] has been
chosen randomly taking into account that atoms can be
displaced both to the right and to the left of the driving
direction x with equal probability.
Upon receiving new lateral coordinates fxni0 ; ynj0 g, the

removed atom also obtains a new z coordinate that corre-
sponds to a position on top of the surface atom with the
coordinates fxni0 ; ynj0 g. Thus, the removed atoms assemble a

new surface layer. It should be noted that the described
procedure may lead to a highly jagged surface with sudden
changes in heights (z coordinates) of the adjacent surface
atoms. In order to mimic the effect of surface diffusion that
smooths out the height gradients, we exclude configura-
tions for which differences in heights of any adjacent
surface atoms exceed the lattice spacing a. This has been
done in the following way: we calculated the differences
between the heights of the displaced atom and its neigh-
bors,�z ¼ znk0 � zn�1

k00 , and if at least one of them exceeded

a (�z > a), the atom was shifted by the lattice spacing in
the direction of the steepest slope. For cases in which�z >
a for more than one of the neighboring atoms, the direction
of atom displacement was chosen randomly from among
the directions with steep slopes.
For a wide range of parameters, our model exhibits a

formation of quasiperiodic surface patterns while scratch-
ing the surface with the AFM tip (see Figs. 2 and 3), as it
was observed in experiments [2,10–12]. Figure 2(a)
shows the topography of a groove calculated after scratch-
ing the surface 100 times along a line with a normal load
FN ¼ 25 nN, scanning velocity V ¼ 2�m=s, and impact
angle ’ ¼ �=4. In simulations we start with the atomi-
cally flat surface and analyze time evolution of lateral
forces and topography while scratching the surface. Initial
stages of scratching involve a displacement of a very
limited number of atoms, and in this case, the lateral
force is low and no structure can be recognized.
Afterwards, the tip motion slows down at the slopes of
randomly produced mounds, the lateral stress is built up,
and as a result, additional atoms detach from the surface
in front of the mound and are transferred to it. When the
lateral force acting on the tip becomes high enough to
pull it over the mound, the tip movement accelerates, its
interaction with the substrate is reduced, and the detach-
ment of atoms diminishes. During the subsequent scans
the existing mounds collect additional atoms and grow,
while the pits between them get deeper. Thus, the tip
motion can be represented as a set of alternating segments
of accelerated and decelerated stages which correspond to
the regions of reduced and enhanced wear, respectively.
In accordance with experimental observations [11], we
found that the surface corrugation along the scan line is
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modulated with the same periodicity as the lateral force
(see Fig. 2).

Formation of the quasiperiodic surface patterns is
clearly marked in the 2D map for the lateral force along
the scratch as a function of the scan number n, presented in
Fig. 2(c), where darker colors correspond to higher force
amplitudes. The development of ripples can be seen by
observing the change in the standard deviation of the
lateral force with n. It shows an abrupt increase at the
initial stages of wear and further growth with increase of
the corrugation amplitude [Fig. 2(d)]. The mean lateral
force hFi exhibits a steplike rise during the first scans
and then, only gentle increase with n. The described be-
havior of the lateral force versus scan number has been
found in the AFM experiments on KBr [11].

Figures 3(a) and 3(b) show the surface corrugations,
hzðxÞi and hzðyÞi, along and across the groove (in x and y
directions), respectively, which have been found after 100
scans. The presented results have been calculated by aver-
aging the surface height zðx; yÞ along the y and x directions:
hzðxÞi ¼ 1

2Ly

RþLy

�Ly
zðx; yÞdy and hzðyÞi ¼ 1

Lx

RLx

0 zðx; yÞdx,
where Lx is the scan length and Ly is a characteristic

distance from the groove at which the effect of scratching
is negligible. The hzðxÞi profile exhibits a periodic struc-
ture with 14 mounds aligned along each side of the groove.
For the chosen values of the parameters, the distance
between the two adjacent mounds or pits is about 15 nm,

and the distance between the two rows of mounds is
about 4 nm.
Figure 3(c) displays an example of the dependence of

wear [number of detached atoms, NdetðnÞ] on the number
of scans n. The calculation shows a deviation from
Archard’s linear wear law [18,19], according to which a
volume of the removed material should be proportional to
the sliding length and normal load. Previously, AFM ex-
periments also reported that their wear data do not fit
Archard’s law [3,6,7] very well, indicating that this law
is not generally applicable to nanoscale wear. It should be
noted that the total number of detached atoms, NdetðnÞ,
does not provide proper information on the overall modi-
fication of the surface caused by the wear, since some
surface sites which were scratched at earlier stages of the
process could be repaired (refilled by atoms) at later stages.
The actual surface abrasion is given by the integral devia-
tion of the surface from the flat one, and it can be defined as

NabrðnÞ ¼ 1
a3

R
Lx
dx

RLy

�Ly
dyjzðx; yÞj. Figure 3(c) shows

that NabrðnÞ can be significantly smaller than NdetðnÞ, and
it exhibits strongly nonlinear dependence on n. A deviation
ofNabrðnÞ fromNdetðnÞ grows with a decrease in the impact
angle’ since for small’, the removed atoms are deposited
closer to the scan line and the ‘‘healing’’ effect is more
pronounced. Our simulations show that for ’ � �=4, the
abrasion, NabrðnÞ, levels off at high scan numbers, and the
increase of the ripple amplitude is saturated. On the time
scale of the simulations, the saturation does not occur for
higher impact angles.
An important question is what parameters of the system

define the periodicity of the patterns generated by me-
chanical action of the tip [2,7,11,12]. Our simulations
show that at the crest of each ripple the tip becomes
detached from the surface, and the length of the detached

FIG. 2. (a) and (b) Topography of the groove and the lateral
force loop calculated after 100 scans. The upper and lower
branches of the force have been obtained by scanning forward
and backward, respectively. (c) Development of the lateral force
with the number of scans, n, during forward and backward
scratching over a line of 200 nm length. Darker colors corre-
spond to a stronger force. (d) Variation of the mean lateral force
(black curve) and its standard deviation (gray curve)
while producing the quasiperiodic pattern. Parameter
values used in simulations: k ¼ 2 N=m, M ¼ 2� 10�11 kg,
V ¼ 2� 103 nm=s, a ¼ 0:4 nm, r0 ¼ 3 nm, FN ¼ 25 nN, � ¼
10�5 kg=s, U0 ¼ 1:1 eV, Uz ¼ 0:75 eV, kBT ¼ 0:025 eV,
Fth ¼ 10�2 nN, F0 ¼ 0:5Fth, ’ ¼ �=4. The numbers of lattice
cells along the x, y directions are Nx ¼ 512; Ny ¼ 40.

FIG. 3. Surface corrugations, hzðxÞi and hzðyÞi, along (a) and
across (b) the groove after scratching the surface 100 times.
(c) Solid and dashed curves, respectively, show how the number
of removed atoms NdetðnÞ and the surface abrasion NabrðnÞ
change with respect to the number of scans. Calculations show
a strong effect of the impact angle ’ on NabrðnÞ, while NdetðnÞ is
independent of ’. The values of the parameters are as in Fig. 2.
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phase of motion determines a distance between the adja-
cent mound and pit. This mechanism is similar to what has
been found at the macroscale for unpaved roads, where the
upward bounce of a wheel drives the bifurcation to the
rippled state [20]. As for the nanoscale, corrugated patterns
arise on roads over a wide range of material parameters,
and in all cases exhibit qualitatively identical features.
However, there is a significant difference in the nature of
the bifurcation at the macro- and nanoscales. In the case of
roads the rippled state develops only for the driving veloc-
ities which are above a critical value, and the patterns
strongly depend on the velocity and mass of the wheel
[20]. In the AFM configuration the detachment of the tip
from the surface results from the intrinsic elastic instability
of the system including the tip-substrate contact and driv-
ing spring [19,21]. The instability is velocity independent,
and because of this the scan velocity does not affect the
scratching process. The simulations performed in a wide
range of velocities, 20 nm=s � V � 2� 103 nm=s, sup-
port this conclusion [22]. At the nanoscale the instability is
controlled by the tip-mound interactions that are mainly
determined by the impact angle ’, tip radius (modeled by
the radius of tip-surface interaction r0), and normal load.
The simulations indeed reveal that the period of the pat-
terns increases with r0 and with the normal load [22].
However, these effects are less pronounced than the influ-
ence of the impact angle on the topography.

Figure 4 demonstrates a pronounced effect of the impact
angle (that depends on the tip geometry) on the undulated
topography. The left column shows gray-scale maps for the
surface height zðx; yÞ in the fx; yg plane, calculated for three
impact angles, ’ ¼ 0, �

6 ,
�
4 . Here, mounds and pits

are displayed by light and dark colors, respectively. The
right column presents the Fourier transforms jzðqxÞj of the
corrugation along the grooves hzðxÞi, which exhibit

well-defined maxima at the wave vectors corresponding
to the periodicity of the patterns. We found that for all
values of the impact angles, the scratching produces qua-
siperiodic patterns. The period of the patterns decreases
with an increase in ’, while the spacing between the
mounds and the scan line increases. Thus, our model shows
that the tip geometry is the main factor influencing the
topography of the grooves, as it was found in experiments
[11], where the topography varied significantly between
experiments using different tips.
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FIG. 4. Left and right columns present the gray-scale maps for
the surface height zðx; yÞ in the fx; yg plane and the Fourier
transforms jzðqxÞj of the corrugation along the groove hzðxÞi,
which have been calculated for three impact angles, ’ ¼ 0 ðaÞ,
�
6 ðbÞ, �

4 ðcÞ. The maps display the mounds and pits as light and

dark colors, respectively; the Fourier transforms are normalized
to the maximum values of jzðqxÞj. The values of the parameters
are as in Fig. 2.

PRL 106, 025502 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

14 JANUARY 2011

025502-4

http://dx.doi.org/10.1021/cr960068q
http://dx.doi.org/10.1021/cr960068q
http://dx.doi.org/10.1103/PhysRevLett.88.215501
http://dx.doi.org/10.1103/PhysRevLett.88.215501
http://dx.doi.org/10.1063/1.1510595
http://dx.doi.org/10.1088/0957-4484/15/7/014
http://dx.doi.org/10.1063/1.2800375
http://dx.doi.org/10.1063/1.2800375
http://dx.doi.org/10.1103/PhysRevLett.101.125501
http://dx.doi.org/10.1103/PhysRevLett.101.125501
http://dx.doi.org/10.1038/nnano.2009.199
http://dx.doi.org/10.1038/nnano.2009.199
http://dx.doi.org/10.1038/nnano.2010.3
http://dx.doi.org/10.1126/science.255.5040.64
http://dx.doi.org/10.1103/PhysRevB.68.115416
http://dx.doi.org/10.1016/j.apsusc.2008.02.067
http://dx.doi.org/10.1016/j.apsusc.2008.02.067
http://dx.doi.org/10.1103/PhysRevLett.82.2330
http://dx.doi.org/10.1103/PhysRevLett.85.4884
http://dx.doi.org/10.1063/1.1314376
http://dx.doi.org/10.1063/1.1314376
http://dx.doi.org/10.1126/science.347575
http://dx.doi.org/10.1103/PhysRevLett.92.135503
http://dx.doi.org/10.1103/PhysRevLett.92.135503
http://dx.doi.org/10.1063/1.1721448
http://dx.doi.org/10.1103/PhysRevLett.99.068003
http://dx.doi.org/10.1103/PhysRevLett.99.068003
http://dx.doi.org/10.1002/0471428019.ch5
http://dx.doi.org/10.1002/0471428019.ch5
http://link.aps.org/supplemental/10.1103/PhysRevLett.106.025502
http://link.aps.org/supplemental/10.1103/PhysRevLett.106.025502

