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Abstract: We consider driven oscillations of the AFM cantilever in computational
experiments. Complexity of motion is described by permutation entropy H(3), which we
compute for data obtained during scanning. Our aim is to find the optimal values of the
scanning velocity, initial position of the tip, and the driving force amplitude and frequency
for imaging the nanostructure, in a specific dynamic mode of the AFM operation.
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1. INTRODUCTION

Permutation entropy is a complexity measure
for time series [1]. This approach, based on compar-
ison of neighboring values, can be used in the pres-
ence of observational and dynamical noise. The
permutation entropy of order #n is

H(n) ==Y p(r)log p(r) (1

where p(r) is relative frequency of permutation
7 . The logarithm base is 2 . If n =2, there are two

permutation types: x, <x,,, and x, >x,,,.If
n =3, there are six permutation types:
xt < xt+1 < xt+2 2 xt+1 < xt < xt+2 2 xt+2 < xt < xt+1 >

Here we compute H(3) for the data obtained

in computational experiments with AFM, a tool for
imaging surfaces with atomic resolution [2]. AFM
modes of operation are static (contact and non-
contact) and dynamic (contact, non-contact and tap-
ping).

Different AFM modes (phase shift imaging,
atomic force acoustic microscopy, force spectrosco-
py) are applicable to mapping the distribution pat-
tern of low-molecular-weight biomimetic groups on
polymer biomaterial surfaces [3]. Amplitude mod-
ulation AFM in air has application to high-resolution
imaging of macromolecular complexes [4]. High-
speed mapping of the elastic properties of various
structures in air is performed using high bandwidth
interdigitated AFM probes [5].
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In a specific dynamic mode of the AFM op-
eration, that we consider here, the cantilever per-
forms driven oscillations. The optimal values of the
scanning velocity, initial position of the tip interact-
ing with a nanostructure, and the driving force am-
plitude and frequency will be determined.

2. THE MODEL

We solve the equation of the AFM tip motion:
M (x—x,)—Acoswt
Hy (V=20 =Viunl)
#.(2~2)

where m =2.324-10""kg is mass of the cantilever, 7

2=
1T _ vy~
dt

)

m

shows the position of the top, U is Lennard-Jones
potential, ;; — 4N, U, =, = 2OE, (Xy,1,,2,) 1
m m

initial position of the top, V.

an 18 scanning velocity,
A is amplitude of the driving force, @ is frequency

6 &, and V is velocity

m
of the AFM tip. The Lennard-Jones potential de-
scribes interaction of the tip with a few atoms placed
on y axes, in their equilibrium positions. Scanning

of the driving force, g=10"

velocity has y direction.

We compute permutation entropy H(3) of
time series x(¢+nh), where h=10ps and
n=-249,-248,...,250. Certain value of permuta-
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tion entropy is assigned to a very small part of the
observed structure. Corresponding displacement of
the AFM tip, in direction,  is

Ay =5001V,_, ~0.0lnm.

3. RESULTS

For appropriate values of the initial tip-

structure distance x(0), scanning velocity V., (in

y direction), amplitude of driving force 4 and fre-

quency of driving force @, the permutation entropy
picks are at the atom places.

First we investigate complexity of the AFM
tip motion when it interacts with four atoms placed
on y axes at 0, 0.15, 0.3 and 0.45, for different

values of the initial tip-structure distance (fig. 1).
Next we find out the optimal scanning velocity of
the tip interacting with atoms at 0, 0.15, 0.35 and
0.5 (fig. 2). Then we consider different values of 4
and @ (fig. 3, fig. 4). Permutation entropy can be
changed significantly at small changes of the fre-
quency @ .
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Figure 1. For y(0)=-0.1nm, z(0)=0, yp

scan

=2mm/s, A=9pN and o =3THz, the optimal value

of x(0) is 2.9nm. Circles denote the places of atoms
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Figure 2. For x(0)=41nm, y(0)=-0.1nm, z(0) =—0.02nm, A=55pN and w=3.1THz , the optimal

value of V'

can

is 2.1mm/ s
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Figure 3. For x(0)=3.4nm, y(0)=-0.05nm, z(0)=0, V.

scan

value of A is 74.7pN

=2mm/s and @ =3THz, the optimal
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Figure 4. If x(0)=3.2nm, y(0)=-0.05nm, z(0)=0, V., =2mm/s and A=11pN, it is very difficult to find
out an appropriate value of frequency @ . If @ =15THz , three picks are approximately at the atom places

4. CONCLUSION

Driven oscillations of AFM cantilever are
considered in computational experiments. For ap-
propriate values of the initial tip-structure distance,

scanning velocity, amplitude of the driving force and

frequency of the driving force, imaging of a nano-
structure using permutation entropy is possible.
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FOR

KOPUIIIREWBE ITEPMYTAIIMOHE EHTPOITWIJE ITP1
AHAJIN3N IIOAATAKA JOBMIJEHUX IIOMORY A®M-a

Caxerak: Y pauyHapcKUM €KCIHEPHMEHTHMa II0CMaTpamo IPHHYAHE OCLMIaluje
Hocaya mmibka ADM-a (atomic force microscope). KommuiekcHocT KpeTama onurcaHa je
nepMyTauuoHoM entpornujoM H(3), kojy padyHamo 3a mojarke IPUKYIJbEHE IpU
ckenupawy. b je nmponahm onTumanHe BpHjeHOCTH Op3WHE CKEHHpPama, MOYETHOT
MOoJIOXKaja MIMJbKa Kao W aMIUIMTyJe W (ppeKBeHLMje NPUHYJHE CHJIE 32 NPHUKa3HuBambe
HAHOCTPYKTYpE, y jeZIHOM crielin(pUUHOM JTUHAMHYKOM Moay paiga ADM-a.

Kbyune pujeun: AOM, nepmyTaiyiona eHTpOINu1ja, HAHOCTPYKTYpa.
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