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Abstract

Study of forces between the sample and the AFM cantilever tip is the basic in AFM force distance study. AFM plays vital role and acts

as the Hooken’s response giving rise to the force measurement. Force characterization depends on various conditions. That yield basic

theories like JKR , DMT interaction etc. have been using for its explanation.
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Introduction

Force distance curve plays a vital role for the explanation of
different types of interaction and the underlying physics for the
interaction. The force is not same as in AFM is brought in or
out (attraction and retraction). Force distance curve is the study
of interaction force between the cluster of atoms in the AFM
cantilever tip and the sample surface. What we measure in AFM
is the distance between the cantilever and the sample (Z), not the
distance between the sample and the tip (d). The distance controlled
during the measurement is not the actual tip-sample distance (d),
but the distance (Z) between sample surface and the rest position
of the cantilever. These two distances differ because of cantilever

deflection §_and of the sample deformation §_[1]. These quantities

are related as follows:
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Fig.1: Cantilever deflection.
Where, d is the smallest gap between the tip and the sample. So

the obtained curve is the F vs. Z curve rather than F vs. d curve.
However the two can be converted from one to the other. Lots of
interesting Physics lies in Force distance curve. Force is effective
among the cluster of atoms in tip and the sample. This can be
simply explained by the Lenard zone potential curve, which is the

nature of the obtained curve due to the interaction.
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Fig 2: - Lennard —Jones potential curve.

As we see to the right of the curve in the attractive regime, force
is negative which gives explanation of the inverse square law of
forces. In case of AFM this is the region where the AFM cantilever
tip is brought from some extent where d is equal to zero (chosen
arbitrary) and reaches to the attractive regime due the force of
adhesion. At certain distance to the sample surface, tip of the
cantilever ‘snaps in’. It is the case when the adhesion force is much
larger than the force due to cantilever. The reverse phenomenon
occurs during the retraction called ‘snaps out' as we pull the tip
away. This region explains about the well known Haymaker
constant, Vander Waals force etc and interesting part of physics

lies here. The force of adhesion may be due to the Vander walls
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force (caused due to polarization) or capillary force (due to ambient
condition) and others. The magnitude of these forces depends on
the true contact area and nature of the attractive forces holding the
surface together [2].The basic analysis of force measurement can
be done from different applied theories like JKR, DMT, Maugis
[3], Carpick, Ogletree and Salmeron (COS) etc [4]. Whereas, if
we go to the left side of the curve, we get the repulsive regime
which explain about the elasticity and inelasticity of the sample

for AFM measurement.

Force distance curve is some time hysteretic. Where, the hysteresis
occurs due to necking of the soft sample itself as can be seen in
the JKR interaction model. Thus JKR interaction is called the
dissipative interaction where there is net loss of energy. Whereas
DMT type of interaction are called the conservative interaction as

the force depends on the gap between the tip and sample.

Force measuring technique
The force due to cantilever (about 100-200pm) is simply the force
due to its Hooken’s response given by Hook’s law as:-

F=k$

Where, kis the spring constant ofthe cantilever and d is the deflection
of the cantilever. We use the given value of spring constant and the
deflection can be calculated from optical beam deflection method
through PSPD (Position sensitive photo detector). For the non
given value of k we obtain it by beam geometry where k is given
as:-
k=3EI/L3
Where,

E is Young’s modulus of elasticity

I is the moment of inertia which for the rectangular beam is
I = bd®12, b is the breadth and d is the thickness of cantilever.

L is the length of the cantilever beam.

Several other methods have been illustrated by John Ralston [5].
This cantilever force balances the force due to adhesion as a result
of which the force of adhesion can be calibrated. The pull of force
for the JKR type of interaction is given as:-

=(:32)n YR

F pull off

Where,
Y is the net force of adhesion of sample and the tip, R is

the effective radius between the tip and the sample.

This theory is given for the compliant material having large
sphere radii with short range and strong adhesion force. For the
stiff material having small sphere radii with weak and long range
adhesion force DMT theory is used according to which the force

of adhesion is given as [6].

F oull oft — -2nYR
Where, the indices are as explained above. The pull off force is the
force to overcome the adhesion. The adhesion force could include
Vander Waals force, capillary force or the electrostatic force. An
excellent text explaining intermolecular and surface forces is given
by Israelachvili [7].We basically ignore all the ambient condition

and perform the set up in zero relative humidity condition.

Result and Discussion

AFM with a given value of spring constant was taken and was
used for the force analysis. It is to be noted that the spring constant
of the cantilever must be less than that of the equivalent spring
constant between atoms in the solid to avoid the possibility of the
spring actually pushes atoms aside [7] . Experimentally obtained
Force distance curve using silicon tip cantilever for iron substrate

is explained in figure (i).

The graph is like the Lenard zone potential as discussed above.
The curve for attraction and retraction is shown by two different
lines and the position of cantilever during the process is illustrated
in the ideal graph (b). Position (i) shows the cantilever when it
is at far sight and no adhesion force acts. Position (ii) is where
cantilever exerts force of adhesion and suddenly ‘snaps in’ during
which the cantilever moves inward. The repulsive interaction thus
comes into play which balances the cantilever to its position (iii).
Further inward movement will result in repulsive force which
bends the cantilever with same z (iv). Again as the cantilever is
retraced (moved back) the reverse phenomenon occurs, called
retraction shown by the position (v), (vi) and (vii). The AFM set

up is also shown in fig (a).
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1 BOE-008 According to DMT mechanism the adhesive force is given as
5.00E-009 |- __Aftracfion Y= (— F puII-off/ZnR)
0.00E+000 |- -Retraction And according to JKR mechanism the value of adhesion is given
E -5.00E-009 |- as
% -1.00E-008 |- _
% 1 s0e0m L Attraction Y= (2F o/ 3TR)
= 7 The value of R is given as:-
Q@ -2O0E-0m [ "-\
Snapsi -
g -2.50E-008 R ‘—I_ PO 1/R_1/R1+1/R2
L -3.00E-008 = ur
. / LF
-3.508-008 |- - Where, R, and R, are radius of the tip and the sample respectively.
L00E-008 Retraction _I_' Snaps off ) ] )
I The sample is taken to be too stiff, so the value of R, is taken to be
o 20 o 2z 23 2a o5

Distance (Micron)
Fig (i):-Force distance curve for iron substrate using silicon tip
in AFM.
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Fig: - a) AFM set up for force calibration.
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infinite. Hence,

R=R,=Radius of the silicon tip of AFM which was taken to be Snm
(AFM catalogue R is 5-10 nm, we take 5nm)

For the value of particular pull off force from the graph we calculate
the value of adhesion using DMT theories considering the sample
to be stiff. For the pull off force -3.00E-008 we get the value for
the force of adhesion as
For DMT type of interaction we get,
Y = (3.00E-008)/2x (3.14) x (5%10°)
=0.95 x10° N/m

Thus, value of force of adhesion is found 0.95x10 . If the process
was carried considering the compliant sample where no long
interaction acts we would better use the JKR type of interaction.
In case of UHV (ultra high vacuum) the two theories would be
applicable under the consideration of the nature of substrate and
the tip. Several recent studies has investigated that the adhesion
force between AFM tip and sample depends strongly on whether
the substance is hydrophobic or hydrophilic. If we consider
the instantaneous polarization of atoms interacting with the
surrounding atoms we take in account of the Vander Waals forces
for the adhesion given as
V,= HR/67

Where, H is called the Hamaker constant, R is the radius of tip and
z is the distance between the cantilever and the substrate. Hence
the well known Hamaker constant can be determined from the
consideration of the Vander Waals force to be only the force of
adhesion. However the value of Hamaker constant as calculated by

Lifshitz expression is important [9]. In case of ambient condition
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we do consider the capillary force as the part of adhesion. So for
the flat surface joined by the liquid bridge the force due to adhesion
given by the Laplace pressure is given by

F=4znRY, cosd

Where Y, is the surface tension of the liquid in the condensate

and 0 is the contact angle of this liquid on the solid.

AFM measurements performed under ambient condition are thus
influenced by the presence of vapors, in particular by water vapor
[10]. This capillary force can also be illustrated as

capillary— YA/r=Y2nRd/r,
Where, Y is the net surface tension, A is contact area of the meniscus
given as A=2nRd, R is tip radius and d is tip radius depth, r, the

Kelvin radius.

Conclusion

Force distance curve has thus provided us a bridge of knowledge for
the study of different interaction and its measurement. The region
of snaps in and snaps out are still the points to be analyzed for the
AFM researcher where the huge Physics has still been hidden. The
hysteretic effect opens the path to study and understand the laws
of Physics.

Different consideration has to be taken for the force analysis under
different theories and the most reliable. Even we discussed the well
applied theory the violation may occur in whatever we have, under
some extent as the violation of JKR was found due to small size
of contact radius, compared to the thickness leading to DMT like
interaction. Much research has been undertaken for appropriate
theory under different sample like the biological and the study of
Nano Tribology. We believe to the famous saying by Feynman in
his lecture that “There’s Plenty of Room at the Bottom’ and search

for new events in Nano science.
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