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The torsional eigenmodes of atomic force microscope �AFM� cantilevers are highly sensitive toward
in-plane material properties of the sample. We studied the effect of viscosity and lateral contact
stiffness on the detuning, amplitude, and phase response numerically. To verify the theoretical
considerations, a torsion mode AFM was operated in frequency modulation. During approach and
retract cycles, we observed a negative detuning of the torsional resonant frequency close to the
sample surface depending on the tilt angle between the tip and the sample. Thus, the tilt has a
significant effect on the imaging process in torsional resonance mode. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2826285�

The tribological characterization of nanomaterials re-
quires friction measurements with very high sensitivity and
resolution as can be provided by an atomic force microscope
�AFM�. To this end, scanning shear force microscopy1 is a
very valuable tool. Several shear force microscopes for mea-
surements with AFM cantilevers but different excitation
mechanisms have been reported such as overtone
microscopy,2 combined dynamic mode,3 ultrasonic torsional
contact resonance spectroscopy,4 or torsional resonance
mode using amplitude modulation.5 The common idea is to
measure changes in the response of the torsional cantilever
resonance. In torsional resonance mode, a split piezoactuator
drives the cantilever at its torsional resonance, typically in
the range of 1–2 MHz. This technical approach greatly fa-
cilitates shear force microscopy with standard cantilevers.
However, coupling of torsional and flexural modes compli-
cates an analytic treatment of torsional cantilever vibrations.
Thus, finite element analysis is advantageous for the investi-
gation of the system dynamics. A three dimensional simula-
tion of the torsional resonances clearly showed that flexural
bending and torsional oscillations are coupled due to tip-
sample interaction.6

In the following, we investigate the frequency response
of the torsionally vibrating AFM cantilever in order to clarify
the role of the tilt between specimen and plane of oscillation.
Understanding the influence of the tip-sample interaction on
frequency response is essential for a quantitative interpreta-
tion of data obtained in torsional resonance mode. The cal-
culations are corroborated by an experiment under ambient
conditions, demonstrating the influence of the tilt angle.

For a vertically oscillating tip, the attractive surface po-
tential and viscoelastic sample properties determine the in-
teraction forces. van der Waals forces dominate the interac-
tion in the attractive regime ���0�. In the repulsive regime
���0�, forces can be calculated using a Derjaguin-Muller-
Toporov model.7 Thus, the vertical tip-sample forces are
given by

F���� = � − HR/�6�� − a0�2� , � � 0

− HR/�6a0
2� +

4

3
E*�R�3/2, � � 0. � �1�

Parameter H is the Hamaker constant, R is the tip radius, � is
the indentation depth into the sample, and a0 is a typical
interatomic distance. Distance parameters are defined in Fig.
1�a�. The elastic modulus of the tip-sample contact is given
by

E* = ��1 − �t
2�/Et + �1 − �s

2�/Es�−1, �2�

where Et and Es are the elastic moduli and �t and �s are the
Poisson ratios of tip and sample, respectively. Linearization
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FIG. 1. �Color online� �a� Parameters used to describe the indentation. �b� A
laterally vibrating tip interacting with a tilted specimen. �c� Experimental
setup of a frequency modulation torsion mode AFM.
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for very small vertical oscillations at a given indentation �0
leads to the effective tip-sample stiffness

k� = � −
�

��
F��

�=�0

= 	− HR/�3��0 − a0�3� , �0 � 0

2E*�R�0, �0 � 0.


�3�

For the lateral force, we assume no interaction before contact
���0�. Within the repulsive regime, we use an elastic inter-
action as derived from the Hertz model.8 Thus, we obtain

k" = 	 0, �0 � 0

8G*�R�0, �0 � 0

 �4�

for the linearized in-plane stiffness. The shear stiffness is
G*= ��2−�t

2� /Gt+ �2−�s
2� /Gs�−1, where Gt and Gs are the

shear moduli and v" denotes an in-plane velocity due to lat-
eral oscillations. We assume that the lateral viscous damping
force is dependent on the strain rate and the damping coef-

ficient � in the dissipation process �F=��̇�. In the model, we
have neglected friction in the noncontact regime which, for
example, can be caused by a liquid neck due to capillary
condensation.

If the lateral oscillations occur with respect to a tilted
specimen, the in-plane and out-of plane components both
contribute to the interaction, as illustrated in Fig. 1�b�

klat = k" cos��� + k� sin��� ,

knorm = k" sin��� + k� cos��� . �5�

For small angles �, the effective lateral force is given by

klat = k" + �k�. �6�

Notably, an attractive elastic interaction may be introduced
to the in-plane component, whereas a dissipative component
is added to the normal component due to interfacial friction.
Additionally, the elastic contact stiffens. In other words, in-
creasing the tilt angle leads to a transition from a purely
frictional �rubbing the surface� to a vibroimpact �tapping and
sliding on the surface� regime.

In order to evaluate the response of the cantilever to
in-plane surface properties, a finite element �FE� model of a
typical cantilever was implemented in COMSOL 3.2/FEMLAB

3.2 �FEMLAB GmbH, Göttingen, Germany�, as illustrated in
Fig. 2�a�. Tetrahedral mesh elements and the following ge-
ometry parameters were used: length L=250 �m, width b
=40 �m, thickness t=3 �m, Young’s modulus Et=169 GPa,
Poisson’s ratio 	t=0.28, and density 
=2330 kg /m3. A rect-
angular cross section of the beam was assumed. The beam
ends in a triangle, which resembles the actual shape of such
a cantilever. The conical tip was located at L=220 �m �cone
base diameter d=12 �m, height h=15 �m, semiangle
�=21.8°�. Mesh refinement was performed in order to
check the convergence of the modal solution. Interaction re-
lated parameters of the silicon tip and the graphite sample
were H=2.96�10−19 J, G*=4.2 GPa, E*=10.2 GPa, �=8
�10−7 Ns /m, and a0=0.38 nm. The boundary conditions
were set according to a clamped end at the cantilever chip. At
the tip end, the mechanical coupling is described by a
Kelvin-Voigt model assuming a Hookian spring in parallel
with a Newtonian dash pot. Since the response to vertical
force gradients knorm has been discussed on the basis of nu-
merical and analytic models,9 we only investigate the effect

of a lateral stiffness klat on the characteristics of the torsional
oscillator.

The driving force was simulated as a distributed load at
the long cantilever edge in the FE model, because, experi-
mentally, a split piezoactuator at the cantilever holder was
used to excite the torsional vibration �Fig. 1�c��. Dynamic
frequency response analyses were carried out between 1 and
7 MHz. To account for intrinsic damping, Rayleigh damping
was included, assuming a mass-proportional and stiffness-
proportional viscous damping.

Figure 2�b� shows the calculated frequency response of
the amplitude of a freely oscillating AFM cantilever. For
small oscillation amplitudes, the amplitude is proportional to
the twist angle. The phase shift remains in the range between
0° and 360°. A lateral bending mode can also be excited
�asterisk�. Furthermore, we calculated antiresonances at 4.92
and 5.28 MHz. Figure 2�c� shows the amplitude response of
the first torsional eigenmode under purely dissipative inter-
action. The oscillation amplitude decreases with increasing
damping parameter �. Figure 2�d� shows the results of the
calculation of the amplitude response of the first torsional
eigenmode for different contact stiffnesses klat. With increas-
ing tip-sample stiffness, the resonant frequency increases but

FIG. 2. �Color online� �a� Geometry of the cantilever as used for the finite
element analysis. The colors show the shape of the first torsional eigenmode.
The circle indicates the base of the conical tip. �b� Torsional frequency
response of the freely vibrating cantilever as obtained by finite element
analysis. Amplitude response �red, solid� and phase response �black, dash�.
The asterisk indicates the lateral bending resonance. �c� Amplitude change
due to increasing damping: �=8�10−7, 4�10−6, and 8�10−6 N s /m. �d�
Frequency shift caused by elastic interaction �tip-sample stiffness: k=0, 13,
and 26 N /m�. The inset illustrates amplitude increase on a linear scale.
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the transmission minima stay at the same frequency. Addi-
tionally, the torsion angle increase is leading to an increased
amplitude measured by the light lever �inset in Fig. 2�d��.
For resonance detuning on the order of 50 kHz, the increase
in amplitude is about 0.15% /kHz. This effect is different
from a harmonic oscillator where the oscillation amplitude
decreases for an increased stiffness. The change in amplitude
can be neglected for imaging purposes but becomes relevant
in torsional spectroscopy applications, where a detuning on
the order of several kilohertz can occur. The physical reason
for this amplitude increase is the shift of the torsion axis due
to tip-surface coupling. In the case of the free cantilever, the
axis of torsion is close to the cantilever main axis. By in-
creasing the tip-sample stiffness to higher values, the tip of
the cantilever is increasingly pinned to the sample surface
and the torsional axis intersects close to the pinpoint. Thus,
torsion angle, as measured by the light lever, can increase
�depending of the actual laser beam adjustment�. Addition-
ally, tip mass and tip-sample interactions break the twofold
rotational symmetry of the cantilever beam. Such a reduced
symmetry leads to coupling between closely spaced torsional
and bending modes.10 Thus, geometric effects together with
mode coupling can help explain the experimental observa-
tion that with increasing load onto the specimen, the power
stored in a torsional resonance eigenmode due to thermome-
chanical excitation apparently decreases while the measured
oscillation amplitude increases.11

In order to verify the role of sample tilt on the frequency
response experimentally, we used a combination of the Di-
mension 3100 setup with a NanoScope IV controller �Veeco
Metrology Inc., Santa Barbara, CA� equipped with torsional
resonance mode adapter and probe holder together with a
phase-locked-loop Nanosurf Easy PLL �Nanosurf, Liestal,
Switzerland/Schaefer Technologie GmbH, Langen, Ger-
many� �Fig. 1�c��. Silicon cantilevers �ZEIHR, Nanosensors,
Neuchâtel, Switzerland� with a typical flexural resonance fre-
quency of 117 kHz and a nominal spring constant of
27 N /m were used for the frequency modulated torsional
resonance mode AFM �FM-TR-AFM� measurements. The
torsional resonance frequency was 910 kHz. The cantilever
was driven using the constant excitation mode where the
response time is Q limited. A goniometer �GN05/M, Thor-
labs GmbH, Dachau, Germany� was used to change the angle
between tip and sample.

Figure 3 shows a typical distance curve of torsional reso-
nant frequency shift versus the z piezotravel on highly ori-
ented pyrolthic graphite. Adjustment of the tilt angle of the
sample surface to zero with respect to the cantilever oscilla-
tion �i.e., oscillation and the surface are parallel�, reveals that
long-range interaction forces have little effect on the tor-
sional vibration. However, if the plane of oscillation and the
surface are tilted with respect to each other, this angle leads
to a mixing of in-plane sample properties with the out-of-
plane interaction. In this case, van der Waals forces induce a
negative frequency shift of the torsional resonance. This sug-
gests that the negative detuning of the torsional resonance, as
also observed by others,12 is due to a slight tilt between the
plane of oscillation and the local specimen surface.

The numerical results together with the experiments help
explain the fundamental mechanisms of z feedback in fre-
quency modulated torsional resonance mode AFM �Ref. 13�
�FM-TR-AFM�. The topography feedback regulates the
AFM depending on the detuning of the resonant oscillation.

If tip and sample are properly aligned, positive detuning oc-
curs due to elastic coupling between the tip and sample. This
detuning is accompanied by an amplitude reduction due to
energy dissipation through the frictional contact. If specimen
and oscillator are tilted, additional repulsive as well as attrac-
tive forces may occur due to mixing of in-plane and out-of
plane properties.
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FIG. 3. �Color online� Amplitude and frequency shift measured during an
approach �red� and retract �black� cycle on an untilted ��=0° � and a tilted
��=8° � graphite sample. Note that a negative frequency shift occurs due to
attractive forces on the tilted specimen. In the repulsive regime, the detuning
response is steeper on the tilted specimen. Free torsional resonant frequency,
the quality factor, and the amplitude were 900 kHz, 1300, and 405 mV,
respectively.
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