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Lateral-force measurements in dynamic force microscopy
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Lateral forces between the tip of a force microscope and atomic-scale features on the surface of a sample can
be accurately measured in a noncontact mode. Feedback-controlled excitation of the torsional eigenmode of a
rectangular cantilever beam forces the tip to oscillate parallel to the surface. Forces of the order of 0.05 nN
have been detected when the tip approaches a step or a sulphur impurity. The method can also be used to study
the energy dissipation in the range where a tip-sample contact is formed.
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I. INTRODUCTION

Lateral forces in the nanonewton regime govern the a
vated or induced movement of molecular-scale objects al
surfaces. Their measurement is an important issue in
nipulation experiments1 as well as in force microscopy pe
se. Studies of sharp tips sliding in gentle contact over sam
surfaces have already contributed to the understanding o
microscopic origins of friction forces.2 However, the lateral
resolution of force microscopy in the contact mode is limit
by a minimum contact area containing several atoms du
adhesion between tip and sample. This problem has b
overcome in noncontact dynamic force microscopy. T
atomic resolution is obtained thanks to short-range inte
tion between a sample and a tip, which is forced to oscill
normal to the surface.3

Jarviset al. developed a special cantilever layout for s
multaneous control of tip-sample distance and lateral tip
cillations in order to sense lateral interactions between
and sample when approaching the surface.4 In this article, we
report experiments using the torsional oscillation of a rect
gular cantilever beam. For oscillation amplitudes small co
pared to the height of the tip, its apex essentially mo
parallel to the surface@see Fig. 1~a!#. After an introduction of
the experimental technique we demonstrate that lateral fo
between objects on the surface and the tip can be meas
via the induced change of the frequency of the fundame
torsional eigenmode. The tip-sample distance in these exp
ments is controlled by keeping constant the time-avera
tunneling current. Finally, we discuss the change of the
cillatory behavior when the tip is further approached towa
the surface and a tip-sample contact is formed.

II. EXPERIMENTAL TECHNIQUE

Our instrument is a home-built combined tunneling a
force microscope operating at room temperature in ultrah
vacuum~UHV!. We use commercially available rectangul
conductive silicon cantilevers with an integrated tip. The d
formation of the cantilever is detected via the deflection o
light beam reflected from the rear side of the cantilever. As
simultaneous load and friction experiments, a four-quadr
0163-1829/2002/65~16!/161403~4!/$20.00 65 1614
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photodiode is employed to detect both bending and torsio
deflections. In order to prevent the tip from jumping in
contact with the surface due to the strong force gradie
likely to develop at tunneling distances, relatively stiff ca
tilevers with a bending force constantkn.25 N/m are re-
quired. The eigenfrequencyf 0 of the fundamental torsiona
mode of our cantilevers is typically between 1 MHz and
MHz;5 the quality factor in UHV being between 20 000 an
40 000, and the torsional force constant being aboutkt
53000 N/m.6 The detection of beam deflection at these f
quencies in ultrahigh vacuum necessitated some impro
ments in the signal amplification. In our instrument, the p
sition of the reflected light beam is sensed by a negativ
biased low-capacitance photodiode. The currents from
four quadrants are converted to voltages by fast opera
amplifiers which are positioned a few millimeters from th
photodiode. To circumvent heating problems in vacuum,
amplifiers are operated at low voltage. The photodiode
the current-to-voltage converter are mounted on a UH
compatible sapphire circuit board. Directly outside t
vacuum chamber the voltage signal is again amplified
compensate the capacitive load of the output cable. Ac
eigenfrequencies of the cantilever oscillation up to 3 M
are detected by a digital phase-locked loop with a resolu
of 10 mHz.7 A sinusoidal signal with the same frequency
used to excite the torsional oscillation by means of a pie
actuator. Although the actuator mainly shakes the cantile
holder in the normal direction, the high quality factor and t
tuning to the actual eigenfrequency ensure that only the
sional oscillation is effectively excited. The amplitude of e

FIG. 1. Torsional modes of cantilever oscillation.~a! Free oscil-
lation, the tip is oscillating parallel to the surface.~b! Torsional
oscillation with the tip-sample contact as fixed point.
©2002 The American Physical Society03-1
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citation is controlled so as to always maintain a const
amplitudeA of the tip oscillation.

The ~100! surface of a Cu single crystal has been clean
by repeated cycles of argon ion sputtering and anneal
After this preparation, the surface exhibits atomically fl
terraces of typically 100 nm width, separated by monatom
steps. Traces of sulphur detected in Auger electron spe
appear as single impurities in tunneling microscopy imag

III. LATERAL FORCE MEASUREMENTS

In the following section, we describe how lateral forc
between tip and features on the surface can be measure
the oscillation frequency. We record shifts of the frequen
of the lateral oscillation while scanning the tip at consta
tunneling current. Note that normal forces between tip a
surface do not shift the frequency. However, lateral for
between any object on the surface and the tip are detecte
Fig. 2~a!, a map of the frequency shift recorded on a Cu~100!
surface is presented. Several sulphur impurities and a m
atomic step running through the middle of the frame app
twice, once at each of the two turning points of the tip osc
lation. Half of the distance between the members of each
of features corresponds to an amplitudeA52 nm of the
lateral tip oscillation: When the oscillating tip approach
from one or the other side, the force between tip and obje
sensed particularly at the closest turning point of the osc
tion. Profiles of the topography and the frequency shift alo
the white line are plotted in Fig. 2~b!. When the tip ap-
proaches the step from the left~lower terrace!, a negative
frequency shift occurs, while an increase is detected w
the step is approached from the right~upper terrace!. At the
sulphur impurity, a decrease followed by an increase is
served symmetrically upon approaching from either si
Note that the sulphur impurity is not detected as topograp
effect, but via its lateral force. This demonstrates that the
oscillates at a safe distance and that our technique is
tremely sensitive. We next explain how these frequen
shifts can be converted into lateral forces and discuss
specific variations observed near the step and the impur

The net force acting along the direction of the tip oscil
tion manifests itself as a shift of the mechanical eigenf
quency. Generally, the frequency is lowered when the in
action reduces the effective spring constant. This situatio
found in standard noncontact force microscopy when the
oscillates perpendicular to a surface and electrostatic, van
Waals, or chemical bonding forces become more attrac
with decreasing distance to the surface.8 On the other hand
repulsive forces are expected to increase the eigenfrequ
of the oscillation. Normally, the approaching tip first sens
attractive forces and then a mix of attractive forces acting
the tip body and of repulsive forces between tip apex a
sample surface. The same considerations can be applie
lateral forces acting on the tip when oscillating parallel to
surface. In our example, the negative frequency shift u
approach of the surface step from the lower terrace indic
an attractive lateral force towards the step.

A numerical procedure to convert frequency vs distan
curves into force vs distance curves has been propose
16140
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Giessibl.9 We have adapted his inversion scheme with so
modifications. The underlying expression

D f ~x!52
f 0

pktA
E

21

1 F~x1Au!u

A12u2
du ~1!

relating the frequency shiftD f to the lateral forceF(x) over
the oscillation cycle is valid if the relative shiftD f / f 0 is
small, which is certainly the case. The basic idea is to d
cretize the integral in Eq.~1! and to treat the equations be
tweenD f and F at the measurement points as a linear s
tem. If a feature of interest is approached from a range wh
D f vanishes, the resulting triangular matrix can be inver

FIG. 2. ~a! Frequency shift map of the lateral oscillation r
corded while scanning at constant tunneling current on a Cu~100!
surface~full range 3.5 Hz!. A monatomic step running from top to
bottom and several sulphur impurities appear twofold due to
lateral tip oscillation (f 051 346 929 Hz, Usample50.8 V, I t

510 pA). An oscillation amplitude ofA52 nm can be deduced
~b! Cross-section of topography~upper curve! and frequency shift
~lower curve! along the white bar.~c! Lateral forceF(x) computed
by the inversion scheme from four lateral approach curves~direc-
tions indicated by arrows!. Positive and negative values refer to th
horizontal axis running from left to right.
3-2
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by substitution. The square root singularities at the turn
points x6A can be handled by analytic integration
u/A12u2 between the meshpoints. It is important to real
that the sign ofF(x) depends on the chosen direction of t
x axis, whereasattractionor repulsionrefer to the location of
any particular feature.

The result of the inversion is plotted in Fig. 2~c!. The
curve is composed of four pieces, the approach from the
and from the right to the step and to the impurity, as in
cated by arrows. Note that the resulting force curves alm
coincide at the inferred locations of each feature. In the n
contact range the tip is attracted towards the impurity. Th
the lateral force switches its sign as the tip passes ove
This happens twice: When the right and then the left turn
point cross the impurity. This explains the observed variat
of the frequency shift. The situation at the step is comp
cated by the stairlike change in the tip height. However,
observed attraction towards the step on the lower terrace
the repulsion away from the step on the upper terrace ca
understood in terms of increased or decreased interactio
eas, respectively, as illustrated in Fig. 3. A similar variati
can also be observed for the normal forces.10

IV. CONTACT FORMATION

We now discuss changes of the lateral oscillation wh
occur when the tip is further approached towards the surf
As seen in Fig. 4b, a rapid increase of the power require
maintain a constant tip oscillation amplitude and a posit
frequency shift are found. A similar increase of the excitat
power is observed in the case of a bending oscillation nor
to the surface@see Fig. 4~a! and Ref. 11#. Note that in Fig.
4~b! the onset of the simultaneously recorded damping
positive frequency shift are sharp and essentially coinc
We suggest that these changes indicate the formation
tip-sample contact. We have assigned the zero of the dist
axis to the point where the tunneling current amplifier sa
rated at 10 nA. Judging from previous studies on cop
surfaces,12 this zero is within a few Å of the point of me
chanical contact, essentially because the tunneling cur
decays on that scale.

Two recent studies report on the use of the torsio

FIG. 3. Schematic illustration of the changing interaction a
and of the resulting lateral forces near a step. Because forceFa

lowers the restoring spring forceFs , the resonance frequency
lowered when the right turning point approaches the step. C
versely, a positive frequency shift is induced by forceFr on the
other side.
16140
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eigenmode for measuring the dynamic properties of the
sample contact.13,14 In those studies, the tip is in firm contac
with the sample so that a modified torsional mode with
contact-point fixed is excited@see Fig. 1~b!#. The eigenfre-
quency and the quality factor of this oscillation depend
the lateral stiffness of the contact, which itself increases w
the applied normal load. The authors report that the eig
frequency with the tip in contact is slightly higher than th
of the freely oscillating cantilever, while the quality facto
decreases with increasing lateral stiffness.14 Both observa-
tions are consistent with the trends observed in Fig. 4~b!.

In dynamic lateral force experiments one has to make s
that the oscillation is indeed parallel to the surface. When
surface is tilted, we find small negative frequency shif
which can be explained by oscillation components norma
the surface, in line with Fig. 4~a! and Ref. 4.

The idea to relate additional damping of the tip oscillati
to dissipative tip-sample interactions has recently attrac
much attention.15 It has been demonstrated that in conve
tional dynamic force microscopy power loss variations
low as 100 meV per oscillation cycle can be detected w
atomic resolution.12 In our example, the damping vs distanc
curve for the normal oscillation reaches a maximum of ab
2 pW, corresponding to 80 eV per oscillation cycle, whe
the frequency shift becomes positive@see Fig. 4~a!#. In the
case of the lateral oscillation, a maximal power loss of 4
pW is detected after contact formation, corresponding
about 2000 eV per oscillation cycle, a comparatively hi

a

n-

FIG. 4. Frequency~solid line! and damping~open circles! vs
sample displacement curves.~a! Normal oscillation (f 0

5154 905 Hz,A530 nm, Q521 000, kn525.7 N/m). ~b! Lat-
eral oscillation parallel to the surface (f 051 270 283 Hz, A
56 nm, Q519 000, kt52925 N/m). The zeros of the two hori
zontal scales do not coincide and are uncertain within a few Å~see
text!.
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energy loss. However, one has to keep in mind that the c
tact acts as a hinge in this oscillation mode. Forces of
order of the restoring forcektA518mN act on the contac
with a frequency of 1.3 MHz and may cause such ene
dissipation by exciting shear waves. The assumption of c
tact formation is further supported by the strong adhes
hysteresis observed when the tip is retracted.

V. SUMMARY

In summary, we have demonstrated the measuremen
lateral forces in dynamic force microscopy by exciting t
torsional oscillation mode of a conducting silicon cantilev
beam. By using the tunneling current to control the dista
to a metallic sample in the non-contact regime, attraction
repulsion at a monatomic step have been quantified, as
as the force between an impurity and the tip. Lateral for
play a crucial role in manipulation experiments on the m
lecular level.16 Our method is more than sensitive enough
monitor the onset of the lateral force required for the m
y

ac

to
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D
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nipulation of adsorbates on the surface. Besides the mea
ment of lateral forces in the noncontact mode, the format
of a tip-sample contact can be studied by our techniq
When the laterally oscillating tip is approached, contact f
mation transforms the nearly free torsional oscillation@see
Fig. 1~a!# of the cantilever into a different mode with th
tip-sample contact acting as fixed point@see Fig. 1~b!#. We
have detected concomitant steep increases in dissipation
torsional eigenfrequency upon formation of the conta
which are consistent with previous measurements in
fixed-point regime.
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