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Spectroscopy of the anharmonic cantilever oscillations in tapping-mode
atomic-force microscopy
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By spectroscopic analysis of the cantilever oscillation in tapping-mode atomic-force microscopy
(TM—-AFM), we demonstrate that the transition from an oscillatory state dominated by a net
attractive force to the state dominated by repulsive interaction is accompanied by the enhanced
generation of higher harmonics. The higher harmonics are a consequence of the nonlinear
interaction and are amplified to significant amplitudes by the eigenmodes of the cantilever. The
results show that in a quantitative description of TM—AFM higher eigenmode excitation must be
considered to account for internal energy dissipation. 2@0 American Institute of Physics.
[S0003-695(100)01946-X]

For spatially resolved surface characterization on theevolution of the dynamical system in time depends on the
nanometer-scale, several quasistdfar reviews see, e.g., discrete stiffness of the sample as well as on damping
Refs. 1 and Pand dynamit ® operation modes were devel- nonlinearities?2’
oped for atomic-force microscopyAFM). In tapping-mode Comparing macroscopic impact oscillators with TM—
AFM (TM—-AFM),” the cantilever is excited to oscillate AFM, it is important to note that the relative time scale of the
close to its resonance. Contrast mechanisms and dynamicsigferactions differ. In TM—AFM the interaction time is a
TM—AFM have been investigated by several groups. It wagonsiderable fraction of the cycle tifi&?* whereas in mac-
shown, that the phase lag between excitation and response @fscopic systems the impact can be considered to be infi-
the cantilever is related to the energy dissipated in the tiphitely short(e.g., Ref. 25
sample contact” A profound description of the role of con- In the following we demonstrate that at the transition
servative and dissipative interaction forces in the tip-samplgom the oscillatory state dominated by net attractive forces
contact is given in Refs. 10 and 11. _ to the state dominated by repulsive forces enhanced higher

Several authors report on a discontinuity in the OSC'”a'harmonics generation occurs, coupled to higher eigenmode

tion amphtgde_ln TM-AFM durmg_t.he approach t‘_) the excitation. Thus, an adequate description of TM—AFM must
sample, which is related to the transition from an oscillatory ccount for the cantilever beam. An exact knowledge of the

state dom.mated by g_tgzactlve |nteract|orj to a state domln""te({i;]sciIlatory motion of the nonlinear system is important for
by repulsive force$?'* From a numerical one-degree-of-

ST . h licati f TM—AFM i itati f h -
freedom approximation it was found that both solqunst € application o n quantitative surface charac

. . - rization, high-resolution imagin well namical
coexist’>® Recently, the forces at this transition were mea-Lonzation, hig <0 ution imaging as well as dynamica
sured directly!’ nano-structurin®’3° where it is an essential to control the

In TM—AFM nonlinearities occur, because the samplet'p'ssm%e mteragtlon :‘olr(_:es. tiqati ial A%EM
surface confines the cantilever motion on one side at the ti or the expenmental investigation, a commercia

sample contact. Numerical simulations predict period’. as equpeq with a'standard silicon cantile¥ethe can-
doubling®°for some cases. Higher harmonics of the Work_tllever was driven at its resonant frequenigy=44.86 kHz.

ing frequency are introduced by the nonlinearities and ard "€ Photodiode signal monitoring the motion of the tip in-
amplified to significant amplitudes by the internal resonanceferacting with a silicon100) surface under ambient condi-
of the higher eigenmodes of the cantilever beam which lea8ons was recorded together with the driving voltage using an
to the suggestion of a Fourier-transformed ABW! For  analog-to-digital _converté? at a sampling rate of 5 M
several comparable macroscopic impact oscillators, liké@mples/s. The signals were analyzed off-line.
single-degree-of-freedom oscillatofs.g., Refs. 22—24and First, enhanced higher harmonics generation at the tran-
macroscopic beantg.g., Ref. 25the nonlinear nature of the Ssition from attractive to repulsive dominated state shall be
dynamics was investigated in detail. It was shown that thélemonstrated. Figure 1 shows the amplitude dependence of
the fundamental oscillation during the approach. In the am-
dAuthor to whom correspondence should be addressed; electronic maiP“tUd.ef signal ), as well as. in the phase-s_lgnéa‘b) the
stark@biochem.mpg.de transition between the attractiva)( and repulsive i() state
YElectronic mail: robert@nanomanipulation.de can clearly be identified. The respective spectra in Fig. 2
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T . | | | FIG. 3. Approach curves of the higher harmonics in the photodiode signal
10 15 20 25 30 35 40 together with the amplitude A of the fundament@). Harmonics 2-7, that
can be attributed to the internal resonance of eigenmode No. 3. The fifth
harmonic prevails(b) Harmonics 8—14, enhanced by mode No. 5 with the
12th and 13th harmonic dominating. Scaling bar: 5 100 mV for the
amplitude of the fundamental
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FIG. 1. Approach curves on a(3D0 sample: amplitudé of the funda-
mental, phaseb, and total harmonic distortion THD. The arrows indicate
the tip-sample separation where the spectra and phase space trajectories

were taken:a attractive,r repulsive, andd deep repulsive. Scaling bars: . .
amplitude 100 mV, phase 36°, and THD 4%. whereU, is the root-mean-square amplitude of the voltage

of the nth harmonic. In Fig. 1 the THD is shown as a func-
were obtained at the points marked by arrovesgndr,  tion of thez-piezo displacement. The transition from the at-
respectively in Fig. 1. In the attractive regime, higher har- tractive to the repulsive state dominated by short-range and
monics caused by the nonlinear net attractive tip-sample instrongly repulsive forces coincides with a discontinuity in
teraction contribute only with small amplitudes to the signalthe signalsA, ®, and in the THD. The THD of the photodi-
[Fig. 2@]. In the repulsive state, significant excitation of ode signal increases further during the approach, indicating
higher harmonics occur due to the repulsive interadifig.  that the photodiode signal becomes more distorted. Here, a
2(b)]. The harmonics are grouped around the resonant frenaximum of THD=15% was measured.

quencies of the eigenmodes No.(Z39.7 kH2 and No. 5 To obtain the fraction of oscillation energy transferred
(563.2 kHz, nomenclature according to Ref.) 3 the per cycle into the higher harmoni¢¥HD(E)], the diode
cantilever’ signal must be corrected for the geometrical enhancement of

The enhanced higher harmonics generation in the repukhe contribution of higher eigenmodes, and the effective
sive state can qualitatively be understood, describing the imspring constants of the respective eigenmodes have to be
pact in Fourier space. The narrow in tirfieut compared to  used®> The THD(E) exhibits a maximum of THDE)
the attractive forces strongepulsive force pulse extends =5%. This clearly shows that the energy transfer into higher
over a broad frequency band in Fourier space. These fresrder oscillations can constitute a channel for significant in-
quencies couple to higher eigenmodes. The periodicity of théernal energy dissipation as was inferred earffer.
impact then leads to the observed discrete spectra. A more The absolute deflection-signal amplitudes of the differ-
rigid description can be found in Ref. 20. ent harmonics as a function of tlzepiezo displacement are

The total harmonic distortiofiTHD) (as defined by the shown in Fig. 3. Harmonics number 5, as well as 12 and 13,
American National Standards Institutprovides a measure which are close to eigenmode frequencies, are most promi-
for the fraction of power transferred from the fundamentalnent which illustrates the amplification due to internal reso-
into higher harmonics. It can adopt values between 0% andances of the system. There is a discontinuity prominent in
100%. For the photodiode signg] which measures the de- the amplitude of the higher harmonics, that coincides with
flection angle of the cantilever but not the tip-displacementhe transition from the attractive to the repulsive regime.
itself, the THD is given by Visualizing the cantilever motion in phase sp&Ee. 4,
the sample surface is to the [gfthe increasing complexity

* U2 : : . .
THD= I 2 2><100%, 1) of the motlon can be 'seen..The traje.ctor'y is prqjecyed on a
DN U plane with the photodiode sign&land its time derivatives

as coordinate$§ associated to deflection angle and angular
momentum at the free end of the cantilever, respectively. For

= i a . ) . .
g attractive (@) clarity, the points representing the state of the motion at each
p=] . . . .
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FIG. 2. Spectra of the photodiode signé) In the attractive state, small FIG. 4. Projections of the experimentally determined trajectories in phase
contributions of higher harmonics are visibi@) In the repulsive state a space in thes—S plane.(a) attractive regime(b) repulsive regime; anct)
significant distortion from harmonic behavior becomes appar@mpli- close to maximum THDOdeep repulsive Full scales:S: —0.5-0.5 V[(a)
tudes normalized to the fundamental. and(b)], —0.25-0.25 V(c); andS: —250—250 mV/s for all.
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