1
Introduction

1.1
Historical Perspective

The invention of scanning probe microscopy is considered one of the major
advances in materials science since 1950 [1, 2]. Scanning probe microscopy
includes a large family of microscopy methods that share two operational
elements: the use of a sharp probe (tip) and the feedback mechanism. The
feedback loop is characterized by keeping at a constant value the interaction
parameter while the probe is scanned across the sample surface. Scanning probe
microscopy started with the invention of the scanning tunneling microscope
(STM) by Gerd Binnig and Heinrich Rohrer in 1982 [3, 4]. The STM works by
detecting the current that flows between a metallic tip situated a few angstroms
above a conductive surface when an external voltage is applied. The limitations of
the STM to image poorly conducting materials such as biomolecules served as a
motivation for Gerd Binnig, Calvin Quate, and Christoph Gerber to invent the
atomic force microscope (AFM) in 1986 [5, 6]. The first AFM operated by
measuring the static deflection of the probe. This method is called contact mode
AFM. One year later Martin, Williams, and Wickramasinghe implemented the
dynamic operation in force microscopy [7]. They wanted to use the AFM to
measure long-range forces over a distance range of 3-15 nm. They noticed that the
amplitude of the tip’s oscillation changed with the tip—surface distance. These
changes were related to the gradient of the tip—surface force. At the same time,
they proposed to use the amplitude in a feedback loop to get an image of the
surface. Such an early start would have anticipated a sudden rise in the number of
articles dealing with amplitude modulation AFM. However, it did not happen that
way (Figure 1.1). In 1987, the technique was so new that only a handful of groups
could master the instrumental and conceptual challenges to design and operate a
dynamic AFM [7-11].
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Figure 1.1 Histogram of the number of the publications that include the above key
publications per period [104]. In dark gray are  words in the title. The search for the first period
the publications that include in the abstract the ~ was accomplished manually (12 publications).
keywords “tapping mode or tapping force or The above figures are merely indicative.
amplitude modulation force.” In light gray are

1.2
Evolution Periods and Milestones

The evolution of amplitude modulation AFM is interspersed with several periods
where a few topics establish the frontiers of the technique. In some cases, a topic that
contributes to shape the technique in a given period could have had its origin in an
earlier period. The dates in brackets are indicative.

1.2.1
Early Times (1987-1992)

Martin and coworkers recorded the first AFM images obtained in a mode similar
or identical to what today is known as amplitude modulation AFM. However, at
that time, dynamic AFM was seen as an auxiliary microscopy — its main
advantage was its flexibility to be combined with other methods to map magnetic
properties [9], electrostatic charges [10], or surface potential differences [11].
The few available dynamic force microscopes were rather complex instruments.
For example, the deflection of the lever was measured by using optical inter-
ference and the levers were handmade, for example, by bending a tungsten
wire.

Figure 1.2 shows the experimental setup of earliest dynamic AFM. The instrument
is equipped with an interferometer to measure the lever deflection. The lever is a
tungsten needle.
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Figure 1.2 Schematic experimental setup of the first dynamic AFM. Notice the use of a bent
tungsten wire as the integrated lever—tip system. Adapted from Ref. [7].

1.2.2
Exploration and Expansion (1993-1999)

This period is marked by the rapid expansion and popularization of the technique for
surface characterization with nanoscale resolution. The efforts were particularly
significant and successful in imaging DNA, proteins and protein-DNA com-
plexes [12-18], and polymer surfaces [19-24]. The progress was sustained by several
factors. The implantation of the optical beam deflection method to detect the lever
deflection [25, 26] and the fabrication of micromachined cantilevers [27, 28] con-
tributed to the availability of reliable commercial instruments [29]. The operation of
tapping mode AFM in liquid [30, 31] made it possible to image dynamic processes, in
particular those involving biomolecules with characteristic times in the range of
several minutes [32]. The interpretation of the cantilever’s resonance spectra in liquid
was simplified by driving the cantilever oscillation with a magnetic force [33]. A
significant breakthrough was to implement phase shift measurements simulta-
neously with topography [34]. This instrumental advance enabled to map compo-
sitional variations and changes in material properties in heterogeneous surfaces [35,
36]. In addition, amplitude modulation AFM found new applications by showing its
potential for nanopatterning and nanolithography [37, 38].

The collaboration between Paul Hansma and Virgil Elings led to several instru-
mental and conceptual breakthroughs in probe microscopy. The fabrication of the
first wave of short cantilevers is one of them [39]. These cantilevers were initially
meant to reduce the thermal noise, but they would have a pivotal role in the
development of fast AFM imaging [40].

This period witnessed the earliest attempts to simulate the cantilever—tip dynamics
in the presence of an external force [36, 41-44]. Numerical simulations explained the
sudden changes, sometimes observed in the amplitude curves in terms of transitions
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between attractive and repulsive tip—surface interaction regimes [44—46]. Simula-
tions also established that the phase contrast was directly related to energy dissipation
processes [47]. This led to the deduction of the first analytical expressions that linked
the sine of the phase shift to the energy dissipated by the tip on the sample [48, 49].
Another milestone was the publication of the first comprehensive attempt to describe
the dynamics and performance of the microscope in liquid [50].

1.2.3
Cantilever-Tip Dynamics (2000-2006)

Amplitude modulation AFM became so firmly established for nanoscale character-
ization of surfaces that theoretical contributions devoted to explain its dynamics were
initially rejected in the most prestigious physics journals. In fact, during the first two
periods, the experimental achievements preceded a comprehensive theoretical
understanding of them. Fundamental questions such as the origin of the amplitude
reduction, the reconstruction of the force from the observables, or the generation of
higher harmonics remained unsatisfactorily addressed. It became evident that the
lack of a theory was limiting the evolution of the technique. A significant number of
publications were devoted to explain the nonlinear character of the cantilever
dynamics [51-54], the generation [55, 56] and the use of higher harmonics, or
modes to map material properties [57-59]. A remarkable result was the method
developed by Stark and coworkers to obtain the time-resolved force by integrating the
higher harmonics of the oscillation [58]. The spatial reconstruction of the force from
the amplitude and phase shift curves was also accomplished [60, 61].

Two experimental results highlighted the molecular resolution capabilities of the
instrument. Muller and coworkers provided images of a purple membrane surface
with a lateral resolution of 1.1 nm [62], a value almost identical to the one reported by
the same authors with contact AFM. Later, Klinov and Magonov dispelled the myth
that molecular resolution was incompatible with operation in air by imaging a
polymer crystal with a resolution of about 0.4 nm [63].

Three instrumental developments underlined the vitality of the technique. First,
the promise to observe dynamic processes in real time was eventually fulfilled by
designing a microscope with a frame rate of 12.5s™" [64]. Second, the observation
that the oscillation is asymmetric in liquid led to combine topography and molecular
recognition imaging, in a single pass, [65, 66]. Third, the simultaneous excitation of
the first two cantilever modes provided a way to separate topography from compo-
sitional contrast and to enhance spatial resolution while minimizing tip—surface
forces [67, 68].

124
Multifrequency AFM (2007 to Present)

Several experimental schemes are being proposed to increase the capacities of the
instruments to measure material properties while aiming molecular spatial resolu-
tion. These methods are based on the simultaneous detection of several harmonics
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and/or modes of the tip oscillation. In some cases, such as in bimodal AFM, two
modes of the cantilever are externally excited [69], while in other cases, for example, it
happens in liquid, the higher modes or harmonics are activated by the tip—surface
interaction [70, 71]. In other cases, the use of a special cantilever where the tip is offset
at one edge of the cantilever enables to measure time-varying forces [72, 73]. Other
approaches are exploring the cantilever response when the excitation involves a
discrete series [74] or a band of frequencies [75].

The theoretical efforts are focused on two different directions. First, several aspects
of the cantilever dynamics in liquid such as the origin of the asymmetry observed in
the oscillation, the generation of higher harmonics, the interplay between damping
and added mass effects, or the influence of the excitation mode on the dynamics are
being addressed [76-81]. Second, the operation of the microscope in various
multifrequency regimes is under investigation [80, 82].

13
Tapping Mode or Amplitude Modulation Force Microscopy?

Amplitude modulation AFM suffers from a problem of terminology. This is a
common issue with scanning probe techniques where standardization is coming
rather slowly. Different terms are being used to describe the same method or
technique. This anomaly can be partially explained by the vitality of the technique
that every now and then surprises with new developments. The first publication
describing tapping mode AFM operation [19] makes a point in distinguishing
tapping mode from the noncontact method proposed by Martin et al. [7]. Elings
and coworkers emphasized that tapping mode AFM operated with amplitudes
ranging between 20 and 100 nm, while amplitudes of 5nm or less were required
for noncontact operation. It was claimed that large amplitude values were needed to
overcome the adhesion forces and reach stable imaging conditions. However, an
analysis based on the equation of motion and the feedback mechanism shows that
there are no grounds to support that distinction [83, 84]. The value of the free
amplitude is certainly one of the factors that contributes to establishing the operation
regime, attractive (usually noncontact) versus repulsive (intermittent contact). But
there are other relevant factors such as the radius, the cantilever’s force constant, or
the surface energy. Furthermore, the attractive and the repulsive regimes are the
solutions of the same equation of motion [46]. Nonlinear dynamics studies have
shown that these solutions do coexist under the same operational parameters [52, 83].
The alternation between stable and unstable imaging while the set point amplitude is
reduced represents a direct experimental evidence of the coexistence of solutions [52].
Furthermore, the coexistence of solutions is observed for amplitude values ranging
from 5 to 25 nm. In fact, the technique is characterized by the use of the amplitude as
the feedback parameter not by the values of the amplitude.

In this sense, amplitude modulation AFM seems a more appropriate name for the
technique. Furthermore, this term helps us to rationalize the separation of dynamic
AFM methods into two modes or techniques, frequency and amplitude modulation,
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according to the parameter used to establish the feedback mechanism [84, 85].
Acceptable variations are amplitude-modulated or amplitude mode AFM. Nonethe-
less, on a few occasions I will also use the tapping mode AFM term. The latter is both a
tribute to its widespread use and a means to emphasize that we are dealing with the
same experimental technique.

1.4
Other Dynamic AFM Methods

Nanoscience sets the scenario for an intense competition among the different
microscopy techniques. In the field of force microscopy, there are two major dynamic
modes that, on a few occasions, might be seen as competitors. The other technique
uses the frequency as the feedback parameter and it is rightly called frequency
modulation AFM.

1.4.1
Frequency Modulation AFM

In frequency modulation AFM, the feedback parameter is a frequency shift between
the resonant frequency far from the sample surface and the resonant frequency
closer to the surface [84, 86, 87]. The resonant frequency depends on the forces acting
between the tip and the sample surface. The spatial dependence of the frequency
shift, the difference between the actual resonant frequency and that of the free lever,
is the source of contrast. An image is formed by profiling the surface topography with
a constant frequency shift. FM-AFM has been primarily used to obtain atomic
resolution images of semiconductor, metals, insulators, or adsorbates in ultrahigh
vacuum [88-94]. The ability to measure the tip—surface force with great accuracy has
led to several approaches to identify atoms [95, 96]. Initially, FM-AFM operation was
restricted to ultrahigh-vacuum conditions; however, recent results show that mo-
lecular resolution imaging can also be achieved in liquid [97-100].

1.4.2
Amplitude Modulation versus Frequency Modulation AFM

Amplitude and frequency modulation AFM are both sophisticated instruments with
atomic and molecular resolution capabilities. Mostly, they are seen as complementary
dynamic AFM methods because they operate in different environments. However,
FM-AFM has also shown its capability to operate under air or liquid environments.
This makes it pertinent to comment on the advantages of one method with respect to
the other. Let us start by stating that there are no quantitative studies showing that one
method has an intrinsic higher signal-to-noise ratio than the other. Some direct
comparisons at nanoscale resolution have been attempted by imaging the same
sample with the same instrument [101, 102]. However, the results seem to reflect
more the skill of the microscopist with a given technique than an intrinsic difference
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between them. More meaningful information could be extracted by comparing
molecular resolution images obtained on the same surface. The cytoplasmic side of
purple membrane has been imaged by both techniques [100, 103]. In this case, both
methods produce images of similar spatial resolution. However, the versatility of
amplitude modulation AFM in achieving molecular resolution while having the
possibility of scanning um? regions and coping with the presence of sudden height
changes is still no mach for frequency modulation AFM instruments.






