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Abstract

Among the large variety of scanning probe microscopy techniques, noncontact

atomic force microscopy (NC-AFM) stands out with its capability of atomic-

resolution imaging and spectroscopy measurements on conducting, semicon-

ducting as well as insulating sample surfaces. In this chapter, we review the

fundamental experimental and instrumental methodology associated with the

technique and present key results obtained on different classes of material

surfaces. In addition to atomic-resolution imaging, the use of NC-AFM towards

the goal of atomic-resolution force spectroscopy is emphasized.
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1 Definition of the Topic

Since its invention in 1994, noncontact atomic force microscopy (NC-AFM) is

routinely being used to image a multitude of material surfaces with atomic resolu-

tion. In this chapter, we review the fundamental experimental and instrumental

methodology associated with the technique, as well as key results obtained on

different classes of material surfaces in the last two decades. In addition to

atomic-resolution imaging, the use of NC-AFM towards the goal of atomic-

resolution force spectroscopy is also emphasized.

2 Overview

Scanning probe microscopy (SPM) techniques based on the detection of various

types of interactions experienced by a sharp probe tip in the vicinity of a sample

surface have been used with great success towards high-resolution imaging and

measurement of various physical properties since the 1980s. Today, with a large

number of manifestations tailored towards different applications, atomic force

microscopy (AFM) is one of the most widely used SPM techniques in research

and industrial laboratories around the world.

Due to the fact that traditional AFMexperiments rely on a light contact of the probe
tip with the sample surface to detect nanometer-scale topographical features, the

interactions of the tip apex with the sample surface are averaged over a finite area,

preventing true atomic-resolution imaging. In order to obtain true atomic-resolution

imaging on a multitude of material surfaces using an AFM-based approach, the

method of noncontact atomic force microscopy (NC-AFM) has been developed.

The NC-AFM technique, based on the detection of minor changes in the resonance

frequency of an oscillating cantilever due to force interactions between the tip apex

atoms and the atoms of the sample surface, does not result in the formation of a finite

contact so that experiments can be performed using atomically sharp probe tips. Thus,

utilizing NC-AFM, it is possible to image material surfaces with true atomic-

resolution without the formation of a contact provided that sufficiently sharp probe

tips are utilized in conjunction with appropriate experimental procedures.

In addition to its capability of atomic-resolution imaging, NC-AFM has also

been employed successfully to perform force spectroscopy (i.e., measure the

interaction force acting between the probe tip and the sample surface as a function

of tip-sample distance) on well-defined atomic sites on a number of relevant

surfaces. Combined with its capability of atomic-resolution imaging, the capability

of performing atomic-scale force spectroscopy makes NC-AFM a very powerful

tool for the physical and chemical characterization of scientifically and technolog-

ically relevant material surfaces for diverse fields of research such as catalysis,

adhesion and friction, among others.

Here we provide an introduction to the method of noncontact atomic force

microscopy, briefly review the associated experimental and instrumental funda-

mentals, and report key results in atomic-resolution imaging and force spectroscopy
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obtained with the method in the past. Being a subject of continuing research and

development, NC-AFM will certainly be used towards a number of different

scientific goals in the near future. As such, we will conclude the chapter with a

brief outlook regarding future perspectives.

3 Introduction

Despite the fact that properties of solids are largely determined by their atomic

structure as well as the associated interatomic interactions has been known for a

long time, imaging the atomic structure of material surfaces in real space was first

made possible by the relatively recent invention of the scanning tunneling micro-

scope (STM) in the early 1980s by G. Binnig and colleagues [1, 2]. Due to its basic

operational principle, which essentially relies on the quantum tunneling effect

involving the flow of electrons over a vacuum gap between the material surface

and a sharp metal probe tip in its vicinity, STM has been extensively used since its

invention to image a large number of material surfaces with atomic resolution and

measure their electronic properties [3]. Even though a new era in surface science has

effectively been started with the introduction of the STM method, due to its funda-

mental working principle, the technique can only be utilized towards the investigation

of conducting and semiconducting surfaces. As such, atomic-scale investigation of

insulating material surfaces� such as the majority of metal oxides, a large number of

which are scientifically and technologically very relevant � has not been realized

with STM. Moreover, STM effectively probes the electronic density of states at the

Fermi level associated with the material surface under investigation and therefore, a

detailed investigation of various interatomic forces acting between the probe tip and

the sample surface is not possible using the technique.

In order to overcome the limitations regarding sample conductivity in STM and

the inability of the technique to measure interaction forces, an alternative scanning

probe microscopy [4] method � atomic force microscopy (AFM) � has been

introduced by Binnig and colleagues at Stanford in 1986 [5]. The operation of the

traditional AFM method in the so-called contact mode is based on the controlled

approach of a sharp probe tip attached to a micro-machined Si, SiO2 or SiN

cantilever [6–9] to the sample surface under investigation and the subsequent

formation of a light contact (Fig. 8.1). While the tip apex is lightly touching the

sample surface, the tip is raster-scanned in a precisely controlled fashion using

piezoelectric scanners and topographic maps of the surface are obtained by

detecting the deflection of the cantilever in the vertical direction using techniques

such as laser beam deflection [10, 11] and interferometry [12, 13]. Using such an

approach, nanoscale topographical maps of various kinds of surfaces have been

successfully recorded [14, 15]. Additionally, by simultaneously detecting canti-

lever twisting around the longitudinal axis in addition to the deflection in the vertical

direction, lateral forces experienced by the probe tip can be detected [16, 17],

leading to a variation of the method known as friction force microscopy (FFM) useful

for tribology studies performed on the nanoscale [18].
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Despite the success of contact-mode AFM in imaging the nanoscale structure of a

number of material surfaces [19], the technique naturally requires the formation of a

permanent, albeit light contact between the probe tip apex and the sample surface

comprising of tens to hundreds of atoms (Fig. 8.1a). Since an initially atomically

sharp probe tip apex becomes considerably more blunt due to the formation of the

contact, averaging of the force interactions occurring between the atoms of the probe

apex and the sample surface over the contact area consequently prevents true
atomic resolution imaging, leading to an inability to detect single atomic defects

such as individual vacancies on the material surface. Instead, apparent atomic-scale

images obtained in contact-mode AFM shortly after its introduction have been

later understood to demonstrate only the lattice periodicity of the surface under

investigation [20, 21].

Fig. 8.1 (a) Model of an AFM tip in contact with the sample surface. Due to interaction averaging

over the finite contact area, the single vacancy is not detected. (b) Model of an atomically sharp

AFM tip in noncontact operation. Note that the attractive interaction is emphasized by the

exaggerated relaxation of the surface around the defect. (c) Schematic setup of a typical AFM

experiment. During dynamic operation, the cantilever base is excited with an amplitude Aexc,

leading to an oscillation of the tip with amplitude A. Utilization of a laser source and a photo diode
allow detection of cantilever motion whereas the sample is positioned under the tip via a

piezoelectric tube (the scan piezo). (d) The physical origin of the frequency shift during

NC-AFM operation is based on the modification of the harmonic oscillation potential of the tip

(the dotted blue line) due to tip-sample interaction (the dashed orange line) at small tip-sample

distances, leading to an overall reduction of oscillation frequency (as represented by the red line).
The gray ball is used to represent the oscillatory motion of the tip based on symmetric (dotted blue
line) and modified (straight red line) potentials (Figure reproduced from Ref. [22])
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In order to achieve true atomic resolution imaging using an AFM-based

approach, a new dynamic operation mode has been introduced in 1995 [23–26].

As opposed to the static operation associated with contact-mode AFM, the micro-

machined cantilever to which the tip apex is attached is oscillated at its resonance

frequency in the new, noncontact AFM mode (NC-AFM) [27–33]. In typical

NC-AFM operation, the tip is brought into close proximity of the surface in the

attractive interaction regime while the cantilever is oscillating and changes in the

resonance frequency induced by atomic-scale force interactions between the probe

apex and the sample surface are detected as the oscillation amplitude is kept

constant using a feedback loop in the so-called frequency-modulation
(FM) operation [34]. As actual contact with the surface is prevented, the tip

apex remains atomically sharp (Fig. 8.1b) and site-specific variations in frequency

shift detected during precise raster-scanning over the sample surface result in the

acquisition of true atomic-resolution maps reflecting the structure of the surface.

Since its first successful application for atomic-resolution imaging in 1995

[23–26], the method of NC-AFM has delivered atomically resolved maps of a

large number of surfaces, including semiconductors [35–46], metals [47–50],

and insulators [51–60]. Moreover, in recent years, well-defined functionalization

of the probe tip apex with adsorbed molecules such as CO and partial operation

in the repulsive interaction regime have resulted in the acquisition of very

high-resolution spatial maps on adsorbed organic molecules on surfaces so that

individual atoms and bonds inside the molecules have been clearly observed

[61–64].

Since NC-AFM directly utilizes the effect of chemical interactions acting between

the probe tip and the sample surface on the oscillation characteristics of a micro-

machined cantilever to perform atomic-resolution imaging, it is natural to expect that

themethod can also be used towards the quantification of those interactions in terms of

forces and energies. Unfortunately, despite the fact that the connection between

frequency shifts (the main parameter relevant for NC-AFM imaging) and interaction

forces and energies can be expressed mathematically, the associated calculations

require acquisition of the frequency shift values from the point of interest above

the surface all the way to a distance where the cantilever oscillation is unaffected

by interactions with the surface [65–70]. As such, the determination of interaction

forces and energies quantitatively above a given atomic site on the material surface

starts with the recording of a frequency shift-distance curve in the vertical direc-

tion. Consequent conversion of the acquired frequency shift data mathematically

into a force/energy curve using the above-mentioned methods thus forms the

essence of force spectroscopy, which has been demonstrated in a number of studies

in the past [71–77]. As a natural extension of the described technique, combination

of a large number of spectroscopy curves acquired at different locations on a given

sample surface into 2D and 3D maps of interaction forces and energies has been

realized as well [78–87], thanks to advancements in instrumentation and acquisi-

tion methods [88].

In the following sections of the present chapter, an overview regarding experi-

mental and instrumental methodology associated with the NC-AFM technique will
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be provided, followed by a review of key research findings associated with atomic-

resolution imaging of various material surfaces, as well as atomic-resolution force

spectroscopy. The chapter will conclude with an outlook regarding potential direc-

tions for future NC-AFM research. While the NC-AFM community was initially

small, it is growing with each passing year and as such, the number of reported

results rapidly increases, as well. While an effort has been made to include a

majority of published results regarding various aspects of NC-AFM research in

this chapter, we apologize for any unintended omissions.

4 Experimental and Instrumental Methodology

Shortly after the introduction of the STM, it was apparent that interaction forces

acting between the metallic probe tip apex and the sample surfaces under investi-

gation led to certain distortions in acquired data [89]. As such, the possibility of

detecting interaction forces between atoms at such small length scales has been

investigated, resulting in the invention of the AFM [5]. As described in the previous

section, it became ultimately apparent that AFM in its traditional manifestation of

contact-mode was unable to achieve true atomic-resolution due to the finite contact

area that forms between the probe apex and the sample surface, leading to the

introduction of dynamic operation modes, where the cantilever is oscillated at or

near its resonance frequency as opposed to static operation in the contact mode [29].

Dynamically operating an atomic force microscope can be accomplished in two

different ways: amplitude modulation (AM) or frequency modulation (FM).

AM-AFM � where the cantilever is oscillated with a fixed driving frequency

near resonance and changes in its amplitude and phase characteristics based on

changing tip-sample distance are used as the detection signal [90, 91] � has been

mainly used in the literature towards the goal of nanometer-scale imaging in liquid

and ambient conditions due to the relatively long timescales associated with the

response of high quality factor (Q) cantilevers which are needed for atomic

resolution imaging with low imaging noise [29, 92]. As opposed to AM-AFM,

during FM-AFM operation the cantilever is oscillated at resonance (f0) and the

magnitude of the oscillation amplitude (A) is kept constant by the utilization of a

feedback loop [34]. As the cantilever base is approached to the sample surface under

investigation, the resonance frequency of the cantilever shifts to a new value f due to
the interactions of the tip apex atoms with the atoms of the surface, and the associated

shift in resonance frequency (referred to as frequency shift, Df = f�f0) is used as the
main imaging signal. A second feedback loop is utilized to keep the frequency shift at

a fixed value by changing the vertical position of the cantilever base accordingly

while the surface is being raster-scanned by the probe tip with picometer resolution

and so atomic-resolution topographical maps of any flat sample surface irrespective

of electrical conductivity (as opposed to STM) can be obtained. As atomic-resolution

NC-AFM studies have been almost exclusively performed in the FM mode in the

literature (with the exception of a few cases [93]), the use of the term “NC-AFM” in

the AFM community is usually taken to imply FM operation.
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Interactions of the probe tip with the sample surface leading to the frequency

shift can be classified as long-range and short-range. While electrostatic interac-

tions occurring due to potential differences between the probe tip and the samples

surface as well as the ubiquitous van der Waals interaction due to spontaneous

fluctuations leading to dipoles act at long range and cause generally a diffuse

background signal in NC-AFM images, the site-specific chemical interactions

relevant for atomic-resolution imaging (usually described by empirical models

such as those by Morse and Lennard-Jones) [94] are generally of short-range

character [73, 77, 84]. It needs to pointed out that while atomic-resolution imaging

with NC-AFM has been traditionally performed mainly in the attractive interaction

regime [27], recently it has been demonstrated that partial operation in the repulsive

regime with small amplitudes results in the acquisition of very high-resolution

images on adsorbed organic molecules, revealing the intramolecular structure

with unprecedented precision based on minute differences in site-specific Pauli

repulsion forces [61, 95].

Mechanical properties of cantilevers employed in NC-AFM (spring constant k,
resonance frequency f0 and quality factor Q) affect oscillation characteristics and

consequently, the acquired data. While in the initial manifestation of NC-AFM,

cantilevers with relatively low stiffness values (few tens of N/m or less) have been

employed with large oscillation amplitudes (�10 nm) to perform atomic resolution

imaging [23, 47, 96, 97], the use of tuning forks with much higher stiffness

(�2,000 N/m) in conjunction with lower oscillation amplitudes (�1 nm) in the

so-called q-Plus mode has emerged as an exciting alternative [80, 84, 86,

98–101]. The main advantages associated with the use of tuning forks in

NC-AFM experiments can be summarized as the ability to operate at low ampli-

tudes without instabilities related to the jump-to-contact phenomenon due to

increased stiffness, increased sensitivity to short range interaction forces due to

reduced amplitudes [102], the ability to freely choose the tip material by utilizing

cleaved or electrochemically etched thin metallic wires attached to one of the

prongs, as well as the electrical detection of the oscillating signal based on the

piezoelectric character of quartz, eliminating the need for optical detection equip-

ment in the microscope [30].

As indicated in the previous section, one of the main strengths of NC-AFM is

based on the fact that it can be utilized towards performing site-specific interaction

force and energy spectroscopy on the material surface of interest [71–88]. The

acquisition of individual curves of frequency shift versus tip-sample distance and

the consequent conversion into force and energy follows established procedures. At

this point, it should be indicated that various mathematical approaches have been

put forward in the literature to describe the relation between frequency shifts

measured in NC-AFM spectroscopy experiments as a function of tip-sample dis-

tance and the interaction forces that cause them [65–70]. While some of the

methods used to calculate interaction forces from measured frequency shift data

are valid only for relatively large amplitudes (>5 nm), the method of Sader

and Jarvis is usually preferred due to the fact that it provides a good approximation

for all amplitude regimes and that its solution is relatively easy to implement
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computationally [68]. According to this approach, the interaction force

F acting between the tip and sample in the vertical direction at a distance of z is
given by

F zð Þ ¼ 2k

ð1

z

1þ
ffiffiffi
A

p

8
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
p u� zð Þp

 !
Df uð Þ
f 0

� A3=2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 u� zð Þp d

du

Df uð Þ
f 0

� �
du

Once again, it should be pointed out that the calculation of the interaction force at a

given tip-sample distance requires knowledge of all frequency shifts form the

distance of interest all the way to a separation where tip-sample interactions are

negligibly small, as seen from the mathematical expression above. After conversion

to force F has been performed for a single spectroscopy curve, interaction energy

values are simply obtained by numerically integrating the force data. Since short-

range chemical forces are mainly thought to be responsible for atomic-resolution

imaging and spectroscopy in NC-AFM experiments on reactive surfaces [103, 104],

appropriate methods have been proposed to eliminate the contribution of long-

range interactions from the experimentally measured total force [105, 106].

Accordingly, compensating for the contact potential difference between the

tip and sample by the application of a bias voltage and subsequent subtraction

from the total force interaction eliminates the long-range electrostatic force

contribution. Moreover, the fitting of a Hamaker-type interaction model to the

long-range part of measured force spectroscopy curves assuming a sphere-plane

geometry (where the radius of the sphere represents the radius of curvature

associated with the apex of the tip employed in the experiments) and subsequent

subtraction from the total force interaction eliminates the effect of van der Waals

interactions.

Based on the methods established in the literature regarding spectroscopic data

acquisition and subsequent conversion into forces and energies, various approaches

have been suggested and utilized for the acquisition of two/three-dimensional

interaction force and energy data [88]: While the curve-by-curve acquisition

method depends on recording multiple spectroscopy curves one by one and their

subsequent combination into a single two/three-dimensional map, i.e., Refs. [78,

79, 87, 107–110] the layer-by-layer method involves the recording of several

NC-AFM images with slow topography feedback at various semi-constant heights

above the sample surface (Fig. 8.2) i.e., Refs. [84, 86, 87, 111, 112]. The individual

layers of data can be then manually drift-corrected and combined into a single

three-dimensional map of interaction forces or energies. While both techniques

feature certain advantages and disadvantages, it should be stated that the curve-by-
curve method necessitates the use atom-tracking/feedforward methods [113, 114]

in order to collect drift-corrected data, while the layer-by-layer method allows post-

acquisition drift correction, which is additionally facilitated at low

temperatures [88].

As expected, atomic resolution imaging and force spectroscopy experiments

performed using NC-AFM are readily affected by the structural and chemical
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properties of the tip apices employed in the experiments [31, 61, 115–121]. While

the effect of tip asymmetry and elasticity on NC-AFM experiments have been the

subject of a few numerical studies in recent years [88, 122], more effort needs to be

spent in this direction if a standardization of atomic-resolution imaging and espe-

cially spectroscopy experiments is to be achieved. An interesting experimental

approach towards standardization of the chemical and structural properties have

been realized through the adsorption of a well-defined single molecule such as CO

on the tip apex, delivering several very promising results in terms of increased

spatial resolution [61, 62, 123].

It should also be noted that atomic resolution imaging and spectroscopy exper-

iments on material surfaces of interest using NC-AFM are significantly facilitated

by the utilization of low temperatures (achieved by the use of liquid nitrogen or

helium) and operation under ultrahigh vacuum (UHV) conditions [73, 124]. While

operation at low temperatures delivers higher levels of stability with decreased

thermal drift and piezo nonlinearity effects as well as improved quality factors

leading to high signal-to-noise ratios, ultrahigh vacuum conditions ensure the

atomic-scale cleanliness of the sample surface for long durations by dramatically

reducing the number of adsorbed molecules on the sample surface [27]. Despite the

advantages provided by low temperature operation under UHV for NC-AFM

experiments, the development of methods such as atom tracking [113] in combi-

nation with the feedforward methodology [114] now allow virtually drift-free

imaging and spectroscopy experiments at room temperature [87, 107, 108, 125].

Additionally, it should be stated that in recent years, the relatively small niche

area of atomic-resolution experiments in UHV conditions has been expanded by

successful demonstration of atomic-resolution imaging and spectroscopy under

liquids as well as ambient conditions via major advances in instrumentation and

methodology [126–133].

Fig. 8.2 Schematic illustrations describing acquisition procedures used to collect site-specific

frequency shift data on material surfaces: While the curve-by-curve approach is based on the

recording of individual Df(z) curves (a), separate NC-AFM images at semi-constant heights above

the surface are collected in the layer-by-layer approach (b) (Figure reproduced from Ref. [88])
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5 Key Research Findings

5.1 Atomic-Resolution Imaging

5.1.1 Semiconductor Surfaces
Due to their wide-spread use in the electronics industry, silicon and related semi-

conductor materials are of great scientific, technological and industrial importance.

Therefore, it is only natural that the prototypical Si(111)-7�7 surface has been the

focus of initial NC-AFM studies where atomic-resolution was demonstrated in

1995 under UHV conditions by the utilization of a frequency modulation approach

[23, 25]. During the same year, research efforts by the group of S. Morita in Osaka

University culminated in the atomic-resolution imaging of the InP(110) surface and

the observation of point defect motion at room temperature [24, 26]. Following

these spectacular results constituting a “proof-of-principle” for true atomic-

resolution imaging via NC-AFM, multiple research groups have succeeded in

obtaining atomic-resolution images of the Si(111)-7�7 surface using different

microscope setups [134–136]. Despite the fact that the Si(111)-7�7 surface was

one of the first to be imaged with atomic-resolution via NC-AFM and is nowadays

frequently employed as a “test sample” to investigate the capabilities of custom-

built and commercial instruments, several interesting results continue to be reported

on this sample system, such as the observation of subsurface atoms [137] as well as

differences in contrast formation mechanisms observed during combined

NC-AFM/STM studies [138].

Another sample system based on the semiconducting Si(111) surface that has

been characterized to a certain extent by NC-AFM experiments is the Ag : Si 111ð Þ
� ffiffiffi

3
p � ffiffiffi

3
p� �

R30o surface obtained by deposition of Ag atoms on a Si(111)

surface under UHV conditions and at elevated temperatures [40, 43, 46]. The

atomic-scale investigations on this sample are motivated by a general interest in

metal–semiconductor interfaces as well as the fact that the precise atomic structure

of the surface has remained a matter of debate in the scientific community. Earlier

investigations at room temperature have revealed that the atomic-scale contrast

observed in NC-AFM experiments changes based on varying tip-sample distance

and it was concluded that a so-called honeycomb-chained-trimer (HCT) model

describes the surface structure satisfactorily [40, 46]. However, an extensive

study of combined NC-AFM and STM experiments performed at variable temper-

atures have later revealed that the ground state surface structure is explained by an

inequivalent trimer (IET) model at low temperatures and the appearance of a

HCT-type structure at room temperature is due to a thermal averaging

(fluctuation) effect [43]. Thus, the exciting potential of the NC-AFM method in

atomic-scale structural characterization of semiconducting surfaces is clearly

demonstrated.

Due to its importance for the electronics industry and micro-fabrication tech-

nologies, the Si(100) surface has also been targeted by NC-AFM measurements

aimed at uncovering its atomic-scale structure in real space [35, 41, 44, 139–143].
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While measurements performed at low temperatures have confirmed that the

ground state of the surface is characterized by buckled Si dimers with tilted

bonds leading to a c(4�2) reconstruction [139], thermal fluctuations between stable

buckling positions for each dimer lead to an apparent p(2�1) surface structure at

room temperature [35]. Even more interestingly, Li et al. have determined that

tip-induced interaction forces at small tip-sample distances during NC-AFM imag-

ing induce dimer flipping, leading to the occasional observation of a p(2�1)

reconstruction during low temperature experiments [44]. Further, careful experi-

ments by Sweetman et al. have culminated in the deliberate flipping of single

dimers on the Si(100) surface at zero bias voltage and low temperatures by

controlling the magnitude of the tip-sample interaction, essentially demonstrating

pure mechanical toggling of an atomic scale switch (Fig. 8.3) [140, 141].

In order to evaluate the ability of NC-AFM to discriminate the chemical identity

of multiple atomic species on a given surface, semiconductor alloy surfaces

consisting of combinations of Si, Sn, In, Ge and Pb atoms have been investigated

via imaging experiments [144–147]. The results remarkably show that the

NC-AFM method is clearly able to distinguish one type of atom from the other

by detecting differences in measured topographic height (Fig. 8.4). Evaluating the

recorded images in conjunction with careful force spectroscopy measurements then

allows the assignment of the detected height difference to atomic scale relaxations

as well as differences in short-range interaction forces exhibited by each type of

atom with the probe tip. Finally, by utilizing a combination of experimental results

and ab initio calculations, a procedure for chemical identification of individual

atoms regardless of the specifics of experimental parameters and tip apex properties

has been introduced (for details, see Sect. 5.2.1; [77]).

Results related to atomic-resolution imaging of semiconductor surfaces are not

limited to the examples discussed above. Indeed, excellent atomic-scale structural data

has been presented on Ge(111) [39, 148] and Ge(001) [45], GaAs(110) [38], and InAs

(110) [149]. Based on the discussion in this section, it is clearly seen that NC-AFMhas

Fig. 8.3 NC-AFM images of

the semiconducting Si(100)

surface acquired at a

temperature of 5 K. While

atomic arrangement of the

surface in the c(4�2)

reconstruction is imaged in

(a), controlled approach of the
tip to the location indicated by

(i) leads to dimer flipping, as
indicated by the rectangles in

(b) (Figure reproduced from

Ref. [141]. Copyright (2011)

by the American Physical

Society)
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been established as a prominent tool for atomic-scale characterization of semiconduc-

tor surfaces. In the following sections, application of the NC-AFM method to other

surfaces of scientific interest (metal oxides, ionic crystals, etc.) will be covered.

5.1.2 Metal Oxide Surfaces
Shortly after the first demonstration of the atomic-resolution capability of NC-AFM

on the surface of Si(111)-7�7, efforts have been directed at resolving the atomic

structure of surfaces associated with other materials. Of the different classes of

materials that have been investigated with NC-AFM, metal oxides are of particular

interest due to (a) their wide application in diverse fields such as electronics,

heterogeneous catalysis and biomedical engineering and (b) the fact that most

metal oxides of technological interest are electrical insulators and as such, the

associated surfaces cannot be probed with ease using standard surface science

techniques relying on the utilization of freely moving electrons [150]. Therefore,

prior to the introduction of NC-AFM as a surface characterization tool with atomic-

resolution imaging capability, experimental studies aimed at atomic-resolution

imaging of metal oxide surfaces using STM have been closely restricted to partially

reduced, semiconducting metal oxide samples (e.g., rutile TiO2(110) [151]) and

thin films on conducting substrates [152].

Based on growing scientific and technological interest in the surface structure and

properties of metal oxides, NC-AFM has been utilized towards atomic-resolution

imaging of surfaces associated with a number of insulating and semiconductingmetal

oxides (including thin oxide films) such as TiO2 [96, 115, 118, 120, 121, 153–156],

Al2O3 [52, 157–163], CeO2 [57, 164–169], NiO [170–174], MgO [162, 175–177],

ZnO [178], MoO3 [179], and MgAl2O4 [59, 180, 181], as well as thin layers formed

through oxidation of metal substrates [86, 182] in the past two decades. While an

excellent and exhaustive review of the subject has been published previously [183], in

Fig. 8.4 Topographic

NC-AFM image of a Sn/Si

(111) alloy surface (8.5 nm2

� 8.5 nm2) where differences

in the chemical identity of

individual atoms lead to clear

changes in image contrast

(Figure reproduced from

Ref. [147]. Copyright (2006)

by the American Physical

Society)
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this chapter we will present the development of atomic-resolution imaging on metal

oxide surfaces via NC-AFMwith the example of rutile TiO2(110), which is by far the

most widely studied metal oxide surface via a host of surface science techniques, in

addition to being of high importance for photocatalysis applications [151, 184].

Even though the anatase form of TiO2 is more relevant for practical catalysis

applications, rutile TiO2(110) has been the focus of most NC-AFM imaging experi-

ments due to the fact that its structure and the types of common defects encountered

are very well known and have been well documented in the literature [151]. As shown

in Fig. 8.5, the rutile TiO2(110) surface is composed of alternating rows of five and

sixfold coordinated Ti4+ cations and threefold coordinated in-plane O2� anions, as

well as rows of bridging O2� anions that are twofold coordinated. Whereas the bulk

unit cell has a tetragonal structure with a= b= 0.4584 nm and c= 0.2953 nm [151],

the distance between two rows of bridging O2� anions or fivefold coordinated Ti4+

cations on the (110) face is 0.65 nm, while a monoatomic step is 0.325 nm high [185].

The types of defects which are commonly encountered on the rutile (110) surface after

conventional UHV preparation (involving sputter/anneal cycles) include O vacancies

on bridging O2� rows, as well as OH groups forming on such vacancies due to H2O

dissociation a few hours after sample preparation, even under very good UHV

conditions [121, 186].

While the contrast observed in typical STM images of TiO2(110) [185–188] has

been well understood (bright stripes coinciding with rows of fivefold Ti4+ ions, and

bright protrusions in between corresponding either to O vacancies or OH groups)

[151]. NC-AFM images have shown a much larger variety of contrasts ever since

the first atomic-resolution measurements have been performed on TiO2(110) using

this technique [96]. The overall consensus in the literature so far is that there are

three most common contrast types observed in NC-AFM measurements of

TiO2(110) [120, 121]: (1) The protrusion mode, where Ti rows are imaged as

bright stripes and O vacancies and OH groups are imaged as bright protrusions

between the stripes. (2) The hole mode, where bridging O2� rows are imaged as

Fig. 8.5 Structural model of the rutile TiO2(110) surface with regular defects. In-plane oxygens
are threefold coordinated, whereas bridging oxygens are twofold coordinated. Ti sites under the

bridging oxygens are sixfold, and the exposed ones are fivefold coordinated
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bright and O vacancies/OH groups as dark depressions on these rows. (3) The

neutral mode where AFM images tend to reflect the real topography of the sample

surface: In this imaging mode, bridging O2� rows are imaged as bright stripes, OH

groups as bright protrusions on top of these rows and O vacancies as dark depres-

sions on the same rows. The extensive NC-AFM work performed in

F. Besenbacher’s group at Aarhus University in collaboration with DFT simulations

has led to the conclusion that these contrast types can be generally explained by the

different electronic polarities of the tip apices used in the experiments: [120, 121]

(1) A negatively charged anion at the tip apex (e.g., O2�) would interact more

strongly with the positively charged Ti4+ ions on the surface due to local electro-

static interaction and produce images where rows of Ti4+ ions are imaged as bright

stripes. Moreover, since O vacancies and OH groups might be thought of as

electrostatically less negative than regular O2� anions, they are imaged as bright

protrusions on dark O2� rows (protrusionmode). (2) Similarly, a positively charged

cation at the tip apex (e.g. Ti4+) would interact more strongly with the negatively

charged O2� ions on the surface due to electrostatic interaction and produce images

where rows of O2� ions are imaged as bright stripes, with O vacancies/OH groups

as depressions on these rows due to weaker electrostatic attraction to the tip apex

(the holemode). (3) Lastly, a neutral tip apex (such as a pure Si tip that has not been
pre-treated by light crashes with the TiO2(110) surface, thus terminated by Si

atoms), would interact mostly via covalent bonds with the surface atoms and

produce images representing the true topography of the sample surface, as corrob-

orated by DFT simulations (the neutral mode) [121, 189]. A comparison of all

contrast modes discussed here for NC-AFM imaging is given in Fig. 8.6.

It should be noted here that a few additional NC-AFM studies performed by other

research groups have revealed the existence of additional, more exotic imaging

modes. Specifically, Yurtsever et al. have been able to observe bright rows of O2�

ions with no apparent OH groups that usually cover TiO2(110) surfaces a few hours

Fig. 8.6 The three common imaging modes that are frequently encountered in NC-AFM mea-

surements: the protrusion (a), hole (b), and neutral (c) modes. In the protrusion mode, bright

stripes coincide with fivefold Ti4+ sites on the surface and regular defects are imaged as pro-

trusions between the stripes. For both hole and neutral modes, bright stripes coincide with bridging

oxygen sites. Whereas the hole mode displays regular defects as depressions on bright stripes,

the neutral mode resembles the real topography of the oxide surface (Figure reproduced from

Ref. [121]. Copyright (2007) by the American Physical Society)
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after cleaning in UHV (the so-called hiddenmode) [155]. Additional imaging modes

observed in NC-AFM include the imaging of in-plane oxygens as bright protrusions
[155], as well as an all-inclusivemode observed by Bechstein et al. [118], where both

bridging O2� as well as fivefold Ti4+ ions are imaged simultaneously as bright

protrusions in NC-AFM. The all-inclusive imaging mode might be explained by the

existence of a Si(100) tip with a dimer-like apex including an adsorbed O atom or OH

group [116]. Regardless of the specific details associatedwith each of the experiments

discussed in this paragraph, the results presented (and summarized in Fig. 8.7) lead to

the conclusion that a simple electrostatic view of tip apices (positive, negative, or

neutral) might not always be sufficient to explain all contrast types observed in

NC-AFM imaging of metal oxide surfaces such as TiO2(110). In fact, a combination

of force spectroscopy experiments and ab initio simulations have been recently

utilized to identify the tip apex structures responsible for commonly observed contrast

modes on TiO2(110), with the conclusion that flexible tip apices contaminated with

clusters from the surface quantitatively explain the experimental imaging and spec-

troscopy results [156].

Finally, combined NC-AFM/STM studies have been performed on the

TiO2(110) surface to elucidate the role of the tip in contrast formation for both

imaging channels [115]. Specifically, all three general modes of NC-AFM imaging

(the protrusion, hole, and neutral modes) are observed in the AFM channel, with

simultaneous STM images showing either in-phase (bright rows in AFM corre-

spond with bright rows in STM) or out-of-phase character (bright rows in AFM

correspond with dark rows in STM). Figure 8.8 can be consulted in order to

compare the various contrasts that are obtainable in simultaneous AFM/STM

imaging of TiO2(110). Having such a variety of image contrasts available, identi-

fication of tip apices associated with each mode using DFT simulations

requires considerable effort [190]. Additionally, simultaneous NC-AFM/STM

Fig. 8.7 A summary of the more exotic imaging modes associated with NC-AFM experiments on

TiO2(110). (a) The so-called all-inclusive mode where both bridging oxygens as well as fivefold

Ti4+ sites are imaged as bright protrusions. (b) The hidden mode where adsorbed OH groups

are not detected in NC-AFM images showing bright protrusions associated with bridging oxygen

sites. (c) A rather rare NC-AFM image exhibiting in-plane oxygens as bright protrusions.

((a) reproduced from reference [118]. (b) and (c) reproduced from Ref. [155]. # IOP Publishing.

Reproduced with permission. All rights reserved.)
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measurements have revealed the existence of a subsurface defect in the form of an

interstitial H atom, which has a characteristic electronic signature in the STM

channel, but is practically undetectable with AFM [154].

Overall, the key role that NC-AFM plays in atomic-resolution characterization

of metal oxide surfaces is clearly demonstrated by the representative example of the

rutile TiO2(110) surface presented in this section, together with the significant

effect of tip structure and chemistry on the experiments. Taking into account that

metal oxide surfaces continue to be an integral component of technical develop-

ment in a number of fields, it is natural to expect that in the near future, the

application of NC-AFM imaging will spread to new metal oxides beyond the classic

examples of TiO2, Al2O3, CeO2, NiO, etc. mentioned previously.

5.1.3 Ionic Crystal Surfaces
Another class of materials that have been studied in detail via NC-AFM imaging

experiments are ionic crystals such as NaCl, KBr, and CaF2 [53, 54, 60, 74, 111,

191–201]. The main interest in studying the atomic structure of ionic crystal

surfaces is based on three factors: (i) Ease of sample preparation through simple

Fig. 8.8 Various imaging modes attainable in simultaneous NC-AFM/STM measurements on the

TiO2(110) surface. All combinations of the typical NC-AFM imaging modes (protrusion (a–d),
hole (i–j), and neutral (e–h)) with in-phase and out-of-phase tunneling current imaging are attained

in this study, except for the in-phase recording of tunneling current data for hole mode NC-AFM

imaging (Figure reproduced from Ref. [115]. Copyright (2008) by the American Physical Society)
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cleaving, (ii) the fact that the physical properties associated with their bulk structure

have been studied for a very long time and (iii) the fact that they constitute model

insulating substrate systems for the growth of metallic thin films as well as organic

layers for molecular electronics.

Motivated by the mentioned factors, the first atomic resolution image of an ionic

crystal surface (NaCl(001)) demonstrating the detection of point defects obtained

via NC-AFM was published in 1997 [191]. NC-AFM work performed on fluoride

surfaces such as CaF2(111) have later revealed the mobility of defects at room

temperature and the alleviation of associated kinetics based on interaction with

oxygen molecules leading to the formation of chemisorbed species, [53] as well as

atomic-resolution imaging of step edges where individual ions and vacancies have

been resolved [194]. Moreover, it was determined that the contrast exhibited by the

imaged ions on CaF2(111) during NC-AFM experiments strongly depends on the

polarity of the tip apex employed (which may spontaneously change during exper-

iments by means of material transfer in the form of small clusters to or from the

surface) by utilizing a combination of experimental results and theoretical calcula-

tions [54, 192]. The fundamental idea that contrast formation on ionic surfaces

during NC-AFM experiments is dominated by atomic-scale variations in electrostatic

interactions exhibited by the surface ions with the probe tip have been later supported

by experimental studies aimed at imaging the CaF2(111) surface with well-

characterized tip apices [119]. Finally, lateral manipulation of point defects on this

sample surface were achieved via NC-AFM [197, 199] and individual surface ions

were imaged using a tuning fork based detection scheme (Fig. 8.9; [198]).

Due to the fact that the cations and anions on binary ionic crystal surfaces (such as

KBr andNaCl) are arranged in equivalent surface unit cells, their identification during

NC-AFM imaging experiments via symmetry arguments is not possible and often

considerable support from theoretical calculations is needed to achieve this goal. In

order to overcome this difficulty, two main methods have been proposed where (i) the

Fig. 8.9 Constant height NC-AFM images of the ionic CaF2(111) surface acquired with a tuning

fork sensor in the qPlus configuration (1.36 nm� 1.36 nm). The image contrast reflects the frequency

shift. While (a) has been acquired in the attractive interaction regime, (b) has been recorded in the

repulsive regime, resulting in a reversal of contrast (Figure reproduced from Ref. [198]. # IOP

Publishing. Reproduced with permission. All rights reserved.)
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ionic crystal is doped to a known ratio by a given impurity (such as Cl� ions replacing

a certain portion of Br� ions in a KBr crystal) such that differences in topography

between the two types of anions inNC-AFM images can be used to identify the type of

ion imaged [196]. It is interesting to note that the two types of anions interact

differently with the probe tip despite the fact that their formal charge states should

be equivalent. Alternatively, (ii) the binary ionic crystal may be doped with divalent

cations such that a new phase on the surface forms together with the introduction of

point defects compensating for the charge imbalance caused by doping leading to

facilitation of chemical identification of ions in NC-AFM images [202–204].

Aside from the surfaces obtained by cleaving of bulk ionic crystal samples,

ultrathin films of alkali halides and fluorides grown on metal and semiconductor

substrates have been targeted by atomic-resolution NC-AFM studies as well,

primarily due to their potential applications in fields such as catalysis and molecular

electronics [205–207]. Moreover, ultrathin films of alkali halides have been used as

substrates for very high-resolution imaging of adsorbed organic molecules in

studies conducted by tips functionalized with single molecules such as CO [61].

5.1.4 Other Material Surfaces and Adsorbed Molecules
In addition to semiconductors, metal oxides and ionic crystals, NC-AFM has been

used to perform atomic-resolution imaging experiments on a number of other

material surfaces. Examples include, but are not limited to: Surfaces of single

crystal metal samples [47–50], highly oriented pyrolithic graphite (HOPG) [84,

97, 208–210], carbon nanotubes and associated metallofullerene peapods [83, 211],

a film of Xe adsorbed on graphite [51], and more recently, thin films of silica (SiO2)

showing crystalline as well as vitreous structure grown on Ru(0001) substrates

[212, 213], silicene grown on Ag(111) [214], and finally, graphene [215–218].

Despite the fact that the review presented in this chapter is mainly oriented

towards NC-AFM based imaging and spectroscopy of bare material surfaces, the

key role that the method has played in resolving the structural, physical and

chemical details of single molecules and molecular layers adsorbed on various

substrates should be emphasized. In addition to recent reports of unprecedented

intramolecular resolution on single molecules achieved through deliberate

functionalization of tip apices [61, 62, 64, 110], earlier efforts in this direction

include the imaging of formate and acetate ions, terephthalic acid, perylene deriv-

atives, C60, Co-Salen, truxene, porphyrin derivatives, water, etc. adsorbed on

various substrates [219–232]. As such, the potential of NC-AFM as a powerful

characterization tool capable of resolving atomic-scale structural properties extends

from various classes of bare material surfaces to individual molecules.

5.2 Atomic-Resolution Force Spectroscopy

5.2.1 Pioneering Studies in Atomic-Resolution Force Spectroscopy
Surfaces play a key role for a large number of scientifically and technologically

relevant phenomena including friction, adhesion, corrosion, thin film growth and
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heterogeneous catalysis, among others. Considering that the interactions exhibited

by atoms at the surfaces of various materials with other atoms, molecules or

surfaces in their vicinity direct the physical laws that govern the processes men-

tioned above, the need for an experimental technique that would allow direct

measurement of such interactions at atomic length scales arises. As mentioned

earlier in this chapter, the method of NC-AFM, when utilized in conjunction with

appropriate experimental equipment and protocols, allows to perform atomic-

resolution force (and consequently, energy) spectroscopy in all three spatial dimen-

sions above sample surfaces of interest. As such, we will review in this section key

results that have been obtained with NC-AFM with regards to atomic-resolution

force spectroscopy.

Shortly after the demonstration of atomic-resolution imaging on semiconductor

surfaces using a frequency modulated NC-AFM approach [23–26], efforts have

been directed by several research groups around the world to perform atomic-

resolution force spectroscopy by measuring the tip-sample interaction force as a

function of tip-sample distance above individual locations on sample surfaces

[71–73, 233]. Specifically, an extensive analysis of force spectroscopy data

obtained on HOPG at liquid nitrogen temperatures found good agreement between

the experimental measurement and specific force laws (Hamaker-type van der

Waals interaction law, Lennard-Jones type interaction law and Hertz-type contact

law) (Fig. 8.10) [71]. Moreover, in a seminal work published in 2001, the scanning

probe microscopy research group at University of Basel have succeeded in quan-

tifying the short-range interaction forces associated with the onset a covalent bond

between a Si tip and a Si(111)-7�7 surface using a low temperature atomic force

microscope with high-stability, whereby minute differences in interactions between

inequivalent atoms of the surface have also been detected [73].

Fig. 8.10 A force

spectroscopy curve obtained

experimentally via the

recording of frequency shift as

a function of tip-sample

distance using a Si tip on the

HOPG surface at a temperature

of 80 K. While the interaction

up to the turning point is nicely

approximated by the Hamaker-

type van der Waals and the

Lennard-Jones interaction

models (dashed line), the
interaction at closer

separations obeys the Hertz

contact law (straight line)
(Figure reproduced from

Ref. [71]. Copyright (2000) by

the American Physical

Society)
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The pioneering force spectroscopy experiments described above have been

complemented by additional studies where force spectroscopy data obtained on

different atomic sites on ionic crystal surfaces such as KBr(001), NaCl(001) and

CaF2(111) have been utilized in conjunction with ab initio simulation studies to

(a) characterize in detail the structure and polarity of tip apices, (b) determine the

identity of imaged ionic species, and (c) study the effects associated with atomic-

scale relaxation and asymmetry of the tip apex utilized in the experiments [74, 200,

234, 235]. Moreover, the simultaneous recording of multiple data channels (such as

frequency shift and tunneling current) during spectroscopy experiments have

revealed varying distance dependence for the observed variables and allowed

comparisons to be made regarding the physical mechanisms responsible for each

[236]. In an interesting experiment, Sugimoto et al. have demonstrated that

enhanced signal-to-noise ratio for frequency shift spectroscopy curves acquired at

room temperature can be achieved by the use of higher flexural modes of cantile-

vers in conjunction with decreasing oscillation amplitudes [76]. Finally, in 2007,

the goal of unambiguous chemical identification of individual atoms that form a

material surface has been realized [77]: The authors, by utilizing a combination of a

large number of force spectroscopy curves on alloy surfaces consisting of Si, Sn, In

and Pb atoms and ab initio density functional theory calculations, have demon-

strated that the largest force interactions always occur on Si atoms and the relative

ratio of the maximum force interaction values between different types of atoms

remains constant, despite the fact that absolute values of measured interactions do

change considerably based on measurement parameters as well as chemical and

structural properties of the tip apex (Fig. 8.11).

5.2.2 Three-Dimensional Force Spectroscopy with Atomic Resolution
As demonstrated by the experiments described above, the procedures for recording

and processing frequency shift spectroscopy curves to obtain atomic-resolution

force and energy data as a function of tip-sample distance on individual lattice

sites has been well-established in the decade following the achievement of atomic-

resolution imaging in NC-AFM. Consequently, the idea of combining thousands of

such Df(z) curves to form three-dimensional data sets that allow recovering forces

and energies as a function of position (x, y, z) above the sample surface seems

straightforward. Performing this task with a sufficiently high number of Df(z)
curves such that high-quality volumetric maps of interaction force and energy are

obtained, is however a very challenging aim. Considering that acquiring a

low-noise Df(z) curve takes typically about 5 s, collecting individual curves for

each point on a data set consisting of 256 � 256 pixels laterally (a resolution

common for NC-AFM images) should take about 90 h [237]. Due to the fact that

most NC-AFM instruments operate at room temperature, thermal drift becomes an

important issue, making it impossible to image the same area of the sample surface

for such extended measurement times unless atom-tracking/feedforward techniques

[113, 114] are employed (note that based on the microscope design and associated

stability characteristics, even microscopes operating at low temperatures may

feature levels of thermal drift that are not suitable for three-dimensional
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spectroscopy). Moreover, extended measurement times also increase the chance of

permanent tip changes occurring at the apex, rendering the data collected up to the

point of tip change unusable [237].

Due to the challenges described above, most experiments aimed at collecting full

three-dimensional (volumetric) maps of interaction forces and energies above

sample surfaces using NC-AFM have initially resulted in two-dimensional maps,

describing the tip-sample interaction as a function of distance and lateral position in

a defined crystallographic direction [78–82, 238]. While these experiments pro-

vided very useful physical information regarding, e.g., potential energy barriers

[79] and lateral in addition to vertical force interactions [81], the goal of full three-

dimensional atomic-resolution force spectroscopy was reached in 2009 [84]. The

scanning probe microscopy group at Yale University utilized the combination of a

home-built, ultrahigh vacuum and low-temperature noncontact atomic force micro-

scope with very high stability and low drift rates (as low as 2–3 Å per day at liquid

helium temperature as opposed to a typical value of a few Å per minute at room

temperature) [101] and a new data acquisition and processing method to obtain a

virtually drift-free map of interaction forces in three-dimensions on a 1750 pm �
810 pm area on HOPG [22, 84]. While the details of the data acquisition and

Fig. 8.11 Sets of force spectroscopy curves recorded on Si and Sn (a) as well as Si and Pb atoms

(c) using NC-AFM. Despite the fact that significant differences between individual force curves

can be observed due to the use of different tips, normalizing the data in each set with respect to the

absolute maximum force recorded on Si jFSi(set)j reveals a distinct chemical signature associated

with each type of atom in terms of the maximum normalized interaction force (b, d), irrespective
of the specifics of the tip apex employed (Figure reproduced from Ref. [77] by permission from

Macmillan Publishers Ltd, copyright (2007))
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processing steps as well as experimental parameters have been described elsewhere

[237], the main advantage of the method lies in the fact that a layer-by-layer approach
has been utilized instead of the typical curve-by-curve data collection procedure,

allowing post-acquisition correction of the remaining drift to be performed manually

after the experiment is finished. In the layer-by-layer approach, as described in Sect. 4

of this chapter, a series of regular, topographic NC-AFM images (together with the

error signal in terms of deviations from the Df setpoint) is collected at semi-constant

heights above the sample surface with slow topography feedback, manual correction

of lateral drift (which has been dramatically reduced thanks to the stable microscope

design and low temperature operation) is performed image by image by cropping the

part of each image that is common to all layers, and the resulting layers of topography

and Df information are combined to form a full three-dimensional set of spectroscopy

data. The post-acquisition drift correction procedures also eliminates artifacts asso-

ciated with the overall elastic deflection of asymmetric tip apices with increasing

vertical forces as the tip-sample distance is decreased [237].

Once a full, drift-free three-dimensional map of frequency shifts is acquired as

described above (in �40 h, at T = 6 K and under UHV conditions, using a tuning

fork in the qPlus configuration with an etched Pt/Ir tip and featuring a data density

of 6.8 pm laterally and�2 pm vertically), the data are converted to interaction force

using appropriate mathematical procedures [68]. A three-dimensional visualization

of the vertical interaction force field obtained in this way is presented in Fig. 8.12

(please note that the average force value for each height has been subtracted to

enhance the contrast). The average interaction force observed in the bottom plane is

�2.35 nN and the total corrugation is �70 pN. One can also clearly observe atomic

resolution in the bottom plane as well as the gradual weakening of the interaction

with increasing tip-sample distance.

For a more detailed analysis, cuts of forces along any direction can now be

produced to study the evolution of interaction forces as a function of lateral position

on the surface using horizontal cuts as well as tip-sample distance using vertical

Fig. 8.12 Three-dimensional representation of the interaction force field acquired via NC-AFM

based spectroscopy on HOPG. Atomic-scale corrugation on the plane of closest approach as well

as the gradual weakening of interactions with increasing tip-sample distance are clearly observed.

More negative values indicate more attractive interaction (Figure reproduced from Ref. [22])
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cuts (Fig. 8.13). Despite the fact that the horizontal maps presented in Fig. 8.13

resemble regular, topographical NC-AFM images, they differ significantly from

these due to the fact that the image contrast now directly reflects the magnitude of
the interaction force as a function of lattice position at a given height above the

sample surface. In contrast, individual images obtained using NC-AFM only reflect

a “topography” associated with a constant frequency shift, which is of limited

physical significance. It is also interesting to note that the locations of largest

attractive interaction with the probe tip are situated above the hollow sites

(H sites) of the graphite lattice (i.e., the centers of the hexagons formed by the

carbon atoms) [84, 239] essentially due to the fact that the relatively small atomic

spacing between carbon atoms on the top layer of graphite leads to an increased

interaction with the probe tip apex om hollow locations where the apex is closely

surrounded by six carbon atoms.

As described above, an alternative way to study the three-dimensional interac-

tion force data is to produce vertical maps along crystallographic directions of

Fig. 8.13 (a–d) Horizontal force maps at 12 pm (a), 52 pm (b), 97 pm (c), and 132 pm (d) above
the plane of closest approach reproduced from the three-dimensional data in Fig. 8.12. The

hexagon designates the positions of the two types of inequivalent C atoms on the top layer of

HOPG (A (red) and B (white) atoms). (e–f) Vertical force maps along the straight (e) and dashed
(f) arrows in (a). (g) Three force spectroscopy curves recorded on the hollow lattice site (H site) as

well as on top of the A and B atoms indicated in (f), highlighting site-specific differences in

interaction forces (Figure reproduced from Ref. [22])
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interest. Studying the vertical force maps presented in Fig. 8.13, one can see that the

atomic scale variations of the normal force on different lattice sites gradually

weaken with increasing tip-sample distance and disappear at �150 pm above

the plane of closest approach for both crystallographic directions of interest

(Fig. 8.13e, f). Moreover, by extracting individual force-distance curves from the

three-dimensional data on different lattice sites, the magnitude of the interactions

exhibited by those sites with the probe apex can be quantified and compared as a

function of tip-sample separation (see Fig. 8.13g).

As indicated before, integration of the three-dimensional interaction force data

in the vertical direction results in a three-dimensional map of interaction energies,

assuming that the magnitude of energy dissipation during experiments is negligible

or significantly smaller than the total interaction. Analogous to Fig. 8.13, horizontal

as well as vertical maps of interaction energies are presented in Fig. 8.14, together

with representative curves of interaction energy versus tip-sample distance for three

lattice positions of interest. It is observed that the total energy corrugation

(�0.05 eV) is less than 1 % of the maximum interaction energy observed in the

bottom plane (5.7 eV). Within this context, care should be taken when comparing

Fig. 8.14 (a–d) Horizontal maps of interaction energy corresponding to the tip-sample distances

indicated in Fig. 8.13. (e–f) Vertical energy maps along the straight (e) and dashed (f) arrows in
(a). (g) Three energy spectroscopy curves recorded on the hollow lattice site (H site) as well as on

top of the A and B atoms indicated in (f). Note that the site-specific variation of interaction energy
is less pronounced than force (Figure reproduced from Ref. [22])
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quantitative results in terms of interaction forces and energies between different

experiments, as the exact structure and chemistry of the tip apex have been

previously found to affect NC-AFM results significantly [115–117]. The maximum

interaction energy value discovered here is more than those reported for NiO (4 eV)

[240] and NaCl (1.3 eV) [79], which is indicative of a rather blunt tip apex

considering that graphite is a van der Waals surface and should be expected, as

such, to exhibit relatively weak interactions with the probe apex. Moreover, the

potential corrugation value of �0.05 eV is smaller than the one observed for NiO

(0.3 eV) [240], but similar to the one found for NaCl [79].

An important area of scientific inquiry with great technological implications is

friction [241]. Despite the fact that friction is ubiquitous in our daily lives and a

major source of energy dissipation in industrial processes, the basic physical laws

that govern this particular phenomenon at the nanometer scale are still not well

known [242]. As such, the capability of NC-AFM to perform atomic-resolution

force spectroscopy to measure lateral forces acting between the probe tip and

various material surfaces is of great importance. A significant advantage of

NC-AFM as opposed to traditional, contact-based FFM in terms of tribological

studies is that atomic-resolution information about lateral forces can be obtained

thanks to the fact that the probe tip remains atomically sharp during the experi-

ments. In contrast, since NC-AFM based force spectroscopy experiments typically

probe the attractive interaction regime, direct conclusions regarding processes

occurring during actual sliding events between two surfaces in contact (i.e., in the

repulsive regime) cannot be made in a straightforward fashion. Still, NC-AFM has

been used in the past to either directly probe frequency shifts caused by lateral

forces by oscillating the tip parallel to the sample surface [243–245] or to perform

two- or three-dimensional spectroscopy and then take the derivative of the resulting

interaction energy field in the lateral directions x and/or y to obtain the lateral force
field [81, 82, 87, 240, 246]. Moreover, in a powerful demonstration of the tech-

nique, Ternes et al. used a similar approach to calculate the magnitude of lateral

forces needed for lateral manipulation of atoms and molecules on a metal surface

[247]. Very recently, Weymouth et al. have utilized a tip apex terminated by a

single CO atom to quantify the vertical and lateral forces experienced by the probe

tip during imaging of another CO molecule adsorbed on a copper surface and have

impressively managed to calculate the torsional stiffness associated with the CO

molecule adsorbed on the tip apex in conjunction with a deceptively simple

mechanical model [248]. Within this general context, an analysis of lateral forces

in the 2009 study by Albers et al. (obtained by derivation of the interaction energy

data in the lateral x and y directions) is presented in Fig. 8.15 [84, 85]. As one can

clearly observe from the presented data, the structure of lateral forces detected on a

horizontal plane at a fixed height above the sample surface is very different than the

vertical force data: Lateral forces experienced by the atomically sharp probe tip are

heavily localized around the hollow sites of the graphite lattice (where the maxi-

mum vertical forces are detected) in asymmetric rings, while the lateral force values

outside of the localized rings are comparably very small. This interesting observa-

tion is further supported by zoomed images of a lateral force ring (Fig. 8.15e, f)
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where depicted vectors (separated by �7 pm) indicate the direction and magnitude

of the measured lateral force at each data point. The authors have argued that this

remarkable localization of lateral forces might help explain the exceptional fric-

tional properties of HOPG as a solid lubricant [84, 85].

Additionally, using vertical cuts of lateral forces along crystallographic direc-

tions of interest, it is shown that atomic-scale corrugation in terms of lateral forces

disappears at about 120 pm above the plane of closest approach (corresponding to a

vertical force magnitude of about 1.6 nN) and the maximum lateral force detected

in the bottom plane is �0.2 nN, a comparable value to some of the previously

published results on KBr [81] and Si [82].

After atomic-resolution force spectroscopy in three dimensions has been dem-

onstrated as a proof of principle on the model surface of HOPG [84], several other

Fig. 8.15 Horizontal maps of normal (a) and lateral (b) interaction forces above the HOPG

surface. The color scale in (b) ranges from 0 to 120 pN. Note the localization of lateral forces around

the hollow sites of the HOPG lattice. (c) and (d) visualize the evolution of lateral forces as a function
of tip-sample distance along the straight and dashed arrows in (b) while (e) and (f) describe in very

high resolution the distribution of lateral force vectors around the hollow sites (Figure reproduced

from Ref. [85] # IOP Publishing. Reproduced with permission. All rights reserved)
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experiments have shown the feasibility of the technique on other sample systems.

Specifically, in a groundbreaking experiment, Gross et al. have been able to image

the intramolecular structure of a pentacene molecule using a tip apex functionalized

with a CO molecule, whereby they have also performed three-dimensional force

spectroscopy [61]. Again using a CO-modified tip apex, Mohn et al. have measured

the three-dimensional short-range force field over a naphthalocyanine molecule

(Fig. 8.16) [110]. Moreover Such et al. have utilized the technique to show that

significant tip relaxation based on changing tip-sample distance is observable for

specific tip apices during spectroscopy experiments [111] and that a height-

dependent contrast reversal occurs during spectroscopy experiments on Cu(111)

[112]. Fremy et al. have compared the advantages and disadvantages of the

curve-by-curve and layer-by-layer data acquisition methods for three-

dimensional force spectroscopy on a model ionic crystal surface (KBr) [87],

while Kawai et al. have studied interaction induced atomic relaxations [107]

and Sugimoto et al. have simultaneously performed three-dimensional force and

tunneling current spectroscopy on Si(111)-7�7 [108]. Furthermore, using three-

dimensional force spectroscopy, Pawlak et al. have investigated the mechanical

properties of C60 molecules [225] as well porphyrin derivatives [228]. It is

important to note that a significant number of three-dimensional spectroscopy

experiments mentioned here have been performed at room temperature thanks to

the use of atom-tracking/feedforward methods [87, 107, 108]. Finally, Giessibl

et al. have performed a combined three-dimensional study of interaction forces

and tunneling current on a single CO molecule adsorbed on a copper surface,

whereby they were able to observe angular dependence of measured chemical

interaction forces on changing crystallographic orientation of a tungsten tip apex

[249]. While all force spectroscopy experiments mentioned here have been

performed under UHV conditions, attention should be drawn to the fact that the

technique has recently been extended to liquid conditions thanks to certain

Fig. 8.16 A three-

dimensional representation of

the topography associated

with a single

naphthalocyanine molecule at

constant tip-sample

interaction. The data has been

extracted from a full three-

dimensional set of frequency

shifts utilized for force

spectroscopy

(Figure reproduced from

Ref. [110]. Copyright (2011),

AIP Publishing LLC)
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developments in instrumentation and methodology, an important step towards

broadening the application areas of NC-AFM based spectroscopy experiments

[128, 129, 250, 251].

5.2.3 Combined Three-Dimensional Force and Tunneling Current
Spectroscopy with Atomic Resolution

One of the important advantages associated with the three-dimensional force

spectroscopy technique performed via NC-AFM is that additional data channels

such as dissipated energy and tunneling current may be recorded during the

experiments [22]. Simultaneous recording of interaction forces and tunneling

currents is of particular interest due to the fact that information about atomic-

scale chemical interactions exhibited by surface atoms with the tip apex and at

the same time, clues regarding the electronic properties of the surface are collected

concurrently such that the data in the two channels can be contrasted and compared.

Moreover, the complementary information included in the two channels can be

used towards identification of lattice sites on sample surfaces consisting of more

than one type of atom where symmetry arguments in a single channel do not allow

for an unambiguous assignment of lattice sites to observed maxima. Additionally,

chemical and structural identification of the tip apex used in specific experiments

remains a significant issue, which can be facilitated by the additional data available

in the tunneling current channel, especially if the experimental data is interpreted

with help from ab initio simulations.

To illustrate the points described above, a simultaneously recorded data set of

interaction forces and tunneling currents on a surface-oxidized Cu(100) sample will

be presented as a representative example [86] (keeping in mind that other studies

exist where combined three-dimensional force and tunneling current spectroscopy

have been performed, as well [108, 249]). The monolayer-thick surface oxide layer

investigated in the experiments described here features a missing-row reconstruc-

tion where one in every four copper rows of the underlying substrate forms a trough,

with filled rows between the troughs consisting of nearly co-planar Cu and O atoms

in an alternating configuration (Fig. 8.17a). The spectroscopy experiments have

been performed using the same instrument [101] utilized for acquiring the

pioneering three-dimensional force spectroscopy data on HOPG [84] at liquid

helium temperatures and a quartz tuning fork in the qPlus configuration with an

etched and field-ion beam treated Pt/Ir tip as the force sensor. While the tuning fork

is oscillating with a an amplitude of �1.0 nm above the sample surface, frequency

shift and tunneling current data (averaged over the oscillatory motion of the tip) are

acquired layer-by-layer in a dense grid above the surface. After drift correction, the
region of the surface over which the spectroscopy data is displayed remains 2.89 nm

� 2.89 nm, featuring 221 � 221 pixels.

The three-dimensional map of interaction forces collected as described above is

displayed in Fig. 8.17b, where the average force value at each height has been

subtracted to enhance the contrast. The magnitude of the maximum interaction

force measured in the bottom plane is �1.34 nN whereas the contrast between

atomically defined lattice sites is �23 pN.
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Studying the atomic-scale arrangement of interaction forces on a horizontal cut
produced from the three-dimensional map allows an unambiguous determination of

force maxima as the O atoms on the surface (Fig. 8.18a), based on symmetry

arguments. Interestingly, the interaction force observed on each O atom is different,

with the values measured for each atom differing by as much as 40 % of the total

force contrast at that distance. On the other hand, the corresponding tunneling

current map obtained at the same fixed height features a ladder-like symmetry,

with the occasional appearance of linear defects imaged as partially nonmissing
rows (Fig. 8.18b). Comparison of the obtained experimental data with ab initio

Fig. 8.17 (a) Reconstructed missing-row model of the surface oxide layer on Cu(100). Cu1 atoms

are located at the centers of filled rows while Cu2 atoms are at the edges. (b) Three-dimensional

representation of interaction forces obtained on the sample surface using NC-AFM based spec-

troscopy. Atomic corrugation is clearly observable on the plane of closest approach

(Figure reproduced from Ref. [86]. Copyright (2013) by the American Physical Society)
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density functional theory calculations involving model tip apices consisting of Cu

and O atoms (selected due to the fact that tips have been treated by gentle crashes

into the sample surface prior to data acquisition to improve imaging resolution)

then allows to (a) identify the structure and chemistry of the tip apex used in the

experiments by a comparison with simulated force curves and tunneling current

images, and (b) identify the linear defects observed in the tunneling current

channel. Consequently, the tip apex used in the experiments is predicted to be

terminated by a Cu atom with an O atom adsorbed on the side, which successfully

reproduces the experimentally obtained contrast in the tunneling current channel

(where Cu1 atoms located at the centers of filled rows are imaged as bright

protrusions and faint bridges of tunneling current are formed by Cu2 atoms on

both sides of the missing rows) and interacts most favorably with the O atoms on the

surface in the investigated height regime. Simultaneous imaging of two different

chemical species via multichannel NC-AFM is thus demonstrated. Moreover, after

investigating a number of defect models and the resulting simulations of tunneling

current contrast, the atomic-scale origin of the linear defect observed in the current

channel can be determined to involve the displacement of two pairs of Cu2 atoms

into the missing rows (Fig. 8.19a, b). The authors eventually conclude that the

variation of interaction force observed on each O atom is due to the variability in the

chemical and electronic environment induced by the existence of surface defects,

thereby providing a direct, real-space evidence that surface defects affect chemical

reactivity on the atomic scale [86].

As seen by the representative example presented here, the combination of three-

dimensional force and tunneling current spectroscopy performed via NC-AFM

Fig. 8.18 (a) Horizontal force map (2.89 nm � 2.89 nm) extracted from the data in Fig. 8.17b at

the plane of closest approach. Maxima are observed to coincide with the oxygen atoms on the

surface. (b) Simultaneously acquired image of average tunneling current at the same height.

A ladder-type contrast coinciding with the copper atom arrangement on the surface is observed,

together with highlighted surface defects (Figure reproduced from Ref. [86]. Copyright (2013) by

the American Physical Society)
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exhibits a tremendous potential for atomic-scale characterization of surfaces featuring

multiple chemical species and even defects. As such, in addition to its atomic-

resolution imaging capabilities, NC-AFM emerges as a very powerful tool

for ultra-high resolution physical, chemical and mechanical characterization of

material surfaces.

6 Conclusions and Outlook

The immense application potential of NC-AFM as an ultra-high resolution character-

ization tool for nanoscience and nanotechnology has been demonstrated by the results

presented in this chapter. With NC-AFM, researchers now have the capability to

characterize the structure of various material surfaces including semiconductors,

metal oxides, ionic crystals, etc. with atomic resolution, while force spectroscopy

experiments allow the site-specific quantification of chemical interactions, paving the

way towards full atomic-scale characterization of surface reactivity – a topic of funda-

mental importance for numerous fields including tribology and heterogeneous catalysis.

While atomic-resolution NC-AFM experiments have been restricted to ultrahigh

vacuum conditions for a long time, advances in instrumentation and experimental

methodology now allow molecular- and atomic-resolution imaging studies to be

performed in ambient conditions as well as liquids. As such, it is expected that the

application of NC-AFM will expand in the near future towards high resolution

characterization of different types of functional biological materials under liquid

environment, where the structural integrity of investigated molecules and molecular

structures are conserved.

Fig. 8.19 A surface defect model involving the displacement of two pairs of Cu2 atoms into the

missing row (a) is predicted to result in the observation of a linear defect in the tunneling current

channel (b) via ab initio simulations, in alignment with experimental data displayed in Fig. 8.18b.

The inset in (b) represents the structural model of the tip apex used in the simulations

(Figure reproduced from Ref. [86]. Copyright (2013) by the American Physical Society)
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As demonstrated throughout the chapter via numerous experimental and theo-

retical studies, results obtained by NC-AFM strongly depend on the structural and

chemical properties of the tip apex. While tip apex standardization has been reached

to some extent via functionalization through adsorbed molecules such as CO, the

next step in this direction could involve the functionalization of tip apices via

molecules that are of particular importance with regards to certain applications

such as catalysis. Within this context, the ability to fully map the potential energy

landscape experienced by particular molecules in the vicinity of single crystal

substrates of catalytic importance would result in the acquisition of much needed

data in terms of the effect of defects (such as step edges, kinks as well as vacancies,

etc.) on site-specific chemical reactivity.

Last but not least, the demonstrated capability of the method to simultaneously

acquire structural, physical, chemical as well as electronic information regarding

material surfaces on the atomic scale via the recording of multiple data channels

holds great potential for future applications of nanotechnology. Combined with the

fact that NC-AFM can now be used to perform atomic manipulation experiments on

surfaces [252, 253], the vision of true bottom-up engineering on the nanoscale

involving the rational construction and subsequent characterization of atomic-scale,

functional structures may be realized in the near future.
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