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Preface

Atomic force microscopy (AFM) was invented in 1985 by G. Binnig, C.F. Quate,
and Ch. Gerber. Since then it has successfully achieved many outstanding results on
micro-/nanoscales and even on atomic/molecular scales by simple contact mea-
surements, although contact AFM cannot achieve atomic resolution in a stable
manner. In 1994 F.J. Giessibl succeeded in obtaining an atomically resolved AFM
(noncontact [NC]-AFM) image of the Si(111)-(7 x 7) surface under a weak
attractive tip—sample interaction in UHV at room temperature (RT) by utilizing a
frequency modulation (FM) detection method. Soon the NC-AFM successfully
accomplished atomically resolved imaging on various surfaces.

In 2002 “Noncontact Atomic Force Microscopy” (NC-AFM Volume 1) edited
by S. Morita, R. Wiesendanger and E. Meyer was published from Springer, which
introduced the principles of NC-AFM and remarkable progress achieved by
NC-AFM such as true atomic resolution and observation of insulators with atomic
resolution. Then in 2009 NC-AFM Volume 2 edited by S. Morita, F.J. Giessibl, and
R. Wiesendanger was published by Springer, which introduced achievement of
three-dimensional (3D) measurements (mapping) of atomic forces, mechanical
manipulation of individual atoms, and atom-by-atom mechanical assembly such as
construction of embedded atom letters at RT. One of the most surprising unex-
pected progresses was atomic/submolecular resolution imaging even in liquids.
Since then the NC-AFM has developed further. This book deals with the out-
standing progresses and applications obtained after the publication of NC-AFM
Volume 2.

At first, in Chap. 1, S. Morita briefly introduces the history, present status, and
remarkable technical progresses. Then, in Chap. 2, M.Z. Baykara and U. Schwarz
highlight the present status and future prospects of 3D force field spectroscopy. In
this NC-AFM Volume 3, many groups utilize 3D or multidimensional force field
spectroscopy including current. In Chap. 3, P. Hapala et al. discuss the history and
recent progress of simultaneous AFM/STM measurements with atomic resolution.

In Chap. 4, Y. Sugimoto et al. explain a novel atom manipulation using inter-
nanospace transfer to assemble various atom clusters composed of a defined
number of atoms confined in nanospace at RT. In Chap. 11, R. Pawlak et al. report
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on the various manipulation modes of a molecule such as the rotation of the
dicyanophenyl end group, vertical manipulation of long molecular chains, and
lateral manipulation of single porphyrin at low temperature (LT). In Chap. 5,
A.J. Weymouth and F.J. Giessibl introduce the phantom force induced by the
potential difference within the sample that reduces the potential drop in the junction.
Hence it causes a decrease in the electrostatic attraction between tip and sample. If
the resistance within the sample is high enough, the phantom force can be domi-
nant. In Chap. 6, M. Kisiel et al. report on mechanisms of energy loss under
noncontact friction condition different from the most common Joule dissipation.

In Chap. 7, A. Schwarz and S. Heinze report that magnetic exchange force
spectroscopy has possibilities to compare the data quantitatively with first principles
electronic structure calculations and to open a new route to induce magnetization
reversal events. In Chap. 8, M. Ashino and R. Wiesendanger review damping force
spectroscopy and show its possibility to reveal subsurface vibrational modes.

In Chap. 9, F. Kling et al. introduce self-assembly of organic molecules on
insulating surfaces with special emphasis on structures stable at RT. Chapters 10-12
introduce atomic-scale contrast in AFM images on molecular systems by Pauli
repulsive force at LT. In Chap. 10, F. Schulz et al. discuss the factors influencing the
atomic scale imaging of graphene nanoribbon, the graphene moiré on Ir(111), and
BPPA molecules. In Chap. 11, R. Pawlak et al. report 3D-force field of Cg, a single
porphyrin, and LCPD mapping of metal-phtalocyanin on thin insulating films at LT.
In Chap. 12, B. Schuler et al. review the contrast mechanism of atomic resolution on
molecules with functionalized tips and compare different tip functionalizations. In
Chap. 3, P. Hapala et al. discuss high-resolution Pauli repulsive force, scanning
tunneling hydrogen microscope (STHM), and IETS-STM images of molecular
systems with functionalized tips. In Chap. 14, R. Temirov and S. Tautz explain the
mechanism of STM with single molecule force sensors.

In Chap. 13, S. Jarvis et al. discuss a prototype of a mechanically-actuated
atomic switch: the flipping of bistable dimers on the Si(100)-c(4 x 2) active surface,
and compare it with H:Si(100) passivated and chemically inert surface. In Chap. 15,
C. Barth discusses the identification of surface ions on the nanostructured (001)
Suzuki surface of Mg®* and Cd®* doped NaCl single crystals. In Chap. 16,
M. Heyde et al. report on the atomic structure of two-dimensional (2D) vitreous
silica simultaneously obtained by AFM/STM. In Chap. 17, D. Gao et al. describe
how one can produce, control, and characterize sharp metal coated tips and how
these tips can achieve atomic resolution on insulating bulk surfaces.

In Chap. 18, B. Reischl et al. simulate solid-liquid interfaces in model AFM
systems. In Chap. 19, K. Kobayashi and H. Yamada review recent progress in
FM-AFM in liquids based on 2D/3D force mapping, and visualize molecular-scale
hydration structures as well as that of local electric double layer forces. In Chap. 20,
T. Fukuma reports on advanced instrumentation of FM-AFM using a small canti-
lever and high-speed phase detector to enable direct visualization of atomic-scale
interfacial phenomena at 1 frame/sec. In Chap. 21, Y. Yokota and K. Fukui report
on electrochemical issues, especially potential-dependent interface structures
of adsorbates and electrolyte solutions. In Chap. 22, T. Uchihashi et al. review


http://dx.doi.org/10.1007/978-3-319-15588-3_5
http://dx.doi.org/10.1007/978-3-319-15588-3_6
http://dx.doi.org/10.1007/978-3-319-15588-3_7
http://dx.doi.org/10.1007/978-3-319-15588-3_8
http://dx.doi.org/10.1007/978-3-319-15588-3_9
http://dx.doi.org/10.1007/978-3-319-15588-3_10
http://dx.doi.org/10.1007/978-3-319-15588-3_12
http://dx.doi.org/10.1007/978-3-319-15588-3_10
http://dx.doi.org/10.1007/978-3-319-15588-3_11
http://dx.doi.org/10.1007/978-3-319-15588-3_12
http://dx.doi.org/10.1007/978-3-319-15588-3_3
http://dx.doi.org/10.1007/978-3-319-15588-3_14
http://dx.doi.org/10.1007/978-3-319-15588-3_13
http://dx.doi.org/10.1007/978-3-319-15588-3_15
http://dx.doi.org/10.1007/978-3-319-15588-3_16
http://dx.doi.org/10.1007/978-3-319-15588-3_17
http://dx.doi.org/10.1007/978-3-319-15588-3_18
http://dx.doi.org/10.1007/978-3-319-15588-3_19
http://dx.doi.org/10.1007/978-3-319-15588-3_20
http://dx.doi.org/10.1007/978-3-319-15588-3_21
http://dx.doi.org/10.1007/978-3-319-15588-3_22

Preface vii

high-speed AFM that can capture protein molecules in action at submolecular
spatial and sub-100 ms temporal resolution, without disturbing their biological
function. They demonstrate various observations of dynamic events on proteins.

We thank all the authors for their contributions to this book. We also thank
Springer for their fruitful collaborations. It is hoped that this book will accelerate
this field toward rapid and continuing growth and that it will stimulate further
efforts to develop atomic/molecular tools based on mechanical methods.

Osaka, Japan Seizo Morita
Regensburg, Germany Franz J. Giessibl
Basel, Switzerland Ernst Meyer

Hamburg, Germany Roland Wiesendanger
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Chapter 1
Introduction

Seizo Morita

Abstract Since the publication of Noncontact Atomic Force Microscopy Vol. 2 in
2009, the noncontact atomic force microscope (NC-AFM), which can image even
insulators with atomic resolution, has achieved remarkable technical progress espe-
cially on (a) Tip Modification, (b) Control of Atomic Force, and (c) gPlus Sen-
sor/Quartz Tuning Fork. This third volume deals with the following outstanding
progress obtained with atomic resolution after the publication of the previous book:
(1) Force Spectroscopy and Force-Mapping with Atomic Resolution, (2) Repul-
sive Force Imaging, (3) AFM/STM combined measurements, (4) Atomic/Molecular
Manipulation, (5) Atomic/Submolecular Imaging in Liquids. These results and tech-
nologies are varying the NC-AFM with imaging function on an atomic scale toward
characterization and manipulation tools of individual atoms/molecules and nanos-
tructures with atomic/subatomic resolution noticeably. Therefore, the NC-AFM is
becoming a crucial tool for nanoscience and nanotechnology much more.

1.1 Rapidly Developing High Performance AFM

In the former NC-AFM book (Vol. 1) published in 2002 [1], we mentioned that
the atomic force microscope (AFM) is a unique microscope based on a mechanical
method with the following features:

true atomic resolution,

observation of insulators,

three-dimensional (3D) measurements and mapping of atomic forces,
control of atomic forces,

measurement of mechanical response,

mechanical manipulation of individual atoms,

atom-by-atom mechanical assembly.

S. Morita (B<)
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Then, in the previous NC-AFM book (Vol. 2) published in 2009 [2], we evaluated
the achievement on the above potential abilities of NC-AFM anticipated in the Vol.
1 (2002). In the case of true atomic resolution and observation of insulators with
atomic resolution, these abilities of NC-AFM were fully proved at the early stage in
the Vol. 1 age (1995-2002) [1]. Concerning three-dimensional (3D) measurements
and mapping of atomic forces, atomically resolved NC-AFM images were acquired
only at 2~3 limited tip-sample distance before 2002. Nonetheless, in the Vol. 2 age
(2003-2009), precise 3D force-mapping with atomic resolution were reported even at
room temperature (RT) on various samples. We note that such achievement has been
accomplished by the precise control of tip position at the atomic/subatomic scale and
also of tip-surface interaction forces at piconewton level. Regard to precise control
of tip-sample distance, however, was incomplete before 2002 [1], as a result, mea-
surement of mechanical response and mechanical manipulation of individual atoms
were described only a little bit in Vol. 1. Nevertheless, in the Vol. 2 age (2003-2009),
precise controls of both tip position and atomic forces were achieved. As a result,
not only measurement of mechanical response but also mechanical manipulation of
individual atoms was accomplished even at RT as introduced in the Vol. 2. It should
be noted that feed-back [3] and feed-forward [4] techniques using the atom-tracking
method are indispensable to suppress the thermal drift and to achieve quasi drift-
free measurements at RT similar to that at liquid He temperature. For atom-by-atom
mechanical assembly, that is, construction of nanostructures by mechanical atom
manipulation with AFM, it was a dream yet in the AFM field around the Vol. 1 age.
However, in the Vol. 2 age (2003-2009), “Atom Inlay”, that is, the embedded atom
letters consisted of two atom species was successfully constructed even at RT using
AFM as introduced in the Vol. 2.

Thus, in 2009, we accredited that all above special features inspired in the
Vol. 1 are fulfilled by AFM as introduced in the Vol. 2 [2]. The performance of
NC-AFM functions anticipated in the Vol. 1 (2002), however, has advanced further
by accomplishing remarkable technical progress especially on (a) Tip Modification,
(b) Control of Atomic Force, and (c) gPlus Sensor/Quartz Tuning Fork after 2009.

1.1.1 Tip Modification

Now, at liquid He temperature, it is possible to fabricate various defined function-
alized AFM tips by picking up single atom/molecule from the sample surface [5]
similar to the STM tips [6], which include Cu, Au, Ag, Xe, Cl, Br, Hp, D,, CO, NO,
CHy4, pentacene atoms/molecules [5—7]. Here not only single H, molecule adsorbed
tips, but also Xe, Dy, CO and CHy tips are useful for STM force sensors to resolve
the chemical structure of organic molecules by the short-range Pauli repulsion [6].
On the other side, not only single CO inert (or inactive) tips, but also Br, Cl, Xe tips
are useful for AFM to resolve the chemical structure of molecules by the Pauli repul-
sive force [5, 7]. Recently the Br tip was found to be particularly useful for AFM
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Fig. 1.1 Tip-to-sample distance curves of chemical force acquired over a Si adatom of the partly
hydrogenated Si(111)-(7x7) surface with an active tip (red) and an inert tip (blue) measured at RT.
DFT calculations identified the active tip as the dimer-terminated Si tip (red circles) and the inert
tip as an oxidized Si dimer tip (blue circles) that bears a hydroxyl group on its apex [11]

and lateral manipulation, whereas the Xe tip excelled in STM and Kelvin probe force
microscopy (KPFM) [5].

AtRT defined functionalized tips are of great practical importance for nanoscience
and nanotechnology to fabricate nanodevices and to investigate chemical activities.
However at RT still we cannot fabricate defined functionalized AFM tips so much
freely by picking up single atom/molecule from the sample surface, because of
thermal desorption and/or diffusion of atom/molecules both at the tip apex and on the
sample surface, except for a few special cases [§—10]. Nevertheless, even at RT, now
it is possible to discover not only active (reactive) but also inert (non-reactive) AFM
tips as shown in Fig. 1.1 and finally to identify tip termination in corroboration with
DFT calculations performed for various tip models such as an H3-Si(111), Si(001)
dimer, hydrogen-terminated H3—Si, hydrogen-terminated Si dimer, double-bonded
O-terminated Si dimer, OH-terminated Si dimer, and double-bonded OH-terminated
Si dimer tips [11].

1.1.2 Control of Atomic Force

To control atomic forces, measure mechanical response, and mechanically manipu-
late individual atoms, we have to carefully decrease and also precisely control the
tip—sample distance by varying the tip-to-sample distance from noncontact regime
toward nearcontact regime of active tip as shown in Fig. 1.2. In the noncontact regime
(I) where a weak but finite attractive chemical force appears, AFM has successfully
achieved atomically resolved imaging of various surfaces at the early stage in the
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Vol. 1 age [1]. It should be noted that in these experiments clean and hence active
Si tips with a relatively strong chemical forces have been used as shown in Fig. 1.2.
The weak but finite attractive force enables nondestructive observations of the surface
at the atomic scale. Here, deformation of the tip apex and the surface is negligibly
small and the chemical potential is conservative.

Then sophisticated techniques allowing fine control over the tip—sample distance
and the lateral tip position enabled AFM to achieve site-specific single atom pseudo-
contact and expanded its applications to strictly controlled near-contact experiments.
As shown in Fig. 1.2, the nearcontact regime includes not only the strong attractive
chemical force regime (I), but also the relatively weak Pauli repulsive force regime
(II), which does not significantly exceed the attractive bonding force. It should be
noted that the short-range force in the two kinds of nearcontact regimes [(I) and
(II)] depends oppositely on the tip—sample distance. Besides, under the nearcontact
regime, the tip apex and surface atoms remarkably relax [12]. In the Vol. 1 age
(1995-2002) [1] it was not easy to accurately control the closest tip-sample distance
within the allowable limit of a few picometers error, needed for controlled atom
manipulation using a large oscillation amplitude (typically from several nanometers
up to several tens of nanometers). Now nearcontact AFM can be used not only to
manipulate single atoms/molecules [13—15], but also to interchange embedded het-
erogeneous atoms at RT vertically and laterally, leading to atom-by-atom mechani-
cal creation of composite nanoletters [8, 16] and nanostructures [10, 17]. Further it
can be used for identification of the chemical species of intermixed semiconductor
atoms using covalent bonding forces [18], imaging of individual chemical bonds
using the Pauli repulsive force [7, 19, 20] and, in conjunction with STM in a com-
bined AFM/STM system, the detection of energy gap openings due to covalent bond
formation [21, 22]. Thus, the nearcontact regime is the current frontier and the rapidly
growing hub of atomically resolved force microscopy.
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As a consequence of precise control over both the tip—sample distance and the
lateral tip position, site-specific force spectroscopy and force mapping [23] expanded
to insulator surfaces [24], atom manipulation region [ 14] and the Pauli repulsive force
region [nearcontact regime (II)] [25]. It should be noted that, in noncontact regime (IT)
of Fig. 1.2 where only STM can obtain atomically resolved image but not for AFM
[26] because of too small attractive force, still precise site-specific force/current
curves can be simultaneously obtained. As a consequence, the effects of electron
energy level degeneracy on the conductance and the chemical force between two
bodies at the atomic scale can be clarified [27, 28]. On the other hand, in the contact
regime in Fig.1.2, the repulsive force dominates. This strong repulsive force results
in uncontrolled nanoscale plastic deformation of the tip apex and sample surface.

1.1.3 Pauli Repulsive Force Imaging

During the last decade, the qPlus sensor (a kind of self-sensing cantilever based on a
quartz tuning fork) has achieved remarkable progress and developed extensively in
the low temperature (LT)-AFM field [1, 2]. The high stiffness of the quartz tuning
fork allows stable operation at oscillation amplitudes enough small compared to
the range of the short-range interaction. The thermal noise of a cantilever is roughly
proportional to the square root of temperature. Consequently single pm resolution has
been demonstrated at Liquid He temperature (LT) [14]. Operation in UHV at LT and
low noise electrical detection of the qPlus deflection by Low Temperature amplifiers
gave an opportunity to modify conventional high resolution LT-STM systems to the
latest high resolution LT-AFM/STM systems immediately [14]. It should be noted
that the tunneling current (STM) is sensitive to the local electron density of states
close to the Fermi level, whereas the atomic force (AFM) probes the short-range
chemical forces.

The qPlus and quartz tuning fork sensor LT-AFM has accomplished various out-
standing results at LT. Pauli repulsive force imaging on the chemical structure of a
molecule by a qPlus sensor is especially noteworthy topics and is described later.
Local atomic structure imaging of a silica bilayer film grown on a Ru(0001) by a
quartz tuning fork sensor is another topics that resolves the atomic arrangement in
the crystalline and vitreous structures of silica. It clarified that AFM images Si atoms
whereas STM reveals O atoms of silica glass [29]. It should be commented that the
AFM z-corrugation during constant frequency shift imaging is roughly twice big-
ger on the repulsive branch [nearcontact regime (II)] than on the attractive branch
[noncontact regime (I)] [30].

Pauli repulsive force measurements between the tip atom/molecule and the imaged
molecule have been executed in nearcontact regime (II) and revealed the inner chem-
ical structure of a molecule [7]. However during the tip approach, molecules will be
manipulated due to a strong attractive chemical force in case of active (reactive)
tips [7, 31]. Consequently, to keep away AFM tips from the strong attractive chemi-
cal force in nearcontact regime (I), inert (inactive) tips such as defined functionalized
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CO tip [7] have been used. Ideal inert tips have no nearcontact regime (I) as shown in
Fig. 1.3 [11] and hence do not induce atom/molecule manipulations [31] because of
disappearance of strong attractive force. Nevertheless, by decreasing the tip-sample
distance close to contact regime, AFM resulted in unstable imaging conditions. Here
molecule manipulations will occur usually leading to the molecule being laterally
displaced or picked up by the tip. Therefore, Pauli repulsive force imaging has been
conducted just before the unstable imaging distance [7]. Recently, different tip func-
tionalizations for AFM, STM, and KPFM of organic molecules on thin insulating
films have been investigated at LT [5].

1.1.4 Atomic/Submolecular Imaging in Liquids

In the Vol.1 age (1995-2002), true atomic resolution was possible only under
ultrahigh vacuum (UHV) environment. In air and liquid environments, Q-factor
of mechanical resonant oscillation of cantilever drastically reduces and the small
Q-factor gets disturbed to obtain atomic resolution. In 2005, by improving frequency
noise in frequency modulation (FM) detection method and using small oscillation
amplitude of cantilever, vertical and lateral resolutions of 2-6 and 300 pm were
achieved, respectively, even with a low Q-factor in water [2, 32]. Now latest tech-
nique enables the three dimensional imaging and mapping of the hydration layers and
forces on mica and protein GroEL surfaces with 10pN, 2 A and 40 s resolutions [33].
Besides, high performance liquid AFM revealed immunoactive two-dimensional
self-assembly of monoclonal antibodies in aqueous solution [34].

Unfortunately, in general, high spatial resolution and high speed imaging are
not compatible, because high spatial resolution requires high signal to noise ratio
(SNR) but high speed imaging reduces SNR. Nonetheless, tremendous strides were
recently accomplished in developing biocompatible high speed-AFM providing high
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spatial and temporal resolution, and low-invasiveness in liquid environment [35]. As
aresult, high-speed AFM succeeded to visualize dynamics of proteins and live cells
on a submolecular resolution [35].

1.2 Summary

Remarkable technical progresses such as tip modification and control of atomic force
have expanded the AFM fields further as introduced in the following chapters in
detail. Those include force spectroscopy and force-mapping with atomic resolution,
repulsive force imaging, AFM/STM combined measurements, atomic/molecular
manipulation and atomic/submolecular imaging in liquids. Consequently, the per-
formance of NC-AFM functions has advanced furthermore exceeding the Vol. 2
(2009) extent as introduced in this book.
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Chapter 2
3D Force Field Spectroscopy

Mehmet Z. Baykara and Udo D. Schwarz

Abstract With recent advances in instrumentation and experimental methodology,
noncontact atomic force microscopy is now being frequently used to measure the
atomic-scale interactions acting between a sharp probe tip and surfaces of interest as
a function of three spatial dimensions, via the method of three-dimensional atomic
force microscopy (3D-AFM). In this chapter, we discuss the different data collection
and processing approaches taken towards this goal while highlighting the associated
advantages and disadvantages in terms of correct interpretation of results. Addi-
tionally, common sources of artifacts in 3D-AFM measurements, including thermal
drift, piezo nonlinearities, and tip-related issues such as asymmetry and elasticity are
considered. Finally, the combination of 3D-AFM with simultaneous scanning tun-
neling microscopy (STM) is illustrated on surface-oxidized Cu(100). We conclude
the chapter by an outlook regarding the future development of the 3D-AFM method.

2.1 Introduction

A complete and accurate understanding of the atomic structure of solids as well as
their physical properties related to interatomic interactions and bonding are required
for the successful development of new applications based on emerging phenomena
such as superconductivity and molecular electronics. In this context, the physical
properties of solid surfaces on the atomic scale are of primary concern due to the fact
that the interaction of materials with other atoms and molecules in their vicinity via
surfaces define their functionality for various applications from wear-resistant and
low-friction coatings to microelectronics. The capability of imaging solid surfaces in
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real space with atomic resolution was established with the invention of the scanning
tunneling microscope (STM) in the early 1980s [1], and the subsequent development
of the atomic force microscope [2] allowed nanometer-scale imaging of surfaces
without limitations regarding conductivity [3]. Eventually, thanks to the development
of the noncontact operation mode of AFM (NC-AFM) [4-7] based on a frequency-
modulation approach involving oscillating cantilevers [8], true atomic-resolution
imaging was achieved over the last two decades on a large array of material surfaces,
ranging from ionic crystals [9-11], metals [12—14] and metal oxides [15] to the new
class of two-dimensional materials, including graphene [16, 17] and silicene [18].

Atomic-resolution imaging of materials has initially been the primary focus of
NC-AFM; shortly after its successful demonstration, however, scientists already
started to direct parts of their efforts to the measurement of site-specific interac-
tions using the method of dynamic force spectroscopy (DFS) [19-21]. Based on
the idea of collecting frequency shift (Af) information—the main signal utilized for
atomic-resolution imaging in NC-AFM—as a function of tip-sample separation on
atomically defined sites of the material surface under investigation, DFS allows the
conversion of the acquired data to force-distance as well as energy-distance curves
via mathematical procedures performed post-data-acquisition [22]. While the DFS
technique allows the acquisition of single interaction curves on defined lattice sites as
indicated, converting the method into a comprehensive tool capable of collecting full
three-dimensional (volumetric) maps of interaction forces and energies with atomic
resolution took considerable effort due to limitations in terms of various experimen-
tal factors including tip and sample stability, as well as thermal drift. Eventually,
thanks to advancements in instrumentation and experimental methodology such as
low temperature operation [23] and atom-tracking/feedforward methods [24, 25],
the method of three-dimensional atomic force microscopy (3D-AFM) was estab-
lished, implementation of which has now successfully been demonstrated by various
research groups on a variety of sample surfaces [26—37]. Originally developed for
vacuum conditions, the method has recently been extended to operation under liquid
environments, thereby opening up tremendous possibilities for high-resolution inves-
tigation of biological material under close-to-natural conditions [38—40]. Despite the
exciting potential of 3D force field spectroscopy in liquids, a related discussion is
beyond the scope of this chapter, as we will solely focus on atomic-resolution spec-
troscopy experiments performed under ultrahigh vacuum.

Despite the recent success of the 3D-AFM method in acquiring atomic-resolution,
volumetric maps of interaction forces and energies on a steadily growing list of
materials, the experimental approaches used to collect the related data have not
been standardized. Moreover, the technique frequently suffers from various artifacts
related to thermal drift and piezo nonlinearities, as well as tip-related issues involv-
ing elasticity and asymmetry [41, 42]. In this chapter, we will review the advantages
and disadvantages of the particular methods proposed in the literature to perform
3D-AFM and analyze the effect of different artifacts on the measurements. More-
over, the extension of the capabilities of the 3D-AFM method in terms of the col-
lected physical information will be demonstrated via simultaneous 3D-AFM/STM
measurements performed on surface-oxidized Cu(100) [36].
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2.2 Experimental Methodology

The essential goal of any scanning probe microscopy (SPM) method (including
AFM and STM) is to collect accurate information about the physical properties
of the investigated surface. On the other hand, the information collected via such
an approach will, to a certain extent, be always influenced by the specifics of the
experimental methodology utilized to perform data acquisition as well as the physical
properties of the probe itself. Within that context, we will review in this section the
common methods reported in the literature to perform atomic-resolution 3D-AFM.
The following section will then deal with the effect of various artifact sources on
collected information. Finally, the methods reported here to perform 3D-AFM will
be compared and contrasted with respect to the extent to which they are influenced
by the discussed artifacts.

The most commonly reported methods in the literature to perform 3D-AFM may
be considered under two general categories (Fig.2.1):

(a) The curve-by-curve method, involving the recording of individual curves of
frequency shift as a function of tip-sample distance (Af(z)) at a number of lateral
(x, y) locations on the sample surface [30, 31, 33-35, 37]. The curves are then

Fig. 2.1 Schematic illustrations describing the curve-by-curve (a) and the layer-by-layer
(b) approaches taken towards 3D force field spectroscopy. While individual Af(z) curves are
recorded in (a), consecutive NC-AFM images at fixed setpoints above the surface are collected
in (b). Image reproduced from [41]
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combined such that full three-dimensional maps of frequency shift (Af(x, y, z)) are
formed that are subsequently converted to interaction force (F(x, y, 7)) and energy
(E(x, y, z)) maps [22].

(b) Utilizing an alternative approach, the volumetric Af(x, y, z) data may be
recorded in a layer-by-layer fashion, by combining a group of ropographical
NC-AFM images that contain Af(x, y) data for set tip-sample distances z [26,
29, 31, 32, 36]. Volumetric maps of interaction force (F(x, y, z)) and energy
(E(x, y, z)) are then obtained via the same procedures employed for the curve-
by-curve approach [22].

While the curve-by-curve method relies on conventional procedures established
for dynamic force spectroscopy (DFS) to collect individual Af(z) curves, the layer-
by-layer method necessitates a more involved data acquisition and processing pro-
cedure (Fig.2.2), which will be briefly reviewed here (for details, see [43]).

long-range

Af(z)

hﬂ

@ combine
data sets
(b)

hort-range data
—
long-range
data
z

hy
(e) combine all site-specific (d) site-specific (C) full site-specific
curves = 3D map F(z) and E(z) curves Af(z) curves

crop indiviudal images for
(ﬂ) drift compensation

Fig.2.2 Overview of the data processing steps involved in 3D force field spectroscopy via the layer-
by-layer approach. a After slight Fourier filtering to remove high frequency noise, the individual
images are laterally adjusted with respect to each other to correct for drift. Data outside the area
where all recorded images overlap (indicated by the red lines) are cropped. b Long-range data from
an individually collected Af(z) curve (i.e., data covering tip—sample separations > hg) are added
to the site-specific short-range curves for each lateral position (x, y) recovered from the images.
The full Af(z) curves obtained in this fashion (c) are converted into F(z) or E(z) curves (d). Finally,
all F(z) and E(z) curves are combined to form three-dimensional maps of F(x, y, z) or E(x, y, 2),
respectively (e). Image reproduced from [43]
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The data acquisition procedure for 3D force field spectroscopy via the layer-
by-layer approach involves the following steps:

e The sample surface is first imaged via regular (fopographical) NC-AFM at a fixed
frequency shift setpoint Af. During imaging, the topography feedback is kept on
to prevent sudden crashes of the tip with the sample surface. While imaging the
surface, topography z as well as frequency shift Af data for each lateral position
(x, ¥) (which frequently vary to a small extent from the fixed setpoint due to non-
perfect operation of the feedback loop) are recorded. Additional data channels
recorded during imaging may include the oscillation amplitude A, the excitation
amplitude Acxc, as well as tunneling current 7 in case of a (semi-)conducting
sample.

e Following the recording of a given image as indicated above, the imaging setpoint
for Af is decreased, the tip-sample distance consequently increases, and a new
image is recorded at the new setpoint.

e New images are recorded at subsequent setpoints until atomic-scale contrast van-
ishes (at a given height &), as following images at even lower setpoints will then
contain the same, non-site-specific information.

e Additionally, individual A f(z) curves are recorded before and after data acquisition
to (i) re-confirm that no tip changes have occurred during data collection and (ii)
to calculate the non-site-specific (long-range) part of the tip-sample interaction,
as explained in the following parts of the present section.

A couple of aspects that need to be mentioned in terms of data acquisition include
(i) that the vertical distance between consecutive images is not constant and changes
with the local slope of Af(z) and (ii) that the specific performance of the topography
feedback loop (and associated deviations from the setpoint Af during imaging) does
not have a significant effect on the measurement since the Af and z data for each
lateral position (x, y) are later combined.

Once data collection is performed as indicated above, the collected information is
subjected to several processing steps to eventually obtain three-dimensional F(x, y, z)
and E(x, y, z) maps. The individual data processing steps may be summed up as:

e Low-Pass Fourier Filtering: The topographical (z) and frequency shift (Af) maps
collected are slightly low-pass filtered to remove any high-frequency noise in the
data. Care is taken to ensure that the cut-off wavelength is significantly smaller
than the interatomic spacing on the surface.

e Removing Lateral Drift: The lateral shift between subsequent images due to
thermal drift (significantly reduced but not completely removed even for low-
temperature measurements due to the long data acquisition times associated with
the technique on the order of multiple hours) is determined by inspection and
manually removed by shifting all individual images (of z and Af) laterally in the
xy plane. Only the pixels that overlap for all images are kept, and the rest of the
images are then cropped accordingly (Fig.2.2a).
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e Combining Short-Range and Long-Range Interactions: To recover interaction
force/energy information from frequency shift data, Af(z) information needs to be
available, from the tip—sample distance that one is interested in, all the way back to
where interactions are negligible [22]. As such, the short-range Af(z) information
collected for each lateral position (x, y) in the previous steps needs to be combined
with the long-range, non-site specific part of the interaction, that is the same for all
lateral positions (x, y) in the data set above h(. Towards this purpose, the tail of the
long-range Af(z) curves (at z > hg) recorded before and after layer-by-layer data
acquisition is added on to the site-specific short-range Af(z) information recorded
for each lateral position via the steps discussed above (Fig.2.2b, c).

e Calculation of 3D Force/Energy Maps: In the final step of data processing for
the layer-by-layer method, complete Af(z) curves calculated in the previous step
are converted to F(z) and E(z) curves via the mathematical procedures established
in the literature [22] and the individual curves for each (x, y) position (Fig.2.2d)
are combined to form full 3D maps of interaction force (F(x, y, z)) and energy
(E(x, y, 2)) (Fig.2.2e).

It should be noted here that for the layer-by-layer approach to be applied in a feasible
manner, the lateral as well as vertical drifts acting between the tip and sample need to
be minimized. As such, the technique requires either low temperature operation [23]
or the utilization of atom-tracking/feedforward methodologies [24, 25] for proper
execution.

2.3 Sources of Artifacts in 3D Force Field Spectroscopy

All SPM measurements are influenced to a certain extent by artifacts affecting imag-
ing and spectroscopy. While some artifact sources are due to the specifics of the
instrumentation used in the measurements (such as thermal drift, piezo nonlineari-
ties, etc.), others are intimately related to the physical properties of the probe itself
(such as asymmetry, elasticity as well as chemical identity of the apex). In this section,
we will review each source of artifact relevant for 3D force field spectroscopy mea-
surements and evaluate its effect on acquired data.

2.3.1 Thermal Drift

As all scanning probe microscopes ultimately feature components that are made of
different materials with varying thermal expansion coefficients, relative motion of the
sample with respect to the probe tip due to changes in temperature (the phenomenon
of thermal drift) are inevitable. Taking into account that performing 3D force field
spectroscopy typically involves data acquisition over multiple hours, artifacts related
to thermal drift become significant. Specifically, measurements performed at room
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temperature as opposed to low temperatures (corresponding to liquid nitrogen or
helium temperatures) may typically feature drift rates of several A per minute. On
the other hand, operation at, e.g., liquid helium temperatures may severely reduce
drift rates (as low as a few A per day, [23]).

Despite the impractically large drift rates typically experienced by scanning probe
microscopes operating at room temperature, the associated problems have been
largely overcome in recent years by the introduction of atom-tracking and feed-
forward positioning methods. Atom tracking [24] involves the determination of the
three-dimensional drift vector by considering the shift in the position of an individual
maximum in subsequently recorded SPM images followed by an appropriate correc-
tion of the tip location that compensates for this drift. In contrast, the feedforward
procedure [25] is based on the real-time correction of drift during data acquisition by
applying appropriate voltages to the scan piezo, which are predicted by relying on
the assumption that the drift vector can be adequately determined in prior measure-
ments. Both approaches have been successfully implemented in the past to perform
3D force field spectroscopy at room temperature and low temperatures on various
sample surfaces [30, 31, 33-35, 37]. One potential shortcoming of the method is the
fact that the drift vector may need to be frequently updated during actual measure-
ments based on the unpredictability of thermal fluctuations and associated drift rates.
Lateral thermal drift rates of more than one unit cell in the time required to collect
a single image also prove to be problematic, limiting layer-by-layer data acquisition
to low temperatures [31].

As explained in Sect. 2.2 of this chapter, lateral drift correction may be performed
post-data-acquisition via manual lateral shifting of subsequent images with respect
to each other, as part of the layer-by-layer 3D force field spectroscopy approach
[26, 36, 43]. With a sufficiently dense dataset consisting of images separated by
only a few picometer in the z direction, gradual lateral shifts between subsequent
images due to thermal drift may be precisely monitored and corrected for provided
that lateral drifts between images are significantly lower than one unit cell.

It should be noted that thermal drift is not limited to lateral dimensions, but
also affects the tip-sample separation in the vertical direction. Fortunately, certain
basic procedures can be employed to eliminate the effect of z drift on force field
spectroscopy. For volumetric maps obtained using the curve-by-curve method, such
drift-induced distortions can be corrected via standard algorithms involving line-
fitting etc. When the layer-by-layer approach is utilized, the necessary adjustments
can be carried out by comparison with site-specific Af(z) calibration curves recorded
directly before and/or after the individual layers needed to assemble the actual data
array.

2.3.2 Piezo Nonlinearities

Modern scanning probe microscopes rely on components made out of piezoelectric
materials for precise (picometer-scale) positioning of the probe tip with respect to
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the sample surface in the three spatial dimensions [44]. Despite their widespread use
in almost every SPM system, piezoelectric positioning systems suffer from a number
of material-related complications including piezo nonlinearities leading to problems
associated with hysteresis and creep, which ultimately may affect 3D force field
measurements in the form of distorted images [3].

Solutions aimed at the correction/prevention of artifacts associated with piezo non-
linearities include tracking the actual position of tip/sample with external deflection
sensors in real time or the application of voltages in the form of distorted waveforms
so that the resulting motion is linear with respect to voltage [44, 45]. Atom-tracking
and feedforward techniques, successful in correcting the effects of thermal drift, also
help alleviate artifacts associated with piezo nonlinearities. Alternative strategies
include: (i) post-data-acquisition correction of lattice distortions in atomic-resolution
images using the known size and symmetry of surface unit cells [46], (ii) waiting a
certain amount of time between the recording of each curve/image to reduce piezo
creep, and (iii) operation at low temperatures, which is known to reduce the extent
of piezo nonlinearities [47].

Despite the fact that artifacts related to the nonlinear behavior of piezoelectric
positioning elements may not be completely suppressed using a straightforward
approach, operation at low temperatures emerges as an ideal strategy with regards
to 3D force field spectroscopy when the additional effect of reduced thermal drift is
considered [23].

2.3.3 Tip Asymmetry

Despite the remarkable success of NC-AFM in measuring the atomic-scale struc-
ture of surfaces as well as associated interaction forces/energies via 3D force field
spectroscopy, an important but often overlooked shortcoming of the technique is
the inadvertent effect of structural and chemical properties of the tip apex (such as
tip asymmetry, elasticity or elemental composition) on acquired data [36, 41, 42,
48-51]. Since most tip apices used in 3D force field spectroscopy feature a certain
degree of atomic-scale asymmetry at the very apex with respect to the surface due
to the methods by which they are obtained, significant inconsistencies arise between
different experiments performed on the same sample system by different research
groups or even by the same research group on different occasions. As such, acompre-
hensive understanding of tip asymmetry and its effect on 3D force field spectroscopy
is a prerequisite for correct interpretation of obtained results.

Motivated by the discussion above, we will present in this part of the chapter an
investigation of the effect of tip apex asymmetry on 3D force field spectroscopy via
numerical simulations using the model sample surface of Cu(001) (Fig.2.3a) and
model, two-dimensional tip apices consisting of six Pt atoms arranged in a close-
packed configuration (Fig.2.3b, c). Significant asymmetry in the tip apex struc-
ture is obtained by rotating the apex by an angle 6 around the frontmost atom
(Fig.2.3c). Force interactions between each tip and sample atom for the symmetric
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Fig. 2.3 (a) The hard sphere
model of the Cu(001) surface
employed in the numerical
simulations regarding the
effect of tip asymmetry on
3D force field spectroscopy.
Symmetric (b) and
asymmetric (c) tip apex
models consisting of 6 Pt
atoms in close-packed
configuration are depicted,
as well. Note that varying
degrees of asymmetry in the
tip apex are induced by
rotating the symmetric apex
model by an angle 6 around
the frontmost atom. Image
reproduced from [41]

and asymmetric tip apices are calculated using a 12-6 Lennard-Jones (L-J) model
with appropriate parameters for Cu and Pt atoms as well as Lorentz-Berthelot mixing
rules [41]. Finally, the total normal force interaction experienced by the tip is plotted
as a function of lateral position and tip-sample distance along the [100] crystallo-
graphic direction via 2D maps of force on the (x, z) plane (Fig.2.4).

For a symmetric tip apex (i.e., & = 0°), force maxima are directly located above
Cu atoms and evolve in a symmetric fashion as the tip-sample distance is increased
(Fig.2.4a). Please note that at very close separations, force maxima switch from
atomic positions to hollow sites between the atoms, essentially pointing to a crossing
of the Af(z) curves recorded above the atomic and hollow sites at small tip-sample
separations, similar to the one previously observed in simulations carried out for a
xenon (111) surface [52]. On the other hand, when asymmetric tips (¢ = 45° and
6 = 58°) are used to simulate force field spectroscopy on the surface (Fig.2.4b, c),
force field maxima associated with the surface become increasingly lopsided (much
like the data acquired on graphite and presented in [53]) and a significant offset
between the locations of perceived force maxima and the (x, y) positions of the
surface copper atoms develops with decreasing tip-sample distance.

Consequently, let us note that when the layer-by-layer approach is employed to
perform 3D force field spectroscopy in conjunction with manual post-data-acquisition
drift correction, the fact that the location of the maximum attractive force smoothly
moves from the atomic to the hollow sites upon decreasing the tip-sample distance
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Fig. 2.4 2D maps of normal
interaction forces simulated
over the model Cu(001)
surface along the [100]
direction for symmetric

(a 6 = 0°) and asymmetric
(b6 =45° ¢ 0 =58°)tip
apices illustrated in Fig. 2.3b,
c. The difference between
the interaction force at each
point and the mean
interaction force at that
height is displayed for better
contrast visibility. The
vertical axis indicates the
distance in z direction
between the center of the
front-most tip atom and the
centers of the surface copper
atoms. Black arrows mark
the lateral positions of
surface Cu atoms. Image
reproduced from [41]

Vertical Position [A] Vertical Position [A]

Vertical Position [A]

M.Z. Baykara and U.D. Schwarz

4
3.75 <
' 10 8
4
3.50 0 c
k=]
o
3.25 10 s
2
20 £
3
0 2 4 6 8 10
Lateral Position [A]
4

0 =
=
3.75 15 8
8
3.50 4 0o ¢
i)
g B
3.25 A 18 &
2
30 £

3 _HM*M

0 2 4 6 8 10

Lateral Position [A]

40 =
2
20 8
t
0 c
k=]
20 §
g
-40 £

0 2 4 6 8 10
Lateral Position [A]

for the sample surface of Cu(001) can be particularly problematic, as the associ-
ated effect cannot readily be distinguished from thermal drift or lateral shifting due
to overall elastic bending of the probe tip. On the other hand, similar simulations
performed on NaCl(001) have revealed that such effects are not observed when the
dominant interactions between the probe and sample atoms are electrostatic (i.e.,
long-range) in character [41]. As such, the layer-by-layer method in conjunction
with post-data-acquisition drift correction should be, to a first approximation, safely
applicable to sample systems such as ionic crystals and metal oxides.
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2.3.4 Tip Elasticity

In addition to tip asymmetry, an important factor affecting NC-AFM measurements
in general and 3D force field spectroscopy experiments in particular is tip elasticity
and associated elastic deformations of the tip apex under the influence of external
forces as it is scanned over the sample surface. Elastic deformations of the tip apex
may manifest in three distinct ways:

(a) Normal (i.e., vertical) forces acting on the tip apex in the attractive interaction
regime will lead to an extension of the probe in the vertical direction as well as a
bending and an effective overall lateral movement of the tip apex in a particular
direction, if the tip used to probe the sample surface is asymmetric.

(b) Site-specific lateral forces acting on the tip apex will cause lateral shifts in its
position as the tip is scanned over the surface. While such shifts are reversible
and should average out while scanning along a periodic array of atoms for a
given crystallographic direction, their local effect on 3D force field spectroscopy
should be detectable if tips with low lateral stiffness values (kjaeera1 ) are employed.

(c) Finally, lateral forces acting on the probe tip may lead to reversible (or irre-
versible) atomic-scale displacements at the very apex, leading to sudden changes
in local tip-sample interactions.

It is important to point out here that the effect due to part (a) should be indistinguish-
able from that of thermal drift in the layer-by-layer approach since the bending of the
tip towards a preferred direction at increasing setpoints would lead to a lateral shift
of features with respect to each other in subsequent images. As such, the combined
effects of thermal drift and (a) can be both eliminated via post-data-acquisition drift
correction, highlighting a particular advantage of the layer-by-layer strategy for 3D
force field spectroscopy.

On the other hand, the extent of (c) on 3D force field spectroscopy ultimately
depends on the atomic-scale structure of the tip apex and whether atoms at partic-
ularly instable locations are to be found in a given experiment. While a discussion
of associated artifacts are beyond the scope of this chapter, we will direct our atten-
tion to (b) and try to quantify the effect of site-specific lateral forces on force field
spectroscopy using numerical simulations similar to those reported previously for tip
asymmetry. Towards this purpose, the interactions between the model sample surface
of NaCl(001) and a symmetric Pt tip apex are calculated, using a combination of L-J
as well as ionic repulsion and attraction forces. Moreover, the Pt atom at the very
end of the tip apex model is taken to carry a positive unit charge and the apex is
considered to be connected to the rest of the microscope via a probe tip with a lateral
stiffness of kjateral [42].

2D maps of normal interaction forces calculated along the [100] crystallographic
direction on NaCl(001) with tips having lateral stiffness values of co (corresponding
to a rigid tip), 25, 15, and 5 N/m are depicted in Fig.2.5. It is clearly observed that
elastic lateral deformations undergone by the probe tip lead to observable distortions
in force maps, the extent of which increases with decreasing lateral stiffness. In
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Fig. 2.5 2D maps of normal interaction forces on NaCl(001) calculated along the [100] direction
for model Pt tip apices with lateral tip stiffness (kjaweral) values of oo (rigid tip), 25, 15, and 5 N/m.
The distortions associated with the local force fields on Cl1~ and Na* ions with decreasing tip
stiffness can be clearly observed. Image reproduced from [42]

particular, repulsive force maxima situated on Na™ ions become increasingly narrow
with decreasing lateral stiffness and attractive force maxima on top of CI™ ions
become significantly wider. Taking into account that atomic-scale force spectroscopy
and imaging experiments performed on ionic crystals often feature varying size and
shape for the observed force maxima, the relevance of the results presented here in
terms of the effect of tip elasticity on 3D force field spectroscopy becomes apparent.

2.4 Comparison of Data Acquisition and Processing
Strategies for 3D Force Field Spectroscopy

Based on the information presented in this chapter so far, the various advantages
and disadvantages of the methods established in the literature to perform 3D force
field spectroscopy will be compared in this section. Towards this purpose, let us
note that the main characteristics of the most commonly employed experimental
methodologies for 3D force field spectroscopy can be summarized as:

e Method A: Layer-by-layer acquisition of data, post-data-acquisition drift correc-
tion, operation at low temperatures [26, 36]
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e Method B: Curve-by-curve acquisition of data, atom-tracking/feedforward pro-
cedures, operation mostly at room temperature [30, 31, 33-35, 37]

e Method C: Curve-by-curve or line-by-line acquisition of data, use of a reference
image for drift correction at fixed intervals during data acquisition, operation at
low temperatures [27]

It should be noted though, that the three methods listed above represent a general-
ization at best and different combinations of approaches can be utilized in different
experiments to address specific issues.

Using Table 2.1,

e All three methods satisfactorily address the effects of thermal drift and piezo
nonlinearities on 3D force field spectroscopy.

e Astip asymmetryis an inherent issue associated with the probe tip itself, none of the
presented methods are immune to its effects. Moreover, in the case of tip-sample
interactions being predominantly short-range (see, e.g., the numerical simula-
tion performed on Cu(001) and presented in Sect.2.3.3), the post-data-acquisition
correction of drift in the layer-by-layer approach becomes problematic as certain
artifacts associated with tip asymmetry become indistinguishable from those
related to thermal drift and elastic bending of the tip apex.

Table 2.1 Comparison of data acquisition and processing strategies for 3D force field spectroscopy

Method A Method B Method C
Thermal drift v Low thermal drift v" Data acquisition has | v" Data acquisition has
corrected to be interrupted to be interrupted to
post-acquisition frequently to correct correct drift
drift
Piezo nonlinearities | v' Reduced piezo v Remaining piezo v Reduced piezo
effects can be effects can be effects can be
corrected corrected corrected
post-acquisition post-acquisition post-acquisition
Tip elasticity v~ Certain tip elasticity | x X
effects can be
eliminated

post-acquisition

Tip asymmetry x May cause X X
problems for

post-acquisition drift
correction on certain

surfaces
Additional notes Contrast distortions Irreversible tip -
readily detectable changes much more

during data acquisition | likely at room
temperature
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e However, Method A holds a significant advantage over the other methods in case
tip-sample interactions are predominantly long-range (as would be the case for
most measurements performed on ionic crystals and metal oxides), since the post-
data-acquisition correction procedures employed address both artifacts related to
thermal drift as well as elastic bending of the tip apex towards a preferred direction
due to normal forces (effect (a) discussed in Sect.2.3.4, [43]).

e Another advantage of Method A over the other methods is the fact that irreversible
changes in the tip apex are readily detectable during data acquisition in terms
of changing image contrast whereas such observations cannot always be done
in a straightforward fashion while data is collected curve-by-curve. Additionally,
contrast changes with respect to changing tip-sample distance (such as those in
[26, 32]) are directly observed during data acquisition, while such information
only becomes observable after data processing in the case of curve-by-curve data
acquisition.

e Despite the several advantages of Method A listed above when compared with the
other data acquisition methods for 3D force field spectroscopy, it should be noted
that the technique should not be employed when either (i) lateral drift between
images is more than the lattice constant of the sample surface under investigation
(unless a specific defect can be used as a marker of lateral position) and/or (ii)
contrast patterns exhibit frequent changes with changing tip-sample distance such
that alignment of features in subsequent images becomes problematic.

2.5 Combination of 3D Force Field Spectroscopy
with Scanning Tunneling Microscopy: 3D-AFM/STM

A significant extension can be imparted on 3D force field spectroscopy via the record-
ing of additional data channels such as energy dissipation and tunneling current dur-
ing data acquisition [28]. While the recording of atomic-scale energy dissipation
data during 3D force field spectroscopy has previously facilitated the identification
of lattice sites on highly oriented pyrolytic graphite (HOPG) [26], the novel infor-
mation that can be gathered regarding both the sample surface and the probe via the
simultaneous recording of tunneling currents and interaction forces during 3D force
field spectroscopy will be demonstrated in this section [36].

Simultaneous recording of interaction forces and tunneling currents is particularly
interesting since information about atomic-scale reactivity of the surface and, at the
same time, its electronic properties are collected to be contrasted and compared.
Additionally, the data in the two channels can be utilized (i) to identify lattice sites on
surfaces composed of multiple chemical species where symmetry arguments cannot
be used in a straightforward fashion towards the same purpose and (ii) to uncover
the structural and chemical characteristics of the probe tip apex, especially when
the experimental data is interpreted in conjunction with ab initio simulations of
interaction forces and tunneling currents.
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Fig. 2.6 a Reconstructed Missing rows
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b Three-dimensional
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forces measured on the
sample surface using 3D
force field spectroscopy.
Atomic-scale features are
clearly observed on the
bottom plane. Image
reproduced from [36]
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To demonstrate the two points described above, a simultaneously recorded data
set of interaction forces and tunneling currents on surface-oxidized Cu (100) is
presented here [36]. The monolayer-thick surface oxide layer investigated in the
experiments features a missing-row reconstruction 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 configu-
ration (Fig.2.6a). The combined 3D force field and tunneling current spectroscopy
(3D-AFM/STM) experiments have been performed using a home-built, low temper-
ature, ultrahigh vacuum instrument [23] equipped with a quartz tuning fork and
an etched/field-ion beam treated Pt/Ir tip as the force sensor (fy = 29,177 Hz,
A = 1.0nm, T = 5K, bias voltage U = —0.4V, measurement time: 10h). After
drift correction performed according to Method A discussed in Sect. 2.4, the region
of the surface over which the spectroscopy data is displayed comprises 2.89nm x
2.89nm.

The corresponding 3D force field spectroscopy data is displayed in Fig.2.6b,
where individual atomic-scale maxima can be observed in the bottom plane. Using
the dense 3D information provided, the decay of interaction forces with increasing
tip-sample distance as well as differences in interaction exhibited by different lattice
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Fig. 2.7 a 2D map of interaction forces (2.89 nm x 2.89 nm) extracted from the 3D spectroscopy
data in Fig.2.6b at the bottom plane. Force maxima coincide with the O atoms on the surface.
b 2D map of tunneling currents simultaneously acquired with interaction forces on the same plane.
A ladder-type contrast is observed, coinciding with the copper atom arrangement on the surface.
Surface defects in the form of partially filled troughs are highlighted. Image reproduced from [36]

sites can be studied with very high resolution. The magnitude of the maximum
interaction force measured in the bottom plane is ~1.34nN whereas the contrast
between atomically defined positions is ~23 pN.

Employing a 2D map of interaction forces extracted from the 3D data set presented
in Fig.2.6b, force maxima can be unambiguously identified as the O atoms on the
surface based on the symmetry of their arrangement (Fig.2.7a). Surprisingly, the
interaction force recorded for each O atom is different, with the values measured for
different O atoms changing by as much as 40 % of the total force contrast on that
plane. On the other hand, the map of tunneling currents simultaneously recorded
at the same tip-sample separation features a very different, ladder-like symmetry,
together with occasional linear defects imaged as partially filled rows on the troughs
of the missing-row reconstruction (Fig.2.7b).

To demonstrate the capability of identifying the structure and chemistry of the tip
apex employed in the present 3D-AFM/STM experiment by a combination of exper-
imental data with ab initio density functional theory simulations, force interactions
of model tip apices involving Cu and O atoms with the sample surface as well as
the associated tunneling currents are calculated. In the simulations, model tip apices
consisting of Cu and O atoms are chosen due to the fact that tips have been treated by
gentle crashes into the sample surface prior to data acquisition to improve imaging
resolution in the experiments. A comparison of simulation results with experimental
data then allows to determine that the tip apex used in the experiments is more than
likely terminated by a Cu atom with an O atom adsorbed on the side (see inset in
Fig.2.8b), as this model apex successfully reproduces the experimentally obtained
contrast in the tunneling current channel (where Cul atoms located at the centers of
filled rows are imaged as bright protrusions and faint bridges of tunneling current are



2 3D Force Field Spectroscopy 25

Fig. 2.8 a A surface defect model involving the displacement of two pairs of Cu2 atoms into the
missing row. b The surface defect model presented in (a) is predicted to result in the observation
of a linear defect in the tunneling current channel via ab initio simulations, in alignment with
experimental data displayed in Fig.2.7b. The inset in (b) represents the structural model of the tip
apex used in the simulations. Image reproduced from [36]

formed by Cu2 atoms on both sides of the missing rows) and interacts most favorably
with O atoms in the tip-sample distance regime of interest. Simultaneous imaging of
two different chemical species via a combination of 3D force field spectroscopy and
STM is demonstrated in this fashion.

Another aspect where the combined recording of interaction force and tunneling
current data proves advantageous is the observation and identification of atomic-
scale surface defects. In fact, the linear defect in the form of partially filled troughs
observed in Fig.2.7b would not have been detected if 3D force spectroscopy was
being performed without simultaneous recording of the tunneling current channel, as
the tip-sample interaction for the particular tip apex under consideration is dominated
by O atoms. To identify the structural character of the defect under question, a number
of defect models and the resulting simulations of tunneling current contrast were
considered [36]. From the respective calculations, the atomic-scale origin of the linear
defect observed in the current channel was established to involve the displacement of
two pairs of Cu2 atoms into the missing rows (Fig.2.8a). Based on this finding, it can
be concluded 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 direct, real-space evidence that surface defects
affect chemical reactivity on the atomic scale [36].

As seen by the representative experiment discussed here, the combination of
3D force field spectroscopy with simultaneous recording of tunneling current
(3D-AFM/STM) exhibits a tremendous potential for atomic-scale characterization
of surfaces featuring multiple chemical species and even defects.
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2.6 Conclusions and Outlook

The emerging method of 3D force field spectroscopy has been studied in this chapter,
with particular attention paid to the different experimental methodologies proposed
for data acquisition and processing. A discussion of common sources of artifacts in
such measurements and the extent to which the proposed experimental methodolo-
gies address the related issues has been presented. The role that the probe itself plays
on the acquired data, in terms of artifacts induced via asymmetry and elastic defor-
mations has been investigated via numerical simulations involving basic pairwise
potentials. Moreover, the combination of 3D force field spectroscopy with simul-
taneous recording of tunneling current has been demonstrated using experiments
performed on surface-oxidized Cu(100). In particular, the advantages provided by
such an approach in terms of the structural and chemical characterization of the tip
apex, as well as the identification of individual lattice sites and even defects on the
sample surface have been considered. Thereby, an interplay of experimental results
and ab initio calculations proved crucial to achieve the indicated goals.

As the results presented in this chapter demonstrate, the data collected by 3D
force field spectroscopy (and for that matter, any SPM technique) ultimately reflect
a convolution of the physical properties of the surface with those of the probe tip.
Since the aim of the 3D force field spectroscopy method is to uncover the atomic-
scale properties of the surface itself, efforts towards standardization of probe tips
are of utmost importance. While a significant amount of success has recently been
achieved towards this goal via the deliberate functionalization of probe tips with
molecules such as CO [27, 54], the next step in the development of the method
towards increased functionality could involve functionalization of probe tips with
molecules more relevant for practical processes such as catalysis and thin film growth.
Despite the fact that such molecules are structurally more complex than CO and may,
therefore potentially lead to certain other complications during experiments due to
reduced structural rigidity, the results provided would open a new window to the
world of chemical reactions on surfaces, as the actual force and energy landscapes
that would be experienced by particular molecules relevant for practical processes
can be visualized with unprecedented resolution via such an approach.
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Chapter 3
Simultaneous nc-AFM/STM Measurements
with Atomic Resolution

P. Hapala, M. Ondracek, O. Stetsovych, M. Svec and P. Jelinek

Abstract We discuss the history and recent progress of simultaneous AFM/STM
measurements with atomic resolution. We demonstrate, that the technique can pro-
vide complex information about chemical and physical processes at atomic scale as
well as about material properties of surfaces and nanostructures. We briefly overview
one of the most fascinating achievements, high-resolution imaging with functional-
ized tips. The complexity of this technique calls for a new theoretical approach
where relaxation of functionalized probe is considered in both AFM and STM
modes. We describe mechanisms responsible for the high-resolution contrast intro-
ducing a numerical model, which provides deeper understanding of the AFM/STM
measurements.

3.1 Introduction

The invention of Scanning Tunneling Microscopy (STM) [1] and Atomic Force
Microscopy (AFM) [2] opened completely new horizons in characterization and
modification of surfaces and nanostructures at the atomic scale. In STM, the tunnel-
ing current between a probe and the sample is used as the detection signal being the
function of probe position. Due to its relatively simple design compared to AFM, it
became a widely used surface science technique. However, the need to detect the tun-
neling current represents a significant deficiency, which limits the STM technique for
potential applications on non-conductive surfaces, such as technologically important
oxide materials.

This deficiency overcomes the AFM technique, which senses atomic forces act-
ing between the frontend atoms of probe and sample. The first design of AFM,
operating in the so-called static mode, was able to achieve atomic contrast on
both conducting and insulating surfaces [2]. However, the presence of strong
tip-sample interaction prevents a reliable interpretation of the experimental data.
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The introduction of dynamically oscillating cantilever with frequency modulation
(FM) by Albrecht and coworkers [3] represents the next milestone in the history of
AFM. It allowed achieving true atomic resolution on the prototypical Si(111)-7 x 7
surface [4]. Among others, this seminal work stimulated the fast development of
FM-AFM technique in the last decade [5, 6].

An idea to combine AFM and STM techniques appeared at the very beginning
of the Scanning Probe Microscopy (SPM) history. Already in 1986, Diirig et al. [7]
presented the first simultaneous measurements of the forces and current between a
metallic tip and the sample. Using this experimental setup, they identified for the
first time two different interaction regimes in atomic-sized metallic contacts [8].
In far distance regime, the force follows the power law ~z> with the tip-sample
distance z, revealing dominance of van der Waals interaction. In short distances, the
exponential behavior emerges, which points to the formation of the chemical bond
between frontier atoms on the tip and sample. At the same time, they found that the
tunneling current scales exponentially, as expected.

Further instrumental development facilitated more precise AFM/STM measure-
ments using dynamical FM-AFM approach. In 2000, Loppacher et al. [9] achieved
atomically resolved images of Cu surfaces with simultaneous AFM/STM measure-
ments using Si cantilever and tip. Silicon-based cantilevers oscillate typically with
amplitudes of tens of nanometers. Consequently, the oscillating tip spends most of
the time out of the tunneling regime, which reduces significantly the sensitivity of the
tunneling current detection. In addition, the oscillation amplitude comparable to the
characteristic decay length of the short-range force responsible for imaging provides
the optimal signal-to-noise ratio [10]. Thus, the optimal oscillation amplitude should
be in the order of few A or even less, reducing the sensitivity to the long-range force
contributions. Therefore it is evident that small amplitudes provide large benefits for
simultaneous AFM/STM experiments. From this perspective, piezoelectric quartz
sensors, with large stiffness compared to the traditional Si-based cantilevers, seem
to be the proper choice.

In 1998, F.J. Giessibl introduced a new revolutionary type of sensor, called qPlus
[11]. The gPlus sensor is based on the concept of piezoelectric quartz tuning forks
similar to those used for example as frequency etalons in electronic watches. The
configuration consists of one prong rigidly attached to a solid substrate while the
second, oscillating prong with metallic tip acts as a probe with the capability of self-
sensing. Presence of the metallic wire placed at the end of the oscillating prong allows
simultaneous acquisition of the frequency shift (force) and the tunneling current [12].
Note that the proper wiring scheme is necessary to avoid a spurious cross-talk between
the tunneling current and frequency shift channels [13]. Nowadays, the qPlus sensor
and driving electronics is integrated in several commercially available instruments.
This enlarged significantly the number of its applications that appeared in the last
years (see e.g. [14-28]).

Another interesting alternative of self-sensing piezoelectric quartz sensor is the
length extensional resonator [29] or the so-called Kolibri sensor [30]. The Kolibri
sensor possesses much higher stiffness than qPlus sensors and thus it operates at
much higher frequencies about MHz, compared to the qPlus sensor oscillating at
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tens of kHz. From this perspective, the Kolibri sensor allows relatively fast scanning
with a small amplitude. The performance comparison between qPlus and Kolibri
sensors is still under debate in the community [31].

The simultaneous AFM/STM measurements already opened new horizons in the
SPM field. In principle, the technique can provide more information than STM or
AFM alone. One of the first successful applications of the combined AFM/STM
measurements with qPlus sensor was detection of the single electron charge states
of individual atoms. Namely, Gross et al. succeeded in distinguishing single neutral
gold atoms deposited on an insulating layer from positively or negatively charged
ones [15]. Measurements with the precision of a single electron charge and nanome-
ter lateral resolution represents a milestone in the exploration of nanostructures and
devices at the atomic and molecular limits. A second example, where the simultane-
ous AFM/STM measurements helped significantly to solve a long-standing debate,
is the relationship between the tunneling current and the chemical force in atomic-
sized contacts [9, 19, 32-40]. The simultaneous measurements of both tunneling
current and force with high precision combined with first principles simulations
provided a detailed insight into the fundamental relationship existing between the
strength of the chemical bond and the charge transport through the established bond
[19, 40]. The analysis showed that the relationship is directly controlled by the quan-
tum degeneracy of frontier orbitals overlapping in a tunnel junction [40]. This relation
holds for the region of relatively far tip-sample separations, where both the tunneling
current and the chemical force scale exponentially with the tip-sample distance. For
smaller distances, close to the atomic point contact, we can also observe correlated
changes on both the force and current distance curve [19]. When a covalent or metal-
lic bond is formed around distances, at which the attractive short-range force reaches
its maximum, the current saturates at a value corresponding to approximately one
conductance quantum [39]. At the same time, the formation of the covalent force
induces accumulation of electron density inside the tunneling gap. Consequently,
the tunneling barrier, which prevents electrons from passing between the tip and the
sample, collapses and the character of the transport regime changes from tunneling
to ballistic [19].

We should note that the scenario is different when the force acting between tip
and sample has a weak character (e.g. interaction between CO-functionalized tip and
a molecule deposited on surface). Here, the weak electrostatic force and/or van der
Waals interaction takes place. We only observe polarization of the electron density
due to an external field (e.g. proximity of charged tip or applied bias) but the accu-
mulation of the charge in the middle of the tunneling gap is missing due to the lack of
the chemical bonding. Thus the tunneling barrier does not collapse and the tunneling
regime is preserved even when the mechanical contact between tip and sample is
established. Nevertheless an abrupt change in the current-on-distance dependence
can appear at the onset of the repulsive short-range force (i.e. for distances in which
the Pauli repulsive force starts to dominate over the attractive bonding force). The
cause of such change is that the system tends to relax the repulsive force by changes
in the atomic configuration. Especially a tip functionalized by a molecule or an inert
atom attached to its apex would be volatile to such geometry changes induced by the
repulsive force.
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Weymouth et al. pointed out a striking relation between the tunneling current
passing through an atomic contact and force acting between tip and sample [18]. They
detected the presence of repulsive force, which can dominate the atomic contrast of
an AFM image when a tunneling current is present. The phenomenon can be ascribed
to charge localization at the surface area just beneath the tip due to high resistivity
of the sample. In other words, the tunneling current modifies a voltage drop in the
tunneling junction. This effect affects directly the electrostatic attraction between the
tip and sample, as the electrostatic force is voltage dependent. It gives rise to so-called
phantom force [18]. Consequently the tunneling current signal in STM channel may
also become correlated with the force signal in AFM or KPFM channels.

The combined AFM/STM measurement also provided important implications
for the study of chemical processes on surfaces. Typically, small organic mole-
cules deposited on semiconductor surfaces, such as the Si(111)-7 x 7 reconstruction,
cannot be seen by STM at moderate bias due to their large band gap. Consequently,
they appear as dark protrusions in the STM signal, indistinguishable from surface
vacancies. Here, the force response allows discrimination of small organic mole-
cules from common defects, such as vacancies, while the simultaneously acquired
STM channel determines the molecular registry with the surface [24]. Baykara et
al. investigated the influence of surface defects on the local structural, electronic,
and chemical properties of a surface oxide on Cu(100) using atomically resolved
3D force mapping combined with STM measurements and density functional theory
(DFT) calculations [28]. The complex analysis demonstrated the potential to directly
probe local chemical activity of a surface influenced by the presence of defects.

3.2 High-Resolution AFM/STM Images
with Functionalized Tips

One of the most remarkable and exciting achievements in the field of SPM in the last
years is the unprecedented sub-molecular resolution of both atomic and electronic
structures of single molecules deposited on surfaces. In 2005, Repp et al. reported
STM measurements imaging molecular orbitals in real space [41]. Later, Temirov
et al. [42, 43] discovered that proper functionalization of tip by admission of Hj
molecules into the UHV chamber enhances significantly the atomic contrast observed
in STM images. Afterwards, they demonstrate that variety of other tips decorated
by atomic and molecular particles (Xe, CHy4, CO) allows the STM to resolve the
chemical structures of large organic molecules deposited on metallic surfaces [44].
This gave rise to a new technique, called scanning tunneling hydrogen microscopy
(STHM).

In parallel, Gross et al. achieved high-resolution images of pentacene molecule
deposited on an insulating thin film by means of AFM [45]. Here, the key is proper
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functionalization of the tip with a single carbon monoxide (CO) molecule [46]. They
attributed the origin of high-resolution AFM images to Pauli repulsion [45, 47]
and later to the bending of the functionalized tip apex [48]. On the other hand, the
precise origin of the STHM imaging mechanism was under debate [44, 49]. Recently,
Hapala et al. introduced a numerical model [50] that provides a unified insight into
the detailed mechanism of the high-resolution imaging with functionalized tips in
both AFM and STM techniques.

Figure3.1 shows a series of high-resolution AFM/STM images of herringbone
monolayer of 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) molecules
deposited on the Ag(111) surface recorded with a Xe-functionalized tip at differ-
ent distances. The images were acquired with SPECS low-temperature (LT) Joule-
Thomson AFM/STM microscope operating at 1.2 K and equipped with the Kolibri
sensor [30]. The sensor was oscillating with amplitude 70 pm, stiffness 540kN/m,
eigen-frequency 0.98 MHz and Q ~ 200,000. The scan was performed at constant
height mode with bias voltage —2 mV. Each frame, which covers an area of 4 x 4nm?
sampled with 256 x 256 points, was recorded in 14 min. In total, we recorded 41
frames spaced by 5 pm in vertical direction with acquisition time ~10h.

In far distances (see panel a of Fig.3.1), there is no atomically resolved contrast
in the AFM channel. Individual molecules only appear as dark depressions due to
attractive van der Waals interaction. On the other hand, the STM contrast concurs
with real-space distribution of the LUMO orbital of PTCDA. The orbital is located
0.3 eV below the Fermi level in a PTCDA molecule on the Ag(111) surface. Therefore
we can conclude that the tunneling through the tail of the LUMO orbital mediates
the electron transport from the tip to surface. The situation changes when the tip
approaches closer towards the surface. Internal benzene rings start to be resolved
in the AFM image, see panel b of Fig.3.1. On the other hand, oxygen atoms on
the periphery are still invisible. The image contrast reflects repulsive interaction over
atoms and bond edges and attractive interaction over centers of the benzene rings and
intermolecular voids. At the same time, the STM contrast has changed slightly; on top
of the LUMO contrast, new features are developing and the resolution is enhanced. In
very close distances, the STM resolution changes completely as shown on panel c of
Fig.3.1. Very sharp features are clearly resolved, suppressing completely the LUMO
contrast, which dominated the STM image in far distance. A clear sub-molecular
contrast is achieved, showing both internal benzene rings and the peripheral rings
including oxygen atoms. Both STM and AFM contrasts show very similar sharp
features. In AFM images, we observe a contrast inversion between benzene rings
and atoms/bonds. Now, the centers of benzene rings show larger repulsion than
atoms/bonds. Sharp lines emerge in intermolecular regions, connecting hydrogen
and oxygen atoms of neighboring molecules. Therefore it is tempting to connect
these intermolecular features to hydrogen bonds [51, 52]. However, the true origin
of these sharp features has been extensively discussed here [50, 53].
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Fig. 3.1 Simultaneous AFM/STM images obtained with Xe-functionalized probe of herringbone
monolayer of PTCDA molecules deposited on Ag(111) surface acquired with Kolibri sensor at 1.2 K
in different tip-sample distances. Figures show the evolution of the frequency shift (left) and average
tunneling current (right) while decreasing the tip-sample distance. Skeleton of PTCDA molecule
is superimposed over AFM images to facilitate recognition of the high-resolution contrast. In the
right top figure, real-space distribution of the LUMO orbital obtained from DFT calculations is
shown in order to underline its good agreement with the STM contrast at this distance
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3.3 Numerical Modeling of High-Resolution AFM/STM
Images with Functionalized Tips

From the previous discussion, it is evident that the variation of the high-resolution
AFM/STM contrast with tip-sample distance in experiments (see Fig.3.1) is quite
complex. Thus a theoretical tool, which is able to simulate both AFM and STM
images at different distances, is required. Unfortunately, traditional theoretical
approaches to AFM and STM simulations (see e.g. [54-59]) based on density func-
tional theory (DFT) are numerically too expensive to carry out such a task. On the
other hand, it has been pointed out that the enhanced contrast observed in high-
resolution AFM/STM images [48, 50] is strongly related to the relaxation of the
front atom/molecule placed on the apex of a functionalized tip. This means that any
theoretical simulation must take into account relaxation of atomic positions due to
the tip-sample interaction. Until now, this condition has been mostly neglected in the
STM calculations. Note that formation of the chemical bond between frontier atoms
of tip and sample can have fundamental impact on the tunneling current [60, 61] and
local surface dipole [62].

In summary, there is a strong demand for a new simulation tool, which could mimic
high-resolution AFM and STM acquired with functionalized tips in close distances.
To meet these criteria, we have developed a numerical model, which despite its
simplicity is able to reproduce high-resolution AFM and STM images of molecules
very well [50, 63].

Here we provide a brief overview of the numerical model [50, 63], which is
based on simple mechanics of a molecule attached to the tip apex in presence of
surface potential. Schematic representation of the model is shown in Fig.3.2. In
the model, a single atom or a small molecule decorating the apex of a metal tip
is modeled by a single atom (probe particle), which experiences van der Waals
attraction and Pauli repulsion from surface atoms and front end tip atom. We use an
empirical pairwise Lenard-Jones (L-J) potential, where the repulsive branch of the L-
J potential mimicks the Pauli repulsion responsible for the high-resolution imaging.
In addition, we restrict the lateral movement of the probe particle under the metallic
tip apex by applying a harmonic potential. The harmonic potential determines the
lateral (“bending”) stiffness of the probe particle. Later [63], we also included the
electrostatic force, which describes the Coulombic interaction between the charge
density on a surface/molecule and a charge cloud localized on the probe particle (see
Fig.3.2).

On top of the mechanical model, we perform STM simulations calculating the tun-
neling current between the tip and sample as a two-step tunneling process: electron
hopping (i) from the base-tip atom to the probe particle and (ii) between the probe
particle and surface atoms. We consider the tunneling hopping to depend exponen-
tially on the distances between the atoms. Despite its simplicity, this AFM/STM
model is able to reproduce numerous features observed in the experimental high-
resolution AFM/STM images. In addition, we extended the model by an analysis
of the vibrational modes of the probe particle [63], which allows us to simulate the
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Fig.3.2 Schematic view of the numerical model, which shows the geometry setup of CuPc molecule
deposited on Ag(110) surface including the probe particle, tip base and the surface. Movement of
the probe particle is driven by its interaction with the tip base (blue apex atom) Frp and with
molecules deposited on the surface. The interaction between the tip and the surface consists of
(1) the short range Lenard-Jones pair wise interaction F_j and (ii) the electrostatic interaction
between charge density ppropg localized on the probe particle and the surface Hartree potential
VHgurr. Typically, the surface Hartree potential is obtained from fully relaxed DFT calculations
of a molecule deposited on a surface (for more details see [49, 62])

recently introduced inelastic electron tunneling (IETS)-STM technique [64]. This
new technique images the inner structure of organic molecules with high resolution
by mapping the vibrational energy of the frustrated translational mode of a single
CO molecule positioned at the apex of a STM tip.

Figure 3.3 shows simulated AFM and STM images of the herringbone mono-
layer of PTCDA molecules deposited on the Au(111) surface for different distances
obtained with the numerical model. Overall agreement with the experimental evi-
dence is very good. We can see that in intermediated distances, z=7.9 A, where the
probe position relaxation is negligible, the AFM contrast corresponds to the true
shape of the electron density envelope, i.e. to the molecular skeleton. The atom and
bonds appear brighter than intermolecular voids and the central parts of benzene rings
due to higher repulsion experienced by the particle probe. When the tip approaches
closer,z="7.4 A, the relaxation is no longer negligible and the sharp contrast emerges.
In particular, the bonds are visible as sharp edges. Approaching the tip further,
z=7.1A, the atomic contrast over the molecule is inverted. The central parts of
benzene rings become brighter than bond edges, in good agreement with the exper-
imental observations. More details about the comparison between the theory and
experiment can be found in [50].



3 Simultaneous nc-AFM/STM Measurements with Atomic Resolution 37

z=79A z=74A z=71A

probe pos. &

max

_—

Af, sim

1

T, arb.units

1

Fz, niN
0.1 0 0.1 0.2

z, A

Fig.3.3 Calculated high-resolution AFM/STM images at different distances of herringbone mono-
layer of PTCDA molecules deposited on Au(111) surface [49]; a shows the lateral particle probe
relaxation; b AFM (frequency shift) images and; ¢ STM images along tip approach. Figure d dis-
plays calculated force Fz (left) and tunneling current Ts (right) as a function of the tip-sample
distance z measured over a carbon atom (pink) and the center of a benzene ring (turquoise; see inset
of Figure d) Vertical color dashed lines denote the distances where the images where calculated

The simulated STM image calculated at the far distance, z=7.9 A, shows only a
faint contrast over the molecule (see Fig.3.3). This is in contradiction to the exper-
imental observation, where the LUMO orbital is clearly resolved (see Fig.3.1). In
the far distances, the tunneling process is completely dominated by the electronic
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Fig.3.4 3D perspective view of calculated high-resolution AFM/STM images at different distances
of herringbone monolayer of PTCDA molecules deposited on Au(111) surface [49] at different
distances. The figure shows STM and AFM images and the lateral probe-particle relaxation. The
evolution of the sub-molecular contrast reveals strong correlation between onset of the probe-particle
relaxation and the appearance of the sharp contours in both AFM and STM images

structure [54-56], which is not explicitly considered in our STM model (see the dis-
cussion in [50] for more details). However, when the tip comes closer to the surface,
the repulsive interaction between the probe particle and the molecule on the surface
induces a relaxation of the particle probe. At the same time, the sharp sub-molecular
contrast appears.

Therefore we can conclude that the appearance of sharply resolved molecular
structure is directly related to strong lateral relaxations of the atomic or molecular
probe (CO, Xe, H; etc.) attached to the metallic tip apex. Figure 3.4 displays the
variation of AFM and STM contrast together with the lateral probe particle distortion
in 3D perspective to highlight the discussed effects. At close tip-sample distances, the
probe particle relaxes into distinct potential energy basins separated by the enhanced
Pauli repulsion over bonds and atoms. Thus we can always identify the sharp features
with borders between neighboring basins, i.e. the cups where the magnitude and the
direction of the lateral relaxation of the probe particle change strongly upon small
variations of the tip position. This effect produces the sharp image features in both
AFM and STM images. Notably, we found that the same effect also plays an important
role in the IETS-STM mechanism [63, 64].

Sometimes the molecular contrast in the experimental images acquired in close
distances shows significant asymmetrical shapes or pronounced shadows visible on
benzene rings, see [50]. Figure 3.5 displays comparison of calculated AFM images of
the PTCDA molecule in close distance with different symmetries of the probe parti-
cle. In the symmetric configuration, the probe particle is oriented perpendicularly to
the surface, while in the asymmetric configuration the original position of the probe
particle is slightly tilted to the side (the equilibrium position of the probe particle
is displaced by 1A along the y-axis away from the lateral position of the tip base).
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Fig. 3.5 3D images of calculated AFM images at the distances z=7.2 Aof herringbone monolayer
of PTCDA molecules deposited on Au(111) surface [49] with a symmetric and an asymmetric probe.
The asymmetry of the probe causes a significant distortion of AFM images in close distances

The AFM image with the asymmetric probe shows a sloped contrast on benzene
rings and in intermolecular features, similarly to the experimental findings. There-
fore we can attribute the asymmetries and shadows observed in the high-resolution
AFM/STM images to the asymmetric position of the molecular probe.

Let us now analyze the effect of the lateral stiffness k of the probe particle on
apparent bond length in AFM images. Note that similar trends discussed below
hold also for the STM or IETS-STM imaging. We calculated AFM images of a
freestanding Cgp molecule using different stiffness k of the particle probe at various tip
sample distances. The results are shown in Fig. 3.6a. We can immediately recognize
two striking effects directly related to the higher flexibility (i.e. lower lateral stiffness)
of the particle probe: (i) apparent bond lengths increase; and (ii) the contrast inversion
occurs at far tip-sample distances.

Our DFT calculation of the freestanding Cgo molecule gives lengths of character-
istic C—C bonds adjacent to hexagon edges (h-bond) and pentagon edges (p-bond) to
be 1.38 and 1.45 A, respectively. From simulated AFM images we can estimate the
apparent bond length. Table 3.1 summarizes different apparent / and p-bond lengths
for three different stiffness values (k=0.16, 0.48 and 0.80 N/m) at the tip-sample
distance z=7.7 A. First, the p-bond has larger apparent length than A-bonds in good
agreement with experimental evidence [48]. This effect is simply caused by geo-
metric effect, i.e. caused by bigger overlap of spherically symmetric Lenard-Jones
potentials of the two adjacent carbon atoms in case of the s-bond. Second, we also
observe that the increase of the apparent bond lengths is directly proportional to
the flexibility of the particle probe. Third, the difference between apparent & and
p-bond length reduces slightly with increase of the lateral stiffness. We find from the
analysis of the calculated image that the p-bond is about 10—15 % larger than A4-bond.
However Gross et al. found experimentally the difference about ~35% (d), =2.7 A,
dp=2.0 A), for more details see [48]. We will rationalize this discrepancy later, when
discussing the influence of the electrostatic force on the high-resolution images.

In summary, we see that the relatively simple mechanical model, combined with a
generic model of the electron tunneling through the tip-sample junction, successfully
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Fig. 3.6 Calculated AFM images of Cgp molecule using functionalized tips with different stiffness
k neglecting the electrostatic interaction for different tip-sample distances. b Variation of 4-bond
(dashed lines) and p-bond (solid lines) of a Cgo with the tip-sample distance and the stiffness of the

probing particle

Table 3.1 Estimated apparent lengths of p and h-bond lengths from calculated AFM images of

Cgo molecule at the distance z=7.7 A

k=0.16 (N/m) k=0.48 (N/m) k=0.80 (N/m)
dy (A) 2.30 1.74 1.51
dy (A) 2.65 1.95 1.65
dy/ dy 1.15 112 1.08
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explains the features of the high-resolution AFM/STM atomic contrast. Following
remarks can be drawn from the numerical models:

(1) Relatively simple mechanistic model can capture the main ingredients of the
high-resolution AFM, STM and IETS-STM imaging mechanism. The model
represents not only very efficient but also sufficiently precise way to simulate
the high-resolution images obtained with functionalized tips.

(2) The sharp contrast observed in both AFM and STM images is directly related
to the abrupt changes in the relaxation of the probe particle, which occur when
the junction crosses boundaries between neighboring basins of the repulsive
tip-sample potential.

(3) The sharp edges observed in the high-resolution STM/AFM images acquired
with functionalized tips do not necessarily represent interatomic or intermolec-
ular bonds. Instead, they map the sharp boundaries between the energy basins
separated by the short-range repulsive potential produced by atoms residing close
to each other.

(4) The flexibility of the probe particle affects the apparent bond lengths observed
in the high-resolution images. The apparent bond length increases with smaller
lateral stiffness of the probe particle.

(5) The probe particle acts as a combined sensor and transducer [43, 44]. Here, the
probe particle senses the repulsive force in close tip-sample distances, which
causes its lateral relaxation. The relaxation transduces the exerted mechanical
force into the tunneling conductance, frequency shift or IETS signal respectively,
directly projected into the high-resolution images.

We should also note that the high-resolution imaging mechanism discussed above
has a direct connection to the point contact microscopy [65—-67] and force friction
microscopy [68, 69]. In these cases, atomically resolved images also display sharp
features very similar to those observed in the high-resolution AFM/STM images
obtained with the functionalized tips. We believe that all mechanisms originate from
relaxation of central part of the junction. However, in the case of the high-resolution
AFM/STM images there is no hysteresis in the position of the probe particle as the
tip is being scanned across the surface. Consequently, the AFM/STM imaging with
functionalized tips does not depend on scanning direction or speed, contrary to the
friction force microscopy.

3.4 Effect of Intra-molecular Charge
on High-Resolution Images

The high-resolution SPM imaging techniques with functionalized tips have achieved
unprecedented resolution of chemical structure of molecules deposited on surface.
There is an ongoing debate what can be the ultimate resolution of the technique. Or
what new information can we learn from the high-resolution imaging, apart from
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the unprecedented resolution of the molecular structures [71, 72]? Very soon, it was
recognized that the (apparent) bond lengths and angles tend to be slightly distorted.
This can hamper precise determination of atomic positions for unknown structures
or adsorption sites on surfaces. It has been extensively discussed that the bending
of the molecular probe decorated at the tip apex causes the image distortion due to
Pauli repulsion [15, 47, 48]. Pauli repulsion, however, is not the only force, which
can cause bending of the tip leading to image distortion. If the atomic or molecular
probe carries a charge, it will be deflected by electrostatic fields, which exist over
the sample because of an internal charge transfer in the material under study.

In the seminal work, Gross et al. [48] pushed further the limit of the ultimate sub-
molecular resolution. Deliberately, they selected the Cgo molecule, so as to exclude
any possible effect of different atomic species and the presence of polar bonds. By
careful analysis of the high-resolution AFM images supported further by DFT calcu-
lation, they were able to determine the bond order of different C—C bonds in the Cgg
molecule. They found that bonds with higher bond order (hexagon edges, h-bond)
appear to be shorter than bonds with lower bond order (pentagon edges, p-bond), in
qualitative agreement with true bond length. However, quantitatively the differences
of bond lengths determined experimentally were much bigger (35 %) than differ-
ences of true bond lengths (5 %) and all bonds were apparently longer than the real
values (2.0 A h-bond and 2.7 A p-bond, in contrast to 1.38 and 1.45 A, respectively).
Gross et al. attributed the distortion to deviation of the CO molecule on the tip by
Pauli repulsion. The Pauli repulsion is stronger over bonds with higher bond order
due to increased electron density.

In the previous Section, we have analyzed the impact of the particle probe bending
on the apparent bond length using the numerical model without inclusion of the
electrostatic interaction. Namely, we found that the calculated difference between the
apparent p and A-bond length (~10-15%) is smaller than the experimental one ~35 %
[48]. To overcome this discrepancy, we investigate the influence of electrostatic field
caused by the variation of electron density due to different bond order. Is it possible
that the electrostatic field also causes an additional deflection of CO molecule, which
affects the apparent bond length?

To understand the influence of the electrostatic interaction determined by the sub-
tle charge density variation over bonds with different bond order, we calculated the
AFM images using our numerical model, supplemented by the electrostatic interac-
tion [63]. The force-field was constructed from the Hartree potential obtained from
a DFT calculation of a freestanding Cgo molecule. In addition, we also calculated
AFM images of the C¢o molecule without the presence of the electrostatic interaction
for better comparison (see Fig. 3.7a). This allows us to identify directly the effect of
the electrostatic interaction on the image distortion. According to the previous dis-
cussion we found only small difference between C—C bonds adjacent to pentagons
and hexagons. On the other hand, Fig. 3.7b displays the AFM images calculated with
negatively charged probe particle Q = — 0.4 e. The AFM contrast reveals a significant
difference between h and p C—C bonds.

Dependence of the apparent bond lengths on the probe particle charge
(i.e. oxygen of CO) for the given stiffness k=0.48 N/m simulated at z=7.7A is
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Fig. 3.7 Calculated AFM images of Cgp molecule using functionalized tip a without (Q=0.0¢)
and b with (Q=—0.4¢) the electrostatic interaction acting between the particle probe and Cgg
molecule. ¢ Cut-plane of Hartree potential through the centers of a Cgo hexagonal face showing
different distribution over A-bond and p-bond. Dashed white line depicts schematically relaxation
of the probe particle due to the presence of the electrostatic force. d Bond length dependence of
h-bond and p-bond on the effective charge on the probing particle

plotted in Fig.3.7d. We found the electrostatic force for a moderate charge on the
probe particle, Q= —0.2e, enhances the difference in the apparent p and h-bond
lengths up to ~32 %. Thus we see that the inclusion of the short-range electrostatic
force can reproduce very well the experimentally observed difference between p and
h-bonds (35 %) [48]. The reason why the p-bond is apparently elongated by distor-
tions caused by electrostatic force while the length of the A-bond remains almost



44 P. Hapala et al.

constant can be rationalized by exploration of electrostatic potential as depicted
in Fig.3.7c. The increased electron density in h-bonds creates a pocket of nega-
tive potential above this area. If the Cgg molecule is oriented with the hexagonal
ring upwards, the pocket is positioned slightly sideways, further from the center
of the benzene ring than the #-bond itself, due to the curvature of the Cg surface
(see Fig.3.7c). If the negatively charged probe particle approaches from top over an
h-bond, itis repelled by the negative potential. Consequently, itis deflected inwards to
the center of the ring. This leads to the image distortion, apparently shifting positions
of the h-bond outwards and, as a result, elongating the p-bonds.

In our numerical model, the Pauli repulsion is described only effectively by the
repulsive part of spherically symmetric atomic-wise Lenard-Jones potential. This
description of Pauli repulsion does not account for the increased charge density in
double bonds over the hexagon edge or any other variation of the electron density.
The fact that the model including the electrostatic interaction can reproduce apparent
bond length distortions experimentally observed on the Cgp molecule indicates that
the electrostatic interaction is probably the important factor leading to enhanced
discrimination of the bond order with CO functionalized tips. However, we cannot
completely rule out the role of the extra Pauli repulsion due to the enhanced electron
density, which is omitted in our model.

There is another example, in which the presence of internal molecular charge
transfer is projected into the sub-molecular contrast. The high-resolution IETS-STM
images of a single Cobalto-Phtalocyanine (CoPc) molecule deposited on a metal
surface show the sharply resolved molecular structure (i.e. positions of atoms and
bonds). However, a detailed inspection of the sub-molecular contrast reveals notable
distortion of the central part of the CoPc molecule, which cannot be attributed to
changes of molecular conformation due to interaction with the substrate.

Namely, the images show an extension of the pyrrole rings accompanied with
a diminution of the area corresponding to imine nitrogen in the central part of the
molecule (see Fig.3.3 in [63]). Total energy DFT calculation of the CoPc molecule
reveals significant intramolecular charge transfer in the central part [62]. Moreover,
calculated constant-height IETS-STM images show significant variation of the sub-
molecular contrast in the central part, according to the amount of the charge localized
on the probe particle. We note that the calculated IETS-STM image for the nega-
tive charge Q=—0.4e matches very well the experimental evidence (for detailed
discussion see [62]). This demonstrates that the decorated tip is senstive enough
to map out the electrostatic polarization driven by intramolecular charge transfer.
This opens a possibility for the development of imaging techniques yielding better
spatial resolution than the traditional AFM-based Kelvin probe force microscopy
(KPFM) [69].
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3.5 Conclusions and Outlook

In conclusion, simultaneous AFM/STM measurement is well-established and pow-
erful technique, which provides complex information about chemical and physi-
cal processes at atomic scale as well as about material properties of surfaces and
nanostructures. The simultaneous application of force and current will soon open
new possibilities and challenges in different fields. For example the AFM/STM
measurements can lead to different atomic manipulation mechanisms, which can
compete or cooperate on the same object. Also, simultaneous AFM/STM measure-
ments on single molecular junctions can extend our knowledge about the relation
between mechanical and transport properties [74], the nature of current-induced
forces [75] or molecular switches driven by charge and mechanical action [76].

The whole family of SPM techniques (AFM, STM and IETS-STM) for high-
resolution imaging becomes widely used by many research groups. The basic mech-
anism (Pauli repulsion, molecular probe relaxation) of the sharp molecular contrast
is well established [45, 47, 48, 50, 53, 63]. The analysis reveals that a molecule
deposited on the tip apex acts as an atomistic force sensor transducing its mechanical
response to the tip-sample interaction potential into variation of the frequency shift
(AFM) or the tunneling current (STM). Namely, the relaxations of the molecular
probe cause discontinuities in both the frequency shift and the tunneling current
signals, the sharp contrast features in AFM as well as in STM images. One of the
important lessons we learned from the numerical model [50, 53] is the fact that
the sharp edges observed in the high-resolution STM/AFM images do not necessar-
ily correspond to bonds. Instead, they trace the sharp boundaries between neighbor
basins of the tip-surface potential energy landscape.

The high-resolution imaging mechanism reported in this chapter has also direct
connection to point contact microscopy [65, 67] and contact force microscopy [77,
78], where sharp features appear as consequence of atomic relaxation of the junction.
However, in the present case the atomic contrast does not depend on the scanning
direction and speed. This is due to lack of hysteresis in the position of the probe
particle as the tip is scanned across the surface.

Recent trends go beyond the high-resolution to unveil what more information
apart of the chemical structure of molecules we can obtain from the high-resolution
images. The recent experimental and theoretical findings [63] suggest that informa-
tion about internal charge distribution is included in these images and can be used as
an alternative approach to the KPFM technique. This opens a new alternative way
for mapping the charge with sub-molecular resolution.
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Chapter 4

Manipulation and Spectroscopy Using
AFM/STM at Room Temperature

Masayuki Abe, Yoshiaki Sugimoto and Seizo Morita

Abstract In the atom manipulation process with atomic force microscopy (AFM)
at room temperature, reduction of the local energy barrier induced by interaction
forces between atoms of a tip and a surface plays a key role. This means that the force
value depending on the tip-apex condition determines the success of manipulation.
In the first part of this chapter, the probability of the AFM atom manipulation is
discussed. It is found that the value of the maximum attractive force, i.e. the tip
reactivity, determines the manipulation capability. In addition, the potential barrier
reduction can be used for various purposes such as local chemical reactions, barrier
height control of the potential of nanospace, and fabrication of atomic-sized materials
(i.e., nanoclusters). In the second part of the chapter, nanoclusters are fabricated as
an application of the AFM atom manipulation. Half-unit cells of the Si(111)-(7 x 7)
are used as a nanospace for structuring the atomic-sized clusters.

4.1 Introduction

Atomic force microscopy (AFM) is an important tool for characterizing various
nanostructures and sample surfaces, including insulators. Stable acquisition of atomic
resolution images can now be achieved using the frequency modulation technique [1],
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wherein a cantilever is oscillated at its resonance frequency ( fp), and the frequency
shift (A f) caused by the tip-surface interaction force is detected [2, 3]. As an appli-
cation of the frequency modulation AFM, measurement of the tip-surface distance
dependence of the Af (so-called force spectroscopy) [4] enables analysis of single-
atom chemical properties [5, 6].

Atom manipulation using AFM [7-17] has recently become a fascinating area
of research, since the AFM manipulation experiments can be performed not only
at low temperature but also at room temperature. Another attractive feature of the
AFM atom manipulation is that the AFM can measure the driving forces involved
in the atom manipulation process at the same time. Ternes et al. manipulated metal
adsorbates on a metal surface at low temperature, and concluded that the lateral force
acting on the AFM tip determined the manipulation process [9]. Conversely, on semi-
conductor surfaces at room temperature, the vertical force plays a dominant role [8].
This striking difference was attributed to the presence of highly directional covalent
bonds on semiconductor surfaces. The measurements of forces during the manipula-
tion process have provided the signatures of specific mechanical atom manipulation
processes [8, 9, 14, 18]. In the attractive tip-sample interaction regime, reduction
of the local energy barrier between atoms induced by interaction forces between the
tip and surface atoms was found to be a key in the manipulation process (Fig.4.1)
[8, 18-20]. Surface atoms do not move to a neighboring site unless the tip reduces
the surface potential barrier sufficiently for the surface atom to “hop”.

From a slightly different perspective, reduction of the potential barrier can be
used for various purposes, such as local chemical reactions and height control of the
potential of nanospaces, and fabrication of atomic-sized materials (i.e., nanoclus-
ters). Scanning tunneling microscopy (STM) has been used to create atomic-sized
structures [21] at low temperature. This method has also been applied for the creation
of various artificial nanostructures in an atom-by-atom fashion [22-25]. It has been
proven that AFM could be used for the atomic-size creation even at room temperature
[26]. Despite these achievements, the assembly of well-defined clusters exhibiting
high thermal stability at room temperature and precise determination of the cluster
size remain challenging tasks [27]. More importantly, the assembly of nanoclusters
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from multi-elements at room temperature has not been demonstrated, despite the
wide potential range of technical applications for such assembly.

In the first part of this chapter, the probability of atom manipulation is discussed.
Attractive force maxima over the Si adatoms are measured using a large variety
of tips, and their relations to the manipulation probability at room-temperature are
investigated. We found that the atom manipulation capability and its efficiency in the
manipulation process are strongly dependent on the maximal force of a tip acting
on the Si adatom. It is also found that the tip reactivity determines not only the
manipulation capability but also the spatial resolution of AFM. In the second part of
this chapter, as an application of the AFM atom manipulation, we propose a novel
technique to assemble various atom clusters composed of a defined number of atoms
at room temperature. Half-unit cells of the Si(111)-(7 x 7) are used as nanospaces
for structuring the atomic-sized clusters. By reducing the height of the potential
barrier of the nanospace (i.e., the boundary of the Si(111)-(7 x 7) half-unit cell) in
the attractive region, AFM tip opens the “gate” for an atom to move to a neighboring
nanospace.

4.2 Relation Between Manipulation Probability
and Tip Reactivity

In the AFM manipulation process, the tip-apex structure, orientation, and chemical
nature influence the success rate [18]. For example, tip reactivities (i.e., the maximum
attractive force of the AFM tip) are different even if same type cantilevers are used
[5]. In order to increase the efficiency of the atomic manipulation process, a detailed
understanding of the tips exhibiting different interaction characteristics is therefore
required.

Here we will show the probability of displacing a Si adatom to a vacancy site on
the Si(111)-(7 x 7) surface as a function of the tip-sample distance. The statistics
of the lateral manipulation of Si adatoms for various processes are produced using
many tips that span a broad range of attractive force maxima over the Si adatoms.
It is shown that the atom manipulation capability and its efficiency in this particular
manipulation process are strongly dependent on the maximal force of a tip acting on
the Si adatom.

4.2.1 AFM Setup

The experiments were performed using a home-built ultrahigh-vacuum AFM oper-
ated at room temperature. The AFM operation mode used here was the frequency
modulation (FM) detection [1], which we have previously used to perform atom
manipulation experiments [8, 10, 26, 28]. Commercial Si cantilevers were cleaned
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by Ar ion sputtering prior to the imaging and manipulation experiments to remove
native oxide layers and other contaminants. A sample bias voltage (Vs) was applied
so that the electrostatic force was minimized. Undesired tip-sample motion due to
the thermal drift was compensated during the experiment at the appropriate time
point: measurement of the drift velocity [29] and its use as a feedforward [30] para-
meter were performed. The thermal drift compensation enables us to perform room-
temperature experiments of atom-manipulation and site-specific force spectroscopy
with a lateral precision of 0.1 A.

4.2.2 Vacancy Formation on the Si(111)-(7 x 7) Surface

For suitable atom manipulation experiments, we selected a center of terrace of the
Si(111)-(7 x 7) surface. Since we need a vacancy to perform the experiment, as indi-
cated by the drawing in Fig. 4.2a, we created a vacancy site by mechanical indentation
[31]. The process for the vacancy creation is outlined below: we positioned the AFM
tip over a Si adatom to be removed, and then opened the z feedback to close and
retract the AFM tip from the Si surface by a certain displacement that was prelimi-
narily input. If a vacancy was not created in the AFM image obtained just after the
z displacement of the AFM tip, we repeated the same process with a gradual incre-
ment of the displacement until we found the vacancy. After repeated indentations,
the tip apex may become unstable or a clear atomic resolution image may not been
obtained. We moved the AFM tip position 10nm laterally away from the vacancy
site, and scanned it vertically until it became stable.
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Fig. 4.2 a A schematic model of a half-unit cell of a Si(111)-(7 x 7) surface. Gray circles are Si
adatoms, and a vacancy exists at the center (Ce) adatom site. The zoom out indicates the detail of
the most favorable adatom hopping path from a corner (Co) adatom — a hollow site (H3) — a meta
stable (M) site. Successive forward and backward tip scans above the line connecting the two Co
sites including the vacancy Ce site are carried out. b Two examples of Af line profiles reveal the
dynamics of the Si adatom during the manipulation process acquired with the same scan parameters.
The line profile indicated with triangles does not show the atom hopping signature while the profile
with circles shows atom hopping from a Co to a Ce site via the M site
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4.2.3 Confirmation of Tip Reactivity

Since we know that, in previous studies, the tip approach reduced the potential
barrier between two atomic sites in the room-temperature manipulation, the tip-apex
condition determines the performance of the atom manipulation experiment. This
is why, prior to the manipulation experiments, we performed force spectroscopic
measurements above a Si adatom. The obtained distance-dependence curve of the
frequency shift (Af — z curve) was inverted to force distance curve (F — z curve)
using Sader’s method [32]. We eliminated long-range component from the inverted
F — z curve to obtain a short-range force (Fsr) having a high correlation with atomic
resolution imaging. The maximum attractive value of Fsr varies even if the same
commercial AFM tips are used [5]. This means that the chemical reactivity of the
AFM tip is not the same.

4.2.4 Atom Manipulation Procedures

Atom manipulation requires precise adjustment of the scan line above the center of a
vacancy and a target adatom. While the compensation of the thermal drift is activating,
in order to manipulate a Si adatom to the vacancy site, we carried successive line
scans above the line connecting the vacancy and the target adatom (in the [110]
direction). Constant height scans where the tip-surface feedback was turned off were
used to obtain reliable statistics on the atom manipulation procedure at well-defined
distances. The A f signal was recorded simultaneously during the scan. For control
of the scan direction, we used a versatile scan controller [33]. Since the probability
of adatom hopping to the adjacent vacancy side depends on the interaction force
[8], we performed the manipulation line scan at different tip-sample distances to
investigate the change of the manipulation probability. For example, when the line
scan was performed as shown in Fig.4.2a, we obtained two types of A f line profiles
in Fig.4.2b. From these line profiles, we found two different outcomes starting from
the same initial atom configuration. Even under the same scan conditions, there was
a case that atom hopping occurred or not. In Fig. 4.2b, the profile with triangles does
not show Af at the Ce site, which means the Ce site is the vacancy. On the other
hand, Af with circles shows the existence of an adatom not only at the Ce site but
also at the M site. This indicates that the Co adatom at the left side hops to the Ce
site via the M site during the scan. After this process, the vacancy was located on the
left Co site.

Figure4.3(a;—f>) shows changes over time in the constant height A f line profile.
Successive line scans above the same line on the Si(111)-(7 x 7) surface along the
[110] direction visualize the atom manipulation processes as images. We got the
AFM tip closer to the surface in order to obtain the images a; > to fj ». The subscript
notation indicates the fast scan direction: the scan passes through from left to right
(a;—f1) and right to left (a;—f>) along the [ 1 10] line. We emphasize that the tip apex did
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Fig. 4.3 Atom manipulation images composed by the successive line scan profiles (the constant
height Af) at different tip-sample distances. The subscript notation indicates the fast scan direction
from left to right (a;—f}), and rzght to left (ap—f>). The tip-sample distances for data acquisition were
z=021A (a, a), z = 0.12A(by, ba), z = 0.02A (cy, ¢2), z = —0.17A (dy, o), z = —0.31A
(e1,e2), and z = —1.16A (fy, fp). The z values were determined from the force curves acquired
before the experiments shown here. z = 0.0 A is defined at the distance where the force takes the
minimum value

not change during this series of experiments. In the images, the bright and continuous
stripes as well as the intermittent stripes in the A f images indicate the position of
the Si adatom during the manipulation processes. The success of the manipulation
process could be inferred from the pattern of A f images and from the line profiles.

The Si adatoms happened to change their adsorption locations among the corner
adatom (Co), meta-stable (M), and center adatom (Ce) sites by interaction with the tip
when the tip was repeatedly scanned at sufficiently small tip-surface distances along
the same line. The probability of a change in the induced site due to the tip-sample
interaction depends on the tip-sample distance under the same tip-apex condition.
In Fig.4.3, we observed various types of line profiles corresponding to different
atom-hopping processes, meaning the stochastic nature of the hopping processes at
room temperature [11]. Since a continuous stripe means that the tip manipulates the
Si adatom at a high rate, a closer tip-sample distance has higher probability for the
atom move.

4.2.5 Relation Between Measured Force and Atom
Manipulation Probability

Analyses of the line profiles in Fig. 4.3 reveal the relation between the atom manipula-
tion probability and the force acting on the tip apex. We analyzed more than 3000 line
profiles to find the distance dependence of the probability, as shown in Fig. 4.4. Here,
the probability is defined as the ratio of the number of successful atom movements
to the total number of line scans (i.e., manipulation attempts), which are represented
as a percentage. In Fig. 4.4, solid circles, open circles, and open triangles give atom
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Fig. 4.4 Relation between atom manipulation probabilities and tip-sample distance from the left
Co to the M site (solid circles), from the right Co to the M site (open circles), and from the Ce to the
M site (open triangles). The plots are fitted to an empirical step function, P(z) = 100/[1 + exp[«
(z — zo)]l, where « is the thermal broadening coefficient and zo is defined as the distance for
P =50%. F,(z) and U (z) curves obtained above the Co adatom using the same tip are also shown.
Right side figures indicate three types of the Si adatom hopping by tip scan

manipulation probabilities from the left Co to the M site, from the right Co to the M
site, and from the Ce to the M site, respectively.

Each of these processes is illustrated schematically on the right side of Fig.4.4.
The short-range force curve [ F;(z)] together with the potential energy curve [U(z)]
which are inverted from the A f (z) curve on a Co adatom are also indicated in Fig. 4.4.
The F,(z) and U (z) curves acquired over the Co adatom site are used as a reference
for estimation of the tip-sample distances. Even in the attractive force region, the
hopping probability is almost zero, but it drastically increases from O to 100 % at
around the distance of the maximum attractive F; region.

A comparison of the probability difference of the scan direction (solid plot as left-
to-right tip scan, and open plots as right-to-left scan) revealed that the probability
was also dependent on the scan direction, as shown in Fig.4.4. The probability of
atom movement from left to right along the Co to the M site is higher than the
probability of movement from the right to the left. Since the manipulation pathways
of both directions are symmetrical, the difference in probability should come from
the tip asymmetry and/or the orientation of the tip-apex dangling bond with respect
to the surface adatoms. The ability to vertically manipulate atoms on semiconductors
depends strongly on the orientation of the dangling bonds at the tip apex with respect
to the target atom [34]. This means that the directional difference in the dangling
bond alignment with respect to the target atom leads to a variation of the manipulation
probability.



58 M. Abe et al.

By comparing the site difference with the same scan direction, it is found that the
probability for adatom hopping from the Ce to the M site (triangles) is higher than
that from the Co to the M site (open circles) at the same tip-surface distances. This
difference results from the difference in the diffusion energy barrier. The results do
not contradict previous experimental investigations based on adatom extraction [35]
and displacement [36] acquired by applying a voltage pulse to the Si(111)-(7 x 7)
surface. The above-described results, including those of the AFM manipulation in
this chapter, suggest that a higher energy barrier is associated with the transition from
the Co to the M site.

4.2.6 Tip Reactivity and Manipulation Capability

Although the probability of AFM atom manipulation depends on the tip-sample
distance, there are AFM tips that can not move Si adatoms even at closer tip-sample
distance. As shown in Fig.4.5a, the probability of atom manipulation (solid circle)
with this type of AFM tip continues to be zero even when the tip approaches the
surface beyond the maximum attractive force region. But tip-apex modification due
to gentle contact between the tip and sample does result in the probability change.
Figure 4.5b shows the distance dependence of the manipulation probability after the
gentle contact of the AFM tip of Fig.4.5a. Although the same tip was used, the
probability began to increase at the distance of the maximum attractive force due
to the tip-apex change. It was found that the difference between before and after
the gentle contact was the difference between the maximum attractive forces, which
were ~1.2nN and ~1.7 nN, respectively.

In order to investigate the relation between the manipulation capability and the
maximum attractive force values, we performed the same experiment with 15 differ-
ent states of the AFM tip apex using 10 cantilevers, where gentle tip contact with the
sample surface enabled the tip apex to be in a different state. Figure 4.6 is a histogram
of the maximum attractive forces measured above Si adatoms using 15 different tip

(a)loo 5 T,; ‘ ‘ ‘ (b)

wl MO ©

60 [

s
n

400

F [nN], U [eV]
F_[nN], U [eV]

=

20

Probability [%]
Probability [%]

|
N

0 ® e 0000 o

1 1 1 1 1 15
-1.5 -1.0 -0.5 0.0 0.5 1.0 15

z[A]

Fig. 4.5 a A case zero with manipulation probability in the whole measured region (solid circle).
F,(z) and U (z) are shown together to refer the tip-sample distance. The distance of the maximum
attractive force is defined as z = 0 A. b The same data set after the tip-apex modification done by
gentle tip-sample contacts
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apexes. In the histogram, the solid and the white counted on each force values indi-
cate whether or not the manipulation occurred, respectively. The histogram has wide
distribution, but the capability of the atom manipulation separate distinctly at around
~1.5nN.! This means that the tip reactivity determines whether the tip can induce
the manipulation: the Si adatoms can be manipulated with the reactive tips, but not
with less-reactive tips.

4.2.7 Tip Reactivity and Spatial Resolution

The signatures attributed to the atom manipulation capabilities of the tips also appear
in the AFM topographic images. Figure4.7a, b shows AFM topographic images
using the tips that can move the atom and those that can not, respectively. The tips
of Fig.4.7a, b have maximum attractive forces of ~2.0 nN and ~1.2 nN. The tip of
Fig.4.7b, which has no ability to manipulate Si adatoms, resolves the Si rest atoms
together with adatoms.

4.3 Inter-nanospace Atom Manipulation for Structuring
Nanoclusters

As a application field of the atom manipulation experiments, nanoclusters are of
great importance in physics and chemistry as well as in technical applications,
such as single electron transistors [39, 40], nanocatalysts [41-43], and quantum

Such a broad dispersion of Fpax can be attributed to the varying degrees of tip-apex chemical
reactivity [37, 38].
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Atom move No move

Fig. 4.7 AFM topographic images of Si(111)-(7 x 7) showing different spatial resolutions with
different types of tip apex. In the experiment of a the AFM tip has a larger maximum attractive
force (2.0nN) and reduced the potential barrier until the atom manipulation occurred. With the
AFM tip of b the Si adatom could not be moved, but rest atoms were resolved in imaging. The
AFM tip has a smaller maximum attractive force (1.2 nN)

computing devices [44]. The properties of nanoclusters are highly sensitive to size
and chemical composition. For example, Au clusters of nm-scale show size effects
on catalytic behavior [41, 43]. For a fundamental understanding of atomically well-
defined clusters, it is essential to control number of atoms. Although the cluster
formation method allows us to obtain uniform cluster arrays [45, 46], one cannot
determine the number of atoms involved in a cluster structure once they are deposited
on surfaces.

Recently, we have demonstrated an alternative approach to fabrication of sin-
gle nanoclusters using the same principle as used for AFM atom manipulation at
room temperature (Inter-nanospace Atom Manipulation; INSAM) [47]. This method
allows us to create nanoclusters with different chemical compositions and to evaluate
their chemical stabilities. In this section, the assembly of various nanoclusters in an
atom-by-atom fashion using the AFM at room temperature is shown. The method
is based on the transfer of single diffusing atoms among nanospaces governed by
“atomic gates,” in which potential barriers are reduced by the AFM tip.

4.3.1 Method for Inter-nanospace Atom Manipulation

Figure 4.8 shows the concept of the INSAM process for fabricating a nanocluster.
We consider that a small area is surrounded by a potential barrier, which is called a
“nanospace” in this chapter. An adsorbate atom in the nanospace would move due to
the thermal diffusion, but would not go over the barrier. In the INSAM operation, the
approach of the AFM tip near the surface causes a decrease in the potential barrier,
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and thereby induces movement of the adsorbed atom to a neighboring nanospace. In
the experiment described here, we used a half-unit cell in the Si(111)-(7 x 7) surface
works as a nanospace of an equilateral triangle with side lengths of 2.7nm. The
adsorbate atom travels among the various potential minima in a nanospace. These
minima are known to be multi-coordinate sites rather than the tops of Si adatoms
and rest atom sites [48]. The successive INSAM operations allow us to assemble
single atoms to the predetermined nanospace: we can control the number of atoms
to configure nanoclusters. Further, various elements can be moved, and the relation
between electronic and geometrical properties of nanoclusters can be investigated
just after the fabrication using AFM/STM and other scanning probe techniques.
Given the fact that nanoclusters on surfaces have a wide range of applications, it
becomes important to construct ordered and well-defined cluster arrays with a defined
number of atoms. We expect that nanoclusters constructed from a well-determined
number of atoms would provide evidence of the unique size-dependent properties.

4.3.2 AFM/STM Setup for the INSAM Operation

We performed the experiments for the INSAM method not only with AFM but also
with STM and AFM/STM with metallic cantilever. The experiments were carried
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out using an ultrahigh-vacuum AFM as mentioned in Sect.4.2.1. Commercial Pt-Ir-
coated Si cantilevers (NCLPt, NanoWorld) were used for the STM measurements.
Metallic cantilevers can demonstrate conventional (static) STM measurement with-
out cantilever oscillation. In the AFM/STM mode, the cantilevers need to be oscillated
for AFM operation, so STM is operated in the dynamic mode. In the dynamic STM,
the tunneling current flows instantaneously at a close tip-surface distance during
cantilever oscillation. The time-averaged tunneling current ((/;)) is then detected,
since the bandwidth of the current-to-voltage converter is usually much smaller than
the resonance frequency of the cantilever [49]. A bias voltage (Vi) was applied to the
sample with respect to the tip, which was virtually grounded using an operational
amplifier. The tunneling current /; signal was measured from the tip. Elements of
Si, Sn, Pb, Ag, and Au were deposited onto the Si(111)-(7 x 7) surface to form the
nanoclusters. The element deposition was performed by using a Joule heating evap-
orator in an ultra-high vacuum, while the Si sample temperature was kept at room
temperature.

4.3.3 Inter-nanospace Atom Manipulation of Various
Elements

Figure4.9 shows STM (a—f) and AFM (g, h) images before and after the INSAM
operation to various elements on the Si(111)-(7 x 7). Single atoms of Au (a — b),
Ag (c — d), Pb (e — f), Sn (g — h) deposited on the Si(111)-(7 x 7) surface are
imaged. In Fig. 4.9a, three single Au atoms are imaged: two of them are in the faulted
half-unit cells and one is in the unfaulted half-unit cell. Three half-unit cells with Au
atoms appear brighter than the half-unit cells without Au atoms. The contrast of the
STM image of the two different half-unit cells (faulted and unfaulted) occupied by
single Au atoms appears to be different. Corner (center) adatoms were imaged more
brightly than center (corner) adatoms in the faulted half-unit cell (unfaulted half-unit
cell) in the filled-state STM images. The results are consistent with the results of
the previous studies [50, 51]. In the case of the other elements, the contrast of the
faulted sites is different from that of the unfaulted sites. This difference in contrast
is attributed to the electronic structure modifications and the topographic differences
between the faulted and unfaulted sites. As is the case in Au atoms, the diffusion
rate of the adsorbates in the nanospace is so large that an STM image cannot resolve
the specific adsorption sites offered by the surface at room temperature [52]. And
the different adsorbate atoms on the Si(111)-(7 x 7) appear differently in the STM
images due to differences in the diffusion properties.

As the tip gradually approaches the position indicated by a cross in the Si(111)-
(7 x 7) unit (a, c, e, g), the adsorbate atom moves to the neighboring half-unit cell
(b, d, f, h). The approach was repeated until the diffusing atom was successfully
transferred into the desired nanospace.
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Fig. 4.9 STM (a—f) and AFM (g, h) images before and after the INSAM of various elements on
the Si(111)-(7 x 7). The tip gradually approaches the position indicated by a cross in the Si(111)-
(7 x 7) unit cell to move single atoms of Au (a — b), Ag (c — d), Pb (e — f), Sn (g — h). Fand U
denote faulted and unfaulted half unit cell, respectively. The bias voltage and the tunneling current
set points for STM imaging are Vs = —1000mV and I; = 30pA (a, b), 50 pA (¢, d), and 40 pA
(e, f), respectively. The bias voltage in the INSAM for Sn was Vg = 0V. The acquisition parameters
for AFM imaging were fo = 153972.5Hz, k = 25.2N/m, A = 198 A, and Af = —-2.1Hz

The INSAM operations of g-h are performed with the OV bias voltage. The Sn
atom can be successfully relocated into the predetermined nanospace using an AFM
tip. This is strong evidence that the INSAM is caused by the mechanical (force)
effects and not by tunneling current.

4.3.4 Fabrication of Nanocluster Using Inter-nanospace Atom
Manipulation

Complex nanoclusters can be fabricated by repeating the INSAM operation. As an
example, the assembly of Auy clusters (N = 1-17) is demonstrated in Fig.4.10.
We fabricated these clusters by bringing single Au atoms into the predetermined
nanospace one-by-one using the INSAM method. Atom-by-atom assembly allows
us to study the dependence of the cluster stability on the size of clusters or the
number of atoms that compose them. While Auj—Ausz clusters show quick thermal
diffusion, Aus and Au;—Auj; clusters retain stable structures, and no changes were
observed in their appearance over several hours. The Aus and Aug clusters were rel-
atively stable within the scanning time scale, but we confirmed the structure changes
of Aus and Aug. These changes occurred unexpectedly every several minutes to
be conformations among equivalent forms by following the threefold and/or the
mirror symmetry of the surface. A threefold symmetry contrast was obtained in
STM images on Auy;—Auy clusters. These clusters are similar to the self-assembled



64 M. Abe et al.

Fig. 4.10 Fabrication of Au atom clusters (Au;—Auy7) using the INSAM method on the half unit
cell of the Si(111)-(7 x 7) surface. The imaging parameters were Vs = —500mV and /; =30 pA
for Auj—Aujz and Vs = —1000mV and /; =30 pA for Aujz—Au;7. One of the Aujp STM images
is acquired in the empty-state mode (Vs = 1000mV and /; = 40pA)

clusters observed previously [53, 54]. In contrast, the structure of Auj; did not retain
the threefold symmetry. From both the filled- and empty-state STM images, we find
that the Aup, structure has a mirror symmetry. By repeating it further, we finally
succeeded in fabricating the Auy7 cluster.
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Fig. 4.11 STM images of multi-element atom clusters showing the influence of a single Pb atom
on the stability of Auy—Aus clusters assembled by atom gating control. The acquisition parameters
were Vg = —1000mV and /; = 30pA

The INSAM operation can also be used to assemble multi-element clusters. The
composition can be designed and controlled in the cluster in an atom-by-atom fashion.
The images in Fig.4.11 are bimetallic clusters involving metal atoms of two different
species assembled using the INSAM operations. The presence of the single Pb atom
in Auy can stabilize the Au,Pb cluster, although Au; and Auj are mobile at room
temperature. In contrast, the AusPb and AusPb clusters exhibit two distinct features
separated by partially stable round and fuzzy features in the STM images, whereas
Aug—Aug are relatively stable (see Fig.4.10). Details of the characteristics of clusters
are described in [47].

4.3.5 Distance Spectroscopic Measurement During INSAM
Operation

To understand the mechanisms underlying the INSAM operation, we performed
force-distance spectroscopy acquired together with the INSAM operation using
AFM/STM. Since the tip is closed to the surface to reduce the potential barrier
in the INSAM operation, one can measure the distance dependence at the same
time. The simultaneously measured distance dependence of the tunneling current
(1), the energy dissipation, and the force during the INSAM operation of the Au
atom are shown in Fig.4.12. During the decrease in the tip-sample distance for the
INSAM operation, I; varies exponentially with distances (see the “Approach” curve
in Fig.4.12a). Then, discontinuous jumps are observed at z = 0.3 A in all signals.
This comes from an Au atom hop from the original nanospace to the neighboring
nanospace located below the tip. Once the Au atom is transferred to the nanospace
below the tip, trapping and release of the Au atom occurs repeatedly due to the large
cantilever oscillation amplitude used in our experiments. The trap and release cycles
of the Au atom should not happen when the closest tip-sample distance is out of the
interaction region.

There are three distance regions in the distance curves, which are determined by the
observed differences in their slopes: the trapping and release region ((i) z < 1.2 A),
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Fig. 4.12 Simultaneous measurements of a (/;(z)) and b energy dissipation and ¢ short-range
force curves (Fsr) as a function of the tip-sample distance during the INSAM operation for the
Au atom on the Si(111)-(7 x 7). The sample bias is V; = —500 mV during the data acquisition.
The short-range force was inverted from Af(z) [32] and the background long-range force was
subtracted

the region of transition from contact to tunneling ((ii) 1.2 < z < 1.7 A), and the
free diffusion region ((iii) z > 1.7 A). In region (i), I; decreases with smaller slope
by increasing tip-sample distance. In this regime, the formation and collapse of the
tip-Au-surface atomic junction are repeated for every tip oscillation cycle, and the
ballistic current would flow through the junction at around the lowest tip point. In
region (ii), the slope of the I((z) curve is larger than that of region (i), and more
importantly, the Au atom is not trapped in every cantilever oscillation cycle. The
Au atom-trapping rate varies from 100% at z = 1.2A to 0% at z = 1.7 A as the
tip-sample distance increases. In regime (iii), there is no chemical bonding between
the Au atom and the tip-apex atom, and the tip cannot trap the Au atom. Since the
Au atom is not trapped, it thermally diffuses within the nanospace. In this region, /;
decreases exponentially by following the basic tunneling law. It is worth mentioning
that, in this region, the I;(z) curves of approach and retraction do not match. The
existence of the diffusing Au causes the difference: the topographic and electronic
structure modifications induced by the Au atom diffusion on the surface enhance the
tunneling current upon retraction.

The simultaneously measured energy dissipation also contains information on
the dynamic evolution of the atomic junction during Au atom trapping and release.
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Trapping and release during the INSAM in region (i) enhances the dissipation energy
of the 0.6 eV/cycle (see Fig.4.12b). The observed behavior can be attributed to the
adhesion mechanism of dissipation, as previously proposed in [10, 55-58], where
a double-well potential energy surface caused energy dissipation. In our studies,
a hysteresis caused by the trapping and the release of the Au atom produces the
dissipation signal. Since the atomic scale dissipation as observed in dynamic AFM
is usually associated with instabilities at the tip-surface interface at close proximity
[10, 57, 58], it is clear that the dissipation is caused by the trapping and release of
the Au atom by the tip. This means that the observed enhancement of the dissipation
signal is due to such structural rearrangements, and the triggering mechanism of the
INSAM is a purely mechanical effect.

One can estimate, from short-range force (FsRr), the threshold force associated
with the atom trapping and the chemical bonding force that can stabilize the atomic
junction formed between the tip and surface. In region (iii), the Au atom diffuses
freely without any tip trapping (see the inset in this region). At the boundary of
regions (ii) and (iii), where the Au atom begins to diffuse (i.e., z = 1.7 A), we were
able to obtain this force value required to trap a single diffusing Au atom by the
tip of —0.1nN. And as the tip starts to trap/diffuse the Au atom, the dependence
of the force distance begins to change. This force change is due to the existence of
the Au atom trap. While the solid curve represents the force curve that is expected
for the diffusing Au atom within a half-unit cell, the dashed curve represents the
force expected on the Au atom trapped by the tip. This means that the tip-Au-surface
junction is in region (ii), and this force is more attractive than the non-conservative
force in region (iii). It is specious to relate the force minima at z = 1.2A to the
force needed to maintain the atomic junction. In addition, the chemical bonding
force between the tip and the Au atom which stably maintains the atomic junction at
z = 1.2 A is close to —0.6 nN. Since this value is comparable to a chemical bonding
force [37], the INSAM mechanism can be attributed to a purely mechanical effect.
At smaller tip-surface distances (in region (i)), the second force minimum appears
in the short-range force curve. Atomic relaxations induced by the tip-Au-surface
interaction should occur in this region. The configuration change caused the force
minimum. As the tip is closer to the surface, second-layer atoms on the tip-apex
contribute to the interaction, resulting in a more attractive force. The further increase
of the dissipation signal at z < 1.2 A is related to the onset of an additional dissipation
channel, which stems from the tip apex or surface atom modifications [10, 57, 58].
This atomic junction is less stable than the junction formed in region (ii) because the
repulsive force starts to act in region (i).
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Chapter 5
The Phantom Force

Alfred John Weymouth and Franz J. Giessibl

Abstract While atomic resolution in an AFM image is usually assumed to originate
from the formation of a chemical bond or Pauli repulsion, it can also be caused by
a phenomenon we called the phantom force. When there is an electric potential
difference between tip and sample, they will be attracted to one another. It is quite
common in AFM experiments to apply a voltage between the tip and the sample.
At distances required for atomic resolution, this can result in a tunneling current.
If there is a tunneling current, then there will also be a potential difference within
the sample (as charge carriers do not accumulate after they have tunnelled). The
magnitude of this potential difference within the sample is related to the resistivity
of the sample. The total potential difference between the sample bulk and the tip is
fixed by the applied voltage, so any potential difference within the sample reduces
the potential drop in the junction between the tip and sample. This phantom force
is an apparently repulsive force caused by a decrease in the electrostatic attraction
between tip and sample. If the total resistance within the tip or sample is high enough,
then the phantom force can be the dominant contrast mechanism in AFM images. It
can also dominate features in bias and distance spectroscopy. This chapter includes
a comprehensive description of our theory of the phantom force and data which
demonstrate this effect.

5.1 Introduction and Background

The most exciting aspect of scanning tunneling microscopy (STM) is that images can
be acquired with spatial resolution on the atomic scale [1]. STM is not a microscopy
technique in the typical sense, with lenses used to optically focus a beam, but rather
uses a sharp tip to locally probe surfaces and adsorbates [2]. A voltage difference is
applied between the atomically-sharp tip and the surface, and although they are not
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touching (the tip is up to a few atomic diameters away from the surface), electrons
tunnel through the vacuum gap. Because tunneling occurs mainly through the apex
atom of the tip, the STM can achieve spatial resolution on the atomic scale.

In a tunneling event, an electron (either to or from the tip) tunnels across the
vacuum gap into an unoccupied state. It is this process that is most often considered
in the STM community, and theoretical techniques based upon this consideration are
the groundwork for understanding STM data [3, 4]. However, two other processes
also occur: The electron will not remain localized where it first arrived but will rather
conduct to the bulk, as will the corresponding hole.

Because of the high local concentration of the tunneling current around the front
atom of the tip, the areal current density is very large [5]. Ohm’s law directly relates
the current density to the electrical field via the resistivity of the conductive material.
If the tip or the sample has substantial resistivity, then a significant electric field will
be present within it. This electric field can equivalently be described by a voltage
difference between the surface and the bulk. While it is difficult for STM alone to be
sensitive to this, atomic force microscopy (AFM) is.

AFM is sensitive to the total force interaction between the tip and the sample
including those contributions resulting from electrostatic interactions. When a sub-
stantial fraction of the applied voltage drops within the sample, a smaller fracton
thereof drops between the tip and sample. This decreases the electrostatic attraction
which can be observed in AFM. We call this effect the phantom force.

The remainder of this section begins with a short description of atomic force
microscopy. The forces that dominate AFM measurements at the atomic scale include
the chemical binding force, van der Waals force and electrostatic forces. As the
phantom force is caused by changes in the electrostatic force, the electrostatic force
is discussed in more detail. A key ingredient to our theory is a potential drop within
the sample, from the surface below the tip to the bulk. Finally, these ingredients are
combined to present the theoretical picture of the phantom force.

5.1.1 Frequency-Modulation Atomic Force Microscopy

Frequency-modulation atomic force microscopy (FM-AFM) is a non-contact AFM
technique that is highly sensitive to short-range forces. One advantage of FM-AFM
is that frequency is a value that we are able to measure with high precision. Short-
range forces, by definition, decay very quickly as a function of distance. Instead of
being directly sensitive to the vertical force component F;; between the tip and the
sample, FM-AFM is sensitive to the force gradient k;; = —d F/dz.

Throughout this chapter z and vertical refer to distances along the surface normal.
Increasing z refers to a greater distance from the surface. Lateral motion refers to
motion along the surface, that is, perpendicular to the surface normal.

The tip is attached to a cantilever that can be characterized by an effective spring
constant k. The forces acting on the tip are a superposition of the cantilever and the
tip-sample interaction:
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Frs = —kz + —kisz = —(k + kis)z (5.1

The assumption here is that k;s is constant over the oscillation of the cantilever,
referred to as the small-amplitude approximation. The cantilever is oscillated in
the z-direction at its resonance frequency fy. The influence of &, is detected via a
frequency shift Af = f — fo, where f is the actual oscillation frequency. If we
consider the tip to have some mass m and the cantilever to be massless, then the
frequency

1 [k 4k

2V m

f (5.2)

This is also acceptable to the situation where the cantilever has mass, and in this case
m is replaced by an effective mass term plus the mass of the tip. Expanding f around
k:s = 0 in terms of k;y:

f=fo+ g—ikm +0 (5.3)

Here O represents the higher-order terms (those with k2 terms and above). If the
force gradient is constant over the cantilever oscillation, one can write:

Af = ki 54

This approximation is the small-amplitude approximation. In order to convert the
frequency shift into the force between tip and sample, k;; must be calculated from
Af, and then integrated from a point far from the surface (that is, where the tip-
sample interaction can be assumed to be zero) to the point of interest. In the case of
a conservative force field, the force can be integrated to yield the potential energy.

If the force gradient cannot be assumed to be constant over one tip oscillation,
then the relation between A f and k; includes a weighting of k;; over the cantilever
oscillation. Af is then written as

Af = ;—ZUm), (5.5)

where the angled brackets represent a weighted average, described in more detail
in [6]. In this case, evaluation of F;; requires a deconvolution of Af followed by
an integration step. Two methods for this deconvolution and integration include
the Sader-Jarvis deconvolution method [7] and Giessibl’s matrix method [8]. For a
comparison of the two methods, the reader is directed to [9].

In general, the frequency shift A f can be interpreted as follows: an increase in A f
indicates a repulsive contribution to the force, whereas a decrease in A f indicates
an attractive contribution.
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5.1.2 The Forces at Play at the Atomic Scale

Many forces can play a significant role in atomic-scale AFM, but we focus on the
chemical interaction of the apex atom with the sample, the van der Waals interaction
and electrostatic interactions.

Historically, it is the chemical interaction between tip and sample that was first
believed to be responsible for atomic resolution in AFM images [10, 11]. A com-
plete description of chemical bonds is quite complex, including overlapping orbitals
and rehybridization. An approximation of the interaction between single atoms is
given by the Morse potential, which describes attraction between two atoms up to
an equilibrium distance, and then the subsequent repulsion. This overall behavior
can also be modelled by a Lennard-Jones potential. Recently high-resolution AFM
results have shown that both can very accurately model certain tip-sample interactions
[12, 13].

The van der Waals force describes the interaction between two induced dipoles.
This interaction is surprisingly well-described by the Hamaker approximation, in
which all interacting particles are assumed to interact independently. The van der
Waals interaction can dominate at the nanometer-scale. The force-distance relation-
ship of the van der Waals interactions have been explicitly calculated for a number
of high-symmetry AFM tips [14].

The description of the long-range electrostatic force comes from considering
the tip-sample junction as a capacitor, where the presence of a potential difference
causes attractive interaction. This model is appropriate for metallic surfaces. In a
macroscopic picture, this results from both the work function differences of the two
materials (discussed in the next section) and any applied voltage. Semiconductors
are more challenging, in that the electric field cannot be assumed to fully drop over
the junction, but rather penetrates significantly into the sample. This effect has been
well-studied in the framework of STM and is known as Tip Induced Band-Bending
(TIBB) [15]. For all sample systems, even insulators, it is common to apply a voltage
to minimize this macroscopic electrostatic force.

These three forces are a good foundation for interpreting most AFM data. The
electrostatic and van der Waals forces are expected to increase in magnitude and
stay attractive as the tip approaches the surface. The chemical interaction is expected
to dominate at short-range with an attractive bond followed by repulsion caused by
Pauli repulsion. This picture is what makes the phantom force so confusing: one
expects repulsive contrast only at very small tip-sample distances that are closer than
the chemical bonding distance. However this phantom force, as presented in more
detail in Sect.5.1.6, can also appear to be a repulsive force that can be mistaken for
Pauli repulsion.
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5.1.3 Electrostatic Attraction Between Metal Surfaces

The electrostatic attraction between two flat metal surfaces depends upon the poten-
tial between them. This is a function of the applied voltage, as well as the differences
in their work functions. The energy necessary to remove an electron from a solid at
0K is the work function, ®. Two materials far from each other will share vacuum
levels, however there is no requirement that their Fermi levels align. This occurs
when they are put in electrical contact with each other. If they do not have the same
work function, then a potential difference will exist between the two metal surfaces.

Different crystal facets have different values of ®, and we understand these dif-
ferences in terms of surface dipoles, py, that cover a surface with an areal density
n . Considering the potential in the vertical dimension,

®=Er+ L pn, (5.6)
2

where ¢, is the elementary charge and Er is the Fermi level.
Writing the total potential difference within the tip-sample junction as the sum of
the differences in work function and of any applied voltage:

V) =Vg+ Ad (5.7)

To consider the effect of this to a FM-AFM setup, we can consider a geometrically
simple arrangement, in which both tip and surface are two parallel plates, with area
A. The magnitude of the electric field between the two is given as

El=E=V,/z (5.8)

where the distance between the plates is z. The potential energy, Upp, stored in the
electric field can be calculated by the total work, W, required to create the charge
distribution. In a conservative field, this yields the following:

2
&0 2 g (Vs g0 2 A
—Upg=W=— E|l“dV = — | — A= —Vi— 5.9
PE 2/\/|| Z(Z)Z 2 7 ¢ (59

If we have a purely conservative force, then the interaction force between the two
plates would be given by the negative gradient of the energy. The z—component of
the electrostatic force can be written:

dUpg g0, 0 A

Fo=-—g"=-3Vi3 (5.10)

That is, there will be an attractive force that is proportional to the potential difference
squared. Capacitance C is as a measure of the charge on each surface Q as a function
of the potential difference, C = Q/V;. For a general case, the attractive force can



76 A.J. Weymouth and F.J. Giessibl

be rewritten as a function of capacitance:

1dC
_ __V2

Fos = 5.11
o =5a3 " (5.11)

In the typical picture of long-range electrostatic interactions, this interaction does
not vary over the surface. In Kelvin Probe Force Microscopy (KPFM), one measures
the electrostatic interactions locally by varying the applied voltage:

1dC

Foy = —— (Vg + Ad)? 5.12
es 2dZ(B+ ) ( )

This picture, while widely used, does not include the effect of the phantom force,
which is discussed in the next section.

5.1.4 Conductance in an Atomic-Scale Junction

To consider the conductance within the sample, we started with an Ohmic model [16].
Under this model, there is a linear relationship between current density, j, and electric
field, characterized by the resistivity p:

E = pj (5.13)
Given that there is a current from the point of the surface where the electrons tunnel

either to or from the tip, ro, and the bulk, r;, there must be an electric field present
(as there must be a force upon the charge carriers) and therefore a potential as well.

The potential
ry r] rp 1
¢>=—/ E~dr=—/ ,oj-dr:—/ p— -dr (5.14)
ro ro ro A

If we assume nothing other than a radial current flow, then the vectors can be omitted

and
noq noog 1 1
- _ Zdr = — dr = —pl — 5.15
¢ /, A / P2 =7F (2m1 ano) (5.15)

0 1o

For the case where r; = oo is the bulk, and rq is the radius of the tunneling current,
¢ can be simplified:
pl
¢ =— (5.16)
2mry

We will consider a piece of silicon, doped to have a resistivity of ps; = 10 Q2 cm. We
assume that the tunneling current is a cylindrical stream with a radius of ro = 100
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pm. The effective sample resistance is then

1) 1Q2cm
Rsz—:—
I 27 -100pm

= 159 MQ. (5.17)
The Ohmic model is usually accepted as a model for bulk transport, so one would
naturally ask how relevant it is to atomic-scale transport. Recent work from the
Simmons group indicates that for Si wires doped with P, this law does hold down to
the atomic scale [17].

One failure of the Ohmic model is that it does not represent the electronic band
structure. In the case of Si(111)—7x 7, for example, the surface has a metallic surface
state within the band gap of the bulk Si crystal [18]. Transport from the surface to the
bulk has been extensively studied [19, 20] and is neither Ohmic nor constant over
the surface [21]. While this is correct, the Ohmic model nevertheless explains the
majority of our observations, and we expect inclusion of the electronic structure to
simply increase the accuracy of the phantom force model.

This model provides an understanding of the systems where we expect non-
negligable phantom force effects to be observed. A tunneling current of / = 1nA
through low-doped Si will result in a voltage difference of 0.159V between the
tip-sample junction and the bulk. This is a significant fraction of the voltage that is
normally applied while scanning this surface. On the other hand, metallic surfaces
like Cu have a resistivity of pc, ~ 2 x 1078 Qm. This would result in a sample
resistance of Rg = 0.32 €2, and a negligible voltage drop within the sample.

5.1.5 Including Resistance in Our Overall Picture
of Tunneling

The sample resistance describes the effect of the sample on the current within it.
The total current, therefore, will no longer be a function just of the applied bias
voltage and the effective resistive drop in the tunneling junction,! but rather include
the resistive sample component described by the phantom force:

Vg

=8 (5.18)
R; + Rg

This sample resistance will also act as a voltage divider. That is, the potential differ-
ence between tip and sample does not simply include contributions from the applied
bias voltage Vp and the difference in work functions:

Ry
Vi=Vg+Ad —IR¢=Vpg————— + AD 5.19
7 B s BRJ—i-RS (5.19)

I Tunneling is an elastic process but the effect of tunneling and then a quick energetic relaxation is
often modelled by a resistor.
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The effect of sample resistance on an AFM image is via the electrostatic force:

1dc_,
Fog=——V 5.20
o =5a3 " (5.20)
And so, in terms of the junction resistance:
Fo=19€ (v, R +ACI>2 (5.21)
“~2dz \""R, +Rs ‘
And as a function of the current:
1dC 5
Foy = ——(Vp+ AD — IRg) (5.22)
2 dz

In order to determine the regime in which the phantom force is significant, we
rewrite the tunneling current junction resistance depending exponentially upon the
tip-sample distance:

Rj = Rpexp[2«z] (5.23)

« is the decay constant of the tunneling current, which is usually around 1 A~! [2].
If z = Om denotes the position where the tip and sample are in chemical contact,
then Ry is the resistance at point contact. This has been very well measured for the
case of metal-metal single-atom contacts in break-junction measurements [22] and
is known to be 1/Gy, where Gy is the quantum-point conductance. The phantom
force starts to play a noticeable role when the sample (or tip) resistivity Rg becomes
comparable to the junction resistance R;. For example, if the junction resistance is
1G22 (1V and 1nA), then a sample resistance of Rg = 159 MQ cannot be ignored.
From (5.23), we expect this to happen at tip-sample distances of z < 0.6 nm, which
is a typical distance for AFM images.

5.1.6 Summary

The phantom force is an effect that can be observed when a tunneling current is
present in force measurements, and there is a substantial resistance for the current
from the point of tunneling to the bulk. It can be represented by an internal sample
resistance, as sketched in Fig.5.1. For low-doped Si samples, this resistance can be
on the order of 100 M.

An internal resistance can also be present in the tip. Morita et al. reported mea-
surements of the tunneling current while using A f to regulate tip height [23]. Before
poking a clean W tip into a Si surface, they recorded a current of 16 nA at 0.2 V. After
a tip poke, with the same feedback parameters, the current was less than the noise
floor of SpA at a voltage of 0.1 V. This indicates an additional resistance of 20 GS2.
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Tip

Tunneling R
junction J

Sample
resistance

Fig. 5.1 A net tunneling current flows because there is a potential difference between the tip and
sample. In this drawing, the tip has a higher potential for electrons and they tunnel to the sample.
Electrons then disperse from the point of entry to the bulk. A similar process occurs in the tip (not
shown). The overall effect depends strongly on the material’s ability to conduct electrons from this
point to the bulk. This can be modelled by the addition of a sample resistance Rg

In order to demonstrate the effect of the phantom force, we can explicitly model
three contributions to the overall force: the van der Waals force, the electrostatic
force, and the chemical interaction. The van der Waals contribution is modelled as
suggested by Giessibl [ 14] with a conic tip that has an opening angle of @« = 70°, using
a Hamaker coefficient of Ay = 0.1865aJ. The chemical interaction was modelled
with a Morse potential having a bonding energy of Ep = 4eV, an equilibrium
distance of zo = 200 pm, and a decay constant of A = 100 pm?:

(5.24)

2(z — z0) (z —z0)
EMorse = EB (exp—T — 2exp—T

The electrostatic force is modelled as suggested by Guggisberg et al. [25], with an
opening angle of & = 70°, a final tip radius of r;;, = 4nm, a tip length of 1 mm, and
an offset distance between the final apex atom and the part of the tip that contributes
significantly to the electrostatic force of z,r = 1nm. A sketch of this tip model is
shown in Fig. 5.4. The voltage is the junction voltage, as described by (5.19), with a
bias of Vp = 1V and a contact potential difference of A® = —0.2V.

Each of these contributions is individually shown in Fig. 5.2a. The van der Waals
contribution is attractive over the entire range. The chemical bond contribution only
becomes significant with distances z < 1 nm. The electrostatic contribution, although
at further distances is simply attractive, also changes suddenly at z < 1 nm. At this
point, R; &~ Rg.

The effect of the phantom force is also evident in the total force interaction, shown
in Fig.5.2b, and in the force gradient, shown in Fig.5.2c. Although the total force
gradient decreases with decreasing tip-sample distance, the phantom force causes
a first minimum followed by a zero-crossing. This first minimum can therefore be

2These parameters were chosen as representative. Bond lengths from 100 to 300 pm are common,
as are dissociation energies on the order of a few eV [24].
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Fig. 5.2 Out of the three Distance (nm)
forces discussed in
Sect.5.1.2, the electrostatic
force changes the strongest
when the phantom force is
present. a A model of the z
dependance of the
electrostatic force, van der
Waals force, and chemical
interaction (represented by a
Morse potential).

b The total force curve. Note
the two local minima, in
contrast to what is normally
expected. b A corresponding
plot of the force gradient,
calculated from the curve in
b. Again there is a second
local minimum
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incorrectly attributed to the equilibrium distance of the chemical interaction, although
it is several hundred picometers further.

It is therefore easy to mistake an effect of the phantom force as an observation of
chemical interaction, especially as tunneling is usually localized over atomic sites.

5.2 Observations

Silicon was the first material upon which we observed the phantom force. We were
imaging at room temperature and noticed when we collected constant-height data
that the adatoms appeared repulsive. This on its own was surprising, as the reactive
nature of the surface also makes it ideal to investigate adsorbates [26, 271.3 While
we expected differences in the adatom types [29, 30], the contrast we observed very
closely resembled the contrast in our STM images.

Since these initial observations, we have recorded observations at both liquid He-
temperature (with an Omicron low-temperature SPM system, operating nominally
at 4.5K) and at room temperature (with a homebuilt microscope, modelled after the
Park Scientific Instruments UHV system [31]). We used two types of Si samples: a
highly doped sample with a resistivity of 0.010-0.012 Q2cm at 300K, and a lower
doped sample with a resistivity of 6-9 Q2 cm at 300 K.

31t should be noted that Sweetman et al. have reported repulsive contrast over the Si(111)—7x7
surface, which can occur with non-reactive tip apexes [28].
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Fig. 5.3 a Schematic of the Si(111)—7x7 surface. Nominally, only the Si adatoms (blue) are
observable by AFM and STM. b Constant-height FM-AFM data taken with and without an applied
bias voltage at various heights z. z = O pm is the point of closest approach

Figure5.3 shows two series” of AFM images at various tip-sample distances,
one with an applied voltage of —0.6V and the second with an applied voltage of
0.0V. At z = 160pm, contrast can be seen in both datasets. In the dataset with
Ve = —0.6V, the adatoms appear repulsive. In the dataset with Vp = —0.0, the
area over the adatoms appears more attractive than the area over the corner holes. The
repulsive contrast is attributed to the phantom force, whereas the attractive contrast
is attributed to the chemical interaction. This trend continues with closer approach,
as the chemical interaction stars to dominate. At z = Om, the images appear similar.

A second experiment (also at liquid-He temperature) demonstrates the effect of
the phantom force, shown in Fig.5.4. At standard STM conditions of a voltage of
1.5V and a current of 2 nA, contrast can be observed in the AFM channel in constant-
height mode. This is again due to the phantom force. When the voltage is decreased
to OV, the contrast disappears. In order to observe the expected attractive contrast,
we need to approach the tip 340 pm closer to the surface.

Several questions naturally arise with this data. We have presented a theory based
upon the internal sample resistance, however there are other phenomena at play
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Fig. 5.4 Constant-height (a) (b) (c)
FM-AFM data. The top third Vg =15V Vg =0V Vg =0V

was acquired with a voltage 5 a
V = 1.5V at a relative tip \b/ \/
height of z = 340 pm. The V2o \/
| l l [ J

middle third was acquired
with no applied voltage at

z = 340 pm. The lower third
was acquired with no applied
voltage at z = Om. Adapted
from [16]

that could cause contrast inversion or, at the least, a strong bias dependance: 1. We
could be changing the tip-sample distance by changing the bias and probing repulsive
interaction due to a chemical bond. 2. This effect could be related to tip-induced band
bending. 3. This could all be an artifact from a poorly-chosen STM preamplifier. None
of these three are acceptable explanations, for the following reasons.

1. In Fig. 5.4, the tip must be approached to the surface 340 pm before attractive
chemical interaction can be observed. If the contrast in the upper third of the image
was caused by repulsive chemical interaction, then removal of the bias voltage must
result in the average cantilever height being increased by over 340pm. We used a
gPlus sensor with a spring constant of k = 1800 N/m, meaning that a force difference
of 612nN is required. With the calculations presented in Sect. 5.1.6, the electrostatic
forces are one hundred times too low for this to be feasible.

2. Tip-induced band bending is a description of the field effect of the tip when
probing a semiconducting surface [32, 33]. However, in the case of Si(111)—7x7, it
is weakly present [34]. The surface reconstruction presents a metallic surface state,
and therefore the field effect of the tip is greatly reduced. Of course, this means that
we must now demonstrate that the phantom force is not unique to this special case,
which we present later for the case of H-terminated Si(100).

3. If the STM preamplifier was poorly selected, then the virtual ground would
be insufficient. In that case, a current could result in a significant deviation from
0V, and also reduce the attractive electrostatic force. The simplest test for this was
to install a switch where we could change from using the virtual ground to using
a real ground. The result is presented in [35], but to summarize, we observed no
difference in the two. This does not mean that the virtual ground cannot affect AFM
measurements, it simply means that the deviation of the virtual ground provided by
the STM preamplifier from an ideal ground is not responsible for the phantom force.

In the rest of this section, the data collected on Si(111)—7x7 is used to quanti-
tatively extract values of Rg. The effect of the phantom force on Kelvin probe force
microscopy is demonstrated and discussed. Data is shown of the phantom force on the
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H-terminated Si(100) surface. Finally, we show data that indicate that the phantom
force is present even on molecular adsorbates that lie on highly conductive surfaces.

5.2.1 Characterizing the Phantom Force

While the previous two examples demonstrate qualitatively the effect of the phantom
force, they do not provide a quantitative measurement of the phantom force. One
method to do this is by investigating the relationship between the recorded current
(1) and Af. We published these results in [16]; here we review them. The recorded
current is written (/) because it is the average current over the oscillation of the
cantilever. All data taken in this subsection were acquired at room temperature.

In Fig.5.5, constant-height data of low-doped Si(111)—7x7 are shown at both
bias polarities: In (a) and (b), Vg = +1.5V and in (c) and (d), Vp = —1.5V. The
AFM images show an increase in A f above the adatoms in the unit cell, irrespective
of the polarity of the bias voltage. The data show strong similarity to the STM data,
with adatoms of the faulted half of the unit cell appearing brighter when probing
filled-state images. While this is expected in STM data [21], it is surprising that the
contrast in the AFM image would also be so dependent upon Vp.

As we simultaneously measure (/) and Af, we can directly compare the two,
pixel-by-pixel. One technical detail is that the relative bandwidths of the two mea-
surements must be taken into account. Even with a relatively high bandwidth of
the phase-locked loop (AFM controller) of B = 120Hz, it is much lower than the
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Fig. 5.5 Constant-height data taken at room temperature with simultaneous (/) and Af. a and b
taken at Vp = +1.5V, ¢ and d taken at Vp = —1.5V. e Pixel-by-pixel plot of Af as a function of
(1) from data in a and b with a linear fit. f Slopes of the linear fits as a function of the bias voltage
follow themselves a linear relation. Adapted from [16]
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STM measurements, which can be assumed to be instantaneous in comparison.4 This
will result in a pixel shift between the STM and AFM images. At a scan speed of
v = 20nm/s, the offsetis Ax =v/B = 166 pm.

The corresponding points are shown in Fig. 5.5¢e. The trend is linear and a fit line is
shown. We can understand this linear relation in terms of the Phantom force, within
a small amplitude approximation. As we consider only the contrast mechanism, we
consider only the contribution to k;; from the electrostatic force’:

dFe d 1dC

kyy = ——2 = —— ——— (Vg + AD — IRy)? 5.25

15 i dZZdZ( B+ s) (5.25)
1d%>C , dC dl

ks = —5——=(Vp+ AP —IRs)"+ —(Vp + A® — IRs) | Rs— (5.26)
2dz dz dz

In order to write kg as a polynomial in terms of /, we must rewrite the last term as
a polynomial in terms of /. Substituting (5.18) into g—é:

d d Vvg  d Vp (5.27)
dz  dzR;+Rs dz Ryexp[2xz] + Rs ’
dr/ V R 2
ar _ B 0 exp[2kz] (5.28)
dz Roexp[2kz] + Rs Roexp[2kz] + Rg
dr/ Ry
— = 2kl —— (5.29)
dz Rj; + Ry
Rewriting k;s as a polynomial of current:
kig = 1dzc(v +AD)? +
ts — 2 dZQ’ B
d’c R; dC
— — 2k ————— | (V| AD)Rs 1
|:dz2 “R, + Rs dz:|( ARSI
1d%C R; dC7 ., ,
————4+2k———— | R [ 5.30
+[ 2dz2+"RJ+RSdz} s (530

4Our STM signal is recorded at 500 Hz.

5 A complete description of the forces would require consideration of the van der Waals and chemical
interactions as well. But, as shown in Fig. 5.4, these do not contribute to the contrast in the AFM
image. Therefore it suffices to consider only the electrostatic interaction.
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If we assume that the tip is relatively far from the surface and R; > Rg:

Ry

N~ (5.31)
Rj+ Rs

k:s can then be simplified:

_1d’C
ts — 2 de

d2c dc
+|— —2k— [ (Vg + ADP)Rs I +
dz2 dz

+ 1—dzc+2 4 g2 2 (5.32)
—_—— K‘— .
2 dz? dz $

(Vg + AD) +

Finally, arguing that Rg/ < 1, which is valid for Rg ~ 100 M2 and / = 1nA, then
Rsl > RII*:

k ldzc(v + AD)? + drc 2 8¢ (Vg + AD) Rg I
N ——— — —2k—
5Ty dz2 az |8 s

kis A~ b +mRs 1 (5.33)

where b and m represent terms independant of Rg and /. The slope m R is plotted
in Fig. 5.5f. In agreement with (5.33), this term varies linearly with V3.

In order to extract a value for Rg, we added additional external resistances, R/,
to the circuit. While the phantom force is a physical effect caused by the local
conductance, addition of an external resistor will cause the same effect, and from
(5.33), ks now can be rewritten:

kis ~ b +m (Rs + Rext) I (5.34)

We collected simultaneous (/) and Af data for three values of external resistors:
Rex: = 02, 10 M2 and 30 M2, shown in Fig.5.6.

A linear fit at R, = 0 and 10MQ yielded a predicted value of m(Rs +
30MQ) = —0.99Hz/nA.

The observed slope was —1.03 Hz/nA. This outstanding agreement is a statement
to the accuracy of this simple model. In it, we have neglected the weighted average
(kss) and used simply a small amplitude approximation A f o k;,. For the amplitudes
used in imaging, A = 400 pm, this is rarely accurate when probing chemical inter-
actions. However, the electrostatic force has a much weaker distance dependance.
We have also approximated (/) & I. This is slighty inaccurate, as (1) is 14 % of the
peak tunneling current [6].

From the fit, we can extract a value for Rg of 164 M. This also agrees very well
with our predicted value of 159 M2, derived in (5.17).
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Fig.5.6 Addingadditional external resistors, Rj and R;, allows us to characterize Rg. Simultaneous
(1) and Af data collected at Vp = —1.5V witha R,,; = 02 b R,y = R; = 10MQ, and ¢
Rext = Ry = 30MQ. Adapted from [16]

It is important that the contrast in these images was due only to the electrostatic
interaction. This was verified by the observation that under normal STM imaging
conditions, only the phantom force produces contrast in constant-height images, as
discussed in the previous subsection. That the images were taken at constant height
also confirms that the contrast is not due to the long-range van der Waals component.

5.2.2 Kelvin Probe Force Microscopy

Kelvin Probe Force Microscopy (KPFM) is based on the idea that the difference in
the work functions of two metals, A®, can be determined by measuring the force
between the two as a function of an applied bias voltage, as described in (5.12).

Practically, it is performed in one of two ways. In the conceptually simplest
approach, Af is recorded at a fixed tip position as a function of V. The apex of
the resulting parabola is a measure of the local work function, A®y. An alternate
method, inspired by the so-called vibrating capacitor method, was introduced by
Nonnenmacher and coworkers [36], in which the system is excited with an AC
voltage at a frequency fy and the response is measured at 2 fy. We will focus on
the first method because it contains all relevant physics and is the technique that we
performed in this set of experiments.

Similar to AFM imaging, KPFM data can be very susceptible to phantom force
effects. Starting from (5.21), the extremum of the parabola will not be A®;, but
rather dependant upon Rg:
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R;+R
V= A, RS (5.35)
Ry

The danger, of course, is that this is not simply a sample property A®;, but also con-
tains a distance dependant term, R ;. As the tip approaches the sample, R; decreases
and A® appears to increase in magnitude.

There is a further complication because we are sensitive not to forces but to

force gradients. Equation (5.26) describes the electrostatic component of the force
d’c

‘7> which is positive,®

gradient, and consists of two terms. The first term includes
and a quadratic term which is positive. Therefore

1d*C
————(Vg+AD —IR5)* <0 (5.36)

2 dz?
Normally this is the only term that is considered in KPFM. However, there is a second
term of opposite sign. Because both % and g—i (as discussed in (5.29)) are negative,

dc d/
— (Vg +ADd —IRs){Rs— ) >0 (5.37)
dz dz

When performing KPFM with low resistance samples, this term can be ignored, as
Rs ~ 0.

We performed bias-spectroscopy at low temperature on the Si(111)—7x7 surface.
Figure 5.7 shows the simultaneously-collected (/) and Af images, as well as (k)
spectra for various tip-sample distances. The z distances are relative to the imaging
height. Curves were offset to show the shape easier. The strong z-dependance of the
curvature of the parabolae is due to the g—é term, which increases with decreasing
tip-sample height, dominating the (k) data with positive curvature.

We applied a model of the tip as a sphere as described by Hudlet et al. [37]. Similar
to the model described in Sect.5.1.6, we added a z—offset term that accounts for the
fact that the electrostatic interaction is dominated by a component several atomic
layers higher than the imaging apex. The results of the model are shown as dashed
lines in Fig. 5.7c, with a tip radius of 4.0nm, a z—offset value of 0.7 nm, and a tunnel
current decay constant of k = 0.9 x 1019m~1.

This model very accurately describes the significant feature in the data, that is,
the upward-turning of the parabolae at smaller tip-sample distances. The accuracy,
especially at larger tip-sample distances, could probably be increased with a more
complex geometric model of the tip. At z = 200 pm, the shape of the curve seems
to deviate from a parabola. This could be due to the electronic structure discussed
earlier; in other words, a limitation of the simple Ohmic model.

OIf this is not clear, consider a parallel plate capacitor with C = ¢ Az~!. The first derivative with z
is negative, and the second is positive.
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Fig. 5.7 Constant-height a (I) and b Af images. ¢ Kelvin parabolae taken over an adatom at
various z distances. Reprinted with permission from A.J. Weymouth and F.J. Giessibl, Appl. Phys.
Lett. 101, 213105 (2012), Copyright 2012, AIP Publishing LLC

5.2.3 Observations on H-Terminated Si(100)

The unsaturated Si(100) surface, when prepared in vacuum, reconstructs into rows
of Si dimers [39]. This surface is quite reactive, making it experimentally difficult to
work with, especially at room temperature. Exposing Si(100) to hydrogen saturates
the unsaturated dangling bonds [40]. The electronic states of the hydrogenated dimers
have been shown to lie outside the bandgap of bulk Si [41], meaning that in contrast
to Si(111)—7x7, the surface is semiconducting. Under normal preparation, not all
Si atoms are saturated but a few unsaturated reactive dangling bonds are left.

We compare data taken in which it is the dominant imaging mechanism, shown
schematically in Fig.5.8a, to AFM data collected at low bias, shown in Fig.5.8d.
Figure 5.8b and ¢ show simultaneous AFM and STM data collected with a bias of
1.5V. In them, the dimer rows can be seen running from upper left to lower right.
The low contrast is due to the fact that we did not want to encounter a tunneling
current that was too high when scanning over the defect area, circled in red. This
is a dangling bond, which we would expect to observe in AFM data as attractive.
However due to the increase of the tunneling current over it, the phantom force effect
causes an increase in A f that makes it appear repulsive. This attractive interaction is
clearly observed in AFM data collected at low bias, as shown in Fig.5.8e. (The red
circle has been laterally offset to account for drift.) Not only is the atomic structure
of the surface visible, as shown by the spacefill model overlaid in the lower third of
the image, but the defect now appears as attractive.



5 The Phantom Force 89

@ Q@ (d) Iy

Phantom Force dominates Af Low bias voltage and tip closer
Defect appears repulsive Defect appears attractive

Fig. 5.8 When the tip is far from the surface with an applied bias of 1.5V, (a) atomic contrast can
be observed in STM, (b) and AFM data, (¢). The defect outlined in red appears repulsive. However,
at close tip-sample distances, (d) and low bias, in this case 200 mV, it appears attractive, (e). (Plane
subtraction and low-pass filtering have been applied to e for clarity.) Images are 3nmx3nm [38]

5.2.4 Molecular Adsorbate on Graphene

The Rg term in our theory describes the sample resistance that is internal and therefore
decreases the voltage in the junction. This resistance can be due to resistivity of a
bulk sample, and it can also be due to a smaller resistive element on the surface.

Graphene has one of the highest electron mobilities of any material. We have
investigated graphene grown on SiC, supplied by Th. Seyller’s workgroup [42], with
low temperature AFM and STM. On some samples, we come across adsorbates that
we can manipulate with the tip. We propose that these adsorbates are hydrocarbon
molecules that are either a biproduct of the manufacturing or a natural contaminant
that is introduced when we fix the graphene samples to appropriate holders.

Figure 5.9 shows constant-height Af data of one of these adsorbates, both (a)
with and (b) without an applied bias voltage. This dataset was collected by moving
the tip over each line first with an applied bias and then without. Most of the image
shows very similar contrast, however, there is a lobe on the lower left that appears
brighter in Fig.5.9a. We compared a line scan over this lobe from the two images,
as shown in Fig.5.9c.

The area with greater Af corresponds to a region where the current was greater.
Because these adsorbates are easy to manipulate with the tip, they are likely not
strongly coupled to the surface. This weak coupling could be the physical explanation
of the potential drop from the point on the molecule into which electrons tunnel, and
the rest of the surface, where the electrons can rapidly move into equilibrium.
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Fig. 5.9 Constant height measurements reveal a difference in (k);; images as a function of bias
voltage. a With an applied bias of 0.4 V. b 0 V. ¢ A linescan comparing the two (k),s data and the
corresponding current

5.3 Concluding Remarks and Outlook

There are several mentions in literature of AFM contrast inversion as a function of
the applied bias voltage, and therefore, of the current. The three reviewed here are
investigations of the Si(111)—7x7 surface. Molitor et al. reported contrast inver-
sion depending upon scan parameters [43]. While scanning in STM mode (with an
undriven thermal amplitude of A = 30pm and an applied bias of 1.1V) they
report a decrease of Af over the adatoms. When scanning in AFM mode, using
Af to regulate the tip height (and a driven amplitude of A = 20nm, and a voltage
of 1.9V), they observe contrast inversion in the A f image. Arai and Tomitori com-
pared data taken with and without an applied voltage [44]. They note that differences
between the adatom species can be seen with the applied voltage, but not without. At
higher applied voltages, the authors observe contrast inversion of the AFM signal.
Guggisberg et al. also reported inverted AFM contrast as a function of the applied
voltage [45]. They note that at a sample bias of 2V, the AFM signal is inverted and
moreover, that the features correlate very well with the recorded tunneling current
data. They compare this image to one taken at —1 V, where the contrast is not inverted.

One explanation for all these observations is the phantom force. In Sect.5.2.1,
we present data in which the Af images appear similar to STM data as a func-
tion of bias voltage. This similar contrast is because when probing the filled states
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of Si(111)—7x7, the tunnelling current is higher over the faulted half. Therefore,
differences in the adatoms can be observed that is equivalent to that seen in STM
images.

Itis important to note that the occurrence of the phantom force does not require that
the tunneling current is measured. Rather, it is due to an additional resistance outside
the tip-sample junction. By adding external resistors, as discussed in Sect.5.2.1, we
were able to quantify this additional resistive element.

We present a model based upon a Ohmic mechanism of conductance that explains
our observed images and spectra. It’s likely that this can also explain previous reports
of contrast inversion in AFM as a function of voltage. While most of our observa-
tions have demonstrated the phantom force on surfaces of semiconductors, we also
presented data where it appears to be present on a molecular adsorbate. As AFM
studies continue, and are coupled with a drive to understand the electronic structure
of surface and adsorbates, the phantom force is an effect which must be taken into
account.
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Chapter 6
Non-contact Friction

Marcin Kisiel, Markus Samadashvili, Urs Gysin and Ernst Meyer

Abstract Our understanding of friction and mechanism of energy dissipation has
undoubtedly experienced a tremendous profit after the introduction of scanning probe
microscopy. Nowadays the tribological response of a sliding asperity can be easily
traced down to the atomic scale. Still, many important aspects of friction on the
nanoscale are scarcely studied. Among them we can easily recognize the dissipation
accompanying the motion of a nano-object in close proximity to a solid surface.
An example, which is quite suitable for experimental investigations, is given by
the oscillations of a tiny pendulum. Here we report on different mechanisms of
energy loss—for instance probably the most common Joule dissipation. Next we
demonstrate that pendulum oscillations are expected to induce both phononic and
electronic excitations in the underlying surface and the clear distinction between them
is possible while working over metal/superconductor phase transition. Finally, we
describe an example of coupling of mechanical oscillator to the charge-density-wave
phase, an exquisitely subtle long-range order property of matter.

6.1 Introduction: Dissipation at Large Separation

Friction force has a pivotal role in nature and our everyday life is full of examples
of frictional processes. When two macroscopic bodies slide in contact energy is
dissipated due to friction [1, 2]. Sometimes it is desired, like in case of brakes in
the bicycle, sometimes unwelcome—when you ask yourself why your automated
coffee machine broke for the third time. In nanoscale, a tiny friction force is present
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Fig. 6.1 Schematic view of
the oscillating cantilever in
the pendulum geometry

when bodies in relative motion are separated by few nanometer gap [3-5]. This
non-contact form of friction might be successfully measured by highly sensitive
cantilever oscillating like a tiny pendulum over the surface as it is shown in Fig. 6.1
[5-8]. The elusive non-contact friction might by due to vdW interaction, which is
mediated by the long-range electromagnetic fields or in many cases by fluctuations
of static surface charges arising from material inhomogeneities [9]. It also strongly
depends on the bias voltage between tip and sample. The non-contact friction or we
should rather say energy dissipation is a non-reversible process, where the kinetic
energy of the damped oscillator is transferred into heat, which is observed as a decay
in time of the cantilever amplitude. The amplitude drops until the thermal equilibrium
is reached. Both decay time t and equilibrium fluctuations x(#) contain information
about the dissipative process. The quality factor Q is equal to:

Two

0= - (6.1

and the corresponding damping coefficient is given by:

k

= ——
w0

(6.2)

where k is the spring constant and wy is oscillation frequency of the cantilever. It
is obvious (6.2), that the smallest spring constant k and the highest quality factor O
imply higher non-contact friction sensitivity. Cantilevers with these features are also
very force sensitive. The minimal detectable force Fi, is given by the formula:

2kpTT Aw
Finin =/ ———— (6.3)
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where kp is the Boltzmann constant, 7 and A are the temperature and the bandwidth
of the measurement. Any change of the friction coefficient I" is always accompanied
by a change of the minimal detectable force.

In case of an extremely soft cantilever characterised by spring constant k =
130 wN/m, the quality factor Q = 250,000 and the resonance frequency fy = 6kHz
the non-contact friction is in the order of I" = 10~ “ kg/s.

Approaching soft cantilever to the surface will open new dissipation channels,
however the tip-surface interaction will immediately provoke cantilever snap into
contact. That will happen on every surface when the attractive force gradient is
larger then cantilever spring constant. An easy way to overcome this obstacle is to
oscillate the cantilever in a pendulum geometry. This way the cantilever is oriented
perpendicularly to the surface and oscillates like a tiny pendulum over it.

In this chapter several experiments reporting on non-contact friction are dis-
cussed. Next section concerns the experimental tool designed to study non-contact
friction—the Atomic Force Microscope (AFM) operating in pendulum geometry. We
next discuss the mechanisms influencing internal dissipation of the sensor, as they
strongly limit our measurement sensitivity. In order to introduce non-contact friction
itself, few mechanisms leading to this phenomena are discussed in the following
section. Finally three experiments dealing with non-contact friction are reported.
This part is structured as follows: first, experiment on y -irradiated quartz sample is
discussed. It was found that non-contact friction increases at separations of 30 nm.
In this case long-range dissipation is related to the long-range electrostatic forces
and distance dependence of the contact potential was found to influence the non-
contact friction. Next we discuss the experiment on superconducting Nb surface
which allowed to distinguish between electronic and phononic dissipation channels.
The last part reports on experiment on NbSe, surface, where the non-contact friction
is caused by the hysteretic switching of the charge density wave provoked by the
oscillating tip.

6.2 The Pendulum AFM System

6.2.1 The Microscope

The results reported in this chapter were obtained by means of pendulum AFM
located at University of Basel with the capability of working under Ultra High
Vacuum (UHV) (p < 10~ 19 mbar) as well as cryogenic conditions (T = 5K). The
setup of the microscope is shown in Fig. 6.2 and is described in details elsewhere [ 10].

Itis worth to mention that the beam deflection detection technique [11] was chosen
to measure the cantilever oscillations. The technique does not rely on a laser light
source with along coherence length. Instead superluminescent diodes (e.g. Superlum
SLD-381-MP3 or Hamamatsu SLD) with lower noise levels are used as a light source.
The cantilever motion is controlled by means of standard Phase-Lock-Loop (PLL)
electronics where the detection of the frequency, amplitude and phase are performed.
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Fig. 6.2 The UHV system is shown in figure (a) with the top loaded cryostat. The microscope
itself is shown in (b), where / (red) is the microscope holder, 2 (green) the mirrors of the beam
deflection detection system, 3 (dark blue) the cantilever itself, 4 (violet) the sample holder and 5
(light blue) the STM shielded current line

In order to maintain the amplitude of oscillation constant the excitation voltage is
brought back to the shaking piezo.

The pendulum AFM is not an overwhelming imaging tool and the atomic resolu-
tion is hard to reach. The capability to acquire a topography information is limited due
to the lateral oscillation and the spacial averaging is performed in every topographic
pixel. The strength of the pendulum geometry lays in the spectroscopy.

6.2.2 Internal Friction of the Cantilever

The experimentally determined cantilever damping I” is a superposition of different
ingredients:
r(Tr,p,E,B,d,..)=1Iy+ Irts (6.4)

and depends in general on temperature 7, pressure p and external electric £ and
magnetic B fields. The influence of the electromagnetic field plays a role in case of
tip-sample proximity. This effect leads to a distance dependent friction coefficient
I'rs(d) at small tip sample separations [5—7, 12—14]. The internal friction of the
cantilever Iy describes the friction losses which occur while bending of the cantilever
and several components might be distinguished:

1. Viscous damping due to the presence of gases,
2. Energy losses due to clamping of the cantilever,
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3. Thermoelastic damping,
4. Bulk and surface energy looses.

To minimize the viscous damping which occurs due to inelastic scattering between
the vibrating cantilever and gas molecules cantilever has to be operated under vacuum
conditions. At pressures below p < 10° mbar viscous damping is negligible [15]. The
second effect might be partly eliminated by means of rigid clamping and avoiding
of glues with high damping rates [16].

Periodic compression and expansion of oscillating cantilever causes heat flow
between compressed and expanded areas. The energy loss due to local heating of
the cantilever is known as a thermoelastic damping. The thermoelastic damping
is the dominant loss mechanism at room temperature [17]. At temperatures below
T < 200K other mechanisms start to dominate such as bulk or surface losses.

Bulk and surface losses due to scattering of elastic waves on defects present on the
surface or in the bulk are dominant loss mechanisms at low temperatures. The time
dependent stress field changes the energy landscape of the defects and the instabilities
of those might occur. The effect is related to jumps of the atoms between different
equilibrium positions. This effect is temperature dependent and dissipation versus
temperature curves show Debye activation peaks. In case of Silicon cantilever Debye
peak is observed often at T = 30K [18]. Another peak positioned at 7 = 160K
cannot be related to such an activation peak because of too high activation barrier. It
is also observed that the peak does not shift with the resonance frequency, which is
not in agreement with the simple activation energy model. It has been observed that
the 160K peak is reduced after annealing the cantilever under vacuum conditions
and the authors suggest that it is related to an existence of adsorbate layer [18]. In fact
coating of cantilevers leads to a strong increase of dissipation. The rise of I is owing
to the phonon scattering on grain boundaries because of polycrystalline nature of the
coating layer. The presence of adsorbates (H»> O or hydrocarbons) also have a negative
impact on the internal friction. It has been shown that annealing at temperatures up to
about 700 °C under ultra high vacuum conditions leads to substantial reduction of
dissipation [19, 20]. Figure 6.3 demonstrates the improvement of pristine quality

Fig. 6.3 Ring down 10y [ e e e ey
measurement of a cantilever
before and after annealing | — before annealing

0.8 — annealing 6.3 h T <500 °C

under UHV-conditions and at —— annealing 123 h T <500 °C
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The initial quality factor of % N

62,000 is improved by an = e

order of magnitude after 6h = oaf “ 9_1240000
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factor of 62,000 by an order of magnitude after 6 h annealing at temperatures below
at 500 °C. Further annealing improved the quality factor to 1,200,000 as measured
in T = 77K. The increase of sensitivity is mainly due to removal of weakly bounded
molecules from the cantilever surface or alternatively the amount of surface/bulk
defects is reduced. It is also known that long term annealing leads to negligible
amount of localized charges at the end of the probing tip.

6.3 Non-contact Friction Due to Tip-Sample Interaction

Approaching the cantilever close to a surface leads to distance d dependent dissipa-
tion I'rs(d). Experimentally there are three methods to determine the non-contact
friction: ring-down measurements, the measurement of the excitation voltage Aexc
which is needed to maintain constant amplitude of oscillation and the measurement
of the power spectral density S(w) of the cantilever fluctuations [6, 21].

In the first method the I" is determined from the decay time 7 of the cantilever
oscillations using the relations (6.1) and (6.2). In this method, the cantilever is oscil-
lating at its resonant frequency with a constant amplitude until the driving voltage
Aexc 1s suddenly switched off and the oscillations decay towards thermal equilibrium
with a characteristic time 7 (see Fig.6.3). This method apply to the sensors with
relatively large quality factors Q.

Usually the cantilever oscillations are controlled by means of phase-locked loop
(PLL) feedback system, where the phase between constant amplitude cantilever oscil-
lation signal and cantilever excitation Aey. is locked. This way the frequency shift Af
caused by the tip sample interaction is measured. The friction coefficient is calculated
according to a formula:

I =r (Aexc(d) _@) (6 3)
-0 Aexc,O fO ' ’

where [ is the internal cantilever dissipation, measured at large tip-sample separa-
tion, Aexc(d) and f (d) are the distance dependent excitation amplitude (as measured
by the excitation voltage needed to excite the cantilever at constant oscillation ampli-
tude A) and frequency of the cantilever and the suffix zero refers to the free cantilever.
Both methods are complementary as it is demonstrated in Fig. 6.4.

Quantities like the frequency noise dw of cantilever which oscillates with an
amplitude xy at its resonance frequency wo depend on the dissipation " [21]:

2kgTT" A
S = [ kBL 2@ (6.6)
xok 3

The oscillator frequency noise dw is influenced by I" and the temperature 7. It is
therefore possible to quantitatively measure the non-contact friction based on power
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Fig. 6.4 The non-contact friction coefficient I" and dissipated power P as a function of distance
from Cu(110) surface measured by means of ring down method (red squares) and by measurement of
the excitation voltage A, (gray line), (6.5). Cantilever and sample temperature was equal 7 = 77K

spectral density of the . The power spectral noise density S(w)>Aw = Sw? can be
estimated in a narrow bandwidth as follows:

2kp T3

2 _
YN = T

(6.7)

6.4 Origins of Non-contact Friction

When contact friction deals with two bodies being close enough to interact chemi-
cally, the non-contact energy dissipation appears at any distance larger than chemical
interaction range. The range of the interacting force determines the distance depen-
dency of the friction coefficient I'rs and thus it is possible to distinguish between
long-range and short-range friction forces. The non-contact friction mechanisms are
still the subject of ongoing discussion, since the theoretically predicted values [3, 4]
might be sometimes orders of magnitude smaller than experimentally observed ones
[5, 6, 14, 22]. An overview of main dissipation mechanisms is presented below.

6.4.1 Phononic Friction

The non-contact friction by phonon creation of two interacting surfaces is only
observed for realtively small tip sample separations, when the force acting on the
surface is large. It implies the existence of tiny deformation of the surfaces induced
by attractive van der Waals or electrostatic interaction. The oscillating cantilever tip
over the surface of an elastic body might create the the time dependent stress field
and thus excites acoustic waves parallel to the surface. In this case the energy is dis-
sipated into emission of acoustic phonons. The situation is schematically sketched
in Fig. 6.5a [23].
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Fig. 6.5 Phononic friction appears at small tip sample separation. A surface deformation occurs
and is dragged along with the tip movement. Upon the spatial variation of this deformation phonons
are created and energy loss occurs (a). Joule dissipation takes place if non compensated charges
situated on the surface or on the tip move through resistive media. The spatial variation creates a
displacement current in tip/sample and the energy is lost to Joule heating (b). The van der Waals
friction arises from the van der Waals force owing to dipole fluctuations or random currents. This is
equivalent to emission of real/virtual photon to the surface. The re-emitted photon is absorbed back
in the tip. The friction arises due to the fact, that the initial photon compared the the reabsorbed one
are Doppler shifted (c)

6.4.2 Joule Dissipation

The Joule dissipation is present due to electrostatic forces which arise from permanent
or fluctuating charges situated on the tip or/and the surface. The charge induced on the
other surface follows the tip motion and experiences a resistive loss [13]. The charge
interaction is strongly enhanced by biasing a tip. If a voltage U is applied between
tip and sample, the system acts as a distance dependent capacitance. Due to the
amplitude x( of the driven oscillator, the capacitance varies accordingly. The change
of capacitance generates an alternating displacement current in the tip or sample
upon the oscillation at the driving frequency wg. The dynamic distance is then given
by z(#) = zo + xo cos(wpt). Further, we can write the displacement current D as:

aC aC o
P =v=""%y (6.8)
ot dz adt
and the dissipated power:
2 aC g 2.2 2 -2
Pyoule = Ri—sD7 (1) = Ri— FA U~ xgay sin” (wot) (6.9)

where R,_; is the electrical resistance of the tip and sample. The average power
dissipated (Pjoule) in one single oscillation cycle is equal:
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aC g 2.2 2
(Proute) = TR, —s 8_2 U xjwyp (6.10)

6.4.3 van der Waals Friction

The van der Waals friction is a dissipative analogue of the conservative van der Waals
force. Both mechanisms rely on the same physics. The force arises from the quantum
fluctuation of the electron density, when a spontaneous dipole is created. The short
lived dipole interacts with a nearby surface via a photon exchange and induces a
dipole moment. The induced dipole re-emits a photon to the original one and a force
arises between the two dipoles. When two bodies are in relative motion with respect
to each other the friction force occurs owing to the Doppler shift of the exchanged
photon. The situation is shown in Fig.6.5c. The calculation of the van der Waals
friction is more complex than the force, since it originates from the electromagnetic
field fluctuations with moving boundary conditions. The literature approaches the
solution by regarding each surface in its reference frame. The relation between the
two electromagnetic fields of each reference frame is determined by the Lorentz
transformation [3, 4]. Since, I" originates from the stochastic electromagnetic field
fluctuations, the energy loss might be calculated by means of fluctuation-dissipation
theorem [24, 25]. For non-contact friction coefficient we obtain:

l o
I" o« kB_T/o ((t0)£(r1)) (6.11)

where f(¢) is random force which obeys (f(#)) = 0 and (f(#9)f(¢1)) is the autocor-
relation function of the random force. The theory of van der Waals friction is more
complex than conservative van der Waals force and up to now there is no unified
understanding of it. Many theories [3, 26-28] lead to different scaling laws and large
differences in the magnitude of the friction force. Experimentally, the problem is
challenging, as well. Stipe and co-workers probably came closest to measuring the
tiny vdW friction [5].

6.5 Dissipation at Large Separation

Dissipation due to electromagnetic interaction was first observed by Denk and Pohl
[13]. Subsequent measurements [5] showed substantial electrostatic dissipation at
separations of 1-200 nm measured by means of ultrasensitve force sensors oscillating
in pendulum geometry. Friction coefficients of the order of 10~!3 kg/s between gold
coated tip and metal substrate were reported. The distance dependence of the friction
coefficient scales with a power law I" o« d~" with an exponent n = 1.3. Volokitin
et al. [3, 4] have found those data consistent with dissipation between a spherical
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Fig. 6.6 Voltage-dependence of the normal force (F) and friction coefficient (I”) at tip distance
of d = 250nm from 20nm thick gold film. The quadratic behaviour of the normal force and the
friction coefficient with respect to bias voltage indicate that non-contact friction has electrostatic
origin. Data from [20]

tip and the clean metal surface. Their calculation showed that dissipation caused by
fluctuations of the contact potential scales with the exponent n = 1.5.

Rast and collaborators performed similar experiment under ultra high vacuum
conditions and at temperature 7 = 7K [20]. They used a magnetic Co-Sm tip
oscillating in proximity of y-irradiated quartz substrate coated subsequently with
20nm of gold. As it is shown in Fig.6.6 both conservative and dissipative forces
increase and obey the parabolic behaviour when the bias voltage is applied. The
quadratic behaviour of I" versus bias voltage is direct evidence of the electronic ori-
gin of friction [3-5]. In this particular case the time dependent electric field induces
local electric currents in the sample and/or the cantilever. Moreover, the authors
noticed strong dependence of contact potential on distance, presumably due to tip
averaging over areas with different work functions. Both non-contact friction and
force have a minimum exactly when the contact potential between tip and sample is
compensated i.e. V = +20mV, therefore it is important to compensate the contact
potential in order to establish the minimum friction coefficients.

Compensating the contact potential allows us to investigate the friction force
which is not dominated by Joule losses. Figure 6.7 shows the distance d dependence
of the friction coefficient as a function of distance with compensated contact potential.
Absolute values are between 1 x 10~!3 kg/s down to 5 x 10~'% kg/s at d > 30nm
where the dissipation is mainly governed by internal friction. At separations below
30 nm the friction coefficient is larger than the internal friction of the cantilever
and non-reversible energy flow between tip and sample is observed. Volokitin et al.
[3, 4] calculated the friction coefficient of a tip separated by a distance d generated
by a van der Waals friction force in dielectrics. For a cylindrical tip with radius R
and width w the calculated friction coefficient scales with d~/2, which is in good
agreement with the data. The friction might then occur due to fluctuating defects
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Fig.6.7 Distance dependence of the non-contact friction coefficient for compensated contact poten-
tial at separations between 1-100nm. At distance up to 30nm friction scales with inverse power
law I" oc d7". At a separation larger than 30 nm the friction is governed by the internal friction I
of the cantilever. Temperature of the measurement 7 = 7 K. Data from [20]

in the quartz crystal. The higher the defect concentration the higher the value of
distance dependent friction coefficient. However, the 20 nm thick gold film prevents
a penetrating of the electrical field into the nonconducting substrate, so that damping
effects by this mechanism are minimized. A metal film always consists of a number
of crystallites whose work function depend of the crystal orientation. The magnet
tip also consists of numerous of crystals. Electrical fields always exist between the
crystal boundaries with different work function. and the external bias voltage never
compensates globally the electrical field. The non compensated electrical fields are
decisive for the friction losses.

6.6 Suppression of Electronic Friction
in the Superconducting State

The pendulum AFM tip oscillating in close proximity to a substrate might induce
phononic excitations. An easy way to distinguish between electronic and phononic
contribution to non-contact friction is to work across the metal/superconductor tran-
sition. In order to estimate the phononic and electronic contributions, Kisiel et al.
[6] oscillate the pendulum cantilever over a 150 nm thick Nb film. The ultrasensitive
cantilever with spring constant k = 30 mN/m and resonance frequency f = 5.3kHz
was used. After long term annealing under UHV condition the internal dissipation
was improved and equal to I = 2.0 x 10~'%kg/s at temperature T = 6 K. The can-
tilever end was exposed to focus ion beam (FIB) to form a sharp tip with spherical
apex, approximately 50nm in diameter (inset in Fig. 6.8). The oscillation amplitude
A = 5nm was kept constant during the measurement.

The dependence of the friction coefficient on the temperature is shown in Fig. 6.8.
During the measurement the tip sample distance d = 0.5 nm was kept constant and
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Fig. 6.8 Temperature
variation of the non-contact
friction coefficient across
T, = 9.2K of Nb surface.
The green line is a fit of
(6.12) to the measured data.
Inset the focused ion beam
(FIB) shaped tip used in
experiment
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the contact potential between tip and sample was compensated. The non-contact
friction was measured by means of ring down method (see Fig. 6.3). The non-contact
friction coefficient rises by a factor of three when the critical temperature 7 is
approached from below and levels off in the normal state. It is equal to 25 peV/cycle
in superconducting phase and rises to 80 peV/cycle in a metallic phase. The character
of the friction coefficient in the vicinity of 7, = 9.2K is smooth as predicted by
BCS (Bardeen-Cooper-Schrieffer) theory of superconductivity [29]. Persson [30, 31]
realized that friction over superconducting phase transition is owing to the acoustic
attenuation of the longitudinal acoustic phonons known from BCS theory. The surface
contribution to the friction is given by temperature dependent formula:

Lurt (T 2
surf(T) ~ (6.12)
Fout(Te) — exp (A(T)/kpT) + 1
where A(T) is the temperature dependent energy band gap:
kT,
AT)=C ——B¢ (6.13)

JT=T/To

The data shown in Fig. 6.8 agree with (6.12) and the fit parameteris C = 3.8 = 0.7.
That is in relatively good agreement with BCS theory established value—C = 3.5.
Based on those data the simplified mechanism might be sketched. In the supercon-
ducting phase, the electrons lose their identity and form Cooper pairs. Therefore, the
energy is lost only to the emission of phonons. The acoustic wave created by oscillat-
ing tip interacts only with the normal electrons near the Fermi surface. Close to 7¢ the
normal electron population is gradually growing and the acoustic wave attenuation
rises due to electron-phonon scattering, which causes an onset of dissipation.

Further measurements of voltage V and distance d dependent friction support the
hypothesis of separation of phononic and electronic channels. In Fig. 6.9 the I"(V)
is shown in metallic state (T = 13K) and in superconducting state (7 = 5.8 K),
both acquired at the same tip sample distance d = 0.5 nm. In the normal state data
follow a quadratic dependence I" (V) o V2, as expected for dissipation due to ohmic
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Fig. 6.9 The non-contact friction as a function of the bias voltage. The data were acquired in
superconducting (red) and normal (green) state. The dissipation has a parabolic dependence in
metallic state, while I" oc V* for superconducting state of Nb. The tip sample distance is constant
and equal d = 0.5nm

looses [3, 4], In contrary to that in the superconducting state the friction depends on
the fourth power of voltage—I"' (V) « V4. Volokitin et al. [3, 4] calculated the
non-contact friction between spherical tip oscillating laterally above the elastic
surface. The friction is proportional to the second power of the static force—I" oc F2.
Since F oc V2, the friction coefficient has to vary as a fourth power of the voltage,
which is in very good agreement with the measurement.

Dependence of the friction coefficient I" on distance d for metallic and supercon-
ducting phase is shown in Fig. 6.10. The distance changes in between 0 < d < 3nm
and the contact potential is compensated. In normal state clear rise of dissipation is
visible few nanometers away from the surface, otherwise as in the case of supercon-
ducting Nb state. The fit of the inverse power low function I" o« d~" to the exper-
imental data gives n = 1.0+0.1 and n = 3.8 £0.3, respectively for normal and
superconducting state. In normal state the distance dependence is in good agreement
with the results obtained by Stipe et.al (n = 1.3) [5]. In the case of phononic friction,
Lifshitz theory of van der Waals interaction [32] predicts that elastic stress leads to
a vdW force F(d) « d—2. Thus the phononic friction should vary as I, o< d 4 and
the experimental value is in excellent agreement with this prediction.

6.7 The Non-contact Friction Due to Phase Slips
of the Charge Density Wave (CDW) in NbSe, Sample

So far we reported on dissipation due to linear response of the system under study. The
non-contact friction in that case has a form of viscous drag. It this section we report
on experiment when dissipation is produced by cycle of hysteretic processes induced
in the sample by oscillating cantilever tip [7]. The measured sample is NbSe,—an
intercalated dichalcogenide compound with bulk charge density wave (CDW) state
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Fig. 6.10 Distance dependence of the non-contact friction coefficient for Nb superconductor (red)
and Nb normal metal (green) state. The data are well fitted by inverse power law dependence
I' o« d™" with n = 1.0 and n = 3.8, respectively for metal and superconducting state
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Fig. 6.11 a STM image of NbSe, surface obtained at 7 = 6 K. b The energy dissipation as a func-
tion of tip NbSe; sample distance for compensated contact potential difference. Three dissipation
spikes positioned few nanometers above the surface are clearly visible

accompanied by periodic lattice distortion (PLD). Figure 6.11a shows the atomically
resolved surface topography with the additional CDW induced Moire pattern, which
is incommensurate with underlying lattice. Layered dichalchogenides have long been
known for their phase transitions leading to picometre-sized superstructure lattice
distortions and corresponding new electronic periodicities in their low-temperature
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ground state [33]. Lots of their properties, namely nonlinear conductivity, Shapiro
steps are related to the CDW motion under the external voltage.

The probe consisted of a soft cantilever (ATEC-CONT from Nanosensors) with
spring constant k = 120 mN/m, the resonance frequency f = 12kHz, quality factor
Q = 9 x 10’ and a friction coefficient Iy = 1.7 x 1012 kg/s (at 6 K). Due to the
asymmetric tip design the cantilever lateral oscillatory motion also implies a normal
action. The lateral oscillation and the corresponding normal oscillation amplitudes
were equal to A = 5nm and Aporm = 180 pm, respectively. The dissipated energy
was calculated according to (6.5), meaning the recorded signal was the excitation
voltage needed to maintain constant oscillation amplitude. The distance dependence
of friction coefficient I" (d) shows striking multiple of dissipation peaks arising at few
nanometer distance from the surface, as shown in Fig.6.11b. The data are contrary
to most non-contact friction experiments, where the energy dissipation increases
smoothly as the tip approaches the surface [5, 6]. Here however, the train of peaks
on NbSe; surface is perfectly reproducible over well ordered surfaces. Moreover,
the temperature evolution of the peaks suggests a strong connection with the CDW.

The dissipated power P(z, V) versus tip sample distance z and tip sample bias
voltage V is shown in Fig.6.12. The bright features correspond to high dissipation
maximaup to P = 2meV/cycle. Within each dissipation branch the amount of energy
loss stays constant, independently on bias voltage V. The giant non-contact friction
maxima remain even after careful compensation of the contact potential difference

Dissipation (eV/cycle)
0 1 7l 3 ax0”

Z - distance (nm)

0.0 1.0 2.0
Bias voltage (V)

Fig. 6.12 Energy dissipation between NbSe, surface and oscillating pendulum AFM cantilever tip
versus tip sample voltage and tip sample distance. Bright features correspond to high dissipation
peaks. The peaks always follow the tip-sample interaction force (constant frequency shift contours
Af = —22Hz, Af = —30Hz, Af = —120Hz are indicated with dashed lines)
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(CPD) between the tip and the sample. In other words no matter the character of the
interaction force is van der Waals (V = Vcpp) or electrostatic (V' # Vcepp). More-
over, z(V) dependence of the particular dissipation branch has a parabolic behaviour.
For capacitively coupled conical tip and sample the force varies as F o V2 /z, mean-
ing that the each dissipation peak always follow the same tip-sample interaction
force. Indeed, the three dominant frictional maxima might be nicely superimposed
with dashed lines which correspond to contours of constant cantilever frequency shift
(constant conservative force)—Af = —22Hz, Af = —30Hz and Af = —120Hz—
as tip approaches the sample’s surface. The above observations mean that the effect
is force controlled rather than voltage controlled.

In order to understand the origin of dissipation spikes a theoretical model was
proposed, where the CDW is considered to be an elastic medium, perturbed locally
by the attractive potential of the cantilever tip [34, 35]. The CDW is described
through phase ¢ (x) and amplitude p(x) order parameters and the latter is assumed
to be constant in case of small perturbations. Thus only phase degree of freedom is
considered. The total energy is estimated according to equation:

Elp(x)] = /[(V<I>(x))2 + Vx)p(x)]ldx. (6.14)

Where first term is an elastic energy and the second stands for perturbation. The
energy given by (6.14) is next minimized in order to find the preferential shape of
the phase. This is shown in Fig. 6.13. For a given perturbation the charge peak below
the tip displaces (red solid line) and the resulting CDW phase is getting distorted
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Fig. 6.13 The calculated energy E as a function of distance d for locally perturbed elastic charge
density wave. The tip oscillation around crossover point (marked by a circle) causes hysteresis in
tip dynamics. Inset shows the charge density (solid lines) and phase (dashed lines) of the CDW
under the tip perturbation respectively for two different energy-distance curves



6 Non-contact Friction 109

(red dashed line). As the force reaches critical value the central peak disappears and
an extra 2m phase is pumped locally below the cantilever tip (green dashed line).
The energies for the two discussed phase deformations are shown in Fig.6.13 and
a crossover energy is marked by a circle. Oscillations close to a crossover point will
cause pumping in and out an extra 2 phase and thus be accompanied by a hysteresis
cycle in the tip mechanics. The hysteresis explains the giant size of dissipation peaks
despite the extremely low tip oscillation frequency. Approaching the tip further down,
there can be another phase slip explaining multiple dissipation peaks.

More sophisticated theoretical model taking into account the other dimensions,
namely y-intersurfaceplane, and z-intounderlying is presented elsewhere [36].

6.8 Conclusion

The contribution of non-contact friction to the friction force of a typical sliding
contact is about one billionth. Very soft silicon sensors with high quality factors
operated in pendulum geometry let us to measure those elusive friction forces.
Cantilever annealing under ultra high vacuum conditions improves the force sen-
sitivity by at least an order of magnitude. The effect is mainly due to removal of
adsorbates from the cantilever surface. Cooling to cryogenic temperatures reduces
the thermal fluctuations and lowers the internal friction further down. Approaching
the cantilever to the surface opens new dissipation channels. At large tip-sample
separations the long range Joule dissipation is dominant frictional process. Compen-
sation of the contact potential minimizes the contribution of Joule dissipation into
non-contact friction. A direct way to distinguish between electronic and phononic
contribution to friction is to work across the superconducting phase transition. It was
demonstrated that the non-contact friction coefficient is reduced by a factor of three
when the sample enters the superconducting state. The temperature behaviour of I”
was found to be in good agreement with BCS theory of superconductivity. Thus fric-
tion has an electronic character in normal metal state, whereas the phononic friction
dominates in the superconducting phase. The experiment on NbSe; surface reports
on dissipation being a result of hysteresis switching induced in the sample. It was
demonstrated that noncontact AFM dissipation dramatically peaks when an extra 27
phase is locally “pumped” into the phase of a charge-density-wave material surface,
by the mechanical oscillation of a tip hovering above the surface at a large distance
of one nanometer or more. Because states with and without the local 27 shift behave
as different branches of the energy in a simple phase-only model, their crossing is
expected to give rise to mechanical hysteresis, explaining the large dissipation of the
peaks even at extremely low oscillation frequencies.
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Chapter 7
Magnetic Exchange Force Spectroscopy

Alexander Schwarz and Stefan Heinze

Abstract Magnetic exchange force spectroscopy is an elegant experimental method
to extract the short-range magnetic contribution to the total interatomic interaction
energy between the tip apex atom and the sample atoms across a vacuum gap. If
the tip does not exhibit a spin-dependent reversible hysteretic reconfiguration of its
atomic structure, experimental data can be directly compared quantitatively with
first principles electronic structure calculations. Moreover, knowing the distance
dependence and magnitude of the magnetic exchange interaction opens a new route
to induce magnetization reversal events.

7.1 Introduction

Force spectroscopy is a very powerful tool to determine magnitude and distance de-
pendence of tip-sample interactions. It has been used to quantify short-ranged chem-
ical interactions [1] and to identify atomic species [2]. Recording three-dimensional
spectroscopy maps [3] are nowadays common practice to determine the tip-sample
interaction energy as well as vertical and lateral force fields (see Chap.2 of this
book). After it became possible to image magnetic structures with atomic resolution
on insulators [4, 18] as well as on metals [5], this technique was also employed
to obtain more quantitative information about the short range magnetic tip-sample
interaction [6, 18]. Noteworthy, such quantitative data can become also relevant
for spin-polarized scanning tunneling microscopy (SP-STM) and spectroscopy (SP-
STS) experiments, if the tip gets very close to the sample, i.e., during conductance
[7] or spin-friction experiments [8]. Moreover, the onset of a Kondo peak splitting
has been attributed to the magnetic exchange interaction between a magnetic STM
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tip and a Kondo atom on a surface [9]. Finally, it has been demonstrated that the
strong distance dependence of the magnetic exchange interaction can be utilized to
alter the magnetic configuration locally [10].

Determining the magnetic exchange interaction between atoms experimentally
is not an easy task. Nonetheless, SP-STM was used recently to study the magnetic
coupling between neighboring atoms on a non-magnetic substrate, which exhibits an
oscillatory distance dependence characteristic for an RKKY-type magnetic exchange
mechanism [11]. Here, the interaction is mediated via conduction electrons of the
host material. Magnetic exchange interactions across a vacuum gap were calculated
utilizing density functional theory (DFT) [12—17, 20], and, as we will discuss in the
following, they can be indeed measured by magnetic exchange force spectroscopy
(MEXFES) [6, 18]. Although the experiment described here has been performed on a
metallic system, this force microscopy based technique can of course also be applied
to insulating systems, as it was demonstrated recently [18].

7.2 The Tip-Sample System

The first successful MExXFM experiments were realized on NiO(001) [4]. However, as
a system with strongly correlated electrons, it is rather difficult to treat theoretically.
Hence, DFT calculations of the complete tip-sample system are challenging and very
time consuming. Note that early DFT calculations have been published for NiO(001),
but either without a tip at all [19] (only the spin-resolved local density of states was
calculated, which is often sufficient to interpret STM experiments), or with a single
atom tip [13]. In the latter case, relaxation effects in the tip, which are indeed relevant
[14], cannot be included. Just lately, a DFT calculation for NiO(001) including a five
atom tip has been conducted [20].

For our investigation we selected an itinerant metallic system that can be treated
with high accuracy, i.e., the pseudomorphically grown Fe monolayer on W(001). Its
substrate induced (via spin-orbit coupling) antiferromagnetic checkerboard structure
with out-of-plane anisotropy is well known [21] and we observed a three times
larger magnetic signal than on NiO(001). Moreover, this metallic system is also
experimentally easier to handle than the bulk insulator NiO: no charging problems
and tip preparation on the fly, i.e., inducing tip changes to obtain a good tip, have a
significantly higher success rate.

7.2.1 Sample Preparation

A clean W(001) substrate is prepared in-situ by annealing at 1600 °C in oxygen
(po, ~ 1 x 10~% hPa). Thereby, carbon segregates to the surface, where is reacts
with oxygen into CO that desorbs. A final high temperature flash (10 s at 2000 °C)
removes the excess oxygen from the surface. This procedure avoids the formation
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Fig. 7.1 a Topography of 1.3 atomic layers of Fe deposited on W(001). b Atomically resolved
image across a step between the ferromagnetic double layer and the antiferromagnetic monolayer.
The c(2 x 2) pattern on the monolayer shows that the tip is magnetically sensitive [5]. ¢ Atomically
resolved 3D-MEXFS data recorded on the Fe monolayer with such a tip. Sites with opposite spin
orientations can be identified as maxima and minima in the topographic data at the bottom. The
color coded slice through the Af(x, y, z) data set along the [100]-direction reflects the site and
distance dependence of the magnetic exchange interaction

of tungsten carbide, which cannot be removed by heating. Subsequently, about 1.3
atomic layers of Fe are deposited at a background pressure below 2 x 107!9 hPa
onto the substrate, which is kept at a temperature of about 200 °C. As a result a
closed p(1 x 1) Fe monolayer (wetting layer) grows pseudomorphically, while the
additional Fe forms second layer stripes attached to the step edges (step flow growth)
and small islands; cf. Fig.7.1a. Note that the two atomic layer high Fe areas grow
still pseudomorphically, but the spins are ferromagnetically ordered and exhibit an
in-plane anisotropy [21].

The sample is then transferred into a homebuilt microscope located in a UHV
cryostat with a base temperature of about 8§ K and a magnetic field that can be applied
perpendicular to the sample surface of up to 5T [22]. Data were acquired using the
frequency modulation technique while keeping the amplitude A constant [23].

7.2.2 Tip Preparation

To obtain magnetically sensitive tips, Si cantilevers (k &~ 150 N/m, fy ~ 190 KHz,
A ~ 4 nm) were coated in-situ with a few nm Cr. Previously, we used Fe to image the
antiferromagnetic spin structure of the Fe monolayer on W(001), because even after
tip changes we could be sure that a magnetic sensitive tip stems from a Fe tip apex.
Hence, only Fe tips needed to be considered for theoretical calculations. However, Cr
is stronger attached to the oxidized Si tip and is thus better suited to perform long term
spectroscopy experiments without tip changes. Since we usually had to provoke tip
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changes before atomic resolution with magnetic sensitivity became possible, surface
material, i.e., Fe, could be transferred to the tip apex.

Figure 7.1b displays an image recorded with a magnetically sensitive tip across a
small step that separates the Fe double layer from the Fe monolayer. On the ferromag-
netic doublelayer all surface Fe atoms are imaged as protrusion (p(1 x 1) pattern),
while on the antiferromagnetic monolayer only every second Fe atoms appears as
protrusion (c(2 x 2) pattern).

7.3 Determining the Magnetic Exchange Interaction

In the following we describe the experimental and theoretical procedures to obtain
magnitude and distance dependence of the magnetic exchange interaction between
tip and sample. The results are then compared qualitatively and quantitatively with
each other.

7.3.1 Data Acquisition Procedure

The experimental way to determine the magnetic exchange interaction between tip
and sample is performed in the following manner: First, an atomically sharp and mag-
netically sensitive tip is prepared. It can be readily distinguished from non-magnetic
tips by the characteristic ¢(2 x 2) contrast pattern as visible on the Fe monolayer in
Fig.7.1b. Note that a magnetic sensitive tip still exhibits the p(1 x 1) contrast pat-
tern on areas which are two atomic layers high, because they are ferromagnetically
ordered. If an as prepared tip does not display magnetic sensitivity, intentionally
provoked tip changes, e.g., induced by collisions with the surface, usually produces
an atomically sharp and magnetically sensitive tip after some tries. As a result of
this on the fly preparation procedure the initially pure Cr tip could have picked up Fe
from the surface—a fact that has to be considered, if experimental data are compared
with theoretical calculations (see Sect.7.3.2).

To record a spectroscopy field, the tip should exhibit a sufficient long-term sta-
bility, i.e., tip changes should be absent during data acquisition. With such tips a
Af (z)-curve is recorded above every image point together with the z-position Zg
at Af set-point A fgp, at which the tip is stabilized. For the data presented here a
A fstab Was selected to be so close to the sample that atomic resolution with magnetic
contrast was achieved. Subsequently, the z-feedback was switched off and Af(z)
data were recorded while the tip-sample distance was increased up to a height &
above Zgart With an increment of Az.

Simultaneously, the excitation amplitude aexc(z) required to keep A constant
was saved and used to calculate the dissipated energy per oscillation cycle Ep(z)
[25]. Note that the zero line corresponds to the intrinsically dissipated energy in
the absence of any tip-sample interaction, i.e., at large tip-sample separations. The
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reapproach curve was recorded as well, but not evaluated further, because the final
tip-sample separation is systematically larger than initially due to piezo creep. After
restabilization at A fy,p with activated z-feedback, the tip was moved to the next
(x, y)-position, where the whole procedure was repeated. This method is known
as 3D-force field spectroscopy (3D-FFS) [3]. A 3-dimensional Af (x, y, z) data set
acquired in this way is shown in Fig.7.2a: The bottom displays zgiart (x, y) showing
the c(2 x 2) antiferromagnetic structure. On top a slice along the [110] direction is
displayed with the Af(z) values color-coded.

The complete Af(x, y, z) data-set could be converted into the 3D energy land-
scape E(x, y, z) or, by differentiation, into the vertical force field F,(x, y, z). How-
ever, for direct comparison with our theoretical calculations discussed in the next
Sect.7.3.2, we selected individual curves taken on top of Fe atoms with opposite
spins meaning that both spin configurations, i.e., parallel (p-configuration) and an-
tiparallel (ap-configuration), are probed. Note that the experimental data alone does
not allow for an unambiguous assignment of minima and maxima to p- and ap-sites,
respectively.

Two such individual curves recorded on a minimum (A fnin (z) in blue) and on a
maximum (A fmax (2) in red) taken from such a 3D data set are plotted in Fig. 7.2 (the
positions are indicated in the inset showing the atomically resolved data). The two
Af (z)-curves in Fig.7.2a are smooth and indistinguishable at larger distances, but
split into two branches at smaller distances. The dissipation signal is constant and
identical for both curves (Ep(z) = const.; non-dissipative tip). Both A f(z)-curves
represent the total tip-sample interaction. Since all non-magnetic contributions, such
as the long-range van der Waals interaction as well as the short-range chemical
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Af (Hz)
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N

Ep (eV)

0 40 8 120 160 200 240 0 10 20 30 40 50 60 70 80
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Fig. 7.2 a Two individual Af(z)-curves recorded with a non-dissipative (cf., bottom curve) and
hence stable tip on Fe atoms with opposite spins (see inset). The difference between both curves
(black circles) can be converted into Ecx(z) (see Fig.7.5). b A data set recorded with a dissipative
tip (cf., bottom curve). Both Af (z)-curves exhibit a sudden steep decrease at a certain tip-sample
distance separated by about 12 pm that coincides with a sudden increase in dissipated energy (see
arrows). Such features suggest atomic reconfigurations at the tip apex due to a spin-dependent
adhesion hysteresis [24]. Hence, Ex(z) cannot be extracted by subtracting both curves from each
other. Note that the MEXFM image recorded with that tip exhibits a larger noise level than the
MEXFM image in (a)
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interaction, are identical on sites with opposite spin orientations, the frequency shift
A fex (2) representing the magnetic exchange interaction can be extracted simply by
subtracting both curves from each other, i.e., A fex (z) = Afmax (2) — Afmin(z) (black
circles). Note that the relative spin orientation is not known a priori, but choosing
the sign definition A fex(z) = Afmax(2) — A fmin(2) is justified by comparison with
theory (see below). For further quantitative comparison with theory, A fex(z) can
be converted into Eex(z) using established algorithms [26-29] (cf. Fig.7.3). The
simultaneously recorded dissipation signal Ep(z) is featureless, indicating a stable
tip without any adhesion hysteresis [30-32].

We also could observe another type of A f(z)-curves, which exhibit distinctively
different features. Figure 7.2b shows such a set, again recorded on a minimum (blue)
and maximum (red). Peculiarly, both curves display a sudden steep decrease of the
Af (z)-curve at z-positions separated by about 12 pm. At exactly the same positions
the dissipation Ep increases drastically to about 3 eV/cycle at the smallest separation,
indicating a spin-dependent dissipation mechanism [24]. Noteworthy, the atomically
resolved MExXFM image recorded with this dissipative tip appears much noisier
compared to the image recorded with a non-dissipative tip (cf. insets).

7.3.2 First-Principles Calculations

In order to interpret the experimentally obtained Ex(z)-curves, we have performed
DFT based first-principles calculations within the generalized gradient approxima-
tion (GGA) [33] to the exchange-correlation potential. We apply the full-potential
linearized augmented plane wave method as implemented in the WIEN2K [34] code.

The coupled system of tip and sample was calculated in a supercell geometry as
described in [16]. The tip-sample geometry used for the calculation is illustrated in
Fig.7.3a: The Fe monolayer on W(001) was modeled by a symmetric slab with five
W layers and one Fe layer on each side.

Since the tip preparation could lead to a material transfer from the surface to
the tip apex not only pure Cr nanotips but also pure Fe nanotips and mixed Fe-Cr
nanotips were considered. In our calculation they all possess a pyramidal geometry
containing 14 atoms in three layers (see sketches in Fig.7.3b): (i) a Cr-base with
an Fe termination, (ii) a pure Fe tip, (iii) a pure Cr tip, and (iv) an Fe-base with a
Cr termination. Adjacent Cr layers as well as adjacent Fe and Cr layers are coupled
antiferromagnetically, while coupling in the pure Fe tip is ferromagnetic. Note that
these nanotips represent the tip apex, i.e., the part of the tip that is relevant for the
short-range interaction. The tip-sample interaction stemming from the rest of the
tip need not be considered, because they cancel out by performing the subtraction
procedure.

Tips and surface were relaxed independently before considering the coupled sys-
tem. Each tip was then approached to the surface along a trajectory of discrete points.
For every distance we carried out a DFT calculation including structural relaxations
of the tip atoms and the Fe monolayer and uppermost W layer. As in the experimental
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Fig. 7.3 a Tip-sample geometry used to calculate the distance dependent total energy above ap-
and p-site, i.e., Eqp(z) and Ep(z), respectively. The contribution stemming from the magnetic
exchange interaction is obtained by subtraction, i.e., Eex(z) = Eqap(z) — Ep(z). b Comparison
between theoretical and experimental Eq(z)-curves. Ec(z) was calculated using DFT for four
different tips. Chemical composition (blue Fe; green/cyan Cr) and spin structure are indicated for
each curve. E¢x > 0 (Eex < 0) indicates a ferromagnetic (antiferromagnetic) coupling. Note
the transition from preferred ferromagnetic to a preferred antiferromagnetic coupling for the two
Cr-terminated tip pyramids. Ex(z) obtained after conversion of the A fex(z) curves with the non-
dissipative tip (cf. Fig.7.2a) is plotted as well (orange curve). It fits excellently with the theoretical
result for a pure Fe tip apex

situation the separation z in the coupled system is defined as the distance between
the tip apex atom and the Fe surface atom before considering relaxations.

For every tip we considered a parallel (p) and an antiparallel (ap) alignment
of the magnetic moments of the tip apex atom and the surface atom underneath.
Relaxations on the order of 10 pm were observed for all tips [16], but no hysteretic
reconfigurations or instabilities. Thus, our tip models reflect stable tips.

The magnetic exchange energy is obtained by subtracting the total energies in the
ap- and p-alignment, i.e., Eex(2) = Eap(2) — Ep(2). Eex(z) > 0 (< 0) indicates fer-
romagnetic (antiferromagnetic) coupling. This approach is equivalent to subtracting
the experimental data obtained on minima and maxima as performed for the stable
non-dissipative tip. Note that the tips used for the calculations are much smaller than
real tips and long-range interactions are not accounted for. However, after subtraction
all non-magnetic contributions to the total tip-sample interaction cancel out.

The calculated Ecx (z) data points are displayed in Fig. 7.3b. The solid line (a spline
fit) are guides for the eye. At small tip-sample distances E.x is negative indicat-
ing the favorable antiferromagnetic exchange interaction. This finding justifies the
sign definition of A fex(z) used for the experimental data. The magnitude at a dis-
tance of 300 pm is on the order of 100 meV. Interestingly, Cr-terminated tips show
a characteristic change of sign, i.e., a transition from preferred ferromagnetic



118 A. Schwarz and S. Heinze

(001] ap-site p-site Ap in 10% e/nm®
002 | E
f 1l T 0.015 z
1oF e = JF - * " S 0.01 %-
£ t s - W 0.005 '~
£ f a 1T 8 i 0
“ost Fall 1} - | {0005
| . o L . s J b0 |2
| . % O lF 1 FOABL g
-002 | o
02 F " 1F 1 4
L L A L L (al) ' L ' L L (cl) -0.025 ‘r
14t 1t 1 Moo= 18
0.02 g
i 17 1 0.015 Z
1wob * » 1 = & L Fo |2
£ ¥ ? :‘ 3E 0.005 | 7
c o - - -
‘1 's R
N o6 1L 2| -0.005
! » ' 5 J . ? -0.01 | o
N b Ak € 3 - oo1s | S
oz b L | B-0.02 g‘,
' (b) (d) -0.025 v =
02 06 10 0.2 0.6 1.0
xinnm xin nm = [100]

Fig. 7.4 Spin-resolved cross-sectional charge-density difference plots along the [100] direction
for the interaction of the Cr tip with the Fe monolayer on W(001) at a tip-sample separation
of z = 290 pm. The configurations of antiparallel (ap) and parallel (p) alignment between the
magnetic moments of apex and surface atom are displayed as indicated at the fop. The plots are
obtained from the difference of charge densities of isolated and interacting tip and sample for the
spin-up and spin-down channel (indicated at the fop of each panel). The directions of the magnetic
moments (spins) are given by arrows for the apex tip and surface Fe atoms. Red and blue color
denote charge accumulation and depletion, respectively. The results presented here correspond to
relaxed geometries for tip and sample due to their interaction

alignment (p-configuration) at large distances to a preferred antiferromagnetic
alignment (ap-configuration) at smaller distances.

The origin of the exchange interaction and the sign reversal can be understood
based on spin-resolved charge density difference plots shown in Fig. 7.4. These plots
are obtained by subtracting from the charge density of the interacting system com-
prising tip and sample, both the charge density from the isolated tip and the isolated
sample using the structural relaxations of the coupled system. In this way, we can
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study the spin- and spatially-resolved change of electron density due to the interac-
tion, i.e. charge accumulation or depletion.

We focus on the Cr tip to discuss the exchange interaction between tip and sample.
Atthe chosen distance of z = 290 pm the sign of the exchange interaction is negative,
i.e., the ap configuration is energetically favorable (see Fig. 7.3). In this configuration,
cf. Fig.7.4a, b, we notice that the charge redistribution at the apex and probed surface
atom are very similar for the spin-up and spin-down channels. However, there is an
inversion of charge accumulation and depletion at the interacting atoms, i.e., in the
spin-up channel charge is accumulated at the apex atom and depleted at the probed
surface atom and vice versa in the spin-down channel. This spin-resolved charge
redistribution is characteristic for a direct antiferromagnetic exchange mechanism
between the d-orbitals due to the formation of spin-dependent covalent bonds [35].

In the p configuration, cf. Fig. 7.4c, d, the spin-resolved plots are distinctively dif-
ferent. In the spin-up channel we notice a charge depletion at the apex and the surface
atom and an accumulation between them. This charge redistribution can be explained
based on the indirect Zener double exchange mechanism [36, 37], which leads to
a ferromagnetic exchange coupling between tip and sample [15]. The origin of the
energy gain is the delocalization of the sp-conduction electrons, which are coupled
to the d-states and can wander between apex and surface atom only for a parallel spin
alignment of the magnetic moments resulting from the localized d-electrons. This
double exchange mechanism is weaker than the direct antiferromagnetic exchange
mechanism via overlapping tip and sample d-states. As a result, the total exchange
interaction is antiferromagnetic at close tip-sample separations. However, the indi-
rect double exchange mechanism, which favors ferromagnetic alignment, is of longer
range as it is mediated by the delocalized electrons. Hence, we find a change to ferro-
magnetic exchange interaction at larger tip-sample separations as visible in Fig.7.3.
Since the indirect exchange mechanism scales with the coupling of sp-electrons and
d-electrons, which is weaker for Fe atoms than for Cr [15], we do not observe such
a transition for Fe-terminated tips. Thus, for tips with an Fe atom apex the direct
coupling of adjacent d shells is the dominant exchange mechanism in the whole
interaction range, which prefers an antiferromagnetic alignment in accordance with
Moriya’s theory [38].

7.3.3 Comparison Between Theory and Experiment

For a direct comparison between theoretical predictions and experimental data, the
Ecx(z)-curve calculated from the A fex(z)-curve obtained with the non-dissipative
stable tip is displayed together with the calculated Ecx (z)-curves in Fig. 7.3b (orange
curve). Since no sign change is observed in the experimental data, we can infer
that the tip is Fe-terminated (only Cr-terminated tips exhibit a sign change), most
probably because the Cr-coated tip picks up surface Fe atoms during our on the fly
tip-preparation procedure. Since we never observed a sign reversal up to now, our
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tip preparation procedure (intended collisions between the Cr-coated tip and the Fe
surface) seems to favor Fe-terminated tip apices.

In the experiment, the absolute z-position is not known. Therefore, we shifted
the experimental curve in z-direction with respect to the theoretical curves. Best
agreement between theory and experiment is found for the pure Fe tip apex, for
which magnitude as well as distance dependence of the magnetic exchange energy
fits very well. The minimal tip-sample separation adjusted in the experiment is much
larger than in the calculation, because otherwise tip changes are more likely to occur,
which would compromise the 3D-MEXFS data acquisition and evaluation procedure.

Tips, which show a increased dissipation in the distance regime where a magnetic
contrast is observed (see Fig.7.2b) cannot be evaluated in this manner. A strong in-
crease of the dissipation signal indicates a reversible but hysteretic reconfiguration of
atoms at the tip apex, which occur at different tip-sample distances during approach
and retrace of an oscillation cycle [30-32]. That such an adhesion hysteresis can
depend on the relative orientation between the spins in tip and sample has been ob-
served on NiO(001) [24]. Since the tip apex structure is different before and after the
onset of dissipation, A fex(z), and hence Eqx(z), cannot be extracted by subtracting
ap- and p-curves from each other.

That such dissipative tips are structurally less stable is also suggested by the
larger noise visible in MEXFM images recorded with such tips (see insets in Fig. 7.2).
Indeed, a behavior consistent with such an assertion has been found in six 3D-MExFS
data sets and more than 20 MExFM images.

7.4 Magnetic Exchange Induced Switching

According to the theoretical and experimental data presented in Fig.7.3b the mag-
netic exchange interaction can be quite large, i.e., at least several 10 meV. Hence,
it should be possible to modify the magnetization locally at the position of the tip.
Note the difference compared to other magnetization reversal mechanisms induced
with scanning probe methods: With magnetic force microscopy (MFM), the mag-
netization direction of individual nanodots could be selectively reversed using the
stray field emanating from a ferromagnetic tip [39]. This approach is very similar to
the conventional strategy, i.e., applying an external magnetic field to enforce a mag-
netization reversal. With SP-STM it was possible to switch even smaller magnetic
nanoislands employing the spin-torque effect [40].

7.4.1 Experimental Observation

Figure 7.5a shows an image scanned from bottom to top with a magnetically sensitive
tip on the antiferromagnetic Fe monolayer on W(001) with the characteristic c(2 x 2)
spin texture. The overlaid grid shows the position of Fe atoms, i.e., the p(1 x 1)
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Fig. 7.5 a(1.5x 1.5)nm? MEXFM image (B = 4.5 T) of the Fe monolayer on W(001) scanned
from bottom to top. The grid marks the position of Fe atoms with minima and maxima corresponding
to p- and ap-configurations. On the dashed line within the marked area (see inset) the p to ap
switching event took place. b Sketch of the contrast reversal after switching of the magnetization
direction at the tip apex and actual scan line, on which the switching occurred. The featureless
dissipation signal is also shown. ¢ (2 x 2) nm?> MExFM image (B = 0 T) exhibiting many switching
events. Only p to ap transitions occur. On the right the corresponding telegraph signal is depicted,
which can be used to determine the two lifetimes 7o) and 7(;, characterizing tip spins pointing in
opposite directions

chemical surface unit cell. In the surface area marked by the frame, a switching
event occurred (see inset), whereafter the minima appear as maxima and vice versa.
Here, the spins at the tip apex (not in the sample) are reversed and this reversal is
detected via their interaction with the unchanged surface spins. Note that the registry
is kept. The scan line with the switching event and an illustrating sketch is displayed
together with the dissipation signal in Fig. 7.5b. The latter is featureless.

The number of switching events increases drastically, if the tip-sample separation
isreduced [10]. If many switching events can be observed, as in Fig. 7.5¢, the lifetime
of the two tip states 70y and 7(y, with opposite spin direction, given by the time
span between two switching events, can be statistically evaluated. It is instructive to
generate a telegraph noise signal from the image data as sketched on the right by
plotting average line section along parallel to the slow scan axis. For this particular
data set recorded in zero field we find 79y = 27 s and 7(;) = 17 s, respectively.
Surprisingly, Ty 7 71y for B = 0 T, but the difference is significantly smaller than
for B # 0T [10].

From the featureless dissipation signal, the absence of any z-offset and since the
registry between the overlaid grid and positions of maxima and minima, respectively,
remains perfect after the switching event, we can infer that the magnetization reversal
is not accompanied by any structural change at the tip apex. As the transition occurs
on a minimum, which becomes a maximum, the tip expectedly switches from a p- to
the energetically preferred ap-configuration. We never observe the opposite. Since
the magnetic corrugation before and after the switching event is identical, we can
infer that the magnetization direction of the tip rotated by 180°.
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7.4.2 Modified Néel-Brown Model

Qualitatively the field and distance dependence of the switching can be understood
in terms of a slightly modified Néel-Brown model [41, 42]: The tip apex is assumed
to behave like a superparamagnetic cluster with uniaxial anisotropy that can switch
its magnetization direction across an energy barrier via thermal excitation (it is very
unlikely that the whole tip switches its magnetization direction). Additionally, its
magnetization direction is influenced by the presence of magnetic exchange inter-
action and, if applied, an external magnetic field. In this model larger lifetimes 7
indicate a larger energy barrier Ey: 7 = 1/1p - exp (— Ep/kpT). Here, vy is the
attempt frequency, which is typically 1 GHz and related to the Larmor frequency,
while kg T is the available thermal energy.

In the usual Néel-Brown model, i.e., without any local probe the interacts with
the sample via magnetic exchange, both states are energetically degenerate and an
externally applied magnetic field would prefer parallel magnetization direction, i.e.,
one lifetime would become larger than the other. However, in our experiments the
magnetic exchange interaction between tip and sample is the dominating energy
term (Eex > Ez). Since we only observe switching from p- to ap-configurations,
the energy barrier Ey, = Ep/ap can be calculated using the Néel-Brown formula.
Interestingly, the data presented in Fig.7.5c exhibits different life times and thus
different corresponding energy barriers, i.e., 16.3 and 17.1 meV, respectively, al-
though the measurements were performed in zero field. Apparently, an additionally
anisotropy energy is present that favors one direction over the other. Note that the
nanotip is not a free particle, but magnetically coupled to the rest of the tip, which,
e.g., could possess a finite residual magnetic stray field. The existence of such a stray
field is supported by our observation that a deliberately applied external magnetic
field corresponding to a Zeeman energy Ez of just a few 0.1 meV is sufficient to
induce uneven life times.

That exclusively p to ap transitions are observed is related to the large mag-
netic exchange interaction: Compared to the energy barrier from the p- into the
ap-configuration, i.e., E}/ap, the energy barrier in the other direction is larger by
Eex, i€, Egpp = Epjap + Eex. Since Eex = Ep — Ejp is on the order of a
few 10meV (> E7z), switching from the ap- into the p-configuration is extremely
unlikely, even if favored by the Zeeman energy. The situation is illustrated in Fig. 7.6
for all four possible configurations between an external magnetic field (parallel or
antiparallel to the tip apex spins) and the spin configuration between tip and sample
(p- or ap-configuration).

7.4.3 Magnetic Stability of Tips

The analysis given above allows us to distinguish between magnetically stable and
unstable tips by considering the energy barrier between p- and ap-configuration of
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Fig. 7.6 Modified Néel-Brown model showing the effect of an external magnetic field and the
magnetic exchange energy between tip and sample on the energy landscape. For large tip-sample
separations and without external magnetic field the energy barrier between p- and ap-configuration
is symmetric. The sketches illustrate the combined effect of the magnetic exchange interaction Ex
present at a smaller tip-sample separation and the Zeeman energy E7z (shaded area with E7 < E¢x),
if an external magnetic field is applied, for all four possible configurations between tip and sample
spin. Since E¢x is much larger than E7z, only switching from the p- into the ap-configuration takes
place. As explained in the text, but not depicted in the graphs, the increased switching rate at smaller
tip-sample separations indicates that the energy barrier Ep/,p, becomes smaller at smaller tip-sample
separations due to the distance dependence of Eex)

tip apex spins. Its height depends on the local environment of the tip apex. If the
magnetic coupling between the tip apex, i.e., the atomically sharp nanotip, and the
rest of the tip is strong, the energy barrier is high and no switching will take place.
Those tips can be regarded as magnetically stable. For example, at our measurement
temperature of 8K an energy barrier of about 22 meV would result in about one
switching event per day. If the nanotip is only weakly coupled to the rest of the tip,
e.g., due to structural irregularities or a kind of grain boundary, the energy barrier can
be small enough to allow for thermally induced switching. Actually, if the energy
barrier is less than 10 meV the switching time would be below 1 ms, i.e., faster
than our data acquisition time. Such a tip would actually appear as a non-magnetic
tip! Intermediate barrier heights would result in more or less frequent observable
switching events as in Fig.7.6c.

7.5 Conclusion

Our experimental data and the DFT calculations demonstrate that it is possible to
quantitatively measure the distance dependence of the magnetic exchange interaction
across a vacuum gap by subtracting force spectroscopy curves recorded above atoms
with opposite spin. Noteworthy, some tips are magnetically sensitive but structurally
unstable and thus unsuitable for the evaluation procedure presented here. Such tips
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can be identified by a large increase of the dissipation signal, which indicates a
spin-dependent adhesion hysteresis. Our experimental procedure can be universally
applied to any combination of similar or dissimilar atomic species to measure the
distance dependence of the magnetic exchange interaction across a vacuum gap with
atomic resolution, even on insulating tip-sample systems.

The strength of the magnetic exchange energy can induce magnetization reversals.
Interestingly, such reversal events can affect the tip apex, which can be regarded as a
magnetic cluster. Its magnetic coupling to the rest of the tip determines the magnetic
stability of the tip. Our findings suggest that it should be possible to utilize the dis-
tance dependence of the magnetic exchange interaction to switch the magnetization
of clusters, molecules or atoms on surfaces. The short range magnetic exchange in-
teraction can become also relevant for scanning tunneling microscopy experiments
with magnetic tips, i.e., SP-STM, if the tip-sample distance becomes smaller than
about 0.5 nm, e.g., in conductance measurements.

Acknowledgments We acknowledge financial support from the Deutsche Forschungsgemein-
schaft (SFB 668-A5 and HE 3292/7-1), the ERC Advanced Grant FURORE, and from the Cluster
of Excellence NANOSPINTRONICS

References

1. M. Lantz, H. Hug, P. Van Schendel, R. Hoffmann, S. Martin, A. Baratoff et al., Phys. Rev. Lett.
84(12), 2642 (2000)
Y. Sugimoto, P. Pou, M. Abe, P. Jelinek, R. Pérez, S. Morita et al., Nature 446(7131), 64 (2007)
H. Holscher, S. Langkat, A. Schwarz, R. Wiesendanger, Appl. Phys. Lett. 81(23), 4428 (2002)
U. Kaiser, A. Schwarz, R. Wiesendanger, Nature 446(7135), 522 (2007)
R. Schmidt, C. Lazo, H. Holscher, U. Pi, V. Caciuc, A. Schwarz et al., Nano Lett. 9(1), 200
(2009)
R. Schmidt, C. Lazo, U. Kaiser, A. Schwarz, S. Heinze, R. Wiesendanger, Phys. Rev. Lett.
106(25), 257202 (2011)
7. C. Lazo, N. Néel, J. Kroger, R. Berndt, S. Heinze, Phys. Rev. B 86, 180406 (2012). doi:10.
1103/PhysRevB.86.180406. http://link.aps.org/doi/10.1103/PhysRevB.86.180406
8. B. Wolter, Y. Yoshida, A. Kubetzka, S.W. Hla, K. von Bergmann, R. Wiesendanger, Phys. Rev.
Lett. 109(11), 116102 (2012)
9. J. Bork, Y.h. Zhang, L. Diekhoner, L. Borda, P. Simon, J. Kroha, P. Wahl, K. Kern. Nat. Phys.
7(11), 901 (2011)
10. R. Schmidt, A. Schwarz, R. Wiesendanger, Phys. Rev. B 86(17), 174402 (2012)
11. L. Zhou, J. Wiebe, S. Lounis, E. Vedmedenko, F. Meier, S. Blogel et al., Nat. Phys. 6(3), 187
(2010)
12. A. Foster, A. Shluger, Surf. Sci. 490(1), 211 (2001)
13. H. Momida, T. Oguchi, Surf. Sci. 590(1), 42 (2005). http://dx.doi.org/10.1016/j.susc.2005.06.
006
14. C. Lazo, V. Caciuc, H. Holscher, S. Heinze, Phys. Rev. B 78, 214416 (2008). doi:10.1103/
PhysRevB.78.214416. http://link.aps.org/doi/10.1103/PhysRevB.78.214416
15. K. Tao, V.S. Stepanyuk, W. Hergert, I. Rungger, S. Sanvito, P. Bruno, Phys. Rev. Lett.
103, 057202 (2009). doi:10.1103/PhysRevLett.103.057202. http://link.aps.org/doi/10.1103/
PhysRevLett.103.057202

ARl

*


http://dx.doi.org/10.1103/PhysRevB.86.180406
http://dx.doi.org/10.1103/PhysRevB.86.180406
http://link.aps.org/doi/10.1103/PhysRevB.86.180406
http://dx.doi.org/10.1016/j.susc.2005.06.006
http://dx.doi.org/10.1016/j.susc.2005.06.006
http://dx.doi.org/10.1103/PhysRevB.78.214416
http://dx.doi.org/10.1103/PhysRevB.78.214416
http://link.aps.org/doi/10.1103/PhysRevB.78.214416
http://dx.doi.org/10.1103/PhysRevLett.103.057202
http://link.aps.org/doi/10.1103/PhysRevLett.103.057202
http://link.aps.org/doi/10.1103/PhysRevLett.103.057202

7 Magnetic Exchange Force Spectroscopy 125

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.
26.
217.
28.
29.
30.
31.

32.

33.

34.

35.
36.
37.
38.
39.
40.

41.
42.

C. Lazo, S. Heinze, Phys. Rev. B 84, 144428 (2011). doi:10.1103/PhysRevB.84.144428. http://
link.aps.org/doi/10.1103/PhysRevB.84.144428

M. Granovskij, A. Schrn, F. Bechstedt, New J. Phys. 16(2), 023020 (2014). http://stacks.iop.
org/1367-2630/16/i=2/a=023020

F. Pielmeier, F.J. Giessibl, Phys. Rev. Lett. 110(26), 266101 (2013)

S.L. Dudarev, A.IL. Liechtenstein, M.R. Castell, G.A.D. Briggs, A.P. Sutton, Phys. Rev. B 56,
4900 (1997). doi:10.1103/PhysRevB.56.4900. http://link.aps.org/doi/10.1103/PhysRevB.56.
4900

M. Granovskij, A. Schrn, F. Bechstedt, New J. Phys. 16(2), 023020 (2014). http://stacks.iop.
org/1367-2630/16/i=2/a=023020

A. Kubetzka, P. Ferriani, M. Bode, S. Heinze, G. Bihlmayer, K. Von Bergmann et al., Phys.
Reyv. Lett. 94(8), 087204 (2005)

M. Liebmann, A. Schwarz, S. Langkat, R. Wiesendanger, Rev. Sci. Instrum. 73(10), 3508
(2002)

T.R. Albrecht, P. Griitter, D. Horne, D. Rugar, J. Appl. Phys. 69(2) (1991)

E. Vedmedenko, Q. Zhu, U. Kaiser, A. Schwarz, R. Wiesendanger, Phys. Rev. B 85(17), 174410
(2012)

H. Holscher, B. Gotsmann, A. Schirmeisen, Phys. Rev. B 68, 153401 (2003). doi:10.1103/
PhysRevB.68.153401. http://link.aps.org/doi/10.1103/PhysRevB.68.153401

U. Diirig, Appl. Phys. Lett. 75(3), 433 (1999). doi:10.1063/1.124399. http://scitation.aip.org/
content/aip/journal/apl/75/3/10.1063/1.124399

H. Hélscher, A. Schwarz, W. Allers, U. Schwarz, R. Wiesendanger, Phys. Rev. B 61(19), 12678
(2000)

EJ. Giessibl, Appl. Phys. Lett. 78(1), 123 (2001)

J.E. Sader, S.P. Jarvis, Phys. Rev. B 70, 012303 (2004)

N. Sasaki, M. Tsukada, Jpn. J. Appl. Phys. 39(12B), L1334 (2000). http://stacks.iop.org/1347-
4065/39/i=12B/a=L1334

T. Trevethan, L. Kantorovich, Phys. Rev. B 70, 115411 (2004). doi:10.1103/PhysRevB.70.
115411. http://link.aps.org/doi/10.1103/PhysRevB.70.115411

S.A. Ghasemi, S. Goedecker, A. Baratoft, T. Lenosky, E. Meyer, H.J. Hug, Phys. Rev. Lett.
100, 236106 (2008). doi:10.1103/PhysRevLett.100.236106. http://link.aps.org/doi/10.1103/
PhysRevLett.100.236106

J.P. Perdew, K. Burke, M. Ernzerhof, Phys. Rev. Lett. 77, 3865 (1996). doi:10.1103/
PhysRevLett.77.3865. http://link.aps.org/doi/10.1103/PhysRevLett.77.3865

K. Schwarz, P. Blaha, G. Madsen, Comput. Phys. Commun. 147(12), 71 (2002).
doi:10.1016/S0010-4655(02)00206-0.http://www.sciencedirect.com/science/article/pii/
S0010465502002060. (Proceedings of the Europhysics Conference on Computational Physics
Computational Modeling and Simulation of Complex Systems.)

A.R. Williams, R. Zeller, V.L. Moruzzi, J.C.D. Gelatt, J. Kiibler, J. Appl. Phys. 52,2067 (1981)
C. Zener, Phys. Rev. 81, 440 (1951). doi:10.1103/PhysRev.81.440

C. Zener, Phys. Rev. 82, 403 (1951). doi:10.1103/PhysRev.82.403

T. Moriya, Solid State Commun. 2, 239 (1964)

G.A. Gibson, S. Schultz, J. Appl. Phys. 73(9) (1993)

S. Krause, L. Berbil-Bautista, G. Herzog, M. Bode, R. Wiesendanger, Science 317(5844),
1537 (2007). doi:10.1126/science.1145336. http://www.sciencemag.org/content/317/5844/
1537.abstract

L. Neel, Ann. Géol. 5, 99 (1949)

W.E. Brown, Phys. Rev. 130, 1677 (1963). doi:10.1103/PhysRev.130.1677. http://link.aps.org/
doi/10.1103/PhysRev.130.1677


http://dx.doi.org/10.1103/PhysRevB.84.144428
http://link.aps.org/doi/10.1103/PhysRevB.84.144428
http://link.aps.org/doi/10.1103/PhysRevB.84.144428
http://stacks.iop.org/1367-2630/16/i=2/a=023020
http://stacks.iop.org/1367-2630/16/i=2/a=023020
http://dx.doi.org/10.1103/PhysRevB.56.4900
http://link.aps.org/doi/10.1103/PhysRevB.56.4900
http://link.aps.org/doi/10.1103/PhysRevB.56.4900
http://stacks.iop.org/1367-2630/16/i=2/a=023020
http://stacks.iop.org/1367-2630/16/i=2/a=023020
http://dx.doi.org/10.1103/PhysRevB.68.153401
http://dx.doi.org/10.1103/PhysRevB.68.153401
http://link.aps.org/doi/10.1103/PhysRevB.68.153401
http://dx.doi.org/10.1063/1.124399
http://scitation.aip.org/content/aip/journal/apl/75/3/10.1063/1.124399
http://scitation.aip.org/content/aip/journal/apl/75/3/10.1063/1.124399
http://stacks.iop.org/1347-4065/39/i=12B/a=L1334
http://stacks.iop.org/1347-4065/39/i=12B/a=L1334
http://dx.doi.org/10.1103/PhysRevB.70.115411
http://dx.doi.org/10.1103/PhysRevB.70.115411
http://link.aps.org/doi/10.1103/PhysRevB.70.115411
http://dx.doi.org/10.1103/PhysRevLett.100.236106
http://link.aps.org/doi/10.1103/PhysRevLett.100.236106
http://link.aps.org/doi/10.1103/PhysRevLett.100.236106
http://dx.doi.org/10.1103/PhysRevLett. 77.3865
http://dx.doi.org/10.1103/PhysRevLett. 77.3865
http://link.aps.org/doi/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1016/S0010-4655(02)00206-0
http://www.sciencedirect.com/science/article/pii/S0010465502002060
http://www.sciencedirect.com/science/article/pii/S0010465502002060
http://dx.doi.org/10.1103/PhysRev.81.440
http://dx.doi.org/10.1103/PhysRev.82.403
http://dx.doi.org/10.1126/science.1145336
http://www.sciencemag.org/content/317/5844/1537.abstract
http://www.sciencemag.org/content/317/5844/1537.abstract
http://dx.doi.org/10.1103/PhysRev.130.1677
http://link.aps.org/doi/10.1103/PhysRev.130.1677
http://link.aps.org/doi/10.1103/PhysRev.130.1677

Chapter 8

Revealing Subsurface Vibrational Modes
by Atomic-Resolution Damping Force
Spectroscopy

Makoto Ashino and Roland Wiesendanger

Abstract Damping of the oscillating cantilever in dynamic atomic force microscopy
contains valuable information about the local vibrational structure and elastic
compliance of the substrate. We review Damping Force Spectroscopy which has
successfully visualized atomically-resolved damping in supramolecular assemblies,
capable of identifying the location and packing of inner molecules as well as local
excitations of vibrational modes, dependent on outer molecules with specific geom-
etry. We introduce the physical origin of damping in a microscopic model and quan-
titative interpretation of the practical observations by calculating the vibrational
spectrum and damping of inner metallofullerene Dy@Cg, molecules inside car-
bon nanotubes with different diameters using ab initio total energy and molecular
dynamics calculations.

8.1 Introduction

A daunting endeavor has been paid to achieve atomic-scale spatial resolution in
detecting surface and subsurface vibrations by scanning probe methods. Inelastic
Scanning Tunnelling Spectroscopy (IESTS) has been utilized so far for observ-
ing atomic-scale molecular vibrations but requires an electrically conducting sub-
strate [1]. Atomic force microscopy (AFM) [2] has become one of the most versatile
and powerful tools to determine the morphology of both insulating and conduct-
ing objects down to the atomic scale. Involving ultrasonic oscillations of elastically
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indented sample surfaces AFM can be used as a non-invasive tool to image subsurface
structures even on electrically insulating systems [3, 4]. The technique based on the
nonlinear detection of ultrasonic oscillation in elastically “indented” samples, how-
ever, yields subsurface images with nanometer-scale resolution at best. Building
on the high spatial resolution and sensitivity of dynamic non-contact AFM, Damp-
ing Force Spectroscopy (DFS) [5] has been introduced as a non-invasive tool to
study subsurface structure and vibrational modes in complex molecular systems
at the atomic scale. Carbon nanotube peapods [6—8] consisting of linear chains
of fullerenes enclosed in single-walled carbon nanotubes (SWNTs) [9] have been
chosen as a prominent example of supramolecular compounds. Of particular interest
are M @C,)@SWNT peapods containing M@C,, metallofullerenes, hollow cages
of n carbon atoms surrounding the metal atom M, known for their unusual electronic
transport behavior [10].

8.2 Damping Force Spectroscopy

8.2.1 Dynamic AFM Operation

Atomic Force Microscopy (AFM) is a real-space technique to image sample surfaces
by sensing the interaction force acting between the AFM probe tip and sample surface.
In the dynamic mode of operation (see Fig. 8.1) [11], a cantilever mounted on a piezo
actuator is oscillated at its eigenfrequency fy by a self-excitation resonance loop.
The actual resonance frequency f is shifted by Af (i.e. Af = f — fo) due to the
tip-sample interaction involving long- and short-range terms. Surface topography
images are acquired by applying an active feedback control to maintain a constant
Af during the raster scan. The long-range terms originating from their van der Waals
and electrostatic interactions are minimized respectively by using the AFM tip with
a very sharp apex and by compensating the tip-sample contact potential differences.
In that case, true atomic resolution can be achieved in surface topography imaging.
In addition, careful adjustment of the operation within the non-contact regime makes
it possible to decouple atomically-resolved topography features from effects caused
by tip-induced elastic deformation of the sample [12].

8.2.2 The Damping Signals AE

By applying another feedback control to maintain a constant amplitude A of the
cantilever oscillation instead (see Fig.8.1), energy loss (or damping) images are
acquired, identifying spatial variations of the energy loss AE per cycle of the
cantilever oscillation. This quantity is given by
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Fig. 8.1 Schematic operational diagram of a dynamic Atomic Force Microscope (AFM) system.
Using two separate feedback control channels indicated by large arrows, surface topography and
energy loss A E images are acquired simultaneously
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Fig. 8.2 Schematic diagrams of the non-conservative tip-sample interaction associated with the
hysteretic behavior in (a)—(h) the approach-retraction cycle [13, 14]. The bistable states £, (z) and
Eg(z) cross at z = z.. Initially, as the tip is far from the surface, the system rests in state . Then,
at some value z; < z. of z, it jumps into state S when the barrier AE7,(z) = E7(2) — E714(2)
becomes small enough, similarly, during retraction, the system falls back into state « at some
22 > Z.
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where ¢ is the cantilever’s spring constant, Q the intrinsic quality factor, and G the
gain factor to keep the constant oscillation amplitude. In the dynamic mode of AFM
operation, the non-conservative tip-sample interaction associated with the hysteretic
behavior in the approach-retraction cycle depicted in Fig. 8.2, which is likely due
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to atomic instabilities, would be the main mechanism for the atomic-scale dissipation
(i.e. energy losses or damping) [13, 14]. The quantity A E(x, y, z) is the signal probed
by Damping Force Spectroscopy (DFS).

The fundamental concept of an AFM imaging an elastic sample is illustrated
in Fig.8.3. The position z; of the tip apex atom depends on the position z. of the
cantilever mount and the deflection of the elastic cantilever, represented by a spring.
Similarly, an elastic sample surface is represented by another spring, allowing the
position z,, of the closest sample atom to differ from z; of the sample substrate. The
force exerted on the tip by the sample depends largely on the tip-sample distance
h = z; — z4 (also represented by another spring).

The origin of energy dissipation in the non-contact regime is depicted in Fig. 8.4.
At each value of the distance & between the tip and the closest sample atom, the
tip-sample attraction is considered to be compensated by the restoring force caused
by strain in the elastic sample and deflected cantilever. The force F, exerted on an
elastic sample atom by an approaching the AFM tip apex at height / is shown by the
solid line in Fig. 8.4. For a given position z. of the cantilever mount (see in Fig. 8.3),
the instantaneous position of the tip apex z; and the sample atom z, depends not only
on their mutual distance &, which determines the nonlinear interaction force shown

Fig. 8.3 Schematic of the
coupling mechanism
between a sharp AFM tip
and a flexible substrate. The
cantilever stiffness is
represented by the spring
connecting the tip and its
suspension. The elastic
substrate is represented by
the spring connecting a
representative atom to its
surroundings

Fig. 8.4 Mechanism of 20— T T v
energy dissipation during the iy S
dynamic AFM operation in i o
noncontact regime 1.0 4

F, (eVIA)
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by the solid line, but also on the compensating forces of the strained cantilever and
sample, shown by the dotted lines, as well as the history. As the tip approaches from
infinity, it experiences a noticeable attraction from the sample near point D (see in
Fig.8.4). In the case of a soft sample (or cantilever), as the AFM tip approaches
closer, the restoring force can no longer compensate the attraction from the sample
and an instability occurs at point A, causing an abrupt decrease in the tip-sample
distance to point B. No further instability occurs as the tip further approaches the
sample towards point E, the equilibrium tip-substrate separation. After initiating
the tip retraction by increasing %, a similar instability occurs at C. At this point,
the restoring force equals the tip-sample attraction, causing an abrupt increase in the
tip-sample distance to D. We note that even the closest-approach point B occurs in
the non-contact regime, since % g is beyond the equilibrium tip-sample separation i g,
characterized by F,, = 0. The approach-retraction relationship is reversible in the
range 0 < h < hp and hp < h < oco. The hysteresis corresponding to the shaded
area in Fig. 8.4, delimited by A, B, C, and D, represents the energy dissipation
in the sample during an ideal approach-retraction cycle, which is observed in the
dynamic AFM.

8.3 DFS on Complex Molecular Systems

In Medicine, ultrasound is successfully used as a non-invasive tool to image an
unborn baby in the mother’s womb. The non-invasive technique of Damping Force
Spectroscopy (DFS) has been introduced first as its counterpart in nanotechnology,
which is capable of imaging subsurface structures on the atomic scale by observing
the damping of an oscillating AFM tip in the “non-contact” regime. Here we review
arepresentative example of complex molecular systems, in which the DFS resolution
exceeds significantly that of a previously-used approach [3, 4] based on the nonlinear
detection of ultrasonic oscillation in elastically “indented” samples with nanometer-
scale resolution at best. The DFS technique builds upon and extends the high spatial
resolution and sensitivity of the dynamic AFM as a powerful tool to probe damping
and to reveal the subsurface structures.

8.3.1 Supramolecular Assembly

Molecular self-assembly can form a higher-order structure involving so-called
supramolecular assembly, in which a well-defined complex of two molecules are
held together by intermolecuar forces usually originating from noncovalent bonds.
A well-known example in the interdisciplinary field of biology and materials
science are self-assembling dendritic dipeptides, in which cyclindrical supramolecu-
lar assemblies with internal helical order are formed both in solution and in bulk [15].
Molecules and atoms are known to enter spontaneously the inner cavities of
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larger molecules in a process called molecular encapsulation, which has stimulated
activities in supramolecular chemistry [16, 17]. A well-known example of supramole-
cular host molecules in nanoscience and nanotechnology are single-walled carbon
nanotubes (SWNTs) having a nanometer-size diameter and macroscale length [8].
Molecules encapsulated within these nanoscale containers have been reported to form
one-dimensionally ordered chains [6, 7], called nanotube “peapods”. The first DFS
measurements has been performed for a metallofullerene (M @C,,) @ SWNT peapod.
The M@C,, metallofullerenes consist of hollow cages of n carbon atoms containing
the metal atom M, filling carbon nanotubes and forming (M@C,,) @ SWNT peapods.

The molecular encapsulation follows thermodynamic processes influencing inter-
molecular interactions [18, 19]. The M@C,, molecules can modify significantly
mechanical, electrical and/or magnetic properties of the host nanotube, potentially
causing unusual behaviour in M@C,))@SWNT peapods [9, 20]. These hybrid
structures have been investigated predominantly using electrons as a probe in elec-
tronic transport measurements [10, 21], transmission electron microscopy (TEM)
[22, 23], and scanning tunnelling microscopy/spectroscopy (STM/STS) [24, 25]
studies. Figure 8.5 shows TEM images of the (Dy@Cg,)@SWNT sample used in
[5], in which the fullerene cages are imaged as circles and the enclosed Dy atoms as
dark spots positioned off the center, clearly representing the “quasi” one-dimensional
crystal formation [26] of encapsulated Dy @Cg, endohedral metallofullerene mole-
cules. In the process of sample preparation, the Dy@Cg, molecules were encapsu-
lated into open-ended SWNTs with different diameters by heating their mixture in
a platinum crucible under 10~ Torr at 440 °C for 5 days [27]. The filling rate of the
Dy @Cg; molecules into the empty SWNTSs was confirmed to be approximately 60 %
not only by TEM imaging but also by DFS measurements as mentioned below.

Fig. 8.5 a—c High-resolution transmission electron microscopy images and d a structural diagram
of the (Dy@Cgy)@SWNT endohedral metallofullerene peapod samples used in [5] (see [27])
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8.3.2 Dynamic AFM Instrumentation

The (Dy @Cg,)@SWNT peapods were deposited at low coverage onto an insulating
flat SiO, surface of a Si substrate and observed by dynamic AFM, as illustrated
schematically in Fig.8.6. The AFM was operated at constant oscillation amplitude
of 2.1-2.3 nm maintained by the feedback loop (see Fig. 8.1) under ultra-high vac-
uum (p < 1 x 1078 Pa) and low temperature (7" < 13 K) conditions. The dynamic
AFM imaging was carried out using a commercial Si cantilever (spring constant
cr, = 34.3 N/m and eigenfrequency fy = 159 kHz) with a sharp tip of monocrys-
talline Si (nominal tip radius <2.5nm). After transfer into the vacuum, the probe tips
were cleaned by Ar™ sputtering. To minimize the effect of long-range electrostatic
forces, the average contact potential difference was compensated by applying a bias
voltage Up;,s to the cantilever [12].

Under the above-mentioned conditions atomic resolution images have been suc-
cessfully obtained without any “ghost structures” (caused by double-tips etc.) and
consistent with lattice parameters of graphitic carbon, as show in Fig.8.7 [28]. In
that case the AFM tip was reported to have an “atomically sharp” apex, whose radius
R was estimated to be less than 0.5 nm [5]. The sharpness and the effective shape of
the tip apex were deduced by deconvoluting AFM images of empty SWNTs, used
for calibration. By taking into account the high Young’s moduli Y = 180 GPa [29]
of the Si tip and the effective value of 17 GPa [30] for the radial deformation of
the nanotube, elastic deformations associated with the tip-nanotube interaction were
calculated to be within the noise range for nominal forces below 250 pN. According
to the numerical estimates based on the spring constant and oscillation amplitude, the
damping energy as well as the tip-sample interaction were concluded to be too small
in the operating range of the experiment to cause problems such as jump-to-contact
and other instabilities of the cantilevers, mostly related to the hysteresis depicted
in Fig.8.4.

Fig. 8.6 Close-up view (left) and overview (right) illustrations of a sharp AFM tip, mounted on
an oscillating silicon cantilever, as it probes a carbon nanotube peapod on an insulating flat SiO;
surface of a Si substrate. Interaction between the tip apex atom and the peapod surface shifts the
resonance frequency and dampens the oscillation. Topography images are obtained by scanning the
peapod surface under feedback control to keep the frequency shift Af constant
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Fig. 8.7 Atomic-resolution AFM topography and damping images of individual nanotubes in the
(Dy@C82)@SWNT sample in 3D views. The scale bars correspond to 1 nm. Atomic-resolution
AFM topography images of an empty SWNT part (A), a peapod part (B) filled with Dy@Cg,,
and a boundary between the empty part (left) and the filled part (right) (C). a—¢c Damping images,
simultaneously obtained with A—C, respectively. Damping signals in ¢ have been generated at the
boundary and become prominent following the sequence of the topographic undulation in C

8.3.3 Topography and Damping on Peapods

As already mentioned, the filling ratio of the Dy @Cg; molecules in the empty SWNTs
was confirmed to be approximately 60 % not only by TEM imaging but also by DFS
measurements. The (Dy @Cg,)SWNT peapods were produced by heating the mixture
of the Dy @Cg, molecules and open-ended SWNTs [27]. TEM imaging shows that
in the (Dy@Cgy)SWNT peapod sample some peapods include partially-unfilled
(vacant SWNT) parts coexisting next to the parts densely filled by the Dy @Cg,
molecules [27] (see Fig.8.8). Without any prior knowledge concerning which part
is filled (peapod) and which is unfilled (SWNT), the partially-unfilled peapods were
successively imaged by dynamic AFM [5]. In order to distinguish the filled (peapod)
parts from the vacant (SWNT) parts on the basis of their image contrast, the sample
of 100 % empty SWNTs deposited on another SiO, substrate was also imaged as
a reference by dynamic AFM. By comparing the images obtained for the partially-
unfilled peapods with those obtained for the empty SWNT sample, it was found that
the topography images obtained over the partially-unfilled peapods represent not only
the same atomic features (Fig. 8.7A) as obtained over the empty SWNT but also the
obviously different atomic features (Fig. 8.7B) as well as their boundary (Fig. 8.7C).
Furthermore, the atomic features in Fig.8.7B were found to be superimposed and
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Fig. 8.8 A high-resolution transmission electron microscopy image of the (Dy@Cgy)@SWNT
endohedral metallofullerene peapods, including partially-unfilled (vacant SWNT) parts, taken with
a Philip CM200 TEM at 120 kV. Scale bar is 5nm (see [27]). In a partially-unfilled peapod, the
typical features corresponding to an unfilled (vacant SWNT) part is highlighted by the left square
frame together with a filled (peapod) part, highlighted by the right one. Their structural diagrams
are illustrated in the left and right bottom insets, respectively

amplified with respect to those over the empty SWNT in Fig.8.7A. The contrast
enhancement in topography images was expected to be attributed to local stiffening
of the nanotube wall next to the enclosed Dy @Cg; molecules [5].

More intriguing than the topography are the results for the spatial variation of
the energy loss AE per cycle of the cantilever oscillation, defined as damping and
monitored in DFS. The damping images, shown in Fig. 8.7a—c, have been recorded
simultaneously with the topography images, shown in Fig. 8.7A—C. In case the topog-
raphy images represent the same atomic features (Fig. 8.7A) as those over the empty
SWNTs, almost no obvious features are observed in the damping channel (Fig. 8.7a),
as shown in the 100 % empty SWNTs. On the other hand in case topography images
represent the obviously different atomic features (Fig. 8.7B, C) the damping increases
significantly (Fig.8.7b, c). It should be noted that the scan direction was horizon-
tal, i.e. parallel to the tube axis, in all images to prevent tip-induced nanotube
displacement. In addition, the same atomic features as represented in Fig.8.7b, c
(also in Fig.8.7B, C) were obtained in both forward and backward scan directions.
Thereby the significant enhancement of the damping signals might be assigned to
the instability originating unlikely from atomic conformation changes in the tip apex
side but more likely from the existence of encapsulated molecules in the peapod
sample [5, 28]. As mentioned furthermore below, the presence of significant damp-
ing shown in Fig. 8.7b, c would be a primary evidence of dealing with a peapod. Hence
the AFM-based distinction between the filled peapod part and unfilled SWNT part
was found to be consistent with the TEM finding that about 60 % of the nanotubes
were filled.

As displayed by three-dimensional contour plots in Fig.8.9, topography and
damping images representing various atomic features were obtained successively
over the partially-unfilled peapods having different diameters on the same substrate,
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Fig. 8.9 AFM topography and damping in SWNTs and peapods with different diameter D. Atom-
ically resolved dynamic AFM observations of the topography (A-D) and damping (a—d), defined
as energy loss per cycle AE and represented by the color codes. Results of simultaneous scans
for an empty SWNT with D = 1.62 £ 0.05 nm are shown in (A, a), those for (Dy@Cgy)SWNT
peapods with D = 1.62 4+ 0.03 nm in (B, b), with D = 1.50 £ 0.05 nm in (C, ¢), and with
D =1.30 £ 0.05 nm in (D, d). The way how to determine those diameters is described in the text

by their simultaneous measurements using the same Si tip [5]. Figure 8.9A, a show
topography and damping images, respectively, over the unfilled (SWNT) part.
Figure 8.9B, b show those over the filled (peapod) part, respectively. The tube diame-
ters were determined by comparing the topographic heights obtained over the unfilled
(SWNT) parts with those over the SWNT's with a well-defined diameter [12]. Thereby
the diameter D of the partially-unfilled peapod in Fig.8.9A, B was found to be
D = 1.62 £ 0.05 nm. In addition, the chiral index of their outer nanotube wall was
derived to be (18, 5) from measuring its chiral angle for the arrangement of atomic fea-
tures in Fig. 8.9A. In the same way, the diameters of other partially-unfilled peapods
in Fig. 8.9C, D have been determined to be 1.50 £ 0.05 nm and 1.30 &+ 0.05 nm,
respectively, by the topographic heights over their unfilled parts.

As already mentioned above, more intriguing than the topography are the results
for the spatial variation of the energy loss AE per cycle of the cantilever oscil-
lation, defined as damping and monitored in DFS. The damping data, displayed in
Fig.8.9a—d, have been recorded simultaneously with the topography data in
Fig.8.9A-D, respectively. According to Fig.8.9a, almost no damping is observed
in an unfilled (SWNT) part. In comparison to these observations, Fig. 8.9b suggests
that in the filled (peapod) part of the same nanotube damping increases significantly.
The data displayed in Fig. 8.9b—d show that (i) A E increases, (ii) the atomic features
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Fig. 8.10 Relationship of the maximum damping energy A Ep,x with the outer nanotube diameter
D. The data points are representative for tens of tube samples. The dashed line is a guide to the eye

within A E are amplified, and (iii) helical undulations in A E grow in magnitude with
decreasing diameter of the enclosing nanotube. In Fig. 8.10, the maximum energy
loss per cycle A En,x observed during a DFS scan is plotted as a function of the
host nanotube diameter D [5]. The data points in the diagram are presented for a
(13, 6) and a (11, 8) nanotube of D = 1.30 £ 0.05 nm, a (19, 0) nanotube of
D = 1.50 & 0.05 nm, and (20, 1) and (18, 5) nanotubes of D = 1.62 £ 0.05 nm.
The results indicate a universal dependence of A Enyax on the diameter D. From the
narrowest to the widest nanotube, as plotted in Fig. 8.10, the value of A Ey, is found
to decrease from 71 & 5 meV to 30 £ 6 meV and 7.9 + 3.0 meV per cycle of the
oscillating tip.

8.3.4 Packing and Optimum Geometry of Peapods

The formation energy and optimum geometry of peapods is determined by the diam-
eters of the encapsulated fullerene molecules D and the enclosing nanotube D [7],
as illustrated in Fig. 8.11. An optimum snug fit is expected to occur at D ~ D +0.64
nm [18, 19], with the optimum distance Dr_fr ~ Dr +0.32 nm between the centers
of neighboring fullerenes. As for the diameter Dy ~ 0.8 nm of Dy@Cg,, an opti-
mum fit is expected to occur in a D ~ 1.42 nm wide SWNT, with the encapsulated
molecules separated by Dr_r ~ 1.12 nm. The diameter D = 1.30 £ 0.05 nm of the
narrowest peapod reported in [5], discussed in Fig.8.9D, is smaller than optimum.
In this case, the enclosed molecules distort elastically the nanotube wall, causing an
undulation along the nanotube axis, as reported in [28] and as seen in Fig. 8.9D.
As mentioned below, the observed undulation period of 1.15 £ 0.05 nm shows good
agreement with the above estimated inter-fullerene distance D _ r [5].
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Fig. 8.11 Schematic illustrations of getting a fullerene molecule into the nanotubes with larger
to smaller diameters (A—C) and of packing and optimum geometry of the peapods (a—c) after
encapsulating fullerenes into the corresponding nanotubes of A—C. The upper section shows a
loose fit, and the middle and bottom sections show an optimum and a tight fit, respectively (see text)

The overall features in the atomic-resolution topography images obtained over
the empty SWNTSs, such as that in Fig.8.9A, were found to be symmetric with
respect to the axis, indicating that the tip-apex shape would be symmetric [5]. On the
other hand, some degree of asymmetries were observed in Fig. 8.9B-D, displaying
topography images of the peapods. Even though extra precautions (e.g. slow scan
in the axial direction) were taken to avoid artifacts caused by tip-induced lateral
displacement of the nanotube and feedback lag, it might be impossible to exclude
artifacts caused by tip asymmetry as the origin of the observed lateral asymmetry
in topographic images of peapods. Possible reasons of those lateral asymmetries
could be either a genuine Dy @Cg, endohedral metallofullerene encapsulated inside
the outer nanotube (which might be spontaneous or induced by the AFM tip), as
depicted in Fig.8.12, or an artifact of the measurement. It is conceivable that an
ordered subsurface structure, in particular an off-axis location of the encapsulated
metallofullerenes in wide nanotubes, as depicted in Fig. 8.11a, could cause a lateral
asymmetry in the AFM signal. In that case, as shown in Fig. 8.12, the net charge on
the Dy ion and the enclosing fullerene may cause an electric field with a non-axially
symmetric distribution outside the peapod, which would exert an extra force on the
tip. Since heavily-doped Si cantilevers were used [5], an asymmetric doping profile
may evolve also on the Si tip with an otherwise symmetric morphology. Should this
indeed be the case, an asymmetry in the charge distribution on the tip should not
be noticeable when probing locally charge neutral SWNTs, but could play a more
important role when probing (Dy @Cg,) @ SWNT peapods with a significant charge
re-distribution.

As shown in Fig. 8.9, atomic features in damping A E show a similar or possibly
larger contrast than topography features in the case of a snug fit. Even though both
are spatially correlated, the strongest damping was observed slightly off the center of
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the largest topographic protrusions above the encapsulated fullerenes. Decreasing the
diameter of the enclosing nanotube causes an increasingly snug fit of Dy @Cg; in the
peapod (see Fig. 8.11). For a detailed comparison between topography and damping
observations, the atomic-scale asymmetric features obtained on the narrowest peapod
are displayed and highlighted in Fig. 8.13 by 2D color-coded contour plots and by line
sections along an individual scan. The topography (Fig. 8.13A) and damping signals
(Fig.8.13a) obtained over the narrowest peapod show an axial undulation with the
axial periodicity of 1.1540.05nm and amplitudes of 56 £5 pm in topographic
height and 70 =5 meV in damping energy [28]. The profiles in the bottom panels,
where the vertical scales are normalized, show that the atomic-scale contrast in
damping (right panels) is generally larger than in topography (left panels). Positions
of relative maxima in topography and damping along the same blue-dashed trajectory
are indicated by the blue crosses. The results show that the position of relative maxima
in damping shifts 0.2—-0.3 nm perpendicularly to the nanotube axis with respect to
the maxima in topography. The axial band with maximum contrast in damping,
shown in Fig. 8.13a, is much narrower and positioned differently from the band of
contrast maximum in topography (Fig. 8.13A) by the red dotted trajectory. The result
is expected to be one more indication that the damping signal is a source of new, rich
information surpassing that of pure topography measurements. It can be concluded
that monitoring the damping of the oscillating tip provides superior information to
topography imaging in discriminating between snug and loose packing of fullerenes
inside the nanotube.
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Fig. 8.13 Results of simultaneous topographic AFM (A) and damping measurements (a) of the
nanotube peapod represented in Fig.8.9D, d, respectively. In the atomic-resolution images, local
maxima reflect the atomic positions in the chiral enclosing nanotube and those of the enclosed
metallofullerenes. The scan data are represented as color-coded 2D images in (B). Red- and blue-
colored graphs in B show original scan data along trajectories indicated by the same color and
dashed or dotted pattern in (b)

8.3.5 Molecular Dynamics Simulations

In order to uncover the origin of damping in DFS, ab initio density functional calcu-
lations of the electronic structure, equilibrium geometry and elastic response of these
systems, have been performed along with molecular dynamics (MD) simulations of
the dynamical coupling between the AFM tip and the nanotube peapod [5]. Indeed
detailed analysis of the calculations provides insight into the microscopic mecha-
nism of damping in the complex system, including its dependence on tip apex atom
position and outer nanotube wall diameter.

The total energy calculations indicate that the Dy @Cg, metallofullerene isomer
with Cp,, symmetry and a nearly spherical shape would be energetically preferred by
at least 0.5 eV over any other isomer including the C, isomer. While the C, isomer
of Cgp is generally most stable and abundant in absence of Dy, the near-spherical
isomer of Dy @Cg; with the C»,, symmetry likely abounds in the (Dy @Cgr) @ SWNT
peapods. This structural preference is due to the enclosed Dy atom, since the most
stable Cg, fullerene has the C, symmetry. The total charge distribution of Dy @Cg,
inside the (18, 0) nanotube, providing optimum enclosure, is shown in Fig.8.12.
Loose and snug peapod packing scenarios are shown schematically in Fig.8.11.

A series of MD calculations have been performed to make a quantitative prediction
of how the energy loss of an oscillating tip depends on its position and the host tube
diameter. As illustrated in the inset of Fig. 8.14, an initial perturbation was induced by
radially displacing a surface atom by 0.3 A, corresponding to the distance hc — hp
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Fig. 8.14 Schematic illustrations and calculated dynamics and energy dissipation in the
Cgr @SWNT system following an initial “radial plucking” at the nanotube surface. Strongest damp-
ing occurs when plucking an atom located axially ~1 A off the center of the nearest Cgy. a Radial
displacement of the plucked atom as a function of time in Cg, @ (18, 0). b Radial displacement of
the Cgy center-of-mass as a function of time in Cg, @ (18, 0). The insets in a and b illustrate the
initial distortion and the quantity monitored.

in Fig. 8.4, and abruptly releasing it. The energy released in this plucking process is
transferred to energetically accessible vibration modes of the system. The observed
energy loss per cycle AE depends on the frequency hv of the individual modes
and the likelihood of exciting them. This energy is thought to be then dissipated
efficiently owing to the high thermal conductivity of nanotube systems [31]. Since
the tip remains the same lateral positions, spatial contrast in A Epax is found to be
attributed only to the substrate.

The MD calculations also show that in empty SWNTSs, plucking would excite
solely the radial breathing mode (RBM), which occurs at frequencies ranging from
hv = 17.8 — 23.1 meV in the systems considered in [5]. It was found that the energy
required to excite the RBM is consistent with AE values observed in Fig.8.9a.
It is expected that stronger damping in peapods is attributed to additional modes
introduced by the fullerenes. Ultra-soft vibrations of Dy within the Cg, cage at
hv = 4.1 — 16.5 meV would be attributed to the soft Dy — Cg» interaction and
the large mass of Dy. Since those modes were thought to be decoupled from the
remaining modes, the presence of Dy was ignored in the further discussion. Among
the fullerene modes, librations about the center are certainly the softest, followed by
axial and off-axis motion of the center of mass. Harder fullerene modes associated
with fullerene deformation would include the RBM at hv = 29 meV, the quadrupolar
deformation mode near 2v = 62.0 meV, and higher multipolar modes. Especially in
the case of a snug fit in the peapod, the nanotube and fullerene modes are expected
to be strongly mixed.
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For each of the nanotubes studied, the axial position of the surface atom plucked
was changed from on-top a fullerene to in-between fullerenes, including a position
half-way between the two as well. The simulation results indicate that the strongest
damping is induced for the last position (axially &1 A off the center of the nearest
Cg»), due to the possibility of exciting librations and axial vibrations of the fullerene
underneath. This off-center position, indicated in the inset of Fig.8.14a, certainly
shows good agreement with the interpretation of the DFS results in Fig. 8.13.

Results of the MD simulation for Cgp @ (18, 0) are displayed in Fig.8.14. The
radial trajectory of the plucked atom, Ar(¢) shown in Fig.8.14a, and that of the
closest fullerene molecule, Arc s (¢) shown in Fig. 8.14b, suggest that several modes
are excited all at once. In order to elucidate which modes are dominant in damping,
all trajectories were Fourier analyzed in the study. For zigzag nanotubes ranging
from (17,0) to (21, 0), the Fourier spectra of Ar(z) and Arcp(t) are displayed
in Fig.8.15a, b, respectively. Data for intermediate nanotube diameters have been
obtained by interpolation.

The narrowest Cg, @ (17, 0) peapod was expected to provide optimum coupling
between the snugly fit fullerene and the enclosing nanotube. In the narrowest pea-
pod, AE and its spatial modulation should be particularly enhanced. In contrast to
an empty SWNT, the vibration spectrum of a surface atom in the Cg, @ (17, 0) pea-
pod indicates a variety of modes, as observed at the left side of Fig. 8.15a. Besides
low-frequency modes with 7v < 20.7 meV, it contains a series of modes with
equally-spaced frequencies spanning the range 0 < Av < 90.9 meV. In the wider
(18, 0) nanotube, the vibration spectrum is observed to be similar, but softer (i.e.
red shifts). In the (19, 0) and wider nanotubes, the fullerene-nanotube coupling is
reduced drastically, as the inner fullerenes may be rearranged by little energy cost.
As observed in Fig.8.15a, decreased fullerene-nanotube (i.e. guest-host) coupling
causes an obvious intensity drop of the high-frequency modes at Av > 20 meV.
Especially in the narrowest nanotubes, the results for the off-center plucking posi-
tion in Fig. 8.14a differ from those of other simulations, where the plucked atom is
on top of a fullerene. Since plucking on top of a fullerene excites neither librations
nor axial fullerene motion, energy dissipation in the on-top plucking position is very
low. Comparing the results for those two plucking positions would explain the high
spatial modulation of A E observed in Fig. 8.13.

The MD simulations also indicate that the vibration spectrum of the center-
of-mass motion of an inner Cg, fullerene inside the narrowest (17, 0) nanotube,
shown in Fig.8.15b, is rather featureless and much softer than that in Fig.8.15a.
The hv ~ 8 meV off-axis vibration mode, which dominates the (17, 0) spectrum, red
shifts in wider nanotubes. Owing to the zigzag or helical arrangement of fullerenes in
wider peapods, as depicted in Fig. 8.11a, the off-axis vibrations of the fullerenes may
couple to soft axial vibrations and librations, which appear in the Fourier spectrum
of Arcy in Fig. 8.15b. Those noticeable soft modes, without any effects on Arcyy,
modify the spectrum indirectly by coupling anharmonically to off-axis modes. Espe-
cially in the wider nanotubes, the center-of-mass vibrations of Cgy was found to be
rather insensitive to the axial position of the plucked atom, thus contributing very
little to the spatial modulation of AE.
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Fig. 8.15 For zigzag nanotubes ranging from (17, 0) to (21, 0): a Fourier spectrum of the radial
displacement of the initially plucked atom as a function of the nanotube diameter d, and b Fourier
spectrum of the Cgy center-of-mass as a function of the nanotube diameter d.

8.3.6 Summary

For the (Dy@Cgy)@SWNT endohedral metallofullerene peapod, which is a repre-
sentative example of supramolecular and complex systems, Damping Force Spec-
troscopy (DFS) has successfully demonstrated atomically-resolved maps of damping.
The theoretical simulations based on ab initio total energy and molecular dynamics
calculations have elucidated the physical origin of damping in a microscopic model
and provided quantitative interpretation of the practical observations by calculating
the vibrational spectrum and damping of Dy @Cg; inside nanotubes with different
diameters. Those results assist to conclude that damping of the oscillating cantilever
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in dynamic atomic force microscopy contains valuable information about the local
vibrational structure and elastic compliance of the sample, and that DFS is capable
of identifying the location and packing of inner Dy @Cg, molecules as well as local
excitations of vibrational modes inside nanotubes with different diameters. Thereby
it should be prospective that further applications of DFS to variety of complex sys-
tems as well as to supramolecular systems could unveil their subsurface vibrational
structures in addition to their geometric structures at the atomic scale.

Acknowledgments We appreciate Siegmar Roth and Dirk Obergfell for useful discussions and for
sample preparation and David Tomanek for theoretical support of our study.
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Chapter 9
Self-assembly of Organic Molecules
on Insulating Surfaces

Felix Kling, Ralf Bechstein, Philipp Rahe and Angelika Kiihnle

Abstract Molecular self-assembly is known to provide a powerful tool for creating
functional structures, with the ultimate structure and functionality encoded in the
molecular building blocks. Upon molecule deposition onto surfaces, functional struc-
tures have been created ranging from defect-free, highly symmetric two-dimensional
layers to complex assemblies with dedicated functionality. Especially organic mole-
cules play a key role for molecular self-assembly due to their impressive structural
flexibility and the high degree of control by chemical synthesis. Furthermore, the sur-
face itself provides another exciting dimension: adjusting the subtle balance between
intermolecular and molecule-surface interactions allows creating a broad variety of
structures and explains the great success when confining molecular self-assembly to
surfaces. While most of the structures realized so far have been fabricated on metallic
substrates, comparatively little is known about molecular self-assembly on insulating
surfaces. However, extending the materials basis to insulating substrates is of increas-
ing interest to benefit from self-assembly strategies for emerging technologies such
as molecular (opto)electronics. For the latter and further related applications, decou-
pling of the electronic structure from the underlying substrate is mandatory for the
device functionality. Moreover, future applications will require the molecular struc-
ture to be stable at room temperature rather than at low temperatures. On insulating
support surfaces, however, most attempts to create self-assembled molecular struc-
tures at room temperature have been hampered by the weak molecule-surface inter-
actions. Thus, considerable effort has been made to establish means for increasing
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the molecule-surface interaction and to provide strategies for tailoring the anchoring
of the molecules towards the surface. Non-contact atomic force microscopy has been
proven to provide an indispensable tool for direct imaging of molecular structures on
electronically insulating surfaces with molecular resolution. Besides imaging, this
technique also offers the potential to obtain complementary information, for example
when performing Kelvin probe force microscopy or three-dimensional force map-
ping. In this chapter, we report the current status of molecular self-assembly on insu-
lating surfaces in ultra-high vacuum with a special emphasis on structures stable at
room temperature. Basic molecular self-assembly principles are reviewed and applied
to the specific situation of prototypical insulating surfaces. Strategies for anchoring
organic molecules towards insulating surfaces are discussed in the view of macro-
scopic as well as microscopic parameters such as the surface energy and detailed
molecule-surface binding motifs. Based on structure optimization at the molecular
level, the molecule-surface interaction can be tuned to adjust the final assembly, rang-
ing from largely unperturbed molecular bulk crystals to strongly substrate-templated
overlayers. Finally, current research topics are outlined, focusing on efforts directed
towards steadily increasing the control of the resulting structures.

9.1 Introduction

The concept of self-assembly has been recognized as a most elegant tool for cre-
ating ordered, functional materials at all scales [1]. The most widespread use of
this autonomous assembly process is probably found in solution chemistry, where
supramolecular structures are formed from tailored molecular building blocks. Iden-
tified as a most powerful design principle, the development of this strategy has been
honored with the Nobel Prize in chemistry in 1987. The prize has been awarded
jointly to Donald J. Cram, Jean-Marie Lehn and Charles J. Pedersen for “their devel-
opment and use of molecules with structure-specific interactions of high selectivity”.

This chemists’ concept of molecular self-assembly has been transferred into the
surface science community, starting with the deposition of molecules onto single-
crystal surfaces under well-controlled conditions of an ultra-high vacuum environ-
ment. In the early days, rather simple molecules have been deposited onto metal
surfaces with little control over the intermolecular and molecule-surface interac-
tions. In fact, most of these early studies have been performed with small molecules
such as carbon monoxide or benzene [2] to establish a fundamental understanding
about the interaction of individual molecules with the surface. From this single-
molecule perspective, studies moved towards investigating molecular ensembles.
Larger, mostly organic molecules have been explored [3], allowing for introducing
intermolecular interactions in the structure formation, which marks the beginning of
exploring molecular self-assembly on surfaces. It has soon been recognized that tun-
ing the balance between molecule-surface and intermolecular interactions offers the
potential for creating manifold structures on surfaces with dedicated functionality.
Nowadays, molecular self-assembly is used in many applications, e.g., for surface
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functionalization to provide specific and even switchable properties, fabrication of
sensors or biocompatible surfaces, to name but a few [4, 5].

So far, however, most knowledge has been gathered on metallic substrates, as many
surface science techniques require electrically conducting surfaces [6—11]. Especially
scanning tunneling microscopy [12], providing the ability to directly image molecular
structures with single-molecule and even sub-molecular resolution, has tremendously
pushed these studies forward. The advent of non-contact atomic force microscopy
[13, 14] and the constant improvements in resolution has now opened the option to
extend these studies to non-conducting surfaces.

When studying molecular self-assembly on insulating surfaces, several design
principles remain unaltered, while at the same time new challenges and possibilities
arise from the fundamental difference in the molecule-surface interaction. Qualita-
tively different structures can be achieved due to the fundamental differences in the
molecule-surface interactions. These aspects will surely further enhance the vari-
ability of molecular self-assembly on surfaces. Together with the greatly enlarged
materials basis, this will provide flexibility for future applications, e.g., in the field
of molecular electronics.

9.2 Self-assembly Principles

In the following section, we first review basic principles relevant for self-assembly
before discussing the specific situation when turning to insulator surfaces.

9.2.1 General Considerations

Self-assembly describes the autonomous formation of ordered structures by prede-
fined building blocks, controlled by the interaction between these constituting entities
[15]. The impressive variety of organic synthesis offers an outstanding platform for
providing a large variety of tailor-made organic molecules as building blocks with
specific interactions both in terms of interaction strength and directionality [16, 17].
The latter two features are clearly both of high importance when aiming for controlled
structure formation. Consequently, the ability of fine-tuning both strength and direc-
tionality is pivotal for enlarging the structural variety of molecular self-assembly.
An important aspect of molecular self-assembly is exploiting intermolecular inter-
actions resulting in bond formation which is reversible at room temperature. This
enables binding and unbinding of the molecular entities to eventually reach the ther-
modynamically most favorable structure.! Consequently, non-covalent bonds with

!In contrast, the term self-organization is typically used when discussing kinetically controlled struc-
tures such as diffusion-limited structures. However, the terms self-assembly and self-organisation
are often used synonymously.



150 F. Kling et al.

Table 9.1 Characteristics of intermolecular interactions used in molecular self-assembly

Type Directionality Selectivity Binding partners

Hydrogen bond Highly directional Highly selective X-H and Y, where X
and Y are more
electronegative than
H[18]

Halogen bond Electrophilic region at
halogen atom in a
molecule and
nucleophilic region in
another [19]

Pnicogen bond P and N bonded to
electron
donors/acceptors [20]

Carbon bond Alkyl carbon bonded

to electronegative
partners and negative
centers in polar
molecules [21]

m—7 bond Selective Aromatic
molecules [22]
Metal coordination Directional Metal atoms and
bond ligands [23]
Van-der-Waals Poorly selective Dipoles and/or
interaction polarizable species
Ion-ion interaction Isotropic Monopoles

This categorization is to some extend ambiguous. Note that a bond is per definition an overall
attractive interaction while electrostatic interaction as such can be either attractive or repulsive

binding energies in the range of tenth of an eV are typically employed. In smart
designs often several interactions of the same or of various type and/or attractive and
repulsive interactions are combined to create a desired structure. To give an overview,
Table 9.1 summarizes the relevant non-covalent interactions.

Categorizing interactions regarding their strength is not straightforward. For most
bond types listed in Table 9.1, examples can be found with binding energies in the
range of small fractions of an eV up to roughly one eV. The strength of a specific
bond is, however, not sufficiently described by stating the binding energy, i.e., the
depth of the pair potential at equilibrium distance. Bonds can be broken in many
different ways, including the formation of transition states and possibly resulting in
a new binding situation. For each process different parameters need consideration
if the bond strength is to be characterized. For example, lifting a molecule from a
surface via mechanical pulling requires applying a certain force determined by the
maximum slope of the pair potential. For many processes it is necessary to consider
how a potential decays with increasing distance between the binding partners. Fast
decaying interactions of small binding energy might in some cases be stronger than
slowly decaying interactions of large binding energy.
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The relevant bond-breaking process for self-assembled structures is usually
thermal excitation, which is a statistical process. Here it makes sense to analyze
the stability of the bond, i.e., its average life time, which is the inverse of the dissoci-
ation rate. Whether a bond is considered stable depends on the binding strength but
also on the temperature of the system and the time of observation. As simple model
to describe thermally excited bond breaking, often an Arrhenius law is employed as
described in the next chapter (9.1).

Classical electrostatic forces can be used to describe all intermolecular and
molecule-substrate interactions that are relevant here once the electron density dis-
tribution in thermodynamic equilibrium is known [24]. The Coulomb force between
charges is the physical origin of interactions such as hydrogen, halogen, pnico-
gen and carbon bonds, m—m bonds, metal coordination bonds, van-der-Waals and
other electrostatic interactions> between monopoles, dipoles, quadrupoles and so on
(see Table9.1). The desire to classify electrostatic interactions into these somewhat
ambiguous categories bears the risk to count the same force twice, but it allows
grouping interactions regarding their directionality and selectivity [25]. The direc-
tionality of an interaction determines the geometry of the resulting assembly, while
the selectivity decides how compatible accessible binding partners are. Especially
hydrogen bonding motifs have been explored extensively, benefiting from the selec-
tivity and strong directionality of this interaction. A clever design of the molecules
allows for encoding the desired supramolecular structure in the molecular building
blocks, explaining the tremendous success of supramolecular chemistry in the last
decades [26, 27].

Molecular self-assembly has also been explored for creating functional molecular
structures on surfaces. Upon deposition of molecules onto a surface, a new dimen-
sion is obtained for controlling the final structure of the molecular self-assembly
process by the molecule-surface interaction. Tailoring the ratio between intermole-
cular and the molecule-surface interactions allows for tremendously enlarging the
structural variety of the resulting patterns [7—11]. On metals, structures ranging from
two-dimensional molecular films [28, 29] over one-dimensional wire-like structures
[30-32] to complex patterns such as porous networks [33-35], bi-molecular assem-
blies [36, 37] or host-guest systems [38, 39] have been created (see Fig.9.1).

A further interesting design principle is involving adsorbate-induced surface mod-
ifications such as surface restructuring. This has been employed for creating, e.g.,
uni-directional structures on an Au(110)-(1 x 2) surface [31], driven by lifting the
(1 x 2) missing-row reconstruction. Further examples include structuring by charge
density waves [40] and other substrate-mediated interactions [41].

Most single-crystal metal surfaces exhibit a pronounced influence on the self-
assembly of organic molecules via the molecule-surface interaction. This templating
effect often originates from two different factors. First, most single-crystal metal

2All electrostatic interactions that have been awarded with a proper name are characterized
by charge-transfer bonding while “other electrostatic interactions” usually refers to interactions
between permanent multipoles like ion-ion interaction. The latter can be either attractive or repul-
sive and is, therefore, a powerful instrument to develop structural complexity.
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Fig. 9.1 Structural variety of self-assembled patterns ranging from a defect free two-dimensional
layers (reprinted figure with permission from [28], copyright 2007 by the American Physical Soci-
ety) to b one-dimensional wire-like structures (reprinted with permission from [32], copyright
(2007) National Academy of Sciences, U.S.A.), eventually arriving at ¢ complex patterns such as
porous networks (reprinted with permission from [35], copyright 2007 American Chemical Society)

surfaces exhibit a diffusion barrier, Gy, in the range of several tenth of an eV
for a single, isolated molecule [42—44]. This range is favorable for molecular self-
assembly at room temperature as outlined below. Second, single-crystal surfaces can
provide anisotropic diffusion parallel and perpendicular to the close-packed metal
rows, constituting a further option for influencing the final structure [45, 46].

In the following, a simplified picture is considered to provide an estimate for
diffusion barriers that allow for molecular self-assembly. Diffusion is a statistical
process which can be modelled using an Arrhenius law (9.1). Here, the diffusion
rate vgy at a given temperature T is determined by the diffusion barrier G 4 and the
attempt frequency vo(kp is the Boltzmann constant).

vai = vo expl—Gaig/kpT] 9.1)

In the following, we consider room temperature (7 = 300 K) and an attempt
flrequency3 [47] of vp = 1 x 101271,

The diffusion barrier, G4, must be small enough to allow for diffusion with
a reasonable rate. To arrive at a well-ordered self-assembly within a realistic time
frame, the diffusion barrier cannot be larger than 0.8 eV. According to (9.1), this
barrier corresponds to a diffusion rate of 3.6 x 10~2 s~! and each molecule performs
on average 1000 hops within 8 h. If the diffusion barrier is larger than that value, the
molecules are practically immobile at room temperature (Fig.9.2a), inhibiting the
formation of a self-assembled structure. Thus, the value of 0.8 eV can be regarded

3For drawing a qualitative picture, we use a fixed attempt frequency of vy = 1x 10'2 s~!. This value
is motivated by the estimate of the phonon frequency of kg T/h = 6 x 10'? s~!. When aiming for
quantitative statements for a specific molecule-substrate system, the correct values for the attempt
frequency and the diffusion barrier must be considered since both parameters are equally impor-
tant. For molecules at submonolayer coverage, attempt frequencies in the range of approximately
1010571 to 10 s~! have been observed experimentally.
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Fig. 9.2 a Hopping frequency (diffusion rate) as a function of diffusion barrier (at 7= 300 K) and
corresponding time required for a single molecule to perform on average 1000 hops. b Diffusion
barriers typically accessible in AFM experiments as a function of temperature assuming a maximum
observable hopping frequency of 0.1 s~! (corresponding to 95 % of the molecules move within 30 s)
and a minimum hopping frequency of 1 x 10~¢s~! (corresponding to 10 % of the molecules move
within 1day) and vg = 1 x 10'2s~!

as an upper bound for the diffusion barrier. (We refer to Fig. 9.2b for experimentally
accessible diffusion barriers.)

At the same time, it is favorable to have a high diffusion barrier to ensure the
surface having a templating effect on the final arrangement of the molecular ensem-
ble. The mobility increases with lowering the diffusion barrier as shown in Fig.9.2a.
However, if the diffusion barrier gets too low—a situation often encountered for
molecules on prototypical insulating surfaces—the molecules diffuse rapidly on the
surface with little control of the surface over the resulting molecular structure. In
such a situation, the structure formation is governed entirely by the intermolecular
interactions, typically resulting in the same molecular structure regardless of the
specific surface, namely the molecular bulk crystal [48]. Therefore, the diffusion
barrier needs to be large enough to provide an influence of the substrate on the final
structural arrangement. A simple estimate for a lower bound of the diffusion barrier
will be obtained at the end of the following discussion.

The diffusion barrier is only one of the energies relevant for the self-assembly
process. Self-assembly usually involves the deposition of the molecules from the gas
phase as well as a transition from freely diffusing molecules to molecules arrested
in an ordered phase. Thus, the change in entropy cannot be neglected. This is why
the Gibbs free energy, G, has to be considered as the relevant quantity. The general
free energy diagram is shown in Fig. 9.3.

Obviously, the molecules must not desorb from the surface. Thus, the binding
energy of a single molecule to the surface, referred to as G s has to be large enough
to ensure that the molecules remain on the surface for a sufficiently long time. In
analogy to the above made estimate for the diffusion barrier, we can provide an
estimate for the binding energy by regarding a molecule to be stable on the surface
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Fig. 9.3 Gibbs free energy for a molecule adsorbing from the gas phase. Note that favorite adsorp-
tion sites are arbitrarily chosen to be on top of the surface atoms. After adsorption, the molecule
can diffuse on the surface until it reaches a spot next to another molecule on the surface (other
possible nucleation sites are neglected in this simplified picture). The change in free energy when
two molecules (from the gas phase) bind towards each other on the surface, G, also includes the
effect of the surface. Only in the (very unrealistic) case of a molecular geometry that is unperturbed
by the presence of the surface, G, can be obtained from the superposition of the interaction of
the molecules in the gas phase, Gy, and the contribution of the surface Gys

if less than one out of 100 molecules desorbs within a time span of 1year. This
corresponds to a lower bound for the binding energy of 1.3 eV at 300 K.*

The individual molecules diffuse on the surface and form islands, which are held
together due to intermolecular interactions. In a very simple picture, we neglect
the influence of the surface on the intermolecular interaction, i.e., we consider the
interaction of two molecules on the surface, G, to be the same as in the gas phase,
referred to as G .

In equilibrium at a given temperature, only a certain fraction of molecules is in the
thermodynamic minimum, i.e., forming the desired (thermodynamically most favor-
able) structure. The other molecules are diffusing on the surface or form unwanted
(thermodynamically less favorable) structures. The life time (inverse of the dissocia-
tion rate) for a single molecule to remain incorporated into the desired structure needs
to be compatible with the desired time scale for the structure to remain unchanged
(e.g., the time required for experimental observation or the time of usage in an appli-
cation). For applications such as self-assembled molecular electronic devices, the
inevitable high life time requires a relatively high dissociation barrier, G gjss (similar
to Gys).

The dissociation barrier of unwanted or kinetically trapped non-equilibrium struc-
tures, however, must be overcome within reasonable times, i.e., it cannot be much
larger than G 4. For example, a maximum dissociation barrier of 0.9 eV for unwanted
structures corresponds to the dissociation of 50 % of the bonds within 15 min.

4 Alternatively, a cooperative effect can be envisioned. If impinging molecules stay sufficiently long
on the surface to meet and form clusters with other molecules before desorption, the assembled
molecules can stabilize themselves. This can allow for self-assembly even in a situation where
individual molecules would desorb from the surface.
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To ensure a structural variety from a subtle balance between intermolecular and
molecule-surface interactions, the dissociation barrier needs to be composed of both,
G mum and G iy with considerable influence of both components. Assuming a typical
pairwise intermolecular attraction adds a value of 0.3 eV to the binding energy of each
molecule (and thereby to the dissociation barrier) and further assuming a molecule
to be bound to two other molecules, we arrive at a lower bound for the diffusion
barrier of 0.7 eV in order to reach a dissociation barrier of 1.3 eV as required for
applications like molecular electronics.

From this very simple estimate, we can readily understand why diffusion barriers
favoring applicable molecular self-assembly at room temperature are typically in a
very narrow energy range (in our estimation 0.7-0.8 eV).

The above estimation contains many simplifications. In the presence of a surface,
the intermolecular interaction will be altered due to geometric constraints as well as
changes in the electronic structure due to adsorption. Thus, we have to exchange the
intermolecular interaction in gas phase by the interaction of two molecules adsorbed
onto the surface, G ;. There might be a barrier for the formation of an island, G,
with a corresponding rate, vfyy,. The latter should be high (corresponding to a small
barrier) for self-assembly. Additionally, the dissociation barrier, G gis5, might not be
obtained by a simple addition of the intermolecular interaction energy, G ,, and the
diffusion barrier, G ;-

From the above discussion, a condition for the involved rates can be obtained.

Vdes ~ Vdiss <K Vdiff < Vform 9.2)
According to (9.1), the following relation can be deduced for the energies:
Gus =~ Ggigs > Ga’iﬁ‘ > Gfarm (9.3)

It is important to note that, although the rates span a wide range, the relevant
barriers are in a very narrow energy range. Thus, molecule-surface and molecule-
molecule interactions need to be tuned very precisely with an accuracy typically
better than 0.1 eV.

With this discussion, it can be readily understood that metastable structures can
form that are favorable kinetically, but unfavorable thermodynamically (see Fig. 9.4).
In such a situation, a small (or no) barrier, G 1, exist for the formation of a thermody-
namically unstable structure (phase 1), while the formation of the thermodynamically
favored structure (phase 2) is hindered by a large activation barrier, G;. Depending
on the barrier height G, annealing or simply waiting will drive the system into the
thermodynamically favored phase 2. Such a transformation has been observed, e.g.,
for the deprotonation of 2,5-dihydroxybenzoic acid on calcite(104) [49].

Besides the situation sketched in Fig. 9.4, different structures at different temper-
atures can also occur because the thermodynamic minimum can change upon tem-
perature due to entropic effects. This situation can be differentiated from the upper
mentioned case of a kinetically hindered structure by cycling the temperature [50].
If the thermodynamic minimum changes with temperature, different phases form
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Fig. 9.4 Situation resulting in a metastable structure that transforms with time (or upon annealing)
into the thermodynamically favored structure

repeatedly. This is different for a kinetically hindered structure, where the system
will remain in the energetically favorable structure independent of the temperature
once this structure is reached.

Another aspect that needs to be considered is the coverage dependence of molecu-
lar self-assembly. It is known that low-density phases can be favored at low coverages,
while increasing coverage can result in high-density phases prior to the formation of
a second layer [51]. Often higher densities are accompanied by different adsorption
positions and, thereby, a change in the molecule-substrate interaction. On the other
hand, the molecule-molecule interaction may increase, since entropy effects such
as the preference of mobility over island formation do no longer prevail. Therefore,
phase diagrams depending on both temperature and coverage are found in litera-
ture [6].

In addition, a general trend exists for the island size depending on temperature, i.e.,
at low temperatures the rate for diffusion and island dissociation is smaller according
to (9.1) and, therefore, the molecules cluster into smaller islands. This also implies
that the existence of many small molecule islands indicates a high diffusion and
dissociation barrier, while large islands indicate the opposite. In fact, the diffusion
barrier can be determined by measuring the size [52] or the density [53] of the islands
at different temperatures.

Furthermore, the energy barrier for island formation is usually not independent
of the island size. It needs to be considered that nucleation requires higher energies
and is less likely than the subsequent island growth. This is why step edges, surface
defects or even intentionally added adsorbates [54] can reduce the nucleation barrier
and, thus, are often observed as starting point for island growth.

Finally, it should be noted that this very simple discussion does not include spe-
cific aspects, such as anisotropic diffusion, details of intermolecular interaction or
temperature-dependent attempt frequencies. However, the above discussion readily
shows that molecular self-assembly surely requires matching an appropriate balance
between the involved energies. Adjusting the involved interactions can be challenging
as changing, e.g., the intermolecular interaction by adding specific groups will almost
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always simultaneously influence the molecule-surface interaction and vice versa. An
interesting strategy to facilitate tuning of the involved energies is, therefore, design-
ing molecules that allow for largely separating intermolecular and molecule-surface
interactions as will be discussed in Sect.9.3.2.

9.2.2 Special Situation on Insulator Surfaces

In contrast to many single-crystal metal surfaces, a favorable balance between the
involved interactions is more difficult to achieve for most insulating surfaces inves-
tigated so far. Prominent insulating support materials for molecular assemblies are
stable cleavage planes of alkali halides [48, 54-81], such as KBr(001), NaCl(001),
KCI1(001) or RbC1(001), the (111) cleavage plane of the fluoride CaF; [53, 82-85],
oxide surfaces such as MgO(001) or Al,03(001) [55] as well as diamond and mica
[86] surfaces. Recently, the calcite(104) surface [49, 87-98] has gained increasing
attention for reasons discussed later.

In particular, the diffusion barrier of many organic molecules on these prototypi-
cal insulating surfaces has been found to be very low compared to metallic surfaces.
This is illustrated by comparing the diffusion barrier of Cgp on a metallic and an
insulating surface. On a Pd(110) surface, the diffusion barrier is a factor of 7 larger
(=~1.4 eV [43]) than on CaF,(111) (0.2 eV [53]). As a consequence, the self-
assembled growth is subjected to significantly different energy barriers, commonly
leading to significant higher desorption and diffusion rates on CaF,(111) as compared
to metals surfaces. Early work investigating the structure formation of “classical”
molecular building blocks, namely prophyrin and perylenetetracarboxylic dianhy-
dride (PTCDA), on KBr(001) and Al,03(0001) surfaces reflects this discussion. High
molecular mobility at room temperature and clustering at step edges is a common
observation in this study [55]. In another pivotal work, the molecular structure of
PTDCA clusters at KBr(001) step edges has been resolved, disclosing the molecular
bulk crystal [48]. This finding readily illustrates the absence of substrate templating
in this system (see Fig.9.5a, b). Even molecules with larger dipoles can exhibit low
diffusion barriers as highlighted by syn-5,10,15-tris(4-cyanophenylmethyl)truxene
on KBr(001) [70] diffusing rapidly at [10] step edges and only anchoring at kink
sites (Fig.9.5¢).

Consequently, the weak molecule-substrate interaction found for many proto-
typical insulating surfaces has severely hampered the formation of self-assembled
molecular structures on insulating surfaces at room temperature. However, the weak
molecule-surface interaction can at the same time give rise to qualitatively new struc-
tures as it allows access to different energetic relations. We illustrate this point by
the formation of complex island morphologies upon Cgg deposition on an insulat-
ing substrate, shown in Fig. 9.6. Qualitatively similar islands are obtained regardless
whether KBr(001) [57] or CaF,(111) [83] are used, illustrating the generic charac-
ter of the formation process on weakly interacting insulator surfaces. The unusual
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Fig. 9.5 Molecular structures on insulating surfaces, illustrating the high molecular mobility.
PTCDA on KBr(001) forms clusters shown in a and b (reprinted with permission from [48], copy-
right 2005 by the American Physical Society), while syn-5,10,15-tris(4-cyanophenylmethyl)truxene
anchors only at kink sites (bright protrusion at the center of the image) and diffuses rapidly at [010]
step edges (reprinted with permission from [70], copyright 2007 American Chemical Society)

Fig. 9.6 Complex island morphologies with unusual shape obtained upon Cgp deposition on two
different insulating surfaces, namely a KBr(001) (reprinted with permission from [57], copyright
2005 by the American Physical Society) and b CaF,(111) (adapted from [83]). The regions marked
with 1 are one Cgq layer high, the regions marked with 2 are twice as high

island shapes have been explained by a process referred to as “facilitated dewetting”,
which originates from the weak molecule-surface interaction [83]. A specific order
of intermolecular interaction strength as well as diffusion and dewetting barrier is
required to obtain these islands with the characteristic branched shape, which are
absent on metallic surfaces. First when annealing the system to temperatures above
room temperature, compact, triangular shaped islands are formed that resemble the
fec crystal structure of Cgp. The unusual islands can, thus, be identified as a transient
non-equilibrium structure, which sets them apart from thermodynamically stable,
self-assembled structures. Interestingly, the energetic requirements are not met on
metallic surfaces, explaining the absence of these morphologies on these supports.
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9.3 Studied Systems—State of the Art

In the following, an overview is given over strategies that have been followed for
obtaining self-assembled structures on insulating surfaces that are stable at room
temperature. While the interaction of individual molecules with the substrate is dis-
cussed in the context of increasing the molecule-surface binding, the focus of this
chapter is on the concerted structure formation of many molecules on the surface
rather than on single-molecule studies (the latter are discussed in other chapters of
this book). Likewise, low-temperature studies are omitted in this chapter in favor of
investigations that have been carried out at room temperature.

9.3.1 Strategies for Anchoring

To benefit from the general design principles, it does not only appear necessary to tune
the molecule-insulator interaction in a well-controlled manner, but also to consider
the fundamentally different chemistry between organic molecules and insulators
compared to the conclusions drawn for molecule-metal systems.

As a consequence, several strategies have been explored for increasing the
molecule-surface interaction for molecular self-assembly on insulating surfaces [95].
Insulators, however, span a wide range from ionic crystals such as KBr or NaCl to
covalently bonded crystals such as diamond or TiO; to van-der-Waals bonded mole-
cular solids. Insulating materials can even be formed by several different binding
motifs, such as a combination of covalent and ionic interactions in calcite, the most
stable modification of calcium carbonate. Thus, general anchoring principles are dif-
ficult to obtain for such a heterogeneous class of materials, especially when compared
to metallic systems, making this task rather challenging for insulating surfaces.

The surface energy can be considered as a macroscopic parameter for obtaining an
estimate for the molecule-surface interaction [95]. Surface energies for prototypical
metal substrates (ranging from 1000 to 2000 mJ/m?) are significantly larger than for
insulating surfaces (in the order of 100-600 mJ/m?), readily revealing the inertness of
most insulating surfaces studied so far. Especially, this parameter is closely linked to
the abovementioned dewetting process. Using the Cgp molecule as an example, films
adsorbed on low surface-energy surfaces have been observed to perform a transition
to multilayered and eventually bulk-like structures, while metallic surfaces with
large surface energies have been found to confine the molecular film to the first layer
[99]. Naturally, this consideration does not include the detailed binding geometry
at the molecular level, but it reflects the repeatedly reported weak molecule-surface
interaction. Thus, although being a macroscopic parameter, considering the surface
energy might serve as a first estimate when searching for an appropriate system for
molecular self-assembly.

Conceptually, three aspects emerge when aiming for increasing the molecule-
surface interaction as summarized in Fig.9.7.
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Fig. 9.7 Three different strategies for enhancing the anchoring of organic molecules towards a
given surface, namely the calcite(104) surface. Adapted from [95]

The interaction of an individual molecule with the surface might be increased
by adding appropriate functional groups such as polar endgroups for electrostatic
anchoring or functional moieties that offer special binding options such as carboxylic
acid groups for hydrogen bonding (see Fig.9.7a). Moreover, for substrate templating
the structure of the molecule needs to be optimized with respect to the binding sites
on the surface, thus, also the molecule-substrate matching needs to be considered
(see Fig.9.7b). Finally, also the number of the available binding sites is of impor-
tance (Fig.9.7c). Although separated conceptually, the three aspects are interlinked
and have mutual interdependencies. To give one example, an additive effect is only
achieved when the substrate matching is maintained. The mere addition of functional
groups can even result in an adverse effect, requiring an additional adjustment of the
substrate matching.

9.3.1.1 Increasing the Molecule-Surface Interaction

A straightforward and repeatedly approached concept for increasing the interaction
of molecules with ionic crystal surfaces is using molecules bearing a high dipole
moment, employing polar electrostatic interactions.

This strategy has successfully been applied for identifying a molecule suitable for
molecular self-assembly on CaF,(111) [82], namely cytosine. This molecule pro-
vides a high dipole moment with the local charges being separated by a distance that
corresponds to the distance of a pair of oppositely charged ions in the surface. Con-
sequently, a comparatively high diffusion barrier of approximately 0.5 eV has been
estimated for cytosine on CaF,(111) from density functional theory. This value is,
however, still too small to provide significant influence of the surface. Interestingly,
in combination with the ability of the molecules to form intermolecular hydrogen
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bonds, trimers that are stable at room temperature have been identified. As appar-
ent from the experiments, these trimers experience a significantly increased diffusion
barrier, which is in this case approximately three times as high as the diffusion barrier
of the individual molecules, as the three-fold symmetry of the substrate allows for
maintaining the optimum adsorption position even when assembled in the rather rigid
trimer structure. This example readily illustrates a cooperative effect in anchoring
organic molecules onto surfaces, which involves the molecule-surface and intermole-
cular interactions as well as the mutual impact of two interactions on each other. The
latter aspect is difficult to estimate a priori, but can have significant influence on the
resulting force balance.

Another interesting study involving four different helicene derivatives with one or
two bromo or cyano groups on the Suzuki(001) surface [81] readily displays the com-
plexity of anchoring molecules to an ionic surface. While the dibromo derivative is
expected to bind stronger to the surface than the monobromo derivative, the opposite
is observed experimentally. The dibromo molecule desorbs from the surface within
few hours after deposition, while the monobromo derivative remains on the surface.
This is explained by charge mismatch, since the Br—Br distance in the molecule does
not fit to the Na—Na distance on the surface. Additionally, the dibromo molecules
bind vertically to the surface. Although a decrease of the desorption barrier has been
calculated for this vertical geometry, the molecule-molecule interaction is in turn
increased as this geometry allows the dibromo molecules to self-assemble via inter-
molecular T—7 stacking. Also the cyano derivatives adsorb in a vertical position. In
this case, the dicyano molecule binds stronger than the monocyano, since the charge
distances match to the corresponding distances on the surface. However, the vertical
adsorption geometry of the molecules still lowers the desorption barrier compared
to a horizontal adsorption geometry. Consequently, desorption is observed after a
few weeks. In conclusion, the molecule with the weakest dipole (monobromo) is
paradoxically the one with the largest desorption barrier.

This example readily demonstrates that a simple model estimating desorption
barrier by counting the anchor groups and taking into account their dipole moments
can be wrong as even minute effects can severely alter the expected binding.

The interaction is expected to significantly increase in strength if not only polar
molecules are present, but if molecular ions are employed [73, 96]. An example that
is ascribed to this anchoring mechanism is 4-iodobenzoic acid on the (104) cleav-
age plane of calcite [96], as shown in Fig.9.8. Upon deposition, the molecules are
expected to be protonated and, thus, overall charge neutral with only little interac-
tion with the surface. NC-AFM data have revealed a rapid molecular diffusion on
the surface, i.e., no islands are found except for situations in which molecules are
trapped in a confined geometry. This situation is changed drastically when the sample
is annealed. After this annealing step, an extended wetting layer has been observed.
The internal structure of this wetting layer can be understood when considering the
molecules to be deprotonated. In the deprotonated state, the molecules are expected
to stand upright as this allows for increasing the molecule-surface interaction signif-
icantly by electrostatic anchoring of the negatively charged carboxylate groups with
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Fig. 9.8 Activation of substrate templating ascribed to deprotonation. 4-iodobenzoic acid on cal-
cite(104) transforms to an upright-standing geometry with an additional increased anchoring that
is ascribed to deprotonation. Adapted from [96]

the surface calcium cations. The upright position also allows for the formation of
intermolecular —7 bonds, further stabilizing this arrangement.

Apart from anchoring based on electrostatics, more specific binding motifs can be
used. A prominent example is hydrogen bonding between the molecular layer and the
substrate, e.g., when depositing carboxylic acid or hydroxyl groups onto a surface
that provides sites for hydrogen bond formation. This situation has been reported
for carboxylic acids on calcite. In this molecule-surface system, hydrogen bonds
can be formed between the hydrogen atom of the molecular carboxylic acid group
and the oxygen atom of the surface carbonate group. Interestingly, the adsorption of
biphenyl-4,4’-dicarboxylic acid (BPDCA) on calcite(104) results in the coexistence
of two different structures [90]. One of which closely resembles the molecular bulk
structure with a head-to-tail arrangement of the molecules, forming hydrogen-bonded
molecular chains on the surface (see Fig.9.9a(1)). The fact that a bulk-like structure
is formed indicates the marginal influence of the underlying substrate on this pattern.
Besides the bulk-like structure, however, a clearly substrate-templated assembly is
revealed with the molecules arranged in a side-to-side fashion (Fig.9.9a(2)). This
latter structure can be understood by anchoring of the molecules towards the surface
with the carboxylic acid groups possibly forming hydrogen bonds with the surface
carbonate groups. The coexistence of both structures at room temperature clearly
indicates that the two structures are energetically very close, i.e., the system con-
stitutes an example showing the transition from molecular bulk crystal formation
towards increasing substrate templating.
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Fig. 9.9 Coexistence of a bulk-like structure (1) and a substrate-templated structure (2) of BPDCA
on calcite(104). AFM image (a) with structural model (b). Adapted from [90]

The molecule-surface interaction motifs described so far are of rather unspecific
electrostatic nature (ionic and polar molecules on ionic substrates) or include an
uncertain contribution of hydrogen bonding. For a rational design of complex self-
assembled structures on insulators it will be mandatory to explore and utilize the
bonds of high directionality and selectivity enlisted in Table 9.1 to a higher degree
in future work.

9.3.1.2 Optimizing the Molecule-Surface Matching

Besides the detailed nature of the molecule-surface interaction, obviously the geo-
metric matching of the molecular structure to the substrate needs to be considered.
This can be readily seen by comparing the structures formed by terephthalic acid
(TPA) and BPDCA [90] on calcite(104). While the latter molecule forms both,
a substrate-templated structure and a bulk-like structure as shown in Fig.9.9, the
only motif found for the TPA molecule is basically molecular chain formation fol-
lowing the bulk arrangement. Introducing a further benzene ring as in BPDCA is
expected to cause a different binding situation to the substrate while leaving the
molecule-molecule interaction in the chain arrangement rather similar. With a dif-
ferent separation between the functional groups, the molecule can now attain an
adsorption position in which both carboxylic acid groups can form hydrogen bonds
towards the surface carbonate groups. The single-molecule adsorption geometry in
the substrate-templated structure (denoted 2 in Fig.9.9) is understood to allow for a
stronger molecule-surface bond compared to the situation in the bulk-like assembly
(denoted 1in Fig.9.9).
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The importance of molecule-surface matching has also been shown by the com-
parison of anchor groups for the already mentioned helicene derivatives [81]. While
the distance between two cyano groups fits to the substrate, the dibromo derivative
has a shorter distance between the anchor groups, which reduces the binding energy
noticeably.

9.3.1.3 Increasing the Number of Functional Groups

A straightforward strategy to increase the molecule-surface interaction is increasing
the number of functional groups available for interaction with the surface. Using
the calcite(104) surface as the supporting substrate, this strategy has been followed
by changing the number of carboxylic acid groups from two as in TPA to three
as in trimesic acid (TMA) [49]. In this example, the addition of a third carboxylic
acid group has changed both, the intermolecular as well as the molecule-surface
interaction, which is illustrated in the very different structures observed for TMA.

However, as mentioned above, the effects of the functional groups are generally
noncumulative, as a cross-dependence with the surface matching needs to be consid-
ered. When positioned above a different surface site, the additional functional group
might not bind similarly strong towards the surface as the first one. In fact, even a
repulsive interaction can be envisioned, resulting in an adverse effect. We note that
the flexibility of the functional groups can have a second cross-effect on the effective
molecular diffusion barrier; the effective diffusion barrier is not necessarily the sum
of its constituents [100].

9.3.2 Decoupling Molecule-Surface and Intermolecular
Interactions

For controlling the structure formation upon self-assembly, decoupling the inter-
molecular from the molecule-surface interaction is desired for tuning the involved
interaction energies. This is not an easy task as changing the intermolecular inter-
action does generally also affect the molecule-surface interaction. Therefore, it is
of utmost relevance to identify and design molecular building blocks that allow for
decoupling the intermolecular from the molecule-surface interaction to a large extent.
In the first place, this is a synthesis task, making use of the impressive flexibility and
variability of organic chemistry.

As an example, amolecular class with a rather similar binding towards calcite(104)
is considered, namely oligo(p-benzamide) molecules [93]. These molecules feature
two iodine atoms with a distance of approximately 1.35nm (see Fig.9.10a). Being
electronegative, these two iodine atoms are expected to be electrostatically attracted
to the surface calcium cations. Thus, an effective anchor is provided that results in
well-defined adsorption positions of the molecules on the surface. The intermolecular
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Fig. 9.10 Oligo(p-benzamide) molecules on calcite(104) as an example for similar molecule-
surface interaction while varying the molecule-molecule interaction [93]

interaction, on the other hand, can be controlled by side groups that are varied in
a systematic manner. Interestingly, distinctly different molecular structures can be
obtained that are governed by the respective side groups, as shown in Fig.9.10b—d.
Consequently, a variation in molecular structures can be achieved by designing the
respective side groups, despite the identical adsorption mechanism. This example,
thus, illustrates the successful decoupling of the molecule-surface interaction from
the intermolecular interaction.

9.4 Outlook

Despite being a comparatively young research field, molecular self-assembly on
insulating surfaces has developed tremendously during the last decade. This is partly
due to the impressive improvements of the main experimental tool, namely non-
contact atomic force microscopy. On the other hand, the library of functional organic
molecules is increasing steadily, providing a plethora of options for novel structural
motifs.

Extensive effort has been made to gain precise control over the resulting structure.
This control includes the control of structural parameters such as molecular orien-
tation, symmetry and island sizes, to name but a few. Eventually, these efforts aim
for converting the structural control into application-oriented functionality. Struc-
tures relevant for application will require sufficient stability in a given temperature
window as well as dedicated properties that include, e.g., switchability and stimuli-
responsive effects. These future demands will push forward the development of
steadily increasing structural control, providing the route towards more advanced
and complex structures.
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Promising strategies to be followed in future will include a concerted action of
both synthesis efforts and a clever design of the system and the deposition protocol.
A key synthesis task is providing building blocks that offer a high degree of flexibility
while at the same time allowing for a well-defined decoupling of intermolecular and
molecule-surface interactions. On the surface science experimental side, increasing
complexity by codeposition and exploring the potential of various deposition pro-
tocols will enhance structural variability. An important aspect of this development
includes a precise characterization and quantification of the involved energies and
barriers.

Finally, a major challenge of future efforts is transferring the gained knowledge
to the liquid/solid interface, which will be of tremendous relevance for applications.
A key question to be answered here concerns the role of the solvent in molecular
self-assembly at the solid/liquid interface.
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Chapter 10
Atomic-Scale Contrast Formation in AFM
Images on Molecular Systems

Fabian Schulz, Sampsa Héimélédinen and Peter Liljeroth

Abstract Imaging individual molecules with atomic resolution is now possible
using non-contact atomic force microscopy (AFM). In all cases where atomic
resolution imaging of molecules was demonstrated, chemically passivated tips were
used. This chapter will discuss the factors influencing the atomic scale imaging of
molecular systems. We will first discuss the effect of the tip passivation on the atomic
scale contrast. Subsequently, we will consider the factors affecting the quantitative
details of the apparent atomic positions (background from the neighbouring atoms,
flexibility of the tip apex and non-planar samples). Finally, we will discuss how the
tip flexibility affects the appearance of the inter- and intramolecular bonds imaged
with AFM.

10.1 Introduction

Imaging individual molecules with atomic resolution is now possible using non-
contact atomic force microscopy (AFM) in the frequency modulation mode [1]. As
discussed in the chapter by Gross and co-workers, such experiments require passi-
vation of the AFM tip apex. In addition to the direct visualization of the molecular
structure, AFM has been used to identify different atomic species [2, 3]. Using
molecule-terminated tips, it has been shown that the apparent length of chemi-
cal bonds in conjugated organic molecules is correlated to the bond order [4] and
the intramolecular charge distribution of planar molecules has been mapped [5]. It
has even been suggested that intermolecular hydrogen bonding could be imaged
using AFM [6]. These new capabilities will allow AFM to be used in chemistry,
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molecular electronics, and materials science for structural chemistry at the
single-molecule level [7-12].

As mentioned above, in all cases where atomic resolution imaging of molecules
was demonstrated, chemically passivated tips were used, typically a carbon monoxide
(CO) molecule or a Xe atom adsorbed on the apex [1, 13]. Inert tips are essential to
avoid accidental pick-up or lateral manipulation of the molecule of interest by the
tip at the small distances and oscillation amplitudes required for atomic resolution
imaging. The exact atomic geometry of the tip apex depends on the tip-sample
distance, as e.g. the CO is flexible and can bend to reduce the interaction energy
between the tip and sample [4, 14—16]. The tip bending can occur both due to
attractive and repulsive interactions, i.e. the CO molecule can bend towards or away
from the nearest atom. In addition, if the neighboring atoms are not symmetric with
respect to the atom directly under the AFM tip, there is a non-symmetric background
force on the CO, which will further shift the apparent atomic positions. Finally, the
CO bending is sensitive to any saddle points and ridges in the interaction potential
energy surface. These will show up as regions of enhanced contrast, irrespective of
whether there is an actual bond associated with this region [17, 18].

This chapter will discuss the factors influencing the atomic scale imaging of
molecular systems. We will first discuss the effect of the tip passivation on the
atomic scale contrast and highlight the complementary nature of the information
that can be obtained by AFM and scanning tunneling microscopy (STM). We will
then go through the factors affecting the quantitative details of the apparent atomic
positions: background forces from the neighboring atoms, flexibility of the tip apex
and non-planar samples. Finally, we will discuss the contrast formation mechanism
of intra- and intermolecular features in AFM images.

10.2 Tip Reactivity and Atomic Contrast

In non-contact AFM, both the atomic configuration and chemical composition of
the tip apex have a profound influence on the imaging contrast at the atomic scale
[19-25]. Experiments on model surfaces and with well-defined tip termini are thus
crucial in understanding the mechanisms of atomic resolution imaging, which is
essential for qualitative and quantitative interpretation of AFM images.

10.2.1 Well-Defined Tips and a Model Surface

The preparation of tips with well-defined apices by picking up single atoms or small
organic molecules (commonly referred to as ‘tip functionalization’) is an established
technique within the STM community. Demonstrated for the first time more than
20years ago [26], different functionalizations may allow for improved spatial resolu-
tion [26], chemical contrast [27] or spin sensitivity [28]. The advent of low-amplitude
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AFM, in particular through the tuning-fork-based qPlus sensors [29], opened up this
experimental approach to the AFM community. Since the qPlus sensor can be easily
operated at sub-A oscillation amplitudes, tunneling current and frequency shift can
be measured simultaneously with atomic resolution. This has enabled a straight-
forward adaption of tip functionalization schemes developed previously within the
STM community.

Arguably the most prominent example is the functionalization of an AFM tip by
picking up a single CO molecule, which yields an atomically well-defined AFM
tip with a predefined structure, in contrast to the usual case of e.g. silicon tips. The
passivating effect of the CO allows to probe the repulsive force regime of individual
molecules, leading to breathtaking images of their chemical structure [1]. Reactive
metallic tips, in contrast, typically interact too strongly with single molecules, result-
ing in lateral or vertical manipulation before the tip-sample distance is sufficiently
small for atomic resolution imaging. Thus, to understand how the reactivity of the
tip affects the atomic contrast in organic molecular systems, a mechanically stable
model surface is required. A convenient choice is an epitaxial graphene monolayer
on a metal surface, as the structure of graphene resembles the carbon backbone of
organic molecules. Due to the attractive van der Waals (vdW) interaction with a
metallic substrate, epitaxial graphene constitutes a mechanically stable surface that
can be imaged with reactive and non-reactive tips.

Graphene possesses a very simple structure, made of a single atom thin layer of car-
bon atoms arranged in a honeycomb lattice, as shown in Fig. 10.1a. This honeycomb
structure gives rise to exciting electronic properties in graphene [30, 31], in particular
a linear dispersion in the band structure around the Fermi level and a large charge
carrier mobility. As a result, graphene holds great promise in electronic applications.
At the same time, it continues to be the topic of intense basic physics research as it
can host exotic electronic phenomena such as Klein tunnelling, integer and fractional
quantum Hall effects, and weak localization [31]. These reasons have resulted in a
strong drive to characterize graphene in detail both experimentally and theoretically,
making it a well-understood model system.

Among the epitaxial systems, graphene on Ir(111) [G/Ir(111)] has attracted the
largest interest, as the graphene can be grown on iridium with high quality [32] by
simple chemical vapour deposition (CVD) using small hydrocarbon molecules such
as ethylene. In addition, the interaction with the Ir(111) surface is sufficiently weak
such that basic electronic properties of the graphene, e.g. the linear dispersion in the
band structure, are preserved [33].

G/Ir(111) thus constitutes the desired model surface to study how tip reac-
tivity affects the imaging contrast in AFM. Atomically resolved force-distance
spectroscopy and constant-height images of the epitaxial graphene layer reveal that
reactive and non-reactive tips exhibit comparable atomic contrast at short tip-sample
distances at the onset of Pauli repulsion, while there are striking disparities in the
attractive force regime at medium tip-sample distances [24].



176 F. Schulz et al.

(a) (b)
45 4 atomic contrast
- carbon = inversion
o < 55 4
5 65 4 hollow site
>
2
o -75 4
(d) hollow site 3
. 200 ~ o
Z - 851
= carbon
8 100 4 -95 - £ T .
= 0 100 200
5 O ——— . relative tip-sample distance (pm)
ES 200 400
Q 1 . ()
g 00 relative tip-sample ( )_23 i
s distance (pm) =
-200 - p
(e) =%
z 2 271
e )
8 & 29 4
3 g
g 2 314 . CcOo
g hollow site
2 -33 T T T T T T T 1
S .l 100 200

200 0
relative tip-sample distance (pm) relative tip-sample distance (pm)

Fig.10.1 Force spectroscopy on graphene on Ir(111). a The carbon honeycomb lattice of graphene.
b Frequency shift as a function of tip-sample distance for a carbon and a hollow site, measured
with a reactive Ir tip. ¢ Same as (b) but with a non-reactive CO tip. d Difference of the measured
short-range forces between the carbon atom and the hollow site for the reactive tip. e Same as (d) but

for the non-reactive tip. Adapted with permission from [24]. Copyright (2012) American Chemical
Society

10.2.2 Force Spectroscopy with Reactive and Non-Reactive
Tips on Epitaxial Graphene

A reactive metallic tip can be prepared by deliberate, microscopic contact formation
of the tip with a clean metal substrate, resulting in the pick-up of surface atoms. In
the case of AFM measurements on G/Ir(111), this leads to an Ir-terminated tip apex.
As iridium is a transition metal with a partially filled 5d shell, the Ir tip constitutes
areactive apex that will readily interact with the sample.

The tip-sample interaction can be quantified by measuring the frequency shift
(Af) of the tuning fork as a function of the tip-sample distance (d;). This is demon-
strated in Fig. 10.1 on two characteristic sites of the graphene honeycomb lattice: on
top of a carbon atom and in between them on a hollow site (marked in Fig. 10.1a).
Both Af(d;s) curves are displayed in Fig. 10.1b. At large tip-sample distances, the
two curves overlap, since long-range vdW forces between the macroscopic body
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of the tip and the sample—with negligible site-specific contributions—dominate.
However, as the tip approaches the graphene, short-range forces between the tip
apex and the carbon lattice come into play and the two Af(d;s) spectra start to
deviate: first, at medium distances, the A f measured over the carbon atom reaches
significantly larger negative values compared to the hollow site. Approaching the tip
further beyond the minimum A f sees this trend reversing until the two curves cross.
Now, at short tip-sample distances, the carbon atom shows a less negative A f than
the hollow site.

The reactive iridium tip can be passivated by picking up a single CO molecule,
yielding a non-reactive tip apex due to the closed-shell character of the CO. The
procedure has been demonstrated on weakly reactive metal surfaces such as Cu(111)
and Au(111), but it is very difficult to controllably pick up CO from more reactive
substrates such as the Ir(111) surface. There are two alternative procedures that
can be followed. In the first one, the tip can be prepared on a Cu(111) surface,
where the CO pick-up is well-documented. Subsequently, the Cu(111) is exchanged
with the desired substrate, in this case the graphene-covered Ir(111) sample and the
experiments are carried out. The presence of the CO on the tip can be confirmed
afterwards by going back to a Cu(111) substrate and checking the image contrast
over a CO adsorbed on the surface in STM feedback. If the images are taken with
a CO-terminated tip, CO on Cu(111) has a characteristic sombrero-like appearance
[27]. Imaged with a metal tip, it appears as a depression.

The tip termination can also be checked on the G/Ir(111) surface by taking advan-
tage of the moiré superstructure formed by graphene on Ir(111). The lattice mismatch
between the graphene and the iridium surface causes a periodic modulation of the
atomic registry and adsorption height of the carbon atoms w.r.t. the iridium sub-
strate. Thus, the graphene buckles and forms a periodic pattern of hills and valleys
(the moiré pattern) [34]. Typically, with a metal tip the contrast of the graphene moiré
is inverted in low-bias STM images. This changes with a CO on the tip apex and
the moiré contrast corresponds to the true topography in low-bias STM images. This
enables a second procedure to prepare a CO tip, directly on the G/Ir(111) sample
without exchanging for a Cu(111) surface. A small amount of CO can be dosed
directly into the cryostat and scanner at low temperature, which will lead to the
adsorption of a CO molecule on the tip apex in a stochastic process [35].

Having prepared a CO-terminated tip, an equivalent set of measurements is per-
formed (shown in Fig. 10.1c) as was done using the iridium tip. Similarly to the Ir tip,
the Af(d;s) spectra of the non-reactive CO tip measured over the carbon atom and
over the hollow site overlap at large tip-sample distances. At these distances, the tip-
reactivity does not play a role as long-range forces dominate and short-range forces
between the tip apex and the sample can be neglected. In contrast to the Ir tip, the
two curves measured with the CO tip continue to overlap at medium distances as the
tip approaches the sample. Only as the tip reaches the A f minimum and approaches
the graphene layer further, the spectra for the carbon atom and the hollow site start to
deviate from each other, with the carbon atom exhibiting a less negative A f, similar
to the case of the reactive Ir tip at short distances.
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Figure 10.1d, e highlight the differences in the measured tip-sample forces
between the two tips: for each tip, the Af(d;s) spectrum on the hollow site was
subtracted from the spectrum measured over the carbon atom to remove the uniform
background due to the long-range van der Waals forces. Subsequently, the difference
spectra were converted into force-distance [A F (d;s)] curves using the Sader-Jarvis
formula [36]. Thus, the AF(d;s) curves reveal the force between the carbon atom
in the graphene lattice and the very apex of the tip (Ir or CO), responsible for the
atomic contrast. The reactive Ir tip (Fig. 10.1d) yields considerable differences in the
tip-sample forces, both in the attractive and repulsive regime, over a total distance
range of 150 pm. Thereby, the maximum attractive force over the carbon atom is
150 pN larger than over the hollow site, in agreement with density functional theory
(DFT) predicting the preferred adsorption of Ir atoms on top of the carbon atoms [37].
The passivated CO tip (Fig. 10.1e), on the other hand, does not show any appreciable
difference in the attractive force regime between the carbon atom and the hollow
site. Only within a narrow region of short tip-sample distances, at the onset of Pauli
repulsion, the forces over the two inequivalent lattice sites differ, with the carbon
atom being approximately 25 pN more repulsive than the hollow site.

The observed behaviour is in good agreement with DFT calculations of the force
between different tips and either graphene or a carbon nanotube [21]. A reactive tip
was predicted to cause a re-hybridization of the carbon atoms, resulting in strong
short-range attractive forces which are maximal at the carbon lattice site. At closer
distances, the larger electron density at the carbon atoms lead to stronger Pauli
repulsion and thus, the hollow sites appear with larger attractive force, effectively
reversing the atomic contrast. For non-reactive tips, the attractive short-range forces
are very small, and atomic contrast between carbon and hollow sites is reached only
in the regime of Pauli repulsion, where the differences in electron density yield the
same contrast as for reactive tips.

10.2.3 (Non-)Reactivity Determines the Imaging Contrast

The force-distance characteristics between tip and sample will ultimately determine
the atomic contrast that is achievable in AFM images. Thus, constant-height images
of the Af signal recorded over the graphene layer, as shown in Fig. 10.2, can be
easily interpreted when considering the A f (d;s) spectra.

For the reactive Ir tip (Fig.10.2a, b), two different atomic contrasts can be
observed: at larger tip-sample distances (z = 60 pm), a hexagonal pattern of local
Af maxima (i.e. less negative Af) appears, indicating the positions of the less
attractive hollow sites. This contrast reverses at short distances (z = 0 pm), where
the increased Pauli repulsion at the carbon atoms due to the larger electron density
results in a honeycomb lattice of less negative Af.

The additional long-range superstructure visible in the images marks the hills and
valleys of the G/Ir(111) moiré pattern. The buckling of the graphene layer allows
the observation of both kinds of atomic contrast simultaneously at intermediate
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Fig. 10.2 Constant-height images of epitaxial graphene. a Schematic of the Ir tip scanning over
the G/Ir(111) moiré pattern, which modulates the tip-sample distance. b Series of A f images for
increasing tip-sample distance from left to right (relative tip height indicated on the panels). c,
d Same as (a) and (b) but for the CO tip. Adapted with permission from [24]. Copyright (2012)
American Chemical Society

tip-sample distances (z = 30 pm). In this intermediate regime, the tip apex already
feels Pauli repulsion on the moiré hills, imaging the carbon lattice with less nega-
tive Af, while on the valleys the atomic contrast is still governed by short-ranged
attractive forces and the hollow sites appear with less negative A f. (Notice that the
overall forces are still attractive, as the hills are imaged with larger negative frequency
shift than the valleys, while the Pauli forces between the carbon atoms and the tip
only cause an additional repulsive modulation on top of the attractive background
on the hills.) This proves that both contrasts are characteristic for reactive tips, and
the tip-sample distance determines which one is observed.

In accordance with the spectra in Fig. 10.1, the images recorded with a CO tip
(Fig. 10.2¢, d) do not show atomic contrast in the attractive regime (z = 120 pm).
Only the long-range periodicity of the moiré pattern is visible, with the hills being
imaged with larger negative A f. At intermediate distances (z = 60 pm), the repul-
sive contrast displaying the honeycomb lattice starts to appear as a modulation of
the overall attractive contrast. Finally, the repulsive contrast is observed on the entire
graphene surface at short tip-sample distances (z = 0 pm), similarly to the reac-
tive tip.

10.3 Relating Electronic Properties with Atomic Structure

As the size of electronic devices continues to shrink, the exact atomic scale structure
of the active device area, including the position of individual defects or dopant atoms
becomes relevant for the device function. This requires the development of techniques
that can simultaneously yield atomic scale structural and electronic information.



180 F. Schulz et al.

AFM based on the qPlus tuning fork design achieves this aim as the small oscillation
amplitudes make it possible to carry out simultaneous STM experiments with uncom-
promised quality [9, 10, 12, 38, 39].

There is intensive research trying to replace silicon transistors with devices where
the active element is a single atom or a molecule. Therefore, measurements of struc-
tural and electronic properties of such nanostructures are becoming increasingly
important. Since their electronic properties are correlated to their precise atomic
arrangement and composition, already zero-dimensional defects (also referred to as
point defects, e.g. a single missing or substituted atom) can significantly change the
electronic structure of such molecular systems, eventually hampering their intended
functionality. This is in particular true for many transport properties determined by
delocalized electrons, for which defects act as strong scattering potentials [40]. Iden-
tifying defects at the atomic scale is thus crucial to understand their effect on the
electronic properties, and to develop strategies minimizing their occurrence.

10.3.1 AFM Versus STM and Finite-Size Effects in Graphene

Scanning tunneling microscopy appears as a natural choice to examine atomic scale
defects. However, STM measures the local density of states (LDOS) of a sample,
and it is doing so only in a narrow energy range around the Fermi energy, being
most sensitive to the highest occupied and lowest unoccupied states. In conjugated
molecular systems, these states usually host delocalized electrons, whose wave func-
tions can be spread out over the entire backbone of the molecule, while exhibiting a
complex structure of lobes and nodal planes. The LDOS of such states does not allow
a straight-forward reconstruction of the actual chemical structure of the molecule, as
demonstrated in Fig. 10.3a. The presence of defects further complicates the issue, as
they act as scattering centers for these delocalized electrons [40], resulting in addi-
tional deformations of their wave functions. Identification of the atomic structure of
defects by STM is possible only by means of extensive ab initio electronic structure
calculations for a set of possible defect structures and subsequent comparison with
the experimentally measured wave functions [42].

As has been discussed in the other chapters of this book, AFM is sensitive to the
total electron density when probing the repulsive force regime [5], as the strength
of Pauli repulsion scales with electron density. Since the total electron density is
dominated by core electrons localized at the positions of the atomic nuclei, an AFM
image taken in the repulsive regime gives direct information on the atomic structure
of the sample. Intensity differences in the sub-molecular contrast can be related to
variations in the total electron density, caused by the chemical composition of the
molecule or deformations of its structure. Thus, AFM should provide a superior tool
to identify the atomic structure and defects in molecular systems.

We illustrate this below using graphene nanoribbons (GNR) synthesized through
on-surface polymerization as examples [38, 43]. These graphene nanostructures
allow the tuning of the electronic properties through finite-size effects. Infinite
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Fig. 10.3 Atomic structure of defects in graphene nanoribbons. a Schematic highlighting the
different origins of imaging contrast in STM and AFM. STM images molecular orbitals close to
the Fermi level (e.g. highest occupied molecular orbital, HOMO and lowest unoccupied molecular
orbital, LUMO), while AFM images the total electron density dominated by localized core electrons.
b-e Constant-current STM (upper panel) and constant-height AFM (lower panel) of (b) a defect
free GNR exhibiting an edge state at the zigzag (ZZ) edge, but not at the armchair (AC) edge, (c) a
tilted GNR, (d) a GNR with one ZZ edge C atom passivated by two H atoms and (e) a GNR with
one ZZ edge C atom bonding to the Au(111) substrate. All scale bars are 5 A. Panels b, d, and e
adapted with permission from [38]. Panel ¢ adapted with permission from [41]. Copyright (2013)
by the American Physical Society

graphene sheets are characterized as semi-metallic or zero-gap semiconductors, due
to the crossing of the 7 bands at the Fermi energy with zero density of states [30].
Quantum confinement effects can open a gap in the band structure in finite graphene
flakes of suitable dimensions [44]. In addition, the zigzag (ZZ) edges of graphene
(Fig. 10.3b), representing the ‘cutting’ of graphene along one of its high-symmetry
directions, host a non-dispersive electronic edge state at the Fermi energy [31]. This
state is neither present in infinite graphene nor on other edge structures [e.g. armchair
edges (Fig. 10.3b)]. The interest in graphene zigzag edges stems from the predicted
phenomena that would allow the construction of new types of electronic devices
(based on e.g. spintronics or valleytronics) [45, 46].
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Atomically well-defined GNRs which host edge states can be synthesized on
metallic surfaces using molecular precursors [43]. The synthesis is carried out by
evaporating the desired precursor onto the substrate [e.g. Au(111)], followed by
thermally induced polymerization and cyclodehydrogenation to eventually form the
GNR. The beauty of this approach is that the structure of the GNR is uniquely
determined by the precursor and this allows for example the width of the GNR to be
controlled precisely. The electronic structure of these GNRs is sensitive to chemical
modifications of graphene and its edges, and correlating atomic geometry with the
electronic structure is an important issue for potential applications [38].

10.3.2 Imaging Defects in Graphene Nanoribbons

Figure 10.3b shows the Af signal recorded with a CO-passivated tip at constant
height over a defect-free GNR. Recorded in the repulsive force regime, the image
can be directly interpreted in terms of the atomic structure of the GNR, revealing
long edges with armchair (AC, blue) symmetry and a short ZZ edge (red). The
corresponding STM image (metallic tip) displays the LDOS of the ZZ edge state, in
agreement with simulations (not shown) [38]. The STM image of a different GNR in
Fig. 10.3c (CO tip), on the other hand, suggests a deviation at the ribbon termination
from the otherwise perfectly straight structure. While a slight tilting at the end of
the GNR is already noticeable in the STM image, it does not allow to identify the
exact atomic arrangement that causes this tilt. Only the AFM image (Fig.10.3c),
showing the carbon backbone, reveals the origin of the tilt as the displacement of
the terminating segment by one graphene lattice vector in combination with the
formation of a carbon pentagon [41].

Even more subtle effects such as chemical modifications can be identified in this
manner. Figure 10.3d shows the STM image of a GNR ZZ termination displaying
no end state. Such contrast was previously assigned to a missing carbon atom [47],
destroying the symmetry of the ZZ edge and thereby causing the disappearance
of the edge state. However, the corresponding AFM image presented in the same
panel unambiguously proves that the carbon backbone is still intact. On the contrary,
an increased intensity (i.e. increased repulsion) on the central outermost carbon
indicates additional electron density, interpreted as the passivation of the C atom
by two hydrogens instead of just one. The corresponding change from sp? to sp3
hybridization would destroy the edge state. It can be recovered by applying a bias
voltage pulse with the SPM tip to remove the extra hydrogen atom. Applying a
second bias pulse results in a further modification of the GNR edge, as testified by
the STM image in Fig. 10.3e. This image, recorded after applying a voltage pulse
to an unmodified, defect-free GNR ZZ edge, still resembles that of the ZZ edge
state, but the intensity distribution has changed remarkably. The corresponding AFM
image shows strongly reduced repulsion at the central outer C atom. An image taken
at a smaller tip-sample distance (not shown) reveals an intact carbon backbone,
indicating that the GNR edge bends down towards the substrate [38]. This suggests
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that the bias pulse removed the single H atom at the central outer C atom, which
subsequently formed a bond with the underlying Au(111). This would preserve the
sp? hybridization of the edge atoms and thus the edge state, while explaining the
observed change in the intensity distribution of its wave function.

These experiments highlight the type of complimentary information that can be
obtained through combined STM and AFM experiments. These are clearly extremely
important for the detailed understanding of the correspondence between the atomic
scale structure and the resulting electronic properties of atomically well-defined
nanostructures.

10.4 Understanding Measurements with a Flexible Tip Apex

In the preceding sections, we have treated the effects of the tip termination on the
observed AFM response and shown how STM and AFM can yield complimentary
information on molecules and nanostructures. We will now move on and focus on
the quantitative details of AFM imaging with molecule-terminated tips.

10.4.1 Measuring Interaction Energies with
a Molecule-Terminated Tip

What is actually measured in an AFM experiment with a molecule-modified tip?
It turns out that the tip relaxation has to, in general, be considered for a detailed
understanding of the measured forces [4, 9, 14—16]. This process is illustrated in
Fig. 10.4, where the relevant interaction terms have been indicated for the measure-
ments of the background signal (Fig. 10.4a) and on the molecule (Fig. 10.4b). The
figure and the following discussion consider a CO-terminated tip as an example, but
the general principle is naturally applicable to understanding any experiment with a
flexible tip apex.

When the tip interacts with the bare substrate, the interaction potential can be
formally divided into three terms: the interaction between the body of the tip and

Fig. 10.4 Division of the (a) AFM ti AFM tip
total interaction energy p

between a CO-terminated

AFM tip and a clean

substrate (a) and a substrate CO t
with an adsorbed

b: COtU’

Chrny

E"E‘ﬁﬁ'&bule

molecule (b)




184 F. Schulz et al.

the substrate U;_; and the interaction energies between the CO molecule and the
substrate Uco—s and the tip Uco—;, respectively. The situation changes when the
tip is brought above a molecule adsorbed on the surface. We have new interaction
terms between the body of the tip and the molecule U,_,, and between the CO and
the adsorbed molecule UéO—m‘ In addition, if the interaction between the CO on the
tip with the molecule is sufficiently strong, this will cause the CO molecule to bend.
This bending causes interaction energies U,_, and U/ _, to change compared to
the experiments on the clean surface. The total interaction energy can now be written
(for a given tip height)

AU = Ut/fm + (UéO—t - UCO—I) + (UéO—s - UCO—S) + UéO—m (10.1)
where the terms U;_; cancel. In terms of measuring interactions between molecules,
or for the sake of simple modelling of the AFM response, it would be desirable to be
able to measure only the interaction energy Ul,_,,- If the CO molecule on the tip
does notrelax, then the terms in the parenthesis in (10.1) cancel. The term U,_,,, canin
principle be obtained from a measurement on a molecule before tip functionalization.
In that case, it is possible to derive the interaction potential between the CO on the tip
and the molecule adsorbed on the substrate purely based on experiments. However,
if the CO on the tip relaxes, the terms in the parenthesis are non-zero and there is
no direct experimental access to the term U/, _,, . Finally, the above treatment does
not take into account the possible relaxation of the molecule on the surface which
would further complicate the analysis [14].

10.4.2 Can Atomic Positions Be Measured Quantitatively
by AFM with Molecule-Terminated Tips?

In order to understand the atomic-scale imaging mechanism with molecule-terminat-
ed tips, it is very helpful to construct a simple model of the tip-sample junction. We
have used an approach based on molecular mechanics and pairwise Lennard-Jones
(L-J) potentials, where the main tunable parameter is the lateral spring constant kco
of the CO molecule on the tip. While this model is much more simplistic than DFT-
based calculations, the major advantage of the present model is that we can freely
vary kco and therefore systematically study the effect of the tip flexibility. In DFT
calculations, this number is fixed by the choice of the metal cluster used as a tip
model. Details of the model can be found in [15, 18].

We will first consider a well-studied model system to understand in detail the
various background contributions to the measured AFM response. For this, we use
a pentacene molecule adsorbed directly on a metal (Fig.10.5) [1, 15]. Simulated
constant-height A f maps with two different lateral spring constants kco are shown
in Fig. 10.5a. It is immediately obvious that both strongly resemble experimental
AFM images of pentacene (see chapter by Gross et al.). The simulations are able to
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Fig. 10.5 a Simulated constant-height AFM images of pentacene with a relatively stiff (kco = 3
N/m) and soft (kco = 0.3 N/m) CO lateral force constant. b Extracted line profiles along the center
of the pentacene molecule for the two tips (blue line corresponds to kco = 3 N/m and red line to
kco = 0.3 N/m). ¢ Line profile over the center of the pentacene molecule for a rigid tip, which also
shows the contributions from the individual dimers (black and gray lines, the corresponding atoms
are indicated in the inset) and the overall van der Waals background between the CO molecule and
the pentacene (green dotted line). Adapted with permission from [15]. Copyright (2014) American
Chemical Society

reproduce the three main effects where the experimental A f map differs from the
actual structure of the pentacene molecule: (i) all the phenyl rings are elongated in
the y-direction; (ii) the edgemost phenyl rings are also elongated in the x-direction;
(iii) as the tip-sample distance is reduced, the bonds appear sharper (as discussed in
more detail in Sect. 10.4.4) [4, 15-17].

To identify the origin of these effects, we start by extracting the positions of the
CO at the end of the tip during each step of the simulation. It shows that the CO bends
in response to the tip-sample interaction. The overall bending at the outer edge of the
molecule is always towards the center of the molecule and is caused by the attractive
van der Waals interaction between the CO molecule and the pentacene. When the
tip is over the molecule, it can bend away from the nearest atom at sufficiently
small tip-sample distances, irrespective of the vdW background. The maximum CO
displacement is of the order of a couple of pm for the stiffer tip, but can reach several
tens of pm for the softer tip. This naturally depends on the tip-sample distance.

In addition to the tip bending, the background forces from the neighboring atoms
also affect the apparent atomic positions. Figure 10.5b shows A f line profiles along
the center of the pentacene molecule for a flexible (kco = 0.3 N/m, red line) and a
stiff (kco = 3 N/m, blue line) tip. The peaks in the A f line profiles correspond to the
apparent positions of the carbon dimers along the middle of the pentacene molecule.
Their real, geometric, positions are marked by vertical lines. Finally, Fig. 10.5¢c gives
the contributions from the individual dimers (black solid lines), and the outer most
carbon atoms (gray lines, see inset for a schematic) for a rigid tip (kco — 00). The
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green dotted line gives the overall vdW attraction between the bulk Ir tip and the
pentacene molecule.

From Fig. 10.5¢c it is immediately obvious that the peaks corresponding to the
left- and rightmost carbon atoms are shifted significantly towards the center of the
molecule (lateral shift of ca. 25 pm). This is due to the asymmetric background signal
from the neighboring atoms. All the neighboring atoms contribute to the measured
Af signal, and since the last dimer of the pentacene has neighboring atoms only on
one side, this causes an apparent shift in the position of the C—C bond. Contrary to
outer dimer 1 being shifted towards the right, the peak corresponding to dimer 2 is
shifted towards the left, i.e. the outermost benzene ring appears contracted on both
sides. This small shift (around 5 pm depending on the tip height) is due to the slope
of the vdW background between the tip and the whole pentacene molecule. While
this effect is also also present on the last dimer, the asymmetry in the neighboring
atoms has the dominant contribution there. In planar molecules, these effects will
always cause an apparent contraction towards the center of the molecule of the
outermost rings.

Comparison between the simulations with a rigid (kco = 3 N/m, blue line) and
a soft (kco = 0.3 N/m, red line) CO tip shown in Fig. 10.5b allow the assessment
of the tip flexibility on the apparent atomic positions. The results obtained with the
stiffer tip are quantitatively very close to the rigid tip discussed in Fig. 10.5¢c. As kco
becomes smaller, the bending of the CO increases. In general, the van der Waals
attraction causes the molecule at the tip to bend towards the center of the pentacene.
As aresult, the outermost bonds appear stretched, both in x- and y-directions. Hence,
the effect of tip flexibility is opposite to that of the asymmetric background forces.
The dominant contribution depends on kco and the tip-sample distance.

10.4.3 Can AFM Images Be Background Corrected
on the Atomic Scale?

The previous section described how neighbouring atoms affect the measured AFM
response and the positions of the A f maxima corresponding to the atoms. In the gen-
eral case, it is also possible that the atoms are on different heights, if the molecule or
the surface has a three-dimensional shape. We will investigate this on the previously
introduced model system of an epitaxial graphene monolayer grown on the Ir(111)
surface. According to both experimental and theoretical work [15, 16, 48], AFM
in either the constant-height or constant-frequency shift mode will detect apparent
lateral changes in the atomic positions on corrugated surfaces. Typically, most of the
apparent shift in the atomic position is caused by the asymmetric background from
the neighboring atoms that are at different adsorption heights. This suggests that an
appropriate background correction or subtraction could be used to correct the exper-
imental data and allow us to extract the actual atomic structure and positions from
the experiments. This idea can be tested using the simulated images of graphene on
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Fig. 10.6 a Simulated constant-Af AFM image of the graphene moiré on Ir(111) with a stiff
tip (kco = 3 N/m). b Background subtracted images using either a Laplacian of Gaussians filter
(0 =0.6 10\) or a heavily Gaussian blurred background (o = 1 A). ¢ Normalized cross sections of
the image in panel a along the red line (blue line with Gaussian background, black line with LoG).
The vertical lines mark the positions of the bonds. d Cross section along the same line for a more
flexible tip (kco = 0.6 N/m) calculated with two different A f set points. The solid lines correspond
to the tip height, while the dotted lines show the limits of the oscillation amplitude. The background
color corresponds to the bending of the CO along the same section. e Close-up of the bending in
the area marked in panel (d). f The background corrected cross sections of the same bond. Adapted
with permission from [15]. Copyright (2014) American Chemical Society

Ir(111), of which the results are summarized in Fig. 10.6. The simulated constant-A f
image in Fig. 10.6a shows strong long-range corrugation due to the G/Ir(111) moiré
pattern, and examples for different background corrections are shown in Fig. 10.6b.
In principle, the moiré corrugation can be removed from the simulated images using
different filtering schemes. Here, the background was removed either with a Lapla-
cian of Gaussians (LoG) filter, which reduces the contributions from slowly varying
long-range corrugations or through estimating the background by heavily blurring
the original images by a Gaussian filter and subtracting this from the original image.
Line profiles along the segment indicated by a red line in Fig. 10.6a with the two
filtering schemes are shown in Fig. 10.6c.

As can be seen in the line scans, background subtraction of the AFM image results
in an apparent expansion of the graphene hexagons on the hills of the moiré pattern,
which is the reverse trend compared to that in the non-corrected data (not shown in
Fig.10.6) [15]. Background correction improves the match between the apparent and
real bond positions in both the constant-frequency shift and constant-height images.
The apparent positions in background corrected data can be as close as 1 pm from
the real bond positions; however, typically the difference is of the order of 3-5 pm.
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While these differences depend on the exact form of the background, the tip-sample
distance, the lateral force constant of the tip etc., it appears that using the Gaussian
blurred image as the background in constant-frequency shift images results in very
accurate estimation of the bond positions to within <2 pm.

As discussed above, the effects of the unequal background from the neighboring
atoms can be significantly reduced by the background correction in the case of a stiff
tip. What is the situation with a more flexible tip apex? We show simulated line scans
with a softer tip (kco = 0.6 N/m) in Fig. 10.6d with two different A f setpoints (—8
and —10Hz on the repulsive branch). The main difference between these setpoints
is that at Af = —8Hz, the CO reaches the region where it starts to bend away
from the top sites (red background) at the bottom of its oscillation cycle. On the
other hand in the A f = —10Hz image, the CO remains bent towards the hill of the
graphene moiré over the full oscillation cycle. This is shown in the zoomed-in image
in Fig. 10.6e. Figure 10.6f shows the same zoom-in after background correction with
the two methods described above. In the case of the A f = —8 Hz image, the apparent
bonds are closer to the hill of the graphene moiré, while for the case Af = —10Hz,
they are farther from it. This is in line with the tip bending away and towards the
hill of the graphene moiré, respectively. In addition, the flexibility of the CO causes
the bonds to appear sharper at the shorter tip-sample distance. This bond sharpening
also has a slight effect on the apparent bond positions after background subtraction.
Hence, the shift in Fig. 10.6f cannot fully be attributed to the tip bending. However,
the shift in Fig. 10.6f is ca. 20 pm, which is larger than the typical shifts due to
changes in the peak shape.

10.4.4 AFM Contrast on Intra- and Intermolecular Bonds

The discussion on how bonds and atoms in AFM images get distorted due to the
flexibility of the tip apex begs the question of what we are exactly imaging on top
of the bonds, i.e. do we really see the bond? As is discussed in the chapter by Gross
et al., the repulsive force in AFM is related to the overlap of the electron clouds
of the tip apex and the sample [1, 49]. Curiously, images of molecules taken with
functionalized tips often exhibit much sharper contrast between atoms than would
be expected by just considering the total electron density of the sample [4, 17, 18].

This sharp contrast arises from the flexibility of the tip apex. The basic mechanism
can be understood by considering the same simple molecular mechanics tip model
presented in the previous section and applying it to two carbon atoms sitting on a
surface as shown in Fig. 10.7. The simulated AFM response with a rigid CO on the
tip apex, shown in Fig. 10.7a, displays two overlapping spheres, as one would expect
for the spherically symmetric L-J interactions used in the model.

Letting the CO relax due to the tip-sample interaction changes the response con-
siderably and a sharp line appears between the atoms (Fig. 10.7b). This sharpening
can be related to how the CO bends in the repulsive potential on top of the atoms.
The contours in Fig. 10.7c represent the potential felt by the oxygen atom of the CO
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Fig. 10.7 Comparison of contrast in constant-height AFM images on top of two carbon atoms
simulated using a tip with a rigid (a) and a flexible (b) CO apex (kco = 0.6 N/m). ¢ Contour of
the potential of the oxygen atom on the CO above the two atoms with the quiver plot showing
the direction of the CO displacement in the potential. d and e Cross-sections along and across the
apparent bond, respectively. Adapted with permission from [18]. Copyright (2014) by the American
Physical Society

on top of the two atoms. As the CO on the tip apex is flexible, it bends away from
the atoms at sufficiently small tip-sample distances (quiver plot on top of potential in
Fig.10.7c). The steeper the lateral gradient of the potential, the more the tip bends.
In addition to relieving the lateral forces on the tip apex, the bending of the CO also
decreases the vertical force, hence affecting the frequency shift.

The curvature of the potential energy defines how the vertical force map is affected.
On a convex part of the potential (32U /9x%> < 0 or 82U/dy> < 0), the lateral
force increases the more the tip bends. This leads to the sharpening of the potential
maxima in the force map. On the other hand, a concave potential (32U /dx> > 0
or 32U /dy* > 0) will cause the tip to bend less the farther the tip is moved from
the maxima, leading to a flattening of the repulsive region in the force map. This
rule of thumb can be applied independently along different coordinate directions.
When the tip is scanned well above the plane of the atoms, it feels locally convex
potentials centered at the positions of the atoms (assuming the tip is still close enough
to reach the repulsive regime). However, the sum of the potentials produces a saddle
surface on the line between the atoms. Following the above arguments, F is leveled
along the saddle surface (concave), but sharpened perpendicular to it (convex). This
is evident by comparing the cross sections of the Af signal along (Fig. 10.7d) and
across (Fig. 10.7e) the saddle surface between the atoms.

An interesting feature in the simulated images is that the intensity of the Af
signal decreases the most due to the tip flexibility directly on top of the atoms. In
order to understand this, it is useful to directly look at the gradient of the vertical
component of the force dF,/dz. The simulated images in Fig.10.7a, b take into
account the finite oscillation amplitude of the tip (peak-to-peak 1.7 A in this case),
by integrating d F,/dz over the oscillation [50].
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Fig. 10.8 Vertical force gradient (0 F;/0z) at different heights above the two atoms showing the
evolution of the contrast at the low amplitude limit; all images with the same color scale (kco = 0.6
N/m). The finite amplitude image is calculated from the set assuming an oscillation amplitude
ranging over the whole set, i.e. peak-to-peak amplitude Ap, = 1.2 A

Figure 10.8 shows the evolution of the force gradient as a function of tip height
taking into account the tip relaxation. The series starts at a height of 3.9 A, which is
close to the equilibrium distance of the oxygen on the CO and the two carbon atoms
on the surface. At this height, the CO does not bend considerably as the forces acting
on it are rather weak. Once the tip is brought closer, the force gradient on top of the
atoms begins to sharpen due to the CO bending away from the potential on top of the
atoms. At around 3.1 A, the contrast directly on top of the atoms abruptly changes.
At this point the CO becomes unstable on top of the atoms. Even thought the lateral
forces cancel out on top of the potential maxima, the gradient of the lateral forces
eventually exceeds the lateral force constant of the tip and causes the inversion in
contrast. Taking the tip even closer to the sample causes the saddle surface of the
potential between the atoms to go through a similar evolution; first a sharpening and
then eventually a contrast inversion. Finally at very close distances, the tip flexibility
starts to dominate and 0 F, /dz starts to level off through-out the image.

However, neither the atoms nor the bonds appear dark when taking into account
the full oscillation amplitude by integrating over the panels shown in Fig. 10.8. What
happens though is that the relative intensity of the Af signal on top of the atoms
reduces. This causes the atoms and the saddle surface between them to appear almost
equally bright and further strengthens the impression of visualizing bonds between
the atoms as lines drawn in chemical diagrams.

The above model does not take into account the actual chemical bonds between
the atoms in any way. In a covalent bond, the electron density is increased between
the bound atoms leading to stronger Pauli repulsion of the CO apex on the bond. With
regard to the tip model used here, this would not change the sharpening mechanism as
it would just slightly increase the potential on the saddle surface between the bound
atoms. The model however allows bond-like contrast to appear in AFM images with
no actual bonds, provided that two atoms are close enough to one another to form a
saddle surface in the potential between them.
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This type of contrast has been observed in AFM images of various systems [6, 9,
18, 51]. In particular, intermolecular contrast has been interpreted as originating from
hydrogen bonds, even though it is not clear why a mainly electrostatic interaction
should give rise to repulsive contrast in AFM images. It is even possible to observe
intermolecular contrast in a system where there is no underlying intermolecular bond
[9, 18]. One example of a system where the flexibility of the CO causes bonds to
be imaged where no bonds exist is formed by bis(para-pyridyl)acetylene (BPPA)
molecules [18]. On an Au(111) substrate, the BPPA molecules form tetramers sta-
bilized by hydrogen bonds between the pyridinic nitrogens and the hydrogens of the
adjacent molecules. As a consequence of the hydrogen bonding (red dashed lines in
Fig. 10.9b), two nitrogens are pushed close to one another. It is clear that the two
nitrogens with their lone electron pairs do not form a bond with one another. The total
electron density calculated by DFT in Fig. 10.9¢ also shows negligible electron den-
sity between the nitrogens. Yet, with small tip sample distances, bond-like contrast
is observed both on the actual hydrogen bonds and and between the nitrogens.

The formation mechanism of the intermolecular contrast here is the same as in
the case of the two atoms presented above and can be reproduced well using the
same simple model. The evolution of the intermolecular contrast formation as a
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Fig. 10.9 Formation of intermolecular contrast between BPPA molecules. a Constant-height AFM
image of a BPPA tetramer formed on gold. b Schematic representation of the tetramer with the
dashed red lines marking the hydrogen bonds that stabilize the tetramer. ¢ Total electron density
given by DFT 3.1 A above the molecular plane. d (fop row) Experimental constant-height AFM
images with a CO tip taken at different heights on top of the tetramer junction showing the appearance
of both C-H---N and N-N intermolecular contrast at close tip-sample distances. (bottom row)
Simulated constant-height AFM images with a flexible CO tip (kco = 0.6 N/m) at the given heights
showing the appearance of the same intermolecular contrast. The relative height scale is the same
in the experimental and simulated images (simulated image at 385 pm matches the experimental
image corresponding to the tunneling set-point of 0.1 V/10 pA). The heights correspond to the
lowest point of the tip oscillation. Adapted with permission from [18]. Copyright (2014) by the
American Physical Society

simulation
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function of the tip height is shown in Fig. 10.9d. With large tip-sample distances,
no intermolecular contrast appears either in simulation or in experiment. At these tip
heights, the repulsion from the opposing nitrogens does not reach the middle point
between them and no saddle surface is formed. Taking the tip closer, lines start to
appear both between the two opposing nitrogens and on the actual hydrogen bonds
holding the tetramer together. The contrast first appears between the two opposing
nitrogens as they are closer to one another and hence the saddle surface is formed
there first. On the hydrogen bonds the saddle surface only starts to appear when the
tip reaches the repulsion from the hydrogen in the hydrogen bond.

The contrast saturation at small tip-sample distances demonstrated earlier with
the two atoms also appears here. At the closest tip-sample distances, the contrast on
the hydrogen bonds and between the nitrogens becomes indistinguishable from the
contrast on the acetylene moieties, even though the electron density, and hence the
repulsion, is much larger on the acetylene moieties. The reason is the same as in the
case of the two atoms (Fig. 10.8). At the point when the CO becomes unstable on the
saddle surface, the intensity of the Af signal no longer increases there. This point
is obviously first reached on the acetylene moiety, but eventually also on parts with
the intermolecular contrast, rendering the magnitude of the Af signal the same on
both areas. Then, the contrast in the AFM images is dictated by the lateral stiffness
of the CO and is no longer related to the magnitude of the tip-sample interaction.

10.5 Conclusions

We have discussed the effects of tip reactivity and flexibility and the role of back-
ground forces on the AFM response in molecular systems. Depending on the tip
reactivity, it is possible to observe either only repulsive or attractive and repulsive
atomic contrast. The apparent atomic positions are affected by the background signal
from the neighbouring atoms as well as the possible flexibility of the tip apex.

Tip flexibility has other important consequences for AFM imaging in addition to
causing shifts in the apparent atomic positions. The tip bends away from the ridges
in the saddle surface of the tip-sample interaction potential, which produces sharp
lines between nearby atoms. At the same time, the tip flexibility decreases the Af
signal directly on top of the atoms. These effects enhance the contrast on the bonds
which makes it easier to recognize the molecular backbone in the AFM images. On the
other hand, at sufficiently small tip-sample separations, the saddle surfaces in the tip-
sample interaction potential surface and the atoms become equally bright, irrespective
of the electron density of the sample. At this point the contrast formation in AFM is
dictated by the lateral stiffness of the CO and is no longer related to the magnitude of
the tip-sample interaction. This implies that intermolecular contrast does not directly
correspond to the presence of an intermolecular bond. Consequently, quantitative
understanding of intra- and intermolecular contrast in AFM images requires taking
into account the effects from tip flexibility.
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Chapter 11
Single Molecule Force Spectroscopy

Rémy Pawlak, Shigeki Kawai, Thilo Glatzel and Ernst Meyer

Abstract Molecular-scale forces has a pivotal role in biological, chemical and phys-
ical processes. Single molecule force spectroscopy refers to the study of these forces
as well as the mechanical properties of single molecules under applied forces. The
term has appeared more than two decades ago in the field of biochemistry, however
the recent advances of atomic force microscopy (AFM) operated at low tempera-
ture have brought such studies down to the atomic level hence opening new exciting
perspectives. At this ultimate level, the intrinsic properties of individual organic
species are now quantified by measuring force and conductance informations at
the sub-molecular level. Not only restricted to the mechanics of the adsorbates,
these techniques are nowadays employed to reveal their chemical structures, their
electronic characteristics as well as their optical properties. This chapter reviews
proto-typical experiments revealing the fundamental properties of single molecules
using advanced spectroscopic techniques at low temperature. First, we will discuss
the requirements of such spectroscopic experiments as well as the “essence” of
the physical quantities extracted from them. Section 11.3 will respectively show the
capability of this approach in the elucidation of the structure of single molecules,
the mechanical properties, their internal mechanical behavior under various manip-
ulation processes. Section 11.4 will be dedicated to the study of their electronic and
optical properties down to the sub-molecular scale. Finally, Sect. 11.5 will discuss
the future prospects.
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11.1 Introduction: Towards Single Molecule Investigations
with nc-AFM

Since the development of scanning tunneling microscopy (STM) by Bining et al. [1]
and shortly after atomic force microscopy (AFM) [2], exploring and interacting with
surfaces with atomic precision is a dream became true [3, 4]. Looking at atoms as
well as molecules with such techniques has rapidly opened a widespread interest in
various scientific field such as material science, engineering, fundamental physics,
chemistry and biology.

Following the first atomic resolution by non-contact atomic force microscopy
(ncAFM) [6-8], the technique has proven its ability for observing with atomic
resolution metallic [9, 10], semiconducting [6, 8, 11, 12] and insulating surfaces
[13-15]. In addition to “see” atoms, many efforts have been focused by the commu-
nity to quantify forces arising between the interaction of the AFM tip and various sur-
faces by conducting spectroscopic measurements [16—22]. The remarkable advances
in understanding and acquiring these data have then shown the capability of the tech-
nique to chemically identify atomic species at surfaces [24-26], manipulate atoms
in a controlled way [27-29] or build-up 2D- and 3D-force vector fields with atomic-
scale precision [31-35]. An additional benefit of such spectroscopic approaches
compared to imaging is the recovery of the normal and lateral forces as well as
the potential energy landscape of the tip-sample interactions via post-processing
[32, 36-39] which reveal the AFM technique as a unique tool for characterizing
forces at the atomic scale.

If real-space observations of single molecules by STM appeared in the early 90s
[40], such achievements with ncAFM were slightly delayed [41-44] principally due
to the need of technological improvements. For instance, studies of single molecules
via force spectroscopy using a silicon cantilever appeared in 2003 with the mechanical
switching of a single porphyrin molecule [45] or the observation of single nanotubes
with atomic precision [46]. The implementation of quartz tuning forks as force sensor
(qPlus sensor [47-49]) brought the ncAFM mode even further by allowing unique
experiments combining force and current detection at low temperature. In 2009,
the resolution of the chemical structure of a single molecule was demonstrated by
L. Gross and coworkers by means of direct imaging and 3D-force spectroscopy
[50]. The charge state of single adatoms, point defects in MgO and single molecules
on NaCl thin films were also determined by mapping the local potential difference
(LCPD) between tip and sample [51-54], a technique which was also employed to
reveal the charge distribution within single molecules [55-58]. Further experiments
based on force and current spectroscopies were then widely used to understand
molecular properties and physical phenomena at the nanoscale [59—69].
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Single molecule force spectroscopy reveals the mechanical response of indi-
vidual molecules under localized forces applied and measured with an AFM.
With the latest advances in spectroscopic techniques combining force and cur-
rent, it is now also possible to reveal their chemical structure, their electronic
properties (electronic gap, charge state, internal dipole moment) down to the
sub-molecular scale.

In this chapter, we will introduce our recent works on force spectroscopy
performed on individual molecules at low temperature. We will briefly discuss
experimental requirements such as the isolation of molecules, the precise data acqui-
sition of force and current spectroscopic information simultaneously and their post-
processing. Then, we will show the investigation of the structural and mechanical
properties of single organic species at the sub-molecular scale as well as their mechan-
ical behaviour during vertical or lateral manipulation with the AFM tip. A second
section will focus on combined spectroscopic measurements of force and current
giving important insights into the electronic properties of single molecules. Finally,
we will discuss future experimental considerations and experiments to observe new
physical phenomena at this ultimate level.

11.2 Experimental Requirements

11.2.1 Single Molecules at Surfaces

Performing single molecule force spectroscopy experiments requires the isolation of
the organic species on top of atomically cleaned surfaces. Substrates, typically crys-
tal facets of Cu, Ag, and Au, are prepared by several cycles of sputtering/annealing
in ultrahigh vacuum. Evaporated from a Knudsen cell heated up to the sublimation
temperature of the molecule, the organic species usually possess sufficient amount of
kinetic energy to diffuse on the surface at room temperature leading to step adsorp-
tion or self-assembly. The molecule-surface interaction has a fundamental role in
controlling the diffusion length of the organic species. When adsorbed on reactive
metals or semi-conductors having dangling bonds isolated molecules can be found
at room temperature, however it is usually not the case when deposited on bulk
insulators at room temperature.

A “trick” to overcome this issue introduced by Repp et al. [70, 71] is to conduct
such evaporations within the microscope at low temperature (4.8 K) to avoid dif-
fusion. In this way and as depicted in Fig. 11.1, molecules are usually isolated and
randomly distributed on the surface while its adsorption geometry is determined by
the molecule-substrate interaction. In addition, ultrathin films of an insulating materi-
als such as NaCl can be grown on these metal surfaces to be used as decoupling layers.
Molecules deposited on top of them are electronically decoupled from the metals
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Single Molecules

Fig. 11.1 Concept of single molecule force spectroscopy. During molecule evaporation, the sub-
strate is kept at low temperature (below 10 K, within the microscope) to avoid any self-assembly.
Insulating thin layers such as NaCl can also be grown on fop of which molecules are deposited.
3D-spectroscopic dataset of force and current can be then conducted on such “individualized”
molecules having different adsorption characteristics and thus variable intrinsic properties

keeping their electronic integrities, which are then probed by STM/nc-AFM exper-
iments [51, 70, 71]. Such reference samples, i.e. NaCl thin films/Cu(111), is also
well known for functionalizing tip apexes with various molecules adsorbed on NaCl
layers to perform high-resolution imaging [55]. The cuboid of Fig. 11.1 schematizes
a 3D-databox where the spectroscopic measurements are usually acquired.

11.2.2 Three-Dimensional Spectroscopic Measurements

11.2.2.1 Acquisition Method and Experimental Setup

3D-dynamic force spectroscopy measurements (3D-DFES) are able to investigate sur-
faces with sub-angstrom resolution in real space. In frequency modulation atomic
force microscopy (FM-AFM or nc-AFM)), the observable is the frequency shift (A f)
with respect to the resonance frequency ( fy) of an oscillator resulting from the inter-
action forces F between a nano tip and the surface. Using numerical conversion
algorithms, 3D-fields of the site-dependent interaction forces as well as the surface
potential energy landscape can be extracted above a material in the three dimen-
sions (x, y, z) from the Af(z) spectra (Fig. 11.2b) [72]. Electrostatic forces can be
also locally probed by measuring the tip-sample interaction with respect to the sam-
ple voltage, V, between tip and sample (A f(V), Fig. 11.2d). Through the measured
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Fig. 11.2 llustration of a 3D-spectroscopic measurements above a single molecule. The grid on
top of the molecule set up by the experimentalist predefines the resolution of the final spectroscopic
map. At every point of the grid, the variations of A f and tunneling current /; versus the tip-sample
distance Z or the bias voltage V are recorded. Typical single spectra of Af(z), 1;(z), Af(V)
and /,(V) obtained at one point of the grid are plotted in (b), (¢), (d) and (e) respectively. In
(e), HOMO and LUMO refer to Highest Occupied Molecular Orbitals and Lowest Unoccupied
Molecular Orbitals respectively

tunneling current /; versus the tip-sample distance z or V (Fig. 11.2c, e), additional
information of the sample conductivity can be obtained such as the electronic band
gap of a material and the electronic states of single molecules.

We use a commercial low-temperature STM/AFM system from Omicron GmbH
operated with Nanonis electronic from SPECS. Both STM and AFM data are acquired
with a tuning fork sensor in the qPlus configuration having an external wire for the
tunneling current. The W tip is usually poked into an atomically cleaned metal
(Cu(111)) to sharpen and chemically define its apex. The parameters usually used
for force spectroscopy are A = 50 pm, k = 1800 N/m with O = 15,000-60,000
at Sk and fp &~ 25 kHz. As depicted in Fig. 11.2a, we usually acquire data with
the grid mode [63] meaning that single-point spectroscopies of Af and tunneling
current /; are recorded simultaneously at each point of the predefined matrix of
x x y x znm? length containing x” x y’ x 7’ data points. Since such force and current
mapping usually takes more than 10h, small thermal drift even existing at helium
temperature measurement can induce significant measurement errors. Furthermore,
this thermal drift is non-linear in the measurement time-scale. The so-called feed-
forward method [37, 73] cannot be used in such cases. Thus, we developed a “drift-
corrected three dimensional force and current spectroscopy”, in which the tip-sample
relative position is corrected between each spectroscopic curve by using atom tracked
tip positioning [74]. Figure 11.2b—e shows typical single point spectra of Af(z),
I;(2), Af (V) and I;(V), dI/dVthat are used to investigate the fundamental properties
of molecules at the atomic scale.
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11.2.2.2 Determination of Interaction Forces and Potential

The correlation between normal tip-sample forces F;; and measured Af has been
described in detail by [37-39, 47, 48, 75, 76]. The following part focuses on the
essential formulas. During the approach of the oscillating qPlus sensor to the surface,
the resonance frequency shifts under the action of the tip-sample interaction forces.
The motion of the AFM tip can be described as a weakly perturbed harmonic oscil-
lator [47]. In the case of qPlus sensors operating with small oscillation amplitudes
(A<100 pm), the relation between frequency shift Af = f — fy and the tip-sample
force Fy or the tip-sample stiffness k;; can be approximated by:

Af@) _ 1 0F@), ks
Jo 2k 0z 2k

(11.1)

where z is the tip-sample distance, fj the resonance frequency, k the sensor stiffness,
(0 Fys(z)/0z) is the averaged force gradient over the tip oscillation cycle which is
considered constant for small oscillation amplitudes and thus approximated by k;s =
—0JFy5(z)/0z, the tip-sample stiffness.

However, k;; can vary by several order of magnitudes when using larger oscillation
amplitudes. A more general expression to calculate F, from the A f and not restricted
to only small oscillation amplitudes was obtained using first-order derivation in the
Hamilton-Jacobi approach and given by [47, 76]:

1
Af(z)z—%/lFm(z+A(l+u)) (ﬁ)du (11.2)

with fp resonance frequency, A oscillation amplitude and k stiffness of the oscil-
lator and F;4 tip-sample force interaction. In the integral, the term u/+/1 — u? acts
as a weight function which help to describe the contribution of A f with respect to
the oscillation amplitude [38]. From this formula, the experimental Af(z) is corre-
lated to the tip-sample interaction force by a mathematical transformation inversion.
Several approximation methods have thus been proposed to simplify this inversion
[17, 77, 78]. The method we employed is the analytic approximation developed by
Sader and Jarvis [75] giving F;s(d) from the measured A f(z) as follows:

2k O((1 Al/Z A3/2 9

Fuld) =4 8Vt —d) 2z—d) oz

)Af(z)dz, (11.3)
Jo Ja

A further integration gives the tip-sample surface potential U;s(d) as :

« 12 o 2/3
Uts<d)=%/ —ap AT fimd A Af()dz (11.4)
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with d is the closest tip-sample distance, z the tip-sample distance, fj the resonance
frequency of the oscillator, A its oscillation amplitude and k the stiffness. Even
though these analytic expressions can be easily implemented to post-process the
Af (z) curves, a particular attention must be taken when acquiring the data to obtain
an high accuracy of the extracted F;,. The Sader and Jarvis algorism indeed requires
to know the whole Af(z) pathway, from the closest tip-sample distance (z = d)
up to a distance where the oscillator is unaffected by the tip-surface interactions
(z = ). Since the long-range force contributions are in principle not site-dependent,
we always record one “long” Af(z) curve (typical sweep distance 5-10 nm) after
acquiring a 3D-dataset in order to extract the long-range vdW background of each
single curve [23]. Using Sader and Jarvis algorism, the A f(z) curves must also be
free of instabilities or jumps to avoid errors in the force and potential extraction due
to the integration process [38]. Finally, the intrinsic parameters of the qPlus (k, A
and fo) have to precisely estimated to avoid further offsets. From the A f(z) spectra
taken at each point of a 2D-grid, F;s(x, ¥)(z) can be determined at every point. In
this way, a force field in three dimensions, F;s(x, y, z), can be built up above the
choosen surface [60, 61, 63, 74, 79]. A further integration of F;s(x, y, z) will give
the tip-surface potential Uy, (x, y, z) [32]. The derivation of this potential Uy (x, y)
along x and y will also provide maps of the lateral forces Fj(x, y) [36].

11.2.2.3 Local Contact Potential Difference (LCPD) Mapping

Kelvin Probe Force Microscopy (KPFM) is an advanced AFM technique which
combines the high spatial resolution of the AFM technique and the measurement of
work function introduced by Lord Kelvin [80]. When two parallel plate capacitors
face each other and have different work functions ¢; and ¢, are electrically connected
via a back electrode, electrons are transferred to align their Fermi levels. A difference
of potential appears in the vacuum barrier separating the plates appears, so-called
contact potential difference (CPD) and defined as: V = (¢1 — ¢2)/|e| with e the
charge of the electron. The original method is thus based on the measurement of
displacement current generated between the two plates, induced by the CPD and
continuously measured.

Based on the ncAFM mode, KPFM detects the variation of electrostatic forces
between tip and surface. A dc-voltage is applied to minimize the electrostatic forces
between tip and sample, then defined as Vicpp = (Ptip — Psample)/l€]), when an ac-
voltage modulation is applied to the tip to track the electrostatic force contribution.
The curve has a parabola shape because it probes the electrostatic force contribution
of tip-sample interactions described by in the simplest approach:

1dC
ahay\

= y2 11.5
2 dz ( )

Fer
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where C is the capacitance of the tip-sample capacitor, AV = Vi, — Vi cpp is the
potential difference between tip and the sample V,cpp. Note that C depends on the
tip-sample distance and the geometry of the probe.

An alternative of the conventional dynamic KPFM mode [80] is to determine the
LCPD with spectroscopic curves by measuring the tip-sample interaction, Af (V),
as a function of the bias voltage V. A typical Af (V) spectra is shown in Fig.11.2d.
The LCPD is given by the position of the maximum of the parabola correspond-
ing to the LCPD compensation, noted V* = Vicpp, and estimated by numerical
fitting. Based on several Af (V) spectroscopic curves acquired over a 2D- or 3D-
matrix, LCPD(x, y) maps can be built-up after extraction of V* at each position.
This approach is slower than KPFM since the curve needs to be acquired over a
large bias voltage variation at every point. However, the interpretation of LCPD is
more straightforward since it avoids additional feedback loops which can produce
crosstalk effects. In the following, we will refer to this spectroscopic technique as
LCPD mapping rather than a “true” analogue of the KPFM despite of the fact they
measure the same physical quantity.

LCPD mapping at low temperature has already shown the detection of different
charge states [50, 52, 53] and the charge distributions within single molecules at
the atomic scale [55-57]. The physical origin of these contrasts at the atomic level
can be correlated to “work function changes” but further to local dipole moments,
inhomogeneties of electron distributions at step edges or point defects as well as local
polarization effects. It is important to differentiate the short- and long-range contri-
butions of the electrostatic forces, one being related to bulk properties of a material
(long range) and the other one from for example to adatoms or single charged point
defects (short-range). Several models have been developed taking into account the
short-range, long-range contributions and polarization effects when interpreting the
experimental data [§1-83]. Combining low temperature spectroscopic experiments
with theories is most likely the key to further develop our understanding of atomic-
scale measurements of electrostatic forces.

11.2.2.4 Scanning Tunneling Spectroscopy-STS

The tunneling current I, measured by STM depends on the local density of electronic
states (LDOS) close to the Fermi level of the sample. When the STM tip is brought
close to the sample, the wavefunctions of tip and sample overlap. In the low bias
voltage application, the variation of I, with respect to the tip-sample distance z is
monotonic and expressed as follow [84, 85]:

const.V

I,(z) exp 27 (11.6)
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with « is the inverse decay length. « is written:

2m (¢tip + ¢samp) eV
K = 2 7 E + > (11.7)
where ¢ and gsamp are the work function of the tip and sample respectively. A typical
experimental curve of I;(z) is shown in Fig. 11.2b. In constant-current mode, the I;
contribution is approximately the integrated LDOS of the surface. The tunneling
current at a fixed (x, y) position and at constant tip-sample distance z and bias
voltage V is given by:

eV
(V. x,y) CX/ pi(E —eV)ps(E, x, y)T(E,V,2)dE (11.8)
0

with p; and pg are the DOS of tip and sample respectively, E the energy and T
is a transmission function describing the probability of electrons to tunnel between
tip and sample. It is well-established that the derivative of the tunneling current is
proportional to the surface LDOS. Its expression is:

diT(E,V, Z)Pr(E—eV)d

v E (11.9)

eV
dl/dV < T(E,V,z2)ps(E, x,y)p:(0) +/0 ps(E, x,y)

Atconstant height and for low bias voltages, the transmission coefficient 7 is assumed
to be energy independent. Therefore (11.7) thus links directly the derivative dI/dV
to the LDOS of the sample at a fixed tip-sample position z. Nowadays, the study of
molecular systems is widely conducted using dI/dV providing a accurate positioning
of their filled (Highest Occupied Molecular Orbitals-HOMO) and empty electronic
states (Lowest Unoccupied Molecular Orbitals-LUMO) [70]. Combining force and
current spectroscopy is a powerful asset to better understand electronic properties of
single molecules.

11.3 Probing Mechanical Properties at the Sub-molecular
Level

11.3.1 3D-Force Field of Fullerene Cg

To reveal the capabilities of force spectroscopic measurements to study single mole-
cules, we first investigated fullerenes Cgp adsorbed on Cu(111) [60]. The chemical
structure of the molecule is shown in Fig. 11.3a and consists of 12 pentagonal and 20
hexagonal carbon rings. Cg( deposited at room temperature on the surface nucleate
at step edges and form 2-3 monolayers islands, but we focused on single molecules
adsorbed on top of those islands. The 3D-force field presented in Fig. 11.3 was built
up from several Af(z) spectroscopic curves taken above the molecule in a box of
1.1 x 1.1 x 0.5 nm? containing 60 x 60 x 128 data points. The total recording time
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Fig. 11.3 a Closest constant-height Fy;(x, y) map extracted from a 3D-force field showing
intramolecular resolution. b Molecular orientation according to the F (x, y) map. ¢ Successive
Fis(x, y) maps at different tip-sample separations, and d Fy;(x, z) cross-section taken at the cen-
ter of the molecule, revealing the contrast evolution with respect to the tip-molecule distance z.
The z axis is distorted for a better readability. Total 3D-DFS parameters, 1.1x 1.1 x 0.5nm> with
60 x 60 x 128 data points, V ~ 300 uV, A = 60 pm

was approximately 13 h and, as previously described in Sect. 11.2, we also recorded
Af (z) of 10nm sweep distance to estimate long-range force contributions and extract
the total normal force.

Figure 11.3b shows such a F;s(x, y) map obtained at the closest tip-sample
z whereas Fig.11.3c, d show various plots of the 3D-force field Fis(x,y, 2).
Figure 11.3b clearly shows the chemical structure of the Cgp with an edge between
polygons on top of the molecule and thus allows an unambiguous interpretation of
the molecule orientation as depicted in Fig. 11.3a. The data also confirms that intra-
molecular resolutions of molecules can be obtained via force spectroscopy as first
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shown by Gross et al. [50]. In addition to sub-molecular resolution imaging, such
results reveal that the dominant force regime in sub-molecular imaging is the Pauli
repulsive force regime [50]. With qPlus sensors operated at small amplitudes, intra-
molecular resolutions are usually obtained by probing the Pauli repulsive regime
of forces [50]. The largest repulsive forces is =600 pN at the top of the molecule
whereas at the periphery of the structure the forces are lowered to ~400-500 pN due
to the curvature of the molecule. In contrast to CO functionalized tip experiments
(see Chap. 12), the values of these repulsive forces is sensibly higher, that we assume
to result from the more reactive Cu-terminated tips. Figure 11.3c, d describes suc-
cessive Fys(x, y) constant-height maps at different tip heights and a vertical cross
section Fys(x, z) taken at the center of the molecule, respectively. It shows that a
variation of the z distance of ~80pm is sufficient to induce the disappearance of
the structure resolution during constant-height imaging. For tip-sample separations
larger than 80 pm, the contrast essentially results from short-range attractive force
interactions. The molecules appear as a homogeneous protrusion similar to previous
nc-AFM contrasts on insulators or semiconductors [86].

Figure 11.3e, f shows individual tunneling current and force spectroscopic curves
obtained at specific (x, y) positions above the molecule (see insets Fig. 11.3f). We
particularly focused our interest on the carbon sites of the buckyball structure (marked
by blue and back dots) and the center of the carbon ring (red dots). In the /; curves
(Fig. 11.3e), the center of the carbon ring (red curve) has the highest value of tun-
nelling current (2130 pA) whereas the different C sites appear with less intensity.
In contrast, the force spectroscopic curves (Fig. 11.3f) have a different behaviour.
For 7z distances where the tip probes short- and long-range attractive forces (region I
and II), the curves coincide thus indicating site-independent information. When the z
distance is smaller than 100 pm, strong differences arise induced by the contribution
of site-dependent repulsive forces. We observe that the maximum extracted interac-
tion forces above carbon atoms varies from 450-580 pN depending on the site. This
variation is again the consequence of difference of the tip-sample distance z at the
closest point due to molecule curvature. The red curve was obtained at the center of
the carbon ring (site f in Fig. 11.3f) and exhibits the smallest interaction force at the
closest point (390 pN).

Importantly, the slopes of the F(z) curves in the repulsive regime (Fig. 11.3f) cor-
respond to the local force gradient variations and can be interpreted as local elastic
properties appearing between the structure of the Cgp molecule and a Cu-terminated
tip. Above carbon atoms, vertical force gradient k;; vary from &9 to 7 N/m. At the
center of the carbon ring, k;s is lowered to ~4 N/m. Since the dissipation signal
was extremely small (<10 meV/cycle), we conclude that the local deformations are
purely elastic and not plastic. Therefore, these results demonstrate that mechanical
properties of single molecules can be probed at the sub-molecular scale via force
spectroscopic measurements. However, the interpretation of such data is a challeng-
ing task. Concluding whether the tip, the molecule structure, the substrate or the
whole system is deformed is not straightforward and often require additional numer-
ical calculations. For example, the deformation of the substrate under the probed
Ceo [66] or the distortion of CO molecules under similar experiments [87, 88] has
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been already demonstrated. In the following subsections, we will thus focus on
experiments showing that only mechanical properties of adsorbed molecules can be
probed at the sub-molecular scale.

11.3.2 Directed Rotation of Porphyrins

In comparison to the fullerene structure which has a high mechanical stabil-
ity, porphyrin molecules are expected to be more deformable since they contain
many “bendable” C-C bonds between their core and the peripheral end-groups.
Figure 11.4a depicts the chemical structure of the HyTBCPP porphyrin molecule
that we employed. The molecule consists of a free-base porphyrin core function-
alized with two meso-(3,5-dicyanophenyl) and two meso-(3,5-di-tert-butylphenyl)
peripheral rings. Carbonitrile groups (CN) are well-known to enhance organometallic
complexation, which in our case ensures a strong anchoring to the Cu(111) surface.
STM images (Fig. 11.4b) show individual molecules oriented along the [110] and
equivalent symmetry directions of the Cu(111) surface.

The single molecules appears by STM (Figs. 11.4b, 11.5a) as two bright spots
and two darker one, corresponding to the di-tert-butylphenyl and dicyanophenyl
moieties, respectively. Upon adsorption particularly due to the strong CN-Cu inter-
action between molecule and surface, a conformational change occurs meaning
that the molecular structure is strongly deformed. Instead of the C4 symmetry of
the gas phase, molecules are flat-lying and have a Cp, symmetry so called saddle-
conformation. In this conformation, the dicyanophenyl-groups are slightly rotated
out of the surface plane in such way that one CN group always remains closer towards
the substrate compared to the other one. Steric hindrance between the adjacent legs
further leads to a bending of the pyrrole units of the central macro-cycle up- and
downwards by about 20°-30° [89].

Fig. 11.4 a Chemical structure of the free-base porphyrin equipped with two meso-(3,5-
dicyanophenyl) and two meso-(3,5-di-tert-butylphenyl) rings. b Constant-current STM image
of single porphyrins adsorbed on Cu(111) adopting a saddle-shape geometry (I, = 25 pA,
V =500 mV)
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Fig.11.5 a—cshow a constant-current STM image, the closest /; (x, y) and A f (x, y) maps obtained
a single porphyrin, respectively. d depicts the molecular adsorption symmetry. e, f Are /;(x, y)
maps at different tip heights and a /;(x, z) crosssection, whereas (g, h) are the corresponding
Af(x,y) maps and Af(x, z) crosssection. Four spots of positive frequency shift are identified
with sub-molecular precision in the Af (x, y) maps (c¢) and help the chemical recognition of the N
atom locations of the dicyanophenyl side groups in the molecule structure. Tip-molecule chemical
bindings can be done through them allowing to apply local deformations to the molecule

11.3.2.1 Carbonitrile Group Recognition and Force-Induced Rotations

Systematic 3D spectroscopic measurements were conducted above single porphyrins
in cuboids of 3.2 x 3.2 x 0.5 nm? consisting of 68 x 68 x 128 data points. The closest
recorded /; (x, y) map (Fig. 11.5b) reveals the local electronic density of the molecule
at the Fermi level and recalls the shape observed by STM (Fig. 11.5a). In contrast,
the closest Af(x, y) map and the Af (x, z) cross-sections (Fig. 11.5g, h) show the
molecule mainly as a dark protrusion all along the tip-sample z distance. Since
only long-range attractive interaction forces are inducing the molecular contrast,
the achievement of resolution of the chemical structure cannot be expected. A the
periphery of the molecule, four localized peaks with more positive Af (~30Hz)
corresponds to the exact location of the N atoms of the CN side groups. The same
phenomenais also visible in the current channel, manifested by abrupt jumps to higher
currents (Fig.11.5e, f). The Af remains positive several hundreds of picometers
during the tip retraction (see arrows in Fig. 11.5h).
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Fig. 11.6 a Individual approach-retract /;(z) and Af(z) curves taken at the N atom position. A
tip-molecule junction is formed during approach (transition 1-2 in b) which allows the manipulation
of the dicyanophenyl leg during retraction (region 2-3)

To better understand these local instabilities, we plot single approach/retract (z)
and Af(z) curves recorded at a single N site. Both curves (Fig. 11.6a, b) feature
a hysteresis loop close to z = 0 between the forward and backward sweeps with
abrupt jumps in I; and Af, that we attribute to a junction formed between the N
atom of the molecule and the Cu-terminated tip. The integration of the A f(z) curve
along the z direction up to 1 (Fig. 11.6b) represents the tip-sample interaction force
F;s =~ 180 pN required to create the bond. The tip-sample stiffness k;; extracted from
the Af is& 1.5 N/mat 1 and corresponds to the stiffness of the tip-molecule junction.
This chemical interaction results from the coordination between Cu adatoms of the
tip apex and a single N atom of the CN group. While the tip is being retracted (region
2-3), this bond is sufficiently strong to lift the CN group vertically. At larger tip-
sample distance (z > 400 pm), I;(z) and Af(z) perfectly coincide indicating that
the hysteresis process do not induce strong tip changes. Importantly, the manipulated
side group recovers its initial position which was systematically confirmed with STM
images afterwards. The hysteretical switching is reversible and observed regardless
of the considered molecule and the targeted N atom. Therefore, we demonstrate that
force spectroscopy can be employed for recognizing specific chemical groups of a
single molecules. In the following we used this ability recognize and control this
bound in order to apply localized forces to the molecular structure leading to its
controlled deformation.

Using this method, we found that a planar rotation of the molecule is reliably
induced on the surface with a single z spectroscopic curve when the tip is slightly fur-
ther approached (*20 pm) compared to Fig. 11.6. Details of the spectroscopic curves
can be found in [62]. The manipulation process, depicted in Fig. 11.7a—c, consists of
a 60° rotation. The rotation direction with respect to the initial orientation is mediated
by the N atom chosen to generate the tip-molecule junction (Fig. 11.7a). Thereafter,
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(a) Tip-molecule junction (b) Molecular deformation (c) Rotation

1- anticlockwise rotation 2- clockwise rotation

Fig. 11.7 a—c Cartoon of the manipulation experiment consisting of the rotation of the
dicyanophenyl end group by the tip. d The molecule has four CN function which can be used
for the manipulation process. Anti-clockwise and clockwise rotations are induced by taking a sin-
gle spectroscopic curve at 2 and /, respectively

a single spectroscopic curve is acquired inducing the rotation of the dicyanophenyl
side groups (Fig.11.7b) and the distortion of the molecular structure. The manip-
ulation of the porphyrin leg induces the displacement of the CN group in contact
with the surface. By further retracting the tip, the tip-molecule junction ruptures and
the molecule readopts the saddle conformation and rotates by 60° (Fig. 11.7c). We
found that clockwise rotations are induced by attaching the tip to the N sites noted
2, whereas counterclockwise rotations arise from the sites 1 regardless of the cho-
sen enantiomer (Fig. 11.7d). Furthermore, to avoid lateral shifts due to drift or piezo
creep and to reach successfully to the N site, atom-tracked tip positioning was acti-
vated above one tert-butyl group before the spectroscopic curve. These results thus
demonstrate the controlled vertical, lateral and rotational manipulations of isolated
porphyrins by means of single force spectroscopy. It particularly opens the study of
more complex molecular systems using this technique.
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11.3.3 Vertical Manipulation of Long Molecular Chains

To further investigate the mechanical degree of freedom of single molecule structure,
we mimicked pulling experiments of long molecular chains as performed in biology
with for example proteins and DNA. For that purpose, we used a well-defined poly-
meric chain synthesized in-situ and measured its mechanical properties with force
spectroscopy while lifting it [90].

Based on on-surface chemistry approach [91, 92], polyfluorene molecular chains
were synthesized on Au(111) from evaporated dibromoterfluorene molecules (DBTF,
Fig. 11.8a). The molecule consist of three fluorene units terminated by Br atoms at
both ends. At elevated temperature (490 K), a debromation process occurs allowing
the radicals to diffuse and covalently link as molecular chains. Previous experiments
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Fig. 11.8 a Polymerization reaction induced on Au(111) to produced long molecular chains from
dibromoterfluorene (DBTF) molecules. b Concept of the experiment: the AFM tip connected to the
end of the molecular chain is employed to performed pulling experiments. ¢ A f(z) curve obtained
during the lifting of the macromolecule. The detachment is marked by the arrow. d Magnification
around z = 17.5 nm. e Calculated dependence of the normal force gradient versus tip-surface
distance z. f Magnified view showing superimposed modulation between three detachment events
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by Lafferentz et al. demonstrated that vertical manipulations of single chains can be
further performed to measure their conductance [93]. To do that, the Au-terminated
tip apex is positioned precisely at the end of the molecular chain close enough to
connect to the chain.

With the same approach, pulling experiments were performed to measure the
mechanical behavior of polymers during their lifting as depicted in Fig. 11.8b [90].
Figure 11.8c shows the measured Af(z) curve up to a distance of 25 nm during the
vertical manipulation of a 20-nm long chain. The effective stiffness, calculated from
the Af, is indicated on the right scale. A periodic variation is observed, with each
period terminated by an abrupt jump (indicated by the red broken lines). The number
of periods (24) exactly corresponds to the number of the fluorene units previously
observed by STM imaging. At the end of the Af(z) curve, the Af is ®0Hz as a
result of the detachment of the molecular wire from the surface. Interestingly, the
periodicity of the curve is ~0.91 £ 0.07 nm which coincides with the length of a
single fluorene unit of the chain (0.845nm). We conclude that the chain has a step-
wise detachment from the surface, unit after unit, which is readily detected by force
spectroscopy. A closer observation of few periodic events (Fig. 11.8c) also reveals
that a second minor modulation marked by green broken lines. Its periodicity is
close to the substrate lattice direction along which the molecular chain is sliding
while being pulled (0.5 nm).

To quantify further the experimental results and explain these periodic modula-
tions, we developed an extended version of the Frenkel-Kantorova (FK) model. In
analogy to the FK model, the molecular chain is approximated by a series of coupled
particles connected by equivalent springs of stiffness k£ and equilibrium length b.
Each unit interacts with the substrate through a sinusoidal potential simulating the
Au(111) surface. In addition to the FK model, a more realistic interaction potential
to estimate the surface-molecule interactions was used, introduced to describe gas-
atom solid interactions by Steele [94]. More details about the model can be found
in [90]. As shown in Fig. 11.8e, f, the model perfectly reproduces the experimental
Af (z) curves revealing that both periodicities resulting from the stepwise detach-
ment as well as the sliding of each unit on the surface. It is however essential that the
effective stiffness of the pulled-off segment is large compared to tip-sample stiffness
(~tip-molecule bond).

A remarkable advantage of these simulations is to analytically estimate the nor-
mal force required to detach one unit (attractive force of ~0.25nN) and shows that
this force is nearly independent of the length of the chain and the unit position in the
chain. In addition, the model provides new insights into normal and lateral forces
acting on the pulling tip which are difficult to determine from the measured A f and
energy dissipation without questionable assumptions. This simulation is remarkably
simple and its flexibility further allows to adapt it to more complex molecular sys-
tems by varying interaction and deformation potentials for different units and/or
adjusting parameters to account for specific interactions with atomic lattices. These
results confirmed the capability of force spectroscopic experiments to probe mechan-
ical behavior of molecular structure at the sub-molecular level. It further gives new
insights into the friction phenomena during manipulation processes.
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11.3.4 Lateral Manipulation of Single Porphyrin:
Atomic-Scale Friction Pattern

In the following experiment, we particularly studied this sliding characteristic.
Instead of pulling a molecule with the tip apex, we manipulated a single molecule
laterally attached to the tip apex over an atomically clean surface [95]. To perform
these lateral manipulations with single porphyrins, we intentionally terminated the
tip apex with a single molecule. The molecule we used is described in Sect. 11.2
Fig. 11.4. The tip apex is decorated by picking up the molecule from the Cu(111)
surface via indenting the tip onto the center of the molecule.

The friction experiments are then conducted by approaching the porphyrin-
terminated tip to the Cu surface while oscillating the tuning fork sensor with
small oscillation amplitudes (=50 pm). Figure 11.9b shows a typical Af(x, y) map
obtained by scanning the Cu(111) surface at constant height. An atomic-scale contrast
is clearly observed which resembles the frictional patterns obtained by conventional
Friction Force Microscopy on Cu(111). The hexagonal structure has a periodicity
of 20.26 nm which closed to the expected one for the Cu(111) lattice of ~0.29 nm.
A dark depression is also observed in the bottom right part of the image which
corresponds to a Cu vacancy of the surface. Figure 11.9c shows line profile taken
within the image of the tip-sample stiffness k;s(x) extracted from the A f data. The
maximum k;; is about 3 N/m and the average stiffness variation Ak;s is &5N/m
which corresponds to the tip-surface stiffness mediated by the porphyrin molecule.
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Fig. 11.9 a Cartoon of the experiment: a single porphyrin is attached to the tip by vertical manip-
ulation and dragged over a Cu(111) surface. b Constant-height A f (x, y) map above the Cu(111)
surface revealing a typical friction-like pattern. ¢ Profile showing the sawtooth modulation. d Model
of the simulation based on the generalized Tomlinson model and e the simulated profile
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We attribute this to the CN end-groups and their ability to coordinate with copper
atoms of both the tip and the surface (Cu-coordinated bonds) which ensure the sta-
bility of the junction and particularly its atomic nature. Moreover, we assume that
the degree of freedom of the dicyanophenyl leg and particularly its o bond attaching
the leg to the porphyrin core ensures the frictional process.

In order to demonstrate this effect on friction and adhesion, we employed a gen-
eralization of the Tomlinson model using the Steele potential, that includes the reori-
entation of the dicyanophenyl ring with respect to the porphyrin core and stretching
of the bond. As shown in Fig. 11.9d, the CN-Cu interaction is approximated by a
masse m attached to the tip by a spring k. The reorientation of the porphyrin leg
with respect to the porphyrin core is described by the polar angles, ¢’ and ', of this
spring as shown in Fig. 11.9d. The stretching of the bond is given by the deviation of
the bond length, r’ compared to the equilibrium value ry. All these parameters can
change during the simulation which are describe in details in [95].

Figure 11.9¢e shows the simulation of friction response for a specific scan angle
which reproduces the experimental data. Different orientations of the molecule with
respect to the tip were also analyzed as well scan angle [95]. As main conclusions,
we emphasis that: (1) the friction loop between the forward and backward scans
is small showing that, despite of the complex molecular structure attached to the
tip, an atomic-scale patterns can be obtained; (2) the friction forces depend on the
attachment of the molecule to the tip that is characterized by the angles; (3) forward
and backward force traces can exhibit anisotropy that arises from changes of mole-
cule conformation during sliding. Both experiments and simulations thus show that
including the dynamics of degrees of freedom of molecules is crucial for understand-
ing mechanism during their lateral and normal manipulations. Understanding such
mechanical behavior might help to foresee the appropriate chemical groups with
respect to surfaces as well as the preferential displacement of molecular nanoma-
chines in motion.

11.4 Prospects in Probing the Electronic Properties of Single
Molecules

With the advent of force spectroscopy at low temperature, it is now possible to
investigate local contact potential difference (LCPD) between tip and sample (see
Sect. 11.2) which is related to work function changes, local dipole moments, inho-
mogeneties of charge distributions as well as local polarization effects down to the
nanometer scale. Based on the detection of electrostatic forces via Af (V) spectra,
LCPD mapping provides insights into charges states at the atomic scale [51-54] or
the sub-molecular charge distribution of single molecules [55-58]. The following
examples report LCPD maps of the charge distribution of single molecules as well
as an experimental approach to investigate their optical properties in the future.
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11.4.1 LCPD Mapping of a Donor-Acceptor Molecule

To confirm the ability of LCPD mapping to spatially resolve charge distribution at
the sub-molecular scale, we employed donor-acceptor molecules, the 4-(4-(2,3,4,5,6-
pentafluorophenylethynyl)-2,3,5,6-tetrafluorophenylethynyl)-phenylethynylbenzene
(FFPB), deposited at room temperature on reconstructed (2x 1)-Au(110) [57]. As
revealed by the STM investigation (Fig. 11.10), chains are spontaneously formed
and oriented with respect to the surface orientation. The FFPB consists of four ben-
zene rings interlinked by ethynylene units. Two aromatic benzene rings are substi-
tuted with fluorine where the two other are free-based (H-terminated). According
to DFT calculation, the electronegativity of the F atoms compared to the H atoms
induces a net dipolar moment of 4.27 D along the chain. The electronegativity of
the F-substituted benzene rings in FFPB acts as an acceptor compared to the ben-
zene ring of the molecule end, the being donor part. The self-assembly depicted in
Fig.11.10b is mediated by the formation of (C-F...H-C) hydrogen bonds between
the fluorine units and H-terminated carbon rings, leading to the structural deforma-
tion of the molecular structure which has been confirmed by AFM imaging and DFT
calculations [57].
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Fig.11.10 a STM image of the FFPB molecules deposited on (2 x 2-Au(110)) atroom temperature.
b The chemical structure of the FFPB molecules and the self-assembly developed on Au(110).
¢, d Constant-height LCPD(x, y, V*) and I;(x, y, V*) maps of a chain revealing intra-molecular
resolutions. e Electrostatic potential simulated by DFT on a plane above the molecular plane
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Figure 11.10c, d shows constant-height LCPD(x, y, V*) and I;(x, y, V*) maps,
respectively. The current map shows a similar contrast to the STM data with adja-
cent molecules in the chain having identical contrast with an opposite direction. In
addition, the LCPD map reveals the internal charge distribution of the molecule. The
variation of LCPD between the surface and the molecule is about ALCPD =~ 120 mV
whereas the internal charge distribution shows a ALCPD =~ 10 mV. Since the bias
voltage is applied to the tip, the negatively charged part has a more positive LCPD
value. Therefore, the LCPD map allows a clear identification of the donor-acceptor
parts within the molecule as further confirmed by numerical of the electrostatic
potential of the system (Fig. 11.10e). With the prospects of studying photo-induced
electronic effects in such molecules, LCPD mapping has thus the great advantage
to precisely resolve the charge distribution of molecules down to the sub-molecular
scale.

11.4.2 LCPD Mapping of Metal-Phtalocyanin on Thin
Insulating Films

To preserve the electronic integrity of single molecules and thus their optical proper-
ties, it is essential to perform such experiments on insulating layers to avoid “quench-
ing” by the metal. Therefore, we performed similar experiments on Cu-based phtalo-
cyanin (CuPc) (Fig.11.11a) adsorbed on two NaCl monolayers on Cu(111) [96].
STM images of the single CuPc molecule is shown in the top of Fig. 11.11b. Two
molecular resonances derived from respective orbitals are clearly visible and can be
attributed to the HOMO (2.3 V) and the LUMO (&1.4 V). STS spectrum (blue
curve) recorded at the center of the molecule confirms the positions of the HOMO
and LUMO respectively (Fig. 11.11b). Importantly, this suggests that the electronic
structure of the molecule is preserved upon adsorption [70]. Furthermore, a STM
image acquire within the molecular band gap shows a contrast dominated by the
charge distribution close to the Fermi-level, which also features a charge depletion
area at the center of the molecule.

Constant-height I;(x, y, V*)/LCPD(x, y, V*) mapping are shown in Fig. 11.11b,
¢, respectively. Figure 11.11b clearly recalls the constant-current STM obtained in
the band gap (Fig. 11.11b). The contrast above the molecule in the LCPD map is
shifted to larger LCPD values compared to the substrate with an overall value of
~80 mV. In addition, a modulation of the LCPD within the molecule is observed
of ~60 mV with a pronounced dip above the central Cu atom. The peripheral rings
of the molecule appear with more positive LCPD (=80 mV). In analogy with the
I;(x, y) maps, the LCPD variation at the center of the molecule most likely reflects
the charge depletion at the central Cu atoms of the molecule.

The recent LCPD resolutions of single molecules thus demonstrate that pre-
cise determination of the charge distributions of molecules is possible at the sub-
molecular scale [55-57]. These results show that force spectroscopy might be able
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Fig. 11.11 a The Cu-phtalocyanin structure. b STS spectra and corresponding STM images of
the molecule adsorbed on NaCl thin films/Cu(111). ¢ Constant-height ,(x, y, V*) maps and
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to detect charge transfer through single molecules via external excitation, for instance
molecules contacted between nanoelectrodes or photo-excited. The following exper-
iment describes the experimental approach we employed to detect photo-excited
color centers in nanoparticles.

11.4.3 Towards Probing Optical Properties of Single Molecules

Nanodiamonds (NDs) are carbon particles with sizes from two to few tens of nanome-
ters having a diamond structure, that we deposited on graphite in order to probe their
structural and optical properties via force spectroscopy. The NDs, characterized by
STM in Fig. 11.12b, also contain sub-surface nitrogen-vacancy centers (NV) which
are lattice point defects of a crystal inducing new optical absorption bands. These
nitrogen centers in diamond consists of a substitutional nitrogen atom associated
with a vacancy in the carbon lattice (see inset Fig. 11.12a). They induce additional
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Fig. 11.12 a Cartoon of the experiment: nanodiamonds (ND) which contain Nitrogen-Vacancy
centers (NV) are deposited on a graphite surface. b These color centers induce electronic states
within the diamond band gap. ¢ STM image of a single ND particle. d Comparison of single Af (V)
spectra obtained above a ND under dark and 400 nm illuminations revealing a clear shift (=190 mV)
of the LCPD

electronic states in the large band gap of diamond (Fig. 11.12¢) and have a maximum
adsorption at A = 638nm, so-called the zero-phonon line (ZPL). Because these
particles are small, probing their optical properties is extremely challenging with
conventional optical techniques. We thus conducted force and current spectroscopic
measurements at low temperature to address this issue [64].

Figure 11.12d shows a comparison of Af(z, V) curves above the same ND under
dark and 400 nm illumination. The extracted LCPD shows a variation of Vycpp = V*
of ~190 mV. Such lateral shift of the parabola maximum is known to result from
localized charges in the vicinity of the surface [51]. The vertical shift is related to
the stronger electrostatic force contribution most likely arising from these charges.
These observations are consistent with the photoexcitation of the defect centers of
NDs and thus confirm that optical properties of materials can be measured locally.
However, the variation of the force field under illumination might also induce a
change of the tip-sample distance reflected then in the LCPD measurements. To
ensure the interpretation, the z dependency of the LCPD must thus be know from
the long-range to the short-range regime of electrostatic forces.
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To do that, we conducted systematic /,(z, V)/Af(z, V) spectroscopic measure-
ments under five illumination conditions (dark, 400, 470, 530, and 590 nm) above the
same diamond (Fig. 11.13a). In dark (dark curve) and at large tip-sample separation
(z = 2nm), the extracted LCPD value is ~300 mV. When entering the short-range
regime of electrostatic forces by decreasing the tipsample distance, the LCPD then
decreases to 350 mV as a consequence of the appearance of charge images at the tip
apex. At close distance (z = Onm), the difference of the LCPD values, A(Vicpp),
observed between A = 400 and 470nm is ~50 £ 5 mV and arises from different
photoionization processes, i.e. electrons excited from various electronic states are
transferred to the conduction band.

When illuminating at A = 590 and 530nm (red and green curves), a positive
variation of the LCPD values is also observed which contrasts with the variation
in dark. Here, the LCPD variation is induced by the continuous photoexcitation of
electrons through the NV electronic states. The photocharges are only localized at
the NV centers and not transferred to the conduction band due to lack of photon
energy. They are however detected as LCPD variation toward more positive values.
The ALCPD between these wavelengths at z = 0nm is ~70 & 5 mV. The maximum
of electronic transition for NVs is obtained for A = 530nm which is also the max-
imum LCPD shift compare to the reference value obtained in dark (190 & 5 mV).
Therefore, we conclude that the comparison of LCPD spectroscopic measurements
under continuous illumination conditions is sensitive to photo-created charges in
defect centers. To further confirm this claim, we also analysed the simultaneously
recorded tunneling current. Figure 11.13c, d shows the evolution of the conductance
curves versus the tipsample separation z under dark and A = 530 nm illumination,
respectively. A comparison of these curves clearly reveals the appearance of steps
for the irradiated ND (Fig. 11.13c, green dashed lines) whereas, in dark, they are not
present. These kinks in the 7 (V') curve are the signature of the electronic states of the
photo-excited NV centers. The HOMO of the NV centers lies at ~1.2 eV below the
Fermi level whereas the LUMO is found at ~0.6 eV. The HOMO-LUMO gap is 1.8
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eV and coincides with the zero phonon line of the centers obtained experimentally
(1.945 eV) or theoretically predicted (1.75-1.85 eV).

Our results demonstrate that combined current and force spectroscopic measure-
ments under continuous illumination can detect at the nanometer scale subsurface
color centers of NDs through their optical excitation. We show that the z variation of
the short-range electrostatic forces obtained from LCPD spectroscopy also depends
on the utilized wavelenghts to photo-excite the system. Similar light-assisted spec-
troscopic experiments on molecular systems adsorbed on thin insulating layers might
thus resolve the effect of radiation on single molecules at the sub-molecular scale.

11.5 Conclusion and Perspectives

With the advent of qPlus sensors operated at low temperature, tunneling current and
force spectroscopic measurements are widely employed to reveal atomic-scale phys-
ical phenomena at surfaces. In this chapter, we reviewed our recent works applying
such spectroscopic techniques to single molecules in order to reveal their intrinsic
properties at the atomic scale. Particularly, the extraction of forces from the measured
frequency shift helps to probe the structure of single molecules as well as their local
mechanical behavior. Although the interpretation of the A f data must be done with
careful experimental considerations, appropriate numerical models provide insights
into the degree of freedom of single molecules. We showed that the degree of free-
dom and the frictional properties of single molecular species during vertical or lateral
manipulations can be understood from force spectroscopic data obtained at the sub-
molecular level. We foresee that further “mechanical” based phenomena might be
elucidated at this level with these techniques such as mechano-chemistry reaction or
the mechanical and frictional behavior of molecular nanomachines.

In addition to their mechanical properties, we show that current/force based spec-
troscopic measurements help studying the electronic character of single molecules.
When current information versus the tip-sample voltage V provides molecular band
gaps and orbitals, our results also prove that short-range electrostatic force varia-
tions obtained from the variation of A f as a function of V can also image the charge
distribution of molecules at the sub-molecular scale. We further demonstrated that
spectroscopic measurements under illumination reveal the photo-activity of defect
centers in nanoparticles from the creation of localized charges. Although some exper-
imental and theoretical issues must be still addressed, these experiments clearly open
the way to study charge transfers through single molecules via external electrodes
or their photo-activity under variable illumination conditions at the atomic scale.
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Chapter 12
Atomic Resolution on Molecules
with Functionalized Tips

Leo Gross, Bruno Schuler, Fabian Mohn, Nikolaj Moll,
Jascha Repp and Gerhard Meyer

Abstract Atomic resolution on molecules was obtained by employing function-
alized tips, that is, deterministic chemical modifications of the last tip atoms, for
NC-AFM. The most widely used tip fuctionalization for this purpose to date is a
single CO molecule. Here we review the contrast mechanism and compare different
tip functionalizations. Furthermore, we describe the use of NC-AFM with func-
tionalized tips for the identification of molecular structures, the determination of
molecular adsorption geometries, bond-order discrimination, and for Kelvin probe
force microscopy with sub-molecular resolution.

12.1 Experimental Set-up and Tip Functionalization

A prerequisite for increasing the lateral resolution on molecules with NC-AFM was
the atomic functionalization of the tip apex with a suitable atom or molecule [1].
The most prominent functionalization for NC-AFM is CO [1-24], but also other
functionalizations have led to atomic resolution on molecules [1, 20, 25, 26]. Several
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tip properties are related to its atomic/molecular termination and will significantly
affect the AFM contrast and resolution that can be achieved:

e Tip reactivity: To obtain atomic resolution on molecules one needs to probe
repulsive force contributions. Typically the tip needs to be approached until the
maximum attractive interaction between the foremost tip atom and the atoms to be
imaged is reached. Therefore one needs a rather inert tip to prevent the molecule
to be imaged from being picked up or displaced by the tip.

e Tip size: It can be expected that small-sized tip functionalizations are beneficial
in terms of lateral resolution. In particular diatomic molecules that are attached
vertically to the tip lead to a high aspect ratio, which will be beneficial for resolution
on the atomic scale.

e Tip relaxation: Atomic relaxations of the tip can occur owing to the forces acting
between tip and sample. These relaxations give rise to imaging artifacts, which
can lead to an apparent sharpening and may be beneficial or disadvantageous
depending on the information that one wants to extract.

e Tip dipole: The charge distribution at the tip apex, in particular the tip dipole,
plays an important role for the contrast obtained with AFM when electrostatic
forces contribute significantly to the image contrast.

All these tip properties do not solely depend on the atomic/molecular functional-
izations of the tip alone, but also on the mesoscopic part of the tip, e.g., the tip
material [27], the crystallographic orientation of the tip [14], its work function and
asperity. However, usually the functionalization itself yields the predominant force
contributions for the interaction on the atomic scale [1, 28].

It is advantageous to use atomic manipulation [29] to functionalize the tip
rather than using randomly functionalized tips that have to be assigned by their
contrast. When the terminating atom or molecule of the tip has been picked up delib-
erately using atomic manipulation, the tip functionalization is known and can be
reproduced on demand. In most cases, the procedure of tip fabrication of a certain
atomic/molecular tip termination by means of atomic manipulation consists of the
following steps:

1. The atoms or molecules or precursors thereof that are to be used as functional-
izations are deposited onto the sample.

2. Onthe sample surface, they are located using either scanning tunneling microscopy
(STM) or AFM. The pickup usually follows an empirical recipe, typically by
approaching the tip vertically towards the atom or molecule to be picked up with
a certain voltage or voltage ramp applied.

3. Finally, the success of the tip functionalization is confirmed using STM or AFM,
to verify that the atom or molecule that should have been picked up is no longer
on the sample surface and that the image contrast has changed in a characteristic
way.
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The list of atomic/molecular functionalizations that have been used for AFM so far
include the following:

e Metal atoms: Ag, Au. These tips are formed by picking up individual metal adatoms
from NaCl films [1, 30, 31].

e Semiconductor atoms: Si, Ge and Sn, could be extracted from semiconductor
surfaces at room temperature [32—35].

e Halogen atoms: Cl and Br, which have been either extracted from thin films as in
the case of C1[1, 30] or have been dissociated from deposited precursor molecules
prior to pick-up as in the case of Br [25].

e Noble gas atoms: Xe [20, 25, 29] and Kr [25].

e Diatomic molecules: CO [1, 36] as well as NO [25].

e Larger (aromatic) molecules: pentacene [1], Ceo [37], naphthalene tetracarboxylic
diimide (NTCDI) [26].

The noble gases and the molecules mentioned were all deposited as adsorbates on
the surface and then picked up with the tip for functionalization. Closely related
to AFM with functionalized tips is a technique called scanning tunneling hydrogen
microscopy (STHM) [38], which was demonstrated with Hy, D5, Xe, CO or CHy4 to
yield atomic contrast on molecules with STM feedback [2, 39-41], see Chap. 14 by
Temirov and Tautz in this book. Moreover, for orbital imaging with STM [42] the
CO functionalization was also used to increase the resolution, owing to the p-wave
character of the CO tip [43, 44]. Atomic resolution was recently also demonstrated by
inelastic electron tunneling spectroscopy (IETS), achieved by measuring the spatial
variations of the frustrated translation of the CO at the tip [45].

STM operation can facilitate tip functionalization because often the recipes to
perform a certain manipulation, e.g. the pick-up of a specific atom, are known from
earlier STM studies [29, 36, 47]; also, STM usually permits faster scanning speeds
and faster z-feedback than AFM. However, all of the terminations mentioned before
can also be obtained using AFM only. Figure 12.1a shows an example of a surface
prepared for studying individual molecules with different functionalized tips. The
molecules to be investigated have been evaporated onto the cold (10K) sample, here
Cu(111) partly covered with bilayer NaCl. Au atoms and CO molecules have been
deposited for tip functionalization. The NaCl layer facilitates the pick-up of adsor-
bates due to their low binding energy and offers functionalization with Cl. Moreover,
adsorbates are electronically decoupled from the underlying metallic surface. Typi-
cal STM contrast, which serves as an indication for successful functionalization of
tips terminated by CO, Cu, and CI, is shown in Fig. 12.1b—d, respectively.

The experiments are usually performed at cryogenic temperatures using liquid
helium cooling, although this is not a stringent requirement, as atomic resolution
on molecules has recently also been obtained with liquid nitrogen cooling [26]. In
most set-ups, the qPlus sensor [48, 49] is employed, which facilitates working in the
small amplitude regime. Typical parameters of the sensors used are spring constants
ko of about 2 kN/m, quality factors Q of 10* up to several 10°, and cantilever
eigenfrequencies f of about 30kHz. The oscillation amplitude A is usually chosen
on the order of 0.5 A, that is, 1 A peak-to-peak, as proposed to be ideal for atomic
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Fig. 12.1 Sample preparation and tip functionalization. a STM constant-current overview image
(tunnel current / = 2.5 pA, sample voltage V = 0.2 V) of a typical sample preparation. The Cu(111)
substrate and a two-monolayer NaCl island (with a small patch of the third layer on fop) can be
identified. Different adsorbates have been deposited on the surface and can be distinguished from
their appearance in the STM topography: Au monomers and dimers, CO, Cg fullerenes, terphenyl-
pyridine (TPP), 3,4,9,10-perylenetetra-carboxylic-dianhydride (PTCDA), cobalt phthalocyanine
(CoPc), and pentacene). b Typical STM image (I = 4pA, V = 0.2V) recorded with a CO tip.
Enhanced resolution of the NaCl surface is observed, as well as a characteristic appearance of the
adsorbates. ¢, d STM images (I = 2.3 pA, V = 0.2 V) before (¢) and after (d) creation of a Cl tip
by picking up a AgCl complex from the NaCl surface. The inset (I = 4pA, V = 0.2V) shows
that a single Cl vacancy was created. Scale bars 50 A in (a) and 10 A elsewhere. Reproduced with
permission from [46]

resolution [50]. Atomically resolved images of molecules are usually obtained using
NC-AFM in the frequency-modulation mode [51]. Typically, images are obtained
in the constant-height mode: The z-feedback is disabled, the tip is scanned on a
predefined plane, usually parallel to the substrate surface, and the frequency shift
Af is recorded. The tip height z is the distance between tip and sample surface. It is
practical to lower z successively until atomic resolution is obtained. On molecules
this is often the case at the tip height at which the minimum of the frequency shift
Af(z) is reached and A f (z) increases with further decreasing z. Reducing z further
leads to an apparent increase of resolution, which typically reaches an optimum near
the z at which Af reaches OHz and where the force has its minimum above the
molecule. The constant-height AFM image of pentacene with a CO functionalized
tip (CO tip) shown in Fig. 12.2 is acquired in this regime. This tip height roughly
corresponds to the region of the force minimum, i.e., the height above the molecule
at which the most attractive force is reached but not yet to the bonding distance,
which is at the minimum of the interaction energy. However, already at this tip
height of maximum attractive force are the repulsive contributions significant, which
is an important ingredient for achieving atomic resolution. Upon further reducing z,
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Fig. 12.2 Constant-height
AFM measurement of
pentacene on Cu(111)
acquired with a CO
functionalized tip; A f-scale:
~7Hz (black) to 2Hz
(white). Reprinted from [1],
Copyright © 2009 American
Association for the
Advancement of Science

imaging eventually becomes unstable. The minimum tip height that can be achieved
for imaging without moving or manipulating the molecule under investigation will
depend on the tip functionalization and the adsorption energy/diffusion barrier of the
molecule on the surface.

12.2 The Origin of Atomic Contrast

For any interpretation of AFM data, understanding of the contrast mechanism is
crucial. At first glance, the atomically resolved AFM images as the one shown in
Fig. 12.2 being similar to the molecular structure, suggest that the contrast simply
reflects the geometry of the molecule. However, the imaging mechanism is far from
being simple. First, the AFM signal is composed of several different types of interac-
tions, such as electrostatic forces, van der Waals attraction, chemical bond formation,
and Pauli repulsion. Additionally, as these forces act on very different length scales,
different parts of the tip and sample structure may contribute to the imaging process.
In the following we will discuss how the different aforementioned contributions
can be disentangled in order to understand the origin of the atomic contrast. Tip
relaxations, which may complicate things even further, will be discussed in the next
section.

One great advantage of AFM is that interaction forces and energies can be mea-
sured and directly compared with density functional theory (DFT) calculated interac-
tion energies and forces. As will be discussed further below, DFT can be used to dis-
criminate between different force contributions. However, an AFM image as the one
shown in Fig. 12.2 is not sufficient to determine the force between the CO molecule at
the tip and the pentacene molecule on the surface. To extract the force, the frequency
shift has to be recorded as a function of z during the tip approach [52]. Ideally three-
dimensional datasets of the frequency shift, so called 3D force maps [7, 53, 54], are
recorded (see Chap. 2 by Baykara and Schwarz in this book). The vertical force F,
can then be extracted from the Af(z) data by using the Sader—Jarvis method [55].
Constant-height slices of a 3D force map recorded above a pentacene molecule with
a CO tip are shown in Fig. 12.3a, b corresponding to the frequency shift A f and the
extracted vertical force F_, respectively.
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Fig. 12.3 Force map measurements of pentacene on bilayer NaCl on Cu(111). a, b Maps of
measured frequency shift Af (a) and extracted vertical force (b) at different tip heights (z = 4.2,
2.6, 1.8, 1.4, and 1.2, decreasing from top to bottom). The data shown are part of a 3D force
field captured with a CO tip in a box of 25 A x 12.5A x 13 A above the pentacene molecule. The
color scales range from —3 Hz (blue) to 0 Hz (white) and from —120 pN (yellow) to O pN (brown),
respectively. c—e Line scans of the vertical force extracted at different heights from 3D force maps
measured with a metal tip (¢) and with a CO tip (d). The difference between the two tips (e) yields
the CO contribution, as indicated in the schematic representations of the tip and sample system
to the right of the graphs. All tip heights are given with respect to the height determined by the
STM set point (I = 2pA, V = 0.2V) with the CO-terminated tip above the substrate. Reprinted
from [1], Copyright © 2009 American Association for the Advancement of Science

The next step is to take into account background forces that stem from the meso-
scopic parts of the tip and the sample in order to extract the interaction force between
the CO at the tip and the molecule on the surface [56]. The background of the sample
can be subtracted by using an on/off method. That is, one records, in addition to the
data above the molecule, also the data above the uncovered bare surface at the same
absolute tip height, e.g., above the surface in the vicinity of the sample molecule.
These forces can be subtracted from the forces measured above the molecule, thus
eliminating the force contribution of the surface below the adsorbed molecule.

To eliminate the contribution of the tip bulk behind the CO molecule, a similar
method can be employed: Here one records, in addition to the data recorded with a
CO tip, the data at the same absolute tip heights, with the same tip, but without the
CO molecule at the tip apex. For this, the CO molecule is deposited again on the
sample and the change of the STM set-point due to that tip change is recorded [1].
Then by subtraction of the forces recorded with and without CO, one can eliminate
the contribution of the bulk tip behind the CO molecule. (Note that the CO and the
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molecule on the surface will be polarized upon adsorption and that this will effect
electrostatic interaction forces, which cannot be compensated in this way).

Such an experiment in which the background of the tip is investigated is shown
in Fig. 12.3c—e. Figure 12.3c shows the force between the metal tip without the CO
molecule and Fig. 12.3d the interaction force of the same tip with the CO mole-
cule attached. Note that only one third of the overall measured short-range force
(Fig. 12.3d) stems from the metallic bulk part of the tip (Fig. 12.3c) and that the latter
contribution shows no atomic resolution. The contribution of the CO molecule only
(Fig. 12.3e) is obtained by subtracting the metal tip forces from the CO tip forces.
Thus, the CO contribution to the overall force is about two thirds and the CO interac-
tion is solely responsible for the atomic contrast. The disentanglement of the signal
by the experimentally performed background correction makes it possible to treat
the remaining system (two relatively small molecules) by ab initio calculations using
DFT.

DFT calculations [57-59] were performed with the Perdew—Burke—Ernzerhof
exchange-correlation functional [60]. To account for van der Waals forces, a con-
tribution proportional to R~® was added to the dispersion energy (where R is the
distance to the center of the atom), following a semi-empirical approach [59, 61].
In the calculations, only the pentacene and the CO are included, neglecting both the
substrate and the metal part of the tip. The pentacene molecule was assumed to be
planar and the CO was restricted to be oriented perpendicularly to the plane of the
pentacene molecule, with the O atom pointing towards the pentacene. Therefore pos-
sible relaxations of the CO, in particular its tilting at the tip apex, were neglected in
these calculations. As we shall see later, these relaxations are important and cause the
apparent distortions and apparent sharpening of bonds observed with CO tips [12].
Nevertheless, the calculations without CO relaxations are useful for understanding
the origin the of the AFM contrast. The fixed CO was positioned at different lateral
(x, y) and vertical (d) positions above the pentacene, where d is the distance from
the CO oxygen atom to the pentacene molecular plane, and for each position, the
interaction energy E;,, was calculated [3].

The distance dependence of E;,;(d) was fitted by a Lennard—Jones-type potential
of the form E;,;(d) = (a/d)b — (u/d)?, with fitting parameters a = 6.0 A b=
12.6, u = 9.5 A, v = 6.1 for the center of the pentacene, see Fig. 12.4a. The verti-
cal force F;(d), shown in Fig. 12.4b, and frequency shift A f (d), shown in Fig. 12.4c,
were then obtained from the fitted curve by differentiation with respect to d [3, 62]:

af = J0OF: _ fo PEi
2koy od 2ko 9d?

(12.1)

Note that the differentiation of E;,;(d) with respect to d shifts the minimum in the
F.(d) and Af(d) curves to greater distances, by about —0.45 A for each differentia-
tion, see Fig. 12.4. Hence, in A f maps, atomic contrast is observed already at greater
distances d than in F; and E;;;(d) maps.

The calculated constant-height A f map of the CO molecule above the pentacene
molecule, shown in Fig. 12.5a, corresponds qualitatively and also quantitatively well
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Fig. 12.4 a Computed interaction energies (crosses) and the corresponding Lennard—Jones fit for
the CO molecule above the center of the pentacene molecule, as a function of the intermolecular
distance d with respect to the oxygen atom of CO. b The force F,(d) and ¢ the frequency shift
Af(d), computed from the Lennard—Jones fit. Reprinted from [3]

with the experiment (see Fig. 12.2). A contrast of about 5 Hz is observed in experiment
and theory, with the greatest A f* values at the apparent positions of C atoms and C—-C
bonds. The maximal attractive forces on the order of 100 pN are observed above the
hollow sites of the carbon rings in the calculations (Fig. 12.4b), in agreement with
the measured and background-corrected forces of the experiment (Fig. 12.3e).
From theory, we can assign the AFM contrast to the different contributing energies
which are shown in Fig. 12.5. The interaction energy Ej,, is the sum of the kinetic
energy Eyin, the van der Waals (vdW) energy E,sw and the (electrostatic + exchange
correlation) energy E.; + Ex.. Out of these contributions, only Ejy;, is repulsive
and shows atomic contrast. The repulsive atomic contrast that is observed above the
molecules, i.e., the bright features at the positions of atoms and bonds, is correlated to
the kinetic energy and originates from Pauli repulsion: As the electron wavefunctions
of tip and sample overlap, they change because two electrons (Fermions) cannot
occupy the same quantum state simultaneously, as formulated in the Pauli exclusion
principle [63]. This implies that the overall wavefunction has to be antisymmetric
with respect to particle exchange. When two electrons of the same spin state intersect
in space, their orthogonalized wavefunctions take on larger slopes to keep their
overlap zero. The increase in slope causes an increase in the kinetic energy Ej;p,
which is a large portion of the Pauli repulsion. The Pauli energy can be defined as the
energy difference between orthogonalized and non-orthogonalized wavefunctions:

Epauti = Einte(M) — Eine(11). (12.2)



12 Atomic Resolution on Molecules ... 231

50
2
— S
N [}
o T o £
3 €
w
-2
50
1000 0
'?,E; -50 E
500 < o
u -100 2
_150
0
-200 > =100 s
—200 E
-400 o =
-300 =
—600 Tz
-400 LI.iE
—800 500
500 tent) (1)
onsistent
T 00 = 50 3
(o]
o 2 - 300 E £
l o200 l 200 3 ° =
N £ &
100 -50 -
] 0 10 -5 0 5 10
x (A) X (A)

Fig. 12.5 Computed constant-height plots for CO above pentacene of a the frequency shift Af
for an intermolecular distance of d = 3.61 A and of (b)—(h) specific energies for d = 2.72 A. b The
interaction energy E;,;. The contributions to E;,, of ¢ the kinetic energy Ej;,, d the van der Waals
energy E,4w and e the sum of the electrostatic and exchange correlation energies E.; + E .. f The
interaction energy E;,;(11) calculated using the wavefunctions of the isolated CO and pentacene
molecules without orthogonalizing them. g The Pauli energy Epyuii = Eint — Eins(171). h The

(non-selfconsistent) interaction energy E7'7 (1) using the wavefunctions of the isolated CO and

pentacene molecules and orthogonalizing them. Reprinted from [3]

The orthogonalized interaction energy Ej,; (1) is equal to the fully self-consistent
interaction energy Ejj; (Fig. 12.5b). The second term, E;,;(11) (Fig. 12.5f), i.e. the
interaction energy of a non-orthogonalized system, is calculated by first determining
the wavefunctions of the isolated CO molecule and the isolated pentacene. Using
these wavefunctions, the interaction energy is calculated in the standard DFT way,
but without orthogonalizing them. The Pauli energy (Fig. 12.5g) is then calculated
as the difference of two interaction energies.

Furthermore, the non-selfconsistent interaction energy E7 (1) is calculated
using the wavefunctions of the isolated CO and pentacene molecules and orthogo-
nalizing but not optimizing them any further, see Fig. 12.5h. This resultis very similar
to the fully self-consistent interaction energy E;,, (Fig.12.5b), indicating that the
molecules form no chemical bond. The fact that the CO molecule is chemically inert
facilitates the observed high atomic resolution, as the two molecules can be moved
closer to each other than the distance of maximum attraction without bond formation.
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In atomically resolved AFM images of molecules, the overall interaction forces
typically are still attractive, owing to electrostatic and vdW forces, but the atomic
contrast stems from repulsive contributions of the shorter-ranged Pauli repulsion. In
Fig. 12.3, we can observe how the contrast evolves with decreasing tip height z. For
large distances only the attractive “bathtub shape” stemming from vdW and elec-
trostatic forces is visible. At shorter tip heights, this attraction gives rise to the dark
halo surrounding the molecules. Atomic resolution, which is due to Pauli repulsion
above the atoms and bonds, becomes only apparent for the smallest accessible tip
heights. The absolute tip height with respect to the sample is challenging to extract
from the experiment. Relative tip heights can be measured with high precision, but
the distance d between the last tip atom and the surface plane of atoms cannot be
determined very accurately in the experiment. By theory we found that for planar
aromatic hydrocarbons imaged with CO tips the minimum of Af(z) is typically
reached at d = 3.9 A (see e.g. Fig. 12.4c) above the center of carbon rings, which we
will henceforth use in this chapter for tip-height calibration [12].

There are also differences of the image calculated by theory (Fig.12.5a) with
respect to the experimental one (Fig. 12.2). Most of them can be attributed to the tilting
of the CO molecule at the tip apex. It turned out that in the case of CO functionalized
tips the contrast of AFM images is strongly influenced by tip relaxations. In particular,
the CO molecule at the tip apex will tilt under the influence of the interaction forces.
This tilting gives rise to an apparent sharpening of the bonds in AFM images and
to distortions of the imaged molecular structures as will be explained in Sect. 12.3.
Moreover, differences between experiment and theory, i.e., the increased brightness
at the molecular ends and the different brightness of the upper and the lower edge
of the pentacene molecule seen in the experiment (Fig. 12.2) in part stem from the
non-planar adsorption geometry of pentacene, as explained in detail in Sect. 12.4.

12.3 Bond-Order Discrimination and CO-Tip Relaxation

Bond order is an important concept for the prediction of the geometry, stability,
aromaticity, reactivity, and electronic structure of covalently bonded molecules. The
bond order is related to the bond length and electron density. In general, the bond
length decreases and the electron density increases with increasing Pauling bond
order [64, 65]. For molecules, not only the chemical species of their constituent atoms
can differ, but also the coordination number of atoms, the bond angles, bond order, and
bond length. In polycyclic aromatic hydrocarbons (PAHs), the differences in bond
order and length are subtle because of the delocalized m-electrons that render the
number of electrons participating in a bond non-quantized. However, detecting these
small differences is useful for rationalizing the aromaticity and reactivity of such
molecules [66]. If single crystals are available, the bond length can be determined
experimentally with high accuracy using diffraction methods [67, 68], whereas with
AFM also systems can be studied in which single crystals cannot be grown. Moreover,
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in contrast to diffraction based techniques, which yield values averaged over large
ensembles of molecules, scanning probe microscopy offers the possibility of studying
single bonds in individual molecules.

AFM can be used to differentiate bond orders and lengths of individual bonds
for Cgp and large PAHs [12]. In a Cgp molecule, the bonds fusing two hexagons
(h) are electron-rich compared with the bonds fusing a pentagon and a hexagon (p)
(see Fig. 12.6e). The Pauling bond order P, of a bond b in a conjugated molecule is
found by counting the number of Kekulé structures (classical resonance formulas)
that show b as a double bond and dividing it by the total number of different Kekulé
structures of the molecule [64, 65]. Thus, Pj, can take values between 0 (single bond)
and 1 (double bond); in the case of Cgp, the Pauling bond orders are P, = 0.44 and
P, = 0.28, respectively [69]. Correspondingly, theoretical [70] and experimental
investigations using neutron diffraction [71], electron diffraction [72], and x-ray
diffraction [73, 74] have shown that the bond % is by ~5 % shorter than the bond p.

AFM images of Cgo with a hexagon tile exposed towards the tip are shown in
Fig.12.6. Here the tip height z was calibrated using the theoretical finding that the

Pauling : :
bond order : w M ‘ L .

Fig. 12.6 a—c Constant-height AFM maps of Cgp on Cu(111) at different heights z obtained with a
CO tip. d Laplace- and low-pass-filtered image to measure the apparent bond length L'. e Molecule
model of Cgp with the Pauling bond order of the p and the & bond indicated at the top most ring.
f Line profiles Af (x) across a p and & bond extracted from a 3D force map. The position of the
line profiles is indicated in the inset showing a map of Af at z = 3.6 A extracted from the same 3D
force map. The apparent positions of the p and 2 bond with respect to the center of the molecule
(x = 0) are indicated by the dotted lines. Scale bars 5 A. Reprinted from [12], Copyright © 2012
American Association for the Advancement of Science
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minimum of the A f (z) curve above a carbon ring center is usually found at a distance
of 3.9A between the O atom of the CO tip and the carbon ring as described in
Sect. 12.2. Two important observations can be made: On the one hand, Af is larger
above the & bonds than above the p bonds. This effectis best observed for moderate tip
heights (Fig. 12.6a). The largest A f difference of 0.4 Hz was obtained for z = 3.7 A.
On the other hand, in images with atomic resolution, the 2 bonds appear shorter
than the p bonds; this was best observed for the smallest accessible tip heights (see
Fig. 12.6c). Figure 12.6d shows a Laplace filtered image that was used to determine
the apparent position of the bonds and measure the apparent bond lengths, L) =
2.0(2) A and L’p = 2.7(2) A, respectively. Notably, the apparent bond lengths L’
measured by AFM qualitatively correctly reflect that the /4 bond is shorter than the
p bond. However, both bonds appear to be substantially longer than they really are,
and the difference in the apparent bond lengths of ~30 % is much greater than the
real difference of ~5 %.

Both contrast mechanisms, i.e., bond-order discrimination by Af contrast and
by apparent length, were demonstrated on PAHs. Note that different contrast values
can be expected due to non-planar molecular topographies [9, 13, 20] and differ-
ent chemical species, which are both avoided in the case of planar PAHs. However,
only bonds with a very similar (vdW and electrostatic) background can be compared,
therefore only bonds in the central region of PAHs were compared. Figure 12.7 shows
the results for hexabenzocoronene (HBC) on Cu(111) (Fig. 12.7b) and dibenzonaph-
thoperylene (DBNP) [75] on bilayer NaCl on Cu(111) (Fig.12.7¢). Figure 12.7d,
e shows the measured Af values and apparent bond lengths L', respectively, as a
function of the Pauling bond order. For the bonds investigated, it was observed that
generally Af increased and L’ decreased with increasing bond order. In Fig. 12.7f,
the apparent length is plotted as a function of the realistic bond length extracted
from DFT calculations (for DBNP) [12] and x-ray diffraction measurements (for
HBC) [76]. The slope of the linear regression is 11; that is, the differences in the
apparent bond lengths are about one order of magnitude greater than the differences
in real bond lengths.

To understand the contrast mechanisms, DFT calculations were performed.
Figure 12.8c shows an image of the calculated interaction energy for a non-flexible
CO molecule above the Cg that qualitatively reflects the experimental A f image at
moderate tip heights (see Fig. 12.6a) [12]. The brighter appearance of the /& bonds
with respect to the p bonds is well reproduced. The contrast is related to the electron
density, shown in Fig. 12.8e, which increases with increasing bond order. Increased
electron density leads to stronger Pauli repulsion; consequently, Af is increased
above bonds with greater bond order.

To account for tip relaxations, especially CO tilting at the tip apex [6, 9, 12, 14,
77-81], the tip was modeled as a Cu, cluster with a CO molecule attached, as shown
schematically in Fig. 12.8a. To obtain the Af in this case, the interaction energies
were numerically differentiated twice with respect to the tip height. Calculated A f (x)
line profiles (Fig. 12.8d) without relaxations of the tip structure (dashed lines) exhibit
the A f(x) maxima exactly above the bond positions (vertical gray lines), reflecting
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Fig. 12.7 a Model of HBC and DBNP with the Pauling bond order of their inner bonds indicated.
b, ¢ Pseudo-3D image of a constant-height AFM map of (b) HBC on Cu(111) and (¢) DBNP on
bilayer NaCl on Cu(111). d Measured A f values as a function of the Pauling bond order. e, f The
apparent bond length L’ as a function of the Pauling bond order (e) and as a function of the realistic
bond length (f) with linear regressions. Scale bars 5 A. Reprinted from [12], Copyright © 2012
American Association for the Advancement of Science

the differences in the Cgp electron density. Calculations including tip relaxations
(solid lines) show a lateral shift of the A f' (x) maxima positions (arrows in Fig. 12.8d)
toward greater absolute values of x, leading to an expansion of the molecule in the
image. Moreover, this lateral shift is greater for the & bond than for the p bond, in
agreement with the experiment, leading to the shorter apparent length of 4 bonds
compared with p bonds. The important tip relaxation for the imaging process is
the lateral displacement Ax(x) of the oxygen atom at the tip apex (see Fig. 12.8f)
caused by a tilting of the CO molecule. As this oxygen atom defines the position of
our probe, a locally decreasing Ax(x) (falling slope) results in a local expansion,
whereas a locally increasing Ax (x) (rising slope) results in a local compression along
the x direction in that particular region of the image. Molecular bonds often appear
elongated because of the increasing long-range attraction towards the molecule due
to vdW and electrostatic forces. The lateral forces that act on the tip can be extracted
from 3D force maps and can be used to correct the apparent distortions of AFM
images caused by CO tilting [78].

The tilting of the CO is responsible for the apparent distortion of the molecu-
lar structures in AFM images, and in particular for the amplification of the differ-
ences in the apparent bond lengths. Note that only because of this amplification, can
differences in apparent bond length be measured within the accuracy of the AFM
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Fig. 12.8 a Tip model of a CO tip on a Cu; cluster. b Tip relaxation when the tip is scanned over
the p and / bonds (same x scale as in (d), (f)). Calculated (c) interaction energy and (e) electron
density at d = 2.9A above the molecule (image size: 4 x 4 A). d, f Line profiles of Af and tip
displacement Ax(x) calculated with a static tip (dashed lines) and a relaxed tip (solid lines). The
vertical gray lines in (d) and (f) indicate the positions of the p and & bonds as expected from the
atomic model. The horizontal black arrows in (d) mark the shift of the bond positions in response to
the tip relaxations, which increase in magnitude with decreasing tip height (vertical arrows in (f)).
Reprinted from [12], Copyright © 2012 American Association for the Advancement of Science

instrument. Furthermore, right above the apparent positions of the bonds (that is,
when the regions of maximal electron density are probed), Ax(x) shows a rising
slope, leading to a local lateral compression that gives rise to the very sharp appear-
ance of the bonds at small tip heights. Notably, the calculations with a relaxed CO
tip for d = 3.4 A , besides the distortions and the apparent sharpening of the bonds,
also reflect several other details of the experiment, such as the appearance of a local
maximum in the molecular center and the vanishing A f contrast between p and &
bonds observed for very small tip heights because of the tip relaxations.

The two contrast mechanisms for bond-order discrimination—one based on the
frequency shift and the other based on the apparent length measured by AFM—are
both corroborated by DFT calculations, and both can be used to differentiate bond
orders in individual molecules. Importantly, the tilting of the CO at the tip apex gives
rise to an apparent sharpening of the bonds and amplification of the apparent bond-
length differences, and thus makes it possible to detect length differences between
individual bonds down to 0.03 A [12].
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12.4 Adsorption Geometry Determination

For organic molecules, the adsorption geometry, i.e., the adsorption site, adsorption
orientation, adsorption height and molecular tilt, is intimately linked to the electronic
properties of the adsorbate and the interaction between adsorbate and substrate [82].
Therefore, the adsorption geometry is a direct indicator of the adsorbate—substrate
interaction. The x-ray standing wave method (XSW) [83, 84]is often used for measur-
ing the adsorption height of molecules. However, adsorption sites and tilt angles are
challenging to obtain by this method, and because of averaging over large ensembles,
individual molecules are not distinguished. In contrast, scanning probe microscopy
offers the possibility of studying individual molecules. With AFM, in addition to the
adsorption site and in-plane orientation, even quantitative information on the adsorp-
tion height and the tilt of individual molecules can be obtained, as will be shown
next.

The adsorption site of individual molecules on the substrate lattice can be deter-
mined by STM [85] or AFM [20, 86]. To determine however the adsorption height
and to identify non-planar adsorption geometries, STM is unsuited owing to the con-
volution of geometric and electronic information [87]. Pauli repulsive forces probed
by AFM, on the other hand, are closely related and very sensitive to the tip—molecule
distance, as described in the previous sections.

Qualitative discrimination of adsorption geometries by AFM is shown in Fig. 12.9
for dibenzo[a,h]thianthrene (DBTH) molecules [9]. These belong to the family of
thianthrenes, that are folded along the S-S axis, because of the presence of the lone
pairs of the thioether groups (see model in Fig. 12.9a). On the surface, the two central
S atoms can either stand up or point down towards the surface, giving rise to up
“U” or a down “D” conformation, respectively. With STM measurements (inset in
Fig. 12.9b), the adsorption geometry could not be assigned, whereas with AFM the
unambiguous assignment of the “U” and “D” confirmation was obtained. In the CO-
tip constant-height AFM measurement (Fig. 12.9b) the regime of Pauli repulsion is
reached only on parts of the molecules that are elevated higher above the surface.
Therefore these parts appear bright owing to the onset of repulsive interactions with
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Fig. 12.9 a Model of DBTH. b Constant-height CO tip AFM measurement of DBTH on bilayer
NaCl on Cu(111). Inset constant-current STM of the same area. The labels U and D indicate “up”
and “down” conformations, respectively Reprinted from [9]
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the tip. Hence, the S atoms appear bright in the up conformation, but dark in the down
conformation. Note also that a sharp bright feature along the S-S direction appears in
the up conformation, reminiscent of apparent bonds imaged by AFM. However, this
is not related to a bond, but rather an artifact that stems from the relaxation of the CO
tip and again illustrates that these relaxation effects must be carefully considered in
the interpretation of AFM measurements obtained with CO tips [9, 12, 78-81, 88].
To quantitatively determine and map the adsorption height, a methodology was
developed based on force-distance spectroscopy. The molecular height was correlated
to the tip height z*(x, y) where the background-corrected frequency shift A f (x, v, z)

has its minimum:
(x, ) = argmin {Af(x,y, 2)}. (12.3)

The background correction is performed by the on/off method, i.e., the spectrum
Af (z) above the bare surface (off the molecule) is subtracted from all A f (z) curves
above (on) the molecule. It was demonstrated that maps of z* reflect the adsorp-
tion geometry of molecules [20]. A z* map of pentacene on Cu(111) is shown in
Fig.12.10a, revealing that the molecule is adsorbed in a bent geometry with its
ends farther away from the surface, similar to recent findings for pentacene on
Cu(110) [89]. Moreover, the molecule is slightly tilted around the long molecu-
lar axis. This non-planar adsorption geometry is the reason for the difference in
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Fig. 12.10 a 3D representation of a z* map recorded with a CO tip on pentacene on Cu(111); a
parabolic trough is indicated in blue. b Probability distribution of z* recorded with a Xe tip around
the least-squares-fitted plane with the molecular tilt angle 6 and height for the olympicenes. The
black curves correspond to fitted Gaussian line shapes. The insets illustrate the molecule structures
of the olympicenes. ¢ 3D representation of z* maps of the olympicenes. Least-squares-fitted planes
are superimposed in blue. Reprinted from [20]
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brightness of the long molecular edges and the ends of the molecule, which appear
very bright (for the latter also bond-order-related contrast contributes) in the constant-
height AFM image shown in Fig. 12.2.

To determine absolute adsorption heights by AFM, the method has to be calibrated,
that is, z* has to be correlated to the minimum of A f(z) above the bare surface. This
calibration was performed for CO- and Xe-functionalized tips on Cu(111) substrates
using systems with known adsorption heights. An accuracy of about 0.2 A was esti-
mated for this method with these tip functionalizations [20]. It turned out that for
adsorption-height determination the Xe functionalization is preferred over the CO
functionalization because for this task the tilting of the CO at the tip apex is disadvan-
tageous as it leads to distortions that do not reflect the real geometry of the molecule.
With Xe-functionalized tips atomic contrast on molecules can also be achieved, but
without the strong distortions and apparent bond sharpening of CO tips [20, 25].

Differences in the adsorption heights of molecules can be measured with higher
resolution because here no calibration with respect to the substrate is needed. Further-
more, the accuracy is improved if the same tip is used for comparing the adsorption
heights of molecules. This was shown for three molecules of the olympicene fam-
ily on Cu(111) using a Xe-functionalized tip. These molecules exhibit five fused
carbon rings and differ only in the side group at the central ring, being either Hj
(olympicene), H (radical) or O (ketone), see models in Fig. 12.10b. As shown in
Fig.12.10b, c, the three molecules exhibit very distinct adsorption height differ-
ences. Comparison with theory showed that olympicene is physisorbed (greatest
adsorption height), the ketone is in an intermediate regime between physisorption
and chemisorption, whereas the radical is chemisorbed. In the z* maps shown in
Fig. 12.10c, the tilt of the molecules can be observed. For the olympicenes, adsorp-
tion height differences were determined by AFM with an accuracy of 0.03 A and the
tilt of the molecular planes with an accuracy of 0.2° [20].

12.5 Molecular Structure Identification

The identification of molecular structure is an important emerging application of
high-resolution molecular imaging by AFM with functionalized tips (usually CO
tips). In combination with nuclear magnetic resonance (NMR), AFM has been used
for the structure elucidation of natural products [2, 10] and for the verification of
synthesized compounds [20, 90]. Moreover, AFM has been used to identify reac-
tion products formed by atomic manipulation [4] and by on-surface chemistry [21].
Here again, a strength of AFM is that individual, single molecules are studied. This
renders it possible to investigate also samples that are mixtures of molecules and
to identify their structures individually. Therefore in reactions that yield several
products, these can be addressed individually and even very rare side products of
chemical synthesis that cannot be assigned in the NMR spectra can be detected by
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Fig. 12.11 a-d Constant-height CO-tip AFM images and respective structure models e-h of 1,2-
bis((2-ethynylphenyl)ethynyl)benzene, see model in (e), and its reaction products (f—h) after heating
above 90°C on a Ag(100) surface. Scale bars 3 A. Reprinted with permission from [21], Copyright
© 2013 American Association for the Advancement of Science

AFM [91]. Figure 12.11 shows different products, identified by AFM, of a ther-
mally induced enediyne cyclization of 1,2-bis((2-ethynylphenyl)ethynyl)benzene
(Fig.12.11e) [21].

For ab-initio structural characterization of natural compounds, AFM can be used
to complement NMR and mass spectrometry (MS). Structure identification by NMR
methods becomes challenging on systems with a limited number of hydrogens, in
which the carbon skeleton is interrupted by heteroatoms or where there are quaternary
carbons that have no long-range correlations to protons [2, 92]. Moreover, often x-
ray crystallography is not possible for natural compounds owing to a lack of suitable
crystals. In this case, AFM becomes a powerful additional tool, as it needs only very
small amounts of the substance to be identified (less then 100 pg) and it often can
reveal the connection position and angles between the (NMR-identified) molecular
moieties. AFM structure identification of a natural compound was first demonstrated
for cephalandole A. In that case, also the measured adsorption site and contrast due
to the non-planar adsorption geometry combined with DFT calculations were used
to obtain unambiguous structure determination [2]. In another example, the previ-
ously unknown structure of breitfussin A was identified by combining NMR, MS,
computer-aided structure elucidation (CASE), DFT, and AFM [10]. The molecule
contained six different atomic species, and some of them could be differentiated by
AFM. In particular, the increased repulsive contrast (increased Pauli repulsion) of
iodine with respect to the chemically similar bromine can be rationalized by its larger
vdW radius than that of Br, see Fig. 12.12. On crystalline semiconductor surfaces,
such chemical resolution by AFM has been demonstrated by Sugimoto et al. [93].

However, chemical fingerprinting of elements within molecules by AFM is still
in its infancy and is extremely challenging because of (i) the relatively small bond
distances, (ii) different hybridizations of atoms and different bonds between atoms,
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Fig. 12.12 a Laplace- and low-pass-filtered constant-height CO-tip AFM image of breitfussin A
on Cu(111). b Same image as in (a) with a model of the identified molecular structure overlaid.
Scale bars 5 A. Reprinted from [10]. Copyright © 2012 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim

(ii1) non-planar adsorption geometries and distortions introduced upon adsorption,
and (iv) the relatively small diffusion barriers/adsorption energies, limiting the tip
height and the reactivity of the functionalizations that can be used. A possible route
towards increasing the chemical sensitivity of AFM could involve the additional use
of KPFM and the comparison of different tip functionalizations [31].

12.6 Kelvin Probe Force Microscopy
with Sub-molecular Resolution

With Kelvin probe force microscopy (KPFM), local variations in the contact poten-
tial difference (CPD) can be measured [94, 95] by applying a voltage between the
sample and the oscillating AFM tip so that the electric field caused by the CPD and
the resulting force on the tip are compensated as much as possible. The compensating
voltage V* for a certain tip position represents the local contact potential difference
(LCPD) and can be determined either with a feedback loop or by measuring the
Af (V) spectrum and finding its maximum [96-98]. Using KPFM, the LCPD was
measured for a wide range of surfaces, in some cases even with atomic resolution [31,
96, 98—103]. Moreover, charge states of single atoms [62], defects [104], and mole-
cules [105] were determined, and sub-molecular resolution was obtained [11, 22,
23].

The schematic of the measurement principle using Af (V) spectroscopy for
KPFM at constant height is shown in Fig.12.13b. LCPD maps as shown in
Fig.12.13c, d display the extracted vertex point V* of the Af (V) spectra at the
different lateral positions. The system studied, naphthalocyanine on bilayer NaCl
on Cu(111), represents a hydrogen tautomerization switch that can be operated by
inelastic tunneling [106], see schematic in Fig. 12.13a. Figure 12.13c, d shows Cu-tip
LCPD maps of the same molecule, before and after the positions of the two central
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Fig. 12.13 a Naphthalocyanine model. The inset schematically shows the hydrogen tautomeriza-
tion reaction [106]. b Schematic of the measurement principle for KPFM maps. At constant height,
Af (V) spectra are recorded, on a grid of lateral tip positions. The maximum of the fitted parabola
(see inset) yields V* (the LCPD) and A f* for that position. ¢, d LCPD images of naphthalocyanine
on bilayer NaCl on Cu(111) before (¢) and after (d) switching the tautomerization state, measured
with a Cu tip. e Difference image obtained by subtracting (d) from (c). f LCPD image measured
with a CO tip. The insets in (¢)—(f) indicate the respective positions of the inner hydrogen atoms.
Scale bars 5 A. Reprinted from [11]

hydrogen atoms had been switched and Fig. 12.13e shows the difference of these two
LCPD maps. With this difference measurement, background effects are effectively
compensated, and one qualitatively obtains the electric quadrupole moment of the
molecule [11]. Using CO tips and decreasing the tip height, it is also possible to
increase the resolution of KPFM, as shown in Fig. 12.13f. The KPFM contrast was
found to correspond qualitatively to the calculated z-component of the electrosta-
tic field E, at a constant-height plane above the molecule [11]. The Cu-tip images,
(Fig. 12.13c, d), recorded at comparably large tip heights, reflect E at a plane farther
away from the molecule than that in the CO-tip image (Fig. 12.13f). Note that E,
is a property of the sample only and not related to any specific tip. Indeed recent
experiments using functionalized tips for KPFM corroborated that the qualitative
LCPD contrast is independent of the tip functionalization [31].

The simple interpretation that a more positive LCPD corresponds to more negative
charge below the tip is not always correct. This was demonstrated for the bipolar
charge-transfer complex TTF-PYZ;, which consists of two pyrazine (PYZ) acceptor
units and one central tetrathiafulvalene (TTF) donor unit [23]. The molecular model
and a CO-tip AFM measurement are shown in Fig. 12.14a, b, respectively. Although
negative charge is transferred from the donor to the acceptor already in the molecular
ground state, an increased LCPD is measured by KPFM above the positively charged
central donor part and a decreased LCPD above the negatively charged acceptor parts
(see Fig. 12.14c). This apparent controversy with respect to the simple interpretation
is caused by the higher-order electrostatic multipole moments of the molecule. These
arise from the complex three-dimensional charge distribution within the molecule,
and increasingly contribute to the LCPD contrast as the tip height decreases. However,
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Fig. 12.14 a Structural model of the bipolar charge-transfer complex TTF-PYZ,. AFM measure-
ment b and KPFM measurements (¢)—(f) acquired with a CO tip at constant height above TTF-PYZ,
on bilayer NaCl on Cu(111). ¢, e LCPD maps acquired at medium (c) and small (e) tip heights. d, f
Maps of Af*,i.e., Af at compensated LCPD, simultaneously acquired with (c), (e), respectively,
indicating that the regime of Pauli repulsive forces is entered in (e), (f), but not in (¢), (d). Reprinted
with permission from [23]. Copyright © 2014 American Chemical Society

the contrast of LCPD maps at small tip heights as shown in Figs. 12.13f and 12.14c
still agrees well with the calculated E,. Only for even smaller tip heights, when the
regime of Pauli repulsive forces is entered, as shown in Fig. 12.14e, will the LCPD
contrast deviate qualitatively from E, [23].

12.7 Summary

Investigations of individual molecules by AFM with functionalized tips demonstrated
atomic resolution, bond-order discrimination, adsorption-geometry determination,
structure elucidation, imaging of charge distributions and—to a limited extend—
also elemental identification. To demonstrate that these different properties can be
resolved, suitable model systems were used in each case. However, differentiating all
these properties for less specific systems, e.g., low-symmetry, non-planar molecules
containing many different heteroatoms, still is a challenge. Especially the chemical
sensitivity should be improved for applications in structure elucidation. A possible
path towards this goal might be the comparison of different tip functionalizations
combined with the complementation of AFM by KPFM [31].
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Chapter 13
Mechanochemistry at Silicon Surfaces

Adam Sweetman, Samuel Paul Jarvis and Philip Moriarty

Abstract Non-contact atomic force microscopy has driven the development of
a variety of exciting chemomechanical protocols for manipulating metal, semicon-
ductor, and insulating surfaces at the single chemical bond limit. In this chapter
we discuss atomic manipulation on silicon surfaces via mechanical force alone
(mechanochemistry), with a particular focus on a prototype of a mechanically-
actuated atomic switch: the flipping of bi-stable dimers on the Si(100)—c(4 x 2)
surface. The importance of the mutual orientation of electronic orbitals in the dimer
manipulation process is explored in the broader context of the mechanochemical
modification of covalently bonded semiconductors. In addition, variations in sur-
face reactivity play a key role in the ability to generate (and image) atomic-scale
modifications and we discuss experimental and theoretical work on H:Si(100) as an
exemplar of a passivated and chemically inert substrate, as compared to the relatively
high reactivity of the unpassivated Si(100) surface.

13.1 Introduction

A fascinating and sometimes fractious debate between K. Eric Drexler, who pio-
neered the controversial concept of atomically precise manufacturing via mole-
cular assemblers, and Richard E Smalley, Nobel Laureate and co-discoverer of
fullerenes, was published in Chemical and Engineering News (C&EN) in 2003 [1]
(shortly before Smalley sadly passed away after losing a battle with lymphocytic
leukemia.) In their exchange of views in C&EN, Drexler and Smalley focused on the
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feasibility (or not) of mechanochemical (and mechanosynthetic) reactions driven by
computer-actuated molecular ‘tools’.!

Mechanochemistry, in the context of Drexler’s framework, involves the movement
of a molecular tool along a deterministic trajectory towards a specific atomic site
where an interaction (or reaction) is subsequently driven by mechanical force. As is
clear from the various chapters in this book (including our own),? there are rather
close parallels between the type of mechanochemistry strategy Drexler proposed and
the atomic/molecular manipulation protocols now used in a wide variety of NC-AFM
experiments.

Smalley argued, however, that there were two key “show-stoppers” associated
with Drexler’s molecular assembler concept: the so-called “fat” and “sticky” fin-
gers issues. The former relates to steric hindrance—as Smalley saw it, molecular
assemblers which were based on computer control of atomically/molecularly sharp
tools (very similar to the tips used in NC-AFM) were verboten due to the inability of
atomically sharp fingers to control reactions in a confined volume. Drexler countered
that he had not proposed the type of atomic fingers that Smalley had in mind. The
“sticky fingers” issue, on the other hand, relates to the very important matter of the
reactivity of the tip tool. This was rather prescient of Smalley, given the current focus
on CO-passivated tips in dynamic force microscopy (as described at length elsewhere
in this volume). It’s also a topic to which we shall return later in this chapter in the
context of imaging and manipulating silicon surfaces.

Atomic-precision mechanical manipulation of the type debated by Drexler and
Smalley—or, at least, the core protocol of controlling atoms, molecules, and reactions
via computer-directed chemomechanical force—is demonstrably possible. There are
now a significant number of examples of NC-AFM-driven control of single atoms
and molecules including the measurement of the force required to move an atom
[3], single molecule translation [4], controlled defect positioning [5], and, of par-
ticular relevance to the mechanosynthesis concept, Sugimoto et al. [6]’s pioneer-
ing demonstration of force-driven exchange reactions at Si(111) surfaces. In this
chapter we focus on the imaging, force-distance “spectroscopy”, and mechanochem-
ical manipulation of atoms at silicon surfaces, but with a particular focus on Si(100)
and H:Si(100).

The Si(100) surface has a long and rather chequered history of study spanning
a number of decades. There was particularly intense debate for a number of years
regarding the issue of whether the ground state of the Si(100) surface comprised
planar or buckled dimers. A decade ago, Uda et al. [7] wrote a helpful review of the
state of knowledge of the ground state of the Si(100) surface at the time, where it
was widely accepted—following a period of some controversy in the literature—that
the c(4 x 2) reconstruction comprising buckled dimers (see following sections) was
indeed the lowest energy configuration. In the same year as that review was published,

10ne of the authors of this chapter (PM) subsequently debated the physics and chemistry of
mechanosynthetic reactions at length with Chris Phoenix, a researcher who had co-authored papers
with Drexler on the implications of molecular assembler-based technology [2].

2. _.and, indeed, previous volumes in the Non-contact Atomic Force Microscopy series.
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a careful study of the influence of both tip-sample interactions and surface defects
on the c(4 x 2) reconstruction [8] provided clear evidence of the strong sensitivity of
the dimer configuration to local and non-local perturbations. Two years later Pennec
et al. [9] carried out a very elegant scanning tunnelling microscopy (STM) study of
the dynamics of the Si(100)—c(4 x 2) surface, which they “mapped” onto an Ising
chain model of the system, probing the dynamics of phason defects (a topic we shall
return to below). In the same year, an NC-AFM study carried out at 5 K, with support
from density functional theory (DFT) calculations, provided very strong evidence
that chemomechanical tip-sample interactions tipped the energy balance between the
buckled and planar dimer configurations [10].

This very brief overview of some of the milestones in STM and NC-AFM inves-
tigations of the Si(100) surface hopefully provides a hint as to the rich chemical
physics (and physical chemistry) associated with the “native” c¢(4 x 2) reconstruc-
tion. Despite its apparent simplicity (as compared to, for example, the Si(111)-(7 x 7)
reconstruction), the Si(100) surface has proven to be a source of subtle and counter-
intutive physics and chemistry, not least in terms of its response to an NC-AFM
probe. In this chapter we discuss a series of experiments, and associated DFT cal-
culations, we have carried out which have focussed on elucidating and exploiting
NC-AFM-induced mechanochemistry on Si(100) and H:Si(100) surfaces.

13.2 Experimental Methods

The experimental results presented in this chapter were obtained using two commer-
cial scanning probe instruments. Results describing the imaging and manipulation
of the bare Si(100) surface were obtained using an Omicron Nanotechnology GmbH
combined low temperature STM/NC-AFM, whilst results on the hydrogen passivated
H:Si(100) surface were obtained using a similar instrument manufactured by Cre-
atec GmbH. All results were obtained at cryogenic temperatures, either at 77 K using
liquid nitrogen for cooling, or at 5K with liquid helium cooling. Due to the energy
barriers associated with dimer manipulation on the Si(100) surface, all controlled
manipulation experiments were performed at 5 K.

In both systems clean Si(100) surfaces were produced by flashing the sample at
~1150 °C before rapid cooling to 900 °C followed by slow cooling to room temper-
ature, maintaining a pressure of below 2 x 10~ !0 mbar. For preparation of H:Si(100)
surfaces, hydrogen was introduced into the chamber via a thermal gas cracker at a
pressure of 1—5 x 10~7 mbars. The sample was exposed for 3 min whilst held at a
temperature of 400 & 30 °C.

Both systems were equipped with qPlus sensors [11] with electrochemically
etched tungsten wire attached to one tine of the tuning fork for use as a scanning
probe tip. Sensors were introduced into the system and prepared on the surface using
conventional STM and NC-AFM tip preparation techniques such as voltage pulsing
and controlled crashes. No other in situ tip preparation was performed (for example
heating or argon sputtering), and we attribute successful imaging as being partly
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due to the stability afforded by operation at low temperatures, and in particular, the
“freezing out” of diffusion of contamination to the tip apex from the shank of the tip.
Consequently, we note that imaging at elevated temperatures using this protocol is
likely to be problematic, and further tip cleaning and preparation steps are likely to
be necessary. Due to the nature of our tip preparation techniques we expect that the
apex of the tip is likely terminated by clusters of the surface material (i.e. silicon),
rather than tungsten terminated.

The sensors used typically exhibited resonant frequencies (fo) of approximately
25 kHz, and Q factors of between 1000 and 50,000. We note that while, as expected,
the Q factor varies strongly with operating temperature, we also observe a strong
dependence on the Q due to the seating of the tuning fork in the scan head and
the position of the scan tube on the coarse movement motors. In the experiments
described below, oscillation amplitudes (Ag) of between 50 and 400 pm were used.

In order to avoid complicating factors such as electronic crosstalk [12, 13], local
induced electrostatic contributions to the force (the so-called ‘“Phantom force” [14]),
or perturbation of the surface by tunnelling electrons [8, 9, 15, 16], all controlled
manipulation experiments were performed at 0V applied bias and consequently no
tunnelling current signal was detected. In some imaging experiments a small bias
was applied, and in these cases average tunnel current signals on the order of a few
picoamps were sometimes detected. In all the data presented in this chapter it was
ensured that the NC-AFM data was not qualitatively affected by the presence of the
tunnel current (where present) by switching the applied bias on and off, and ensuring
the imaging was not affected by the presence of the tunnel current signal.

In this chapter images are presented taken in both feedback (constant A f), and
constant height mode. For clarity topographic (Z) images are presented in a yellow
colour scale, whilst constant height (A f) images are presented in a black and white
colour scale. All images are presented raw, with the exception of plane correction
for the constant A f topography images. All imaging and spectroscopy experiments
were performed in the constant amplitude mode.

Controlled manipulation was performed using a A f (z) (Force spectroscopy) pro-
tocol as described in detail elsewhere [17-19]. Briefly, during a scan the tip is posi-
tioned in feedback over the site of interest, the feedback is disengaged and the tip
retracted a small distance (~1nm). The tip then slowly approaches a set distance
towards the surface whilst recording both the Af and dissipation signals whilst main-
taining constant Ag. The tip is then retracted at the same rate whilst continuing to
monitor the aforementioned signals. When the tip reaches its initial starting position
the feedback is re-engaged and the scan continued.

13.2.1 Force Extraction

In principle it is now relatively straightforward to convert A f spectroscopy data into
a quantitative force measurement over a range of tip-sample distances via a range
of mathematical techniques [20, 21]. In practice, however, a variety of complicating
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factors exist which require consideration. These have been described in detail
elsewhere [18, 19, 22], but the most pertinent for the data presented here is that
the quantity of interest in NC-AFM experiments is not generally the total force
between the tip and surface, but rather the short-range (or, more specifically, the
“site-specific”’) forces between the very apex of the tip and the few atoms on the
surface directly underneath the terminating atom. These must be separated from any
long range (“non-site-specific”’) interactions, such as electrostatic or van der Waals
(vdW) before any rigorous analysis of the force data can be performed.

For the measurement of forces on absorbed adatoms and molecules on metal
surfaces [23, 24], large molecules on reactive semiconductor surfaces [25], or sur-
faces with particular surface features [26], this is most easily accomplished by the
so-called “on-minus-off” method, where a measurement is taken in a location with-
out significant site-specific forces (the “off” measurement) and subtracted from the
measurement containing both site-specific and non-site-specific forces (the “on”
measurement), resulting in a measurement containing only the short-range forces.

In general, however, and including the case of the Si(100) surface, this procedure
is not possible as there are no locations completely free from site-specific interac-
tion. In these cases two different approaches are used, subtraction of the long-range
forces via a fitting and extrapolation technique [6, 22], or “difference” measurements
where only the relative forces between different sites, rather than absolute forces,
are recovered [27, 28]. In the following section the first method is used where we
require a measurement of the absolute force, and the second method is used were rel-
ative forces between different sites are discussed. We note explicitly though that any
forces recovered by the extrapolation method must necessarily include an additional
uncertainty introduced by the fitting and extrapolation, details of which are discussed
elsewhere [19, 22]. Once short range Af curves have been extracted, inversion to
force was performed using the Sader-Jarvis [29] algorithm.

13.3 Computational Methods

To gain greater insight into the physical processes underpinning the experimental
observations in this chapter we modelled the complete tip-surface system with the
ab initio density functional theory (DFT) method as implemented in the SIESTA code
[30]. In our calculations we used the GGA Perdew-Burke-Ernzerhof (PBE) density
functional and norm-conserving pseudopotentials with a double-zeta polarised basis
set providing a total of 13 orbitals to describe the valence electrons on each silicon
atom. As a convergence criteria, atomic relaxation was considered complete when
forces on atoms were below 0.01 eV/A.

The Si(100) surface was modelled as a 6-layer slab with 16 surface dimers
arranged as 2 rows, each 8 dimers in length. The missing bulk was then simulated
by restraining the bottom two layers of silicon and terminating with a hydrogen
layer. The large slab size was chosen to limit the effect of the finite cell size on
calculations, such that when periodically repeated in each direction there are always
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several unaffected dimers between manipulated atoms. For example, when modelling
a phason pair (four dimers in length), after periodically repeating the system, four
other dimers, in a standard c(4 x 2)/p(2 x 2) buckling configuration, will be present
before any repeat of the phason unit. Because of the cell sizes used, only the I" point
was employed in sampling the Brillouin zone in all of our simulations.

Two types of tip cluster were modelled in our simulations, a standard ten atom
pyramidal Sitip [31, 32] and a more complicated thirty atom tip cluster terminating in
adimerised tip apex [31, 33, 34]. Whilst only four atoms at the apex of the pyramidal
tip are free to move in response to the interaction with the surface, the dimerised tip
comprises fifteen atoms free to move, providing a somewhat more realistic tip apex
with respect to tip deformation and introduces an asymmetry into the system.

To simulate force-distance curves the tip cluster was positioned at an initial tip-
sample separation of 8 A above the surface, positioned above the lower or upper
atom of a surface dimer as required. The vertical distance z is defined as the distance
between the surface plane measured by the vertical position of the upper dimer atom
and the lowest tip apex atom prior to relaxation. The tip-sample distance was then
decreased in quasi-static steps until just beyond the force turning point, at which
point the tip was retracted. At each step the geometry of the system was optimised
and the vertical forces acting on the fixed tip atoms summed in order to calculate the
total force acting on the tip.

13.4 Si(100) Results

13.4.1 The Si(100) Surface Structure Viewed by NC-AFM

The Si(100) surface consists of rows of paired atoms running in perpendicular direc-
tions on alternate atomic terraces. The topmost layer of atoms on the Si(100) surface
pair up to produce rows of dimers, in order to reduce the number of dangling bonds
per atom from two to one. As a result of this dimerisation, there is a strong o like
bond between the two atoms of the dimer, but also a weak 7t like interaction between
the two remaining dangling bonds. This reconstruction produces rows of dimers with
ap(2 x 1) periodicity. As the orientation of the dimers switches across atomic steps,
two types of step exist. In the first the dimer rows on the upper terrace are perpen-
dicular to the step (called an Sp step), and in the second the dimer rows on the upper
terrace are parallel to the step (called an S4 step), as shown in Fig. 13.1a, b.

The surface reconstruction is further complicated by the fact that these symmetric
dimers subsequently buckle to further lower the free energy of the surface as part
of a Jahn-Teller distortion, resulting in charge transfer from the lower atom of the
buckled dimer to the upper atom. This results in a number of different possible surface
reconstructions, depending on the arrangement and orientation of the buckled dimers.
Primarily these are the c(4 x 2) phase, where dimers in the next row are buckled in
anti-phase, and the p(2 x 2) phase, where dimers in the next row are buckled in-phase.
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Fig. 13.1 NC-AFM images of the Si(100) surface at low temperatures showing the two types of
single atomic steps found on the surface. a S5 step imaged at 5K: Af = —17.6Hz; A9 = 250 pm;
Vgap = 0 V. b Sp step imaged at 77K Af = —40Hz; Ag = 100 pm; Vg4, ~ 10mV. ¢ High-
resolution image of the surface and ball and stick model showing the c¢(4 x 2), p(2 x 2), and phason
defect dimer buckling structures. Scale bars = 1 nm. Figure adapted from [17]

Previous studies have concluded that the c¢(4 x 2) is the true ground state of the system,
although the difference between the c(4 x 2) and p(2 x 2) is extremely small [35]. Also
observed are ‘phase defects’ or ‘phasons’ which consist of two contiguous dimers
in the same row with the same buckling structure, and which allow the transition
between the two different phase regions. An overview of how the surface appears
during NC-AFM imaging at low temperature, and examples of the different buckling
structures, is shown in Fig. 13.1c.

Interpretation of scanning probe images of the Si(100) surface at low temperatures
can be challenging due to the relatively small energy barriers required for changes
in the buckling of the dimers, which can easily be overcome by the influence of the
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probe. This can result in an apparent symmetric p(2 x 1) phase resulting from the
manipulation of the dimers as the tip passes over them either due to electronic [8, 9,
15, 36, 37] or mechanical [10, 38, 39] effects. Consequently for controlled manip-
ulation experiments it is vital to image at a tip-sample distance that does not disturb
the configuration of the surface. At these setpoints only the upper atoms of the dimers
are imaged, and the lower atom remains invisible.

13.4.2 Dimer Manipulation by Mechanical Force

In this section we explore the behaviour of the Si(100) surface under atomically
precise mechanical perturbation by a scanning probe tip. As noted previously, it
is well known that the Si(100) surface is sensitive to perturbation during scanning
in STM and AFM experiments, and controlled precise manipulation within a sin-
gle row has also been demonstrated via tunnel current injection [40, 41]. Crucially,
however, there remains an open question: “Can we modify the Si(100) surface by
manipulating silicon dimers on an individual basis in order to form complex struc-
tures?” [39, 42]. This manipulation of single bond angle stands as a vital precursor
to mechanochemistry.

13.4.2.1 Controlled Dimer Manipulation

In order to perform atomically precise manipulation, we first image the surface
at parameters such that the interaction during scanning does not itself perturb the
surface. Manipulation is performed by extending the tip towards the surface in Z ata
specific surface site whilst recording the frequency shift (A f) of the tuning fork—see
Fig.13.2.

The full protocol for manipulation is as follows—the tip is first positioned over
the lower atom of the dimer and a measurement of Af(z) performed. As the tip
approaches the surface within a distance of a few A ’s a chemical bond forms between
the terminating atom of the tip apex and the lower atom of the dimer, causing the atom
to jump up into contact with the tip. This results in the dimer changing configuration,
and this jump to contact can be observed as a sharp increase in the frequency shift of
the tuning fork. On retraction of the tip the frequency shift follows a different path
indicating the tip is now retracting over the up atom of the dimer.

At this stage we highlight that in the experimental data shown in Fig. 13.2 it is
not only the dimer underneath the tip which has changed configuration, but also that
of one of the neighbouring dimers. The manipulation therefore results in a buckling
configuration consisting of what we term a “phason pair”. This is in contrast to the
expected outcome for a single dimer flip which would result in three dimers buckled
with the same angle, which we term “three-in-a-row”. We find that by performing
the same manipulation procedure on the new down atom of the dimer, as shown in
Fig. 13.2b), it is possible to reverse the previous manipulation and restore the native
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Fig. 13.2 Controlled manipulation of the dimer buckling structure on the Si(100) surface via
Af(z) spectroscopy. a Af(z) curves showing A f behaviour during approach (black circles) and
retraction (red triangles) of the tip. Cartoon illustrations show the position of the atoms in the
tip-sample junction at each stage of the manipulation. b Constant Af image of surface structure
before (left) and after (right) manipulation. Cross indicates the spectroscopy position. Cartoon
shows boxed area with the manipulated dimers highlighted in black. ¢, d As for (a, b) but showing
the reverse manipulation restoring the original surface structure. (Image parameters: Ag = 250 pm;
Af = —9.1Hz). Scale bars = 1 nm. Figure adapted from [18]

buckling structure of the surface. In both cases the manipulation causes a double flip
event. We also note that in the reverse manipulation the magnitude of the A f signal
at the location of the jump is reduced compared to the original manipulation. We will
return to this, and the origin of the double manipulation, later in the chapter.

13.4.2.2 Quantitative Analysis of Force Required to Flip a Silicon Dimer

In Fig. 13.3 we compare experimental F(z) curves with DFT calculated spectra for a
flip from a standard buckled configuration and the reverse manipulation. In each case,
during the approach of the tip, there is a sharp increase in the magnitude of the force
when a certain threshold is reached, indicating that the dimer has flipped. The lack of
any change in the dissipation signal indicates both that the tip is structurally rigid and
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Fig. 13.3 Analysis of the vertical tip-sample forces during dimer manipulation. a Experimental and
calculated short-range (chemical) force measured during dimer flipping experiment. Also plotted
is the experimental dissipation signal which remains flat throughout the manipulation process.
Inset Constant A f images of surface structure before (left) and after (right) manipulation. Imaging
parameters Af = —17Hz, Ag = 50pm. b As for (a) but showing the reverse manipulation
process from phason pair to buckled structure. ¢, d calculated geometries just before, and just after
manipulation of the surface dimer by a H3 type tip cluster. e, f As for (c, d) but for a dimer type tip
cluster. The surface atom directly under the tip is highlighted in green. Figure adapted from [18]

that the dimer flip event, occurring as it does during a single tip oscillation period,
is associated with a negligible average energy loss per cycle. In other experimental
datasets we have observed significant dissipation, but assign this either to relaxations
within the tip [31, 43], or to apparent dissipation associated with the transfer function
between the coupling of the excitation piezo and the tuning fork [44]. Also note that
since the force values extracted via the Sader-Jarvis algorithm after a discontinuity
in Af are not strictly valid [6], the force values on the approach curves after toggling
of the dimer have not been plotted.

First, we consider the retract F(z) curves, which arise from the interaction of the
AFM tip with the surface “up” dimer atom (after being switched from an initial
“down” state during the approach curve). Independent of the choice of tip type in the
DFT calculations, there is good agreement between experiment and theory for the
F(z) spectra acquired above “up” atoms. This provides strong supporting evidence
that the force-distance data we have acquired indeed arises from the formation of a
single covalent bond between tip and sample.

Comparison of the experimental and calculated curves for the approach spectra
is more complicated. DFT simulations predict that both the tip type and the config-
uration of neighbouring dimers can affect the threshold force required for a dimer
flip [17]. Although raw Af(z) spectra also clearly illustrate the influence of the
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configuration of neighbouring dimers on the threshold force (note the variation in
Af threshold in Fig. 13.2 for example), we find the error bars associated with the
extraction of the short range force from the Af(z) data are of same order as the
differences predicted by DFT for different tips. Nonetheless, on the basis of multiple
manipulation events, we find that the force required to flip a dimer is significantly less
than 1 nN, falling in the range 100—600 pN. We note that in particular, as suggested
by the raw Af(z) data, on a given dimer the threshold force required to restore the
native buckling structure is smaller that that required to initially create the phason
pair structure.

13.4.2.3 Atomically Precise Dimer Manipulation and Force Threshold
Variation

Given the results discussed above, a pertinent question is whether truly atomically
precise manipulation (i.e. non-correlated single dimer flipping) of the Si(100) sur-
face is possible, or if the intrinsic coupling of the dimers necessarily results in long
range relaxations during manipulation. In Fig. 13.4 we show that such manipulation
is indeed possible, providing the result of a manipulation attempt is not to form a
structure with three (or more) contiguous dimers with the same buckling orientation.
Via force spectroscopy manipulation, it is possible to change the location of a single
phason within a dimer row with single atom precision. Each manipulation results in
the target atom jumping up into contact with the tip and changing the buckling config-
uration of the target dimer without influencing the neighbouring dimers. Conversely,
all manipulations (performed using the exact same parameters) that would result in
“three-in-a-row” or longer structure, always resulted in long-range relaxation.

In Fig. 13.5 we also show that by performing force spectroscopy operations close
to an existing defect it is also possible to produce single phasons, effectively pulling
them “out” of the defect. These results strongly suggest that it is not a lack of precision
in the experimental technique that prevents the formation of the “three-in-a-row”
structure, but rather an intrinsic property of the surface.

In Fig.13.6 we show force difference measurements (extracted from measure-
ments performed over the dimers, and in between the dimer rows) extracted during
single dimer flips at different positions within the same row. Here, the quantity of
interest is the variation in the force threshold needed to flip the dimer, rather than the
absolute magnitude of the force. We observe variation on the order of approximately
100 pN between dimer flips performed at different locations along the row, for what
is nominally the same manipulation event in each case. We note that in this instance
we do not observe any systematic variation in the threshold force along the row,
although this is perhaps not unexpected given the complex effect strain can have on
the surface (see Sect. 13.4.4).
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Fig. 13.4 Sequence of images showing atomically precise manipulation of the buckling structure
within a single dimer row. In each image the phasons are highlighted and a cross shows the position
of the Af(z) spectroscopy point. In a—f each spectroscopy point causes a change in the buckling
of a single dimer, resulting in a manipulation of the upper phason towards the lower phason, one
dimer at a time. g An attempt is made to create a “three-in-a-row” structure from the phason pair,
a long-range relaxation results. In h an attempt is made to create a “four-in-a-row” structure, again
a long-range relaxation results. In i one of the phasons is moved towards the top of the image via
a single dimer flip. In j an attempt is made to create a “five-in-a-row” structure, again a long-range
relaxation results, in this case restoring the native c(4 x 2) buckling structure. Scale bar = 1 nm.
Figure adapted from [18]
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Fig. 13.5 Creation and manipulation of a single phason close to a DV defect. a Pristine c(4 x 2)
surface, cross shows position of spectroscopy point. b A single phason is created as the result of
the manipulation (dotted box). c—e The phason is manipulated one dimer at a time along the row
by single manipulation events. Scale bar = 1 nm

13.4.2.4 Effect of Tip Positioning

At this juncture we must also consider that a significant variation in the threshold
force to flip a dimer may also arise from the precise positioning of the tip apex above
the down atom, and also critically the relative bond angles of the surface dimer and
terminating tip atom. Figure 13.7 shows how the variation in force threshold varies
for both a H3 and a dimer type tip in DFT simulated spectroscopy as the tips are
moved laterally across the dimer rows. Due to the symmetric nature of the dangling
bond on the H3 tip with respect to the surface, the force threshold with position
is symmetric around the mirror symmetry of the dimer rows. For the dimer tip in
contrast, the tilted angle of the dangling bond at the tip apex results in a strong
asymmetry. Therefore it is clear that both the positioning of the tip, and the relative
orientation of the dangling bonds, play a strong role in determining the outcome of
manipulation experiments.

With respect to the experimental data shown in Fig. 13.6, it is worth noting that
in each case the tip was positioned centrally above the position of the down atom
with a precision better than 0.1 nm. We therefore expect that while variation in the
positioning of the tip may account for some of the observed variation the variation
in stability of the dimers across the surface remains the dominant factor.
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Fig. 13.6 Variation in the force required to flip a single dimer over a range of different positions
within a dimer row. Plots of force difference measurements extracted by subtraction of data taken
in-between the rows from data taken during phason manipulation. (/nset) Zoom of region around the
force threshold for dimer manipulation. Scan shows region with the locations of each spectra indi-
cated by letters corresponding to the relevant curves. Dotted lines on inset graph show approximate
range of variation in the force threshold

13.4.3 Energetic Pathway to Manipulation

Obtaining a more complete understanding of how and why correlated flipping takes
place is particularly challenging. As seen above, although good qualitative agreement
is found between the experimental and simulated force spectroscopy, a key aspect of
the experimental results which is not reproduced in the simulations is the non-local
relaxation of the surface. Specifically, in all simulations of dimer manipulation only
the dimer directly under the tip is flipped, resulting in a “three-in-a-row” structure.
As discussed above, in all experimental attempts to create contiguously buckled
dimers, such as the “three-in-a-row”, we always observe at least on additional dimer
flip leading to a phason structure. We also note that, despite extensive STM and
NC-AFM imaging with multiple tips we also never observe a native “three-in-a-row”
structure.

In order to investigate this apparent disparity between simulation and experi-
ment we performed extensive nudged elastic band (NEB) calculations to explore the
local energy landscape of the complete system during manipulation. Specifically,
we simulated the energy barriers required to transit between an initial c(4 x 2) sur-
face arrangement and the final phason pair structure. Critically, the barriers were
recalculated in the presence of a silicon tip cluster positioned at different tip-sample
separations in order to model the influence of the NC-AFM tip, as shown in Fig. 13.8.
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Fig. 13.7 Effect of varying lateral position of tips on simulated force spectroscopy. The a H3, and
b dimer type tip, are positioned directly above a lower dimer atom, then displaced laterally in steps
of 50 pm towards the neighbouring dimer row. Clear variations in hysteresis, threshold position and
threshold force for dimer manipulation are observed for the dimer tip due to the degree of alignment
of the dangling bonds of tip and surface. Figure adapted from [45]

We find that at large tip-sample separations, where the influence of the tip is
weakest, two pathways exist to transition from the c¢(4 x 2) to the phason pair structure,
either directly, via simultaneous flipping of both dimers, or stepwise, via subsequent
flipping of one dimer after the other, each with a substantial barrier. As the tip-
sample separation is reduced, however, we find that the barriers significantly reduce
and that flipping of the dimers in sequence becomes favoured over simultaneous
dimer flipping. Moreover, we find that the barrier to transit to the “three-in-a-row”
structure collapses as the tip is bought closer to the surface, as suggested by the
DFT simulations. Nonetheless, a substantial barrier of 80 meV remains between the
“three-in-a-row” and phason pair structure even at close approach of the tip.

It is also important to note that when the tip is far from the surface the barrier
between the “three-in-a-row” structure and the original buckled structure becomes
extremely small (black curve). This provides a plausible explanation for why it is not
possible to observe a “three-in-a-row” structure either by manipulation of natively to
the surface. The NEB calculations suggest this structure will be extremely unstable
without the stabilising presence of the tip, and even at 5 K the barrier is small enough
that the structure simply relaxes back to the ground state. Conversely our calculations
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Fig.13.8 NEB calculated energy landscapes for the transition from c¢(4 x 2) to phason pair structure.
a Plot of the energy difference for the system to transit from the c(4 x 2) to phason pair with the tip
positioned at different heights above the down atom of the target dimer. Several key configurations on
the energy curves are labelled i-iv, see below for details. b Same energy landscape for manipulation
with the tip positioned close to the surface for four different surface slabs; the pristine surface slab
(c(4 x 2)), a surface slab with a 2 dimer vacancy (2DV) defect introduced (see inset model),
and a surface slab in the c(4 x 2) configuration with either sub-surface expansion or compression
introduced. Note that the introduction of the 2DV defect increases the barrier between the “three-in-
a-row” and phason pair structure, whereas both the expansion and compression cause a reduction in
barrier height. ¢ Calculated geometries and cartoon representation of four key points in the energy
landscape: i c(4 x 2), tip far from surface, ii “three-in-a-row”, tip close to surface, iii phason pair,
tip close to surface, iv “three-in-a-row” tip far from surface. Figure adapted from [17, 18]

also suggest that if a phason pair is formed it should be kinetically trapped and
therefore remain stable at 5 K, supporting the experimental observations.

13.4.3.1 Defect and Symmetry Induced Modification of Energy Barriers

Although our simulations for the pristine surface offer an explanation for the absence
of the “three-in-a-row” structure in our experiments, they do not provide an explana-
tion for how the phason pair is created, and why successful manipulations are regu-
larly observed, as a substantial barrier must be crossed to transit from the “three-in-a-
row” structure. In order to answer this question we performed an additional series of
NEB simulations. These explored the energy landscape with the tip at close approach
for a series of surface slabs with a two dimer vacancy (2DV) type defect, or a small
sub-surface expansion or compression introduced in order to simulate the effects of
long range strain in the surface. In these simulations (Fig. 13.8b) we observe that the
introduction of defects significantly changes the barrier to transit to the phason pair
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structure, with an increase in the barrier for the 2DV type defect (110meV), and a
reduction in the barrier for the compressive and expansion induced strain (60 and
45 meV respectively). Although none of the simulations presented here resulted in a
complete barrier collapse, we suggest that on the real surface the strain field is such
that in some locations the barrier for transition is reduced due to the complex strain
fields generated by defects, step edges, and sub-surface defects, creating regions
where phason pair creation is possible, while in others the defects strongly pin the
dimers and prevent manipulation [8, 9, 17]. This correlates well with observations
that in some regions of the surface we observe a large number of “failed flips” where
the dimer returns to its original configuration as the tip retracts [17].

One subtle effect that has not been discussed, and is not captured in our simplified
surface slabs, is that of symmetry breaking. A casual inspection of the model for
phason pair creation on the pristine surface (e.g. Fig. 13.2) reveals an interesting
paradox—why does the dimer above the target dimer relax, rather than the dimer
below (or vice versa)? On a defect free surface with a symmetrically positioned tip
there should be no preference for either one to respond over the other. Therefore,
some factor, either the strain field at the surface, or the position of the tip, must
break this symmetry in order for the system to reproducibly relax one way or the
other. Indeed, in some experiments [17, 46] we have observed a weak variation in
the outcome of phason pair creation experiments. However, the long range nature of
the surface effects that can influence the response of the dimer presents a significant
challenge for future simulations, as accurate modelling will require extremely large
numbers of atoms in the simulation cell.

13.4.4 Visualising the Effect of Surface Strain on Dimer
Stability

The effect of surface strain on the propensity for a successful manipulation attempt
described above may be visualised by imaging experiments performed at varying tip-
sample separations. Imaging far from the surface and then decreasing the tip-sample
separation allows us to observe the onset of uncontrolled manipulation during scan-
ning and in particular to visualise the striking difference in stability of the different
surface dimers.

Figure 13.9 shows a series of images taken in constant height mode at various
tip-sample separations. Far from the surface most of the rows image as the native
c(4 x 2) buckling structure, while at close approach a number of rows begin to exhibit
“slicing” ((b) and (c)) indicating random manipulation. At very close approach a
number of rows take on an appearance closer to the p(2 x 1) phase ((d)), whereas
others exhibit a contrast somewhere between c(4 x 2) and p(2 x 1). Interestingly,
contrast showing a mixture of p(2 x 1)/c(4 x 2) predominantly occurs during imaging
at intermediate temperatures (77 K)—an observation predicted computationally by
Hobbs et al. [39] and ascribed to the interplay between the rate of oscillation of the
cantilever and the energy barriers for a flipped dimer to return to its ground state.
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Fig. 13.9 Constant height images of Si(100) at 77K taken at decreasing tip-sample separation
showing variation in dimer stability close to a pair of DV type defects. a Far from the surface
most rows show buckling structure. b Dimers in rows containing defects begin to show ‘flickering’
indicating uncontrolled manipulation during scanning. ¢, d Strong tip-sample interaction, several
rows now exhibit an almost p(2 x 1) appearance. Tip heights relative to initial scan (a) O pm, (b)
—10 pm, (¢) =20 pm, (d) —30 pm. Scale bars = 1nm. Ag = 0.28nm. V), = +0.4V

The observation that some dimers are stable even at very close approach (at least
with some tips) correlates well with our observation that in some regions phason pair
creation by controlled force spectroscopy is not possible at 5 K. This further high-
lights that while the dimer structure of the surface may be manipulated with atomic
precision, it may not be manipulated arbitrarily, and that non-local strain effects
place strong constraints on which manipulations may be successfully performed.

13.5 Imaging and Manipulation with Reactive
and Passivated Tip Structures

Thus far only the case of reactive silicon tips interacting with the reactive Si(100)
surface has been considered. In these instances a relatively strong attractive chemical
interaction dominates the force between tip and sample. Recently, however, there has
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Fig. 13.10 Constant height imaging of Si(100) with different tip types. a Image taken with a
‘conventional’ tip apex showing attractive interaction over the atoms of the surface. Ag = 0.28 nm
Vgap = —0.4 V. b Image taken with a ‘passivated’ tip showing repulsive interaction over the atoms
of the surface. Ag = 0.28nm Vg, = +0.3V . ¢ Image of Si(111)-7 x 7 surface showing similar
repulsive interaction over the silicon adatoms as demonstrated in (b). Ag = 0.28nm Vg, = 0V.
d Ball and stick model of Si(111)-7 x 7 unit cell. Scale bars = 1 nm. Data acquired at 77K

been substantial interest in what are generally termed “passivated tips”, primarily
due to their ability to approach close to and image planar organic molecules with
intra-molecular resolution [24, 47]. It is therefore pertinent to consider how similar
tips may interact with reactive semiconductor surfaces, and how their behaviour may
differ in regard to the atomic manipulation experiments described above. In Fig. 13.10
we show images of the Si(100) surface, taken in constant height mode at 77 K.
Figure 13.10a shows ‘“conventional” imaging, with a strong attractive interaction
(negative frequency shifts) dominating the contrast over the surface, similar to that
seen in Fig. 13.9. In Fig. 13.10b, however, the atomic structure of the surface images
as what appears to be a repulsive interaction (positive frequency shifts) over the up
atoms of the dimers. We also recently observed similar contrast on the Si(111)-7 x 7
surface, as shown in Fig. 13.10c [48]. In this case it was shown that only a very weak
attractive interaction is present over the surface adatoms, suggesting a passivated tip
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Fig. 13.11 Constant height images of Si(100) at 77K taken at decreasing tip-sample separation
showing variation in dimer stability during imaging with a ‘passivated’ type tip. a Far from the
surface all rows show a buckled c(4 x 2) structure. Unusually the DV defect complexes do not
clearly image at this tip-sample separation. b At intermediate distances a number of rows show
evidence of manipulation, some atoms now appear to exhibit attractive interaction (dark spots) or
attractive lobes in the centre of a repulsive interaction. ¢ At very close approach a number of rows
show a p(2 x 1) appearance. In the buckled rows there is evidence of an attractive interaction in
the centre of repulsive interaction over the up atoms, as well as over the down atoms of the dimer.
Scale bars = 1 nm. Estimated tip heights relative to initial image (a) O pm, (b) —20pm, (¢) -30 pm.
Ap=0.11nm Vg, =0V

was responsible for the contrast (similar results were also obtained on a partially
hydrogen terminated Si(111)-7 x 7 surface, at room temperature [49]).

Curiously, however, it is clear passivated tips are also capable of perturbing the
surface structure, in a similar fashion to conventional tips. Figure 13.11 shows a
sequence of images taken over a range of tip-sample separations with a tip of this
type. Far from the surface the native c(4 x 2) buckling structure is apparent, but upon
closer approach it is clear a number of the dimer rows begin to exhibit an apparent
p(2 x 1) periodicity.

Figure 13.12 shows the results of simulated force spectroscopy for two simple
hydrogen passivated tips interacting with the up atom of a silicon dimer. The simu-
lations highlight how tip structure is absolutely critical to determining the outcome
of atomic manipulation experiments. For a relatively unreactive dimer-like tip the
hydrogen atom is transferred from the tip to the up atom of the surface, resulting in
a partly passivated surface and reactive tip. For the much more reactive H3 type tip
the hydrogen remains fixed to the tip apex, and instead the dimer is induced to flip
via a “pushing” action as opposed to the “pulling” action described in the previous
sections for reactive tips.

It is therefore feasible that one possible mechanism for the manipulation observed
in Fig. 13.11 is the perturbation the surface via a series of “pushing” manipulations
by a passivated tip on the up atoms of the dimer. However, we must highlight that
this explanation for the observed manipulation is highly speculative. In particular
we must consider that experimental results on the Si(111)-7 x 7 surface show that
at sufficiently close approach a strong attractive attraction can occur, possibly due to
the movement of the passivating moiety on the tip [50] and crucially that this strong
jump to attractive interaction is not well reproduced in simulations of passivated tips
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Fig. 13.12 Atomic deposition, and dimer manipulation, dependence on tip type. The H3 and dimer
tip structures have their apex dangling bond terminated with hydrogen to simulate the simplest
possible passivated tip types and subsequent atom deposition or extraction protocol. Calculated
force curves are shown for an a H3 tip and b dimer tip at two different lateral positions corresponding
to 0 and 150 pm offset. Geometries taken from the simulations at O pm offset show ¢, d H3 tip and
e, f dimer tip at point (i) and (iii) on the force curve during approach and retraction, illustrating that
the tip has retained (in the case of the H3 tip) the hydrogen or deposited the hydrogen (in the case
of the dimer tip). Note that in the case of the H3 tip the tip buckling has been manipulated via a
‘push’ type manipulation. Figure adapted from [45]

interacting with silicon adatoms [48]. This suggests that the simplified tip models
used do not fully capture some aspect the experimental system.

We note that close inspection of the scans at closer approach in Fig.13.11b, ¢
appears to reveal similar contrast, with dark spots appearing within the repulsive
contrast of the up atoms. Itis also clear that significant localised attractive interactions
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are present over the locations of the down atoms, which is hard to reconcile with
the simplified model of a passivated tip interaction presented above. In particular
it is not trivial to predict how dimer manipulation will proceed for the case where
the tip-sample interaction undergoes a complex evolution in both the magnitude and
direction of the force as the tip approaches the surface.

Irrespective of the actual manipulation mechanism, it is clear that a full under-
standing of the complex evolution of forces in the atomic junction will become
increasingly important in order to understand the behaviours of both types of tip, and
note that any prototypical mechano-chemical scheme must necessarily involve the
passivation and depassivation of both tip and surface during manipulation.

13.6 The Hydrogen Passivated Silicon Surface: H:Si(100)

Molecular adsorption on semiconductors can be particularly interesting due to the
potential to modify the intrinsic chemical and electronic properties of surfaces. An
interesting case study arises from one of the simplest molecules, diatomic hydrogen,
which can be used to completely passivate Si(100) making it chemically unreactive.
Due to its inherent simplicity, hydrogen also serves as a prototypical study of the
fundamental limits of mechanochemistry on silicon surfaces. Having considered the
role of passivated tips in the imaging of the reactive Si(100) surface, we now turn
our attention to NC-AFM imaging of the prototypical (2 x 1) passivated H:Si(100)
surface. Typical images acquired of the H:Si(100) hydrogen passivated surface are
shown in Fig.13.13. In general we find that preparation of tips capable of good
NC-AFM imaging is significantly more challenging on H:Si(100) compared to
Si(100). We also find that, overwhelmingly, constant Af images obtained on the
surface show inverted contrast, with the hydrogen atoms terminating the silicon
dimers showing up as depressions, suggesting a repulsive tip sample interaction.

The nature of the contrast can often make unambiguous assignment of the the
atomic positions challenging, and it is important to identify the positions of the
atomic rows either by reference to defect structures (as shown Fig. 13.13), or by
reference to simultaneously acquired tunnel current data (in the instances where it is
possible to collect tunnel current data without distortion of the A f signal), in order
to prevent misassignment of the surface structure [51]. Only very rarely were we able
to obtain “conventional” images where the atomic positions appear as protrusions
(Fig. 13.13e). In this instance, the NC-AFM tip originally produced similar inverted
contrast to that shown in Fig. 13.13c, d prior to a spontaneous tip change leading to
imaging the hydrogen atoms as maxima, rather than minima.

An obvious question is whether this increased incidence of inverted contrast arises
solely as a result of the surface properties, or in combination with certain tip types
that are more commonly formed on the hydrogen passivated surface. In Fig. 13.14
we attempt to address this question by comparison of experimental force difference
spectroscopy data with simulated force difference spectroscopy performed with both
passivated and reactive tips.
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Fig. 13.13 Simultaneous Af and tunnel current data acquired during constant Af imaging a
Constant A f topography image, Ag = 400pm, Af = —36.5Hz Vg, = +1.2V. b Simultaneously
acquired tunnel current data showing bright protrusions corresponding to positions of H atoms. ¢,
d Constant A f images of the H:Si(100) surface acquired at zero applied bias with other tip apexes
showing inverted contrast with defect structures for reference. Ag = 300 pm. Af = —26Hz and
Af = —21.5Hz respectively. e Image of H:Si(100) taken with ‘conventional’ contrast (i.e. atoms
appearing as protrusions), Ag = 300pm, Af = —26Hz. Data acquired at 77 K. Figure adapted
from [28]

From our experimental measurements (black line) we clearly observe a signif-
icantly suppressed interaction as compared to the reactive bare Si(100) surface.
Indeed, due to the adopted method of taking difference spectra (over an atom and
between two rows), surprisingly, almost no attractive interaction whatsoever is mea-
sured. Crucially, by comparing this data to DFT calculations, we find that simulated
F(z) measurements using a reactive tip cluster (Fig. 13.14a), although significantly
suppressing the interaction, still shows a measurable attractive force. Crucially, we
find that for a highly reactive tip, although the surface hydrogen passivation sup-
presses the chemical interaction between tip and surface, we still see a measurable
attractive interaction between tip and hydrogen atom compared to the position located
in between the rows.

Therefore for a reactive tip we would also expect to see a measurable attractive
interaction experimentally. Our experimental data shows much better agreement
with the simulated spectroscopy performed with a passivated tip, where we detect
virtually no attractive interaction before the onset of repulsive forces. On the basis
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Fig. 13.14 Comparison of DFT simulated and experimental force-difference data on the H:Si(100)
surface with a a reactive silicon terminated cluster and b an unreactive hydrogen terminated silicon
cluster. ¢ Illustration of the on/off position of the tip both in experiment experimental and DFT
simulations. Blue squares correspond to location 1 (above a hydrogen atom), red triangles corre-
spond to location 2 (between rows). Green circles represent simulated force-difference data and
black open circles show experimental force-difference data. Dashed line in (b) shows the tip height
during experimental image acquisition. Data acquired at 77 K. Figure adapted from [28]

of this comparison we assign the majority of the inverted contrast imaging that we
observe on the H:Si(100) surface as resulting from a combination of passivated tip
and passivated surface. A plausible explanation for this is that during STM/NC-AFM
tip preparation on the surface the tip easily becomes terminated with hydrogen from
the surface, and that this passivation of the tip is relatively stable over an already
passivated surface as the tip rarely encounters a reactive site that would allow for
removal of the tip absorbed hydrogen.

13.6.1 Feasibility of Mechanical Extraction of Hydrogen

In light of the experimental results obtained on both the reactive and passivated
surface, and extensive simulations, it is perhaps possible to comment on the feasibility
the most prototypical mechanochemical step—the transfer of a single proton via
mechanical means.
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A strong argument put forward against mechano-chemistry was famously outlined
by Smalley as the “sticky fingers” argument [1]. We consider this argument in what
might be considered a more limited “sticky finger” perspective in the context of
mechano-chemical manipulation on semiconductor surfaces.

As shown in Fig. 13.12, and suggested by the experimental data in Fig.13.11,
transfer of absorbed adatoms between tip and surface on Si(100) seems feasible, but
we vitally have not addressed how multiple reversible transfers can occur at cryogenic
temperatures. Any tip reactive enough to remove the moiety from the surface will,
unless a structural change occurs, necessarily remain too reactive to subsequently
deposit the same moiety to a similar surface location. Conversely, any tip able to
transfer the adsorbate from the apex to the surface, will remain insufficiently reactive
to subsequently remove the same moiety. It seems that only a scheme which could,
for example, reversibly change the structure of the tip between more and less reactive
forms (e.g. from the H3 to dimer-like in the examples above) would be able to perform
multiple extraction and deposition events. We note that thus far the only example of
reversible mechanical atom transfer shown at low temperature [52] appears to show a
tip evolution of exactly this type, although in this instance the initial tip state was not
restored and further manipulation was not possible. Critically, as Fig. 13.7 shows,
even if this scheme is experimentally realised, it may not be sufficient to simply
consider the general chemical nature of the tip, but also the precise alignment of the
bonds in the manipulation junction, suggesting that an extraordinarily high degree
of control over the tip state is required.

It is also pertinent to consider that while atomically precise manipulation of the
surface is possible with reactive tips, it also seems that the range of possible manip-
ulations may be more limited than had previously been considered due to the effects
of long-range strain at the surface.

A comparison can be made with other experimental schemes, both on semicon-
ductors [6], and insulating surfaces [53], where multiple reversible atomic transfers
from tip to surface have been demonstrated. A key difference in both these cases is
that the experiments were performed at room temperature, where sufficient thermal
energy exists to allow atomic exchange reactions to occur even in the absence of
the complete collapse of the energy barrier. We also note that at least one of the
schemes explicitly required ‘regeneration’ of the tip between manipulations as sug-
gested above. We speculate that it may therefore be possible that, despite the inherent
additional complications of working at elevated temperatures, that ultimately most
mechano-chemical schemes may have to rely on thermal energy available from the
environment in order to be feasible.

13.7 Summary

In this chapter we have highlighted recent developments in the control of atomic bond
angle and atomic transfer by mechano-chemical means at cryogenic temperatures.
We have shown that atomically precise control of the Si(100) buckling structure
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is possible, but that due to complex long-range interactions, likely dominated by
both surface and subsurface defects, arbitrary patterning of the surface remains elu-
sive. The effect of different tip structures has been examined experimentally and
theoretically, and we show that the different classes of tip structure may present
a range of manipulation possibilities depending on the relative reactivities of both
surface and tip. Investigations of the passivated surface suggests that overwhelm-
ingly passivated atoms are transferred to the tip resulting in a high percentage of
passivated tip structures. The results of our experiments and simulations highlight
that while an exciting degree of control is now possible on semiconductors surfaces
using NC-AFM at cryogenic temperatures, sufficient consideration must be paid to
the limitations imposed by the mechanical and chemical properties of the system
when performing mechanical atomic manipulation experiments.
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Chapter 14
Scanning Tunnelling Microscopy with Single
Molecule Force Sensors

R. Temirov and F.S. Tautz

Abstract If the tunnelling junction of a scanning tunnelling microscope (STM) is
functionalized with a nanoscale particle, such as a hydrogen or carbon monoxide
molecule or a xenon atom, this particle effectively acts as a nanoscale force sensor.
It senses forces stemming from the sample and transduces them into a measurable
conductance signal. With this hybrid STM/AFM method images can be obtained
that reveal the geometric structure of the substrate, very similar to state-of-the-art
non-contact dynamic AFM. This chapter provides a survey of experimental results,
explains the mechanism, and discusses the prospects of this novel scanning probe
method.

14.1 Introduction

As this is a book about non-contact atomic force microscopy (AFM), it might surprise
the reader that the current chapter deals with scanning tunnelling microscopy (STM).
However, this is not a mistake. In fact, we discuss here a new operation mode of
tunnelling microscopy which effectively turns a scanning tunnelling microscope
into an atomic force microscope. As scanning probe techniques, STM and AFM are
of course closely related: in both methods a sharp probe (the ‘tip’) is scanned over
a surface and a signal from this probe (tunnelling current for the STM, force for
the AFM) is recorded with very high lateral resolution. It is thus not surprising that
shortly after the invention of the scanning tunnelling microscope [1] the first atomic
force microscope was constructed [2]. But at first glance is does seem astonishing that
an STM can be transformed into an AFM, just by attaching a suitable sensor particle,
i.e. a single atom or molecule, to the tip of the STM while keeping everything else,
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including the fact that the tunnelling current is detected, unchanged. This remarkable
ansatz is subject of the present chapter.

From the very beginning, an important driving force for the development of the
AFM technique was increasing the lateral resolution. Rapid advances in AFM have
been made in this direction, but until very recently the crown for the best lateral
resolution still belonged to STM. Why is atomic resolution more easily achieved
in STM than in AFM? In the STM, the excellent lateral resolution stems from the
exponential (and therefore extremely sensitive) dependence of the tunnelling current
on the distance. This yields a strong STM contrast even for tiny lateral variations of
the local electronic structure. Now it is true that short range atomic forces between
the outermost tip atom(s) and the substrate depend equally sensitive on the lateral
position, but unfortunately in any conventional AFM, in which the force is measured
by the static deflection of an elastic beam (cantilever), long range electrostatic and
van der Waals forces between the macroscopic cantilever and the sample add to the
atomic forces. Since these forces can be orders of magnitude larger than the atomic
forces, and since they do not exhibit a marked lateral dependence, this creates a huge
background problem in static AFM.

It is important to realize that this is a purely experimental difficulty. From a
conceptual point of view, the AFM, if properly restricted to atomic forces of the
immediate tip, offers the potential of even better resolution than the STM. The
reason is indicated schematically in Fig. 14.1, using aromatic organic molecules as
an example (the physics underlying the argument is, however, independent of the
type of sample). Generally speaking, the achievable lateral resolution is determined
by the internal structure of the object(s) that generate(s) the image. For STM, these
are the frontier orbitals in the vicinity of the Fermi level. Since these are delocalized
over the carbon backbone of the molecule, we cannot expect the STM image to

Fig. 14.1 Energy level
scheme of a molecule. States
which determine the image
contrast in STM and AFM
images, respectively, are
indicated

\ -

Energy range LUMO ===~
probed by STM | Homo —-
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exhibit features related to the atomic structure of the molecule. On the other hand,
the AFM registers forces exerted by the sample onto the tip. These forces are caused
by the total electron density of the molecule, including electrons localized in the
ionic cores and in the o-bonds. Therefore, we may expect those structural elements
to show up in a well-resolved AFM image.

Several solutions of the background problem in AFM have been suggested and
implemented. The one in most widespread use today is dynamic non-contact AFM,
and in particular the qPlus tuning fork sensor [3]. When oscillating the cantilever at
high frequency (kilohertz range or higher) and recording its frequency shift as a result
of the interaction with the sample, AFM becomes sensitive to the force gradient in the
direction of the oscillatory movement. Thereby, the contribution of slowly varying
forces from macroscopic parts of the cantilever to the signal is suppressed. Dynamic
force microscopy is the standard today in high resolution AFM, and it has generated
many new opportunities for AFM. For example, it has allowed for the imaging of
the internal structure of molecules [4].

It is clear that another, even more radical solution of the background problem in
AFM would be the employment of a nanoscale cantilever, since this would eliminate
macrosopic forces altogether. This, in fact, is the solution that is the subject of
the present chapter: The cantilever is replaced by a single atom or molecule in the
junction of the STM. The technique can therefore be understood as an STM/AFM
hybrid. It is interesting that the original AFM design of Binnig, Quate and Gerber
actually prefigures the hybrid method that we will discuss in this chapter, only at
a macroscopic level. Figure 14.2 shows a schematic drawing of the first AFM. The
deflection measurement of the force-sensing cantilever was based on a secondary
tunnelling contact at the top of the cantilever. This design was quickly replaced and
no longer plays a role in today’s atomic force microscopes, but if the force sensing
cantilever is shrunk down to a single atom or molecule and integrated directly into

B
ScanneRrs [ A KKC
F FEEDBL\CKb_K e P IF

BLOCK (ALUMINUM)
nanoscale force
A C
sensor
A c functionalized
STM

Fig. 14.2 The top panel shows a schematic sketch of the first AFM design by Binnig et al. repro-
duced with permission from [2]. In the middle panel the macroscopic cantilever, labelled B and
shaded grey in the top panel, is replaced by a single atom or molecule (grey) that acts a nanoscale
force sensor. The result is a hybrid between AFM on the one hand and STM with a functionalized
tip (bottom panel) on the other
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the tunnelling contact of the STM, then the original AFM design is transformed into
the hybrid method which is the subject of the present chapter. The method presented
here is thus the ultimate realization of atomic force microscopy: not only are the
detected forces of atomic origin (as in any AFM), but also (and this is unique) the
detecting unit itself is of atomic dimensions.

While the method discussed here belongs to the class of atomic force micro-
scopies (since force is the physical quantity which determines the image), it can
also be viewed as a specific variant of STM, because the measured quantity is the
tunnelling current. This hybrid character is indicated schematically in Fig. 14.2. The
crucial point is that, viewing the method as an STM variant, functionalized tips are
employed, i.e. some atomic or molecular sensor particle is attached to the outermost
metal atom of the tip, thus becoming the ‘real’ tip. The critical influence of the tip
on STM images has been known for a long time, and every practising scanning tun-
nelling microscopist has observed and discarded many so-called tip-artefacts in their
experiments. However, over time it has turned out that some ‘artefacts’ are very sta-
ble and in fact recurrent. A well-known application of functionalized tips is imaging
the nodes of wave functions [5].

The method of the present chapter merges AFM and functionalized STM, or,
more precisely, develops STM with functionalized tips into a well-controlled AFM
technique. This is no freak. As will become clear in the course of this chapter, there is
in fact a potential for a whole new range of STM-based microscopies, if the tunnelling
junction is imbued with new degrees of freedom. A recent example is the inelastic
tunnelling probe technique itProbe [6]. And it is interesting that the basic idea that
STM can be used to detect forces was already formulated in the first SFM paper by
Binnig et al. [2].

Let us conclude this introduction with a brief historical perspective of high res-
olution molecular imaging, which is so far the prime application of scanning tun-
nelling microscopy with single molecule force sensors. In 2008, the first ever scan-
ning probe images were reported which revealed the atomic-geometric structure of
adsorbed molecules [7, 8]. This was achieved by dosing molecular hydrogen into
a low-temperature STM. For this reason, the new technique was named scanning
tunnelling hydrogen microscopy (STHM). While it was clear that hydrogen func-
tionalization of the tip played a decisive role, the detailed mechanism was not yet
clear, although some crucial elements were already identified. Shortly afterwards,
in 2009 the first AFM images showing the geometric structure of a molecule were
reported [4]. They were obtained with a CO-functionalized tip. The role of CO is to
extend and sharpen the tip and allow for imaging in the repulsive regime without the
attractive forces of the remaining tip to become so large that the molecule is displaced
during the imaging [9]. In 2010 it was shown that repulsive forces are also responsible
for the atomic-geometric STHM contrast, and the sensor-transducer model of STHM
that will be discussed in the present chapter was introduced [10, 11]. Today, it is well-
established that in both AFM and STM the highest resolution images are obtained
with carefully chosen functionalized tips. This has opened entirely new applications
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for scanning probe methods, e.g. the experimental determination of covalent bond
orders [12] and adsorption heights [13] with AFM or the imaging of structures that
are reminiscent of hydrogen bonds in STM and AFM [6, 14-17].

14.2 A Survey of Experimental Results

14.2.1 Geometric Contrastin STM

We start with a survey of STM images that have been recorded in the presence
of a single molecule force sensor in the tunnelling junction. Figure 14.3 shows the
very first image that was recorded with hydrogen in the junction. In this particular
case, the hydrogen was picked up accidentally during standard STM experiments,
and only a careful investigation afterwards revealed that hydrogen in the junction
was responsible for this type of contrast. Looking at the image, it is immediately
obvious that the image shows the geometric structure of the molecules. At first sight,
this is very surprising, since according to accepted wisdom the signal in STM is
proportional to the local density of states (LDOS) of the sample, in an energy region
around the Fermi level and at the position of the tip. But, as Fig. 14.1 shows, the
spatial distribution of the LDOS at Er will in general not reflect the atomic-geometric
structure, because electronic levels in the vicinity of the Fermi level correspond to
strongly delocalized states.

Figure 14.4 shows a few more examples of geometric images recorded with force
sensor tips, in comparison with the standard LDOS images that are obtained with
bare metal tips. In all cases the differential conductance images that were recorded

Fig. 14.3 The very first STHM image, recorded in 2006 at Jacobs University Bremen. The image
was taken in constant current mode with the following tunnelling parameters: V;, = —15mV,
Iy = 2nA [7]. The panel on the right shows the structure of the imaged monolayer of 3,4,9,10-
perylene tetracarboxylic dianhydride (PTCDA) on Ag(111)
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(c) (d)

Fig. 14.4 Survey of STM images with geometric contrast, recorded with a nanoscale force sensor
(top row). For comparison, the bottom row shows the corresponding conventional STM LDOS
contrast. Switching between the two image modes occurs as a function of bias voltage V;,. All
images have been recorded in constant height mode. a PTCDA/Au(111), D;-tip, V}, = —5mV
(top) and V;, = 316 mV (bottom) [10]. b Pentacene/Ag(111), Dy-tip, Vy = —2, mV (top), W, =
—340mV (bottom) [20]. ¢ CuPc/Au(111), Xe-tip, V, = 10mV (top), Vi, = 100mV (bottom) [15].
d PTCDA/Au(111), Da-tip, Vp, = —2mV (top), Vi, = 200mV (bottom) [14]

with a functionalized tip in constant height mode, relatively close to the sample and
at low bias voltages, show signatures of the geometric structure. In some cases the
quality of the structural image is so good that one could identify an unknown species
by its structure, similar to what has been achieved with nc-AFM [18], or an unknown
molecular phase. Moreover, panels ¢ and d reveal that even in the region between
the molecules the images provide a wealth of information that has been related to
intermolecular hydrogen bonds (see Sect. 14.2.6 below).

14.2.2 Tip Functionalization

It has been pointed out already that tip functionalization is crucial for force-sensitive
STM. Figure 14.5, in which an STM image recorded with a well-formed bare metal
STM is compared to two images with functionalized tips, reveals the wide scope
of tip functionalization. In particular, two types of functionalizations must be dis-
tinguished. The image in panel b was recorded with a tip that was decorated with
PTCDA molecule. This functionalization leads to a remarkable sharpening in the
image contrast compared to the bare tip. However, the nature of the contrast does not
change. The two bright lobes above the hydrogen-terminated edges of the molecule
split in two, and the diffuse area above the backbone breaks up into six separate
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Fig. 14.5 A PTCDA herringbone layer recorded with different tips, illustrating the different types
of information that is available depending on the tip functionalization. a The bare metal tip shows a
blurred version of the LDOS [19]. b A tip functionalized with a PTCDA molecule shows a clearly
resolved LDOS related to the LUMO of PTCDA [19]. ¢ A tip functionalized with D, shows the
geometric structure of the molecule [7]

lobes, but the overall pattern remains that of the LDOS. In fact, the bare metal image
in panel a is a blurred version of the image in panel b, which shows the LUMO
of PTCDA. The situation is completely different in panel c. Here a genuinely new
contrast arises that is not related to the electronic but to the geometric structure of
the molecule.

After the initial experiments with molecular hydrogen and deuterium [7, 10,
14], geometric contrast was obtained with xenon, carbon monoxide, and methane
force sensor tips [15]. Although these are very different tip functionalizations (CO
chemisorbs at the end of the tip, while Xe, Hy and CHy are physisorbed), the obtained
contrasts are qualitatively similar. This points to a general mechanism that does not
depend on the specific details of the tip functionalization. However, on the other hand
it must be noted that not every tip functionalization leads to geometric contrast, as
mentioned above and illustrated in Fig. 14.5. In Sect. 14.4 we will discuss a model that
explains why under special experimental circumstances (essentially short tip-surface
distances such that near-contact is established) very different tip functionalizations
may lead to similar (geometric) contrasts.

Individual CO molecules or Xe atoms on the substrate can be imaged with STM
at low temperatures. If such a particle is picked up by the tip, images with geometric
resolution can be recorded straightforwardly. This proves that this kind of imaging
can be instigated by a single particle in the junction. For the case of hydrogen,
the situation is more difficult. Even at low temperatures, isolated H, molecules are
mobile on metal surfaces. Hence they cannot be imaged and picked up at will, and
it is therefore not clear how many hydrogen molecules are needed in the junction in
order to obtain geometric resolution. However, the image in Fig. 14.6a, which was
recorded with a very low concentration of hydrogen and in which the contrast in the
centre of the image suddenly switches form the LDOS to the geometric type and
back again after a few scan lines, shows that also in the case of H it is likely that
a single molecule that is accidentally caught in the junction does the trick. If the
Hj; coverage is too large then the method does not work any more, as Hy molecules
condense into an ordered phase on the substrate (Fig. 14.6b) and the intermolecular
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Fig. 14.6 STHM imaging at different Hy (D;) coverages. The image in a shows spontaneous
switching between the conventional LDOS (top and bottom) and the geometric STHM (middle)
contrasts at low D, coverage (PTCDA/Au(111), constant height image, Vi, = —5mV [20]). The
image in b was recorded after longer exposure to Hy at 5K and shows an ordered H; layer on
top of the PTCDA (PTCDA/Ag(111), constant height image, Vy, = —154 mV [20]). Dotted circles
indicate the approximate positions of hydrogen molecules
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interaction between hydrogen molecules prevents any one of the H, molecules from
following the tip as it scans across the surface.

In fact, by recording tunnelling spectra during hydrogen exposure, one can
directly follow the evolution of the junction [7, 23]. At very low coverage one
observes switching noise between the two states ‘Hp molecule in the junction’
and ‘no H, molecule in the junction’ (top three curves in Fig. 14.7a, b). At higher
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coverage one observes stable spectra which show a low-bias state and a high-bias
state, both separated by conductance spikes (Fig. 14.7b). Such spectra are well-known
from break junction experiments with hydrogen molecules [22], which proves the
presence of hydrogen in the present STM junctions.

The conductance spikes in Fig. 14.7b originate from inelastic transitions. As soon
as the bias voltage reaches the threshold value = Vi, the tunnelling electrons can
transfer the energy e Vipel to an excitation in the junction. The difference from con-
ventional inelastic tunnelling spectroscopy (IETS), where steps in the conductance
are observed because of the opening of a new transport channel at 4Vj,j, lies in
the fact that in the present case not just a molecular vibration is excited, but that the
excitation leads to a change of the structural state of the junction, which also changes
the differential conductance of the junction. The spikes arise since the -V curves
of both the low- and high-bias states must cross at I = 0, V = 0: if the high-bias
state (HBS) has a lower conductance than the low-bias state (LBS), the spikes will
therefore point down (negative differential conductance), while in the opposite case
the spikes point up. Both situations are observed in experiments. Because geomet-
ric images are exclusively observed in the LBS, we can associate the HBS with a
situation in which the hydrogen molecule has left the active part of the junction.
Although the precise nature of the two states is not yet clear, the fact that these two
states are accessible to the hydrogen molecule shows that there is a relatively soft
internal degree of freedom in the junction. This turns out to be the crucial ingredient
to achieve force-sensitive STM (see Sect. 14.3).

Since the conductance spectra can be measured without hysteresis with increasing
as well as with decreasing bias, it is clear that the HBS can only exist because it is
stabilized by the continued tunnelling current, i.e. there is either a spontaneous or a
current-induced transition back from the HBS to the LBS. Several models of two-
level systems (TLS) have been suggested that predict the stabilization of the junction
in the HBS through a continued current of electrons with an above-threshold energy,
e.g. the vibrationally assisted two-level model (VTLS) of Thijssen et al. [22] and the
model of Halbritter et al. [21]. Both are indicated schematically in Fig. 14.7c, d.

14.2.3 Image Distortions

In Fig. 14.8 several images of PTCDA molecules, all recorded with force sensor
tips, are presented. The figure shows that there is a considerable variability in the
precise form of the geometric contrast. In panel a only the outline of the molecule is
perceivable, while in panel b each of the seven rings is discernible, albeit in a very
distorted way, which also changes the topology of the structure. Since this image
was recorded at extremely short tip-surface distance, direct hybridization between
the tip and the molecule may play a role here. The image in panel d is closest to
the chemical structural formula of the molecule. The hexagonal shape of all rings
is clearly evident, although only the central ring appears as a regular hexagon. In
spite of its suggestive clarity, this image also presents surprising features: Firstly,
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Fig. 14.8 Typical image distortions in STM with nanoscale force sensors (STHM, H» or D sen-
sors), illustrated with images of the PTCDA molecule. a At large tip-surface separation, conventional
LDOS imaging still dominates the blurred intramolecular contrast, while the outline of the mole-
cule begins to show geometric contrast (PTCDA/Au(111), H,, constant height mode, V;, = —1 mV,
[20]). b At extremely short tip-surface distance, direct hybridization between the tip and the mole-
cule leads to strong image distortions. The image exhibits characteristics of the LUMO LDOS
and the geometric structure (PTCDA/Au(111), Hy, constant height mode, V;, = 5mV, [20]). ¢
Clear geometric constrast without the shading effect observed in panel (d) (PTCDA/Ag(111), D»,
constant height mode, V;, = —1 mV [7]). d Near-ideal structure with the characteristic 3D shad-
ing effect that can be ascribed to an asymmetry of the metal tip (PTCDA/Au(111), D;, constant
height mode, V, = —5mV [10]). e and f show additional examples of contrast distortions: e
PTCDA/Ag(111), Hy, constant height mode, V, = —5SmV [20], f PTCDA/Au(111), H, constant
height mode, V, = —1mV [20]

the lines between the positions where the atoms must be located (interatomic bonds)
appear extremely and unnaturally sharp, and secondly the shading of the rings lends a
peculiar three-dimensional impression to the image. Regarding the first point, panel
¢ shows that the sharpness is not always as pronounced, and panels e and f reveal
that the image features may be substantially distorted, even appear ‘faceted’ at times.
Although there is atendency for, e.g., Xe to show less well resolved images than either
H; or CO (simply a matter of the size of the sensor particle), the kind of variability
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shown in Fig. 14.8 is not primarily a consequence of different functionalizations.
This suggests that the metal tip also significantly influences the actual appearance of
the image.

14.2.4 Structural Sensitivity

The structural variability notwithstanding, there is a clear correlation to the atomic-
scale structure of the molecule. This is demonstrated by Fig. 14.9, in which the effect
of the abstraction of two hydrogen atoms from one edge of the PTCDA molecule is
illustrated. While the influence of this chemical modification on the LDOS image in
panel a is minute, the impact on the STHM image in panel b is very large. Essentially,
the contrast of the adjacent hexagon and the adjacent area between the molecules
is changed completely. Both effects are to be expected, because after abstraction
of the hydrogen atoms the carbons may form bonds to the metal substrate, leading
to a downward bending of the corresponding carbon ring [24], and because the
peripheral hydrogen atoms of PTCDA play an important role in forming the image
pattern observed between adjacent PTCDA molecules (see Sect. 14.2.6 below).

14.2.5 Mixed Contrasts

So far we have seen that in STM images two general types of contrast may be
observed, the electronic LDOS contrast on the one hand and the geometric contrast
on the other. Figure 14.10a shows that under certain circumstances both types of
contrast can be superimposed in one image. It turns out that the bias voltage is
relevant for geometric imaging only to the extent that a bias voltage too large may

Fig. 14.9 Structural sensitivity of STM imaging with nanoscale force sensors. a Conventional
STM LDOS image of PTCDA/Au(111). The black cross marks the position where a voltage pulse
of V =4V was applied in order to abstract two hydrogen atoms from PTCDA (grey circle). b The
STHM image of the area marked by the square in panel (a) shows the modified structure (constant
height mode, V, = 1 mV [20])
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(a) (b)

Fig. 14.10 An example in which geometric and conventional electronic LDOS image contrast
are superimposed [15]. a dI/dVy, image recorded with a CO-tip in constant height mode over
PTCDA/Au(111) using the lock-in technique at Vi, = —1.6 V, b d1/dV;, image recorded with a
clean Au tip at approximately the same V;,. The calculated image of the PTCDA HOMO is overlaid
in the upper right corner for comparison with the experimental d//d V}, contrast

switch the junction into a state where the sensor becomes inactive (see Sect. 14.2.2);
other than that there is little influence. In particular, CO sensors cannot be deactivated
with an elevated bias voltage, because their binding to the metal tip is too strong.
This is of course different for spectroscopic LDOS imaging. Here the bias voltage
determines at which energy with respect to the Fermi level the local density of states
will be imaged. This is demonstrated in Fig. 14.10b, where an LDOS image has been
taken at the binding energy of the HOMO of PTCDA, and indeed the image strongly
resembles this orbital, as the inset shows. The image in Fig. 14.10a was recorded
with a CO tip relatively close to the surface as a spectroscopic constant height image
at the binding energy of the HOMO, and in fact one recognizes features of both types
of contrast, LDOS and geometric. In particular, the nodal plane of the HOMO which
cuts the molecular plane along the long axis of the molecule leads to a strongly
reduced brightness along this line. Remarkably, the ‘thickness’ of this nodal line
depends on the geometric contrast: In the centre of the molecule this line extends
over the complete Cg ring, which therefore appears dark, while in places where
an interatomic bond coincides with the nodal line it is much narrower. Next to the
darkened central ring one observes remnants of the central lobes of the HOMO orbital.
The superposition of both image contrasts shows that, whatever the mechanism of
geometric imaging, it operates on top of the LDOS image, i.e. it modulates the LDOS
signal.
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(a)

] a

Fig. 14.11 Features in STM with nanoscale force sensors that at first sight do not have a simple
structural counterpart. a STHM image of an Au dimer on Au(111) with dark areas on top of the
atoms (constant height mode, Dy, V;, = 2mV) [10]. b STHM image of PTCDA/Au(111) with a
characteristic tile pattern between the molecules (constant height mode, Dy, Vi, = —2mV, [14]).
A two-color palette has been used to emphasize the contrast in the interstitial region. ¢ Superposition
of the image from panel (b) with the structure of the molecular layer. Expected hydrogen bonds are
shown as dotted lines

14.2.6 Further Image Features

Although it is true that the resemblance of images recorded with force sensor tips
to the geometric structure of the molecules is their most notable feature, there are
other features in the images which do not correspond to geometry, at least not at
first sight. Examples of those are displayed in Fig.14.11. On the one hand, there
is the image of an atomic dimer (panel a), in which dark shades appear above the
centres of the atoms where the tip comes closest to the atom, and on the other hand
there is the rich structure in the area between the molecules in panel b, which is
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suggestive of hydrogen bonds (panel c). This remarkable coincidence between the
tile pattern in panel b and the hydrogen bonding network was first noted in 2010
[14], but at that stage it was not clear if hydrogen bonds really cause these image
features, because at that point the mechanism was not clear. Later, similar features
were observed in AFM, and these features were identified with hydrogen bonds [16,
17]. However, this assignment is controversial, and we will discuss in Sect. 14.4 a
much more plausible origin for these features. In fact, by their appearance the ‘non-
structural’ image features help to disentangle the geometric imaging mechanism of
force sensor STM.

14.3 The Sensor-Transducer Model of Geometric STM
Contrast

Looking at the image features discussed in the previous section from a comprehensive
point of view, we notice a lot of common ground with ultimate resolution dynamic
non-contact AFM images of molecules: in both techniques geometric structure is
observed, both are sensitive to structural modifications of the molecules, both suffer
from characteristic image distortions, and both also exhibit remarkable image fea-
tures between the molecules that have been identified with hydrogen bonds. Hence,
the early conjecture that in some way forces make their way into the STM images
[10] seems justified. We now turn to a more detailed analysis of the experimental data
which proves this surmise. We start by briefly considering the two most important
experimental findings.

The first important experimental finding is documented in Fig. 14.12, which shows
that images with geometric resolution can be obtained from statically recorded spec-
tra. d1/d Vy,(Vp) differential conductance spectra were recorded on a grid of 64 x 64
points in a 13 x 13 A2 area above a PTCDA monolayer. For each spectrum, the tip

Fig. 14.12 Reconstruction of geometric images from statically recorded spectra of the differential
conductance versus bias voltage. a Scanned STHM image of PTCDA/Au(111) (constant height
mode). b Zero bias conductance map extracted from d//dVy, versus V;, spectra measured at each
of the 64 x 64 pixels of the area shown in panel (a).
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was at rest (laterally and vertically). All spectra were recorded at the same height. The
image in Fig. 14.12b gives the conductance at each grid point, as extracted from the
spectra at a bias voltage close to 0 V. The result is virtually identical to the image in
Fig. 14.12a, which was recorded as a conventional constant height image in scanning
mode. The fact that both images are the same shows that any sliding and/or friction
phenomena (such as, e.g., stick-slip) do not play any role in the geometric imaging
mode; on the contrary, the comparison of the two images in Fig. 14.12 shows that
when geometric images are scanned, the sensor particle is always in a unique equi-
librium position in the junction. This is different from, e.g., point contact microscopy
[10, 25]. Importantly, this finding implies two things: firstly, the mechanism of geo-
metric imaging can be studied on the basis of individual experimental d1/d V},(Wy)
spectra, and secondly, computational image simulations can be performed statically.
This is a great simplification. We will make use of it in the present section as far as
experimental spectra and in the next section as far as simulated images are concerned.

The second crucial experimental observation is: in the geometric imaging regime
the usual exponential increase of the tunnelling conductance with decreasing tip-
sample distance is suppressed. This can be seen in Fig. 14.13. The suppression shows
that the junction moves into contact, i.e. the tip presses the sensor particle into contact
with the sample, and this limits the further exponential increase of the conductance.
Only in this distance range, which is characteristic for each sensor particle (partly
reflecting its size), geometric resolution is observed [10, 15]. The fact that the sup-
pression of the exponential increase is closely linked to the image formation is fur-
thermore evidenced by the finding that the degree of suppression varies from point
to point in the geometric image, with dark areas showing the stronger suppression.
Hence, the suppression ‘is’ the geometric contrast. A range of possible mechanisms
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Fig. 14.13 Deviation from exponential tunnelling behaviour in STM with nanoscale force sensors.
The black curve was measured with a bare metal tip on PTCDA/Au(111), the grey curve with
D, as the nanoscale force sensor. After [10]. The horizontal axis corresponds to the relative tip-
surface height z. Compared to the vacuum tunnelling junction, the initial exponential increase in
the presence of the sensor particle is stronger. This can be understood as a result of reduced barrier
height. The regime in which geometric contrast is observed is indicated
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have been suggested for this suppression [27], one of them a depletion of the den-
sity of states in the tip due to Pauli repulsion [10]. However, a full understanding
can only be obtained once structural sensor particle relaxation, which evidently may
contribute to the suppression, is taken into account (see below).

The fact that geometric resolution is observed only once the junction is in contact
suggests that repulsive forces determine the image contrast. This would also naturally
explain why geometric STM images are so similar to high-resolution AFM images,
which are well-known to rely on repulsive forces [9]. A proof of this hypothesis is
provided by a simultaneous measurement of forces during a geometric STM scan,
using a dynamic non-contact AFM in which the force gradient is measured by the
frequency shift of an oscillating tuning fork [3]. Figure 14.14a shows force-distance
spectra that have been obtained by integrating experimental frequency shift curves.
For the functionalized CO tip the onset of repulsive interactions is observed in the
dynamic non-contact AFM force distance-spectra, indicated by the reduction of (still
attractive) force as tip comes closer to the surface (With a bare metal tip this repul-
sive range cannot be reached). Precisely in this range both a force contrast and a
conductance contrast, evolve between different positions above the molecule, and,
as Fig. 14.14b shows, the conductance contrast is approximately proportional to the
force contrast. This not only shows that the repulsive force contrast determines the
conductance contrast, but also allows for the calibration of the latter.

On the basis of the above we can now draw up a sensor-transducer model of
geometric STM contrast. This model is sketched schematically in Fig. 14.15 (left).
The particle that functionalizes the tip acts as a nanoscale force sensor, which,
in the given range of tip-sample distances, is subject to repulsive forces from the
substrate (also from the tip, but these forces do not carry any information about the
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Fig. 14.14 a Simultaneously recorded force versus distance (upper pair) and differential conduc-
tance versus distance (lower pair) spectra for two points above PTCDA/Au(111) as indicated in the
inset, measured with a CO molecule as nanoscale force sensor. The force versus distance spectra
were obtained from frequency shift spectra of a qPlus sensor. 7 is the relative tip-surface distance.
b Plot of the force difference AF between the grey and black curves in panel (a) against the cor-
responding conductance difference Adl/dVy. In the initial regime AF and AdI/dV are nearly
proportional to each other (dotted grey line). After [28]
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substrate). The response of the sensor to these forces transduces the force signal into
the conductance, which is the measured quantity in the STM. Although we have not
specified the precise mechanism of this transduction yet, we can at this point already
say that this mechanism leads to the progressive suppression of the conductance
whenever repulsive forces in the junction increase. Incidentally, we note that the
presence of a nanoscale force sensor is also essential in dynamic non-contact AFM
if the geometric resolution of the molecules is to be measured, since a bare metal
tip does not resolve the repulsive interaction (Fig. 14.14). But in the AFM case the
transduction mechanism is clear: the forces picked up by the nanoscale sensor modify
the resonance frequency of the macroscopic sensor unit (tuning fork), leading to a
measurable frequency shift.

A detailed analysis of the transducer action in the STM calls for simulations of
the junction. Such simulations have been performed, and they indeed clarify how
the nanoscale force sensor responds and how its response modulates the tunnelling
current. They are discussed in the next section. It turns out that the transduction
mechanism revealed by the simulations also provides natural explanations for the
peculiarities of the imaging mechanism that were discussed in Sect. 14.2, namely
the extreme sharpness of the images at the molecular o-bonds, the variability of
the images, the apparent 3D shadowing, and the remarkable contrast between the
molecules.

14.4 A Unified Model of STM and AFM with Nanoscale
Force Sensors

We have seen in previous chapters that the tip-functionalizing particle acts as a
nanoscale force sensor, both in dynamic non-contact AFM and in the geometric
STM mode. The open question is how the transduction into conductance takes place.
To approach this question, let us first ask how the sensor particle may in principle
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respond to repulsive forces from the sample. Clearly, the obvious possibility is that
it changes its position in the junction (and in case of the polyatomic sensor particles
CO and CHy4 also its orientation) to reach a new equilibrium position at which all
forces (and torques) acting upon it from surface and tip cancel out. This response will
include both vertical and lateral movements. As a consequence, the functionalized tip
will relax to a new structure each time the tip moves form one lateral position above
the sample to the next. It is clear that the relaxation of such a soft tip will potentially
influence the tunnelling conductance through the junction, and thus provide a possible
mechanism of signal transduction form the force to the conductance. The question
thus arises whether considering just this relaxation is enough to explain the observed
signal transduction and therefore the geometric contrast, or whether other factors
need to be invoked in addition.

In order to test this, a mechanical model that describes the relaxation of the sensor
particle was devised, on top of which a generic two-step tunnel process was imple-
mented [29]. The model is schematically shown on the right hand side of Fig. 14.15.
The radial tip-induced force Fryp, - is modelled by a Lennard-Jones (LJ) potential,
while the lateral tip-induced force Fjp xy is modeled by a harmonic potential. With
these two forces, any sample-induced (repulsive) force Fguf can be compensated,
provided the sensor moves into the correct position. The sample force Fgyf is a sum
over pair interactions of the sensor particle with all atoms of the sample, each of
these interactions is again modeled by a LJ potential. The tunnelling model assumes
a two-step tunnelling process from the tip base atom (i.e. the last metal atom of the
tip, to which the sensor particle is bound) to the sensor particle, and from there to
the sample, whereby tunnelling to all atoms of the sample is treated as independent.
Note that in spite of its simplicity, this tunnelling model can be derived from the
Landauer formula for ballistic transport, by invoking certain well-justified approxi-
mations, namely the restriction to bias voltages close to zero (corresponding to typical
experiments in the geometric imaging mode), the assumption that the electronic level
structure of the sensor particle will neither be influenced by the tip nor the sample
and vice versa (the sensor particle interacts only weakly), the premise that the sample
LDOS is homogeneously spread (confirmed by conventional STM images at rele-
vant tunnelling voltages that show little submolecular contrast), the supposition that
all tunnelling channels between sensor particle and sample are independent of each
other, and finally the assumption that the densities of states (at the Fermi level) of all
constituents of the junction (tip, sensor particle and sample) are unaffected during
scanning. The conductance can then be written as [29]

dl
——(rsp, r1, Rg) o Tr(rsp, rr)Ts(rsp, Rs)

dVv
= Tr(rsp, rr) Z T;(rsp, 1)

1
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Fig. 14.16 Results of the (a) (b)
generic model for geometric
mode STM. a Experimental
constant height image of
PTCDA/Ag(111) recorded
with a Xe atom as a
nanoscale force sensor

(Vb = —4mV).

b, ¢ Simulated images in
the Tg and Ty channels,
respectively. Reproduced
from [29] with permission

where rgsp, rT, and r; are the positions of sensor particle, tip base atom and sample
atom i, respectively (Rg denotes the set af all r;), and the T are the tunnelling
transmissions,

Tr~ ity and Ts ~ ZT, = Ztl.Tti.
i i

The r are hopping matrix elements. Note that this model differs from the usual Tersoff-
Hamann picture according to which the tunnelling conductance is determined by the
compound local density of states of the sample at the position of the tip. The point is
that in the present case the tunnelling path does not lead directly from the tip to the
sample, hence we consider tunnelling between atomic centres in order to capture this
non-trivial transport path. The underlying assumption is that the relevant LDOS of the
sample is devoid of any specific orbital structure and can be reconstructed reasonably
well by the superposition of atomic densities of states. In order to simulate actual
images with the above model, an assumption about the functions Tt(rsp, r1) and
T; (rsp, ri) must be made. For simplicity, one can assume the usual exponential
distance dependencies of tunnelling, namely 7t o exp(—pBt|rsp — rt|) and 7;
exp(—Bslrsp — r;l).

As it turns out, this model can explain geometric STM images well (Fig. 14.16).
Note that as far as signal transduction is concerned, the model has no other ingredient
than sensor particle relaxation, because each of the three components-tip, sample,
and sensor particle is assumed to be ‘electronically rigid’ and only the position of
the sensor particle relative to tip and sample changes thus redirecting the tunnelling
path as the tip moves laterally. Specifically, the model does not allow for a depletion
of the tip DOS.

Because it is essentially a mechanical model of transduction, the model, if valid,
must explain dynamic non-contact AFM and geometric STM images at the same
time and on the same footing. This it does indeed. It has been known for some time
that in dynamic non-contact AFM the relaxation of the CO tip quantitatively affects
measured bond lengths [12, 30]. The above model shows that, beyond this, also
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Fig. 14.17 Schematic illustration of the sensor particle relaxation that produces a sharpening of the
frequency shift contrast in non-contact dynamic AFM. The upper curve shows the surface potential
Vsurf (x) which is felt by the sensor particle, with stronger repulsion in the centre. The lower curve
shows the observed frequency shift A f (xip). The functional form of Af as a function of xyp is
determined by the intrinsic frequengy shift function A f [VsLl,f (Xsensor)] and the relaxation function
Xsensor = g(xlip)v ie. Af(xtip) = (Af o Vufo g)(xtip) =Af [VSurf(!](xtip))} The mathematical
composition of the two functions Vi, and g leads to the sharpening in the observed Af image.
After [29]

salient changes in the qualitative appearance of the images can be explained by sensor
particle relaxations. For example, the model naturally explains both the sharpening
and inversion of dynamic non-contact AFM contrast as the tip height is reduced: The
schematic drawing in Fig. 14.17 shows that tip relaxation must lead to a sharpening of
image features, because as the sensor particle comes closer to the sample, the range
of lateral tip positions at which it will stay close to the ridge of the sample potential
Vsurf and probe forces there will become narrower. This is indeed what is observed
in dynamic non-contact AFM, as Fig. 14.18 demonstrates. Moreover, it is clear that
eventually this sharpening must lead to contrast inversion in dynamic non-contact
AFM, because for the closest tip-sample distances the sensor particle is essentially
confined to positions in the minima of the potential landscape Vg, irrespective of
the tip position (see top row in Fig. 14.18), and the measured frequency shift for tip
positions in the minima is larger because there the sensor particle has nowhere to
relax, whereas for tip positions closer to ridges in the potential landscape the sensor
particle still sits slightly off-centre in the nearby well and therefore can relax further
as the tip oscillates, thus reducing the repulsive force and measured frequency shift.
This inversion can also be observed in simulated force curves at two tip positions
in Fig. 14.19, as the two curves cross each other. Initially, for large tip heights and
small relaxations the repulsive force is larger above the atom, because of the larger
total electron density there, but for smaller tip heights an inversion takes place.
This crossing of the force curves is also observed in the corresponding experiments
(Fig. 14.14).

Evidently, the same mechanism that causes sharpening in dynamic non-contact
AFM images is also responsible for the sharp features in geometric STM: this closer
the sensor particle comes to the sample, the narrower the range of lateral tip positions
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(a) z=79A z=-7.4A z=71A

Sensor pos.

Fig. 14.18 AFM simulation results and comparison to experiments, as a function of tip-surface
distance z. a Map of simulated sensor particle positions after relaxation. One clearly sees the
bunching of sensor particle positions, e.g. in the centres of the carbon rings, governed by the
relaxation function xgensor = g(Xtip) as defined in Fig. 14.17. According to the mechanism sketched
in Fig. 14.17, this bunching leads to sharpening and contrast inversion of the images in panels (b)
and (c). b Simulated AFM image (the frequency shift A f (xp) is displayed). ¢ Experimental AFM
images Af (xtp). Reproduced with permission from [29]

for which the sensor particle stays close to ridges in the potential landscape Vgt
and channels the tunnelling current into this area. However, since tunnelling through
the sensitized junctions is a two-step process and the measured overall conductance
depends on the position of the sensor particle relative to sample and tip (in contrast to
the frequency shift, which depends only on the position of the sensor particle relative
to the sample), it is impossible to predict by inspection what the conductance pattern
should look like for a given sensor particle relaxation pattern. Here the generic
transport simulations mentioned above prove invaluable.

Overall, the agreement between the transport simulations and the transport exper-
iment is excellent, as Fig. 14.16 illustrates for the case of a Xe sensor, indicating that
the model captures the essential physics. On the basis of this model many features
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Fig. 14.19 Results of the
generic model for geometric
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areas indicated by the grey
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of the geometric images recorded with force-sensitive STM in general and STHM
in particular can finally be understood.

(1) The model explains the damping of the exponential increase of the conductance
that is illustrated in Fig. 14.13. Since the junction is ‘filled’ by the sensor particle, the
overall tunnelling distance will not generally become shorter even if the tip comes
closer to the sample. What happens instead is that the position of the sensor particle
in the junction changes and the tunnel current is guided along a modified two-step
path of approximately the same length as before.

(2) According to the model, any geometric STM image is a superposition of two
images, one deriving from 7, the other from Ts (cf. Fig. 14.16). For the Ts image it
is true that the measured tunnelling conductance above atoms or bonds in molecules
will always be lower than above the centres of (carbon) rings, because in the former
position the coordination of the sensor particle to atoms of the sample is lower,
leading to a lower conductance. This argument is valid irrespective of the tip height,
only the range of lateral tip positions at which the coordination is lower becomes
narrower with decreasing tip height (sharpening), cf. top row in Fig. 14.18. For close
tip-surface distances, the tunnelling conductance in the 7t image will also be larger in
ring positions than above atoms and bonds, because in the ring there is no possibility
of a sideways relaxation, which leads to a larger reduction of the distance between
the tip-base atom and the sensor particle as the tip approaches the surface. In fact,
Fig. 14.16 shows that above the PTCDA molecule the contrast in the 7T image is
rather similar to the one in 7s. For larger tip-surface distances the 7T image will tend
to show weak contrast, because as a result of weak relaxation the sensor particle rolls
around the tip base atom, with little effect on the distance between tip base atom and
sensor. Considering the two images together, it is therefore clear that in geometric
STM images contrast inversion is usually not observed above molecules.
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(3) In the simulation, both 75 and 7t images can of course be analysed separately.
Comparison to the measured image therefore permits image features to be traced
back to either of the two tunnel processes Tt or 7s. For example, one finds that for
a CO sensor the intramolecular contrast is largely determined by 75 [29]. This is a
consequence of the relatively strong covalent bond of the CO molecule to the tip:
firstly, this means that the distance |rsp — rr| will not change strongly, whatever the
force exerted on the sensor particle by the sample, and secondly the good electronic
coupling across the covalent bond implies a small tunnelling decay constant fBr,
which further reduces the sensitivity of the 7t channel. This illustrates that as a
general tendency the mechanically and electronically more weakly coupled part
of the junction tends to determine the high-resolution geometric STM image. For
example, Fig. 14.16 reveals that for a Xe sensor the contrast between the molecules
is essentially determined by 77, while on the molecules both Tt and Ts show very
similar images.

(4) In special circumstances images can be recorded that are not only a super-
position of 7t and Ts tunnelling, but also contain conventional LDOS contrast. In
Sect. 14.2.5 an example of this was discussed in connection with Fig. 14.10. Such
images can be understood qualitatively if the supposition that the sample LDOS is
continuously spread over the molecule is given up. Then, in a Tersoff-Haman pic-
ture, the Ts tunnelling will depend on the sample LDOS, which for special tunnelling
voltages resembles the probability distribution of the corresponding orbital , or the
orbital LDOS structure is distorted by the geometric structure of the molecule, via
sensor particle relaxation. However, due to sensor particle relaxation the LDOS will
essentially be recorded in the vicinity of the minima of the interaction potential
between sensor particle and sample, cf. the top row of Fig. 14.18. As a result, an
image is observed in which - depending on the viewpoint - the geometric structure
of the molecule is modulated discontinuously with the LDOS of the corresponding
orbital, or the orbital LDOS structure is distorted by the geometric structure of the
molecule, via sensor particle relaxation. This explains why the whole central ring
in Fig. 14.10 appears dark (for all corresponding tip positions the sensor particle is
locked close to the nodal line of the HOMO), while the other four perylene rings are
bright (sensor particle locked on the lobes of the HOMO). The influence of the nodal
line is also obvious between the perylene rings, but, remarkably, not close to the
short edges of the molecule. It is clear that because of the complex interplay between
LDOS and geometric imaging a full understanding of mixed contrast requires a more
elaborate quantitative modelling.

(5) The same mechanism that leads to the sharpening of intramolecular bonds
(as illustrated in Fig. 14.17) also leads to the appearance of the rather sharp features
in the interstitial region between the molecules in the sample surface, which have
been discussed as possible signatures of hydrogen bonds [10], see Figs. 14.11 and
14.16. This can be understood as follows: the mechanism illustrated in Fig. 14.17 is
operational and leads to sharp lines in the images whenever a repulsive saddle occurs
in the potential felt by the sensor particle. The origin of this saddle can either be the
presence of real electron density, as in the case of intramolecular bonds, or the close
proximity of atoms in the sample surface. In the latter case, the saddle arises from
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the convolution of the electron densities of the sensor particle and the neighbouring
sample atoms. Hence, the sharp lines in the images in the interstitial region connect
adjacent atoms in neighbouring molecules irrespective of any bond there may be
between them [29]. Evidently, if there is a bond, the bonding atoms will be so close
to each other that the convolution will likely yield a sharp line. For this reason, in
many cases such features appear precisely in locations where hydrogen bonds are
expected. However, not every observed line must necessarily correspond to an actual
bond. Note that these sharp lines also appear in dynamic non-contact AFM [16,
17], for exactly the same reason as in STM. In AFM, however, it is relatively easy
to check whether true electron density or just the convolution effect cause a given
feature, since in the former case the electron density also shows up as a broad and
smooth structure in AFM images that are recorded at larger tip distances when the
sensor particle does not show appreciable relaxation (Fig. 14.18 left column). In this
distance range, the geometric STM contrast is usually hardly discernible.

(6) In the simplest implementation of the model the lateral tip force Frip xy is
isotropic in the xy-plane. For cylindrically symmetric tips this is a realistic assump-
tion. However, most real tips will not be symmetric, leading to an ansiotropic lateral
tip force. Evidently, this has the potential to cause image distortions as have been
discussed in Sect. 14.2.3. In fact, the apparent 3D shadowing has been simulated with
an anisotropic lateral tip force [29].

The above discussion shows that in the framework of a simple mechanical trans-
duction mechanism the sensor-transducer model introduced in Sect. 14.3 can explain
virtually all generic features of the geometric STM contrast, in simultaneous consis-
tency with corresponding dynamic non-contact AFM results. On the one hand, this
confirms the sensor-transducer model as introduced in the previous section as such,
on the other hand it relegates other possible transduction mechanisms [10, 27] to
secondary roles, at least in the cases studied so far.

14.5 Conclusion and Outlook

This chapter has been devoted to a force-sensitive operation mode of STM in which
the geometric structure of surfaces can be visualized. After summarizing the phe-
nomenology of geometric resolution for the example of molecular monolayers, we
have discussed crucial experimental findings. This has allowed for the formulation
of a sensor-transducer model according to which a nanoscale force sensor at the tip
of the STM transduces repulsive forces from the sample into a tunnelling conduc-
tance signal. To confirm the sensor-transducer concept, which can be understood
as a miniaturized version of the original AFM design [2], we have considered a
simulation approach that allows the extraction of a purely mechanical transduction
mechanism based on lateral and vertical sensor particle relaxation. We note that
although molecular layers have been used almost exclusively in this chapter to illus-
trate the force-sensitive STM mode, there is nothing in the mechanism which restricts
it to these kinds of samples. It should also be clear from the discussion in this chapter
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that any extension of the present tunnelling model that includes more realistic charge
transport simulations will not change its essential feature: namely, that the observed
STM contrast is directly related to the relaxation of the sensor particle.

The mechanical model of the functionalized STM/AFM junction clarifies all
essential features of force-sensitive STM and dynamic non-contact AFM images
measured with functionalized tips at close tip-sample distances and establishes the
relationship between these two methods. Most importantly, it explains the appear-
ance of the characteristic sharp features. Also, it reveals the nature of the contrast
in the intermolecular regions and allows a critical discussion of the appearance of
so-called hydrogen bonds in the images. Finally, the method allows for the simula-
tion of dynamic non-contact AFM and geometric mode STM images of complete
molecular layers at different tip-sample distances at small computational cost.

There are at least two aspects of the discussion in the present chapter that can
be generalized. Firstly, the relaxation of the outermost tip which is utilized here is
not specific to functionalized tips in STM or AFM, nor is it specific to non-contact
AFM. In fact, tip relaxation was discussed in the context of contact force microscopy
with bare metal tips long ago [31]. Of course, bare metal tips are less bendable, and
in contact force microscopy one additionally has a lateral force component due
to in-contact sliding, introducing stick-slip and other friction phenomena, but tip
relaxation may still lead to a similar phenomenology there as discussed here. For
example, for contact force microscopy on graphite it has been pointed out that the
structural resolution observed there represents a ‘hollow-site resolution’ rather than
an ‘atomic resolution’ [32]. Tip relaxation is also important in the imaging of lateral
forces [33] and 3D force fields [34] and in point contact microscopy [25, 26].

Secondly, the concept of the STM junctions with sensor-transducer functionality
can be generalized beyond the present example of force-sensitive STM, by consider-
ing both other measurands to which the sensor may respond and other transduction
mechanisms. In the present example, the force from the sample determines the equi-
librium position of the sensor particle and thus the tunnelling path. As we have seen,
the transduction of the force signal is effected via changing equilibrium positions
and changing tunnelling paths. But instead of the force at a given position one may,
for example, be interested in the curvature of the potential there. Evidently, this
curvature of the potential landscape of the sample must influence the vibrational
frequency of the frustrated translation of the sensor particle at the end of the tip
(since the curvature of the sample potential is much smaller than that of the tip, the
influence of the former on the vibrational frequency is small, but still measurable),
and the latter could be easily measured in inelastic tunnelling spectroscopy (IETS)
[35]. In such an experiment the sensor particle would therefore transduce the signal
‘curvature of the potential’ into a secondary signal ‘inelastic tunnelling current’.
Indeed, inelastic tunnelling images of cobalt phthalocyanine molecules have been
recorded recently in precisely this way [6], showing similar submolecular struc-
tural detail as force-sensitized STM and dynamic non-contact AFM. Clearly, this
the single molecule inelastic probe method (itProbe) is yet another example of the
sensor-transducer concept in STM and thus beautifully illustrates its universality. In
general terms, the concept relies on the presence of at least one internal degree of
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freedom in the tunnelling junction (e.g. position of sensor, or frustrated translation
mode of sensor) which can sense a certain physical measurand (e.g. force, or cur-
vature of potential) and transduce this signal into another physical quantity (elastic
conductance, or vibrational frequency/inelastic conductance). It should be noted that
many more sensor-transducer systems are conceivable, all furnishing their specific
information about the studied surface. A very recent example is the method of scan-
ning quantum dot microscopy [35], which allows extremely sensitive measurements
of the electrostatic potential.

Note that the single molecule inelastic probe method is the dynamic version of
STM-based force microscopy: Whereas the nanoscale sensor particle in STHM and
related methods plays the role of a static cantilever, the single molecule inelastic
probe is used as a ‘nanoscale tuning fork’ (Accordingly, the second derivative of the
potential is measured, as in the case of the macroscopic cantilever). Interestingly,
the inelastic tunnelling probe would in principle work even without sensor parti-
cle relaxation, because the transduction mechanism is based on exciting vibrations
around its equilibrium position, whereas in static STM-based force microscopies the
transduction mechanism intrinsically employs relaxation. But, of course, since the
bonding of the sensor particle to tip is the same in both cases (it is in fact the same
sensor particle), there will always be relaxation, also in the single molecule inelas-
tic probe method. Indeed, the application of an extended version of the simulation
model introduced in the previous section has shown that it is again this relaxation
which yields the sharp submolecular contrast in itProbe experiments [36]. Without
relaxation, i.e. for large tip-sample distances, the inelastic probe method provides
blurred images, similar to those of conventional STM. Finally, we note that it has
been shown that the single molecule inelastic probe method possesses a remarkable
sensitivity to intramolecular charge distributions, making it a useful complement to
local contact potential difference microscopy [36].
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Chapter 15
Nanostructured Surfaces of Doped
Alkali Halides

Clemens Barth

Abstract In this Chapter, we explore the fascinating world of the nanostructured
(001) Suzuki surface of Mg®t and Cd** doped NaCl single crystals—surfaces
that have been recently rediscovered by noncontact AFM and Kelvin probe force
microscopy in ultra-high vacuum. The surface morphology, the atomic surface struc-
ture and the identification of surface ions will be discussed. At the end of this Chapter
two applications exemplify a nanostructured growth of functionalized molecules with
polar substituents and metal nanoparticles on the Suzuki surface.

15.1 Introduction

Alkali halides have been extensively studied in condensed matter physics [1], and
the crystal and electronic structure, optical properties, defects, doping, the ionic
conductivity and surface reactivity related phenomena have been addressed already
several decades ago [2, 3]. Before atomic force microscopy (AFM) was introduced
in 1986 [4], the morphology of the (001) surface has been mainly studied by the
combination of the gold decoration method and transmission electron microscopy
(TEM), starting from the end of the 1950s [5, 6]. Such studies gave great insights
into diffusion and evaporation related surface phenomena [7-9] as well as into impu-
rity controlled surface modifications [10-12] . After the introduction of frequency
modulated noncontact AFM (nc-AFM) [13-16], the surfaces of alkali halides have
become yet again standard model surfaces. The atomic structure [17-25], defect
identification [26-28], indentation [29] as well as adsorbed molecules [30, 31], self-
assembled molecules [32—41] but also metal NPs [40, 42—48] have been addressed.
In recent revolutionary work, alkali halide thin films have been used to support single
molecules for imaging their atomic structure with an unmatched resolution [49-54].

The reason for the extensive use of alkali halide surfaces in nc-AFM is that they
can be easily prepared in ultra-high vacuum (UHV): for instance, cleaving a single
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crystal along the (001) cleavage plane, which is mostly followed by in-situ annealing
at moderate temperatures (~100 °C) [26, 55, 56], is completely sufficient to obtain
clean surfaces with large atomically and stoichiometric flat terraces—ideal condi-
tions for nc-AFM and KPFM. The imaging with atomic resolution and of supported
molecules or metal nanoparticles can be easily accomplished. A very important prop-
erty is that alkali halide surfaces are quite inert in UHV such that measurements can
be done within a week during which the surface remains almost clean. Another advan-
tage is that the number of possible defects, which are stable during the acquisition
time of AFM experiments, is quite limited: apart from impurities, FO centers (anion
vacancy with a localized electron inside), cation and anion vacancies are the only
candidates. This helps the interpretation of surface phenomena observed by nc-AFM
where defects play a fundamental role. Note that high-quality alkali halide surfaces
can also be obtained by evaporating a small amount of the alkali halide material onto
almost any clean and atomically flat substrate surface (thin alkali halide films) like
on silver [57, 58], copper [59, 60], HOPG [61] and even silicon surfaces [62].

Apart from all the latter advantages there is another one of general importance:
alkali halides can be easily doped with divalent metal impurity ions such as Mg+
or Cd’*, via adding the respective salt into the melt during the growth of an alkali
halide crystal (e.g., CdCl, or MgCl, in NaCl, see [63]). Such impurities replace
the standard cations and create a cation vacancy in their vicinity to guarantee charge
neutrality within the crystal. At specific doping concentrations, new phases with new
atomic structures inside the alkali halide can be created. One of such phases is the
Suzuki phase discovered by Kazuo Suzuki in 1961.

In this Chapter, we will see that NaCl crystals, which are doped with 1-5 % MgCl
or CdCly, exhibit nanostructured surfaces with two distinct surface regions: one from
pure NaCl and one from the Suzuki structure. The surface morphology, which was
studied as a function of surface preparation (annealing, impurity concentration, etc.),
atomic resolution imaging including identification of surface ions and applications
of the surface in the domain of molecular self-assembly and heterogeneous model
catalysis will be discussed.

To complete the picture of doped alkali halides in nc-AFM, we first describe the
surfaces of those alkali halide crystals, which are often referred as to crystals of
highest purity, and crystals that contain only a few impurity ions (< 1 %). We will
see that impurities at low doping level sensitively determine the charge state of the
surface by creating a Debye-Frenkel dipole layer at the surface.

15.2 Low Defect Concentration—the Debye-Frenkel Layer

For many nc-AFM experiments, alkali halide crystals of highest purity are purchased
from crystal growing companies. When such single crystals are cleaved in UHYV,
some surface charge is generally detected even at large distances of several tens
and hundreds of nanometer, depending on the cleavage [56]. In literature it is quite
often mentioned that prior to AFM experiments a crystal is annealed at temperatures
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around 100 °C to ‘remove the surface charge’, which was produced by the cleavage.
A fundamental question has been always if all surface charge is removed after the
annealing and if the surface is defect-free. To give answers to this question, KPFM
can be used because it is sensitive on surface charges and their lateral distribution
[26, 64, 65].

Surprisingly, after a preparation by UHV cleavage and annealing KPFM images
always show a contrast, which is stable and does not change by time. Apart froma very
faint, over large distances smoothly varying Kelvin contrast [56] a very localized,
sharp contrast at the steps is regularly observed [26-28] (Fig. 15.1a, b). The latter
type of contrast is composed of single round patches, which have a lateral dimension
typically of 10-20nm [26]. Because of the high purity no material other than alkali
halide is present on the surface so that the contrast is due to localized charged defects,
which change the local electrostatic surface potential at the steps. It is clear that
such defects cannot ‘aggregate’ into nanometer large structures. And indeed, atomic
resolution imaging regularly reveals atomic sized defects at the kink and corner sites
of steps, exactly at the position of the patches in the Kelvin image [26]. For instance,
the defects 1 and 2 at the two kinks in Fig. 15.1c are exactly located at the bright
patch (yellow circle) in image Fig. 15.1a, b. Such ‘charged defects’ are a point source
in the KPFM contrast formation: because of its long-range character the electrostatic
force is detected by the whole tip apex such that the shape of the apex is imaged

Fig. 15.1 The Debye-Frenkel-Layer on alkali halide crystal surfaces. a—¢ Topography (a) and
Kelvin image (b) simultaneously recorded on the (001) surface of a KClI crystal of highest purity
(Kelvin contrast: Useep—terrace = +0.4 V). ¢ Constant height image recorded in the surface region
marked by the dotted circle in a. d—f Topography (d) and Kelvin image (e) simultaneously recorded
on a (001) surface of a NaCl crystal, which was doped with 0.1 % MgCl, (Kelvin contrast:
Ustep—terrace = +0.3 V). f Constant height image recorded in the surface region marked by the
dotted square in d. The bright patches in the Kelvin images (b) and (e) correspond to more negative
surface sites with respect to the neutral alkali halide terraces. The negative surface sites are created
by cation vacancies at kink and corner sites of steps as verified by atomic resolution (¢) and (f) at
the respective places. Both crystals were cleaved in UHV and annealed at 150-200 °C (From [26])
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when the tip scans a charged defect. This explains the size of the patches but also the
observation that in a Kelvin image all patches have the same size.

The most important observation is that the patches always exhibit the same contrast
at the steps (e.g., always a bright contrast), which corresponds to a net negative
surface charge [26-28]. In fact, it documents a fundamental property of the surfaces
of ionic material in condensed matter physics, and is refereed to as the Double layer
or Debye-Frenkel layer introduced by Frenkel in 1946 [66, 67]: if for an ideal pure
crystal (no impurities) the free formation energies for the creation of anion and cation
vacancies are different in the near surface region, an excess of one type of vacancy is
generated by time. Because, e.g., a cation vacancy has 6 or 5 neighboring anions in
the bulk or on the terrace, respectively, (anion vacancy: 6 or 5 neighboring cations) it
is a very negative site carrying a ‘negative charge’ (anion vacancy: ’positive charge’).
Therefore, an excess of one type of vacancy would charge up the crystal, which is
an impossible scenario. A mechanism is therefore needed that balances this excess
charge. In fact, a double layer is created such that one type of vacancy is located
on the surface whereas the other one is stabilized in a layer below the surface, in a
so-called space charge layer [68—71]. Both layers form a dipole that modifies the
free formation energy for the creation of cation and anion vacancies, which finally
balances the electrostatics of the crystal [72]. Note that the free formation energies
for anion and cation vacancy creation are indeed different on the surface and strongly
depend on the temperature [72]: when monotonously changing the temperature (e.g.,
from low to high temperatures) the surface charge may become zero and switch its
sign, which means that the vacancies change the respective layer. This was verified
by a couple of experiments for different alkali halide crystals, explicitly showing a
surface charging in dependence on temperature [72].

With respect to the surface site of the vacancies, calculations have shown that
the vacancies find their energetic equilibrium position at especially low-coordinated
surface sites, which are the kink and corner sites of steps [43, 73, 74]. Because alkali
halide crystals are generally annealed prior to nc-AFM experiments the probability
to find vacancies at steps is therefore high due to the high mobility of vacancies at
room and in particular at elevated temperatures [43, 75].

The latter description of the Debye-Frenkel layer is in fact the intrinsic case
[68], which is valid for high temperatures only when considering crystals of even
highest purity. However, at relatively low temperatures like at room temperature, the
so-called extrinsic case predominates due to the presence of impurities, which have
valences other than +1 or —1 [69]. In fact, any real alkali halide crystal of even highest
available purity does contain impurities. In most cases, the crystals contain divalent
metal impurity ions like Ca®* or Mg?*. Because of the different valence with respect
to the host cations, negative cation vacancies are created in order to conserve charge
neutrality. At thermal equilibrium, a Debye-Frenkel layer is created such that the net
negative surface charge of the cation vacancies on the surface is compensated by the
positive impurities below the surface. Note that already a very small impurity amount
of only a few ppm is sufficiently large to create a Debye-Frenkel layer. Furthermore,
note that it is difficult to introduce divalent negative impurities, which would lead to
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positive anion vacancies. Therefore, a net negative surface charge is created at room
temperature by negative cation vacancies only [69].

The ultimate experiment to investigate the Debye-Frenkel layer is to examine the
charge state of alkali halide crystals, which are explicitly doped with divalent metal
impurity ions. In the case of such doped alkali halides, same type of observations
must be made and even more, the density of the negative sites at the steps should
increase upon an increase of the impurity content, as indeed observed on the (001)
surfaces of Mg+ and Cd** doped NaCl crystal surfaces (Fig. 15.1d—f).

The Debye-Frenkel layer is a fundamental property for surfaces of any ionic
material. For instance, a Debye-Frenkel layer could also be observed on the (111)
surface of CaF, by nc-AFM and KPFM [76]. Not only can the surface acts as a source
or sink for charged defects but also dislocations and grain boundaries [67, 77]. In the
case of dislocations, the dislocation line carries one type of charge and is surrounded
by a symmetric space charge cloud of opposite charge. Charged dislocations could
be indeed observed by nc-AFM and KPFM experiments on the (001) surface of bulk
KBr, where dislocations were explicitly created by nanoindentation experiments [27].

15.3 High Defect Concentration—The Suzuki Phase

When the amount of divalent impurity cations in alkali halides is increased in the
ppm range the (001) surface increases the number of negative vacancies at steps,
building up a stronger Debye-Frenkel layer. However, at an impurity content of
roughly 1% a new important mechanism in condensed matter physics takes place
inside the crystal:precipitation of impurities into new structures, which are localized
in small regions inside the otherwise unchanged pure alkali halide. One important
phase amongst others (see [63, 78] for a brief overview) is the so-called Suzuki
phase, which appears in alkali halides in a doping range between roughly 1 and
10%. The Suzuki phase was first found in Cd** doped NaCl (NaCl:Cd>*) by the
Japanese Kazuo Suzuki in 1961 thanks to his X-ray diffraction experiments [78].
Apart from the Suzuki phase in NaCl:Cd** crystals [12, 63, 78-92] the same phase
was discussed for Mn2* [10, 11, 63, 82, 83, 86, 88, 90, 93-100], Mg2+ [22, 63, 82,
89, 90], Fe?* [11, 63, 82, 86, 90, 101, 102], Ni** [63, 103], Co®* [104], Sr** [63,
105] and Pb>* [63, 106] doped NaCl crystals. The host lattice must not necessarily be
NaCl, the Suzuki phase may exist also in NaBr (Mn2* [100]), KCI (Sm?* [107], Pb>*
[108], Eu”* [109, 110]), KBr (Mn** [111], Eu®* [110, 112, 113]), LiF (Mg?* [114,
115]), AgCl (Pb** [116]) and even in oxides (MgO:Mn>* [117-120], NiO:Mn?*
[120], CuO:Pb>* [121, 122]). Suzuki phases including two types of metal impurity
cations were also found (NaCl:Pb, EuZ* [123] and NaCl:Cd, Pb* [124]).

In the following, we discuss the Suzuki structure for NaCl crystals. The morphol-
ogy of the respective (001) surface and atomic resolution imaging in conjunction
with the identification of surface ions and vacancies are involved. The Section shall
demonstrate that by using nc-AFM and KPFM very important surface properties of
doped alkali halide crystals can be characterized.
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Fig. 15.2 The atomic structure of the Suzuki phase, exemplified for Cd** doped NaCl. a The
Suzuki unit cell is almost two times larger (ag = 11.24 A) than the one of NaCl (aNac1 = 5.64 A)
[78]. b Top view with a projection of the Suzuki unit cell (yellow dotted square) on the Suzuki
terminated (001) surface. The Cd?* ions and the vacancies form each a sub-lattice with a size of
ay = acg+ = as/+/2, which is larger than the sub-lattices of the Nat (ang+ = as/2) and C1~
ions (ac;- = as/2 ﬁ). ¢ Side view of the Suzuki terminated (001) surface. d Top view on the
NaCl terminated (001) surface with chlorines above the vacancies (bright blue, Cly), Na™ ions
(blue, Cl,) and Cd?* ions (dark blue, Cly)- The CIy; and Cl, ions form each a sub-lattice with
dimension ay = acly, = acie; = as/ V2 whereas the Cly, form a smaller sub-lattice with the size

acily, = as/2. The Na™ ions form the smallest sublattice (an,+ = as/2 V2). e Side view of the
NaCl terminated (001) surface

15.3.1 Structure and Surface of the Suzuki Phase

The unit cell of the Suzuki phase is cubic and almost twice as large as the one of
the corresponding alkali halide (Fig. 15.2a) [78, 91]. The structure is composed of
alternating layers of pure NaCl (layer 1) and layers, which include the regular C1” ions,
a part of the regular Na* ions, the positive divalent Cd>* impurities and Na™ vacancies
for compensating the additional positive valence of the impurities (layer 2). Due to
the specific structure, the composition is given either by CdCl,-6NaCl or simply
NagCdClg for Cd in NaCl. Although the size of the unit cell of the Suzuki phase
can be precisely measured by X-ray diffraction, slightly deviating values for its size
were reported. For NaCl:Cd%* crystals a size between 11.248(3) A [82] and 11.278
A [85] was found, which is slightly smaller than the value of 11.39(1) A calculated at
0 Kelvin [91, 92]. The experimental values show that the Suzuki unit cell is slightly
smaller than the double size of the NaCl unit cell, with a mismatch around 0.15 %
(anacl = 5.64 A, asuuii/2 = 5.624 A [82], asusuki/2 = 5.639 A [85]). However,
thanks to this very small lattice mismatch the Suzuki structure exists in up to 1 pm?
large cubic precipitates inside real crystals, almost perfectly incorporated in the pure
NaCl matrix [89].
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Withrespectto the (001) surface, two possible surface terminations exist: either the
surface is terminated by a layer containing regular Na* and C1~ ions, the impurities
and vacancies (Suzuki-termination , Fig.15.2b, c) or by a pure NaCl layer (NaCl-
termination, Fig. 15.2d, ). On the NaCl-terminated surface, the Na* ions are located
above C1™ ions of the second layer whereas the C1™ ions sit either above second layer
vacancies, impurities or Na* ions. In particular the Cl~ ions above the vacancies
experience a strong outward relaxation of 40 pm while those over Cd>* ions remain
close to the ideal surface plane [25]. Such surface relaxations lead to a break of the
NaCl surface symmetry such that several sub-latices are formed, as now explained
for the Suzuki-termination (Fig. 15.2): on the Suzuki-terminated surface the Na*, CI"
and Cd?* ions but also the vacancies form each highly symmetric sub-lattices, each
of which has a precise dimension and orientation in the (001) plane. Already Kazuo
Suzuki concluded from his X-ray diffraction experiments that the C1™ ions relax
towards the Cd** ions in the (001) surface plane [78], whereas the Na®™ and Cd>*
ions stay on the regular sites of the NaCl structure. In literature different values for the
surface relaxation § (fraction of asyzuki) of the CI~ ions can be found (§: 0.028 [78],
0.014 [79], 0.020 [125], 0.0154 [91]). The average of the latter values (6 = 0.19)
exemplifies that the C1~ ions relax 20 pm towards the Cd** ions in the (001) surface
plane.

In Sect. 15.3.3 we will see that thanks to the specific Suzuki structure an identifi-
cation of all surface ions and the vacancies is possible by imaging the surface with
atomic resolution in the nc-AFM mode.

15.3.2 Surface Morphology

15.3.2.1 Surfaces Prepared by Cleavage in UHV

If a doped alkali halide crystal with Suzuki precipitates inside the bulk—a so-called
Suzuki crystal—is cleaved in UHV a flat (001) surface is obtained, which is called
the Suzuki surface. Because the cleavage crack passes through the regular pure NaCl
but also through some precipitates during the cleavage, two types of surface regions
co-exist [126]: one from pure NaCl (NaCl regions) and one from a regular Suzuki
structure (Suzuki regions). Figure 15.3 shows typical characteristics of the (001) sur-
face after the UHV cleavage of a NaCl:Cd>* crystal (4 Mol % of CdCl,): in the
middle of the topography image (Fig. 15.3a) two 400 x 400 nm? large square shaped
Suzuki regions can be found, which are surrounded by regions of pure NaCl(001).
The regions appear in form of depressions whereas their edges are oriented along
equivalent (100) surface directions as observed before by TEM on surfaces of as-
cleaved crystals [10, 86]. The square shape of the regions is in fact the projection of
the almost cubic shape of the Suzuki precipitates onto the (001) surface [86, 94].
An important characteristic are cleavage steps inside the Suzuki regions [126]: the
topography image (Fig. 15.3a) shows cleavage steps with a height of 5.6 A implying
that all terraces are either NaCl or Suzuki-terminated. The specific step structure is a
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Fig. 15.3 Suzuki precipitates on the (001) surface of an as-cleaved NaCl:Cd>* crystal (4 Mol
% of CdCl,). Topography (a) and Kelvin image (b) simultaneously recorded at a large Suzuki
precipitate (Kelvin contrast of the precipitate and NaCl steps: Usuzuki—NaCliemaee = +1.3 V and
UNaClierrace —NaClgep ™ +0.3 V, respectively). The asyzuki/2 =~ 5.6A high steps inside the Suzuki
precipitates were created by the cleavage crack, which cut (110) screw dislocations at the Suzuki-
NaCl. ¢ Another Suzuki precipitate found on the same crystal surface. Steps with a height of only
1/4asuzuki ~ 2.8 A can be seen, exhibiting both, NaCl and Suzuki-terminated streaks (From [126])

result of the cleavage crack, which cuts (110) screw dislocations at the Suzuki-NaCl
interface, which leads to (100) slip steps in adjacent NaCl regions. Because the unit
cell of the Suzuki phase is not exactly twice that of the NaCl unit cell (anac1 = 5.64 A
and asyzuki/2 = 5.624 A [82]), the dislocations are a result of the small misfit and
release the related strain at the interface [94]. The (110) screw dislocations lie in
the {110} planes, which intersect the (001) surface and which are the slip or gliding
planes in pure NaCl [127-129]. In other Suzuki regions (Fig.15.3c) steps with a
height of only 2.8 Ax~1 /2anac1 ~ 1/4asuzuki could be found exhibiting both, NaCl
and Suzuki-terminated surfaces. Such steps are probably a result of the alternating
expansions and contradictions of the C1~ ions, which appear around the Cd** ions
along (110) directions. These alternating strains are then relieved by partial (110)
screw dislocations, which have a magnitude of the burgers vector of V28 -Asuzuki [86]-

When KPFM is done on a Suzuki surface a strong contrast in the Suzuki regions is
regularly observed, corresponding to voltage differences of one volt and more with
respect to the neutral NaCl regions [22, 126] (Fig. 15.3b). The Kelvin contrast is
homogeneous inside the Suzuki precipitates and no further details can be obtained
even by choosing smaller scanning frames. The bright contrast is due to the high
density of negative surface sites in the Suzuki regions: for instance, on the Suzuki-
terminated surface a vacancy is surrounded by four Cl™ ions in the first layer and
one underneath the vacancy in the second layer, which all form a negative surface
site [22]. With respect to the NaCl-terminated Suzuki surface, the C1™ ions located
above the Na™ vacancies relax by 40 pm from the surface (see Sect. 15.3.1). Such C1~
ions can be considered as low-coordinated ions with respect to C1~ ions above the
impurities. Comparable to the negative vacancies at kinks of steps (see Sect. 15.2),
both sites (vacancies and CI™ ions above vacancies) create a more negative surface
potential [26].
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With respect to the uniform Kelvin contrast inside the Suzuki regions, the tip
collects the electrostatic tip-surface interaction over a surface region which is com-
parable to the nanometer size of the tip apex, covering many negative surface sites.
This explains not only the homogeneous contrast but also the high voltage difference
in the volt range. On the contrary, single Na* vacancies at steps in pure NaCI(001)
regions, which are well separated from each other, produce a considerably lower
bright contrast of ~300 mV, which is in agreement to earlier findings on pure alkali
halide surfaces [26, 27] (see Sect. 15.2).

Interestingly, all Suzuki regions exhibit the same net negative surface charge in
Kelvinimages as the negative vacancies at the steps inside the NaCl regions. This does
not change when the surface is reconstructed by annealing (see next Section). It there-
fore seems that the Suzuki surface also has a Debye-Frenkel layer (see Sect. 15.2),
which formation, structure and function remains unknown so far.

15.3.2.2 Surfaces Modified by Diffusion and Evaporation

If pure alkali halides like NaCl are annealed in vacuum at temperatures between
200 and 260 °C the mobility of surface ions is already large enough to significantly
change the surface morphology (surface diffusion) [9]. At temperatures higher than
~260 °C the surface starts to evaporate [8, 130] (surface evaporation) creating well-
documented surface evaporation patterns [8, 131].

Quite similar diffusion and evaporation phenomena appear also on the surfaces of
doped alkali halides. With respect to divalent metal impurity cations, the impurities
even decrease the evaporation rate and increase the activation energy of evaporation
[132]. Furthermore, a segregation of impurities from the bulk to the surface can
have a significant impact onto the surface morphology [133]. For instance, if a NaCl
crystal with a relatively large amount of Cd”* (e.g., 4 Mol % CdCl,) is annealed at
temperatures around 250 °C the surface diffusion dramatically changes the almost
quadratic shape found on as-cleaved surfaces to a more round one [126] (Fig. 15.4a,
b). For relatively low impurity concentrations the shape of the Suzuki regions is again
almost square-like after annealing (see below), however, the size of the regions is
much smaller in comparison to the one of the large, square shaped regions on as-
cleaved surfaces (Fig. 15.4c, d)—a signature for a strong diffusion that takes place
also on those surfaces.

The size and number of Suzuki precipitates depend on the annealing time [10],
the speed of the cooling [11] and the nominal impurity content inside the crystal [12],
whereas the location of the regions depends on the step density [22, 126]: Suzuki
regions can always be found on the top side of steps where they form a fringe and
follow a characteristic zig-zag shape of the steps (Fig. 15.4c, d). The lower terrace is
mostly a pure NaCl one (for low impurity concentrations). Interestingly, the steps do
not have anymore the preferred (001) surface direction of non-polar steps, which can
be observed on pure NaCl(001) surfaces. They run along equivalent (011) directions
implying that they are possibly polar steps (Fig. 15.5a). If the step density is relatively
low and the terrace width wider than 150-200nm rectangular Suzuki regions can
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Fig. 15.4 NaCl:Cd>*(001) Suzuki surfaces prepared by UHV cleavage and additional annealing.
Shown are surfaces, which were influenced by surface diffusion (a) to (d) and surface evaporation
(e) and (f). Crystals with a high concentration of impurities exhibit large Suzuki regions a and b
whereas low impurity concentrations lead to smaller regions ¢ and d. On evaporated surfaces, Suzuki
regions can only be found at steps e and f. Shown are topography images a, ¢, e and simultaneously
recorded Kelvin images b, d and f. Sample preparations: 4 Mol % CdCl,, annealing: T=230 °C for
Shaandb, 1 Mol % CdCl,, annealing: T=205 °C for 5h ¢ and d and 2 Mol % CdCl,, annealing:
340 °C for 35 min (e, f) (From [126])

also be found on the flat terraces (Fig. 15.4c, d). Obviously, the formation of Suzuki
regions at steps is energetically more favorable in comparison to Suzuki regions on
the flat terraces.

Very important characteristics of annealed Suzuki surfaces in general are the
flatness of the Suzuki regions, the relative height between Suzuki and pure NaCl
regions and the interface Suzuki-NaCl [22, 126]: all Suzuki regions are free of
steps, which is a signature that, in equilibrium, a Suzuki region prefers an atomically
flat surface (see all topography images in Fig. 15.4). Furthermore, both regions are
almost on the same height, as it can be observed by atomic resolution imaging at the
interface Suzuki-NaCl on the terraces (Fig. 15.5b). In other words, the Suzuki regions
are perfectly embedded into the NaCl regions. Last, the interface between the two
regions, which always runs along equivalent (001) surface directions, is well-defined
at the atomic scale and only measures a few Angstroms (Fig. 15.5b).

When doped crystals are annealed at much higher temperatures (>300 °C), the
surface starts to evaporate (surface evaporation) as on the surfaces of pure NaCl [8],
in particular at steps and dislocations (Fig. 15.4e, f). In the case of NaCl:Cd**, the
surface is basically comparable to an evaporated surface of pure NaCl, despite a mod-
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Fig.15.5 Steps on the Suzuki surface and the interface NaCl-Suzuki on the flat terraces. a Constant
height image representing a mono-atomic high step (2 = anac1/2) in atomic resolution. The upper
terrace is a Suzuki region, on which the lattice of either the vacancies or the Cd?* ions is visible.
Such steps always have a (011) orientation. b Constant height image which shows that the interface
formed by the two regions, pure NaCl and Suzuki, is well-defined at the atomic scale. Either the
sub-lattice of the vacancies or the Cd** ions were imaged in Suzuki regions whereas in regions
of NaCl either the sub-lattice of the Na™or CI~ ions can be seen b. Both images: a dark contrast
belongs to more positive detuning values and vice-versa (From [126] a and [40] b)

ification of the steps by Suzuki regions [126]: for instance, the topography image
in Fig.15.4 e shows curved (top) and circular (bottom) mono-atomic high steps
(h = anac1/2) forming disc-shaped terraces (bottom). Such evaporation features are
comparable to those ones observed on the surfaces of pure NaCl at similar tempera-
tures [8]. However, the steps are not as smooth as on the latter surfaces [8, 131], the
steps exhibit rather a zig-zag shape, which is curved on a larger scale forming the
disc-shaped holes. Also here, the steps are oriented along equivalent (110) surface
directions whereas the borders of embedded Suzuki regions point along equivalent
(100) surface directions. A striking observation is that on wide terraces no Suzuki
regions can be found despite some small pits. The pits are probably a signature that
Suzuki regions on terraces are additional surface sites from where evaporation takes
place. If so, such regions on the terraces disappear during the evaporation process.

15.3.3 Atomic Resolution and Identification

Atomic resolution imaging on alkali halide surfaces has become nowadays a stan-
dard, and all mechanisms of the atomic contrast formation are almost fully understood
[134]. Although all atoms in the tip and surface but also tip- and surface-atom relax-
ations have to be taken into account, one can roughly simplify the contrast formation
by considering a single atom at the apex interacting with a single atom in the surface.
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For ionic surfaces like NaCl(001) and for ionic tips, the electrostatic potential of the
tips’ last atom determines the atomic contrast: a cation at the tip apex (e.g., Na* ion at
the tip) images the CI~ ions as bright ions due to an attractive force between both, and
the Na* ions as dark ions (repulsive interaction). Vice-versa, an anion at the tip (e.g.,
Cl~ ion) images the Na* and CI~ ions as bright and dark ions, respectively—the
contrast gets basically reversed when the cation at the tip is replaced with an anion.
This contrast formation has been further benchmarked on the Suzuki surface because
of its interesting properties (see Sect. 15.3.1): the atomic structure is composed by
three different types of ions and additional cation vacancies. Furthermore, it has four
sub-lattices, which differ in their dimension and orientation, and last but not least
relaxations of some ions of the surface upon tip approach may sensitively influence
the contrast formation.

In the following, we qualitatively describe the contrast formation inside the Suzuki
regions: when imaging with atomic resolution a regular structure composed of dif-
ferent bright and dark ions is regularly observed (Fig. 15.6), which can vary from
surface to surface but also from tip to tip. Figure 15.6a shows an image, which was
obtained on a Suzuki terminated NaCl:Mg2+ (001) surface (dark contrast: stronger
interaction and vice-versa): dark spots (e.g., at position 1) can be seen but also addi-
tional bright spots (e.g., at position 2) forming a sub-lattice, which is parallel to the

Fig. 15.6 Atomic resolution imaging on the Suzuki surface and identification of ions. Images
a and d are experimental detuning images obtained in the constant height mode on a Suzuki
terminated NaCl:Mg2+(001) and NaCl terminated NaCl:Cd%*(001) surface, respectively. Both
images represent the ions and vacancies drawn in panel (b) and (d). Images ¢ and f are simulated
images, which best represent the contrast in image a and ¢, respectively. They were calculated with
an anion (c) and cation terminated tip (f). The red squares mark the projected unit cell of the Suzuki
structure on the (001) surface (¢) and (f) (From [22] (a), (b) and [25] (¢) to (f))
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one of the dark spots but half as large. The dimension of the latter lattice coincides
with the smallest possible sub-lattice of the Suzuki phase formed by the Cl™ ions
so that the bright ions (2) can be assigned to the C1~ ions (compare with drawing in
Fig. 15.6b). This has the important consequence, that the tip’s last atom obviously
had a negative potential producing a repulsive interaction with the Cl~ ions. With
this the divalent positive Mg?+ and Na™ ions should be imaged in a darker contrast.
And indeed, the darkest spots (1) belong to the Mg”* ions because they exhibit a
stronger interaction with the tip than the Na™ ions. The latter Na™ ions are always
in between two dark Mg?* ions (3) with a less darker contrast but also less brighter
contrast than the C1™ ions. As expected, the quadratic sub-lattice of the Na™ ions is
smaller than the Mg?" lattice but larger than the Cl~ one and rotated by 45° with
respect to the C1~ and Mg?™ lattices. Last, the vacancies are located in the middle
of a Mg?T square, where also a gray contrast can be found (4) in the experimental
image.

The latter qualitative description of the contrast formation has been fully sup-
ported by a comparison between experiment and Density Functional Theory (DFT)
calculations [25] (Fig. 15.6¢). Same calculations also simulated the atomic contrast
for a cation terminated tip, which is clearly different in comparison to the contrast
explained above. A very important result from theory is, that relaxations of surface
ions upon an approach of the tip play a fundamental role (Fig. 15.7): when the tip
is relatively far away (Fig. 15.7a), the Na™ ions displace towards the tip’s last atom,
which has a negative potential as described above. This increases the contrast at
the Na* being almost comparable to the one of the Mg>* ions despite having only
half the charge of the Mg ions. The result is that the Na™ ions produce a similar
contrast as the Mg+ ions. However, when the tip comes relatively close to the sur-
face (Fig. 15.7b, c) the interaction with the Mg>* ions becomes dominant so that the
Mg?* ions create the strongest contrast in the images.

So far, we have considered the Suzuki termination only. With respect to the NaCl
termination similar mechanisms could be observed [25]: Fig. 15.6d shows the contrast
of an experimental image of a NaCl:Cd?* (001) Suzuki surface: the contrast is formed
by large dark spots (1), which form a sub-lattice equal to the one formed by either the
Cd?* ions or the Nat vacancies (compare with drawing in Fig. 15.6¢). Four bright
spots can be found (2) around each dark spot forming a sub-lattice of either C1~ or
Na™ ions, and some additional less dark spots are in between the large dark spots.
Calculations on the Suzuki terminated surface were unable to reproduce the observed
contrast with any type of tip (anion or cation terminated tip, Fig. 15.7d). Only the
NaCl terminated surface was able to best reproduce the experimental image with
a cation terminated tip (Fig. 15.6f), demonstrating that, in this case, the NaCl:Cd>+
Suzuki region most likely had an NaCl termination.

With respect to the development of contrast upon tip approach, atomic displace-
ments play again a fundamental role (Fig. 15.7¢, f): in the absence of the tip, the C1~
ions over vacancies displace strongly outwards from the surface (0.04 nm, Fig. 15.7¢),
while those over Cd** remain close to the ideal surface plane. This results in a strong
contrast of the C1™ ions above the second-layer vacancies at long tip-surface dis-
tances, strongly enhanced due to large tip-induced displacements of such CI™ ions.
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Fig. 15.7 The contrast formation in atomic resolution imaging. a—¢ Comparison of experimental
(left) and simulated data (right) for NaCl:Mg”. The simulations used a Cl-terminated NaCl tip. The
experimental images corresponds to average detuning values of —16, —22 and —24 Hz (top-bottom,
with a more negative detuning corresponding to imaging closer to the surface). The simulated data
corresponds to tip-surface heights of 0.45, 0.325 and 0.275 nm, resulting in average detunings of
—16.4, —21.8 and —23.0 Hz, respectively. d Comparison of experimental images of NaCl:Mg?*
and NaCl:Cd2* with simulated images of NaCl:Cd2* (Suzuki termination) using seven different tips
X:Y (gray scale), where Y is the tip material and X is the terminating atom. None of the 7 images
reproduces the contrast of the experimental image in the middle (NaCl:Cd?**). e-g Simulation
snapshots showing key atomic displacements for a Na-terminated NaCl tip imaging NaCl:Cd>*

(NaCl termination) at a tip height of e 0.46nm over a Cl~ site above a vacancy, f 0.31 nm over an
Na™ site, and g 0.4nm over a C1~ site above a Na™ (From [25])

At close distance, a reduction in repulsion over Na* ions due to displacements of
neighboring C1™ ions towards the tip can be observed. Furthermore, the attractive
interaction to the rigidly held CI~ ions above the second-layer Cd>* ions and of the
CI™ ions above the second-layer Na™ ions increases, also partially due to displace-
ments of the C1~ ions towards the tip. All this results into an image as shown in
Fig. 15.6d where the C1~ ions above the vacancies still exhibit the strongest contrast,
which is, however, comparable to the contrast of CI™ ions above the Cd?*t and Nat
ions.

The extensive comparison between experiment and theory in [25] shows that
the identification of all ions and the vacancies can be done independently of the tip-
surface distance, of the chemical nature of the divalent impurity ions inside the Suzuki
structure, and despite differences in surface termination. Therefore, with an image
library at hand (see Supporting Information of [25]), which shows the atomic contrast
for both surface terminations and both types of tips (anion and cation terminated),
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all ions in the Suzuki structure can be identified by just atomic resolution imaging,
thereby providing characterization of the tip’s potential. This identification is possible
due to the doping of NaCl with divalent impurity ions and thanks to the geometry
of the atomic Suzuki structure, which contrasts the situation on the pure NaCl(001)
surface where such chemical identification is not possible. Important to note is that the
development of contrast patterns as a function of tip-surface separation is strongly
linked to tip-induced atomic displacements, which is significantly different to the
contrast formation on the surfaces of pure alkali halides.

Several other Suzuki systems in NaCl exist, including the magnetic impurities
Mn?* and Fe?* [10], which probably form an antiferromagnetic ordering [25]. This
might be particularly interesting for exchange force microscopy, which could resolve
different spin orientations [135]. Other types of host system for the Suzuki phases are
oxides like MgO:Mn4+ [117] and NiO:Mn** [120], which could be used as substrates
in heterogeneous model catalysis. In general, doping of insulators, in combination
with high resolution nc-AFM, provides a general tool for characterizing surfaces at
the atomic scale. For instance, the wide use of doping with impurities of different
valences in many insulators such as ZrO, and CeO; [136, 137] suggests that the
method could also be used in high resolution studies of their surfaces.

15.4 Supported Nano-objects on the Suzuki Surface

The rediscovery of the nanostructured Suzuki surface by nc-AFM and KPFM is quite
promising for applications in nanosciences because of the specific Suzuki structure
but also because of the two distinct surface regions that co-exist at the same time. In
particular for investigations of deposited molecules and metal NPs the Suzuki surface
is an attractive choice. And indeed, as summarized and discussed in the following
two sections recent work has shown that metal nanoparticles or molecules exhibit
interesting growth modes, which are different in both surface regions and which can
only appear on the Suzuki surface at the same time [40, 41].

15.4.1 Metal Nanoparticles

The growth and characterization of metal nanoparticles (NPs) on oxide and similar
surfaces is of large interest in heterogeneous model catalysis because the morphology
(size and shape), distribution and electronic properties of NPs determine if the rate of
a catalytic reaction is increased by the catalysts or not [138, 139]. A very important
objective for reactivity measurements, which measure over large surface areas (like
molecular beam or temperature programmed desorption experiments), is that the NPs
have all the same size and shape: this allows assigning specific properties of a reaction
to one type of NP, and by varying the size, shape and composition of the NPs the
reaction can be characterized [140]. A narrow size distribution of equally shaped NPs
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Fig. 15.8 The confined growth of PANPs in Suzuki regions (quantity: 0.35 mono-layers of Pd,
growth at room temperature). a Large-scale topography image after the deposition (each bright dot
is a single NP). Palladium forms NPs preferentially in the Suzuki regions. b Constant height image
obtained inside a Suzuki region and histogram (c) of the NP sizes found from image (b). Topography
(d) and Kelvin image (e) obtained in one KPFM measurement. The Kelvin image exhibits large
voltage differences between the stoichiometric NaCl terraces and the NPs inside the Suzuki regions
(Kelvin contrast: UpgNps—Suzuki = +3 to + 4 V) (From [40])

can be obtained on nanostructured surfaces, which exhibit an ordered arrangement
of defects like on the nanostructured alumina film on NizAl(111) [141]. Therefore,
after the rediscovery of the nanostructured Suzuki surface it was promising to test
if also on this surface metal NPs can be grown into an ordered NP assembly, with
a small NP size distribution inside the Suzuki regions. A recent work considered
palladium nanoparticles on the NaCl:Cd>* Suzuki surface, on which we will focus
in the following [40].

If Pd atoms are deposited on the (001) surfaces of pure NaCl (sample at room
temperature) they diffuse on the terraces. Because of the specific kinetics at room
temperature the nucleation at steps is faster than on terraces [138] so that Pd preferen-
tially forms nanometer sized NPs decorating the steps [142, 143]. Almost no stable
NPs can be found on the terraces. On the contrary, depositing Pd on a Suzuki surface
results into a completely different surface, which is characterized by three different
types of NPs (Fig. 15.8a, d). The first type of NP (I) can be found occasionally on the
flat terraces of pure NaCl. Due to the low defect density in these regions, the NPs,
once formed, collect a large part of Pd atoms diffusing on the pure NaCl terraces, so
that the NPs become quite large (height 71 = 2.4nm, diameter D;=3—4nm) [138].
The second type of NP (II) is located at the NaCl-Suzuki boundary where the NP
collects obviously less Pd—this can be seen by the smaller size of the nanoparticles
(hip = 1.5nm, Dy = 2.5nm).

A different situation can be found inside the Suzuki regions, where the PANPs
(IIT) are much smaller and the NP density much higher (Fig. 15.8b). The density
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(psuzuki ~ 1.3 x 1013 NPs/cm?) is more than forty times higher with respect to the
density in the pure NaCl regions (poNac1 &~ 3 X 10! NPs/cm?). Each NP divides
the surface on a circular surface area with a radius of 1.6nm and has therefore a
mean distance of about 3nm to their neighboring NPs, which is four times larger
than the size of the largest sub-lattice formed by either the Cd>* impurity ions or the
vacancies (ay cq2+ ~ 0.8nm, see Fig.15.2). Due to the high density of nucleation
sites, each NP collects much less Pd during the metal deposition than the NPs in the
pure NaCl regions, which explains the quite small size of the NPs: the almost round
NPs have a very small diameter, but also a very small height that corresponds to only
a few atomic layers (hyp = 0.6 & 0.2nm, Dy = 1.8 £ 0.4nm). Due to the different
sizes of the three type of NPs, a NP in the Suzuki region has roughly ~50 atoms,
whereas a much larger number of atoms can be found in a NP at the NaCl-Suzuki
interface (~400 atoms) and especially in a NP that is located somewhere on the flat
NaCl terrace (~1500 atoms).

It is obvious that the specific ionic structure of the Suzuki phase plays a key role in
the nucleation of the NPs. An interesting conclusion can be drawn when considering
the ratio height-to-diameter: The value is almost the same for the NPs in the NaCl
regions and at the interface Suzuki-NaCl (h;/ Dy = 0.68 = hy;/ Dy = 0.6), but two
times larger than the value of the NPs inside the Suzuki regions (4yr/ D = 0.33).
This is directly related to the adhesion energy E,: the flatter a NP is, the larger is the
substrate-NP interaction [138]. Therefore, the nanoparticle-surface interaction must
be stronger inside the Suzuki regions than in the NaCl regions. Since metal especially
likes electronegative surface sites [43, 144], potential candidates that can exhibit a
strong interaction with the NPs are the negative vacancies on Suzuki terminated
surfaces or, on NaCl terminated surfaces, the chlorine ions above the vacancies
(Cly,). First principles calculations predict indeed that atomic Pd prefers to adsorb in
Suzuki regions by up to 0.4 eV over the ideal NaCl surface with the favored sites of
Cly, for the NaCl termination and the vacancies and CI™ ions for Suzuki termination.

Surprisingly, from the experiments it can be found that not all of these sites are
occupied by NPs. Only every ~12th surface site is occupied, which again could
be due to kinetics [138], but also due to repulsive forces amongst NPs. It has been
shown that NPs may repel each other if elastic forces caused by strain fields in
the NP-substrate interface [145] or repulsive electrostatic forces amongst charged
NPs occur [146]. The latter repulsive electrostatic interaction amongst NPs seems
to be reasonable: because a NP can cover several of equivalent surface sites like
vacancies on the Suzuki terminated surface, large polarization or charge effects can
be expected. Indeed, Kelvin images show a very bright contrast at the NPs inside the
Suzuki regions with respect to the neutral and stoichiometric NaCl regions, which
appear dark in the Kelvin images (Fig. 15.8¢e). The change of contrast from bright to
dark corresponds to voltage differences of several volts, which can be sometimes as
large as 4 V. These values are much larger than the voltage difference between clean
Suzuki and NaCl regions that have been ever measured [126] (see Sect. 15.3.2.1 and
15.3.2.2). In comparison to the small NPs in the Suzuki regions, the large NPs in the
pure NaCl regions exhibit a less bright contrast (Kelvin contrast: ~1.5 V), which is
because such NPs probably cover only a single vacancy. The Kelvin images therefore
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confirm a charging/polarization of NPs inside the Suzuki regions, which explains in
turn possible repulsive electrostatic forces amongst the NPs as discussed above.

In conclusion, a narrow size distribution of very small, nanometer sized PANPs
can be obtained on the Suzuki surface unlike on the surfaces of pure alkali halides.
This is thanks to the selective growth of palladium inside the Suzuki regions and
the specific structure of the Suzuki phase. The work motivates studying the detailed
growth of any kind of NP as a function of NP material (one and two componant NPs
like bi-metallic NPs), NP quantity and growth temperature. The small nanometer size
and narrow size distribution is ideal for reactivity measurements, which measure over
large surface areas, but also for nc-AFM and KPFM that can contribute to reactivity
studies as exemplified by a recent KPFM work on PANPs on graphite [147]. Although
the Suzuki surface is not relevant in heterogeneous catalysis adsorption, desorption
and reactivity related phenomena at NPs could yield suitable information at, at least,
low temperatures (<100 °C).

15.4.2 Functionalized Molecules

Inrecent years, it has been discussed how small molecules adsorb on ionic insulating
surfaces [31, 37, 40, 148, 149] and which impact the adsorption has on the self-
assembly of molecules [150]. A common finding is that the adsorption of, e.g.,
non-polar molecules is relatively weak due to van der Waals forces, which are not
strongly site specific—the molecules can occupy almost any position on the surface
[30]. However, as soon as a molecule includes atoms carrying a partial charge or
polar groups, the polar groups of the molecule can directly bind to the ionic surface
lattice via an electrostatic interaction (charge matching) [31, 37, 40, 148, 149].

Because the Suzuki surface exhibits two distinct surface regions (pure NaCl and
Suzuki regions) which differ in their atomic structure (e.g., see Sect. 15.3.2 and
15.3.3), it is quite appealing to study phenomena of adsorption and self-assembly as
a function of surface site to shed more light onto the detailed mechanisms involved.
Recently, the adsorption and self-assembly of four functionalized pentahelicene
molecules ([5]helicene, neutral molecule: CopHpg) (Fig. 15.9a) have been studied
as a function of adsorption geometry and dipole strength on the Suzuki surface [40,
41]. The molecules were functionalized either with one or two bromine substituents
or cyano substituents (MonoBromo, DiBromo, MonoCyano and DiCyano) substi-
tuting regular hydrogens at positions 6 and 7 of the molecules (racemic samples).
The molecules differ in their dipole strength (from MonoBromo to DiCyano: —1.92,
—2.88, —5.76 and —9.27 Debye) but also in the geometry if two substituents are
attached to the molecule (distance d of substituents: 0.34 nm (DiBromo) and 0.41 nm
(DiCyano, N-N)).

Experiments with MonoBromo have shown that it only adsorbs at defects of the
NaCl surface, which can be best observed on the surfaces of pure NaCl crystals [40]:
the molecules stick exclusively at the steps and form molecular wires. The whole
adsorption changes, if MonoBromo is deposited onto the Suzuki surface (Fig. 15.9b):
the molecules cover all Suzuki regions by forming flat homogeneous islands, and
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Fig. 15.9 Functionalized [5]helicene molecules on the NaCl:Cd**(001) surface a MonoBromo,
DiBromo, MonoCyano and DiCyano. b A single molecular layer of MonoBromo perfectly dec-
orates all Suzuki regions. ¢ Model of adsorption based on the charge-matching principle. d The
desorption of DiCyano from regions of pure NaCl (3.4 h distance between images). e Self-assembly
in one molecular layer of MonoCyano inside a Suzuki region. Each bright spot is a single molecule.
f DiCyano inside a Suzuki (amorphous) and NaCl region (self-assembled). g Result from theory
showing the -7 stacking of DiCyano along (001) surface directions. Both enantiomers are alter-
nately placed along the row. The green box has a dimension of 3.5 A symbolizing the typical -7
bonding distance. h Half of the DiCyano molecules are placed above the negative vacancies of
the Suzuki surface (bottom row, yellow arrows), they need to be removed (fop row). i By turning
MonoCyano around its long axis (bottom) the single cyano group can always be positioned above
a cation such that self-assembly becomes possible in the Suzuki regions as exemplified by the top
row of molecules (From [40] (b) and [41] (a, ¢) to (i))

no molecule is located in the NaCl regions. Due to the two-dimensional shape of
the Suzuki regions and the well-defined NaCl-Suzuki interface the monolayer high
islands have exactly the same shape and size as the Suzuki regions. A comparison
between experiment and theory has shown that the molecules are lying flat on the
surface such that the bromine atom with its partial negative charge is charge-matched
at a cation (bottom left molecule in Fig. 15.9¢c). Two-thirds of the adsorption energy
(Eaq ~ 0.87 eV 1) stems from a van der Waals contribution between the surface and

I'The adsorption energy E,q is an average value of the two adsorption energies obtained on the
Suzuki and NaCl terminated surface.
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the closest benzene rings, and one third is due to an electrostatic interaction between
the bromine atom and the cation, which pins MonoBromo on the surface.

In contrast to MonoBromo, which remains on the surface for all time after its
deposition, all other three [S]helicene molecules desorb within hours days and weeks
from the surface as a function of their dipole strength (see desorption of DiCyano
in (Fig. 15.9d). Furthermore, they are all standing perpendicular on the surface, in
contrast to MonoBromo. An analysis of all the experimental data and assisting the-
ory developed a conclusive model of adsorption (Fig. 15.9¢c): MonoBromo adsorbs
in a flat configuration (see above) whereas DiBromo stands perpendicular on the
surface (bottom right molecule in (Fig. 15.9¢). However, DiBromo desorbs within
hours due to its very small dipole and the resulting small coupling to the cations, the
mismatch between the two bromines and the surface cations and the missing van der
Waals interaction (E,q &~ 0.23 eV). Both cyanated molecules are also in a perpen-
dicular position (top molecules in (Fig. 15.9c), with their negative cyano substituents
charge-matched at the cations. Due to their strong dipole, the adsorption energy is
considerably larger in comparison to the one of DiBromo but smaller than the one
of the flat lying MonoBromo (MonoCyano: Eaq ~ 050 eV, DiCyano: Eaq ~0.74
eV). In particular the two cyano groups of DiCyano perfectly match with two cations
(distance dNa-Na = dNa-cd = 0.40nm) resulting into a strong interaction. All this
explains why both cyanated molecules remain for a relatively long time of ~2 weeks
on the surface.

Both cyanated [5]helicene molecules form self-assembled molecular rows along
the (001)nacp surface direction (Fig. 15.9e, f). A major observation is that Mono-
Cyano self-assembles in the Suzuki regions and probably also in the NaCl regions,
which could not be verified due to the weak adsorption of the molecules—the mole-
cules desorbed from the surface under the influence of the AFM tip. In contrast,
DiCyano only self-assembles in the NaCl regions of the Suzuki surface but not
inside the Suzuki regions, in which only an amorphous structure of DiCyano could
be observed. Thanks to the combination of experiment and theory it could be shown
that the molecules have a distance of the NaCl unit cell (0.564 nm) along the (001) N,y
direction, which permits a -7 stacking of adjacent benzenoid rings of the helicene
molecules, with a typical bonding distance in the order of ~3.5 A (Fig. 15.9g). The
stacking of molecules increases the total energy of the system by 0.2 eV/molecule,
which is also one of the reason why the molecules are in a perpendicular position
on the surface. With respect to DiCyano, a molecular row placed inside the Suzuki
regions positions the substituents of half of the molecules above the negative vacan-
cies of the Suzuki surface (bottom row in Fig. 15.9h). In this case, the adsorption
is very small (AE, = 0.18 eV) so that half of the molecules need to be removed
destroying the self-assembly (top row in Fig. 15.9h), which explains the amorphous
structure observed in experiments. In contrast, MonoCyano can self-assemble in the
Suzuki regions (top row in Fig. 15.91) since the single substituent can always be posi-
tioned above a cation by a rotation of the molecule along its long axis, which stands
perpendicular on the surface (bottom in Fig. 15.91).

In summary, the mechanisms of adsorption and self-assembly of functionalized
helicene molecules can be studied in great detail on the Suzuki surface, which is
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thanks to the two distinct surface regions and the specific atomic structure of the
Suzuki surface. The rule of thumbs for the adsorption and self-assembly might help
to predict the adsorption and self-assembly of other helicene molecules, e.g., helicene
molecules functionalized with three substitutents. By meeting the charge matching
criteria, such molecules probably bind more selectively in a flat and stable position
such that flat molecular templates can be created, which is interesting for chiral
recognition and templating applications. It is clear that in general, the Suzuki surface
is attractive also for many other molecules, opening promising perspectives in the
domain of self-assembled molecules on insulating surfaces.
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Chapter 16
The Atomic Structure of Two-Dimensional
Silica

Christin Biichner, Leonid Lichtenstein, Markus Heyde
and Hans-Joachim Freund

Abstract Determining the structure of amorphous materials used to be challenging
due to the complexity of this material class. Despite many attempts to resolve amor-
phous materials by various diffraction methods as well as scanning probe methods,
no-one has yet been able to carry out atomic imaging and to clearly identify the
structure of amorphous materials. Only modern preparation methods in combination
with advanced scanning tunneling and atomic force microscopy have succeeded in
decrypting the everyday material glass. A bilayer silicate film on a ruthenium single
crystal has been developed at the Fritz-Haber Institute. On the atomic level, this
film is flat and ideal for using scanning probe microscopy. For the first time a clear
image of an amorphous material has been obtained which allowed for the derivation
of atomic sites and a detailed analysis from real space coordinates. The text book
example of the vitreous silica structure proposed by William Zachariasen in 1932
has thereby finally been verified.

16.1 Introduction

The aim of this work is to explore previously unresolved complex surface structures
and to address one of the biggest riddles in solid state physics, namely the structure
of amorphous materials. Resolving and characterizing the real surface morphology

C. Biichner - L. Lichtenstein - M. Heyde (<) - H.-J. Freund
Fritz-Haber-Institute of the Max-Planck-Society, Faradayweg 4-6,
14195 Berlin, Germany

e-mail: heyde @thi-berlin.mpg.de

C. Biichner
e-mail: buechner @fhi-berlin.mpg.de

L. Lichtenstein
e-mail: leonid.lichtenstein @ gmail.com

H.-J. Freund
e-mail: freund @fhi-berlin.mpg.de

© Springer International Publishing Switzerland 2015 327
S. Morita et al. (eds.), Noncontact Atomic Force Microscopy,
NanoScience and Technology, DOI 10.1007/978-3-319-15588-3_16



328 C. Biichner et al.

at the atomic scale is key to answering this fundamental question in surface science.
Often the focus in surface science studies is on crystalline, ordered, and well defined
surfaces. But the atomic arrangement of oxides, and in particular their surface and
defect structures, can range from highly ordered and symmetric to more complex
and even completely amorphous networks.

The prototype for amorphous network structures is silicon dioxide. This mate-
rial is the simplest and most common type of glass. Many elements and com-
pounds can form glasses and some of the oldest man-made objects found are glass
materials [1-3].

Glasses are remarkably versatile and important as an engineering material. Glass
manufacturers envision the future organization of communication and connectiv-
ity involving glass in a variety of forms and functions [4]. Their ideas range from
hand-held display glass, electrochromic glass, architectural glass, automotive dis-
play and design glass, photovoltaic glass, glass optical fibers to all weather surface
glass. Towards this end, glasses should have tunable properties depending on their
application. For example, being thin, lightweight, damage resistant, touch sensitive,
color sensitive, ultraviolet and visible light filtering, thermally insulating, durable
and so on. Glass materials and especially silicates are relevant in various branches of
modern technologies, e.g., in semiconductor devices, optical fibers and as a support
in industrial catalysis. In order to push this material class forward, we must develop
greater understanding of their structures and properties at the atomic scale.

Glasses show unique properties that often depend on the precise process by which
they are formed. A common way of making glass is by rapidly cooling from a
highly viscous liquid to avoid crystallization. The atomic and molecular processes
by which liquids transform into amorphous solids are not fully understood. A review
on the current theoretical knowledge of the complex process of glass formation was
presented by Debenedetti and Stillinger [5]. A detailed understanding of the glass
transition would have widespread implications not only for inorganic glasses, but
also for organic polymers, protein dynamics, protein folding and population. To gain
a clearer understanding of the complex dynamics involved, the identification of a
relationship between different minimum states on the energy landscape is necessary.
There is clearly a need for resolving the structure of glass forming materials in their
various phases.

Figure 16.1a illustrates how similar crystalline and amorphous samples can be.
It shows a crystalline silicate, also called quartz, together with an amorphous sili-
cate, i.e. a glass. The two samples exhibit many similar physical properties [7]. For
example, due to very similar optical transparency, it is not possible to distinguish
the two states with simply the naked eye. But what is the difference between these
two phases? Comparative investigations of crystalline and amorphous silicon diox-
ide samples were undertaken around a hundred years ago, almost as soon as the
Laue method for the diffraction of X-ray or neutron beams on solid bodies had been
developed. These methods average over large sample volumes on the macroscopic
scale and primarily provide information in reciprocal space. Crystalline samples pro-
duce discrete diffraction patterns while glasses do not. The diffraction information
obtained from glasses can be compared with theoretical models of possible atomic
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Fig.16.1 Comparison of the structure of crystalline and amorphous materials. [llustration a shows
a crystalline silicate sample next to an amorphous one. Both samples are optically transparent.
Surprisingly, this similarity also holds for most of the mechanical and physical properties for these
two phases. W.H. Zachariasen postulated a model for crystalline (b) and amorphous (c) structures
in a two-dimensional representation, depicted here following the example of [6]

arrangements, but do not allow an unequivocal structural assignment. This is one of
the greatest problems at the interface between experiment and theory, to get beyond
the “averaged” character of diffraction data. For surfaces, at least, the following
sections provide a solution beyond this.

16.2 The 2D Glass Model

W.H. Zachariasen postulated the so-called “Random Network Theory” 80 years ago
to explain the structure of amorphous materials [6]. At that time, there was a large
debate about whether glasses are built up from crystalline material [8]. Zachariasen
attempted to rule out the crystallite hypothesis. Due to the comparable mechani-
cal properties of amorphous and crystalline materials he assumed that the bonding
forces between the atoms in the two phases should be essentially identical. The lack
of periodicity and symmetry are the main features that distinguish a glass from a
crystal. Early on it had been suggested that tetrahedral atomic configurations were
required to form glasses. Zachariasen used these predictions to sketch an atomic
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picture of a glass. In his paper he reduced the three-dimensional (3D) picture into a
two dimensions (2D) analogy (Fig. 16.1b, c).

For silicon dioxide, the simplest structural unitin the 3D case is a SiO4 tetrahedron.
If the complexity of the system is reduced from 3D to 2D, the simplest structural
unit for silicon dioxide changes from the SiO4 tetrahedron to a SiOs3 triangle. The
red triangle in Fig. 16.1b, ¢ marks the SiO3 building unit. In Fig. 16.1b these SiO3
triangles are linked to each other as individual building blocks at fixed 180° angles,
corresponding to a crystalline material. This creates long-range order and periodicity.

If the angle between these structural units varies, the building blocks can develop
an extended network with rings of different sizes. As can be seen in Fig. 16.1c,
the uniform structural units are linked to each other at apparently random angles.
Zachariasen drew a 2D diagram in which trigonal units are linked together to create
the amorphous network. Due to the large variety of Si—~O-Si angles which bridge
two neighboring building units, the glass structure lacks periodicity and long range
order.

The illustration of the atomic structure in Fig. 16.1c became the most widespread
picture for glass. This model was compatible with the existing data from X-ray and
neutron diffraction of amorphous materials. Therefore, these postulates were very
useful in explaining diffraction experiments on glasses [9].

Although this model has been widely used to explain structures in amorphous
materials, it has never been observed in real space before. Can a similar reduction
of the 3D structure to a 2D model system also be realized and characterized experi-
mentally?

16.3 The Realization of an Amorphous Model System

The “Chemical Physics” Department of the Fritz Haber Institute is developing and
studying model systems in the context of catalytically important processes. Our
model systems make it possible to depict part of the complexity of dispersed real
catalysts and investigate them by surface science tools. This involves producing thin,
well-ordered oxide films on metal single-crystal substrates, which can also be studied
under the experimental conditions of surface physics.

The first steps in surface science studies are to determine where the atoms are
situated at the surface and to assign the different chemical species. In this context a
reduction of complexity is necessary, and thus model systems which allow for a high
degree of control over the preparation conditions are required.

In our department thin silicate films had already been specifically prepared back
in 2000 [10] in order to be able to study catalytic surface reactions. The first studies
investigated silicate films on molybdenum single crystals [10]. More recent work for
other metal substrates, including ruthenium [11, 12], has been presented. By using
different metal single-crystal substrates it is possible to exert a crucial influence on
the growth of these thin silicate films. While on the molybdenum single crystals
predominantly crystalline films of monolayer thickness are formed, with ruthenium
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(a) (b) (c)
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Fig. 16.2 Side view of the different silicate films with respect to different single-crystal substrate.
a Silicate monolayer on a molybdenum single crystal [10], b silicate monolayer on a ruthenium
single crystal, ¢ silicate bilayer on a ruthenium single crystal [11, 12]

single crystals it is possible to specifically produce monolayers as well as bilayer
silicate films. A detailed description of the sample preparation procedure can be
found in [12].

Figure 16.2 shows a side view of models for these film systems. In (a) and (b) the
monolayer silicates have an oxygen back bonding to the underlying metal substrate.

In contrast, the bilayer film sketched in (c) is only weakly coupled to the metal
support. Surprisingly, the bilayer silicate film on ruthenium single crystals can be
produced in crystalline [11] as well as amorphous structure [12]. The film’s registry
to the underlying crystalline metal substrate can be lost. Thus, the film is structurally
decoupled from the metal support. This is evident from measurements with low-
energy electron diffraction (LEED).

But can this model film system be used to observe the atomic structure directly
and thus corroborate the postulate of amorphous materials?

16.4 The Limits of Scanning Probe Methods

Today, there are promising new surface science tools available. During the last
decades the development of scanning probe microscopy (SPM) has had a tremen-
dous impact as an analytical tool to determine structural, spectroscopic as well
as dynamical aspects from all kinds of surfaces. Just a few years after its inven-
tion by the group of Binnig and Rohrer, the scanning tunneling microscope (STM)
[13, 14] turned into one of the most widely used surface analytical methods. In 1986,
Quate together with Binnig presented the principle of the atomic force microscope
(AFM) [15]. The AFM is an important addition to the STM, because it does not
require conducting sample surfaces. However, it should be mentioned that it took
almost ten more years to record atomically resolved images by AFM after its inven-
tion [16]. Up to today the number of research groups working with advanced AFM
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techniques, especially noncontact atomic force microscopy (nc-AFM), is relatively
small compared to STM [17, 18].

SPM has been applied to a large variety of problems throughout the natural sci-
ences, ranging from solid state physics to structural biology. Its cheap and relatively
simple design, and the large range of applications by SPM methods, make it a valu-
able tool to study nature. SPM imaging can be done on a wide range of sample
types, from atomically flat metal surfaces to living cells [19], and can be performed
in vacuum, air, or liquid. This opens up a wide scope for experiments. Special setups
were developed for low [20-23], ultralow [24, 25] and variable-temperature studies
[26, 27] in ultrahigh vacuum (UHV). Adaptations to perform measurements under
high pressure [28], in liquids [29], at high speed [30, 31], time-resolved [32], or in
magnetic fields [33] have been conducted as well.

STM and AFM have been used extensively in the field of surface science to
characterize surface morphology, structure, physical and chemical properties of
bulk and epitaxial samples [34]. The direct observation of molecular film structures
[35, 36] as well as the recent achievements in resolving the chemical structure of
single molecules supported on flat crystals [37] are promising results. Besides the
pure structural analysis, even individual atoms [38] and molecules [39, 40] were
manipulated by SPM.

Nevertheless, the atomic resolution of complex surface structures with large unit
cells and individual defect network structures still remains a challenge, and only a few
examples have been published [41]. The idea of characterizing amorphous surfaces
by STM was proposed by Wiesendanger et al. [42] in 1987. Since then, many attempts
have been made to atomically resolve amorphous materials, e.g. by SPM [43-48].
However, this goal has never been achieved so far. An early measurements on glass
samples made by the research group of Klaus Wandelt and colleagues showed the
potential of these methods. However, it has been heavily debated, whether these
results provide real atomic coordinates or not.

What is the reason behind this and what are the principle limitations of SPM
methods in general? These techniques often suffer from tip convolution effects [49].
Slightly lower lying surface sites are often not imaged due to shielding effects of the
neighboring atoms. In the case of corrugated sample surfaces a complicated convo-
lution between tip and sample species takes place. The situation has been sketched
in Fig. 16.3 where the number of involved tip atoms is different for corrugated (a)
compared to planar (b) sample surfaces.

Furthermore, it is often very demanding to separate electronic from topographic
features in STM [44], as well as to distinguish the chemical sensitivity of changing
tip apexes towards different surface sites, both in STM and AFM. In a stable imaging
mode typically only one type of species is imaged on the sample surface, either the
anionic or the cationic site, depending on the actual tip configuration. However, if
the probing tip apex is changing then this situation is hard to disentangle.

Clearly, a solution to these challenges is the reduction of dimensionality by using
well defined thin film systems grown on metal single crystals while retaining essential
aspects of the complexity of real systems. The growth of two-dimensionally flat
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Fig. 16.3 Side view of a scanning probe tip with respect to a corrugated sample surface in (a)
and a 2D flat film system depicted in (b). Although the same tip is assumed in both cases, there
is a different number of tip atoms with a similar distance to the underlying sample surface atoms.
Depending on the probe position, three or more tip atoms contribute directly to the imaging signal
for the corrugated sample surface in (a), while in the case of flat film terraces one atomic tip site is
favored in (b)

model systems under carefully controlled preparation conditions allows the use of
SPM to gain insight into individual atomic scale surface structures as presented in
this book chapter.

16.5 Assignment of Atomic Positions

Here, we present the atomic arrangement of a thin vitreous silica bilayer film grown
on Ru(0001) [12]. Details on the experimental setup can by found in the text book
series “Noncontact Atomic Force Microscopy Volume 2” in Chap.7 [18] as well as
in the following [50-53]. An atomically resolved constant height nc-AFM image of
the vitreous silica film is shown in Fig. 16.4a (scan size = 5.0 nm x 3.8 nm). It is
useful to look again at the postulates made by Zachariasen in 1932 [6], sketched for
comparison in the lower part of Fig. 16.4a. The complex atomic arrangement of this
2D network film shows a striking similarity.

The observed protrusions at atomic separations are arranged in triangles. By com-
paring to Zachariasen’s model and based on this triangular symmetry the protrusions
can be assigned to one face of a tetrahedral SiO4 building block. Consequently, the
protrusions correspond to O atoms (red balls in Fig. 16.4b). Such a triangular unit
has been marked by a red triangle in Fig. 16.4.

Here, an O sensitive contrast is observed and the position of the Si atoms has
been calculated based on the O coordinates. The Si coordinates are determined using
a circumscribed circle around every O triangle. The position determined by this
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- cation (A)

Fig. 16.4 Assignment of atomic positions [54]. a Constant height nc-AFM image with atomic
resolution (Vs = 100 mV, Apsc = 2.7 A, scan range = 5.0 nm X 3.8 nm), Zachariasen’s picture of
the atomic arrangement in a glass is shown for comparison [6]. b Image from (a), partly overlayed
with O model (red balls). ¢ Image from (b), overlayed with the complete model of the topmost Si
(green balls) and O atoms

method has the same distance to all the triangle’s corners. By placing a green ball in
the center of each resulting circle the Si atom is marked. In this way the 2D model
of the topmost O and Si atoms has been completed.

Such a structural model completely covers the nc-AFM image presented in
Fig.16.4c. The film consists of rings with different sizes. No crystalline order is
observed in this film structure. All of these atoms as viewed from the top plane of the
bilayer are arranged in SiOs3 triangles. No under- or over-coordinated species were
observed.

This structure corresponds to a network of corner-sharing SiOy4 tetrahedra. The
film is highly ordered in the z-direction, while it is vitreous in the xy-plane (image
plane). The SiOy4 tetrahedra of the first layer are linked via bridging O atoms to the
Si04 units of the second layer with a Si—O-Si angle of 180°. The linking O atoms
represent a mirror plane. The character of this 2D flat film is a result of these particular
structural elements. Looking from the side, the film structure as shown in Fig. 16.2c
consists of four-membered rings standing upright and connected randomly, forming
the 2D ring network. A height difference between the topmost Si and O atoms from
the density functional theory (DFT) model for the crystalline silica bilayer (52 pm)
[11] has been used to compensate for the lack of information in the third dimension
for the later evaluations of the atomic coordinates. This assumption has been proven
valid in [55].

Let us look again at the observable image contrast in nc-AFM and STM images
[55]. Both techniques provide a contrast that allows for identification of individ-
ual atomic sites. The observed chemical sensitivity of nc-AFM and STM strongly
depends on the microscopic tip configuration. A modified tip termination can make
the Si instead of the O positions visible [55]. A sensitivity to the Si positions results
in a different local arrangement and distance between the resolved atomic sites.
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(@)

Fig. 16.5 a Sketch of the used tuning fork sensor device for nc-AFM/STM [52]. The STM tip is
electrically connected by a thin Pt/Rh wire with a diameter of 50 pwm. Both the tip and Pt/Rh wire
are insulated from the tuning fork and its electrodes. This is necessary to prevent a cross coupling
between the nc-AFM and the STM signal. b, ¢ Both images represent a single atomically resolved
constant height measurement, where (b) shows the nc-AFM and (c) the STM channel. Imaging
parameters b oscillation amplitude = 0.27 nm, gray scale from —1.0 (dark) to +0.6 Hz (bright); ¢
Vs = 100 mV, gray scale from 50 (dark) to 500 pA (bright); b, ¢ scan area = 2.7 nm x 3.9 nm.
In (b) the structure of the Si atoms is visible, whereas (c¢) reveals the arrangement of the O atoms.
Also here an atomic model of the topmost layer of the silica film is superimposed onto the lower
right corner of the images in (b) and (¢) (green balls Si atoms, red balls O atoms)

Our sensor device has the capability to directly combine nc-AFM and STM. This
device is sketched in Fig. 16.5a. When the tip is probing the sample surface, we
can detect the interaction force and the tunneling current independently. Here, we
can simultaneously and at the same atomic site gather data about interaction forces
and electronic structure without cross-talk. Essentially we develop a more complete
understanding of the surface by employing the full benefits of AFM and the full
benefits of STM in parallel. These provide distinct, but complementary information
about the surface.

This unique setup is capable of resolving clearly separated features from the sur-
face in these two detection channels. Figure 16.5b, ¢ represent one single atomically
resolved constant height nc-AFM and STM measurement above a vitreous region of
the silica film. Figure 16.5b is a map of the frequency shift (A f), while Fig. 16.5c is
the simultaneously recorded map of the tunneling current (/7). Both images show a
ring network with pores of various sizes. The power of this approach becomes clear if
we take a closer look at the atomic structures that were resolved. While the A f-map
in Fig. 16.5b shows the Si positions (green balls), the I7-image in Fig. 16.5c reveals
the O positions (red balls) of the topmost silica layer.

In the top part of Fig.16.5b, c this can be verified by looking at the nearest
neighbor (NN) configurations of the imaged protrusions. In Fig. 16.5¢ the contrast
in the STM signal is similar to nc-AFM image in Fig. 16.4. Every three protrusions
(red balls) form a triangle representing one triangular side of an SiOy4 tetrahedron.
Therefore, these positions correspond to O atoms. However, in Fig. 16.5b, four pro-
trusions (green balls) form a three-bladed windmill with one protrusions sitting in
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its center. These positions represent the centers of four different tetrahedra and there-
fore correspond to the Si atoms. Furthermore, the NN distances are characteristic for
a certain atom type and are significantly larger for Si than for O. The structural infor-
mation of both channels can be combined in this case to obtain a complete surface
model without any further assumptions as plotted in the bottom part of Fig. 16.5b, c.

Please note, that also combinations of nc-AFM and STM images have been
observed in which the same surface species have been detected.

In the following analysis the atomically resolved nc-AFM image and the derived
model of the topmost layer from Fig. 16.4 has been used as a starting point for further
evaluation of the thin film’s structure.

16.6 Atomic Force Microscopy Challenges X-Ray
Diffraction

In the following section, the atomic structure of the vitreous silica bilayer is discussed
and compared to the structural data available from diffraction methods. Since the
invention of X-ray diffraction by von Laue, crystalline and amorphous materials
have been analyzed over the last century. Figure 16.6a provides the diffraction pattern

T(r) [a. u.]

r [nm]

Fig. 16.6 Silica X-ray diffraction data. a X-ray diffraction pattern from a powder sample of
a-quartz (a) and vitreous silica (b) [58]. ¢ X-ray PCF of bulk vitreous silica taken from [59].
Within this plot the ranges of order as proposed by Wright have been indicated for range I, I, III,
and IV [56]
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of a powder sample from a-quartz. Herein, the randomly oriented crystalline grains
in the powder produce a sharp ring pattern. The diffraction pattern of vitreous silica
given in (b) only exhibits diffuse halos. Figure 16.6¢c shows a typical pair correlation
function derived from X-ray diffraction data from vitreous silica. A classification
introduced by Wright, who divided the order in network solids in four ranges, is
used. The following section is divided accordingly into the ranges: I structural unit,
IT interconnection of adjacent structural units, IIT network topology, and IV longer
range density fluctuations [56, 57].

In range I, the basic structural unit (SiO4 tetrahedron) is addressed and parameters
from the X-ray PCF can be extracted by using peak fitting techniques. However,
in ranges II and III, simple extraction of structural parameters is not possible and
models are required for interpretations. In range II the interconnection and relative
orientation of two corner-sharing SiO4 units is involved. Here, the variable parameters
of the Si—O-Si bond angle and torsion angles can be defined. In this range the first
example of disorder in comparison to crystalline modification can be observed. Range
IIT describes the network topology of amorphous network solids. In this range a
description of the first neighbors and shortest path statistics has always been desired,
but has never been observed in real space before. In the literature a controversial
discussion can be found, where theoretical models have been tested by comparison
to PCFs from XRD or ND. In range IV the long range density fluctuations are
addressed. However, the density differences between more and less ordered regions
are likely to be relative small. While there is quantitative knowledge about ranges I
and II, ranges Il and IV are still much less understood and hence leave opportunities
for new developments.

The different orders are visualized by snapshots of atomic structures in Fig. 16.7.
This classification turned out to be extremely useful to discuss and interpret the
structural information in diffraction experiments.

16.6.1 Structural Unit—Range 1

This range deals with the tetrahedron unit schematically drawn in the inset of
Fig.16.8e. A tetrahedron is primarily defined by the side length and the tetrahedral
angle. The distance from the center to one corner is another characteristic parame-
ter. With this respect the Si—O, the O-O distance, 