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Programme 
Monday 25 July 
 
12:00 Registration, exhibition and lunch 

Foyer area and atrium and conference suites 1 and 2 

14:00 Welcome address 
Theatre 

14:20 Superlubricity of graphene nanoribbons on gold surfaces 
Shigeki Kawai, International Center for Materials Nanoarchitectonics, Japan 

14:40 3-dimensional structure of a prototypical ionic liquid-solid interface 
Daniel Ebeling, Justus Liebig University Giessen, Germany 

15:00 The electric field of CO tips and its relevance for AFM 
Ruben Perez, Universidad Autonoma de Madrid, Spain 

15:20 Three-dimensional atomic force microscopy mapping at the solid-liquid interface with fast and 
flexible data acquisition 
Hagen Söngen, Universität Mainz, Germany 

15:40 Refreshments and exhibition 
Foyer area and atrium and conference suites 1 and 2 

16:20 Charging single O2 molecules on the TiO2 anatase (101) surface  
Martin Setvin, TU Wien, IAP, Austria 

16:40 Atomically-resolved three-dimensional structures of electrolyte aqueous solutions near a solid 
surface 
Daniel Martin-Jimenez, Instituto de Ciencia de Materiales de Madrid, CSIC, Spain 

17:00 High-resolution imaging of interfacial water by noncontact atomic force microscopy 
Ying Jiang, Peking University, China 

17:20 Probing the interaction between adsorbed hydrogen and a metallic tip 
Josef Grenz, University of Hamburg, Germany 

17:40 Ultra-fast time resolution in EFM on sustainable energy materials 
Peter Grutter, McGill University, Canada 

18:00 End of day 1 and BBQ 
Trent Hall  

Tuesday 26 July 

08:30 Registration 
Foyer area and atrium 

09:00 Role of orbital structure in high-resolution STM of molecules 
Ondřej Krejčí, Institute of Physics of the Czech Academy of Science, Czech Republic 
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09:20 Damping and 3D effects on atomic-scale friction of single polymers detectable by NCAFM 
Alexis Baratoff, University of Basel, Switzerland 

09:40 Frequency shift and tunneling current coupling with quartz tuning forks in non-contact atomic 
force microscopy: a new paradigm 
Laurent Nony, IM2NP, France 

10:00 Refreshments and exhibition 
Foyer area and atrium and conference suites 1 and 2 

10:40 Multifrequency AFM manipulation of electrical defects in PCDTBT-based organic solar cells 
characterized by KPFM and conductive AFM 
Alfredo J Diaz, The George Washington University, USA 

11:00 NC-AFM study of carbon wires and ribbons 
Shiyong Wang, EMPA, Switzerland 

11:20 Assembling molecular templates 
Adam Foster, Aalto University, Finland 

11:40 The lower limit for time resolution in NC-AFM  
Zeno Schumacher, McGill University, Canada 

12:00 Lunch and exhibition 
Foyer area and atrium and conference suites 1 and 2 

14:00 How do graphene nanoribbons grow - following the growth step-by-step with nc-AFM 
Peter Liljeroth, Aalto University, Finland 

14:20 Unraveling a new coordination bonding motif for tetraazapyrene derivatives on Au(111): A 
combined STM and nc-AFM study 
Tuan Anh Pham, The Zernike Institute for Advanced Materials, Netherlands 

14:40 Surface-assisted synthesis and edge-functionalization of graphene on Ag(111) 
Manuela Garnica, Technical University of Munich, Germany 

15:00 Molecular-scale imaging of two-dimensional streptavidin crystals in solution by FM-AFM 
Masayuki Miyamoto, Kyoto University, Japan  

15:20 Refreshments and exhibition 
Foyer area and atrium and conference suites 1 and 2 

16:20 Vertical probes with integrated actuation and readout for tapping mode and non-contact atomic 
force microscopy 
Marc Faucher, IEMN, France 

16:40 Local hydration structure measurements of DNA molecules by 3D force mapping using 
frequency-modulation AFM in liquids 
Hiroaki Kominami, Kyoto University, Japan  

17:00 Imaging mechanism for point defects of calcite in water 
Bernhard Reischl, Curtin University, Australia 
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17:20 Magnetic force microscopy of skyrmions in thin multilayers with interfacially-induced 
Dzyaloshinski-Moriya interaction 
Hans J Hug, EMPA, Switzerland 

17:40 End of day 2  

18:00 Poster session, exhibition and drinks reception 
Foyer area and atrium and conference suites 1 and 2 

 Wednesday 27 July 

08:30 Registration 
Foyer area and atrium 

09:00 NC-AFM contrast formation of triazine islands 
Michael Ellner, Universidad Autonoma de Madrid, Spain 

09:20 AFM investigation on CaF2(111) with atomically characterized tips 
Alexander Liebig, University of Regensburg, Germany 

09:40 The role of entropic forces in the dynamics of a molecular rotor 
Jeffrey Gehrig, EMPA, Switzerland 

10:00 Refreshments and exhibition 
Foyer area and atrium and conference suites 1 and 2 

10:40 Force-gradient sensitive Kelvin probe force microscopy by dissipative electrostatic force 
modulation 
Yoichi Miyahara, McGill University, Canada 

11:00 Electronegativity of individual surface atoms determined by AFM 
Jo Onoda, University of Tokyo, Japan 

11:20 Chemical bond contrast in AFM images of a hydrogen terminated silicon surface  
Hatem Labidi, University of Alberta, Canada 

11:40 Exploring the validity of the Lennard-Jones potential to describe noble gas interactions with NC-
AFM 
Franz Giessibl, University of Regensburg, Germany 

12:00 Lunch and exhibition 
Foyer area and atrium and conference suites 1 and 2 

14:00 Robust high-resolution imaging and quantitative force spectroscopy in vacuum with tuned-
oscillator atomic force microscopy 
Udo Schwarz, Yale University, USA 

14:20 

  

Structure determination of hexagonal boron nitride nanostructures by simultaneous nc-AFM and 
tunneling current imaging 
Thomas Dienel, EMPA, Switzerland 
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14:40 Tip-surface potential derived from three components of the force using multi-frequency AFM 
Yoshitaka Naitoh, Osaka University, Japan 

15:00 Comparison of classical and ab initio approaches to functionalized tip AFM simulation 
Aliaksandr Yakutovich, EMPA, Switzerland  

15:20 The charge distribution of a donor-acceptor molecule altered by an ionic thin film 
Tobias Meier, University of Basel, Switzerland 

15:40 Refreshments and exhibition 
Foyer area and atrium and conference suites 1 and 2 

16:20 Visualizing inhomogeneous adsorption structures of lubricant molecules on a magnetic hard disk 
by three-dimensional scanning force microscopy 
Takeshi Fukuma, Kanazawa University, Japan 

16:40 Influence of the atomic-scale tip apex on the IET vibrational spectroscopy of single molecules 
Norio Okabayashi, Kanazawa University, Japan 

17:00 A joint Kelvin probe force microscopy and first principles study of stepped silicon surfaces with 
atomic resolution 
Regina Hoffmann-Vogel, Karlsruhe Institute of Technology, Germany 

17:20 Revealing energy level structure of individual quantum dots by tunneling rate measured by 
single-electron sensitive electrostatic force microscopy 
Antoine Roy-Gobeil, McGill University, Canada 

17:40 End of day 3  

18:00 Poster session II and drinks reception 
Foyer area and atrium  

 Thursday 28 July 

08:30 Registration 
Foyer area and atrium 

09:00 Atomistic calcite dissolution model revealed by high-speed FM-AFM experiments and simulation 
Kazuki Miyata, Kanazawa University, Japan 

09:20 Dynamic effects on adsorption of organic molecules at insulating surfaces 
David Gao, University College London, UK 

09:40 Understanding high-resolution AFM images of water clusters on NaCl substrate 
Prokop Hapala, Institute of Physics of Czech Academy of Science, Czech Republic 

10:00 Submolecular NC-AFM imaging with copper oxide tips 
Harry Mönig, Universität Münster, Germany 

10:20 Refreshments 
Foyer area and atrium 
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11:00 Indication of a superexchange mediated coupling between Co-Salen and NiO(001) 
Alexander Schwarz, University of Hamburg, Germany 

11:20 Temperature-driven molecular phase transition on a bulk insulator surface: from a kinetically 
trapped to a thermodynamically more stable structure 
Chiara Paris, Kings College London, UK 

11:40 Systematic image recognition in high-resolution AFM  
John Tracey, Aalto University, Finland 

12:00 Lunch and excursions 
Foyer area and atrium 

19:00 Conference dinner  
Banqueting Suite 

Friday 29 July 

08:30 Registration 
Foyer area and atrium 

09:00 NC-AFM study of the building blocks of trimesic acid molecular network self-assembly 
mechanism on Cu (111) 
Percy Zahl, Brookhaven National Laboratory, CFN, USA 

09:20 Atomic-scale contrast in nc-AFM on a boron-nitride monolayer 
Fabian Schulz, Aalto University, Finland 

09:40 Atomic-resolution simultaneous imaging of topography, surface potential and dipole moment on 
TiO2(110) surface 
Yasuhiro Sugawara, Osaka University, Japan 

10:00 Refreshments and packed lunch collection 
Foyer area and atrium 

10:40 Investigation of nanoporous networks from para-hexaphenyl-dicarbonitrile on Au(111) 
Leonid Solianyk, University of Groningen, Netherlands 

11:00 AFM/STM observation of azulene-to-fulvalene rearrangement in a small molecule  
Akitoshi Shiotari, University of Tokyo, Japan 

11:20 Closing remarks 

11:40 Close of conference 
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Posters 
P:01 Fast, exact, and non-destructive diagnoses in nano-scale semiconductor device using conductive AFM 
Chaeho Shin, Korea Research Institute of Standards and Science, Korea 

P:02 Atomic force microscopy in liquid metal 
Takashi Ichii, Kyoto University, Japan 

P:03 Solvent-sensitive structures of interfacial liquid on salicylic acid (110) surface 
Hirotaka Honda, Kobe University, Japan 

P:04 Liquid-Environment FM-AFM imaging of a cobalt porphyrin 
Hirotaka Honda, Kobe University, Japan 

P:05 Harnessing flexural and torsional modes in multifrequency force microscopy: High resolution imaging 
of calcite (1014) in liquid 
Tobias Meier, The George Washington University, USA 

P:06 Structure determination of individual non-planar molecules by means of nc-AFM 
Florian Albrecht, University of Regensburg, Germany 

P:07 The effect of non-ideal tunneling current amplifiers on force measurements 
Kumar Sampath, University of Regensburg, Germany 

P:08 Probing the influence of point defects on local chemical reactivity and electronic properties on 
TiO2(110) via 3D-SPM measurements 
Udo Schwarz, Yale University, USA 

P:09 Surface polarization measurement on a reconstructed Si(111) surface by noncontact scanning 
nonlinear dielectric potentiometry 
Kohei Yamasue, Tohoku University, Japan 

 P:10 Towards an atomic-scale understanding of metal-oxide/water interfaces 
Eero Holmstrom, Aalto University, Finland 

P:11 SrTiO3/H2O and TiO2/H2O solid-liquid interfaces from first-principles molecular dynamics 
Eero Holmstrom, Aalto University, Finland 

P:12 Magnetic force microscopy as a phase characterisation technique in stainless steels 
Alexander Warren, University of Bristol, UK 

P:13 Why deposition order controls the formation of a metal-organic coordination network on an insulator 
surface? 
Ville Haapasilta, Aalto University, Finland 

P:14 Sequential on-surface transformation of a hydrocarbon molecule on copper surface as observed by 
first-principles computations 
Ville Haapasilta, Aalto University, Finland 

P:15 Park Systems SmartScan TM Automised Atomic Force Microscopy for simple point and click imaging, 
producing expert level quality AFM images at high speed 
San Joon Cho, Park Systems, Korea 

P:16 Optical and morphological properties of bis-pyrenyl π-conjugated molecules in thin films adsorbed on 
Ionic crystal surfaces 
Christian Loppacher, Aix-Marseille University / CNRS, France 

P:17 Molecular-scale investigation of sulfonate-terminated alkanethiol SAMs by FM-AFM in liquid 
Natsumi Inada, Kanazawa University, Japan 
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P:18 Building metal tips atom by atom characterized with an extended carbon monoxide front atom 
identification (COFI) method 
Daniel Meuer, University of Regensburg, Germany 

P:19 Dynamic current-distance measurements at room temperature 
Sonia Matencio, University of Regensburg, Germany 

P:20 High-resolution AFM/STM imaging and force spectroscopy of van der Walls nanostructures on metal 
surface 
Pavel Jelinek, Institute of Physics of the Czech Academy of Sciences, Czech Republic 

P:21 Design, material selection and construction of a high speed shear piezo scanner for mapping 
interfacial liquid with atomic force microscopy 
Amir Farokh Payam, Durham University, UK 

P:22 Three-dimensional local hydration structures on silicate minerals with various tetrahedral 
arrangements studied by liquid-3D-FM-AFM 
Umeda Kenichi, University of Tokyo, Japan 

P:23 Effect of oscillation amplitudes on bimodal FM-AFM in ambient conditions 
Hiroaki Ooe, Kanazawa University, Japan 

P:24 Linear distribution of Cs at surface of nano clay particle 
Yuki Araki, Kyoto University, Japan 

P:25 Mg concentration dependence of calcite hydration structure 
Yuki Araki, Kyoto University, Japan 

P:26 Influence of ions on 3D force images measured at fluorite-water interfaces 
Keisuke Miyazawa, Kanazawa University, Japan 

P:27 TiO2(011)-(2×1) surface characterized by atomic force microscopy and scanning tunneling 
microscopy 
Jo Onoda, University of Tokyo, Japan 

P:28 Theoretical study of the intra- and intermolecular potentials of assemblies of C60 molecules and of 
phthalocyanine molecules 
Mohammad Abdur Rashid, University of Nottingham, UK 

P:29 Assembling molecular templates 
Adam Foster, Aalto University, Finland 

P:30 Development of low-latency wideband PLL for high-speed FM-AFM 
Kazuki Miyata, Kanazawa University, Japan 

P:31 Role of ions in solid-liquid interfaces investigated by molecular simulations 
Lidija Zivanovic, Aalto University, Finland 

P:32 NC-AFM imaging contrasts of the anatase TiO2 (101) surface 
Thilo Glatzel, University of Basel, Switzerland 

P:33 Adsorption properties of isolated porphyrin molecules on TiO2 
Thilo Glatzel, University of Basel, Switzerland 

P:34 Charge transfer from Pd nanoclusters into CO molecule at room temperature with AFM/KPFM 
Yanjun Li, Osaka University, Japan 

P:35 Comparison of the sensitivity and signal-to-noise ratio of the first two flexural modes for self-sensing 
qPlus AFM sensors 
Dominik Kirpal, University Regensburg, Germany 
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P:36 Dewetting processes of thin organic films studied by noncontact and intermittent contact atomic force 
microscopy 
Konrad Szajna, Jagiellonian University, Poland 

P:37 Intermodulation AFM in UHV 
Daniel Forchheimer, The Royal Institute of Technology (KTH), Sweden 

P:38 Kelvin probe force microscopy of Cu(In, Ga)Se2 thin films with KF post deposition treatment 
Sascha Sadewasser, International Iberian Nanotechnology, Portugal 

P:39 Nc-AFM study of self-assembled triphenylamines on bulk MgO(001) 
Maximilian Ammon, Friedrich-Alexander University Erlangen-Nürnberg, Germany 

P:40 Self-assembled bridged-triphenylamines on KBr(001): The role of functional groups 
Sabine Maier, Friedrich-Alexander University Erlangen-Nürnberg, Germany 

P:41 NC-AFM study of single silicon dangling bonds on H:Si(100)  
Taleana Huff, University of Alberta, Canada 

P:42 Reconstruction of water density distributions over fluorite surfaces: How invasive are NC-AFM 
measurements?  
Matt Watkins, University of Lincoln, UK 

P:43 One-dimensional edge state of Bi thin films studied with STM 
Kawakami Naoya, University of Tokyo, Japan 

P:44 Measuring the mechanical properties of molecular conformers 
Samuel Jarvis, University of Nottingham, UK 

P:45 Molecules within molecules: an XSW and SPM study of H2O@C60 
Samuel Jarvis, University of Nottingham, UK 

P:46 Simultaneous characterizations of density of states and local contact potential difference on rutile 
TiO2(110) by STM/KPFM 
Huan Fei Wen, Osaka University, Japan 

P:47 Imaging metal atoms of metal-organic coordination networks by means of nc-AFM 
Fabian Queck, University of Regensburg, Germany 

P:48 Capacitive distance control for quantitative magnetic force microscopy 
Johannes Schwenk, EMPA, Switzerland 

P:49 Organisation and ordering of 1D porphyrin polymers synthesised by on-surface Glaser coupling 
Alex Saywell, University of Nottingham, UK 

P:50 Different tip functionalizations in scanning probe microscopy 
Philipp Scheuerer, University of Regensburg, Germany 

P:51 Nanoscale characterization of LiCoO2 film by Kelvin probe force microscope 
Jiaxiong Wu, Beihang University, China 

P:52 Development of a Universal SPM head for integration into different cryogenic environments 
Andreas Bettac, Sigma Surface Science, Germany 

P:53 Application of scanning Kelvin probe force microscopy to study secondary phase particles in beryllium 
Simon Bacon, University of Surrey, UK 

P:54 Mapping the electrostatic force field of single molecules from high-resolution scanning probe images 
Nadine van der Heijden, Utrecht University, Netherlands  
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P:55 Correlated fluorescence-atomic force microscopy studies of the clathrin mediated endocytosis in 
SKMEL Cells 
Steve Smith, South Dakota School of Mines and Technology, USA 

P:56 Probing PTCDA nanoisalnds with simultaneous pixel-by-pixel STS and KPFM 
Katherine Cochrane, University of British Columbia, USA 

P:57 Atom-resolved analysis of mica surfaces covered with a thin water layer in air by frequency 
modulation atomic force microscopy 
Toyoko Arai, Kanazawa University, Japan 

P:58 Imaging and force based atomic manipulation of Sn chains on Si(100) by NC-AFM 
Adam Sweetman, University of Nottingham, UK 

P:59 Energy dissipation mechanism on layered structures 
Dilek Yildiz, University of Basel, Switzerland 

P:60 Molecular adsorption studied on CaF2 thin films 
Phillip Rahe, University of Nottingham, UK 

P:61 Evaluation of the twitter-ionic type modifier for anti-biofouling by using FM-AFM 
Yoshiki Hirata, National Institute of Industrial Science and Technology (AIST), Japan 
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Superlubricity of graphene nanoribbons on gold surfaces 

S Kawai1, A Benassi2, E Gnecco3, H Söde2, R Pawlak4, K Müllen5, D Passerone2, C A Pignedoli2, P Ruffieux2, R Fasel2 
and E Meyer4 
1International Center for Materials Nanoarchitectonics, Japan, 2Empa, Switzerland, 3Friedrich Schiller University 
Jena, Germany, 4University of Basel, Switzerland, 5Max Planck Institute for Polymer Research, Germany 

The state of vanishing friction known as superlubricity has important applications for energy saving and increasing 
the lifetime of devices. Superlubricity detected with atomic force microscopy appears in examples like sliding large 
graphite flakes or gold nanoclusters across surfaces. However, the origin of the behavior is poorly understood due to 
the lack of a controllable nano-contact. We demonstrate graphene nanoribbons superlubricity when sliding on gold 
with a joint experimental and computational approach. The graphene nanoribbon was sysntherized by on-surface 
chemical reaction and its structure was characterized by high-resolution atomic force microscopy and scanning 
tunneling microscopy. We found that the graphene nanoribbon was unintentionally manipulated even with a low set 
point in STM at 4.8 K. Following the method of Ternes et al, we measured the lateral force to move the GNR along 
the longitudinal direction, namely the static force, and found an ultralow value (<~100 pN). Furthermore, by 
dragging the graphene nanoribbon back and forth in the controlled way, the frequency shift, relating to the dynamic 
friction, was measured. The atomically well-defined contact allows us to trace the origin of superlubricity, unravelling 
the role played by edges, surface reconstruction and ribbon elasticity, together with molecular dynamics simulation. 
Our results pave the way to the scale-up of superlubricity toward the realization of frictionless coatings. 
 

 

 

Figure: Schematic drawing of the measurement set up to measure the friction between graphene nanoribbon and 
Au(11) surface. 

[1] S Kawai, A. Benassi, E. Gnecco, H. Söde, R. Pawlak, K. Mullen, D. Passerone, C. Pignedoli, P. Ruffieux, R. 
 Fasel, and E. Meyer. Science, 351, 957-961 (2016) 
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3-Dimensional structure of a prototypical ionic liquid-solid interface 

D Ebeling1, S Bradler2, B Roling2 and A Schirmeisen1 
1Justus Liebig University Giessen, Germany, 2University of Marburg, Germany 

Recently, different atomic force microscopy (AFM) techniques have been applied to study the molecular structure of 
the ionic liquid-electrode interface (see e.g. [1,2] for recent reviews). These techniques were focusing either on the 
vertical structure of the ion layers or on the lateral structure of the innermost layer. To elucidate the three-
dimensional structure of the interface we are combining high resolution AFM imaging with atomic force spectroscopy 
measurements. The lateral structure of the innermost layer of adsorbed molecules (i.e., the Stern layer) is resolved 
on the molecular scale by means of amplitude modulation atomic force microscopy (AM-AFM). In the case of our 
model system (propylammonium nitrate (PAN) on highly ordered pyrolytic graphite (HOPG)) a quasi (4x4)R0° 
overlayer is formed by the ionic liquid molecules on the surface. The dynamic mode force spectroscopy 
measurements reveal the existence of a layered structure of the ionic liquid normal to the surface plane and allow 
for a precise determination of the layer spacing. A combination of both information, i.e., the experimentally 
observed lateral and normal structures of the PAN-HOPG interface allows, for an identification of the three-
dimensional lattice structure, which is in accordance with a zincblende (ZnS)-type crystal structure. 
 

 
 
Figure 1: (left) Dynamic mode AFM topography image (9.5 x 9.5 nm2) revealing the lateral structure of adsorbed 
ions within the Stern layer. (center) Top view and (right) side view of proposed ZnS-type crystal structure. 

[1]  M. V. Fedorov, A. A. Kornyshev, Chem. Rev. 114, 2978 (2014) 
[2]  R. Hayes, G.G. Warr, R. Atkin, Chem. Rev. 115, 6357 (2015) 
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The electric field of CO tips and its relevance for AFM 

R Perez1, M Ellner1, N Pavliček2, P Pou1, B Schuler2, N Moll2, G Meyer2 and L Gross2 
1Universidad Autonoma de Madrid, Spain, 2IBM Research−Zurich, Switzerland 

Frequency modulation atomic force microscopy (FM-AFM) has been recognized for a long time as one of the best 
tools for materials characterization at the atomic scale. The use of metal tips decorated with CO molecules 
represented a significant step forward in this technique that paved the way for the visualization of the internal 
structures of molecules with unprecedented resolution. This high resolution has been explained in terms of the 
strong Pauli repulsion between the closed-shell molecule acting as the probe and the electronic charge of the 
molecule probed. In addition, the associated tilting of the CO molecule amplifies the spatial variations of the charge 
density on the sample. 

Notwithstanding, experiments on polar and metallic systems show that electrostatic interactions are necessary to 
understand the complex contrast observed and its distance evolution. Attempts to describe those interactions in 
terms of a single electrostatic dipole replacing the tip have led to contradictory statements about its nature and 
strength.  

Here, we solve this puzzle with a comprehensive experimental and theoretical characterization of the AFM contrast 
on Cl vacancies [1]. Our model, based on density functional theory (DFT) calculations, reproduces the complex 
evolution of the contrast between both the Na cation and Cl anion sites, and the positively charged vacancy as a 
function of tip height, and highlights the key contribution of electrostatic interactions for tip–sample distances larger 
than 500 pm. For smaller separations, Pauli repulsion and the associated CO tilting start to dominate the contrast. 
The electrostatic field of the CO–metal tip can be represented by the superposition of the fields from the metal tip 
and the CO molecule. The long-range behavior is defined by the metal tip that contributes the field of a dipole with 
its positive pole at the apex. At short-range, the CO exhibits an opposite field that prevails. The interplay of these 
fields (Fig. 1), with opposite sign in the near-field and rather different spatial extensions, explains the contrast 
evolution observed in our experiments and reconciles the apparently contradictory claims in the literature. 
 

 
 

Figure 1: Left: z-component of the electric field of (left) a CO probe, (middle) a 1.5 D dipole moment modeling a Cu 
metal tip, and (right) a CO probe plus a 1.5 D dipole moment. 

[1]  M. Ellner et al., Nano Letters 16, 1974 (2016). 
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Three-dimensional atomic force microscopy mapping at the solid-liquid interface with fast and flexible data 
acquisition 

H Söngen, R Bechstein, M Nalbach, H Adam and A Kühnle 

Universität Mainz, Germany 

A wide variety of dynamic atomic force microscopy (AFM) modes are employed in the field of surface science. These 
AFM modes are often particularly suited and well-optimized for investigating specific surface properties and 
interfacial processes.  Naturally, different numerical methods and approximations are used for analysing data 
acquired in the different modes. A straightforward comparison of data analysed with different methods can, 
therefore, be challenging. Moreover, checking the validity of the approximations can be a tedious task. Summarizing 
and combining the existing literature [1-5] on AFM data evaluation, we introduce a general set of equations to 
analyse dynamic AFM data for arbitrary single-frequency operation modes with a minimal number of approximations 
[6].  

Here, we present our implementation of a flexible, customizable data acquisition system that enables us to perform 
3D-AFM mapping at solid-liquid interfaces with different dynamic AFM modes (e.g. AM-, PM- and FM-AFM) [7]. 
During the measurement the mode can be easily switched. Thereby, we can directly compare approaches for 
quantifying the tip-sample interaction in different AFM modes (see Figure).  

 

Hydration force measurement on calcite (10.4) along the [481] direction in pure water. The force map on the left 
was obtained from FM-AFM data, the force map on the right from AM-AFM data. Both datasets were acquired on the 
same sample within the same measurement session. The color scale applies to both datasets.  

[1]  F. J. Giessibl, Rev. Mod. Phys. 2003, 75, 949.  
[2]  H. Hölscher et al., Surf. Sci. 2005, 579, 21.  
[3]  J. E. Sader et al., Nanotechnology 2005, 16, 94.  
[4]  A. J. Katan, et al., Nanotechnology 2009, 20, 165703.  
[5]  A. F. Payam, et al., Nanotechnology 2015, 26, 185706. 
[6]  H. Söngen et al., in prep.  
[7]  H. Söngen et al., submitted (April 2016).  
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Charging single O2 molecules on the TiO2 anatase (101) surface 

M Setvin, M Schmid and U Diebold 
1TU Wien, Austria 

The electron transfer between an O2 molecule and a solid surface is a key mechanism in catalysis and 
photocatalysis. Neutral O2 is chemically inert, while negatively charged (O2)

- species readily enter chemical 
reactions. We use low temperature q-Plus STM/AFM to study the charging and discharging of single O2 molecules 
adsorbed on the prototypical TiO2 anatase (101) surface [1]. 

Upon adsorption, some O2 molecules spontaneously accept electrons from the anatase substrate (n-type, 1% Nb 
doped). After depleting the electrons available in the near-surface region, further O2 adsorbs as neutral species – 
see Fig. A. We can use the tip to inject electrons into the neutral molecules, using a slightly positive sample bias 
(Fig. B). The electrons stay there, even though the substrate is highly conductive at all temperatures [2,3]. We 
assume that the electron is self-trapped via the formation of a chemical bond between the (O2)

- and the substrate. 
The bias necessary for charging the neutral molecules continuously increases with the concentration of the (O2)

-. We 
attribute this to the upwards band-bending induced by accumulation of negative charge at the surface. The electron 
can be removed from the (O2)

- by the STM tip; a bias of ~-1.5 V is required and the molecule desorbs during the 
process. By illuminating the surface with UV light we show that the valence band holes can induce the same 
discharging mechanism as the STM tip.   

We discuss short-range chemical forces measured above the neutral and charged O2 molecules with different tip 
terminations (Fig. D). The attractive forces measured above the neutral O2 always correspond only to weak bonding 
interactions, in order of 10 pN. The charged O2 can form a chemical bond with the tip (Fmax ~ 0.5 nN). We further 
discuss lateral attractive molecule-molecule interactions between the neutral and charged O2 species (Fig. C).  
 

 
 
Figure : A) O2 molecules adsorbed at the anatase (101) surface at T = 5 K. Constant-height AFM image,  A = 0.21 
nm, VS = -0.4 V. B) The same area, VS = +0.33 V ; electrons are injected into the neutral O2 molecules. C) The 
surface after annealing to 25 K (scanned at 5 K). A = 60 pm, VS = 0 V. Neutral O2 diffuses and sticks to the (O2)

-. D) 
Short-range forces measured above the neutral and charged O2 species. 

[1] M. Setvin et al., Science 341, 988 (2013) 
[2] M. Setvin et al. PRL 113, 086402 (2014) 
[3] Y. Furubayashi et al. APL 86, 252101 (2005) 
[4]  A. J. Katan, et al., Nanotechnology 2009, 20, 165703.  
[5]  A. F. Payam, et al., Nanotechnology 2015, 26, 185706. 
[6]  H. Söngen et al., in prep.  
[7]  H. Söngen et al., submitted (April 2016).  
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Atomically-resolved three-dimensional structures of electrolyte aqueous solutions near a solid surface 

D Martin-Jimenez1, E Chacon1, P Tarazona2 and R Garcia1 
1Instituto de Ciencia de Materiales de Madrid, CSIC, Spain, 2Universidad Autónoma de Madrid, Spain 

Atomic-resolution three-dimensional images of electrolyte solutions near a mica surface demonstrate the existence 
of three types of interfacial structures [1-3]. At low concentrations (0.01-1 M), cations are adsorbed onto the mica 
until charge neutrality is reached. The cation layer is topped by a few hydration layers while anions are excluded 
from the mica surface [4]. At higher concentrations, the interfacial layer extends several nanometers into the liquid. 
It involves the alternation of cation and anion planes.  Classical Fluid Density Functional calculations show that 
water molecules are a critical factor for stabilizing the structure of the ordered interfacial layer.  The interfacial layer 
compatibilizes a crystal-like structure with liquid-like ion and solvent mobilities.  At saturation, some ions precipitate 
and small ionic crystals are formed on the mica. The three-dimensional images have been acquired at 300 K. 

 

 
Figure 1: (a) Three-dimensional image (phase) of hydration layer on muscovite mica in 0.2 M KCl solution. (b) 
Density functional calculations of 0.2 M KCl solution on mica. (c) Three-dimensional image (phase) of interfacial 
layer on muscovite mica in about 4 M KCl solution. (d) Density functional calculations of 5.5 M KCl solution on 
mica. 

[1] E. T. Herruzo, H. Asakawa, T. Fukuma, and R. Garcia, Nanoscale 5, 2678-2685 (2013). 
[2] K. Kobayashi et al. The Journal of Chemical Physics 138, 184704 (2013) 
[3] T. Fukuma et al. Physical Review B 92, 7 (2015). 
[4] M. Ricci, P. Spijker and K.  Voitchovsky  Nat. Commun. 5, 4400 (2014). 
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High-resolution imaging of interfacial water by noncontact atomic force microscopy 

Y Jiang1, J Guo1, J Peng1, P Hapala2, D Cao1, P Jelínek2, L Xu1 and E Wang1 
1Peking University, China, 2Academy of Sciences of the Czech Republic, Czech Repulblic 

Water-solid interface plays important roles in many fields such as heterogeneous catalysis, electrochemistry, 
dissolution, corrosion and lubrication. Resolving the hydrogen-bonding configuration of water on the solid surfaces 
with atomic-scale precision has been one of the key issues of water science yet it remains challenging. Recently we 
have shown the possibility of attacking this problem by scanning tunneling microscopy (STM) based on the 
submolecular orbital imaging of water [1]. However, STM mainly probes the spatial distribution of the density of 
states near the Fermi level, thus is not sensitive to the chemical structure of molecules. Here we report the ultrahigh 
resolution imaging of water clusters and ion hydrates on a NaCl(001) film by noncontact atomic force microscopy 
(NC-AFM), which enables us to determine the topology of hydrogen-bonding network in unprecedented details. 
Comparison with the theoretical simulations reveals that the sharp features in the AFM images result from the 
relaxation of the tip apex induced the electrostatic force between the tip and the water molecules. Our results shed 
new light on the underlying mechanism of the ultrahigh imaging with NC-AFM and highlight the importance of 
electrostatics in the imaging of polar molecules such as water. 

 
Figure: NC-AFM images and theoretical simulations of water tetramers with different chirality. 

[1]  Guo et al., Real-space imaging of interfacial water with submolecular resolution, Nature Materials 13,184 
 (2014). 
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Probing the interaction between adsorbed hydrogen and a metallic tip 

J Grenz, A Schwarz, and R Wiesendanger 

University of Hamburg, Germany 

Hydrogen adsorbed on metallic samples is known to change the structural, electronic and magnetic properties of 
the system [1,2]. Particularly, it is well known that a hydrogen layer leads to the formation of electrostatic dipoles 
on surfaces [3]. In this contribution, we utilize non-contact atomic force spectroscopy performed with metal coated 
tips to investigate adsorbed hydrogen on the Fe monolayer on W(001). The hydrogen induced reconstruction, 
appearing as a zig-zag structure in atomically resolved images, exhibits remarkable similarities to the well-studied 
hydrogen reconstruction of clean W(001) [4]. Due to the symmetry of the surface, two domains along the directions 
exists, which are separated by a domain wall, where the sites of the hydrogen atoms seem to be different than in 
the domains. The domain walls can be already detected at rather large tip-sample separations, indicating the 
presence of a strong long-range electrostatic interaction at the domain walls. Here, we present an analysis of the 
short- and long-range interactions by evaluating site-specific force spectroscopy data.  

[1]  P. Nordlander et al., Surf. Sci. 136, 59 (1984).  
[2]  J. Greeley et al., J. Phys. Chem. B 109, 3460 (2005).  
[3]  J. R. Smith et al., Phys. Rev. Lett. 30, 610 (1973). [4] H. F. Busnengo et al., J. Phys. Chem. C 112, 5579 
 (2008). 
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Ultra-fast time resolution in EFM on sustainable energy materials 

P Grutter 

McGill University, Canada 

AFM has made amazing progress in the past 30 years in terms of high–speed structural characterization of surfaces. 
Imaging rates of 30 frames per second have been achieved, allowing dynamics of surface structures as well as 
molecular confirmation changes to be observed down to the atomic scale. Measuring properties such as surface 
potentials at these length scales has also become possible. Renewable energy generation and storage is one of the 
key issues facing our generation. A challenging AFM frontier that can help addressed relevant materials issues is to 
achieve ultrafast time resolution in the localized measurement of electronic properties. In this presentation, I will 
give an overview of our recent successes at characterizing surface potentials using EFM on time scales down to ps. A 
major challenge in the widespread deployment of sustainable energy sources such as solar and wind is maintaining 
grid stability. Distributed energy storage in electrical vehicle batteries connected to the grid is an option.  

A major issue inhibiting wide spread deployment is low charging rates. This is related to the poor current 
understanding of what determines mobility of Li ions in cathode materials. We have used a newly developed 
AFM/EFM technique to spatially determine variations in Li transport mechanism in LiFePO4, a model cathode 
material. We applied voltage pulses to the sample and observed the resultant fast time decay of the electrostatic 
forces due to the mobility of Li ions using a time averaging technique. By performing these experiments as a 
function of temperature we obtain spatially resolved activation barriers for Li transport. By combining our ultrafast 
AFM techniques with SEM, TOF-SIMS and EBSD as well as comparison to DFT calculations we show that ionic 
transport in these materials must be regarded as a collective effect due to the significant contributions by ion-ion 
and ion-polaron interactions to the measured activation energies. [1]  

A second example where ultrafast EFM techniques will have a major impact is in our understanding of what 
determines the mobility of charge carriers in photovoltaic systems. We have combined a UHV AFM system with a fs 
laser excitation system tunable in the optical spectrum. By developing a new pump-probe method we can measure 
ultrafast decay times using EFM as a spatial detector. We have applied this technique to Si, perovskites as well as 
GaAs to measure ultrafast charge carrier decay times as well as mobility. By combining these results with regular 
AFM structure characterization, mesoscopic 4-point probe transport measurements, nm scale conductivity 
measurements using THz spectroscopy as well as fs absorption spectroscopy we can start to achieve a complete 
understanding of the fundamental as well as material limitations in these materials. [2]  

[1]  A. Mascaro, Z. Wang, P. Hovington, Y. Miyahara, A. Paollela, V. Gariepy, Z. Feng, T. Enright, C. Aiken, K. 
 Zaghib, K. Bevan  
[2]  Z. Schumacher, Y. Miyahara, A. Spielhofer, D. Valverde , D. Cooke, C. Silva, E. Gutierrez Meza. 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     19 

 



 

 
Role of orbital structure in high-resolution STM of molecules 

O Krejčí, P Hapala, M Ondracek and P Jelinek 

Institute of Physics of the Czech Academy of Sciences, Czech Republic 

Recently, we demonstrated that most features visible in high-resolution AFM images of molecules can be explained 
by simple mechanical model considering relaxation of an atomistic particle attached to the tip [1,2]. On top of this, 
we introduced a simple model for calculating STM current considering only inter-atomic hoppings between relaxed 
atomistic particle and molecule [1]. The simple model is able to reproduce the main characteristics of high-
resolution STM maps in close distance regime where the relaxation effects prevail. But since it completely neglects 
an electronic structure of the scanned sample, it fails especially at far distances where the electronic structure is 
dominating in the STM current. 

In this work, we implemented an efficient method for simulation of the high resolution STM images considering the 
molecular electronic structure and the atomistic particle relaxation as well. The method is able to reproduce 
observed contrast in both the close distance (e.g. in [3]) and the far distance regimes, including the gradual 
transition between them. It gives solid theoretical background for better understanding of high-resolution STM 
experiments. 

 
[1]  Hapala, P. et al., Phys. Rev. B 90, 085421 (2014). 
[2]  Hapala, P. et al., Phys. Rev. Lett. 113, 226101 (2015). 
[3] Kichin, G. Et al., J. Am. Chern. Soc. 133, pp 16847-16851 (2011). 
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Damping and 3D effects on atomic-scale friction of single polymers detectable by NCAFM 

A Baratoff and E Meyer 

University of Basel, Switzerland 

Vertical pulling of single polymers physisorbed on an inert incommensurate substrate using the oscillating tip of a 
UHV low-temperature “non-contact” AFM can reveal details of the potential landscape of detaching and sliding 
constituent monomers [1]. The measured frequency shift ∆fz can be fitted to simulations, and the underlying 
desorption energy, vertical (z) and lateral (x,y) forces thereby computed even if stick-slip-like jumps prevent their full 
reconstruction from ∆fz. As in Frenkel-Kontorova (FK) models of friction [2], the polymer is represented by a chain of 
units connected by springs, each one interacting with a periodic potential. The last unit is connected by a weaker 
spring to the tip pulled at a constant velocity v. The assumed interaction potential and damping γ of each unit are 
realistic functions of the distance from the surface and the tip. Very recently, analogous measurements have been 
performed on graphene nanoribbons (GNRs) pulled parallel to the same Au(111) substrate [3]. For a chain of fixed 
length, the number N of sliding units can be controlled by pre-detaching a certain number. Accompanying 
simulations could reproduce the observed beat-like ∆fz variations recorded as the GNR crossed herringbone domain 
boundaries.  

Here, attention is focused on simulations of pulling parallel to a symmetry axis along which in-situ synthesized 
chains connected by single C-C bonds under investigation are preferentially aligned [1]. Unlike GNRs, such 
polymers are flexible transverse to the sliding x-direction. FK-like models predict zero depinning force in the limits N 
→ ∞ and v → 0 for a stiff enough incommensurate chain. “Superlubric” sliding with smooth variations of the lateral 
force Fx and an average < 𝐹𝐹𝑥𝑥 > slightly above the nominal friction - γ N v has been found in 1D simulations for large 
N, most recently for end-driven chains [4] like ours. Those simulations illustrated and explained the breakdown of 
superlubricity when < 𝐹𝐹𝑥𝑥> exceeds a critical value independent of N, γ and v.  

Considering instead the behavior of shorter chains at low v, as in measurements [1,2], we find that Fx oscillations 
occur with lattice periodicity. Both Fx and Fz variations dramatically change if the tip path is offset transverse to the 
symmetry axis, owing to rapid zig-zag motion of the units over saddle points of the potential. The dissipated energy, 
hence the average friction, are then higher, although the units nearly follow the same trajectory, avoiding potential 
maxima. The deviation  < 𝐹𝐹𝑥𝑥 > −𝛾𝛾 𝑁𝑁 𝑣𝑣becomes considerable at low γ and increases with N, γ and v, 
suggesting that superlubric sliding might break down at lower N for chains connected by single C-C bonds. We also 
find that 𝐹𝐹𝑧𝑧  is nearly proportional to 𝐹𝐹𝑥𝑥  and so is also the vertical force gradient and can prove this analytically.  

Weak variations appear in that gradient (proportional to ∆fz for small drive amplitudes), which become detectable if 
each monomer has several contact points or is sufficiently wide, as previously observed [1,2]. Stronger variations 
are predicted in the gradient along the pulling direction, reflecting Fx oscillations affected by the zig-zag motion. 
They should be detectable in modified non-contact AFM setups allowing small-amplitude tip oscillation parallel to 
the sample surface, e.g. [5].  

[1]  S.Kawai, M. Koch et al., PNAS 111, 3968 (2014)  
[2]  A. Vanossi et al., Rev. Mod. Phys. 85, 520 (2013)  
[3]  S. Kawai, A. Benassi et al., Science 351, 957 (2016)  
[4]  Ming Ma, A. Benassi et al., Phys. Rev. Lett. 114, 055501 (2015)  
[5]  J. Weymouth et al., Phys. Rev. Lett. 111, 126103 (2013) 
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Frequency shift and tunneling current coupling with quartz tuning forks in non-contact atomic force microscopy: a 
new paradigm 

L Nony, F Bocquet, F Para and C Loppacher 

IM2NP, France 

Quartz Tuning Forks (QTF) are used as oscillators in combined scanning tunneling microscopy (STM) and non-
contact atomic force microscopy (nc-AFM) experiments since 2000, with the pioneer work by F.Giessibl[1] on 
Si(111) 7x7. Their unique features combined with the ability to control the tip apex with atomic precision at 
cryogenic temperatures make them extremely sensitive to surface short-range (SR) forces, which has triggered 
numerous outstanding results[2]. Since 2011 however, discussions came up about an intriguing coupling between 
the simultaneously acquired tunneling current (It) and frequency shift (∆f). Two origins for the coupling were 
discussed so far. The first one was reported for samples with limited conductivity[3] such as semi-conductors. That 
work states the existence of a “phantom” repulsive force due to the local increase of the sample’s resistivity which 
lowers the effective tip-surface potential and hence, the tip-surface electrostatic force. The second approach 
explains the coupling as stemming from instrumental aspects[4] (I/V converters performances, stray capacitances, 
virtual ground issues…).  

We propose a new paradigm to the ∆f/It coupling[5] which superposes to both above mentioned approaches and 
which explains why it can occur with metallic substrates too. Our work includes a consistent set of experimental 
results, theoretical developments and numerical simulations. When the tip oscillates in the vicinity of the surface in 
tunnelling conditions, the AC part of the tunnel current, Í t, makes it behaving as an antenna which radiates an 
electromagnetic field whose frequency is given by the QTF’s oscillation frequency. The field penetrates the QTF 
prong’s end and deforms it locally by inverse piezoelectric effect. The AC deformation of that local volume of quartz 
yields, by inertial effect, an additional, unexpected, oscillation of the QTF’s prong. Simultaneously, the radiated field 
loads the QTF’s electrodes by induction. Inertial and induction effects add components to the overall piezoelectric 
current supplied by the QTF. 

Our calculations and experimental measurements are performed for a model geometry in which the QTF is excited 
by an AC current Í t flowing in a wire close to its front end (no physical contact, see fig.1a). The figure 1b presents 
the experimental and theoretical curves of the QTF resonance which are in excellent agreement to each other and 
validate our model and our calculations. We can therefore estimate the influence that the ∆f/It coupling has on the 
QTF during nc-AFM measurements. Virtual nc-AFM simulations confirm the above described effects, which basically 
lead to a wrong estimation of the QTF oscillation amplitude, that is not only of the dissipation (damping) but also of 
the frequency shift and hence, of the SR forces. 
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Figure1: a-Setup used to put the radiation effect in evidence. The wire mimics the nc-AFM/STM tip. It is placed in 
front of the QTF without touching it. An AC current (It) flows through it. b-Piezoelectric current supplied by the QTF as 
a function of the It current. 

The typical resonance/anti-resonance effect observed stems from both inertial and induction effects. Our model 
(continuous black curves) fits the experimental curves to an excellent accuracy. 

[1]  Giessibl, F., Appl. Phys. Lett. 2000, 76, 1410 
[2]  Gross, L. et al., Science 2009, 325, 1110; F. Mohn et al., Nature Nanotechnology 2012, 7(4), 227; A. M. 
 Sweetman et al., NatureComm. 2014, 5, 3931; W. Steurer et al. Phys.Rev.Lett. 2015, 114, 036801; J. 
 van der Lit et al., Phys.Rev.Lett. 2016, 116, 096102 
[3]  Weymouth, A. et al., Phys.Rev.Lett. 2011, 106, 226801 
[4]  Majzick, Z. et al., Beilstein J. Nanotechnol. 2012, 3, 249 
[5]  Nony, L., Bocquet, F., Para, F., Loppacher, Ch., Phys.Rev.Lett. 2016 (submitted) 
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Multifrequency AFM manipulation of electrical defects in PCDTBT-based organic solar cells characterized by KPFM 
and conductive AFM 

A J Diaz, H Noh and S Solares 

The George Washington University, USA 

The introduction of multifrequency AFM significantly enhanced the characterization of material contrast compared to 
the single-mode counterpart [1]. Later on, multifrequency schemes comprising three excited eigenmodes (trimodal) 
exhibited the additional capability of modulating indentation depth, extracting contrast from subsurface features 
[2]. This work focuses on the utilization of bimodal AFM to heal electrical defects found in organic solar cells (Figure 
1a). Specifically, electrical defects were found by employing correlated conductive AFM and noncontact AFM-KPFM 
measurements. This type of defect decreases the overall efficiency of organic photovoltaic energy conversion 
systems. As shown in Figures 1b and 1c, the defects produce a potential difference and a phase shift relative to the 
surroundings. Afterwards, images from these noncontact techniques were compared to electron and hole current 
maps (forward and reverse bias) obtained using conductive AFM. Bimodal AFM was then used as a nanomechanical 
manipulator in which greater compressive stresses were applied by the stiffer eigenmode (third eigenmode in this 
case). After the bimodal treatment, a recovery of the defective site is observed (Figures 1d and 1e), resulting in 
similar contrast to the untreated normal areas, which is also confirmed by the recovery of current for the treated 
area. We demonstrate the use of multifrequency AFM for localized modification of functional materials without 
observable damage to the surface.  

 
Figure 1. (a) Schematic of experimental setup for bimodal AFM showing the organic solar cell sample. The potential 
(b) measured with KPFM and the phase (c) from noncontact dynamic AFM are shown for an untreated area. 
Corresponding signals (d-e) for the same area after the bimodal AFM treatment showing that the defects have been 
healed (central square). Scale bars are 500 nm. 

[1]  T. Rodriguez et al., Applied Physics Letters, 84.3 (2004) 
[2]  D. Ebeling et al., ACS Nano, 7.11 (2013) 
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NC-AFM study of carbon wires and ribbons 

S Wang1, A Yakutovich1, T Dienel1, Q Sun2, W Xu2, C Pignedoli1, D Passerone1, P Ruffieux1 and R Fasel1 
1EMPA, Switzerland, 2Tongji University, China 

On-surface synthesis provides convenient routes to atomically precise graphene nanoribbons, conjugated polymers 
as well as organometallic polymer chains. Here, we take advantage of newly developed on-surface chemistry and 
the ultrahigh-resolution of non-contact atomic force microscopy (nc-AFM) imaging to resolve both the intramolecular 
and intermolecular structural changes and bond rearrangements as associated with complex on-surface chemical 
reactions. We thoroughly investigated: i) zigzag graphene nanoribbons of width N=6 (6-ZGNR) [1], ii) trans-
polyacetylene [2], and iii) a novel type of organometallic C-C-Cu polymer chains (metalated carbyne) [3]. 

The local bond configurations are accessible by nc-AFM imaging with a CO-functionalized tip. The achieved 
resolution directly confirms that the observed width and edge morphology correspond to the expected 6-ZGNR 
structure. Furthermore, we can unambiguously state that the zigzag-edge atoms have mostly the expected mono-
hydrogen termination. Other possible terminations such as H2 termination as well as typical defects have also been 
clearly distinguished.  

Polyacteylene, through doping, exhibits conductivity comparable with copper wires, where the solitons are assumed 
to be responsible for this tremendous enhancement of conductivity. Here we attempted to resolve the long-
predicted solitons in polyacetylene through determining the bond length via nc-AFM imaging, with preliminary 
results indicating the presence of solitons in trans-polyacetylene.  

Finally, the atomic structure of metalated carbyne is determined through nc-AFM imaging in conjunction with 
simulations using a probe particle model [4]. Interestingly, the simultaneously acquired nc-AFM frequency shift and 
current images show inverted contrast, that is, the copper atoms are imaged as protrusions in STM images but as 
depletions in nc-AFM images. Simulations reveal that local tilt of the CO molecule at the tip apex leads to the 
observed contrast inversion. 

[1]  Ruffieux, P. et al., On-surface synthesis of graphene nanoribbons with zigzag edge topology, Nature 531, 
 489–492 (2016) 
[2]   Sun, Q. et al., On-surface synthesis of trans-polyacetylene, in preparation 
[3]  Wang, S. et al., Bottom-Up synthesis of metalated carbyne, J. Am. Chem. Soc. 138, 1106−1109 (2016)  
[4]  Hapala, P. et al. Mechanism of high-resolution STM/AFM imaging with functionalized tips, Phys. Rev. B 90, 
 085421 (2014).  
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Assembling molecular templates 

A Foster1, S Kawai2, K Banerjee1, A Kumar1, T Björkman3, F F Canova1, P Liljeroth1 and E Meyer4 
1Aalto University, Finland, 2MANA, National Institute for Materials Science, Japan, 3Abo Akademi University, 
Finland, 4University of Basel, Switzerland 

Many ideas in next generation technology are predicated on atomic and molecular control of surfaces and 
interfaces. A natural route to providing this level of control is molecular self-assembly, with the surface or interface 
fabricated from molecular building blocks. The design process can either offer functionality directly [1] or act as a 
template for the adsorption of the active atoms or molecules. In this work, we consider two systems where molecular 
assembly is used to prepare a template substrate, which is then used to explore atomic and molecular properties 
using a combination of high resolution SPM and first principles modelling. In the first example [2], we use a two-
dimensional metal organic framework layer to produce an array of templated noble atoms, and then we measured 
the paradigmatic van der Waals interactions represented by the noble gas atom pairs Ar-Xe, Kr-Xe, and Xe-Xe with 
an AFM Xefunctionalized tip. We found that the magnitude of the measured force increased with the atomic radius, 
yet detailed simulation by density functional theory revealed that the adsorption induced charge redistribution 
strengthened the van der Waals forces by a factor of up to two, thus demonstrating the limits of a purely atomic 
description of the interaction in these representative systems. 

 
 
In the second example, we study the self-assembly of molecules on a graphene model surface. Under suitable 
conditions, the tricarboxylic acid 1,3,5- benzenetribenzoic acid (BTB) self-assembles into an extended honeycomb 
mesh on graphene on Ir(111), with the molecules in the network being stabilized by linear hydrogen bonds between 
the carboxylic groups. The nanopores of the mesh are used to host and govern the assembly of cobalt thalocyanine 
(CoPC) guest molecules. We characterize the assembled system structurally and electronically using low-
temperature STM and density functional theory (DFT) calculations. The phenomenon observed here can be used to 
tailor molecular assemblies on graphene to controllably modify its properties. 

  
  
[1]  Shigeki Kawai, Shohei Saito, Shinichiro Osumi, Shigehiro Yamaguchi, Adam S. Foster, Peter Spijker and 
 Ernst Meyer, Nat. Commun. 6 (2015) 8098 
[2] Shigeki  Kawai,  Adam  S.  Foster,  Torbjörn  Björkman,  Sylwia  Nowakowska,  Jonas  Björk,  Filippo               
 Federici Canova, Lutz H. Gade, Thomas A. Jung and Ernst Meyer, Nat. Commun. (2016) accepted 
[3]  Kaustuv Banerjee, Avijit Kumar, Filippo Federici Canova, Shawulienu Kezilebieke, Adam S. Foster,
 and Peter Liljeroth, J. Phys. Chem. C (2016) accepted.  
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The lower limit for time resolution in nc-AFM 

Z Schumacher, Y Miyahara and P Grutter 

McGill University, Canada 

Various attempts have been made to push the time resolution of AFM beyond the resonance frequency of the 
cantilever. Takihara et al. achieved microsecond time resolution for surface photovoltage measurement by 
increasing the modulation frequency of the stimulating light [1]. Giridharagopal et al. used the digitized signal of the 
cantilever oscillation to achieve submicrosecond time resolution [2]. A common assumption is that the time 
resolution is limited by cantilever dynamics or electronic bandwidth limitations, such as the frequency demodulator 
or low pass filter. This is true for single shot experiments where the response of the cantilever to a single event is 
observed. However, averaging is needed in most cases to extract the relevant physics, since most decays exhibit a 
statistical distribution. For many phenomena a pumpprobe type of measurement can be implemented, allowing 
facile averaging in the timedomain.  

We have recently presented a new gated timedomain measurement technique for KPFM, allowing more accurate 
measurement of surface photovoltage [3].We have now extended this approach to analyze the fundamental limits 
for measuring the time resolution of nonlinear decaying signals in ncAFM. Our major conclusion, both theoretically 
and experimentally is that the achievable time resolution is limited by the sample dynamics (i.e. the physics leading 
to the time decaying signal) and not by the slow cantilever dynamics or feedback loop (PLL) bandwidth. We 
demonstrate this new approach by measuring the ultrafast photocarrier decay in GaAs using a regular ~300kHz 
cantilever.  

The presented measurement scheme is not limited to measuring the photoinduced response of a sample. It can be 
generalized and applied to any stimulating signal generating a nonlinear decay, such as electrical, magnetic, 
thermal, or other pump signals.  

[1]  M. Takihara, T. Takahashi, T. Ujihara – Appl. Phys. Lett. 93, 021902 (2008)  
[2]  Giridharagopal, R., Rayermann, G. E., Shao, G., Moore, D. T., Reid, O. G., Tillack, A. F., Ginger, D. S. 
 (2012). Submicrosecond Time Resolution Atomic Force Microscopy for Probing Nanoscale Dynamics. Nano 
 Letters, 12(2), 893–898. doi:10.1021/nl203956q  
[3]  Z. Schumacher, A. Spielhofer, Y. Miyahara, P. Grutter, Measurement of Surface Photovoltage by Atomic 
 Force Microscopy under Pulsed Illumination. Physical Review Applied, 5(4), 044018. 2016, 
 doi:10.1103/PhysRevApplied.5.044018 
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How do graphene nanoribbons grow - following the growth step-by-step with nc-AFM 

P Liljeroth, F Schulz, F F Canova and P Joensuu 

Aalto University, Finland 

On-surface synthesis with molecular precursors has emerged as the de-facto route to atomically well-defined 
graphene nanoribbons (GNRs) with controlled zigzag and armchair edges [1]. On Au(111) and Ag(111) surfaces, 
the prototypical precursor dibromo-bianthryl (DBBA) polymerizes via an Ullmann route to form straight GNRs with 
armchair edges. However, on Cu(111), the result as well as the mechanism of the GNR synthesis from DBBA is 
under heated debate [2]. 

We use non-contact atomic force microscopy (nc-AFM) with functionalized tips [3] to follow the on-surface reaction 
step-by-step and show unequivocally that DBBA forms chiral (3,1)GNRs on Cu(111) surfaces. In contrast, dibromo-
perylene (DBP) precursors do form armchair GNRs via Ullmann coupling, in close analogy to recent results on 
Au(111) [4]. The reaction intermediates highlight the role of the precursor shape and molecule-molecule 
interactions as decisive factors in determining the reaction pathway. Our findings establish a new paradigm for the 
design and chemical synthesis of molecular precursors, allowing the realization of previously unattainable 
covalently bonded nanostructures.  

[1]  J. Cai et al. Nature 466, 470 (2010); P. Ruffieux et al. Nature 531, 489 (2016).  
[2]  P. Han et al. ACS Nano 8, 9181 (2014); K.A. Simonov et al. ACS Nano 9, 8997 (2015).  
[3]  L. Gross et al., Science 325, 1110 (2009); F. Schulz, S.K. Hämäläinen, P. Liljeroth, in Noncontact Atomic 
 Force Microscopy, Volume 3, (Seizo Morita, Franz J. Giessibl, Ernst Meyer, Roland Wiesendanger, Eds.), 
 Springer, 2015.  
[4]  A. Kimouche, Nat. Commun.6, 10177 (2015). 
 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     28 

 



 

 
Unraveling a new coordination bonding motif for tetraazapyrene derivatives on Au(111): A combined STM and nc-
AFM study 

T A Pham1, F Song1, V B Tran1, J C Moreno Lopez1, S Martens2, L H Gade2 and M Stohr1 
1The Zernike Institute for Advanced Materials, Netherlands, 2University of Heidelberg, Germany 

Over the past years, on-surface covalent coupling has attracted a lot of attention due to its potential to open-up new 
pathways for the development of future molecular electronic devices [1]. However, the outcome of the on-surface 
covalent coupling reaction cannot always easily be controlled. One reason is due to kinetic effects during the 
reaction processes which – in most cases - cannot be “cured” because of the non-reversibility of covalent bonding. 
In this regard, the construction of coordination polymer networks on metal surfaces has been emerging as the most 
promising approach to overcome this challenge due to the relative strength and reversibility of coordination bonds 
[2]. Up to now, most of the reported coordination polymer networks are constructed on highly reactive metal 
surfaces (e.g. Cu or Ag) or by adding transition-metal atoms (e.g. Cu or Co) [3]. On the other hand, the construction 
of coordination polymer networks on an inert Au surface with native Au atoms without addition of transition metal 
atoms is still not well understood.  

In this work, we present a combined nc-AFM/STM study using a Qplus sensor for investigating the heat-induced 
formation of coordination polymer networks of tetraazapyrene derivatives on Au(111). We found that the newly 
formed polymer networks are stabilized by a unique coordination bonding motif which has not been reported using 
conventional solution-based coordination chemistry. Our findings demonstrate the possibility for using an inert Au 
surface as a template to build up low-dimensional polymer networks by taking advantage of coordination bonds, 
which should be of interest in the fast-emerging topic of on-surface synthesis.         

[1]  T. A. Pham, F. Song, M.-T. Nguyen, Z. Li, F. Studenner, M. Stöhr, Chem. Eur. J., 2016, in press, DOI: 
 10.1002/chem.201504946. 
[2]  T. A. Pham, F. Song, M. N. Alberti, M.-T. Nguyen, N. Trapp, C. Thilgen, F. Diederich, M. Stöhr, Chem. 
 Commun., 2015, 51, 14473-14476. 
[3]  T. Lin, X. S. Shang, J. Adisoejoso, P. N. Liu, N. Lin, J. Am. Chem. Soc., 2013, 135, 3576-3582. 
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Surface-assisted synthesis and edge-functionalization of graphene on Ag(111) 

M Garnica1, Y He1, F Bischoff1, J Ducke1, D Stradi2, M-L Bocquet3, M Batzill4, W Auwärter1 and J V Barth1 
1Technical University of Munich, Germany, 2Technical University of Denmark, Denmark, 3Ecole Normale Supérieure, 
France, 4University of South Florida, USA 

Surface-assisted covalent linking of precursor molecules enables the fabrication of low-dimensional nanostructures 
[1]. Combining such approach with graphene nanostructure synthesis [2] has the potential of creating complex 
hybrid materials systems with novel, tunable functionalities. Here, we demonstrate the dehydrogenative coupling of 
single porphines to graphene edges on the same Ag(111) substrate used for graphene synthesis. Firstly, the quality 
of the graphene layers and their electronic band structure have been examined by high-resolution scanning probe 
microscopy (STM/AFM) and first-principle calculations. We discuss the influence of the 2D layer on the occupation 
of the surface state of the metal. The analysis of the binding energy shift of the Shockleystate is used to shed light 
on the relative strength of the interaction between the epitaxial layer and the metallic substrate. Consequently, the 
Ag(111) surface seems a promising substrate for graphene edge functionalization because unlike on many other 
transition-metal supports, the carbon sheets only interact weakly with the noble metal substrate [3]. Secondly, 
based on that, we demonstrate the thermally activated covalent coupling of porphines to graphene edges by qPlus 
sensor based nc-AFM investigations with CO-functionalized tips. We characterized the porphine/graphene interface 
yielding direct structural information on the bond configuration. Furthermore, we succeeded in concomitant 
metallation of the macrocycle with substrate atoms and axial ligation of adducts. 
 

 
 

Figure 1- Left: Laplace-filtered AFM image of a porphine forming three C-C bonds with a graphene zigzag edge. 
Right: Schematic model illustrating the coupling motif. 

[1]  J. Méndez et al. Chem Soc Rev 40, 4578-4590 (2011); L. Lafferentz et al. Nature Chem 4, 215-220 
 (2012); A. Wiengarten et al. J. Am. Chem. Soc. 13, 9346 (2014). 
[2]  Cai, J. et al. Nature 466, 470-473 (2010); Kawai, S. et al. Nature Communications 6, 8098 (2015). 
[3]  B. Kiraly et al. Nat. Commun. 4, 2804 (2013); Li, Y et al. Phys. Rev. Lett. 110, 216804 (2013). 
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Molecular-scale imaging of two-dimensional streptavidin crystals in solution by FM-AFM 

M Miyamoto, H Kominami, K Kobayashi and H Yamada 

Kyoto University, Japan 

Specific interactions between ligands and proteins, such as antigen-antibody, play indispensable roles in a wide 
variety of biochemical processes. The highly specific affinity of streptavidin (inset in figure 1) for biotin has been 
intensively investigated for fundamental understanding of specific interactions as well as technological applications. 
In addition there were several studies on two-dimensional (2D) streptavidin (SA) crystals formed on biotinylated 
lipid bilayers [1] and those directly formed on a muscovite mica surface [2]. Recent progress in frequency-
modulation atomic force microscopy (FMAFM) working in liquids has allows us to directly visualize “in vivo” 
biological processes on a molecular scale. In this study, 2D-SA crystals in buffer solutions were visualized on a 
molecular scale by FM-AFM. We also investigated the effect of addition of biotin molecules on the 2D-SA crystal. 

Two different substrates were used in this study, a freshly cleaved muscovite mica surface and a biotinylated lipid 
bilayer film. After the deposition of SA solution onto each substrate the SA molecules were adsorbed to the 
substrate surface, making a two-dimensional crystal. Then the 2D crystal on each substrate was imaged by FM-
AFM. Figures 1 and 2 show topographic images of the 2D SA crystal on the mica substrate and the biotinylated lipid 
bilayers film. The lattice parameters on the mica substrate are |a1|=5.32 nm, |a2|=4.20 nm and β=108° while 
those on the lipid film are |a1|=5.80 nm, |a2| =5.52 nm and β=93°. Furthermore, biotin solution was added to 
the crystal, which drastically changed it into a disordered structure. Three-dimensional frequency shift mapping was 
applied to the visualization of a hydration structure on the 2D-SA crystal, as shown in figure 3, showing a 
complicated pattern at the interface. 

 
 
[1]  D. Yamamoto, et al. Nanotechnology 19, 384009 (2008). 
[2]  D. M. Czajkowsky, et al. ACS nano 6, 190 (2011). 

 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     31 

 



 

 
Vertical probes with integrated actuation and readout for tapping mode and non-contact atomic force microscopy 

M Faucher1, B Walter2 and E Mairiaux2 
1IEMN, France, 2Vmicro, France 

Apart from Atomic Force Microscopes based on cantilevers, instrumentalists trying to overcome limitations imposed 
by optical deflection for developing high speed AFM or seeking to operate more versatile setups have a limited 
choice of probes. For instance, quartz sensors have proven successful in AFM ([1],[2]), but the limited range of 
stiffness constants and issues with tip reproducibility and mounting time makes these probes difficult to be used by 
a wide range of users. 

Here we present a novel family of vertical AFM probes and based on silicon, batch fabricated Micro-Electro- 
Mechanical-Systems (MEMS). The vertical architecture uses a double T-shaped microresonator (Fig. a1). The probe 
features high tip length with apex as sharp as in commercial cantilevers (Fig. a2). The stiffness constants can be 
designed in the range 100 N/m to 2000N/m for working frequencies from 160kHz to 3 MHz. The quality factors 
range from 700 (Air) to 12000 (Vacuum). The resonator is specifically designed to offer a vibrating mode where the 
tip motion is truly perpendicular to the surface to be imaged. Integrated electromechanical actuators enable clean 
AC excitation on a wide range (0.01 nm to 100 nm). The detector has been optimized for delivering a signal under 
50 Ohms output impedance. This makes it insensitive to cable and noise issues previously known with charge 
amplifiers, moreover a simple signal chain allows to interface these probes to a lock-in amplifier. The probes have 
been mounted on a Bruker multimode microscope and the signal has been demodulated using either a Nanonis 
OC-3 electronics or a Zurich Instruments HFLI. We present the first imaging results including 1- AM (tapping mode) 
imaging and 2-FM (non-contact mode) imaging of hard or soft test samples known in the AFM community. 

 
Figure 1: (a1) Optical picture of the fabricated silicon vertical probe, featuring a 1.2 MHz MEMS resonator (a.2) SEM 
picture detailing the tip. (b) and (c): AFM images at 1.2 MHz: (b1) 6H-SiC(0001) calibration sample with 0.75nm 
steps imaged in AM mode (25nm amplitude). (b.3) same sample imaged in FM mode (A= 25nm, Δf= 100Hz). (c) 
circular plasmid DNA imaged in FM mode (A= 25nm, Δf= 50Hz). 

[1]  F. J. Giessibl, “Atomic Resolution of the Silicon (111)-(7x7) Surface by Atomic Force Microscopy,”Science 
 (80-. )., vol. 267, no. 5194, pp. 68–71, 1995. 
[2]  S. Heike and T. Hashizume, “Atomic resolution noncontact atomic force/scanning tunneling microscopy 
 using a 1 MHz quartz resonator,” Appl. Phys. Lett., vol. 83, no. 17, 2003. 
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Local hydration structure measurements of DNA molecules by 3D force mapping using frequency-modulation AFM 
in liquids 

H Kominami, K Kobayashi and H Yamada 

Kyoto University, Japan 

Frequency-modulation atomic force microscopy (FM-AFM) allows us not only to obtain high resolution topographic 
images but also to investigate local properties of biomolecules in liquid environments. We demonstrated 
visualization of detailed helix structures of a plasmid DNA [1] and established quantitative charge density 
measurements [2] by using FM-AFM. On the other hand, we developed three-dimensional (3D) force mapping 
method using FM-AFM to visualize the hydration structures at the solid-liquid interface [3]. As water molecules play 
important roles in the structural stability of the DNA structures as well as the interaction between the DNA-binding 
proteins and DNA molecules, it is interesting to study the local hydration structure of DNA molecules. In this study, 
we performed 3D force mapping on plasmid DNA using FM-AFM in liquids. 

We used plasmid DNA (pUC18) in TE buffer solution (10 mM Tris-HCl, 1 mM EDTA, pH 8.1) with a concentration of 5 
ng/μL, and 50 mM NiCl2 as imaging solution. A 5 μL droplet of DNA solution and a 5 μL droplet of the imaging 
solution were dropped onto a freshly cleaved mica substrate. 5 minutes later, the substrate was rinsed with the 
imaging solution for 4 times to remove DNA molecules that were not fixed on the substrate. For FM-AFM 
measurement, a Si cantilever (Olympus OMCL-AC240TN) was used with an oscillation amplitude of 1 nm p-p for 
constant frequency shift (Δf) mode or 0.3 nm p-p for 3D force mapping. Figure 1(a) shows a topographic (constant 
Δf) image of plasmid DNAs. Two kinds of grooves were clearly visualized; the red arrows indicate the major grooves 
and the blue arrows indicate the minor grooves. Figure 1(b) shows a representation of the 3D frequency shift map 
obtained by consecutively measuring the frequency in the ZX planes perpendicular to the surface. A 2D (ZX) 
frequency shift map was also shown with an enhanced contrast in Fig. 1(b). In the 2D (ZX) frequency shift map, the 
black featureless region represents the cross-section of the DNA molecule. We found similar bright contrast patterns 
on the DNA molecule with a spacing of about 3.8 nm, which almost corresponds to the helix pitch (3.6 nm). 
Furthermore, by analysing the reconstructed 2D (XY) frequency shift map, we found the bright features were located 
on the DNA backbones. 

 
[1]  S. Ido et al. ACS Nano 7, 1817 (2013).  
[2]  K. Umeda et al. Nanotechnology 26, 285103 (2015). 
[3]  K. Kobayashi et al. J. Chem. Phys. 138, 184704 (2013). 
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Imaging mechanism for point defects of calcite in water 

B Reischl, P Raiteri, J Gale and A Rohl 

Curtin University, Australia 

While the atomic force microscope (AFM) is able to image mineral surfaces in solution with atomic resolution, so far 
the theory for whether imaging point defects is also possible under these conditions has not been established. Even 
though AFM images of atomic-scale isolated features have been reported on surfaces such as calcite in solution [1], 
they are difficult to interpret, due to the limited knowledge of what types of defects may be stable in the presence of 
an AFM tip, and the complex imaging mechanism in water, involving interactions between hydration layers over the 
surface and around the tip [2].  

Here, we present atomistic molecular dynamics and free energy calculations [3] as well as simulated AFM images 
[4] of vacancies and ionic substitutions in the calcite (10.4) surface in water, obtained with a new silica AFM tip 
model. Our results, illustrated in the figure below, indicate that both calcium and carbonate vacancies, as well as a 
magnesium substitution, could be resolved in an AFM experiment, albeit with very different imaging mechanisms: 
the calcium vacancy and the magnesium substitution are imaged as a change in the structure of the first hydration 
layer, above the calcium sub-lattice, and may lead to very similar contrasts in a 2D AFM image. The carbonate 
vacancy is best imaged at closer tip-surface distances, when the tip comes into hard contact with the surface ions. 
These results also highlight the need for 3D AFM imaging[5,6] of the interfacial space, in order to attempt a proper 
characterization of point defects. 
 

 
 
[1]  A. Labuda, J. Cleveland, N. A. Geisse, M. Kocun, B. Ohler, R. Proksch, M. B. Viani, and D. Walters, 
 Microscopy and Analysis 28, S21 (2014). 
[2]  T. Fukuma, B. Reischl, N. Kobayashi, P. Spijker, F. F. Canova, K. Miyazawa, and A. S. Foster, Phys. Rev. B 
 92, 155412 (2015). 
[3]  B. Reischl, M. Watkins, and A. S. Foster, J. Chem. Theory Comput. 9, 600 (2013). 
[4]  J. Tracey, F. F. Canova, O. Keisanen, D. Z. Gao, P. Spijker, B. Reischl, and A. S. Foster, Comput. Phys. 
 Commun. 196, 429 (2015). 
[5]  T. Fukuma, Y. Ueda, S. Yoshioka, and H. Asakawa, Phys. Rev. Lett. 104 (2010). 
[6]  C. Marutschke, D. Walters, J. Cleveland, I. Hermes, R. Bechstein, and A. Kühnle, Nanotechnology 25, 
 335703 (2014). 
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Magnetic force microscopy of skyrmions in thin multilayers with interfacially-induced Dzyaloshinski-Moriya 
Interaction 

H J Hug, M Bacani, J Schwenk, X Zhao and M A Marioni 

EMPA, Switzerland 

Dzyaloshinski-Moriya interaction (DMI), can lead to negative domain wall energy in ferromagnetic systems and 
consequently to a stabilization of magnetic spin-spiral structures, and skyrmions [1]. The latter are small magnetic 
structures whose particular topology gives rise to effects that suggest application potential e.g. in spintronics and 
data storage [2].  

An important milestone on the way to exploiting the properties of skyrmions in applications is to observe skyrmions 
in thin film materials fabricated by magnetron sputtering, in particular operating ex-situ at room temperature and 
allowing for protective capping layers. Here we utilize high resolution multimodal Magnetic Force Microscopy to 
identify and characterize the field dependence of the magnetic microstructures in a sample S consisting of 
Pt3nm/[Pt1nm/Co0.6nm/Ir1nm]x5/Pt1nm/Co0.6nm/Pt10nm, with the Co between two Pt layers and a sample AS consisting of 
Pt3nm/[Pt1nm/Co0.6nm]x5 /Pt10nm, with the Co between a Pt and a Ir layer sputtered on Si with a native oxide layer. In 
sample S MFM reveals domains with a size of several microns compatible with the large positive domain wall energy 
expected for a system with large perpendicular magnetic anisotropy and no DMI. The sample AS with asymmetric 
interfaces showed a considerably smaller domain size of (246±40)nm, independent from the demagnetization 
process used. We attribute this reduction of the domain size to the existence of a DM anisotropy, which can be 
obtained from the domain size. MFM experiments revealed a small number of skyrmions with a diameter below 
50nm. Using quantiative MFM data analysis methods model calculations of the skyrmion stray fields can be fitted 
to experimental data. From this local D values can be obtained that are considerably larger than the average D 
value obtained from the domain size. This proves that skyrmion pinning may be one of the key problems that needs 
to be addressed before such thin films systems can be targeted towards spintronics applications 

 
a) Sample with symmetric interfaces shows micron-sized b)-d) Micromagnetic states of the sample with asymmetric 
interfaces: b) the domain size is 250nm. c) Skyrmions occuring at 1.19mT after saturating in 128mT. d) Data 
acquired at - 4.04mT. The skyrmion highlighted by the yellow circle in panel b) has expanded into a larger domain. 
More skyrmions have appeared (blue circles). e) Skyrmion imaged with higher spatial resolution. 

[1]  A. N. Bogdanov, and D. A. Yablonskii, Zh. Eksp. Teor. Fiz 95, 182 (1989). 
[2]  N. Nagaosa, J. Sinova, S. Onoda, A. H. MacDonald, and N. P. Ong, Rev. Mod. Phys. 82, 1539 (2010). 
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NC-AFM contrast formation of triazine islands 

M Ellner, B de la Torre Cerdeño, P P Bell, J M G Rodríguez and R P Pérez 

Universidad Autonoma de Madrid, Spain 

We have developed a theoretical approach [1] that allows for rapid simulations of interaction decomposed high-
resolution AFM images using functionalized tips. It is parametrized by DFT calculations and includes a charge 
density description of the electrostatic contributions. Here, we use this approach to understand the AFM contrast for 
triazine islands on Graphene (Fig. 1a) using both a triazine functionalized tip and a CO functionalized tip. Triazine 
(C3N3H3) is a benzene-like ring with three C substituted by N. They form self-assembled monolayers (SAM) through 
N-H hydrogen bonds. The charge density has a 3-fold symmetry (Fig 1b). The resulting electrostatic field created by 
the SAM, different than the field of a single molecule, has molecular/intermolecular regions with opposite signs 
(Fig.1 c). This is an ideal system to study the AFM image formation and discriminate the role of vdW, electrostatic, 
short-range chemical interactions, and relaxation effects controlling the different contrast regimes: i) molecular, ii) 
intramolecular and iii) intermolecular (H-bonds).  

For triazine functionalized tips, the molecular contrast is provided by both the vdW and electrostatic interaction 
between the tip and the sample, resulting in 3-fold symmetric images. The specific contrast is highly dependent on 
the orientation and termination of the triazine molecule attached to the tip. At shorter distances, the complex 
relaxation mechanism of the triazine molecule on the apex dominates the contrast and breaks the 3-fold symmetry 
due to the tip asymmetry. We compare our theoretical results with NCAFM measurements performed using large 
oscillation amplitudes cantilever based AFM (Fig. 1d).  

We further extend the theoretical study to include a CO probe. Here, the charge density below the O atom, a 
negative electronic cloud, dominates the interaction. Again, at large distances, vdW and electrostatic interactions 
determine the AFM contrast. As the tip-sample distance decreases, Pauli repulsion and relaxation effects disclose 
the intermolecular structure. At shorter distances, the moving CO probe is able to display variations of the potential 
energy surface (PES) on the intermolecular region. The PES corrugation is due to both the electrostatic potential of 
the SAM and the charge density decay of the triazine molecules inside this region.  

 

 
 

Figure. 1: (a) Model Triazine/G SAM sample. (b) The electronic charge distribution and (c) the normal component of 
the electric field 3 Å from the surface and showing 3-fold symmetry. The fields in the inner region of the molecule 
and the intermolecular region have opposite signs. d) NC-AFM experimental constant frequency shift image. 

[1]  M. Ellner.  Nano Letters 2016 16 (3), 1974-1980 
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AFM investigation on CaF2(111) with atomically characterized tips 

A Liebig, A Peronio, D Meuer, A J Weymouth and F J Giessibl 

University of Regensburg, Germany 

In contrast to ionic crystals of the rock salt structure, the surface ions of CaF2(111) are all charged negatively, and 
AFM measurements on this surface had previously been used to identify positively and negatively-terminated tips 
[1]. Similar to previous experiments on Cu2N [2], we imaged this surface with both metal- and CO-terminated tips 
that were characterized using the COFI method, where an adsorbed CO molecule is used to image the tip apex [3, 
4]. We simulated the AFM data with a simple electrostatic model, in which the surface atoms are represented as 
point charges and the tip as a dipole. For measurements acquired relatively far from the surface the electrostatic 
force is the dominant contribution to the AFM contrast and the model allows us to determine the sign of the net 
charge at the tip apex. However, this point-charge model fails to reproduce the data closer to the surface, where the 
bending of the CO molecule and Pauli repulsion become important [5, 6, 7]. These effects lead to a contrast 
inversion in the AFM images acquired with a CO-terminated tip at very close tip-sample distances. 

 

 
Figure: Comparison of line scans taken from constant height images recorded using a CO- and a metal terminated 
tip with profiles calculated from the point-charge model for a negatively- and a positively terminated tip. 

[1]  A.S. Foster, C. Barth, A.L. Shluger, and M. Reichling, Phys. Rev. Lett. 86, 2373 (2001). 
[2]  M. Schneiderbauer et al., Phys. Rev. Lett. 112, 166102 (2014). 
[3]  J. Welker and F.J. Giessibl, Science 336, 6080 (2012). 
[4]  M. Emmrich et al., Science 348 308 (2015). 
[5]  L. Gross et al., Science 337, 6100 (2012). 
[6]  L. Gross et al., Phys. Rev. B 90, 155455 (2014). 
[7]  M. Ellner et al., ACS Nano Letters 16, 3 (2016). 
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The role of entropic forces in the dynamics of a molecular rotor 

J Gehrig1, M Penedo1, M Parschau1, J Schwenk1, M A Marioni1, E W Hudson2 and H J Hug1 
1EMPA, Switzerland, 2Pennsylvania State University, USA 

Transitions of individual molecules [1, 2] and atoms [3] on surfaces can be described with energy barriers and 
attempt rates using an Arrhenius law. The approach yields consistent energy barrier values, but the attempt rates 
are orders of magnitude below expected oscillation frequencies of particles in the meta-stable state [2-5]. 
Moreover, even for one same system, the experiments yield values differing by orders of magnitude [2, 6]. We show 
using combined LT UHV STM/SFM for a system comprising an individual dibutylsulfide molecule on Au(111) that 
between 5 and 10K we can set the Arrhenius parameters of the transition by our choice of STM tip position over the 
molecule. Using the attempt rate as a proxy for the entropy changes upon transition [5, 7] we establish a single-
molecule entropyenthalpy compensation, and discuss an interpretation in terms of multi-excitation entropy [8], 
wherein the substrate would be considered a part of the system. Motivated by these findings, we study the 
conservative as well as the dissipative interactions between the molecule and the tip in combined SFM/STM 
measurements. 
 

 

A Measurement principle: The DBS molecule adsorbed on the Au(111) surface is scanned at a rate of 600 s/line. z-
feedback keeps the average tunnelling current constant at 20 pA, and telegraph noise recorded at a high 
measurement bandwidth allows measurement of the molecular hopping rate at various temperatures. From these 
data site-specific energy barriers and attempt rates were obtained. Maps of entropic B and conservative forces C 
were calculated. Locations with a stronger restoring conservative force (high energy barrier) show a correspondingly 
increased entropic force facilitating a transition of the molecule over the energy barrier (compensation effect). 

[1]  L. Lauhon, W. Ho, J. Chem. Phys. 111, 5633 (1999). 
[2]  A. Baber, H. Tierney, E. Sykes, ACS Nano 2, 2385 (2008). 
[3]  J. V. Barth, H. Brune, B. Fischer, J. Weckesser, K. Kern, Phys. Rev. Lett. 84, 1732 (2000). 
[4]  A. J. Heinrich, Science 298, 1381 (2002). 
[5]  H. Marbach, H.-P. Steinrück, Chemical Communications 50, 9034 (2014). 
[6]  A. D. Jewell, et al., J. Phys.: Condens. Matter 22, 264006 (2010). 
[7]  T. P. Hänggi, P., M. Borkovec, Rev. Mod. Phys. 62, 251 (1990). 
[8]  A. Yelon, B. Movaghar, R. S. Crandall, Rep. Prog. Phys. 69, 1145 (2006). 
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Force-gradient sensitive Kelvin probe force microscopy by dissipative electrostatic force modulation 

Y Miyahara and P Grutter 

McGill University, Canada 

We recently reported a Kelvin probe force microscopy (KPFM) implementation (D-KPFM) using the dissipation signal 
of a frequency modulation (FM) AFM system to detect the electrostatic force [1]. As the dissipation induced by 
applying an ac voltage coherent with the tip oscillation is proportional to the effective dc potential difference 
between the tip and sample, Vdc – Vcpd (Vdc and Vcpd are an applied dc voltage and the contact potential difference, 
respectively), such dissipation signal can be used for the bias voltage feedback for KPFM. While D-KPFM enables 
the use of much smaller ac voltage amplitude (several ten mV) and faster scanning speed compared with FM-KPFM, 
in which the frequency shift modulated by a low frequency ac voltage is detected by a lock-in amplifier,  the 
resulting KPFM potential contrast is found to be lower than FM-KPFM because the dissipation signal is sensitive to 
the electrostatic force itself rather than its gradient as is the case in FM-KPFM. 

Here, we present an alternative implementation of D-KPFM sensitive to the electrostatic force gradient which 
enables to obtain the same potential contrast as that with FM-KPFM. As is proposed by Nomura et al. [2], applying 
an ac voltage with twice the cantilever oscillation frequency (f0) induces the dissipation signal whose magnitude is 
proportional to the electrostatic force gradient. Figure 1 shows the KPFM images of a MoS2 strip taken with three 
different KPFM operating modes, FM-KPFM, D-KPFM with an ac voltage with a frequency of f0  (D-KPFM(1f0)) and D-
KPFM with a ac voltage with a  frequency of 2f0  (D-KPFM(2f0)).  The contrast of the D-KPFM(2f0) image is in good 
agreement with that of the FM-KPFM image. 

We will discuss the detail of operating principle and compare the various aspects of the present technique with FM-
KPFM and D-KPFM(1f0).  

Figure 1: Surface potential images of a MoS2  strip surface taken with (a) D-KPFM (Vac= 100 mV, fac = 2 × f0 )  and 
(b) D-KPFM (Vac= 2 V,  fac = 2 × f0). (c) FM-KPFM (Vac= 1 Vp-p, fac= 300 Hz).  The scale bar is 1 μm. 

[1]  Y. Miyahara, J. Topple, Z. Schumacher and P. Grutter, Phys. Rev. Appl. 4, 054011 (2015). 
[2]  H. Nomura et al. Appl. Phys. Lett., 90, 033118 (2007). 
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Electronegativity of individual surface atoms determined by AFM 

J Onoda1, M Ondráček2, P Jelínek2 and Y Sugimoto1 
1University of Tokyo, Japan, 2Academy of Sciences of the Czech Republic, Czech Republic 

Since the first achievement of the observation of individual surface atoms by atomic force microscopy (AFM)[1], 
various contributions of AFM to the field of chemistry has been achieved, e.g., quantitative measurements of short-
range chemical forces[2], chemical identification of individual surface atoms[3], visualization of internal structures 
of organic molecules[4] and discrimination of the Pauling bond order[5]. Here we extend already broad capabilities 
of AFM in the field of chemistry by demonstrating that the electronegativity of individual surface atoms is accessible 
by means of AFM. Fig. (a) shows the prototypical O adsorbed Si(111)-(7×7) surface. By employing the site-specific 
energy spectroscopy, we were able to obtain minimum potential energies (bond energies) on Si (Etip-Si) and O (Etip-O) 
as shown in Fig. (b). Furthermore, by collecting bond energies on the surface atoms using different AFM tips, we 
found a linear relation between the bond energies with characteristic slope and intercept (Fig (c)). Such liner 
relations were also confirmed for other elements. We interpreted the linear relation based on Pauling’s equation for 
polar covalent bond. Namely we associate the slope and intercept with the covalent and ionic bond energies, 
respectively. The covalent bond energy terms revealed by the slope can be correlated to the chemical identity of 
individual atoms[3]. On the other hand, using the ionic energies from the intercepts, we successfully quantified the 
electronegativity. We also demonstrate that the method is sensitive to variation of the electronegativity of given 
atomic species on a surface due to different chemical environments. Thus, AFM has the ability to measure “group 
electronegativity,”providing novel perspectives in surface chemistry, biology and material science. 

 

Figure : (a) AFM topographic image of the O adsorbed Si(111)-(7×7) surface. (b) Energy spectroscopies acquired 
on the Si and O adatoms indicated in (a). (c) The scatter plot of bond energies obtained with different AFM tips. The 
inset represents the tetrahedral SiO4 structure (denoted as O in (a) ). 

[1]  F. J. Giessibl, Science 267, 68 (1995). 
[2]  M. A. Lantz et al., Science 291, 2580 (2001). 
[3]  Y. Sugimoto et al., Nature 446, 64 (2007). 
[4]  L. Gross et al., Science 325, 1110 (2009). 
[5]  L. Gross et al., Science 337, 1326 (2012). 
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Chemical bond contrast in AFM images of a hydrogen terminated silicon surface 

H Labidi1, M Koleini1, T Huff1, M Salomons2, M Cloutier2, J Pitters2 and R Wolkow1 
1University of Alberta, Canada, 2National Institute for Nanotechnology, Canada 

The origin of bond resolved atomic force microscope images remains controversial. Moreover, most all work to date 
has involved planar, conjugated hydrocarbon molecules on a metal substrate thereby limiting knowledge of the 
generality of findings made about the imaging mechanism. By examining a very different sample, a hydrogen 
terminated silicon (100) surface, an opportunity to improve understanding of the roles of the chemical nature and 
flexibility of the tip is found. 

We show that following ex situ cleaning with ebeam and FIM, a qPlus senor with a tungsten tip can be prepared in 
situ with the hydrogen terminated silicon surface to reliably obtain either a reactive or a passivated tip, both 
identified from the typical force curves they generate. Using a hydrogen passivated tip, we study the evolution of the 
frequency shift maps contrast as a function of tip elevation. We show that for small tip-sample distances, the AFM 
images of the H-Si(100)-2×1 surface change from atom-like contrast to chemical bondlike contrast. 

We used a density functional tight-binding (DFTB) based approach to efficiently simulate AFM images at precisions 
on par with DFT but at much lower computation cost. We discuss the importance of the tip flexibility in the imaging 
mechanism and whether or not bond-like features appearing at very small tip-sample distances correspond to real 
chemical bonds. 

 
 

Figure: Frequency shift maps at relative high (a) and low (b) tip elevation. (A= 1 Å, f0 ~25 kHz, Q ~11 000). A Ball 
and stick model showing 3 silicon layers of the H-Si surface in the 2×1 reconstruction is superposed to the images. 
DFTB simulated force maps reproducing the contrast observed in experimental images at relative high (c) and lower 
(d) tip sample elevation. 
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Exploring the validity of the Lennard-Jones potential to describe noble gas interactions with NC-AFM 

F Huber, A J Weymouth and F J Giessibl 

University of Regensburg, Germany 

In 1990, Don Eigler and Erhard Schweizer used noble gas atoms to “write” IBM on a surface with their scanning 
tunnelling microscope [1]. One year later, controlled transfer of xenon atoms between tip and sample was reported 
[2]. As Xe is a noble gas, it does not participate in chemical bonding. 

Within the NC-AFM community, Xe-terminated tips are enjoying revived interest in order to functionalize metal tips 
and achieve submolecular resolution [3]. The interaction of a noble gas crystal can be accurately described by a 
Lennard-Jones potential [4,5]. Thin Xe layers have been previously investigated on HOPG to investigate whether the 
Lennard-Jones potential accurately models this system [6]. Although there was discrepancy between the model and 
experimental results, the authors proposed this could be due to the unknown tip structure.  

We investigated Xe islands on Cu(111) with a Xe terminated tip to better model an “ideal” Lennard-Jones 
interaction. Even so, we were unable to reproduce the short-range interaction with a Lennard-Jones potential. We 
then collected data with a CO-terminated tip to compare the interaction with another tip termination that does not 
participate in chemical bonding. In agreement with recent results[7], we propose that the electrostatic dipole 
moment of the system must be taken into account to accurately model the observed interaction. 

 

 
Figure: Xe on Cu(111) 

[1]  D. Eigler and E. Schweizer, Nature 344, 524 (1990) 
[2]  D. Eigler, C. Lutz and W. Rudge, Nature 352, 600 (1991) 
[3]  F. Mohn, B. Schuler, L. Gross and G. Meyer, Appl. Phys. Lett. 102, 073109 (2013) 
[4]  J. Jones, P. Roy. Soc. A Math. Phy. 106, 441 (1924) 
[5]  Ch. Kittel, Introduction to Solid State Physics, 8th ed., Wiley (2005) 
[6]  H. Hölscher, W. Allers, U. Schwarz, A. Schwarz, R. Wiesendanger, Appl. Phys. A 72, S35 (2001) 
[7]  J. van der Lit, F. Di Cicco, P. Hapala, P. Jelinek and I. Swart, Phys. Rev. Lett. 116, 096102 (2016) 
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Robust high-resolution imaging and quantitative force spectroscopy in vacuum with tuned-oscillator atomic force 
microscopy 

U Schwarz1, O Dagdeviren1, J Götzen1, H Hölscher2 and E Altman1 
1Yale University, USA, 2Karlsruhe Institute of Technology, Germany 

Since the first demonstration of atomic resolution in ultrahigh vacuum more than twenty years ago, frequency 
modulation-based noncontact atomic force microscopy (FM-NC-AFM) has significantly matured and is now routinely 
applied to study problems that benefit from high resolution surface imaging. In FM-NC-AFM, control of the tip’s 
vertical position is accomplished by detecting a shift in the cantilever’s resonance frequency upon approach to the 
sample. Consistently ensuring reliable distance control during extended data acquisition periods has nevertheless 
remained challenging, as most FM-mode-based control schemes employ three feedback loops that may interfere. 
As a consequence, sample throughput in FMNC-AFM is often low compared to ambient condition AFM, where the 
easy-to-implement amplitude-modulation (AM) control scheme is predominantly used. Transfer of the AM 
methodology to high-resolution measurements in vacuum is, however, difficult as with AMAFM, instabilities during 
approach are common. In addition, the lack of viscous air damping and the related significant increase of the 
cantilever’s quality factor generate prolonged settling times, which cause the system’s bandwidth to become 
impractical for many applications. Here we introduce a greatly simplified approach to NC-AFM imaging and 
quantitative tip-sample interaction force measurement that prevents instabilities while simultaneously enabling data 
acquisition with customary scan speeds by externally tuning the oscillator’s response characteristics [1]. After 
discussing background and basic measurement principle, examples for its application to a variety of sample 
systems are provided (see Fig. 1). A major advantage of this operational scheme is that it delivers robust position 
control in both the attractive and repulsive regimes with only one feedback loop, thereby carrying the potential to 
boost the method’s usability. 
 

 
 
Figure 1. Results obtained with tuned-oscillator atomic force microscopy on NaF(100) using a tuning fork sensor at 
room temperature [1]. (a) Large-scale image (600 nm × 600 nm) revealing rounded step edges of half unit cell 
height (2.3 Å) and scattered impurities. (b) Atomic-resolution topography image (1.8 nm × 1.8 nm); the distance 
between individual atoms corresponds to the 3.3 Å F-F or Na-Na nearest-neighbor distance. (c) Force F and 
potential energy E as a function of the nearest tip-sample distance D; note that high-quality results are being 
obtained deep into the repulsive regime. 

[1]  Omur E. Dagdeviren, Jan Götzen, Hendrik Hölscher, Eric I. Altman, and Udo D. Schwarz, 
 Nanotechnology 27, 065703 (2016) 
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Structure determination of hexagonal boron nitride nanostructures by simultaneous nc-AFM and tunnelling current 
imaging 

T Dienel1, A Yakutovich1, P Hapala2, P Jelinek2, C A Pignedoli1, D Passerone1, R Fasel1 and O Groening1 
1Empa, Switzerland, 2Institute of Physics of the Czech Academy of Sciences, Czech Republic 

Hexagonal boron nitride (h-BN) is the insulating counterpart of the two-dimensional zero-bandgap semiconductor 
graphene, with almost similar lattice constant and a band gap of 5.5 eV. Single layer h-BN can be synthesized by 
chemical vapor deposition on various metal substrates using the molecular precursor borazine (H6B3N3) [1]. 
Depending on the lattice mismatch between the substrate and the h-BN layer a distinctive superstructure is formed 
[2]. For instance, the interaction between an atomically thin layer of h-BN and the rhodium (111) surface results in 
a highly corrugated “nanomesh”, consisting of “pores” and suspended “wire” regions that are characterized by 
strong or weak bonding to the substrate, respectively (Fig. 1a) [3]. Contrarily, the interaction between a h-BN 
monolayer and platinum is rather uniform and results in a subtly corrugated Moiré pattern. However, both systems 
exhibit a strong dependence of the apparent height variations observed by scanning tunneling microscopy on the 
applied bias voltage [4]. 

Here, we use low temperature, non-contact atomic force microscopy (nc-AFM) with CO-functionalized tips [5] to 
study the geometrical corrugation of the h-BN/Rh(111) nanomesh (Figure 1a, b) and the Moiré superstructure of 
the h-NB/Pt(111) (Fig. 1c,d). We combine experimental constant-height maps and distance-dependent 
spectroscopy of the frequency-shift with a force field-based modelling of the nc-AFM contrast, to determine the 
corrugation of the ultrathin h-BN layers and to shed light on the origins of the contrast inversion between nc-AFM 
and STM imaging. 
 
 

 
 
Figure 1. Atomically thin layers of h-BN on Rh(111) (a, b) and Pt(111) (c, d). a, c) Frequency-shift shift images at 
constant height of h-BN on Rh(111) and Pt(111) using a CO-terminated tip. b, d) Simultaneously acquired 
tunneling current maps at tip bias of -1 V (b) and -0.1 V (d), respectively. 
 
[1]  M. Corso et al., Science 303, 217 (2004).  
[2]  J. Gomez Diaz et al., Theor. Chem. Acc. 132, 1350 (2013).  
[3]  S. Berner et al., Angew. Chem. Int. Ed. 46, 5115 (2007). 
[4]  W. C. McKee et al., Surface Science 642, L16–L19 (2015). 
[5]  L. Gross et al., Science, 325, 1110 (2009). 
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Tip-surface potential derived from three components of the force using multi-frequency AFM 

Y Naitoh, Y J Li and Y Sugawara 

Osaka university, Japan 

The tip-surface interaction potential has been discussed for investigating atom manipulation mechanism as well as 
a surface elastic potential. However, conventional AFM, in which only the flexural mode of cantilever oscillation is 
used as a force sensor, reflects only the surface-normal component of the tip-surface force. That means that a tip-
surface potential was estimated only from the surface-normal component of the force excluding the surface-parallel 
components. Considering that force is not scalar but vector, the potentilal should be derived from the integration of 
all three components of the force. To verify such a potential derivation, we obtained the three-dimensional, tip- 
surface force field above a Ge(001)-c(4x2) surface at the sub-atomic scale using multi-frequency AFM method, 
which uses both flexural and torsional modes of the cantilever because normal (Z) and parallel (X or Y) components 
of the force can be measured simultaneously [1]. We demonstrate the tip-surface interaction potential calculated 
from three force component data. 

Figures a-c, are three force component: Fx, Fy and Fz, mappings on the XY plane of the surface acquired from two 
torsional frequency shift data and flexural frequency shift data. Figure d is the conventional potential mapping (Uz) 
calculated using only the Fz data. Figure e is the potential mapping (Ut) calculated using all three force components: 
Fx, Fy and Fz, data. We found that Ut is 1.8 times deeper than Uz at the surface atoms. Therefore, the tip-surface 
interaction potential obtained by the conventional method is doubtful and it should be calculated using the force 
vector. We will discuss the relation between the normal and the parallel components of the force, and the difference 
between Ut and Uz in detail. 

 

 
 

Figure: a-c, are Fx, Fy and Fz mappings on the XY plane of a nine Ge(001) dimer area (2.4×1.6 nm2). d, e, are the 
potential mappings on the same plane calculated from only the Fz data and from all three components; Fx, Fy and Fz 
data, respectively. f, The ball model of the selected image area, where red, orange and silver balls depict buckling 
up dimer atoms, buckling down dimer atoms and the atoms underneath, respectively. 

[1]   Y.Naitoh, Y. J. Li, Y.Sugawara, “3D force vector mapping above a Ge(001) dimer at atomic scale using 
 multi frequency atomic force microscopy” submitted 
[2]   Y.Kinoshita, Y.Naitoh, Y.J.Li, Y.Sugawara, Rev. Sci. Inst. 82, 113707 (2011). 
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Comparison of classical and ab initio approaches to functionalized tip AFM simulation 

A Yakutovich1, C Keller2, M Iannuzzi2, C A Pignedoli3, P Hapala4, P Jelinek4 and D Passerone1 
1EMPA, Switzerland, 2University of Zurich, Switzerland, 3NCCR Marvel, Switzerland, 4Czech Academy of Science, 
Czech Republic 

Recent developments of classical modeling of nc-AFM frequency shift maps obtained with CO-functionalized tips 
(Probe-Particle algorithm[1], Figure 1) allow a successful interpretation of a large class of experimental situations, 
ranging from organic molecules to two-dimensional nanomesh like the metal-supported h-BN. However, effects 
arising from substrate relaxation upon tip approaching and chemical and electrostatic interactions represent a 
challenge for purely classical methods. We have implemented in the ab initio simulation suite CP2K an approach 
(CP2K-AFM) based on a simplified tip model that keeps into account the full density functional theory (DFT) based 
substrate relaxation under the tip. The internal forces in the tip are also computed in DFT, and used to optimize the 
tip tilting. 

We applied both the Probe-Particle algorithm and the CP2K-AFM approach to a set of test systems ranging from 
molecules in the gas phase, to organic units (specifically pentacene) on a metallic substrate, up to the h-BN 
nanomesh on different metals at tip-sample distances where the experiment show a substrate deformation. We 
could thus identify shortcomings and advantages of the classical and ab initio approaches, disentangling the 
different contributions (substrate relaxation, chemical effects, tip deformation, electrostatics) to the frequency shift 
profile. A combined classical and ab initio strategy represents a powerful tool for providing atomistic insight into nc-
AFM experiment on complex molecular and surface systems. 

 
Figure 1. Frequency shift map of a partially fluorinated hydrocarbon molecule (FFPB) simulated with the Probe- 
Particle classical approach with electrostatics. This result can be compared with the ab initio CP2K-AFM approach 
including molecular relaxation. 

[1]  Hapala, P. et al. Mechanism of high-resolution STM/AFM imaging with functionalized tips. Phys. Rev. B 90, 
 085421 (2014). 
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The charge distribution of a donor-acceptor molecule altered by an ionic thin film 

T Meier1, R Pawlak1, S Kawai1, Y Geng2, S-X Liu2, P Hapala3, A Baratoff1, S Decurtins2, P Jelinek3, E Meyer1 and T 
Glatzel1 
1University of Basel, Switzerland,  2University of Bern, Switzerland,  3Academy of Sciences of the Czech Republic, 
Czech Republic 

Electron Donor-Acceptor (DA) molecules are highly regarded in nanosciences [1-3] since their unique properties 
can be used in applications for molecular electronics [4] and photovoltaic devices [5]. The properties of DA 
molecules are determined by their internal charge distribution and especially by the energetic and spatial 
separation of the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [6]. 
Importantly, it is of fundamental relevance that these characteristics are still maintained at surfaces. In this study 
we investigated single fused pi-conjugated DA molecules, tetrathiafulvalene-fused dipyridophenazine (TTF-dppz) 
[6], adsorbed on NaCl ultrathin films on a Cu(111) substrate to decouple them from the metallic substrate. Our 
systematic investigations show that also on decoupling films the interaction between the molecule and a single ion 
of the NaCl film can impact the electronic states and charge distribution of TTF-dppz molecules. High-resolution NC-
AFM with a CO terminated tip revealed that the TTF-dppz molecules adsorb along different directions of the NaCl film 
(Fig.1). Depending on the adsorption site, the molecules interact differently with the underlying ions of the thin film 
which causes the charge rearrangement. By mapping the local contact potential difference (LCPD), the different 
charge distributions above and around the molecules could be determined and correlated with density functional 
theory calculations and model simulations of NC-AFM with CO-decorated tips [7]. Furthermore the energetic and 
spatial alignment of the molecular orbitals was revealed by Scanning Tunneling Microscopy (STM) and 
Spectroscopy (STS). 
 

 
 
Figure 1: (a) STM topography of two TTF-dppz molecules on NaCl (3 ML)/Cu(111), It = 3 pA, Vb = 0.3 V. 
(b) Models of the two adsorption configurations. (c) LCPD line scans at constant height along the respective 
molecular axes 

[1]  S. Kawai et al., ACS Nano 7, 9098-9105 (2013) 
[2]  S.-X. Liu et al., Chem. Soc. Rev. 44, 863-874 (2015) 
[3]  B. Schuler et al., Nano Lett. 14, 3342-3346 (2014) 
[4]  R. M. Metzger, Supramolecular Chemistry: From Molecules to Nanomaterials, Steed, J. W., 
 Gale, P.A., Eds.; Wiley: New York (2012) 
[5]  A. Amacher et al., Chem. Commun. 50, 6540-6542 (2014) 
[6]  C. Jia et al., Chem. Eur. J. 13, 3804-3812 (2007) 
[7]  P. Hapala et al., Phys. Rev. B 90, 085421 (2014) 
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Visualizing inhomogeneous adsorption structures of lubricant molecules on a magnetic hard disk by three-
dimensional scanning force microscopy 

T Fukuma1, K Miyazawa1, N Nakajima1, M Toyoda1, N Inada1, H Asakawa1, R Sagata2, T Shimizu2 and Y Soda2 
1Kanazawa University, Japan, 2MORESCO Corporation, Japan 

In three-dimensional scanning force microscopy (3D-SFM), a tip is three-dimensionally scanned near the sample 
surface and the variation in the force applied to the tip is recorded to produce a 3D force image [1]. At a solid-liquid 
interface, the scanned tip interacts with surrounding water and hence the obtained 3D force image reflects the 
hydration structure. For rigid interfaces between a mineral and water, a number of experimental and simulation 
results were reported, which improved our understanding on the imaging mechanism [2] and the quantitative 
correlation between the hydration structure and the force contrasts [3]. In contrast, reports on a soft molecular 
interface are still limited. 

Molecular surfaces have high flexibility or exhibit considerable thermal fluctuation. Thus, the tip can be scanned 
inside the subsurface region without inducing irreversible deformation of the sample. The measured force 
distribution should reflect the spatial distribution of the flexible surface structures. Such imaging capability has 
strong needs in the industrial fields. For example, the surface modification with a molecular layer is widely used for 
controlling the surface lubrication and antifouling properties, aggregation of colloids, and crystal growth and 
dissolution. However, the real space model of these molecular surfaces is often poorly understood due to the lack of 
a direct imaging tool. In our previous study, we reported 3D-SFM measurements of a lipid-water interface, where 
molecular-scale force contrasts show strong correlation with the theoretically expected conformation of the flexible 
lipid headgroups [4]. While the result highlighted the unique capability of 3D-SFM, the applicability of the method 
to the analyses of a more complicated or inhomogeneous molecular interface has yet to be experimentally verified. 

In this study, we have investigated the 3D adsorption structure of lubricant molecules on a magnetic hard disk by 
3D-SFM. On a hard disk, a magnetic layer, a carbon layer and a lubricant layer are coated in this order. The 
lubricant layer is made as thin as possible to achieve the highest memory density. Nowadays, the thickness has 
been reduced to 1-2 nm and further improvement requires molecular level control of the adsorption structure of the 
lubricants. Figure 1 shows a 3D frequency shift image of an interface between the lubricant layer and PBS solution. 
The 3D image shows the complicated arrangement of the fibrilar PFPE molecules. Although the correlation between 
the force contrasts and the intrinsic molecular conformations may not be simple, the real-space and molecular-
scale information obtianed by 3D-SFM supplements the spatially-averaged information obtained by the 
spectroscopic methods and provides new insights into the molecular adsorption structure. 

 
Figure. 1: (a) 3D-SFM measurement of the lubricants on a hard disk. (b) 3D frequency shfit image of the lubricants 
measured in PBS solution. (c) Z cross section of the 3D image obtained along line AB shown in (b). 

[1]  Fukuma et al. Phys. Rev. Lett. 104 (2010) 016101.  
[2]  Fukuma et al. Phys. Rev. B 92 (2015) 155412.  
[3] Miyazawa et al. Nanoscale 8 (2016) 7334.  
[4]  Asakawa et al. ACS Nano 6 (2012) 9013. 
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Influence of the atomic-scale tip apex on the IET vibrational spectroscopy of single molecules 

N Okabayashi1, A Gustafsson2, A Peronio3, M Paulsson2, T Arai1 and F J Giessibl3 
1Kanazawa University, Japan, 2Linnaeus University, Sweden, 3University of Regensburg, Germany 

A low-temperature scanning tunnelling microscope (STM) can be used to measure the vibrational spectra of a single 
molecule adsorbed on a surface. This is the inelastic electron tunnelling spectroscopy technique (IETS) [1], where 
the tunnelling electrons probe the vibrational modes of the molecule. As is typical with STM, the tip strongly 
influences the measurements: the intensity of the IETS signal can vary by a factor of 3 between different tips. To 
understand why it is so, the atomic-scale apex of the tip needs to be taken into account. We used a single carbon 
monoxide molecule adsorbed upright on copper (111) as a sharp AFM probe to image the atomic configuration of 
the tip apex, effectively counting the atoms composing it [2]. With such characterised tips, we measured the 
vibrational spectrum of CO adsorbed on copper (111) terraces as well as on single copper adatoms. Our 
measurements allow us to distinguish between two factors affecting the intensity of the IETS signal: the sharpness of 
the tip, which determines the ratio of electrons actually tunnelling through the molecule, and the symmetry of its 
electronic states, which affect the probability that a tunnelling electron will excite a vibrational mode. We 
demonstrate that for CO/Cu(111) the former effect determines the IETS intensity, as rationalized by density 
functional theory and non-equilibrium Green’s function calculations [3]. 

 

 
Inelastic electron tunnelling spectroscopy of CO/Cu(111), measured with a single- and a four atom tips. The peaks 
at ±4 mV correspond to the frustrated translation modes, the ones at ±35 mV to the frustrated rotation. The tips are 
identified by their COFI constant-height frequency-shift images. 

[1]  B. C. Stipe, M. A. Rezaei, and W. Ho, Single-Molecule Vibrational Spectroscopy and Microscopy, Science 
 280 1732(1998). 
[2]  This is the Carbon monOxide Front atom Identification (COFI) technique; see Joachim Welker, and Franz J. 
 Giessibl, Revealing the Angular Symmetry of Chemical Bonds by Atomic Force Microscopy, Science 336 
 444 (2012);Matthias Emmrich et al., Subatomic resolution force microscopy reveals internal structure and 
 adsorption sites of small iron clusters, Science 348 308 (2015). 
[3]  Influence of atomic tip structure on the intensity of inelastic tunneling spectroscopy data analysed by 
 combined scanning tunnelling spectroscopy, force microscopy, and density functional theory, Norio 
 Okabayashi, Alexander Gustafsson, Angelo Peronio,Magnus Paulsson, Toyoko Arai, and Franz J. Giessibl, 
 Phys. Rev. B 93, 165415 (2016). 
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A joint Kelvin probe force microscopy and first principles study of stepped silicon surfaces with atomic resolution 

R Hoffmann-Vogel1, C P Leon1, H Drees1, S Wippermann2 and M Marz1 
1Karlsruhe Institute of Technology, Germany, 2Max-Planck-Institut für Eisenforschung, Germany 

Stepped well-ordered surfaces are important nanotemplates for the fabrication of one-dimensional nanostructures 
with intriguing electronic properties, for example they have been candidates for Luttinger liquid behavior. We have 
previously investigated the Au-decorated vicinal Si (7 7 10) surface using STM and found indications for a Peierls 
transition [1]. The vicinal Si (7 7 10) surface is a well-chosen model system, because besides the triple step it 
contains (7x7) reconstructed areas equivalent to the well characterized and understood Si(111)-(7x7) surface. In 
this way, the system essentially contains its own calibration, providing an ideal testbed for surface characterization 
techniques and understanding in depth the rich morphology of the structural and electronic features present in this 
system. 

Here, we present a joint experimental and theoretical investigation of the structural and electronic properties of the 
vicinal Si (7 7 10) surface. Scanning force microscopy images with a Si-terminated tip and images with an oxidized 
tip [2,3] allow a precise comparison with existing models for the structure [4]. Our first principles calculations 
confirm one of the models and add small corrections to this model. We carried out Kelvin probe force microscopy 
(KPFM) experiments and obtained – on stepped surfaces - unprecedented atomic resolution. Our calculations of the 
local work function resulting from the local electrostatic potential as a function of the lateral position of the tip 
above the surface are carried out at realistic tip-surface distances. These calculations allow us to interpret the 
experimental KPFM data in terms of specific structural features and electronic properties of surface states. The 
surface electronic properties, i.e. the distribution of surface dipoles, is mainly governed by the Smoluchowski effect 
[5] and is in agreement with the measurements even without including the influence of the tip on the Si(111)-(7x7)-
reconstructed part as well as on the stepped part. This shows that the influence of the tip on the local work function 
is similar for all atomic sites and that the physics of the undisturbed surface is indeed reflected in the Kelvin 
measurement. 

R. H.-V. acknowledges ERC starting grant NANOCONTACTS No. ERC 2009-Stg 239838 and funding by the state of 
Baden-Württemberg through its Schlieben-Lange program. S. W. acknowledges grant No. 13N12972 within the 
NanoMatFutur programme from the German Federal Ministry for Education and Research (BMBF). 

Figure. 1: a) Structure of the surface measured by scanning force microscopy with a Si-terminated tip. b) Atomic 
resolution Kelvin probe force microscopy image. c) First principles calculations of the local work function. 

[1] M. Sauter, R. Hoffmann, C. Sürgers and H. v. Löhneysen, Phys. Rev. B 75, 195436 (2007). 
[2]  M. A. Lantz, H. J. Hug, R. Hoffmann, S. Martin, A. Baratoff and H.-J. Güntherodt, Phys. Rev. B 68, 035324 
 (2003). 
[3]  A. Yurtsever et al., Phys. Rev. B 87, 155403 (2013). 
[4]  S. A. Teys et al., Surf. Sci. 600, 4878 (2006). 
[5]  R. Smoluchowski, Phys. Rev. 60, 661 (1941). 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     50 

 



 

 
Revealing energy level structure of individual quantum dots by tunneling rate measured by single-electron sensitive 
electrostatic force microscopy 

Y Miyahara, A Roy-Gobeil and P Grutter 
1McGill University, Canada  

Electronic level structure of quantum dots (QD) are of fundamental importance for their optical,  electric and 
chemical properties. Single-electron sensitive electrostatic force measurement with NC-AFM (e-EFM) has been 
demonstrated to be capable of quantitative energly level spectroscopy of individual semiconductor QDs [1-3].  

We will show that the density of states of a metallic nanoparticle can be extracted from the bias dependence of the 
rate of single-electron tunneling between a QD and back-electrode that is determined by the energy level stucture of 
the QD. In e-EFM, the motion of a dc biased AFM tip modulates the charge state of a QD through single-electron 
tunneling. The resulting charge dynamics in the QD lead to the resonance frequency shift and dissipation of the 
cantilever through its back-action on the capacitavely coupled cantilever. The ratio of the measured frequency shift 
to dissipaiton directly yields the tunneling rate. 

The top figure in Figure 1 shows the frequency shift and dissipation versus bias voltage curves on a 5 nm diameter 
Au nanoparticle taken at 77 K.  A single-electron tunneling appears as each dip (peak) in frequency shift 
(dissipation) from which the tunneling rate spectrum (bottom figure) is obtained.  The dashed line is a fitted curve to 
an analytical tunneling rate assuming a continuous density of states. The density of states of the QD can therefore 
be measured through its effect on the energy dependence of tunneling rate. We will also discuss the case of InAs 
QD where the energy levels are discrete, showing a qualitatively different energy dependence of the tunneling rate 
that reflects the degeneracy of the energy level structure [4]. 

 

Figure: (Top) Bias dependence of resonance frequency shift (red) and dissipation (black) on a 5 nm diameter Au 
nanoparticle measured at 77 K.  (Bottom) Tunneling rate spectrum obtained from the frequency shift and 
dissipation (blue). Dashed line is a fitted curve to an analytical tunneling rate assuming a continuous density of 
states.  

[1]   L. Cockins et al., PNAS 107, 9496 (2010). 
[2]   S. Bennett et al., Phys. Rev. Lett. 104, 017203 (2010). 
[3]   L. Cockins et al., Nano Lett. 12, 709 (2012). 
[4]   A. Roy-Gobeil, Y. Miyahara and P. Grutter, Nano Lett. 15, 2324 (2015). 
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Atomistic calcite dissolution model revealed by high-speed FM-AFM experiments and simulation 

K Miyata1, P Spijker2, J Tracey2, V Haapasilta2, K Miyazawa1, A Foster2 and T Fukuma1 
1Kanazawa University, Japan, 2Aalto University, Finland 

AFM has been a key tool for investigating crystal growth and dissolution processes of minerals. Traditionally, 
contact-mode AFM has been used for visualizing atomic-scale surface structures of flat terraces and the dynamic 
flow of the atomistic steps under liquid environments. However, the most important atomistic processes at the step 
edges have not been accessible by contact-mode AFM mainly due to the insufficient controllability in the atomistic 
tip-sample interaction. In this respect, FM-AFM is known to provide much better controllability. However, its imaging 
speed is limited to ~1min/frame, which is often insufficient for visualizing dynamic processes. To overcome this 
limitation, we spent several years to develop high-speed FM-AFM and enabled atomic-resolution imaging at ~1 
sec/frame. With the developed system, here we investigate the calcite dissolution process in pure water. Figure 1 
shows FM-AFM images of the calcite (10-14) surface obtained during the dissolution process at 2 sec/frame. Owing 
to the fast imaging rate, we were able to capture atomic-scale dynamic events near the step. From the images, we 
found the existence of the transition region between the upper and lower terraces. We confirmed that the transition 
region exists both in the forward and backward scan images and is reproducible in several experiments with 
different tips. Therefore, the observed structure cannot be explained by the tip artifacts. In an effort to explain the 
origin of the transition region, we examined several possible models, including the transient surface reconstruction 
before/after the step dissolution, the irregular hydration structure near the step edges and the adsorption of 
Ca2+/CO3 2- ions. However, our experiments and simulation denied these possibilities. 

After these efforts, we extensively surveyed the previous literatures and found that some of the early surface 
chemistry studies using XPS and IR spectroscopy suggest the existence of OH species strongly bound to the calcite 
surface. Recent simulation studies also reported that water on a calcite surface can dissociate on a carbonate 
vacancy to create OH species bound to the surface Ca site. This is consistent with the atomistic calcite dissolution 
model previously proposed by Shiraki et al., where water dissociation triggers the calcite dissolution process. With 
this knowledge, we performed MD simulation with the model shown in Fig. 2(a), where single-step-height 
depression is half-filled with a Ca(OH)2 layer. The simulation suggests that Ca(OH)2 molecules are stable for the 
timescale of the simulation (~ns). In addition, the simulated hydration structure on the Ca(OH)2 layer is consistent 
with the intermediate step height of the transition region. These results strongly suggest that the transition region 
corresponds to a Ca(OH)2 layer. This finding leads to a major improvement in the atomistic calcite dissolution 
model with strong evidence from experiments and simulation. 

 
Figure 1 : FM-AFM images of a calcite (10-14) surface obtained in water (10 × 10 nm2, 500 × 500 pix2, 2 
sec/frame). 
Figure 2: (a) Simulation model. (b)  Z  cross  section  of  the simulated hydration structure. 
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Dynamic effects on adsorption of organic molecules at insulating surfaces 

D Gao1, J Gaberle1, F F Canova2, M Watkins3, A Shluger1, L Nony4, C Loppacher4, A Amrous4, F Bocquet4 and F Para4 
1University College London, UK, 2Aalto University, Finland, 3University of Lincoln, UK, 4Aix-Marseille University, 
France 

We present the results demonstrating the importance of entropic effects for adsorption, diffusion and interaction of 
flexible molecules with surface steps. Previous studies have mainly emphasized the enthalpy of adsorption and the 
interaction between molecules.[1] Recent theoretical studies of the adsorption of individual flexible and rigid 
molecules on the KCl (001) surface have shown significant entropy loss during adsorption[2]. Here we used NC-AFM 
and modelling to study the behaviour of 1,3,5-tri-(4-cyano-4,4 biphenyl)-benzene (TCB) and 1,4-bis(cyanophenyl)-
2,5-bis(decyloxy)-benzene (CDB) molecules on KCl(001). Both molecules were designed to contain the same 
anchoring groups and benzene ring structures, yet differ in flexibility. They were deposited on the KCl (001) surface, 
and imaged using NC-AFM[1]. CDB self-assembled structures were observed to grow from step edges, while TCB self-
assembled structures grew as islands on the terrace and from step edges. Density functional theory (DFT) and 
molecular dynamics simulations were performed to explain the reasons behind this qualitative difference in growth 
character and how molecular flexibility can affect the diffusion of the molecules towards and along steps. 

Lowest energy adsorption geometries of single molecules on a clean terrace were calculated using the van der 
Waals corrected DFT and the results were used to parameterise a force field for interaction of each molecule with 
KCl(001) employing a genetic algorithm[3]. These force fields were then used to calculate diffusion coefficients and 
barriers for CDB and TCB on clean terraces. The flexible CDB molecule exhibits faster diffusion than the more rigid 
TCB molecule, which affects the film growth mechanisms of these molecules. Potential of mean force calculations 
were used to calculate the adsorption free energy for both molecules. It was found that entropic contributions are 
significant and can match the enthalpic contribution to adsorption energy at temperatures as low as 400K, thus 
facilitating desorption. Furthermore molecular diffusion towards and adhesion to step edges was investigated and 
the associated change in entropy was calculated. The results demonstrate that the conformational flexibility of the 
CDB molecule allows it to interact strongly with steps and kinks, where nucleation and subsequently cluster growth 
occurs. In contrast, the rigid TCB molecule is unable to adapt to step edges and kinks with a significant entropy loss 
upon adhesion on step edges. This difference in growth modes confirms experimental NC-AFM observations of 
different modes of layer growth.  

[1]  A. Amrous, F. Bocquet, L. Nony, et al.. (2014) Molecular design and control over the morphology of self-
 assembled films on ionic substrates, Adv. Mater. Interf., 1, 1400414 
[2]  Gaberle J., Gao D. Z., Watkins M. B., et al., (2016) Calculating the entropy loss on adsorption of organic 
 molecules at insulating surfaces, J. Phys. Chem. C 120, 3913-3921. 
[3]  Gao, D. Z., Federici Canova, F., Watkins, M. B., et al. (2015). Efficient parametrization of complex 
 molecule-surface force fields. J. Comp. Chem., 36, 1187–1195.  
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Understanding high-resolution AFM images of water clusters on NaCl substrate 

P Hapala1, J Guo2, J Peng2, D Cao2, L Xu2, E Wang2, Y Jiang2 and P Jelinek1 
1Institute of Physics of Czech Academy of Science, Czech Republic, 2International Center for Quantum Materials 
(ICQM) and School of Physics, China 

AFM using functionalized tips not only reveals chemical bonds within molecules [1], but it is also an ideal tool for 
sensing of non-covalent interactions. Recently we uncovered, using our molecular mechanics model [2], a crucial 
importance of electrostatic interaction in AFM images of various polar molecules [3]. In this work we will show that 
the AFM imaging of water clusters formed on NaCl surface [4] is also governed by electrostatic field originating from 
both the polar O-H bonds and the ionic surface. The theoretical and experimental comparison between CO and Cl 
modified tip indicate that chiral pattern observed with negatively charged Cl tip is predominantly due to 
electrostatics. The ability to acquire and understand high-resolution AFM images of weakly bonded systems opens 
new possibilities of AFM in supra-molecular chemistry and biochemistry. 

 
[1]  Gross, L. et, al. Science 325, 1110–1114 (2009). 
[2]  Hapala, P. et al. Phys. Rev. B 90, 085421 (2014). 
[3]  Hapala, P. et al. Nat. Comm. (2015,just accepted) 
[4]  Guo, J. et al. Nat. Mater. 13, 184–9 (2014). 
 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     54 

 



 

 
Submolecular NC-AFM imaging with copper oxide tips 

H Mönig, A Timmer, S Amirjalayer and H Fuchs 

Universität Münster, Germany 

Recently we introduced an oxygen-terminated copper tip (CuO tip) with a tetrahedral configuration of the covalently 
bound terminal O atom for submolecular imaging in constant-height NC-AFM experiments. In contrast to established 
approaches for tip functionalization (e.g. by picking up CO or Xe), in the case of the CuO tip imaging artifacts due to 
lateral deflection can be neglected. Nevertheless, the O atom chemically passivates the tip allowing imaging in the 
repulsive force regime. For tip functionalization, a partially oxidized (2x1)-O reconstructed Cu(110) surface was 
used where the tip is slightly indented in the oxide domains. Subsequent contrast analysis allows verifying a 
successful O-termination [1]. 

In this contribution, we present our latest results where we investigated the preferential nucleation of Dicoronlylene 
(DCLN) molecules at the boundary of the metal oxide domains combining constant height NC-AFM (Figure 1a) and 
DFT simulations. Furthermore, we analysed the accuracy in determining bond lengths of organic compounds where 
we were able to reduce the error from about 16% [1] to below 10% (Figure 1b) without any systematic 
overestimation of bond lengths as observed in experiments with CO functionalized tips [2]. 

In order to apply CuO tips also on non-oxidized samples we initiated efforts to transfer tips after successful 
functionalization on Cu(110) (2x1)O to other substrates. We present images of C60 molecules adsorbed in a 
hexagon-up configuration on Cu(111) as probed with a CuO tip (Figure 1c and d). The data are discussed in terms 
of bond lengths and bond order effects and emphasize the potential for a wide range of applications for this tip 
structure. 

 

 
 

Figure1: Constant-height NC-AFM images recorded with CuO tips. (a) DCLN nucleating on an oxide domain 
boundary. (b) inverted frequency shift image of a freely adsorbed DCLN on Cu(110). Red lines are used to 
determine intramolecular bond lengths. (c) C60 on Cu(111). For these data the tip was functionalized on Cu(110) 
(2x1)O and transferred to Cu(111). (d) Laplace filtered zoom of the image in (c). 

[1]  H. Mönig, D. R. Hermoso, O. Díaz Arado, M. Todorović, A. Timmer, S. Schüer, G. Langewisch, R. Pérez, H. 
 Fuchs, ACS Nano 10, 1201 (2016) 
[2]  L. Gross, F. Mohn, N. Moll, B. Schuler, A. Criado, E, Guitián, D. Pena, A. Gourdon, G. Meyer, Science 337, 
 1326 (2012) 
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Indication of a superexchange mediated coupling between Co-Salen and NiO(001) 

A Schwarz, J Grenz and R Wiesendanger 

University of Hamburg, Germany 

Spin Polarized Scanning Tunneling Microscopy (SP-STM) and X-ray magnetic circular dichroism (XMCD) have been 
employed to detect the magnetic coupling between a magnetic surface and magnetic molecules adsorbed on top 
[1,2]. However, up to now only metallic substrates were investigated.  

Here, we utilize Magnetic Exchange Force Microscopy (MExFM), which can be applied to insulating sample systems 
[3]. This enables us to study the magnetic coupling between Co-Salen and the row-wise antiferromagnetically 
ordered spins on the (001) surface of a NiO single crystal, a wide band gap insulator. Using magnetically coated 
tips we find that Co-Salen molecules that adsorb on neighboring oxygen rows exhibit a significantly different 
apparent height. This observation can be explained by a magnetic contribution to the total tip-sample interaction. 
As on this substrate the molecule adsorbs with its central cobalt atom above oxygen, a superexchange mechanism 
could be responsible for the magnetic coupling between the spin-carrying nickel atoms of the subsurface layer and 
the cobalt atoms of the molecules, leading to a spin-dependent contrast if probed with a magnetic tip.  

[1]  H. Wende at al., Nature Mat. 6, 516 (2007).  
[2]  C. Iacovita et al., Phys. Rev. Lett. 101, 116602 (2008).  
[3]  U. Kaiser, A. Schwarz, R. Wiesendanger, Nature 446, 522 (2007) 
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Temperature-driven molecular phase transition on a bulk insulator surface: from a kinetically trapped to a 
thermodynamically more stable structure 

C Paris1, A Floris2, S Aeschlimann3, M Kittelmann3, F Kling3, R Bechstein3, A Kühnle3 and L Kantorovich1 
1Kings College London, UK 2University of Lincoln, UK, 3Johannes Gutenberg Universitat Mainz, Germany 

In the field of surface science, the synergy between the theoretical and experimental work has contributed a lot in 
understanding several phenomena such as chemical reactivity, growth behavior and structural order of molecules 
on a great variety of metallic surfaces. Although in many applications on electronics and catalysis, insulating 
substrates would be of great interest, achieving a comparable degree of structure control at the atomistic level still 
remains a challenge. In particular, their low reactivity in forming stable assemblies constitutes a strong limitation for 
exploring self-assembly principles and several strategies need to be explored.  

 
Combining high resolution non-contact atomic force microscopy (NC-AFM) experiments and density functional 
theory (DFT) calculations, we discovered the formation mechanism of a stable self-assembly of benzoic acids 
(named DHBAs) on an insulating substrate of calcite (10.4) via a temperature-dependent molecular phase 
transformation between the so-called striped and dense phases. Theoretical calculations enabled us not only to 
understand the structure and stability of the two stable architectures, but also to establish the full mechanism and 
the thermodynamic driving forces behind the phase transformation.   

We find that the striped phase is reminiscent of the DHBA bulk structure and is organized into up-right and 
horizontal dimers, in agreement with the experimentally observed bright and dark stripes. Our analysis of the striped 
phase reveals a balance between the molecule-molecule and the molecule-substrate interactions. On the contrary, 
the dense phase is formed by up-right standing molecules that anchor strongly to the ionic surface. Compared to 
the balanced interactions in the striped phase, in the dense phase the lack of a dimeric molecule-molecule 
interaction is mediated by a much stronger interaction of the molecules with the surface. Importantly, free energy 
calculations demonstrate that the dense phase is thermodynamically more stable than the striped phase even in 
the temperature interval where the striped phase is experimentally observed. Hence, the striped phase, when 
formed first, must be kinetically trapped. 

We believe that the results of this study and the understanding gained will play an important role in designing stable 
molecular architectures on surfaces of insulating crystals such as calcite. Identifying specific driving forces is 
essential in the direction of potential technological applications of self-assembled structures on insulators. 
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Systematic image recognition in high-resolution AFM 

J Tracey1, K Miyazawa2, P Spijker3, K Miyata2, B Reischl4, A Rohl4, T Fukuma2 and A Foster3 
1Aalto University, Finland, 2Kanazawa University, Japan, 3COMP Centre of Excellence, Finland, 4Curtin Institute for 
Computation, Australia 

Performing and interpreting NC-AFM experiments in liquids can be both difficult and time consuming. The effect of 
the various hydration layers as well as the unknown contribution of the tip results in images that can be challenging 
to identify atomic positions, even with the assistance of simulations. Previously, we have used classical molecular 
dynamics to construct a 3D force map above the surface through free energy calculations of calcite in water using a 
calcite covered tip with Ca termination [1]. In order to accurately reproduce the FM-AFM experimental set-up we use 
this 3D force field as an input for our the Python Virtual Atomic Force Microscope (PyVAFM) [2], allowing us to 
create simulated AFM images similar to the experimental ones. We found eight reproducible contrast patterns in 
different FM-AFM experiments and using different experimental parameters, assuming that effectively the same tip 
was used in each experiment. In this work, we expand the original study to consider different tip terminations and 
materials, including an SiO2 tip and a calcite covered tip with a CO3 termination, we then compare in detail the 
obtained contrast patterns with a wide set of experimental images and simple contrast models. Since the amount of 
simulated and experimental images for comparison is now far beyond what can be meaningfully compared by eye, 
we have developed an image recognition software suite based on Fourier analysis [3]. This quantifies the agreement 
between experimental and simulated images, and provides a rapid method for systematic comparison. By using this 
software and comparing the experimental and simulated images we can determine at what tip-sample distances the 
given contrast patterns occur (in experiments), and even establish the characteristics of different tips. This approach 
provides a method for understanding contrast patterns and tip effects in water in general, and can easily be applied 
to other AFM modes. 

 

Figure 1: Simulated force slices with different tips 

[1]  Mechanism of atomic force microscopy imaging of three-dimensional hydration structures at a solid-liquid 
 interface T. Fukuma Et al. Phys. Rev. B 92 (2015) 155412 
[2]  Flexible and Modular virtual scanning probe microscope J. Tracey Et al. Comp. Phys. Comm. 196 (2015) 
 429 
[3]  Understanding 2D atomic resolution imaging of the calcite surface in water by frequency modulation 
 atomic force microscopy J. Tracey Et al. (Submitted, 2016) 
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NC-AFM study of the building blocks of trimesic acid molecular network self-assembly mechanism on Cu (111) 

P Zahl, J T Sadowski, M S Hybertsen and D Stacchiola 

Brookhaven National Laboratory, CFN, USA 

Metal-organic frameworks (MOFs) are 3D porous materials with potential for gas capture and catalysis applications. 
2D models of MOFs can be obtained by self-assembly of organic linkers on a host surface and further incorporation 
of metallic nodes. Here we investigate the fundamental building blocks and forces driving molecular self-assembly 
of 1,3,5-Benzenetricarboxylic (Trimesic) Acid (TMA) on Cu (111) in an open cell network suitable to host metals or 
other guest molecules. A pathway to controlled assembly of stable catalytic centers with a small number of metal 
atoms is particularly promising [1-6]. Using our with NC-AFM capability upgraded Createc based LT-STM [7,8] we 
were able to image individual TMA molecules and small clusters of TMA stabilized by hydrogen bonding and their 
internal structure. At low temperature deposition (<10K) we found many different cluster arrangements and could 
identify the TMA to move/rotate/snap (tip induced) into most favourable locations forming typical arrays of 
hydrogen bonded assemblies while imaging at 5K. Those are the building blocks for the network self-assembly 
occurring at higher coverage and elevated temperature (~400K). To support the interpretation of the images, 
particularly to understand the apparent, strong blurring associated with electrostatic effects caused by the polar 
carboxyl groups, we are performing Density Functional Theory based studies of the short-range forces exerted on a 
model of the CO functionalized tip. 

 

Figure: NC-AFM and STM images of TMA on Cu(111). (?) Structure assignment suggested.[4] (*) tip induced 
deprotenized TMA. 

This research used resources of the Center for Functional Nanomaterials, which is the U.S. DOE Office of Science 
User Facility, at Brookhaven National Laboratory under Contract No. DE-SC0012704.  

[1]  S. Griessl, Single Mol. 3 (2002), 1, 25-31 
[2]  M. Lackinger et al. - Langmuir (2005), 21, 4984-4988 
[3]  N. Lin, Angew. Chem. Int. Ed. (2005), 44, 1488 –1491 
[4]  T. Classen, J. Phys. Chem. A, (2007), 111, 12589-12603 
[5]  V. Iancu, Langmuir (2013), 29, 11593−11599 
[6]  M. S. Baviloliaei, Phys. Chem. Chem. Phys., (2014), 16, 11265 
[7]  Gxsm Project URL: http://gxsm.sourceforge.net 
[8]  G.I.T. Imaging & Microscopy, p.38, Volume 17, March 2015 
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Atomic-scale contrast in nc-AFM on a boron-nitride monolayer 

F Schulz1, J Ritala1, A P Seitsonen2, A S Foster1 and P Liljeroth1 
1Aalto University, Finland, 2Ecole Normale Superieure Paris, France 

Chemical sensitivity is one of the most elusive goals in contemporary noncontact atomic force microscopy (nc-
AFM). In a seminal contribution, Sugimoto et al. identified different atomic species in a surface alloy by comparing 
the maximum attractive forces on different lattice sites in Δf(z) spectroscopy [1]. Measurements of the local contact 
potential difference (LCPD) in Kelvin probe force microscopy (KPFM), either via an AC modulation of the tip-sample 
voltage or through Δf(V) spectroscopy, is another avenue that achieved chemical resolution, in particular on ionic 
systems [2-4].  

Here, we employ nc-AFM with CO-functionalized tips [5] to investigate the atomic-scale contrast on a monolayer of 
hexagonal boron nitride (hBN) on Ir(111) [6]. hBN is a covalently bonded insulator with a nearest-neighbour 
distance of only ~1.45 Å. Yet constant-height maps of both frequency shift and local contact potential difference 
exhibit striking sub-lattice asymmetry. AFM simulations based on the density functional theory-optimized 
hBN/Ir(111) geometry allow us to match the two distinct atomic sites with the boron and the nitrogen sub-lattices 
and shine light on the origin of the atomic-scale contrast.      

[1]  Y. Sugimoto et al., Nature 446, 64 (2007). 
[2]  F. Bocquet et al., Phys. Rev. B 78, 035410 (2008). 
[3]  G. H. Enevoldsen et al., Phys. Rev. Lett. 100, 236104 (2008). 
[4]  L. Gross et al., Phys. Rev. B 90, 155455 (2014). 
[5]  L. Gross et al., Science 325, 5944 (2009). 
[6]  F. Schulz et al., Phys. Rev. B 89, 235429 (2014). 
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Atomic-resolution simultaneous imaging of topography, surface potential and dipole moment on TiO2(110) surface 

Y Sugawara, H Wen, Y Naitoh and Y J Li 

Osaka University, Japan 

Surface potential distributions have been measured using Kelvin probe force microscopy (KPFM) combined with 
frequency modulation atomic force microscopy (FM-AFM). However, the surface potential distribution measured 
using KPFM is influenced by the contact potential difference (CPD) between a tip and surface, fixed monopole 
charges and dipole moment on surfaces and interfaces. Therefore, it is required to distinguish the contributions of 
dipole moment to the surface potential from those of the CPD and fixed monopoles charges. 

In this study, we propose a novel method for measuring the dipole moment on surfaces. This method is based on 
the measurement of the higher-order nonlinear dielectric effect on surfaces. In the experiments, the higher-order 
modulation components of frequency shift of a cantilever induced by the ac electrostatic force were used to 
measure the dipole moment on the surface because of strong distance dependence of modulated electrostatic force 
and enhancement of the contribution of the short-range electrostatic force [1]. The small-amplitude operation with a 
stiff cantilever was also used to enhance the force sensitivity and to enhance the contribution of the short-range 
force associated with the atomic-scale information on the surface. For the first time, we succeeded in achieving 
atomic resolution imaging of the topography, the surface potential [2] and the dipole moment on the TiO2(110) 
surface (Fig. 1). We will discuss the physical origin of the variation of the dipole moment on the surface. 

This success is a promising development in the exploration of atomic-scale physical and chemical interactions 
between atoms/molecules and surfaces and offers deeper insight into the various catalytic processes and functions 
on surfaces. 

 
 

Figure 1 (a) AFM (frequency-shift change), (b) surface potential and (c) dipole moment images simultaneously 
measured on the TiO2(110) surface in constant-height mode. (d) Schematic top view of the atoms on the TiO2(110) 
surface. 

[1]  Z. M. Ma, L. Kou, Y. Naitoh, Y. J. Li and Y. Sugawara, Nanotechnology 24, 225701 (2013). 
[2]  L. Kou, Z. M. Ma, Y. J. Li, Y. Naitoh, M. Komiyama, and Y. Sugawara, Nanotechnology 26, 195701 (2015). 
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Investigation of nanoporous networks from para-hexaphenyl-dicarbonitrile on Au(111) 

L Solianyk, J C Moreno-Lopez, S Gottardi, L Monjas, J Li, K Müller, F Song, T Anh Pham, A K H Hirsch and M Stöhr 
1University of Groningen, Netherlands 

Molecular self-assembly is considered as a promising strategy for building organic nanoelectronic devices. However, 
further investigations are needed in order to identify suitable systems which can be employed in future applications. 
The aim is not only to fabricate self-assembled structures but also to understand the underlying interactions that 
govern the self-assembly process. This knowledge will provide information on the interplay between structural and 
electronic properties.  

In this work, the self-assembly of para-hexaphenyl-dicarbonitrile molecules (Figure 1, (a)) was investigated on 
Au(111) with low temperature scanning tunneling microscopy (LT-STM) and non-contact atomic force microscopy 
(nc-AFM) using functionalized CO tips. Two different nanoporous networks were observed for submonolayer 
coverages. A rhombic network (Figure 1, (b, c)) stabilized by C-N…H bonds was found for molecular deposition on 
Au(111) held at room temperature. Upon thermal annealing at 575K, a hexagonal network (Figure 1, (d, e)) 
stabilized by metal-ligand interactions with native gold atoms formed. Due to the ultrahigh spatial resolution of nc-
AFM, submolecular features were obtained for both porous network structures (Figure 1, (c, e)). This helped to 
elucidate the intermolecular interactions governing the observed assembly structures. 

 

Figure 1: (a) Chemical structure of para-hexaphenyl-dicarbonitrile. (b) STM image (60x60 nm2) and (c) nc-AFM 
image (4.4x4.0 nm2) of the rhombic network. (d) STM image (45x35 nm2) and (e) nc-AFM image (2.5x2.5 nm2) of 
the hexagonal network.  
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AFM/STM observation of azulene-to-fulvalene rearrangement in a small molecule 

A Shiotari1, K Iwata2, T Nakae3, Y Shinagawa4, S Mori4, T Okujima4, H Uno4, H Sakaguchi3 and Y Sugimoto1 
1University of Tokyo, Japan, 2Osaka University, Japan, 3Kyoto University, Japan, 4Ehime University, Japan 

Rearrangement of azulene (Fig. 1a) is an important process for creating and repairing defects in honeycomb carbon 
structures such as graphene and carbon nanotube [1,2]. Noncontact atomic force microscopy (ncAFM) is a 
powerful tool to image chemical bonding structures of organic molecules [3], and this technique can apply to 
identification of reactants and products of thermal reaction [4]. In this work, we investigated thermal reaction of 
diazuleno[1,2-c:2’,1’-g]phenanthrene (DAPh; Fig. 1e) on Cu(001) using ncAFM/STM at 5 K. Figure 1b shows an 
AFM image of DAPh deposited onto the surface at room temperature. Visualizing all of the C atoms implies that the 
molecule is adsorbed onto the surface flatly. We successively annealed the sample at different temperature and 
observed the bonding structures of the adsorbates. Figure 1c shows an AFM image after annealed at 165°C, 
indicating that one of the azulene moieties was converted into fulvalene to yield AFPyr (Fig. 1f). We also observed 
an azulene-to-naphthalene rearrangement as shown in Fig. 1d (ANPyr; Fig. 1g), but this is a minor species (less 
than 1% of the products). Thus we demonstrate the thermal reactivity of the azulene derivative at the single-
molecule level. 

 
Fig.1: (a) Scheme of rearrangement of azulene. (b) Δf image of a DAPh molecule on Cu(001) at 5 K. Δf images of 
(c) major and (d) minor products after annealing at 165°C. Molecular structures of (e) DAPh, (f) 
zulenofulvalenopyrene (AFPyr), and (g) azulenonaphthopyrene (ANPyr). 

[1]  A. Hashimoto, K. Suenaga, A. Gloter, K. Urita, and S. Iijima, Nature 430, 870 (2004). 
[2]  A. Chuvilin, U. Kaiser, E. Bichoutskaia, N.A. Besley, and A.N. Khlobystov, Nature Chemistry 2, 450 (2010). 
[3]  L. Gross et al., Science 325, 1110 (2009). 
[4]  D.G. de Oteyza et al., Sceince 340, 1434 (2013). 
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P:01 Fast, exact, and non-destructive diagnoses in nano-scale semiconductor device using conductive AFM 

C Shin1 and Y S Kim2 
1Korea Research Institute of Standards and Science, Korea, 2Seoul National University, Korea 

We fabricated a novel in-line conductive atomic force microscopy (C-AFM), which can analyze the resistive failures 
and examine process variance with an exact-positioning capability across the whole wafer scale in in-line DRAM 
fabrication process.  

Using this in-line C-AFM, we introduced a new, non-destructive diagnosis for resistive failure in mobile DRAM 
structures.  Specially, we focused on the self-aligned contact (SAC) process, because the failure of the SAC process 
is one of the dominant factors that induces the degradation of yield performance, and is a physically invisible 
defect. We successfully suggested the accurate pass mark for resistive-failure screening in the fabrication of SAC 
structures and established that the cause of SAC failures is the bottom silicon oxide layer. Through the accurate 
pass mark for the SAC process configured by the in-line C-AFM analyses, we secured a good potential method for 
preventing the yield loss caused by failures in DRAM fabrication. 
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P:02 Atomic force microscopy in liquid metal 

T Ichii, N Tagai, T Uchida, T Utsunomiya and H Sugimura 

Kyoto University, Japan 

Structural analysis on interfaces between liquid metal (or molten metal) and solid materials is of practical 
importance for jointing different materials and developing composite materials. While AFM in liquid environment has 
been greatly improved in this decade, most of the studies have been carried out by using a Si cantilever as its force 
sensor, where its deflection was optically detected and it cannot be applied for non-transparent liquid including 
liquid metal. Recently, we applied a qPlus sensor for investigation in viscous liquid and achieved atomic and 
molecular resolution[1-3]. Since the deflection of the qPlus sensor is electrically detected, the transparency of the 
liquid is not required. Here, we report AFM investigations in liquid metal utilizing a qPlus sensor. 

Figure 1(a) shows a schematic illustration of the experimental setup. Gallium-based liquid metal (68.5% Ga, 
21.5% In, 10% Sn), so-called Galinstan was used as a liquid metal and only the tip apex was immersed in 
Galinstan. To fix the Galinstan droplet during the scanning, a silicone-rubber holder was used. The oxidized shell 
formed on the Galinstan surface was removed by HCl vapor, which reacts with Ga2O3 on the surface to form GaCl3 
and water. After that, a hydrophobic ionic liquid (1-Ethyl-3- methylimidazolium bis(trifluoromethanesulfonyl)imide) 
droplet was put on the oxide-removed area to inhibit the evaporation of the water layer formed on the Galinstan 
surface. Because the quality factor (Q) of the sensor was heavily suppressed after immersing the tip apex into the 
Galinstan (Qair ~1000, QGalinstan ~10), AM-AFM mode was used. Figure 1(b) shows a amplitude and phase vs. tip-to-
sample distance curve obtained on a Galinstan/sapphire(0001) interface. The amplitude monotonically decreases 
while the phase negatively shifts first and then positively shifts as the tip approaches the surface. Figure 1(c) shows 
an AM-AFM topographic image of a sapphire(0001) substrate obtained in Galinstan. Atomic-steps of the sapphire 
substrate were clearly visible. In addition, several protrusions with a height of a few nanometers were found in the 
lower left area in the image, which is originating from the oxides of the Galinstan. 

 
Figure 1 (a) Schematic illustration of AFM setup for investigating in Galinstan, (b) Amplitude and phase vs. tip-to  
sample distance curve obtained on a Galinstan/sapphire(0001) interface, (c) AM-AFM topographic image of 
sapphire(0001) surface obtained in Galinstan. 

[1]  T. Ichii, M. Fujimura, M. Negami, K. Murase, H. Sugimura, Jpn. J. Appl. Phys., 51, 08KB08 (2012). 
[2]  T. Ichii, M. Negami, H. Sugimura, J. Phys. Chem. C., 118(46), 26803 (2014). 
[3]  T. Ichii, Y. Furutani, M. Negami, T. Utsunomiya, K. Murase, H. Sugimura, Chem. Lett., 44(4), 459 (2015). 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     65 

 



 

 
P:03 Solvent-sensitive structures of interfacial liquid on salicylic acid (110) surface 

H Honda, Y Tanaka and H Onishi 

Kobe University, Japan 

The geometrical structures at nanoscale liquid/solid interface play a very important role in many fields including 
crystallography, chemistry, and biology. The latest development of FM-AFM has enabled us to observe 
subnanometer-scale structure of interfacial liquids. In an earlier study [1], we found a checkerboard-like structure of 
hexadecane liquid over the (110) surface of salicylic acid (SA) crystals. In the present study, we examined three 
different solvents (decanol, tetraethylsilane and an ionic liquid) and found a smooth layer of decanol. The different 
symmetry of structuring, checkerboard-like or smooth layer, may be ascribed to different solubilities in the solvents; 
decanol is a good solvent to SA, i.e. SA solubility is large in decanol, whereas hexadecane is a poor solvent.  

Millimeter-sized SA crystals with (110) facets were prepared by recrystallization in ethanol. The (110) surface 
should be physically corrugated as shown in the left panel of Fig. 1. Columns of stacked SA molecule pairs are 
present along the [001] direction. The middle panel shows a constant frequency-shift (∆f) topography observed in a 
SA-saturated decanol solution. A two-dimensionally ordered structure appeared with a column-to-column distance 
of 1.6 nm.  Stacked molecule pairs were resolved along the column axis with a pair-to-pair distance of 0.5 nm. 
These features reproduced what observed in hexadecane.  

The right panel presents two-dimensional ∆f distribution in the decanol solution observed on a cross-sectional 
plane perpendicular to the [001] direction. In spite of the corrugated SA surface, ∆f distribution in the solution 
showed a smooth layer. The symmetry of structured decanol was different from that of hexadecane. A possible 
origin of the different symmetries is the presence or absence of hydrogen-bond across the interface. Decanol is able 
to make a hydrogen bond with SA, while hexadecane cannot. 

The microscope used in this study was manufactured by Ryohei Kokawa of Shimadzu Corporation and colleagues in 
the Advanced Measurement and Analysis Project of the Japan Science Technology Agency.  

 

 

 

 

 

 

 

 

Figure. 1. Salicylic acid (110) surface.  The crystal structure is viewed along the [001] axis in the left panel, where a 
possible (110) truncation is shown by the solid line.  Dark and bright spheres represent carbon and oxygen atoms, 
respectively.  A constant ∆f topography observed in the SA-saturated decanol solution is in the middle panel.  
Cantilever: NCH (NanoWorld).  Oscillation amplitude: 0.3 nm.  ∆f setpoint: +250 Hz.  The cross-sectional ∆f 
distribution on a plane perpendicular to the [001] direction is in the right panel. Positive ∆f represents repulsive 
tip-surface force to be shown bright.  Oscillation amplitude: 0.3 nm.  

[1] Y. Tanaka and H. Onishi, 17th International Conference on Non-Contact Atomic Force Microscopy (NC-
 AFM2014), 2014. 
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P:04 Liquid-environment FM-AFM imaging of a cobalt porphyrin 

H Honda and H Onishi 

Kobe University, Japan 

Molecule-by-molecule imaging at solid-liquid interfaces should provide a nice tool to reveal mechanisms of catalytic 
reactions, adsorption/desorption behaviors, etc. The recent progress in FM-AFM measurement opens up the 
possibility of subnanometer-scale imaging under liquid environment. In the present study, we focused on a metal-
containing organic compound; 5, 10, 15, 20-tetraphenyl-21H, 23H-porphirin cobalt (CoPP, the left panel of Fig.1). 
This organometallic compound is a member of cobalt porphyrins with biological function, catalytic activity, and 
photosensitizing property.  

In a CoPP-saturated phenyloctane solution, molecule-scale protrusions appeared on mica, as shown in the constant 
frequency-shift (∆f) topography. The protrusions were absent in another solution diluted to 1×10-4 M. The lateral 
dimension of the protrusions was about 3 nm and consistent to CoPP molecules flat-lying on the surface. The Co 
atom in a neutral CoPP molecule is known to be positively charged and the cyclic organic ligand is negatively 
charged. Hence, electrostatic interaction across the CoPP-mica interface can stabilize CoPP adsorbed on mica. 

Two states of adsorption were further identified. The topographic height of four protrusions marked with solid circles 
was 0.6-0.7 nm relative to the mica surface. Eight particles with broken circles presented smaller heights of 0.4 nm. 
The right panel shows the cross section determined along the straight line in the middle panel. The different heights 
suggested two different states of adsorbed CoPP. One possible reason for the larger height of the first state is 
phenyloctane adsorbed on the Co center.  

The microscope used in this study was manufactured by Ryohei Kokawa of Shimadzu Corporation and colleagues in 
the Advanced Measurement and Analysis Project of the Japan Science Technology Agency. 

     

 

 

 

 

 

 

 

 

Figure 1. CoPP (5, 10, 15, 20-Tetraphenyl-21H, 23H-porphirin cobalt) adsorbed on mica. The molecular structure of 
CoPP is in the left panel. A constant ∆f topography observed in a phenyloctane solution saturated by CoPP is in the 
middle panel. Height profile measured along with the line in middle panel is in the right panel.  Cantilever: NCH 
(NanoWorld).  Oscillation amplitude: 0.6 nm. ∆f setpoint: +200 Hz.   
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P:05 Harnessing flexural and torsional modes in multifrequency force microscopy: High resolution imaging of calcite 
(1014) in liquid 

T Meier, B Eslami and S D Solares 

The George Washington University, USA 

We introduce a new approach for multifrequency atomic force microscopy (AFM) imaging in liquids by driving both 
flexural and torsional eigenmodes of the microcantilever using photothermal excitation [1]. In the majority of 
commercial AFM setups utilizing the optical beam deflection method, the flexural and torsional deflection signals 
are mostly decoupled on the photodetector, and can therefore be relatively easily recorded and processed. 
Additionally, torsional modes and flexural modes translate into lateral and normal tip movement, respectively, with 
respect to the sample, and can therefore directionally probe the tip sample interactions. The use of torsional modes 
provides additional surface contrast information as they are sensitive to lateral forces, although the flexural modes 
are the only ones capable of ‘true’ atomic resolution imaging. In our experiments, the torsional modes are shown to 
be particularly sensitive to protruding oxygen surface atoms on the calcite (101̅ 4) plane (see Figure 1). The high 
lateral resolution capability of the flexural modes, combined with the high sensitivity of the torsional modes to 
specific surface features in liquid environments, can thus offer the means of observing chemical contrast at the 
atomic level using purely mechanical measurement AFM techniques, even in the absence of tip functionalization. 

 

 

Figure 1. Multifrequency AFM images obtained combining flexural and torsional excitations. Here the AM-AFM 
method using the fundamental flexural mode of the cantilever offers high image quality, while the torsional signal is 
useful for the clear identification of the oxygen atoms located above the surface plane. This allows the user to 
distinguish between the calcium (marked green) and oxygen (marked yellow) atoms. The characteristic zigzag line of 
the protruding oxygen atoms is highlighted with a black line. The scale bar is 1 nm. 

[1]  T. Meier et al., Nanotechnology, 27, 085702 (2016). 
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P:06 Structure determination of individual non-planar molecules by means of nc-AFM 

F Albrecht1, F Bischoff2, N Pavliček3, C Herranz-Lancho4, M Ruben4, W Auwärter2, J Barth2 and J Repp1 
1University of Regensburg, Germany, 2TU Munich, Germany, 3IBM Research−Zurich, Switzerland, 4Karlsruhe Institute 
of Technology, Germany 

Functionalizing the tip of an AFM with a single CO molecule allows for unambiguous structure determination of 
individual molecules [1]. This technique was widely applied for different molecules [e.g. 2]. However, the molecules 
under investigation exhibited manly planar structures and adsorbed parallel onto the sample surface. Here, we 
performed experiments in a combined STM/AFM operated in UHV at low temperatures. We present two routes for 
structure determination of individual molecules by means of nc-AFM with CO functionalized tips for molecules that 
could not be identified from conventional scanning probe imaging: In the first case, we determine the entire 3D 
geometry of a helically shaped diphenanthrene derivate. To do so, we record a time-demanding, full 3D dataset in a 
safe but sufficiently close distance regime [3]. To analyse the molecular geometry we display the frequency shift 
signal along different planar cross sections of the 3D data [4]. In the second case, we analyse subtle differences in 
the 3D structure of free-base and metallated porphyrin derivates adsorbed on a copper surface [5]. Since 
unambiguous molecular identification is not possible in conventional imaging we record AFM data in a close but 
safe distance range by introducing vertical imaging – that is recording the frequency shift in a plane perpendicular to 
the sample surface. These images allow unambiguous molecular species identification. Moreover, mapping the 
minimum position of the frequency shift [6] within these vertical images, we quantify the vertical movement of the 
central metal atom upon tip induced conformational switching of one of the porphyrin derivates. 

[1]  L. Gross et al., Science 325, 1110 (2009)  
[2]  S. Jarvis, Int. J. Mol. Sci. 16, 19936 (2015)  
[3]  F. Mohn et al., Appl. Phys. Lett. 99, 053106 (2011)  
[4]  F. Albrecht et al., J. Am. Chem. Soc. 137, 7424 (2015)  
[5]  K. Diller et al., J. Chem. Phys. 136, 014705 (2012)  
[6]  B. Schuler et al., Phys. Rev. Lett. 111, 106103 (2013) 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     69 

 



 

 
P:07 The effect of non-ideal tunneling current amplifiers on force measurements 

N K S Kumar, A J Weymouth, V Junk, F Huber and F J Giessibl 

University of Regensburg, Germany 

Measurements of the tunneling current are performed with a current-to-voltage converter typically implemented with 
an operational amplifier in the inverting configuration. With the sample attached to the inverting input, and the non-
inverting input at ground, an ideal operational amplifier would maintain the sample at ground. A real operational 
amplifier, however, has finite internal impedance and finite gain. This has been shown to affect STM measurements 
when the internal resistance of the operational amplifier starts to be on the same order of magnitude as the 
resistance of the tunneling junction. Both of these effects become more prominent with higher frequency. 

In standard imaging conditions, our RT system (in UHV) shows a virtual ground deviation in the μV range. We have 
modelled the circuit, and can calculate the magnitude and phase of the virtual ground. This has a negligible effect 
on the Fes and we do not see an effect on damping. We do, however, see an effect of the STM pre-amp on damping 
at our LT system. We suspect that the virtual ground can have an effect upon the excitation required to oscillate the 
cantilever. A phase shift between the non-ideal virtual ground and the cantilever oscillation can account for energy 
either being pumped into or drained from the cantilever as it oscillates.  

[1]  L. Olesen et al. Phys. Rev. Lett. 76, 1485 (1996) 
[2]  Z. Majzik et al. Beilstein Journal of Nanotechnology 3, 111, 249-259 (2012) 
[3]  A. J. Weymouth et al. Phys. Rev. Lett. 22, 106, 226801 (2011) 
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P:08 Probing the influence of point defects on local chemical reactivity and electronic properties on TiO2(110) via 
3D-SPM measurements 

M Z Baykara1, H Mönig2, T C Schwendemann3, Ö Ünverdi4, E I Altman5 and U D Schwarz5 
1Bilkent University, Turkey, 2University of Münster, Germany, 3Southern Connecticut State University, USA, 4Yaşar 
University, Turkey, 5Yale University, USA 

The atomic-scale specifics of the potential energy landscape experienced by individual molecules interacting with 
surfaces and the underlying electronic structure are of fundamental and technological relevance. Particularly 
interesting in this context is how point defects such as vacancies and interstitials influence the local chemical 
reactivity and electronic properties of metal oxide surfaces.  

In this contribution, we evaluate the extent to which two specific point defects (an oxygen vacancy and a hydrogen 
interstitial) affect the local chemical reactivity and electronic properties of the model metal oxide surface TiO2(110) 
[1]. Specifically, interaction forces and tunneling currents are simultaneously collected on the sample surface with 
picometer resolution in all three spatial dimensions using the method of 3D-SPM [2, 3]. Oxygen atoms are imaged 
as protrusions in both data channels, corresponding to a rarely observed imaging mode. 3D spectroscopy of 
interaction forces and tunneling currents is performed on the oxygen vacancy and the subsurface hydrogen 
interstitial as a function of tip-sample distance. The hydrogen interstitial is found to have a distinct effect on the 
local density of electronic states on the surface, but no detectable influence on the tip-sample interaction force. 
Meanwhile, spectroscopic data acquired on the oxygen vacancy highlight the role of the probe tip in chemical 
reactivity measurements. 

 

 
 

 
[1]  M.Z. Baykara et al., Appl. Phys. Lett. 108, 071601 (2016) 
[2]  M.Z. Baykara et al., Phys. Rev. B 87, 155414 (2013) 
[3]  E.I. Altman, M.Z. Baykara, U.D. Schwarz, Acc. Chem. Res. 48, 2640 (2015) 
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P:09 Surface polarization measurement on a reconstructed Si(111) surface by noncontact scanning nonlinear 
dielectric potentiometry 

K Yamasue and Y Cho 

Tohoku University, Japan 

Recently, we have proposed noncontact scanning nonlinear dielectric potentiometry (NC-SNDP) to quantitatively 
measure potentials induced by spontaneous polarization or permanent dipoles [1, 2]. Here we show that NC-SNDP 
is capable of measuring spontaneous polarization (polarization charge density) as well as the induced potentials.  

Unlike Kelvin probe force microscopy, NC-SNDP measures a local potential by effectively cancelling the second 
order dielectric nonlinearity of a sample rather than an electrostatic force through dc bias feedback. This implies 
that the potential measured by NC-SNDP is governed by surface polarization, but not monopole surface charges or 
contact potential differences [1]. Spontaneous polarization can be quantitatively estimated from the dependence of 
the measured potential V0 on tip-sample distance z. Under a parallel plate capacitor model approximation, the 
distance dependence is described by 𝑉𝑉𝑜𝑜(𝑧𝑧) = 𝜀𝜀𝑟𝑟

𝜀𝜀𝑟𝑟−1
𝑃𝑃𝑠𝑠
𝜀𝜀0

+(z + d). Here, d is the thickness of the sample with relative 

permittivity 𝜀𝜀𝑟𝑟 and spontaneous polarization Ps. In particular, for 𝜀𝜀𝑟𝑟 ≫ 1, V0 is approximated by  𝑃𝑃𝑠𝑠
𝜀𝜀0

+ (z+d), which 

results in Ps ≈  𝜀𝜀𝑜𝑜(𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧). 𝜀𝜀0 denotes vacuum permittivity. 
Since 𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧 is the slope of 𝑣𝑣0(𝑧𝑧)as a function of z, Ps can be quantified experimentally. Lock-in technique using z 
modulation is also useful for the measurement of 𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧. 
 

 
 

Figure 1 shows simultaneous NC-SNDP images of (a) topography (b) potential induced by surface polarization, and 
(c) surface polarization (polarization charge density) on a reconstructed Si(111) surface. The experiment was 
performed in an ultrahigh vacuum at room temperature. For NC-SNDP imaging, we used a Pt-Ir tip mounted on an 
LC oscillator oscillating at 1.7 GHz and applied ac voltage of 2.6Vpp at 23 kHz to the sample. In addition, the tip-
sample distance was slowly modulated at 125 Hz for 𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧 measurement. The bandwidths of the main z -
feedback and dc bias feedback were appropriately chosen to avoid interference among the multiple feedback loops 
and 𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧 measurement. The measured potentials were positive, which indicates that surface polarization was 
oriented outward normal to the surface. This is consistent with the previous experimental results on a Si(111) 
surface [1]. In our experiment, polarization charge density was estimated to be about 4mC/m2 in average. This 
result demonstrates that 𝜕𝜕𝑣𝑣0/𝜕𝜕𝑧𝑧  measurement gives a new way to determine polarization in nanoscale. 

This work was partly supported by a Grant-in-Aid for Scientific Research (Nos. 23226008, 15K04673, 
16H02330) from the Japan Society for the Promotion of Science. 

[1]  K.Yamasue and Y. Cho, Rev. Sci. Instrum. 86, 093704 (2015). 
[2]  K. Yamasue et al., Phys. Rev. Lett. 114(22), 226103 (2015). 
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P:10 Towards an atomic-scale understanding of metal-oxide/water interfaces 

E Holmstrom1, S Kawasaki2, P Spijker1, H Onishi3, M Lippmaa1, H Asakawa4, T Yamamura4, T Fukuma4, T Ohno5 and 
A S Foster1,4 
1Aalto University, Finland, 2University of Tokyo, Japan, 3Kobe University, Japan, 4Kanazawa University, Japan, 
5Kyushu Institute of Technology, Japan 

Interfaces between metal-oxides and water are present in a wide range of natural and industrial environments. 
Motivated by the great technological potential of SrTiO3 and TiO2 for clean energy production through photocatalysis, 
we use first-principles molecular dynamics, atomic-force microscopy, and solid-liquid contact angle measurements 
to interrogate the solid-liquid interface between these metal-oxides and water. We build a detailed ionic and 
electronic model of the hydration structure of the two materials, and explain differences in their surface reactivity to 
H2O through simple chemical principles. In addition, we assess proton dynamics at the interface, and study the 
impact of adsorption on the vibrational spectrum of H2O. Finally, we consider general implications of our results for 
metal-oxide/water interfaces. 
 
 
 
P:11 SrTiO3/H2O and TiO2/H2O solid-liquid interfaces from first-principles molecular dynamics 

E Holmstrom1, P Spijker1 and A S Foster1,2 
1Aalto University, Finland, 2Kanazawa University, Japan 

We use first-principles molecular dynamics to model the solid-liquid interfaces between the complex oxides SrTiO3 
and TiO2 and water. From our results, we show how the hydration structures of these materials arise from an 
interplay of physisorption and chemisorption, and explain trends in surface hydroxylation and rates of proton 
transfer among different surface terminations from differences in the ionicity of cation-anion bonding. In addition, 
we probe the vibrational properties of H2O adsorbed onto these materials, and use our results to propose general 
inferences for metal-oxide/water interfaces. 
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P:12 Magnetic force microscopy as a phase characterisation technique in stainless steels 

A Warren, R Harniman, S Davis, P Flewitt and T Scott 
1University of Bristol, UK 

Austenitic and duplex stainless steels contain a mix of austenite and ferrite, with the relative proportions of these 
phases, and their relative spatial distribution, significantly affecting the engineering properties, thermal ageing 
behaviour and creep damage accumulation. Given these effects, the ability to map the distribution of phases in a 
steel at approximately 10 nm resolution or better is of great interest. In these steels the two phases have different 
magnetic properties since austenite is paramagnetic and ferrite is ferromagnetic so that their distributions can be 
mapped using magnetic force microscopy (MFM). In this talk we discuss the application of MFM to image and 
quantify the distribution and proportion of ferrite in SAF 2205 duplex steel and a AISI Type 316H austenitic 
stainless steel. These results are compared directly with maps recorded in the same regions using the established 
phase mapping technique of electron back-scatter diffraction (EBSD); including a comparison of mapping resolution 
and quantification methods. For the quantification to be effective, a knowledge of the relative surface penetration of 
the two techniques is required. Then through the use of surface shielding it has been possible to quantify the depth 
measurement of the MFM system used in steel as 105 to140 nm.  

 
MFM magnetic image showing the distribution of ferrite in thermally aged 2205 duplex stainless steel. The cream 
regions are austenite and the brown/black regions ferrite. The striations in the brown colouring correspond to the 
magnetic field lines. 
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P:13 Why deposition order controls the formation of a metal-organic coordination network on an insulator surface 

V Haapasilta1, L Schüller2, S Kuhn2, H Pinto3, R Bechstein2, A Foster3 and A Kühnle2 
1Aalto University, Finland, 2Johannes Gutenberg University Mainz, Germany, 3Kanazawa University, Japan 

We recently reported [1] on the formation of a surface-confined metal-organic coordination network (MOCN) by 
sequential deposition of carboxylic acid molecules and iron atoms on the surface of a bulk insulator, calcite (10.4). 
It was observed, using non-contact atomic force microscopy under ultra-high vacuum conditions at room 
temperature, that sequential deposition facilitates MOCN formation when the organic linker molecules are adsorbed 
on the surface first, followed by subsequent iron deposition. Furthermore, the observed MOCN islands are notably 
elongated in the [010] substrate direction, demonstrating a templating effect of the underlying calcite substrate. In 
this presentation we examine these exciting experimental results and offer an explanation based on first-principles 
computations – emphasis on the latter.  

[1]  Lukas Schüller, Ville Haapasilta, Stefan Kuhn, Hugo Pinto, Ralf Bechstein, Adam S. Foster, and Angelika 
 Kühnle. Deposition order controls the formation of a metal-organic coordination network on an insulator 
 surface, submitted, 2016. 

 
 
 
P:14 Sequential on-surface transformation of a hydrocarbon molecule on copper surface as observed by first-
principles computations 

V Haapasilta1, S Kawai2, B Lindner3, K Tahara4, P Spijker1, J Buitendijk5, R Pawlak5, T Meier5, Y Tobe3, A Foster1 and E 
Meyer5 
1Aalto University, Finland, 2MANA, National Institute for Materials Science, Japan, 3Osaka University, Japan, 4Meiji 
University, Japan, 5University of Basel, Switzerland 

On-surface chemical reactions hold vast potential for manufacturing complex nanoscale structures directly on 
surfaces. To fully unleash this potential, more control over the process is necessarily required – this in turn calls for 
mechanistic understanding of the process at the molecular level. Here we present results addressing both of these 
aspects. Using a combination of high resolution atomic force microscopy with a CO functionalized tip together with 
first-principles computations, we explore a three-step transformation process of a hydrocarbon molecule on 
Cu(111) surface. We follow and explain the thermally-controlled reactions in step-by-step detail from the initial 
structure to the final product via two intermediate states. The results illustrate that surfaces can be used to 
synthesize new molecular species which can either self-assemble in situ, or, which can be collected for subsequent 
use, for example. In this presentation we concentrate on the computational side of the investigations: on the role of 
computations on the density functional level of quantum theory in interpreting the experiments. 
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P:15 Park Systems SmartscanTM automatized atomic force microscopy for simple point-and-click imaging, 
producing expert level quality AFM images at high speed 

S J Cho 

Park Systems, Korea 

Conventionally, Atomic Force Microscope (AFM) is considered the equipment for the qualitative measurement and 
not suitable for quantitative measurement. It also could not be made as widely adopted as other microscopy such 
as optical microscope or scanning electron microscope (SEM) because the operation is too difficult and complex for 
untrained individuals. Newly developed self-optimizing algorithm tackled these problems.  

The accuracy of the x-y scan was improved with feed-forward algorithm, Hann function, and dual servo system. The 
speed of the z scanner was increased by minimizing the mass of moving part of the scanner to which the probe is 
attached. The resulting z servo bandwidth was high enough to enable the non-contact mode in ambient atmosphere 
and made it stable enough to become practical for routine operation. The non-contact mode preserves the sharp tip 
and, therefore, provides highly accurate and repeatable measurements of the sample geometry through tip de-
convolution. 

In addition, we developed self-optimizing algorithms for the scan parameters of the non-contact mode, such as 
servo gain, set-point, and scan speed by analyzing the tip-sample interaction force and the scan data of previous 
line. In the new AFM system, the user only needs to set the scan area and the z servo error limit that corresponds to 
the degree of image quality. 

The new improved SPM not only produced accurate images faster, but also allowed various new industrial 
applications for Hard Disk Drive and semiconductor industry as well as basic research applications. Eventually, SPM 
will become as easy and widely adopted as optical microscope. 
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P:16 Optical and morphological properties of bis-pyrenyl π-conjugated molecules in thin films adsorbed on ionic 
crystal surfaces 

C Loppacher1,2, P Luangprasert2, L Nony2, F Bocquet2, F Para2, A D'Aléo2, P Zeppenfeld3, T Lelaidier2, T Léoni2, F 
Fages2 and C Becker2 
1CNRS IM2NP, France, 2Aix-Marseille University, France, 3Johannes Kepler University Linz, Austria 

We present a combined nc-AFM and differential reflectance spectroscopy (DRS) study of 1,4-di-n-octyloxy-2,5- 
bis(pyren-1-ylethenyl)benzene (bis-pyrene, see figure a). In an earlier work, this molecule was studied by STM on 
the gold (111) surface and the optical properties were investigated by surface cavity ring-down (s-CRD) on glass 
substrates.1 It was shown, that the optical absorption spectra where modified upon increasing coverage. This effect 
was attributed to a change of the molecular orientation between the first and the second monolayer. 

Here, we investigate these molecules on the insulating surfaces of ionic crystal (NaCl, KCl, and KBr) under ultrahigh 
vacuum conditions. Monolayer films of bis-pyrene molecules are deposited onto the clean substrate surfaces and 
DRS spectra are acquired simultaneously. After deposition, the thin films are analysed by nc-AFM. 

Figure a) shows the molecular structure and fig. b) the corresponding DRS measured during film growth on KCl. 

 

a)                                                                       b) 

 

 

Figure a) Chemical structure of the molecule 1,4-di-n-octyloxy-2,5-bis(pyren-1-ylethenyl)benzene; b) DRS spectra 
on NaCl with the main absorption peaks at 2.45 eV and 2.64 eV.  

In our work we will present an interpretation of the acquired DRS spectra, we will identify the main absorption peaks 
and the corresponding vibronic replica. The latter are well known for these molecules and the spacing has been 
quantified earlier (~155 meV).2 Furthermore, we will correlate the optical properties on these different surfaces to a 
structural analysis by nc-AFM. 

[1]  T. Lelaidier et al., Phys. Chem. Chem. Phys. (2016); DOI: 10.1039/c5cp06011g 
[2]  S. Leroy-Lhez et al., New J. Chem. 31, 1013 (2007); DOI: 10.1039/B617497C 
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P:17 Molecular-scale investigation of sulfonate-terminated alkanethiol SAMs by FM-AFM in liquid 

N Inada, H Asakawa, N Oku and T Fukuma 

Kanazawa University, Japan 

Molecular-scale control of surface structure and charge density has been widely studied for biosensors and 
semiconductor devices. The surface modification with an alkanethiol self-assembled monolayer (SAM) is a well-
known method to control surface structures and charges at molecular scale. SAMs terminated by negatively charged 
sulfonated group (SO3-C11-SAMs) have been used for many studies such as crystal growth and biomolecules 
immobilization. However, the structural information such as packing arrangement and molecular orientation remains 
unclear.  

In this study, we have investigated the molecular-scale structures of SO3-SAMs by frequency modulation atomic 
force microscopy (FM-AFM) in liquid. SO3-SAMs were formed on Au (111) substrates from 1 M SO3

--C11-SH (SO3-
thiol) aqueous solution because of the poor solubility in ethanol. We performed FM-AFM imaging of the SO3-SAMs 
in PBS solution (Fig. 1a). The AFM image shows clear striped contrasts with a spacing of approximately 2 nm as 
indicated by the arrows in Fig. 1a. The molecular length of an SO3-thiol is 1.7 nm. These results indicate that the 
main chains of the SO3-thiols are oriented nearly parallel to the Au (111) plane. To control the molecular orientation 
of the SO3-thiols in the SAM, we mixed OH-C11-SH (OH-thiol) with SO3-thiol. The SAMs formed from the mixed 
solution with a mole fraction of SO3=0.75 and 0.5 show the phase separation (Fig. 1b and 1c). The striped 
structures of the SO3-SAMs are observed in the lower regions. In contrast, the higher regions show the hexagonally 
arranged contrasts with a spacing of 0.5 nm, which are similar to the typical surface structure of OH terminated 
SAMs (OH-SAMs). We found that the SAMs prepared with a mole fraction of SO3=0.25 show small protrusions with 
a height of 0.2 nm (arrows in Fig. 1d). The molecular length of an OH-thiol is 1.5 nm. These results suggest that 
SO3-thiols and OH-thiols in the SAM are vertically oriented on the Au (111) substrate. 

The FM-AFM images shown here revealed the molecular-scale structures of SO3-C11-SAM. In addition, the results 
suggest that we can change the molecular orientation of SO3-thiols from the “flat-lying” to the “standing-up” by 
mixing them with OH-thiols. 

 

Figure 1. FM-AFM images and schematic models of (a) SO3-SAMs and (b)-(d) mixed SO3/OH-SAMs. 
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P:18 Building metal tips atom by atom characterized with an extended carbon monoxide front atom identification 
(COFI) method 

D Meuer, A B Kelbel and F J Giessibl 

University of Regensburg, Germany 

The structural details of the tip determine the spatial resolution and the contrast which is obtained in atomic force 
microscopy. Welker and Giessibl demonstrated, that a CO molecule on a Cu(111) surface can characterize the 
foremost atomic layer of the apex of a metallic tip [1]. A detailed knowledge of the second atomic layer of the tip 
would allow even more insights into the tip structure. 

In COFI, the upright bonded CO molecule on, e.g. Cu(111) probes the front atoms of the tip. We present a new 
technique where we put a CO on a Cu adatom essentially lengthening the CO molecule to a CuCO molecule. Then 
we trace the tip along a bell shaped curve to be closer to the second layer atoms next to the front most atoms. This 
method, which we call CuCOFI, allows us to characterize even the second atomic layer of the tip apex in situ by AFM. 

By either picking up single adatoms from the surface or dropping single atoms from the tip apex a metal tip can be 
built in a controlled way. Using the COFI and CuCOFI techniques the effect of dropping or picking up can be 
analyzed by characterizing the apex with COFI or CuCOFI. This allows us to engineer metal AFM tips in a controlled 
process. 

[1]  J. Welker and F. J. Giessibl, Science 336, 444 (2012) 
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P:19 Dynamic current-distance measurements at room temperature 

S Matencio1, F Huber1, A J Weymouth1, C Ocal2, E Barrena2 and F J Giessibl1 
1University of Regensburg, Germany, 2Institut de Ciència de Materials de Barcelona, Spain 

Simultaneous FM-AFM and STM offers additional data channels to record physical observables on the atomic scale. 
One of them is the decay constant of the tunnelling current, κ. Just like KPFM, κ measurements cannot be directly 
interpreted via a square-barrier model. We have previously measured PTCDA on Ag/Si(111) and demonstrated that 
a clear contrast in neighbouring molecules can be seen with κ measurements [1]. Although κ-channel maps provide 
a valuable tool to explore electronic effects with submolecular resolution, a deeper understanding is needed of the 
meaning of apparent barrier heights when non-metallic systems are studied. In this contribution, we present κ 
measurements obtained in UHV and room temperature of three complementary systems: the bare Si(111)-7x7 
surface, Ag on Si(111)-7x7 and perylene-3,4,9,10-tetracarboxylic dianhydride (PTCDA) on Si(111)-7x7. 
Comparison of the first two systems shows the clear influence of topography on κ measurements. PTCDA on Si(111) 
adsorbs as a single molecule over the corner hole and a charge transfer from the substrate occurs [2]. Evidences of 
such charge transfer are found in the κ-channel maps. 

[1]  F. Huber et al. Phys. Rev. Lett. 115 (6), 066101 (2015). 
[2]  N. Nicoara et al. Phys. Rev. B 82 (7), 075402 (2010). 
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P:20 High-resolution AFM/STM imaging and force spectroscopy of van der Walls nanostructures on metal surface 

P Jelinek1, O Stetsovych1, M Svec1, M Ondracek1, J Berger1, M Moro1 and P Hobza2 
1Institute of Physics of the Czech Academy of Science, Czech republic, 2Institute of Organic Chemistry and 
Biochemistry AS CR, Czech Republic 

Proper theoretical description of the weak vdW interaction, despite the large effort, still remains elusive and is 
intensely investigated. We intentionally prepared and investigated vdW nanostructures made of CO and Xe co-
deposited on Ag(111) surface by a high-resolution 3D mapping and molecular manipulation with the AFM/STM 
technique. We identify the atomic structure of such formations using high-resolution AFM/STM imaging supported 
by the total energy DFT-vdW calculations. In addition, we use the force-distance spectroscopy data, acquired with 
functionalized (CO, Xe) tips to gain direct access to the vdW forces acting between the functionalized tips and 
artificially created vdW nanostructures made of Xe and/or CO. Such information provides a unique opportunity to 
benchmark the available theoretical methods employed to describe the vdW interaction. We will provide a direct 
comparison of various vdW methods to the experimental energy vs. distance data. We will also discuss peculiar 
dynamics of Xe/CO nanostructures on Ag(111) surface.  

 
 
Figure. Left: Experimental force vs. distance spectroscopy and AFM/STM images of a single CO molecule on 
Ag(111) surface acquired with different CO-functionalized tips. Right:  Experimental force vs. distance spectroscopy 
and AFM/STM images of CO/Xe structure on Ag(111) surface acquired with CO-functionalized tip. 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     81 

 



 

 
P:21 Design, material selection and construction of a high speed shear piezo scanner for mapping interfacial liquid 
with atomic force microscopy 

A Farokh Payam and K Voitchovsky 

Durham University, UK 

Water plays a fundamental role in biology. Water molecules at the interface with biomolecules can influence folding, 
motion and function [1, 2]. At the surface of biological membranes, this so-called interfacial water can affect the 
membrane’s mechanical properties, dynamics and molecular adsorption. Yet, little is known about the behaviour of 
water at biological interfaces, partly due to a lack of suitable experimental techniques able to map the dynamical 
properties of interfacial water with nanoscale precision. Here we develop an approach based on atomic force 
microscopy (AFM) using a custom-designed high-speed shear piezo actuator.  

Over the last decade, the use of fast actuators and advanced control techniques has allowed major developments in 
the field of high-speed AFM [3, 4]. Although modern control methods can be used to increase the operating 
bandwidth, significant advancement can be obtained by suitable design of the stages driven by piezo actuators. 
Mechanical design is an important factor to increase the speed of imaging [4, 5] and recent works have 
concentrated on the development of stiff and compact stage designs [6]. Here, we present our approach used to 
design and construct a high-speed shear piezo scanner for AFM in liquid environment. In order to select the most 
appropriate materials for compliant stage design, we compare three different material selection methods, Ashby, 
VIKOR and TOPSIS. Low coefficient of thermal expansion (CTE), high rigidity and lightness are main criteria which are 
considered in the selection process. We extend our study to other piezo scanner stages such as flexure-based 
mechanisms using another material selection. The shear piezo scanner is constructed form the selected materials, 
and tested for the application of high speed atomic force microscopy in liquid environment. 
     

 
Figure 1 Ashby charts for density, thermal expansion coefficient and Young modulus. 

[1] H. Frauenfelder, P. W. Fenimore, G. Chen, B. H. McMahon. Protein folding is slaved to solvent motions. 
 PNAS 103,15469 –15472 (2006). 
[2] M. Grossman, et al. Correlated structural kinetics and retarded solvent dynamics at the metalloprotease 
 active site. Nature Structural & Molecular Biology 18, 1102-1108 (2011). 
[3] A. P. Nievergelt, B. W. Erickson, N. Hosseini, J. D. Adams, G. E. Fantner. Studying biological membranes 
 with extended range high-speed atomic force microscopy. Scientific Reports 5, 11987 (2015). 
[4]  P. K. Hansma, G. Schitter, G. E. Fantner, C. Prater.  High-speed atomic force microscopy. Science 314, 601 
 (2006). 
[5]  L. M. Picco, et al. Breaking the speed limit with atomic force microscopy. Nanotechnology 18, 044030 
 (2007). 
[6]  K. Miyata, K. Miyazawa, S. M. R. Akrami, T. Fukuma. Improvement in fundamental performance of liquid-
 environment atomic force microscopy with true atomic resolution. Japanese Journal of Applied Physics 54, 
 08LA03 (2015).    
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P:22 Three-dimensional local hydration structures on silicate minerals with various tetrahedral arrangements 
studied by liquid-3D-FM-AFM 

U Kenichi1, K Kobayashi2 and H Yamada2 
1University of Tokyo, Japan, 2Kyoto University, Japan 

Rapid progress has been made in frequency modulation atomic force microscopy (FM-AFM) in liquids over the past 
several years, which now allows us to visualize atomic-scale hydration structures. As the hydration structures are 
influenced by various surface properties such as surface structures and charge distribution, study on the 
relationship between the hydration structures and these properties is essential for understanding the hydration 
mechanisms as well as the imaging mechanisms of the hydration structures by FM-AFM. Up until now, we discussed 
the relationship between the hydration structures and charge distribution with clinochlore, a phyllosilicate mineral 
composed of alternating layers of positively-charged hydrotalcite and negatively-charged mica [1]. As the next step, 
we performed 3D force mapping on the several silicate minerals with different tetrahedral arrangements of silicates 
(SiO4-) in order to discuss the relationship between the hydration structures and molecular-scale structures. 

We chose albite (Alb, NaAlSi3O8) and apophyllite (Apo, KCa4Si8O20F·8H2O) as silicate minerals having tetrahedral 
arrangements different from that of mica. Alb has two perfect cleavage planes, (010) and (001), with different SiO4- 
tetrahedral arrangements on the surfaces, while Apo has only one perfect cleavage plane, (001). Figures 1(a-c) 
show atomic structures of the Alb(010), Alb(001) and Apo(001), respectively. The water density is expected to be 
higher in the hollows surrounded by the SiO4 - tetrahedra on the analogy of the case of mica. Figures 1(d-f) show 
representations of 3D force maps measured on the cleaved Alb(010), Alb(001) and Apo(001) surfaces in 100 mM 
KCl solution, respectively, shown with topographic (constant ∆f) images. All the topographic images show clear 
atomic-scale features, which are attributed not to the SiO4 - surface but to the 2nd and 3rd hydration layers. The 
contrasts in the 3D force map of Alb(001) were more complicated than those on the other surfaces, as expected 
from the corrugated tetrahedral arrangement of SiO4 -. Both the Alb surfaces showed clear dot-like hydration 
structures while Apo(001) showed relatively indistinct dot-like structures due to the larger unit cell as presented in 
Figs. 1(a-c). 

 

 
Figure 1: (a-c) Crystal structures and (d-f) Representation of 3D-force maps of (a,d) Alb(010), (b,e)Alb(001) 
and (c,f) Apo(001). Green and yellow tetrahedra represent those pointing upward and downward, respectively. 

[1]  K. Umeda et al., NC-AFM 2015@Cassis 
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P:23 Effect of oscillation amplitudes on bimodal FM-AFM in ambient conditions 

H Ooe1, D Kirpal2, D Wastl2, J Weymouth2, T Arai1 and F Giessibl2 
1Kanazawa University, Japan, 2University of Regensburg, Germany 

Recently, observations of atomic resolution in ambient conditions have been demonstrated in part due to the 
improved sensitivity of FM-AFM measurements. We proposed that the optimization of the oscillation amplitude was 
important to obtain atomically-resolved image in ambient conditions. [1, 2] The ideal amplitude on KBr(100) was 
determined to be A = 75 pm and lead to dramatic enhancement of the signal-to-noise ratio (S/N) around the ideal 
amplitude.[1] This amplitude dependence of the S/N was interpreted by considering the hydration layer formed on 
the sample surface. 

In order to reveal the effect of hydration layer, we performed measurements in single-mode and bimodal FM-AFM on 
KBr(100) in ambient conditions. We found that the clarity of the atomically-resolved image depends on not only the 
amplitude of the individual mode but also on the summation of both amplitudes in bimodal measurements. Figure 
1 (c) and (d) are taken in single-mode FM-AFM. Only the first flexural mode is excited at A1st = 75 pm in (c) and only 
second flexural mode is excited at A2nd = 75 pm in (d). Atomic resolution can be seen in both images. We confirm 
that the ideal amplitude for single mode FM-AFM is about 75 pm independent of the flexural mode. However, in the 
bimodal measurement with each mode excited at 75 pm, atomic resolution became much weaker as shown (e) and 
(f). When amplitudes were decreased (under the condition of A1st = A2nd) clear atomic resolution was obtained at 
each amplitudes from about 50 pm to 30 pm. The highest S/N was achieved at about 40 pm (g) and (h). These 
results are thought to be due in part to the screening effect of water molecules because the S/N reduction is caused 
when the displacement of the tip becomes larger than the thickness of primary hydration layer (t ~ 200 pm). 

 
 

Figure1 Schematics of (a)first and (b)second flexural mode. (c)Δ 𝑓𝑓1st image at A1st = 75 pm. (d)Δ 𝑓𝑓2nd at A2nd = 75 
pm. Simultaneously obtained (e)Δ 𝑓𝑓1st and(f)Δ 𝑓𝑓2nd images at A1st = A2nd = 75 pm. Simultaneously obtained (g)Δ 
𝑓𝑓1st and (h)Δ 𝑓𝑓2nd images at A1st = A2nd = 40 pm.  

[1] D. S. Wastl, A. J Weymouth, and F. J. Giessibl, Phys. Rev. B 87, 245415 (2013). 
[2] D. S. Wastl, M. Judmann, A. J. Weymouth, and F. J. Giessibl, ACS Nano 9, 3858 (2015). 
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P:24 Linear distribution of Cs at surface of nano clay particle 

Y Araki1, H Satoh2, H Onishi3, K Kobayashi1 and H Yamada1 
1Kyoto University, Japan, 2Mitsubishi Materials Corporation, Japan, 3Kobe University, Japan 

Clay consists of nm-scale particles of sheet silicate crystal. It has been known that cations at surface and at 
interlayers of natural clay (e.g., K+, Na+, Ca2+) are exchangeable with heavier and larger cations in the soil. Atomic 
scale observation of distribution of exchangeable cations at the clay surfaces is expected to reveal the true clay 
structure and the mechanism of adsorption ability of clay minerals. We performed atomic-scale observation of Cs 
adsorption at the montmorillonite surface which is a common clay mineral of 100 nm particle size by frequency 
modulation atomic force microscopy (FMAFM). The surfaces of Na-rich natural montmorillonite (Tsukinuno, Japan) 
were observed in 0.5 M CsCl solution. The chemical components of the montmorillonite 2 hours after immersion of 
the montmorillonite particles in the CsCl solution was analyzed by energy dispersive x-ray spectrometry (EDS) to 
confirm the substitution of Na+ with Cs+.  

The surface of the montmorillonite monolayer on mica substrate showed some linear protrusions 4 hours after the 
CsCl solution was added (Fig.1). The cations at the surface and at the interlayers of the montmorillonite was 
completely exchanged with Cs+ according to the EDS analysis. Chemical formula of Cs-rich montmorillonite which 
was determined by EDS analysis indicates that Cs+ dominates 10 % of the centers of six-membered silicate rings. 
This ratio was consistent with the occupancy of the brighter linear protrusions in the FM-AFM image. Therefore, we 
considered the linear protrusions show the adsorbed Cs+ on the montmorillonite. The linear distribution of Cs+ is 
estimated to be dominated by the Mg2+ distribution in the deeper layer of the montmorillonite monolayer, because 
the divalent cations inside the montmorillonite are the source of negative charge of the surface. Our atomic-scale 
measurement suggests that a “nanolamellae” structure was formed in the montmorillonite particles as a result of 
the separation of Mg2+ from the other Al3+ inside the montmorillonite (Fig. 2). 
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P:25 Mg concentration dependence of calcite hydration structure 

Y Araki1, H Onishi2, K Kobayashi1 and H Yamada1 
1Kyoto University, Japan, 2Kobe University, Japan 

Magnesium ion (Mg2+) is a component to induce the change of nucleation rate, morphology of molecular steps, 
growth/dissolution rate of calcite. These results obviously show noteworthy effects of Mg2+ on the physicochemical 
property of calcite-solution interface. However, behavior of Mg2+ at the interface have not been understood. We 
performed the observation of atomic-scale change of the hydration structure at the calcite solution interface with the 
Mg2+ concentration by the FM-AFM so as to visualize the behavior of Mg2+ at the interface through the change of the 
hydration structure. 

The cleaved calcite surfaces were observed in the magnesium chloride (MgCl2) solution of 10, 50 and 100mM in 
room temperature. While unclear 2 hydration layers were detected in 10 mM MgCl2 solution, hydration structure 
became clearer with the concentration of Mg2+ (Fig.1). Totally 4 and 5 layered structures with six-packed structure 
were observed in 50 mM and 100 mM solution, respectively. 

On the other hand, no atomic-scale change was observed at the calcite surface regardless of Mg2+ concentration, 
although it is expected the local lattice strain would appear on the calcite surface due to the incorporation of the 
Mg2+. Hence, we estimated that the multi layering of hydration was induced as a result of concentrating of the 
magnesium ions in the vicinity of the calcite surfaces and attracting of the water molecules by Mg2+. 

 

 
Figure 1 FM-AFM images of hydration structure at the calcite - MgCl2 solution interfaces and their force curves 
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P:26 Influence of ions on 3D force images measured at fluorite-water interfaces 

K Miyazawa1, M Watkins2, A Shluger3, K-I Amano4 and T Fukuma1 
1Kanazawa University, Japan, 2University of Lincoln, UK 3University College London, London, 4Kyoto University, Japan 

Solvation plays important roles in various solid-liquid interfacial phenomena. To visualize 3D solvation structures, 
three-dimensional scanning force microscopy (3D-SFM) has been developed based on FM-AFM. In 3D-SFM, 3D 
distribution of the force ((𝒓𝒓)) applied to the AFM tip is measured with subnanometer resolution while the tip is 
scanned in a 3D interfacial space. Recently, we investigated the detailed relationship between the intrinsic 
hydration structures (i.e. water density distributions ((𝒓𝒓))) at a fluorite-water interface and the measured 3D force 
distribution ((𝒓𝒓)) by comparing the results obtained by the experiments and simulation [1]. In addition, we 
proposed a simple method to convert a theoretically calculated (𝒓𝒓) distribution to a (𝒓𝒓) distribution using the 
solvation tip approximation (STA) model [2]. This method enabled quantitative comparison between the 3D force 
images obtained by the simulation and experiments. In this previous work, we performed 3D-SFM measurements in 
pure water to enable direct comparison with the simulated images. Thus, the influence of the ions on the 3D force 
distribution at a fluorite-water interface is yet to be understood. 

In this study, we measured 3D (𝒓𝒓) distribution over an fluorite (111) surface in pure water and supersaturated 
solution (𝜎𝜎 = 100). Here, 𝜎𝜎 is the degree of the supersaturation of the fluorite solution. Under these solution 
conditions, we can obtain atomic-resolution AFM images of fluorite (111) surface [3]. After we performed 3D-SFM 
experiments, we compared the experimentally obtained (𝒓𝒓) image with the (𝒓𝒓) image calculated by the MD 
simulation and the (𝒓𝒓) image calculated from the (𝒓𝒓) image using the STA model. Figure 1a-d show 𝑧𝑧 cross sections 
obtained from the 3D images of (a) 𝜌𝜌(𝒓𝒓) in pure water, (b) 𝐹𝐹(𝒓𝒓) calculated from (a) using the STA model, (c) short-
range 𝐹𝐹(𝒓𝒓) measured by 3D-SFM in water, (d) short-range 𝐹𝐹(𝒓𝒓) measured by 3D-SFM in supersaturated solution (𝜎𝜎 
= 100). Here, we refer to F- ions higher/lower than Ca2+ ions as Fh/Fl ions at the fluorite (111) surface, 
respectively. All the 𝑧𝑧 cross sections show enhanced local distributions over Ca, Fh and Fl sites indicated by the 
circles with the black dotted lines. Meanwhile, local (𝒓𝒓) distributions in Fig. 1b-d indicated by the arrows are 
enhanced compared with the local (𝒓𝒓) distribution indicated by the arrow in Fig. 1a. This is due to the strong (𝒓𝒓) 
gradient above the Ca site [2]. This result highlighted the importance and the effectiveness of the (𝒓𝒓)-to-(𝒓𝒓) 
conversion by the STA model. The (𝒓𝒓) image obtained in supersaturated solution (Fig.1d) shows another enhanced 
local distribution over the Ca site as indicated by the circles with the red solid lines. Such an enhanced force peak is 
not observed in the (𝒓𝒓) images obtained in pure water or calculated by the STA model. Thus, this force peak is most 
likely caused by the adsorption of ions on the Ca site. Although determination of the ionic species will require the 
help by an atomistic simulation, the result demonstrates the unique capability of the 3D-SFM to visualize local 
adsorption site of ions at a solid-liquid interface. 

 
Figure 1 𝑧𝑧 cross sections of (a) 𝜌𝜌(𝒓𝒓) obtained by MD simulation, (b) 𝐹𝐹(𝒓𝒓) calculated by the STA model, (c) short-
range 𝐹𝐹(𝒓𝒓) measured by 3D-SFM in pure water, (d) short-range 𝐹𝐹(𝒓𝒓) measured by 3D-SFM in supersaturated 
solution (𝜎𝜎 = 100).  

[1]  T. Fukuma et al. Phys. Rev. B 92 (2015) 155412. 
[2]  K. Miyazawa et al. Nanoscale 8 (2016) 7334. 
[3]  N. Kobayashi et al. J. Phys. Chem. C 117 (2013) 24388. 
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P:27 TiO2(011)-(2×1) surface characterized by atomic force microscopy and scanning tunneling microscopy 

J Onoda1, A Yurtsever2, M Abe2, C L Pang3 and Y Sugimoto1 
1University of Tokyo, Japan, 2Osaka University, Japan, 3University College London, UK 

TiO2 has been investigated for several decades since it is discovered as an active photocatalyst. This has led to 
numerous surface science studies focused on the most thermodynamically stable rutile TiO2(110) surface. On the 
other hand, there is a growing interest in other rutile termination faces such as TiO2(011) because of its enhanced 
photoactivity. So far, the studies of TiO2(011) mainly have focused on the (2×1) reconstruction. The diffraction 
methods have proposed the “diffraction model” (Fig. (a), (b)), which is considered to be the most probable 
structure. In scanning tunneling microscopy (STM) images, “beanlike” and “zigzag” motifs appear in images 
recorded “close to” and “far from” the surface respectively, and both of these were reproduced by first principles 
simulations with the “diffraction model” (Fig. (c))[1] . On the other hand, there are a few studies of the TiO2(011) 
surface by atomic force microscopy (AFM)[2, 3] even though AFM imaging and force spectroscopy measurements 
can provide fruitful information for the chemical reactivity of specific surface sites[4] . We will present our recent 
results of TiO2(011) surface investigated by AFM and STM[5] . AFM images of the TiO2(011)-(2×1) reconstructed 
surface were observed for the first time with the atomic resolution (Fig. (d)). Simultaneously recorded AFM/STM 
images (Fig. (d), (e)) reveal that the AFM and STM zigzags are in phase with each other and therefore may have a 
similar origin. Likewise, by comparison with STM images, H adatoms are clearly discriminated in the AFM images. 
We will also discuss H diffusion on the (2×1) rows. 

 

Figure : (a) Side view of the ball model of TiO2(011)-(2×1) viewed along the [011����] direction. (b) Top view of the 
same model. The top layer O atoms are shown in purple and the second layer are in light blue. All other O atoms are 
gray. The top Ti atoms are orange whereas all other Ti are shown in dark red. (c) Simulated STM image of the 
TiO2(011)-(2×1) surface with the top atoms of the model superimposed1. Simultaneously recorded AFM (d: 
frequency shift, Δf) and STM (e: time-averaged current, Īt) images 

[1]  T. Woolcot et al., Phys. Rev. Lett. 109, 156105 (2012). 
[2]  T. Kubo et al., J. Am. Chem. Soc. 129, 10474 (2007). 
[3]  C. L. Pang et al., J. Phys. Chem. C 118, 23168 (2014). 
[4]  D. Fernández-Torre et al., Phys. Rev. B 91, 075401 (2015). 
[5]  A. Yurtsever et al., J. Phys. Chem. C 120, 3390 (2016. 
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P:28 Theoretical study of the intra- and intermolecular potentials of assemblies of C60 molecules and of 
phthalocyanine molecules 

M A Rashid, S P Jarvis, A Sweetman, A Saywell, P Moriarty and J Dunn 

University of Nottingham, UK 

Despite the advancement of force microscopy in studying the intra- and intermolecular potentials between 
molecules, it is extremely important to study these properties theoretically so that a complete understanding of such 
features can be developed. We have previously studied how an assembly of fullerene (C60) molecules would be 
imaged using a functionalised tip [1,2], using a simple approach based around pairwise Lennard-Jones (12-6) 
potentials as developed by Hapala et al. [3] and Boneschanscher et al. [4]. For appropriate choices of the Lennard-
Jones parameters and of relative tip-sample orientations, our method allowed us to predict the form of the intra- 
and intermolecular potential that would be observed using dynamic atomic force microscopy. Due to the simplicity 
of the method, results can be obtained very quickly and at a very low computational cost. We now use the same 
approach to study phthalocyanine [5] molecules, and compare our simulated result with experiment. We find that 
direct application of the method that successfully describes C60 assemblies does not reproduce the experimental 
results on phthalocyanines. This provides us with more insight into the method such as its flexibility and sensitivity 
to the choice of parameters.  

[1]  S. P. Jarvis, M. A. Rashid, A. Sweetman, J. Leaf, S. Taylor, P. Moriarty, and J. Dunn, Phys. Rev. B 92, 
 241405 (2015) 
[2]  A. Sweetman, M. A. Rashid, S. P. Jarvis, J. L. Dunn, P. Rahe, and P. Moriarty, Nat. Commun. 7, 10621 
 (2016) 
[3]  P. Hapala, G. Kichin, C.Wagner, F. S. Tautz, R. Temirov, and P. Jelínek, Phys. Rev. B 90, 085421 (2014) 
[4]  M. P. Boneschanscher, S. K. Hämäläinen, P. Liljeroth, and I. Swart, ACS Nano 8, 3006 (2014) 
[5]  P. Hapala, R. Temirov, F. S. Tautz, and P. Jelínek, Phys. Rev. Lett. 113 226101 (2014) 
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P:29 Assembling molecular templates 

A Foster1, S Kawai2, K Banerjee1, A Kumar1, T Björkman3, F F Canova1, P Liljeroth1 and E Meyer4 
1Aalto University, Finland, 2MANA, National Institute for Materials Science, Japan, 3Abo Akademi University, 
Finland, 4University of Basel, Switzerland 

Many ideas in next generation technology are predicated on atomic and molecular control of surfaces and 
interfaces. A natural route to providing this level of control is molecular self-assembly, with the surface or interface 
fabricated from molecular building blocks. The design process can either offer functionality directly [1] or act as a 
template for the adsorption of the active atoms or molecules. In this work, we consider two systems where molecular 
assembly is used to prepare a template substrate, which is then used to explore atomic and molecular properties 
using a combination of high resolution SPM and first principles modelling. In the first example [2], we use a two-
dimensional metal organic framework layer to produce an array of templated noble atoms, and then we measured 
the paradigmatic van der Waals interactions represented by the noble gas atom pairs Ar-Xe, Kr-Xe, and Xe-Xe with 
an AFM Xefunctionalized tip. We found that the magnitude of the measured force increased with the atomic radius, 
yet detailed simulation by density functional theory revealed that the adsorption induced charge redistribution 
strengthened the van der Waals forces by a factor of up to two, thus demonstrating the limits of a purely atomic 
description of the interaction in these representative systems. 

 
 
In the second example, we study the self-assembly of molecules on a graphene model surface. Under suitable 
conditions, the tricarboxylic acid 1,3,5- benzenetribenzoic acid (BTB) self-assembles into an extended honeycomb 
mesh on graphene on Ir(111), with the molecules in the network being stabilized by linear hydrogen bonds between 
the carboxylic groups. The nanopores of the mesh are used to host and govern the assembly of cobalt thalocyanine 
(CoPC) guest molecules. We characterize the assembled system structurally and electronically using low-
temperature STM and density functional theory (DFT) calculations. The phenomenon observed here can be used to 
tailor molecular assemblies on graphene to controllably modify its properties. 

  
  
[1]  Shigeki Kawai, Shohei Saito, Shinichiro Osumi, Shigehiro Yamaguchi, Adam S. Foster, Peter Spijker and 
 Ernst Meyer, Nat. Commun. 6 (2015) 8098 
[2] Shigeki  Kawai,  Adam  S.  Foster,  Torbjörn  Björkman,  Sylwia  Nowakowska,  Jonas  Björk,  Filippo               
 Federici Canova, Lutz H. Gade, Thomas A. Jung and Ernst Meyer, Nat. Commun. (2016) accepted 
[3]  Kaustuv Banerjee, Avijit Kumar, Filippo Federici Canova, Shawulienu Kezilebieke, Adam S. Foster,
 and Peter Liljeroth, J. Phys. Chem. C (2016) accepted 
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P:30 Development of low-latency wideband PLL for high-speed FM-AFM 

K Miyata, Y Kawagoe and T Fukuma 

Kanazawa University, Japan 

Recently, high-speed AFM (HS-AFM) has been developed and used for in-situ imaging of dynamic behavior of 
biomolecules. However, the resolution of the present HS-AFM is on the order of nanometer. In contrast, recent 
advancement in FM-AFM has enabled atomic-scale imaging of surface structures and 3D hydration structures at 
solid-liquid interfaces. However, its imaging speed (typically ~1 min/frame) is often too slow to visualize dynamic 
processes. Improvement in the FM-AFM operation speed is one of the promising solutions for this problem. The 
development of the high-speed FM-AFM requires improvement in the bandwidth and latency of the components 
constituting the tip-sample distance regulation loop. In particular, the phase-locked loop (PLL) circuit, which detects 
the resonance frequency shift (Δω) from deflection signal [cos (ω0t+φ)] (ω0: resonance frequency of the 
cantilever) and generates the excitation signal [cos (ω0+Δω)t], is one of the major speed limiting components. 
Conventional PLL circuit relies on the multiplication-based phase comparator (PC) as is typically used in a lock-in 
amplifier. This type of PC contains a low pass filter (LPF) having large latency and hence limits the response speed 
of the PLL. Recently, we proposed the subtraction-based PC using a high-pass filter (HPF). The developed PC has 
low latency and greatly improves the response speed of the PLL. Using this PLL, we enabled high-speed atomic 
resolution imaging in liquid at 2 sec/frame. However, the bandwidth and latency of the PLLs with different designs 
have not been quantitatively compared. Therefore, the contribution of the proposed PLL design has not been 
clarified yet.  

In this study, we implement the conventional and proposed PLLs in the same hardware platform and compare the 
performances of these PLLs quantitatively. Fig. 1 shows the block diagram of the proposed PLL. In this PLL, the 
cantilever deflection signal is fed into the subtraction-based PC. In this PC, the deflection signal is multiplied by the 
reference signal [cos (𝜔𝜔0t)] and converted to dc and 2𝜔𝜔0 components. While the dc component is suppressed by 
HPF, the 2𝜔𝜔0 component is passed to the subtractor. φ is obtained by the subtraction of the output of φ–VCO from 
the 2ω0 component. This φ– VCO generates the sawtooth wave which have a frequency proportional to the input 
signal and is used as the phase of the cantilever excitation signal. Finally, Δ𝜔𝜔 is detected from the input of φ–VCO 
by keeping φ to zero using phase feedback loop. In this PLL, the subtractor, loop filter (LF) and φ–VCO make a low 
latency phase feedback loop, providing a wide bandwidth. In addition, using a HPF instead of a LPF, the latency of 
the PLL from the input (deflection) to the output (frequency shift) decreases. The frequency response of the PLL with 
the proposed design shows a bandwidth (BFB) of 305 kHz and a latency (τd) of 1.6 μs (Fig. 2). These values are 
about 4.9 times wider and 2.5 times lower than those obtained with the conventional design. This result shows that 
the proposed PLL is critically important for the high-speed operation of FM-AFM in liquid. 

 

 
Figure 1 : Block diagram of the proposed PLL design. 
Figure 2 : Frequency response of the PLLs with the conventional and proposed designs. 
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P:31 Role of ions in solid-liquid interfaces investigated by molecular simulations 

L Zivanovic1, P Spijker1, K Kobayashi2 and A Foster1 
1Aalto University, Finland, 2Kyoto University, Japan 

Natural occurring materials composed primarily of fine-grained minerals are commonly referred to as clay minerals, 
of which sheet silicates (phyllosilicates) are important to industry. Examples include aluminum silicate minerals 
such as kaolinite, pyrophyllite and muscovite, as well as the corresponding magnesium silicate minerals, antigorite, 
talc and phlogopite. In their natural environment, these clay minerals are exposed to electrolyte solutions, and 
typically an electrical double layer (EDL) forms near the solid-liquid interface. This distribution of charge in the solid-
liquid interfaces plays an essential role in a wide range of processes in biology, geology and technology. Ions are 
also expected to play a role in high-resolution atomic force microscopy (AFM) imaging in liquids, although the 
mechanism remains unclear. Standard theories describing the EDL, such as DLVO theory, break down near the 
interface where the molecular size plays a role. Instead, molecular simulations are a prime technique to investigate 
the influence of ions on solid-liquid interfaces at this molecular level. 

To investigate the influence of ions on the different types of solid-liquid interfaces, we used MD simulations to study 
clinochlore and muscovite mica, and, as control systems, calcite and graphene, in the presence of high ion (NaCl) 
concentrations (>1M). On charged surfaces, solvated ions tend to accumulate close to the surfaces creating a clear 
EDL, reflecting the surface charge distribution in which ions are binding to specific surface sites. Furthermore, ions 
not only affect the water ordering within the first hydration layer but they are also increasing water ordering up to 
third and fourth hydration layers as ion concentration is increased. 

To explore this further, we compared our results to recent AFM measurements on clinochlore, where ordered 
patterns on different terraces were found, but no regular patterns where seen at the step edge region. Our 
simulations of different clay steps show that ions tend to avoid the step region, leaving the interfacial water structure 
near the step edge strongly ordered [1]. On the other hand, away from the step regions the ions interact with the 
hydration layers. It is likely that the formation of the EDL and the increased water ordering could be the reason for 
the increased contrast in AFM observation. 

 

[1]  K.Umeda, L.Zivanovic, P.Spijker, K. Kobayashi, A S.Foster, and H. Yamada, submitted (2016) 
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P:32 NC-AFM imaging contrasts of the anatase TiO2 (101) surface 

R Jöhr, A Hinaut, T Glatzel and E Meyer 

University of Basel, Switzerland 

The anatase polymorph of titania is of great interest for applications like catalysis or photovoltaics. In the form of 
nanoparticles, which are of high importance for the applications, the anatase configuration is the most stable 
polymorph of titania. Its (101) surface is the energetically most favored one and exhibits a saw-tooth pattern along 
the [010] direction (Figure 1a). However, unlike the well investigated model surface of rutile TiO2 (110), there are 
much less high resolution studies for anatase TiO2 (101).[1,2] The main reasons for this are the limited availability 
of high quality crystals, most samples originate from natural samples and the low corrugation of the (101) 
surface.[3] 

In our work we present high resolution nc-AFM results measured in ultra-high vacuum and at room temperature that 
either reveal the stripes of the characteristic saw-tooth pattern or the hexagonal structure of the top most oxygen 
atoms (Figures 1b and 1c). The occurrence of these distinct contrasts is due to specific tip terminations. Inspired by 
results on rutile (110), where it is found that the imaging contrasts are dominated by electrostatic interactions [4], 
we propose a description of the contrasts that uses positively and negatively polarized tips. Improving our 
understanding of the anatase (101) surface via nc-AFM imaging as well as the imaging modes will promote the 
understanding of adsorbed functional molecules in future studies, which is important for e.g. hybrid photovoltaics. 

 

Figure 1: a) Atomic model of the anatase TiO2 (101) surface. b) and c) nc-AFM topography obtained with positive 
and negative tip terminations, respectively. 

[1]  U. Diebold, Surface Science Reports 48, 53, 2003 
[2]  O. Stetsovych et al., Nature Communications 6, 7265, 2015 
[3]  M. Setvin et al., Surface Science 626, 61, 2014 
[4]  J. V. Lauritsen et al., Nanotechnology 17, 3436, 2006 
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P:33 Adsorption properties of isolated porphyrin molecules on TiO2 

T Glatzel1, R Jöhr1, A Hinaut1, R Pawlak1, A Sadeghi2, S Goedecker1, P Olszowski3, L Zając3, S Godlewski3, B Such3, M 
Szymonski3 and E Meyer1 
1University of Basel, Switzerland, 2Shahid Beheshti University, Switzerland, 3Jagiellonian University, Poland  

Titania surfaces sensitized with metallo-porphyrins are of increasing interest for photocatalysis or photovoltaics [1]. 
In these applications, the dye absorbs light and injects the exited electron into the conduction band of the titania. 
The binding configuration is thereby of great importance for the electron transfer process. To simultaneously 
investigate the binding configuration and its influence on the charge transfer process, non-contact Atomic Force 
Microscopy (nc-AFM) and in particular Kelvin Probe Force Microscopy (KPFM) are the methods ofchoice. 

In our work we studied the adsorption properties of isolated porphyrin molecules containing a different number (0-
4) of carboxyphenyl groups changing the adsorption behavior on anatase and rutile TiO2. Bimodal nc-AFM at room 
temperature and under ultrahigh vacuum (UHV) was applied to obtain high resolution on the molecules as well as 
on the substrate. The experimental data reveals that the porphyrin molecules align themselves with respect to the 
substrate structure resulting in well-defined orientations [2,3]. The number of carboxyl groups, the preparation 
temperature, and the configuration of surface adsorbates are responsible for the binding strength of the molecules. 
Figure a) shows stable as well as mobile porphyrin molecules with two carboxylic groups in trans configuration on a 
TiO2 surface, after annealing at 300°C for 30min (Fig. b)) all of the molecules are stabilized. High resolution 
measurement of similar molecules in cis configuration (Fig. c)) revel the detailed absorption configuration in 
dependence on the mobility. Results from DFT calculations using the deduced binding configurations as input were 
in good agreement with the experimental data. 

 

 
Figure 1: nc-AFM images of zinc porphyrin molecules with two carboxyl groups in trans configuration on a TiO2 
surface. a) directly after deposition, b) after annealing at 300°C for 30min, and c) porphyrins in cis configuration 
and with high resolution. 

[1]  R. Jöhr et al., Hybrid Materials 2, 17, (2015) 
[2]  P. Olszowski et al., JPCC, 119, 21561, (2015) 
[3]  R. Jöhr et al., JCP, 143, 094202, (2015) 
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P:34 Charge transfer from Pd nanoclusters into CO molecule at room temperature with AFM/KPFM 

Y Li, T Watanabe, M Tada, Y Naitoh and Y Sugawara 

Osaka University, Japan 

Charging of the supported noble metal nanoclusters on a metal oxide surface plays a key role in promoting their 
chemical activity [1]. In the previous research, the macroscopic studies using infrared spectroscopy and x-ray 
diffraction have been performed on nanoclusters on metal oxide surfaces under CO gas condition [2]. However, the 
phenomena happening between metal nanoclusters and CO molecules with the atomic-scale have not been 
investigated. The visualization of the active sites has not been performed and is still remained challenge. 

In this study, we investigated the adsorption of CO molecule on Pd nanoclusters deposited on Al2O3/NiAl(110) 
surface [3] at room temperature with AFM/KPFM. Figure 1 shows the topography and the local contact potential 
difference (VLCPD) image measured for CO-adsorbed Pd nanoparticle. The CO molecule adsorbed near the edge of 
Pd nanocluster was observed even at room temperature (Fig. 1(a)). VLCPD at the CO adsorbed site increased, 
compared with the other area on Pd nanocluster (Fig. 1(b)). By comparison of the surface potential of Pd 
nanoclusters before and after CO adsorption, we found that the surface potential dramatically changed. These 
experimental results suggest that the electron back donation occurs from Pd nanocluster to antibonding orbital of 
CO molecule. Furthermore, for the first time, we succeeded in atomic-resolution imaging of the CO molecule 
deposited on Al2O3/NiAl(110) surface. 

 
 

Figure 1 (a) Topography and (b) VLCPD image for CO-adsorbed Pd nanoclusters on Al2O3/NiAl(110) surface 
measured under CO gas condition using AFM/KPFM at room temperature. 

[1]  B. Yoon, et al, Science 307, 21 (2005). 
[2]  K. Wolter et al, Surf. Sci., 399, 190-198 (1998). 
[3]  Y. J. Li, J Brndiar, Y Naitoh, Y Sugawara and I. Štich, Nanotechnology 26, 50 (2015). 
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P:35 Comparison of the sensitivity and signal-to-noise ratio of the first two flexural modes for self-sensing qPlus 
AFM sensors 

D Kirpal1, H Ooe2, T Arai2 and F Giessibl1 
1University Regensburg, Germany, 2Kanazawa University, Japan 

Higher flexural modes are used due to their higher eigen frequencies and spring constants. In this work we 
calculated theoretically and determined experimentally the sensitivity for the first two flexural modes of a self-
sensing qPlus sensor [1,2,3]. We found that the experimental value of the second mode is 3.5 times higher than for 
the first mode. This roughly agrees with the calculated value of 3.1. The noise at the higher flexural mode is reduced 
by higher sensitivity and lower electrical noise density, but increased by the higher k/f0 –ratio [4]. Therefore the 
minimum detectable force gradient decreases in high-Q environments where detector noise is dominant. In ambient 
conditions and liquid environments the thermal noise is dominant [5] and the minimum detectable force gradient 
increases. Higher flexural modes are therefore very promising for high-Q environments.  

[1]  Chen, C. J., Introduction to scanning tunneling microscopy (Vol. 2). New York: Oxford University Press. 
 (1993).  
[2]  Butt, H. J., & Jaschke, M., Calculation of thermal noise in atomic force microscopy. Nanotechnology, 6, 
 1 (1995).  
[3]  Giessibl, F. J., Atomic resolution on Si (111)-(7× 7) by noncontact atomic force microscopy with a force 
 sensor based on a quartz tuning fork. Applied Physics Letters, 76, 1470 (2000).  
[4]  Giessibl, F. J., Pielmeier, F., Eguchi, T., An, T., & Hasegawa, Y., Comparison of force sensors for atomic 
 force microscopy based on quartz tuning forks and length-extensional resonators. Physical Review B, 
 84, 125409 (2011).  
[5]  Wastl, D. S., A. J., and Giessibl. F.J., "Optimizing atomic resolution of force microscopy in ambient 
 conditions." Physical Review B 87, 245415. (2013) 
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P:36 Dewetting processes of thin organic films studied by noncontact and intermittent contact atomic force 
microscopy 

K Szajna1, T Glatzel2, M Kratzer3, D Wrana1, W Belza1, A Hinaut2, C Teichert3, E Meyer2 and F Krok1 
1Jagiellonian University, Poland, 2University of Basel, Switzerland, 3Montanuniversitat Leoben, Austria 

We have investigated the growth and stability of ultra-thin organic films, consisting of rod-like, para-hexaphenyl (6P) 
molecules on ion beam modified surfaces of TiO2(110). The developed morphology of the molecular structures was 
examined in situ with noncontact atomic and Kelvin probe force microscopies (NC-AFM/KPFM) and ex situ with 
tapping mode atomic force microscopy (TM-AFM). 

It has been found, that the 6P evaporation of submonolayer coverage on freshly prepared, rippled substrates 
resulted in the formation of large (100x300 nm2) anisotropic islands, composed of up-right standing molecules and 
wetting layers consisting of flat lying molecules. An air-exposure of the sample induced a decomposition of the 
wetting layer and the formation of smaller (10x20 nm2) anisotropic islands between the larger ones (Fig. 1a and 
1b). A similar behavior of the 6P wetting layer formation was already observed in the case of 6P growth on 
atomically flat TiO2(110) [1].  

The observed 6P island elongation is directly correlated with ripples’ long axis direction as an effect of 6P’s 
anisotropic diffusion [2]. Moreover, we could show by molecularly-resolved NC-AFM imaging via bimodal dynamic 
force microscopy [3], that the islands are crystalline despite the topographically sophisticated rippled TiO2(110) 
substrate structure.  

 
Figure 1. a) TM-AFM and b) NC-AFM images of rippled TiO2(110) covered by 0.25 ML of 6P. 

[1]  D. Wrana, M. Kratzer, K. Szajna, M. Nikiel, B. R. Jany, M. Korzekwa, C. Teichert, F. Krok, J. Phys. Chem. 
 C, 2015,119, 17004-17015 
[2]  M. Kratzer, D. Wrana, K. Szajna, F. Krok, C. Teichert, Phys. Chem. Chem. Phys., 2014, 16, 26112-
 26118 
[3]  S. Kawai, Th. Glatzel, S. Koch, B. Such, A. Baratoff, E. Meyer, Phys. Rev. Lett. 2009, 103, 220801 
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P:37 Intermodulation AFM in UHV 

D Forchheimer1, C Wagner2, D Platz3 and D Haviland1 
1The Royal Institute of Technology (KTH), Sweden, 2Forschungszentrum Jülich, Germany, 3MPI Dresden, Germany 

In traditional dynamic AFM modes each image pixel contains two observables: the amplitude and phase, or 
alternatively when measuring with additional feedback loops, the dissipation and frequency shift. Recent 
development have sought to expand the capability of AFM by exciting and detecting response at multiple 
frequencies such as harmonics. In ultra high vacuum (UHV) the quality factor of the force transducer is however 
extremely high, making harmonic and other off-resonance response difficult to detect. 

We have developed Intermodulation AFM (ImAFM), a multifrequency drive scheme in which the AFM beam is 
oscillated at two frequencies centered around the fundamental resonance frequency of the beam. Upon interaction 
with the surface the nonlinear tip-surface force will result in mixing frequencies close to resonance, so called 
intermodulation products. For AFM in ambient condition ImAFM has allowed high speed force volume mapping [1]. 
Here we apply ImAFM for the first time in an UHV environment and find that it is possible to detect several 
intermodulation products, despite the high quality factor of the qPlus tuning fork (Figure 1). From the 
intermodulation spectrum we can calculate the so-called force quadrature curves, showing the force in phase with 
the motion (conservative) and quadrature to the motion (dissipative) over one oscillation cycle and as a function of 
the oscillation amplitude (Figure 2) [2]. These curves are related to the frequency shift versus position and 
dissipation versus position curves typically obtained with FM-AFM, and can also be converted to true tip surface 
force curves [1]. 

 

Figure 1: Intermodulation spectrum in UHV. The tuning fork is excited at the strong peaks in the middle, due to the 
nonlinear tip-surface response is also detected at frequencies matching the separation frequency of the drives. 
Figure 2: Conservative (blue) and dissipative (green) force quadrature curves as function of oscillation amplitude. 
Positive conservative force means attraction between tip and surface. There is essentially no dissipation from the tip 
to the surface. 

[1]  Platz, D., Forchheimer, D., Tholén, E. A. & Haviland, D. B. Interaction imaging with amplitude-
 dependence force spectroscopy. Nat. Commun. 4, 1360 (2013). 
[2]  Platz, D., Forchheimer, D., Tholén, E. A. & Haviland, D. B. Interpreting motion and force for narrow-band 
 intermodulation atomic force microscopy. Beilstein J. Nanotechnol. 4, 45–56 (2013). 
  

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     98 

 



 

 
P:38 Kelvin probe force microscopy of Cu(In, Ga)Se2 thin films with KF post deposition treatment 

S Sadewasser1, N Nicoara1, T Lepetit3, L Arzel2, S Harel2 and N Barreau2 
1International Iberian Nanotechnology, Portugal, 2Université de Nantes, France 
 
Recent efficiency improvements in Cu(In,Ga)Se2 (CIGS) thin-film solar cells were achieved by the application of a 
potassium post-deposition treatment (KF-PDT), applied after the deposition of the CIGS absorber layer by a co-
evaporation process. The detailed processes leading to the efficiency enhancement are not fully understood, and 
are currently mostly attributed to an overall modification of the CIGS surface. 

We use Kelvin probe force microscopy (KPFM) to study the effect of the K-PDT on the CIGS surface by spatially 
resolved imaging of the surface potential. We investigated the CIGS sample surface, and additionally the initial 
growth of the CdS buffer layer, after deposition of a thin CdS layer for 1 minute by chemical bath deposition. To 
study the time dependence of surface potential of samples exposed to air, we monitored the measured contact 
potential difference (CPD) distributions during extended times of up to 24h (Fig. 1a). We observe an increase in the 
overall CPD for samples with KF-PDT as compared with samples without KF-PDT. The thin CdS layer leads to an 
increase of the CPD by 250-370 mV (Fig. 1b), which indicates a surface modification rather than a CdS deposition. 
A clear difference is observed in electronic properties of grain boundaries (GBs) observed by KPFM: the KF-PDT 
increases the band bending at GBs by about 70% and results in a narrower distribution of CPD values at the GBs. 
This effect of the KF-PDT on GBs electronic properties could additionally contribute to the improved efficiency values 
observed for CIGS thin-film solar cells with KF-PDT. This work was supported by cooperation program Portugal-
France FCT-Pessoa 2015/2016. 

 
Figure 1: (a) CPD distribution obtained for the four investigated samples. Dashed lines represent Gaussian fits of the 
histograms. The upper axis gives the work function obtained using the calibration of the AFM tip on the Au/Si 
reference sample. (b) CPD values as a function of time in air. Each image takes about 15 minutes acquisition time. 
Samples were removed from a protective N2 atmosphere immediately prior to the first KPFM measurement. To 
ensure comparability, the AFM tip was calibrated repeatedly on an Au/Si reference sample, which was assumed to 
have a constant work function of Au = 5.1 eV. Variations in the CPD measurements are assigned to lateral 
variations of the CPD. 
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P:39 Nc-AFM study of self-assembled triphenylamines on bulk MgO(001) 

S Maier, M Ammon, T Sander, N Hammer and M Kivala 
1Friedrich-Alexander University Erlangen-Nürnberg, Germany 

MgO is a wide band gap insulator that is commonly used as support material in heterogeneous catalysis due to its 
simple structure and interesting defects. Surface defects play not only an important role in some catalytic reactions, 
but also serve as nucleation sites for the adsorption of organic molecules to form molecular self-assemblies. 

Here, we present a low temperature nc-AFM study of self-assembled halogen-substituted bridged triphenylamine 
derivatives on MgO(001) using a qPlus sensor at 5K. Atomically-flat MgO surfaces were prepared by in-situ cleaving 
along the (001)-plane and annealing in ultrahigh vacuum to reduce surface charges. The halogen-substituted 
triphenylamines deposited at room temperature assemble in two-dimensional islands of parallel chains. The 
molecules within a chain bind via π-π-interactions and are oriented along the lattice directions of the crystal. In 
molecularly resolved images, the measured intermolecular distances and chain separations are comparable to 
multiples of the lattice constant of MgO, which indicates that the self-assembly is commensurate to the MgO lattice. 

We discuss the structure of the self-assembly with regards to interactions of molecules with defect sites and the 
subtle balance between intermolecular and molecule-substrate interactions. The latter is supported by a direct 
comparison to the self-assembly on KBr(001). 

 
Figure: Left: Atomically resolved nc-AFM image of an MgO(001) surface. Right: Self-assembled triphenylamines on 
MgO(001). 
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P:40 Self-assembled bridged-triphenylamines on KBr(001): The role of functional groups 

S Maier, C Steiner, M Ammon, T Sander, N Hammer, B Gliemann, U Meinhardt, B Meyer and M Kivala 

Friedrich-Alexander University Erlangen-Nürnberg, Germany  

A major challenge in realizing single molecular electronic devices is to mechanically stabilize and electrically 
decouple molecules at and from a surface, respectively. Molecules on insulating surfaces suffer from a weak 
unspecific molecule-surface interaction, however, which leads to diffusion and the assembly of disordered 
aggregates. Controlling the order of molecular structures on bulk-insulating surfaces requires us to understand the 
interplay of the underlying intermolecular and molecule-surface interactions by carefully selecting the molecular 
functional groups. Here, we present a systematic study on the adsorption and self-assembly of carboxylic, 
diaminotriazine and halogen substituted bridged-triphenylamines on KBr(001) using noncontact atomic force 
microscopy (nc-AFM) in ultra-high vacuum in combination with density functional theory. We show that 
triphenylamines bridged with bulky dimethylmethylene side groups adopt a flat-lying adsorption geometry that 
yields extended two-dimensional molecular layers exhibiting long-range order. In contrast, the planar carbonyl-
bridged triphenylamine molecules favor a nearly upright adsorption geometry stabilized by intermolecular π-π 
interactions. These nearly-upright standing molecules assemble in onedimensional aggregates. Our nc-AFM 
measurements show that triphenylamine molecules with different functional end and side groups form a variety of 
1D, 2D and 3D molecular assemblies on bulk insulators. The detailed analysis of the adsorption structures allows 
us to rationalize why specific structures are formed by the molecules and enables us to predict, how molecule-
molecule and molecule-substrate interactions can be tuned in order to achieve 1D, 2D or 3D assembly of the 
molecules. 
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P:41 NC-AFM study of single silicon dangling bonds on H:Si(100) 

T Huff, H Labidi and R Wolkow 

University of Alberta, Canada 

Images and site specific force-distance curves of a single silicon dangling bond on hydrogenated silicon are studied 
through high-resolution NC-AFM images with a qPlus sensor at 5 K. Dangling bonds have previously been 
extensively studied in STM with a view to their application in quantum dot information systems [1-3].  The great 
potential of such systems motivates examination with NC-AFM which, unlike STM, has the ability for zero voltage 
and tip- induced-band-bending free measurements giving different and complimentary information.  

With a well-defined tip, we show through force spectroscopy that the DB exhibits a larger interactive shift than a 
hydrogen passivated silicon site. Frequency shift maps of the surface are presented at different heights, showing a 
clear evolution of topography on H:Si from atom-like to bond-like.  The DB becomes more attractive with reduced 
tip-sample distance, with this site specific attractive interaction further corroborated by the local dissipation signal 
over the DB.    

 

 

[1]  M. B. Haider, J. L. Pitters, G. A. DiLabio, L. Livadaru, J. Y. Mutus, and R. A. Wolkow,441 Phys. Rev. Lett. 
 102, 046805 (2009). 
[2]  Taucer, Marco, et al. "Single-Electron Dynamics of an Atomic Silicon Quantum Dot on the H− Si 
 (100)−(2× 1) Surface." Physical review letters112.25 (2014): 256801. 
[3]  R. A. Wolkow, L. Livadaru, J. Pitters, M. Taucer, P. Piva, M. Salomons, M. Cloutier, and 449 B. Martins, in 
 Field-Coupled Nanocomputing, Lecture Notes in Computer Science, edited by 450 N. G. Anderson and 
 S. Bhanja (Springer Berlin Heidelberg, 2014) pp. 33–58. 
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P:42 Reconstruction of water density distributions over fluorite surfaces: How invasive are NC-AFM measurements? 

M Watkins1, A Shluger2, K Miyazawa3 and T Fukuma3 
1University of Lincoln, UK, 2University College London, UK, 3Kanazawa University, Japan 

Hydration plays important roles in various solid-liquid interfacial phenomena. Very recently, three-dimensional 
scanning force microscopy (3D-SFM) has been proposed as the tool to visualise solvated surfaces and their 
hydration structures with lateral and vertical (sub)molecular resolution. However, the relationship between the 3D 
force map obtained and the equilibrium water density, ρ(r ), distribution above the surface remains an open 
question. Here, we investigate this relationship at the interface of an inorganic mineral, fluorite, and water using a 
combination of refined experimental techniques and computational modelling [1]. 

Using new developments in 3D-SFM, we can obtain quantitative force maps Fexp(r ) in pure water less than 20 
minutes from submersion. This increase in the speed of measurement greatly expands the number of systems the 
method should be applicable to. Additionally, measurements in pure water can be directly compared to simulated 
data. Previous measurements [2] were greatly complicated by sample dissolution and the complex electrolyte 
environment that was needed to maintain stable imaging conditions. 

We compare force images generated using the Solvent Tip Approximation (STA) model [3] and from explicit 
molecular dynamics simulations to the new experimental data. The results show that the simulated STA force map 
reproduces the major features of the experimentally obtained force image. The agreement between the STA data 
and experiment strongly implies that the water density used as an input to the STA model is close to the 
experimental hydration structure and thus provides a tool to bridge between the experimental force data and 
atomistic solvation structures. 

Additionally, we compare theoretical force curves using an explicit nanocluster tip-model with those of the idealised, 
non-invasive, STA model and draw conclusions on the properties of tips that successfully image hydrophilic 
surfaces. At least in this case, the measurements actually reveal the unperturbed water density above the surface. 

[1]  K. Miyazawa et al, Nanoscale, 8, 7334 (2016) 
[2]  N. Kobayashi et al, J. Phys. Chem. C, 117 , 24388 (2013) 
[3]  M. Watkins, B. Reischl, J. Chem. Phys. 138, 154703 (2013) 
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P:43 One-dimensional edge state of Bi thin films studied with STM 

K Naoya1, L Chun-Liang1, K Maki1, A Ryuichi2 and T Noriaki1 
1University of Tokyo, Japan, 2MANA-NIMS, Japan 

A new kind of materials called Topological insulator (TI) attracts match attention. TI shows the insulating property in 
bulk but it acquires a unique metallic characteristic at ‘interface’ (edges for two dimensional (2D) TI and the surface 
for 3D-TI). Furthermore, the topological states exhibit various exotic features, such as the host of the spin-polarized 
current, massless Dirac fermions, and suppression of the electron backscattering. The Bi single bilayer is 
theoretically predicted to be a candidate for 2D-TI [1]. 

Recently, Drozdov et al., reported that a 1D-edge state existed on the cleaved Bi(111) surface and the edge state 
originates from the topological nature of the topmost Bi bilayer [2]. On the other hand, based on the ARPES 
measurements and the DFT calculations, some researchers claimed that the edge state of the cleaved Bi surface did 
not hold topological characters [3, 4]. The properties of the edge state of Bi(111) is still under discussion. The 
Bi(111) thin film is synthesized by depositing Bi on Si(111) [5]. It is interested to investigate whether 1D edge state 
exists on the deposited Bi surface. As deposition is a simple and easy method for preparing atomically flat surfaces, 
it should promote the study of the edge state of Bi(111). In this study, we have revealed the electronic and 
structural properties of the edges on the deposited Bi thin film by using scanning tunneling microscopy (STM) and 
scanning tunnelling spectroscopy (STS) [6]. 

Two kinds of edges are characterized by the structural and electronic properties. Figs.1 and 2 are the STM image of 
the edges showing the different atomic arrangement. While the edge shown in Fig.  1 (Type A) is the simple zigzag 
edge, the edge shown in Fig. 2 (Type B) has two-fold periodicity compared to Type A edge. The electronic properties 
of the edges were investigated with STS (Fig.3). Spectrum of Type A edge shows a strong peak at 183 mV, although 
Type B edge does not show any notable features. The STS mapping at 183 mV clearly visualizes the existence of 
edge state at Type A edge (Fig.4). These electronic features are essentially identical with that for the cleaved Bi 
surface. We have concluded that the edge state that has been observed on the cleaved Bi surface exists on the 
deposited Bi surface. 

 
 
Figure 1. The STM image of Type A edge. 
Figure 2. The STM image of Type B edge. 
Figure 3. STS spectra at two kinds of edges and terrace. 
Figure 4. STS mapping at V = 183 mV 

[1] S Murakami, PRL 97, 236805 (2006)  
[2] I. K. Drozdov et al., Nat. Phys. 10,664 (2014) 
[3]  A.Takayama et al., PRL 114, 066402 (2015)  
[4]  H. W. Yeom et al., PRB 93, 075435 (2016) 
[5]  T. Nagao et al., PRL 93, 105501 (2004)  
[6]  N. Kawakami et al., APL 107, 031602 (2015) 

NC-AFM, 25-29 July, East Midlands Conference Centre, UK     104 

 



 

 
P:44 Measuring the mechanical properties of molecular conformers 

S Jarvis1, S Taylor1, J Baran2, D Thompson3, A Saywell1, B Mangham1, N Champness1, J A Larsson4 and P Moriarty1 
1University of Nottingham, UK, 2University of Bath, UK, 3University of Limerick, Ireland, 4Lulea University of 
Technology, Sweden 

The conformation of a molecule determines its chemical and physical characteristics. Consequently, changes in 
molecular conformation modify important properties such as molecular conductance, chemical activity and 
assembly.  Here we investigate tetra(4-bromophenyl)porphyrin (Br4TPP) molecules deposited onto a Cu(111) 
surface, which are known to adopt two distinct conformations [1].  We analyse the mechanical properties of two 
Br4TPP conformers with submolecular resolution using a combination of scanning tunnelling microscopy (STM) and 
non-contact atomic force microscopy (NC-AFM) measurements.  Combined with molecular dynamics (MD) and 
density functional theory (DFT) calculations [2], we are able to unambiguously determine the adsorption 
configuration of porphyrin conformers on the Cu(111) surface, which is found to be dominated by vdW interactions.  
Following this assignment we show through direct measurement that the lateral forces required to manipulate each 
conformer vary, and that this can be understood within the context of their adsorption to the surface [3]. Our study 
provides insights into how this can impact on important molecular properties such as switching, surface diffusion 
and the effect on molecular density of states.   

 

 
 

Figure 1: Constant current STM and constant height submolecular NC-AFM images of a Br4TPP molecule adopting 
(A, B) Type I and (C, D) Type II conformations on Cu(111).  (E) Low temperature constant height current image of 
the Type I conformer and underlying Cu(111) substrate.  (F) Top: STM images before and after NC-AFM 
manipulation.  Bottom: Final two traces of a 2D Δf(x,z) grid measured during manipulation. Parameters: 
(A,C)+1V/50pA (sample bias), (B,D) 50mV bias, a0=200pm, f0=20kHz oscillation (E)+50mV, (F)+200mV/20pA, 
a0=200pm, f0=20kHz. 

[1]  Iancu, V. et al, Nano Letters.  2006, 6, 820. 
[2]  Jarvis, S. P. et al, Nature Commun.  2015, 6, 8338. 
[3]  Jarvis, S. P. et al, J. Phys. Chem. C 2015, 119, 27982.  
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P:45 Molecules within molecules: an XSW and SPM study of H2O@C60 

S Jarvis1, S Taylor, S Mamone, J Leaf, A Saywell, P Rahe, A Sweetman, P Moriarty and R Jones 

University of Nottingham, UK 

The encapsulation of molecules within a C60 cage provides a unique environment to study their properties 
unperturbed by strong intermolecular interactions.  Through the process of so-called molecular surgery [1, 2], a 
limited number of large molecules can now be encapsulated within a C60 cage.  In the case of fullerene-
encapsulated H2O, it has been possible to identify spin isomerisation [3] and modifications in the dielectric 
properties due to ortho-para conversion of the H2O [4].  Despite these recent observations the precise location of 
the H2O molecule within the fullerene cage, and moreover, the effect it has on the electronic properties of the 
fullerene molecular orbitals, remains largely unknown.   

Here we describe a combined high-resolution scanning probe microscopy (SPM) and x-ray standing wave (XSW) 
study (performed at the Diamond light source) of H2O@C60 deposited onto single crystal Cu(111) and Ag(111) 
samples.  We show that through the use of XSW measurements taken using different crystal planes of the 
supporting Ag(111) crystal, a triangulation can be made to determine the exact position of the H2O within the C60 
cage.  Interestingly, we find that scanning tunnelling microscopy (STM) and non-contact atomic force microscopy 
(NC-AFM) show very little difference between filled and empty cages, suggesting that electronic coupling between 
the two molecules is minimal.   

 

 
 

Figure 1: (A) A single water molecule encapsulated within a C60 fullerene cage.  (B) NC-AFM constant height 
frequency shift image of a mixture of filled and empty C60 molecules, showing an identical appearance between the 
two.  (C) An XSW measurment of the O1s peak taken using the (111) reflection of Ag(111).   

[1]  Kurotobi, K., et al, Science, 333, 613 (2011).  
[2]  Krachmalnicoff, A., et al, Chem. Commun., 50, 13037 (2014).  
[3]  Beduz, C., et al, Proc. Natl. Acad. Sci., 109, 12894 (2012) 
[4]  Meier, B., et al, Nature. Commun., 6, 8112 (2015) 
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P:46 Simultaneous characterizations of density of states and local contact potential difference on rutile TiO2(110) 
by STM/KPFM 

H F Wen, Y Naitoh, Y J Li and Y Sugawara 

Osaka University, Japan 

Rutile TiO2(110) surface supported Au nanoclusters has been extensively used to investigate the mechanism of the 
CO oxidation reaction since it has extremely high catalytic reactivity [1]. On TiO2 surface, defects significantly play 
an important role in the adsorption of Au nanoclusters and catalytic reaction process [2]. However, the reaction 
processes, the mechanism of O2 dissociation and reactive site etc., haven’t been clarified yet. Furthermore, the 
measurement of local contact potential difference (LCPD) with atomic resolution hasn’t been obtained on TiO2(110) 
surface. 

In this study, we propose a method of simultaneously measurement of density of states and the LCPD on TiO2(110) 
surface with atomic resolution by scanning tunneling microscopy (STM) and Kelvin probe force microscopy (KPFM). 

In the measurements, the method of without bias voltage feedback was used [3], and the LCPD images were 
obtained at the constant height mode to remove the crosstalk of the surface topography. In the experiment, the DC 
bias added with ac bias voltage was applied to the sample. Two lock-in amplifiers were used to measure frequency 
shift at fω and f2ω. The LCPD signals were numerically calculated from the divided results of the fω and f2ω signals. 
The atomic resolution LCPD image and unoccupied state were observed simultaneously. The effect of surface 
defects for the distribution of the surface potential was discussed. It is useful to understand the catalytic process. 

 
Figure 1 (a) │Δf│, (b) STM, and (c) LCPD images on TiO2(110) surface. (d) Surface structure model of rutile 
TiO2(110)-(1×1). Ti: orange, O: gray and blue. Imaging parameters: size: 1.84 × 1.96 nm2, f0 = 812 kHz, 𝑄𝑄 = 
23328, Δf = -299 Hz, VDC = 1 V and A = 500 pm.  

[1]  M. Haruta. Catal. Today. 36, 153-166 (1997). 
[2]  H. J. Chung, A. Yurtsever, Y. Sugimoto, and et al.. Appl. Phys. Lett. 99, 123102 (2011). 
[3]  L. L. Kou, M. Z. Ma, Y. J. Li, Y. Naitoh, M. Komiyama, and Y. Sugawara. Nanotechnology, 26, 195701 
 (2015). 
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P:47 Imaging metal atoms of metal-organic coordination networks by means of nc-AFM 

F Queck1, F Bolland2, P Scheuerer2, F Albrecht2 and J Repp2 
1University of Regensburg, Germany 

Metal-Organic Coordination Networks (MOCN) consist of a coordinating metal atom ligated to organic molecules by 
coordination bonds. These MOCN are usually formed from evaporated building blocks by a thermally induced self-
assembly process [1,2]. Additionally, coordinating atoms can be taken from the substrate whereby no direct control 
over these building blocks is achievable. However, the existence of a coordinating metal atom is a topic of great 
debate and has often just been assumed to fit to theoretic models, but could hardly been resolved by means of 
scanning tunneling microscopy and spectroscopy [3-6]. 

Here, we make an attempt to directly measure these coordinating metal atoms by means of atomic force 
microscopy. Instead of self-assembly, we use lateral manipulation to build artificial complexes and structures from 
organic molecules and metal adatoms. Thereby, we have direct control over where metal atoms are incorporated 
into the structure.  

[1] S. Stepanov et al., Journal of Physics: Condensed Matter, 20, 184002 (2008) 
[2] D. Heim et al., Journal of the American Chemical Society, 132, 6783 (2010) 
[3] T. R. Umbach et al., Physical Review B, 89, 235409 (2014) 
[4] D. Heim et al., Nano Letters, 10, 122 (2010) 
[5] T. Classen et al., Angewandte Chemie – Internationale Edition, 44, 6143 (2005) 
[6] J. Björk et al., Physical Chemistry Chemical Physics, 12, 8815 (2010) 
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P:48 Capacitive distance control for quantitative magnetic force microscopy 

J Schwenk, M A Marioni, M Bacani, S Romer, X Zhao and H J Hug 

EMPA, Switzerland 

It has been shown that Magnetic Force Microscopy (MFM) has the potential to reach high sensitivities as well as 
high special resolution for the investigation of magnetic structures [1, 2]. Only measurements in vacuum with high Q 
cantilevers reveal this potential completely. In this environment the common dual pass techniques often utilized for 
the tip sample distance control cannot be applied [3, 4]. In this work we present method that utilizes the tip sample 
capacitance as a proxy for the tip sample distance [5]. It allows for a distance feedback which is independent from 
other tip sample interactions and a simultaneous measurement of the sample's topography and the stray field of 
the sample in a single pass scan. It is thus capable to provide the precise control of the tip sample distance which is 
required for a calibration of the MFM tip and a subsequent quantitative analysis of the data. Especially the 
possibility of constant height scans where the topography is inferred from the capacitance signal is a necessary 
prerequisite for quantitative MFM measurements. In this measurement mode it is possible to subtract the van der 
Waals contribution in the measured data and to determine the magnetic part of the tip sample interaction. We apply 
this measurement technique to thin film samples with interfacial Dzyaloshinskii’Moria interaction which provides the 
basis for the existence of magnetic skyrmions in those films [6].  

[1]  E. Meyer, H. J. Hug, and R. Bennewitz, Scanning Probe Microscopy: The Lab on a Tip (Springer, Berlin, 
 2011).  
[2]  P. Kappenberger, S. Martin, Y. Pellmont, H. J. Hug, J. B. Kortright, O. Hellwig, and Eric E. Fullerton. Phys. 
 Rev. Lett., 91(26), 2003.  
[3]  S. Hosaka, A. Kikukawa, Y. Honda, H. Koyanagi, and S. Tanaka, Jpn. J. Appl. Phys., Part 2 31, L904 
 (1992).  
[4] R. Giles, J. P. Cleveland, S. Manne, P. K. Hansma, B. Drake, P. Maivald, C. Boles, J. Gurley, and V. 
 Elings, Appl. Phys. Lett. 63, 617 (1993). 
[5]  J. Schwenk, X. Zhao, M. Bacani, M. A. Marioni, S. Romer, and H. J. Hug, Appl. Phys. Lett. 107, 132407 
 (2015).  
[6]  C. Moreau-Luchaire, C. Moutafis, N. Reyren, J. Sampaio, C. A. F. Vaz, N. Van Horne, K. Bouzehouane, K. 
 Garcia, C. Deranlot, P. Warnicke, P. Wohlhüter, J.-M. George, M. Weigand, J. Raabe, V. Cros, and A. Fert. 
 Additive interfacial chiral interaction in multilayers for stabilization of small individual skyrmions at room 
 temperature. Nature Nanotechnology, January 2016. 
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P:49 Organisation and ordering of 1D porphyrin polymers synthesised by on-surface Glaser coupling 

A Saywell1, A Browning1, P Rahe1, H Anderson2 and P Beton1 
1Univeristy of Nottingham, UK, 2University of Oxford, UK 

The on-surface synthesis of covalently bonded molecular frameworks offers a promising route towards custom 1D 
and 2D materials[1]. Interest in many 1D materials relates to their optical and electronic properties, and 
electronically coupled chains of porphyrins, which possess such properties, represent excellent candidates for 
applications. When synthesised in solution these polymers are too large to be thermally sublimed for study in UHV 
and have to be deposited by alternative techniques, such as electrospray deposition. Implementation of this 
techniques has allowed 1D porphyrin oligomers, polymers, and porphyrin rings to be studied [2, 3]. However, 
deposition of these molecules often leads to the introduction of disorder in the organisation of adsorbed species. It 
is therefore of interest to explore whether on-surface synthesis of an analogue porphyrin polymer results in similar 
organisational disorder, or, alternatively, whether direct growth can provide a route to more ordered arrangements. 

Here we present on-surface synthesis of 1D polymer chains formed via a homo-coupling of terminal alkyne 
functionalised porphyrins on a Ag(111) substrate. The resulting polymers may be considered as close analogues to 
materials which have previously been synthesised in solution prior to electrospray deposition on metallic surfaces in 
vacuum. We observe a high selectivity for 1D reaction products and find ordered polymer chains with lengths of over 
55nm (>42 porphyrin units). From a combination of room temperature (RT) scanning tunnelling microscopy (STM) 
and low temperature (LT) STM and non-contact atomic force microscopy (ncAFM) the covalent nature of the chains, 
and their internal molecular conformations, are determined and characterised. 

[1] El Garah, M., MacLeod, J. M. & Rosei, F. Covalently bonded networks through surface-confined 
 polymerization. Surface Science 613, 6–14 (2013). 
[2] O’Sullivan, M. C. et al. Vernier templating and synthesis of a 12-porphyrin nano-ring. Nature 469, 72–
 75 (2011). 
[3] Saywell, A. et al. Conformation and Packing of Porphyrin Polymer Chains Deposited Using Electrospray 
 on a Gold Surface. Angew. Chem., Int. Ed. 49, 9136–9139 (2010). 
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P:50 Different tip functionalizations in scanning probe microscopy 

P Scheuerer, F Albrecht and J Repp 

University of Regensburg, Germany 

Tip functionalization means that a molecule e.g. CO is intentionally transferred from a sample surface to the probe 
tip. This technique made it possible to resolve the chemical structures of individual molecules by means of AFM, 
where the observed contrast is attributed Pauli repulsion [1]. Also, it was found that the CO at the tip laterally 
relaxes in presence of strong forces between probe and sample, which gives rise to additional contrast sharpening 
[2]. CO-functionalized tips have been widely applied, not only for AFM imaging, but also for KPFS measurements, 
where even charge distributions within a single molecule could be resolved [3].  

However, this bending can be a drawback as it causes distortions of bond lengths [1-4]. We tried to use various 
molecules with different properties as tip functionalization, to try to discriminate these distortions and to control the 
electrostatic properties of the functionalized tip. From these, Triphenylphosphoranylidene(ketene) was most 
promising, where we achieved chemical contrast. 

[1]  L. Gross et al., Science 325, 1110 (2009) 
[2]  P. Hapala et al., Physical Review B, 90, 085421 (2014) 
[3]  F. Mohn et al., Nature Nanotechnology 7, 4(2012) 
[4]  M. Neu et al., Physical Review B, 89, 205407 (2014) 
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P:51 Nanoscale characterization of LiCoO2 film by Kelvin probe force microscope 

J Wu, W Cai and G Shang 

Beihang University, China 

LiCoO2 thin film has been considered as the promising candidate cathode material of all-solid-battery. It shows 
high theoretical specific capacity and thermal stability under high temperature.[1] But the cathode suffers capacity 
loss during charge and discharge cycles.[2] To prolong battery life, it is important to understand the fading 
mechanism that cause capacity loss. In order to make clear of that, kelvin probe force microscope (KPFM)[3] is 
applied to study the change of cathode film after different charge and discharge cycles. In this study, LiCoO2 thin 
films are prepared by sol-gel coating. The structure characterization results reveal that the LiCoO2 thin film is well 
crystallized with strongly preferred (003) orientation and consist of homogeneous nanograins at the average size of 
~100nm. Charge-discharge measurements in different cycles show that the film electrode owned good cycling 
performance. The morphology of surface after different cycles apparently shows agglomeration of nanograins. 
Surface potential changes of cathode film which is induced by charge and discharge cycles are characterized by 
kelvin probe force microscope. It is found that the surface potential is strongly affected by the height of grains. 
Furthermore, the surface potential decreased apparently after charge-discharge cycles and this indicated the 
decrease of conductivity of cathode film. The relevant mechanism of capacity loss is also discussed. 

 

[1]  J. B. Goodenough and K.-S. Park, Journal of the American Chemical Society, 135, 1167-1176 (2013) 
[2]  R. Fathi, J. Burns, D. Stevens, H. Ye, C. Hu, G. Jain, E. Scott, C. Schmidt and J. Dahn, J. Electrochem. 
 Soc., 161,A1572-A1579 (2014) 
[3]  S. Li, Y. Zhou, Y. Zi, G. Zhang and Z. L. Wang, ACS nano, 10, 2528-2535 (2016) 
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P:52 Development of a universal SPM head for integration into different cyrogenic environments 

A Bettac, B Guenther and A Feltz 

Sigma Surface Science, Germany 

Recently we have developed a SPM microscope head that merges the needs for high resolution STM/qPlus1-AFM 
and at the same time satisfies the requirements for integration into different cryogen environments including tip and 
sample handling.  

The new SPM head was integrated into different platforms, e.g. in an UHV Helium Flow Cryostat system for 
temperatures <10K and in a 3He Magnet Cryostat UHV system for high magnetic fields (±12T) and temperatures 
<400mK.  

This contribution focuses on design aspects and challenges for the new SPM head with respect to spatial 
restrictions, sample sizes/standards, qPlus – and STM signal shielding as well as on first results (STM, STS and 
qPlus) obtained with the different instrumental setups. 

 
Figure: STM and qPlus measurements on Au(111), NbSe2 and NaCl(001) (c & d) at low temperatures. The 
atomically resolved images were taken under UHV conditions in combination with different cryostats: a) STM on 
Au(111) in a Helium Flow cryostat environment with tip & sample at T<10K; b) STM on NbSe2 at 360mK in a 3He 
magnet cryostat; c &d) qPlus: imaging and df(z)-spectroscopy on NaCl(001) in a Pulse Tube Cooler based UHV 
system at approx. 20K. 

[1]  F. J. Giessibl, Applied Physics Letters 73 (1998) 3956 
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P:53 Application of scanning Kelvin probe force microscopy to study secondary phase particles in beryllium 

S Bacon1, C Mallinson1, M Brierley2, A Harvey2 and J Watts1 
1University of Surrey, UK, 2AWE, UK 

Beryllium is the lightest structural metal and has a number of unusual properties that make it beneficial for specific 
applications in a wide range of technologies, either as a pure metal or an alloying addition. For example, the low 
atomic mass, low x-ray absorption cross section and high neutron scattering cross section make it a widely used 
metal in the nuclear industry. Beryllium also finds extensive use as a mirror surface in the aerospace and medical 
industries. In common with many metals, pitting corrosion can be a concern. Like aluminium, beryllium is protected 
from general corrosion by the formation of a thin (approximately 3nm) passive oxide layer on the surface. However, 
the microstructure of beryllium manufactured using powder metallurgy processes tend to include randomly 
distributed second phase particles with a range of compositions. These are believed to act as sites for the 
breakdown of the passive oxide layer and initiation of pitting corrosion. 

The exact role of the second phase particle in the corrosion process of beryllium is poorly understood and there is 
conflict in the literature surrounding the exact electrochemical behaviour with respect to the matrix1,2. Atomic force 
microscopy (AFM) and scanning Kelvin probe force microscopy (SKPFM) have been used to map the topography 
and Volta potential of a selection of particles with different compositions in ambient conditions. The benefit to this 
approach is that the sub-micrometre spatial resolution of SKPFM mapping can be directly related to the topographic 
image. All particles were found to have a more negative Volta potential than the matrix with varying values 
depending on the particle type. This indicates that such particles would act cathodically to the beryllium matrix 
when the metal is exposed to an aqueous environment. 

[1] Hill, M. A., Hanrahan, R. J., Haertling, C. L., Schulze, R. K. & Lillard, R. S. Influence of Beryllides on the 
 Corrosion of Commercial Grades of Beryllium. Corrosion 59, 424–435 (2003). 
[2] Punni, J. S. & Cox, M. J. The effect of impurity inclusions on the pitting corrosion behaviour of beryllium. 
 Corros. Sci. 52, 2535–2546 (2010). 
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P:54 Mapping the electrostatic force field of single molecules from high-resolution scanning probe images 

N van der Heijden1, P Hapala2, M Svec2, O Stetsovych2, M Ondracek2, J van der Lit1, P Mutombo2, I Swart1 and P 
Jelinek2 
1Utrecht University, Netherlands, 2Institute of Physics, Czech Republic 

How electronic charge is distributed over a molecule determines to a large extent its chemical properties. Here, we 
demonstrate how the electrostatic force field, originating from the inhomogeneous charge distribution in a molecule, 
can be measured with submolecular resolution. We exploit the fact that distortions typically observed in high-
resolution atomic force microscopy images are for a significant part caused by the electrostatic force acting between 
charges of the tip and the molecule of interest. By finding a geometrical transformation between two high-resolution 
AFM images acquired with two different tips, the electrostatic force field or potential over individual molecules and 
self-assemblies thereof can be reconstructed with submolecular resolution. 

 

Figure: Determining the electrostatic field above an individual molecule. (a) High-pass filtered constant-height AFM 
images of a TOAT molecule on Cu(111) acquired with a Xe tip. Crosses indicate characteristic vertices. (b) Same as 
a but measured with a CO tip. (c) Electrostatic force field calculated from DFT. (d) Experimentally determined 
electrostatic force field obtained after subtraction of the van der Waals component from the deformation field 
obtained from the images shown in a and b. (e) Calculated Hartree potential. (f) Electrostatic potential calculated 
from the experimental deformation field shown in d. 
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P:55 Correlated fluorescence-atomic force microscopy studies of the clathrin mediated endocytosis in SKMEL Cells 

S Smith1, A Hor1, A Luu1, B Scott2, E Bailey2 and A Hoppe2 
1South Dakota School of Mines and Technology, USA, 2South Dakota State University, USA 

Clathrin-mediated endocytosis is one of the central pathways for cargo transport into cells, and plays a major role in 
the maintenance of cellular functions, such as intercellular signaling, nutrient intake, and turnover of plasma 
membrane in cells. The clathrin-mediated endocytosis process involves invagination and formation of clathrin-
coated vesicles. However, the biophysical mechanisms of vesicle formation are still debated. Currently, there are 
two competing models describing the membrane bending during the formation of clathrin cages: the first involves 
the deposition of all clathrin molecules to the plasma membrane, forming a flat lattice prior to membrane bending 
to form clathrin vesicles, whereas in the second model, membrane bending happens simultaneously as the clathrin 
arrives to the site to form a clathrin-coated cage. We investigate clathrin vesicle formation mechanisms through the 
utilization of tapping-mode atomic force microscopy for high resolution topographical imaging in neutral buffer 
solution of unroofed cells exposing the inner membrane, combined with fluorescence imaging to definitively label 
intracellular constituents with specific fluorescent fusion proteins (actin filaments labeled with green phalloidin-
antibody and clathrin coated vesicles with the fusion protein Tq2) in SKMEL (Human Melanoma) cells. Results from 
our work are compared against dynamical polarized total internal fluorescence (TIRF) and transmission electron 
microscopy (TEM) to draw conclusions regarding the prominent model of vesicle formation in clathrin-mediated 
endocytosis. 

 
Figure 1. Fluorescence images showing clathrin coated vesicles with Tq2-fusion protein integrated into the clathrin 
light chain (cyan), F-actin filaments labeled with phalloidin antibodies (green), overliad on a mosaic of AFM images 
highlighting the clathrin coated endocytotic vesicles and cytoskeletal actin network in unroofed, fixed SKMEL cells. 
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P:56 Probing PTCDA nanoisalnds with simultaneous pixel-by-pixel STS and KPFM 

K Cochrane, B Yuan, T Roussy, G Tom and S Burke 

University of British Columbia, USA 

Organic semiconducting molecules are an extensively studied class of materials due to their diverse functionality 
and unique properties. These materials are extremely sensitive to the local nanoscale environment. Active devices 
rely on processes that occur on the nanometer and subnanometer scale, particularly at interfaces. [1] Here we 
utilize simultaneous Atomic Force Microscopy/ Kelvin Probe Force Microscopy (AFM/KPFM) and Scanning Tunneling 
Microscopy/Spectroscopy (STM/STS) with a tuning fork sensor to examine the structural and electronic properties 
of these materials at the molecular and sub-molecular level. Pixel-by-pixel measurements allow us to map out these 
states with high energy and spatial resolution. [2] Small clusters of PTCDA on NaCl(2ML)/Ag(111) at 4K of varying 
geometries are investigated with spatially resolved LCPD mapping. Previously with STS, we have found that the local 
electrostatic environment, particularly effects due to molecular polarizability, significantly shifts energy levels in 
small clusters of the homogenous molecular system. [3] Here, in the df(V) spectra we observe charging events 
corresponding to the electronic resonances seen in STS. This allows us to map out the charge distribution within the 
molecule of the three charge states we observe during tunneling. These maps are similar to the STS images of the 
corresponding states indicating the charge distribution is closely related to the molecular electronic structure. 

 

Figure 1 Simultaneously acquired STS and df(V) spectra. Jumps in frequency shift correspond with onset of 
electronic states indicating change in electrostatics with differing charge of molecules. Figure 2 High-resolution nc-
AFM image of a 4 molecule island and LCPD images this configuration with maxima fit from different regions of 
parabola corresponding to different charge states.  

[1]  Forrest, S. R. MRS Bull. 30, 28-32 (2005), Bredas, J.-L., et al. Acc. Chem. Res. 42, 1691 (2009). 
[2]  Mohn, F., et al., Nat. Nano, 7, 227-231 (2012). 
[3]  Cochrane, K.A., et al. Nat. Commun. 6, 8312 (2015). 
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P:57 Atom-resolved analysis of mica surfaces covered with a thin water layer in air by frequency modulation atomic 
force microscopy 

T Arai, K Sato and A Iida 

Kanazawa University, Japan 

In the last decade atom-resolved imaging of solid-liquid interfaces has rapidly progressed by use of frequency 
modulation atomic force microscopy (FM-AFM). This implies that the atom-resolved imaging under living 
atmospheric conditions is achievable, because the solid surfaces in air are usually covered with water. It is intriguing 
to characterize the surfaces in air and to image them with atomic resolution. In this study we observe a cleaved 
mica surface in air with a high humidity using the FM-AFM [1]; the surface is covered with a thin water layer. Under 
the imaging conditions of a small oscillation amplitude of the cantilever, less than the thickness of the water layer, 
the apex of a Si tip on an AFM cantilever is always in the water layer, whereas the cantilever is in air. This provides 
the cantilever with a high Q-factor. We used a modified FM-AFM (prototype of SPM-8000FM, Shimadzu Corp.) with 
a low-noise detection of laser beam deflection to measure the AFM cantilever displacement. The microscope was 
installed in a thermostatic chamber with a beaker filled with water, where the temperature was maintained at 25 °C 
and the humidity was 75–85%. The deflection noise density for the tip in the water layer was 15 fm/√Hz, and the 
Q-factor was ~200, while the Q-factor was ~500 for the tip in air with a humidity of 85%. Figure 1 shows the FM-
AFM (Δf) images of a mica (001) surface in the constant-height mode. The tip height of the image in Fig. 1 (a) with 
a dot-like structure was about 0.2 nm higher than that in Fig. 1(b) with a hexagonal structure; the similar contrast 
images were reported by use of the FM-AFM in liquid [2]. This method using a thin water layer, which held the high 
Q-factor of the cantilever comparable to that in air, successfully led to the high resolution without liquid cells. 

 
Figure 1. FM-AFM (Δf) images of a mica (001) obtained at (a) <Δf> = +816 Hz, and (b) <Δf> = +1100 Hz. (c) The 
cross-sectional line profiles along lines A-B and C-D in (a) and (b), respectively. f0 = 342 kHz, amplitude = 0.5 nm. 

[1]  T. Arai et al., Langmuir 31, 3876 (2015). 
[2]  K. Kobayashi et al., J. Chem. Phys., 138, 184704 (2013). 
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P:58 Imaging and force based atomic manipulation of Sn chains on Si(100) by NC-AFM 

A Sweetman, I Lekkas and P Moriarty 

University of Nottingham, UK 

The self-assembly of atomic chains on the Si(100) surface has been investigated for multiple species, including 
group III and group IV metals. These chains grow in a direction perpendicular to underlying Si dimer rows and are 
composed of metal dimers oriented parallel to Si substrate dimers. The atomic scale imaging of these chains and 
their structural composition has been previously studied extensively via STM and NC-AFM [1-2] 
In this work we discuss the imaging and manipulation of Sn chains on the Si(100) surface at low temperature via 
the use of non-contact atomic force microscopy (NC-AFM) in the qPlus configuration. In particular, we show how the 
atomic scale buckling configuration of the Sn dimers may be controllably modified by mechanochemical means due 
to the close approach of the tip, using a similar mechanism to that described previously for the intrinsic silicon 
dimers of the Si(100) substrate [3]. 

[1]  J. Glueckstein, et al. Surf. Sci. 1998, 415, 80– 94 
[2]  M. Setvín, et al ACS Nano, 2012, 6 (8), pp 6969–6976 
[3]  A. Sweetman et al. Phys. Rev. Lett. 106, 136101 (2011) 
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P:59 Energy dissipation mechanism on layered structures  

D Yildiz, M Kisiel and E Meyer 

University of Basel, Switzerland 

Bodies in relative motion separated by few nanometers gap experiences a tiny friction force [1]. Although the nature 
of non-contact friction is not fully understood yet, it can be measured by highly sensitive cantilever oscillating like a 
tiny pendulum over the surface [2, 3]. Recently, series of giant dissipation peaks were reported on NbSe2 surface 
and associated to nonlinear response of the charge density waves (CDW) [4]. The problem of non-contact friction in 
similar systems still remains unexplored. In the NbSe2 the observed CDW has a structural character and it is almost 
only periodic lattice deformation (PLD). As a counterexample to NbSe2 sample we have chosen TaS2 and Highly 
Oriented Pyrolytic Graphite (HOPG). Both samples are layered crystals with weak interaction between the layers. Yet 
energy dissipation mechanisms are not the same. CDWs exist on TaS2 as well, however mostly electronic in nature. 
A phase transition of TaS2 between Mott insulating (nearly commensurate CDW) and metallic state (commensurate 
CDW) depending on the temperature has been reported [5]. 

 

Figure 1: CDWs on TaS2 STM image of CDW on TaS2 surface. It=0.4nA , Vb=10mV 

In this study, force - distance spectroscopy was performed on the samples in order to understand the nature of the 
interaction that contributes to dissipation. Additionally, sample surfaces were studied by means of STM to observe 
their electronic and morphological properties. Our study how that there is strong contribution from electrostatic 
forces acting between the tip and TaS2 surface to energy dissipation. Contrary to TaS2, almost no electrostatic 
contribution to friction was observed on clean HOPG  surface. Substantial energy dissipation is observed only for 
close tip – sample distances (<1 nm). They are clearly different from those measured on NbSe2 or TaS2. While the 
dissipation signal for TaS2 strongly depends on the applied bias even for large tip - sample separations, no 
dissipation signal was observed in the map of HOPG. In particular no real dependence on voltage is observed. 

[1]  A.I. Volokitin et al., Journ. Exp. Theor. Phys. 104, 96-110 (2007). 
[2]  B.C. Stipe et al, Phys. Rev. Lett. 87, 096801 (2001). 
[3]  S. Kuehn et al., Phys. Rev. Lett. 96, 156103 (2006). 
[4]  M. Langer et al., Nature Materials13, 173-177 (2014). 
[5]  B. Sipos et al, Nat. Mat 7, 960 (2008). 
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P:60 Molecular adsorption studied on CaF2 thin films 

P Rahe 

University of Nottingham, UK 

Thin insulating films play a key role in the study of single atoms and molecules. In addition to the essential 
presence of insulating layers in semiconducting device technology, the reduced interaction of adsorbates with an 
underlying substrate allows atomic or molecular properties to be studied in an electronically decoupled environment 
[1]. Although the NaCl-on-metal system has been investigated extensively in this context, to date a similar thin 
barrier for single molecule decoupling from semiconductor substrates has not been exploited. A combined high-
resolution scanning tunnelling microscopy (STM) and dynamic force microscopy (DFM) study of molecular 
adsorption is presented on an important analogue to the NaCl-on-metal prototype: CaF2 films grown on the Si(111) 
surface [2,3]. The morphology of the CaF1/Si(111) interface layer as well as of CaF2 multilayer grown on 
CaF1/Si(111) is investigated. The structure of the molecular assembly is mapped on both substrates and it is found 
that adsorption on the CaF1 interface layer leads to different molecular structures than are present on the CaF2 
multilayer areas.  

[1]  J. Repp et al., Phys. Rev. Lett. 94, 026803 (2005)  
[2]  M.A. Olmstead, in: Series Dir. Cond. Matter Phys. Vol. 15 (1999), ed. W.K. Liu, M.B. Santos (World 
 Scientific)  
[3]  J. Wollschläger, Rec. Res. Dev. Appl. Phys. 5-III, 621 (2002) 
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P:61 Evaluation of the twitter-ionic type modifier for anti-biofouling by using FM-AFM 

Y Hirata1, K Kobayashi2, H Yamada2 and M Tanaka1 
1National Institute of Industrial Science and Technology (AIST), Japan, 2Kyoto University, Japan 

Biocompatibility is recognized as one of the most important properties to develop methodologies in biochemical 
analysis and medical equipment.  Therefore, various surface modification materials have been developed and 
studied to provide biocompatibility. Generally hydrophilic surface modifiers are known to facilitate the formation of a 
hydration layer through hydrogen bonding between the surface and the solvent. However the relevance between 
hydration layer and bio-fouling effects have not been elucidated at molecular scale. In this work, surface force 
mapping measurements by FM-AFM have been performed to investigate the behavior of interfacial water molecules 
on SAMs (Self Assembled Monolayers) having various terminal head groups (amino, hydroxyl, carboxyl, ethylene 
glycol and phosphoryl choline).  

SAMs having the head group of the small size showed closely packed surface structure and clear hydration layers, 
on the other hand twitter ionic SAMs indicated rather disordered structures and hydration layers. Among the twitter 
ionic derivatives, i-12CP showed unique properties, high wettability and high resistant against salting-out effect and 
but low suppressive behavior for protein nonspecific adsorption. The force mapping by FM-AFM for the hydration 
layer on the modified surface indicated that there is a repulsive force on the interface in the case of i-12CP, which 
could be the reason to induce nonspecific adsorption of proteins. The difference of i-12CP from 12CP is only in the 
order of functional groups, phosphoryl and choline groups, and the charge distribution of i-12CP is reversed to that 
of 12CP. At the present stage, it can be plausible that the difference in the hydration layer to show the repulsion 
force as observed with i-12CP is the reason to induce nonspecific adsorption of proteins among twitter ionic 
derivatives.  

Figure 1 SAMs modified Au(111) imaged in aqueous KCl solution of 1.0 M. The surface topography (upper) and 
cross sectional Δf variation (lower) along vertical direction to the surface were shown. (a) 11-Amino-1- 
undecanethiole (AUT), (b) phosphoryl choline type thiole (12CP), (c) Inversed phosphoryl choline type thiole (i-
12CP).  
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e-CLIPSE Plus

Electrostatic UHV Scanning Electron Microscope
to be installed on any SPM/STM instrument

In-situ electron microscopy for Scanning Probe 
Microscopy sample navigation and tips positioning

Nanometer scale ultimate resolution reachable even
at large working distance

Fish-Eye Mode up to 4.3 x 4.3 mm Field of View 
for large area navigation

Full UHV compatibility

In-situ Scanning Electron Microscope (SEM) supplements 
Scanning Probe Microscopy (SPM) for accurate probe positioning
and electrical measurements
Knowing the nanowires electrical properties is the key to improve future electronic and optoelectronic 
devices. New SPM configuration with in-situ e-CLIPSE Plus SEM gives the understanding of such complex
devices allowing very precise physical measurements andbetter understanding of the fabrication process
of nanowires. 

SEM / SPM / STM / In-situ / UHV / Probe positioning / Nanowires / Resistivity measurements

Application Note      

III-V nanowires (NWs) could be the next basis of future nanoscale electronic and 
optoelectronic devices. Their specific one-dimensional geometry enables new device
concepts such as NWs solar cells with higher conversion yields because of their 
improved light trapping. 

Figure 1. The ultra-compact TetraProbe STM

High resolution electron
imaging for sample navigation
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Figure 2a. Schematic internal structure
of the TetraProbe STM instrument

Figure 2b. 3D CAD file of the TetraProbe STM
equipped with the UHV e-CLIPSE Plus SEM

Figure 3. e-CLIPSE Plus SEM image of the four tips (250 µm
diameter) close to the surface (post-processed colors)

Figure 4. Schematic view (left) and SEM image 
with post-processed colors (right) of a four-point measurement 
using three tungsten tips in contact on a free-standing GaAs NW

Figure 5. Resistance profile along a nanowire obtained 
with the TetraProbe STM coupled with e-CLIPSE Plus SEM

References :
• Korte et al., Resistance and dopant profiling along freestanding 
GaAs nanowires, J. Appl. Phys. 103, 143104 (2013).
• Peter Grünberg Institut (PGI-3) and JARA-Fundamentals of Future 
Information Technology, Forschungszentrum Jülich, 52425 Jülich, 
Germany
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• CeNIDE (Center for NanoIntegration Duisburg-Essen) and Center 
for Semiconductor Technology and Optoelectronics, 
University of Duisburg-Essen, 47057 Duisburg, Germany
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For the fabrication of novel high performance NW devices a precise control of doping
density and doping profile is a requirement. However, an accurate doping control is often
difficult to obtain. Moreover, the determination of the local resistivity and transport data
in NWs is complicated to reach due to the nanoscaled one-dimensional geometry. 
Instead of detaching the NWs from the surface to be analyzed, an alternatively method
has risen. Multi-tip Scanning Tunneling Microscope (STM) allows to investigate the 
resistance along a single NW. and the measurement of its electrical properties directly
while it is still attached to the substrate. 
mProbes Gmbh, a spin-off company of the Forschungszentrum Jülich, Germany, founded
by Professor Ber Voigtländer, has developed the TetraProbe STM (figure 1). This multi-
tip STM is based on the KoalaDrive®, a piezoelectric Compact N nopositioner developed
for Scanning Probe Microscopy. It aimed to perform in-situ contacting flexible and non-
invasive NW measurements. To preserve the device intact, the TetraProbe STM requires
contamination free environment under Ultra-High Vacuum (UHV).

In this note a TetraProbe STM from mProbes Gmbh in combination with the UHV 
e-CLIPSE Plus SEM from Orsay Physics is used to conduct four point electrical measu-
rements on the NWs. This instrument performs the quantification of the NW continuous
resistance profile and so the dopant profile along the NW length (figure 2a and 2b).

In-situ SEM and STM/SPM instrument.

In this configuration, e-CLIPSE Plus objective nozzle has the advantage to be very com-
pact contributing to the mechanical assembly with the TetraProbe STM. Thanks to 
e-CLIPSE Plus high resolution imaging, it gives a precise nanowire diameter measure-
ment, an accurate tip positioning and a simplified sample navigation. Moreover, due to
the e-CLIPSE Plus large Field of View possibility (up to 5mm x 5mm at 10 keV and
12mm Working distance) the four tips approach to the sample area of interest is easier. 
Images are acquired by the Secondary Electron Detector (SED) located on the side. This
side detection is necessary to observe the tip’s shadow (see figure 3). Indeed, imaging
the dark shadow of the tip gives access to the tip sample distance, necessary to operate
a smooth tip landing on sample surface.

Experimental method.

The sample is mounted with a 45° tilt, so that the NWs can be observed by e-CLIPSE
Plus SEM and three electrochemically etched tungsten tips can be brought into contact
with the same NW as can be seen in figure 4 (the substrate is used as additional fourth
contact to the NW allowing for four-point electrical measurements). The first tip
contacts the NW at the top in order to inject and measure the electrical current (I)
through the NW into the sample. Tips 2 and 3 contact the NW along its length and
measure the potential V2 and V3 and thus the voltage drop V23 = V2 – V3 that occur-
red in between the contact points. 

From the slope of the resulting current (I) versus V23 curves, the resistance R23 of
the NW segment between the two voltage probes can be calculated by a linear fit. To
obtain a resistance profile along the NW (figure 5), the position of tip 3 is moved while
tip 2 is always kept at the same position near the NW top. This is why having e-CLIPSE
Plus SEM image of the apex location on the sample surface is really important as it
gives accurate positions to make precise measurements along the GaAs nanowire. Most
of the NW length shows a linear constant resistivity of 12 kW/µm with an increased
one at the NW base where the temperature during NW growth is higher. So a constant
dopant concentration is assumed on these two regions seen in figure 5.
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