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 17th International Conference on non-contact Atomic Force Microscopy!!
Tsukuba (Japan) from 4th to 8th of August 2014!!

The NC-AFM 2014 conference continues a series of international conferences dedicated to research at the 
frontiers of science and technology of non-contact atomic force microscopy and spectroscopy. The conference 
covers experimental, theoretical, and instrumental contributions on frequency modulation detection mode 
and other dynamic and static operation modes of an atomic force microscope (AFM), with particular 
emphasis on high resolution imaging and force spectroscopy for a broad range of applications in nano-
science, material science and technology.  A symposium devoted to Nano Mechanics for Green Innovation 
and Life Sciences will precede the conference."
Former NC-AFM conferences were held in: Osaka, Japan (1998); Pontresina, Switzerland (1999); Hamburg, 
Germany (2000); Kyoto, Japan (2001); Montreal, Canada (2002); Dingle, Ireland (2003); Seattle, USA 
(2004); Bad Essen, Germany (2005); Kobe, Japan (2006); Antalya, Turkey (2007) ; Madrid, Spain (2008); New 
Haven, USA (2009);  Kanazawa, Japan (2010);  Lindau, Germany (2011);  Ceský Krumlov, Czech Republic 
(2012); and Maryland, USA (2013)."!
Topics:!
Non-Contact Atomic Force Microscopy (NC-AFM) is a dynamic scanning force microscopy technique that 
provides true atomic resolution imaging and nanoscale manipulation capabilities on a wide range of 
material surfaces. In recent years, NC-AFM has undertaken a rapid evolution, and it has become a very 
important tool in science and nano-technology, particularly when simultaneously combining it with 
scanning tunnelling microscopy. NC-AFM is widely spreading in the scientific community with an 
increasing number of groups adopting or implementing it for the study of physical and chemical properties 
of surface systems down to the atomic and molecular scale in a wide range of technologically relevant 
environments, including vacuum, liquids, biological and electrochemical solutions, and ambient conditions. 
The conference welcomes contributions for oral and poster presentations dealing with one or more of the 
following topics:"
"• " Novel instrumentation and techniques in AFM"               
"• " Atomic resolution imaging on insulating substrates, semiconductors, and metals"               
"• " Atomic resolution imaging on molecular systems"               
"• " High-resolution imaging of clusters, biomolecules, and biological systems"               
"• " Atomic- and molecular-scale manipulation"               
"• " Simultaneous force and tunnelling microscopy/spectroscopy"               
"• " High-resolution imaging and spectroscopy in liquid environments"               
"• " Theoretical analysis of contrast mechanisms; forces & tunnelling phenomena"               
"• " Measuring tip-surface interactions and 2D/3D force field mapping"               
"• " Small amplitude and lateral force measurements using dynamic methods"               
"• " Mechanisms for damping and energy dissipation"               
"• " Measuring nanoscale charges, work function, and magnetic properties"               
"• " Simulation of images and virtual SPM systems"               
"• " Amplitude modulation mode versus non-contact mode imaging"               
"• " Multifrequency techniques"               
"• " Electrochemical applications of frequency modulation AFM"               
"• " Theoretical aspects of Scanning Probe Techniques"               !
http://www.nims.go.jp/nanomechanics/NC-AFM2014.html  !



Committees!
The NC-AFM 2014 conference is organised under the auspices of the “167th Committee on Nano-Probe 
Technology” of the Japan Society for the Promotion of Science (JSPS)."!
Conference Chairperson:     Oscar Custance, NIMS (JP)"!
NC-AFM 2014 Organising Committee:"
    Masayuki Abe" Osaka University (JP)"
    Daisuke Fujita            " NIMS (JP)"
    Takeshi Fukuma         " Kanazawa University (JP) "
    Yukio Hasegawa         " The University of Tokyo (JP) "
    Hideki Kawakatsu       " The University of Tokyo (JP)"
    Seizo Morita               " Osaka University (JP)"
    Tomoko Shimizu         " NIMS (JP)"
    Yasuhiro Sugawara     " Osaka University (JP) "
    Masahiko Tomitori       " JAIST (JP)"
    Hirofumi Yamada         " Kyoto University (JP)"!
International Steering Committee:"
    Toyoko Arai              " Kanazawa University (JP)"
    Thilo Glatzel             " University of Basel (CH)"
    Hendrik Hölscher       " Karlsruhe Institute of Technology (DE)"
    Pavel Jelinek             " Academy of Science (CZ)"
    Hiroshi Onishi            " Kobe University (JP)"
    Rubén Pérez              " Universidad Autónoma de Madrid (ES)"
    Michael Reichling       " University of Osnabrück (DE)"
    Udo Schwarz             " Yale University (USA)"
    Alexander Shluger     " University College London (UK)"
    Santiago Solares       " Maryland University (USA)"!
Program Committee:!
    Adam Foster             " Tampere University of Technology FI)"
    Ernst Meyer               " University of Basel (CH)"
    Franz Giessibl            " University of Regensburg(DE)"
    Philip Moriarty           " University of Nottingham (UK)"
    Leo Gross                  " IBM Zurich Research Laboratory(CH)"
    Arvind Raman            " Purdue University (US)"
    Peter Grütter             " McGill University(CA)"
    Sascha Sadawasser    " IINL (PT)"
    Markus Heyde            " Fritz-Haber-Institute(DE)"
    Alexander Schwarz     " Univ. of Hamburg (DE)"
    Lev N. Kantorovich     " King's College London(UK)"
   Ozgur Sahin               " Columbia University (US)"
   Shigeki Kawai            " University of Basel(CH)"
   Yoshiaki Sugimoto      " Osaka University (JP)"
   Kei Kobayashi            " Kyoto University(JP)"
   Milica Todorovic          " UAM (ES)"
   Christian Loppacher    " University Paul Cézanne Aix-Marseille III (FR) 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Conference Proceedings!!
Dear Participant of the NC-AFM2014 Conference,"
Every year, the organising committee of the NC-AFM Conference Series arranges for a possibility to 
publish results presented at the conference in a high-quality journal. The goal is that the NC-AFM 
community is provided annually with a collection of papers assembled in one issue that give a 
comprehensive overview over the current state-of-the-art of this rapidly developing field. Due to the 
high visibility of these Special Issues in the NC-AFM community, papers published in this series are 
highly cited."
In order to continue this tradition and to build on the successes of the Special Issues of the 2011, 2012, 
and 2013 NC-AFM Conferences, the participants of the NC-AFM 2014 Conference are invited to 
publish in the  Beilstein Journal of Nanotechnology. This peer-reviewed, open access journal (2012 
impact factor: 2.374) publishes high-quality original articles on all aspects of nano science and 
nanotechnology, while offering a unique platform for rapid publication and highest visibility."
When publishing in the Beilstein Journal of Nanotechnology, there are no fees for authors and readers 
and no page charges or charges for colour — the journal is funded by the Beilstein-Institut, a German 
non-profit foundation, as a service to the scientific community. Articles submitted to the NC-AFM 
Special Issue will be published online on an ongoing basis, i.e. no wait once your article has been 
accepted."
More details about the aims and scope of the Journal can be found on the Journal's 
website www.bjnano.org, where you can also find the instructions for authors and a description of the 
submission process. Articles for the Special Issue can be submitted any time (please indicate in your 
cover letter that it is for the NC-AFM 2014 Special Issue), but the official deadline is set to Friday, 
October 3, 2014."
We cordially invite you to plan ahead and to submit a manuscript once the time has come. Take full 
advantage of true Open Access publishing to disseminate your results with maximum impact and 
contribute to progress in the NC-AFM community by sending us your exciting research results."!
Yours sincerely,"!
Udo D. Schwarz 
Associate Editor, Beilstein Journal of Nanotechnology 
Editor NC-AFM 2014 Special Issue"!
Mehmet Z. Baykara"
Guest Editor, NC-AFM 2014 Special Issue" !

!

http://www.beilstein-journals.org/bjnano/browse/singleSeries.htm?sn=9
http://www.beilstein-journals.org/bjnano/home/home.htm
http://www.beilstein-institut.de/en/foundation/
http://www.bjnano.org/
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!
Symposium!!

    The annual symposium of the 167th Committee on Nano-Probe technology of the Japan Society for 
the Promotion of Science will precede the conference. The symposium will be held in English and it is 
open to all the attendees of the NC-AFM 2014 conference. "
    This year, the symposium will be devoted to five topics related to “Nano mechanics for Green 
Innovation and Life Science”. The scientific program of the symposium consists of three plenary talks 
given by renowned scientists in the field and two invited talks given by young researchers. The 
plenary talks will describe several landmark results with a tutorial component where the speaker will 
explain in a didactic way the principles and developments behind those extraordinary achievements."!

Chair: Prof. Hiroshi Onishi (Kobe University)"!
Plenary Speakers:!

Prof. Toshio Ando (Kanazawa University)"
Dr. Bernd Gotsmann (IBM Zurich Research Laboratory)"
Prof. Ruben Perez (Universidad Autonoma de Madrid)"!

Invited Speakers:!
Dr. Kenjiro Kimura (Kobe University)"
Dr. Hiroaki Benten (Kyoto University) "! !

Sponsored by:!
!

!!

!



!
Presentations!!

The scientific program of the NC-AFM 2014 conference includes 44 talks and two poster sessions. "!
Oral contributions!
The time allocated for each talk is 20 min including discussion. We kindly ask all speakers to strictly 
respect the time limit. A projector as well as a notebook compatible with MS-PowerPoint, Pages for 
Mac, Adobe PDF and standard multimedia will be available on-site. It will be also possible to connect 
personal notebooks to the projector. It is a responsibility of each speaker to check in advance that his/
her presentation will be correctly displayed prior to the corresponding session."
 "
Poster contributions!
The poster dimensions should not exceed 130 cm (height) x 85 cm (width). Fixing material (pins) will 
be available on site. The poster boards will be numbered by the organisers. Please set your poster to 
the assigned board following the corresponding poster number. Please remove your poster right after 
the poster session at 20:30."!
Poster Awards!
In the 2014 edition of the NC-AFM Conference  there will be a best poster award with a €1,000 cash 
prize (sponsored by  SPECS)  and three finalists “ATI poster award” with 100,000 JPY cash prize 
each (sponsored by ATI). "
Only students are eligible for the Poster Award. We encourage the students to prepare their poster 
contributions taking into account that the jury will independently score: (i) the visual appearance of 
the poster; (ii) the communication skills, self-confidence and enthusiasm of the presenter; and (iii), the 
originality and scientific merit of the contribution."! !

Poster awards sponsored by:!!
 

!



!
Exhibition!

A commercial exhibition of leading manufacturers offering instrumentation, software and accessories 
for NC-AFM and related techniques will take place on the first floor of the Main Convention Hall of 
the Tsukuba International Congress Center from 5th to 8th of August. All participants will meet several 
times a day during coffee breaks and the poster sessions. "

 

!

http://www.nims.go.jp/nanomechanics/Exhibitors.html
http://www.nims.go.jp/nanomechanics/First_Floor.html
http://www.epochal.or.jp/eng/index.html


!
Conference Venue!

The NC-AFM 2014 conference will be held at the  Tsukuba International Congress Center  (2-20-3 
Takezono,Tsukuba, Ibaraki, 305-0032 Japan). The Congress Centre is located at a convenient walking 
distance from main hotels in Tsukuba and from the Tsukuba Express train station. The  talks, poster 
sessions, coffee breaks and commercial exhibition will be held all together at the Main Convention 
Hall. The registration desk will be opened daily, and it will be located at the first floor entrance of the 
Main Convention Hall."

Weather !
Temperature of Tsukuba city is very high in August. Maximum temperature will exceed 30oC in a high 
humidity environment. We advise you to drink plenty of liquid to avoid dehydration. Whenever you 
go outside, we advice you to wear a cap or a hut to prevent you from headache and heat stroke. In 
case you feel dizzy, lightheaded, or nauseous, immediately move to a cool place, drink water, and rest 
until it gets better. "
 "
Note about summer break in Japan:!
For those participants planning to travel around Japan on dates close to the conference, please be 
aware that the week after the NC-AFM 2014 meeting is a well-established summer break in Japan. 
Many people take holidays during that week and hotels, trains, planes and touristic places may 
become overcrowded. Plane fares, both within Japan and abroad, and hotel room fees are also risen."!
WiFi at the Tsukuba International Congress Centre!
Free public WiFi is available at common spaces of the conference venue. Inside the Mid- and Main- 
Convention Halls, WiFi access is also available with the following settings: "
SSID: ncafm2014"
Password (case sensitive): Ad148Kpx"!!

http://www.epochal.or.jp/eng/index.html
http://www.nims.go.jp/nanomechanics/Scientific_Program.html
http://www.nims.go.jp/nanomechanics/Scientific_Program.html
http://www.nims.go.jp/nanomechanics/Exhibition.html
http://www.nims.go.jp/nanomechanics/Ground_Floor.html
http://www.nims.go.jp/nanomechanics/First_Floor.html


!
Social Events!

Welcome Party:!
A get-together welcome party will be held from 18:00 to 20:45 of Monday 4th of August 2014 at 
the Multi-purpose Hall of the Tsukuba International Congress Centre."
"
Luncheon Seminar on Tuesday:!
Shimadzu Corporation is offering a luncheon seminar 
from 12:00 on Tuesday 5th of August 2014 at the Room 
102 (138 people capacity) of the Tsukuba International 
Congress Centre. Meals will be distributed on a first-
come first-served basis."
"
Sake Tasting on Tuesday Poster session:!
Omicron NanoScience and Asylum Research are 
offering a Sake Tasting during the poster session on 
Tuesday 5th of August 2014. It will start at 19:30 at the 
lobby of the Main Hall."!
Luncheon Seminar on Wednesday:!
Omicron NanoScience and Asylum Research are 
offering a luncheon seminar from 12:00 on Wednesday 
6th of August 2014 at the Room 201 (120 people 
capacity) of the Tsukuba International Congress Centre. 
Meals will be distributed on a first-come first-served 
basis."!
Lunch on Thursday:!
Lunch will be provided after the morning session on Thursday 7th of August 2014 at the lobby of the 
Main Hall."!
Conference Excursion:!
There will be a guided visit in English to the  Tsukuba Space Center of the Japanese Aerospace 
Exploration Agency (JAXA) on Thursday afternoon (7th of August 2014). The buses depart from the 
Tsukuba International Congress Centre, and come back to the same place. Those who registered and 
receive confirmation e-mail, please come to the main entrance of the Congress Centre at 13:10 for ISS 
course and 14:20 for Astronaut course."
   International Space Station (ISS) course: 13:10-15:30 (Passport or Japanese driver’s license required)"
   Astronaut course: 14:20-16:30 

!

http://www.jaxa.jp/about/centers/tksc/index_e.html


Banquet and Poster Award Ceremony:!
The conference dinner and the poster award ceremony will be held on Thursday evening (7th of 
August 2014) from 18:00 to 20:30 at Hotel Grand Shinonome. The pick-up bus will be available from 
the main entrance of the Tsukuba International Congress Centre at 17:30 and 17:50. The hotel 
Shinonome is within a walking distance from the Okura Frontier Hotel, Tsukuba Station, Daiwa 
Roynet Hotel (0.9 m, 11 min walking), and the Tsukuba International Congress Centre (1.1 Km, 13 min 
walking)."

 

!



!!!!!!!!!
!

Scientific program!
!

Oral presentations on 
5th of August 2014 !!!!!!!!!!!!!!!!! !



9:00-9:20

9:20-9:40

9:40-10:00

10:00-10:20 Opening remarks (O. Custance)

Chairperson Adam Sweetman

10:20-10:40 A. Riss OT01

10:40-11:00 I. Swart OT02

11:00-11:20 A. Weymouth OT03

11:20-11:40 T. Dienel OT04

11:40-12:00 B. de la Torre OT05

12:00-14:00
Luncheon seminar offered by 

Shimadzu Corporation      
(Room 102)

Chairperson Leo Gross

14:00-14:20 S. Kawai OT06

14:20-14:40 P. Hapala OT07

14:40-15:00 A. Sweetman OT08

15:00-15:20 L. Kantorovick OT09

15:20-15:40 M. Ondracek OT10

15:40-16:00
Coffee break

16:00-16:20

Chairperson Shigeki Kawai

16:20-16:40 C. Moreno OT11

16:40-17:00 M. Todorovic OT12

17:00-17:20 A. Shluger OT13

17:20-17:40 Ch. Loppacher OT14

17:40-18:00
Poster Session I (17:40~20:30)                         

&                                             
Sake Tasting offered by 

Omicron NanoScience and 
Asylum Research                 

(19:30 to 20:50)        

 18:00-20:30

Oral presentations on Tuesday 5th of Agusut 2014 
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 Single-molecule reactions: imaging chemical bonds and tuning electronic 
structure 

 
Alexander Riss1,2, Sebastian Wickenburg2,3, Hsin-Zon Tsai2,3, Liang Z. Tan2,3, Dimas G. de 
Oteyza1,4, Yen-Chia Chen2,3, Patrick Gorman5, Duncan J. Mowbray6,7, Alejandro Perez6,7, 

Steven Louie2,3, Angel Rubio4,6,7, Felix Fischer3,5, Michael Crommie2,3 
1Institute of Applied Physics, Vienna University of Technology, 1040 Vienna, Austria; 

2Department of Physics, University of California, Berkeley, CA 94720, USA  3Materials 
Sciences Division, Lawrence Berkeley National Laboratory, Berkeley, CA 94720, USA;  

4Centro de Física de Materiales CSIC/UPV-EHU-Materials Physics Center, E-20018 San 
Sebastián, Spain; 5Department of Chemistry, University of California, Berkeley, CA 94720, 
USA;  6Donostia International Physics Center, E-20018 San Sebastián, Spain; 7Nano-Bio 

Spectroscopy Group and ETSF Scientific Development Center, Dpto. de Física de Materiales, 
Universidad del País Vasco UPV/EHU, E-20018 San Sebastián, Spain; 

E-mail: riss@iap.tuwien.ac.at 
 

Organic molecules provide a versatile, abundant, and cost-effective platform for the 
development of functional materials in many technologically relevant fields, such as 
electronics and photovoltaics. Effective utilization of molecular systems relies on control of 
structure, arrangement and bonding between molecular units, as well as an understanding on 
how these parameters affect the physical and chemical properties of the material. 

Our studies focus on atomic-level investigations of surface-supported intra- and 
intermolecular reactions of organic molecules along with changes of their electronic 
properties. In particular, we resolved the bond rearrangements associated with cyclization 
reactions of single enediyne molecules by imaging the precise chemical structure of reactants 
and products [Fig.1] [1], as well as intermediate species, using non-contact atomic force 
microscopy (nc-AFM). We used scanning tunneling microscopy and spectroscopy 
(STM/STS) to study the formation of low-energy extended electronic states in conjugated 
polymer chains, which were synthesized by radical polymerization reactions on metal 
surfaces [Fig. 2] [2]. 

Our nc-AFM experiments provide a detailed mechanistic understanding of complex 
chemical reactions, which in turn guides the rational synthesis of functional surface-supported 
molecular architectures. 

 
 
  

 
 
 
 
 
 
 
 
 
 
 
References: 
[1]  D. de Oteyza et al., Science 21, 1434 (2013).  
[2]  A. Riss et al., Nano Lett. in press (2014). 

Fig.1: Competitive reaction pathways of an 
enediyne molecule on Ag(100) revealed by 
nc-AFM experiments [1]. 
 

Fig.2: Simulteneous nc-AFM and STM measurement of a single 
oligomer chain on Au(111). The STM measurement is sensitive 
to the electronic local density of states of the oligomer's lowest 
unoccupied molecular orbital (LUMO) while the nc-AFM 
measurement shows the oligomer's conjugated chemical 
structure [2]. 
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 SAMPLE CORRUGATION AFFECTS THE APPARENT BOND 
LENGTHS IN ATOMIC FORCE MICROSCOPY 

 
Ingmar Swart 1, Mark P. Boneschanscher1, Sampsa K Hämäläinen2, Peter Liljeroth2 

1Debye Institute for Nanomaterials Science, Utrecht University, Utrecht, 3508 TA, the 
Netherlands; 2Department of Applied Physics, Aalto University School of Science, Aalto, 

00076, Finland 
E-mail: I.Swart@uu.nl 

 
Frequency modulation atomic force microscopy (AFM) can be used to image the chemical 
structure of planar molecules with atomic resolution [1]. Recently, it was shown that the 
apparent height and length of bonds in planar molecules is correlated to the bond order [2]. It 
is even possible to visualize intermolecular hydrogen bonding using AFM [3]. The possibility 
to extract such quantitative information from AFM images opens up unique possibilities in 
chemistry, molecular electronics, and materials science. 
 
Typically, these sub-molecular resolution imaging experiments are carried out in constant-
height mode using carbon monoxide (CO) terminated tips. Such tips are known to exhibit 
considerable flexibility, i.e. the CO molecule can bend laterally due to the tip-sample 
interaction. Using epitaxial graphene as a model system, we demonstrate experimentally that 
the apparent atomic positions measured by AFM depend on the sample corrugation. Using 
molecular mechanics simulations, we explain these observations by the interplay of the CO 
bending and the non-linear background signal arising from the neighboring atoms. These 
effects depend non-trivially on the tip-sample distance and limit the achievable accuracy on 
the bond length determination based on AFM experiments [4].  
 
References: 
[1] L. Gross, F. Mohn, N. Moll, P. Liljeroth, and G. Meyer, Science, 325, 1110 (2009). 
[2] L. Gross, F. Mohn, N. Moll, B. Schuler, A. Criado, E. Guitian, D. Pena, A. Gourdon, 

and G. Meyer, Science, 337, 1326 (2012). 
[3] J. Zhang, P. Chen, B. Yuan, W. Ji, Z. Cheng, and X. Qiu, Science, 611, (2013). 
[4] M. P. Boneschanscher, S. K. Hämäläinen, P. Liljeroth, and I. Swart, ACS Nano DOI: 

10.10, (2014).  
 

OT02



Transient Atom by Atom Rehybridization of Graphene into Diamond 
Induced by an Atomic Force Microscope !

T. Hofmann1, A. J. Weymouth1, A. Donarini2, F. J. Giessibl1 

1Institute of Experimental and Applied Physics, Department of Physics, University of 
Regensburg, 93053 Regensburg, Germany; 2Institute of Theoretical Physics, Department of 

Physics, University of Regensburg, 93053 Regensburg, Germany 
E-mail: franz.giessibl@ur.de !

The fine atomic structure of organic molecules can be resolved with atomic force microscopy 
using carbon monoxide terminated tips as demonstrated by Gross et al. [1]. Such a tip 
truthfully images the graphene lattice with bumps at each carbon atom for gentle repulsive 
forces [2] below a few dozen piconewtons. For higher interaction forces and closer distances, 
the CO molecule apparently bends laterally to the point of a complete contrast reversal, where 
the centers of carbon hexagons appear most repulsive. At the distance where contrast reversal 
sets in, we observe the emergence of the third harmonic component in the otherwise 
sinusoidal force sensor deflection. The effect occurs at a local pressure close to the 12 GPa 
threshold that is necessary to transform graphite into diamond. We conclude that this sharp 
transient marks a rehybridization of the sp2 graphene bonds to sp3 diamond bonds. The 
emergence of higher harmonics requires the presence of a rigid graphene layer underneath the 
graphene surface layer, consequently it occurs for graphene grown on SiC, but neither for 
graphene grown on Cu, nor for graphite. At very close distances, higher harmonics are 
accompanied by a rise in dissipation of a few meV per cycle (see figure).    

!  

References: 
[1] L. Gross, F. Mohn, N. Moll, P. Liljeroth, G. Meyer, Science 325, 1110 (2009). 
[2] M.P. Boneschanscher, J. van der Lit, Z. Sun, I. Swart, P. Liljeroth, and D. 

Vanmaekelbergh, ACS Nano 6, 10216 (2012).
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 High resolution frequency shift and tunneling current imaging of  
graphene nanoribbon junctions 

 
Thomas Dienel1, Oliver Gröning1, Shigeki Kawai2,3, Hajo Söde1,  

Pascal Ruffieux1, and Roman Fasel1 
1nanotech@surfaces Lab, Swiss Federal Laboratories for Materials Science and Technology, 

CH-8600 Dübendorf, Switzerland; 2Department of Physics, University of Basel, 
Klingelbergstrasse 82, CH-4056 Basel, Switzerland; 3PRESTO, Japan Science and 

Technology Agency, Klingelbergstrasse 82, CH-4056 Basel, Switzerland 
E-mail: thomas.dienel@empa.ch 

 
The bottom-up chemical coupling of dedicated molecular precursors on metal single 

crystal surfaces has enabled the synthesis of atomically precise graphene nanoribbons (GNR) 
[1]. In this context scanning probe microscopy plays an important role in the investigation of 
the involved on-surface reactions and the characterization of their products. 

Here we report on the formation of junctions between atomically well-defined armchair 
GNRs of width N=7 (7 carbon atom pairs across the ribbon width, 7-AGNR) imaged by low-
temperature, tuning fork non-contact AFM (QPlus) [2]. Using CO-functionalized tips ultimate 
bond resolution could be achieved, revealing the detailed atomic structure of various types of 
junctions [3,4]. In addition to the structural information simultaneous current imaging (at 
extremely low tip bias around 1 mV) allows mapping of the electronic states near the Fermi 
energy. For a particular type of junctions, where the end of a 7-AGNR is fused to the 
armchair edge of another 7-AGNR, the current image reveals the charge density of the 
characteristic 7-AGNR end state [4]. This electronic state survives at the junction, but 
hybridizes with the connected GNR. The features of the corresponding current maps can be 
retrieved in fine detail from Tight Binding simulations, which reveal a high sensitivity of the 
spatial charge density distribution on the precise bonding configuration of the junction. 

 
a) Experimental frequency shift 
at constant height image of a 
junction of three  7-AGNRs on 
Au(111) 
b) Simultaneously acquired tun-
neling current image at 1 mV tip 
bias (square root of the current 
is shown). 
c) Tight Binding simulation of 
the charge density distribution 
(square root is displayed) of the 
zigzag end states near EFermi. 
The yellow frame corresponds 
to the field of view in the 
experiment (a and b). 
Scale bar: 1nm. 

 
References: 
[1]  J. Cai et al., Nature 466, 470 (2010). 
[2] F.J. Giessibl, Appl. Phys. Lett. 76, 1470 (2000). 
[3] M. Ijaes et al., Phys. Rev. B 88, 075429 (2013). 
[4] J. van der Lit et al., Nat. Commun. 4, 2023 (2013). 
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Atomic Resolution and Moiré Patterns in Graphene/Pt(111) by Low 
Temperature-NCAFM Experiments and DFT Calculations 

 
B. de la Torre1, M. Ellner2,  P. Pou2,3, N. Nicoara1,4, R. Pérez2,3, J. M. Gómez-Rodríguez1,3 

1Dept. Física Materia Condensada, Universidad Autónoma de Madrid, Spain 
2Dept. Física Teórica Materia Condensada, Universidad Autónoma de Madrid, Spain 

3Condensed Matter Physics Center (IFIMAC), Universidad Autónoma de Madrid, Spain 
     4Iberian Nanotechnology Laboratory, Braga, Portugal 

E-mail: bruno.delatorre@uam.es 
 
The epitaxial growth of graphene on metals is currently an active field of research [1]. 
Scanning probe techniques have revealed as fundamental tools for the analysis of the atomic 
and electronic structure of graphene. However, the origin of atomic contrast in carbon based 
systems is still a challenging question [2]. Graphene on Pt(111) is of utmost interest due to the 
low interaction of its pristine surface with the metal [3].  
In this work, for the first time, the graphene/Pt(111) system is studied with NCAFM both 
experimentally and theoretically. With a home-made cantilever-based AFM operating at 5K 
and UHV, atomic resolution and moiré patterns are observed. Moreover, inversions of atomic 
contrast from a honeycomb to a hexagonal lattice (with one maximum per unit cell) have been 
detected. The comparison of experimental specific-site force spectroscopy data with first-
principle DFT calculations has allowed gaining further insight. The inversion of atomic 
contrast may be rationalized in terms of the electronic density dependence of the Pauli 
interaction [2]. However, we associate the AFM observation of the moiré to sub-surface 
resolution. According to DFT calculations, corrugated moirés can be obtained in the repulsive 
regime, where the tip indents the graphene sheet deep enough so the displaced carbon atoms 
act as a tip that allows sensing the Pt surface with atomic resolution. This idea may be 
generalized to other 2D materials opening the door to simultaneous monolayer/substrate AFM 
characterization.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
References: 
[1] A. J. Martínez-Galera, et al. Nano Lett. 11, 3576 (2011). 
[2] Ondracek et al. Phys Rev Lett, 106, 176101 (2011).  
[3] M. M. Ugeda, et al. Phys Rev Lett. 107, 116803 (2011). 
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Halogen bonding is a class of noncovalent interactions between two organic halogen 
atoms, in which a positively charged cap of the atom along the extended carbon-halogen 
bond axis, the so-called σ hole, attracts the belt with intrinsic negative electrostatic potential 
in the adjacent molecule [1,2]. Previous theoretical studies show that the strength of the σ 
hole increases in the order of Cl, Br, and I, and accordingly the halogen-halogen distance in 
crystal becomes shorter. Contrary, F has no σ hole [Fig. 1a] and it is generally believed that 
the halogen bond is absence. 

Here, we report an existence of halogen bond in a fluoromolecular film with a 
combination of high-resolution force microscopy and ab-inito calculation. We found that an 
anisotropic distribution of the negative electrostatic potential on a F atom surface induces a 
directional bonding while the attractive dispersion force overcomes the electrostatic 
repulsion. [Fig. 1bc] The competition results in the formation of a "windmill" structure where 
three molecules bond via highly directional C-F halogen bonds [Fig. 1de].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
References: 
[1] O. Hassel, Science 170, 497 (1970). 
[2] P. Auffinger, F. A. Hays, E. Westhof, P. S. Ho, Proc. Natl. Acad. Sci. USA, 101, 16789, 

(2004). 

Fig. 1(a). Calculated electrostatic potentials 
for fluoro-substituted 
phenyleneethynylenes molecule. The 
molecular surface is taken as the iso-
density (0.001 e/a0

3) surface. (b) STM 
topography of the self-assembled 
molecules on Ag(111). (c) df map of the 
self-assembly, taken with a CO terminated 
tip of tuning fork sensor at a constant 
height mode at 4.8 K. (d) Magnified df 
map, indicated in (c). (e) Schematic 
drawing of the three C-F contacts. 
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 The mechanism of high resolution AFM/STM imaging of organic molecules 
with functionalized tips  
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High resolution AFM/STM imaging with functionalized tips is well established [1], but 

the detail understanding of the high-resolution images is still missing. Here we present a 
simple mechanistic model of STM/AFM imaging mechanism of organic molecules with 
functionalized probe, which takes into account relaxation of the molecular probe due to tip-
sample interaction [2]. We will demonstrate, that the model is able to produce very well not 
only experimentally observed intra and intermolecular contrast but also its evolution upon the 
tip approach, comparing directly theoretical and experimental AFM/STM images of PTCDA 
on Au(111). We will also discuss the origin of enhanced submolecular contrast observed by 
means of AFM/STM with functionalized tip. The simulations unveil a significant particle 
distortion towards local minima of the interaction potential in close distances, which causes 
discontinuity in both the frequency shift and the tunneling current. This effect is responsible 
for the sharp sub-molecular resolution observed in AFM/STM experiments. In addition, we 
demonstrate, that the sharp intermolecular apparent bonds should not be interpreted as true 
hydrogen bonds, in sense of representing area of increased electron density [3], but they 
represent the valley between two minima of the potential energy landscape determined by 
geometry position of neighboring atoms. 

 
Fig.1: a) Variation of probe position due to lateral relaxation; Variation of simulated b) and experimental c) 
AFM  images of PTCDA/Au(111) along Co-tip approach. Variation of simulated d) and experimental e) STM 
images of PTCDA/Au(111) along Co-tip approach.  
 
References: 
[1] L.Gross et al., Science 325,1110 (2009); C.Weiss et al., Phys.Rev.Lett. 105, 086103 (2010)  
[2] L.Gross et al., Science 337, 1326 (2012).  
[3] J.Zhang et al., Science 342, 611 (2013).  
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 Mapping the force field of a hydrogen-bonded assembly 
 

A. M. Sweetman1

1School of Physics & Astronomy, University of Nottingham, Nottingham NG7 2RD, U.K. 

,*, S. P. Jarvis1,*, H. Sang2,3,*, I. Lekkas1, P.Rahe4, Yu Wang2,  J. Wang2, 
                          N. Champness5, L. Kantorovich3,  & P. Moriarty1,† 

2School of Physics and Technology, Centre for Electron Microscopy, Wuhan University, 
Wuhan 430072, China 

3Department of Physics, King’s College London, The Strand, London WC2R 2LS, U.K. 
4Dept of Physics and Astronomy, University of Utah, Salt Lake City, UT, U.S. 
5School of Chemistry, University of Nottingham, Nottingham NG7 2RD, U.K. 

 
E-mail: adam.sweetman@nottingham.ac.uk 

 
Hydrogen-bonding underpins the structure and properties of a vast array of systems spanning a 
wide variety of scientific fields. Of particular interest is the directed assembly of surface 
template structures where the interactions between surface adsorbed molecules are engineered 
by tailoring of their hydrogen bonding end groups. 
  
We have used dynamic force microscopy (DFM) to not only visualize, but also quantitatively 
map the tip-sample 3D force-field for naphthalene tetracarboxylicdiimide (NTCDI) molecules 
hydrogen-bonded in 2D assemblies (see Fig. 1). 
 
A comparison of experimental images and force spectra with their simulated counterparts 
shows that interpretation of DFM images of hydrogen-bonded systems necessitates detailed 
consideration of the coupled tip-molecule system: analyses based on intermolecular charge 
density in the absence of the tip fail to capture the essential chemical physics underpinning the 
imaging mechanism [1-2]. The role of tip relaxation is an especially important issue [3-4] and 
we shall discuss our experimental data in relation to calculations involving a fully relaxed and 
a completely ‘pinned’ tip-sample geometry. We also show that an analysis of density 
depletion can be used to aid the interpretation of image contrast.  

 
 
[1]  A. Sweetman, S.P. Jarvis and H.Sang et al., Nature Comms. (Accepted) (2014). 
[2]  J. Zhang,  et al. Science 342, 611-614 (2013) 
[3]  L. Gross et al Science 337. 1326-1329 (2013) 
[4]  P. Hapala et al.. Abstracts of DPG Spring Meeting (2014) and private communication. 

 

Fig. 1  
 
Left: F(z) measurements 
extracted from 3D force field 
over different locations on an 
H-bonded NTCDI molecule.  
 
Right: X-Y force images at 
increasing tip-sample 
separation, spectra locations 
highlighted. 
 
(Inset) Constant height 'f 
image of NTCDI island 
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In this work we propose a practical two-step experimental strategy for characterising AFM 
probes.  Using an entirely theoretical approach based on ab initio density functional theory 
(DFT) we propose that measurements can be made using well characterised tips by exploiting 
a reference system prepared alongside a chemically distinct system of interest. Our particular 
investigation is in resolving molecules with intramolecular resolution on the same or a 
different surface.  The example system we choose is the mixed Si(111)-7×7 and Ag:Si(111)-
(√3×√3)R30◦ surface which can be prepared on the same sample with a controlled coverage 
of chemically reactive and passivated regions.  Spectroscopy measurements at specific lattice 
sites are first performed on Si(111)-7×7 which is used as a reference surface.  Using an 
extensive database of DFT calculated responses of tips with various chemical and structural 
terminations, the structure at its apex is identified. We show that following characterisation of 
the tip the surface of interest can then be studied. Here we perform a thought experiment, 
entirely based on theory, in which intramolecular imaging of naphthalene tetracarboxylic 
diimide (NTCDI) molecules on Ag:Si(111)-(√3×√3)R30◦ is examined.  
 
A large set of different tip apexes that vary both geometrically and chemically is considered 
and their responses to well defined lattice sites of the Si(111)-7×7 are calculated. These data 
form the basis of our database providing fingerprints of possible responses to this reference 
surface.  Spectroscopy simulations are then performed on a number of sites above an island 
formed by four NTCDI molecules adsorbed on the Ag:Si(111)-(√3×√3)R30◦ surface. We 
observe distinctly different forces and images above adatoms and rest atoms on Si(111)-7×7 
depending on the chemical reactivity and electrostatic potential of tip apex, providing a 
number of distinct criteria for the tip fingerprinting. It is found that negatively charged tips 
produce the best intramolecular contrast in NC-AFM operated in Pauli repulsive regime. The 
image mechanisms are discussed in each case; in particular, the contrast observed using 
chemically inert tips is attributed to the joint contribution of Pauli repulsion and site-specific 
electrostatic force. The potential application of AFM tips passivated by a polar molecule to 
reveal the charge distribution and electrostatic potential within an adsorbed single molecule is 
also discussed. We believe that this strategy, when fully implemented, would enable one to 
perform experiments on samples of interest with better control and precision as significant 
knowledge of the tip apex structure can be acquired prior to measurements during the same 
experimental run. 
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 Detail understanding of the interaction and transport mechanism between 
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We employ simultaneous nc-AFM/STM measurements and DFT-based simulations to 
understand the interaction mechanism between a CO-tip and C2H2 on a Cu(111) surface on 
atomic scale. The attractive force acting between the CO-tip and the acetylene molecule 
consists of the London dispersion force and the local electrostatic force. Our theoretical 
analysis at varying tip-molecule distances reveals three important observations: (i) There is no 
trace of the electron accumulation in the gap between the CO molecule on the tip and the 
C2H2 molecule on the surface, which rules out the presence of the covalent bond formation. 
(ii) We observe a finite charge polarization on both tip and sample due to their different work 
functions [Fig. 1a]. Interestingly, the charge polarization increases with tip approach (see 
[Fig. 1b]). This is due to the increasing electric field in the junction, what brings important 
consequences on KPFM measurements at the atomic scale. (iii) The absence of the covalent 
bond between tip and sample has also severe impact on the tunneling barrier, which does not 
collapse even in the repulsive regime [Fig. 1a]. In addition, we will discuss different channels 
of the electron transport, when CO-tip is bent or not due to Pauli repulsive force (see 
dominant transport channels on [Fig. 1c].  
 

 
Fig.1: a) Development of the tunneling barrier felt by electrons in the gap between the acetylene molecule on the 
surface and the CO-tip, when the tip gradually approaches to the surface; b) Variation of induced charge along 
tip approach; c) Different electron transmission eigenchannels through molecular contact as function of CO-tip 
bending.  
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NC-AFM assisted DFT investigation of attachment and chemical 
reactivity of pentacene molecules on the (101) surface of TiO2 anatase

M. Todorović1, C. Moreno2, O. Stetsovych2,3, T. K. Shimizu2, O. Custance2 and R. Pérez1

1Universidad Autónoma Madrid, Madrid, 28049, Spain; 2National Institute for Materials 
Science, Tsukuba, 305-0047, Japan; 3Charles University, 18000 Praha 8, Czech Republic

E-mail: milica.todorovic@uam.es

 Promising candidates for future organic solar cell and transistor devices include 
complex nanoscale structures, with thin films of organic molecules and metal oxides layered 
between metallic electrodes. Optoelectronic activity combined with high charge carrier 
mobility  of conjugated pentacene molecules and the TiO2 anatase polymorph identifies them 
as valuable materials for device components [1, 2]. In order to improve the design and 
efficiency of prospective devices, it is important to understand the structure and electronic 
properties of the interface between the molecular films and the substrate metal oxide [3].
 We turn to first-principles simulation techniques in combination with NC-AFM/STM 
imaging and characterisation of pentacene molecules on the (101) surface of TiO2 anatase to 
gain insight into how these materials interact. Aided by experimental images, we identified 
the preferential attachment site and geometry for adsorbed pentacene molecules. Electronic 
structure analysis of this organic/inorganic interface revealed that molecular orbitals of 
pentacene introduce localised electronic states into the band gap of the TiO2 anatase surface, 
which may be exploited for optoelectronic functionality in prospective devices. 
 Our study  of NC-AFM  imaging modes on the clean (101) surface of TiO2 anatase 
established that good atomic resolution is achieved with AFM probes ending in small TiO2 
clusters with a hydroxyl chemical termination [4]; analogous imaging of adsorbed pentacene 
molecules further reveals intramolecular structure [Fig. 1A]. We employed the same probe 
model to simulate AFM  experiments over pentacene molecules and characterise the contrast 
formation mechanisms behind such high-quality  imaging [Fig. 1B]. By interpreting different 
aspects of experimental images, we aim to uncover the chemical response of the adsorbed 
molecules and understand the potential for further chemical functionalisation of this material.

References:
[1] S. Yoo et al., Appl. Phys. Lett. 85, 5427 (2004). 
[2]  M. Grätzel et al., Nature 395, 583 (1998).
[3]   J.-L. Brédas et al., Acc. Chem. Res. 42, 1691 (2009).
[4]   O. Stetsovych et al. (in preparation). 

BA

Figure 1: A. NC-AFM experimental image of a pentacene molecule adsorbed to the (101) surface of 
TiO2 anatase. B. Atomistic model employed in DFT simulations of the corresponding experiment.
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We used a Cr coated AFM tip to study CO molecules on NiO(100). Images of CO 
molecules were obtained at large tip-sample distances without manipulating them and are shown 
in Figure A. In order to interpret these images we employed a point dipole approximation for the 
tip to produce theoretical scan-lines across the [100] surface direction over the molecule and 
achieved quantitative agreement with experimental scan-lines averaged over 60 molecules, as 
shown in Figure B. More generally, we demonstrate that metallic tips are able to probe dipole 
moments of adsorbed molecules at large tip-sample distances. 

Cr coated tips possess a dipole moment with the positive end orientated towards the 
sample and have previously been used to study metal-organic complexes on NaCl(100) and 
NiO(100) [1,2]. We performed density functional theory (DFT) calculations of Cr asperities and 
demonstrate that a point dipole can well reproduce the local electrostatic potential of a pyramidal 
nano-tip. Using a point dipole model, the long range vdW interactions, mid range dipole 
interactions, and short range local vdW interactions were fit to experimental scan-lines obtained 
with atomic resolution over the bare NiO(100) surface [3]. The exact same experimental tip was 
then used to study CO and Co-Salen molecules on NiO(100). This combined experimental and 
theoretical method provides a reliable way of imaging polar molecules at insulating surfaces, 
while greatly reducing the complexity of interpreting experimental data. 
 

 
References: 
[1] K. Lämmle, T. Trevethan, A. Schwarz, A. et al., Nano Lett., 10, 2965 (2010). 
[2] A. Schwarz, D. Z. Gao, K. Lämmle, K. et al., J. Phys. Chem. C, 118, 1105 (2013).  
[3] D. Z. Gao, J. Grenz, M. B. Watkins, et al.; submitted 
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Substrate-mediated self-assemblies of Nitro-diboronic acid molecules on 
alkali halides substrates 
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The self-assembly of Nitro-diboronic acid (N-DBA, see fig.1.a) molecules on 
NaCl(001), KCl(001) and RbCl(001) at room temperature has been investigated by means of 
joint nc-AFM experiments and DFT calculations. Unlike on metal substrates where the 
molecules may conditionally polymerize [1], here an unusual self-assembly mechanism 
occurs. 

A systematic and detailed analysis of the nc-AFM images on areas were both the 
substrate and the molecular layer are imaged reveals that N-DBA molecules adsorb flat and 
self-assemble with a nearly regular hexagonal u.c. Molecules adsorb in a point-on-point 
coincident with equivalent substrate sites and molecular lattice constants of am=11.9Å, 13.5Å 
and 13.9Å on NaCl, KCl, and RbCl, respectively (see fig.1b-d). These dimensions are too 
large compared to the size of individual molecules (~7.4Å) to account for relevant lateral 
intermolecular interactions. Hence, supramolecular chemistry concepts are inoperative for this 
system. The dimensions of the molecular u.c. scale, to a good agreement, with multiples of 
the substrates u.c., which points towards a substrate-mediated-type intermolecular interaction, 
known on metals [2], but never reported on alkali halides so far. 

DFT calculations of the adsorption configuration of one molecule on NaCl show that it 
undergoes a severe distortion with three of its O atoms bridging three surface cationic sites, 
which results in a large adsorption energy (450 meV). Consequently, a significant strain field 
of the surface ions is induced (see fig.1e), which makes first-neighbor ionic sites inaccessible 
to another molecule and forces its adsorption on second-neighbor sites. The as-derived DFT 
u.c. is consistent with the experimental epitaxy matrix and may explain the layer cohesion. 

 

 

Fig.1: a-N-DBA molecule. b-, c- and -d- Nc-AFM images of N-DBA molecules on NaCl(001), KCl(001) and 
RbCl(001). e- Strain field of the NaCl substrate upon adsorption of N-DBA (+/-4.5% from red to blue) and 
adsorption configuration of the molecule derived from DFT calculations. Ionic sites are overlaid.  

References: 
[1] T. Faury et al., CrystEngComm, 15, 2067 (2013) 
[2] W.-L. Yim et al., Phys.Rev.Lett. 110, 196101 (2013) 

OT14



!!!!!!!!!
!

Scientific program!
!

Poster Session I !
5th of August 2014 !!!!!!!!!!!!!!!!!!





High-speed Z Tip Scanner with Screw Cantilever Holding Mechanism for 
Atomic-resolution Atomic Force Microscopy in Liquid 
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Visualizing nanoscale dynamic processes has strong demands in various fields such as 

biology, chemistry, physics and industry. Several techniques were developed in this filed and 
high-speed AFM (HS-AFM) is one of most powerful tools. However, the usability of HS-
AFM is limited because of the small size of the sample to be scanned especially in Z 
direction .To overcome this problem, we can use a Z tip scanner, which yet imposes special 
requirements on the design of the cantilever holding mechanism. 

This paper presents an advanced cantilever holding mechanism to be used in separate-
type XY and Z scanners. The separate-type design guarantees independence of the two 
scanners. It allows us to design simple scanner with high resonance frequency. 

Here, we propose a design of the cantilever holding mechanism. The proposed 
mechanism utilizes a precisely-machined plate spring to be fixed with a screw. The use of a 
screw, instead of glue, enables easy reuse and exchange of cantilevers. The small mass and 
size of the cantilever stage provide a high resonance frequency. These features should 
significantly improve the usability of the Z tip scanner and hence high-speed AFM. 

 The Z scanner consists of a multilayer piezoactuator and a metal piece (cantilever 
stage) glued on it. Due to the simple structure and small size, it has high stability and 
resonance frequency. In addition, there are almost no low frequency spurious resonances. 
Although the electrodes of the actuator are not in contact with solution during AFM imaging, 
we sealed them with insoluble epoxy glue to prevent possible electric leakage. The cantilever 
is fixed on the cantilever stage by the plate and screw.  

To optimizing the design, we compare the performance and usability of different 
possible design of Z tip scanner with screw cantilever holding mechanism theoretically by 
Finite Element Analysis (FEA). Based on the result of the comparison, we developed a 
scanner with the best design. By using the developed scanner, we observed 43 successive 
images of calcite crystal growth process. Each image was taken in 2 sec. with tip velocity of 
4µm/s. These images show the lateral motion of the step edge in the crystal growth 
process.[Fig. 1] The developed scanning system can be used for the real-time imaging of 
various solid/liquid interfacial phenomena with atomic-scale resolution. This capability 
should be particularly important for the studies on crystal growth, dissolution and corrosion 
processes, where local atomic-scale arrangements play important roles. 

 

 
Fig. 1: Snapshots of 43 successive contact-mode AFM images of calcite crystal growth process in water. (a) 
0 s. (b) 40 s. (c) 80 s. Scan size: 20 x 10 nm2. Scan rate: 50 Hz. Imaging speed: 2 s/frame. Pixel size: 200 x 
100 pix2. Tip velocity: 4 µm/s. 
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Excitation of pure resonance of a microfabricated cantilever is beneficial for achieving high 
force sensitivity in operation of atomic force microscopy (AFM).  However, this remains very 
challenging in liquid. It has been shown that torsional resonance (TR) of the cantilever is 
insensitive to the long-range normal forces and allows clear detection of the contact point and 
maintaining a soft contact between the tip and the sample [1]. However, pure TR oscillation 
usually cannot be excited acoustically in liquid. Excitation of pure TR oscillation of the soft 
(k~ 0.08 N/m) and stiff (k~ 40 N/m) cantilevers was achieved through Lorentz force actuation 
[2], but each cantilever needs to be modified with a focused ion beam system. Here we 
demonstrate excitation of pure TR oscillation of soft and stiff cantilevers in water using 
photothermal actuation [3]. Figure 1 shows the schematic of a cantilever excited by the 
photothermal actuation. Two laser beams are employed with one (Ȫ~650 nm) for cantilever 
deflection detection and the other (Ȫ~405 nm) for cantilever excitation. There is no need to 
modify the cantilevers and both flexural and torsional resonances can be excited in liquid. 
With this actuation, TR mode AFM can resolve the atomic lattice structure of a mica surface 
in DI water and the periodic features of purple membrane in buffer solutions. In addition, we 
have observed domains of two different orientations on a membrane surface [Fig. 2]. Thus, 
the TR mode using photothermal actuation can improve the operation stability in liquid, 
which will be of great potential for in-plane material characterization. 
 
This research is supported by the National Science Council of ROC (NSC99-2112-M-001-
029-MY3, 102-2112-M-001-024-MY3) and Academia Sinica.  
 

              
Figure 1. Schematic of photothermal actuation for 
cantilever excitation. 

 

 
Figure 2. Topographic image of a purple membrane 
in a buffer solution obtained with the TR mode 
using photothermal actuation. 
 

References: 
[1] C.-W. Yang and I.-S. Hwang, Nanotechnology 21 065710 (2010). 
[2] C.-W. Yang et al., Nanotechnology 24, 305702 (2013).  
[3] Takeshi Fukuma, Review of Scientific Instruments 80, 023707 (2009). 
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The development of reliable high-resolution atomic force spectroscopy on substrates 
under liquid is key to quantitatively measuring material properties, such as spatially resolved 
ion adsorption and charge distribution at solid-electrolyte interfaces. Various dynamic force 
spectroscopy techniques have been developed, such as amplitude and frequency modulation. 
Also different driving schemes are used, including acoustic driving, magnetic actuation and 
photo-thermal excitation. However, consistency between different techniques is seldom 
checked. In our work, we validate acoustically driven frequency modulation atomic force 
microscopy (FM-AFM) by comparison with thermal noise spectroscopy (TNS). With TNS 
one determines the tip-substrate interactions by analyzing the thermal spectrum of a cantilever 
tip positioned in the vicinity of the substrate under investigation [1]. The application of FM-
AFM force spectroscopy is often obstructed by the spurious peaks in the transfer function of 
the cantilever [Fig.1], which is caused by hydrodynamic coupling of the piezo and the 
surrounding liquid. Because of this effect, the measured forces are often subject to criticism. 
Using the same cantilever, we employ both techniques to measure the electrostatic silica-
silica interactions in 10 mM NaCl at different pH values. The results demonstrate that both 
techniques are consistent with each other. Moreover, the forces match well with theoretical 
calculations in which electrical double layer (EDL) effects as well as charge regulation at the 
silica substrates have been taken into account. Based on our findings we present a protocol to 
optimally perform FM force spectroscopy. 

 

 
Fig.1 The thermal power spectrum of a cantilever in liquid and its fit as simple harmonic oscillator (SHO) (left) , 
the transfer function of  the acoustically driven cantilever in liquid and its fit (middle) and comparison of 
extracted forces from frequency modulation and thermal noise spectroscopy (right).  
 
References: 
[1]  F. Liu et al., Physical Review E 87, 062406 (2013). 
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In the field of biochemical researches, biomolecular structures and characteristics must 

be observed in liquid in order to keep them close to their physiological states. In comparison 
with the scanning tunneling microscopy (STM) and the scanning electron microscopy (SEM), 
the atomic force microscopy (AFM) functions with less restriction on selection of sample 
materials and operational environment such as liquid. The piezoelectric tube, which is 
generally utilized as the AFM's scanner, normally provides a scanning range of a few tens of 
microns. However, the common size of a biomolecule is from a few microns to hundreds of 
microns, and the usual piezoelectric tube cannot scan too fast for a large area. In order to 
study the dynamic behaviors of biomolecules, we thus developed a high-speed and large-
range scanner system. The scanner system consists of both the fast-scan and slow-scan 
modules, which are configured orthogonally to each other. The fast-scan module along the X 
axis is piezoelectrically actuated for achieving the high-speed motion. The 3-axes 
piezoelectric scanner (NanoCube P-611.3) is employed as the slow-scan module, but only 
along the Y axis, and serves the precision positioning along the Z axis. Furthermore, the 
astigmatic detection system (ADS) [1] developed by us is applied as the feedback system for 
detecting the sample profiles [2]. The fast-scanning actuator and the mirror deflect the ADS 
laser beam to scan the sample surface as shown in [Fig. 1]. Its scanning range can be 
increased by enlarging the distance between the mirror and objective lens. With this method, 
the scanner can increase the scanning range without sacrificing its speed. The optical 
profilometric image of a test grating sample (NT-MDT TGQ1) acquired at 3.4 s/frame (scan 
rate 76 Hz) for 32×32 ȝm2 area (256 × 256 pixels) as shown in [Fig. 2].  
 
The authors would like to acknowledge support from the National Science Council of Taiwan 
(NSC 102-2221-E-002 -116) and Institute of Physics, Academia Sinica.  
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Fig. 1 Sketch of the scanner system integrated with ADS. 
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Fig. 2 Optical profilometric image of TGQ1. 
References: 
[1]  E.-T. Hwu et al., Appl. Phys. Lett. 91, 221908 (2007). 
[2]  H.-S. Liao et al., Rev. Sci. Instrum. 84, 103709 (2013). 

PT04



 blueDrive™  photothermal  excitation  for  fast,  reliable  and  quantitative  AFM 
 

A. Labuda, J. P. Cleveland, N. Geisse, S. Hohlbauch, M. Kocun, R. Proksch,  
I. Revenko, M. Viani, D.A. Walters. 

Asylum Research, an Oxford Instruments Company, Santa Barbara, California, 93117. 
aleks.labuda@oxinst.com   

 
Since the advent of atomic force microscopy, cantilevers have predominantly been driven by 

piezo actuators for AC imaging and data acquisition. However, parasitic resonances of the AFM 
hardware,  known  as  the  “forest  of  peaks”[1], cause problems in all environments, ranging from 
viscous fluids[2], to water[3], air[4], and even vacuum[5].  

AFM signals acquired with piezo-driven cantilevers reflect changes in the cantilever response 
and the piezo response. This reduces the accuracy of quantitative AFM studies, and may couple 
conservative and dissipative forces. Furthermore, it is well known that small high-frequency 
cantilevers enable faster AFM imaging; however, the forest of peaks prevents reliable cantilever 
tuning at high frequencies because piezo resonances tend to become more jagged and 
problematic as the drive frequency increases. The reliability of the AFM is also compromised 
because the forest of peaks changes with temperature and time, especially in liquids.  

Photothermal excitation is a high frequency method for exciting a cantilever by 
heating/cooling the base of the cantilever. Photothermal excitation results in a repeatable and 
accurate cantilever transfer function that is time- and temperature-stable, resulting in stable 
imaging in liquids (see Figure) and dependable use for temperature-dependent studies. Because 
the driven transfer function represents the true cantilever transfer function, blueDrive ensures 
more accurate quantitative AFM experiments: the AFM signals stem from tip-sample 
interactions, rather than piezo resonances. Also, smaller cantilevers can be photothermally 
excited with large amplitudes for fast AFM imaging.  

Our recent developments in perfecting photothermal excitation and its benefits to the AFM 
community will be discussed in this talk. To date, we have demonstrated reliable photothermal 
operation in air and fluid environments using a broad range of imaging techniques, such as AM-
AFM (Tapping), FM-AFM, Contact Resonance, AMFM viscoelastic mapping. 

 
Figure: Unassisted overnight scan of the water/mica interface, measured by AM-AFM. Note the atomic resolution 
throughout the whole experiment, and point defect in the last image at 9AM.  
 
References: 
[1] T. E. Schaeffer, J. P. Cleveland, et al., J. Appl. Phys. 80, 3622 (1996) 
[2] A. Labuda, K. Kobayashi, Y. Miyahara, P. Grütter. Rev. Sci. Instrum. 83, 053702 (2012) 
[3] A. Labuda, K. Kobayashi, et al., AIP Advances 1, 022136 (2011) 
[4] R. Proksch and S. V Kalinin, Nanotechnology 21, 455705 (2010) 
[5] A. Labuda, Y. Miyahara, et al. Phys. Rev. B 84, 125433 (2011) 
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Force detection in a cantilever-based non-contact atomic force microscopy system (NC-AFM) 
can be accomplished by an optical resonator like the Fabry-Pérot interferometer formed by the 
reflective cantilever back side and the end of the optical fibre supplying the light [Fig. 1]. 
Since the optical fibre has a significant angular aperture and a relatively small light collecting 
fibre core, the optical los is tuneable via the distance d between the fibre end and the 
cantilever [Fig. 2]. We demonstrate that both classical interferometer setups, Michelson and 
Fabry-Pérot, with tuneable Finesse, are adjustable by this method, facilitating a direct 
comparison of these detection schemes.  

Due to the opto-mechanical interaction between the oscillating cantilever and the light field, 
the finesse of the cavity as well as the spring constant of the cantilever can be determined, 
utilizing a characteristic amplitude dependent frequency shift. The Finesse of the cavity can 
be determined by a comparison of the frequency shift to a known reference point, for example 
the Michelson mode. 

Furthermore, the strength of the light field in the cavity is not only tuneable by the incident 
laser beam intensity, but also tuneable by the optical loss allowing us to optimise of the 
amplitude response and the effective cantilever stiffness. 
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Fig. 1: Optical  bre with its re ected, 
internal reference beam and the optical 
cavity formed between the cantilever and 
 bre. 
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Fig. 2: Outline of the optical cavity formed by the 
optical  ber and the cantilever. The laser beam is 
divergent due to the angular aperture of the  bre. 
The optical loss is tuneable by a variation of the 
distance d. 
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Spin magnetic resonance is a very important property in physical science which 
can provide subsurface structures with three-dimensional spatial resolution. Magnetic 
resonance force microscopy (MRFM), scanning SQUID microscopy and laser 
scanning confocal microscopy, etc. were used to detect or visualize the magnetic 
resonance information. Nanoscale magnetic sensing has been experimentally 
demonstrated using coherent manipulation of an individual electronic spin qubit 
associated with a nitrogen-vacancy (NV) or carbon-vacancy (CV) center in diamond 
at room temperature (RT). However, the magnetic resonance imaging at RT at 
nano-scale is still a huge 
challenge.  

In this work, we 
developed a novel 
method to visualize spin 
magnetic resonance on 
NV defect center in 
diamond with AFM at 
RT in ultra-high- 
vacuum (UHV) (Fig. 1). 
AC magnetometry was 
performed on NV center 
in a bulk single-crystal 
diamond with typical low nitrogen concentration. A Cu wire was used to generate 
microwave pulses to manipulate and sense the electronic spin states. A pair of 
Helmholtz coils is used to provide AC and DC magnetic fields. A silicon cantilever 
coated Fe nano-film layer was used as the force sensor. Experiments were then 
performed on single nitrogen-vacancy centers modulating an AC bias voltage with 
frequency ω. A lock-in amplifier measures the ω component of the cantilever 
deflection, which contains the spin variation in diamond. 

This sensing technique could be used for providing worlds-rotational sensing 
with ultra-high sensitivity and long-term stability in solid-state spin gyroscope.  
Reference:  
[1] J. R. Maze, P. L. Stanwix, J. S. Hodges, et al. Nature Lett. 455, 644 (2008).  

 
Figure 1. Schematic of magnetic sensing in diamond with NC-AFM. 
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We are developing a novel nc-AFM technique in order to obtain chemical contrast 

while scanning. The method involves a small dithering of the tip-sample distance to measure 
the bottom the frequency shift curve: ǻfmin. A set of frequency shift curves for different 
amplitudes of drive a can be transformed into force curves using Sader’s formula [1]. Two 
asymptotic regimes are known depending of the relative value of a compared with the 
characteristic length of the interaction. For a regime where a is small, the normalized 
frequency shift is just proportional to the derivative of the force curve.  

 
Fig. 1: Frequency noise (cantilever at infinity)    
versus amplitude of drive. 

 
Fig. 2: Bottom of frequency shift versus 
amplitude of drive. 

As expected, it has been shown experimentally that large amplitude of drive decreases 
the frequency shift noise (curve A) [Fig. 1]. However, there is a trade-off between a small a 
which gives an easier computation of the force curve and a large a that lessens the noise. By 
plotting the value of the bottom of the frequency shift versus the amplitude, a linear 
dependence in the range of aא[2.5 Å, 5 Å] is  observed (curve B) [Fig.  2].  The maximum of 
the ratio B/A gives an optimum value of a = 3.7 Å. However it should be noted that we have 
assumed  that  the  noise  level  of  the  frequency  shift  is  the  same  in  the  bottom  as  the  one  at  
infinity, as observed on many frequency shifts curves. In our communication, we will discuss 
the optimal amplitude of drive in different experimental configurations (e.g. while in the skin 
depth). We will also focus on the optimum dithering amplitude for a better fast-chemical 
contrast. As a preview, Fig. 3 shows a probable optimum dithering amplitude around 120 pm 
which is safely bellow the drive amplitude. 
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Fig. 3: frequency noise vs amplitude of drive. 

The authors acknowledge the JSPS Postdoctoral Fellowship Program for Foreign Researchers 
for their financial supports.  
[1] Sader et al. APL  84, 10, pp1801-1803 (2004). 
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We have developed a fast non-contact AFM technique for chemical contrast imaging. The 

technique involves a heterodyne laser Doppler interferometer (HLDV) and photo-thermal 
excitation for high-frequency measurement. The technique relies on the measurement of the 
bottom of the frequency shift ǻfmin which is related to the minimum for the potential and hence the 
chemical  contrast.  Our  communication  will  describe  our  TEM-NC-AFM.  The  TEM  will  allow  
probing 3D nanostructures and clusters of atoms. 

TEM-NC-AFM (Fig.1) is implemented by NC-AFM introduced in a UHV chamber under the 
TEM beam. Both the cantilever holder and the sample holder driven by a tube piezo are 
mechanically inserted within the main column of the TEM.  

Fig. 1: NC-AFM TEM operation principle 

Fig.3. Frequency shift curves on Si (111) surface using 
the second flexural mode of the cantilever at 1.92 MHz. 
The amplitude of drive is 7.2 Å 

 
With our TEM-AFM apparatus we have evidenced wear reduction by applying force 

modulation  (Fig.2)  [1,  2].  We  use  the  TEM  image  to  evaluate  the  abrasion  of  a  gold  sample.  
Sample-Tip current indicates a slip-stick phenomenon. Fig.3 shows the effect of the electron beam 
on the frequency-shift curves. We observe an effect on the long range part of the curve and almost 
no change on the bottom of the frequency shift ǻfmin.  This  result  validates  the  capability  of  our  
chemical contrast method to work under a 200 keV TEM beam. Tough it should be also noted that 
the force and potential are slightly altered by irradiation of the beam.  

The authors acknowledge the JSPS Postdoctoral Fellowship Program for Foreign Researchers 
for their financial supports. 

 
References: 
[1] Socoliuc et al., Science, Vol. 313 no. 5784 pp. 207-210 (2006):  
[2] M. A. Lantz, et al. Science,  Vol. 291, 5513 (2001) 
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 The use of stiff quartz resonators over soft silicon cantilevers has greatly improved the 
signal-to-noise ratio in NC-AFM. As a first approach, commercial quartz tuning forks (QTF) 
made for watches have been employed. The QTFs are commonly used in the qPlus 
configuration by fixing the lower prong to a heavy base, thereby creating a quartz cantilever. 
This configuration already gave true atomic resolution. Since then a thorough understanding 
of the different noise sources in NC-AFM has been established. These different noise terms 
have different dependence on both the resonance frequency and the stiffness of the beam and, 
hence, also a different dependence on the dimensions of the beam. Which of those noise terms 
is dominant in a NC-AFM experiment is directly determined by the experimental conditions, 
such as for example temperature and bandwidth. This suggests that the optimal geometry of 
the beam of a quartz resonator also depends on the experimental conditions. 
 Traditionally, QTF-based NC-AFM is often employed at cryogenic temperatures, but 
more recently other operating conditions have been explored [1] of which the high-pressure, 
high-temperature ‘ReactorAFM’ [2] is the most extreme example. Apart from the obvious 
difference in temperature and Q-factor of these instruments compared to low temperature 
AFMs, the desire to image dynamic processes requires a much higher bandwidth, in the order 
of a kHz. 

We have investigated the optimal geometry for a quartz resonator for the different 
operating regimes. Taking into account the sensitivity of the force sensor, thermal, oscillator, 
and deflection detector noise, the optimal signal-to-noise ratio has been calculated for a wide 
range of experimental conditions (bandwidth B, temperature T, Q-factor, and detector noise 
density). These calculations show that there is an optimal length of the beam of the quartz 
resonator. This length differs for a cryogenic experiment (low T, low B, high Q) and a fast, 
high temperature measurement (high T, high B, moderately high Q).  
 
References: 
[1]  D.S. Wastl, A.J. Weymouth, and F.J. Giessibl, Phys. Rev. B 87, 245415 (2013) 
[2]  S.B. Roobol et al., NC-AFM 2014 conference 
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The force sensor of quartz for non-contact atomic force microscopy (NC-AFM) has 

advantages over Si cantilevers. The force sensor can self-sense the oscillation of its prong 
utilizing piezoelectricity, and can detect the short-range force between a tip and a sample at a 
small amplitude of the prong without jump-to-contact owing to its high stiffness using a 
frequency modulation (FM) technique. The tuning fork types of quartz force sensor are 
categorized into one-prong or two-prong type depending on whether one prong is fixed on a 
holder plate or not. The one-prong type force sensor called “qPlus sensor [1]”  has been widely 
used at present. However, the very high Q-value of the two-prong type, which is given by the 
low mechanical energy loss of tuning fork structure in the anti-phase oscillation, seems to be 
promising towards higher force sensitivity. In general, by attaching a tip on one prong, the 
mirror-symmetric anti-phase oscillation mode breaks, resulting in a lower Q-value. Thus, we 
developed a two-prong type force sensor having a tip on one prong but with the symmetry 
restored by cutting a small piece of that prong, roughly corresponding to the tip mass 
(hereafter, referred to as a retuning sensor). Figure 1 shows a photo of a retuning sensor with 
a resonance frequency of ~32,768Hz, which was its orignal resonance frequency f0 before 
attaching the tip to the sensor. Noted that it is difficult to mechanically excite the anti-phase 
oscillation mode of the two prongs of the fork. Therefore, it is required to excite the mode by 
piezoelectric effect, that is, the electric sinusoidal signal is applied to an electrode of the fork. 
Then, the signal through the capacitive coupling between two electrodes on the fork comes 
out at the output of an amplifier for the prong deflection signal; we used a cancellation circuit 
to minimize the surplus signal of the excitation at the output to discriminate the deflection 
signal [2].  

Figure 2 shows an atom-resolved ∆f image of Si(111)-7×7 with the retuning sensor. 
Then the Q-value and deflection-noise-density (N) were 18,000 and 150 fm/√Hz, respectively. 
The Q-value was much lower than the value of about 50,000, expected for the retuning sensor. 
This was probably ascribed to a capacitance in the detection circuit, and, in addition, the 
capacitance obviously deteriorated the N as well. We improved the Q and N by inserting a 
capacitor of 1 pF in parallel to the feedback resistor of the current amplifier, resulting in an 
increase of Q from 18,000 to 54,000. Moreover, the insertion of a capacitor at the front of an 
input of the amplifier for the cancellation line made the N lower. By changing the capacitor 
from 12 pF to 2 pF, the N was improved to 80 fm/√Hz in an ultrahigh vacuum and 100 
fm/√Hz in air. We will report the change of signal from the sensor and images using our 
optimized detection circuit. 
 
 
 
 
 
 
 
References: 
[1] F. J. Giessibl, Appl. Phys. Lett. 76, 1470 (2000). 
[2] R. D. Grober et al., Rev. Sci. Instrum. 71, 2776 (2000). 

Fig. 1 Photo of a two-prong type force sensor 
(retuning sensor) with a resonance frequency of 
~32,768 Hz. 

Fig. 2 Atom-resolved ∆f image 
of a Si(111)-7×7 surface obtained 
with the retuning sensor in a 
constant height mode. Sample 
bias Vs: +2 V, amplitude A: 1 nm, 
scan area: 10 × 10 nm2. 
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In UHV AFM application a high mechanical quality factor is desired to achieve a lower 
minimal detectable force. For optical beam deflection systems the reflectivity of the cantilever 
is important to achieve a good signal on the photodiode. Therefore, most commercial 
cantilevers have a reflective metal coating on the detector side to increase the reflectivity. 
This coating increases the reflectivity by approximately a factor of 2.5. The reflective coating 
is usually much thinner than the thickness of the cantilever and virtually stress free. However, 
it can still significantly contribute to the damping of the cantilever and therefore lower the 
mechanical quality factor. 

We present a study on cantilevers with a partial coating on the detector side. For this 
study PPP-NCLR cantilevers from Nanosensors were used with a custom partial coating at 
the tip end of the cantilever. The mechanical quality factory and the detection noise of fully 
coated, partially coated and un-coated cantilevers are compared. 

The measurements for the Q-factor were performed under high vacuum condition (low 
10^-5 mbar). The cantilevers were mounted on the standard holder in a  JEOL JSPM 5400 
AFM without any special adaptation to minimise clamping losses. A Zurich Instrument 
HF2LI lock-in amplifier was used to record the data. 

The uncoated NCLR cantilevers show the highest Q-factor. The reflective coating 
reduces the Q-factor by ~45 %, which can be seen in [Fig. 1]. Different coating lengths 
between 20% to 48% of the cantilever length were tested. The cantilevers with a partial 
coating show an average Q-factor comparable to the uncoated cantilevers. There is no 
significant difference in Q-factor between the coating lengths. However, the cantilever with 
20% coating showed the highest Q-factor. 

 
Fig. 1 Q-factor of PPP-NCLR cantilevers with variable reflective coating lengths. The partial coating is covering 
the tip end of the cantilever. The uncoated and partial coated cantilevers show similar values. 
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To gain fundamental understanding of the mechanisms in catalytic reactions, it is 

essential to study gas-surface interactions by in-situ microscopy. The ReactorAFM is a novel 
instrument that enables atomic-scale imaging of model catalysts such as metal nanoparticles 
on flat oxide supports, under high-pressure, high-temperature conditions. 

The ReactorAFM is a tuning fork based NC-AFM embedded in a 0.5 ml flow reactor, 
housed in a UHV system. The instrument operates from room temperature to 600 K and from 
UHV to 6 bar. A gas system mixes up to 5 gasses and controls the flow and pressure, while a 
mass spectrometer is used for on-line analysis of the reaction products, enabling direct 
correlation of catalyst structure with reactivity. 

The force sensor is a miniature quartz tuning fork of which the prongs have been 
shortened to fit in the reactor. It is mounted in the qPlus configuration and has a resonance 
frequency of 96 kHz. The tip is a microstructure of platinum and amorphous carbon and is 
grown by electron beam induced deposition. 

The design of the instrument, the challenges of having a quartz resonator in high-
pressure, high-temperature conditions and the implications for NC-AFM will be discussed. In 
addition, the performance of the instrument is characterized and images of single crystal 
samples and supported nanoparticles in catalytically relevant conditions will be shown. 

 

 
Fig. 1: (a) The scanner of the ReactorAFM. The sample is mounted upside down and forms the topside of the 0.5 
ml reactor. The tuning fork sensor approaches it from below. Two elastomer O-rings seal off the high-pressure 
flow reactor from the UHV system. (b) Roughened terraces and mono-atomic steps of a Ag(111) crystal at room 
temperature, in 120 mbar ethylene with sulphur impurities, 800 x 800 nm2. (c) Palladium nanoparticles on α -
Al2O3, at 425 K in 1 bar 1:1:20 Ar:CO:O2 mixture, 700 x 700 nm2. 
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We present design and first results of a new compact variable temperature scanning probe 
microscope (SPM) that has been developed to enhance the performance for spectroscopy  
(STM & AFM) at lower and variable temperatures. The new microscope for ultra high 
vacuum is based on a new stage design using a flow cryostat compatible for cooling with 
liquid nitrogen or helium. In contrast to earlier established designs of variable temperature 
SPM’s [1]where only the sample is cooled, this new SPM also cools the scanner with tip. We 
realized this by a new designed compact microscope stage [Fig. 1] with thermal shields and a 
separate cooling set-up for the sample and the scanner stage. Themal drift is reduced by more 
than an order of magnitude compared to previous variable temperature stages [1]. Sample 
temperatures down to 10 K (with helium) and 95 K (with nitrogen) have been achieved. The 
temperature stability is better than 5mK / min and a thermal drift of 1 pm/s was achieved. 
During cooling the mechanical z stability is better than 3 pm. ”Loop off” times of up to 10 s 
per single spectroscopy curve have been measured. The flow cryostat also allows for 
changing between nitrogen cooling and helium cooling in less than 90 min during a running 
experiment. Pre-cooling with nitrogen during the starting phase of an experiment also reduces 
running costs for liquid helium. This new SPM with in-situ sensor exchange is configured for 
operating in STM mode as well as for QPlus AFM [Fig 2] in a temperature range between 10 
- 400 K. The new concept also offers an cost effective way of upgrading existing UHV 
systems with the new microscope for enhancing imaging and spectroscopy capability at low 
and  variable temperature.   
 

 
Fig 1: New compact SPM stage 
(diameter ~ 60mm) 

  
 

Fig. 2: QPlus AFM on NaCl(100), f =24.4 kHz, : df=-23Hz, 
A=0.70nm, Q: 2000, Sample stage @10K, tip/scanner: @25K, 
Force spectroscopy curve df(z) on NaCl(100) with QPlus AFM 
sensor 

 
References: 
[1]  Omicron, VT SPM 
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Supported nanoclusters have attracted considerable attention in recent years, by virtue 
mainly of their unique size-dependent properties. Various novel approaches have been 
developed to create nano-clusters with different functionalities on surfaces. To unveil the 
unique properties of these clusters in practical applications, it is essential to control their size 
and uniformity. Although the uniformity of cluster arrays has been achieved using the 
template-induced cluster formation method [1], the precise determination of the cluster size 
and hence of the number of atoms involved in a cluster structure remains a challenging task.  

The scanning probe method offers precise positioning capabilities with atomic precision. 
These capabilities have led to the creation of various artificial nanostructures atom-by-atom. 
This method, when combined with atomic force microscopy (AFM), provides an opportunity 
to directly measure the forces that induce the atomic motion in the manipulation process [2]. 

In this study, we propose an alternative approach to the assembly of various nano-clusters 
atom-by-atom using the tip of a scanning probe microscope (SPM) at room temperature [3]. 
Half-unit cells of the Si(111)-(7u7) surface serve as nanospace (NS) arrays to confine 
individual adsorbates diffusing on the surface. This method is based on the transfer of single 
diffusing atoms among NSs governed by gates that can be opened in response to the chemical 
interaction force with the SPM tip (Fig. a-c). The clusters with predetermined compositions, 
such as Au12, Ag12, Au5Pb, and Pb3Si can be formed by collecting single atoms from the 
surrounding NSs into a pre-defined NS with successive gate controls (Fig. d-g). This method 
provides an way to evaluate their chemical stabilities, thus enabling investigation into the 
influence that a single dopant atom incorporated into the host clusters has on a given cluster 
stability. 
 
References: 
[1] H. Brune, et al., Nature 394 (1998) 451. 
[2] Y. Sugimoto, et al., ACS Nano 7 (2013) 7370. 
[3] Y. Sugimoto, et al., Nature Communications 5 (2014) accepted. 
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Atomic and molecular switching, which are promising as nanoscale electronic 
components, have been studied intensively in last few decades [1,2]. Here we introduce a 
bistable all-sillicon atom switch supported on Si(111)-7x7 surface, Si tetramer (Si4) [3]. We 
demonstrate two types of switching: force-induced upward-switching and current-induced 
downward-switching. 

We have studied Si4 by using LT-AFM/STM, simultaneous RT-AFM/STM, and first-
principle simulations. LT-AFM/STM images show two mirror-symmetric equivalent Si4 

structures (Type-A and type-B), which are confirmed to be the ground state of Si4 by the first-
principle simulations as shown in Fig. (a) and (b). We have found that Si4 exhibits atom 
switching between type-A and B by tunneling current and also by atomic force. When the 
applied bias exceeds a certain bias threshold, tunneling current induces downward switching. 
Consequently, Si4 change to ‘‘cross’’ shape in apparent. In contrast, when the tip-sample 
distance is short, attractive force switches Si4 upward. Therefore, Si4 changes to ‘‘square’’ 
shape in apparent. It is also confirmed by simultaneous RT-AFM/STM experiment. As shown 
in Fig. (c)-(f), when the tip-sample distance is farther, AFM image doesn't show any contrasts 
[c], but STM image shows ‘‘cross’’ shape image due to the current-induced switching [e]. 
When the tip-sample distance is closer, both AFM [d] and STM [f] image show ‘‘square’’ 
shape Si4 due to the force-induced upward switching. 

 
Figure: (a), (b) Simulated STM image of Type-A and Type-B Si4. (c)-(f) AFM images of (c, 
d) and STM images (e, f) of Si4. at far (c, e) and close (d, f) distances. 
[1] Peter Liljeroth, et al., Science 2007, 317, 1203; [2] Kenji Hata, et al., Phys. Rev. Lett. 
2002, 89, 286104; [3] Hideyuki tanaka, et al., J. Appl. Pys. 1994, 33, 3696 
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Since the advent of the STM the manipulation of individual atoms, and more recently 
molecules, has been a subject of great interest. The ability to design and create structures on 
the atomic scale is a key part of nanotechnology, and expanding the scale to large molecules 
could add to the potential functionality of such structures vastly. Here we describe a new 
method we have developed to improve our control in NC-AFM/STM single molecule 
manipulation experiments. We use a commercially available motion tracking system to couple 
the  motion  of  a  tracker,  attached  to  the  user’s  hand,  to  the  sub-angstrom precise motion of the 
STM/AFM tip. We demonstrate that our approach enhances the control and effectiveness of 
the molecular manipulation procedure [Fig. 1] by giving the experimentalist the opportunity to 
execute non-trivial manipulation trajectories on one hand and the possibility of operative 
trajectory readjustment on the other. The collected statistics of the spatial manipulation 
trajectories complemented by the simultaneous measurements of conductance and frequency 
shift will also be presented in this poster.  

Figure 1. (a) The letter J written in a PTCDA island by removing individual molecules, seen dotted 
around the island. (b) Typical manipulation trajectories, with conductance displayed on the rainbow 

scale. Removing molecules without such trajectories proves impossible. 
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Graphene nanoribbon (GNR) can be synthesized by the on-surface chemical reaction 

and its structure is well-defined by the precursor molecules [1]. Since the lattice distances of 
GNR and Au(111) surface are incommensurate, the incommensurability are changed by the 
length of the GNR; the longer GNR has a higher incommensurability.  This is an ideal test 
sample to examine friction and adsorption between two bodies, especially to compare with the 
Frenkel-Kontrorova model. 

Here, we systematically manipulated individual N=7 armchair GNRs on a Au(111) 
surface by the tip of a low-temperature atomic force microscope in the lateral and vertical 
directions and measured the mechanical response via the frequency shift of an oscillating 
tuning fork sensor. In the lateral manipulation, the forces to move the GNRs with different 
lengths along the axis are extracted via two-dimensional force maps. We found that the 
magnitude of the force usually becomes smaller with increasing the length of the GNR. This 
is due to the fact that the incommensurability increased by the length decreases the friction 
between GNR and substrate. Once the GNR is connected to the tip, it can be dragged by the 
lateral tip movement at a constant height. During dragging, a modulation of the force gradient 
with a periodicity of the Au(111) lattice distance was observed. This observation indicates 
that the detachment unit of GNR slides on the surface by the tip movement. Furthermore, the 
GNR was lifted up from the surface [Fig. 1]. In contrast to the polymerized fluorine chains 
[2], we observed two different intensities of the force gradient modulation, which relates to 
the different adsorption energy of detachment unit which has two or three carbon rings in the 
N=7 armchair GNR.  

 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
References: 
[1] J. Cai et al., Nature 466, 470 (2010). 
[2] S. Kawai et al., Proc. Natl, Sci, Acad. USA 111, 3968 (2014). 

Fig. 1(a) STM topographies before and (b) after the vertical manipulation of the GNR. The 
GNR was lifted up from the surface as indicated with an arrow. (c) Measured frequency shift 
and dissipation energy around 12-16 nm in the Z direction. The total length of the GNR was 
approximately 25 nm. 

a b c 
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We describe in detail the model used to successfully simulate resonance frequency 

variations 'f detected while pulling up polyfluorene chains from a Au(111) surface with the 
tip of a tuning-fork low-temperature AFM.  Because the main variations exhibit sharp drops 
matching the length b of the constituent molecules, they were attributed to their successive 
detachment rather than stick-slip friction [1].  The polymer is modeled as a chain of freely 
jointed point masses connected by springs of length b and stiffness k. Each unit interacts with 
substrate atoms via 12-6 Lennard-Jones (LJ) potentials with a range adjusted to fit 
physisorption properties of alkanes on Au(111).  The resulting average binding potential per 
unit U0 and its leading corrugation component parallel to the surface U1 are calculated 
following Steele’s  [2]. Both interactions are fed into computations analogous to those based 
on models used to simulate the sliding of similar chains [3].  The main differences are that 
unit i is subject to conservative and damping forces which decay as a function of the distance 
zi from the surface.  The tip is pulled at a constant velocity vz and connected to the N-th unit 
by a weaker spring ktip .  The underlying assumptions and the parameters b, k were checked 
against density functional theory calculations on an ideal chain.  The damping/mass ratio and 
vz were adjusted so that the stored energy was quickly dissipated after each detachment. 
The dependencies of the calculated forces [Fig. 1] and of the normal force gradient [Fig. 2] on 
the pulling distance, computed for a chain of N=24 units initially lying along a <11-2> 
substrate direction, confirm the basic detachment mechanism.  Whereas sharp jumps prevent 
an absolute determination of the forces from current measurements, a detachment energy of 
0.27 eV was determined from a best fit to the detected 'f maxima, in satisfactory agreement 
with an independent estimate (0.21 eV) from alkane desorption measurements.  Furthermore, 
the gradient shows a small superimposed modulation consistent with the substrate periodicity, 
which was detected in 'f.  An analysis of unit trajectories reveals that those still sliding on the 
surface move smoothly, yet non-uniformly, thus leading to nearly vanishing net friction, as 
predicted by Frenkel-Kontorova models for stiff enough incommensurate chains[3].    
 

Fig.1: Force components acting on the tip 

  

Fig. 2: Variations of the  normal force gradient 
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Understanding and controlling the nanoscale friction is an crucial issue in nanotechnology, 

where moving elements are extremely important. Although some electronic contribution to friction 

was already confirmed (1), the mechanism of energy dissipation rising from electron’s organisation 

into periodic network - so called Charge Density Waves (CDW) - still remains unexplored (2,3). 

Here we measured non-contact friction between Atomic Force Microscope (AFM) tip and NbSe2 

sample – an intercalated CDW compound. We report the existence of several dissipation maxima 

extending up to a few nm above the surface. The maxima appear at a defined interaction force of 

several nN and are found to be rather independent on tip sample voltage. Above T=71K the friction 

is suppressed, which let us to conclude that their occurrence is related to the existence of CDW. Our 

calculation shows that giant enhancement from a few up to hundreds meV/cycle might be due to 

CDW phase slips which implies hysteresis, as the oscillating tip perturbs the CDW underneath (4). 

The experiment was carried out under Ultra High Vacuum(UHV).

1. M. Kisiel, E. Gnecco, U. Gysin, L. Marot, S. Rast and E. Meyer, Suppression of electronic friction on Nb films in the  

superconducting state, Nature Mat. 10, 119-122, (2011).

2. Thorne R. E., Charge-Density-Wave Conductors, Physics Today May, 42-47, (1996). 

3. Gruener G., The dynamics of charge-density waves, Rev. Modern Phys.60, 1129-1177, (1998).

4. M. Langer, M. Kisiel, R. Pawlak, F. Pellegrini, G. E. Santoro, R. Buzio, A. Gerbi, G. Balakrishnan, A. Baratoff, E.  

Tosatti,  E.  Meyer,  Giant  frictional  dissipation  peaks  and  charge-density-wave  slips  at  the  NbSe
2
 surface,  Nature 

Materials13 (2014), 173-177.
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Crystals made up of spherical, weakly interacting molecules generally exhibit a phase 

transition between a low temperature ordered phase and a plastic phase, where the rotational 
order is thermally lost. In C60 fullerene, the transition takes place at Tr=260K in bulk, 
initiating at a lower temperature at a (111) surface.  

We explore by molecular dynamics (MD) simulations whether a slider should 
experience a change of friction on that surface in correspondence with the phase transition. 
Modeling the slider as a C60 flake attached to a sliding tip [Fig. 1], we obtain a response 
dependent on the orientation and the angular compliance of the flake. An orientation angle 
commensurate with the C60 surface yields a large adhesion and friction, both dropping by only 
about 20% at the plastic transition. An incommensurate angle yields both adhesion and 
friction a factor 2 smaller and relatively unaffected by the transition. 

 Finally, a sliding flake with an incommensurate angle but a compliant orientation offers 
the possibility of a very different sliding behavior, remaining incommensurate with very low 
adhesion/friction above Tr, but jumping to a commensurate angle with high adhesion/friction 
below Tr. This third possibility might have been realized in the AFM experiment by Liang et 
al [1]. 

  
 

 
 
Figure 1. Sketch of the C60 sliding physical system (a) and of its realistically implemented MD modeling (b). 
 
 
[1] Q. Liang et al., Phys. Rev. Lett. 90, 146102 (2003). 
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The link between AFM experimental results and the physical system can often be complex,

requiring the deconvolution of environmental, measurement and tip artifacts. Simulations can

aid in this task, but their impact is higher if the differences in language between experiment

and theory are minimized.  This is not a trivial  task, since such experiments contain many

electronic components that can effect the final signal, and this varies across different operation

modes. Several successful attempts have been made to build virtual AFM environments for

simulations, offering much greater detail in reproducing experimental results [1,2,3].

In this work, we build on the ideas of previous virtual toolboxes and   create a simulation

(PyVAFM) that can be used to build any kind of setup.  This is achieved by implementing a

modular nature to the simulation, allowing the user to connect many black boxes together,

known as “circuits”, in order to construct a simulation. Furthermore, it is important that the

simulation  is  open  source  and  well  documented,  allowing  users  to  expand  it  easily  and

flexibly.  The philosophy of the PyVAFM is to allow any electrical component to be created

and implemented from the basic elements, allowing researchers to create unique and exotic

setups with electrical components that are unique to their system. 

In this work the basic design and philosophy of the PyVAFM is presented, along with some

characteristic examples such as atomic resolution of ionic surfaces in  vacuum and liquid,

comparison of AM- and FM-AFM modes for imaging in liquid, and force spectroscopy of

noble atoms in an organic framework.
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Kelvin  probe  force  microscopy  (KPFM)  is  a  technique  for  measuring  the  electric 

surface  characteristics  of  materials.  It  is  generally  used  in  combination  with  non-contact 

atomic force microscopy (AFM) by applying bias voltage between the AFM probe and the 

back electrode under the sample. Probing a conducting sample using KPFM provides access 

to the contact potential difference (CPD), which is the difference in work functions between 

the probe and the sample. As the charge transfer in an insulating sample is slow, the bulk 

Fermi  level  is  not  well  defined  during  the  equilibration  process  upon  applying  the  bias 

voltage. Therefore, when probing an insulating sample, the KPFM signal corresponds to a so-

called  local  CPD  (LCPD).  These  LCPD  images  have  been  shown  to  have  atomic-scale 

contrast, the sources of which have been only recently discovered.

Computational studies have shown that the atomic-scale contrast in LCPD is affected by 

the  combined  effect  of  the  surface  potential  of  the  sample  and  the  electronic  and  ionic 

polarization due to the electric field induced by the bias voltage [1]. As the LCPD has no 

immediate correspondence with the atomic constitution of the surface, the interpretation of a 

KPFM image is difficult. To ease this task, we are working to provide a virtual KPFM device, 

which  allows simulation  of  an  actual  KPFM measurement.  The simulation  is  based on a 

recently proposed multiscale approach [2], where the electrostatics of the macroscopic probe-

sample system is first handled phenomenologically, and the obtained electric field is inserted 

into following density functional theory (DFT) calculations. In the DFT part, the microscopic 

system  consisting  of  the  tip  of  the  probe  and  a  few  surface  layers  of  the  sample  are 

considered. We chose to handle the electrostatic problem using finite element method (FEM), 

and  the  DFT calculations  are  carried  through  using  the  CP2k  code.  The  obtained  bias-

dependent forces affecting the probe are then applied to our existing virtual AFM software 

package. As a benchmark sample we test our virtual KPFM on a defect free surface of NaCl 

and compare to previous studies.
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Scanning Probe Microscopy techniques are local probes to study surfaces. However, 
there is an open question about their capabilities to achieve subsurface resolution. In 
order to get subsurface resolution, atoms below the surface should locally modify the 
tip-surface current/force and these variations have to be large enough compared with 
those ones coming from the surface atoms. 

Recent UHV LT NCAFM on graphene on Pt(111) has shown atomic contrast resolution 
and atomic contrast inversion of the graphene sheet while at the same time being able to 
image the Moiré pattern [1]. Theoretical calculations suggest that, in the repulsive 
regime, the non-topographic corrugation of the Moiré is obtained by indenting the tip 
into the graphene sheet deep enough so the displaced carbon atoms act as a tip that 
allows sensing the Pt surface with local resolution. The obvious questions that arise are: 
To what extent is this a manifestation of subsurface resolution? What are the limitations 
of AFM characterization of graphene coated substrates/molecules? To answer these 
questions, we perform AFM simulations of Graphene/Pt(111) with defects: a vacancy, a 
C and a Pd substitutive atom, and an adsorbed oxygen atom. Preliminary results suggest 
that all the defects promote negligible topographic corrugation of the graphene surface. 
However, the adsorbed O atom, the vacancy, and the C substitutive atom, which acts as 
a vacancy, can be sensed with the probe. These results open the door to further studies 
both theoretically and experimentally. 

 
Fig 1: Left: 4 defects of Pt(111) surface: vacany, adsorbed oxigen and C and Pd substitive atom. Right: 
Force curves on a graphene top site of a vacancy and clean graphene showing atomic contrast and 
contrast inversion. 
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Because'of'weak'coupling,'the'observation'of'the'Moiré'patterns'of'Graphene'(G)'on'Pt(111)'is'
a'challenging'system'for'the'AFM'due'to'the'very'small' topographic'corrugations'present'on'
the'G,'<2'pm'[1].'However,'LT'NCAFM'measurements'of'G/Pt(111)' is'not'only'able'to' image'
the'G'with'atomic'contrast'but'also'the'modulation'of'the'Moiré'patterns.'These'experiments'
show' the' following'main' characteristic:' 1P' A' plateau' of' ~0.8' eV' in' the' dissipation' signal' vs'
distance,' 2P' atomic' and' Moiré' contrast' arise' at' the' same' distance' than' the' dissipation,' 3P'
inversion' of' the' atomic' corrugation' upon' tip' approach.' We' use' DFT' AFM' simulations' of' a'
6×6G'G/Pt'cell'and'a'small'apex'to'explain'the'atomic'contrast'and'contrast'inversion'of'the'G'
[2]'and'the'Moiré'modulation'in'the'repulsive'regime.'However,'the'limitations'in'the'number'
of'atoms'of'the'DFT'method'and'the'lack'of'a'macroscopic'tip'do'not'allow'for'a'macroscopic'
deformation'of' the'graphene'needed'to'explain'both' the'Moiré' in' the'attractive' regime'and'
energy'dissipations'observed'in'the'experiments.'
'
In' this' work' we' develop' a' simple' model' (see' Fig.' 1)' that' allows' for' local' and' macroscopic'
deformations'of'the'G'sheet'and'incorporation'of'a'macroscopic'tipPsample' interaction'using'
elastic'constants'determined'through'DFT.'The'model'predicts'a' large'energy'dissipation'due'
to'hysteresis'of' the'G'deformation:' for'a' finite' retraction' length,' the'G'sheet'adheres' to' the'
tip.' Furthermore,' the'model' is' sensible' to' small' variations' of' the' effective' elastic' constants'
arising'from'subtle'differences' in'the'G/Pt' interaction,'thus'explaining'the'observation'of'the'
Moiré' in' the' attractive' regime.' The' same'mechanisms' are' expected' to' be' found' on' similar'
AFM'experiments'on'2D'materials'[3].'
'

'
'
FIG$ 1:' Left:' Theoretical' model' with' four' springs' representing:' macroscopic/nanoscopic' tipP
graphene' interaction' and'macroscopic/nanoscopic' deformations.' Center:' Energy' barriers' for'
different'tip'heights.'Right:'Predicted'forces'for'two'different'top'sites'in'a'3×3G'moiré.'''
'
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Recently, extensive studies on graphene have been carried out because of the potential 
of future electronic device applications. In particular, high quality and large scale graphene 
synthesis on a SiC surface are promising for the fabrication of integrated graphene devices.  
However, the electronic properties of graphene on a SiC substrate differ from those of an 
ideal freestanding graphene (FSG). The graphene on this substrate becomes n-doped and 
carrier mobility is much decreased. These have been attributed to the existence of an 
intermediate graphene-like layer, so-called the buffer layer, between the monolayer graphene 
(MLG) and the substrate. Previous studies on this interface suggest that a part of carbon atoms 
on the buffer layer are covalently bonded to the substrate and there are also dangling bonds at 
the interface. Charge states at this interface have therefore attracted increasing attention for 
understanding and controlling the electronic properties of MLG on the SiC substrate. Actually, 
in order to bring out the ideal performance, it has been shown that hydrogen-intercalation to 
this interface is effective to electrically decouple the MLG from the substrate [1, 2]. No 
studies, however, have been ever made on the charge states of the buffer layer.  

In this study, we have investigated the charge states in an atomic scale by using 
noncontact scanning nonlinear dielectric microscopy (NC-SNDM) [3]. Actually, NC-SNDM 
resolved a MLG with a superperiodic structure coming from a ξ͵ ൈ ξ͵-�͵Ͳι structure of 
the buffer layer on a 4H-SiC(0001) substrate as well as a honeycomb structure of the MLG 
[Fig. 1(a)]. Surface potentiometry based on NC-SNDM [4] shows the MLG has a remarkably 
higher potential than expected [Fig. 1(b)]. Since the first graphene layer is electrically neutral, 
the observed positive potential should arise from dipoles, or charge states, at the interface. 
The dangling bonds and covalent bonds on the substrate are candidates for the origins of the 
dipoles. We also investigated a hydrogen-intercalated graphene on 4H-SiC(0001) [Fig. 2]. As 
a result of partial hydrogen-intercalation, there arose many large flat areas resulting from a 
relaxed buffer layer. We found that surface potentials on these areas were recovered from 
positive to an almost neutral level, which indicates these areas were electrically decoupled 
from the substrate. On the other hand, the flat areas had many small depressions with slightly 
higher potentials. This suggests that there remained covalent or dangling bonds even on the 
hydrogen-intercalated areas. 
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Fig. 2: Simultaneous  NC-SNDM images of a partially 
hydrogen-intercalated graphene on 4H-SiC(0001).  
(a)  topography, (b) surface  potential.  

Fig. 1: Simultaneous  NC-SNDM images of a 
graphene on 4H-SiC(0001). (a) topography, (b) 
surface  potential.  
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SiC is a large gap semiconductor used to make high power electronic devices whose 

quality is directly influenced by the structure of their surfaces and interfaces. In the case of 
nH-SiC(0001), various reconstructions have been observed by LEED, RHEED or STM, such 
as the (3×3) [1], (√3×√3)R30° [2], (6√3×6√3) R30° [3]. But only the atomic structures of the 
(√3×√3)R30° and the (3×3) have been proposed and validated from GISAX or LEED 
experiments and DFT calculations.  

We have developed a new way to enrich the surface with Si, by molecular beam 
epitaxy deposition. Two new reconstructions: the (12×12) and the (4×8) were observed on the 
4H-SiC(0001) surface by RHEED, STM and NC-AFM [Fig. 1]. Their atomic structures were 
elucidated with the help of molecular dynamics calculations with optimized Tersoff potentials 
[4]. The sequence of reconstructions: (√3×√3)R30°, (12×12), (4×8) and (3×3) is characterized 
by an increasing Si coverage and the presence of pyramids formed by one Si atom on top of 
three Si adatoms. NC-AFM coupled to KPFM shows well-defined relative Kelvin potentials 
for each of these reconstructions [Fig. 1]. The relation between the Kelvin contrast and the 
density of Si pyramids will be discussed. 

 

 
 

Figure 1- NC-AFM images of 4H-SiC(0001) surface and its reconstructions (a,b,c,d,e) and KPFM 
image (f). Imaging conditions: A= 5nm, f0 = 285kHz, Δf=-40Hz, UKPFM = 600mV, fKPFM = 847Hz 
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Metrology for structural and electrical analysis at device level has been identified as one of 
the major challenges to be resolved for the next (sub)-14nm technology nodes by the ITRS 
roadmap. In these advanced nodes, new high mobility semiconductors, such as III-V 
compounds, are grown in narrow trenches on a Si substrate. However, their high 
crystallographic defect density is one of the limiting factors as it is impacting their effective 
mobility. Adequate metrology, able to probe within very confined volumes the nature of 
defects and their impact on the film, is then required. 
Scanning tunnelling microscope (STM) is well known for its sub-nm resolution in 
topographic analysis and for its capability to evaluate electrical properties of very localized 
areas. This makes STM suitable to investigate crystalline properties and presence of defects. 
However, this does raises a metrology challenge as the STM has to be performed on narrow 
trenches (down to 10nm) surrounded by oxide. Hence the STM tip must exactly land above 
the trench, otherwise it crashes (due to the lack of tunnelling current as feedback mechanism). 
By the use of a scanning electron microscope (SEM) combined with the STM we performed 
for the very first time STM on InP grown in trenches surrounded by an oxide sea. 
Observations of stacking faults/twins defects and surface reconstruction [Fig.1] were possible. 
For this study, we used trenches with a relaxed width of 500nm as the resolution limits of the 
SEM and the physical dimensions of the STM tip did not allow to probe narrower trenches. 
In order to match the relevant dimensions of future technology nodes, we propose in this work 
a new method which does overcome these limitations and allows to probe narrow trenches. 
This method is based on the combination of non-contact atomic force microscopy (NC-AFM) 
and STM by using the same AFM probe. In order to overcome the positioning problem in 
STM-mode, the tip is first utilized in NC-AFM mode to localise the narrow trench of interest, 
once in place, its operation is switched to STM mode. This is feasible due to the high stability 
of our SPM-UHV system allowing to keep the position of the tip during the switching 
between the two modes. 
The key challenge in this approach is to match the tip and cantilever requirements for the NC-
AFM (which uses the cantilever as force sensor) and STM (relying on a conductive tip). We 
have explored various AFM tips trying to find a trade-off in tip stiffness to avoid snap-in due 
to the electrostatic forces, low noise in the z-direction and at the same time, sufficient 
sensitivity to obtain proper topographical informations when using NC-AFM. Moreover, to 
perform NC-AFM, a minimum Q-factor in the frequency sweep response was necessary. The 
best results were obtained using relatively stiff (42N/m) PtIr coated tips allowing us to reach 
atomic resolution [Fig.2]. 

 

 
Fig.1: (a) First STM on InP grown in trenches. 60x30nm2 scan 
area, Vsample = -3.00V, I = -130pA, Z-range = 3.4nm. (b) Cross 
section profile: 4x2 reconstruction with distance between the 
atomic rows = 1.6nm. 

Fig.2: STM on InP n-type blanket sample 
done with a coated PtIr AFM probe 
(42N/m). 80x40nm2 scan area, Vsample = -
2.80V, I = -100pA. Z-range = 1.5nm. 
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Carbon nanofiber (CNF) AFM probes [1] consist in ~500 nm long, �50 nm thick 
amorphous carbon fibers grown onto the apex of the Si tip by ion beam irradiation of carbon 
(Figure 1). The carbon fibers provide to the apex of the Si tip i) a higher aspect ratio, ii) good 
electrical conductivity properties and iii) a hydrophobic character. All these properties are 
convenient for AFM-based nanolithography. In this communication, we explore the use of 
CNF-AFM probes for local anodic oxidation (LAO) under dynamic operation mode.  

AFM local anodic oxidation (LAO-AFM) [2] proceeds by applying a positive voltage 
between a conductive AFM tip and a ‘rust-able’ conductive surface under ambient conditions 
(surface positive). The air humidity provides the conditions for creating a water meniscus that 
surrounds tip and surface. The electrochemical oxidation reaction is circumscribed to the 
volume of the meniscus, and thus determines the resolution. Operation of the AFM under 
dynamic mode [3,4] provides the benefits of increasing tip lifetime and controlling the 
meniscus shape, which are both very convenient for obtaining high resolution patterns. In 
consequence, setting the optimal conditions of dynamic mode operation are key for 
establishing a successful LAO-AFM nanolithography technique. 

We have found that CNF-AFM probes perform extremely well for LAO-AFM. Figure 2 
shows a pattern performed on a bare silicon surface and figure 3 shows a pattern performed 
on a silicon surface mediated by a polystyrene brush layer [5]. The effect of the dynamic 
mode operation is studied by analyzing approach curves performed locally, which indicate 
that LAO-AFM operation under truly non-contact mode is possible (data not shown).  
 
Acknowledgement. Financial support from CSD2010-00024 is acknowledged 
 

   
Figure 1. SEM image of a 
typical CNF-AFM probe. 

Figure 2. CNF- LAO-AFM on bare 
Si performed in dynamic mode. 

Figure 3. CNF-LAO-AFM on 
polystyrene brush layer upon Si 
performed in dynamic mode. 
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The rutile TiO2(011) surface has received considerable interest in recent years because of its 
enhanced photocatalytic activity [1]. A substantial amount of effort has been devoted in 
understanding the geometric structure of its surface. Most studies report a (2u1) 
reconstruction with two proposed models: a titanyl model [2] and a microfacet model [3]. 
However, the diffraction studies have clarified the surface structure [4], pointing to a third 
‘diffraction’ model shown in Fig. 1(a). In addition to the (2u1) phase, Kubo et al. [3] also 
report noncontact atomic force microscopy (NC-AFM) and scanning tunneling microscopy 
(STM) images of a co-existing (4u1) phase.  
We have used NC-AFM and STM to study the rutile TiO2(011) surface at RT. A series of 
(nu1) reconstructions were observed [Fig. 1(b)]. The (4u1) reconstruction is particularly 
prevalent and there are two types; which we shall refer to as (4u1)-D and (4u1)-E. High 
resolution NC-AFM and STM images suggest that the (4u1)-D phase has the same structural 
elements as the more widely reported (2u1) reconstruction [5] and can be described as an 
ordered array of (2u1) domains with boundaries running in the [01-1] direction. In this way, it 
is also possible to have an array of such (nu1) reconstructions and we also observe a series of 
(nu1)-D reconstructions where n = 2,4,6,8,10. On the other hand, the (4u1)-E reconstruction 
seems to be a unique structure without higher order analogues.  
                              

 
 

Figure 1. (a) Ball-and-stick model of the TiO2 (011)-(2u1) surface proposed by Torrelles et al. in [4]. (b) An 
NC-AFM image of the TiO2 (011) surface; there are several different domains showing various surface 
reconstructions. 
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It has been well-known that the chemical reactivity of catalytic materials strongly 
depends on the very tiny differences in preparation methods and conditions. Structure 
determination of reactive metal oxide surfaces is very important in understanding the catalytic 
process, in which chemical reactions occur. However, surfaces of many metal oxide materials 
exhibit quite complicated- and long-range- structures, little is known about the general view 
of reconstructions even on the most extensively investigated Titania (titanium dioxide: TiO2) 
surfaces. We have investigated the surface atomic structures of metal oxide materials.1-5)  

Among metal oxide materials, TiO2 has been attracting extensive attention because of its 
great importance in several technological applications including catalysis, photo-catalysis, 
super-hydrophilicity, sensors, and so on. In 
this study, surface atomic structure of the 
TiO2 (011)-(nx1) reconstructions are 
studied by using scanning tunneling 
microscopy (STM) and non-contact atomic 
force microscopy (NC-AFM). It is found 
that micro-faceting missing-row structural 
models can explain the experimental 
results very well. We theoretically simulate 
the model cluster with density functional 
calculations. Calculated images for STM 
and NC-AFM are in good agreement with 
the experimental results. In addition, the 
driving force of the micro-faceting 
reconstructions is discussed. 
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Figure 1: (a-e) NC-AFM images and (f) a structural 
model of the TiO2 (011)-(nx1) surface. 
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Recently, it has been reported that the modification of TiO2 improved its super-hydrophilic 
properties. A SiO2-TiO2 composite system is promising to extend the lifetime of super-
hydrophilicity even in dark [1]. However, understanding of the mechanism of the extension is 
insufficient due to the lack of techniques to fabricate a well-characterized SiO2-TiO2 system on 
a nanoscale to carry out control experiments. In this study we conducted a vapor phase method 
to fabricate SiO2 layers hetero-epitaxially grown on TiO2 single crystals and examined their 
surfaces by non-contact atomic force microscopy (nc-AFM) [2,3]. 
Rutile TiO2(110) wafers (Shinkosha) were used as a substrate after ultrasonically washed in 
acetone, etched in an aqueous HF solution, and rinsed in Milli-Q water. The TiO2 wafers were 
placed in either a sapphire or quartz case and annealed at 1000 °C in an electric furnace in air. 
The quartz case acted as a SiO vapor source. The TiO2 surfaces were observed by nc-AFM in 
water, which was based on a multipurpose scanning probe microscope (SPM 5500, Agilent) 
combined with a phase-locked-loop detector (Easy PLL, Nanosurf). Low energy electron 
diffraction (LEED) and X-ray photoelectron 
spectroscopy (XPS) analyses were also conducted. 
Figure 1(a) shows a typical nc-AFM image of the 
TiO2 surface annealed in the sapphire case for 6 h. 
Flat terraces were separated by single steps running 
along the [110]  direction. When the sample was 
annealed in the quartz case for 6 h, flat patches were 
observed on the step-terrace surface. The patches 
looked growing from the step edges, and the total area 
of the patches increased with the annealing time. 
After annealing for 48 h, the patches covered the 
whole surface [Fig. 1(b)]. The patches are possibly 
attributed to a stishovite (rutile structure) SiO2 layer 
hetero-epitaxially grown on the TiO2. Alternating 
bright and dark lines running along the [001] direction 
were observed in a close-up image [Fig. 1(c)], which 
possibly corresponded to the (1×2) reconstruction 
observed by the LEED, attributed to atomic rows of 
bridging oxygen on the topmost and Si of in-plane 
layer. We will discuss the epitaxial growth based on 
our proposed atomistic model. 
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Fig. 1 Sets of an nc-AFM image of the 
TiO2(110) surfaces and a cross section along the 
solid line in respective images. (a) annealed in 
the sapphire case for 6 h (1000×1000 nm2). 
Frequency shift (Δf): +193 Hz. (b) annealed in 
the quartz case for 48 h (1000×1000 nm2), Δf: 
+248 Hz, and (c) close-up image (50×50 nm2). 
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Adsorption of isolated molecules or molecular assemblies on surfaces is an important 

field in nanoscience and leads to many applications such as photovoltaics, molecular 
electronics or surface functionalization. In order to study complex molecules which could be 
used in such devices, an alternative method to thermal evaporation has to be applied. The 
main reason for it is the increasing sublimation temperature with the size of the molecules 
promoting the fragmentation during sublimation. 

 
Here we present adsorbed molecules imaged with nc-AFM in ultrahigh vacuum (UHV) 

but deposited with an optimized commercially available electrospray system [1,2] based on 
ElectroSpray Ionization (ESI) [3]. ESI allows to deposit large organic molecules that are 
initially present in solution on samples in UHV. A high voltage, is applied between the 
solution in a syringe and the entrance to UHV, a capillary. As a result, droplets containing the 
studied molecules and the solvent are introduced in UHV through a differential pumping 
system. Coulomb fission of the droplets combined to their pumping allows to obtain a flux of 
the molecules directed to the sample with a typical pressure in the sample chamber during 
deposition of 5.10-8 mbar.  

 
Our measurement were based on the deposition and nc-AFM imaging of different large 

organic molecules on various surfaces, mainly Cu(111) and ionic crystals [Fig. 1]. The 
electrospray system is mounted to a homebuild room temperature nc-AFM where the 
measurements have been performed. We will show that this combined system allows to image 
large organic molecules with high resolution at room temperature even on insulating surfaces 

 

 
Fig 1: a) ion transition metal complex (iTMC) molecule that can be spray deposited. b) Large scale topograpy 
image of the iTMC molecules on the KBr(001) surface. c) Topography image of 3 isolated iTMC molecules.  
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Theoretical models are crucial to correctly interpret NC-AFM measurements, especially when 
complex systems such as molecules [1, 2], clusters, and self-assembled monolayers [3] are 
considered. While isolated molecules can be modelled in great detail using quantum 
mechanical methods, the high computational cost makes it impossible to simulate their 
dynamics. By using these high-accuracy results, however, one can model interatomic 
interactions with simpler approximations, and study nucleation and growth dynamics of large 
systems for a longer time using classical molecular dynamics (MD). Unfortunately, to 
represent the interatomic interactions present in such a complex system, large numbers of 
parameters need to be optimised, and this is often a limiting factor for multi-scale modelling. 
 
In this work, we focused on multi-scale modelling of 1,4-bis(4'-cyanophenyl)-2,5-bis-
(decycloxy)benzene (CDB) dyamics on KCl(001). First we simulated the properties of a CDB 
molecule on the surface using quantum density functional theory. Embedded cluster 
techniques [4] were employed to reduce the number of atoms that must be treated quantum 
mechanically. We used Genetic Algorithms (GA) to obtain a set of classical interaction 
parameters that best mimic the interactions obtained from DFT. The classical model is then 
used for MD simulations of larger systems, to study how the CDB molecules nucleate on the 
surface, and how films are grown. Ultimately, we are able to use this information and 
efficiently generate virtual AFM (vAFM) images using a dipole tip model, and directly 
compare the simulations to experimental data in ref. [3]. 
 

 
Figure 1: Simulation of the thermal diffusion of a single CDB molecule on KCl (100) surface. 

 
[1] Schwarz, A.; Gao, D.Z.; Lämmle, K. et al.; J. Phys. Chem. C 2013, 118, 1105.  
[2] Hinaut, A.; Pujol, A.; Chaumeton, F. et al.; Belstein J. Nanotechnol. 2012, 3, 221. 
[3] Nony, L.; Bocquet, F.; Para, F. et al.; Belstein J. Nanotechnol. 2012, 3, 285. 
[4] Laino, T.; et al.; J. Chem. Theory. Comput. 2006, 1, 1370. 
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 The study of the growth of extended supramolecular networks on insulating substrates 
which are stable at room temperature opens new vistas for the development of functional 
materials for applications in future nanodevices. 

 In this work, we investigated the adsorption of especially synthesized organic molecules on 
three alkali halide surfaces (NaCl, KCl and RbCl) at room temperature. Our study is 
combining supramolecular chemistry, non-contact Atomic Force Microscopy (nc-AFM) 
imaging and theoretical calculations based on Density Functional Theory (DFT). The aim of 
this study is to structurally characterize the obtained supramolecular networks and to 
understand the influence of the substrate on the growth process.  

 The molecule we used is 1,3,5-tri (4''-cyano-4, 4'-biphenyl) benzene (TCB) [Fig. 1.A]. The 
three arms of the molecule are terminated by polar C{N groups which can provide both, 
electrostatic interaction to the ionic substrate [see also ref. 1] and hydrogen bonding to 
neighboring molecules [2] in order to develop two-dimensional highly ordered organic 
monolayers [Fig. 1.B]. 

 Based on a careful evaluation of the experimental images and a theoretical study of the 
preferred adsorption geometry of TCB on these surfaces, we can determine a structural model 
of the organic layer and understand the details of the interactions involved in the film 
formation. The growth process is driven by a) molecule-substrate interaction which is the sum 
of van der Waals interaction (4 eV) and local electrostatic interaction between the cyano 
groups of the molecule and the cationic sites of the substrate (~ 0.2 eV per polar group), and 
b) intermolecular hydrogen bonding.  

            
Figure 1: A) The molecule 1,3,5-tri (4''-cyano-4,4'-biphenyl) bencene (TCB) . B) Nc-AFM Image 

(30×30) nm2 at room temperature of TCB on KCl.  

[1]  A. Hinaut et al., J. Phys. Chem. C 115, 13338 (2011) 
[2] T. Yokoyama et al., Nature 413, 619 (2001) 

A) B) 
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AFM has been developed greatly and expanding its application. In 2009, the chemical 
structure of organic molecule was resolved by AFM for the first time [1]. Following this 
publication, some AFM measurements related to organic molecules with sub-molecular 
resolution have been reported. Recently, even the intermolecular interaction was resolved [2]. 
However, it has been thought that the measurements described above should fulfill some 
requirements such as low temperature to suppress thermal diffusion, functionalization of tip 
apex to enhance resolution, and so on. It has been believed that AFM at room temperature 
doesn’t fulfill these requirements, and therefore sub-molecular resolution imaging at room 
temperature has not yet been reported. 
 
In this study, we use perylen-3, 4, 9, 10-tetracarboxylic dianhydride (PTCDA) deposited on 
Si(111)-(7×7) as a sample surface, because PTCDA is anchored by strong bonds between O 
atoms in PTCDA and Si corner adatoms on the substrate [Fig. 1 (a)] [3]. Thus, thermal 
diffusion is suppressed and the stable AFM/STM measurements are possible even at room 
temperature. We carried out constant height AFM imaging above anchored PTCDA with 
commercial cantilever oscillating in the amplitude of 15~20nm. As a result, we successfully 
obtained 'f images with high resolution at room temperature. We also performed force 
spectroscopy above the center of anchored PTCDA and obtained F(z) and G(z) curves [Fig. 1 
(b)]. From the slope of F(z) curve in repulsive force region and from the position where the 
slope of G(z) curve changes, we extracted the stiffness and the conductance of single PTCDA, 
respectively.  
 

Fig. 1 (a) Schematic view of PTCDA deposited on Si(111)-(7×7) surface. (b) Typical F(z) and G(z) curve 
measured above the center of PTCDA. Dotted lines are the liner fits of the F(z) and G(z) curve. The blue 
arrow indicates the position where the slope of the G(z) curve changes. 
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[1] L. Gross et al., Science, 325, 1110 (2009) 
[2] J. Zhang et al., Science, 342, 611 (2013) 
[3] N. Nicoara et al., Phys. Rev. B, 82, 075402 (2010) 

(a) (b) 

PT36



 The origin of high-resolution IETS-STM images of organic molecules with 
functionalized tips  

 
Prokop Hapala1, F. Stefan Tautz2, Ruslan Temirov2, Pavel Jelinek1 

1Institute of  Physics of the AS CR, Cukrovarnická 10, Prague, 162 00, Czech Republic; 

2Peter Gruenberg Institute (PGI-3), Forschungszentrum Juelich, 52425 Germany.  
E-mail: hapala@fzu.cz 

 
Very recently Chang et al. [1] published a novel mechanism of high-resolution imaging of 
molecules by means of inelastic electron tunneling spectroscopy. Here we will show that our 
simple mechanical model of STM/AFM imaging mechanism (2) can rationalize the 
underlying IETS imaging mechanism.  
 
Our model unveils a significant particle distortion towards local minima of the interaction 
potential at close distances, which causes discontinuities in both the frequency shift and the 
tunneling current. We will show that the bending also affects the hindered translation mode, 
which gives rise to variation of the characteristic peak of the inelastic tunneling current. 
Therefore we added on top of the numerical model calculation of the hindered translation 
mode of molecular probe at each tip position. We assume that variation of the inelastic 
electron tunneling current is proportional to variation of the hindered translation mode. We 
calculate the vibrational modes of the particle probe at each point by means of the dynamical 
matrix.  The numerical IETS simulations explain very well the experimental evidence (see 
Fig. 1).   

 
 
 
 
 

 
 
 
 
 
 
 

 
Fig.1: a) Simulated STM image of  CoPc cobalt phthalocyanine (comparable to Fig. S2. of supplementary 
information of   [1] ) b) Corresponding simulated inelastic tunnelling map mapping softening of CO bending 
modes (comparable to Fig.3A of [1]).  
 
References: 
 [1]  C.I. Chiang et al Science 344, 885 (2014). 
 [2] P. Hapala arxiv 1406.3562 
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The origin of so-called   “subatomic”   resolution   in   dynamic   force   microscopy   has   remained  
controversial since its first observation in 2000 [1]. A number of detailed experimental and 
theoretical studies have identified different possible physicochemical mechanisms potentially 
giving rise to subatomic contrast. Here, as a result of the unusual switch in backbonding 
symmetry across the Si(111) 7x7 unit cell, we are able to assign the origin of a specific 
instance of subatomic contrast as being due to the back bonding of a surface atom in the tip–
sample junction (Fig 1. A) [2]. 
 
We assign the origin of this contrast as arising from a passivated silicon tip probing the 
repulsive regime of the tip-sample interaction. We also regularly observe similar contrast after 
deposition of small molecules (NTCDI) with a passivated end group [3]. Interestingly tips of 
this type are also capable of producing intra-molecular contrast similar to that reported by 
Gross et al. for CO tips on metal surfaces (Fig 1 B) [4]. 
 
 
 
 

 
References: 
[1]  F. Giessibl et al. Science 289, 422– 425 (2000) 
[2]   A. Sweetman et al., Nano Lett. 10.1021/nl4041803 (2014). 
[3]   A.Sweetman and S.Jarvis et al. Submitted (2014) 
[4]   L. Gross et al. Science 325, 1110– 1114 (2009) 

 

Fig. 1  
A) Constant height 'f image of a 
clean Si(111) surface showing 
adatoms with repulsive contrast and 
‘sub-atomic  like’  triangular  shape. 
The triangular symmetry switches 
across the unit cell – eliminating the 
possibility of the contrast arising 
from the tip. 
 
B) Constant height 'f Image taken 
after deposition of NTCDI molecules 
with a tip showing the same adatom 
contrast. 
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Since the oxidation of silicon surfaces is one of the most important subjects both from 
fundamental and practical points of view, the adsorption of O2 molecules on the Si(111)-(7×7) 
surface has been studied extensively as a model system. Although the main issue has been 
focused on whether the initial oxidation product at room temperature is of a dissociative or a 
molecular type, it is widely accepted that its configuration has ins×n (n=1 and 2) structure, 
which means n O atoms are inserted into n back-bonds of Si adatom. However, the 
discrimination between ins×1 and ins×2 has not been reported yet in previous STM studies. 
In addition, the existence of O2 molecular type adsorption is also controversially discussed at 
the secondary oxidation stage, where a further O2 molecule comes to an initially oxidized site. 
The configurations of the secondary oxidation product are suggested ad-ins×3 structure as 
dissociative type and paul-ins×2 as molecular one. Here, the notation of ad or paul 
representing an O atom or an O2 molecule adsorbed on top of Si adatom, respectively. 
In order to clarify such remaining issues as for initial and secondary oxidation products, we 
carried out AFM investigation of the O2 adsorption on the Si(111)-(7×7) surface at room 
temperature [1]. After we exposed the clean Si surfaces to a small amount of O2 gas, various 
types of spots appeared. The most dominantly appeared spots were “bright” (B) spots at the 
initial oxidation stage [Fig. 1(a) and Fig. 1(b)]. In addition, we also found that “small bright” 
(SB) spots appeared as a pair of spots located at adjacent adatom positions in a half unit cell 
[Fig. 1(a)]. Because AFM can provide us topographic information close to the real atomic 
corrugation [2, 3], we examined the topographic height of these initial oxidation products. 
Compared with the atomic positions of our DFT calculated models, B and SB spots were 
identified as ins×2 and ins×1 structures [Fig. 1(c)], respectively. On the other hand, a “large 
bright” (LB) spot was formed as secondary oxidation product [Fig. 1(b)]. Similarly, 
topographic measurements by AFM and theoretical calculations by DFT revealed that the LB 
spot had ad-ins×3 structure [Fig. 1(c)]. We will also report the comparison of our AFM 
findings with previous STM results. 

 
Fig. 1: AFM topographic images of the Si(111)-(7×7) surfaces exposed by O2 with (a) 0.02 L and (b) 0.07 L; 1 L 
= 1 Langmuir. (c) The models of  ins×1, ins×2 and ad-ins×3 obtained by DFT calculations. 
[1] J. Onoda et al., Appl. Phys. Lett. 104, 133107 (2014). 
[2] Y. Sugimoto et al., Phys. Rev. B 73, 205329 (2006). 
[3] B. Schuler et al., Phys. Rev. Lett. 111, 106103 (2013). 
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Non-concact atomic force microscopy (nc-AFM) is a powerful tool to reveal surface 
topographies and properties. Surface chemical modification is expected to be a key to 
fabricate novel functional devices. A method to react a substrate surface with gas is promising 
for the modification. Ammonia (NH3) gas onto Si is a typical one: NH3 has been frequently 
used to form silicon nitride, which acts as a good insulator. NH3-Si reaction seems 
fundamental but not simple, attracting much interest in surface science. It is widely accepted 
that NH3 dissociates into NH2, NH and H on a Si(111)-7×7 surface; Si adatoms and restatoms 
are terminated with NH2, NH and H in association with a restatom-adatom pair, including 
NHx insertion to a Si back bond [1-3]. In this study we observe an NH3-reacted Si(111)-7×7 
surface by nc-AFM with a piezoresistive Si cantilever, and discuss the atomic contrast on it.  

We prepared a Si(111)-7×7 surface partially reacted with NH3 at room temparature by 
dosing pure NH3 gas into a ultrahigh vacuum chamber (1×10-11 Torr), equipped with the nc-
AFM. Figure 1 shows nc-AFM images of the surface in a constant frequency shift (Δf) mode. 
The atomic contrast changed depending on the imaging conditions. Figure 1(a) shows the unit 
cells of 7×7 with prominent dark spots. The force between the tip and the sample over the 
spot probably decreased sharply. When the tip was closer to the surface by changingΔf, some 
Si adatoms looked brighter and dark sites were found like vacancies [Fig. 1(b)]. The dark sites 
were probably attributed to NH3-related adsorbed sites, because a repulsive force was acted 
between a lone pair of the NH2 on the Si surface and a dangling bond of the Si tip occupied 
with two electrons owing to the buckling of a Si dimer on the tip; this made the total attractive 
force weaker. Figure 1(c) shows an image at the sameΔf with that in Fig. 1(b), after the tip 
state changed by chance. The dangling bond of the Si tip was possibly terminated with H so 
that attractive force acted between the lone pair of the NH2 on the Si surface and the H atom 
of the tip. As a result, the NH2-absorbed Si adatom sites looked brighter, although atomic 
contrast was not clearly obtained, because the chemical covalent bond was not formed 
between a Si adatom and a H-terminated Si tip. 

 

References: 
[1] Rong-Li Lo, et al., Phys. Rev. B 73 (2006) 115328. 
[2] M. Bjrkqvist, et al., Phys. Rev. B 57 (1998) 2327. 
[3] Ph. Avouris, et al., Phys. Rev. B 39 (1989) 5091. 

Fig. 1 nc-AFM images of a partially NH3-reacted Si(111)-7×7 surface. Vsample = -0.5 V.  (a) Δfset = -19.4 Hz, 
(b) Δfset = -26 Hz, (c) Δfset = -26 Hz. (Resonance frequency of a piezoresistive Si cantilever (f0) = -254.189 
kHz, amplitude = 23.7 nm, spring constant = 20 N/m). 
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Atomic hydrogen (H) irradiation to solid surfaces has potential to make surfaces chemically 
stable by H termination or to etch the surfaces by forming volatile hydrides. In fact, it has been 
used for cleaning and fine processing in semiconductor industries [1]. Adsorption of H on Si 
surfaces has been intensively studied, particularly at low coverages of H. In this study, we 
examine etching of Si surfaces by high flux of H generated by a hot W filament, and observe 
the changes in fine structures after H irradiation using non-contact atomic force microscopy 
(nc-AFM). 
Samples were cut from Si(001) or (111) wafers doped with boron. After ultrasonically cleaned 
with acetone and cleaned with Semico Clean 23 solution (Furuuch Chemical), samples were 
immersed in 1% HF solution for 3 min. Subsequently, only Si(111) samples were immersed in 
40% NH4F solution for 7 min to make their surfaces flat. The surfaces became inert and clean 
by removing oxide layers and terminating Si dangling bonds with H. The samples were 
introduced to a chamber of the nc-AFM, equipped with a gas dosing system for H2 including a 
gas purifier to filter out reactive gases such as H2O. After the chamber was evacuated with a 
turbo molecular pump, a W filament was heated at 1800 °C and H2 gas was admitted at a flow 
rate of 5 sccm to generate H. The nc-AFM observation and H irradiation were alternatively 
repeated for a sample in the nc-AFM head. 
Figure 1 shows nc-AFM images of the surfaces before and after H irradiation. The Si(001) 
surface was flat within 1 nm before H irradiation. After H irradiation, many etch pits were 
formed, and became larger by repeating H irradiation. Moreover, it was found that the etching 
rate in the direction normal to the surface was about three times higher than that in the parallel 
direction. The Si(111) surface became flatter by H irradiation, while triangle shape holes were 
found due to NH4F etching in Fig. 1(c). These indicate that the H etching depends on Si crystal 
face. We also report the substrate temperature effects on the etching. The mechanism of the 
orientation-dependent etching will be discussed.  

References: 
[1] T. Morimoto et al., J. Appl. Phys. 44 (2005) 732735. 
 

Fig. 1  nc-AFM images of Si(001) and (111) surfaces taken in a vacuum. (a) Si(001) before H 
irradiation. (b) after H irradiation for 11 h totally. (c) Si(111) before H irradiation. (d) after H 
irradiation for 6 h totally. 
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All scanning probe microscopy (SPM) images represent a convolution of the tip apex and 
sample structure; contrast in atomic-resolution SPM images has a critical dependence on 
imaging parameters and the precise chemical termination of the tip apex. For many surfaces, 
myriad image contrasts have been observed, often leading to uncertainty in the assignment of 
image features to particular atomic structures, even if the surface structure is well-known. 
Ag:Si(111)-(√3×√3)R30° is one such surface, with numerous contrasts observed in both 
atomic force microscopy (AFM) and scanning tunneling microscopy (STM). 
It was initially thought that the ground state of this surface could be described by the 
honeycomb-chained-trimer (HCT) model [1] (a highly-symmetric honeycomb arrangement of 
Ag trimers). However, a marginally lower surface free energy is obtained when the 
reconstruction forms at ±6° with respect to the unreconstructed (111) face, described by the 
(less-symmetric) inequivalent-trimer (IET) model [2]. The two possible reconstruction 
rotations (IETa/IETb) result in the Ag:Si(111)-(√3×√3) ground state being chiral. However, 
the free energy difference between IET and HCT configurations is small, and an asymmetric 
surface is not always observed; local surface reconfiguration due to tip-sample interactions or 
thermal fluctuations between chiral phases can produce symmetric SPM images. 
In this work we present the findings of applying simultaneous noncontact AFM and STM to 
Ag:Si(111)-(√3×√3)R30° at low (5K), intermediate (77K) and room (293K) temperatures [3]. 
The simultaneous use of these complementary SPM techniques allows for greater confidence 
in the assignment of contrast features to particular surface structures, permitting the absolute 
(rather than just relative) determination of the chirality of surface domains [Fig. 1]. 
 

 
Figure 1. (a) Topographic noncontact-AFM and (b) simultaneously-acquired tunnel current images of the 
Ag:Si(111)-(√3×√3) surface taken at 5 K. (c) Overlaying the IETb model permits contrast assignment to Ag-Si 
bonds in AFM and Ag trimers in STM. All scale bars are 1 nm. 
 
References: 
[1]  S. Watanabe et al., Phys. Rev. B 44, 8330 (1991). 
[2]  H. Aizawa et al., Surf. Sci. 429, L509 (1999). 
[3]  A. Sweetman et al., Phys. Rev. B 87, 075310 (2013). 
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Atomically precise graphene nanoribbons (GNR) represent a conceptually new class of 
materials that, by quantum confinement and edge effects, exhibits an electronic band gap that 
can be tuned by the ribbon width. Given the subtle dependence of the electronic properties on 
the exact atomic configuration, structural investigations with atomic resolution are a 
prerequisite for understanding and optimizing the surface-assisted GNR fabrication steps. 
This resolution is achieved by non-contact atomic force microscopy (nc-AFM), a technique 
that is widely used to identify the chemical structure, adsorption configurations, and chemical 
transformation of individual molecules [2].  

Here, we take advantage of the newly developed on-surface GNR fabrication method 
[1] and state-of-the-art nc-AFM techniques [2] to resolve both the intramolecular and 
intermolecular structural changes and bond rearrangements as associated with complex on-
surface chemical reactions. We thoroughly investigated three different GNRs: N=7 armchair 
GNRs of width N=7 (7-AGNR), chevron GNRs [1], and a novel type of GNR that 
incorporates five-membered rings in the edge topology. 

High-resolution nc-AFM images are used to investigate the exact bond configurations 
of transversally interlinked GNR segments as is achieved by surface-assisted GNR edge 
dehydrogenation and covalent colligation of adjacent GNRs. In this respect we studied in 
detail 7-ANGRs for which we achieve GNR heterostructures incorporating covalently 
interlinked segments of single, double (14-AGNR) and triple (21-AGNR) width. For chevron 
GNRs we find that covalent transversal interlinking results in the formation of a periodic 
array of voids, which reveal a characteristic atomic structure that is dictated by the edge 
topology of chevron GNRs and the structural offset between the covalently interlinked GNRs. 

Finally, we report a novel bottom-up fabricated GNR structure where edge-attached 
phenyl rings are used to modify the edge topology. Our investigation of the exact bond 
configuration shows that selective surface-assisted C-H activation and dehydrogenation 
allows for the controlled introduction of five-membered rings into the edge structure of 
GNRs.  

 

Experimental QPlus frequency shift image 
(constant height) of a 7-AGNR/14-AGNR 
junction on Au(111) 
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Imaging at the atomic scale with atomic force microscopy in biocompatible environments is 
an ongoing challenge. We demonstrate here atomic resolution of graphite and hydrogen-
intercalated graphene on SiC in air [4]. The main challenges arise from the overall surface 
cleanliness and the water layers which form on almost all surfaces [1].  To further investigate 
the influence of the water layers, we compare data taken with a hydrophilic bulk-silicon tip to 
a hydrophobic sapphire tip [4].  While atomic resolution can be achieved with both materials, 
the strong differences in the spectra can be related to the water layers on the tips and samples 
[4]. With weaker tip-sample interaction, we can observe large terraces of a naturally-
occurring stripe structure on the hydrogen intercalated graphene [4]. This structure has been 
previously reported on graphitic surfaces that are not covered with disordered adsorbates in 
ambient conditions (i.e. on graphite and bilayer graphene on SiC [3], but not on monolayer 
graphene on SiC). Both these observations lead us to assert that hydrogen-intercalated 
graphene is close to an ideal graphene sample in ambient environments. 
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E-Mail: Thomas.Koenig@specs.com 

 

Abstract Summary: We present recently obtained results in graphene-based systems as measured 
with LEEM / PEEM and STM / NC-AFM techniques. We highlight the latest state-of-the-art 
developments in these two techniques and show how these techniques are applied in the latest 
graphene research as well in other experimental systems.  

 

Introduction: Eighty years ago, Ernst Brueche developed the first photoemission electron 
microscope (PEEM) in the AEG laboratories in Berlin. Today, the state-of-the-art Low Energy 
Electron Microscope (LEEM) is produced just a few kilometers away from Brueche's former 
laboratory carrying forward this groundbreaking developments into the SPECS FE-LEEM P90. 
This instrument - based on the sophisticated electron-optical design by Ruud Tromp [1-4] - 
combines user friendly operation with highest stability and ultimate resolution measurements. 
Graphene monolayer step edges on Si-sublimated SiC measured using the aberration corrector [3, 4] 
show a spatial resolution of 1.6 nm, closely approaching theoretical limits.  
 
One of the advantages of SPECS systems is their interconnectability, in this case, by combining the 
LEEM / PEEM with a SPECS SPM Aarhus 150 with KolibriSensor. The SPM is an ideal system 
for investigating lattice mismatched surfaces, with a focus in the present talk of SPM measurements 
on the graphene/Ir(111) system [5]. Microscopy experiments were performed in constant current / 
constant frequency shift (CC/CFS) and constant height (CH) modes, exploiting a combination of 
the STM and NC-AFM capabilities of the system. We found that in STM imaging the electronic 
contribution is prevailing compared to the topographic one and the inversion of the contrast can be 
assigned to the particular features in the electronic structure of graphene on Ir(111). Contrast 
changes observed in constant height AFM measurements [5] are analyzed on the basis of the 
energy, force, and frequency shift curves, obtained in DFT calculations, reflecting the interaction of 
the W-tip with the surface and are attributed to the difference in the height and the different 
interaction strength for high-symmetry cites within the moirè unit cell of graphene on Ir(111).The 
presented findings are of general importance for the understanding of the properties of the lattice-
mismatched graphene/metal systems especially with regard to possible applications as templates for 
molecules or clusters. 
 
References 
 
[1] Tromp R. M., Mankos, M., Reuter M., C, Ellis A., W, Copel, M., Surf. Rev. Lett. 5, 1189-1197 
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Mat. 21, 
314007 (2009). 
[3] Tromp R., M, Hannon J., B, Ellis A., W, Wan, W., Berghaus, A., Schaff, O., Ultramicroscopy 
110, 852-61 (2010). 
[4] Tromp, R.M., Hannon, J.B., Wan, W., Schaff, O., Ultramicroscopy, in press. 

[5] E. N. Voloshina et al., Nature Sci. Rep. 3, 1072 (2013).  
PT45



!!!!!!!!!
!

Scientific program!
!

Oral presentations on 
6th of August 2014 !!!!!!!!!!!!!!!!! !



Chairperson Pavel Jelinek

9:00-9:20 Samuel Jarvis OW01

9:20-9:40 R. Pawlak OW02

9:40-10:00 R. Temirov OW03

10:00-10:20 S. Yamazaki OW04

10:20-10:40
Coffee break

10:40-11:00

Chairperson Jay Weymouth

11:00-11:20 Y. Sugawara OW05

11:20-11:40 Y. Naitoh OW06

11:40-12:00 R. Shimizu OW07

12:00-14:00
Luncheon seminar offered by 

Omicron NanoScience &   
Asylum Research               

(Room 201)

Chairperson Takeshi Fukuma

14:00-14:20 I. Siretanu OW08

14:20-14:40 Y. Yokota OW09

14:40-15:00 Suzi Jarvis OW10

15:00-15:20 K. Umeda OW11

15:20-15:40 H. Asakawa OW12

15:40-16:00
Coffee break

16:00-16:20

Chairperson Suzi Jarvis

16:20-16:40 H. Onishi OW13

16:40-17:00 K. Miyata OW14

17:00-17:20 T. Fukuma OW15

17:20-17:40 P. Spijker OW16

17:40-18:00
Poster Session II     

(17:40~20:30)

 18:00-20:30
Steering Committee Dinner 

(19:00 to 21:00)

Oral presentations on Wednesday 6th of Agusut 2014 



For further information:
omicron.nanoscience@oxinst.com

www.oxford-instruments.com

The new Fermi SPM

A “Cold-Tip SPM“ - a new generation variable temperature SPM

Scanning Probe
       Microscopy

r�%QORCEV�FGUKIP
r�6GORGTCVWTG�TCPIG�����-�VQ�����-
r�6KR�CPF�UCORNG�EQQNGF
r�.QY�VJGTOCN�FTKHV
r�56/��#(/���URGEVTQUEQR[
r�5WD�R#�56/
r�5GPUQT�GZEJCPIG����&�EQCTUG

10 K
achieved with 
HNQY�ET[QUVCV



 Measuring the mechanical properties of molecular conformers 
 

Samuel Jarvis1, Simon Taylor1, Jakub Baran2, Damien Thompson3, Alex Saywell4, Neil 
Champness1, Leonhard Grill4, J. Andreas Larsson5 and Philip Moriarty1. 

1University of Nottingham, Nottingham, NG7 2RD, U.K. 
2Department of Chemistry, University of Bath, Bath, BA2 7AY, U.K. 

3Dept of Physics, Energy & Materials and Surface Science Institute, University of Limerick , Ireland. 
4Fritz-Haber-Institut of the Max-Planck-Society, 14195 Berlin, Germany. 
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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 molecular 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, we are able to unambiguously determine the adsorption configuration of 
porphyrin conformers on the Cu(111) surface.  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. Our study 
provides insights into how this can impact on important molecular properties such as 
switching, surface diffusion and the formation of covalently bound molecular assemblies[2].  
 

 
Figure 1: Constant current STM image of a Br4TPP molecule adopting (A) planar and (B) buckled conformations on 
Cu(111).  (C) Low temperature constant height current image of the molecule and underlying Cu(111) substrate.  (D) 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,B)+1V/50pA (sample bias), (C)+50mV, (D)+200mV/20pA, a0=200pm, f0=20kHz. 

 
References: 
[1] Iancu, V. et al, Nano Letters. 2006, 6, 820. 
[2] Grill, L. et al, Nature Nanotech.  2007, 2, 687. 
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 Atomic-scale friction sensed by a single molecule 
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1 Department of Physics, University of Basel, Klingelbergstr. 82, 4056 Basel, Switzerland.

2School of Chemistry, Tel Aviv University, 69978 Tel Aviv, Israel. 3IMDEA Nanociencia,

Cantoblanco, 28049 Madrid, Spain. 4 Department of Chemistry and Applied Biosciences,

ETH Zürich, 8093 Zürich, Switzerland. 

E-mail: remy.pawlak@unibas.ch

 The mechanical properties of molecules have a pivotal role in the conformation as

well as diffusion processes on surfaces. In recent works, we use a tuning fork based AFM

operated  at  low temperature  to  investigate  the  mechanical  properties  of  single  molecules

[1-3].  We demonstrated  force-induced  manipulations  based  the  local  deformation  of  the

peripheral  end-group of a porphyrin structure  [4-5]. Here,  we intentionally terminated the

AFM tip apex with a single porphyrin molecule equipped with di-cyanophenyl end groups

(Fig.a). While scanning the Cu(111) surface at constant height and recording the frequency

shift, we systematically reveal atomic-scale friction-like patterns (Fig.b). In the process, the

molecule acts as a spring and dynamically interacts with the surface lattice potential through

interactions with the CN end-groups. The local deformation of the di-cyanophenyl leg while

scanning gives rise to a typical stick-slip behaviour (Fig.c). Numerical simulations based on a

gas-atom solid interaction potential (Steele potential [5]) confirm that the internal degree of

freedom of the molecular structure an have a preponderant role in the process [6].

Figure  1: (a) Illustration  of  the  experiment  :  the

porphyrin-terminated tip is  brought into contact  to the

Cu(111). (b) Constant-height df(x,y) map of the surface

showing  the  atomic-scale  pattern.  (c)  extracted

tip-sample stiffness profile kts along the dashed line of

(b) showing the sawtooth modulation (parameter: A = 50

pm, scan speed = 1 nm/s.

References:

[1] S. Kawai et al., PNAS.,11, 396822, (2014).

[2] R Pawlak et al., J. Phys.: Condens. Matter 24, 084005 (2012).

[3] R. Pawlak et al., ACS Nano 5, 6349-6354 (2011).

[4] C. Loppacher et al. Phys. Rev. Lett. 6, 066107 (2003).

[5] R. Pawlak et al., ACS Nano, 6, 6318-6324 (2012).

[6] W.A. Steele, Surf. Sci. 36, 317 (1973).
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Exploring the limits of control over single molecules using  
Scanning Probe Microscopy manipulation !!

Ruslan Temirov1,2, Christian Wagner1,2, Matthew Green1,2, Taner Esat1,2, Stefan Tautz1,2 
1Peter Grünberg Institut (PGI-3), Forschungszentrum Jülich, 52425 Jülich, Germany  

2Jülich Aachen Research Alliance (JARA)–Fundamentals of Future Information Technology 
E-mail: r.temirov@fz-juelich.de !

Control over matter on a single molecule scale is one of the most important goals of 
nanoscience. Scanning probe microscopy (SPM) is presently the only technique that 
enables real space imaging and manipulation of single atoms and molecules on surfaces. 
Vigorous instrumental development, that the field of SPM has been experiencing over the 
last years, resulted in a dramatic increase in the stability and control of the experimental 
setup. One of the very exciting possibilities that has appeared recently was the 
manipulation with large organic adsorbates. Application of combined scanning tunnelling 
and atomic force microscopy technique (STM/AFM), utilising qPlus sensor technology, 
allows monitoring the manipulation process by simultaneous measurement of the current, 
frequency shift and dissipation in the junction. 

In this contribution we will consider potentials and difficulties associated with the 
analysis of data recorded during the STM/AFM manipulations with large organic 
adsorbates. We will discuss factors that influence the degree of control and reproducibility 
of such experiments. It will be shown how the control of conformation of the molecule in 
the junction could be utilised to probe and characterise fundamental interactions on a 
nanoscale. Finally, a novel instrumental approach that considerably increases the degree of 
control and the efficiency of SPM-based single molecule manipulation will be described. !
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Mechanical Atom Switching of Bistable Si4 Cluster 
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Various kinds of atom switches have been reported for the last several decades. While 
most of atom switches were induced by tunneling current using STM, buckled dimer rows 
(1D-like) on the Si(100) surface work as force-induced unidirectional atom switches, as 
recently found in AFM studies [1]. Here, we introduce a bistable 0D-like atom switch, Si 
tetramer (Si4) [2], which can be fabricated on the Si(111)-7x7 surface by atom gating 
technique at room temperature [3]. Si4 is switched between two equivalent configurations by 
both mechanical force (AFM) and tunneling current (STM) selectively. Structure models of 
bistable Si4 in the ground state (Type-A and B) were constructed by first-principles simulation 
[Fig. 1 (a), (b)], and confirmed by corresponding AFM images obtained at relatively far-
distance using an Omicron LT QPlus-AFM/STM system operated at 80 K [Fig. 1 (c), (d)]. 
One configuration A can be switched to the other configuration B by tip approach at zero bias 
voltage above the lower atom in Si4 as indicated by the black circle in Fig. 1 (c). Frequency 
shift curve [Fig. 2] during such an approach exhibits an abrupt jump. It indicates a 
unidirectional upward mechanical switching from A to B induced by the attractive chemical 
force. AFM images at close tip-surface distances beyond the switching threshold clearly 
resolve four Si atoms of Si4 [Fig. 3 (a)]. Symmetric square-like contrast (A+B) is due to 
continuous upward switching during scan. In contrast, STM current induces downward 
switching on Si4, resulting in cross-like contrast (AxB) [Fig. 3 (b)]. We will also discuss 
competition between force-induced (upward) and current-induced (downward) switching. 
 
 
 
 
 
 
 
 
 
 
 
 
figure 1:A/B Si4(a,b) Model; (c,d)AFM  figure 2:df-z curve showing switch    figure 3:(a)AFM (b)STM of Si4 
 
References: 
[1] Adam Sweetman, et al., Phys. Rev. Lett. 106, 136101 (2011). [2] Hideyuki Tanaka, et al., 
Jpn. J. Appl. Phys. 33, 3696 (1994). [3] Y. Sugimoto, et al., submitted. 
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Fig. 1 (a) Schematic top view of the atoms on the Au(111) surface. (b) AFM (frequency-shift change) and (c) 
optical near-field images simultaneously measured on the Au(111) surface in constant-height mode using a Si 
cantilever. The size of each image is 3.6 u 3.6 nm2. 

Atomic-resolution Imaging of the Optical Near-field 
on the Au(111) Surface Using Photon-induced Force 

 
Yasuhiro Sugawara, Takashi Tokuyama, Junsuke Yamanishi,  

Yoshitaka Naitoh, and Yan Jun Li 
Department of Applied Physics, Osaka University, Suita, 565-0871,Japan. 

E-mail: sugawara@ap.eng.osaka-u.ac.jp 
 

High-resolution optical imaging that overcomes the diffraction limit of light is of 
interest in various photonics applications. In typical near-field scanning optical microscopy 
(NSOM), a sub-wavelength scale aperture or a sharp tip has been used to transmit or scatter 
the optical near-field on a surface. The probe converts the near-field on the surface at the sub-
wavelength scale into a propagating wave, which is measured using a phtodetector located in 
the far-field. Optical resolution in the 1-10 nm range is achievable; however, atomic-
resolution imaging has not been achieved because of the high transmission loss of the light 
caused by the small aperture or the high far-field background induced by spurious reflections 
from the tip shaft and other sources. As an alternative technique, we have investigated a 
method of detection that is based on the force acting on the semiconductor tip induced by the 
optical near-field [1]. In this method, the surface photovoltage on the Si tip apex induced by 
the optical near field on the surface is measured via the induced electrostatic force. This 
method is very promising because it enables the measurement of the optical near-field just 
below the location of the sharp tip in the near-field and therefore does not suffer propagation 
loss or the influence of the far-field background. 

In this study, we investigated the high-resolution imaging of the optical near-field on a 
surface. FM-AFM was used to detect the weak interaction force between the tip and the 
sample. The double-modulation method was used to measure only the surface photovoltage 
induced by the optical near-field on the surface. For the first time, we succeeded in achieving 
atomic-resolution imaging of the optical near-field on the Au(111) surface [Fig.1]. 

This success is a promising development in the exploration of atomic-scale physical 
and chemical interactions between light and atoms/molecules and offers deeper insight into 
the various photonic processes and functions on surfaces. It paves the way for additional 
exploration into the development of novel nano-scale photonic materials and devices. 
 

Reference: 
[1]  M. Abe, Y. Sugawara, Y. Hara, K. Sawada, and S. Morita, Jpn. J. Appl. Phys. 37,L167 

 (1998). 
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Spatial bonding state of Ge(001) dimer atoms studied by multi-frequency 
FM-AFM 
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The individual atomic bonding state on a surface is reconsidered as an important 

quantity since it correlates with other physical properties on the surface and governs epitaxial 
growth and surface chemistry. Recently, we demonstrated that frequency modulation atomic 
force microscopy (FM-AFM) is a powerful tool to probe the bonding state of individual 
surface atom [1,2]. However, the spatial atomic bonding state of a surface has never been 
reported experimentally. In order to investigate it, we challenged to detect the spatial elasticity 
distribution at the atomic scale on a surface by the multi-frequency FM-AFM method using 
three oscillation modes of a cantilever.  

All experiments were performed in a home build AFM apparatus operating under ultra-
high vacuum at room temperature. The Ge(001) surface was adopted as a sample because its 
asymmetric dimer atom has spatially anisotropic bonding state. The cantilever, which was 
coated with tungsten [3], was multiply oscillated at the 1st and the 2nd flexural and the 
torsional resonant frequencies: f1=160kHz, f2=990kHz,  fT=1.49MHz, with the oscillation 
amplitudes: A1=5nm, A2=100pm, AT=50pm. The topography of Ge(001) surface was 
obtained from the feedback signal maintaining a constant frequency shift of the 1st 
component ('f1). Then, the variations of the frequency shifts of the second and torsional 
components ('f2, 'fT) correspond to the changes in the vertical and the parallel components of 
the elastic properties of the bonding states [1].  

Figures (a)-(c) are simultaneously obtained topography and 'f2 and 'fT mappings of 
Ge(001)-c(4x2) surface using the multi-frequency method. The torsional direction was 
parallel to the dimer direction. Figures (d)-(f) are another series of the multi-frequency images. 
The torsional direction was perpendicular to the dimer direction. Interestingly, the 'f2 
mappings show the p(2x1)-like 
phase although the topographies 
show the c(4x2) phase. The 'fT 
mapping, which indicates the 
parallel component of the elastic 
property along the torsional 
direction, shows the c(4x2) phase 
without any noticeable difference 
by changing the torsional 
direction. We will discuss the 
spatial elastic distribution on the 
surface in detail.  
 
Figure: Simultaneously obtained (a) topography ('f1=-25 Hz), (b) 'f2 mapping and (c)�'fT mapping of a Ge(001) 
surface. Another series of multi-frequency images: (d) topography ('f1=-60 Hz), (e) 'f2 mapping, (f)�'fT 
mapping obtained with the different torsional direction. Scan sizes of all images are 4.0x3.2 nm2.  
 
References: 
[1]  Y.Naitoh, Z.Ma, Y.J.Li, Y.Sugawara, J. Vac. Sci Technol. B 28, 1210 (2010).  
[2]  Y.Naitoh, T.Kamijo, Y.J.Li, Y.Sugawara, Phys. Rev. Lett. 109, 215501 (2012).  
[3]   Y.Kinoshita, Y.Naitoh, Y.J.Li, Y.Sugawara, Rev. Sci. Inst. 82, 113707 (2011).  
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NC-AFM study of a SrTiO3(100)-(√13×√13)-R33.7o reconstructed surface 
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Strontium titanate (SrTiO3) is one of the most commonly used substrates for the 
epitaxial growth of perovskite-type oxides. The discovery of high-mobility electron gas at 
LaAlO3/SrTiO3 has attracted considerable attention on novel functionalities arising at various 
heterointerfaces[1]. To extract such exotic properties, atomic-scale understandings of a 
SrTiO3 substrate surface prior to the growth are of great importance as the starting point. 
Recently, we reported that a (√13×√13)-R33.7o (RT13) reconstructed SrTiO3(100) surface is a 
good arena to visualize atomic-scale epitaxial growth behaviors [2]. It is proposed that the 
RT13 surface consists of excess TiO5 arrays on bulk-cut TiO2 termination [Fig. left] [3], while 
the detailed structures are still under debate. Here, we show non-contact atomic force 
microscopy (NC-AFM) study of the RT13-reconstructed SrTiO3(100) surface. 

For preparation of the RT13 reconstructed surface, Nb-doped (0.1 atom%) SrTiO3(100) 
single crystals (Shinkosha Corp.) were annealed in ultrahigh vacuum as reported elsewhere 
[2]. In NC-AFM observations, we obtained two types of images (type I and II). The contrasts 
are completely inversed with each other, indicating that imaging is governed by tip-apex 
polarities. Moreover, for the type I tip, additional internal structures are visualized, as the tip 
is brought closer to the sample [Fig. right]. Here, the dark areas coincide well with the 
positions of positively-charged Ti4+ cations without apical oxygen in the proposed model, 
suggesting that the tip apexes of type I and II are positive OH termination and negative O 
termination, respectively. Furthermore, comparison with theoretical calculations revealed that 
in a closer tip-sample range, the H atom at the tip apex is dynamically attracted by nearest 
oxygen anions on the surface through hydrogen bond. Thus, our NC-AFM study is consistent 
with the proposed SrTiO3(100)-RT13 surface model [3], and presents potential to unveil other 
oxide surface structures, leading to the atomic-scale investigations of physical/chemical 
properties, including insulating oxide materials. 

References: 
[1]   A. Ohtomo et al., Nature 427, 423 (2002).     [2]   R. Shimizu et al., ACS Nano 5, 7956 (2011). 
[3]   D. Kienzle et al., Phys. Rev. Lett. 106, 176102 (2011).  

            
Figures: (left) A proposed structural model of the SrTiO3(100)-RT13 surface [3]. A red square shows a RT13 
unit cell. Excess TiO5 arrays cover bulk-cut TiO2-terminated layers. (right) An NC-AFM image obtained by 
type I (OH-terminated) tip in a closer regime. Balls in dark and light blue correspond to topmost- and second-
layer Ti4+ cations without apical oxygen, respectively. 7.5×7.5 nm2, 'f = -9.7 Hz, A=8.4 nm. 
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 High resolution AFM imaging of ion adsorption and charge distribution at 
solid-liquid  interfaces:  A  deep  look  into  Stern’s  Layer 
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Electrostatic interactions in solution near the solid-liquid interface are quite complex 

topics. They play an extremely important role in determining molecular structure and binding 
activity, since almost all surfaces become charged by a variety of mechanisms when coming 
in contact with an aqueous medium. A typical picture of such a charged surface is that small 
ions of opposite sign accumulate in its immediate neighborhood, resulting in the formation of 
an electric double layer (EDL). Depending on the local solid-liquid and liquid-liquid 
molecular interactions, the interfacial liquid does not behave like a bulk liquid, often 
exhibiting higher densification and ordering that strongly depend on the local properties of the 
solid surface. While theoretical models of the solid-electrolyte interface date back to the early 
20th century, a detailed picture of the structure of the electric double layer has remained 
elusive, largely because experimental techniques have not allowed for direct observation of 
the behaviour of ions, with subnanometer resolution. Here, unprecedented high resolution 
measurements of the ion adsorption and charge distribution on composite silicon 
oxide/gibbsite nanoplatelet surfaces using atomic force spectroscopy with sharp tips will be 
presented. FM-AFM spectroscopy results allow us to determine the local surface charge with 
a lateral resolution in the 10 nm range and to identify specific ion effects. Ultrahigh resolution 
AM-AFM images reflect the solvation structure of the interfacial liquid and the structure of 
the ions adsorbed in the Stern layer. Unlike Na+ and K+ ions, divalent ions like Ca2+ and Mg2+ 
modify and fully define the interface probed by AFM tip, consequently confirming their 
strong absorption to the surface. Complemented by density functional theory, our experiments 
produce a detailed picture of the formation of surface phases by templated adsorption of 
cations, anions and water, stabilized by hydrogen bonding. 

 

 
 
Fig 1. a) color-coded 2D force field generated from 100 tip-sample interaction  curves  in  20  mM  NaCl  at  pH  ≈  6.  
(blue: attractive force; red: repulsive force; green: zero force); b) high resolution AFM image of Gibbsite 
immersed in various aqueous solutions. Images at 10 and 100 mM CaCl2 show double row structure of adsorbed 
Ca2+ ions (blue) and alternating bright-faint row structure with co-adsorbed Cl- (yellow) on top of Ca2+. c) 
equilibrated surface structure calculated by density functional theory showing adsorbed Ca2+ ions (blue) and co-
adsorbed Cl- (yellow). 
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FM-AFM Study of Electric Double Layer Transistors: 
Relationship between Microscopic Structures and Hole Transport 

Properties of Ionic Liquid / Rubrene Single Crystal Interfaces   
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Ionic liquids (IL) are promising as gate dielectric materials of field-effect transistors 
(FETs), where electric double layers (EDLs) at the IL�semiconductor interfaces are used to 
achieve high charge carrier densities [1].  IL-based EDL transistors using rubrene single 
crystals have shown a high hole mobility of 9.5 cm2 V�1 s�1 under low operating voltage [2].  
Structural information on the IL/rubrene single crystal interfaces, however, has not been 
reported presumably due to the lack of appropriate tools.  In this study, we provide the 
structural properties of IL (BMIM-TFSI) / rubrene interfaces by using FM-AFM (Fig. (a)) 
[3,4] and discuss the relationship between the interface structure and device performance.   

An FM-AFM image taken at a30 min after dropping IL onto rubrene surface showed a 
number of vacancies whose average number density was a few hundred Pm�2 (Fig. (b)).  The 
size of the vacancies was increased with time (Fig. (c)), indicating the dissolution of rubrene 
molecules into the IL, and the number density was decreased due to merging of the vacancies 
(Fig. (d)).  Note that the formation of vacancies was limited within the topmost monolayer.  
These observations suggest that the surface defect sites of the rubrene single crystal are self-
eliminated upon contact with IL and encourage us to study time dependence of the EDL-FET 
performance.  Indeed, we revealed that the hole mobility, sensitive to the defect sites, 
increased more than four times on a time scale of a day.  In addition, high resolution FM-
AFM images (see insets in Fig. (c)) indicated that the apparent height of bright spots, which 
correspond to the position of phenyl groups in rubrene, is not equivalent to what we expect 
from the crystal structure.  The change of the image contrast and force curves upon hole 
injection into rubrene surface will be discussed in the presentation.   

 
Figure (a) A photograph of a rubrene single crystal and an AFM cantilever.  Molecular 
structures of IL and a rubrene are superimposed.  (b)�(d) FM-AFM images ((b) 1 u 1 µm2, 
(c)(d) 3 u 3 µm2) of rubrene surfaces taken at different time after dropping IL.  Inset in (c): 
Typical high-resolution image and molecular arrangement of rubrene single crystal.   

References: 
[1] T. Fujimoto, K. Awaga, Phys. Chem. Chem. Phys. 15, 8983 (2013).   
[2] S. Ono, S. Seki, R. Hirahara, Y. Tominari, J. Takeya, Appl. Phys. Lett. 92, 103313 (2008).   
[3] Y. Yokota, T. Harada, K. Fukui, Chem. Commun. 46, 8627 (2010).   
[4] Y. Yokota, H. Hara, T. Harada, A. Imanishi, T. Uemura, J. Takeya, K. Fukui, Chem. Commun. 

49, 10596 (2013).   
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Understanding the influence of water layers adjacent to interfaces is fundamental in 
order to fully comprehend the interactions of both biological and non-biological materials in 
aqueous environments. In this study, we have investigated hydration forces at the mica− 
electrolyte interface as a function of ion valency and concentration using sub-nanometer 
oscillation amplitude frequency modulation atomic force microscopy (FM-AFM).  

Our results reveal new insights into the nature of hydration forces at interfaces due to 
our ability to measure high force gradients without instability and in the absence of lateral 
confinement due to the use of an atomically sharp tip. We demonstrate the influence of 
electrolytes on the properties of both primary and structural hydration forces and reveal new 
insights into the interplay between these phenomena in determining the interaction forces 
experienced by a nanoscale object approaching an interface. We also highlight the difficulty 
in directly comparing hydration force data from different measurement techniques where the 
nature of the perturbation induced by differing interaction geometries is likely to dramatically 
affect the results. 
 
This work was supported by Science Foundation Ireland. 
 
References: 
[1]  J. Am. Chem. Soc. (2013) 135, 2628-2634. 
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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 well as to obtain atomic/molecular-resolution topographic images. The 

hydration structures can be influenced by various surface properties such as surface structures 

and charge distribution [1], and the frequency shift or the interaction force detected using FM-

AFM is strongly dependent on the tip conditions. In order to correctly analyze and interpret 

the hydration measurement results, it is important to study the relationship between the local 

hydration structures and surface structures/charges using the same AFM tip. 

Clinochlore, one of the phyllosilicate minerals, is composed of alternating layers of 

positively-charged octahedral (hydrotalcite) and negatively-charged mica (phlogopite). We 

found the cleaved surface of clinochlore gives a surface having positively-charged octahedral 

and negatively-charged mica regions, which is an ideal sample for exploring the effect of the 

surface properties on the hydration structures. 

Figure 1(a) shows FM-AFM image of cleaved clinochlore(001) surface in 100 mM KCl 

aqueous solution. The island regions correspond to the octahedral layer, while the other area 

is the mica surface. We found that there is a region at the edge of each octahedral island 

whose height is slightly lower than the 

terrace as shown in Fig. 1(b). By careful 

analysis of the data, we attributed these 

regions to the octahedral layer without 

the hydration layer, while the island 

terrace and the mica surface were fully 

covered by the hydrated water 

molecules, as shown schematically in 

Fig. 1(c). Figure 1(d) shows two-

dimensional frequency shift map 

obtained by translating the tip in the [-

310] direction. The hydration structure 

of 0.7 nm periodicity was observed on 

the mica surface, while that of 0.3 nm 

was observed on the octahedral surface. 

These periodicities are consistent with 

the atomic periodicity shown in Fig. 

1(c). We compared the experimental 

results and the water densities predicted 

by the molecular dynamics simulation, 

and found that the periodic hydration 

structures observed in Fig. 1(d) is the 

second hydration layer.  

Reference: 
[1]  K. Umeda et al., NC-AFM 2013. 

Figure 1: (a) and (b) are topographic images of 
clinochlore(001) surface. (c) Schematic of 
clinochlore(001) surface. Blue circles show 
areas of the adsorbed water molecules. (d) 2D 
frequency shift map obtained in a plane 
including the dotted line in (b). 
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Molecular adsorption on soft materials has been widely studied for their biological and 
medical applications (e.g., contact lens and artificial blood vessels). The flexible surface 
structures and mobile water molecules have importance in understanding the molecular 
adsorption. In addition, investigations of site specific interactions between adsorbing 
molecules and soft materials is absolutely essential to reveal the molecular-scale mechanism. 
However, measurement techniques for investigating them have not been established. To 
overcome this issue, we have recently proposed a technique referred to as 3D scanning force 
microscopy (3D-SFM) [1]. Combined with frequency modulation AFM (FM-AFM), the 
method allows us to visualize the 3D force distributions corresponding to mobile water 
molecules and flexible surface structures at the molecular level. 
In this study, we have investigated hydroxyl-terminated self-assembled monolayer (OH-
SAM) and hexa (ethylene glycol) (EG6)-terminated SAM (EG6OH-SAM) by 3D-SFM in 
liquid. The EG6OH-SAM has widely been used as a model surface for studying the inhibitory 
property of soft materials against biomolecular adsorption. To reveal the molecular-scale 
origin of the inhibitory effect, we investigated the 3D force distributions at the surfaces of 
SAMs. Figs 1a and 1b show the Z cross sections of the 3D-SFM images. The results show the 
clear hydration structures only at the surface of OH-SAM. The site specific force profiles are 
obtained from the 3D-SFM images [Figs. 1c and 1d]. Only Profile 1 shows a local minimum 
with large attractive force. On the contrary, the force profiles at the surface of EG6OH-SAM 
show the long-range repulsive force without large attractive forces. The 3D-SFM images 
allow us to calculate the local barrier depth from the force profiles. The barrier depth maps 
[Fig. 1e and 1f] suggest that there is no large attractive force distribution at the EG6OH-SAM 
surface, which may explain the higher inhibitory activity against molecular adsorption 
compared with that of OH-SAMs. The results demonstrate that 3D-SFM provides molecular-
scale insight into the mechanism of molecular adsorption in liquid. 

 
[1]  T. Fukuma et al., Phys. Rev. Lett. 104, 016101 (2010). 

Fig. 1. 3D-SFM images of OH-SAM and EG6OH-SAM in liquid. (a)(b) Z cross sections obtained along 
molecular rows. (c)(d) Site specific force profiles. (e)(f) Barrier depth maps at the surface of SAMs. 
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Interfacial liquids structured over solids play essential roles in physical, chemical and 
biochemical phenomena. The latest developments in frequency-modulation AFM (FM-AFM) 
opened up a way to know liquid structure at liquid-solid interfaces. The cantilever with a tip 
at the free end is resonantly oscillated and the shift of the resonance frequency (�f), which 
represents liquid-induced force pushing or pulling the tip, was determined as a function of the 
vertical and lateral coordinates. Two-dimensional or three-dimensional force distribution has 
been thereby observed at a number of interfaces. In the present study, hexadecane, decane, 
phenyloctane, or octamethylcyclotetrasiloxane (OMCTS) facing a corrugated organic 
substrate, the (110) surface of salicylic acid (SA), is probed. 

Millimeter-sized SA crystals were prepared by recrystallization in ethanol to present 
well-developed (110) facets. In hexadecane, constant �f topography of a facet [Fig. 1, left] 
showed columns parallel to the [001] axis with a column-to-column distance of 1.5 nm. The 
topographic corrugation from the column top to the ditch bottom was as large as 0.8 nm. 
Intra-column structures were further visible and assigned to individual benzene head-groups 
of SA dimers protruding from the surface plane [Fig. 1, middle]. �f distribution [Fig. 1, right] 
exhibited structured liquid hexadecane over the corrugated SA(110) surface. Bright and dark 
patches in the distribution resulted in a laterally asymmetric, checkerboard-like pattern 
matching the topographic corrugation of the surface. The strength of liquid structuring over 
SA was remarkable and comparable to those observed in water/p-nitroaniline [1] and 
water/CaCO3 [2]. This suggests that molecule-scale corrugation of solids effectively induce 
liquid structure at interface, since p-nitroaniline and CaCO3 surfaces are also corrugated. 

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.  

 

    
Fig. 1. Salicylic acid (110) surface. A constant �f topography observed in hexadecane is in the left panel. 
Cantilever: NCH (Nanosensors). Oscillation amplitude: 0.3 nm. �f setpoint: +580 Hz. The crystal structure is 
viewed along the [001] axis in the middle panel, where a possible (110) truncation of the facet is shown by the 
solid line. Dark and bright spheres represent carbon and oxygen atoms, respectively. The cross-sectional �f 
distribution on a plane perpendicular to the [001] axis is in the right panel. Positive �f represents repulsive tip-
surface force to be shown bright. Oscillation amplitude: 0.2 nm. 
 
[1] R. Nishioka et al., J. Phys. Chem. C 117, 2939 (2013); P. Spijker et al., J. Phys. Chem. C 

118, 2058 (2014). 
[2] H. Imada et al., Langmuir 29, 10744 (2013). 
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So far, high-speed AFM (HS-AFM) using contact mode or amplitude modulation mode 
has been developed. These techniques have enabled to image dynamic processes at 
solid/liquid interfaces with a speed of 10~100 ms/frame. However, the resolution of the 
present HS-AFM is on the order of nanometer. Therefore, it has been difficult to visualize 
atomic-scale dynamic processes. In contrast, recent progress in frequency modulation AFM 
(FM-AFM) has enabled atomic-resolution imaging and 3D force mapping in liquid. However, 
the imaging speed of this technique has been ~1 min/frame, which is often insufficient for 
visualizing dynamic processes at solid/liquid interfaces. The lack of high-speed and atomic-
resolution imaging technique has prevented the advancement in understanding various 
interfacial phenomena such as crystal growth processes. To date, contact-mode HS-AFM has 
been used for visualizing nanoscale crystal growth processes. However, the method is not 
capable of visualizing dynamic behavior of atoms or ions near the step edges. Therefore, 
atomic-scale understanding of crystal growth processes has yet to be achieved.  

In this study, we have developed atomic-resolution HS-AFM by improving the speed of 
FM-AFM. The speed of FM-AFM is determined by the minimum detectable force (Fmin) and 
the feedback bandwidth of the tip-sample distance regulation (BFB). Fmin of a conventional 
FM-AFM is ~10 pN at BFB of 100 Hz. Using a small cantilever with a resonance frequency of 
~3.5 MHz in liquid, we enabled to achieve the same Fmin with 50 times wider bandwidth (BFB 
= 5 kHz). To achieve this BFB, we have improved the speed of various components 
constituting the FM-AFM system. In particular, we have significantly improved the latency (< 
2 Ps) and the bandwidth (> 100 kHz) of a phase-locked loop (PLL) circuit using a subtracted-
based phase comparator. With these improvements, we have succeeded in atomic-resolution 
imaging of calcite crystal growth process at 2 sec/frame [Fig. 1]. The obtained images reveal 
the existence of transitional region along the step edges. This region shows a different 
contrast pattern from the one observed at the center of a terrace. The averaged height profile 
shows that the height of this region is 0.13~0.15 nm, which corresponds to the half of the 
single atom step (~0.31 nm) [Fig. 2]. These results suggest that the transitional region has a 
different surface or hydration structure from that at the center of a terrace. Existence of such a 
transitional region should alter the interaction between the surface and solutes in water and 
hence give significant influence on the crystal growth processes. 
 

 
 
 
Fig. 1 High-speed FM-AFM images of a cleaved calcite surface 
obtained in water. The images are selected from 64 successive images 
obtained at 2 sec/frame. (a) 0 sec. (b) 20 sec. (c) 40 sec. The arrows in 
(b) show different orientations of the atomic-scale contrast patterns. 

Fig. 2 Averaged height profile 
along Line A-B indicated in Fig. 
1(b). 
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Recent development of FM-AFM has enabled three-dimensional (3D) force 
measurements at a solid/liquid interface [1]. The force distributions measured at some of the 
model systems show strong correlation with a water density distribution (i.e. hydration 
structure) predicted by simulation. The results suggest a possibility for direct imaging of 
hydration structures by FM-AFM. However, this prospect has not widely been accepted due 
to the lack of clear explanation to the critical issues related to the imaging mechanism. In 
particular, influence of the tip scan on a hydration structure has often been questioned yet no 
clear answer has been provided. 

To answer this question, we should clarify dynamic changes of hydration structures 
during the tip scan by atomic-scale AFM simulation. Technical development for such a 
complicated simulation has just recently started. To ensure the validity of the simulation, we 
should first perform experiments and simulation on the same model system and clarify the 
common features found in the force distributions obtained by the two approaches. 
Subsequently, we can analyze dynamic changes of the simulated water distribution during the 
tip scan and clarify its correlation with the commonly observed features. 

Following this strategy, we have performed experiments and simulation of 3D force 
measurements at a calcite/water interface. The cleaved surface of calcite consists of Ca and 
CO3 ions [Fig. 1(a)]. Force curves measured on Ca and CO3 sites alternately show peaks with 
decreasing the tip-sample distance [Fig. 1(b)]. This feature is reproduced in the simulated 
force curves [Fig. 1(c)]. The same feature is also confirmed in Z cross sections obtained along 
Line A-B shown in Fig. 1(a) [Figs. 1(d) and 1(e)]. In the images, Z positions of the bright 
spots on Ca sites are different from those on CO3 sites as indicated by the circles in the figures. 
Here we analyze Z tip position dependence of the simulated water distribution and discuss its 
correlation with the observed alternate force peaks. 

 
Fig. 1: (a) Crystal structure of a cleaved calcite surface. (b-e) Z force profiles and Z cross 
sections extracted from the 3D force distributions at a calcite/water interface obtained by 
experiment and simulation.  
 
References: 
[1]  T. Fukuma et al., Phys. Rev. Lett. 104, 016101 (2010). 
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Solid-liquid interfaces are ubiquitous and have an important, if not fundamental, role in 

many phenomena from different fields such as surface science, materials science,  biology, 

chemistry  and  nanotechnology.  But  despite  the  importance  of  these  interfaces,  deep 

understanding  of  the  physical  properties  of  them  remains  scarce,  and  experimental  data 

(especially at the microscopic scale) is still limited, mainly caused by the difficulty obtaining 

experimental information, due to the molecular complexity of these interfaces as well as the 

mobile nature of liquids. Atomic force microscopy (AFM) has the advantage of probing the 

system locally and when used in a liquid environment it allows sub-nanometer studying of the 

solid-liquid interface. Though, from a molecular perspective even AFM experiments with the 

tip  submerged in  the  liquid  span large  time  scales  and individual  atomic-level  processes 

cannot be measured. This is exactly where large-scale molecular dynamics (MD) simulations 

prove to be extremely useful in elucidating the physical origins of the solid-liquid interfaces.

Over  the  last  few  years  considerable  experimental  progress  has  been  made  in 

elucidating the water hydration structure on different atomically flat surfaces (like calcite and 

mica) [1-3], but only recently more complex solid-liquid interfaces are being studied in depth 

as well. This includes surfaces with defects (like step edges on ionic crystals) and also solid-

liquid interfaces with different solvents (such as octanol and decane). In the current work we 

show how MD simulations and theoretical analysis can be used to understand these much 

more complex hydration structures on non-trivial solid-liquid interfaces and to allow for as 

direct comparison as possible between theory and experiment.

For instance, for simple flat ionic crystal surfaces it has been showed that both by our 

AFM experiments and our MD simulations are in good agreement, but now this comparison is 

extended to the case where the solid-liquid interface on the ionic crystals is dominated by 

steps. Also, the MD simulations can explain the differences observed in the AFM experiments 

for the different ionic crystals (e.g., KBr, NaCl or LiF).

Very  recently,  we have also  started  to  compare  MD simulations  with  experimental 

results  obtained  in  other  solvents  than  water,  which  opens  up  a  whole  new  range  of 

explanations on the formation of solid-liquid interfaces. Previously, we have already showed 

that this indeed is possible in the case of octanol on p-nitroaniline [4].

Our joined theoretical and experimental study emphasizes the power of experimental 

techniques, while simultaneously demonstrating the importance of computer simulations to 

confirm the details of these complex heterogeneous molecular solid-liquid interfaces.

References:

[1] M. Ricci, et al., Langmuir, 29:2207 (2013).

[2] B. Reischl, et al., J. Chem. Theory Comput., 9:600 (2013).

[3] M. Ricci, et al., under review (2014).

[4] P. Spijker, et al., J. Phys. Chem. C, 118:2058 (2014).
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It has been suggested that organic additives affect the hydration at calcite surface by the 

measurement of growth rate of calcite in the presence of organic molecules. Hydration at 
crystal surface has been observed by surface-X ray diffraction. However, that technique is not 
suitable for observation of local difference of hydration structure reflecting the topography of 
crystal surface. Therefore, the influence of additives on hydration of crystal surface has 
remained unclear. In this study, we employed the frequency modulation atomic force 
microscopy (FM-AFM) for in situ observation of local hydration structure in atomic scale on 
the surface of a growing calcite in order to reveal the influence of organic molecules and 
magnesium ions on the hydration at calcite surface. The FM-AFM instrument was built based 
on the commercial SPM-9600 microscope (Shimadzu Corp., Japan). We used gold-coated 
highly doped n-type Si cantilevers (Nanosensors, PPP-NCHAuD). In situ observation of 
hydration structure was performed in the supersaturated solution of calcium carbonate 
(CaCO3) on a cleaved calcite crystal under room temperature. The synthetic polypeptide (10 
µg/mL) and magnesium ion (0.05 M) was added to the solution. The synthetic polypeptide 
consists of fifteen amino acid residues including six aspartic acids periodically [1]. The pH 
was adjusted to 8.1 by a few drops of NaOH and HCl solutions after the additives were added 
to the solution. We observed the hydration structure of calcite surface in the absence of the 
additives, in the presence of the synthetic polypeptide alone, magnesium ion alone, and in the 
coexistence of the polypeptide and magnesium ion, respectively. 

The findings are summarized as follows: (1) The synthetic polypeptide does not affect 
hydration at the calcite surface. (2) Combination of magnesium ions and the synthetic 
polypeptides provides a rigid hydration on the calcite surface. Our result is contrary to the 
estimation of previous studies [2], [3].  

 
Fig. 1 The 2D hydration images taken in the supersaturated solution of CaCO3 

 
References: 
[1]   R. Takagi and T. Miyashita, Zoolog. Sci. 27, 416 (2010). 
[2]   S. Elhadj et al., Cryst. Growth Des. 6, 197 (2006). 
[3]   M. Maruyama et al., Cryst. Growth Des. 9, 127 (2009). 

PW01



 Three-dimensional hydration layer mapping on the (10.4) surface of calcite 
using amplitude modulation atomic force microscopy  

 
Christoph Marutschke1, Deron Walters2, Jason Cleveland2, Ilka Hermes1, Ralf Bechstein1 and 

Angelika Kühnle1 
1Institut für Physikalische Chemie, Johannes Gutenberg Universität, Mainz, 55099, Germany; 

2 Asylum Research an Oxford Instruments Company, Santa Barbara, CA 93117, USA. 
E-mail: christoph.marutschke@uni-mainz.de 

 
As the most common modification of calcium carbonate and due to its importance in 

fields like biomineralisation, calcite has motivated a lot of research. The most stable cleavage 
plane, the (10.4) surface has been studied intensively to understand its morphology and 
reactivity in liquid environments. In aqueous solution true atomic resolution can be achieved 
with atomic force microscopy (AFM) [1] and the molecular arrangement of water above the 
surface can be resolved [2].  

In order to study solid-liquid interfaces, we implemented a three-dimensional mapping 
routine (Fig. 1a) in our commercial available AFM [3]. To benchmark our routine we mapped 
the hydration layers above the pristine surface of calcite. In good agreement with recent 
theoretical [4] and experimental work [2], we resolved three hydration layers. The so called 
„checkerboard  pattern“ (Fig. 1b) is characteristic for calcite and represents the commensurate 
water structure above the (10.4) surface. 
 

 
Fig. 1 (a) Sketch of the 3D scan concept (b) Amplitude data extracted from a 3D volume along the [010] 
direction of the calcite surface. The water layers (1.-3.) are marked with red circles [3]. 

 
References: 
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Rock surfaces usually acquire a surface charge upon exposure to aqueous environments 

due to adsorption and desorption of protons and other ionic species. The heterogeneity of the 
rock surface, in particular clay content, is an important parameter for the electrostatic 
interaction forces between the surface and the crude oil components via the injection water 
electrolyte solution. Macroscopic characterization of surface charge using volumetric titration, 
electrokinetic measurements or even colloidal probe atomic force microscopy lack the lateral 
resolution required to reveal the relative contribution of different parts of the surface. 

Here we present a novel approach based on ultrahigh resolution Atomic Force 
Microscopy and spectroscopy in the dynamic mode. We explore the unprecedented details of 
the charge distribution on the basal planes of different heterogeneous rock/clay surfaces 
(Kaolinite, Illite and Na-Montmorillonite) in contact with aqueous electrolytes of variable 
concentration. The FM-AFM spectroscopy results allow us to determine the local surface 
charge with nanometer lateral resolution. The AM-AFM measurements results  at atomic 
resolution highlight the crystal lattice structure of basal planes, atomic steps and local defects 
as well as the adsorption of some specific ions. Tip-sample interaction forces measured in 
aqueous solution of NaCl and CaCl2 of variable concentration follow the general trends 
expected from DLVO theory. Indeed, we find significant and occasionally very pronounced 
lateral variations of the force, indicating considerable heterogeneity of the surface charge. 

 

Fig.1 a) A schematic of the sample system consisting of kaolinite particles adsorbed on silica and sapphire 
substrate exposing both silica like and gibbsite like facets respectively. a’) Side-view of the crystal structure of 
kaolinite particle. b) color coded 2D force field generated from 100 tip-sample interaction curves on gibbsite 
facet ( under 10 mM NaCl) and on silica like facet ( under 50 mM NaCl). (blue: attractive force, red: repulsive 
force). c) Amplitude modulation height images of gibbsite and silica like facets of kaolinite particles revealing 
atomic resolution. 
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Three-dimensional scanning force microscopy (3D-SFM) was developed based on FM-

AFM for visualizing 3D force distribution at a solid-liquid interface. So far, force 

distributions measured by 3D-SFM were reported for several systems such as mica-water and 

lipid-water interfaces. The measured force distributions show strong correlation with a 

corresponding water density distribution (i.e. hydration structure) predicted by simulation. 

The results suggest a possibility for direct visualization of local hydration structures by 3D-

SFM. However, influence of a tip scan on the intrinsic hydration structure and the measured 

force distribution has not been well understood. This is a critically important issue for 

applying the method to the studies on hydration phenomena. In this study, we have performed 

AFM simulation [1] and experiments of 3D-SFM at CaF2 (111)-water interfaces. We perform 

detailed comparison between the results of simulation and experiments. 

CaF2 (111) surface consists of Ca and F ions [Fig. 1(a)]. Among the surface F ions, here 

we refer to those higher or lower than Ca ions as Fh or Fl ions, respectively. We obtained a Z 

cross section [Fig. 1(b)] of the simulated water density distribution along Line A-B indicated 

in Fig. 1(a). The image shows localized distribution of water over Ca, Fh and Fl sites [dotted 

lines in Fig. 1(b)]. These features are also found in a corresponding force image derived from 

an experimentally obtained 3D-SFM image [dotted lines in Fig. 1(c)]. However, we found 

additional local distribution over Ca site only in the force image [solid lines in Figs. 1(b) and 

1(c)]. This feature is also confirmed by a simulated force curve taken on a Ca site. These 

results suggest a possibility of tip-induced rearrangement of water distribution during the 3D-

SFM measurement. In this study, we perform detailed analysis of the simulated water 

distribution at each Z tip position and clarify the origin of such unexpected force distribution. 

 

(a) CaF2 (111) Surface (b) Simulation (Water Density) (c) Experiment (Short Range Force) 

 
Fig. 1 (a) Crystal structure of CaF2 (111) surface. Z cross section of (b) 3D water density distribution obtained 

by MD simulation and (c) 3D force distribution measured by 3D-SFM. Experiments were performed in a 

supersaturated solution (degree of supersaturation: 100) to avoid dissolution of the surface and precipitation of 

calcium hydroxides [2]. Steep increase of the repulsive force near CaF2 (111) surface is subtracted by fitting 

each Z profiles to an expornential function. 
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Since a Si(111)-7×7 surface was imaged with atomic resolution in ultrahigh vacuum 

(UHV) by frequency modulation atomic force microscopy (FM-AFM) in 1995 [1], the FM-
AFM has proved its unrivaled capability of atom-resolved imaging of various surfaces with 
conducting and non-conducting properties. In 2005 the atom-resolved image of mica was 
obtained in water [2], and then the FM-AFM has successfully been used for structural 
analysis of solid-liquid interfaces at solid surfaces in water, where hydration layers showed 
oscillatory in frequency shift (∆f)-distance (z) curves [3]. In 2013 a KBr surface was imaged 
with atomic resolution in air by the FM-AFM with a qPlus sensor [4]. The authors in ref. 4 
reported that the oscillatory behavior in ∆ f-z curves was not found, though the KBr(001) 
possessed a water layer on its surface, because the layer was very thin.  

In the present study we examine the water layer on a cleaved KBr(001) surface in air 
with high humidity using the FM-AFM; the water layer is expected to be thicker than that in 
ref. 4, and the apex of a Si tip on an AFM cantilever is to be in the water layer. 

We used a modified FM-AFM based on a commercial one (SPM9600, Shimadzu Corp.) 
with a Si cantilever having an Al-coated layer on its backside. The AFM was installed in a 
thermostatic chamber with a beaker filled with water. The humidity in the chamber was 84%; 
the thickness of water layer on the KBr(001) surface was estimated to be a few tens nm. 

Figure 1 shows the FM-AFM (∆f) image of a KBr(001) surface, exhibiting a bright 
periodic lattice. This coincided with one-specific ion lattice of the KBr(001) surface of a 
NaCl-type structure, which looked protruded. A two-dimensional (2D) map of ∆ f-z curves 
along a lateral scan line is shown in Fig. 2(a), and ∆f-z curves along red (A-B), black (C-D) 
and blue (E-F) lines in Fig. 2(a) are depicted in Fig. 2(b). On A-B and E-F curves the 
oscillatory behaviors were observed, and on C-D curve ∆ f monotonically increased with tip 
approaching to the surface. Since the separation between site B and F coincided with the 
periodicity of the lattice, the ionic species at D was probably different from that at B and F.  

 

References: 
[1]  F. J. Giessibl, Science 267, 68 (1995). 
[2]  T. Fukuma, K. Kobayashi, K. Matsushige et al., Appl. Phys. Lett. 87, 034101 (2005). 
[3]  K. Kimura, S. Ido, N. Oyabu et al., J. Chem. Phys. 132, 194705 (2010).  
[4]  D. S. Wastl, A. J. Weymouth, and F. J. Giessibl, Phys. Rev. B 87, 245415 (2013). 

Fig. 2  (a) 2D mapping of ∆f on 
KBr(001). (b) ∆f-z curves. Fig. 1  FM-AFM image of KBr(001) in 

air. Constant height mode, f0 = 323 kHz, 
amplitude = 3 Å, set point�f = 880 Hz. 

(a) (b) 
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Photocatalysts are promising materials for many applications in environmental 
purification, surface cleaning, and solar energy harvesting [1], and have been widely studied 
since the discovery of the photocatalytic effect in TiO2 [2]. Although photocatalytic reactions 
usually occur at the water - photocatalyst interface, studies of the reaction mechanism often 
focus on the semiconductor photocatalyst material. The role of the hydration layer and the 
formation of the atomic-level hydration structure on the water side of the interface have been 
studied much less due to the difficulty of experimental analysis [3]. Recently, frequency-
modulation atomic force microscopy (FM-AFM) has been developed to directly visualize the 
hydration structure on a solid surface [4].  

In the present study, we observed the hydration structure on a SrTiO3 photocatalyst 
surface by a modified Shimadzu SPM9600 microscope. We could successfully observe a 
change of the hydration structure on the SrTiO3 surface before and after ultraviolet (UV) light 
irradiation. [Fig. 1] shows cross-sectional frequency-shift mappings of SrTiO3 hydration 
structures in 1M KCl aq. before and after UV irradiation, together with (c) the corresponding 
force curves. These results suggest that no specific adsorbed water structure exists on SrTiO3 
in dark conditions and water molecules are randomly mobile near the surface. After UV 
irradiation, the formation of a hydration layer near the SrTiO3 surface was observed as a force 
modulation with a 0.4 nm period. The change of the hydration structure caused by the UV 
light can be explained by the formation of photo-induced surface-OH groups on SrTiO3 [5]. 
These results of microscopic hydration structure formation are consistent with a macroscopic 
hydrophilicity change. 

We also investigated the effect of a Pt cocatalyst on the hydration structure. The results 
indicate that a Pt cocatalyst improves the surface hydrophilicity of SrTiO3 and may induce a 
stronger water-SrTiO3 interaction. This work shows that the hydration structure on a 
photocatalyst is affected by UV light irradiation and surface modifications in the presence of a 
cocatalyst. 

 
Figure 1.  Cross-sectional frequency-shift mappings over H2O-coverd SrTiO3 surface (a) before and (b) after 
UV light irradiation. (c) Force curves as a function of tip-surface distance before and after UV light irradiation. 
References: 
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[3]  T. Hiasa et al., Jpn. J. Appl. Phys. 48, 08JB19 (2009). 
[4]  T. Fukuma et al., Phys. Rev. Lett. 104, 016101 (2010). 
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Liquid-environment frequency modulation atomic force microscopy (FM-AFM) has been 
used for subnanometer-scale analysis of various surfaces. In FM-AFM imaging of soft 
materials which have flexible surface structures, molecular-scale contrasts often change 
depending on a 'f set-point. The change of image contrasts is likely to be caused by the 
deformation of flexible parts of soft material surfaces. Another possible reason of the contrast 
variation is the existence of hydration structures distributed at the 3D space between the tip 
and the sample. To understand the precise surface structures of soft materials by FM-AFM, 
we should analyze AFM images by taking into account the influence of deformation and 
hydration structures. However, structural information contained in a 2D FM-AFM image is 
insufficient to evaluate such influence. To solve this problem, we have used a method referred 
to as 3D scanning force microscopy (3D-SFM) [1], where a tip is scanned in Z as well as in 
XY directions. The method makes it possible to measure 3D force distributions at solid/liquid 
interfaces. 
To determine whether 3D-SFM provide useful information for understanding the contrast 
changes in an FM-AFM image, we performed 3D-SFM imaging of a hexa (ethylene glycol)-
terminated self-assembled monolayer (EG6OH-SAM) [Fig. 1a] as a model of soft materials. 
Figure 1c shows an XY averaged 'f -distance curve of the 3D-SFM image. The XY cross 
sections obtained at different Z 
positions (indicated in Fig. 1c) are 
shown in Fig. 1d. The periodic 
contrasts corresponding to the closely-
packed molecules in the EG6OH-SAM 
are visualized in all XY cross sections. 
The detailed analysis of the 3D-SFM 
images suggests that an XY cross 
section shows a distorted contrast 
pattern when Z tip position (zt) is 
reduced to less than 0.21 nm. The 
molecular contrasts of the XY cross 
sections at zt = 0.17 nm and zt = 0.32 
nm [Fig. 1d] are very similar to those 
of FM-AFM image as shown in Fig. 1b. 
The results reveal that the FM-AFM 
image taken with a 'f set-point of 1.17 
kHz is significantly influenced by the 
deformation of EG6 chains. The results 
demonstrate that 3D-SFM can provide 
useful information for understanding 
surface structures of soft materials in 
liquid. 
 
 [1]  T. Fukuma, et al., Phys. Rev. Lett. 104, 0.16101 (2010). 

Figure 1. (a) Molecular structure of EG6OH-SAM. (b) 
FM-AFM image. (c) 'f-distance curve and (d) XY cross 
sections obtained from 3D-SFM image. 
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Nanobubbles, cap-shaped soft nanostructures, and micropancakes, quasi-2D layered 

structures, have been reported at the interfaces between hydrophobic solid surfaces and water 
based on atomic force microscopy (AFM) studies [1]. Previous studies have indicated that 
these interfacial structures contain gases because they are formed under water saturated or 
supersaturated with gases. They were considered as novel gaseous states by many researchers. 
However, many puzzles, such as the high stability, the nature, the rather flat morphology, etc, 
remain in spite of intensive studies over 10 years. 

We have investigated these interfacial structures on highly ordered pyrolytic graphite 
(HOPG) surfaces in pure water with different techniques in atomic force microscopy (AFM), 
including the frequency-modulation (FM), tapping, and PeakForce modes. The FM mode 
provides more accurate measurement of the surface profiles of the interfacial structures than 
the other two imaging modes [2]. The height obtained with PeakForce mode is often smaller 
than the true height due to a snap-in when the tip touches the interfacial structures, as shown 
in the force vs the tip-sample separation curve (Fig. 1a). This is because a positive peak force 
is required to achieve stable imaging. The resonance frequency shift vs the tip-sample 
separation curve (Fig. 1b) shows a sharp increase in the resonance frequency when the tip 
touches a nanobubble, thus the snap-in has little effect on the height measurement in the FM 
mode.  Similar force curves are seen on micropancakes.  Combining AFM images obtained 
with these modes, models for nanobubbles and micropancakes are proposed, which can 
provide a better explanation for the high stability and the nature of these interfacial structures. 
 
This research is supported by the National Science Council of ROC (NSC99-2112-M-001-
029-MY3, 102-2112-M-001-024-MY3) and Academia Sinica.  
 
 

 
 
Fig. 1 Approaching force curve measured on nanobubbles at HOPG-water interfaces.  (a) Force vs the tip-

sample separation curve.  (b) Resonance frequency shift vs the tip-sample separation curve. 
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Accumulation of gas molecules at water-solid interfaces has drawn wide interest, but 

many mysteries remain [1]. A famous example is interfacial nanobubbles (INBs in short), 
which are found to be stable for days [2]. Based on the Young-Laplace equation, INBs should 
have very high internal pressures and thus should be very short-lived (lifetime less than 1 ms). 
Several mechanisms have been proposed to explain the surprising stability of INB [1], but 
none is satisfactory. One mystery about INBs is how INBs are formed initially. In this work, 
we investigate the nucleation process of INBs at a water-graphite interface using two 
advanced techniques in atomic force microscopy (AFM), including frequency-modulation 
(FM) and PeakForce modes. A circular-shaped two-dimensional (2D) layer is observed not 
long after a graphite surface was immersed in air-supersaturated water. A typical example is 
shown in a topographic image in Fig. 1(a) and the corresponding dissipation image in Fig. 
1(b). At about half an hour after water injection, the 2D layer was transformed into a three-
dimensional cap-shaped INB suddenly, as shown in the topographic image in Fig. 1(c) and the 
corresponding dissipation image in Fig. 1(d). The observations indicate that the 2D layer is a 
precursor to nucleation of a INB. PeakForce mode imaging also reveals a similar nucleation 
process, but it often cannot detect presence of the 2D layer in the height image. However, the 
corresponding adhesion, modulus, deformation maps do reveal presence of the layer. In 
addition to the 2D layers and INBs, an ordered row-like structure similar to a previous report 
of self-assembled nitrogen structure [3] is also seen at the interface. A model for nucleation of 
INBs will be presented. 
 

    
Fig. 1 Observation of nucleation of an INB at a graphite-water interface with FM-AFM.  (a) Topographic 
image and (b) the corresponding dissipation image before nucleation of an INB.  (c) Topographic image 
and (d) the corresponding dissipation image showing nucleation of a INB. The interval time between (a) 
and (c) is 8.6min and the scale bar is 200 nm. The slow-scan direction in (c) and (d)  is from top to bottom. 
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Interfacial structures at electrolyte/electrode interfaces play an important role for 

electrochemical reactions. In this study, the hydration structures adjacent to highly oriented 
pyrolytic graphite (HOPG) or iodine terminated Au(111) surfaces depending on the electrode 
potential were observed by using highly sensitive, electrochemical frequency modulation 
atomic force microscopy (EC-FM-AFM), which has been proven to be an effective tool for 
visualizing the electrolyte/electrode interface under potential control [1]. The force applied to 
the tip was determined as a function of tip-surface distance at several electrode potentials. The 
force modulations were related to the potential-dependent hydration structures.   

Detailed force curve experiments were carried out at aqueous solution/HOPG interfaces 
(Fig. 1). Several types of hydration structures near the interfaces were found as oscillations 
which differed in the intensity, the number of valleys, and the separation of the valleys.  The 
hydration structure was strongly dependent on the electrolyte anion as well as the electrode 
potential. Taking the well-known bulk properties of forming/breaking nature of hydration 
structure for SO4

2-/ClO4
- anions, respectively, into account, increase of the anion 

concentration at anodic potentials resulted in the enhancement (d) or reduction (b) of stability 
of hydrogen bonding networks close to the electrode.  

The potential dependent hydration structures were also obtained at the iodine terminated 
Au(111) surface. They indicated that the water structuring on the iodine-covered surface 
became weaker at the anodic condition. We will discuss the microscopic structures of these 
electrochemical interfaces.  
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Fig. 1 Frequency shift versus distance curves obtained at the interface between an HOPG and aqueous solutions: 
(a,b) 0.1 M HClO4 and (c,d) 0.1 M H2SO4. The HOPG electrode potential (Es) was −0.9 V (a,c), 0.4 V (b), and 
0.6 V (d) vs. Au/AuOx, respectively. Dotted lines indicate the positions of valleys of the profiles, whose 
separation corresponds to the thickness of a hydration layer. 
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Scanning specimens in liquid using the noncontact atomic force microscopy is 
developed by the concept of distinguishing the frequency shift or the phase shift. Most of the 
AFM models are based on the single degree of freedom (SDOF) model, and their nature 
frequency is detected in far field. Under the cantilever assumption, this frequency is regarded 
as the reference value during the entire processes. Uncertain frequency signals raised up 
during the measuring process are regard as noise. However, the SDOF system is not sufficient 
to simulate the complicated interaction among tip-liquid, tip-specimen, and liquid-specimen. 
Many physical characteristics are ignored or reduced in the SDOF model. For example: the 
atomic fore is regarded as a kind of quasi-static boundary condition, and it affects the nature 
frequency to vary with the tip-sample separation. The vibrating probe presses the liquid, and 
the liquid affects the specimen. The liquid volume between the probe and the specimen 
changes with the moving probe, and it’s hard to use a single damping coefficient to represent 
the whole process. In addition, the atomic force gradient changes rapidly in near field, the 
amplitude of the tip becomes a significant factor in simulation. For the above reasons, the 
authors believe a complete mathematic model for predicting the performance of probe is 
important to improve sensitivities, especially the measurements requiring high resolution 
operated by the frequency modulus. So the proposed mathematic model must be simple, have 
clear physical meanings, and be supported by experimental data. Here the authors considered 
the Euler-Bernoulli beam equation with the quasi-static boundary condition to obtain the 
eigen frequency. Then the eigen frequency becomes a function of amplitude by modifying the 
atomic force gradient effect. To consider the hydrodynamic effect, the frequency function is 
modified again by adding the factors of Reynolds number, velocity, and liquid pressure. 
Finally, this proposed frequency function is a closed-form equation and comprises the three 
physical effects. This frequency function is also confirmed by experimental data with good 
accuracy. Moreover, the “jump to contact” behavior also can be predicted from the proposed 
frequency function. 

Figure 1. Frequency versus tip-specimen separation for probes with various tip heights. shows frequency 
shift versus tip-sample separation for various tip heights: silicon tip set at 0.1µm, 1µm, and 10 µm long CNT at 
the silicon tip. The probe dimensions of length 250 µm, width 35 µm, and thickness 5.7 µm. 
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Recently, much attention has been paid to nano-confined liquid [1]. The viscosity of nano-

confined liquid has been intensively studied using atomic force microscopy (AFM)[2]. In 
particular, frequency-modulation AFM (FM-AFM) in liquids that allows us to measure 
interaction forces in a three-dimensional (3D) volume near the solid-liquid interface with a 
molecular resolution is promising for investigation of the viscosity of nano-confined liquid 
with a high spatial resolution [3]. We recently succeeded in quantitative measurement of the 
interaction force and dissipation power at a mica-water interface, using FM-AFM with 
phothothermal excitation of a cantilever [4]. The variation in the dissipation power caused by 
the dissipative interaction of the tip and the hydration layers was successfully measured as a 
function of the tip-sample distance. However, little work has been done so far to accurately 
convert the measured dissipation power to the damping. In this study, we present an accurate 
formula to convert the measured dissipation power of the cantilever to the damping of the tip-
sample system, regardless of the tip oscillation amplitude. 

We derived a conversion formula from the measured dissipation power 𝐷(𝜁)  to the 
damping  𝛾(𝑧)  in a similar way with the formula for converting the measured frequency shift 
to the interaction force, presented by Sader and Jarvis [5]; 

𝛾(𝑧) = 2
𝐴
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∞

,     (1) 

where A, ω and z are the amplitude and  angular frequency of the tip oscillation. As all terms 
have different orders of A, the first term is predominant when A is small compared with the 
characteristic length of the variation in the damping, while the third term becomes dominant 
when A is extremely large. 

We measured a dissipation power 
versus distance curve on a mica surface 
in 250 mM KCl aqueous solution using a 
colloidal probe cantilever whose tip 
radius was 450 nm. The damping 
components corresponding to the three 
terms in Eq. (1) were plotted in Fig. 1(a). 
The total damping as a sum of the three 
terms showed an excellent agreement 
with a theoretical curve of the squeeze 
film damping of a sphere near the solid 
wall in water. 
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K. Suzuki, T. Imai, K. Tagami, M. Tsukada and H. Yamada, J. Chem. Phys. 138, 184704 
(2013). [4] A. Labuda, K. Kobayashi, D. Kiracofe, K. Suzuki, P. H. Grütter and H. Yamada, 
AIP Advances 1, 022136 (2011). [5] J. E. Sader, and S. P. Jarvis, Appl. Phys. Lett, 84, 1801 
(2004). 

Fig. 1: (a) Damping components in Eq. (1) calculated 
from the dissipation power measured at mica-water 
interface using a colloidal probe. (b) Damping curve 
obtained as a sum of the three components and a 
theoretical curve. 

PW12



Non-Newtonian Relaxation of Confined Water Layers Studied with 
Sub-nanometer Shear Modulation of AFM Probe 
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Origin of anomalous dynamical properties of confined or hydrated water has been in a 

long controversy. Possibility of room temperature glassy state reported by several groups 
implies an encounter of the riddle of confined water with another unsolved problem, the glass 
transition. One characteristic sign of a glassy state accessible with dynamical measurement is 
a shear thinning behavior in which viscosity (or relaxation time) exhibits marked inverse 
proportionality to the strain rate. In order to analyze viscoelastic properties of water confined 
between mica substrate and hydrophilic SiN probe, a molecular-layer-resolved shear study 
was carried out using a home-built atomic force microscope (AFM) having well-suppressed 
noise level and equipped with a wide-band magnetic modulation device. A torsional 
oscillation was induced to a silicon nitride AFM force sensor dispensed with a transversely-
magnetized permanent magnet particle using an alternating magnetic field. Peak-to-peak 
amplitude and frequency of shear oscillation ranged 0.06–0.25 nm and 3–30 kHz, respectively. 
Viscoelastic perturbation to cantilever’s Voigt-Kelvin elements was observed to vary stepwise 
with a spacing of molecular diameter, and the characteristic relaxation time ߬ was derived as 
߬ = ߟ ݇Τ  where ߟ and ݇ are drag coefficient and stiffness of the water layer(s) obtained based 
on a Maxwell model. Dependence of ߬ for water monolayer (߬ଵ) and bilayer (߬ଶ) on shear 
strain rate ߛሶ  is shown in [Fig.1]. Both ߬ଵ and ߬ଶ, unlike in Newtonian fluid, exhibit inverse-
proportional dependence on ߛሶ , i.e., a shear 
thinning. A theoretical expression of shear 
thinning was given as follows: 

ଵ
ఛ(ఊሶ ) ؆

ଵ
ఛ() + ሶߛܣ ఔ ,                         1) 

where  ߬(0) is an intrinsic relaxation time 
and A a constant of the order of 1 [1]. 
Fitting of the experimental result to Eq. 1 
revealed 1=ߥ and ߬(0)=0.2 ms or longer 
for both monolayer and bilayer as shown 
in [Fig. 1]. The present result suggests that 
thin water layer(s) confined between 
hydrophilic surfaces is considered to be in 
a quasi-glassy state. The intrinsic 
relaxation time ߬(0) in the present result is 
much longer than that for bulk water and is 
consistent of some reports. The 
mechanism of forming a quasi-glassy state 
far above bulk glass transition temperature 
by confinement will be discussed in terms 
of hydrophilic interaction and effect of 
hydrogen bond. 

 
References: 
[1] K. Miyazaki et al., Europhys. Lett., 75 
915 (2006). 

Fig. 1 Dependence of relaxation time for water 
monolayer (߬ଵ) and bilayer  (߬ଶ) on strain rate. Solid 
and broken lines are fitting to Eq. 1 for monolayer 
and bilayer, respectively, whereas bold and fine lines 
for infinite ߬(0) and ߬(0) = 0.2 ms, respectively. 
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Understanding the atomic-scale processes in fields such as catalysis, energy storage or 

information processing relies on a quantification of interaction forces between single atoms. 
The advent of non-contact atomic force microscopy (NC-AFM) now offers the possibility of 
measuring forces with highest spatial resolution down to the atomic level and with 
sensitivities of the order of piconewton [1]. However, the measured total force composed of 
various interactions, which clouds the site-specific forces of interest. Some unspecific 
interactions of long range can be minimized by a careful design of the experimental setup [2], 
while extracting short-range chemical bonding forces still remains highly challenging. 

 
Here, we explain in detail a strategy for extracting short-range forces from the total 

force data obtained in a NC-AFM experiment. Three independent criteria for the cut-off 
distance (zcut, Fig. 1), which is the transition point where tip and sample start to interact via 
short-range forces, are presented. Furthermore, a realistic tip model was identified to model 
the long-range interaction between tip and sample [3]. We demonstrate the applicability of 
our strategy based on a high-resolution force map on the (10.4) surface of calcite CaCO3 [4]. 
Our strategy is not restricted to any specific type of surface. 
 

                              
 
Fig.1: Mean total vertical force Fz(z) (blue), long-range Fit (red), mean vertical short-range 
force Fz,SR(z) (black). 
 
 
References: 
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[2]   M. Nonnenmacher et al., New Journal of Physics 58, 2921 (1991) 
[3]   S. I. Zanette et al., Surf. Sci. 453, 75 (2000) 
[4]   S. Kuhn et al., submitted (2014) 
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 Versatile chemical contrast mapping technique by direct detection  
of local minima of frequency shifts.  

-Flexural and torsional modes- 
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We will present our latest results concerning a new detection method based on the 
direct detection and mapping of local minima of self excitation frequency of the cantilever. 
With our home-made all optical nc-AFM, the local minima of frequency shift could be 
mapped in real time without tip crash up to a scanning range of around 100 nm square. The 
technique offers better contrast between different chemical species of atoms compared to the 
conventional equi-frequency shift control technique, since the local minima of the frequency 
shift are strongly linked with the atomic force and potential [1, 2].  

As expected, smaller amplitude of drive deepens and narrows the frequency shift 
curves due to decreased averaging effect (Fig. 1). The second flexural resonance mode of a si 
cantilever at 2 MHz was used to detect the interaction between tip and the Si(111) 7x7 
surface. The typical rhombic structure was resolved. 

For the torsional mode, the frequency shift curve was of a W shape, and mapping at 
the minima further away from the surface showed atomic resolution with atomic sized 
features. As in conventional torsional modes, bottom tracking technique applied to the 
torsional mode is relatively insensitive to long range forces. 

We will introduce the technique, show results on other samples such as quasicrystals 
(Fig. 2), and compare the torsional and flexural modes. 

  The authors acknowledge the JSPS Postdoctoral Fellowship Program for Foreign 
Researchers for their financial supports. 

Fig. 1: Influence of the amplitude of drive on the 
frequency shift curves on Si(111) using the second 
flexural mode at 2 MHz (Vbias=0V, spring constant 
of fundamental mode k=40 N/m-1 ) 
 

 
Fig. 2: Frequency shift curve on Al-Pd-Mn 
quasicrystal.  
 

References: 
[1] Y. Sugimoto et al. Nature, Vol. 446, No.7131, (2007). 
[2] M. A. Lantz et al. Science,  Vol. 291, 5513 (2001) 
[3] S. Kawai, N. Sasaki and H. Kawakatsu, Phys. Rev B, 195412 (2009). 
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 Influence of Probe-Tip Apex on its Interaction with Single-Walled Carbon 
Nanotubes of different Tube Diameters 
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Atomic-resolution imaging by frequency-modulation dynamic force microscopy (FM-
DFM) has enabled us to individually determine chiral indices of single-walled carbon 
nanotubes (SWNTs) as well as to determine their tube diameters [1]. Using three-dimensional 
force field spectroscopy (3D-FFS), we have found that the short-range inter-atomic forces are 
dominant for atomic-scale contrasts in FM-DFM imaging of their side walls [2]. The side wall 
of SWNTs, the rolled-up form of graphene in nanometer-scale diameter, is regarded as one of 
the well-defined analogues of curved graphenes. 

The electronic and mechanical properties of two-dimensional graphene membranes are 
substantially modified by bending in the nanometer-scale range [3]. The nanotube diameter 
would be a good measure, which directly links to the curvature of the graphene sheets. In our 
study, using a very sharp silicon tip after cleaning its apex by Ar sputtering, the 3D-FFS has 
been carried out, as shown in Figs. (a) and (b), on the SWNTs with different tube diameters, 
providing clear dependency of the short-range inter-atomic forces on their diameters [see Figs. 
(b) and (c)]. 

In our talk, we will discuss on the detailed mechanism of inter-atomic interactions 
between the probe tip apex and the honeycomb carbon lattices with different curvatures, 
taking formation of tip-apex silicon atoms [4] as well as hybridization effects of the carbon 
lattices [3] into account. 
 
(a)                                     (b)                                                    (c) 
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[3]  D.-B. Zhang, E. Akatyeva, T. Dumitricá, Phys Rev. Lett.106, 255503 (2011). 
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d = 1.30 nm, 1 x 0.6 nm2     d = 1.62 nm, 1 x 0.6 nm2 

d = 1.30 nm,                1 x 1 x 0.6 nm3 
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Fig. 1. Two-dimensional map of the charge polarization induced by tip-sample interaction measured  

on the Si(111)-(7×7) surface using the heterodyne potential microscopy. 

Two-dimensional Measurement of Charge Polarization Induced by  
Tip-sample Chemical Interaction Using Heterodyne Potential Microscopy 

 
Lili Kou, Ryosuke Kanbayashi, Yoshitaka Naitoh, Yan Jun Li, and Yasuhiro Sugawara 

Department of Applied Physics, Osaka University, Suita, 565-0871,Japan. 
E-mail: klily1@ap.eng.osaka-u.ac.jp 

 
The origin of atomic-contrast of the local contact potential difference (LCPD) images 

of semiconductor surfaces obtained with Kelvin probe force microscopy (KPFM) is still under 
debate. The first-principles simulations have suggested that variations of the LCPD over the 
different atomic sites relate to variations of the surface local electronic structure due to a 
charge polarization induced by the tip-sample chemical interaction [1]. Thus, the charge 
polarization effects play an important role in KPFM; however, there has been no method for 
measuring the polarization effects between a tip and a surface.  

Recently, we have proposed a new method for measuring the charge polarization 
induced by tip-sample chemical interaction. This method is based on the heterodyne 
technique (i.e., frequency conversion technique) [2] and the open-loop potential microscopy 
[3] and called “heterodyne potential microscopy”. 

In this study, we investigated the charge polarization induced by tip-sample interaction 
using this method to clarify the origin of atomic-scale contrast in LCPD images. We 
measured the two-dimensional map of the charge polarization measured on Si(111)-(7×7) 
surface [Fig. 1]. For the first time, we succeeded in measuring the atomic-site dependence of 
the charge polarization. We found a significant variation of the charge polarization that 
correlated with the tip-sample chemical force. We discuss the relationship between the 
variation of the charge polarization and variations of the LCPD. 
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NC-AFM and KPFM studies of AlN(0001) surfaces grown by molecular 
beam epitaxy 
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GaN and AlN are wide-bandgap semiconductors, which are of special relevance for 

their technological applications in particular in opto-electronic devices. STM measurements 
are still possible on GaN [1], because of its moderate gap value of 3.4 eV, but impossible on 
AlN with its gap of 6.2 eV. As a consequence, nearly nothing is known on the atomic 
structure of AlN(0001) surfaces and AFM is the only technique able to bring local atomic 
scale information on this surface. 

100 nm to 200 nm thick AlN films oriented in the (0001) direction were grown on 
Si(111) or 4H-SiC(0001) by MBE with NH3 gas precursor [2]. The growth was followed by 
RHEED measurements; the resulting sample was transferred in a connected UHV chamber 
for further room temperature investigation by NC-AFM and KPFM. The growth parameters 
were optimized in order to decrease as much as possible the number of defects. It is found that 
(1) the most common defect is constituted by pairs of emerging screw dislocations (2) the 
number of these defects is much lower when the film is grown on SiC, due to a smaller 
mismatch between the lattice parameters of the substrate and the film, as seen by comparing 
Figures 1 and 2. 

We have also found specific growth conditions were the surface is (2×2) reconstructed 
as observed by RHEED and by NC-AFM [inset of Fig. 2]. A model of this reconstruction is 
proposed, based on first principles surface phase diagram calculations. 

 

 
 

Figure 1- NC-AFM image of AlN(0001) for 
a 160 nm thick film grown on Si(111). Imaging 

conditions: A=5nm, f0=261kHz, Δf =-5Hz 

 
 

Figure 2- NC-AFM image of AlN(0001) for a 200 nm 
thick film grown on 4H-SiC(0001). Inset: zoom on a 
terrace, showing the (2x2) reconstruction. Imaging 
conditions: A=5nm, f0=280kHz, Δf=-20Hz 

 
This work has been supported by the ICT-FET European Union Integrated project AtMol 

(http://www.atmol.eu). 
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Kelvin probe force spectroscopy by a voltage-pulse technique 

 
Eiichi Inami and Yoshiaki Sugimoto  

Graduate School of Engineering, Osaka University, Osaka 565-0871, Japan 
E-mail: eiichi@afm.eei.eng.osaka-u.ac.jp 

 
One of key issues in atomic force microscopy (AFM) is proper descriptions of tip-sample 
interaction force (F) [1]. Particulary, understanding of electrostatic force (Fele) is important 
not only for precision extraction of short-range chemical interaction force but also for 
measurement of contact potential difference (Vcpd) with high spatial resolution. For 
conventional KPFM based on the frequency modulation AFM (FM-AFM), Fele is analyzed by 
measuring frequency shift ('f) of the cantilever oscillation, and the Vcpd is determined by 
applying bias voltage (V) between tip and sample to minimize |'�f |. However, if the measured 
Vcpd depends on a tip-sample distance (z) as is reported by the previous study [2], above 
measurement cannot give correct magnitude of Vcpd due to the averaging effect of the Fele. 
Here, we propose a novel KPFM method using a voltage-pulse technique to unambiguously 
obtain Fele and Vcpd as a function of z. 
 
Our system is based on a FM-AFM as schematically shown in Fig. 1(a). At particular timing 
(W) in every cantilever oscillation cycles (1/f ≈ 3.3Ps), square voltage-pulses with amplitude of 
Vp and duration of W were applied to the sample held at base voltage V0. Under such situation, 
the magnitude in F at V=V0 jumps to that at V=V0+Vp at time of W during short time period W, 
and the energy dissipation [D(W,Vp)] corresponding to the area of the hysteresis loop [as 
shown in Fig. 1(b)] can be observed. Since W is set to be small as a few tens of nano second, 
D(W,Vp) is proportional to the difference of Fele at V0+Vp from that at V0. From this method, we 
can measure Fele(z,Vp), and then determine Vcpd(z) as shown by red curve in Fig. 1(c). The 
observed Vcpd(z) is significantly different from that derived from 'f measurement (black 
curve). At the conference, we will present the technical details to estimate Fele(z, Vp) and 
Vcpd(z), and discuss the difference between present results and those of conventional KPFM. 
 

 
 
 
 
 
References: 
[1] M. Guggisberg, et al., Phys. Rev. B 61, 11151 (2000). 
[2] J. Falter, et al., Phys. Rev. B 87, 115412 (2013). 

Figure 1 (a) Schematics of the experimental setup. (b) Change in electrostatic force by voltage 
pulse application and the resulting energy dissipation. (c) Contact potentioal difference as a 
function of tip sample distance derived from present method (red curve) and conventional KPFM 
(black). 
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In order to develop a novel nanosacle surface analytical method based on non-contact atomic 
force microscopy (nc-AFM) and scanning tunneling microscopy (STM), we have combined a 
charge amplifier (CA) with nc-AFM/STM. The CA with a wide bandwidth can detect the 
time variation in charge distribution around a tip and a sample in close proximity through 
capacitive coupling. The charge distribution changes during an oscillation cycle of the nc-
AFM cantilever as well as tip scanning.  In the NC-AFM 2013 conference we presented that 
atomic contrast of a Si(111)-7×7 surface was obtained in the CA output utilizing a constant 
height mode based on the nc-AFM [1]. This paper reports the imaging mechanism in terms of 
the capacitance between the tip and the sample (CTS) and contact potential difference (CPD). 
Experiments were conducted using a home-built nc-AFM in an ultrahigh vacuum (1×10-11 
Torr). A qPlus sensor [2] with a W tip as a force sensor, and a commercial CA (HQA-15M-
10T, FEMTO; gain 1013 V/C, bandwidth: 250 Hz – 15 MHz) were used [Fig. 1]. A sample 
was a Si(111)-7×7 surface, and scanned in a constant height mode controlled by the nc-AFM.  
Figure 2(a) shows an image of the CA output with changing bias voltage V step-by-step in 
each lateral scanning band. The atomic contrast was enhanced at higher bias voltages. Figure 
2(b) shows a schematic for charge transfer in the system. The change in charge is given by 
ΔQ = CTS(VCPD - V). Then, the charge amplifier output Vout is expressed as Vout = (-ΔQ)/Cf = (-
CTS)(-VCPD - V)/Cf. We analyzed line profiles along line 1 to 3 over Si adatoms [Fig. 2(a)] to 
examine the voltage dependence [Fig. 2(c)], and evaluated CTS and VCPD according to the 
equation. We also found that the CA output corresponded to the surface corrugation through 
CTS, and that atomic contrast of the CA output image showed the difference from an average 
value during scanning. This method is applicable to evaluate CTS and CPD on atomic scale 
and to achieve atom-resolved imaging at a high scanning rate limited by the CA bandwidth. 

      
 
 
 
 
References: 
[1]   M. Nogami et al., NC-AFM international conference 2013, Maryland, USA. 
[2]   F. J. Giessibl, Appl. Phys. Lett., 76 (2000) 1470. 

Fig. 1  Schematic diagram of an nc-AFM 
combined with a charge amplifier (CA), 
comprising a feedback capacitor of 4.7 
pF and a band-pass filter with a gain. 

(a) 

Fig. 2 (a) Image of the CA output on a Si(111)-7×7 surface in a 
constant height mode at different V (8×8 nm2). The dotted line 
indicates a step edge. (b) Schematic diagram of charge transfer in 
the measurement system. (c) Plots of Vout as a function of V on Si 
adatoms, locations of which are denoted by line 1, 2 and 3 in (a). 
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(b) 
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Surface potentiometry based on scanning nonlinear dielectric microscopy 
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Scanning nonlinear dielectric microscopy (SNDM) has been developed to image electric 
dipoles on material surfaces. In this microscopy, the lowest order nonlinear dielectric constant 
(ɂଷ୪୭ୡୟ୪) is acquired through the measurement of the first order tip-sample capacitance variation 
(μܥȀ μܸ) synchronizing to an ac external electric field. The two dimensional maps of ɂଷ୪୭ୡୟ୪ on 
a cleaned and hydrogen-adsorbed Si(111)-(7 ൈ 7) surfaces show atomic scale contrast 
corresponding to individual atomic dipoles on these surfaces [1, 2]. Based on this microscopy, 
we introduce a novel surface potentiometry that can quantitatively measure a two dimensional 
map of surface potentials induced by permanent surface dipoles. The potential map is 
acquired by applying a dc potential nulling ɂଷ୪୭ୡୟ୪  during lateral scan of a surface using 
additional feedback control together with main z-feedback. This method is distinguished from 
surface potential measurement by Kelvin probe force microscopy (KPFM). KPFM applies a 
dc potential nulling an electrostatic force arising from contact potential difference ( େܸୈ). In 
contrast, the present method directly images potential induced by surface dipoles only rather 
than େܸୈ . This is because μܥȀ μܸ  is a physical quantity directly contributed from an 
asymmetric response of surface dipoles to the external field. The feasibility of this method is 
demonstrated by imaging of a Si(111)-(7ൈ7) surface. We simultaneously acquired topography 
[Fig. 1(a)] and surface potential map [Fig. 1(b)] by main z-feedback using ɂସ୪୭ୡୟ୪  and the 
second feedback nulling ɂଷ୪୭ୡୟ୪, respectively. Individual adatoms on the surface had spatially 
localized and higher potentials up to about 0.5V [Figs.1(c) and 1(d)]. This result is consistent 
with the previous values estimated from simultaneous tunneling current measurement [3]. In 
addition, we observed some accidentally formed adsorbates protruding from the original 
surface have a negative potential of -0.3V. Furthermore, the surface potentiometry introduced 
here has also clarified a positive potential on a graphene sheet formed on a 4H-SiC(0001) 
surface [4]. These results 
indicate that the surface 
potentiometry based on SNDM 
is useful for quantitative 
investigation of surface dipoles 
on an atomic-scale.  

The authors would like to 
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Prof. Hirokazu Fukidome, and 
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Figure 1: Simultaneous NC-SNDM images of a Si (111)-(7�7) surface. 
(a) topography, (b) surface   potential. (c) and (d)  are profiles along the 
blackline in (a).
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(b) İ(3) image (dipole moments) 
Fig. 1: Simultaneously acquired  
NC-SNDM images of a Si(100) 
reconstructed surface 
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Recently, physical properties on an atomic-scale have stronger effects on the 

characteristics of miniaturized semiconductor devices. In particular, electric dipoles at 
material surfaces and interfaces can affect the characteristics of devices such as threshold 
voltage shift and mobility reduction. Therefore, one of the key factors to realize more 
miniaturized and higher performance devices is to evaluate the electric dipoles at material 
surfaces and interfaces. Non-contact scanning nonlinear dielectric microscopy (NC-SNDM) 
can simultaneously image topography and distribution of electric dipoles at material surfaces 
through the measurement of the lowest order (İ(3)) and the higher order (İ(4)) nonlinear 
dielectric constants. For example, this microscopy has been applied to acquire the distribution 
of atomic dipole moments on a clean Si(111)-7×7 surface [1] and a hydrogen-adsorbed 
Si(111)-7×7 surface [2] so far. In this paper, we present the application of NC-SNDM 
imaging to a Si(100) surface. Since a Si(100) surface has been used to grow thin gate oxide 
films of semiconductor devices, the studies on the electric dipoles 
on this surface is of practical importance for developing further 
miniaturized and high performing semiconductor devices. Figure 
1 shows (a) topography and (b) İ(3) image (dipole moments 
distribution) acquired by İ(4)-feedback and simultaneous İ(3)-
measurement. We observed that a negative dipole moment was 
locally formed on each dimer on the surface. On the a Si(100) 
surface, a charge of 0.36 electrons transfers between the two 
atoms of the dimer [3]. Then, forming a sp3 like structure, an atom 
receiving electrons protrudes to the vacuum side. In contrast, the 
other atom, which loses electrons in a dangling-bond, sinks to the 
bulk side by forming a sp2 like structure [4]. Thus, a negative 
dipole moment is formed on a dimer. Next, we show dc-bias 
voltage dependence of İ(3) on a specific dimer by using an atom-
tracking technique, as shown in Fig. 2 (we show dc-bias voltage 
dependence measured three times by the same method). Each 
curve has a different slope. On the other hand, all curves intersect 
of 0 Hz at the same dc-voltage. Thus we can conclude that a 
surface potential induced by dipole is found to be about -250mV 
from these results. These results show that NC-SNDM enables us 
to clarify an electronic dipole moment on individual dimers on the 
cleaned Si(100) surface, and, potentially, initially oxidized one by 
using NC-SNDM. 
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(a) topography 

Fig. 2: DC-bias voltage  
dependence of the İ(3) signal. 
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 Atomically resolved FM-SFM and KPFM studies of vicinal Si(111)
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Stepped  well-ordered  surfaces  are  important  as  nanotemplates  for  the  fabrication  of  one-

dimensional  nanostructures  [1].  Therefore,  a  deep  understanding  of  the  structure  and 

electronic  properties  of  such  surfaces  at  the  atomic  scale  is  fundamental.  We  have 

investigated the vicinal Si(111) surface with 10° miscut inclined towards the [112] direction 

with freqeuncy modulated scanning force  microscopy (FM-SFM) and Kelvin probe force 

microscopy  (KPFM)  at  room  temperature.  Although  measurements  of  step  edges  are 

challenging  for  FM-SFM  and  KPFM,  we  have  obtained  atomic-resolved  images  of  the 

structure and the surface potential   distribution on the triple step between the Si(111)-7 × 7 

terraces of the vicinal  surface.  Recently,  the atomic structure of this triple step have been 

subject of debate [2-5]. Our images with unprecedented spatial resolution on steps confirm the 

model proposed by Teys et al. [2] based on a Si(7 7 10) surface. Moreover,  KPFM images 

with atomic resolution along the triple step reveal that the local contact potential difference 

(LCPD) is not homogeneous over all atoms, contrary to the understanding of work function. 

We found that the LCPD is high at the dimer positions, whereas it drops at the adatoms, extra 

rows, and defects at step edges [Fig. 1]. While the atomic KPFM image is mainly determined 

by differences in the surface dipole distribution modified by the interaction with the tip [6],  

we find that the chemical bonds' nature is essential for the contrast formation.

Fig.  1 Atomically  resolved (a)  FM-SFM and (b)  simultaneously obtained Kelvin images.  The local  contact 

potential difference is large at the dimers position, whereas it drops at the adatoms, R row, and defects at step 

edges. Silicon cantilever. Images size 15 × 12 nm2. Imaging parameters: f0 = 295 kHz, ∆f = -17 Hz, A = 8 nm, 

k = 32 N/m, γ =-1.3 fN√m
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Performing AFM with a conducting tip allows the local work function of the surface to be 
investigated. The most common technique is Kelvin Probe Force Microscopy. However, with 
this technique, simultaneous STM is difficult, because of the varying bias potential. We 
propose an alternate technique [1], first introduced by the STM community [2], in which 
measurements of the tunneling current at the oscillating frequency of the tip can yield 
information about the vertical decay constant of the tunneling current, κ. This decay constant 
is related to the local work function and the electronic states being probed. Our technique can 
be performed at room temperature in combination with STM and AFM. 
 
We show atomic-scale measurements of both a bare Si(111)-7×7 surface and a Ag/Si(111) 
surface. We discuss the complications in converting from a recorded κ value to the local work 
function [3]. 
 
Furthermore, we study PTCDA islands in which neighboring molecules have different 
electronic structures. These differences are hard to detect in normal AFM data [4], however 
are clear to see in the κ channel (see Fig.). 
 
 

 
 

Figure: topography (left) and κ channel (right) of a PTCDA island  
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 Time scales of charged state dynamics in Kelvin probe force microscopy  
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Kelvin probe force microscopy (KPFM) [1] is becoming an increasingly important tool for 
studying electronic structure and charge distribution on surfaces and molecules with atomic 
level. For example, dynamics of charge state of gold atoms [2,3] on insulating substrate was 
investigated using the KPFM technique [3]. In this case, the life time (τ) of the charged state 
was much longer than the cantilever oscillation period (T1), the feedback response time (T2), 
and even than the time needed for the bias sweep performed while measuring the Kelvin 
parabolas (T3). Consequently, both charge states (charged or neutral) could be clearly 
discriminated. However, often the charge dynamics on localized surface state (e.g. adsorbed 
atom, molecule or nanoclusters) can take place at much shorter timescales. This is then 
manifested in a different shape of Kelvin parabolas [1] and the dissipation signal. Due to the 
exponential dependence of life time (τ) on tip sample separation (i.e. tunneling current decay) 
and the variety of processes that accompany the electron capture or release and stabilization 
of  the charged state, the life time may vary over several orders of magnitude from system to 
system. The key for understanding  KPFM on such systems is the interplay between the 
charging and discharging of the surface species, movement of the AFM tip and response of 
the feedback loop when the time scales (τ, T1, T2) are comparable. We examine this relations 
by a parametric study based on a numerical simulation which incorporates time evolution of 
the cantilever dynamics simultaneously together with a stochastic dynamics of charging and 
discharging of the surface species. 
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 Frequency modulation Kelvin-probe force microscopy (FM-KFM) has been widely 
used as a powerful tool capable of mapping local potentials of various surfaces with 
nanometer resolution [1]. We have been using FM-KFM to study dipole moments of organic 
molecules. In this study we investigated the dipole moments of individual endohedral 
metallofullerene (Gd@C82) molecules on C60 ultrathin films which were deposited onto a 
MoS2 substrate by FM-KFM. 

Experiments were carried out under ultra-high vacuum conditions at room temperature. 
A highly-doped Si cantilever (Nanosensors PPP-NCH) was used after Ar-ion sputtering of the 
tip to improve spatial resolution. Samples were prepared by depositing about one monolayer 
of C60 onto a cleaved MoS2 substrate followed by Gd@C82 molecule deposition. Figs. 1(a) 
and 1(b) are topographic and surface potential images of the sample obtained by FM-KFM. 
The image contrast in the square in the center of Fig. 1(a) was enhanced to show that 
molecular resolution was achieved on the C60 film. The bright spots surrounded by the black 
circles in Fig. 1(a) correspond to single Gd@C82 molecules. We found that there is variations 
in the surface potential and the apparent height of the Gd@C82 molecules from the C60 film 
surface as shown in the cross-sectional line profiles (Fig. 2). The result suggests that the 
surface potential variation is caused by the different orientation of the dipole moment, while 
the height variation can also be caused by the difference in the burial depth of the Gd@C82 
molecules. 
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Fig. 1: (a) Topographic image and (b) surface potential image of Gd@C82 molecules on C60 ultrathin film. 

 
     Fig. 2: Cross-sectional line profiles of height (a) and surface potential (b) on the Gd@C82 molecules 

indicated by A and B in Fig. 1, measured from those on C60 ultrathin film. 
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Kelvin probe force microscopy (KPFM) has contributed significantly to the 

understanding of Cu(In,Ga)Se2 (CIGSe) materials on the nanometer length scale throughout 
the last 15 years. In combination with sample illumination, some important fundamental 
properties like charge carrier generation and separation processes can be investigated. While 
previously KPFM with illumination has been applied as a static technique, here we present 
the investigation of the dynamics of the surface photovoltage in the range between 
nanoseconds and milliseconds.  

We present results on different sets of CIGSe samples from different growth processes 
and with stacks of CIGSe/CdS and CIGSe/CdS/ZnO [Fig. 1]. For lower efficiency CIGSe we 
measure relaxation times of excited and separated charge carriers on the order of a few tens of 
microseconds. For higher efficiency CIGSe we obtain 10 times faster relaxation times. 
Analysis of spatially resolved transient surface photovoltage shows a homogeneous 
distribution of relaxation times, without significant differences between grains and grain 
boundaries. We discuss the differences of the physical origin of the measured relaxation times 
with respect to relaxation times obtained from other techniques, such as transient 
photoluminescence and deep level transient spectroscopy. 
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Fig. 1: KPFM image of the (a) topography and (b) contact potential difference of a Cu(In,Ga)Se2/CdS/ZnO 
sample. (c) Transient SPV spectra taken on different samples showing the SPV relaxation after a 100ns 
illumination pulse.  
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Three different force microscopy experiments on silicon and silicon carbide test 
structures are presented [1]. Scanning Spreading Resistance Microscopy (SSRM) is 
used to image the cross sections with relatively large forces in the range of 50µN, 
where permanent damage is observed. However, the technique is relatively robust 
with small changes due to preparation variations. Therefore, calibration procedures of 
the dopant concentrations are readily established. Scanning Capacitance Force 
Microscopy (SCFM) is based on the measurement of the depletion layer capacitance 
and is found to give reliable contrast due to dopant variations. Kelvin Force Probe 
Microscopy (KPFM) is ideally based on the variations of the work functions due to 
variations due to shifts of the Fermi level, which can be directly related to the charge 
carrier densities. However, we do observe rather strong variations of the contrast due 
to surface defects, which can lead to inversions of the contrast. In all cases, we do find 
that these SPM methods are sensitive tools for dopant profile analysis in a 
concentration range from 1014cm-3 to 1019cm-3. For SCFM and KPFM the sample 
preparation is crucial and the calibration layers with known dopant concentration are 
difficult to be reliably imaged. However, the main advantage is non-destructive nature 
of these techniques operated in the non-contact region.  In the vicinity of defect 
structures, the simultaneous irradiation of light during KPFM operation leads to a 
reduction of band bending. Figure 1a) presents a p-doped silicon test structure 
measured with SSRM method, 1b) calibration of SSRM contrast vs. doping 
concentration, 1c) cross section across calibration layers and p-doped trench. 2) n-
doped silicon carbide structure is imaged with the KPFM method with (a) and without 
illumination (b). 

!
[1] H. Bartolf et al. IEEE TRANSACTIONS ON SEMICONDUCTOR 
MANUFACTURING, VOL. 26, NO. 4, page 529-541 (2013). 
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Electronic devices with reduced dimensions exhibit unusual physical properties that are 

difficult to characterize by traditional transport measurements. Non-contact atomic force 
microscopy can be extended into electronic imaging modes that more directly probe the 
transport physics of active devices [1,2]. Here we use Kelvin Probe Force Microscopy 
(KPFM) to image electrostatic potentials in active single-walled carbon nanotube (SWNT) 
transistors. At roughly one nanometer in diameter, SWNTs are quasi-one-dimensional 
conductors that are a challenging limit for quantitative KPFM measurements [2]. 

The electrostatic potential profile of an active device distinguishes between a pristine 
SWNT and one containing a single point defect. A pristine SWNT [Fig. 1] exhibits a uniform 
electrostatic gradient corresponding to diffusive electronic scattering. In contrast, a SWNT 
with a single point defect [Fig. 2] exhibits a step-like potential at the defect site indicating that 
the defect dominates the electronic resistance. 

The main interest in pristine SWNTs arises from their exceptionally long inelastic mean 
free paths λ. Diffusive scattering in a pristine SWNT produces an average potential gradient 
of only 40 V/mm. High quality KPFM images can directly image this gradient and study λ  as  
a function of bias, even in the low-bias limit where λ   exceeds   500   nm. By   fitting   λ   to  
established models of conduction, we have determined the exact contributions of substrate-
induced scattering at low bias and optical-phonon scattering at higher bias. 

SWNTs with point defects are also an interesting case because of the lack of 
experimental methods for studying defect scattering. The resistance of a SWNT defect is 
directly determined in KPFM from the magnitude of the potential step at the defect site. The 
shape of the potential step reveals  the  defect’s  scattering  potential  and  propensity  for trapping 
charges. The combination of KPFM and two-terminal transport data are well fit to a one-
dimensional Frenkel-Poole model of conduction. 
 

 
 
Fig. 1.  Topography (leftmost) and electrostatic 
potential for a pristine SWNT device at three source 
drain biases. 

 
 
Fig. 2. KPFM potentials along a SWNT containing a 
single point defect. The potential drop near the defect 
(circle) can be extracted as the resistance (or 
scattering probability) of the site. 
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Kelvin-probe force microscopy (KFM) is a powerful tool for local potential 

measurements with a nanometer-scale resolution, and has been widely used to characterize a 
variety of electronic materials and devices. For instance, KFM has been utilized for mapping 
surface potential of operating organic field-effect transistors (OFETs) to evaluate parameters 
such as contact resistance and charge trap density. In this study, we demonstrate a novel 
approach to measure local threshold voltage in OFET channel using frequency-modulation 
(FM) KFM.  By obtaining two-dimensional (2D) map of the local threshold voltage in the 
organic thin film, we can obtain more detailed information on the carrier injection and 
channel formation. 

 Figure 1 shows a schematic of the relationship between surface potential measured by 
FM-KFM on a p-type OFET channel gap as a function of gate voltage (VG)[1,2]. When VG is 
negative while the source and drain electrodes are electrically grounded, carriers accumulated 
in the channel screen VG, resulting in zero surface potential, as marked as (I) in the figure. On 
the other hand, when VG is larger than a threshold voltage (V’TH), carriers in the channel are 
depleted and VG is no longer screened, resulting in the increase of the surface potential with a 
slope of one as marked as (II) in the figure. V’TH is defined as the local threshold voltage. We 
obtained V’TH map by measuring the surface potential versus VG curve at each pixel in the 
scan area and calculating V’TH by fitting the two lines (I) and (II) while scanning the tip on the 
OFET. 

Figure 2 shows a local threshold voltage map of a dinaphtho-thieno-thiophene 
(DNTT) OFET having channel length of 2 μm. This map shows that the local threshold 
voltage in the channel close to the source and drain electrodes was about –3V, but it was 
gradually decreased with increasing distance from the electrodes. This suggests that the local 
threshold voltage is low at the area where carriers are easily injected.  
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Figure 1 Surface potential measured on p-
type semiconductor channel as a function of 
VG. V’TH represents local threshold voltage. 

Figure 2 Local threshold voltage map of DNTT 
OFET. The channel length is approximately 2 μm. 

PW31



 Spin-sensitive imaging of NiO(001) surface by Magnetic Exchange Force 
Microscopy using Ferromagnetic Resonance  

 
Eiji Arima, Kiho Isoyama, Ikumi Tokuda, Yoshitaka Naitoh, Yan Jun Li,  

and Yasuhiro Suagawara 
Department of Applied Physics, Graduate School of Engineering, Osaka University, 2-1 

Yamadaoka, Suita 565-0871, Japan 
E-mail: arimaeiji@ap.eng.osaka-u.ac.jp 

 
The magnetic exchange force is an 

interaction between spins and is very 
important for analyzing magnetic properties. 
Magnetic exchange force microscopy 
(MExFM), which can detect the magnetic 
exchange force between the magnetic tip and 
the magnetic surface, has achieved the atomic-
resolution imaging of the spin state on anti-
ferromagnetic surface of NiO(001)[1]. In 
MExFM, however, the separation between a 
structure and a magnetic state on the surface 
has not been performed. In this paper, we 
propose a new MExFM using ferromagnetic 
resonance to separate the magnetic and non-
magnetic tip-sample interaction. Here, we demonstrate atomic-scale spin selective imaging by 
MExFM using ferromagnetic resonance. 

In this MExFM, magnetic tip apex is irradiated by the frequency-modulated microwave 
with the frequency of ferromagnetic resonance. The magnetization of magnetic tip apex is 
modulated from on resonance to off resonance. Tip-sample interaction is measured with 
frequency modulation method. Magnetic images are obtained by detecting the modulation 
component of the frequency shift of the oscillating cantilever using a lock-in amplifier. 
Topographic images are obtained by the feedback signal for the constant tip-sample 
interaction. As a magnetic tip, magnetic cantilever tip coated with FePt with a high coercivity 
was used to detect the magnetic exchange force without an external magnetic field[2].  

First, we investigated whether the magnetization of the magnetic cantilever tip could be 
modulated using ferromagnetic resonance. We brought cantilever near to the surface of the 
SmCo magnet within 50nm and compared frequency shift of the magnetic (FePt coated) 
cantilever and nonmagnetic (Si) cantilever as a function of the frequency of the microwave. 
Only for the magnetic FePt coated cantilever, peak of frequency shift was observed near the 
microwave frequency of 2.72 GHz. This result means that the magnetization of tip was 
changeable by the excitation of ferromagnetic resonance.  

Next, we performed MExFM imaging on antiferromagnetic material NiO(001) surface 
using ferromagnetic resonance. We obtained topographic and spin selective images separately 
in atomic resolution (Fig. 1). 

This is the first demonstration of magnetization modulation of the magnetic tip apex 
using ferromagnetic resonance as well as the separation of the magnetic and non-magnetic tip-
sample interaction in MExFM. 
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Fig.1. (a) Topographic and (b) phase 
images of NiO(001) surface by MExFM 
using ferromagnetic resonance. 
Experimental conditions: amplitude A 
= 0.1 nm, frequency resonance f0 = 818 
Hz, Q = 3005, spring constant k = 629 
N/m and frequency of microwave 
fmicrowave=2.90GHz. 
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III-V compound-based solar cells (SCs) that contain elaborate nanostructures have been 
rigorously investigated as a way to harvest a wide range of the solar spectrum [1]. However, 
the energy conversion efficiency of those SCs remains low and further improvement of device 
performance is needed to catch up with silicon-based ones. A much deeper understanding of 
the role of nanostructures in the photovoltaic conversion process is then required to gain 
effective design criteria. One of the most important physical quantities to be characterized is 
the electrical potential under light irradiation conditions because it governs the behavior of 
excited carriers, including charge separation and carrier transport. Kelvin probe force 
microscopy (KPFM) has been used to perform nanoscale potential measurements at the 
relevant SC junctions [2,3]. However, there has been little study of the correlation of local 
electronic properties with macroscopic device performance (which can be determined from 
conventional current-voltage measurements). 
Here, we present investigation of the potential distribution along the p-i-n junction of a 
multiple quantum well (QW) SC based on III-V compounds using KPFM. Measurements 
were performed in open and short circuit configurations under light irradiation conditions 
[Fig.1]. The obtained data were analyzed to investigate the correlation with the macroscopic 
characteristics of the device. We showed that the dependence of the open circuit voltage on 
the intensity of light can be successfully measured by careful interpretation of the KPFM data. 
Furthermore, local change in the potential profile in the multiple QW regions was observed, 
which can be attributed to the accumulation of excited carriers in the QWs. 
 

 
Fig.1: (a) Schematic illustration of measurement system. (b) Effect of light irradiation on potential distribution in 
short circuit configuration. 
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The active sites in the gold nanoparticles supported on metal oxides have been 

discussed for CO oxidation [1]. The model which the oxygen defect of oxide support plays an 
important role, has been proposed. It has also been suggested that both the size and the shape 
of gold particles are important for hydrogen dissociation [2]. Charge transfer from an oxide 
support to gold nanoparticles was reported to form negatively charged gold particles [3] and 
to form a reactive gold–oxide interface. However, the mechanism of the oxygen activation 
and why the noble gold is highly active has not been understood in the catalysts. To clarify 
unknown questions, the size-dependence of the surface potential for metal nanoparticles 
supported on metal oxides is important.  

In this study, we investigated the size-dependence of surface potential (VLCPD) for Pd 
clusters on Al2O3/NiAl(110) using Kelvin probe force microscopy (KPFM). For the first time, 
we measured the surface potential of Pd clusters which reflected charge state on the line 
defect sites of Al2O3/NiAl(110) surface [Fig. 1]. We found that the surface potential of Pd 
clusters increased with Pd clusters size, and the surface potential changed from 50mV to 
250mV with the Pd 
clusters size of 
0.5nm~1.5nm. We 
observed the 
size-effect of charge 
state for Pd 
nanoparticles on the 
insulating surface. 
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Fig.1 Pd clusters on Al2O3/NiAl(110) surface 
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Gold clusters with controlled number of atoms have promising catalytic properties for use in a 
broad  range  of  reactions,  particularly  in  surface  chemistry  for  the  “green”  technology  [1]. 
We prepared chemically-made and atomically-precise phosphine-stabilized clusters [2], 
Au9(PPh3)8(NO3)3, and Atomic Force Microscopy (AFM) images of the clusters on TiO2have 
been analyzed. AFM observations [Fig.1a] show all the nanoclusters are highly distributed and 
their average size of 1.2±0.2 nm. This value is in a good agreement with theoretically proposed 
structure of Au9(PPh3)8(NO3)3 nanoclusters. The relationship between key properties of the 
clusters (size, geometry and electronic structure) and the catalytic activities cannot be examined 
independently by structure determination or theoretical calculations. 
  
 

400nm
 

400nm
 

 
 

AFM image of Au9 nanoclusters on ALD TiO2 and bare ALD TiO2 . 
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Organic semiconductor nanostructures are offering an opportunity as versatile building 
block for the integration of optoelectronic and nanophotonic devices.[1-5] The enhancement 
of photoconductivity or photocurrent stimulated by light is expected in the perylene-core 
molecules due to their π-π   electron interaction, high electron affinity and good chemical 
stability.[1-3] In this work, we report on the comparative topographic and triggered-
photocurrent investigations of the n-type perylenetetracarboxylic diimide (PTCDI) family 
using non-contact atomic force microscopy (NC-AFM) and scanning tunneling spectroscopy 
(STS). 

Figure 1a presents a typical NC-AFM image of a PTCDI film evaporated on an ITO 
substrate, showing a stacked grain structure. From STS measurements, it turns out that the 
Lowest Unoccupied Molecular Orbital (LUMO) position of PTCDI-C7 molecule is few meV 
lower than that of PTCDI molecule before photo-irradiation. This finding indicates an 
efficiently charge carrier mobility is mediated by the alkyl side chains. Interestingly, the 
current at the negatively biased regime increased after visible light irradiation for both 
molecules, as indicated by the arrow in Fig. 1b. According to the previous results[6], we will 
show that a semi-quantitative analysis could account for the physical origin of the increased 
photocurrent.Results on p-type perylene-counterpart (PTCDA) molecule will also be reported. 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1. (a) Non-Contact AFM image shows the general morphology of PTCDI derivatives thin film thermally 
evaporated on an ITO substrate (scan size 500 x 500 nm2). The inset exhibits magnified view of a grain structure 
whose dimension is 40 nm x 15 nm in length and width, respectively. (b) Representative I-V curves of PTCDI 
measured at room temperature (the black curve was taken before irradiation, while the red and blue curves were 
data taken during and after 1 min irradiation, respectively).  
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Ultra nanocrystalline diamond (UNCD) films, consisting of fine diamond grains of sizes 3 to 
5 nm bound by thin grain boundaries (1�� QP�� has recently caught great attention from 
research community due to their unique granular structure and immense potential to be 
employed as cold cathode materials in flat panel displays and other field emitting devices [1]. 
The properties of nanostructured diamond films depend on the grain size while the structure 
of the grain boundaries determine the electrical and optical characteristics [1]. On the other 
hand, ion implantation has been a long practice to modify the properties of diamond materials 
through controlled doping of variety of dopants [2]. Here, we report the mechanism for 
enhancement in electron field emission (EFE) properties of UNCD films upon Pt ion 
implantation and subsequent post-annealing process. The Pt ion implanted/post-annealed 
films exhibit best EFE properties, with a turn on field of E0=4.17 9�ȝP�DQG�FXUUHQW�GHQVLW\�RI�
Je=5.08 mA/cm2 at 7.2 9�ȝP�� TEM analysis indicates the mechanism for enhanced EFE 
properties is due to the formation of nanographitic phase around the diamond and Pt 
nanoparticles (NPs). Moreover, a combined UHV STM/AFM system is used to directly detect 
the emission sites and the mechanism for enhanced EFE properties from a microscopic 
viewpoint [3]. Role of the nanographitic phase, observed from TEM analysis, in improving 
the emission properties of Pt implanted/post-annealed films is clearly revealed by the current 
imaging tunneling spectroscopy (CITS) mapping which indicates better electron emission 
than the pristine ones. Interestingly, the electron emission sites are mostly from the boundary 
of diamond NPs as well as from the Pt NPs itself as confirmed by high resolution CITS 
mapping. Fig. 1(a) shows the HRSTM image of Pt implanted/post-annealed UNCD with the 
corresponding CITS mapping in (b). Bright contrast in the CITS image (Fig. 1(b)) shows 
better electron emission [3]. Moreover, negative trapped charges are detected by high 
resolution Kelvin probe force microscopy (KPFM), which shows a high potential of 40 mV 
for the diamond grain boundaries than the grains shown in figure 2(d) in consistent with the 
CITS results. When a negative sample bias is applied, electrons start to emit from the electron 
rich grain boundary regions to the vacuum easily and hence shows better EFE properties.  
 
 
 
 
 
 
 
Fig. 1: STM image of Pt implanted/post-annealed UNCD film surface (a) with corresponding CITS mapping in 
(b). AFM topography (a) with corresponding KPFM image in (d).  
[1] W. Zhu et al., Science 282, 1471 (1998). 
[2] Kalish et al., Carbon 37, 781 (1999). 
[3] K. Panda et al., ACS Appl. Mater. Interfaces 6, 8531 (2014). 
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The aim of the project is the characterisation of the interactions and the local aqueous 

environment of protein monomers at model lipid membrane interfaces. The lipids (which 
assume a bilayer structure in physiological buffer solution) play an important role since they 
mediate energy conversion, signal transduction, solute transport and secretion [1]. 

Initially, in order to optimise our experimental techniques we are focusing on the 
commonly studied purple membrane that is composed of approximately 75% of 
Bacteriorhodopsin and the remaining 25% is of lipids. Bacteriorhodopsin, are very important 
because they can actively "pump" ions from one side of the membrane to the other, against an 
electrochemical gradient. This process can be activated by the absorption of a photon which 
belongs to the visible spectrum at a particular frequency. These membranes acquire energy, 
changing their conformation and move protons across the membrane. The resulting proton 
gradient is subsequently converted into chemical energy [2]. 

Immobilizing these membranes on a solid surface we can increase the packing of the 
crystal structure and we can use the ultra-high resolution AFM to achieve nanometer lateral 
and sub-nanometer vertical resolution at small scan sizes. 

Their structure and high resolution images are also influenced by the salt composition 
and the pH of the imaging buffer. So we want to do this investigation changing the salt 
condition, type and concentration of the salt and pH of the imaging solution to study the 
electrostatic double layer force and the changing of the membrane structure [3], [4].  

Also varying the force between the tip and the sample we can acquire high resolution 
images of the bacteriorhodopsin trimers and investigate the strength and molecular 
interactions within and between single membrane proteins. This can be obtained recording 
different force–distance curve in Frequency Modulation AFM as a function of tip-sample 
distance in the short-range attractive regime [5]. 
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Fig.1 IgG antibody mol (Fab: 
antibody-binding fragment, Fc: 
crystallizable fragment) 

Fig.2 FM-AFM image of 2D IgG 
crystal after adding antigen molecules, 
which were observed as bright spots.  

Fig.3 FM-AFM image of IgG hexamers 
after adding antigen molecules, which 
bound to the edge of hexamers. 

Investigation of antigen binding to IgG antibody assembly 
by FM-AFM in liquids 
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Frequency-modulation atomic force microscopy (FM-AFM) is an emerging high-
resolution imaging tool in liquid environments. We have succeeded in imaging of 
biomolecules such as bacteriorhodopsins and plasmid DNAs at a nanometer scale in near-
physiological conditions [1]. We recently found that mouse monoclonal immunoglobulin G 
(IgG) antibody molecules (Fig. 1) self-assembled into hexamers and formed a two-
dimensional (2D) crystal in aqueous solutions [2]. We also found that the IgG antibodies 
forming hexamers and 2D crystals kept their immunoactivities [2]. However, antigen-binding 
sites have not been clearly visualized. In this study, we investigated the dependence of the 
amount of antigen bound to the IgG antibodies on the antigen concentration and the 
incubation time. Furthermore, antigen-binding sites were visualized by FM-AFM. 

We used two different types of mouse monoclonal IgG antibodies, which have different 
epitopes against human serum albumin (HSA). Both antibodies self-assembled into hexamers, 
but only one of the two antibodies formed 2D crystal. IgG antibody solution was dropped 
onto a cleaved muscovite mica. Five minutes later, the substrate was rinsed five times with an 
imaging solution, 10 mM phosphate buffer solution containing 50 mM MgCl2 (pH 7.5). After 
confirmation of the formation of the IgG antibody assembly, antigen solution was dropped 
onto the antibody assembly. The substrate was rinsed five times with the imaging solution 
after five minutes. We found the number of the bound antigen molecules was increased when 
we dropped antigen solution with a higher concentration or waited for longer minutes. The 
number of the bound antigen molecules was saturated when a monolayer of antigen molecules 
was formed on the 2D IgG crystal. We also investigated antigen-binding sites to the IgG 
antibody assembly by high-resolution FM-AFM imaging. The antigen molecules were 
visualized as bright spots on 2D IgG crystal in FM-AFM image shown as Fig. 2. The figure 
shows that antigen molecules bound to the X-shape structure in the 2D IgG crystal, consisting 
of four Fab (antigen-binding fragment) regions. It was also found that antigen molecules 
bound to the edge of IgG hexamer, consisting of the Fab regions (Fig. 3). 
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Submolecular-scale investigation of structures of biomolecules in liquid is of importance for 

understanding their functions. Recent advancement in frequency modulation atomic force 

microscopy (FM-AFM) has enabled to vizualize subnanometer-scale surface structures of 

biological molecules in liquid [1]. However, the detailed analysis is often difficult only with 

topographic FM-AFM images due to the artifacts caused by the influence of tip geometry. 

This issue has limited the application range of subnanometer-resolution FM-AFM in biology. 

To solve this issue, we use a geometrical AFM simulation developed by Tukada and co-

wokers [2]. In this study, we have investigated tubulin structures by combining FM-AFM 

imaging and the geometrical AFM simulation  to reveal the orientation of tubulin molecules. 

Figure 1 shows the schamatic illustaration of the geometrical AFM simulation. A simulated 

AFM image is calculated with a 3D structural data of a protein obtained from Protein Data 

Bank  and a tip model. To begin with, we perfomed the optimization of the tip model. As a 

result, the subnanometer-scale contrasts observed in the FM-AFM images are reproduced by 

the cone-sphere model with a radius in the range of 0.1 to 0.3 nm. The results suggest that the 

subnanometer-scale contrasts are formed by the atomic-scale apex of a tip. Figure 2a shows 

an FM-AFM image of tubulin structures taken in a buffer soluton. The result shows that FM-

AFM is able to vizualize submolecular-scale surface structures of tubulins as indicated by the 

dashed lines. Nevertheless, we have not been able to identify the molecular orientations only 

with the FM-AFM images. Therefore, we applied the geometrical AFM simulation with the 

optimized tip model to the tubulin structures (PDB ID: 1JFF). To explore the submolecular-

scale features of molecular rows as indicated by red arrow in Fig. 2a, the simulated images 

were obtained with rotating the molecular model. As a result, we found the similar features in 

the simulated AFM image Fig. 2b. The results suggest that the tubulin molecules are rotated 

by 30 degree from the expected orientation. By applying the simulation to the whole tubulin 

structures, the orientations of all tubulin molecules are identified as shown in Fig. 2c. The 

same methodology using the combination of FM-AFM measurement and the geometrical 

simulation should be applicable to other protein structures having unidentified orientations. 
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Fig. 1 Geometrical AFM  

simulation  

Fig. 2 Identification of molecular scale structures of tubulins 

(a) FM-AFM image (b) simulated image (c) revealed molecular structures 
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Protein interaction with surfaces has great technological relevance for the development of 
biocatalysts, implants and biosensors. Recent advances on both molecular-dynamics (MD) 
simulations and atomic-force-microscopy (AFM), allow studying such large systems with 
atomistic detail. Here we have combined MD simulations with high-resolution multi-
frequency (MF) AFM experiments to study the adsorption of the IgG antibody (~13.000 
atoms, 150kDa) over graphene. IgG provides the majority of antibody-based immune 
response. Thus studying its biocompatibility/activity on graphene is of interest to address its 
use as an implant material as well as to develop more sensitive immunoassays. 
 

We have developed a protocol combining steered-MD simulations and long (>150ns) 
equilibration runs to address several key open questions concerning protein adsorption [1]: the 
interaction mechanisms behind the adsorption, the role of the water molecules in such 
process, and under which conditions the protein unfolds due to the interaction with the 
substrate. Our results, both theory and experiments, conclusively demonstrate that the IgG is 
strongly adsorbed over graphene, it does not unfold, and also that most of the antibodies 
adsorb in vertical orientations (not flat-on), even at very small IgG surface coverage densities. 
These features give graphene a great advantage with respect to all passive adsorption surfaces 
studied so far, thus opening new opportunities to build cheaper and more sensitive 
immunoassays. 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

Figure 1: IgG Secondary structure (after a 150 ns MD simulation) for the vertical orientation 
and corresponding AM-AFM topographic images for this adsorption configuration.   
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Apotosis, well-defined as programmed cell death, is associated with morphological 
changes including loss of local adhesions, cell membrane blebbing, and shrinkage of cells. 
Although apoptotic volume decrease has been considered to precede key biochemical events, 
the morphological details of individual cell and relationship between morphological changes 
and biological properties are unknown. To investigate the morphological changes living cells, 
scanning ion conductance microscope (SICM) is one of the suitable techniques because it 
allows us to observe morphology of living cells without mechanical interactions between the 
probe and sample surface. Here, we describe series of neural morphological changes at the 
early stage of apoptosis by SICM.  

Neurons were prepared from cortex of a Wister Rat (Embryo day is 18) and cultured 
from 9 to 13 days in vitro in a culture solution (neurobasal medium with 2% B27 supplement). 
Apoptosis was induced by addition of staurosporine (STS), which is an inducer of apoptosis 
by activating caspase-3, into the culture solution just before SICM observation. The SICM 
images at the early stage of apoptosis are shown in Fig. 1 (a). Noticeable changes of neural 
shape were not observed from 30 min to 55min, and then bleb-like structures, which are one 
of the characteristic cell morphology at the early stage of apoptosis, were observed 80 and 
105 min later [Fig. 1 (a), red arrows]. Moreover, the bleb-like structures appeared anywhere 
on neurons after 3 h of exposure to STS [Fig. 1 (b)]. On the other hand, the cross-sectional 
image indicates that the cell volume decrease began as soon as STS was added, and the 
apoptotic neuron decreased its height by about 20% within 80 min [Fig. 1 (c)]. It suggests that 
the cell volume decrease precedes the cell membrane blebbing. 

As long as we know, it is the first report to show series of morphological changes from 
the cell volume decrease to the cell membrane blebbing during apoptosis. These 
morphological changes should be strongly associated with apoptotic signaling cascade. In 
future work, it is expected to reveal the relationship between apoptotic morphological changes 
and biological events by using simultaneous observation of apoptotic cells with SICM and a 
conventional live cell imaging equipments such as a fluorescence microscope. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Apoptosis-induced morphological changes of living neurons. (a) Time lapse images 
of neurons induced by STS. Red arrows and red dash lines indicates bleb-like structures 
and cross-sectional line shown in (c), respectively. (b) SICM images of apoptotic neurons 
3 hours after STS addition. (c) Cross-sectional image of the apoptotic neuron shown in (a). 
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Electrically connecting molecules at a micro to nanometer scale and observing them 
with an UHV AFM, can give insides to structure dependent electronic properties at a 
molecular scale. We will present our latest work in electrically connecting molecules under 
UHV condition while imaging with nc-AFM. 

An in-situ fabrication of the electrodes with a gap in the micrometer range in a 
commercial UHV AFM system is a challenge. The fabrication of electrodes on an in-situ 
cleaved alkali-halide has been achieved in our JEOL JSPM 4500A UHV system [1]. The 
electrodes are patterned using a stencil mask on a piezo walker.  

Furthermore, extensive work on molecular growth has been carried out resulting in a 
reliable molecule growth on in-situ cleaved alkali-halides [2]. Recently, we have shown 
studies on molecular hetero-junctions under illumination [3].  

We will present our latest achievements in bringing these two projects together. These 
patterned electrodes allow a wide range of measurements with our molecule system, e.g. 
measuring the molecules connected to an electrode or under a confined electric field, while 
still having the well-studied alkali-halide substrate. SEM images of a cleaved KBr crystal 
with and without patterned electrodes can be seen in [Fig. 1 b,d]. 

Our current molecule of choice is Pentacene which is a well-studied model molecule for 
molecular electronics.   

                
Fig. 1  a),c) Illustration of the patterend gold electrodes on a cleaved KBr substrate. b) SEM images of a 

cleaved KBr crystal on the AFM stage. d) the cleaved KBr crystal with patterned electrodes and a cantilever 
approaching the gap. Image from [2]. 
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In NC-AFM, a cantilever is used as a sensor for forces acting between the tip at the end of the 
cantilever and a surface. One of the possible methods to detect the force-induced cantilever 
deflection is an interferometer where the cantilever is one mirror while the end of an optical 
fibre positioned above it is the second mirror. In such a set-up, not only tip-surface forces but 
also forces from the light field in the interferometer are exerted on the cantilever. 

The utilization of a Fabry-Pérot interferometer, instead of a Michelson interferometer results 
in a strong, spatially modulated laser field interacting with the cantilever. The field strength in 
this case is increased by the Finesse of the cavity by a factor of up to forty compared to 
previous investigations [1, 2]. The stronger interaction yields a shift of the cantilever 
resonance frequency and an more prominent change in the modal cantilever Q-factor. We 
investigate these phenomena in detail and show by experiments and numerical simulation that 
the strong light field in a Fabry-Pérot cavity dramatically changes the oscillating cantilever 
dynamics. Oscillation energy from oscillation modes of the cantilever being clamped at one 
end and free at the other end is shifted to modes of a cantilever pinned at the other end [see 
Fig. 1 (a)]. This transition is continuous with its strength being adjustable by the light energy 
stored in the Fabry-Pérot cavity that is proportional to the power of the incident light beam. 

The simulation shown in Fig. 1 (b) demonstrates that the majority of the energy taken from 
the fundamental mode of the clamped cantilever is shifted to the first mode of a clamped and 
pinned cantilever. However, a significant portion is also transferred to other modes. The 
modal frequency is only slightly shifted with a typical shift of 1.6 Hz for the first free mode at 
400 ȝW laser power. 
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Fig. 1 (a) Free oscillating and partially pinned cantilever. (b) Simulation of the energy 
distribution over the first modes for an oscillating cantilever placed in a Fabry-Pérot 
resonator. Black squares: measured data for the energy loss in the fundamental mode. 
 
[1]  L. Tröger and M. Reichling, Appl. Phys. Lett. 97 213105 (2010) 
[2]  H. Hölscher, et al, Appl. Phys. Lett. 94, 223514 (2009). 

PW44



IQE 11/35IQE 11/35 

PHOIBOS 150 NAPPHOIBOS 150 NAP

PHOIBOS 150PHOIBOS 150

PHOIBOS 225PHOIBOS 225

PHOIBOS 150 WALPHOIBOS 150 WAL

◆

TOF THEMIS600/1000 TOF THEMIS600/1000 HR EELS DELTA 0.5HR EELS DELTA 0.5

◆ LEED & RHEEDLEED & RHEED

◆SPM & Nanonis SPM & Nanonis SPMSPM

◆X

◆UVUV◆

◆◆

PHOIBOS HV SeriesPHOIBOS HV Series

PHOIBOS 100PHOIBOS 100

Nanonis BP 4.5Nanonis BP 4.5
SPMSPM 4.54.5

BP 4.5BP 4.5
(RC5)(RC5) (SC5)(SC5)

BP4BP4

2
4848

Zurich InstrumentsZurich Instruments

600 MHz UHFI600 MHz UHFI
- - 2 x 2 x 
- - 2 x 2 x 
- - 1.8 GHz/s1.8 GHz/s
- - FFTFFT
- - FRAFRA

50 MHz 50 MHz HF2LI HF2LI 
- - 2 x 2 x 
- - 2 x 2 x 4 x 4 x 
- - 1 ȝHz - 50 MHz1 ȝHz - 50 MHz
- - 210 MS/s210 MS/s
- - 120 dB120 dB

50 MHz 50 MHz HF2PLL HF2PLL 
- 2 x 2 x 
- - 2 x 2 x 
- - 2 x 2 x 
- - 50 kHz PLL50 kHz PLL
- - 4 x 4 x PIDPID

Dr. Sjuts OptotechnikDr. Sjuts Optotechnik

SPM-NAP HeadSPM-NAP Head KolibriSensorKolibriSensor JT SPM SystemJT SPM System In-Situ Curlew SPMIn-Situ Curlew SPM

XR 50XR 50 XR 50 NAPXR 50 NAP FOCUS 500FOCUS 500 ErLEED 100/150ErLEED 100/150 RHEED RHD-30RHEED RHD-30

IQE 12/38IQE 12/38

◆

FerrovacFerrovac

UVS 10/35UVS 10/35 UVS 300UVS 300 UVLSUVLS TMM 304TMM 304

EQ 22/35EQ 22/35 FG 15/40FG 15/40 EBE-1EBE-1 EBE-4EBE-4 PCS-RFPCS-RF TGC-HTGC-H 
 

W

Nanonis OC4.5-StationNanonis OC4.5-Station  
 RC4.5RC4.5 OC4OC4

NAP (Near Ambient Pressure)-XPSNAP (Near Ambient Pressure)-XPS

 44°
NAP 25 mbar

< 0.5°< 0.5°
7

FE-LEEM/PEEM P90 with AC SystemFE-LEEM/PEEM P90 with AC System

< 2 nm< 2 nm

 

5軸制御サンプルステージ / 軸制御サンプルステージ / 
SPM, UVS300, ErLEED, SED, EG22SPM, UVS300, ErLEED, SED, EG22

μ-μ-FOCUS 600FOCUS 600

UHVUHV

Small Spot UpgradeSmall Spot UpgradeSmall Spot UpgradeSmall Spot Upgrade Small Spot UpgradeSmall Spot Upgrade



NEW

Single-molecule IETS
STM light emission spectroscopy
Raman spectroscopy with STM

SPM under SEM
4 point resistance measurement 
on nano structure
Others

Single-molecule IETS
Spin polarized STM
Spin flip spectroscopy 
in magnetic field
Atom manipulation

Single-molecule IETS
Spin polarized STM
Atom manipulation

USM1400-4P

UHV SPM Raman System

USM1300S 3He USM1500

USM1400

Applications

Applications

Structure

Applications

Applications

Low Temperature UHV SPM System

Variable Temperature SPM  (2.5K～ RT）

Ultra Low Temperature (400mK)
High Magnetic Field (15T)

4 Probe STM Variable Temperature

Variable Temperature (2K～ RT)
High Magnetic field (8T)

2-4-3 Kasugano Hirakata Osaka 573-0131 Japan
TEL +81-72-858-6456 / FAX +81-72-859-5655

E-mail info@unisoku.co.jp
WEB http://www.unisoku.co.jp

UNISOKU Co., Ltd.

Raman Imaging on Single Molecule

G-band from SW-CNT by using AG Tip

UHV LT SPM + Confocal Raman Microspectroscopy

UNISOKU USM1400 & TII NanofinderFLEX Combined

Excitation LaserRaman Spectrometer

CCD Camera

USM-1400

SC Magnet 

Sample Holder

Objective Lens Unit
aspherical lens

xyz-axes piezo-actuator driven

Scanning Stage

35°
 

Monitor CCD

Enhance

G-band

D-band

G’-band

1500

1000

500

0

C
ou

nt
s

300025002000150010005000

Raman Shift (cm-1)

Tip approaching
Tip retracted

Prof. Dong UTSC, China - doi:10.1038/nature

Features
Simultaneous AFM/STM imaging and 
Raman spectroscopy in the Ultrahigh 
Vacuum, Ultralow Temperature, and 
Magnetic Field

Offering a potential brand-new single 
molecule imaging tool!

Applicable to Tip-Enhanced Raman 
Scattering (TERS) imaging with 
AFM/STM tip can get nm resolution

Data with stability and repeatability

High sensitive TERS by means of Ag 
Probes



!!!!!!!!!
!

Scientific program!
!

Oral presentations on 
7th of August 2014 !!!!!!!!!!!!!!!!! !



Chairperson Sascha Sadewasser

9:00-9:20 L. Gross OTr01

9:20-9:40 B. Schuler OTr02

9:40-10:00 C. Lotze OTr03

10:00-10:20 F. Schulz OTr04

10:20-10:40
Coffee break

10:40-11:00

Chairperson Christian Loppacher

11:00-11:20 Th. Glatzel OTr05

11:20-11:40 R. Hoffmann OTr06

11:40-12:00 S. Sadewasser OTr07

12:00-14:00

Lunch at the lobby                      
of the Main Hall           

Excursion to JAXA              
Buses departing from Tsukuba 
International Congress Centre 
at 13:10 (for ISS course) and 
14:20 (for Astronaut course)

14:00-14:20

14:20-14:40

14:40-15:00

15:00-15:20

15:20-15:40

15:40-16:00

16:00-16:20

16:20-16:40

16:40-17:00

Free time
17:00-17:20

17:20-17:40

17:40-18:00

 18:00-20:30

Banquet & Poster Awards at 
Hotel Grand Shinonome     

(18:00 to 20:30)                        
Bus departing from Tsukuba 

International Congress Centre 
at 17:30 and 17:50     

Oral presentations on Thrusday 7th of Agusut 2014 





The Tip Dependence of Atomic Contrast with AFM and KPFM on Ionic 
Systems 

 
Leo Gross1*, Bruno Schuler1, Fabian Mohn1, Nikolaj Moll1, Ivan 
Scivetti2, Konstantinos Kotsis2, Mats Persson2, Gerhard Meyer1 

IBM Research – Zurich, CH-8803 Rueschlikon, Switzerland; 
 2University of Liverpool, Liverpool, L69 3BX, United Kingdom. 

*E-mail: LGR@zurich.ibm.com 
 

We investigated atomic contrast with NC-AFM on ionic systems as a function of bias 
voltage, tip height, and tip functionalization. As model systems we used single chlorine 
vacancies in bilayer NaCl on Cu(111) that had been previously studied with STM [1].  

We employed tips terminated with Cu, Au, Cl and Xe atoms, made by atomic 
manipulation. We demonstrated the dependence of the AFM contrast on the tip termination 
and the sample voltage. With the aid of density functional theory (DFT) we elucidated the 
underlying contrast mechanisms and proposed a model to separate different electrostatic 
contributions.  

Furthermore, we investigated the tip dependence of KPFM and we obtained 
atomically resolved maps of the local contact potential difference (LCPD) and the LCPD 
compensated frequency shift Δf* with all tip functionalizations investigated, shown for the Xe 
terminated tip in Fig. 1. 

 
 

 
 
Fig1: KPFM measurements and DFT calculation on a Cl-vacancy. (a) Map of the local contact 
potential difference measured with a Xe terminated tip above a Cl-vacancy in bilayer NaCl on 
Cu(111). The measurement was acquired in constant-height mode using force-voltage spectroscopy on 
a grid [2]. (b) Calculated vertical component of the electric field at a distance of 0.4 nm from the 
surface plane. (c) Map of the frequency shift at compensated LCPD, simultaneously measured with (a). 
Images sizes are (1.8 nm) .  
 
[1] J. Repp, G. Meyer, S. Paavilainen, F. E. Olsson, and M. Persson, PRL  95, 225503 (2005) 
[2] F. Mohn, L. Gross, N. Moll, and G. Meyer, Nature Nanotech., 7, 227 (2012) 
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Contrast formation in Kelvin probe force microscopy of single  
π-conjugated molecules 

Bruno Schuler1, Shi-Xia Liu2, Yan Geng2, Silvio Decurtins2, Gerhard Meyer1 and Leo Gross1 
1IBM Research - Zurich, Rüschlikon, 8803, Switzerland; 2Departement für Chemie und 

Biochemie, Universität Bern, Bern, 3012, Switzerland 

E-mail: bsc@zurich.ibm.com 
 

Charge transfer complexes (CTC) are of most importance for organic solar cells and OLEDs. 
Studying their charge distribution on the atomic scale is a long-standing goal and Kelvin 
probe force microscopy (KPFM) is the designated technique to achieve this goal [1,2]. Here 
we present KPFM measurements on different CTCs on NaCl(2ML)/Cu(111) as a function of 
tip height and molecular conformation [3]. Our most important new finding is that there are 
three distance regimes, in which the KPFM contrast is related to different molecular 
properties.  
In the small distance regime, the tip penetrates the electron density of the molecule, and the 
contrast is related to the size and topography of the electron shell of the molecule [Fig. 1d]. 
Outside this small distance regime, the LCPD contrast corresponds to the electrostatic field 
above the molecule [Fig. 1c]. However, in the medium-distance regime, i.e., for tip heights 
similar to the size of the molecule, the non-spherical distribution of π- and σ-electrons often 
conceals the effect of the partial charges within the molecule. Only for large distances does 
the LCPD map converge towards the simple field of a dipole for a polar molecule. 

 

 

 
 
 
 
 
References: 
[1] F. Mohn et al., Nature Nanotech. 7, 227 (2012). 
[2] S. Kawai et al., ACS nano 7, 9098 (2013). 
[3] B. Schuler et al., (2014), submitted. 

Fig. 1: KPFM on charge-transfer complexes (CTCs). a Structure of the CTC TTF-PYZ2.  
b Side-view on the calculated structure of TTF-PYZ2. c/d LCPD (V*) maps of TTF-PYZ2 on 
NaCl(2ML)/Cu(111) and the corresponding AFM maps at compensated LCPD (Δf*)  in  the  medium  (c) and 
close (d) distance regime, recorded with a CO tip. 
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Intramolecular Dipole of Merocyanine Probed by Local Contact Potential 
Difference Measurements in 3d 

 
C. Lotze1, N. Krane1, X. Chen1, J.I. Pascual1,2,3, K.J. Franke1 

1Freie Universität Berlin, Germany 
2CIC nanoGUNE, San Sebastián, Spain 

3Ikerbasque, Basque Foundation for Science, Bilbao, Spain 
E-mail: lotze@physik.fu-berlin.de 

 
The merocyanine form of the molecular switch 1,3,3-Trimethylindolino-6'-

nitrobenzopyrylospiran exhibits an intramolecular dipole in gas phase and solution [1]. When 
adsorbed on a metal surface, charge redistribution and screening may considerably alter the 
expected dipole behavior. 

Utilizing combined low-temperature scanning tunneling and dynamic atomic force 
microscopy, we characterize merocyanine adsorbed on metal substrates. By acquisition of the 
local contact potential difference (LCPD) [2] in 3d we aim to determine the intramolecular 
charge distribution. Indeed, the vertical and lateral distribution of the LCPD hints at the 
persistence of an intramolecular dipole. 

 
 
References: 
[1] D. Lapienis-Grochowska et al., J. Chem. Soc., Trans. 2 75, 312 (1979) 
[2] F. Mohn et al., Nature Nanotechnology 7, 227 (2012) 
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 Detecting charging effects of single molecules by nc-AFM  
 

Fabian Schulz1,2, Christian Lotze2, Martina Corso2,3, Peter Liljeroth1, Katharina J. Franke2,  
J. Ignacio Pascual2,3,4, 

1Aalto University School of Science, Espoo, 02150, Finland; 2Freie Universität, Berlin, 
14195, Germany; 3IKERBASQUE, 48011, Bilbao, Spain; 4 CIC nanoGUNE, 20018, San 

Sebastián, Spain 
E-mail: fabian.schulz@aalto.fi 

 
The ultimate goal of miniaturization in the electronics industry is to build devices 

comprising single atoms or molecules as the only active components. Design and application 
of such devices will require a high degree of charge localization, while maintaining precise 
control over the occupation of the electronic levels of the atoms or molecules involved. These 
needs have motivated numerous studies in experimental physics on electronic decoupling of 
nanostructures as well as determination and - more importantly - manipulation of their charge 
state. Scanning probe microscopy (SPM) has proven to be a powerful tool for these 
experiments [1-4], as its ability to image and manipulate at the atomic scale is unmatched. 

Using low-temperature, tuning-fork based nc-AFM/STM, we show that charging and 
discharging events of single molecules yield clear fingerprints in the dynamic response of the 
measured frequency shift ('f). The molecular charge-transfer complex TCNQ-TMTTF grown 
on the Au(111) surface forms a double-barrier-tunneling-junction in the proximity of an SPM 
tip. We have recently demonstrated by STM that sweeping the applied bias voltage can alter 
the charge state of the TCNQ molecules [5]. This process is equivalent to modifying the 
charge state of nanoparticles by gate potentials in three-terminal devices. Now, we use this 
model system to investigate the effect of gating by nc-AFM. The charging/discharging of a 
single TCNQ molecule is accompanied by a dip in the frequency shift of the tuning fork   
[Fig. 1], both for 'f(z) and 'f(V) spectroscopy. Simulations [Fig. 1] show that the dip is a 
consequence of a discontinuity in the force experienced by the tip. The addition/removal of a 
single electron to/from the molecule causes a sudden change in the electrostatic forces and 
thus, an instantaneous response of the simultaneously measured 'f signal. These results 
demonstrate the capability of nc-AFM to detect single-electron processes in molecules. 

 

             
Fig. 1: Left: Experimental 'f(V) measurement over a TCNQ molecule showing a dip in the frequency shift due 
to discharging of the molecule. Right: Simulated frequency shift for the discharging process, as a function of 
sample bias and tip-molecule distance. 
 
References: 
[1]  J. Repp et al., Science 305, 493 (2004). 
[2]  N. A. Pradhan et al., Physical Review Letters 95, 076801 (2005). 
[3]  M. T. Woodside and P. L. McEuen, Science 296, 1098 (2002). 
[4]  L. Gross et al., Science 324, 1428 (20009). 
[5]  I. Fernandez-Torrente et al., Physical Review Letters 108, 036801 (2012). 
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Charge distribution of a single CuPc molecule on NaCl and Cu(111)

Sweetlana Fremy, Ali Sadeghi, Rémy Pawlak, Shigeki Kawai, Stefan Goedecker, Ernst

Meyer, Alexis Baratoff, and Thilo Glatzel

University of Basel, Department of Physics, Klingelbergstr. 82, 4056 Basel, Switzerland

E-mail: thilo.glatzel@unibas.ch

Molecule-substrate  interactions  inherently  influence  the  performance  of  organic-based

devices.  Because molecules  of interestare  extended objects  possessing several  vibrational,

conformational, and orientational degrees of freedom, adsorption tip-induced  rearrangements

can be rather complex. [1-3] The adsorption geometry is a crucial factor not only in molecular

diffusion and self-assembly, but can also significantly influence the electronic properties of

the combined system.

We present low-temperature tuning fork based measurements of the tunneling current and the

frequency shift as a function of distance or lateral position and the applied bias voltage of

individual  copper  phthalocyanine  (CuPc)  molecules.  Outside  the  range  where  telegraph

current noise is detected [3], a bias dependent hysteretic contrast transition between  different

configurations was observed for CuPc molecules on a bare Cu(111) surface. Supported by

first principles calculations, this transition can be attributed to a rotation of the molecules

around its center from a twofold symmetric to one of two equivalent distorted configurations.

Furthermore,  the  influence  on  the  submolecular  electronic  charge  redistribution  due  to

different substrates has been investigated by a comparison of constant tunneling current [see

Fig. 1]  and  constant  height  current  and  frequency  shift  images  and  spectra  recorded  on

Cu(111)  substrates  with  and  without  an  intervening  epitaxial  NaCl(001)  bilayer.  Local

potential  variations measured by Kelvin probe force spectroscopy showed a much weaker

corrugation than in the presence of the NaCl layer.  Density functional  theory calculations

elucidate adsorption-induced structural deformations of the molecule and provide additional

insights into observed STM [3,4] and KPFM images.

Support  from the  Swiss  National  Science  Foundation,  the  Polish-Swiss  Research  project

PSPB-085/2010 and from PRESTO-JST is acknowledged. 

References:
[1] S. Kawai et al., ACS Nano 7, 9098-9105, (2013).

[2] R. Pawlak et al., ACS Nano 6, 6318-6324, (2012).

[3] J. Schaffert et al., Nat. Mater., 12, 223 (2013).

[4] I. Swart et al., Nano Lett. 11, 1580 (2011).

Fig 1: STM images of CuPc on NaCl/Cu(111) (a) and on Cu(111)(b).
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KPFM studies of quantum size effects in ultra thin lead islands on Si(111)

Thomas Späth1, Carmen Pérez León1, Michael Marz1, Hilbert v. Löhneysen1,2,

Regina Hoffmann-Vogel1

1 Karlsruher Institut für Technologie (KIT), Physikalisches Institut, 76131 Karlsruhe,  

Germany; 2Karlsruher Institut für Technologie (KIT), Institut fur Festkörperphysik, 

76021 Karlsruhe, Germany.

E-mail: r.hoffmann@kit.edu

Quantum size  effects  (QSE)  become important  when the  dimension  of  a  conductor  app-

roaches the Fermi wavelength of the confined electrons. QSE lead to a variation and even an 

oscillatory behavior of many physical properties, for example as a function on the thickness 

of a metallic film, such as the electric resistivity, the superconducting critical temperature, the 

surface free energy, and the work function. Among other systems, Pb on Si(111) has been 

intensely investigated since it exhibits a bilayer oscillatory behavior [1-3]. 

We have studied the influence of QSE on the work function of atomically flat Pb islands 

grown on  Si(111)  with  frequency modulation  scanning  force  microscopy (FM-SFM) and 

Kelvin probe microscopy (KPFM). After  Pb was evaporated in ultra-high vacuum at room 

temperature on the Si(111)-7×7 surface, analyses were performed at approximately 110 K in 

order to prevent dewetting.  Crystalline  Pb  islands  grow  in a fcc structure along the [111] 

direction  surrounded  by  a  disordered  Pb  wetting  layer  (WL).  We  have  characterized 

simultaneously the height and local work function of the islands with FM-SFM and KPFM. 

The results show an even-odd oscillatory dependence of the local work-function difference on 

the  island’s  height  [Fig.  1],  in  good  agreement  to calculations  [1]  and  previous  results 

obtained with other techniques [3]. Moreover, with increasing film thickness the amplitude of 

the oscillation in the work function decreases. 

Fig.1  (a) FM-SFM and (b) simultaneously obtained Kelvin images of Pb islands on Si(111). The local work 

function of the islands show an even-odd oscillatory dependence on the island’s height. Images size 1×1µm2. 

Imaging parameters: f0 = 280 kHz, ∆f = -30 Hz, A = 5.3 nm, k = 50 N/m,  γ =-2.1 fN√m. Pt/Ir coated silicon 

cantilever.

References:

[1] C. M. Wei and M. Y. Chou, Phys. Rev. B 66, 233408 (2002). 

[2] D. Eom et al., Phys. Rev. Lett. 96, 027005 (2006).

[3] J. Kim et ak., Proc. Natl. Acad. Sci. USA 107, 12761 (2010). 
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 Transient surface photovoltage on the nanometer scale 
 

Nicoleta Nicoara1, Sascha Sadewasser1 
1 International Iberian Nanotechnology Laboratory, 4715-330 Braga, Portugal 

E-mail: sascha.sadewasser@inl.int 
 

Kelvin probe force microscopy (KPFM) has been used extensively for characterization 
of electronic surface properties. In combination with sample illumination, some important 
fundamental properties like charge carrier generation and separation processes can be 
investigated. The dynamics of charge carrier generation and separation is an important 
property for opto-electronic effects. In combination with scanning probe microscopy, it has 
been addressed by transient surface photovoltage (SPV), which to present has been limited to 
processes slower than 100ns [1,2]. Here we present a novel method for the investigation of 
the dynamics of the surface photovoltage in the range between nanoseconds up to 
milliseconds. 

We use a pulsed laser light source (635nm) with pulse lengths down to 3ns for sample 
illumination. Excited and separated charge carriers result in a time-dependent SPV signal. By 
repeating a specific pulse pattern with variable times for excitation and recombination, we 
measure an average SPV. We present a formalism to extract excitation and relaxation times 
from the SPV data. To demonstrate this novel technique we present results on two sample 
systems. First, on dye-sensitized (N749) TiO2 nanoparticle clusters on a FTO/glass substrate, 
we show that a minimum illumination time of ~150ns is required to lead to a SPV signal. The 
SPV relaxation after illumination starts at times of 100-200ns. We observe transient SPV 
signals on the dye-sensitized TiO2 nanoparticle clusters, whereas on the neighboring 
uncovered FTO surface no SPV signal is observed. Secondly, for Cu(In,Ga)Se2 thin-film solar 
cell materials we observe relaxation times of the light-excited charge carriers on the order of 
1-2�Ps.  
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Fig. 1: Topography (a) and contact potential difference (b) image of a TiO2 nanoparticle cluster sensitized with 
N749 dye. (c) Variation of the SPV signal for different illumination pulse lengths ranging from 20ns to 500Ps, 
and (d) SPV signal relaxation after illumination pulses of 80ns.  
 
 
References: 
[1]  D.C. Coffey and D.S. Ginger, Nature Mat. 5, 735 (2006). 
[2] R. Giridharagopal et al., Nano Lett. 12, 893 (2012).  
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 Simultaneous Topographical Imaging, Depth Modulation and 
Compositional Mapping with Trimodal AFM: Six Amplitude- or 

Frequency-Modulation Channels  
 

Daniel Ebeling1, Babak Eslami2,3 and Santiago D. Solares2,3 
1University of Giessen, Giessen, 35392, Germany; 2George Washington University, 

Washington DC, 20052, USA; 3University of Maryland, College Park MD, 20742, USA 
E-mail: ssolares@umd.edu 

 
 

We present a multifrequency, intermittent-contact atomic force microscopy method whereby 
three eigenmodes of the microcantilever are driven using amplitude- or frequency modulation 
controls, such that each mode carries out a different characterization task [1,2].  The 
fundamental mode is optimized for topographical acquisition; a higher mode (not necessarily 
the second) is optimized for compositional contrast mapping, and another higher mode is 
utilized to modulate the depth of penetration of the tip into the sample [Fig. 1].  This method 
is ideal for characterizing soft samples that have subsurface features, allowing the user to 
gradually and reversible modulate imaging depth, focusing on different surface or subsurface 
features, much like the focus/zoom functions of a camera.  The technique is validated using 
poly-dimethylsiloxane (PDMS) polymer films deposited on a silicon substrate covered with 
glass nanoparticles. 
 

(a) (c)

(d)

(e)

(b)

 
 

Figure 1. (a) Schematic of PDMS film sample with glass nanoparticles in the subsurface and exposed silicon 
substrate; (b) successive depth-modulated experimental scan lines for the sample in (a) with varying third mode 
amplitude; (c)-(e) successive experimental contrast images gradually revealing the subsurface (compare to (a)). 
 
References: 
[1]  D. Ebeling et al., ACS Nano 7, 10387 (2013). 
[2]    S. Solares et al., J. Appl. Phys. 108, 054901 (2010). 
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 Imaging and Three-Dimensional Reconstruction of Chemical Groups in a 
Protein Complex by Atomic Force Microscopy 

 
Duckhoe Kim1, Ozgur Sahin1,2 

1Department of Biological Sciences, Columbia University, NY, 10027 USA 
 2Department of Physics, Columbia University, NY, 10027 USA 

E-mail: dk2683@columbia.edu 
 

Atomic force microscopy (AFM) is a powerful tool capable of imaging and chemical 
characterization of bio-samples at molecular resolution in physiologically relevant 
environments. However, the localized tip-sample interactions limit high-resolution images to 
the topmost layer of samples, which hinder the characterization of the three-dimensional (3-
D) inner structures of biomolecules. Here we demonstrate 3-D localization of chemical 
groups within a single protein complex with AFM. We use short DNA sequences to label 
specific chemical regions within a protein. T-shaped cantilevers with complementary DNA 
probes allow locating each label with sequence specificity and sub-nanometer resolution. We 
convert measured pairwise distances between labels into the 3-D loci of the target chemical 
groups using simple geometric calculations. Imaging of biotin-streptavidin complexes showed 
that the 3-D loci of carboxylic acid moieties of biotins are within 2-Angstroms of their 
respective 3-D loci in the corresponding crystal structure, suggesting that this new imaging 
method may complement existing structural biological techniques in solving structures of 
biomolecules that are elusive due to their size and complexity. 

 

 
Figure 1. Chemically selective imaging of chemical groups within single biomolecules. a, Illustration of the 
imaging method employing single-stranded DNAs as chemo-mechanical labels and specially designed T-shaped 
cantilevers that allow locating the labels with sequence specificity and sub-nanometer resolution. b, Schematic 
of an application of this method to the imaging of biotins bound to a single streptavidin molecule. c, A 
representative 3-D grayscale topographic image of a single biotin-streptavidin complex, in which green and red 
spots show the detected locations of biotins. 
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 SEEING&THE&UNSEEN&USING&PEAK&FORCE&AFM&OF&BRAIN&CANCER&
(GLIOBLASTOMA)&EXOSOMES&AND&NEURONAL&(DREBRIN)&ACTIN&COMPLEXES 

 
James Gimzewski 

 

UCLA/ California Nanosystems Institute/ MANA & NIMS, 607 Charles Young Drive East, 
Los Angeles, CA 90095 

E-mail: gimzewski@cnsi.ucla.edu 
 
Exosomes are sub-100 nm extracellular vesicles secreted by normal and cancer cells. We 
present a high-resolution structure of previously unidentified nanofila- ments on 
glioblastoma-derived exosomes, using nanoscale peak force imaging. These stiff, adhesive, 
trypsin- and RNAse-resistant surface nanofilaments add a new dimension to the current 
structural knowledge of exosome-mediated intercellular communication. The  talk will also 
show how actin neuronal binding complexes are revealed in real space with the technique and 
are allowing new insights into biological systems sensitive to pico newton forces dynamically 
applied with a emphasis on the needs of medicine and molecular biology for ultrastructural 
studies on the nanoscale in complex and very soft systems.  
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 The Meaning of Temperature in Interferometric Detection Schemes  
Alexander Schwarz, Kai Ruschmeier, Gotthold Fläschner, and Roland Wiesendanger 
Institute of Applied Physics, University of Hamburg, Jungiusstr. 11, 20355 Hamburg 

E-mail: aschwarz@physnet.uni-hamburg.de 
 

The force sensitivity of cantilevers scales with �T. Hence, it is beneficial to work in a 
cryogenic environment to increase the signal-to-noise ratio. However, the measured 
temperature, which is typically detected with a resistive device attached to the microscope 
body, does not necessarily reflect the temperature of the cantilever, e.g., because the 
cantilever (i) could be (due to technical constraints) rather badly connected to the heat bath 
and (ii) can be exposed to an external heat load (e.g., light absorption in optical detection 
schemes). The situation is particularly complex in interferometric detection schemes, where 
the backside of the cantilever acts as one mirror of a Fabry-Perot cavity. In this geometry the 
dynamic of the cantilever motion can be influenced by radiation pressure as well as 
bolometric effects [1]. As a consequence, the cantilever temperature cannot be determined by 
simply applying the equipartitition theorem. This becomes immediately evident by evaluating 
the thermal noise spectral density of two different cantilevers displayed in Fig. 1: profile (a) 
clearly deviates from a Lorentzian line shape and profile (b) exhibits a dip instead of a peak at 
the position of the cantilever eigenfrequency.  

  The notion of an effective mode temperature and an effective Q-value in 
interferometric detection schemes has been discussed before in terms of the bolometric effect 
[1,2]. In fact, the effective mode temperature can be reduced far below the environmental 
temperature [1,3]. Here we will show that radiation pressure alone can influence the cantilever 
dynamics as well and can be clearly distinguished from bolometric effects. Moreover, we 
describe a procedure to determine the true thermodynamic temperature of the cantilever and 
its spatial distribution on the cantilever beam. Finally, we also discuss how laser intensity 
noise affects the interaction between cantilever and light field within the Fabry-Perot cavity, 
which result in Fano-like line shapes of the resonance curves.     

Discussions with H. Zhong, R. Bakhtiari and M. Thorwart are greatly acknowledged.  
 
References: 
[1] C. H. Metzger and  K. Karrai, Nature 432, 1002 (2004). 
[2] H. Hölscher et al., Appl. Phys. Lett 94, 223514 (2009). 
[3] M. Poggio et al., Phys. Rev. Lett. 99, 017201 (2007). 
 

 
Fig. 1: Cantilever resonance curves recorded with an interferometric detection scheme. 
In (a) the profile significantly deviates from a symmetrical Lorentzian line shape. In (b) 
even a dip instead of a peak is present. Both profiles can be fitted to an appropriate 
model (blue lines), which considers the interaction between cantilever and light.   
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 High Resolution Atomic Force Microscopy Reveals Coordinately 
Unsaturated Iron Atoms on Copper 

 
Matthias Emmrich1, Joachim Welker1, Florian Pielmeier1, Thomas Hofmann, Maximilian 

Schneiderbauer1, Ferdinand Huber1, Franz J. Giessibl1 
1University of Regensburg, Regensburg, 93040, Germany 

E-mail: matthias.emmrich@ur.de 
 

 
The  first  observation  of  “subatomic  features“ occured on the Si(111) – (7x7) surface [1]. The 
structures observed within single atom images were explained as an effect of the tip structure 
that was imaged by Si adatoms exposing sharp sp3 orbitals. STM experiments showed that 
CO functionalized tips can increase the image contrast [2]. In AFM these tips enabled to 
reveal e.g. the structure of molecules [3] and the bond order of polycyclic aromatic 
hydrocarbons and fullerenes [4]. In a recent publication we used CO adsorbed on a Cu (111) 
surface to map the force field of the AFM tip with subatomic spatial resolution [5]. Different 
crystallographic orientations of the apex atom could be identified. Later this method was 
extended to tips made out of copper and iron [6]. 
In this contribution, we present frequency shift data of single iron atoms adsorbed on a Cu 
(111) surface imaged using a CO functionalized tip. We demonstrate subatomic spatial 
resolution on a sample. The Fe adatom adsorbs on top of a Cu atom and shows three distinct 
features. Neglecting the second layer, Cu (111) is six fold symmetric. The subatomic features 
align with the nearest neighbors giving rise to two different orientations of the iron with 
respect to the symmetry of the Copper [Figure a and b]. Approaching the tip close to the 
adatom, one can switch between the two orientations of this single atom bit. Forces derived 
from constant height frequency shift data of the adatom are in good quantitative agreement 
with the ones of a bulk Fe(111) tip [6].  
We acknowledge the Deutsche Forschungsgemeinschaft for funding as part of SFB 689.  
 

 
 
Figure  a and b Fe on Cu (111) adsorbs in two different orientations   
 
References: 
[1] F.J. Giessibl et al., Science 289, 422 (2000). 
[2] L. Bartels et al., Surface Science, 432, L621 (1999) 
[3] L. Gross et al., Science 325, 1110 (2009). 
[4] L. Gross et al., Science 337, 1326 (2012). 
[5] J. Welker and F.J. Giessibl, Science 336, 444 (2012). 
[6] T. Hofmann et al., Physical Review Letters 112, 066101 (2014). 
 

OF05



 Quantifying molecular stiffness and interaction with lateral force 
microscopy 

 
Alfred J. Weymouth, Thomas Hofmann, Franz J. Giessibl 
University of Regensburg, Regensburg, 93053, Germany 

E-mail: jay.weymouth@ur.de 
 
One of the most impressive atomic force microscopy (AFM) images was taken by Leo Gross 
and coworkers at IBM of a molecule showing every carbon-carbon bond within it [1]. A key 
step was to functionalize the tip with a CO molecule, making the apex of the AFM tip small 
and chemically inert [2]. However, this comes with a complication: The CO isn't stiff but 
rather pivots when a horizontal force is applied. Moreover, standard experimental and 
theoretical approaches have not been able to characterize this torsional spring. We modified 
our AFM to be sensitive to lateral forces (LFM). As we measure forces along the surface, we 
are highly sensitive to short-range interactions. We combined both LFM and AFM data of a 
CO terminated tip probing a CO surface molecule, to determine the parameters of a simple 
model: two torsional springs interacting via a Morse potential [3].  The CO on the tip was 
found to have a linear spring constant of 0.24 N/m.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The left shows a schematic of our model.  On the upper right, LFM data and the model output 
can be seen.  A linescan through the two shows the strong agreement between them.  
 
We thank the Deutsche Forschungsgemeinschaft (GRK 1570) for financial support. 
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Daniele Passerone1, Andrea Benassi1, Miguel A. Marioni1, Johannes Schwenk1, Hans J. 
Hug1,2 

1Empa, Swiss Federal Laboratories for Materials Science and Technology, CH-8600 
Dübendorf, Switzerland; 2Department of Physics, Universität Basel, CH-4056 Basel, 

Switzerland 
E-mail: daniele.passerone@empa.ch 

 
Friction at the nano-scale offers a rich and fascinating phenomenology not easily 

tunable or exploitable for friction control purposes. 
 We propose a meso-scale equivalent obtained coating the sliding bodies with thin 

ferromagnetic films so that, below the Curie temperature, magnetic domains appear. The 
latter can be easily and reversibly tuned in size and shape, and also be arranged in periodic 
structures. It is thus possible to reproduce, control and investigate typical nano-scale 
phenomena such as stick-slip sliding. The order and commensurability of the sliding interface 
can be freely adjusted, this can be of great technological relevance providing new means to 
control and actuate mechanical motion at the micro-scale. 

Simulating the motion of two bodies coated with thin ferromagnetic films [Fig. 1], we 
demonstrate how strongly their friction and adhesion properties can be influenced by the 
shape, size and dynamics of their magnetic domains. Moreover, we investigate how sliding 
and adhesion can be tuned by the materials choice and the preparation conditions of the 
ferromagnetic coatings. Finally, we discuss in detail how to practically implement the 
proposed model sliding system. 

 

 
 
Figure 1. Sketch of the simulated system showing the two supported ferromagnetic films, their domains and 
domain walls and the way the magnetization has been discretized in the numerical simulations. 
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