
Atomic	
  or	
  Molecular	
  Manipula0on	
  
Involves:	
  

1.  Positioning 
2.  Engaging 
3.  Displacing 
4.  Modifying 



Manipula0on	
  Tools	
  	
  

1.  STM 
2.  AFM 
3.  Optical 
4.  Magnetic 
5.  Mechanical 



Scanning	
  Tunneling	
  Microscopy	
  

 

1.  G. Binnig, H. Rohrer, C. Gerber, and Weibel, Phys. Rev. Lett. 49, 57 (1982); and ibid 50, 120 (1983). 

2.  J. Chen, Introduction to Scanning Tunneling Microscopy, New York, Oxford Univ. Press (1993). 



Cu(111)	
  surface	
  at	
  4K	
  	
  



G. Binnig and and H. Rohrer, Rev. of Mod. Phys. 71, S324-S330 (1999). 

Concept:	
  Eye	
  and	
  Finger	
  



Atomic	
  Manipula0on	
  with	
  STM	
  

Nature , 524 (1990)344



Processes	
  in	
  STM	
  manipula0on	
  
A.	
  Lateral	
  movement	
  

1.  Sliding	
  
2.  Near	
  contact	
  
3.  Field	
  induced	
  

B.	
  Ver0cal	
  movement	
  
1.  Transfer	
  	
  	
  
2.  Field	
  evapora0on	
  
3.  Electromigra0on	
  

J. Stroscio and D. Eigler,  Science 254, 1319 (1991) 



Techniques	
  for	
  STM	
  Manipula0on




Sliding	
   	
  	
  	
  	
  	
  	
  	
  

D. Eigler  et al, Nature 344, 524 (1990) 

Xe	
  on	
  Ni(110)	
  at	
  4.5K	
  	
  



Quantum	
  Corral	
  

M. Crommie et al, Science 262, 218 (1993) 

Fe	
  on	
  Cu(111)	
  	
  at	
  4.5K	
  

Exp.-theory: 





Assembly	
  of	
  ellip0cal	
  resonators	
  

Manoharan, Lutz, and Eigler, Nature 403, 512.515 (2000) 



	
  Eigenmodes	
  of	
  ellip0cal	
  	
  resonator	
  	
  

Manoharan, Lutz, and Eigler, Nature 403, 512.515 (2000) 



Moving	
  an	
  atom	
  in	
  an	
  ellip0cal	
  resonator	
  

Manoharan, Lutz, and Eigler, Nature 403, 512.515 (2000)  



Detec0ng	
  Kondo	
  Resonance	
  

Manoharan, Lutz, and Eigler, Nature 403, 512.515 (2000) 



Detec0on	
  of	
  Quantum	
  Mirage	
  

Manoharan, Lutz, and Eigler, Nature 403, 512.515 (2000)  



H. C. Manoharan et al., Nature 403, 512 (2000). 

Quantum	
  Mirage	
  



A	
  molecular	
  cascade	
  device	
  

A.J.Heinrich et al, Science 298, 1381 (2002) 

A prototype for a molecular cascade device. CO 
molecules are deposited on a Cu(111) surface at 4 
K. Individual molecules are imaged as depressions 
(a). The red dots mark adsorption sites for CO 
molecules, whereas the blue dots represent the 
lattice positions of Cu atoms.  

There are two possible geometries for CO trimers: 
the chevron configuration (lower left corner of part 
a) and the threefold symmetric (lower left corner of 
part b). The chevron trimer is only metastable and 
decays into the threefold symmetric by displacing 
the central CO molecule to a nearest-neighbor site 
(from a to b). By suitably arranging the CO 
molecules, the decay of one of the trimers into the 
other one can produce a cascade of events that 
communicates a bit of information (presence/
absence of a CO molecule at a given site) from one 
end of the chain to the other (c and d).  





A	
  boy	
  and	
  his	
  atom:	
  
The	
  world	
  smallest	
  movie


A Boy and His Atom is a 2013 stop-motion animated short film 
released on YouTube by IBM Research. It depicts a boy playing with 
an atom that takes various forms. One minute in length, it was made 
by moving carbon monoxide molecules on Cu surface viewed with a 
scanning tunneling microscope, a device that magnifies them 100 
million times. These two-atom molecules were literally moved to 
create images, which were then saved as individual frames to make the 
film. It took four researchers two weeks of 18-hour days to produce 
the film. The team created 242 still images with 65 carbon monoxide 
molecules. The images were combined to make a stop-motion film. 
Each frame measures 45 by 25 nanometers. The movie has been 
recognized by the Guinness Book of World Records as the World's 
Smallest Stop-Motion Film. 


http://www.youtube.com/watch?v=oSCX78-8-q0




Sliding	
  molecules	
  at	
  RT	
  

Cu-TBP porphyrin 

T.A. Jung et al, Science 271, 181 (1996) 

Cu-TP porphyrinon Cu(100)  
RT UHV STM 



Influence	
  of	
  Molecules	
  on	
  Metals	
  

F. Rosei  et al, Science 296, 328 (2002) 

Lander molecule, 
deposited at RT on 
Cu(110), imaged at 
150K, UHV STM 



Rieder Group, Phys. Rev. Lett. 85, 
2777 (2000) 

Controlling	
  Chemical	
  Reac0ons	
  



1D	
  Au	
  Atom	
  Chain


 N. Nilius, T. M. Wallis, W. Ho, Science 297, 1853 (2002) 



Field-­‐Assisted	
  Diffusion	
  

L.J. Whitman et al, Science 251, 1206 (1991) 





an atomic switch! 

Reliable for Xe, 
benzene, not so for 
Pt.  

No current or 
electrical field 
neccessary. 

Transfer	
  of	
  a	
  molecule	
  

D. Eigler et al, Nature 352, 600 (1991) 

J. Repp,  

Rieder Group, Berlin 

 

G. Meyer et al.,      
Single Mol. 1, 79 (2000) 






Field	
  Evapora0on	
  







Atom Tracking 

The atom tracker works by locking onto selected "bumps" (or 
"holes") using lateral feedback. The feedback maintains the 
position of the STM tip at the local maximum by continually 
climbing uphill. Once locked, atom-track data are acquired by 
reading the X, Y, and Z positions of the feedback electronics as a 
function of time. The motion of the surface feature is reflected in 
the coordinates of the atom tracker. 



Inelastic Tunneling 



(A) Schematic drawing showing top and side views of the fcc-site O2 molecule (black circles); Pt atoms 
are shown in gray. (B) Schematic outline of “pear” molecule shape as seen in STM images for each 
orientation. The solid dot is the position of maximum tip height for the first orientation; this is the tip 
position used for data collection. The asterisk shows an off-axis tip position displaced 0.4 Å from the 
solid dot. (C) Current during a 0.15-V pulse with the tip in the off-axis position in (B), showing three 
levels of current corresponding to the three orientations of the molecule. (D) Current during a 0.2-V 
pulse over a molecule next to an impurity showing a strong preference for a particular orientation. 

B. C. Stipe et al., 
SCIENCE 279, 1908 (1998) 



Interaction between the probe and sample 

Lennard-Jones potential φ(r) = - A/r6 + B/r12 

Short-range: 
1)  Bonding 
2)  Repulsion 

Long-range: 
1)  Van der Waal 
2)  Capillary 
3)  Magnetic 
4)  Electrostatic 



Nanolithography of Tapping-Mode AFM 

Image of polycarbonate film on silicon surface 

(1.2μm× 1.2μm) (2.5μm× 2.5μm) 





The Millipede concept: for 
operation of the device,  
the storage medium - a thin film 
of organic material  
(yellow) deposited on a silicon 
"table" - is brought into  
contact with the array of silicon 
tips (green) and  
moved in x- and y-direction for 
reading and writing.  
Multiplex drivers (red) allow 
addressing of each tip  
individually.  
 

IBM-Zurich 



Millipede cantilevers and tips: electron microscope views of  
the 3 mm by 3 mm cantilever array (top), of an array section  
of 64 cantilevers (upper center), an individual cantilever (lower  
center), and an individual tip (bottom) positioned at the free  
end of the cantilever which is 70 micrometers (thousands of  
a millimeter) long, 10 micrometers wide, and 0.5 micrometers  
thick. The tip is less than 2 micrometers high and the radius at  
its apex smaller than 20 nanometers (millionths of a millimeter).  
 

The Millipede chip: the image shows the electrical wiring  
for addressing the 1,024 tips etched out in a square of 3mm  
by 3mm (center). The chip's size is 7 mm by 14 mm.  
 



Physics Department 
National Tsing Hua University 

Nano-Lithography with an AFM Tip 



F.S.-S. Chien et al., APL 75, 2429 (1999) 



果尚志 , Physics Dept., National Tsing Hua University 



Forceful discrimination. Gross et al. used AFM with a CO-functionalized tip (A) to map the 
subtle differences in charge density (B) and bond length (C) associated with nonequivalent C-C 
bonds in a fullerene (C60) molecule and to correlate them with their bond order.


Discriminating Chemical Bonds


L. Gross et al., Science 337, 1326 (2012)




STM and AFM imaging of pentacene on Cu(111). (A) Ball-and-stick model of the 
pentacene molecule. (B) Constant-current STM and (C and D) constant-height AFM 
images of pentacene acquired with a CO-modified tip


Chemical Structure of a Molecule


L. Gross et al., Science 325, 1110 (2009)




Setup	
  for	
  an	
  Op0cal	
  Tweezer	
  

An optical tweezer is a scientific instrument 
that uses a focused laser beam to provide an 
attractive or repulsive force, depending on 
the index mismatch (typically on the order of 
piconewtons) to physically hold and move 
microscopic dielectric objects. Optical 
tweezers have been particularly successful in 
studying a variety of biological systems in 
recent years. 
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Op0cal	
  scaZering	
  force	
  

absorption 

emission 

absorption 

emission 

2

1

• average scattering force is therefore 

•  isotropic spontaneous emission causes 
no average recoil 

kF !n=

• each absorption results in a well-defined 
impulse 

 where     is photon absorption rate n



Working	
  Principles	
  of	
  Op0cal	
  Tweezer	
  

A particle encountering the laser beam will be pushed towards the center of the beam, if the particle's 
index of refraction is higher than that of the surrounding medium.  In a ray optics picture we realize 
how light is deflected in the particle, resulting in a gradient force that pushes the particle vertically to 
the propagation of the laser beam, towards the largest intensity of light (the middle of the laser beam).  
By focusing the light, the gradient force pushes the particle backwards as well. If this force overcomes 
the propagation force of the laser beam, the particle is trapped.  

n1


n2
 > n1
n2




Optical Tweezer on a Plastic Bead 



Magne0c	
  Tweezer	
  
A Magnetic Tweezer is a scientific instrument for exerting and measuring forces on 
magnetic particles using a magnetic field gradient. Typical applications are single-
molecule micromanipulation, rheology of soft matter, and studies of force-regulated 
processes in living cells. Forces are typically on the order of pico- to nanonewtons. 
Due to their simple architecture, magnetic tweezers are one of the most popular and 
widespread biophysical techniques. 

F = ∇(m • H) 

τ = m x H 



Working	
  Principles	
  of	
  Magne0c	
  Tweezer	
  

Charlie Gosse and Vincent Croquette 
Biophysical Journal 82 (2002) 3314.




Nano 
Lab 

A.V. Krasheninnikov and F. Banhart 
Nature Materials 6, 723 (2007)  

Engineering	
  CNT	
  with	
  e-­‐beam	
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Peeling the nanotube from inside 


