


Repetition VII

• Scanning Tunneling Microscopy
• Principle, Creep, Non-linearities, Tip Artefacts

tip preparation
• Beyond Microscopy: Imaging, Mapping, Manipulation
• Quantum mechanical Tunneling: Tip and Surface 

States: Spectroscopy



Scanning Tunneling Microscopy

Tunneling current:      Itunnel ~  U ρt ρs(x,y) e-const d        (Tersoff and Hamann)

tip sample

=> sensitivity to local electronic structure of the sample

U
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Chemical Sensitivity in STM: 
surface states vs image states

Periodic Contrast Change in Ugap: Image Resonant 
Enhancement !

T. Jung et al. Phys. Rev. Lett. 74, 1641 (1995) 



Chemical Sensitivity in STM: 
surface states vs image states

Image State Contrast >>> Surface State Contrast

T. Jung et al. Phys. Rev. Lett. 74, 1641 (1995) 



Bildladungspotential ueber leitender Oberflaeche

a) idealer Leiter
b) hohe Stufendichte
c) Potentialverschiebung im STM
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Stufenzustaende und Oberflaechenzustaende 
auf W(331)



Dimensionalitaet 
3D(bulk) – 2D (flaeche) – 1D (draht) – 0D (punkt)

• Wachstumsverhalten
• Elektronische Zustaende
• … andere kooperative Phaenomene



Chemical imaging of insulators by STM
J. Viernow et al., Phys Rev. B 59 (1999) 10356

Scientific Background: Chemical Imaging

CaF1 / CaF2 
nanowires

CaF2 on  Si(111)
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Self organised Growth of CaF2 on Si(111)
J. Viernow et al., Appl.Phys.Lett. 72 (1998) 948
J.-L. Lin et al., J.Appl.Phys. 84 (1998) 255

CaF2 nanowires’ and ‘dots’ can be produced by combination of:
- step decoration 
- submonolayer precision of deposition 
- controlled growth kinetics and annealing 

Self- Assembly durch Stufendekoration: 
TD Gleichgewicht und eingefroren im kinetischen Grenzfall
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CaF2 / CaF1 wires

After deposition of 
DPP molecules

After subsequent 
annealing

One-dimensional confinement of 
molecules via selective adsorption

H. Rauscher et al., Chem. Phys. Lett. 303 (1999) 363
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Si CaF2 DPP

HOMO
EF

LUMO
~2.9 eV

12 eV

DPPCaF1

2.4 eV

Si

EF ~2.9 eV

HOMO

LUMO

Fig. 4

One-dimensional confinement of 
molecules via selective adsorption

H. Rauscher et al., Chem. Phys. Lett. 303 (1999) 363
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Growth of ultrathin insulator layers

NaCl dimer formation upon sublimation
Rothberg et al. Journal of Chemical Physics 
30, 517 (1959)

Cu(111) 
Ag(111)
Ag(001)

sublimation of NaCl
• Evaporator rate ~ 1 Å / min
• Substrate temperature ~ 400 K

sublimation of Mg in oxygen 
background

• Evaporator rate ~ 1 Å / min
• Substrate temperature ~ 500 K
• oxygen 1·10-6 mbar

NaCl MgO

Ag(001) substrate 
T=500K (200°C)

evaporator
of Mg

oxygen•
1·10-6 mbar
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MgO/Ag(001): Insulator at the limit

Ubias  ( V )
1.5 2.0 2.5 3.0

 1ML 

MgO
surfaceinterface
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S. Schintke et al., Insulator at the ultrathin limit: MgO on Ag(001), Phys. Rev. Lett. 87, 276801 (2001) 
S. Schintke and W.-D. Schneider, Insulators at the Ultrathin Limit: Electronic Structure studied by Scanning 

Tunneling Microscopy and Scanning Tunneling Spectroscopy, J. Phys.: Condens. Matter 16, R49-R81 (2004)
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NaCl layers

NaCl on Ag(001)
14.5 nm × 14.5 nm 
U = 1.24 V, 40 pA a0 = 5.65 Å

NaCl on Ag(111) 
1.25 m x 1.25 m

atomic resolution: one
type of the ions is imaged

NaCl on Ag(111)   200 nm x 200 nm
U = 4.0 V, I = 15 pA

Ag
2

1

3

NaCl on Cu(111)
5 nm × 5 nm 
U = -1.5 V, 50 pA 
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CuOEP on NaCl/Metal

Molecule deposition: sublimation
• Evaporation rate ~ 1-2 Å / min
• Substrate temperature ~ 300 K

Substrate
• Metal with 0.3-0.7 ML NaCl
• NaCl structures: 0 to 3 atomic layers thick

N N

NN
Cu

copper(II) octaethyl-porphyrin (CuOEP)
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Layer selective adsorption

100 × 100 nm, -1.6 V, 24 pA

25 × 25 nm, 1.0 V, 24 pA 40 × 40 nm, -2.9 V, 45 pA
inset 10 nm × 6 nm

 layer-selective adsorption
adsorption energy depends on NaCl layer thickness:

L. Ramoino, M. von Arx, S. Schintke, A. Baratoff, H.-J. Güntherodt, T.A. Jung
Chem. Phys. Lett. 417, 22 (2006)
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1.25 × 1.25 µm, U = -0.25 V, I = 49 pA

CuOEP Self-Assembly on Salt

CuOEP on NaCl/Ag(111)

150 × 150 nm
U = -0.34 V, I = 57 pA

70 × 70 nm
U = -0.34 V, I = 57 pA

150 × 150 nm, U = -0.34 V, I = 57 pA 70 × 70 nm, U = -0.34 V, I = 57 pA15 × 15 nm, U = -0.25 V, I = 81 pA
L. Ramoino, M. von Arx, S. Schintke et al. 
Chem. Phys. Lett. 417, 22 (2006) 
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CuOEP molecules on metal and NaCl/metal

CuOEP on Cu(111)
(averaged image)
3.0 nm × 3.0 nm, U = -0.55 V, I = 24 pA

CuOEP on 
Pd(111) and on NaCl/Pd(111)
15.0 nm × 15.0 nm, U = -1.9 V 

• on Pd(111) no assembly of CuOEP 
=> stronger molecule-metal substrate interaction than on Cu(111) 

• stable adsorption of individual molecules on NaCl 

• smaller broadening of electronic states on NaCl than on metal 
=> reduced molecule-substrate interaction !
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Bias dependence: CuOEP on NaCl/Pd(111)
S. Schintke et al. submitted (2007)

-1.9 V -1.7 V -1.5 V -1.3 V -1.9 V

15 x 15 nm

• Small broadening of the HOMO on NaCl 

=> confirming decoupling from metal

• CuOEP on Pd(111): eight lobe structure

=> HOMO level broadening   

HOMO
LUMO

STS/UPS    DFT

E



Resonant tunneling via HOMO states 
 eight lobe structure

side groups imaged in STM although 
HOMO belongs to the porphine ring! 

Isolated molecule on ultrathin insulator 
CuOEP on NaCl/Pd(111)
S. Schintke et al. submitted (2007)

-1.9 V 
(HOMO)

Compare: simulated STM images
=> adsorption geometry: 
porphine ring towards substrate
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Scanning Tunneling Microscopy

Tunneling current:      Itunnel ~  U ρt ρs(x,y) e-const d        (Tersoff and Hamann)

tip sample

=> sensitivity to local electronic structure of the sample

U
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STS (scanning tunneling spectroscopy) 
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2. STM beyond imaging

- STM a tool for nanofabrication: 
Adsorbate  manipulation

- STM a local spectroscopy tool:  
Scanning Tunneling Spectroscopy (STS)
Inelastic Tunneling Spectroscopy  (IETS)
Local Photonemission spectroscopy  
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Tip-sample interaction

Low-temperature manipulation of Ag atoms and clusters on a Ag(110) surface,
J.T. Li, W.-D.Schneider, and R. Berndt, Appl. Phys. A, 66, 575 (1998).  
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Tip-sample interaction

Ag adatom motion along [1-10] rows

Diagonal Ag adatom motion along 
[1-11] direction (atom exchange)

Low-temperature manipulation of Ag atoms and clusters on a Ag(110) surface,
J.T. Li, W.-D.Schneider, and R. Berndt, Appl. Phys. A, 66, 575 (1998).  
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Adsorbate manipulation by STM
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Déplacer des atomes ou molécules

Animations: H. Hidber, Université de Bâle
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Quantum Corral

IBM
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•3-input sorter cascade with electrical schematic
•AND Gate

Construction of exciting molecular 
cascades at IBM Almaden
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Atomic Scale Memory at a Silicon Surface 
R. Bennewitz*, J. N. Crain, A. Kirakosian, J.-L. Lin, J. L. McChesney, D. Y. Petrovykh, and F. J. Himpsel
Nanotechnology Aug. 2002; 13(4): 499-502
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Science 271, 181-184 (1996)

Molecular Positioning
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Reversible 2D Phase Transition controlled by the STM tip

nucleation

sublimation
(negative sample
bias U = -1.2 V)

I=10pA, U=1.2V90x90nm, I=10pA, U=1.2V

Controlled phase transition 2D fluid <=> 2D solid
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SubPc Adsorption Geometry

Ag(111)

Adsorption with the Cl toward the Ag
=> dipole moment is pointing away from the surface
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Microscopic Model

Model Tip Induced Diffusion

SubPc dipole moment and inhomogeneity of the electric 
field of the tip lead to induced diffusion 

tip

sample

tip

sample

positive sample bias negative sample bias

surface potential

pos. sample bias: diffusion towards the tip
neg. sample bias: diffusion away from the tip

Induced diffusion due to electric field:
Stroscio & Eigler, Science 254 (1991) 1319
Mingo & Flores, Surf. Sci. 395 (1998) 342





T. A. Jung SPM Tutorial

AFM - “Hands & Eyes“

Detector
Laser

Cantilever

Piezo-Scanner
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Cantilever with integrated Tip

1 micrometer

50 micrometers
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„Screw Dislocation“ on High Tc YBCO
~ 400 nm diameter
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DNA-Molecule

1 micrometer
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T-(tabular) AgBr grain 
of a photographic emulsion (Ilford)
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Magnetic domains on Computer HD

Mikrometer
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tip-tools  – materials testing and data storage
Indentation Hardness

2 Mikrometer
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„HEUREKA“
— writing in between the lines of a CD

1 Micrometer
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Nano-Fracture / Nano-Wear

Fracture is a macroscopic
phenomenon which 
crucially depends on 
microscopic properties
 Crystal structure
 Dislocation lines
 Interfaces
 Crack initiation
 Crack propagation
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Well defined model system
• Nanotower arrays produced by lithography 

technique

1m

d

h

a
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Nanotower Fracture Experiments

1000 nm

breaking off and removing nanotowers
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Lateral force measurement

3 m
FN

FL

400 nm

120 nm

v
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Lateral forces during fracture
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