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Some options (passive) 

mapping atoms/  

nano-topography 

atom architecture 

electron mapping 

mapping spin textures/ 

single atom hystereis 

mapping  vibrations spin relaxation times atomic scale  

electron spin resonance 
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Some options (active) 
nano-stretching by  

vdW forces 

(pseudomagnetism) 
chemistry step by step 

gating by the tip 
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Feynman written in atomic bits (vacancies in Cl/Cu(001)) 3/35 





Scanning Tunneling Microscope 

probing the electron density 

z 

I(z) é-az 

1 Å  ¹ 1 order of magnitude in current 

exact control of tip-surface distance (Dº1 pm)  4/35 



Moving the tip by segmented piezo tubes  

invented by  

 

G. Binnig and H. 

Rohrer,  

Helv. Phys. Acta 55,  

726 (1982)  

and  

Phys. Rev. Lett. 50,   

120 (1983)  
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The Microscope 

Å compact design: L: 85mm, Å: 26mm, rigid and symmetric 

25 mm 
shear piezo 

saphir prism 

leaf spring 

tube scanner 

tip 

tip exchange mech. 

sample 
sample exchange mech. 

tip 

sample 

socket  

and plug 

walker for 

approach 

T meas. 
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25 mm 

Instrument design: STM 

Design principles: rigid, compact, highly symmetric, adjustable in UHV  7/35 

first vibrational mode 

2200 Hz 

UHV-plug 

tip 

sample stage 

adjustment screw 

for x-y-stage  

adjustment screw 

for tip approach 



Microscope characterization 
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Excitation 

spectroscopy 

Atomic imaging Frequency spectrum tunnel current 

150 pA 

z noise w/o feedback 
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Housing the STM (vibrational/electric shielding) 
  Misra et al., RSI 84, 103903 (13) 

STM 

Vib.: heavy, multiple stages, 30 m below ground,  

decouple supply lines, decoupled foundation,  

operators outside, damping (sand, wood, foam, ..)  

Goal: 1 pm at 2 kHz BW 

between tip and sample 

Elec.: Farraday cage(s) = UHV chamber 

galvanic separation of rooms, electronics 

outside, mW grounding into UHV 9/35 



  http://www.fkf.mpg.de/2489208/001Precision_Laboratory 

Problem: Internal vibrations of cryostat, UHV chamber,  

LHe vibrations, bubbling LN2, fans, é  

Benchmark lab vibrations 

10/35 



Fighting internal vibrations 

 

11/35 

resonances of  supporting frame 

timber work ground plate 



1 m 

Frame 300 mK / 14 T- UHV - STM (AC) 

Build up (step by step) 
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virtual real 

5 years 

later 



Benchmark STM operation 

z noise w/o feedback 

electronic  temperature 
voltage noise 

thermal drift 

cycling time : ~240 h   Liebmann et al., RSI 88, 123707 (17) 13/35 



World market: sub-1K STMs 

 Pezzotta, Ph.D. thesis, RWTH Aachen (17) 
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Add-ons 

  Liebmann et al., RSI 88, 123707 (17) 

High frequency cabling 

STM  

tip 

HF plug 
HF socket 

Semi- 

Rigid 

17 GHz 

cable 
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time delay [ps]

140 ps 

Pump-Probe HOPG 

Saunus  

et al.,  

APL 102,  

051621  

(13) 

Feedback via AFM 

Electric transport contacts 
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Imaging Atoms (electron density contours) by STM 

Inventors: H. Rohrer and G. Binnig  

(Noble Prize 1985) 

ĂThey look like potatosñ 

(press release 1985) 

Si(111) 

Au(111) 

atomic 

defect 
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Mapping and charging dopants 

Te donor in GaAs (electron accumulation) 

Yakunin et al., PRL. 92, 216806   (2004) 

Mn acceptor in GaAs (hole wave function) 

Zheng et al., PRL. 72, 1490 (1994) 

Teichmann et al. 

PRL 101, 076103 (2008)  

Charging line 

Si donor 

in GaAs 

V = 2 V 
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Stretching 2D samples by tip forces 

18/35 

Graphene/SiO2 

Georgi et al, Nano Lett. 17, 2240 (17), Mashoff et al., Nano Lett. 10, 461 (10) 



Ăorñ output Ăandñ output 

Size: 12 nm x 17 nm 

Atom logic: CO on Cu(111) 

(repulsive CO-CO-force) 

Moving the atoms 

Xe-atoms on Ni(110), 4 K  
Eigler et al., Nature 344, 524 (1990) 

Tip-adsorbate interaction  

>  tip-surface-interaction 

19/35 Heinrich et al, Science 298, 1381 (02) 





Scanning Tunneling Spectroscopy 

Tersoff-Hamann-Modell 

tipsample
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s. C.J. Chen, Introduction to  

Scanning Tunneling Microscopy  
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Local Density of States 

2
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E
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d

function  waveparticlesingle:iY

resolutionenergy :)5.2()6.3( 2
mod

2 VkTE Ö+Ö=d

temperature modulation voltage of lock-in 

6 K Ý 1.5 meV,  300 mK Ý 75 meV 
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Imaging electron waves 

J. Li et al., Lausanne 

Atom  

electron waves (eikx+j) are  

scattered at defects 

(step edges, impurities) 

Ý 

standing waves are visible  

around defects 

Ag(111) (2D surface state) 
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Mapping the Fermi surface: E(k) 

V = 0 mV, V
stab

 = 300 mV, I
stab

 = 200 pA, 
V

mod
 = 1 mV

rms
, T= 5 K 

100 nm 

E= 0 meV 

Fourier 

dI/dV(x,y) = standing wave pattern 

1.5 % Cs / p-InSb(110) 

23/35 PRB  81, 155308 (2010),  Physica E,44, 1795 (2012) 
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Tracking energy band dispersion 

0 meV -10 meV -20 meV -30 meV -40 meV 

-50 meV -60 meV -70 meV -80 meV -90 meV -100 meV 

k2 

k1 

2DES 

2.7 % Fe/n-InAs(110) 

m
eff

 = 

0.022 ī m
0 

ARPES 

STS 
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Becker et al. ,  

PRB 81, 155308  (10) 

Fourier transform of  

standing wave patterns 

(dI/dV images) 



(Complex) Band dispersion by STM 

Fourier transform of standing wave patterns at different E 

Important: Scattering vectors are visible 
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25/35 



Determination of phase coherence length 

L. Bürgi et al., PRL 82, 4516 (1999) 

Cu(111): electron waves scattered at step edge 

LF = ¤ : thermal length 

LF = 62 Å: thermal + phase coherence length 

energy dependence 

tF  ́E 
ï2 
Ý e-e scattering 

26/35 

flux conservation Ý amplitude ŕ1-D 



Imaging Bloch waves 

Wittneven et al., 

PRL 81, 5616(1998) 
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100 nm 

6 Å 

InAs(110): electrons scattered at dopants 
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Chemical contrast via Bloch waves 

RhPt (001): 

Rh bright 

Hebenstreit et al. 

Surf. Sci. 441, 441 (99) 

GaAs(110) 

occupied  

states (As) 

empty  

states (Ga) 

Stroscio et al. JVST A 6, 499 (88) 
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Confined electronic states 

DE |Y|2 

 Ý peaks in dI/dV(V)  Ý wave functions in dI/dV(x,y) 

29/35 



Confined states in artificial cages 

cages made from Fe atoms on Cu(111) 

E. J. Heller et al., Nature 369, 464 (1994) 30/35 

Don Eigler 



[110] 

Wave Functions in InAs quantum dot 

Maltezopolous et al. 

PRL 91, 196804  

(2003)  

O.Stier et al., PRB 59, 5688 (1999)  
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                        Wave function mapping: 

                        Graphene quantum dots 

-0.26 V -0.42 V -0.63 V 
4 nm 

2 states 4 states 6 states 

Exp. 

Theo. 

-0.66 eV -0.67 eV 

hard confinement soft confinement 

Subramaniam et al., PRL 108, 046801 (2012) 
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LL0 LL1 

D
O

S
 

E 

Vpot = 0 Vpot > 0 Vpot < 0 

LL0 

6 T 

100 nm 

        localized state          localized state      critical state 

Epot (x,y) 

2D + large magnetic field + disorder Ý quantum Hall wave functions 
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More complex wave functions 

broadened Landau levels 

by disorder 

electron path 

6 T 
10 nm 

Epot (x,y) 

(qm) 

0 0 

0 

0 



LDOS within 1. Landau level 

G F 

Hartree calculation 

50nm 

A B 
50nm 

C D 

E 
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T = 0.3 K, B = 12 T 

12 T,  

-125 - -75 mV 

Hashimopto et al. 

PRL 101, 256802 (08) 

 


