






















Surface plasmon, localized surface plasmon 





Surface plasmon resonance 



Phonons 



Wavevectors of phonons outside 1BZ are 
meaningless 





Phonon dispersion of  Si (fcc) 







Nobel price in physics 1930 " for his work 
on the scattering of light and for the 
discovery of the effect named after him" 

V. Raman 



Raman spectrometer 





Stokes / Anti-Stokes 



Raman spectrum of GaAs 

Different plasmon frequency 
due to different charge carrier 
concentration (doping) 



Raman spectra of graphene 

G G‘ 



Raman microscope 



Raman microscopy of graphene 



Tip enhanced raman spectroscopy (TERS) 



TERS - example 



Polariton in GaP 
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Inelastic neutron scattering  

o: experiment 
x: theory 





Spin wave 



Example: Magnon in Ni 



Magnon by inelastic neutrons: a-MnMoO4 
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Electron energy loss spectroscopy 



EELS - example 



EELS on Si(111) 7x7 

hwp: bulk plasmon 
hws: surface plasmon 
E1,E2: bulk interband 
transitions 
S2,S2,S3: transitions from 
occupied surface states 
 



EELS + STEM: atomic chemical contrast 

Atomic-resolution EELS 
chemical composition map 
taken on the Nion UltraSTEM 
100 microscope. V = red, La = 
green, Ti = blue. Yellow arrows 
point to purple bands showing 
V/Ti intermixing. This 128x375 
pixel spectrum-image was 
taken at 10ms/pix (~15 min 
total acquisition) with no drift 
compensation. (Courtesy L. 
Fitting-Kourkoutis & D. Muller). 
www.nion.com 



HREELS 



HREELS 



HREELS example: graphene 
G-mode 



Types of magnetic order 









Susceptibility of an antiferromagnet 



c(T) – example: spin ladder 

a 

b 

c 





Vibrating sample magnetometer (VSM) 



SQUID 





SQUID-example: EuO 



Neutron collimation (Söller) 



Magneto-optical effects 

Faraday-effect Kerr-effect 



MOKE: Experimental setup 

PhD-thesis J.Klinkhammer, Universität zu Köln, 2013 



MOKE: Geometries 

BSc-thesis A. Jacobi, Universität zu Köln, 2010 



Moke: Ellipticity 

Rodenbücher, C. 
Magnetooptischer Kerr-Eekt 
(MOKE). 
Versuchsanleitung zum 
Physikalischen Praktikum, 
RWTH Aachen, 2009 



MOKE: sketch of measurement 



Example: MOKE on EuO 



MOKE microscope 



Nd2Fe14B 

MOKE microscope 



Magnetic cicular dichroism 



XMCD-example 



Mott detector 



Mott detector 



Spin-resolved ARPES 



SR-ARPES: example 



Basic property 

A topological insulator is an insulator  

that always has a metallic surface state (SS) 

 

Key properties:   
 

• SS is topologically protected  

• SS is spin-polarized 

 

Today: Only 3D-TI, not Quantum Spin Hall effect (2D-TI) 



Topologically trivial SS 

Au(111) Ag(111) 



Experimental Example Bi2Te3 



Surface state in a Topological Insulator 

Bi2Te3: strong SOC  

1.25 eV  2 · Au(111) 

 

Exp. resolution sufficient  to 
detect splitting for Au(111) 

degenerate surface state 
ruled out 

 

but: where is the missing spin? 



Spin-polarized Surface State 



time reversal 

Topological foundation 

ordinary insulator with spin-

splitted surface state 



Kramers points 



Connection of TRI 

Topology: how are two TRI connected? 

• pairwise: trivial insulator 

• not pairwise: topological insulator 

topological insulator trivial insulator 



Topological protection 

 

topological insulator trivial insulator 



Main message 

spin-polarized surface state 

 

surface state is topologically protected 



Topology 

Topology deals with properties of 

geometric objects that remain 

unchanged by a homeomorphism 

(continuous function with continuous 

inverse function) 
 

 



Analogon: 2D-Surfaces 

Brillouin-Zone  Hilbert-Space 

k1 

k2 

kn 

1 

2 
n 

Plane   Space 



Genus 

Euler characteristics:   

Cube: 

Corners – Edges + Faces 

8 – 12 + 6 = 2 

 

 
Cube with hole: 

(8+8) – (12+20) + (6+10)  

= 2- 2 

= 2-2 g    

 

g: genus, here the number of holes 

 

 

 



Topology of bands 
• time-reversal invariant band-structures with gap 

• topological invariant: band-structures that can be continuously 
transformed into each other, especially without closing the gap 

• conventional isolators are all topologically equivalent (including the 
vacuum) 

• turned around: two bandstructures  from different topological 
classes can not be transformed into each other without closing the 
band gap  

• generate interface between materials with different invariants (e.g. 
topological insulator/vacuum) 

• bandgap has to vanish at interface  metallic surface states  

 

 



Topological invariant 

Z2 invariant n0 determines wether the surface Fermi line 
encloses an odd or an even number of Kramers points 

1 



SP-ARPES on Bi2Se3 



Spin-SEM  
(SEMPA – SEM with polarization analyser)  



Application of Spin-SEM  
(AG Oepen – Hamburg) 

Spin-SEM Aufnahme der Domänenstruktur  
einer 20nm dicken Permalloy-Ellipse  
 



NMR experiment 



Zeeman splitting 



MNR example: Graphite oxide 

www.wikipedia.de 
W. Cai et al., Science 
1815 (2008); 321 





ESR experiment 





Crystal field splitting 



ESR schematics 



Jahn-Teller effect 



ESR example: CuSO45 H2O 
 q = 60° 
 q = 150° 
 

Cu2+:1s22s22p63s23p63d9 



H. Michor, TU Wien 

B 



Historic dilatometer 

Paris, 1810 



Methods 

H. Michor, TU Wien 

Strain gauge 



Capacitive dilatometer 

O. Heyer, Diploma thesis, Universität zu Köln, 2005 



Capacitive dilatometer 

O. Heyer, Diploma thesis, Universität zu Köln, 2005 



Sample environment: low T; high B 

Dilatometer 

H. Michor, TU Wien 



Ice calorimeter 

Laplace, Lavoisier 1782 



Nernst method 





Relaxation time method 

M. Kriener, PhD-thesis, Universität zu Köln, 2005 



Example: S=1/2, Tc=10 K 

O. Heyer, PhD-thesis, Universität zu Köln, 2011 



Model system: EuC2 

O. Heyer, PhD-thesis, Universität zu Köln, 2011 



Temperature regimes 

Frank Pobell, Matter and Methods at Low Temperatures 



History of low T 

Frank Pobell, Matter and Methods at Low Temperatures 



Refrigeration techniques 

Frank Pobell, Matter and Methods at Low Temperatures 



Stirling process 

McClintock, Meredith, Wigmore, Matter at Low Temperatures 



Joule-Kelvin effect 



Joule-Kelvin effect 



Properties of cryoliquids 



3He-4He phase diagram 

Frank Pobell, Matter and Methods at Low Temperatures 



Schematic 3He-4He dilution refrigerator 

Frank Pobell, Matter and Methods at Low Temperatures 



Frank Pobell, Matter and Methods at Low Temperatures 


