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Overview

- HgTe/CdTe bandstructure, quantum spin Hall effect
- HgTe as a Dirac system
- Dirac surface states of strained bulk HgTe
- QAHE and Josephson junctions



5.1 5.2 5.3 5.4 5.5 5.6 5.7 5.8 5.9 6.0 6.1 6.2 6.3 6.4 6.5 6.76.6

1.0

1.5

0.5

0.0

-0.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

6.0

5.5

Bandgap vs. lattice constant
(at room temperature in zinc blende structure)
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HgTe-Quantum Wells



band structure

D.J. Chadi et al. PRB, 3058 (1972)
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Layer Structure
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Carrier densities: ns = 1x1011 ... 2x1012 cm-2

Carrier mobilities:  = 1x105 ... 1.5x106 cm2/Vs
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Band Gap Engineering



Bandstructure HgTe
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QSHE, Simplified Picture
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Experimental Signature

normal insulator state

QSHI



Observation of QSHI state

M. König et al., Science 318, 766 (2007).
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Multiterminal /Non-local transport samples



Multi-Terminal Probe
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A. Roth et al., Science 325, 294 (2009).



Configurations would be equivalent in quantum adiabatic regime
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QSHE and iSHE as spin 
injector and detector

Split-gated H-bar



Detect iSHE through QSHI 
edge channels

I

U

Gate in 3-8 leg is scanned, 2-9 leg is n-type metallic,

current passed between contacts 2 and 9.

C. Brüne et al., 
Nature Physics 8, 486–491 (2012)



Detect QSHI through
inverse iSHE

I

U

Gate in 3-8 leg is scanned, 2-9 leg is n-type metallic, 

current passed between contacts 3 and 8 C. Brüne et al., 
Nature Physics 8, 486–491 (2012).





Bandstructure HgTe
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Dispersion at d=dc is Dirac-like

For well thickness d=6.3 nm, the gap closes,
especially the conductionband shows a linear dispersion: single Dirac cone



Large g-factor (g=55) responsible for spin slitting already at low fields.
Hall quantization reflects single valley character of the band structure:
a HgTe quantum well at d=6.3 nm is half-graphene.

B. Büttner et al., Nature Physics 7, 418 (2011).

Quantum Hall effect shows 
Berry phase



Landau-fan

Color coded: gate voltage derivative of longitudinal resistivity.
Fits: left – 8-band Kane model, right – Dirac Hamiltonian

B. Büttner et al., Nature Physics 7, 418 (2011).



Dirac peak at B=0

Peak width and mobilities comparable with/better than free standing graphene
Scattering mechanisms: probably mass fluctuations + Coulomb (fit is Kubo model)
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Changing well width
changes Dirac mass



Mobility for finite Dirac mass

B. Büttner et al.,  Phys. Rev. Lett. 106, 076802 (2011).

Originally increase in mobility from reduced impurity scattering, 
then changeover to behavior due to well width (Dirac mass) fluctuations.



Mobility for finite Dirac mass

B. Büttner et al., Phys. Rev. Lett. 106, 076802 (2011).

Modeling by Grigory Tkachov and Ewelina Hankiewicz:
Mass and disorder induce backscattering of Dirac fermions.





Bulk HgTe as a 3-D 
Topological ‚Insulator‘ 
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70 nm layer on CdTe substrate:
coherent strain opens gap
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@ 20 mK: bulk conductivity almost frozen out - Surface state mobility ca. 35000 cm2/Vs

C. Brüne et al., 
Phys. Rev. Lett. 106, 126803 (2011).
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@ 20 mK: same data, plotted as conductivity



3D HgTe-calculations
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C. Brüne et al., Phys. Rev. Lett. 106, 126803 (2011).



Conclusions
– HgTe quantum wells: normal and inverted gap, linear (Dirac) dispersion

– show Quantum Spin Hall Effect and Quantum Anomalous Hall Effect

– At d=dc, a HgTe QW is ideal model system for zero mass
Dirac fermion physics

– strained 3D layers show QHE of topological surface states

– In which a supercurrent can be induced
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