Universiteit

4 Leiden
The Netherlands

Effects of spin-orbit coupling on quantum transport
Bardarson, J.H.

Citation
Bardarson, J. H. (2008, June 4). Effects of spin-orbit coupling on quantum transport.
Casimir PhD Series. Retrieved from https://hdl.handle.net/1887/12930

Version: Corrected Publisher’s Version

Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/12930

License:

Note: To cite this publication please use the final published version (if applicable).


https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/12930

Effects of Spin-Orbit Coupling
on Quantum Transport

Jens Hjorleifur Bardarson



Cover designed by Guneeta.



Effects of Spin-Orbit Coupling
on Quantum Transport

PROEFSCHRIFT

TER VERKRIJGING VAN DE GRAAD
VAN DOCTOR AAN DE UNIVERSITEIT LEIDEN, OP GEZAG VAN
DE RECTOR MAGNIFICUS PROF. MR. P.F. VAN DER HEIJDEN,
VOLGENS BESLUIT VAN HET COLLEGE VOOR PROMOTIES
TE VERDEDIGEN OP WOENSDAG 4 JUNI 2008
TE KLOKKE 15.00 UUR

DOOR

Jens Hjorleifur Bardarson

GEBOREN TE REYKJAVIK IN 1979



Promotiecommissie:

Promotor: Prof. dr. C. W. J. Beenakker
Referent: Prof. dr. ir. G. E. W. Bauer (Technische Universiteit Delft)
Overige leden:  Prof. dr. J. van den Brink

Prof. dr. J. M. van Ruitenbeek

Prof. dr. H. Schiessel

Dr. J. Tworzydlo (Universiteit van Warschau)

Dr. ir. C. H. van der Wal (Rijksuniversiteit Groningen)

Casimir PhD Series, Delft-Leiden, 2008-01
ISBN: 978-90-8593-040-2

The research described in this thesis was supported by the European Com-
munity’s Marie Curie Research Training Network under contract MRTN-
CT-2003-504574, Fundamentals of Nanoelectronics for the first three years,
and by the Leiden Institute of Physics for the fourth year.



Fyrir mommu og pabba,
Guomund, Kristjonu, Helga og Hlyn.
Takk fyrir allt.






Contents

1 Introduction 1
1.1 Spin and Spin-Orbit Coupling . . . . . . . . . ... ... .. 3
1.1.1  Spin and the Stern-Gerlach Experiment . . .. . .. 4
1.1.2  Spin-Orbit Coupling from the Dirac Equation . . . . 6
1.1.3 Spin and Rotations . . . . . . . ... ... ... ... 8
1.1.4  Spin-Orbit Coupling in Semiconductors . . . . . . . 13

1.2 Time Reversal and Kramers Degeneracy . . . . .. .. ... 17
1.2.1  Antiunitary Operators . . . . . . . .. .. ... ... 18
1.2.2 Quaternions . . . . . . . . ... L 19
1.2.3 Time Reversal . .. . ... ... ... ... ..... 21
1.2.4 Consequences of Time Reversal for Hamiltonians . . 24
1.2.5 Consequences of Time Reversal for Scattering Matrices 26

1.3 Model Hamiltonians . . . . . . .. ... ... ... ..... 29
1.3.1 The Rashba Hamiltonian . . . . ... ... ... .. 30

1.3.2  Graphene - the Single Valley Dirac Hamiltonian . . . 33

1.4 This Thesis . . . . . . . . ... 34

2 Stroboscopic Model of Transport Through a Quantum Dot

with Spin-Orbit Coupling 45
2.1 Imtroduction . . . . . . ... .. ... o 45
2.2 Description of the Model . . . . . . .. ... ... ... ... 46
2.2.1 Closed System . . . . ... ... ... .. 46
222 OpenSystem . .. ... ... ... ... ... 49
2.3 Relation to Random-Matrix Theory . . . .. ... ... .. 51
231 [B=1-—2Transition. ... ... .. ... ...... 51
232 [B=1—4Transition. . . . ... ... ... ..... 53
233 [B=4—2Transition. . . . . .. ... ... ... .. 55

2.4 Numerical Results . . . . . . . . ... ... ... ... .. 55



viii CONTENTS

2.5 Conclusion . . . . . . . . . 56

3 How Spin-Orbit Coupling can Cause Electronic Shot Noise 59

3.1 Introduction . . . . . . .. ... ... ... ... ..., 59
3.2 The Effect of Spin-Orbit Coupling on the Ehrenfest Time . 60
3.3 Numerical Simulation in a Stadium Billiard . . . . . . . .. 62
3.4 Conclusion. . . . . . . .. ... ... 66

4 Degradation of Electron-Hole Entanglement by Spin-Orbit

Coupling 67
4.1 Introduction . . . . . . .. .. . ... ... ... 67
4.2 Calculation of the Electron-Hole State . . . . ... ... .. 69
4.2.1 Incoming and Outgoing States . . .. ... ... .. 69
4.2.2 Tunneling Regime . . . .. ... ... ... ..... 70
4.2.3 Spin State of the Electron-Hole Pair . . . . . . . .. 71

4.3 Entanglement of the Electron-Hole Pair . . . . .. ... .. 72
4.3.1 Numerical Simulation . . . .. ... ... ...... 73
4.3.2 Isotropy Approximation . . . ... ... .. ... .. 74

4.4 Conclusion. . . . . . . .. .. 77
Appendix 4.A A Few Words on the Use of the Spin Kicked Rotator 78
Appendix 4.B  Calculation of Spin Correlators . . . . . . .. .. 79
5 Mesoscopic Spin Hall Effect 83
5.1 Introduction . . . . . . . ... . ... . 83
5.2 Scattering Approach . . . ... ... ... ... ... .. .. 85
5.3 Random Matrix Theory . . . ... ... ... .. .. .... 87
5.4 Numerical Simulation . . .. ... .. ... .. ....... 89
55 Conclusion. . . . . . . . . ... . 90

6 One-Parameter Scaling at the Dirac Point in Graphene 91

6.1 Introduction . . . . . . . . . ... ... 91
6.2 Transfer Matrix Approach . . . . . . .. ... ... .. ... 93
6.3 Numerical Results . . . . . . . . . . ... ... ... ... 96
6.4 Conclusion. . . . . . . . . . 99
References 101
Summary (in Dutch) 109
List of Publications 111

Curriculum Vitae 113



