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Spin-orbit coupling essentials

electron feels a magnetic field because of its own orbital motion
that tends to line up its spin

spin-orbit coupling field

communication between charge and spin  =>  spintronics
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Concept of spin-orbit coupling field in solids

time reversal + space inversion symmetry

time reversal symmetry only

effective k-dependent
spin-splitting magnetic field

bulk inversion asymmetry (BIA)

structure inversion asymmetry (SIA)
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Combination of the linearized spin-orbit fields
symmetry lowering

bulk inversion asymmetry (BIA)

structure inversion asymmetry (SIA)



  

eduQUTE

SOC fields in bulk III-V semiconductors

zinc-blende wurtzite

G. Dresselhaus, Phys. Rev. 100, 580 (1955) J. Y. Fu and M. W. Wu, JAP 104, 093712 (2008)
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Spin-orbit coupling parameters for bulk III-V
extracted parameters for conduction band

[a] M.I. McMahon, R.J. Nelmes, Phys. Rev. Lett. 95, 215505 (2005)
[b] D. Kriegner et al., Nano Lett. 11, 1438 (2011)

[a] [b] [b]
(8.5) (119) (47) (209)(GW calculations) [*]

[*] A.N. Chantis et al., Phys. Rev. Lett. 96, 086406 (2006)

DFT calculations 
WIEN2k + mBJ

M. Gmitra, J. Fabian, Phys. Rev. B 94, 165202 (2016)
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Spin-orbit fields in zinc-blende
growth directions of quantum wells
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GMR/TMR
(giant magnetoresistance)

GMR/TMR
(giant magnetoresistance)

Hall effect SPAR
(spin polarized Andreev 
reflection)

TAMR 
(tunneling anisotropic 
magnetoresistance)

CAMR 
(crystalline anisotropic 
magnetoresistance)

PHE 
(planar Hall effect)

MAAR
(magnetoanisotropic 
Andreev reflection)

J. Moser et al., PRL 99, 056601 (2007) T. Hupfauer et al., Nat. Comm. 6, 7374 
(2015)

X. Fan et al., Nat. Comm. 4, 1799 
(2013)

P. Högl et al., PRL 115, 116601 (2015)

Manifestation of spin-orbit fields
magnetoresistive effects
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Symmetry of Fe/GaAs (001) interface
advances of epitaxial growth

Fe

Ga

As
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generic linear in k spin-orbit coupling of

Exploring symmetry
a path to the effective Hamiltonian
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spin-orbit coupling

electric control

magnetic control

?

Fe/GaAs (001) interface
change of the paradigm
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magnetization

Parameters depend on magnetization
most general Hamiltonian for 
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M. Gmitra et al., PRL 111, 036603 (2013)

Spin-orbit field obtained from bands
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M. Gmitra et al., PRL 111, 036603 (2013)

magnetization
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Magnetic control of spin-orbit symmetry
spin-orbit field for general k-point
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S. Putz et al., Phys. Rev. B 90, 045315 (2014)

anisotropic polar MOKE – Kerr rotation

Symmetry of Fe/GaAs (001) interface
addressing the spin-orbit field by optics

M. Buchner et al., Phys. Rev. Lett. 117, 157202 (2016)
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T. Hupfauer et al., Nat. Comm. 6, 7374 (2015)

reduction of Fe thickness

reduction of symmetry

8-layers of Fe 4-layers of Fe

Crystalline anisotropic magnetoresistance
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S. Furthmeier et al., Nat. Comm. 7, 12413 (2016)

● pioneering optical spin injection into a single free-standing nanowire

● g-factor significantly different than in the cubic zinc-blende phase

● highly anisotropic spin relaxation due to SOC at core/shell interface
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Spin-orbit field in core/shell wurtzite nanowires
role of GaAs/AlGaAs interface
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T. Campos et al., arXiv: 1802.06734
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Conduction subbands in nanowires (50 nm)
an element for Topological Quantum Computation
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Topological Quantum Computation
approach to fault-tolerant quantum computation

unitary quantum gates

braiding of topological
quantum objects „anyons“

● Localized excitations on an interacting Hamiltonian
(Laughlin fractional Quantum Hall liquid)

● Defects in an ordered system
(Abrikosov vortices in topological superconductor / domain wall in 1D system)

simplest realization of non-Abelian anyons (no anionic excitations) is a quasiparticle 
or defect supporting a Majorana zero mode (zero energy mid-gap excitation)
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What is the Majorana zero mode?
zeroth order crash course

● is a fermionic operator

● squares to unity

● commutes with the Hamiltonian of a system

● degenerate ground state / non-local entanglement

● decomposition to conventional fermions

To realize Majorana excitations                      we seek for, e. g.,  
with energy dependent coefficients of Bogoliubov quasiparticle excitations

} Majorana
fermion

BCS spinless fermion pairing → Cooper pair wave function must be antisymmetric
therefore  Majorana zero-energy excitations should exist in p-wave superconductors
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Spinless p-wave superconductors

continuum mean-field many-particle Hamiltonian

associated  Bogoliubov—de Gennes Hamiltonian

excitation spectrum for an infinite system

effective BdG field in particle-hole space

Pauli matrices in particle-hole space

where
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Spinless p-wave superconductors
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Domain wall Majorana excitations

BdG eigenspinor
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“Synthetic” realization of Majorana excitations
experimentally accessible system

Basic ingredients:
1. proximity coupling to s-wave superconductor
2. spin polarization
3. spin-orbit coupling

Kitev limit (p-wave SC)strong Zeeman+perturbative SOC

effective p-wave pairing 
strength of the proximity-
coupled quantum wire
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Carbon nanotube hosts Majorana zero mode
novel proposal

[*]M. Marganska et al., arXiv: 1711.03616v1
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2H polytype of NbSe2

SG: #194 (P6
3
/mmc)

PG: D
6h

a = 3.445 Å [*]

c = 12.55 Å

[*]J. Xu et al., Digest Journal of Nanomaterials and Biostructures 10, 505 (2015)
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Anisotropic type-II superconductor

[*]J. A. Galvis et al., arXiv:1711.09269 (2017)
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Phase diagram of 2H-NbSe2

[*]M. Leuroux et al., PRB 92, 140303 (2015)
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Charge density wave (CDW)
Peierls transition

[*]G. Gruener, Rev. Mod. Phys. 60, 1129 (1988)
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3x3 CDW in single layer NbSe2

[*]M. M. Ugeda et al., Nat. Phys. 12, 92 (2016)
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Peeling-off NbSe2 layer-by-layer

33 K

[*]X. Xi et al., Nat. Nanotech. 10, 765 (2015)

145 K

7.5 K

~2 K
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Ising pairing by spin-momentum locking

[*]X. Xi et al., Nat. Phys. 12, 139 (2016); Y. Saito et al., ibid. 12, 144 (2016)
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Band structure of 2H-NbSe2
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Fermi surface/superconductivity

anisotropic gap

or

two-band superconductivity?

+ + =

weak coupling

very weak coupling

[*]Y. Noat et al., PRB 92, 134510 (2015)

[*]

(McMillan)
(Suhl)
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Coupling of two sub-systems
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Interaction of two bands

text

[*]solution:
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What would see ARPES?
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Chiral carbon (8,4) nanotube

diameter of 8.3 Å
112 atoms in unit cell[**]

[*]source: https://en.wikipedia.org/wiki/Carbon_nanotube
[**]input: TubeGen3.3, J T Frey, University of Delaware

[*]
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Band structure of cnt(8,4)
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Joint spaghetti
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Hybridization state

[*]k=0.0216 1/Å (path G-Y, K#9, band 1046)

z

y

x



  

eduQUTE

Spin-orbit coupling form
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Spin-orbit coupling form
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Save the Majoranas!

[*]Note: magnetic splitting in 10 Tesla would be 1 meV
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Ultrathin films of superconductors
a platform for topological superconducivity (Pb or β-Sn)

● Cooper pairing
● broken inversion symmetry
● broken time-reversal symmetry

large g-factor ~ 100 – 350
E-field 0.1 V/nm ~ 2 meV subbands shif
strain of 1% ~ 200 meV Fermi level tunning 

fcc Pb

Advantage: interface or proximity effect free
system to obtain SC in a strong SOC systems

C. Lei, H. Chen, A.H. MacDonald, arXiv:1801.05020

1D
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Conclusions

Tobias Frank Klaus Zollner Petra Högl Paulo E. Faria Denis Kochan Sergej Konschuh Alex MatosMarcin Kurpas Jaroslav FabianMagda Marganska Flo Dirnberger

Acknowledgments

● symmetry dictates topology of spin-orbit coupling fields

● appreciable proximity induced spin-orbit coupling effects in vdW heterostructures

● carbon nanotubes could host Majorana bound states

● promising topological superconductivity in thin films of heavy elements


