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Outline 

1. Coulomb blockade and cotunneling (Brief reminder) 

2. Spin-orbit coupling in quantum dots (Exp) 

3. Probing spin-orbit coupling by inelastic cotunneling 
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’Canonical’ nano-junction 
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Coulomb blockade regime 
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Charge conduction: Quantum tunneling + Classical charging 
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Diamond plot: Coulomb Blockade 

Plotting conductance as a function of      and 

Chemical potential of dot or molecule:  
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Cotunneling: Lifting Coulomb blockade by quantum fluctuations 

0 

N-1 N N+1 

Charging cost: 

Finite current: 

Cotunneling rate (2.-order PT): 

Spinful dot (odd occ.) (∞-order PT): 

”Kondo-effect”: 
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Inelastic Cotunneling: Bias spectroscopy 

0 

Excited state 
spectroscopy !! 
 
 

Specific signatures: 
 
• spin-flip transitions 
  (Kondo-sharpened!) 
 

• vibrationally assisted 
  transitions  
  (sidebands!) 

Extra contribution to the current: 
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Kondo effect and spin-orbit coupling (not complete) 
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Ce-compounds etc. 

so-coupling in 
conduction electrons 

so-coupling + QDots 

• SO-coupling (isotropic LS-coupling) changes atomic spectrum, new g-factor etc. 
• Degenerate Kramers doublet gives Kondo-effect. 
• Spin-anisotropy from crystal fields. 
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InAs quantum wire dots 

The Niels Bohr Institute & Nano-Science Center 
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Spin-Orbit Coupling in carbon nanotube quantum dots 
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T. Sand Jespersen, K. Grove-Rasmussen, 
J. Paaske, K. Muraki, T. Fujisawa, J. Nygård, K. Flensberg 
(arXiv:1008.1600) 

Spin-Orbit Coupling in multi-electron carbon nanotubes 

Zoom-in shown later 
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Single-particle states: 

Ando, 2000 
Huertas-Hernando, Guinea, Brataas, 2006 

Izumida, Sato, Saito, 2009 
Jeong and Lee, 2009 

Curvature gap 

AB flux 
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Cotunneling spectroscopy 

2nd electron 3rd electron 

Fit parameters:                  and   

1st electron 
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Bias-spectroscopy for large filling 
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Gate-dependence of spin-orbit coupling 
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Cotunneling and (S=1/2) Kondo effect with spin-orbit coupling 

For          , time-reversal symmetry         Kramers doublets (of 2-spinors) 

(Dot electrons) 

(Conduction electrons) 

Time-reversal symmetry-partners: 
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Resulting Anderson-model  (Constant interaction model) 

(Unitary matrix !!) 

No trace of so-interaction! 

Kondo effect via degenerate 
Kramers doublets 

(m’th orbital) 
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What happens in applied magnetic field? 

Time-reversal symmetry is broken: 

- Splitting of Kondo peaks 

- i.e. log-enhanced inelastic cotunneling 

- Non-degenerate Kramers doublets 

m’th level is mixed in with other levels: 

No longer Unitary matrix !! 
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Implications for the Kondo model 

Do Schrieffer-Wolff transformation with general        : 

Effective cotunneling (Kondo) model with anisotropic exchange coupling. 

Notice that                   is mixed with        : Potentially 2-channel Kondo 
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A simple model: 2 levels with SO-coupling and B-field 

Diagonalize two levels with spin (4x4): 

Left 
lead 

Right 
lead 
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Diagonalize in zero B-field: (spin-quantization axis along       ) 

Left lead Right lead 

Now, apply magnetic field (linear terms): 
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Breaking time-reversal symmetry by external field: 

• In absence of B-field, there was no sign of entangled spin and orbit. 
 

• In presence of B-field, there is .... 

The magnetic field couples the doublets! 

Three relevant vectors: 
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Within one Kramers doublet (     -basis) 

Splitting of Kramers doublet a 

Splitting of Kramers doublet b 
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Tunneling amplitudes revisited in finite B-field 

With both spin-orbit and magnetic field:  

With only spin-orbit or magnetic field:  

Left lead Right lead 
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Inelastic cotunneling current 

Forward bias 

Left 
lead 

Right 
lead 

Difference between forward 
and reverse bias: 

Calculate nonlinear dI/dV:  
(Requires noneq. occupations). 
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Lots of different behaviors now possible: 
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Two-channel Kondo model at finite B-field 

Not only two non-zero eigenvalues! 

Calculate the 4 eigenvalues of: 

considered as a matrix in the basis: 

Zero splitting attained! 
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(‘Stranski-Krastanow growth’) 
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Model 

Split Kondo peak: rotating the magnetic field 
[Giorgos Katsaros, S. De Franceschi et al., unpublished] 



12-09-2010 
Dias 34 

J. Paaske, NBI & NSC 

Summary 

Spin-orbit coupling in Kondo regime 
Efficiently probed by inelastic cotunneling with 
external magnetic field: 
 

• Bias-asymmetry and strong angular dependence! 
 

• Potential for 2-channel Kondo effect (?) 

Spin-orbit coupling in CNT at large filling 
Cotunneling spectroscopy with external 
magnetic field at different angles. 


