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Conventional computers: information in bits,   
 
0 or 1,           +1 or -1,             or          

Quantum computers: information in Qubits,   
 
Electron described by spinor: 

Complex numbers 

Spinor is an eigenvector of                    , the spin component along         

a,  g                     

Quantum computers 
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Static qubits: 

Here we discuss mobile (or flying) qubits, in  
mesoscopic semiconductor devices 

http://qt.tn.tudelft.nl/research/spinqubits/
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A. Tonomura 
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Quantum mechanics: 

 
Particle-wave duality 

 
Schrödinger’s wave equation 

 
 
 
 
Dirac’s equation: spin and spinor 
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Spin-orbit interactions 

Entin-Wohlman, Gefen, Meir, 
Oreg (1989, 1992) 

Dirac:: 

Aharonov-Casher 

A spinor  y  entering from the left 

and travelling a distance L along the x-axis 
will be multiplied by the 2x2 unitary 
matrix 

Rotation of spin direction around y-axis 



8 

Rashba Spin-orbit interactions 

Dirac:: 

Rashba: 2DEG, confined to a plane by  

an asymmetric potential along z: 

Strength of Rashba term can be tuned by gate voltage! 

A spinor  y  entering from the left 

and travelling a distance L along the x-axis 
will be multiplied by the 2x2 unitary matrix 

Rotation of spin direction around y-axis 
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Dresselhaus: originates from 
bulk inversion asymmetry of the 
crystal structure: 

Linear Dresselhaus: 

Dresselhaus Spin-orbit interactions 
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Spin field effect transistor 
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Tunable with gate voltage 

Can use at low gate voltages! 

Das and Datta (1990): The Spin field effect transistor 
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‘Writing’ on spinor:       Spin filtering 
 

Work with mobile electrons,  

Generate spin-polarized current out of an unpolarized source 
 
 

filter polarized  
electrons 

unpolarized 
elecrons 
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Spin filtering: 
 

Generate spin-polarized current 
out of an unpolarized source 

 

Earlier work: usually calculate  
spin-dependent conductance, 
and generate partial polarization,  
which varies with parameters. 

 
Our aim: obtain full polarization,  
in a tunable direction  quantum 

networks 

filter 
Unpolarized  

electrons 
polarized  
electrons 
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Quantum networks 
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Gaps:  SO cage 
Evanescent modes 

k= momentum of electrons along the chain  

k 
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http://prb.aps.org/edannounce/PhysRevB.77.130001


18 

Earlier work concentrated on spin-dependent conductance,  
averaged over electron energies, did not concentrate on spin filtering 

Our aim: use simplest quasi-1D model to generate spin filtering 

We use tight-binding quantum networks, 

Our main conclusion: can achieve full filtering provided we use  
both spin-orbit and Aharonov-Bohm 

2-component spinor at node u  

2x2 unitary matrix, representing hopping from v  to u  

Continuum versus tight-binding networks:  
AA + Ora Entin-Wohlman, J. Phys. Chem.  113, 3676 (2009); ArXiv: 0807.4088 
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4 solutions, which appear in pairs,  

Real q: ’running’ solution.  
Complex q: evanescent solution. 

Ballistic conductance =   
g= number of solutions which 
run from left to right: g= 0, 1 or 2 

For a broad range of parameters,  
there is only one running solution, and  
then the electrons are fully polarized! 

General solution: 
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Ballistic conductance g 
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To obtain full filtering – 
Must break both  
Time reversal symmetry 
(magnetic field) 
And reflection symmetry 
(electric field) 
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Problems: 
 
How to realize long chain? 
 
How to read information from spinor? 
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Problems: 
 
How to realize long chain? 
 
How to read information from spinor? 

Single or double diamond 
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Single loop interferometer 
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Single diamond 

Eliminate 
B and c 

Tight-binding 

Non unitary 
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Electron from 
 left: 

Scattering theory 

Transmission: 
 
Reflection: 



29 

= Unitary matrix transforming 
spinor after a full walk 
around the loop 
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= 
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Full  filtering if one eigenvalue vanishes! 
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Full  filtering if one eigenvalue vanishes! 

only when 

T depends only on f 
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“Reading” spin information 

Incoming electrons polarized,  

Can measure the projection of the  
incoming polarization on that of the filter  
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Rashba spin orbit 
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Independent 
of energy! 
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To obtain full filtering – 
Must break both  
Time reversal symmetry 
(magnetic field) 
And reflection symmetry 
(electric field) 
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Independent 
of energy! 
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Experimental 
realization 
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Two diamonds 

Same incoming and outgoing spin, large transmission 
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Can rotate the spins between the two diamonds 

Datta-Das spin FET without ferromagnets! 
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Are there materials for this device? 
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How to confirm filtering? 
 
•Use double interferometer as a Datta-Das device. 
 

Datta-Das spin FET without ferromagnets! 
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How to confirm filtering? 
 
 

•Use side quantum dot: 



44 

How to confirm filtering? 
 
 

•Use rectification by Pauli exclusion: 
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More recent results 
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*  Stability against leaking? 
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Filtering: 

Leaking breaks time reversal symmetry!  

No need for magnetic field 
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**   Double dot interferometer 

Need to tune only 2 voltages! 
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*** 
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Misbalanced spin population in the leads 
yields spin-split currents from the wire 

vibrations 
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****  



53 

Conclusions: 
 
Need both Aharonov-Bohm and spin-orbit to maintain full 
filtering. 

 
Spin is sensitive to parameters:  small changes in parameters 
switch the direction of the filtered spin. 

 
Can work at fixed small magnetic field, with small changes in 
electric field or in electron energy. 

 

Double diamond = Datta-Das spin FET. 
 
* Results robust against leaks, ** can use double 
dot,  *** can use vibrating molecule, **** time 
evolution generates spin currents in the leads. 
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More to do: 
 
How to measure? 

 
Add Zeeman field – Aharonov-Casher? Berry phase? 

 
Dissipation: stochastic noise? phonons? Dephasing? 

 
Add e-e interactions? 

 
How can we combine beams to perform computing? 
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Choose parameters so that 

Full filtering! 



60 
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Eliminate  b, c: 

Electron from left: 

Non-unitary! 
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Generalized Landauer formula 
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Depends only on Rashba and on AB flux! 
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Polarization of outgoing spins 
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Transmitted currrent 
Proportional to            : 
Can measure incoming  
spin polarization 
Via measurements  
of the transmission! 
                ‘READING’. 
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Textbook method: Stern-Gerlach splitting 

Based on Zeeman splitting,  
Requires large fields, separation of beams not easy due to uncertainty 

‘Writing’ on spinor:       Spin filtering: 

 
Work with mobile electrons,  
Generate spin-polarized current out of an unpolarized source 
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