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O'Connell et al., Nature 464, 697 

Quantum control on a single phonon level 

1. Quantum optical techniques for detection. 

 2. Detection by studying Landau-Zener transitions. 
A.Kovalev et al. Phys. Rev. Lett. 106,  
147203 (2011) 



Albert Fert and Peter Grünberg discovered  
giant magnetoresistance effect in 1988,  
Nobel Prize 2007. 

Opposite effect: current induced torque. 
J. C. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996); 
L. Berger, Phys. Rev. B 54, 9353 (1996). 
 

Gmr effect and spin transfer torque 



Spin torques with majoranas
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A.A. Kovalev, A. Brataas, G.E.W. Bauer, 

Phys. Rev. B 66, 224424 (2002)

In the presence of majorana fermions 

we can get         periodic torque!

Current-induce spin-transfer torque is       periodic.

P.Kotetes, A.Shnirman, G.Schön, arXiv:1207.2691

L. Jiang, D. Pekker, J. Alicea, G. Refael, Y. Oreg, 

A. Brataas, F. von Oppen, arXiv:1206.1581



Majorana fermions 

They are real and imaginary  
parts of a creation operator. 

Can be realized in systems with interactions 

 A. Yu. Kitaev (2001) 

-- drop out from Hamiltonian and allow us to form an artificial fermion. 

J. Alicea, Y. Oreg, G. Refael, F. von Oppen & M. 
P. A. Fisher Nature Physics 7, 412–417 (2011)  

At low energies, the whole wire 
behaves as one fermion. 



Implementations based on  
semiconductor wires 
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Nambu and spin spinor 

Majorana is obtained by  
tuning magnetic field 
and chemical potential 
in the gap 

Due to conservation of parity we need 4 edge modes to form a qubit 
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Some gates can  
be realized 
by braiding of  
edge modes. 

J. Alicea, Y. Oreg, G. Refael, F. von Oppen & M. P. A. Fisher, Nature Physics 7, 412–417 (2011)  



P. Kotetes, A. Shnirman, G. Schön, arXiv:1207.2691 
L. Jiang, D. Pekker, J. Alicea, G. Refael, Y. Oreg,  
A. Brataas, F. von Oppen, arXiv:1206.1581 

Magneto-Josephson effect leads to spin current 

The torque is further transferred to magnets! 

This result can be obtained by exact diagonalization of tight-binding version of Hamiltonian 
or by considering evanescent solutions of the form 

Spin currents and torques with majoranas 



Hybridization energies and spin currents

-- positive solutions of

- Hybridization for non-topological region

- Hybridization for topological region

- Spin-current in non-topological region
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Sensing majoranas with magnetic resonance 
Force microscopy 

Fixed magnet 
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The mechanism of coupling: 

1. Large non-topological region 

2. Small non-topological region 

Quantum oscillations between these two states  

The state                          is associated with spin current and torque. Thus, AC torque acts 
on resonator. Resonant case: resonator frequency is equal to frequency of  
quantum oscillations. 

Magnetic tips with fields 0.1 Tesla are available. Sufficient to drive wire into topological state. 



Fix electron parity of two fermions, 
Hilbert space of (0,1) and (1,0) states 
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Quantum oscillations and torques 



QED with majoranas and resonator 
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Strong coupling can be realized when:  

Should be accessible with carbon nanotubes: J. C. Meyer, M. 
Paillet, and S. Roth, Science 309, 1539 (2005) 

Effective low energy description:

Can reduce to Rabi Hamiltonian!

Rabi frequency:



Dissipative dynamics and transfer of quantum information

Effective low energy description:

Can reduce to Rabi Hamiltonian!

Rabi frequency:

Dynamics simulated with 

Lindblad master equation:

(a) Rabi oscillations of a 

Majorana qubit coupled to

a mechanical resonator. 

(b) The quantum process

tomography of a process in 

which qubit state is 

transferred to the resonator, 

then stored in the resonator 

while the systems are 

detuned, and finally 

transferred back to the qubit. 

(c) and (d) same as (a)

and (b) but for a resonator 

with smaller quality factor.



Analogy to spin transistor 

Results are obtained by numerical 

diagonalization of Hamiltonian:

Gate voltage can control the spin  
supercurrent and hybridization in  
spin-transistor type architecture. 

Left: for a field of a dipole; Right: field of thin disk 
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Might be useful for quantum  
computing and sensors 

J. I. Cirac and P. Zoller, PRL 74, 4091 (1995). 

D. Rugar, R.Budakian, H. J. 
Mamin and B. W. Chui,  
Nature 430, 329-332 (2004) 

Nature 451, 664-669(2008) 

Similar ideas with transmission line due to coupling via Rashba 



• Conservation of angular momentum in nanoscale 
devices with spin supercurrents can lead to mechanical 
torques. 

• I suggested coupling between majorana modes and 
mechanical modes in the quantum regime, i.e. quantum 
spin torques. 

• Results can be potentially useful for detection of 
majorana modes by magnetic resonance force 
microscopy. 

• Described phenomena can be potentially useful for 
quantum computing as well as observing fundamental 
quantum mechanical effects in macroscopic objects. 

 

conclusions 


