Spin-Dependent Josephson Current through Double Quantum Dots and Measurement of Entangled Electron States
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In recent years, the studies of electronic transport through strongly interacting mesoscopic systems [1] have been extended to an Anderson impurity or a quantum dot coupled to superconductors. In particular, an effective dc Josephson effect through strongly interacting regions between superconducting leads has been analyzed [2]. More recently, on the other hand, it has been found that the direct coupling of two quantum dots by a tunnel junction can be used to create entanglement between spins, and that such spin correlations can be observed in charge transport experiments [3]. 
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Fig. 1: (a) Sketch of the superconductor-double quantum dot-superconductor (S-DD-S) nanostructure and (b) the quasiparticle energy spectrum in the superconductors and the single-electron levels of the two quantum dots. (c)-(f): Partial listing of virtual tunneling processes. The numbered arrows indicate the direction and the order of occurrence of the charge transfers. 

Motivated by these studies we propose a new scenario for inducing and detecting spin correlations: We study a double quantum dot (DD) each dot of which is tunnel-coupled to superconducting leads (but not directly with each other), see Fig.1. In the Coulomb blockade regime, a spin-dependent Josephson coupling between two superconductors is induced, as well as an antiferromagnetic Heisenberg exchange coupling between the spins on the double dot which can be tuned by the superconducting phase difference in such a way that
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with J22/Here the two electrodes are assumed to be conventional singlet superconductors. Each dot is described by a single-level Anderson-type impurity with single-particle energy level  -  ( >0 ) and the on-site interaction  UEC=e2/2C . The tunnel coupling between the dots and the superconducting leads are characterized by the level width  =t2N(0)  where  t  is the tunneling amplitude and  N(0)  is the normal-state density of states per spin of the leads at the Fermi energy. 

We also show that the correlated spin states—singlet or triplets—on the double dot can be probed via the Josephson current in a dc-SQUID setup in Fig.2 (see [4] for more details), by measuring the dc voltage V in the  in the presence of a proper dc bias current and magnetic flux through the SQUID-ring.
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Fig. 2: (a) dc-SQUID-like geometry consisting of the S-DD-S structure (filled dots at the top) connected in parallel with another ordinary Josephson junction (cross at the bottom). (b) Schematic representation of dc voltage  V  vs. time when probing the spin correlations of the DD. The flux through the SQUID loop is switched from  f=1/2  to  f=0  at  t=0 . Solid line:  sw < spin . Dashed line:  sw > spin . 

To our knowledge, there are no experimental reports on quantum dots coupled to superconductors. However, hybrid systems consisting of superconductors (e.g., Al or Nb) and 2DES (InAs and GaAs) have been investigated by a number of groups [5]. 
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