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No transfer of electrons between 1 and 2: 
quantum critical point                    is stable  
against electron-hole symmetry breaking 
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Realization in double quantum-dot systems



Nota Bene:

The central dot supports both RKKY and Kondo screening. 

This experiment does not probe quantum criticality.

Instead, important for proving gate-controlled RKKY!

N. J. Craig et al., Science 304, 565 (2004)

Realization in double quantum-dot systems
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”Long-distance” control using RKKY
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Quantum information processing 
requires entanglement of qubits. 
What about the competition from 
Kondo screening?

”Long-distance” control using RKKY
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Quantum information processing requires 
entanglement of qubits. What about the 
competition from Kondo screening?

A dual scenario: nonlocal control of two-qubit 

entanglement from Kondo screening + quantum 

quench...   P. Sodano, A. Bayat, and S. Bose, PRB 81, 100412 (2010)

”Long-distance” control using RKKY



Quantum entanglement probe of 

the two-impurity Kondo groundstates for different RKKY couplings
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Quantum entanglement probe of 

the two-impurity Kondo groundstates for different RKKY couplings

S. Y. Cho and R. H. McKenzie, PRA 73, 012109 (2006)
A. Ramsak et al., PRB 74, 241305 (2006)

A. Bayat, S. Bose, P. Sodano, H.J., PRL 109, 066403 (2012) 

How is entanglement distributed between impurities and electrons?  


Is there an RKKY threshold for impurity-bulk decoupling? 


How does entanglement behave at the quantum critical point? 


What can we learn about the Kondo screening cloud? 

and more....



Quantum entanglement probe of 

the two-impurity Kondo groundstates for different RKKY couplings

S. Y. Cho and R. H. McKenzie, PRA 73, 012109 (2006)
A. Ramsak et al., PRB 74, 241305 (2006)

A. Bayat, S. Bose, P. Sodano, H.J., PRL 109, 066403 (2012) 

How is entanglement distributed between impurities and electrons?  


How to make the impurities decouple from the bulk?


How does entanglement behave at the quantum critical point? 


What can we learn about the Kondo screening cloud?

Method: DMRG computation of negativity and von Neumann entropy 
              via a spin chain emulation of the two-impurity Kondo model



Spin chain modeling useful for DMRG and intuition!
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Entanglement probes of a quantum many-particle groundstate

B BA

von Neumann entropy
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First-time (?) application in condensed matter:

Entanglement probe of (single-impurity) Kondo chain

A. Bayat, P. Sodano, and S. Bose, PRB 81, 064429 (2010)

Computable entanglement measure for this case: Negativity



Using negativity (and von Neumann entropy!) to explore the entanglement

properties of the two-impurity Kondo chain with DMRG...


What do we learn?
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•  Signature of the quantum phase transition at J1
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•  Signature of the quantum phase transition at J1
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•  Entanglement structure
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•  Entanglement structure
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•  Entanglement structure
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•  Kondo screening cloud


Background: single-impurity Kondo model...

One-loop RG equations:
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Background: single-impurity Kondo model...
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Heuristics: single-impurity Kondo model...
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Theoretical construct.... 
...so far no experimental signal... 

Does the Kondo cloud really exist?



•  Kondo screening cloud


... and what about the two-impurity Kondo model?
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‘Constructive’ approach:


Define the screening length

as an entanglement length.
A. Bayat, P. Sodano, and S. Bose, PRB 81, 064429 (2010)
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Entanglement probe:

LJ ' RJ 'IJ
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Left Bulk Right Bulk

(c) M-2
eff
IH

(d)

Traced out spins Traced out spins

• Trace out, compute the negativity between the     

    impurities and the rest of the system


• Define            length beyond which the  

   negativity is smaller than some cutoff 

   (here, = 0.01)
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•  Kondo resonance narrowing


Experiments indicate that the width of

the Kondo resonance narrows with larger 

impurity spin (at exact screening)
M.D. Daybell and W. A. Steyert, RMP 40, 380 (1968)

Perturbative scaling theory suggests


A. H. Nevidomskyy and P. Coleman, PRL 103, 147205 (2009) 
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•  Effective decoupling of impurities
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already for intermediate values of RKKY 
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Summary
Two-impurity Kondo model, DMRG entanglement probe   

•  nonperturbative diagnostic of Kondo-RKKY quantum phase transition  


•  Kondo cloud reconstruction for any (subcritical) RKKY and Kondo couplings


•  test of Kondo resonance narrowing 

•  quantitative measure of impurity-bulk decoupling        

      

•   entanglement spectrum   work in progress


•   negativity scaling  work in progress          

       

A. Bayat, S. Bose, P. Sodano, H.J., PRL 109, 066403 (2012) 


