
Jongbae Hong (POSTECH & APCTP) 

Entanglement Effect in a Two-channel Kondo System 

under Bias 

Sep. 1, 2014 Nordita 



& extensions (From Quantum Dot to Cuprate)  

Single-

molecule 

Transistor 

Quantum 

Point 

Contact 

High Tc 

Supercond. 

Correlated 

Graphenes 

Doped     

Mono-layer  

QD Single-

electron 

Transistor 

Adsorbed 

magnetized atom on 

metallic substrate 

BSCCO 

et al. 
Bilayer 

Trilayer 

Two-reservoir Mesoscopic Kondo Systems 

Extension: correlated samples 

with     

insulating layer 

without 

insulating layer 

Semicond. 

Nano-rod 

A-B ring 



Both entangled singlets perform coherent co-tunneling   
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dI/dV vs. V for a correlated system has in principle 

three coherent peaks 
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Q1: Why no ZBP on the right side? 
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Realistic mesoscopic Kondo systems:   

In this circumstance, two Kondo clouds are no longer independent.    

They are coherently supposed: Entangled singlet 

Same-phase     

Kondo Clouds 

Phase Coherence Region, Device Dimension, & Kondo Screening Length 

K2

KdL

dL



Descriptions of L-R coherent superpositions             

Kondo coupling strength of L-side:  

Transport: 

Dynamical               

L-R coherent 

superposition             

Singlet hopping  

L-R coherent 

superposition             

L-R coherent 

superposition             

exchange

 deote 3 and 2

exchange



*  L-R symmetric superposition 

ex: 

+ 

At equilibrium, it vanishes. But under bias? 

 Kondo peak at equilibrium 

ex: 

* L-R antisymmetric superposition 

Descriptions of L-R coherent superpositions             

Dynamical               



ex: 

ex: 

* L-R antisymmetric superposition 

+ 

Under bias, the second parts vanish due to       

unidirectional motion of the entangled singlet 
 Sym. and antisym. 

parts become same!! 

*  L-R symmetric superposition 

Descriptions of L-R coherent superpositions             

Dynamical               



ex: 

ex: 

* L-R antisymmetric superposition 

+ 

Under bias, the second parts vanish due to       

unidirectional motion of the entangled singlet 
 Sym. and antisym. 

parts become same!! 

*  L-R symmetric superposition 

Descriptions of L-R coherent superpositions             

Dynamical               

This is the effect 

of entanglement: 

The KEY for 

understanding 

non-equilibrium 

Kondo transport 

Strong E field         



U 

Spectral function at equilibrium 

(1 coherent peak + 2 Coul.-peaks) 

In summary,  

Spectral function under bias 

(3 coherent peaks + 2 Coul.-peaks) 

Under bias, nonvanishing 

antisymm. superposition 

produces two coherent side peaks 



Tunneling Conductance 

Tunneling Current at T=0K: 
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getting G+
mmσ(ω) 

Theoretical Procedure for 



Lcmσ=[H,cmσ] 

Resolvent Green’s function 

(2) G±mmσ(ω) =<cmσ|(ω±iη-L)-1|cmσ> 

(1) G±
mmσ(ω) =<umσ |(ω±iη-Ĥ)-1|umσ>  Schrödinger

Heisenberg

(2)  Construct Liouvillian matrix in terms of a complete set of 

basis operators 

(1)  Construct Hamiltonian matrix in terms of a complete set of 

basis state vectors 

Hamiltonian approach  vs.  Liouvillian approach 
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  Hamiltonian formulation vs.        Liouvillian formulation 

Obtaining basis state 

vectors is hopeless 

Obtaining basis operators       

is possible 

Two-reservoir Anderson impurity model 
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Determining basis vectors: 
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Similarity transformation using    

diagonalizes     : 
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Matrix Reduction: 
P.O. Lö wdin, J. Math. Phys. 

Vol. 3, 969 (1962) 
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Matrix equation: 



Reservoir degrees of freedom are transformed 

into self-energy by matrix reduction process  
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Reproducing dI/dV line shapes (some of my results)   
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Conclusions 

(1) We study mesoscopic Kondo systems and find that the 

entanglement effect (coherent superposition between two 

Kondo clouds) is critical to explain the experimental line 

shapes of tunneling conductance.  

(2) We show that antisymmetric superposition does not vanish under 

bias and gives two coherent side peaks.  

(3) We recover the bias-dependent Kondo peak splitting by treating 

a system having independent Kondo clouds.  

(4) We reproduce the experimental dI/dV 

line shapes obtained for various 

mesoscopic Kondo systems.  

(5) More things are left to fully appreciate the entangled 

singlet dynamics imbedded in mesoscopic Kondo 

systems and strongly correlated samples.  


