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Эффект Кондо 
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Эффект Кондо 

Локальный момент: Mn, Co, Fe, Ni, Ce … 

Электрон проводимости в чистом немагнитном металле: Au, Ag ... 



Эффект Кондо по теории возмущений (слабая связь) 



Poor man's scaling (Anderson)  



Ренорм-группа 



Эффект Кондо в слабой связи 

Слабая связь, работает теория возмущений  

Сильная связь, теория возмущений неприменима 

Феноменологическая теория Ферми-жидкости (Нозиер) 



Фаза рассеяния 

Эффективная модель в режиме сильной связи 

Кондактанс при низких температурах (ферми-жидкость) 

Эффект Кондо  (сильная связь) 

T-матрица 



Эффект Кондо  
в сильно-коррелированных системах 
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Эффект де Гааза - ван Альфена (dHvA) 
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"Тяжелые" фермионы (heavy fermions) 



"Тяжелые" фермионы (heavy fermions) 
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Решетка Кондо  



Тяжелые фермионы: фазовая диаграмма 



Эффект Кондо в наноструктурах 



Квантовые точки 

D.Goldhaber-Gordon et al (1998) 

L.W.Molenkamp et al (1995) 

C.Marcus  et al (2003) 

J.P.Kotthaus (1995) 

A.Holleitner et al (2002) 

H.Jeong et al (2001) 



Эффект Кондо в квантовых точках 



Single orbital level coupled to two leads 

Tunneling width 



Single orbital level coupled to two leads 

Glazman-Raikh rotation 

Only symmetric combination of the leads is coupled to the dot 

Single level Anderson model is reduced to Kondo model 



From Anderson model to Kondo model 



Масштабная инвариантность 
(скейлинг) 
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Экзотические эффекты Кондо 



Спиновый и орбитальный эффекты Кондо 



Kondo effect: coherence and decoherence 

E+Q 

E 

Zero-bias (equilibrium) 

E+Q 

E 

Small bias  
(quasi-equilibrium) 

E+Q 

E 

Large bias  
(out of equilibrium) 

Effects of decoherence 

There is no strong coupling (Kondo) regime at low T in out of equilibrium 



From Single Quantum Dot to Double Quantum Dot 

•  Kondo co-tunneling through QD: N=1 

Kondo Hamiltonian 
     H = J (S s) 
      S=1/2 

•       Kondo co-tunneling through DQD:  N=2 

S 

T 

Generalized Kondo Hamiltonian 
   H= J1 (S s) + J2 (R s)  
  S=1 (triplet)   plus S=0 (singlet) 

E+Q 

E 

drain 

source 

Non-universal Kondo temperature 

Singlet Triplet 



“Simple” knowledge about Kondo Effect  

•  Kondo effect exists if the total number of electrons in a 
dot is odd 

•  Kondo effect is destroyed by external magnetic field 

•  Relaxation effects associated with the non-equilibrium 
conditions eliminate the Kondo peak 

Is it always true? 



 S/T transition: Magnetic field induced Kondo effect 

Kondo effect due to the dynamical symmetry of DQD 

D. Kobden et al  (2000) M. Pustilnik, Y. Avishai & K.Kikoin (2000) 

Symmetry reduction from SO(4) to SU(2) 
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Non-equilibrium Kondo effect in DQD 

Zero-bias (equilibrium) Small bias  
(quasi-equilibrium) 

Large bias  
(out of equilibrium) 

Effects of decoherence 

S 

T 

S 

T 

? 
What happens if                      ? 

Underscreened S=1 NEK 

S 

T 

Is Kondo effect possible? 
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Virtual Kondo Processes 

Non-equilibrium Kondo effect in DQD 

MK, K.Kikoin and L.W.Molenkamp JETP Lett 2003 
MK, K.Kikoin and L.W.Molenkamp, PRB 2003 



Singlet/Triplet finite bias Kondo effect 
 in Carbon Nanotubes 
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Theory DQD: MK, K.Kikoin and L.W.Molenkamp, PRB 2003 
Experiment+Theory CNT: J.Paaske et al, Nature Physics 2006 



Эффект Кондо в молекулярном транзисторе 



Ytterbocene 

Cp* = pentamethylcyclopentadienyl = C5Me5, 

bipy = 2,2′-bipyridyl = (NC5H4)2] COT = cyclooctatetraene 

Cerocene 



Why do we look for the Kondo effect ? 

•  The Kondo effect makes it easier for states  
belonging to the two opposite electrodes to mix 

•  Reasonably high Kondo temperatures > 10 K 
(compared to 100 mK- 1 K for QDs) 

•  SETs are highly controllable  
(by bias, magnetic field etc) devices 

in molecular devices ? 



Эффект Кондо индуцированный фононами 
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Vibration assisted tunneling 

single phonon two-phonon 

The main source of phonon emission/absorption is the tunneling rate 

Singlet Triplet 
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Single phonon processes 



Single phonon processes 

•  Single phonon processes assist Kondo tunneling 

•  Kondo temperature does not depend on phonon coupling 

•  Differential conductance is logarithmically enhanced approaching Kondo regime 

Messages: 



Two-phonon processes 

Messages: 

•  Two-phonon processes also assist Kondo tunneling, however 

•  Kondo temperature depends on phonon coupling 

•  The two phonon scenario leads to much smaller Kondo temperatures 



Differential Conductance: Theory 

0 

Equilibrium Kondo temperature 
(triplet state) 

Non-equilibrium Kondo 
(S/T transitions) 

Strong decoherence 
regimes 

Log-scaling of peaks is a manifestation 
of Kondo effect 

S/T splitting 



Differential Conductance: Experiment 

Theory: K.Kikoin, M.N.Kiselev and M.Wegewijs, PRL 2006 
Experiment: van der Zant et al, Nanoletters, 2007 



A resonance condition 

… narrows a group of the TMOC with “Phondo”. 

What happens if ? 
Fine tuning tool is necessary to control the resonance 



Nanoelectromechanical shuttling: QD devices 

J. Kotthaus et al, Nature Nanotechnology 2008  



The model 

SW transformation 

Classical shuttling trajectories 



Dot 

x 
Odd-spin Kondo shuttle 

Competition between 

Breit-Wigner Resonance 

Abrikosov-Suhl Resonance 

Adiabaticity 



Time-dependent Kondo temperature 
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