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Quantum dots: from simple to complex

D. Goldhaber-Gordon et al (1998)
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J.P. Kotthaus (1995)
A. Holleitner et al (2002)
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Realization of lateral QD in 2DEG
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Quantum Impurity: Kondo Effect

HK = J ~s · ~S

H =
X

k↵�

⇠kc
†
↵k�c↵k� +

X

�

✏0d
†
�d� +

X

� 6=�0

Ud†�d�d
†
�0d�0 +

X

k↵�

t↵d
†
�c↵k� + c.c.

� = ⇡|t|2⌫("F )



Kondo Effect in Quantum Dots



Kondo model

Weak coupling regime, 
perturbation theory 

Strong coupling regime, 
non-perturbative



Outline

• Seebeck effect in nanostructures

• Thermoelectrics of SU(2) Kondo impurity

• SU(N): theoretical dreams and experimental realities

• SU(N) Kondo thermoelectrics at strong coupling

• SU(N) : Fermi Liquid vs non-Fermi Liquid

• Messages to take home



Thermoelectric transport through nanostructures
(Seebeck effect)
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Thermoelectric transport: FL description

strong electron-electron interaction
resonance scattering effects Example: Kondo effect

D
oS

Bulk metals (Fermi Liquid Theory):
strongly correlated metals
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Thermoelectric transport: Kondo regime

particle-hole symmetry

S = 0

I = G · V +G12 ·�T = 0
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Thermoelectric transport: Kondo regime

breaking the particle-hole symmetry
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“huge” TP

I = G · V +G12 ·�T = 0



Thermoelectric transport through QD



Is there any puzzle for QD in the Kondo regime ?



Conductance

Thermovoltage

From weak to strong coupling
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Thermoelectrics of SU(2) Kondo

!"#$ !"#% !&#" !&#& !&#'

!"#(

!"#'

"#"

"#'

"#(

!(#"

!'#"

"#"

'#"

(#"

)

*
))+
,' -.

/

)0123456725,)*
)8.,9:1;1<67=,)>8
)?166)!)8.,9:1@1A,9)+79B#)42C6D/)

!
8))
+E
>/



Why to care about the SU(N) ?

What is a challenge ?

Chance to stay away from the particle-hole symmetry
and the same time keep the advantages of Kondo



SU(N) Kondo: theoretical suggestions

SU(3) Kondo effect in ultra-cold gases

SU(2) Kondo effect in ultra-cold gases
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SU(4) Kondo effect in CNT
SU(N) Kondo:  experimental reality

A. Marakovski et al  PRL and PRB 2007



P. Jarillo-Herrero et al, Nature 2005

SU(4) Kondo effect in CNT



SU(4) Kondo effect in DQD 
SU(N) Kondo: experimental reality

A. Keller et al Nature  Physics 2014



SU(N) Kondo: theoretical suggestions
SU(6)  Coqublin-Schrieffer model in ultra-cold Yb

I. Kuzmenko, T. Kuzmenko, Y. Avishai, and G.-B Jo,  PRB 2016

SU(12) Kondo effect in CNT –QD-CNT

I. Kuzmenko and Y. Avishai PRB 2014



SU(2) ->SU(N) Kondo:  0.7 anomaly at QPC

T. Rejec and Y. Meir, Nature 2006



How to develop a full fledged theory for 
Kondo-thermoelectrics at low temperatures ?

I = G · V +G12 ·�T = 0
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Need to compute the thermopower the same way 
as it is measured in the experiment



Thermoelectrics of SU(N) Kondo: the model
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symmetric coupling 
to the leads
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Thermoelectrics of SU(N) Kondo: local FL

Local Fermi Liquid

�(") = �0 + ↵1"+ ...

↵1 = 1/TK

scattering (Friedel) phase
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Nozieres connections



Thermoelectrics of SU(N) Kondo: 
scattering basis

Sk = e2i�("k)

C. Mora et al, PRL, PRB 2007-2009 
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Thermoelectrics of SU(N) Kondo: 
Keldysh calculations

Iel =
Ne

h

Z 1

�1
d"T (")�f(")

Iel
Ne/h

=


sin

2 �0 +
↵2
1

3

(⇡T )2 cos 2�0

�
e�V �

h↵1

3T
(⇡T )2 sin 2�0

i
�T.

Elastic current

Inelastic current

�Iin = S
Z 1

�1

d"

2⇡

�
⌃�+(")� ⌃+�(")

�
i⇡⌫�f(")

�Iin = hTC Î(t)e
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Thermoelectrics of SU(N) Kondo: 
conductance and thermoelectric coefficient
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Thermoelectrics of SU(4) Kondo: important check
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Thermoelectrics of SU(N) Kondo: results
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Thermoelectrics of SU(N) Kondo: results
Beyond the linear response
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Summing up (so far):

• We developed a theoretical method for calculation of the charge 

current                         using the non-equilibrium Keldysh approach

• Assuming the zero current steady state condition                                  

we solve a non-linear equation for                     

• We find the thermoelectric power (Seebeck effect)                               

which is valid beyond the linear response theory

• We compare it with the linear response differential thermopower

• The method exactly follows the experimental way of measuring TP
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Thermoelectrics of SU(N) Kondo: results
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Thermoelectrics of SU(N) Kondo: 
explanation for the puzzle ?
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From the “Heaven” to the “Earth”:

designing the new experiments



Suggestions: how to check the offset?
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Message 1: Perform experiments at different currents
(different temperature drops between the leads)



Message 2: Perform experiments inverting the sign
of the temperature drop

Suggestions: how to check the offset?

I

I
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Message 3: Results should depend on the sign of       !�T

Suggestions: how to check the offset?

Use it for measuring the temperature of hot contact !

0.1
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R.M. Potok et al, Nature, 2007

What about local SU(N) non-Fermi liquids?



FL

FL NFL

A.Furusaki and K.A.Matveev, PRB 52 (1995)

Z. Iftikhan et al, Nature 526 (2015)

Two-channel charge Kondo effect



Parafermion states with multi-channel Kondo effect
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Weak link between Fermi and non-Fermi liquids
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Two-Impurity non-Fermi liquid driven by Kondo

T. K. T. Nguyen and MK, PRB 97, 085403 (2018)



Take home messages

• Thermopower is maximal in the particle-hole non-symmetric SU(N) 
regime with minimal (electrons) or maximal (holes) filling factors

• Non-linear in temperature drop effects are significant at low 
temperatures and lead to enhancement of the Seebeck effect
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