
Kondo	
  signature	
  in	
  heat	
  transport	
  
via	
  a	
  local	
  two-­‐state	
  system	


Takeo	
  Kato	
  (ISSP,	
  The	
  Univ.	
  of	
  Tokyo)	
  

Phys.	
  Rev.	
  LeD.	
  111,	
  214301	
  (2013)	
  

Collaborator:	
  Keiji	
  Saito	
  (Keio	
  University)	
  

2015/6/3	
  ISSP	
  Workshop	
  NPSMP2015	
  



IntroducTon	




Electronic	
  transport	

Diffusive	
  transport	


BallisTc	
  transport	


conductor	


electron	


:	
  mean	
  free	
  path	
  (impurity)	

:	
  sample	
  size	


I = ��
dV

dx
Ohm’s	
  law:	
  	


Landauer	
  formula:	
  	


:	
  transmission	
  probability	


mesoscopic	
  sample	




More	
  about	
  Landauer	
  formula	


Co
nd

uc
ta
nc
e	


QuanTzaTon	
  of	
  Conductance	


Wees	
  et	
  al.,	
  1988	


Lead L Lead R

Lead	
  L	
 Lead	
  R	


energy	
  window	


:	
  number	
  of	
  channels	




Electron-­‐heat	
  correspondence	

Diffusive	
  transport	


BallisTc	
  transport	


I = ��
dV

dx

Ohm’s	
  law:	
  	


Landauer	
  formula:	
  	


Counterpart	
  in	
  heat	
  transport	


Fourier’s	
  law:	
  	


Extended	
  Landauer	
  	
  
formula	
  for	
  phonons:	
  	


:	
  Fermi	
  distribuTon	
 :	
  Bose	
  distribuTon	




QuanTzaTon	
  of	
  heat	
  transport	

Schwab	
  et	
  al.,	
  Nature	
  404,	
  974	
  (2000)　	




Electron	
  conducTon	
  v.s.	
  
Heat	
  conducTon	


Electroninc	
  transport	
 Heat	
  transport	


Diffusive	
  
transport	


Ohm’s	
  law	
 Fourier’s	
  law	


BallisTc	
  
transport	


Landauer’s	
  
formula	


Phonon	
  version	
  of	
  
Landauer’s	
  formula	


Controlling	
  
device	


Diode	
 Heat	
  diode	
  
(Ojanen	
  –Jauho	
  `08)	


0-­‐dim	
  
object	


Quantum	
  dot	
  
Kondo	
  effect	


???	
  
	




Zero-­‐dimensional	
  object	


TL TR

energy	
  level	
 local	
  oscillator	


Electron	
  transport	
 Heat	
  transport	


quantum	
  dot	


molecular	
  juncTon	


superconducTng	
  circuit	


µL

µR�0



InteracTon	


µL

µR TL TR�0

local	
  oscillator	


Electron	
  transport	
 Heat	
  transport	


HS = ��x

| � � | � �

Nonlinearlity	
  induces	
  interacTon.	
  
	
  à	
  two-­‐state	
  system	
Coulomb	
  interacTon	


For	
  large	
  interacTon	

magneTc	
  
moment	


Segal	
  and	
  	
  Nitzan,	
  PRL	
  2005	
  	
  



Kondo	
  effect	
  (electronic	
  transport)	


magneTc	
  
moment	


Many-­‐body	
  effect	
  well	
  known	
  in	
  condensed	
  maDer	
  physics.	


Kondo	
  singlet	


As	
  T	
  decreases,	


disappearance	
  of	
  magneTc	
  moment	
  

A	
B	

C	


Scaling	

Wiel	
  et	
  al.	
  
2000	




Mapping	


magneTc	
  
moment	


Electron	
  transport	
 Heat	
  transport	


Kondo	
  model	


LegeD	
  et	
  al.,	
  RMP,	
  1987	


equivalent	


TL TR

heat	
  current	
  

Spin-­‐boson	
  model	


Spectral	
  funcTon:	


Ohmic	
  damping	


BosonizaTon	
  technique	




Detail	
  of	
  mapping	


� = �0�cJ� � =
�
1� 2

�
arctan(��0J�/4)

�2

dissipaTon	
  
(coupling	
  to	
  bath)	


tunneling	
  amplitude	


AF-Kondo
Corresponding Kondo Model

F-Kondo



Phase	
  diagram	


AF-Kondo
Corresponding Kondo Model

F-Kondo

Scaling relation

||

Kondo Regime

||

Inc. tunneling regime

Incoherent tunneling  regime

Kondo regime

Kondo	
  temerature	


LeggeD	
  et	
  al.	
  RMP	
  1987	


cf.	
  poorman’s	
  scaling	
  
	
  

Kondo	
  effect	
  is	
  expected	
  in	
  
PHONON-­‐only	
  systems!	




Kondo	
  effect	
  in	
  heat	
  transport	




FormulaTon	


tunneling	
  amplitude	


Coupling	
  strengths	


Δ	


Hamiltonian	


Exaxt	
  formula	
  (Keldysh	
  method)	


�(t, t�) = i��1�(t � t�)�[�z(t),�z(t�)]� .

thermal	
  conductance	


KS,	
  EPL(2008)	
  
Velizhanin,	
  Yhoss,	
  Wang,	
  JCP	
  (2010)	
  
Ojanen	
  and	
  Jauho,	
  PRL	
  (2008)	




Monte	
  Carlo	
  method(1)	

:	
  quanTty	
  to	
  be	
  calculated	


imaginary-­‐Tme	
  formalism	


path-­‐integral	
  expression	


LeggeD	
  et	
  al.	
  RMP	
  1987	
  
Völker,	
  PRB	
  1998	


Monte	
  Carlo	
  method	




Monte	
  Carlo	
  method(2)	

ParTTon	
  funcTon	


LeggeD	
  et	
  al.	
  RMP	
  1987	
  
Völker,	
  PRB	
  1998	


Z = Tre��H = Z+ + Z�

=
��

n=0

Trboson

�
�+|e��Hz

� �

0
d�1 · · ·

� �2n�1

0
d�2n

�
�
2

�2n

�̃x(�1) · · · �̃x(�2n)|+�
�

= Z0

��

n=0

�
��c

2

�2n � �

0

d�1

�c

� �1��c

0

d�1

�c
· · ·

� �2n�1��c

0

d�2n

�c
exp

�
2�

�

i<j

(�1)i+j ln
���

�

��c
sin(�(�j � �i)/�)

���
�

= Z0

��

n=0

�
��c

2

�2n � �

0

d�1

�c

� �1��c

0

d�1

�c
· · ·

� �2n�1��c

0

d�2n

�c
exp

�
2�

�

i<j

(�1)i+j ln
���

�

��c
sin(�(�j � �i)/�)

���
�

Hspin�boson = �Jnn

2�

N�

i=1

�i�i+1 �
�

2�

�

j<i

(�/N)2�i�j

sin2 [�(j � i)/N ]
Jnn = ��(1 + �)� ln(��c/2)

EffecTve	
  Ising	
  model	




Main	
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Summary	


•  Two-­‐state	
  system	
  coupled	
  to	
  the	
  bath	
  
	
  	
  	
  =	
  Correspondance	
  of	
  the	
  Kondo	
  effect	
  
•  Low-­‐temperature:	
  	
  
•  High-­‐temperature:	
  
•  Scaling	
  relaTon:	
  	
  
•  Future	
  problem	
  
– non-­‐ohmic	
  coupling	
  
– non-­‐equilibrium	
  heat	
  transport	
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