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Introduction



Electronic transport
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More about Landauer formula
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Electron-heat correspondence

Diffusive transport Counterpart in heat transport

Ohm’s law: Fourier’s law:
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Extended Landauer
Landauer formula: formula for phononS'
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fr, fR : Fermi distribution nr,Nr :Bose distribution



Quantization of heat transport

Schwab et al., Nature 404, 974 (2000)
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Electron conduction v.s.
Heat conduction

Electroninc transport Heat transport
Diffusive Ohm’s law Fourier’s law
transport
Ballistic Landauer’s Phonon version of
transport formula Landauer’s formula
Controlling Diode Heat diode
device (Ojanen —Jauho "'08)
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Zero-dimensional object

Heat transport

Electron transport
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energy level local oscillator

D molecular junction
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quantum dot superconducting circuit




Interaction |
Segal and Nitzan, PRL 2005
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He = Z eodody + Unin, local oscillator
Nonlinearlity induces interaction.
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Kondo effect (electronic transport)

Many-body effect well known in condensed matter phy5|cs
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Legett et al., RMP, 1987

Mapping

Bosonization technique

Electron transport

Heat transport

magnetic heat current /5,
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Detail of mapping \Q/\/
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Corresponding Kondo Model




Phase diagram Leggett et al. RMP 1987
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orresponding fonhdo Mode PHONON-only systems!




Kondo effect in heat transport



KS, EPL(2008)

Formulation Velizhanin, Yhoss, Wang, JCP (2010)

Ojanen and Jauho, PRL (2008)

Hamiltonian
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Leggett et al. RMP 1987

Monte Carlo method(1) vekerpreoos

x(t,t) = %H(t —t'){[o.(t),0,(t")]) : quantity to be calculated

imaginary-time formalism
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Leggett et al. RMP 1987

Monte Carlo method(2) Ve preoos

Partition function
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Weak-coupling approach

(sequential tunneling)

Coupling strengths
o, R
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Cotunneling :

/.- sequential
kola and Ojanen, PRB (2011) = | coumeing /18
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Kondo regime (1)
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Kondo regime (2)
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Kondo regime (3) .

Shiba’s relation
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Physical meaning of 73 law

One-dimensional harmonic oscillator chain

1 1
> Lh _1h
fvm-O—fmr\—O-mw\—O—foW\—O—fUm » R = ﬁ o< I

Phonon transport via a local harmonic oscillator

1
\/I AT
h
Phonon transport via a local two-state system for T<<T,
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- ]h Phonon-phonon interaction(= nonlinearity)

is hidden in the Kondo regime.
cf. Fermi liguid theory for the standard Kondo effect



Incoherent tunneling I'>Tk

: 0= 01,02,03 953 T
regime =10 e
K‘IO - 4+++ K
Ti0% oA
. ~Q Af +++ *
- 10 'F + 7/«
High-temperature form ST A= 005w
10 1 A=0.02,
( ) 10° ,;/ {9 A=0.005w,
001 01 10

Fermi’s golden rule

kA2 (kBT>20‘1
K

W hw,

(2) 721 law

transition prob.

I
Dynamics can be described —>
by stochastic transitions W

—



" _ a/(l—a)
Coupling-strength T — A (é)
dependence w

C

10:3:_ ¢$T¢ TK/Z ﬂ\y\ /A

3 104} ™\
@10'5% 4‘ R\\ “
%

108+t *Kondo Incoherent |
_l , regime regime

7L
107 ¢ o exponential
o - kBT/th:1/1024,1/356, 1/64 T suppression
0 0204 0608 1\12 14 1.6
@

Temperature is fixed.



Summary

Two-state system coupled to the bath
= Correspondance of the Kondo effect
Low-temperature: k < T° (T < Tk)
High-temperature: x o« 721 (T > Tk)
Scaling relation: x(T) ~ (k%Tx /R) f(a, T/Txk)
Future problem

— non-ohmic coupling

— non-equilibrium heat transport
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