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Thermoelectricity

* Thermocouple
You generate an electrical current from a thermal gradient AT
You generate a heat current from a voltage bias V'

1821: Thomas Johann Seebeck 1834: Jean-Charles Peltier

1850 : Lord Kelvin conjectured both effects are related

1931 : Reciprocal relations by Lars Onsager
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Quantum transport
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Quantum transport
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* Linear response regime AT < Ty eV < ug

e Difference of Fermi distributions
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Quantum transport
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Quantum transport
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* Linear response regime AT < Ty eV < ug

e Difference of Fermi distributions
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e Currents
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Quantum transport
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* Linear response regime AT < Ty eV < ug
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Quantum transport
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Quantum transport
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Quantum transport
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Quantum transport

¢-2 [ap T(E) (—g—é)

f_ 2 )2 _ﬁ e Thermopower S = ﬂ __ 9
K = " dE (E — po) T(E)( 8E> P AT o G

Q= h2—£ dE (E — po) T(E) (—S—é)



Quantum transport
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How to design efficient thermoelectric devices?



Thermodynamics of thermoelectricity
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K. Behnia, Fundamentals of thermoelectricity, Oxford University Press



Thermodynamics of thermoelectricity
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Thermodynamics of thermoelectricity
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Thermodynamics of thermoelectricity
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Thermodynamics of thermoelectricity
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Thermodynamics of thermoelectricity

/{ér lows °§ MALMO(JJ:SW(/D o &

e

- & o\ | ~ =<
. wed V-5 =
M@(Is ou b A -
0- I Vi Vs = v’“ -
S | 5 =0 Thermopower:

— Entropy flow per charge carrier

Js AV
eJy AT

2
<
M
8
o

|

|

Il
N

o o of il el ok ¢ oot

( mﬂ/ﬁ) . ' o *ekm(\fskﬂ.t"‘v\&
m cmocadad el m% o Ghasue DN

Each system that conserves number of particles will give rise to thermoelectric effect



Thermodynamics and Onsager matrix

Entropy production in terms of currents and thermodynamic forces
s = JQ]:Q + JoFe
= K'T*F + GTF. + 2aT*Fo F.

Second law: valid for all forces

G, K' >0
K' > GS*T
Figure of merit
GS?T
2= —¢ T + AT
I =0 GV, = —aAT
&~ _
J| = KAT|| L 0 Vin = SAT
I=0 G
l | J =aTVy, + K'AT
= (K' — GS*T)AT
T

K. Behnia, Fundamentals of thermoelectricity, Oxford University Press



Good thermoelectric devices

Energy-asymmetric transmission probability

Electrons and holes contribute differently

Low thermal conductance but high electrical conductance
Tunable



Good thermoelectric devices

* Energy-asymmetric transmission probability
* Electrons and holes contribute differently
* Low thermal conductance but high electrical conductance

e Tunable

Aharonov-Bohm quantum heat engine
With Francesco Giazotto (Experimentalist, Pisa)
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Haack, Giazotto, PRB 100 (2019)



Aharonov-Bohm quantum heat engine
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Aharonov-Bohm quantum heat engine

ZT = GS*T /K,
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Thermoelectric effects become important: ZT > 1 _
Haack, Giazotto, PRB 100 (2019)



Aharonov-Bohm quantum heat engine

Emblematic phase-coherent mesoscopic device

Promising for experiments
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Aharonov-Bohm quantum heat engine

Effect of non-perfectly transmitting T-junctions -> Resonant tunneling

ZT = GS*T /K




Aharonov-Bohm quantum heat engine

Effect of non-perfectly transmitting T-junctions -> Resonant tunneling

ZT = GS*T /K
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Aharonov-Bohm quantum heat engine

Effect of non-perfectly transmitting T-junctions -> Resonant tunneling

ZT = GS*T /K

21
12.5
10
7.5
5
19 7. L=2pm |
SL/L =03 2.5
10} :
T=05K
8 0
é L : . " ‘ nl
&E 6| | 0 1/4 3/4 1
N 4 . DA/ Po
2 ¢ : : :
o Relies only on single-particle phase-coherent effects
ob......... . |
0.1 0.2 0.3 0.5

T-junctions’ transmission parameter e

Haack, Giazotto, PRB 100 (2019)



Outlook

ZT Figure of merit
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* Non-linear regime
e Autonomous machines
* Versatile platform - > rectifier, thermal diode

e Other applications

Thank you!
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Transmission probability

* T-junctions: fully transmitting

0 1/vV2 1/2 —1/2  1/2  1/3/2
Sp=1 1/v2 —-1/2 1/2 Sp=1 1/2 —1/2 1/V2
1/v2 1/2  —1/2 1/vV2 1/vV/2 0

« Different types of trajectories

tap = (ty +ta)/2 Tap = [tap|?

Bittiker et al., PRA 30 (1984)
Nazarov, Blanter “Quantum Transport: Introduction to Nanoscience”



Transmission probability
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* Linearization around the Fermi energy u
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* Depends on energy E, on arms’ imbalance L , gate voltage V; and magnetic flux ® 45

Haack, Giazotto, arXiv:1905.12672



