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Séance du 1er juin 2015 

•  Effets thermoélectriques: introduction, réponse 
linéaire, thermodynamique 

•  Expression des coefficients de réponse pour un 
système mésoscopique et exemples 

•  Observation d’effets thermo`électriques’ dans les 
gaz atomiques froids.  

Pour (bien) plus de détails, consulter le site web  
du Collège de France.  

Les cycles de cours 2012-2013 et 2013-2014  
sont consacres a la thermoélectricité.  

Cours et séminaires invités disponibles en ligne. 



En mémoire de  
Roger Maynard 



Two Basic Thermoelectric 
Effects:  

Seebeck and Peltier 



The Seebeck effect (1821) 

A thermal gradient applied at the ends of an open circuit  
induces a finite voltage difference 

Actual observation: junction  
between two metals, voltage drop: 

α: Seebeck coefficient (thermopower) 



Seebeck’s original instrument: deflection of a compass needle  
Heated junction of two metals (o,n)  



Thomas Johann Seebeck 
(Tallinn 1770 - Berlin 1831) 



•  Thomas Johann Seebeck:  
- Discoverer of the Seebeck thermoelectric effect 
- Apparently always refused to consider  
  the Seebeck effect as the manifestation of  
  an electrical phenomenon… 
- Rather: magnetism. Proposed this as  
  a mechanism for the earth magnetic field (!)  
-  Discovered the sensitivity of silver chloride  
    to light à `precursor of photography’  
-  Magnetic properties of nickel and cobalt  (1810) 
 

Source: mostly wikipedia 



Alessandro Volta discovered it before in 1794…  

cf. e.g. LI Anatychuk,  
Journal of Thermoelectricity, 1994  

G.Pastorino, ibid., 2009 



Qualitative picture: 
cf: PM Chaikin, An introduction to thermopower for those who might 

want to use it…in `Organic superconductors’, 1990 

-  Higher density of carriers on the cold side, lower on hot side 
-  à an electric field is established 
-  `Stopping condition’: balance electric field and thermal gradient to  
      get zero particle flow.   
-  In this cartoon: carriers are negatively charged,  
     hence field is opposite to thermal gradient 
-    Electron-like (hole-like) carriers correspond to negative (positive) 
    Seebeck coefficient à Seebeck useful probe of nature of carriers 



The Peltier effect (1834) 

Heat production at the junction of two conductors  
in which a current is circulated.  

Reversible: heating or cooling as orientation of current is reversed. 

Π: Peltier coefficient 

I 

Heating 

Cooling 

Heating rate: 

Note: thermoelectric coefficients are  
actually intrinsic to a single conductor 
(ex: B is a superconductor) 

2nd Kelvin relation (Onsager):   



Jean Charles Athanase Peltier  
(Ham, 1785 – Paris, 1845) 

•  Watchmaker until he 
retired at age ~ 30 

•  Then a physicist by 
vocation 

•  Also known for determining the 
temperature of calefacting water 



Thermodynamics of thermoelectricity:  
William Thomson (Lord Kelvin) 

(1827 – 1907) 

•  Multi-talented Belfast-born British physicist and engineer 
•  Key role in formalizing thermodynamics, especially Carnot’s 

ideas, in a long discussion/controversy with Joule. Determined 
absolute zero (Kelvin temperature scale). 

•  First gave firm foundations to thermodynamics of  
thermoelectricity: the two Kelvin relations (anticipating 
Onsager’s) 

•  Knighted (Baron Kelvin) for his contribution to laying the 1st 
transatlantic telegraph cable 

•  Proponent of the vortex theory of atoms, now forgotten…  



Two basic applications of the Peltier and 
Seebeck effects: 

Coolers and Generators 

Cooling module [Peltier] Power generation module [Seebeck] 

Modules in series electrically, in parallel thermally 
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Simple intuition about thermoelectric cooling  

I I 

-  Electrons move against current 
-  Holes move along current 
-  BOTH electrons and holes leave  
    cold end to reach hot end 
-  BOTH processes correspond to  
    lowering of entropy of cold end  

Remove holes 
below Fermi level 

Remove electrons 
above Fermi level 



Waste heat recovery: about 55% of energy in the US rejected as waste…  



A real module 
(e.g. tellurex.com  

– videos on youtube) 



Linear-Response Theory:  
Onsager Transport Coefficients 



Transport equations (linear response) : 
Grand-canonical potential (per unit volume):  

Particle-number and Entropy (densities): 

Particle and entropy currents: linear response 



Chemical potential: in fact `electrochemical’ potential’ 

In practice, electric field: 



Electrical and heat currents: 

Heat : 

Electrical conductivity: 

Thermal conductivity:  
(no particle current) 



Seebeck and Peltier coefficients: 
1.  Seebeck effect: thermal gradient induces a voltage drop between the 

two ends of a conductor 

2. Peltier effect: electrical current induces heat current 

Kelvin’s relation (consequence of Onsager’s reciprocity): 

The Seebeck coefficient measures the ratio of entropy flow to carrier current 
(once the irreversible Fourier thermal diffusion current is substracted): 

(eliminating µ) 





EFFICIENCY OF 
ENERGY CONVERSION 

General considerations  
and application  

to the thermodynamics of 
thermoelectrics - 



Carnot cycle : 



Maximum theoretical efficiency: 
the Carnot reversible engine 

Carnot efficiency: 

Since it corresponds to a reversible,  
quasi-static and hence infinitely slow process,  

a Carnot engine delivers ZERO POWER !  



A Carnot cycle maximizes efficiency… but 
delivers zero power ! 

A general cycle (non-Carnot): Carnot maximizes the ratio of the  
white to total area, subject to the constraints of the 2nd principle. 



Sadi Carnot (1796-1832) 
- Officer and Physicist/Engineer - 

[Not to be confused with President Sadi Carnot (1837- 1894)] 
Both are descendents of Lazare Carnot, great revolutionary, statesman,  

also a mathematician and physicist,  
and one of the founders of Ecole Polytechnique1753-1823   

Sadi Carnot, then 
a student at Ecole 
Polytechnique  
(painting by Louis 
Leoplod Boilly 
[Wikipedia]) 



Efficiency at maximum power 
of an `endoreversible’ engine: 

the Chambadal-Novikov 
(Curzon-Ahlborn) efficiency 

P. Chambadal Les centrales nucléaires, Armand-Colin 1957 
I.I. Novikov The efficiency of atomic power stations  
J. Nuclear Energy II 7 (1958) 125 
FL Curzon and B.Ahlborn Efficiency of a Carnot engine at maximum  
power output Am J Phys 43, 22 (1975) 



In the limit of infinitesimal gradients : 

In the following, we shall follow an approach based on: 
-  Local entropy vs. work balance 
-  For infinitesimal gradients 

Efficiency relative to a Carnot reversible device: 



Entropy and heat production rates 

T 

Note: Seebeck coefficient does not enter ! (reversible) 



Positivity of entropy production (2nd principle of thermo.)  
implies that L is a positive semi-definite matrix  
 
This is equivalent to: 

Onsager’s reciprocity relation (in the absence of an applied 
magnetic field): 



Currents and conjugate forces: 

Linear response:  

Onsager symmetry is manifest on this form 



: power generated by carrier flow 

power delivered by the  
heat source 

(Instantaneous) efficiency relative to Carnot: (=              ) 



Conductivity matrix: 

Dimensionless `figure of merit’: 

Note: 



Coupling constant characterizing 
energy conversion : 



Using the linear-response equations, one obtains: 

control/optimization parameter 

Power 

Maximum power always  
reached at x=1/2 ! 
Power factor: α2σ 



Maximum efficiency: 

Efficiency at maximum power (@x=1/2): 
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ZT=10 , g2 = 0.91
ZT=100 , g2 = 0.99
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Eliminating x in favour of P/Pmax 
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Take-home Message 
•  Energy conversion efficiency is controlled by the 

dimensionless figure of merit/coupling: 

•  Useful thermoelectric materials must have: 
•  Large power factor 
•  (Often summarized as large Seebeck, low resistivity – 

such as to minimize Joule losses) 
•  Low thermal conductivity (such as to sustain the thermal 

gradient) 
•  à A materials science challenge ! 



Concluding paragraph of Goldsmid, 1954: 



GOOD METALS are bad thermoelectrics… 
Thermopower measures entropy per charge carriers 

In a metal (quantum degenerate regime), entropy ~  

Very low ! 

Note: 

à Need to beat Wiedemann-Franz law 



Semiconductors have a much better Seebeck … 
Simple-minded calculation: two energy levels separated by 
a gap Δ, non-degenerate (~ classical Boltzmann) regime kT<<Δ :  

Need ~ a single type of carriers (e.g. very different mobilities) 

… but a too large gap spoils the conductivity 



Effet Seebeck : ordre de grandeur à 300 K!

Ag, Cu, Au!

I&I (V/K)$

Constantan (Cu – Ni)!
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From: B.Lenoir, GDR Thermoelectricite summer school 2012 
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Conductivité thermique : ordre de grandeur à T = 300 K!

Verre!

Matériaux cristallins ou 
amorphes!

From: B.Lenoir, GDR Thermoelectricite summer school 2012 





Semiconductors and the first golden age of  
thermoelectricity: 1950 à ~ 1965 

Seebeck 
Conductivity 

à Optimal range of carrier concentration (~ 1019-1020 /cm3) 



Abram Ioffe (1880-1960) 

-  Prominent physicist, Soviet Union 
-  Pioneer of semiconductor physics, 
    use of semiconductors as  
    thermoelectrics, and much more… 
-  Also the author of the `Ioffe-Regel – 
    Mott’ criterion 
-  Directed PhD’s of Aleksandrov, Davydov,  

Frenkel, Kapitsa, Kurchatov, etc… 
-  Ioffe Physico-Technical Institute in St 

Petersburg bears his name 
-  Stalin Prize, Lenin prize, Hero of Socialist 
     Labor 
- Author of books  `Semiconductor thermoelements’ 
and `Thermoelectric cooling’ (1957) 



From Abram Ioffe’s book: how to operate a few W  
radio receiver with a kerosene-burning lamp… (USSR, ca. 1955) 



H.J. Goldsmid (U. of New South Wales, Australia):  
Bi2Te3 and thermoelectric cooling (1954) 

Author of several books, especially: `Introduction to  
Thermoelectricity’ (Springer, 2010)  
– Recommended reading 

(British J. Appl. Phys. 5 (1954) 386)  



Bi2Te3 



Basic electronic properties 

•  Energy gap: about 0.13 eV 
•  Multivalley (6 in c-band, 6 in v-band) 
•  Relatively low effective masses in each 

valley 
•  But because of multivalley: d.o.s effective 

mass sizeable (0.5 me à 1.5 me) 
•  Scattering exponent r = -1/2 observed 
•  Lattice thermal cond. of order 1W/m/K @ 

300K (anisotropic, see below) 



~ 1995 à … 
A new Golden Age  

of Research on Thermoelectrics 



Number of articles on Thermoelectrics: 

JC Zheng  
Front. Phys. 
China  
3 (2008) 269 



Key advances : 

•  Nanostructuration à lowering of thermal 
conductivity 

•  New materials with good Seebeck and/or 
low thermal conductivity : 

•  Oxides 
•  Skutterudites, Clathrates, Zintl phases,… 

•  à See seminars by S.Hebert and by F.Gascoin,  
   as well as other seminars in the 2012-2013 
cycle. 

cf. review by GJ Snyder and ES Toberer, Nat Mat 7 (2008) 105 



Cobalt oxides: NaxCoO2  
Terasaki et al. PRB 56 (1997) R12685 ~ 1280 citations… 
`Misfit’ cobaltates in CRISMAT-Caen 

Triangular CoO2-layers à 

Na ions in between 
layers  à  

Note similarities to  
LiCoO2 batteries 



Skutterudites, Clathrates: 
`Rattling’ atoms in cages scatter phonons 

`Phonon glass, electron crystal’  

Skutterudite CoSb3: the tilted CoSb6 leave a large cage 
In which `rattler’ atoms can be inserted.  
Cf. review by Nolas et al. Ann. Rev. Mat Sci. 



Reports of ZT > 2 

Originally envisioned as improvement of  
Electronic properties, but turned out to be  
especially efficient for lowering thermal  
conductivity ! 

> 1100 citations 

Mildred Dresselhaus, 
MIT 



Figure of 
merit vs. 

time ? 

From S.Volz Talk@Cargese, 2012 

`One should be  
encouraged by  
results of ZT>1  
but wary of the 
uncertainties  
involved to avoid 
pathological  
optimism 
`G.Snyder, Nat Mat’ 
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