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Séminaires du 10/12/2014 : 

•  Jean-Philippe Brantut (ETH-Zürich) 
Transport experiments with ultra-cold atoms 
•  Charles Grenier  (ETH-Zürich) 

Thermoelectric transport of ultracold fermions: theory. 



Ultra-Cold Atomic Gases 



An emerging field: transport experiments  
with ultra-cold atomic gases à seminars 



Generic set-up in the following: 
Two reservoirs and a constriction 

Onsager Matrix L 
 



Older and Newer Incarnations: 

Allen and Jones,  
Nature, 1938 

Brantut et al. 
Science, 337, 1071 (2012) 

Picture: 
Courtesy T.Esslinger et al. ETH 



Particle and entropy currents:  

Reminder from Lecture 2: Matrix of Onsager Coefficients 
 for the constriction in the linear response regime 

N,S particle number and entropy  
IN,IS: currents 



Reminders from lecture 2: Conductance, Thermopower,  
and Thermal Conductance: 

Dimensionless integrals: 
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Dynamics of equilibration:  
The thermodynamics of the reservoirs 
AND the transport in the constriction  

BOTH play a role 
Consider the simplest case with no temperature imbalance, L12=0, and 
linear-response applies (small deviations from equilibrium) : 
Dynamics of the particle flow: 

Thermodynamics in the reservoirs: 
(κ ~ compressibility, see below) 

Combining: 
Same for ΔN 



cf. discharge of a capacitor: 



Similarly, thermal equilibration:  
(assuming no off-diagonal terms e.g. L12=0) 

With the heat capacity at constant chemical potential: 

In the presence of coupling between T and µ either via  
transport (L12) or thermodynamics (dilatation coeff.),  
the evolution of µ and T become coupled:  
see seminars by J-P Brantut and C.Grenier 



A note in passing: A dynamical interpretation 
of Wiedemann-Franz law 

For a free Fermi gas, as Tà0 (cf. previous lectures):  

Hence, the particle and thermal equilibration times are the  
same as Tà 0 !  



More on the thermodynamics of the reservoirs: 
including the non-diagonal terms 

Grand-potential: 



Expressions for a free Fermi gas: 

Note formal similarity with the expression of the Onsager  
coefficients for transport ! 

Same (general) constraints apply (around equilibrium state): 



Reminders from lecture 2: Conductance, Thermopower,  
and Thermal Conductance: 

Dimensionless integrals: 



Physical Interpretation of the Coefficients of the 
Thermodynamic Matrix : 

K11 ~ Compressibility : 

Must be positive  
(otherwise  
phase separation) 



We have seen that  
At constant density: “stopping condition” 

cf. analogy with thermal conductivity calculation 

Positivity of K22 and det K follows from the second principle  
of thermodynamics 



K12 ~ Thermal expansion coefficient at constant µ:  

Importantly for the following, this coefficient can be positive  
or negative. Alternatively its sign can be related to the variation  
of µ as a function of temperature at constant density:    

µ decreases with T à αr > 0 à Δn , ΔT same sign at constant µ 



Enough with Thermodynamics,  
Let’s turn to some physical 

effects ! 



SUPERFLUIDS: 
 

Thermomechanical and 
Mechanocaloric effects 

 
The Fountain Effect 

 



Superfluid Helium 4: some reminders 
•  On the fascinating history of the discovery of superfluidity 
•  Sébastien Balibar: 
•  J. Low Temp Phys 146, 441 (2007) 
•  La pomme et l’atome (Odile Jacob, 2005) 
•  Slides on website @ENS  
•  Also: A.Griffin, J.Phys. Cond. Mat. 21, 164220 (2009) 



Fountain Effect: The Movie 
A 1963 film by Alfred Leitner 

Find it on You Tube  
(Alfred Leitner Helium II the Superfluid Part 4) 

Also: alfredleitner.com  
Or rather, in this context: The “U-tube” movie J 



The fountain effect in Helium  

•  Key point: 
•  The superfluid component carries NO 

ENTROPY (no heat) 
•  Entropy of each vessel remains separately 

constant 
•  In contrast, fast equilibration of chemical 

potential 



Fountain effect: conventional setup 

Fig: courtesy David Papoular  
(as several others below) 

HOT 

COLD 

Pressure increases on the hot side 
Thermo-mechanical effect 

Flow during  
equilibration  
is from cold to hot 



Reverse effect: Mechano-caloric 
(cf. Peltier vs. Seebeck) 

Left 
Cold 

Right 
Hot 

Flow of particles 
No flow of entropy 

à Local heating of left (cold) reservoir  
(cooling of right hot reservoir) 

If thermostats keep the temperature of each reservoir constant. 
The left (cold) reservoir releases heat to the thermostat 
The right (hot) reservoir takes heat from the thermostat 

Predicted by Tisza (1938), Observed by Daunt and Mendelssohn (1939) 
cf. Fritz London’s book “Superfluids” 



A novel setup for the fountain 
effect: ultra-cold gases 

•  Marques et al. PRA 69, 053808 (2004) 
•  Karpiuk et al. PRA 86, 033619 (2012) 
•  Papoular, Ferrari, Pitaevskii and Stringari 
   PRL 109, 084501 (2012) 
   à Thermodynamic considerations 
   à The following slides borrow from that work 



Fountain effect at constant volume of the containers: 
(e.g. cold atomic gas in a box-shaped trapping potential – not harmonic) 

Two cases depending on whether µ(T) at constant n is:  
-  Decreasing: net flow from cold to hot (positive flow, as above) 
-  Increasing: net flow from hot to cold (negative flow) ! 
-  In this case cold reservoir becomes colder à cooling method ? 



Slide: courtesy D.Papoular 



Slide: courtesy D.Papoular 



Slide: courtesy D.Papoular 



Slide: courtesy D.Papoular 



Slide: courtesy D.Papoular 



Observation of thermo-`electric’ effects 
in ultra-cold gases 

•  Theoretical predictions: C.Grenier, C.Kollath 
and A.G. arXiv:1209.3942 

•  Recent experimental observation in cold 
fermionic gases: Brantut et al. Science 342, 
713 (2013) 
http://www.ethlife.ethz.ch/archive_articles/
131024_thermoelektrische_materialien_red/index_EN 

•  See Todays’ seminars (Brantut, Grenier) 
Bosons: Cheng Chin’s group, see arXiv:
1306.4018 and arXiv:1311.0769. 


