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Heat and charge current in a solid 
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Three tensors 
 
σ electric conductivity 
κ thermal conductivity 
α thermoelectric conductivity 

Four vectors 
 
Je : charge current density 
JQ : heat current density 
E : electric field 
DT : thermal gradient 
 

 Tαβ = Kelvin relation(1860)  
Onsager relation (1930) 



Set-up for monitoring thermal(κxx, κxy), thermo-electric (S, 
N) and electric (σxx, σxy) conductivity tensors 

20 mm 

 

 
 

     
   

 
        

         

 
        

 

 

 
 

  

 

 
  

  
  

     
   

Thermometers   
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DC voltages of the order of 1 nV resolved! 



Definition of thermoelectric 
coefficients 

• In presence of a thermal gradient, 
electrons produce an electric field. 

 

• Seebeck and Nernst effect refer to the 
longitudinal and the transverse 
components of this field. 
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Thermoelectric response 

 hot cold 

A finite thermal gradient! 
A finite electric field! 
But no charge current! 

Response to a gradient in 
chemical potential! 
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Thermoelectric response 

 hot cold 

•Electric force: F= E q  
•Thermal force: F= Sex ∇T 
 
S = E/ ∇T = Sex /q 
 

Carriers with a charge, q, and an entropy, Sex will suffer two forces: 

Thermopower measures entropy 
 per [charged] carrier. 
S = (kB T/ EF)/ e  0.0
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Heavy Fermi liquids 

• Enhanced specific heat  
 
 
 
• Enhanced Pauli Susceptibility 
 
 
• Enhanced T2-resistivity 
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Fermi liquid ratios 

The Wilson ratio 
γ
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Figure credit 
Maeno et al. ‘96  



Fermi liquid ratios 

The Kadowaki-Woods ratio 
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Figure credit 
Kontani‘02  



Seebeck coefficient of the free electron gas 

In the Boltzmann picture thermopower is linked to electric conductivity 

[the Mott formula]: 

This yields: 

transport Thermodynamic 

For a free electron gas, with τ =τ0εξ, this becomes: 



Thermopower and specific heat  

In a free electron gas (with ξ=0): 

Thermopower is a measure of specific heat per carrier 

The dimensionless ratio: 

is equal to –1 (+1) for free electrons (holes) 
 



Thermoelectricity in real metals 

• Even in simplest metals, 
the free-electron-gas 
picture does not work at 
finite temperature ! 

 

Structure in the thermopower of 
AlKali metals (MacDonald 1961) ! 



•If electrons and phonons exchange energy then 
electrons would be dragged by phonons 

Phonon Dragg 

 hot cold 

Flow of heat-carrying phonons 

α
Ne
CS L

g =Phonon dragg thermopower 

Lattice specific heat 

Carrier density 
e- - ph coupling (0<α<1) 



Order of magnitude of phonon dragg 

• Expected to vanish in the 
zero-temperature limit 

• Becomes negligible when 
Ce>> CL 

α
βe

L
diffg C

CSS =/

e- per atom 

(T/ΘD)3 

T/TF 

Frequency of ph-e- scattering 
events 

MacDonald 1961 



Heavy electrons in the T=0 limit 
 Replotting two-decades-old data! 

Extrapolated to T=0, the extracted S/T yields a q close to unity! 



Another plot linking two distinct 
signatures of electron correlation 

Behnia, Flouquet, Jaccard 
JPCM ‘04 



 γ S/T q 
UPt3 430 2.5 0.6 
NpPd5Al2 
 

200 -1.3 -0.65 

CeNi2Al3 30 0.27 0.9 
PrFe4As12 340 -1 0.3 
YbRh2Si2 750 -6.7 -0.8 
FeTe 34 -0.3 -0.9 
MgB2 3 0.04 -1.3 

SrRu03 30 0.24 0.8 

SrRh2O4 10 0.22 2.2 

Data since 2004 



In semi-metals q is large 
•URu2Si2 (q=-11)  

•PrFe4P12 (q=-58)  

•PrRu4P12 (q=-43)  

•CeNiSn  (q=107)  

•Bi0.96Sb0.04 (q=104)  

In these systems 
the FS occupies a 
small fraction 
(~1/2q) of  the BZ. 

In URu2Si2 hidden orde opens  a gap 
and destroys nine-tenth of the FS  

FL behavior for J// a 
does not set down to 
the lowest T neither in S 
nor in ρ 
(Zhu et al. PRB ‘09) 



In both unitary and Born limits, q ~ ±1 

Miyake & Kohno, JPSJ (2005)  

Zlatic, Monnier, Freericks & Becker, PRB 2007 

Theory on correlation between S and γ 

(Single-impurity Anderson model) 

Paul & Kotliar, PRB 2001 
Near a QCP both expected to diverge logarithmically  
 
Haule and Kotliar, CorrelatedThermoelectricity workshop (2008) 
DMFT 



Measuring the Fermi energy of a 3D 
electronic system 

• Resistivity: 
 
 
• Specfic heat 
 
 
• Thermopower 
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 A material-depenedent 
length scale (model-
dependent combination 
of interatomic and 
interelectronic distances) 

Carrier density 

Near a QCP, thermoelectric response becomes large ! 



Loram et al. JPCS, ‘01 

The large S/T implies a small Fermi energy within a factor 
of 2 of the pocket detected by quantum oscillations! 

The expected γ0 given the size of the FS 



Nernst effect in a single-band metal 

 

Absence of charge current leads to a counterflow of hot and cold 
electrons: 
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e- 
JQ ≠ 0 ; Je= 0 ; Ey= 0  

In an ideally simple metal, the Nernst effect vanishes! 
(« Sondheimer cancellation », 1948) 

Ey JQ 



Nernst coefficient in remarkable metals! 



A large diffusive component in the zero-temperature limit! 
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 Close-up on Sondheimer cancellation  

If the Hall angle, ΘH, does not depend on the position of the Fermi 
level, then the Nernst signal vanishes! 

Boltzmann picture: 

Je=0  



Roughly, the Nernst coefficient  tracks ωcτ / ΕF… 

N ~ π2/3 k2
BT/e ωcτ / ΕF 



… and becomes large in clean semi-metals! 

 Bismuth URu2Si2 
 

PrFe4P12 

n (per f.u.) 10-5 3 10-2 2 10-3 



… and becomes large in clean semi-metals! 

 Bismuth URu2Si2 
 

PrFe4P12 

n (per f.u.) 10-5 3 10-2 2 10-3 



Nernst effect as a probe of quantum criticality 

Nernst effect directly reveals the quantum critical point! 

Izawa et al. 2007 

logarithmic color plot of ν/T 

The case of CeCoIn5 

Paglione et al. ,2003, Bianchi et al. 2003 



Nernst effect in semi-metals 
across the quantum limit 



Semi-metals 

εFe= 27.6 meV 
 
εg=15.3 meV 

J.-P. Issi,  Aust. J. Phys.  (1979) 

Cubic bismuth would have been a simple metal! 

Bismuth crystal structure  
Credit: Liu & Allen, PRB ‘95 



Small fermi surfaces 

Woolam `71 

graphite 
bismuth 



Giant quantum oscillations in bismuth and graphite 
Zhu et al., Nature Physics ‘09 
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Bismuth B// trigonal 

Graphite B//c 

KB, M.A-Méasson & Y. Kopelevitch, PRL 2007 



Quantum oscillations in Graphene 

See also: 
 
Wei et al., PRL’09 
Checkelsky and Ong, arXiv: 0812.2866 

When a Landau level meets the 
Fermi level,  Sxy vanishes! 

Zuev, Chang & Kim, PRL’09 



2D electron gas 

Oji, J. Phys. C ‘84 

Jonson & Girvin, PRB ‘84 

THEORY 

Fletcher 1999 

EXP. 



Summary: empirical correlation between the Nernst profile and 
dimensionality! 
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Topological phase transition exclusive to 3D 

For a review paper on topological phase 
transitions, see:  Blanter, Kaganov, Pantsulaya 
and Varlamov Phys. Rep. 245, 159 (1994). 

Zhu et al., Nature Physics ‘09 
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For a recent treatment of the sinigularity , 
see:  Bergman & Oganesyan, Phys. Rev. 
Lett. 104, 066601 (2010). 



Landau tubes 

Fermi surface 

o  A singularity in DOS 
whenever a Landau 
tube leaves the Fermi 
surface! 
 
o  In presence of many 
Landau tubes this 
singularity smears out! 



Nernst coefficient in graphite

Penultimate Landau tubes leave 
the Fermi surface 
Divergent ν/T 



Summary 

• Thermoelectricity is a sensitive and underexplored probe of 
electronic correlations! 

 
•  In 3D there is a singularity in transverse thermoelectric response 

whenever a Landau level  meets the Fermi level. 
 
• Beyond the quantum limit, in bismuth there is a cascade of 

additional topological transitions, while graphite undergoes a 
thermodynamic phase transition. 
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