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OUTLINE 
•  I. Thermopower S(T) of materials/models 

with strong electron correlations 
•  1. Brief introduction to strongly correlated materials 
•  2. Key questions/puzzles about transport and 

thermopower in oxides 
•  3. Some formalism: Kubo formula, DMFT 
•  4. S(T) in Fermi-Liquid regime 
•  5. S(T) in `bad metal’ regime: Heikes and beyond 
•  [II. A proposal to investigate thermoelectric 

effects with ultra-cold atomic gases (C.Grenier, 
C.Kollath & AG arXiv:1209.3942)] 



1. Materials with strong electron 
correlations: some examples 

(geared at thermoelectrics) 



Strongly correlated materials:  
the suspects are the 
localized orbitals !!

* d- or f- orbitals are quite close to nucleus 
   (particularly 3d and 4f, for orthogonality reasons) 

They do not behave as regular band-forming orbitals  
  (e.g sp-bonding) and retain atomic-like aspects  
             Electrons “hesitate” between  
           localized and itinerant behaviour ! 

Materials: transition-metals and their oxides, rare-earth/actinides 
and their compounds, but also some organic materials 



Transition Metals 

Rare earths and Actinides 



Some Transition-Metal Oxides 
which may be useful Thermoelectrics  

Cobalt oxides: NaxCoO2 Terasaki et al. PRB 1997 

Triangular CoO2-layers  

Na ions in between 
layers    

Note similarities to  
LiCoO2 batteries 







Slide – courtesy Sylvie Hebert 
(CRISMAT – Caen) 



WHY ? 

• Oxides have spin and orbital degrees of 
freedom 

• Hence possibly large entropy ! 
•  However : at low-T in Fermi Liquid regime, S(T) 

constrained by Pauli principle S(T) ~ T  small 
•  Need to beat Pauli principle: heat above 

`quantum degeneracy’ 
•  BUT in such a way that i) resistivity does not 

become too large and ii) avoid phases with spin/
orbital long-range order (frustration helps)  



Hence, fundamental issue: 

   Understand crossover  
from the low-T Fermi-Liquid regime  

all the way to  
the hi-T `Bad Metal’ regime where   

quasiparticle (QP)  excitations no longer exist 



In the following, address this 
issue in two ways: 

•  Illustrate by some experimental results on 
oxides 

• Discuss a model calculation: hole-doped 
single-band Hubbard model (doped Mott 
insulator) 



2. Illustrate this on  
THE best documented oxide: 

Sr2RuO4 

`The Helium 3 of transition-metal oxides !’ 

Review: McKenzie and Maeno, Rev Mod Phys 75, 657 (2003)  



•  Has been investigated with basically all 
techniques in the experimentalist’s toolbox 

•  4d-row structural analogue of La2CuO4 



Basic electronic 
structure of Sr2RuO4  

FS from quantum oscillations: 

FS from photoemission: 

kx 

ky 

γ-sheet (xy) 
1.3 electrons 

β-sheet  
(0.9 electrons) 

α-sheet 
0.2 hole Fermi surface and orbital  

populations from dHvA: 



Bands (DFT-LDA) 
4 electrons  
in t2g ={dxy,dyz,dxz}  
subset of d-orbitals  

~ 3.6 eV  
(xy band) 

~ 1.5 eV  
(xz,yz) 

But kinetic energies of all bands comparable 



Low-T state of ruthenates: a Fermi liquid 

~ T2 up to about TFL ~ 20K 



When is a quasiparticle description legitimate ? 
Ioffe-Regel [1960], Mott [1972] 

 When the mean-free path of the charge carriers is larger 
than ~ the Fermi wavelength   

Quasi-2D (layered) geometry: 

c0: c-axis lattice spacing 

3D isotropic geometry: 



MIR (cont’d): 

Quasi 2D: 

3D isotropic:  

MIR criterion – 2D – 1FS sheet  

MIR limit corresponds to sheet resistance =  
resistance h/e2 quantum per layer 



Higher-T regime: gradual crossover to 
`bad metal’ 

Resistivity  
does cross MIR value 

Nothing dramatic is seen  
in ρ upon crossing MIR  

Tyler,Maeno, McKenzie 
PRB 58 R10107 (1998) 

ab-plane: 

ρ << ρM at T ~ TFL 
Hence large regime of T  
with non-T2 (non FL) transport  
but still `good’ metal  



Thermopower of Sr2RuO4 

< 300K: Yoshino et al, 1996 

Keawprak et al, 2008 
300K < T < 1000K 



Summary: often observed facts in SCES 
(e.g. oxides) and Questions  

 - Fermi Liquid behavior applies only below a low scale TFL, 
much smaller than bare electronic scales. In this regime 
S(T) ~ T 

Question: what controls slope of T-linear term ? 
-  Resistivity at high temperature T can reach large values, 

in excess of the Mott-Ioffe-Regel (MIR) value  `bad-
metal’ behavior at hi-T (T>TMIR) 

Questions: Are QPs gone then ? Thermopower at hi-T ? 
-  Intermediate regime TFL<T<TMIR  
   QPs but not Landau ?  
   Can complex T- dependence of S(T) be calculated 

understood ? 



3. Answers to these questions in 
`simple’ model case  

Single-band Hubbard model, doped, large U/t 
i.e. hole-doped Mott insulator 



Key players 
[X.Deng, J.Mravlje, R.Zitko; with : M.Ferrero, G.Kotliar, AG] 

 arXiv:1210.1769 
Xiaoyu Deng, Jernej Mravlje, Rok Zitko 

École Polytechnique, College de France, J.Stefan Institute  

Thanks also to: Nigel Hussey, Sriram Shastry, C.Berthod,  
Dirk van der Marel 



Theoretical Formalism 

•  Kubo formula 
• Many-body effects: non-perturbative 

calculation of self-energy Σ using 
Dynamical Mean-Field Theory (DMFT) 

•  Σ(ω) is energy-dependent but k-
independent (local)  vertex corrections 
can be neglected 

•  Numerical Renormalisation Group a la Wilson and/or 
Quantum Monte Carlo to obtain Σ(ω) 



Seebeck from Kubo : 
Relating entropy current to energy current: 

Using particle & energy densities and equations of motion:  

As before for conductivity, relate transport coefficients  
to correlators <j j>, <j jE>, <jE jE>  



At the end of the day…  

- The Seebeck coefficient involves an odd moment (A1)  
and hence is very sensitive to the particle-hole asymmetry   

Two key observations: 
- The Seebeck is a RATIO, such as RH . Scattering is   
not requested to get a non-zero S (although scattering rate  
does not entirely cancel, actually – see below) . In other words:  
a uniform entropy current can exist without entropy production (ds/dt=0) 

Conductivity: Seebeck: 



In these expressions: 
- Transport function contains information about BARE velocities: 

- 1-particle spectral function encodes many-body effects:  

NB: full frequency-dependent optical conductivity 



Transport function for quasi-2D free electrons : 

Hence, the IRM limit is naturally expressed in terms of   

Drude, quasi-2D: 



UNITS 

Energy, Temperature, Frequency:  
         ½ bandwidth D (=1). Think of D= 1eV = 12000 K  

Resistivity 
Ioffe-Regel-Mott value 

Note:  

Most calculations shown for U/D=4 ( > Mott MIT ~ 3) 



OVERVIEW OF T-dependence: 
Resistivity and Seebeck 



Overview of resistivity vs. T 



Three transport regimes : 



Seebeck (look mostly at black curve)  





A. The Fermi Liquid Regime 

•  Enhanced effective mass m*/m ~ 1/δ (as 
compared to band mass)  

    The Brinkman-Rice phenomenon 
•  Small quasiparticle spectral weight Z ~ δ 

(Within local FLT: m*/m = 1/Z) 
•  Short lifetime 
•  Low coherence scale above which FL 

theory no longer applies  

Quasiparticles excitations characterized by: 



All encoded in the low-frequency behaviour of self-energy: 

Luttinger theorem (large FS):  

QP spectral weight : Z ~ doping level δ 

Short lifetime: close to MIT, c ~ 1/Z2 : a single energy-scale  
and 1-parameter scaling form 

 Landau 



In FL regime: beautiful scaling of the self-energy 
onto ω2 + (πT)2  

-> Precise identification of FL scale TFL 



From T-dep of ``effective mass’’ 
Z(0)/Z(T) = const. for T < TFL 

Brinkman-Rice 
Behaviour  
of  



* A very low scale  
  (as compared to bare electronic  scales) ! 
   e.g. D=1eV, δ=10%  60 K  

* Proportional to doping level 
   but much lower than `Brinkman-Rice’ scale ~ δD  
   (by 1/20) 

Fermi Liquid scale (U/D=4) 



Resistivity in the FL regime: analytics 
Low ω,T scaling form of scattering rate:   

Note: Z~δ drops out from A/γ2 = NON-UNIVERSAL constant  
`Kadowaki Woods’ 1986, TM Rice 1968 
cf. N.Hussey JPSJ 74 (2005) 1107; B.Powell et al. Nature Physics 2009   

Much lower than MIR value at TFL  

Note: BOTH  
T AND ω  
dependence 
Is important 
(Also in Lorentz ratio)  



Seebeck: the dominant linear low-T behaviour involves 
corrections to Fermi Liquid theory ! 

[Particle-hole asymmetry of the scattering rate] 

(Haule and Kotliar, arXiv:0907.0192)  in "Properties and Applications of Thermoelectric 
Materials", Edited by V. Zlatic and A.C. Hewson, Springer 





Particle-hole asymmetry of the scattering rate 



Self-energy on a broader  
scale: Beyond Landau FLT 

Scattering rate: particle-hole asyymetry  
Longer lifetime for  
electron-like excitations 

This is where Landau theory applies ! 

Fixed ω, vs. T: 



The Behnia-Jaccard- 
Flouquet law: 
(wn=hen only Z 
matters) 



B. High-temperature regime(s):  
Heikes limit(s)  

[and `Kelvin formula 



High temperatures: T>TIRM and beyond… 
Incoherent regime – Hubbard band physics 

~ classical carriers in a rigid band 

Chemical potential is linear in T at very hi-T  



Hi-T expansion of thermopower: 

Hence, all details of fermiology/bandstructure  
cancel out and a very simple hi-T limit holds: 

Thermodynamics:   



The two hi-T (Heikes) limits 
1. D < T << U 

2. T > U 





Seebeck and Entropy 

 Seebeck 
(right scale) 

Entropy  
(left scale) 



“Kelvin formula” dµ/dT (cf. Shastry)  is a good approximation  
(much better than Heike µ/T) 



C. Intermediate regime 
TFL < T < TMIR 

Metal with  
“Resilient quasiparticles” 



Landau FL 

Resilient 
Non-Landau 
QPs 

Fully  
Incoherent 
(above MIR) 

A bit below  
Ioffe Regel Mott 



Seebeck in intermediate regime: minimum 
dominated by electron-like `resilient’ quasiparticles 

`RQP’ regime 



Signature of the the two crossovers 
(FL, MIR) in optical spectroscopy: 

1. Merging of Drude peak and mid-infrared 
into broad peak at TFL 

2. Disappearance of QPs at MIR  
3. Redistribution of sp.weight over very high 

energies at MIR, but involving only mid-
infrared below TMIR  

cf. Hussey, Takenaka et al. LSCO PRB 2003 
Hussey, Phil Mag 
Gunnarsson RMP 





Back to real materials:  
Towards predictive power for Seebeck 

from: 
- Hi-T limits (Heikes/Kelvin) 

 Several authors  
(e.g. Koshibae et al. PRB 2000) 

- Electronic structure + many-body 
``LDA+DMFT’’ calculations   



Main messages about  
thermopower 

•  Seebeck is a sensitive probe of the 
different transport regimes 

•  Particle-hole asymmetry crucial: not only 
of bandstructure also of scattering rate  

•  Fermi liquid theory insufficient even for 
dominant linear behaviour at low T ! 

•  Progress in first-principle calculations of 
thermopower ! 



Take-home messages (cont’d): 
• Well-defined `resilient’ QPs exist well 

above the range of validity of FL theory, all 
the way up to TMIR 

•  They carry the current: no longer Landau’s T2, 
but smaller than MIR resistivity 

• Clear spectroscopic signatures of their 
disappearance, eg in optics 

•  For a hole-doped MI: electron-like 
excitations above FS much longer-lived  

 Explore the `dark side’ of the FS ! 



In brief, as a dessert: 
Probing  

Thermoelectric Transport  
with  

Ultra-Cold Atoms  

C.Grenier, C.Kollath & AG arXiv:1209.3942 
Slides: courtesy C.Grenier 
Acknowledgements: ETH cold atom group 














