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Thermoelectric effects Temperature difference



Electrical current



Electrical current



Seebeck effect (1821)



Peltier effect (1834)



V = ( S B − S A )ΔT ΔT = (T2 − T1 )



Q = (Π B − Π A ) I



V: voltage difference S: Seebeck coefficient (thermopower)



junctions



temperature change



Q: Peltier heat π: Peltier coefficients



-Charge carrier diffusion Heat current density JQ Charge current density J -Diffusion from impurities, phonons, defects



Heat current/unit charge Entropy/charge carrier



V≠0 Thomson effect (1854): Heat is absorbed or produced when current flows in a material with a temperature gradient



S = Π / T Thomson relation



Coefficient of performance Power generator case:



P : electrical power output (produced)



P I 2 RL η= = QT S abTH I − 1 I 2 R + ΚΔT 2



QT: thermal power required at the hot junction



Peltier heat absorbed



(supplied by the experimenter) RL: load resistance R: resistance of a and b in series κ: thermal conductance of a and b in parallel TH (Tc): hot (cold) junction temperature



Joule heat thermal conduction between the two junctions



⎛ TH − Tc ⎞ [(1 + T z )1/ 2 − 1] ⎟⎟ η = ⎜⎜ 1/ 2 T + + (Tc / Th )] [( 1 T z ) H ⎠ ⎝ ⎛ ⎞ S ab ⎟ z = ⎜⎜ 12 12 ⎟ ⎝ ( Raκ a ) + ( Rbκ b ) ⎠



2



TH + TC T= 2



Figure of merit of the couple (a b) • depends only on the material properties • determines ΔT max • η max



Figure-of-merit of a material



Efficiency of a thermoelectric couple



S σ Z = κ 2



η max depends on the temperature Dimensional – less figure of merit



S 2 σT ZT = κ S, σ and κ are interdependent



Application: high ZT are necessary



Efficiency (η)



σ: electrical conductivity T: system temperature



high ZT compounds? Metals: - Low Seebeck coefficient 10 µV/K - Large electronic contribution to thermal conductivity, σ and κ cancel each other Poor thermoelectric Insulators: High Seebeck coefficient Small electronic contribution to thermal conductivity Low charge density => Low electrical conductivity leading to a low thermoelectric effect Semiconductors Bi2Te3 (1950): N doped - High S (- 287 μV/°C) - high σ (doping) - Low κ (min lat. contribution) ZT ~ 1 at room temperature



Superconductors : S= 0 (charged carriers produce no entropy)



Variety of high ZT materials working at ≠ T For applications different materials should be selected



Sodium - cobaltates Resistivity



Thermopower
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- 100 µV/K at 300 K!
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~200 mΩ.cm at 300 K
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• Large thermopower in Na0.5CoO2 ~10 times Sommerfeld value at 300 K • Low resistivity • Low mobility (13 cm2/V at 300 K) Terasaki et al. Phys. Rev. B (1997)



Electron - electron interaction Pouvoir thermoélectrique Hubbard model (limit of strong electron correlation)



Heikes formula for cobaltates:



Number of Co3+ and Co4+ spin configurations



k B ⎛ g3 x ⎞ ⎟⎟ S = − ln⎜⎜ e ⎝ g4 1 − x ⎠ g3 ( g4): number of configuration of Co3+ (Co4+) ions x: Co4+ concentration Co3+ and Co4+ electronic configutation must be diffrent!



With x ~ 0,5



kB 6 S= ln = 150μV / K |e| 1



Exp. S = 100 μV / K Koshibae et al. PRB 62, 6869 (2000)



Field dependence of S
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Strong thermopower suppression with a field



10K



Conv. Metals
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H no effect on Seebeck coef.
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Strong e- - e- interaction
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Spin contribution to the heikes formula: S = -σ/e
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σ: entropy per electron (or carrier)



-0 .2



e: electron charge
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6 8 10 μ 0 H (T )
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14



Na0.68CoO2



Y. Wang et al. Nature 423 425 (2003)



Spin contribution to thermopower



Co3+



Co3+



Co3+



Co4+



Co3+



Co3+



Co3+



Charge transport process: hole hopping from Co4+ to Co3+ J = nev JQ = nvkBTln2 n: hole concentration v: average velocity e: electron charge



Transfer of spin entropy: kBln2 (per carrier) S = JQ/JT = (kB/e) ln 2 ~ 60 µV/K 2/3 of the total thermopower at 300 K



Y. Wang et al. Nature 423 425 (2003)



Strong Na doping x (0,71 [1] → ≈1,0 [9]) Thermoelectric power



Resistivity



X = 0.85



ρ ≈ 5.10-2 mΩ.cm S ≈ 250 μV/K-1 Highest Z for a hole doped material below 100 K Na0.85CoO2 (hole-like)+ Bi1-ySby (electron-like): highest Z reported



M. Lee et al. Nature Materials 5, 537 (2006)



Current work



Development of new materials with a low lattice contribution to the thermal conductivity: -



Semiconductors nanostructures



-



Correlated materials



-



Superlattices



References: - R. Heikes, R. Ure, Thermoelectricity: Science and Engineering, Interscience Publishers - Thermoelectrics Handbook, Macro to Nano, edited by D. M. Rowe
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