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Probability that state k is occupied. 

spin



Liouville's theorem
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Probability that state k is occupied at position r
and time t. 

Number of electrons:  

If the probability of finding an electron at a particular position 
with a particular momentum decreases, the probability must 
increase somewhere else. 



Boltzmann Equation
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Crystal momentum 

Collision term describes the transitions between k states.  



Relaxation time approximation 

In the relaxation time approximation, 
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If the driving field is turned off, the collision term will drive 
the system back to equilibrium in time .  

When                             and the initial condition is f = f1, the 
solution to the Boltzmann equation is,         

ext k

collisions

F ff fv f
t t

 
    

 






0k rf f   

/
0 1( ) tf t f f e  



Boltzmann equation: relaxation time approx.

in a stationary state 
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In the relaxation time approximation.  
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If the system is not far from equilibrium, f  f0, and we can 
substitute f0 for f on the right



Boltzmann equation: relaxation time approx.
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Temperature gradient
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Concentration gradient

Temperature and 
chemical potential can 
depend on position



Boltzmann equation: relaxation time approx.
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Only the states near the Fermi surface contribute.



Boltzmann equation: relaxation time approx.
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The contribution of f0(k) is zero 
density of states
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Current densities

http://lampx.tugraz.at/~hadley/ss2/transport/currents.php



Electrochemical potential 

The electrochemical potential
is what a voltmeter measures

ϕ is the electrostatic potential
μ is the chemical potential

http://lampx.tugraz.at/~hadley/ss2/transport/ecp.php



Electrical conductivity 

http://lampx.tugraz.at/~hadley/ss2/transport/ecp.php

no temperature gradient or magnetic field 



Electrical conductivity 

http://lampx.tugraz.at/~hadley/ss2/transport/electrical.php

for cubic crystals:



Free-electron model: electrical conductivity 

http://lampx.tugraz.at/~hadley/ss2/transport/fecond.php

assuming a single lifetime 



Free-electron model: electrical conductivity 



Free-electron model: electrical conductivity 



Free-electron model: electrical conductivity 

k is approximately kF and it can be pulled out of the integral. 
The remaining integral over x evaluates to 1



Thermoelectric current 



Thermoelectric current 
The electrons carry heat as well as charge. 



Free-electron model: Wiedemann–Franz law 


