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‐ 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Drude’s Approach in thermal conduc4vity 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Assuming v is location independent 

In reality, v is location dependent, i.e., v=v(x) 



When considering v=v(x)
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E =Q∇T -- thermoelectric field 
Seebeck coefficient or thermopower 
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Drude’s Approach in thermopower Q
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Why had Drude made incorrect 
estimate on cv and kinetic energy? 

Electrons cannot be treated as an 
ideal gas (classic)  
– Maxwell-Boltzmann distribution 



Electrons have to obey the 
Pauli exclusion principle

-- no two electrons can have all 
their quantum numbers identical
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Na11: 1s2, 2s2, 2p6, 3s1

Drude did not consider Pauli exclusion principle 

died in 1906 
born in 1928 



The Sommerfeld Theory of Metals 

                  ‐‐ Treat electrons with 
                        quantum Fermi‐Dirac 

      distribu4on 

          ‐‐ 4 of his students 
received  

      Nobel Prizes (1868 –1951) 



Energy Levels  
Considering a one-dimensional system with N electrons and length L, 

the electron in the  energy level εn has wavefunction ψn 
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N electrons go to N different orbitals

For free-electron case 



Electron orbital (n,m) 

Since 
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Different orbitals may have the same energy. 

Degeneracy: the number of orbitals with the same energy
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Free Electron Gas In 3‐Dimensions 

    

€ 

Hψn = εnψn = −

2

2m
d2ψn

dx 2

€ 

ψn 0( ) = 0

€ 

ψn L( ) = 0

€ 

ψn x( ) = Asin nπ
L
x

 

 
 

 

 
 

  

€ 

εn =

2

2m
nπ
L

 

 
 

 

 
 
2

1D  

    

€ 

Hψn = εnψn = −

2

2m
∂ 2

∂x 2
+
∂ 2

∂y 2
+
∂ 2

∂z2
 

 
 

 

 
 ψn

3D  

€ 

ψn x + L,y,z( ) =ψn x,y,z( )

€ 

ψn x,y + L,z( ) =ψn x,y,z( )

€ 

ψn x,y,z + L( ) =ψn x,y,z( )

€ 

ψn r( ) = A sin nxπ
L

x
 

 
 

 

 
 sin

nyπ
L

y
 

 
 

 

 
 sin

nzπ
L

z
 

 
 

 

 
 

  

€ 

εn =

2

2m
nxπ
L

 

 
 

 

 
 
2

+
nyπ
L

 

 
 

 

 
 

2

+
nzπ
L

 

 
 

 

 
 
2 

 
 
 

 

 
 
 



3D System in k‐Space 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Fermi Surface 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Fermi surface at

Fermi energy εF
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The existence of a Fermi surface is a direct consequence  
of the Pauli exclusion Principle, which allows a maximum  
of one electron per quantum state. 



Fermi Surface 



Fermi velocity 
‐‐ electron velocity at the Fermi surface 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Energy Density of Electrons 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Fermi Temperature 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-- probability in finding an electron in the ith level with energy of εi 

Fermi‐Dirac Distribu4on 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Electron Distribution 

T = 0 K:  all electrons stay 
                   in the ground state  
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T = 0 K 

T ≠ 0 K 



Fermi‐Dirac vs. Maxwell‐Boltzmann 
DistribuAon (Drude used) 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Electron Density of States g(ε) 

-- the number of orbitals per unit energy range 
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g(ε) versus ε 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1.  Problem 1a in page 53 (Ashcroft/Mermin) 

2.  Show that the kinetic energy of a three-dimensional gas of N free electrons 
 at 0K is  
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Homework today (due on Sept. 16, 2010) 


