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Last time:  

 Thermal properties cont’d 

 Metals (free electron model) 

Today:  
 Metals (free electron model) cont’d 

 band structure 
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Heat capacity of the electron gas 
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Electronic heat capacity 
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Phonons 
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Electrical conductivity 

k 

k’ 

dk 

F 

2nd Newton:                      or  F
dt

dv
m   Fdt

1
k


δ

Relaxation time t:  dk    0 

e-p, e-e scattering, Impurity scattering 

td F
1

k


Equation of motion: 

Fk
1

dt

d










t




Structure of Matter  – WS13/14 – van Loosdrecht – Lecture 7    6 

Displacement fermi sphere 
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Ohm’s law 
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Hall effect 

F = q(E + vB) 

stationary case: jy = 0  Ey = -(et/m)ExB = RHjxB 

Hall coefficient RH = -(ne)-1 

experimentally determine 

• sign of charge carriers (electrons/holes) 

• density of carriers 

 

typical values for good metals |RH| ~ 10-10m³/C  
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Thermal conductivity 

Electronic heat conductivity:  T
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Free electron gas parameters 
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Sodium 

122

F cm1065.2k 

eV23.3EF 

322 cm1065.2n 

s/cm1007.1v 8

F 

K1075.3T 4
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Non relativistic 

Degenerate quantum gas 

EF hardly depends on T 

Na 1s22s22p63s = [Ne]3s             BCC lattice, 4.29 Å 
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Formation of bands and band-gaps 
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Binding between atoms (simplified) 
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Generalize to N atoms with only nearest neighbor interaction 
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Band filling 

 

N atoms with one s electron: N levels, filling N/2  metal 

 

N atoms with two s electrons: N levels, filling N  insulator (at T=0)  

 

Need not all be filled: Fermi level 

Metal Insulator 
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Why is magnesium a metal 

Magnesium has electronic configuration 1s2 2s2 2p6 3s2 

We need partially filled bands for metals 

Should Mg not be an insulator? 
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Overlapping bands 
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Insulator Metal Metal 
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Back to free electrons 
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Incorporating the periodic potential 

Crystal potential is periodic:  
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Bloch theorem 

Translation operator for free electrons 

 

 

 

Bloch theorem I: for any wave function that satisfies the s-eq. of a periodic  

system there is a wavevector k such that 

 

 

 

Bloch theorem II: the wavefunction for a periodic system can  

be written as 
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Bloch theorem 

The eigenstates of a periodic one-electron 

Hamiltonian can be chosen to have the form of  

a plane wave times a function with the 

periodicity of the Hamiltonian 
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The wavevector k 

Periodic boundary conditions (Born-von Karman) 

 

For a crystal of  𝑁1 × 𝑁2 × 𝑁3 primitive cells demand that 
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Bragg scattering of electrons 

Bragg law: k G 

Electrons with wavevectors differing by a reciprocal lattice vector G  

can Bragg scatter into each other: mixing of states with 𝑒𝑖𝑘𝑟 and 𝑒𝑖(𝑘−𝐺)𝑟 

with 𝑘 = 𝑘 + 𝐺  

This leads to energy gaps in the dispersion 
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Extended and reduced zone schemes 
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Mapping to the first Brillouin zone 
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Extended zone scheme 
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Reduced zone scheme 
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Diamond band structure 



Structure of Matter  – WS13/14 – van Loosdrecht – Lecture 7    30 

Photoelectron Spectroscopy - PES 

Gold, U. Johansson, R. Nyholm 

sample 
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Angle resolved (AR-) PES 
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ARPES: band dispersion of silver 


