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Electrical conductivity
• Wide range of values!

• Early attempts to model:
 Drude: free electron gas

 Sommerfeld: quantum free electron gas
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Sommerfeld Theory

The application of quantum mechanics to statistical 
mechanics led to modification of Drude's theory to a 
more apt theory for the many-fermion system.

Fermi-Dirac distribution approaches Maxwell-
Boltzmann distribution at large T; most striking 
differences occur in the vicinity of absolute zero.

Room temperature still low enough for Sommerfeld
model to achieve better predictions; most 
improvements related to thermodynamic phenomena. S
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(Quantum Free Electron Gas or Free Electron Quantum Model)

Quantum Free Electron Gas:
Density of available states
• Start with the simple cubic lattice!

• Some definitions:
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• Each value of k is a different state, but e- can have 2 spin states, so
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Quantum Free Electron Gas:
Density of available states

• For electrons in a SC solid of lattice parameter 
L, the density of states as a function of energy

2/12/322 )/2)(2/()( EmVEg 

• The Pauli Exclusion Principle
requires that we “fill up” this 
distribution starting at the lowest E

• Energy of the highest state at T=0 
is the Fermi energy, EF:
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Na 3.22

Cu 7.00

Ag 5.46
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What about T > 0?

• Fermi-Dirac distribution function:

where EF is the Fermi energy 
and kB is the Boltzman constant

At T  = 0,
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So, the density of occupied states is then

• The total number of 
conduction electrons is 
given by

( ) ( ) ( )on E DOS f E g E 

0

( ) ( )N f E g E dE
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 
* Note that the Fermi energy is a function of 
temperature; must be chosen to satisfy this 
integral.

Fermi Surface
• In 3 dimensions, we can define a sphere in k-

space of radius
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• Electrons having 
values of k on the 
surface of this sphere 
are at the Fermi 
energy (T = 0)
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Effect of an electric field

• No field: 

• Shift of Fermi sphere 

• Center now displaced 
from origin by

•

• Current flow by 
electrons with 
unmatched values of 
k; fits with Ohm’s Law
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where τ is the ave. time between e- collisions

original 
Fermi 
surface
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Band structure – Na (BCC)
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0.9 0.90.9

1.04

Band structure – Na (BCC)

Fermi surface

Band structure – Ba (BCC)

~0.84 0.82
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Band structure – Cu (FCC)

~1.42

~1.3

Band structure – Cu (FCC)

~1.42

~1.3

Fermi surface
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Band structure - Si
A more complicated picture – indirect semiconductor

Successes?

• Free electron gas model explains electrical 
conductivity reasonably well for some 
materials (e.g., low carrier concentrations); 
close to classical result

• Explains classical Hall effect

• Does not completely explain heat capacity, 
thermal conductivity, thermoelectric effect, 
magnetic properties, photoelectric effect, 
etc.
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Contact Potential: 
two unlike metals

• Work function = minimum energy 
required to remove an e- from a metal

• CPD, = contact potential difference = 
Δφ, develops across the junction 
(Metal2 is at higher potential than 
Metal1)

• Δφ is T dependent (thermocouples)

• Kelvin method (a nulling method) can 
be used to determine work function of 
unknown metal

φ2φ1

CPD 
= φ1 - φ1

EF1
EF2

eVDC = ΔΦ

p-n junction

• Formation of 
depletion layer & 
CPD

• Diffusion of 
majority carriers + 
recombination 
creates depletion 
layer (depletion of 
majority carries)

http://www.acsu.buffalo.edu/~wie/applet/pnformation/pnformation.html

http://www.yenka.com/freecontent/attachment.action?quick=14r&att=2923

contact potential difference


