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Quasi-Classical Electron Dynamics and Electrical
Conductivity

According to the Correspondence Principle of quantum mechanics, wavepacket solutions
of Schrödinger’s equation follow the trajectories of classical particles and satisfy Newton’s
laws. The connection between the classical Hamiltonian and the quantum mechanical
Hamiltonian is made by identification of p  ih. So,

quantum mechanical

Eni Hr

classical

En p  H
r  Hp,r

In classical mechanics, Hamilton’s equations give the velocity as

v  r  H
p  pH  1


Ek
k

which agrees with the previously derived expression for the group velocity. Hamilton’s
equation for acceleration is

p   H
r   Hr

r

For an applied electric field E, the perturbation Hamiltonian is
Hr  er  E

so
p  k  eE

In an applied magnetic field,
p  k  eE  vc  B

Let’s apply this development to the electrical conductivity of a metal with an arbitrary band
structure and Fermi surface. The electron is considered to be a wavepacket with momentum
k, and moving in an external electric field E in compliance with Newton’s Laws.

The electric field can be thought to create a displacement of the electron distribution (i.e.
Fermi surface) in k space. The displacement is



k  e

Et

The volume of k space swept out in a time t due to the presence of the field is
3Vk  d2SF n  k  d2SF n   e Et

The current density is

current
unit area


# electrons

unit volume in real space
 electronic charge  velocity

so

 j   2
23

 3Vk  e  Vg

and the instantaneous rate of change of current density is:
 j
t 

e2
43 Fermi Surface Vg n  Ed

2SF  e2
43 Fermi Surface

VgVg  E
|Vg |

d2SF

since the group velocity is directed normal to the Fermi surface (n  Vg
|Vg |
).

In steady state, scattering limits the electrons which have not made a collision at time t is
nt  n0et/

The relaxation time is the average collision time

t  1
 0


t et/dt  

Thus in steady state t   and the current density is

j  e2
43 Fermi Surface

VgVg  E
|Vg |

d2SF

Define the conductivity tensor as
j  E

then



  e2
43 

VgVg
|Vg |

d2SF

In the free electron limit,  becomes a scalar:

E  2k2
2m

EF  2kF2
2m

Vg  kF
m

VgVg  Vx2  Vy2  Vz2  V2
3

 d2SF  4kF2

The electron density is
n  1

43
4
3 kF

3

j  e2
43

kF
m

1
3 E 4kF2  ne2

m E

when

Ek  2k2
2m

  ne2
m


