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Bloch waves 

Bloch wave:

Any wave function:

ht
tp

://
la

m
px

.tu
gr

az
.a

t/~
ha

dl
ey

/s
s2

/tr
an

sp
or

t/c
ry

st
al

m
om

en
tu

m
.p

hp

Bloch waves are eigenfunctions of the Hamiltonian



Crystal momentum 

di A AH HA
dt

 

0 0 0di T TH H T
dt

  

ext ext
di T TF x F xT
dt

  

( ) ( )T x x a T  translation operator

<T> is a constant of motion 
for a perfect crystal

Consider an external 
force in the x-direction

      ext ext
dUF U F x
dx

    

   0 0ext ext
di T T H F x H F x T
dt

   

k



Ehrenfest theorem:
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Crystal momentum

ext ext
di T F aT F a T
dt

   

( )( ) ( ) ( ) ( )ikx ikx ikx ik x a
k k k kT e u x T e u x e u x e u x a    

( ) ( )ika ikx ikx ika
k kT e e u x e u x e 

ika ika
ext

di e F ae
dt

 

( ) ika ika
ext

dki ia e F ae
dt

  ext
dk F
dt


 



 ext ext
di T F x a T F xT
dt

   

The expectation value of T for a Bloch state is



Group velocity

k

E = 
1 dEv

dk



vg is the velocity 
of a wave packet
xk ~ 1

k



Group velocity

1
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Particles in a semiconductor can be thought of as free 
particles with an effective mass.

vg is the velocity of a wave packet
xk ~ 1

k



Wave/particle nature of electrons

Usually when we think about a current flowing, we imagine 
the electrons as particles moving along. Really we should be 
thinking about how the occupation of the wave like 
eigenstates are changing.

When wave packets are built from the eigenstates, they move 
like particles with an effective mass. 



If no forces are applied, the electrons diffuse.
The average velocity moves against an electric field. 
In just a magnetic field, the average velocity is zero.
In an electric and magnetic field, the electrons move in a straight line at the 
Hall angle.  





Master equation
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Fermi's golden rule:

( ) ( ) ( )elecj e v k D k f k dk  
    



Current densities

Electrical 

Particle 

Energy

1st law:
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