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Intraband transitions
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When the bands are parallel, there is a peak in the absorption (")
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Reflection Electron Energy Loss Spectroscopy  

Fast electrons moving through the solid generate and a time dependent 
electric field. If the polarization moves out of phase with this field, energy 
will be lost. This is detected in the reflected electrons. 
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Microwave engineering

Microwave frequencies are a few GHz

The wavelength is smaller than the circuit

Losses in metals increase with increasing frequency

Losses in dielectrics increase with increasing frequency

There is a characteristic length scale called the skin depth 
which tells us how far into a metal fields penetrate before 
they are reflected out.
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Skin depth
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Exponential decay
Skin depth

Light p is reflected out of a metal. The waves penetrate a length .  



Skin depth
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The electric field lags behind the magnetic field by 45 degrees.



Surface resistance
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Complex signal processing at high frequencies > 1 GHz is difficult 
because the losses increase with frequency. 

Usually you mix down to a lower frequency as soon as possible.  

At low frequencies:  
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When  < t :  



Superconducting filter

Complex signal processing at high frequencies > 1 GHz is difficult 
because the losses increase with frequency.  

Simulation 
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Bloch waves
Crystal momentum
Group velocity

Boltzmann equation
Electrical conductivity
Thermal conductivity
Hall effect
Peltier effect
Seebeck effect
Ettingshausen effect
Nerst effect

Institute of Solid State Physics

Transport phenomena

Technische Universität Graz





Bloch waves 

Bloch wave:

Any wave function:
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Bloch waves are eigenfunctions of the Hamiltonian





Crystal momentum 
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  translation operator

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

Consider an external force 
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Ehrenfest theorem:
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Crystal momentum



Crystal momentum



Group velocity
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vg is the velocity 
of a wave packet
xk ~ 1
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https://en.wikipedia.org/wiki/Phase_velocity
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Group velocity
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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
xk ~ 1

k
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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:
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Current densities

Electrical 

Particle 

Energy

1st law:
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Current densities

Electrical 
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Probability that state k is occupied. 
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