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Student projects 

Calculate the phonon dispersion and/or phonon density of states for some 
crystal.

Explain how to use a band structure program like Quantum Espresso or 
VASP  to calculate the phonon dispersion.

Explain how to use Phonopy to plot phonon dispersion, densities of states, 
and to animate phonon modes.



Charged particle in a magnetic field
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solve for velocity



Why don't metals in a B field radiate?
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Magnetron

There are no lower lying states to fall into. We need a quantum description.
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Magnetic force depends on the velocity, not on the position.



Electrons in a magnetic field  

Euler Lagrange equations

Lagrangian:

Kittel: Appendix G
http://lamp.tu-graz.ac.at/~hadley/ss2/IQHE/cpimf.php
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Lorentz force law
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kinetic momentum field momentum
(inductance)
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conjugate variable:



Hamiltonian

Schrödinger equation
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Classical result
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Legendre transformation
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Landau Levels
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free particles in a magnetic field
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Landau gauge
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Landau Levels
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free particles in a magnetic field
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Landau gauge
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The solution has the form

V = 0
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Landau Levels
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The solution has the form
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Substitute this into the equation



The equation for (x) is

This is the equation for a harmonic oscillator
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Landau Levels
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This is the equation for a harmonic oscillator
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Landau Levels
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Charged particle in a magnetic field
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Circular motion is harmonic motion. Harmonic motion is 
quantized. 
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2 R v 

v labels the Landau level
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Bohr - Sommerfeld quantization



Landau levels

The number of solutions is conserved
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In 2-D, the k-volume per k state is:
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Density of states 2D
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The number of states between ring v-1 and ring v is
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The number of states between ring v-1 and ring v is

The density of states per spin is
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Spin

In a magnetic field, there is a shift of the energy of the electrons because of their 
spin.

Bohr magneton
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Quantum Hall Effect

Shubnikov-De Haas oscillations
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Resistance standard
25812.807557(18) 



HEMT High electron 
mobility transistor

Modulation doped field effect transistor
High electron mobility transistor



Quantum hall effect
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Each Landau level can hold the same 
number of electrons. 0
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FE

If the Fermi energy is between Landau 
levels, the electron density n is an 
integer v times the degeneracy of the 
Landau level n = D0v

z
c

eB
m

  0
z

hDB
e





Quantum hall effect
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