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Particle beams
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Particles moving in vacuum have the following energy-
momentum relation. 

If   is much smaller than the distance between atoms, you 
can generate a diffraction pattern.  



LEED
Low Energy Electron Diffraction

Clean Pd (111) Pd (111) + 0.3 ML VOx

LEED is surface sensitive

100 V  k ~ 5 × 1010 m-1
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Electron diffraction in a TEM

The wavelength of the electrons is typically much smaller 
than the lattice spacing. The diffraction peaks in the plane 
perpendicular to k are observed.





Neutron diffraction

Typically a nuclear reactor is used as the neutron source

There are different atomic form factors for neutrons than for   
x-rays. 

Determine the positions of H in biological samples.

Can for example distinguish between Fe and Co which have 
similar atomic form factors for x-rays.
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Atomic beams

Hydrogen and Helium are used for diffraction studies
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Low energies can be used for delicate samples.
Measure the surface like LEED.



Forbidden reflections

Low Energy 
Electron Diffraction



Forbidden reflections
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Phonons



http://lampx.tugraz.at/~hadley/ss1/phonons/phonon_script.php



Vibrations of a mass on a spring
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Coupled masses

Newton's law
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assume harmonic solutions

Find the eigenvectors of this matrix
The masses oscillate with the same frequency but different phases
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Linear Chain
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solutions: 
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Linear Chain
s = 0 s = 1 s = 2 s = 3 s = 4s = -1s = -2s = -3



Linear Chain - dispersion relation
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Linear Chain - density of states

Determine the density of states numerically 4
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Linear Chain - density of states

for every k calculate the frequency
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This case is an exception where the density of 
states can be determined analytically.



density of states 
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van Hove singularity
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Linear chain M1 and M2 
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Newton's law:

2N modes

assume harmonic 
solutions
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Linear chain M1 and M2 
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dispersion relation 
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Optical phonon branch

Acoustic phonon branch



http://lampx.tugraz.at/~hadley/ss1/phonons/1d/1d2m.php

normal modes 



density of states 
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Linear chain M1 and M2 


2a

The branches of the dispersion curves can be translated by a 
reciprocal lattice vector G.
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and similar expressions for the y and z motion
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These are eigenfunctions of T.

Normal modes are eigenfunctions of T
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Substitute the eigenfunctions of T into Newton's laws.

http://lamp.tu-graz.ac.at/~hadley/ss1/phonons/fcc/fcc.html



For every k there are 3 solutions for . 


