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MOSFETs  
Metal-oxide semiconductor field effect transistors

oxide



Heterojunctions

Quantum hall effect
Quantized conductance
HBTs
HEMTs



HEMT High electron mobility transistor

Modulation doped field effect transistor
High electron mobility transistor



Phonons





In a normal mode, all of the atoms oscillate at the same frequency.
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Phonons

Natom atoms in crystal
3Natom normal modes
p atoms in the basis
Natom/p unit cells
Natom/p translational symmetries
Natom/p  k-vectors
3p modes for every k vector
3 acoustic branches and 3p-3 optical branches
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These are eigenfunctions of T.

Normal modes are eigenfunctions of T
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and similar expressions for the y and z motion
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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



fcc phonons

3N degrees of freedom



Phonon dispersion Au
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Materials with the same crystal structure will have 
similar phonon dispersion relations 

Cu

Au



fcc phonons

energy spectral density

internal energy density specific heat



Table summarizing the thermodynamic properties of phonons

http://lampx.tugraz.at/~hadley/ss1/phonons/phonontable.html







NaCl

Two atoms per primitive unit cell

Si



GaAs Hannes Brandner



Phonon quasiparticle lifetime 

Phonons are the eigenstates of the linearized equations, not the full equations.

Phonons have a finite lifetime that can be calculated by Fermi's golden rule.
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Occupation is determined by a master equation (not the Bose-Einstein function). 
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Acoustic attenuation 

The amplitude of a monocromatic sound wave decreases as the wave propagates 
through the crystal as the phonon quasiparticles decay into phonons with other 
frequencies and directions. 





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.


