
Internal energy in an electric field
In an electric field, if the dipole moment is changed, the change of the energy is,

U E P   

Using Einstein notation

This is part of the total derivative of U

ij ij k K l ldU TdS d E dP H dM    

k kdU E dP

Make a Legendre transformation to the Gibbs potential G(T, H, E, )
ij ij k K l lG U TS E P H M     



http://www.sciencedirect.com/science/article/pii/036459169190030N

SGTE data for pure elements 



Gibbs free energy
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total derivative:





Direct and reciprocal effects (Maxwell relations)

Useful to check for errors in experiments or calculations



Maxwell relations

Useful to check for errors in experiments or calculations





Point Groups
Crystals can have symmetries:  rotation, reflection, 
inversion,...
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Symmetries can be represented by matrices.
All such matrices that bring the crystal into itself form the 
group of the crystal.  

AB  G for A, B  G

32 point groups (one point remains fixed during transformation)
230 space groups



Cyclic groups

http://en.wikipedia.org/wiki/Cyclic_group
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Pyroelectricity
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Pyroelectricity is described by a rank 1 tensor
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Pyroelectricity

10 Pyroelectric crystal classes: 1, 2, m, mm2, 3, 3m, 4, 4mm, 6, 6mm

Pyroelectrics are at Joanneum research to make infrared 
detectors (to detect humans).

Quartz, ZnO, LaTaO3

Pyroelectrics have a spontaneous polarization. If it can be reversed by an 
electric field they are called Ferroelectrics (BaTiO3)

example
Turmalin: point group 3m

for T = 1°C,   E ~ 7 ·104 V/m



Electric susceptibility
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Transforming P and E by a crystal symmetry  must leave the 
susceptibility tensor unchanged

 = U-1U
If rotation by 180 about the z axis is a symmetry, 
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http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalclasses.html



Cubic crystals
All second rank tensors of cubic crystals reduce to constants

Electrical conductivity, thermal conductivity, electric susceptibility, 
magnetic susceptibility, Peltier effect (heat current due to electrical 
current), Seebeck effect (Electric field due to thermal gradient) 

216: ZnS, GaAs, GaP, InAs, SiC
221: CsCl, cubic perovskite
225: Al, Cu, Ni, Ag, Pt, Au, Pb, NaCl
227: C, Si, Ge, spinel
229: Na, K, Cr, Fe, Nb, Mo, Ta





Piezoelectricity (rank 3 tensor)
AFM's, STM's
Quartz crystal oscillators
Surface acoustic wave generators
Pressure sensors - Epcos
Fuel injectors - Bosch
Inkjet printers

lead zirconate titanate (Pb[ZrxTi1−x]O3 0<x<1)
—more commonly known as PZT

barium titanate (BaTiO3)lead titanate (PbTiO3)potassium niobate (KNbO3)lithium niobate (LiNbO3)lithium tantalate (LiTaO3)sodium tungstate (Na2WO3)Ba2NaNb5O5Pb2KNb5O15
Piezoelectric crystal classes: 1, 2, m, 222, mm2, 4, -4, 422, 4mm, -42m, 3, 32, 3m, 6, -6, 622, 6mm, -62m, 23, -43m 

No inversion symmetry



http://lamp.tu-graz.ac.at/~hadley/ss2/crystalphysics/crystalclasses/crystalclasses.html



Tensor notation

1 1 1
2 2 2

3 3 3
2 3 4
1 3 51 2 6

36 312g g 14 1123g g
rank 3 rank 4

We need a way to represent 3rd and 4th rank tensors in 2-d. 


