
Ballistic transport
 dvF ma eE m dt     

electrons in an electric field follow a parabola.
electrons in a magnetic field move in a spiral 
electrons crossed electric and magnetic fields spiral 
along the direction perpendicular to the electric and 
magnetic fields
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Vacuum diodes 
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Diffusive transport

<v0> = 0 <t - t0> = tsc < average time between scattering events
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Matthiessen's  rule
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phonons, temperature dependent
mostly temperature independent
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Ballistic transport in transistors
The mean free path ~100 nm > gate length ~ 20 nm

v not proportional to E

j not proportional to E j E 

v E 

nonlocal response 

Electrons bend in a magnetic field like they do in vacuum. 



Magnetic field (diffusive regime)
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If B is in the z-direction, the three components of the force are

 
sc
dxx dy z

ve E v B m t  
 

sc
dy

y dx z
ve E v B m t  

 
sc
dzz

ve E m t 

sc d
e E vm
t  



Magnetic field (diffusive regime)

If Ey = 0, 
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Crossed E and B fields

Ballistic transport
E

<v>

Diffusive transport
E <v>
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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.  





The Hall Effect (diffusive regime)

Ey = vd,xBz = VH/W = RH jxBz VH = Hall voltage, RH = Hall Constant
If vd,y = 0,
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RH=Ey/jxBz = - 1/ne
vd,x=- jx/ne  





Diffusion equation/ heat equation 
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Einstein relation

In equilibrium, drift = diffusion
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Über die von der molekularkinetischen Theorie der Wärme geforderte Bewegung von 
in ruhenden Flüssigkeiten suspendierten Teilchen, A. Einstein (1905).



Thermal conductivity
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Wiedemann - Franz law

Einstein relation:
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Lorentz number



Lorenz number

At low temperatures the classical predictions for the thermal and electrical 
conductivities are too high but their ratio is correct. Only the electrons within kBT
of the Fermi surface contribute. 
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Institute of Solid State Physics
Technische Universität Graz Crystal Physics

Crystal physics explains what effects the symmetries of the crystal 
have on observable quantities. 
An Introduction to Crystal Physics Ervin Hartmann
http://ww1.iucr.org/comm/cteach/pamphlets/18/index.html
International Tables for Crystallography
http://it.iucr.org/
Kittel chapter 3: elastic strain



Strain
A distortion of a material is described by the strain matrix
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ẑ



Stress
9 forces describe the stress
Xx, Xy, Xz, Yx, Yy, Yz, Zx, Zy, Zz

Xx is a force applied in the x-direction to the 
plane normal to x
Xy is a sheer force applied in the x-direction to 
the plane normal to y
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stress tensor: 

Stress is force/m2

Xx Xy
Xz

x

y

z



Stress and Strain

The stress - strain relationship is described by a rank 4 
stiffness tensor. The inverse of the stiffness tensor is the 
compliance tensor.
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Statistical Physics
Microcannonical Ensemble: Internal energy is expressed in terms of extrinsic 
quantities U(S, M, P, , N, V).
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The normal modes must be solved for in the presence of electric and magnetic 
fields (Advanced Solid State Physics course).



Statistical Physics
Microcannonical Ensemble: Internal energy is expressed in terms of extrinsic 
quantities U(S, M, P, , N, V).

Cannonical ensemble: At constant temperature, make a Legendre 
transformation to the Helmholtz free energy. 
F = U - TS
F(V, T, N, M, P, )
Make a Legendre transformation to the Gibbs potential G(T, H, E, )
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Gibbs free energy
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total derivative:




