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Crystal momentum
Boltzmann equation

Electrical conductivity
Thermal conductivity
Hall effect

Peltier effect

Seebeck effect
Ettingshausen effect
Nerst effect



Crystal momentum hi
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dt
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<T> is a constant of motion for in —<T> = <TH0 — HOT> =0
a perfect crystal dt
Consider an external force in JU
the x-direction F,_ = rm = U=-F_x
X



Crystal momentum
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The expectation value of T for a Bloch state is
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Group velocity

v, 1s the velocity

of a wave packet
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Group velocity

1
v, =—V_FE
Ao 4 g h k
v=ld—E dv 2 2 2 7
 dk - e L AE g dE p A gl Lyapdh
/ﬂ/ dt  n\ dk dt dk,dt *  dk_dt i dt
sk ko dv )
5 = 12 ViEVPText
dt h
v, 1s the velocity of a wave packet
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Particles in a semiconductor can be thought of as free particles with an
effective mass.



Wave/particle nature of electrons

Usually when we think about a current flowing, we imagine the electrons as

particles moving along. Really we should be thinking about how the occupation
of the wave like eigenstates are changing.

When wave packets are built from the eigenstates, they move like particles with
an effective mass.
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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.
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Master equation
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Probability current

The probability of finding an electron somewhere is proportional to ¥ * i

If the probability decreases somewhere it must increase somewhere else.
This can be expressed as a continuity equation,

d(y*y) .G probability current
dt

k
dy dw _v.§
dt dt

The Schrodinger equation and its complex conjugate
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Probability current
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The right side can be writtenas V - § if,

~ th
§= (V- V).

Normalized probability current (1-d)
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Probability current in 1-D

The normalize probability current density
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For Bloch waves, S is constant in space. The larger the crystal, the more
spread out the electron and the lower the current density. The velocity is the
probability current divided by the average density 1/Na.




