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Definitions 2

☞ Drude model

☞ Semiclassical dynamics

☞ Bloch oscillations

☞

�

K �
�

P method

☞ Effective mass

☞ Houston states

☞ Zener tunneling

☞ Wave packets

☞ Anomalous velocity

☞ Wannier–Stark ladders

☞ de Haas–van Alphen effect
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Drude Model 4
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Semiclassical Electron Dynamics 5
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Bloch Oscillations 6
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Bloch Oscillations 7
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Figure 1: [Source: ben Dahan et al. (1996), p. 4510.]
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Electrons in Electric Field 11

Potential of form � �
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�r conflicts with periodic boundary conditions.
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Electrons in Electric Field 12
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Electrons in Electric Field 13

�
� eA

�

hc

� k� t � � 2 � l
L

� (L39)

� eEt

�

h

� k� t � � 2 � l
L

� (L40)

(L41)

�

h

�
k � � eE � (L42)

7th September 2003
c� 2003, Michael Marder



Zener Tunneling 14
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Zener Tunneling 15
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Figure 4: Energy diagram of Zener tunneling.
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Zener Tunneling 16
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Zener Tunneling 17
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Zener Tunneling 18
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W�rc

�

kc � �r 	 � 1

� N �

k

� �

k

�

kc
e


 ie

�

A �
�rc � � �r � � hc
 i

�

k � �rc � �

k � �r 	 � (L65)

Calculations from here on out too complex to present at board...

1 � � W�rc

�

kc W�rc

�

kc � � 1
N �

k

�

k�

d �r ei �
�

k� 
 �

k � � �rc � �

k

�

kc

��� �

k�
�

kc �
�

�

k� � �r 	 � �

k � �r 	 �
�

k

�

k�
� �

k

�

kc

� � �

k�
�

kc

� �

k

�

k�

(L66)

� 1 �

�

k

 � �

k
�

kc  2 � (L67)

7th September 2003
c� 2003, Michael Marder



Formal Dynamics of Wave Packets 20
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Conditions for validity of Semiclassical
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Figure 6: Energy contours on the Fermi surface of copper, showing open and closed or-

bits.
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Quantizing Semiclassical Dynamics 27

i

�

h

	
	 t W � � �� W � � (L91)

i

�

h

	
	 t W � � � W �� (L92)

e


 i � t ��� h � (L93)

� � � 2 � �

h j� (L94)

2 �
�

h j � dt
l

Pl
	 �

	 Pl

�
l

dQlPl� (L95)

d

�

k �
�

� �

k � d �r � �
�

k � e
�

A
�

hc � � 2 � j (L96)

� d

�

k � �
�

� �

k

� �r 	 � d �r �

e

�

A

�

hc

� 2 � j � (L97)

7th September 2003
c� 2003, Michael Marder



Wannier–Stark Ladders 28

� � d

�

k �
�

� �

k� (L98)

2 � j � d

�

k � �
�

� �
k

� �r 	 � � �

K

0
d

�

k �
�r � � � K �
�r � (L99)

� �
�r � � � � 2 � j

K

� (L100)

7th September 2003
c� 2003, Michael Marder



Wannier–Stark Ladders 29

2 � � K

�

E

Figure 7: The Wannier–Stark ladder is a collection of electrons trapped in Bloch oscilla-

tions by an intense electric field, and spaced at intervals of 2 � � K, where

�

K is a

reciprocal lattice vector.
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Figure 8: Sketch of de Haas–van Alphen oscillations of magnetization M in gold similar

to those measured by Shoenberg and Vanderkooy (1970).
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Figure 10: Fermi surface

of copper,

Shoenberg

(1984).

Figure 11: The Fermi surface of tungsten,

Girvan et al. (1968).
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