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Definitions 3

☞ Maxwell’s Equations

☞ Dielectric Functions

☞ Kramers–Kronig Relations

☞ Sum Rules

☞ Kubo–Greenwood Formula
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Return of the Drude Model 4
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Maxwell’s Equations 5

�
� � �E � � 4 � en

�
� � �B � 0 (L5a)

�
� � �

E � � 1
c

�
�

B

� t

�
� � �

B � 4 � �j
c

�

1
c

�
�

E

� t

� (L5b)

�

P �

t

dt� �

jint  t� �� (L6)
� e

� nint

� t
� � �� � �jint (L7)

	 enint � �
� � �P� (L8)

�

D � �
E � 4 �

�
P� (L9)

�
� � �D � � 4 � enext

�
� � �B � 0 (L10a)

21st September 2003
c� 2003, Michael Marder



Maxwell’s Equations 6

�
� � �

E � � 1
c

�
�

B

� t

�
� � �

B � 4 � �jext

c

�

1
c

�
�

D

� t

� (L10b)

�

j  �r� t � � dt� d �r� �  �r � �r�� t � t� �
�

E  �r�� t� � (L11a)
� �� �

E  �r� t �� (L11b)
�

j  �q� � � � �  �q� � �
�

E  �q� � �� (L12)

�

D  �r� t � � �� �

E  �r� t � 	
�

D  �q� � � � �  �q� � �
�

E  �q� � �� (L13)

�  �q� � � � 1 �

4 � i

� �  �q� � �� (L14)

21st September 2003
c� 2003, Michael Marder



Traveling Waves 7

�
� �
�

� � �

E � � 1
c

�
� t

�
� � �

B � � 1
c2

� 2 �� �

E

� t2 (L15)

	 q2 �E � �q  �q � �E � � �  �q� � �
� 2

c2

�

E� (L16)

q2 �E � �  �q� � �
� 2

c2

�

E (L17)

	 q � ��� n � c �
�

n  �q� � � � �  �q� � �� (L18)
�

E0ei � ��� nx � c� t �� (L19)

� 1 � 	

n2 � 
 2 (L20a)

� 2 � 4 � Re � � � � � � 2

	

n 
� (L20b)

21st September 2003
c� 2003, Michael Marder



Traveling Waves 8

� � 2 �

c


 � � � 2

	

nc

� (L21)

�  �q� � �
� 2

c2

�
E � 0 (L22)

	 �  �q� � � � 0� (L23)

21st September 2003
c� 2003, Michael Marder



Mechanical Oscillators as Dielectric Function9
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Figure 2: Characteristic shapes of the real and imaginary parts of the dielectric function

described in Eq. (L33).
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Figure 3: Contours for Kramers Kronig integrals

�  � � � � � � �
d � �

� i

�  � � � � � �

� � � � (L40)

Re � �  � � � � �
� � �

d � �
�

Im � �  � � � � � � �

� � � � (L41a)

Im � �  � � � � �
� � � �

d � �
�

Re � �  � � � � � � �

� � � � � (L41b)

21st September 2003
c� 2003, Michael Marder



Kramers–Kronig Relations 14

� 1  � � � � � � �

�

0

2 � � d � �
�

� 2  � � �

� � 2 � � 2
(L42a)

� 2  � � � � �

�
0

2 � d � �
�

� 1  � � � � � �

� � 2 � � 2

� (L42b)

21st September 2003
c� 2003, Michael Marder



Application to Optical Experiments 15

�

r �
�

n � 1

�

n � 1

� � ei �� (L43)

ln 
�

r  � ��
r  0 � �

� ln  �  � � � �  0 � � � i ��  � � � �  0 � �� (L44)

�  � � � �  0 � � � 1
� � d � � ln

�
�  � � �

�  0 � � �

1

� � � �
� 1

� � � (L45)

	 �  � � � � 2 �
� �

�
0

d � � ln �  � � �

� � 2 � � 2

� (L46)

� 1  0 � � 1 � 2

�

�

0
d � � � 2  � � �

� � � (L47)

21st September 2003
c� 2003, Michael Marder



Application to Optical Experiments 16

0
-40

-20

0

20

40

60

80

100

120

140

160

0
-10

-5

0

5

10

15

20

25

30

35

40

� m � m

� �
�1 � ��� � 2

(A)

(B)

�1 � 1

���	
�

�1

�2

Figure 4: Dielectric functions from widely separated sets of modes.
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Classics....

☞ Kadanoff and Baym (1962)

☞ Abrikosov, Gor’kov, and Dzyaloshinskii (1965)

☞ Fetter and Walecka (1971)
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