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☞ Atomic Magnetism

☞ Hund’s Rules

☞ Curie’s Law

☞ Landau Diamagnetism

☞ Aharonov–Bohm Effect

☞ Hofstadter Butterfly

☞ Integer Quantum Hall Effect
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Atomic Magnetism 3
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Hund’s Rules 4

1. Maximize S

2. Maximize L, with electrons in different orbitals

3. Less than half full....

J � � L� S � (L8a)

More than half full....

J � L� S (L8b)
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Hund’s Rules 5
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Figure 1: Hund’s rules for d and f shells predict values for spin angular momentum S and

orbital angular momentum L as indicated.
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Curie’s Law 9
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Curie’s Law 10

cothx �

1
x

� x
3

� � � � (L29)

� 	 J � 1
3

J� 1
J 
 	 BgJB
 (L30)

so that

M � ng2 � 	 B � 2 B
kBT

J � J� 1 �

3

� (L31)

�

� n
1

3kBT 	 2
eff
 (L32)

	 eff � g � JLS � J � J� 1 �� 	 B (L33)

	 exp � 3kBT �

n

� (L34)

28th September 2003
c� 2003, Michael Marder



Curie’s Law 11

Element Term � eff, Eq. (L33) � exp, Eq. (L34)

( � B) ( � B)

La3 � 4 f 0 1S 0 Diamagnetic

Ce3 � 4 f 1 2F5 � 2 2.5 2.3
Pr3 � 4 f 2 3H4 3.6 3.4
Nd3 � 4 f 3 4I9 � 2 3.6 3.5
Pm3 � 4 f 4 5I4 2.7 Radioactive

Sm3 � 4 f 5 6H5 � 2 0.9 1.6
Eu3 � 4 f 6 7F0 0 3.4
Gd3 � 4 f 7 8S7 � 2 7.9 7.9
Tb3 � 4 f 8 7F6 9.7 9.5
Dy3 � 4 f 9 6H15 � 2 10.6 10.4
Ho3 � 4 f 10 5I8 10.6 10.4
Er3 � 4 f 11 4I15 � 2 9.6 9.4
Tm3 � 4 f 12 3H6 7.6 7.1
Yb3 � 4 f 13 2F7 � 2 4.5 4.9
Lu3 � 4 f 14 1S 0 0
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Curie’s Law 12

Element Term � eff, Eq. (L33) � eff, J � S � exp, Eq. (L34)

( � B) ( � B) ( � B)

Ti3 � 3d1 2D3 � 2 1.6 1.7 1.8

V3 � 3d2 3F2 1.6 2.8 2.7

Cr3 � 3d3 4F3 � 2 0.8 3.9 3.8

Mn3 � 3d4 5D0 0.0 4.9 4.9

Fe3 � 3d5 6S5 � 2 5.9 5.9 5.9

Fe2 � 3d6 5D4 6.7 4.9 5.3

Co2 � 3d7 4F9 � 2 6.5 3.9 4.0

Ni2 � 3d8 3F4 5.6 2.8 2.9–3.5

Cu2 � 3d9 2D5 � 2 3.6 1.7 1.7–1.9
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Diamagnetism 13
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Element: He Ne Ar Kr Xe

�
� , experiment (10 6 cm3 mole 1): 1.88 7.02 19.18 28.49 43.33

�
� , Eq. (L35)� 0� 35 (10 6 cm3 mole 1): 0.99 14.82 20.54 23.74 27.95
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Pauli Paramagnetism 14
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Pauli Paramagnetism 15
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Landau Diamagnetism 16
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Landau Diamagnetism 17
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Landau Diamagnetism 18
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Landau Diamagnetism 19
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Landau Diamagnetism 20

Metal Z � [Eq. (L68)] � (Experimental)

(10

 6 cm3 mole

 1) (10

 6 cm3 mole

 1)

Li 1 6.90 p 25.00
Na 1 10.26 p 14.00
K 1 15.83 p 18.00
Au 1 5.84 d � 28.00

Be 2 4.50 d � 9.00
Mg 2 9.08 p 6.00
Ba 2 17.78 p 20.00
Zn 2 6.86 d � 9.15
Cd 2 8.66 d � 20.23
Hg 2 5.96 d � 17.10

Al 3 8.32 p 16.40
Ga 3 9.29 d � 21.68
Sn 4 12.65 d � 29.68
Bi 5 16.40 d � 271.67
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Aharonov–Bohm Effect 21
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Aharonov–Bohm Effect 22
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2 � m

Figure 5: Interference fringes of electrons passing through small toroidal magnet. In (A)

the phase change is 0, while in (B) the phase change is � . [Source: Tonomura

(1993), p. 67.]
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Tightly Bound Electrons in Magnetic Fields23
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Tightly Bound Electrons in Magnetic Fields24
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Tightly Bound Electrons in Magnetic Fields25
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Tightly Bound Electrons in Magnetic Fields26
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Tightly Bound Electrons in Magnetic Fields27
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Figure 6: The Hofstadter Butterfly
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Integer Quantum Hall Effect 28
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Streda argument 30
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Laughlin’s Argument 31
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Laughlin’s Argument 32
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Figure 10: Fractional quantum Hall effect. Data of Boebinger, Chang, Störmer, and Tsui.
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Figure 11: Shot noise for fractional quantum Hall effect [Source: Saminadayar et al.

(1997), p. 2528.]
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