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oy Spin-Orbit Coupling
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P Spin-Orbit Coupling
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P Pauli and Einstein

“I will never forget the speech about me, and for me, that he
gave at Princeton in 1945 after | got the Nobel Prize. It was like
the abdication of a king, installing me as a kind of elected son,
as his successor," Wolfgang Pauli reminisced in a 1955 letter to
Max Born.

The "king" was, of course, the 66-year-old Einstein. His realm
was physics and Pauli was his appointed heir. The occasion was
a banquet in Princeton honoring Pauli, who had been awarded
the prize for his discovery of the exclusion principle.

In 1969, eleven years after Pauli's death, Born

commented, "Since the time when he was my assistant in
Gottingen, | knew he was a genius, comparable only to Einstein
himself. As a scientist he was, perhaps, even greater than
Einstein. But he was a completely different type of man, who, in
my eyes, did not attain Einstein's greatness."

http://www.aip.org/pt/vol-54/iss-2/p43.html
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i) What would Pauli say?

“It Is not even wrong.”

“I do not mind if you think slowly, but | do object when
you publish more quickly than you think.”

“Oh, no. Far from it. What you said was so confused that
one could not tell whether it was nonsense or not.”

“You know, what Mr. Einstein said is not so stupid.”
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%’ Distinguishable and Indistinguishable Particles
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b7 Exchange Symmetry

‘ 2

‘W(rl’rZ )‘2 = ‘l/j(rZ’rl)

y (1,15;) =y (rn) bosons (01l: photons)

W(rl’ l'2) = _W(rz ’ rl) fermions (04|: electrons)
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b7 Example: He Atom

h? 2e)(—e h? 2e)(—e
—ZmEVf;//(rl,rz)Jrk( )rl( )l//(rl,rz)—z—mevgy/(rl,rz)Jrk( )rz( )

H (1)1,//(r1,r2)+ H (Z)W(rl’rZ) = EW(r11r2)

H@y, (rl)‘//b (r2)= E.v. (rl)‘//b (1‘2)
H2)y, (rl)‘//b (rz): E.v. (rl)Wb (rz)
[H M+H (2)]‘//5\ (rl)‘//b (rz):(Ea + Eb)V/a (rl)‘//b (rz)

Vab (rl’rz):%lil/la (rl)'//b (rz)_‘//a (rz)l//b (rl):|

Vab (rZ’rl)z%I:l//a (rz)Wb (rl)_‘//a (rl)‘//b (rz)] =V (rl’rz)

w..(r.r,)=0 Pauli’s exclusion principle
(No two electrons in an atom can have the same set of guantum numbers.)
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%’ Pauli’s Exclusion Principle and Hund’s Rule
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% Mendeleev

Dimitri Ivanovitch Mendeleev (1834-1907)
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The Periodic Table of the Elements

{Table 7.2 A __|
]
8 |

[Group 1 2 3 4 5 6 7
Period 1 2
1 H He
Hydragen The number above the symbol of each element is its atomic number, and Halium
1.008 the number below its name is its average atomic mass. The elements 4,002
I = whose atomic masses are given in parentheses do not occur in nature but e 5 = w 2 - -
U Be have been created in nuclear reactions. The atomic mass in such a case is B c N o : Ne
Ctum | Borgilin the mass number of the most long-lived radioisotope of the element. s camso | ooy | omeen | Ruoe|  awe
6041 8012 Elements with atomic numbers 110, 111, 112, 114, and 116 have also been 10.81 1201 14.01 16.00 18.00 2018 |
= created but not yet named.
3 n 12 13 14 15 16 17 18 |
Na Mg Al Si P S Cl Ar
Sodium [Magnesi Aluminium | Silicon  |Phosphorus|  Sullur Chiorine | Argon
2209 24.31 Transition metals 26.98 28.00 30.97 32.07 35.45 39.95
4| 19 20 21 22 23 24 25 26 27 28 29 30 31 32 32 34 35 36
K Ca Sc Ti vV Cr Mn Fe Co MNi Cu Zn Ga Ge As Se Br Kr
Potassi Calcium dium|  Tilanivm  |Vanadiuvm| Chromium | Manganese Iron Cobalt Nickel Copper Zine Gallium  |Germanium | Arsenic Salenium | Bromine |  Kryplon
3|10 40,08 44.96 47.88 50.94 52.00 54.94 55.8 58.93 58.68 63.55 65,38 6872 72.59 7492 78.96 79.90 B3.80
Bl a7 38 39 a0 41 42 43 44 a5 46 47 48 a9 50 51 52 53 54
Rb Sr Y Zr Nb Mer Te Ru Rh Pd Ag Cd In Sn Sb Te I Xe
Hubidium | Strontium | Yttrium Zirconium | Niobium | Moly wm | Te R F i | Palladium Siver  |Cadmium|  Indium Tin Antimony | Tellurium loding Kenon
85.47 BY.62 BE.91 91.22 9291 ; 9594 (98) 101.1 102.9 108.4 1079 124 114.8 187 1218 1276 1268 1318
6| &5 56 [ 72 72 ! 74 75 76 T 78 78 80 | 8 a2 B3 B4 85 86
Cs | Ba | Hi Ta | W Re Os Ir Pt Au Hg Tl Ph Bi Po At Rn
Casium | Barium Halnium Tantalum | Tungsten Ahenium Osmium Iridium | Platinum Gold Mercury | Thallium Lead Bismulh Polonium | Astating | Radon
1329 137.3 178.5 180.9 1839 186.2 190.2 192.2 195.1 I 197.0 2008 204.4 2072 208.0 (208) 210} (222
7w | e 104 05 | 108 107 108 10 Halogens Inert gases
Fr Ra Rf Db Sg Ns Hs | Mt
Francium | Radium ] F im| Duty gium |Nislsbohrium| Hassium  |Meitneri
[ | e 226.0 (261) 1262) (269) (262 284) 258) l
Alkali metals Lanthanides (rare earths)
57 58 a9 [ e &1 62 B3 B4 85 : 86 & | 68 68 70 bl
L La Ce Pr Nd Pm Sm Eu Gd Tb | Dy Ho Er Tm Yb Lu
Lanthanum | Canum |f ymium) y P im| Sarnarium | Furoplum |Gadolinium| Terbium |Oysprosium| Holmum Ertium Thulium  |Yiterbium| Luletium
| 1389 140.1 1408 | 1442 (145) 150.4 1520 157.3 158.9 1625 184.9 167.3 168.0 1730 175.0
[ 89 90 91 [ e 23 a4 L5 96 g | o8 a9 100 101 102 103
Ac Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lw
=3 Actinium Thorium | Protactinium | Uranium | Neptuniom | Plutonium |Americium | Curium  |Berkal lifereni Finsteinium| Fermium | A MobeliumiL
(227) 232.0 231.0 238.0 (237) (244) (243) (247} (247) (251) {252 (257} (280} (259} (282)
Actinides
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Table 7.4 Electron Configurations of the Elements

K L M N o P
18 25 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 65d 6f 6s 6p 6d
I H 1
2 He 2 & Inen gas
3L 2 1 &« Alkah metal
4 Be 2 2
5B 2 2 1
6 C 2 2 2
TN 2 2 3
80 2 2 4
9 F 2 4 3 & Halogen
10 Ne 2 2 6 = Inent gas
11 Ma 2 2 6 1« aAlkali metal
12 Mg | 2 2 6 2
12 Al 2 2 6 2 1
14 Si 2 2 6 2 2
15 P 2 2 6 2 3
16 5 2 2 6 2 4
17 2 2 6 2 5 « Halogkn
18 Ar 2 2 3 2 6 ¢ Inert gas
19 K 2 2 & 2 a 1 & Alkali metal
20 Ca 2 2 6 2 6 2
215 2 2 6 2 & 1 2
22 Ti 2 2 [} 2 6 2 2
23V 2 2 & 2 6 3 2
24 Cr 2 2 [} 2 & 3 1
25 Mn 2 2 6 2 & L} 2 -
26 Fe 2 2 & 2 . 6 3 Transition elements
27 Co 2 2 6 2 & 7 2
28 Ni 2 2 6 2 & 8 2
29 Cu 2 2 (1 2z 4] 10 1
30 Zn 2 2 o 2 1] 1¢ 2
31 Ga 2 2 ] 2 6 10 P 1
32 Ge 2 2 & 2 (4] 10 2 2
33 As 2 2 6 2 6 10 2 3
34 Se 2 2 6 2 6 10 2 4
15 Br 2 2 6 | 2 6 10 2 5 & Halogen
36 Kr 2 2 o 2 i} 10 2 & « Inert gas
T Rb 2 2 & 2 6 10 2 & 1 « Alkali metal
38 Sr 2 2 & 2 6 10 z & 2
Lt ER 2 2 P (4] 2 (] 10 2 (+] 1 2
40 Zr 2 2 & 2 & 10 2 6 2 2
41 Nb 2 2 3] 2 7] 10 2 =] + 1
42 Mo 2 2 =] 2 4] 10 2 o 3 1
43 Tc 2 2 & 2 (& 10 2 L] 5 2 Transition
44 Ru 2 2 [ 2 & 1o 2 6 T 1 elements
45 Fh 2 2 & 2 (4] 10 2 &) 8 1
46 Pd 2 2 6 z &) 1 2 6 10
47 Ag 2 . & 2 (-] 10 2 o 10 1
48 Cd 2 2 6 2 6 10 2 6 1o 2
46 In 2 2 G P 6 10 2 o 10 2 1
50 5n 2 2 & 2 6 10 2 5] 10 2 2
51 Sh 2 2 (4] 2 6 10 2 (=] 10 2 3
52 Te 2 2 (] 2 6 10 2 5] 10 2 4
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Table 7.4 (Cont.)
K L M N o P Q
is 2s 2p 3s 3p 3d 45 4p 4d 4f Bs 5Bp &d 5f Bs 6p 6d 7s

J ol 531 2 2 (4] 2 (i3 10 2 & 10 2 5 « Halogen
- 54X | 2 |2 6|2 6 1|2 6 10 2 6 e Inen gas
_— 55 Cs 2 2 [ 2 & Lo 2 & 10 2 & 1 « Alkali meta

56 Ba 2 2 6 2 6 10 2 6 10 2 6 2

37 la 2 2 & 2 6 10 2 G 10 2 6 1 p |

58 Ce 2 2 6 2 6 10 2 6 10 2 2 6 2

59 Pr 2 2 6 2 & 10 2 6 10 3 2 6 2

60 Nd 2 2 6 2 & 10 2 6 10 4 2 6 2

61 Pm 2 2 6 2 [ 10 2 a6 10 5 2 6 2

62 Sm 2 2 6 2 a 0 2 6 10 6 2 6 2|

63En | 2 [ 2 6|2 6 10| 2 & 10 7| 2 @& 2| &

64 Gd 2 2 6 2 g 10 2 5 10 7 2 6 1 2 E

65 Th 2 2 6 2 (-] 10 2 [ 1 9 2 6 2 =

66 Dy | 2 2 il 8 A @ & AE wde=| 200 B 2| 3 2

67 Ho 2 2 6 2 6 10 2 e 10 11 | 6 2 5

68 Er 2 2 o 2 6 10 2 6 10 12 2 6 2 o

69 Tm 2 2 6 2 6 10 2 6 10 13 2 6 2 5

70 Yh 2 2 6 2 6 10 2 6 10 14 2 6 g g

71 Lu 2 2 o 2 6 10 2 6 10 14 2 & 1 2 g

72 Hf 2 2 & 2 6 10 2 6 10 14 2 6 2 ]

73 Ta 2 2 6 2 6 10 2 6 10 14 2 o 3 2

T4 W 2 2 6 2 6 10 2 6 10 14 2 6 4 2

75 Re 2 2 6 2 6 10 2 6 10 14 7 6 % 2

76 Os 2 = (3] 2 <] 10 2 (s 10 14 2 i} 6 2

T 2 2 6 2 I 10 2 6 10 14 3 8 7 2

78 Pt 2 2 6 2 6 10 2 & 10 14 2 6 9 1

79 Au 2 2 6 2 6 10 2 6 10 14 2 6 10 1

80 Hg 2 2 6 2 & 10 2 6 10 14 2 (&) 10 2 J

81 Tl 2 2 6 2 3 10 2 6 10 14 2 & 10 2 1

82 Ph 2 2 & el & 10 2 G 10 14 z (5] 10 2 a

83 Bi 2 2 ] 2 [ 10 2 [+] 10 14 2 6 10 2 3

84 Po 2 2 & 2 3 10 2 [ 10 14 2 6 10 2 4

85 A 2 2 & 2 (5] 10 2 4] 10 14 2 <] 10 2 5 & Haldgen

86 Rn 2 2 & 2 6 10 2 6 10 14 2 6 10 2 & ¢ Inerf gas

87 Fr 2 2 6 2 & 10 2 & 10 14 2 6 10 2 & 1 +« Alkali

88 Ra 2 2 6 2 5 10 2 & 10 14 2 6 10 2 6 2 mezal

89 Ac 2 2 6 2 6 10 2 & 10 14 2 6 10 2 & 1 2

20 Th 2 2 6 2 6 10 5 & 10 14 2 6 10 2 & 2 2

@1 Pa 2 2 6 2 & 10 2 & 10 14 2 6 0 2 2 6 1 2

92 U 2 2 6 2 3 10 2 & 10 14 2 6 10 3 2 & 1 2

23 Np 2 2 [ 2 6 10 2 & 10 14 2 6 10 4 2 & 1 2z

94 Pu 2 2 & 2 3 10 2 & 10 14 2 6 10 5 2 & 1 2

95 Am | 2 2 6 2 6 10 2 6 10 14 2 & 10 6 2 6 1 2| &

w2 |2 e|l2 & ‘3.2 & W w2 "6 a9 r| 2 & i1|=z2)%E

97 Bk 2 2 & 2 =1 10 2 6 10 14 2 & 10 8 2 -] 1 2 g

98 CI 2 2 6 2 6 10 2 6 10 14 2 6 10 10 2 [ 2

90 Es 2 2 6 2 6 10 2 & 10 14 2 6 10 11 2 6 2

100 Fm 2 2 6 2 & 10 2 6 10 14 2 6 10 12 2 6 2

101 Md 2 2 6 2 6 10 2 o 10 14 2 6 10 13 2 6 2

102 No 2 2 6 2 6 10 2 H 10 14 ® ] 10 14 Fi [} 2

103 Lr 2 2 6 2 & 10 2 6 10 14 2 6 10 14 2 6 1 2
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%75 AW S 7=5%F z=107H7] 949 QAL pAAE S
FE 7o o8] 7h5 o yad AnES s
Atomic Spins of p
Element Number Configuration Electrons
Boron 5 15°25°2p' 1
Carbon 6 1572572p° 1 1
Nitrogen 7 15°2s72p° 7 1 1
Oxygen 8 1522572p" 1 i 7
Fluorine 9 1s°2572p° 1 1 1
Neon 10 15°25°2p° 1 1 1
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® 7.3 Mn=3) Ao HaHd &%F

m; = 0 m;, = -1 m; = +1 m; = —2 my = +2
=0 ) T, = +3
1=1 ) LT T dm, = —3
1=2 T ) ) I T
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+11e
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+18e

9 LHESM Ot22 XA &1t JtHAE(E2 XHH)S EAH 4%,
L0IA2 Ar & A I2P 8 X Na 2 AHS] I8 A 20 8Lt O 2 Sh2 =&
r=CF MetA, Ar & X2l 3J1= Na20H 231 0l=23t iU Xl= O 2CH &H X
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