6.3 H-atom energy levels with spin-orbit coupling (Z=1)
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7: Many electron atoms

+Z¢

7.1: The Hamiltonian:

2me ]=1 J=1 rj 1> ] rij
h ..V g . ~ - ——
kinetic energy Coulomb potential energy ~ Coulomb potential energy
nucleus—electron electron—electron

attractive repulsive



7.2-1: The Angular Momenta: first scheme

L = E /. = total orbital angular momentum
i

S = E S, = total spin angular momentum

T T8 - — = total angular momentum
J=L+S= Z ¢ i T z Si = Russell-Saunders or L-S coupling scheme
i

| = good for atom with Z~< 40
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7.2-1i: Angular Momentum: second scheme

— € i + Si for each electron

= Z Ji = j-j coupling scheme

i = important when spin-orbit interactions are large

iy =

= important for heavier element Z~>40.

7.3: Commutators: No LS coupling

S ,II formasetof commuting, self-adjoint operators



Operator Eigenvalues

N

H E
2 L(L+1)7’
S? S(S +1)n’
L, M 7
S, I
I |

The wave functions depend on quantum :>| E L S M M I >
numbers: E, L,S, M|, M, I L> S

The wave functions are orthonormal so

<ELS,M_ M, 1[E,L,S, M, M, 1'>=828, . FsSy S O

>

and

E,L,S,M_ M, 1 >=/(L+M, +1fL—M, )z E,L,S,(M, +1), M, 1 >
E,L,S,M_ M, 1 >=/(L-M_+1fL+M, 2| E,L,S,(M, —1),Mg, I >
E,L,S,M_M, 1 >=/(S+M, +1[S—M; )| E,L,S,M_,(M +1),1 >
E,L,S,M_M, 1 >=/(S—M, +1[S+M; 1| E,L,S,M_,(Mg —1),1 >

—
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7.4: Eigenvalues, No LS coupling

a.) L = integer = 0
0l = L= 40,0, +0,-1,...[0,—0,|>0
L', 0, = L=L"+0,, L'+, —1,...|L'—,
M, =-L, L+1,...L-1L

, etc.

b.) S = integer of half-integer 2 0
N=2:s,s,=35=10
31
N=3:5.,s,5,=>S=—,—(x2
s =s=21(2)
N=4:s,s,,s,,5, = S =2,1(x3),0(x 2)

Therefore it the number of electrons N is even S = integer 2 0, and if the number of
electrons N is odd S =half- integer > 0



c.) E=E(L,S,I): (2L+1) fold-degenerate in M, and (25+1) fold-degenerate in Mg

7.5: Selection Rules: No LS coupling, electric-dipole induced,

_ Am, =0,t1
AM L = 0,21 Compare with those ! ’
AS =0 for H-like (one As =0
A M . =0 electron) systems: AM = 0
Al =0 Al =0
Al #0 for H-atom since | = (_ 1)€ and therefore parity forbids this.

L . .. .
In multielectron systems | # (— l) and so this restriction on L is gone.

/.
Here parity is determined by an algebraic sum as: | = (— I)ZJ: :

However, both states in transition cannot have L = 0, M; =0



7.6: Commutators with LS coupling (Russell-Saunders)

N

G2 &2 72 19 : .
H,L°,S",J",J 25 Il form a set of commuting, self-adjoint operators

Operator Eigenvalue s

H E

L2 L(L+1)n°
S? S(S+1)n?
J? J(J +1)n?
J, M |7

I1 |

The wave functions depend on quantum =|E,L,S,J,M,, I >

numbers: E, L,S, J, MJ, |

The wave functions are orthonormal so

<ELS,J,M,,1|E,L,S, 3, M, 1526008, .08y . O



7.7: Eigenvalues, with LS coupling

L = integer 2 0
S = integer 2 0 for an even number of electrons
S = half-integer 2 0 for an odd number of electrons

J=L+S,L+S—1,...,

L — S‘ = integer 2 0 if S is an integer
= half-integer > 0 if S 1s a half-integer

M, =-J,-3+1...,9-1,]

7.8: Selection rules with LS coupling

AJ =0,%1

AM ;, =0,x1 But ] =0 — J" = 0 is forbidden.
AL =0,%1

AS =0

Al =0



