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5.0 Hamiltonian&The LS-coupling scheme without fine
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The central-field approximation

Zé? /Ame
Ver (1) = —# +5(r),
N h2
_ _ 0 o2 .
Hep = ; { 2mVZ + Ver (7"1)} .
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Hamiltonian

The central-field approximation

Zé? /Ame
Ver () = —# +5(r),
N h2
_ _ 0 o2 .
Hep = ; { 2va + Ver (n)} .

The residual electrostatic interaction:

VX e?J4me
He=3 {2 ——— =S,
i=1 | j>i Y
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Hamiltonian

The central-field approximation

Ze? /Ame
Vor () = ~ 217 1),
N hg
_ _ " o2 .
Hep = ; { QmVZ + Ver (7”1)} .

The residual electrostatic interaction:

VX e?J4me
He=3 {2 ——— =S,
i=1 | j>i Y

Hamiltonian:
H= HCF + Hre + Hsfo-
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Hamiltonian

It is generally very difficult to calculate the eigenvalues of the above
Hamiltonian, so two extremes are usually discussed.
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Hamiltonian

It is generally very difficult to calculate the eigenvalues of the above
Hamiltonian, so two extremes are usually discussed.

1. LS-coupling scheme:

H, o < H,.: Hs_,—perturbation, basic quantum numbers : LSJM,
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Hamiltonian

It is generally very difficult to calculate the eigenvalues of the above
Hamiltonian, so two extremes are usually discussed.

1. LS-coupling scheme:
H, o < H,.: Hs_,—perturbation, basic quantum numbers : LSJM,
2. jj-coupling scheme:

H,_o > H,.: H—perturbation, basic quantum numbers : n;l;j;JM.
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LS-coupling scheme without fine struct v_

Hamiltonian

a R, al e? /4meg
H=Y" ——V + Vor () £ —8(ri) ¢ | »

=1 ]>Z rz']
H= Hcp + Hre.
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LS-coupling scheme without fine structu

Hamiltonian

al R, al e? /4meg
H=>" ——v +Ver () + 4> —S(r) ¢ | 5

=1 ]>Z rz']
H= Hey + He.

Consider

L=Y"1 S=)s, J=L+S§

7
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LS-coupling scheme without fine structu

Hamiltonian

al R, N e? /4meg
H=>" ——v +Ver () + 4> —S(r) ¢ | 5

=1 ]>Z rz']
H= Hey + He.

Consider

L=Y"1 S=)s, J=L+S§

No external torque:

[I?,He] =0 and [L,, He] =0.
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LS-coupling scheme without fine structu

Hamiltonian

al R, N e? /4meg
H=>" ——v +Ver () + 4> —S(r) ¢ | 5

=1 ]>Z rz']
H= Hey + He.

Consider
L=Y"1 S=)s, J=L+S§
i i
No external torque:
[I?,He] =0 and [L,, He] =0.
H,. doesn’t depend on spin:

[$*,He] =0 and  [S., He] =0.

i
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LS-coupling scheme without fine struct i;gmim%

Therefore,
good quantum numbers : L, My, S, Mg,

eigenstates of Hye : |LMSMg) .
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LS-coupling scheme without fine struct i;gmim%

Therefore,
good quantum numbers : L, My, S, Mg,
eigenstates of Hye : |LMSMg) .
Label:
terms : 25711 ;.
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LS-coupling scheme without fine struct

Therefore,
good quantum numbers : L, My, S, Mg,
eigenstates of Hye : |LMSMg) .
Label:
terms : 25711 ;.
e.g. 3p4p in silicon
h=1, b=1 = L=0,1o0r2,
1 1
31—5, 32—5 = S=0orl,
terms (without J) 2541, — 18 1p.'D 3S,%P 3D.
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Isotropy: degeneracy with respect to My and Mg.

E(eV)
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Energy levels

Isotropy: degeneracy with respect to My and Mg.

E(eV) N 2?“
6.4 2 : s
6.3 18 \‘
| D |
62 | 1.6 ‘\
|
6.1 14 ‘\
6.0 o 12 |
‘
9 NP 10 “
8 r
0.8 | D
[
Figure: 3p4p in silicon 06 /|
I
0.4 Il
Il
02 “
Degenerate states o) wlE

Ecp+FEre+FBs o

(24 +1)(2h+1)(251+1)(253+1) = 36.

i
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Energy levels

Isotropy: degeneracy with respect to My and Mg.

E(eV) B(eV)
64 ;’ﬁ 2.0 s
6.3 1.8 “
6.2 ‘J‘ 2 1.6 “‘
6.1 14 ‘\‘
60 2 12 |
‘
59 \1p 1o ‘\
8 r
0.8 | D
[
Figure: 3p4p in silicon 06 /|
I
0.4 Il
0.2 “““‘
Degenerate states i P _
% B PButBes
(2L+1)(2L+1)(251+1)(2s2+1) = 36. Figure: 3p? in silicon
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5.1 Fine structure in the LS-coupling scheme
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Fine structure in the LS-coupling schem

Spin orbit coupling of electrons

Approximate calculations of relativistic quantum mechanics at low speeds:

1 1dU

U= —— =S
st 2u202rd7’s

I1=¢(r)s- 1
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Fine structure in the LS-coupling schemé& i;gmim%

Spin orbit coupling of electrons
Approximate calculations of relativistic quantum mechanics at low speeds:

1 14U
= — 85"
2u2c2 rdr

Usi I=¢&(r)s- 1

The Hamiltonian:
Hy o = Z Bisi- i = BrsS - L.

H= Hcr + Hye + Hs—o.

i
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Fine structure in the LS-coupling schem

Spin orbit coupling of electrons
Approximate calculations of relativistic quantum mechanics at low speeds:

1 14U
= — 85"
2u2c2 rdr

Usi I=¢&(r)s- 1

The Hamiltonian:
Hy_, = Z Bisi - 1; = BrsS - L.
i
H= HCF + Hre + Hsfo-
the total electronic angular momentum: J =L+ S.

L5 (J-J—L-QL—S-S)

[, H =0 and [/, H =0.

)

i
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Fine structure in the LS-coupling schemé& iigmim%

Therefore, L,, S, are no longer conserved.

good quantum numbers : L, S, J, My,
eigenstates of H : |[LSJMj) .
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Fine structure in the LS-coupling schemé& i;gmim%

Therefore, L,, S, are no longer conserved.

good quantum numbers : L, S, J, My,
eigenstates of H : |[LSJMj) .

The energy shift: (degeneracy with respect to M)

Es ozﬂLS<S'L>

5“ {J(J+1)—L(L+1)—S(S+1)}.
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Therefore, L,, S, are no longer conserved.
good quantum numbers : L, S, J, My,
eigenstates of H : |[LSJMj) .
The energy shift: (degeneracy with respect to M)
E;o = frs(S- L)

5L5{J(J+ 1) = L(L+1)—S(5+1)}.
Lande interval rule
The energy interval between adjacent J levels:

AFps = Ej— Ej 1 = BrgJ oc J.
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npn'p (n # ')
= 1 1 1
S=0|'s, 'P, 'D,
1 S1 P210 D321
' MS
npnp 1 0 . =1
2 afrit) atilyalrt) (1ltl)
Ll atotyotit) fatoyotilyalotyoltt) | (alobyoltl)
M, |o | (1T11)(T0T) (rrei)tol)(Lrel) (rirlylol)
t atit) _adinlonalit) Ay
-1 datoytit) | (tol)@tilyaiot)olit) | (lol)©irl)
-2 (1111) atryditt) (irl) d
T=-1
v
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(np)?
For equivalent electrons the Pauli exclusion principle restricts the states.
2 MS
(np)° 1 0 -1
2 (111d)
1 (ITQT) EITOl)(_llOT) (ll(ll)
Moo | atit) [atrhaldrtyetol) | alil)
-1 (o111) (0111)(©0411) lrl)
-2 (aftid)

-
#23 (PKU)
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Example: pp electronic configuration

(np)?
For equivalent electrons the Pauli exclusion principle restricts the states.
2 MS
(np)” 1 0 ]
2 (111d)
1 (ITQT) ngOl)(_llOT) (ll(zl)
Moo | atit) [atrhadrtotol) | alil)
-1 (o111) (0111)(©0411) lrl)
-2 (aftid)
Even rule:
2|(L+9).
—
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Example: pp electronic configuration

Black line: (np)?,
Gray line: prohibited by Pauli's principle,
All line: npn/p.

Figure: pp electronic configuration
energy levels
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Hund’s rules

Hund's rules

1. S 7 E\

m=-10 +1
C: 1s2s2p? | [1[1]|=>8=LL=1J=210="P,
N: 1s22s22p3 =8=3/2,L=0;J=3/2=1S,,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Hund's rules
1. S/ ENg
2. L EN

m=-10 +1
C: 1s2s2p? | [1[1]|=>8=LL=1J=210="P,
N: 1s22s22p3 =8=3/2,L=0;J=3/2=1S,,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Hund's rules
1. S/ ENg

2. L EN
3. m Normal order (J\, E ) : under half shell layer;

m=-10 +1
C: 1s22s22p? . =S8=1,L=1;J=2,1,0=73P,
N: 1s22s22p3 =8=3/2,L=0;J=3/2=1S,,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Hund's rules
1. S/ ENg
2. L EN

3. m Normal order (J\, E ) : under half shell layer;
m Anomalous order (J  E\) : over half shell layer.

m=-10 +1
C: 1s22s22p? . =S8=1,L=1;J=2,1,0=73P,
N: 1s22s22p3 =8=3/2,L=0;J=3/2=1S,,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Hund's rules

1. S/ ENg

2. L EN

3. m Normal order (J\, E ) : under half shell layer;

m Anomalous order (J 7 E ) : over half shell layer.

However, Hund's rules are empirical and there are exceptions. They are
more effective in inferring the ground state, with only a few exceptions.
Using it to discuss excited states is not very reliable.

m=-10 +1
C: 1s2s2p? | [1[1]|=8=1,L=1,J=210="P,
N: 1s2282p° [11[1 | =>8=3/2,L=0;J=312=1S;,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Hund's rules

1. S/ ENg

2. L EN

3. m Normal order (J\, E ) : under half shell layer;

m Anomalous order (J 7 E ) : over half shell layer.

However, Hund's rules are empirical and there are exceptions. They are
more effective in inferring the ground state, with only a few exceptions.
Using it to discuss excited states is not very reliable.

Application: determine the ground state
=-10 +1
C: 1s22s22p ... =S8=1,L=1;J=2,1,0=73P,
N: 1s228%2p° [1[1[1|=>8=3/2,L=0;J=312=1S;,

0: 1s2s¥2p* (]t =8=1,L=1;J=2,1,0=°P,
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Hund’s rules

Theoretical explanation

Generalize the potential expression of spin-orbit coupling to the coupling of
any two angular momentum:

Zhb, (L=IL+h)
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Hund’s rules

Theoretical explanation

Generalize the potential expression of spin-orbit coupling to the coupling of
any two angular momentum:

1 14U
“Zhb, (L=I+h)

Uy = ~——s =
hb =922 rdr

The contribution of the coupling of angular momentum to the interaction
potential:

=

(h-b)=-[L(L+1)—k(h+1)— bk +1)]r.

2
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Hund’s rules

Theoretical explanation

Generalize the potential expression of spin-orbit coupling to the coupling of
any two angular momentum:

1 14U
“Zhb, (L=I+h)

Uy = ~——s =
hb =922 rdr

The contribution of the coupling of angular momentum to the interaction
potential:

=

(h-b)=-[L(L+1)—k(h+1)— bk +1)]r.

2

Apparently, L » (I - L) 7, so the key is C(li—U 7 0.
r

L
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Hund’s rules

Theoretical explanation

® Electron-electron Coulomb repulsion: 1&2

dr dr\ r r2 ’
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Hund’s rules
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Theoretical explanation
® Electron-electron Coulomb repulsion: 1&2

dr arh g )T ’

® Electron-nucleon Coulomb attraction: 3-normal order

awoa( A\ 1,
dr = ar A ’

v

i
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Hund’s rules
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Theoretical explanation
® Electron-electron Coulomb repulsion: 1&2

dr arh g )T ’

® Electron-nucleon Coulomb attraction: 3-normal order

awoa( A\ 1,
dr = ar r r2 ’

® Hole-nucleon Coulomb repulsion: 3-anomalous order

drocdr r r2 '

v

i
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5.2 The jj-coupling scheme
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Hamiltonian
Hs_o > Hp.:
H= HCF + Hs
N hg
:Z{ v2‘|'VCF TZ}"'Zgzerl S;
=1
N h2
=) {—2—V + Vor (1) + &(r)h } .
=1
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The jj-coupling scheme

Hamiltonian
Hs_o > Hp.:

H= Hcp + Hs—o

N hz
Z{ v2‘|'VCF Tz}‘FZgZT’ZIl S;

XNZ{—V + Vor (1) + &(r) s}

Approximate to an independent particle system.

i
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The jj-coupling scheme

Hamiltonian
Hs—o > Hre:

H= Hcr + Hs—o

N hg
Z{ v2_’_‘/01:7‘ Tz}+Zsz’111 5

ZN:{V + Vor (r3) + &(ro) Iy si} ,

Approximate to an independent particle system.

Use a complete set of quantum numbers for each electron to characterize

N
quantum states: eigenstates of Hy_o: []|niliji(m;)s).
7
i L
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The jj-coupling scheme

Energy:
Es o= ZN: (niligi(my) i| Hs—o| miliga(my;) )
= ;ifinili(ri) i +1) = Li(li+1) — 2]-
(inity (ri) = (nili|&a(ri)[nils) .)
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Energy:
N
Eoo =Y {naligi(my)il Ho—o| nilijs(m;):)
i
1 o 3
=3 > Cona(ra)Gii + 1) = Ll + 1) — i
i
(Einat; (15) = (nlil&i(rs) | nali) .)
Therefore,
good quantum numbers : ji, jo, -+, Ji 0, JN, Je
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The jj-coupling scheme ) e g K F
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Energy:
N
Eoo =Y {naligi(my)il Ho—o| nilijs(m;):)
i
1 . 3
=3 > Cona(ra)Gii + 1) = Ll + 1) — i
i
(&ingt (i) = (nls| ()| maly) »)
Therefore,
good quantum numbers : ji, jo, -+, Ji 0, JN, Je
Label:
(jlaj?a te aj’[a o 7jN>J'

Z=82id (PKU) The LS-coupling scheme July 2024 17|38
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The jj-coupling scheme

Energy:
N
Eoo =Y {naligi(my)il Ho—o| nilijs(m;):)
1 o 3
=3 > Cona(ra)Gii + 1) = Ll + 1) — i
(Einat; (15) = (nlil&i(rs) | nali) .)
Therefore,
good quantum numbers : ji, jo, -+, Ji 0, JN, Je
Label:

(rsdos 5 Jise e 5 JN) -
Considering H,e, the energy levels will split according to the total angular
momentum J. (degeneracy with respect to M})
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e
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(np)*

pp electronic conf

npn'p
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=3

Example
npn'p (n# n')
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(3-4) (4.4
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The LS-coupling scheme
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Example

npn'p (n# n')

JisJa

o

s
ok

e
he

(4,4)

(-+,-4)
3,2,1,0

npn'p

-2
-3

(np)?

For equivalent electrons the Pauli exclusion principle restricts the states.
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5.3 Intermediate coupling: the transition between coupling
schemes
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In theory
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\JO
J=1

LS-coupling jicoupling B
scheme > scheme

Figure: sp configuration

As (3 increases further the spin—orbit and residual electrostatic interactions

become comparable and the LS-coupling scheme ceases to be a good
approximation: the interval rule and (LS-coupling) selection rules break

down_ At large 3 the jj-coupling scheme is appropriate.

13: the spin—orbit interaction parameter.
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In theory and experiment
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!

(33)

(24)

T 50 il 1)

@py? (5p» (6p)* 2

LS -coupling - X — Jj -coupling 2
Figure: p? configuration
A evident transition by x.

. 2y: characteristic parameter. -
July 2024 2138
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In experiment =
PEKING UNIVERSITY
!
H He Mg Hg Complex
P(V) | 1gtg 1pep DD ESE 'S 'PAP DD EOE '35 'O DD 'O O™
1 &= I == o Giod | L=
1T 11 TT T hpreses 1=
14 s TsAf 17 T 3 17977 6557
T je 0T Ts3d sy — | — Gs7p = Gs6d il
-2 i 3s3d
3edy |
6isTs —
.
1 -
-4 T e 3s3p 7
1525 | 656p
_s o — —J=2
A
—J=0
i
.
N 5
.
o]
65
-11- To
n=1 To18
Even for Hg, the LS-coupling scheme gives a closer
approximation than the jj-coupling scheme.
i L
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!
H He Mg Hg Complex
E(eV 1g2g 1p3p 1p3D lF2 1g2g 1p2p 1p3p lF2 1g3g 1p3p 1psp Lpsp oS
I I o R 3s3p, Mg 6s6p, Hg
L e e i o s e W v i e :“;z 5495 el B el S 24
-1 ”45 = 1sdf :: T Iv 34 LA ):: T (is.jf: T 2 1850 376
Y IR sty L Tl = G 1 2.1870 3.94
3eds | 1
N o - 2.1911 4.40
AT = ;‘ iN 3.5051 5.40
— Y 3S3p|
152; | 656p
51 = |- Table: E/m~!
=t
o]
71 e.g. for the 6s6p
-+ * configuration the
o FEe > Es_, but the interval
—101 rule is not obeyed because
IO o the spin-orbit interaction is
n=1 To1s?

Even for Hg, the LS li h _ | not very small compared to
e (?r g ‘ i —(}:10u.|? ng SIC_ emehglves a CIOSET the residual electrostatic
approximation than the jj-coupling scheme. teraction.

o L
Z=82id (PKU) The LS-coupling scheme July 2024 22|38



In experiment

ez X ¥

PEKING UNIVERSITY

B, s g w4 PR TR e PR R pree _

Iz S Hieooite
RE: i 2 | 16908687
1 | 1 | 16908694
R wi | it ] 0 | 16908793
T L 1 | 1 | 17113500
R ol 1 , Table: The 1s2p configuration
B =8 in helium

14T
n=1 To1s

62

The interval rule is not
obeyed: This occurs in
helium because spin—spin
and spin—other-orbit
interactions have an energy

Even for Hg, the LS-coupling scheme gives a closer comparable with that of

approximation than the jj-coupling scheme.

i
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5.4 Selection rules in the LS-coupling scheme
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Electric dipole selection rules

Single electron

From conservation laws and quantum mechanics calculations:

Aj=0,41 (j=0§=0),
Am;=0,£1, (mj=0 my =0if Aj=0),
Al= 41,

Am;=0,=£1.

i L
Z=82id (PKU) The LS-coupling scheme July 2024 24|38



5 e f xS
Lot PEKING UNIVERSITY

Electric dipole selection rules

LS-coupling scheme:

(AJ=0,£1  (J=0+» J =0),
AM;=0,41 (M;=0-» My =0if AJ=0),
Parity changes,

Al=+1 One electron jump,
AL=041 (L=0+ L' =0),
AS =02
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Electric dipole selection rules

LS-coupling scheme:

(AJ=0,£1  (J=0+» J =0),
AM;=0,41 (M;=0-» My =0if AJ=0),
Parity changes,

Al=+1 One electron jump,
AL=041 (L=0+ L' =0),
AS =02

1.AL =0 is possible in principle, but more than one electron must be
excited to a high-energy state.
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Electric dipole selection rules

LS-coupling scheme:

(AJ=0,£1  (J=0+» J =0),
AM;=0,41 (M;=0-» My =0if AJ=0),
Parity changes,

Al=+1 One electron jump,
AL=041 (L=0+ L' =0),
AS =02

1.AL =0 is possible in principle, but more than one electron must be
excited to a high-energy state.
2.Exception: In the mercury atom, however, transitions with AS =1 occur,
such as 6s2 1Sy — 6s6p 2Py, that gives a so-called intercombination line
with a wavelength of 254 nm.
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Single electron

From conservation laws and quantum mechanics calculations:

Aj=0,%£1 (j=0«7=0),
Am;j=0,£1, (mj=0» my =0if Aj=0),
Al= +1,

Amy =0, +1.

jj-coupling scheme (two electrons) :

Aji=0, Ajpb=0,%1, or Aj=0,%1, Aj=0,
AJ=0,41 (J=0» J =0),
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:

Single electron
From conservation laws and quantum mechanics calculations:

Aj=0,+1 (j=0«7=0),
Am;j=0,£1, (mj=0» my =0if Aj=0),
Al= +1,

Amy =0, +£1.

jj-coupling scheme (two electrons) :

Aji=0, Ajpb=0,%1, or Aj=0,%1, Aj=0,
AJ=0,41 (J=0» J =0),

In fact, many elements fall between these two extreme situations, and the
selection rules on both sides are not strictly followed.
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Magnetic dipole selection rules

According to the multipole expansion of electromagnetic interactions, the
magnetic dipole interaction can be described as the interaction between
magnetic moment and vector radius, with the coefficient being the
first-order spherical harmonic function.

Therefore, the interaction can be expressed as

H o cos0Y10(0,¢) o< Yoo(0, ).
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Magnetic dipole selection rules

According to the multipole expansion of electromagnetic interactions, the
magnetic dipole interaction can be described as the interaction between
magnetic moment and vector radius, with the coefficient being the
first-order spherical harmonic function.

Therefore, the interaction can be expressed as

H o cos0Y10(0,¢) o< Yoo(0, ).

Therefore, apart from having the same selection rules as electric dipole
transitions, there are also angular momentum selection rules:

Al=0.
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Magnetic dipole selection rules

According to the multipole expansion of electromagnetic interactions, the
magnetic dipole interaction can be described as the interaction between
magnetic moment and vector radius, with the coefficient being the
first-order spherical harmonic function.

Therefore, the interaction can be expressed as

H o cos0Y10(0,¢) o< Yoo(0, ).

Therefore, apart from having the same selection rules as electric dipole
transitions, there are also angular momentum selection rules:

Al=0.
Directly generalized to multi-electron atoms:
AL=0 AS=0
An =0, ’ ’
AJ=0,£1, AM;=0,=+1.
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5.5 The Zeeman effect
5.5.1. The Paschen-Back effect
5.5.2. The normal Zeeman effect
5.5.3. The anomalous Zeeman effect
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About concepts

Original concepts
A atomic spectral lines split in an external magnetic field:

3 : The normal Zeeman effect.

the other : The anomalous Zeeman effect.
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About concepts

Original concepts

A atomic spectral lines split in an external magnetic field:

{3 : The normal Zeeman effect.

the other : The anomalous Zeeman effect.

Modern:
In a strong field: Paschen-Back effect.
In a weak field:

3 : The normal Zeeman effect.
the other : The anomalous Zeeman effect.
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The Paschen-Back effect

~

<] =)

= )

e )
595

For LS-coupling scheme, the atom’s magnetic moment:

n=—ppL — gsupS.
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For LS-coupling scheme, the atom’s magnetic moment:
n=—ppL — gsupS.
The interaction of the atom with an external magnetic field is described by

Hyp = —p - B.
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For LS-coupling scheme, the atom’s magnetic moment:
n=—ppL — gsupS.
The interaction of the atom with an external magnetic field is described by
Hyp = —p - B.
In a strong field: consider total magnetic moment along the z-direction

Pz = sz + fi = —2pBms — pmy = —(2ms 4 my)uB.
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For LS-coupling scheme, the atom’s magnetic moment:
n=—ppL — gsupS.
The interaction of the atom with an external magnetic field is described by
Hyp = —p - B.
In a strong field: consider total magnetic moment along the z-direction
Pz = sz + pi; = —2uBms — ppmy = —(2ms + my)uB.

Energy:
Ezx = —p, B = (2ms + my) us.
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For LS-coupling scheme, the atom’s magnetic moment:
n=—ppL — gsupS.
The interaction of the atom with an external magnetic field is described by
Hyp = —p - B.
In a strong field: consider total magnetic moment along the z-direction
Pz = sz + pi; = —2uBms — ppmy = —(2ms + my)uB.

Energy:
Ezx = —p, B = (2ms + my) us.

Selection rules
Amg =10
Amy=0,+1
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Example

m 2 3 /2

1/2
1/2
—1/2

~1/2

~3/2

ehB

Lo ¢hB
hvy hwy — 2m, o+ I,y ;ﬁ_B Iy Ty 0B
m,

2m,

1/2

o= —1/2
-1 0 +1
™ o

. 1 1
Figure: my =1, ms = —5 M= 5&ml =—-1,my=-,m= —g are degenerate
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In weak magnetic field, Hamiltonian:
(- J) (L-J) +gs(S-J)
T ) J(J+1) B
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The Zeeman effect YAz XY
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In weak magnetic field, Hamiltonian:
(- J) (L-J) +gs(S-J)
Hyp=———7"—"J -B= BJ,.
T ) J(J+1) B
Energy:
Ezg = gjuBM,.
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The Zeeman effect

In weak magnetic field, Hamiltonian:

_ (e-d) _ (L) +g.(5-J)
e = —70507 B= 1) BBJ,.

Energy:
Ezg = gjuBM,.
Lande g-factor:
(L-J)+gs(S-J)
J(J+1) '

97 =
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The Zeeman effect
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In weak magnetic field, Hamiltonian:

_ (e-d) _ (L) +g.(5-J)
He = =500 B= sy rebl

Energy:
Ezg = gjuBM,.
Lande g-factor:
(L-J) +g5(S-J)
J(J+1) '

97 =

Assuming that g, ~ 2:

95 =

3 S(S+1)—L(L+1)
2" 2J(J+ 1)
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No magnetic field

Consider 2 — 1:
hy = E2 - El.

J
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The Zeeman effect

<] =)

= )

e )
595

No magnetic field

Consider 2 — 1:
hy = E2 - El.

External magnetic field B:

Ey = FE>+ ¢oMpugB, E),=E+ g MpugB.

J
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The Zeeman effect

<
S
)
)
e )
s

No magnetic field

Consider 2 — 1:
hy = E2 - El.

External magnetic field B:
Ey = B>+ g2MppsB, Ey=E\ + g MpnpsB.
Spectral line splitting:

Ey— Ey =+ (2Myp — 1 M) upB.

J
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No magnetic field
Consider 2 — 1:

hy = E2 - El.
External magnetic field B:

Ey = Ey+ goMpusB, E| = E\ + g MpusB.
Spectral line splitting:
By — By =+ (g2Mj2 — g1 My1) puB.

Selection rules

AM;=0,=+1. J

Z=82id (PKU) The LS-coupling scheme July 2024 31|38



Y Ie gz XY

PEKING UNIVERSITY

The normal Zeeman effect

5£ ]
5'D, 0
N ;
-2
o
o0
Lag)
~t
©
1
5'P, 0
-1

AM,]='] 0 +]

6 ®w o
Figure: Cd 5'Dy = 5'P1: S| =S =0=¢g =g =1

_
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The anomalous Zeeman effect

Na M, 9,M,
+3/2 +6/3
3P, il #5
-1/2 -2/3
-3/2 -6/3
o
3°P,, g +1/2 +1/3
& -1/2 -1/3
o
el
(=)
2
318 J +1/2  +1
"D D -1/2 -1
42 24 531135
3 3T 3IIJ33
oMW WO COM W3O
D, D,

Figure: Na 32P3/2 — 3251/2/ 32P1/2 — 3251/2
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5.6 Summary
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Summary

hy J=1 ——— é
Tl
2
—3 — 1
J=2 o
]
3p -2
o !

_
T
J=0 o

3s3p

Configuration Terms Levels States

Figure: The hierarchy of atomic structure for the 3s3p configuration of an alkaline
earth metal atom.
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Summary

3s3p
Configuration Terms Levels States
Figure: The hierarchy of atomic structure for the 3s3p configuration of an alkaline
earth metal atom.

Break down:

(a) The residual electrostatic interaction is not small compared to the
energy gap between the configurations.

(b) The jj-coupling scheme is a better approximation than LS-coupling.
(c) The Paschen—Back effect arises.
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