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1. Pauli exclusion principle

The Pauli exclusion principle is the quantum mechanical principle that no two identical
fermions (particles with half-integer spin) may occupy the same quantum state simultaneously. A
more rigorous statement is that the total wave function for two identical fermions is anti-
symmetric with respect to exchange of the particles. The principle was formulated by Austrian
physicist Wolfgang Pauli in 1925.
(http://en.wikipedia.org/wiki/Pauli_exclusion_principle)

For example, no two electrons in a single atom can have the same four quantum numbers; if
n, I, and m; are the same, ms must be different such that the electrons have opposite spins, and so
on. Integer spin particles, bosons, are not subject to the Pauli exclusion principle: any number of
identical bosons can occupy the same quantum state, as with, for instance, photons produced by a
laser and Bose—Einstein condensate.

2. Periodic table
The Pauli principle produces any two electrons being in the same state (i.e., having the set of
(nl I! ml) mS)'

For fixed n,
I=n-1,n-2,...,2,1
m=11-1, ... -1 (2] +1).

Therefore there are n? states for a given n.

n-1
(21 +1) = n?

1=0

There are two values for ms (= £1/2).
Thus, corresponding to any value of n, there are 2n? states.

K shell
n | m S Ms
1 0 0 1/2 +1/2 (1s)?
L shell
n | m S Ms
2 0 0 1/2 +1/2 (25)°
2 1 1,0,-1 1/2 +1/2 (2p)°



M shell

n | m S Ms

3 0 0 1/2 +1/2 (3s)?

3 1 1,0,-1 1/2 +1/2 (3p)°

3 2 2,1,0,-1,-2 1/2 +1/2 (3d)*

N shell

n | m S Ms

4 0 0 1/2 +1/2 (4s)?

4 1 1,0,-1 1/2 +1/2 (4p)®

4 2 2,1,0,-1,-2 1/2 +1/2 (4d)*
4 3 3,2,1,0,-1,-2,-3 1/2 +1/2 (4n*

(15)°1(25)*(2p)°1(35)(3p) (3d) |(45)*(4p) °(4d)"*(4)|(5s)*(5p)° ((5d)"....

Atoms with filled n shells have a total angular momentum and a total spin of zero.
Electrons exterior these closed shells are called valence electrons.

H (1s)

He  (1s)?

Li (1s)%(2s)*

Ba  (1s)%(2s)?

B (15)%(29)°(2p)’

C  (19(2s)°(20)’

N (1s) |(2s) (2p),

o) (1s) I(2s)’(2p)_

F (1s) I(2s) (2p)°

Ne  (Is)yl(2s)(2p)]

Na  (1s)I(2s) (2p) |(3s),

Mg (1s)l(2s)(2p) I(3s)

d e
2 2 p6 2 p3

P (15 I(2s) (2p) 1(35) (3p),

S (1s)'1(2s)’(2p) |(35) (3p)_

Cl (15)1(25) (2p) |(35) (3p)

Ar - (1s)1(2s) (2p) I(3s) (3p)°

K (1s) I(2s) (2p) I(3s) (3p) (3d),

Ca  (1s)](2s) (2p) |(35) (3p) (3d)

St (19)1(29) (2p) |(35) (3p) (3d),

Ve e

Cr (15)°1(25)%(2p)°(35)°(3p)°(30)°

Mn  (15)%(2)%(2p)°(35)*(3p)°(3d)’
2 2 6 2 6 8

Fe  (1s)](2s) (2p) I(3s) (3p) (3d)

Co  (1s)'](2s) (2p) |(35)(3p) (3d)

Ni  (L5)°/(25)°(2p)°l(35)?(3p)°(3d)™]
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Cu  (18)(25)%(20)°I(35)*(3p)°(3) |(4s)"

3. Commutation relations for total orbital and spin angular momenta
We consider the Hamiltonian

A

H= H, + I—AI2 + I—AI3
where

Hl_zme pl |rf_\1|’ H2_2me p2 |f2|, H3_|

where there are Coulomb interactions among the nucleus with the charge Ze, and two electrons
with a charge —e outside the nucleus. Note that H,, H,, and H, are central fields, where the
interactions depends only on the distances between the particles. The angular momentum
L, =F x p, commutes with H,.

[H, L]=0.

We note that all observables relating to one of the particles (particle 1, in our case) commute
with all those corresponding to the other one (particle 2, in our case).

[H, L]=0.
which means that
[H,+H,,[]=0

Similarly, we have

[H,+H,,L,]=0
Then we get

[H,+H,,[]=0
where

(o, +0,

How about the commutation relation on [I:| : I:] =07 We note that



[H,L]=[H, + H, + H,, L]=[H,,L]

Using the Mathematica, we show that

A A

[H,,L]=0.
or
<rl,r2|[|:|3,I:Z]|y/>=H3(|r1—r2|)Lzy/(r1,r2)—LZH3(|r1—r2|)y/(r1,r2)
where
T p—
H.(r,-r|)=——, L, =L,+L,
3\"1 2 |r1_r2| 2
h 0 0 h 0 0
=—X,=—=Yy,—), L,=—(X,—-Yy,—
L., i(layl ylaxl) ) I(z% yzaxz)
rl:(xl’yl7zl)! I’2:(X2,y2,22).
((Mathematica))

Clear["Global «"];

el1?
R12=\/ (X1 - x2)% + (yl-y2)%+ (z1-22)? ; H3 = e

A
L1z := — (x1D[#, y1] -yl1D[#, x1]) &;
1

A
L2z := — (x2D[#, y2] -y2D[#, X2]) &;
i

Lz := (L1z[#] + L2z[#]) &;

¥yl =y [x1, vyl, z1, x2, y2, z2];
H3Lz[y1] -Lz[H3¢1] // Simplify
0

Then we have the commutation relations
[H,L]=0,
Similarly for the total spin angular momentum, we have
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In other words, there is a simultaneous eigenket of the operators L2, S?, L, and §Z . So the total

orbital angular momentum and the total spin angular momentum are good quantum numbers
which denote the resulting states.

4. Commutation relations for total angular momentum,
The total angular momentum is defined by

J=L+S.
We note that

[H,L[]=0, [H,S]=0, [H,[*]=0, [H,S?]=0
From this relation we find that

[H,J]=[H,L]+[H,S]=0
So the total angular momentum is also a good quantum number.

5. Wave function for two particle system  ((Cohen-Tannoudji))
We now consider the wave function of the two electron system.

Because of the fermion, the wave function should be anti-symmetric under the exchange operator
)= cl- F312)| LM 10520, 1h®|S, M)
using the exchange operator

5 (space) 3 (spin)
R, =P, P,

where c is a normalization constant, and |L, M, ;1:n,l;2; n',I'> are formed of the superpositions of
In,I), and |n',I'), through the the Clebsch-Gordan co-efficients. We note that

Islz(SPin)|S1 Ms> — (—1)S+1|S, M5>



where S =1 (triplet, Mg = 1, 0, -1) for the symmetric case and S = 0 (singlet, M = 0) for the anti-
symmetric case.

(i) In ) =|n 1Y)
w)=cll- (-1)** P, ™) L,M 1, 1;2;n, 1Y ®|S, M)
When S =1 (symmetric)

lw) =c@- P, L,M 10,120, 1) ®[S, M)
= cV2A| LM 1:n, 120, 1) ®[S, M) '

When S = 0 (anti-symmetric),

lw) =c@+ B, ") L,M_1:n, 120, 1) ®[S, M)
=289 L, M 1:n, 12, 1) @[S, M)

@i [nhy=[nI)

lw) =cll- (-1)**P, ™)L, M_1:n,1;2n,1) ®|S, M)
We use the fomula,

P, 7L, M L0, 1;2n,0) = (<1)Y|L,M 10,1520,
Then we have

)= c[i—(—l)“s*l)| LM 10,520, 1) ® (S, M)
When L+ S =even,

lw)=2c|L,M ;1:n,1;2;n,1) ® S, M)
When L + S = odd,

ly)=0

6. Clebsch-Gordan co-efficient for the case of He
Here we show the Clebsh-Gordan coefficients for the two particles in the same or the
different orbital states. The ground state of the He atom is denoted by (1s)?, where two electrons



are in the |1s> state. We consider the excited states such as (1s)(2s), where one electron is in the

|1s) state and the other electron is in the |2s) state.

(1s)(2s), (15)(3s)

I=0,1=0
D, xD, =D, L

1
o

L=0 (symmetric)

IL=0,M_=0)=|l,=0,m, =0)|l, =0,m, =0)

=(0.0),/0.0),
(1s)(2p), (1s)(3p)
1=0,1=1
D, xD, =D, L=1
L=1

IL=1M_=1)=|11)|0,0),,
IL=1M_=0)=|10)/00),,
IL=1M_ =-1)=|1-1)|0,0),

(2p)(3p)

I=1,1=1
D, xD, =D, + D, +D, L=2,1,0

L=2 (symmetric)
IL=2,M =2)= |1,1>l|1,1>2

L=2,M, =1)= = (12)10), +10},11),

1
qu,
1
%(Il,
L=2,M, =1)=—2 (1-1)}10), +[10)[1.-1),)

L=2.M, =0)= " (11)[1.-1), + [1-1)}12), +210},10),)
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L=2,M, =-2)=[1-1),j1-1),
L=1 (anti-symmetric)
1
[L=1M, =1)=—=(L1;[10), ~[10)11),)
1
[L=1M, =0)=—=(L1)[1-1), -[1-1)]11),)

1
[L=LM, =-1)=—7(L0)[1-1), -[1-1),[10),)

L=0 (symmetric)

1
| L=0,M_= O> :ﬁ(|1’1>1|1’_1>2 T |1’_1>1|1’1>2 _|1’0>1|1'O>2)
2p)(3d
I=1,1=2
D, xD,=D,;+D, +D, L=3,21
L=3

IL=3,M_ =3)=[11)|2,2),

IL=3 M =2)= \E|1,1>1| 21), + %|1,o>1|2,2>2

IL=3 M =1)= \E|1,1>1|2,0>2 + 2\/%|1,0>1|2,1>2 +%|1,—1>1|2,2>2
IL=3M_=0)= %|1,1>1|2,—1>2 + \/§|1,o>1| 2,0), + %|1,—1>1| 21),

2 2 1
L=, 3= 210, J20), +2, Z10) 2-1), +—-f11) f2-2),
2 1
L=3M,=2)= 21D 2-1), + 10,22,

IL=3 M =3)= |1,—1>1|2,—2>2



L=2.M, =2)=- 2[10),[22), + 1)),
3 V3
1 1 1
| L=2,M_= 1> = ﬁ|l’1>1| 2’0>2 _%|1’0>1|2’1>2 _ﬁ|l’_l>1|2’2>2

1 1
| L=2,M = O> - _2|1’1>1|2’_1>2 _E|1’_1>1| 2’1>2
1 1 1
L=am == L2+ Loy, - L)oo,

2 1
L=2m, =-2)= 20} j2-2), - 1) 20),

1 3 3

L=am, ==L 20), - |20 20, - ) fo2),
3 2 3

Lot =0)= [ 220, - 210 20), + [ 14 o)

1 3 3
L=t =)= L1-1)J20), - | 210)J2-3), + Sa, 22,

7. Hund’s rule for the ground state; how to find the ground state
Electron states in the atom

(n, 1, m),s=1/2

For a given |, the number m takes 21 +1 values. The number s is restricted to only two values
+1/2. Hence there are altogether 2(21+1) different states with the same n and I.

These states are said to be equivalent.

According to Pauli’s principle, there can be only one electron in each such state. Thus at most
2(21+1) electrons in an atom can simultaneously have the same n and .

Hund’s rule is known concerning the relative position of levels with the same configuration but
different L and S.

Q) The maximum values of the total spin S allowed by the exclusion principle.
(i)  The maximum values of the total orbital angular momentum L consistent with this value
of S.

(iiiy I =|L—S| for less than half full.
(iv)  J=L+S for more than half full.



The electron configuration (3d)" (I=2,n=1 - 10)

A d shell corresponds to | = 2, with five values of ml. Multiplying this by 2 for the spin states
gives a total of 10. Then the configuration (3d)'° represents a full shell. It is non-degenerate, and
the state is 'So. This is a general rule for a full shell. It follows because each of electrons must
have a different pair of m; and ms values.

iy @)L TI*, VvH

’Day; (ground state)

A

m=2 |

L=2,5=1/2,1=3/2,
(i)  (3d)%: V¥

3F2
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(iii)

(iv)

L=3,S=1,J=2,

(3d)% cr¥, v

Far
. A
. A
. A
m=-1
m=-2

L=3,S=3/2,1=3/2,
(3d)* cr?*, Mn**

5D0
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me2
L A
- A
o A
w2

L=2,5=2,1=0

(v)  (3d)°: Fe**, Mn?

®Ssi2

. A
o A
L A
_ A
o A

L=0,$=5/2,1=5/2
(vi)  (3d)% Fe®*

5D,
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(vii)

(viii)

m=2 v
m=1 A
m=0 ‘
m=-—1 A
m=—2 A
L=2,5S=2,J=4
(3d)": Co*
“Foro
m=2 ‘
\
m=1 A
\
m=0 A
m=—1 ‘
m=-2 A

L=3,5=3/2,1=9/2
(3d)%: Ni**

3F4
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m=2

_.b.
- —

m=1 * |
! Y
m=0 A |
I Y
m=-1 *
I

_.’.

L=3,S=1,J=4

(ix)  (3d)% cu*

’Dspa

A |
| Y

i A |
| Y

m=0 A |
| Y

- 4 |
| Y

A
I
L=2,S=1/2,1=5/2

(3d)°

This configuration represents a set of electrons one short of a full shell. Since a full shell has zero
angular momentum (both orbital and spin), it follows that if one electron is removed from a full
shell, the spin angular momentum of the remainder are minus those of the one that was removed.
Sothe L, S, and J values of remainder are the same as if there were only one electron in the shell.

) @Y
A d shell corresponds to | = 2, with five values of m;. Multiplying this by two for the spin states
gives 10. Thus the configuration (3d)™ represents a full shell. L=0.5=0.J=0.
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m=2

__',
- —

m=1 A |
| Y

m= A |
0 | v

m=-1 A |
| Y

m=-2 A |
| Y

8. Observed spectral lines

All observed spectral lines can be explained correctly by assuming that the only wave
functions actually appearing are those which are antisymmetric with respect to simultaneous
exchange of both space and spin-co-ordinates of any two electrons. This rule leads to the Pauli
exclusion principle. It has been found that the rule of antisymmetry is obeyed, not only by
electrons, but also by many other elementary particles including neutrons, protons, and neutrino
(fermions)

In order to satisfy the requirement of complete anti-symmetry, it is necessary to choose either
symmetric spin wave functions and anti-symmetric space wave functions, or anti-symmetric spin
and symmetric space wave functions.

9. Two electrons in Helium atom
Here we try to determine the nature of the symmetry for the orbital wave function for

electrons in He using the nature of the parity for the orbital state and spin state for the relative
motion of two identical particles. (see the Clebsch-Gordan co-efficient for He).

9.1  (1s)?
From the Hund's law (in the same shell), we conclude that the ground state is *S,

Spin-up state

1=0 T |
| l

Spin-down state

D, x D, =D, (L=0)

15



D,,xD,, =D, + Db, (5=1, $=0)
L=0 (symmetric)

|IL=0,M_=0)=|l,=0,m, =0)[l, =0,m, =0)
=n=1,0,0)|n=1,0,0),

=[1s),[15),

However, we cannot construct the anti-symmetric orbital state since

i) =5 (s)[15), -[00),[00),) =0

For L =0 (symmetric) and S = 0 (antisymmetric), J=0
s, (allowed): Ground state (Hund’s law)

Note that L+S =0 (even).

9.2  (1s)(2s)
D, x D, =D, (L=0)
D,,xD,,=D,+D, (S=1, S=0)
L=0 (symmetric)

|IL=0,M_=0)=|l,=0,m, =0)[l, =0,m, =0)
=n=1,0,0)|n=2,0,0),

=[1s),|2s),

For |y,)=|1s) and |w,) =| 2s), we can construct the symmetric and anti-symmetric orbital states
such that

_ 1 1 _
v) =7 (1s)l28), +[25)[15),).  [va) =~ (1), |25), = [2s)[15),)

where L =0 (symmetric, and anti-symmetric).

Q) L = 0 (anti-symmetric), S = 1 (symmetric), leadingto J =1

16



%5, (allowed)

(i) L = 0 (symmetric), S = 0 (anti-symmetric), leadingto J =0
1S, (allowed),

9.3  (1s)(2p)
Do X D1 =Dy (L=1)

D12 X D12 = D1+ Do (5=1,0)

||_ =1L,M, =1> =|o,o>1|1,1>2,
IL=1,M_=0)=|00),|10),,
IL=LM =-1)= |o,o>1|1,—1>2

For |w,)=[0,0), =|1s), and |w,) =|2p), =|L,m), (m =1, 0, -1), we can construct the symmetric
orbital state and anti-symmetric state such that

) =%(|1s>l|2p>2 +|2p),|1s),) . L = 1 (symmetric)
v.) :%(|ls>l|2p>2 -|2p),|1s),), L = 1 (anti-symmetric).

Q) L =1 (anti-symmetric) and S = 1 (symmetric), leadingtoJ=2,1,0
P, %Py %Py (allowed)
(i) L =1 (symmetric) and S = 0 (anti-symmetric), leadingto J =1

', (allowed).

9.4  (1s)(3s)

D, x D, = D, (L=0)
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D/, x Dy, =D, + D, (=1, S=0)

|IL=0,M_=0)=|l,=0,m, =0)|l,=0,m, =0)
=n=1,0,0)|n=3,0,0),
=[15),[3s),

For |w,)=|1s) and |w,)=|3s), we can construct the symmetric and antisymmetric orbital states

such that
1 .
)= ﬁ(|1s>1|3s>2 +|3s),|1s),), L = 0 (symmetric)
1 . :
lw.)= ﬁ(|15>1|35>z —|3s),|1s),) L = 0 (anti-symmetric)
Q) L =0 (anti-symmetric) and S = 1 (symmetric), leadingto J =1
%5, (allowed).
(i) L =0 (symmetric) and S = 0 (antisymmetric), leadingto J=0
s, (allowed)
95  (19)(3p)
D,xD,=D, (L=1)
Dy, xDy, =D+ D, (=1, $=0)
L=1

IL=1,M =1) =|o,o>1|1,1>2,
|IL=1,M_=0)=|00),|10),,

IL=LM_ =-1)= |0,0>1|1,—1>2

For |w,)=(0,0), =|1s), and |y,)=|3p), =|1,m), (m =1, 0, -1), we can construct the symmetric
orbital state and anti-symmetric state such that

18



) :%(|1s>1|3p>2 +[3p),[15),), L = 1 (symmetric)

1 . :
v.) =ﬁ(|15>1|3p>2 -|3p),|1s),) . L = 1 (anti-symmetric)
Q) L =1 (antisymmetric) and S = 1 (symmetric), J=2,1,0
3P, *Py,, °P2, (allowed)
(i) L =1 (symmetric) and S = 0 (antisymmetric), J=1
p, (allowed)
- ‘Pi
//\/‘\ 3
&
\\c}/f o l‘SO
// /// S~ 3g
’ :—” \T?—S\ '
(1s)(2s)
(1s)(2p)
- 'S

(15)2

Fig.  An energy-level diagram of the excited states of He.
%3, and 'S, from (15)(3s). P, 3Py, P, °Ps, and P, from (1s)(2p). From the textbook of
Gasiorowicz.
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180 3g4 1P, 3pg 3p, 3p, 1D, 3D, 3D, 3D,

183p _ 1s3d

’ 1535
i #,a#f#"ffﬂ##’:::::::f””” i

-
7

1828

[
(1s)?

Fig.  Energy level diagram of He atom. 'S, from (1s)?. 'Sy and 3S; from (15)(2s). Py, Pq, *Py,
3p, from (1s)(2p). *Sp and 3S; from (15)(3s). ). *P1, 3P0, 3Py, 3P, from (1s)(3p).

10.  Two electrons in carbon
We consider the energy-level diagram for the states of carbon.
Carbon: 2s%2p?

10.1  The configuration of (2p)?
We consider the two electrons in

(2p)°

The ground state can be determined from the Hund's rule. According to the Hund's rule: the
ground state is given by.

2°3p,

since

20



L=1,andS=1.J=]|L - S| =0 because of the less than half.
The addition of the orbital angular momentum:
I=1,1=1 - L=21,0.
The addition of the spin angular momentum:
s=1/2,5s=1/2, — $S=1,0
(2p)?
L=2 (symmetric)
IL=2,M =2)=[11) [11),

L=2,M, =1)=—2 (11)10), +10}11),

| L=2,M_= 0> - %(|1’1>1|1’_1>2 + |1’_1>1|1’1>2 + 2|1’0>1|1'O>2)
L=2M, =)= 2 (1-1[10), +[10)[1-1),)

L=2M, =-2)=[1-1) 11,
L=1 (anti-symmetric)
L=1M, =1)= £ (1) [10), -[10),13),
1
L=1M, =0)= - (11)1-2), -[1.-1)[11))

1
| L=LM = _1> - ﬁ(|1’0>1|1’_1>2 _|1’_1>1|1’0>2)

L=0 (symmetric)

21



| L=0,M = O> - >1|1’_1>2 + |1’_1>1|1’1>2 N |1’O>1|1'O>2)

1
—(|11
e
(1)L=1andS=1 J=0 ®p, (anti-symmetric)

(ground state from the Hund's law)

L =1 (antisymmetric). S =1 ( symmetric).
(2L=1landS=1 J=1 %p, (anti-symmetric)
L =1 (antisymmetric). S = 1 (symmetric).
(3)L=1andS=1 J=2 ®p, (anti-symmetric)
L =1 (antisymmetric). S =1 (symmetyric)
(4)L=2andS=0 J=2 D, (anti-symmetric)
L = 2 (symmetric). S =0 (anti-symmetric).
(5) L=0andS=0 J=0 1S, (anti-symmetric)
L = 0 (symmetric). S =0 (anti-symmetric).
(6)L=2andS=1 J=3 $D; (symmetric, not allowed)
L = 2 (symmetric). S =1 (symmetric).
(7)L=2andS=1 J=2 °D,  Symmetric (not allowed)
L = 2 (symmetric). S =1 (symmetric).
B L=2andS=1 J=1 °D;  Symmetric ( not allowed)
L = 2 (symmetric). S =1 (symmetric).
(99 L=1andS=0, J=1 P, Symmetric ( not allowed)

L =1 (anti-symmetric). S = 0 (anti-symmetric).
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(10) L=0andS=1 J=1 %3, (symmetric, not allowed)

L = 0 (symmetric). S =1 (symmetric).

Table
S L J
0 0 0 s, (antisymmetric)
0 1 1 P, (symmetric)
0 2 2 'D, (antisymmetric)
1 0 1 33, (symmetric)
1 1 2 *p, (antisymmetric)
1 1 1 *p, (antisymmetric)
1 1 0 *py (ground state; antisymmetric)
1 2 3 *Ds (symmetric)
1 2 2 D, (symmetric)
1 2 1 D, (symmetric)

By the selection rules, AL = +1, AS = 0, AJ = 0, £1, no transitions are allowed between the levels
shown in Fig. the selection rule A4S = 0 prohibits singlet to triplet transitions.

1Sp (L=0,5=0J=0)

Ipp (L=3,8=0,J=2)

3Py (L=2,8=1,J=2)

3Py (L=28=1,J=1)

dpg (L=2,85=1,J=0)

The °P, state has the lowest energy, because the antisymmetry of the spatial part of the wave

function for the two 2p electrons lowers their Coulomb repulsion energy (Hund's law). Just
above P, are the *P, and °P, states at 2 meV and 5 meV above the ground state, their energies

being increased by the spin-orbit interaction. The *D, states are 1.26 eV above the ground state,
the 'S, another 1.42 eV higher.
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10.2 Excited state: (2p)(3s)

1=1,1=0 — L=1
s=1/2,5=1/2, > S$=1,0
(1) L=landS=1 J=2,1,0 %P2, *P1, °Po,
(2) L=1andS=0 J=1 'Py
2p)(3s
L=1

IL=1M_=1)=|11)|0,0),,
IL=1,M_=0)=[10)/0,0),,
IL=1,M, =-1)=[1-1) |0,0),

Using the operator P, we can construct both

the symmetric L =1 state (with S = 0 anti-symmetric state)
the anti-symmetric L = 1 state (with S =1 symmitric state).

For carbon the excitation of a 2p electron to a 3s orbit gives rise to a *P, *P1, °Pg, and Py,

()L=1landS=1 J=0 %Py (anti-symmetric)
(ground state from the Hund's law)
L =1 (antisymmetric). S =1 ( symmetric).
(2)L=1andS=1 J=1 %p, (anti-symmetric)
L = 1 (antisymmetric). S =1 (symmetric).
(3)L=1andS=1 J=2 %p, (anti-symmetric)
L = 1 (antisymmetric). S =1 (symmetric)
(4)L=1andS=0 J=1 p,

L =1 (symmetric). S =0 (antisymmetric).
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Odldl Even Odd
2pns Zpnp 2pnd

ip3p sipipis3p 3p  IPID'F 3P 2D °F
1210 0121210321 123210321452

Epaj:z
1/2
I

CARBON

Fig. Energy level diagram of carbon
H. White, Introduction to atomic spectra

11. Nitrogen
Electron configuration: (2p)*

D,xD,xD, =(D, + D, + D,)x D, =D, + 2D, + 3D, + D,
The ground state: Hund's rule
S=3/2and L =0.j=3/2: 1Ssp

((Total orbital angular momentum L))
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L = 3 (symmetric), L = 0 (anti-symmetric)

L= 3 (7 states) once (totally symmetric)

L = 2 (5 states)) twice (both mixed symmetry)

L =1 (3 states) three times (one totally symmetric, two mixed symmetry)
L=0 (1 state) once (totally antisymmetric).

(see Young's tableau)

m=3 m=2 m=1
1122 1123 1|33
m=1 m =0 m=-1
21 2] 2 21 2] 3 213 |3
m=0 m=-1 m=-2
31313

m = -3

1

2

3
m=0

((Total spin angular momentum Spin))

S =g (symmetric)

1({1]|1 1({1]2 1({2]2 212|2

m=3/2 m=1/2 m=-1/2 m=-3/2

where

3 3
|S:§’MS :E>:|+++>
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31 1
§§>:_ ,§[|++—>+|+—+>+|—++>]
3 1 1
5’—§>‘—§[|+">+|—+—>+|“+>]

Then we have the following cases for the total angular momentum
S = 3/2 (symmetric), L= 0 (antisymmetric), leading to j=3/2
“Sai2

which is the same one predicted from the Hund's law.
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Fig. Energy level diagram of nitrogen
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12. Oxygen
Electron configuration: (2p)4

The ground state: Hund's rule

S=landL=1.J=2:%P,

Odd Even Ogd'
2p’ns 2p°np 2pind
P3P ASTPID55 3P 3D kel A
z?cl b2l SRR IR A RS —————
J}z p3p 1plptp3p 3p 3F &
2 1324 L( 1232103214352 ~—
"8 e
S OR
o
- 3p Sp
32143210
U.r
!
2p°3d

OXYGEN

Fig.  Energy level diagram of oxygen. H. White, Introduction to atomic spectra

13.  Selection rules for electric dipole transitions in the L-S coupling scheme

A4j=0, %1 (the transition between j= 0 and j'= 0 is not allowed)
Am; =0, 1 (the transition between m; = 0 and m;= 0 is not allowed if j = J').
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3. AL =41 Term
4 AS =0 Term
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