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JJ terms for lead
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JJ terms for lead

Configuration




Jj coupling

> In the jj coupling case, the spin-orbit coupling 1s
stronger than the electrostatic interactions (Coulomb
interaction) between electrons.

> The jj coupling 1s more appropriate for the heavier
elements.



Jj coupling

It 1s based on the

> total angular moment of the electrons
> total angular moment of the atom



Jj coupling

Quantum numbers

> total angular moment of each electron, j
> total angular moment of the atom, J



Jj coupling

(j1>j29j39 )J

> ji, ]2 J3» --- are the total angular moment quantum
numbers for each electron

> J 1s the total angular moment quantum number for the
atom



Jj coupling

(j19j29j39 )J

> For heavy atoms, € and s are no longer good quantum
numbers.

> We must work only with j quantum numbers.



Jj coupling

(j19j29j39 )J

> [t 1s equivalent to say that, for heavy atoms, there are
no s, p, d, f, etc. orbitals any more.



jj coupling - p* electronic configuration

Obtaining the jj terms for an atom

1. Calculate the possibles j values for each electron

2. Determine the possible combinations of j the values
inside the parenthesis

3. Built the microstates putting the electrons in the

“m; orbitals”

4. Compute all possible M, values as Xm;

5. Built the ocorrence table

6. Extract the terms



jj coupling - p* electronic configuration

Calculating the possible j values for
each electron

> Electrons are in a p orbital = €= 1
> Spin quantum number of any electron, s =

>j=0+s,8+s-1,0+5-2,..|0-5]

=> j for each electron can be 3/2 or 1/2



jj coupling - p* electronic configuration

Jj terms possibilities

(3/2,3/2),
(3/2, 1/2),
(12, 1/2),

Which are the J values?



jj coupling - p* electronic configuration

Pauli exclusion principle

It j,= J,

then, m;, # m,



jj coupling - p* electronic configuration

Jj terms possibilities

(3/2, 3/2),
(3/2, 1/2),
(1/2, 1/2),

Which are the J values?



jj coupling - p* electronic configuration

Building the microstates for the term (3/2, 1/2) ,

electron 1 (j = 3/2) electron 2 (j = 1/2)

n; = o m; = L2 m; = 42 n; = 112




jj coupling - p* electronic configuration

Counting the microstates and obtaining the J values

counting the Number of microstates after

microstates remove the (3/2




jj coupling - p* electronic configuration

The vector model




jj coupling - p* electronic configuration

Term symbols

(3/2, 3/2),
(312, 1/2),,
(12, 1/2),

Which are the J values?



jj coupling - p* electronic configuration

Term symbols
(3/2, 3/2),
(3/2, 1/2),,
(1/2, 1/2),

Which are the J values?



Jjj coupling - p* electronic configuration

Building the microstates for the term (3/2, 3/2) ,

electron 1 (j = 3/2)

electron 2 (j = 3/2) “

M,=Ym,

g




jj coupling - p* electronic configuration

Counting the microstates and obtaining the J values

counting the Number of microstates after

microstates




jj coupling - p* electronic configuration

The vector model




jj coupling - p* electronic configuration

The vector model




jj coupling - p* electronic configuration

Term symbols

(312, 3/2),,
(312, 1/2),,
(12, 1/2),

Which are the J values?



jj coupling - p* electronic configuration

Term symbols

(312, 3/2),,
(312, 1/2),,
(1/2, 1/2),

Which are the J values?



jj coupling - p° electronic configuration

Building the microstates for the term (1/2, 1/2) ,

electron 2 (j = 1/2)




jj coupling - p* electronic configuration

The vector model




jj coupling - p* electronic configuration

Term symbols

(3/2,3/2),,
(312, 1/2),,

(1/2, 1/2),



jj coupling - p* electronic configuration

Final term symbols

(3/2,3/2),,
(312, 1/2),,

(12, 1/2),



jj coupling - p” electronic configuration

Hund’s rules

> Hund’s rules are empirical rules which are
valid only for the lowest energy term.

> Hund’s rules are applied once to determine
the lower energy term, and cannot be applied to
other terms of higher energy.



jj coupling - p* electronic configuration

Hund’s rules

1) The term with the lowest set of j values inside
the parenthesis 1s the lower energy term.

2) If there 1s more then one J value, the term with
the higher J value 1s the lower energy term.

- As a result, the lowest energy term1s (1/2, 1/2),
- The energy sequency of the other terms can be

determined by other methods, but not by the use
of the Hund’s rules



JJ terms for lead

Configuration| Term | J Le‘“’ﬁ'
(cm™)

(Y. 1) 0.000

(312,3/2),,
(312, 1/2),,

(1/2, 1/2),




LS and jj comparison (p°)

e 15,=(312,3/2),
—v— D, = (3/2,3/2),
A 3P, =(3/2,1/2),
e3P, =(3/2,1/2),
—m 3P, = (1/2,1/2),
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Dias, L. A. L.; Cardozo, T. M.; Faria, R. B. The Role of jj Coupling on the Energy Levels of Heavy Atoms, Quim. Nova 48(1):e-20250006, 1-7 (2025)




jj coupling - p° electronic configuration

Calculating the possible j values for
each electron

> Electrons are in a p orbital = €= 1
> Spin quantum number of any electron, s =

>j=0+s,8+s-1,0+5-2,..|0-5]

=> j for each electron can be 3/2 or 1/2



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2,3/2,3/2) °
(3/2,3/2,12) °
(3/2,1/2,12) °
(1/2,1/2,1/2) °

The parity symbol indicates that the sum of all
€1s an odd number (p+p+p; 1 +1+1=3).



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2,3/2,3/2) °
(3/2,3/2, 1/2) °
(3/2,1/2, 1/2) °
(1/2,1/2, 1/2) °

Which are the J values?



jj coupling - p° electronic configuration

Pauli exclusion principle

It j,= j,

then, m;, # m,,



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 312, 3/2) °
(3/2,3/2,1/2) °
(3/2,1/2, 1/2) °
(1/2,1/2, 1/2) °

Which are the J values?



jj coupling - p’ electronic configuration

Building the microstates for the term (3/2, 3/2, 3/2) °

s Wi )

electrons 1,2 ¢ 3 (j, =j, =j; = 3/2]




jj coupling - p° electronic configuration

The vector model




jj coupling - p° electronic configuration

Jj terms possibilities

(3/2,3/2, 3/2)3,°
(3/2,3/2,1/2) °
(3/2,1/2, 1/2) °
(1/2,1/2, 1/2) °

Which are the J values?



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 3/2, 3/2),,°
(3/2,3/2, 1/2) °
(3/2, 1/2, 1/2) °
(1/2,1/2, 1/2) °

Which are the J values?



jj coupling - p’ electronic configuration

clectrons 1 and 2 (j, =j, = 3/2) || electron 3 (j = 1/2)

Microstates
for the term

(3/2,3/2, 1/2)°




jj coupling - p° electronic configuration

Counting the microstates and obtaining the J values

number of number of number of

microstates microstates after microstates after

remove the term remove the term

J=5/2 J=3/2 J=1/2



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 3/2, 3/2),,°
(3/2, 312, 112) 53 1°
(3/2,1/2, 1/2) °
(1/2,1/2,1/2) °

Which are the J values?



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 3/2, 3/2),,°
(312,312, 112) 53 1°
(3/2,1/2, 1/2) °
(172, 1/2, 1/2) °

Which are the J values?



jj coupling - p’ electronic configuration

Building the microstates for the term (3/2, 1/2, 1/2) °

electron 1 (j,= 3/2) electrons 2 and 3

(j, =j:= 1/2)




jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 3/2, 3/2),,°
(312,312, 112) 53 1°
(3/2, 1/2, 1/2),,,°
(1/2,1/2,1/2) °

Which are the J values?



jj coupling - p° electronic configuration

Jj terms possibilities

(3/2, 3/2, 3/2)5,°

(3/2,3/2,1/2) 5,3 12° Pauli exclusion principle
(3/2,1/2, 1/2),),° If j,=j,
(1/2,1/2, 1/2) ° then, m;, # m,

It 1s not possible.



jj coupling - p° electronic configuration

Final term symbols

(3/2, 3/2, 3/2),,°
(372,372, 1/2) 5 3.110°

(3/2,1/2, 1/2),,°



LS and jj comparison (p°)

——2P,,° =(3/2,3/2,3/2),),°
—v—?P,,° = (3/2,3/2,1/2),°
—A—2D,,° = (3/2,3/2,1/2),°
—o— 2D, ,° = (3/2,3/2,1/2)s5,,°
—8— 18,0 = (3/2,1/2,1/2),,,°
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Dias, L. A. L.; Cardozo, T. M.; Faria, R. B. The Role of jj Coupling on the Energy Levels of Heavy Atoms, Quim. Nova 48(1):e-20250006, 1-7 (2025)




Jj coupling

(12),,

(1/2,1/2),

(3/2)y7° (1/2),°

(3/2,3/2),, (3/2,1/2),, (1/2, 1/2),

(3/2.3/2. 312),,° (312, 112120
(3/2,3/2,3/2,312), (3/2,3/2,3/2,1/2),, (312,312, 172, 1/2),,
(3/2,3/2, 3/2,3/2, 1/2),,,°

(312,312, 312, 1/2, 112),,,°

(3/2,3/2, 312,312, 1/2, 1/2),




Jj coupling - non equivalent electrons

The case s'p'
Calculating the possible j values for each electron

> Electron in the s orbital = €= 0
> Spin quantum number of any electron, s =

>j=0+s,8+s-1,0+5-2,..|0-5]

=> j for the electron in the orbital s can be only 1/2



Jjj coupling - non equivalent electrons

The case s'p'
Calculating the possible j values for each electron

> Electron 1n the p orbital = €= 1
> Spin quantum number of any electron, s = 7

>j=0+s,+s-1,0+s5-2,..]C-s5]

=> j values for the electron 1n the p orbital can be 3/2 or 1/2



Jjj coupling - non equivalent electrons

jj terms possibilities for the case s 'p'
(p:3/2;8:1/2) °
(p:1/2;s:1/2) °

The parity symbol indicates that the sum of all
¢ 1s an odd number (s + p; 0 + 1=1).



jj coupling - case s'p'

Jj terms possibilities

(p:3/2;s:1/2) °
(p:1/2;s:1/2) °

Which are the J values?



Jj coupling - case s'p'

Building the microstates for the term (p:3/2; s:1/2) ,°

‘ electron 1 (j = 3/2) electron 2 (j = 1/2) \

m; 1/2 m; 1/2 m; 32 m; 1/2 m; 02 ;W; ‘,_‘mj




Jj coupling - case s'p'

Counting the microstates and obtaining the J values

number of number of microstates after

microstates




jj coupling - case s'p'

Jj terms possibilities

(p:3/2;s:1/2),,°
(p:1/2;s:1/2) °

Which are the J values?



jj coupling - case s'p'

Jj terms possibilities

(p:3/2; s:1/2),,°
(p:1/2; s:1/2) °

Which are the J values?



Jj coupling - case s'p'

Building the microstates for the term (p:1/2; s:1/2) ,°

electron 1 (j = 1/2) || electron 2 (j = 1/2)




Jj coupling - case s'p'

Counting the microstates and obtaining the J values

number of number of microstates after
remove the term (p:1/2; s:1/2),

microstates




jj coupling - case s'p'

Jj terms possibilities

(p:3/2;8:1/2),,°

(p:1/2; s:1/2), 4°



Jj coupling - non equivalent electrons

(1/2,1/2), ,

(3/2:1/2),,° (1/2;1/2),5°

(3/2,3/2),.5, (3/2,1/2),, (1/2,1/2),

(5/2;1/2),, (3/2;1/2),

(2512142 )t;_.-'z,?_.-'3_*5;'2,3_.-'2_.1_.-'2 (32,5212 )9;‘2,3(?_.-'2 ,2(5/2),2(3/2),1/2
(1231 2: 1] 2)s130.10

(5 /2 , 3/2; 1/2 )9_.-'3,2(?_.-'2_:,2(5,-'2;,2(3_.-"2;,1 _.-'20 (5 /2; 1 /2; 1/2 )5;-‘203
(3/2;3/2;1/2) 110 aismr2amzaey > (31231/2;1/2),,°

(D123 2) sy 2012 )55 (312531 e W2 2) 5"




Selection Rules
Electric dipole allowed electronic transitions

LS coupling Jj coupling
T < T° T < T°
AS=0

AL=0, £1

AJ =0, %1 (0 <> 0 forbiden) AJ =0, £1 (0 <> 0 forbiden)



Carbon emission spectra (C I) - persistent lines*

3P o]

0,1,2

&
o
—
i)
)
>
@)
1
>
o)
| .
o)
-
L

Triplets

Singlets

*Sansonetti, J. E.; Martin, W. C. J. Phys. Chem. Ref. Data 2005, 34, 1559-2259




Selection Rules
Electric dipole allowed electronic transitions

LS coupling - carbon 1s a light element
T < T° (no “vertical” transitions)
AS = 0 (no mixing between singlets and triplets)

AL =0, £1

AJ =0, £1 (0 <> 0 not allowed)



Electric dipole allowed electronic transitions for carbon
triplet <> triplet

[1] 128.03330 nm 2s*2p'4s' (°P,°) = 2s*2p* (°P,) AJ=0 AL=0

[2] Six lines very close

165.8121 nm 252 2p' 3s' (CP,°) = 282 2p2 (P,) AJ=+1 AL=0
165.7907 nm  2s*2p' 3s' °P,°) > 2s°2p* (CP,)) AJ=+1 AL=0
165.7379 nm  2s*2p' 3s' (°P,°) > 2s*2p* (°P,) AJ= 0 AL=0
165.7008 nm  2s*2p' 3s' °P,°) —> 2s°2p* (CP,) AJ= 0 AL=0
165.6928 nm 25> 2p' 3s' (°P,°) > 25> 2p> CP) AJ=-1 AL=0
165.6267 nm  2s°2p' 3s' (°P,°) > 2s*2p° (CP,)) AJ=-1 AL=0

[3] Four lines very close
127.75497 nm 2s°2p' 3d' °D,°) > 2s*2p° CP,) AJ=-1 AL
127.75131 nm 2s*2p' 3d' CD,°) —> 2s°2p* CP)AJ= 0 AL
127.72824 nm  2s? 2p' 3d' (D,%) —> 25> 2p> CP,) AJ=-1 AL=-1
127.72453 nm 2s*2p' 3d' °D,°) —> 2s° 2p* CP) AJ=-1 AL



Electric dipole allowed electronic transitions for carbon
triplet <> triplet

[4] three lines very close
156.1438 nm  2s*2p’ (°D;°) = 2s*2p° (°P,) AJ=-1 AL =-1
156.0709nm  2522p° °D,%) = 282 2p2(P,) AJ= 0  AL=-1
156.0682 nm 2s*2p’ (°D,°) — 2s*2p* (°P,) AJ=-1 AL = -1

[5] two lines very close
117.5476 nm  2s*2p' 3d' CF,°) > 2s*2p' 3p' D,) AJ=-1 AL=-1
117.5332nm  2s°2p' 3d' CF,°) > 2s*2p' 3p' CD;) AJ=-1 AL=-1



Electric dipole allowed electronic transitions for carbon
singlet <> singlet

6]193.0906 nm  25% 2p' 3s' ('P,°) - 252 2p* ('D,) AJ=+1 AL=+]
71940.573 nm  2s*2p' 3p' ('D,) > 2s*2p' 3s' ('P,°) AJ=-1 AL=-
8] 247.8561 nm  2s*2p' 3s' ('P,°) — 2s* 2p° ('S,) AVASES VAV
91833.5150m  2522p' 3p' ('S,) = 22 2p' 3s' ('P,°)  AJ=-1 AL=+]

10] 175.1827 nm  2s*2p' 3d' ('P,°) —> 2s* 2p° ('S,) AJ=-1 AL=-



Lead emission spectra (Pb I) - persistent lines*

J=0 J=1 J=2
(1/2,112) (1/12,1/2)°(3/2,3/2)  (1/2,1/12) (1/2,1/2)°(3/2,1/2) (3/2,1/2)°  (3/2,1/2) (3/2,1/12)° (3/2,3/2)

o

6s°6p8s 6s°6p8s 6s°6p7s
6s°6p7p

=
o
=~
g
o
—
0]
C
o
[0
e,
.0
o
=
=

6s°6p>

*Sansonetti, J. E.; Martin, W. C. J. Phys. Chem. Ref. Data 2005, 34, 1559-2259




Selection Rules
Electric dipole allowed electronic transitions

jj coupling - lead is a heavy element

T < T° (no “vertical” transitions)

AJ=0,+£1 (0 <> 0 not allowed)



Electric dipole allowed electronic transitions for lead

(1] 202.2016 nm
2] 205.3284 nm
3] 283.3053 nm
4] 363.9568 nm
5] 368.3462 nm
6] 373.9935 nm

7] 405.7807 nm

657 6p 7s (3/2,1/2),° = 652 6p> (1/2,1/2),
65> 6p 8s (1/2,1/2),° = 65 6p> (1/2,1/2),
6s” 6p 7s (1/2,1/2),° — 6s* 6p* (1/2,1/2),
657 6p 7s (1/2,1/2) ° — 652 6p* (3/2,1/2),
65> 6p 7s (1/2,1/2),° — 65> 6p2 (3/2,1/2),
652 6p 7s (3/2,1/2),° — 65> 6p° (3/2,3/2),

6s” 6p 7s (1/2,1/2),° — 6s* 6p* (3/2,1/2),

AJ=-1
AJ=-1
AJ=-1
AJ=0
AJ=+1
Al= 0
AJ = +1



Electric dipole allowed electronic transitions for lead

1] 202.2016 nm
2] 205.3284 nm
3] 283.3053 nm
4] 363.9568 nm
5] 368.3462 nm
6] 373.9935 nm

7] 405.7807 nm

6ps, 78, (3/2,1/2),° = 6p,,~ (1/2,1/2),
6D, 88, (1/2,1/2),° = 6p,,° (1/2,1/2),
6p,, 78, (1/2,1/2),° = 6p,,° (1/2,1/2),
6p,, 78, (1/2,1/2),° = 6p,), 6p5, (3/2,1/2),
6p,» 78y, (1/2,1/2),° = 6p,,, 65, (3/2,1/2),
6ps, 781, (3/2,1/2),° = 6p5,°~ (3/2,3/2),

6P, 781, (1/2,1/2),° = 6Dy D5, (3/2,1/2),

AVASES
AVASES
AVASES
AJ= 0
AJ = +1
AJ= 0
AJ = +1
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