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The spectra o

1. Two sefs:

parahelium
orthohelium

2. Orthohelium has fine
structure
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of an atom in atomic orbitals.
nl, nin'l', nin'U'n"1",

For the two-electron atom, we label the electrons 1 and 2.

The total angular momentum Jis the vector sum of the four
angular momenta: _

J=10+1+35 +35
There are two schemes, called LS coupling and jj coupling,
for combining the four angular momenta to form J. The
decision of which scheme to use depends on relative
strengths of the various interactions. We shall see that jj
__coupling predominates for heavier elements.
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The coupling of electrons

The LS coupling scheme, also called Russell-Saunders
coupling, is used for most atoms when the coupling between
the orbital angular momenta of electrons is strong.

A total orbital angular momentum and spin,

L = E1 + Ez
g = §1 + 52

Then L and S combine to form the total angular momentum:
J=L+S
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The coupllng of two electrons

" The coupllng of two angular momenta

Ly =1L + DA 1\
Lo = /la(lo + 1)A
L=+/1(+1h o

where,
L=l = laf, |l =l + 1, [l =l +2,...,|l1 + 2]

= A
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For 'rhe case of ’rwoelec'rronsm a smgle subshell fhe 'rofal
spin angular momentum quantum number may be S=0 or 1.

For a given value of L, there are 2S+1 values of J, because J
goes from L-S to L+S (for L>S ).

The value of 2S+1 is called the multiplicity of the state.

The notation nl discussed before for a single-electron atom
becomes
n2S—|—1LJ

The letters and numbers used in this notation are called
spectroscopic or term symbols.
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The coupllng of two elec’rrons :< 1% ,%ﬂ P %7

For two elec’rronse hve smgle'r states (S-O) and frlplef
states (S=1), which refer to the multiplicity 2S+1.

Consider two electrons: One is in the 4p and one is in the
4d subshell. For the atomic states shown

Spectroscopic

S L Symbol

1
0 (singlet) 2
3

4'p,
41D,
4'F,
43P,
43P,
43P,

1 (triplet) 1

43D,
43D,
43D,

1 (triplet) 2

43F,
4°F,
4°F,

1 (triplet) 3

|
| N ok =N O =N N = N
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The coupllng of two electrons ﬂ< %‘ .%f! J’

" A schematic dlagramshowmg fhe rela’rlve energles of these
states appears
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As an example of'rhe op’rlcal

Electron configuration —~ 3sns

spectra obtained from two  wmom—

electron atoms, we consider
the energy-level diagram of
magnesium.

The choice rules of transitions
(for LS coupling scheme) are

AL =+1 AS =0

AJ=0,+21 (J=0—J =0 forbidden) -
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JJ couplmg scheme predomlna’res For ’rhe heavuer elemen'rs,
where the nuclear charge causes the spin-orbit interactions
to be as strong as the forces between the individual spin
and the individual orbit angular momentum. The coupling
order becomes
Ji =Ly + S
Jo = Ly + S

S
The choice rules of 'rransifiozns (for jj coupling scheme) are

Aj:() +1 AJ =0,=%1
=0 — J =0 forbidden)
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The allowed ’rransu’nons

The allowed fransu'rlons For a smgle-elec’rron a'rom are

Al = +1
A =0,

The choice rules of transit
AL =+1

Am; =0, £1

+ 1

ions (for LS coupling scheme) are
AS =0

AJ =0,=£1 (J =0—J=0 forbidden)
The choice rules of transitions for jj coupling are

Aj =0, -

1 AJ=0,4+1

(J=0—J =0 forbidden)

The parity requirement

|
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The spectra of Mercy
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Paull exclusuon prmcuple No ’rwo elec’rrons in an atom may
have the same set of quantum numbers
n, I, m;, mg
Pauli's exclusion principle applies to all particles of half-
integer spin, which are called fermions, and can be
generalized to include particles in the nucleus.

The complete wave function of a system of n noninteracting
particles can be expressed as the product of the wave
functions

(1, 2, 3, n) =v(1)(2)1(3) ... ¢(n)
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Pauli exclusion prmcuple

Exchange symmefry of probablllfy densn‘y For 2 s'ra'res
[*(1,2) = [$]*(2,1)

Symmetric

Antisymmetric
w(lv 2) — _w(Qa 1)
The corresponding wave functions

s = %[%(1)%(2) T 1pa(2)ey(1)

1
ha = ﬁ[wa(l)wb(Q) - %(2)%(1)]
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Pauli exclusuon prmcuple

There are a number oF |mpor’ram‘ dls’rmc’rlons between the
behavior of particles in systems whose wave functions are
symmetric and that of particles in systems whose wave
functions are antisymmetric.

In the antisymmetric case, if we set a=b, we find that
1
va = sla(1)¢a(2) = ¢a(2)ya(1)

Hence the two particles cannot be in the same quantum
state. Systems of electrons are described by wave

functions that reverse sign upon the exchange of any pair
of them.
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The resulfs of varlos erlmen’rsshow ’rha'r all parhcles
which have odd half-integral spins have wave functions that
are antisymmetric to an exchange of any pair of them.

Particles of odd half-integral spin are often referred to as
fermions.

Particles whose spins are O or an integer have wave
functions that are symmetric to an exchange of any pair of
them. Particles of O or integral spin are often referred to as
bosons
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The appllca’rlons

mund sfai'eFHellum -
The size of atom

The atom of metal

The independent motion of nucleon

The colors of quarks
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The applicati

No two fermions can Applied to

atoV energy quantum states

No two electrons in a
solid can have identical

No two electrons .
Applied to energy states. This

in an atom can have atare leads to the concept of

identical quantum the Fermi level in the
numbers. This band theory of solids.
guides the modeling

of the buildup of the Neutron deaenerac
Periodic Table. ) ’
governs the further

collapse of stars to the

Electron degeneracy
neutron star stage.

governs the collapse of
stars to the white
dwarf stage.
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Equivalent electrons: those which belong to same (n,l) sub-
shells

The coupling of two equivalent electrons: allowed
combinations must of course be consistent with Pauli
Exclusion Principle (all quantum numbers cannot be same)

m
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'Dy *So Ps,1,0
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Elec’rromc ’rerms For a’roms wn‘h equlvalenf electron

confi guraflo NS Confi guration

Electronic terms

Atoms
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Evalid terms for subshells of ¢ electrons are the same as
for subshells with N-q electrons where N is the closed

(fFull) subshell complemen'r
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Close Rare
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Ionization energy (eV)

The ionization energles of the elemenf
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Atomic radii

Atomic radius (nm)
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The atomic electron structure leading to the observed
ordering of the periodic table can be understood by the

application of two rules:

1. The electrons in an atom tend to occupy the
lowest energy levels available to them.

2. Only one electron can be in a state with a given
(complete) set of quantum numbers (Pauli exclusion

principle).
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The shell and subshell ﬂ* % Fsﬂ /’

lgq

Electrons that have the same principal quantum number n
usually (though not always) average roughly the same
distance from the nucleus. It is conventional to speak of
such electrons as occupying the same atomic shell.

Electrons that share a certain value of | in a shell are said
to occupy the same subshell.

m;= 0 m=-1 m=+1 m=-2 m=+2
=0 I ’]‘mS: 4
=1 T ) ) m, = —
[=2 9 \9) 9 9 9
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The shell and subshell

The occupancy of the various subshells in an atom is
usually expressed with the help of electron configurations
for the various quantum states of the hydrogen atom. For
example, the electron configuration of sodium is written

15°25°2p°3s?

which means that the 1s (n=1, |=0)

and 2s (n=2, |=0) subshells contain two electrons each,
the 2p (n=2, I=1) subshell contains six electrons,

and the 3s (n=3, |=0) subshell contains one electron.
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to violate the Pauli exclusion principle?

Total

For each my: two values of m; 2
For each €¢: (2¢ + 1) valuesof m, 2(2¢ + 1)

The maximum number of electrons a shell can hold is the

sum of the electrons in its filled subshells. This number is
l=n—1

Nmax =y 2(20+ 1)
[=0

— 2n?
Thus a closed K shell holds 2 electrons, a closed L shell

holds 8 electrons, a closed M shell holds 18 electrons, and
SO on.
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Explaning the Periodic Table

"An atomic shell or subshell that com‘amsn‘s full quota of
electrons is said to be closed. A closed s subshell (|=0)
holds two electrons, a closed p subshell (I=1) six electrons,
a closed d subshell (I=2) ten electrons, and so on.

The total orbital and spin angular momenta of the
electrons in a closed subshell are zero, and their effective
charge distributions are perfectly symmetrical.

The electrons in a closed shell are all very tightly bound,
since the positive nuclear charge is large relative to the
negative charge of the inner shleldlng electrons
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Explaning the

+18e

ééi Ar
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Shell and subshell capacities

Subshell Total Electrons in Energy 6p

n € Subshell Capacity All Subshells chf
A 6s

1 0 Ls 2 2

2 0 2s 2 4 5p

2 1 2p 6 10 4d

35 0 3s 2 12 s

3 1 3 6 18

4 0 4s 2 20 1

3 2 3d 10 30 N

4 1 4p 6 36 1s

5 0 5s 2 38

4 2 4d 10 48

5 1 5p 6 54 op

6 0 Gs 2 56

4 3 4f 14 70

5 2 bd 10 80 %

6 1 6p 9

7 0 7s

5 3 5f

6 2 6d s
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Shell and subshell capacities
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o5f  Of

If n+l is same, fill the configuration with smaller n first
if n+l are different and n are same, fill smaller |
and n is different, fill larger n
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Hund’s rules which are empirical state (the first and
second) that the term structure with the maximum

possible S and the largest possible L for the given S
compatible with the Pauli exclusion Principle has the
lowest energy.

Hunds third rule (which applies for atoms or ions with a
single unfilled shell) states that if the unfilled shell is
not more than half-filled the lowest value of J has the
lowest energy while if it is more than half-filled the
largest value of J has the lowest energy
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Hund’s rules

Z

E% (% lﬁ f\'r

Atomic Spins of p
Element Number Configuration Electrons
Boron 5 157252p" T
Carbon 6 15*25%2p” T T
Nitrogen 7 15225*2p° T T T
Oxygen 8 15°25°2p” N T T
Fluorine 9 15°25°2p’ ™ i\ T
Neon 10 15°25°2p° ™ ™ ™
Al: 1522522p63523p! 1] [ OTLT1 cr: [Ar4s!3d¢5 [Ar] 1] [TITITIIT]

1s 2s 2p 3s p 4s 3d
AlB+: 15225226 [T

= 50 Bb Cr2+: [Ar3d4 [AT]
S 4s 3d
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Lande intferval rule

arises from spin-orbit term

<|J, my, L,S| Zgi(ri)/\i ) §i|J7 my, L7 S>

— C(Lz’ >) [J(J+1) = L(L+1)— S(S +1)]

separation between pair of adjacent levels in a fine
structure multiplet is proportional to larger of two J

values,

e.g. separation between 3P, and 3Py, and 3P; and 3P
should be in ratio 2:1.
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Homework

The Physics of Atoms and Quanta

17.2, 17.3, 17.5, 19.1, 19.4, 19.6, 19.7
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Exercise class

= — ———— e e g et i e - _—

1. Show that the normal Zeeman effect should be observed
for transitions between the D, and !P;states.
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Exercise class

- — = __ = = - ___ _ _— - =

1. Show that the normal Zeeman effect should be observed
for transitions between the D, and !P;states.

my
+2
+1
0 D,
-1 eh
L Jar=20 b
< 3t T
< Energy
<<
< ({
+1
AE
0 I 'p,

»1237456789 )
Jinniu Hu
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Exercise class

2. An atom with the states 2Gg/2 and 2Hy2is placed in a
weak magnetic field. Draw the energy levels and indicate
the possible allowed transitions between the two states
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Exercise class

2. An atom with the states 2Gg/2 and 2Hy2is placed in a
weak magnetic field. Draw the energy levels and indicate
the possible allowed transitions between the two states
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Exercise class

2 An a’rom wu’rh fhesfafes 269/2 and 2Hu/z IS placed ina

weak magnetic field. Draw the energy levels and indicate
the possible allowed transitions between the two states

-9/2  -7/2 -5/12 -3/2 -1/2 1/2 3/2 5/2

712 9/2

-11/2 -9/2  -7/12 -5/2 -3/2 -1/2

112 3/2 5/2

712 9/12 11/2




Exercise class

3. Why is it impossible for a 22Ps/, state to exist?
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Exercise class

3. Why is it impossible for a 22Ps/, state to exist?

Solution

APstate hasL = 1andJ = L * 7, so J = 5 is impossible.
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Exercise class

4. The term symbol of the ground state of sodium is 32S,,.
and that of its first excited state is 32Py/.. List the possible
quantum numbers n, |, j, and m;of the outer electron in
each case.
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Exercise class

4. The term symbol of the ground state of sodium is 32S,,.
and that of its first excited state is 32Py/.. List the possible
quantum numbers n, |, j, and mjof the outer electron in
each case.

Solution
3251/2 n_3,l_O,J:%’mJ:i%
32P1/2
n:37l:17]:%7m]:i%
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Exercise class

5. Consider two electrons in an atom with orbital quantum
numbers l1=1 and [2=2. Use LS coupling and find all
possible values for the total angular momentum quantum
number for J.
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5. Consider two electrons in an atom with orbital quantum
numbers l1=1 and [2=2. Use LS coupling and find all
possible values for the total angular momentum quantum
number for J.

(a) )
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