Chap 8

Atomic physics

Periodic table and exclusion principle
Total angular momentum

Spin-orbit coupling

Hund'’s rule

Anomalous Zeeman effect



Periodic table (1869, Mendeleev)

= ] Groppo L. | Gruppe 1L | Gruppe IIL | Gruppe 1V. | Groppe V. | Groppe YL | Gruppe VIL Gruppo VI,
= p— —_ —_— RHE* RH? RE? RH —_
= i) RO RW0? RO R** RO R0 ROt
1 =1
o |Li=7% (Be=%4 B=11 C=12 N=14 0=16 F=19
8 Numﬂﬂi Mg=24| Al=173 Bi=128 P=31 B8=31 Cl=355
4 |[K=39 Ca=410 —r=dd ITi=48 V=51 Cr=>52 Mne=00 Fo=060, Co=01,
Hi=py, Cu=04.
5 {Gﬂ=ﬁ&}| Fne=Gh —=0f —_—T As=T75 Bo=T4 Hr=80
G [Bb=B0O Br=87T Tt=88 Fe=100 [Hh=94 Moe=08@ —==100 Hu=104, Bh=104,
I'd=106, Ag=108.
7 | (Ag=108)] Cd=11%] TIn=113| So=118] Bb=122] Te=125] J=127
B |Ca=133 Ra =187 Di=188 [Ce=140 —_— —_ - — e ——
10 | — —_ tEr=178 (?La=180 |Ta==182 W=184 — Os=195, Ir=187,
Pi=198, Au=199,
11 | (Au=s19%)| Hg=200| Ti=204] Pb=207| Bi=208 — -
12 | — -— — Th=231 —_ U=240 —-— e

Arranged by chemical properties and atomic weights (the atomic
numbers are later determined from Mosley’s experiment)
The table is not complete. Based on the empty slots Mendeleev

predicted three unknown elements, which was found later (Ga, Sc, Ge)

The Incredible Discovery of the LEAST Reactive Elements (The Noble Gases)




Modern periodic table
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The periodic table can be understood by 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).

!

1923, Pauli extended Bohr's scheme to use four quantum numbers

(the nature of this mg was not understood then).

Pauli exclusion principle: No two electrons in an atom may have the same
set of quantum numbers (n, €, m, m;).

The is valid for all particles with half-integer spin (called fermions).

(Later the spin-statistics theorem is derived by Pauli in 1940.)

« Hydrogen: (n, ¢, m,, m)) = (1, 0, 0, %), one e in ground state
* Helium: (1, 0, 0, %) for the first electron

(1, 0, 0, —='%) for the second electron



How many electrons may be in each subshell?

Total
For each m,: two values of m, 2
For each (: (2¢ + 1) values of m, 220+ 1)

£ =0, (s state) can have two electrons
£=1, (p state) can have six electrons, and so on

» Electrons with higher £ values are more shielded from
the nuclear charge. They have higher energy than those

with lower { values

 E.qg., 4sfills before 3d even though it has a larger n
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Atomic Radii

2 3 4 5 6 7 8 9 10 1 12 13 14 15 16 17 18
He
1 ™
31
2 . ® Metals B C N o] F  Ne
© Semimetals ) @ O [ ] e °
n2 ® Nowwsetils 87 67 56 48 2 38

; Mg ® o ® o o
145 ns m 98 88 79 71
' ..............000
194 184 176 171 166 161 156 152 149 145 142 136 125 114 103 a4 88
219 212 206 198 190 183 178 173 169 165 155 156 145 133 | 123 1S5 108
253 208 200 193 188 185 180 177 174 17 156 154 143 135 127 120
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lonization Energies

Increasing

Increasing

First ionization energy (kJ/mol)

B sblock [ pblock M dblock M fblock
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In order to understand the spectra of atoms beyond the H
atom, we need to have a deeper understanding of the
angular momentum in quantum mechanics. The rules stated

below could be deduced later in graduate-level course.

In the following, we discuss atoms with
* One electron (with spin)
* One electron (with spin) in B field

* Multiple electrons



Addition of angular momenta (see any textbook on QM):

Classical
Suppose there are 2 subsystems with angular momenta J,, J,,
then the total angular momentum J=J,+J,
Quantum * Subsystem 1
J1. )1z ]A121/Jj1m1 =j1(1 + 1)h2¢j1m1
]1Z¢j1m1 = mlhl/)]lml ml :jl’jl - 1’.”’_].1

« Subsystem 2
J2. )2z ]Azzl/szm2 =Jj2(j2 + 1)f121/)j2m2

j2z¢j2m2 = myh l/szmz My =Jo,j2— 1, =2
« Composite system

l/}h]'z mim;



Alternative choice of quantum numbers  ¥;. ;, jm
« Operators J=J.+1,
Jz=Jn ]z
- Eigenstates JUm =jG+ Dh*Ys =i+ Dh

]Azl,bjm =mh Jz = mjh magnitude

* Quantum numbers
Suppose 2 subsystems have quantum numbers j,, j, (j;> Jj, ),

then for the combined system, the quantum number j can be

J=htjnjiti2—L-j1—J2

Foragivenj, m =j,j—1,-,—j

Also m=my + m,

eg., j1=1j,=1



Example 8-5.

An atom with only one electron (with spin)

Orbital and spin J=L+8 J=L J,=S
angular momenta,

: o1
4 =5 %8 hi=tj=5

For total angular momentum, the quantum number j

can have the values
J=LlEs=l£12 @mj=jitjj =L
m=j,j—1,-,—j

Also, m=mp+ms ™m=m;+m,

Enumerate the possible values of the quantum numbers j and m;, for states in

which [ = 2 and, of course, s = 1/2.

» According to (8-33a), the two possible values of j are 5/2 and 3/2. According to (8-31), for
j = 5/2 the possible values of m; are —5/2, —3/2, —1/2, 1/2, 3/2, 5/2. The same equation
states that for j = 3/2 the possible values of m; are —3/2, —1/2, 1/2, 3/2.



Spin-orbit coupling (SOC)

* An electron is like a small magnet, due to spin

* In electron’s frame, it feels an effective

magnetic field due to the circulating nucleus

Z
E— e r
dre, 1>
Biot-Savart 7 '
ﬂo ] X l‘ “eUo ¥ Xr
| B i B— — _
aw mp 3 yia— > 2V E
Zeeman coupling energy AE = —pn,-B
Hgy =—p
:+(£§j-(ﬁx%} E=- ¢ . For H atom, ¢=+ :
m c dr dre,r

=f(r)S-L Note: Thomas precession (X %)



optional

For the n=2, |=1 state of the H atom, estimate the magnitude of the SO coupling energy

5 Eisberg and Resnick, Chap 8

e _ dvir) e* _
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=) |AE|~ 107*

The splitting of spectral lines due to the SOC is called

the fine structure of the spectrum  FR&H&GHH

» Estimate the magnetic field that

gives the same amount of splitting |AE| ~ usB

Us = up = 0.058 meV/T
m) B=1T



optional

« For the case above, there are many quantities related to the angular
momentum: L?,L,, S%,S,, J?,],
These give six quantum numbers (£, my, s, Mg, j, m;)

* Q: How do we use them to label energy eigenstates?
A: Find physical observables that can commute with H, and also
commute with each other. They have simultaneous energy eigenstates,

and the eigenenergy E can be labeled by their quantum numbers

(called good quantum numbers).

2

« Forexample, H = H, + f(?)z .S, Hy= S_m +V(r)

J=L+S J-J=L:-L+S-S+2S-L
m S.L=(J2—L>—52)p
So H commute with L?,52,J?,and J, (butnot L, S,).

4 (€, 708,71, j,mj)



« (H,L% 8%, J?,],) mutually commute with each other.

So (¢, s, j, m;) are good quantum numbers that can label eigenenergy E.
j=lts=0£1/2
« Consider an energy eigenstate ¢n,g,5’j’mj

Hiy s, jm; = Enes, j,mjlljn,&s, jm;

. n?
» L- Sl/)n,&s,j,mj = 7 [](] + 1) - f(f + 1) _ S(S + 1)]lpn,£’,s,j,mj

« Spectroscopic notation 3P; /o 3D5/9

3Py s
The State Ipn,f,S,j,mj IS n:3 T 381/9

written as nLj. 3Ds/s

T Energy H;

2P59

Without SOC With SOC



Energy-Level Diagram of Sodium

Sl « Several transitions are missing.
Energy | . ‘Hydoagen This leads to the selection rule:
(eV) 3 fi d / levels
N = = = =E = Aj=0, 1
= — iy Ep— —8 , _
| | — (/=0 to j=0 is forbidden)
— & Al = %1
_l =
« The transitions that generate
— 3 the doublet
-9l 3pg
Spin-orbit
-3.04--- splitting 0021 eV
3p1
p?
_3 —
L 3 £ £
_9 — S o
& g 9
e © 6+ 10597 nm _
ks = Sodium
doublet
514 LI 351
513 C




Anomalous Zeeman effect (spin + SOC + B field)
- e (+ A
M= —E(L + 2S)

Heuristic argument: J is fixed, L and S rotate around J,
maintaining the triangle. So the magnetic moment is
given by the component of L+28S = J+S parallel to J,
J

S, =(S-J)J =
// ( ) 2]2

(Jz—L2+S2)

—_

magnitude »L[J(J +1)—L(L+1)+S(S +1)]

2J(J +1)

S g :_i(J"'S//) - —mJ

S0 2J(J+1)
N eh

=) AEmj = _ﬁeff B = g;upm;, Hp = m

1 JUAD-LLAD+SS+D) | ande g-factor (1921)



Sodium in magnetic field ,

;
+3/2
2
Py . +1/2
(g=4/3) _ -172
-3/2
2
Puz +1/2
(g=2/3) -1/2
A A
2 S5 | \ ! - \ \ +1/2
@=2 ~~ ) ’ -1/2
No external Weak external
magnetic field magnetic field

Selection rules Aj =0, 1 (j=0 to j=0 is forbidden)
Al=%1, As=0

Amj =0, £1 (in B field) Eisberg and Resnick, Chap 10



no spin spin + spin-orbit coupling

Zinc sharp triplet
Zinc singlet Sodium principal doublet (only one of three patterns shown)

No No
B field B field
/TN A\ D A\ D,
‘With With
B field B field
L1 | L1 | L -
Predicted Predicted Predicted Predicted
“normal™ splitting “normal” splitting “normal” splitting “normal” splitting
. - +
Normal pattern: % ] s
Experiment agrees with Anomalous patterns: Experiment does not agree with predicted “normal™ splitting.

predicted “normal™ splitting.



The energy of an atom with one electron

dependson (n,¥) —>

The energy of an atom with many electrons

-y (2] L S [
H—Z(2m+Kj+2;Kj+Zﬁi& L

Compatible operators
H,[’,S*,J%,J. = (nlL,S,J,m,))

explicit only in B field

Without B, the energy depends on (n, L, S, J)

« Spectroscopic notation n25+1L]

For L>S, given a L, there are 25+1 values of J
(from L+S to L-S), and 2S+1 is the multiplicity
of the state.

For L<S, the multiplicity is less than 2S5+1.

Energy
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Due to e-e interaction, states with different (L,S,J) have different energies.
Which one has the lowest energy? That is,

What's the values of L, S, and J for the atomic ground state?

Hund’s rules (1925): :f%H]
To reduce Coulomb repulsion,

1. Choose the max value of S that is consistent with the  electron spins like to be parallel,
electron orbital motion likes to be in
high m, state. Both help disperse the
2. Choose the max value of L that is consistent with the  charge distribution.

exclusion principle

exclusion principle and the 1st rule

3. If less than half-filled, then J=|L-S| has the lowest energy

If more than half-filled, then J=L+S has the lowest energy

Atomic Spins of p
Element Number Configuration Electrons
Boron 5 15s°25°2p’ i
Carbon 6 15°252p° T T
Nitrogen 7 15725 2p° T T T
Oxygen 8 152s°2p" ik T T
Fluorine 9 15°2s"2p’ 8 ™ T
Neon 10 1525%2p° 0| i ™




According to Hund’s rules

‘d-shell (I = 2)

ni{l,=2 1, 0 -1, =2 S |L=[ZL]] J SYMBOL
12 i 172 2 {32}, ;Ds,,
|3 ! 1 ._ 3/2 3 132 =k Sl- “Fyp
S [T N SRS ST ST S 773 B S -7 - 88an
. A S s SRR SRV SN ¢ J O St K | Dy
(R Y S MU S SR R i 23 S B 7/ 3 (A | *Fopa
] R T S N S A B P o Y5

9 Y N R AR 2 152) - | Dy,
o ¢ & & & # foi o fo . |15

Qubear JF-1AM: © fEEE TSGR A B &R RUAA]
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Two valence electrons, e.g., 4p+4d - -
“ecrpot “%ecrpot
L=L+1, 8.2 Spectroscopic Symbols for Two
S=5+5S, Electrons: One in 4p and One in 4d
J=L+S Spectroscopic
\) L J Symbol
L,=1 1 1 4p,
L.=2 0 (singlet) 2 2 41D,
2~ 3 3 4'F;
S,=1/2 : _
1 9 43P,
S,=1/2 1 (triplet) 1 1 43P,
0 43P,
=) =321
3 43D,
S=1,0 1 (triplet) 9 9 4°D,
J=L+S ... [L-S] 1 4D,
-+ 43F,
1 (triplet) 3 3 43F;
2 4°F,

Hund’s rule only tell you that the ground state is 4 3F,



Two valence electrons: 4p + 4d

'p
7 .
4
Fs
i D
S = 0 {i - ==
! . AY
; (Singlets) \\\ 1
’J' % F o
1
/
!
!
f
i
i
r 3
! g
/ 8 o
A s TR
/
hY
4
4p 4d \ % y 3p B
\\ Ni=t 1] /: P 7"::
& b
(Triplets) .
\\\ 3F -
Unperturbed + Spin-spin i Residual % Spin-orbit
state correlation electrostatic energy
energy energy

3
Py

3
Djos

—r oW o—N
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3 " Fog4
2



Two types of angular momentum coupling

* LS coupling I =

Light atoms -
(Z<30) S=38§+5,
« JJ coupling J :Z1 S - =

1
Heavy atoms '72 s




Ex 8.4:

Ex 8.5:

What are the total angular momentum and the spectro-
scopic notation for the ground state of helium?

Solution The two electrons for helium are both 1s elec-
trons. Because helium is a light atom, we use the LS cou-

pling scheme. We have L, = 0 and Ly, = 0, and therefore

L = 0. We can have S = 0 or 1 for two electrons, but not in
the same subshell. The spins must be antialigned and S = 0.
Therefore | = 0 also. We can write the ground-state spectro-
scopic symbol for helium as 115,.

Consider two electrons in an atom with orbital quantum
numbers €, = 1 and €, = 2. Use LS coupling and find all
possible values for the total angular momentum quantum
numbers forﬁ

Solution  First, total spin angular momentum, S =0 or 1.

Second, total orbital angular momentum quantum
number ranges from |#; — ¢,| to |#; + £,|, sO we have values

of L =1, 2, and 3. Nowf= f 4= §and the
to

range of quantum numbers for | range from |[L — §
L + S|, so we have values of ] = 0, 1, 2, 3, 4.




Ex 8.7: What are the L, S, and ] values for the first few excited states

of helium?
Solution The possibilities are Energy _ _
(eV) Singlet Triplet
1s2s8 L=0 0T - -
If S = 0, then J = 0 T 1
—9 | 153s 38y — 335,
IfS=1,then J=1

—~8 |-

with § = 1 being lowest in energy. The lowest excited state L B2p—2P 3

2 4 218 2 P0,1,2

is 35, and then comes 'S,. 1s2s 0=~~__ .
-5 T — 2‘ Sl

1s'2p' L=1
i
IfS=0,then J=1
= 3 =
IfS=1,then/=0,1, 2 )
_24 -
3
Ths sta;te P, hals the lowest energy of t’hese states, fol.lowe-d o5 L (192 — 11S, (Ground state)
by °Py, °Ps, and "P;. The energy-level diagram for helium is

shown in Figure 8.13.



Ex 8.9: What are the possible energy states for atomic carbon?

Spectroscopic
Notation

J
0 18

1 2 Not allowed
2 D,

1

1

2

38, Not allowed

N — O N = O M~

SDL 2 3 Not allowed



Example 10-5. Evaluate the Landé g factor for the P, level in the 2p3s configuration of the
®C atom, and use the result to predict the splitting of the level when the atom is in an external
magnetic field of 0.1 tesla.

» For the °P, state s’ = ' =j = 1. So

1(1+1)+1(1+1)—1(1+1)_1 2 3

2% [(L+ 1) TIx2 2

For j' = 1 the possible values of m;- are — 1, 0, 1, so the level is split into three components,
one with the same energy and the others displaced in energy by

AE = ungm} = +u,Bg = +£9.3 x 10" %% amp-m? x 107! tesla x 1.5
= +1.4 x 107 ** joule
= +87x 107 %eV -

Eisberg and Resnick, Chap 10

g=1+




