PHOT 222: Quantum Photonics
LECTURE 14

Michaél Barbier, Spring semester (2024-2025)



OVERVIEW OF THE COURSE

Week 1 Relativity Ch. 39 Ch. 37
Week 2 Waves and Particles Ch.40  Ch. 38-39
Week 3 Wave packets and Uncertainty Ch.40  Ch.38-39
Week 4 The Schroédinger equation and Probability Ch. 41 Ch. 39
Week 5 Midterm exam 1

Week 6 Quantum particles in a potential Ch. 41 Ch. 40
Week 7 Bayram

Week 8 Harmonic oscillator Ch. 41 Ch. 40
Week 9 Tunneling through a potential barrier Ch. 41 Ch. 40
Week 10 Midterm exam 2

Week 11 Bohr’s hydrogen atom, absorption/emission spectra Ch. 42 Ch. 41
Week 12 Quantum mechanical model of the hydrogen atom Ch. 42 Ch. 41
Week 14 Spin / Many-electron atoms Ch. 42 Ch. 41
Week 14 Molecules, Crystalline materials & energy band structure Ch. 43 Ch. 42
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Normal Zeeman Effect: Applying a
Magnetic Field
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MAGNETIC MOMENT BY CURRENT

* Current around an area creates a magnetic field
* Magnetic dipole moment: [ = IA
* Depends on the current/charge
* Currentis charge per time: [ = ;

T current [

1897 Thomas Edison "O"
Bipolar Utility Motor
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Edison Small Power Battery Motors.

Edison Battery [lotor
No. 0,

This motor is suitable for Jewel-
ers'’ and Dental lathes, where only
small power is desired. It 1s fur-
nished with ball bearings, and is of

very high efficiéncy.

Price, - - 815.00.

Edison Battery
Motor No. 00.

| This motor 1s designed
' ‘ for heavier work, such as
: sewing machines, electric
pianos, railroad semaphores,
etc., and 1s also equipped
with ball bearings.

Price, - - - $25.00.

The above motors, both of which are of the Paccinotti ring type,
are of the very best construction, and are suitable for operating dental
engines, jewelers’ and dental lathes, sewing-machines, electric pianos,
etc., etc. In designing them, special attention has been directed to
produce motors of high efficiency, which is of far greater importance in
battery motors than in small motors running on the light circuit, on
account of the cost of the maintenance of the battery being reduced to
a minimum when a motor of high economy is used.



MAGNETIC MOMENT OF AN ORBITING ELECTRON

* Bohr: electron going along an orbit
* Angular momentum: L=m,BX7
* Magnetic dipole moment: [ = IA I
* Currentis charge per time: [ ’

1

REEEETE

f
\m

N IA eV 5 ev
— — « TIY ¢ = ——
a 2T 2

* Substitute L = m, vr

evr e . WA =14
— = —
5 2 2m,
. ) area A
with gyromagnetic ratio: L om. ol

current |
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MAGNETIC FIELD APPLIED TO AN ORBITING ELECTRON

—

el
2m,

* Magnetic dipole moment: i =

- dipole {i in magnetic field B undergoes torque Z = ji X B

> U=—-ji-B B

* |In the ground state the Bohr model has L = nh = i giving
a honzero magnetic moment

el eh

U= = up €@ Bohr magneton up = 5.788 X 10‘5%

2M, 2M,

* According to Schrodinger’s equation:
* Electron in s-state with zero angular momentum?
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APPLYING A MAGNETIC FIELD

e Quantum Mechanics:

- Quantized angular momentum: L = \/l(l + 1)h
* Magnetic quantum number: L, = m;h

U e

* Gyromaghnetic ratio — = still valid
L 2m,

* Magnetic field along z-axis: U = —p - B = —U,B

* Magnetic moment quantized:
e . eh
= —Mm = —Mm
zme Z [ Zme luB

Hz =

m) U=-—u,b=mugBb
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APPLYING A MAGNETIC FIELD

* No magnetic field: Energy depends only on

guantum number n: ,
Z B=0
E, = 7 13.6 eV
1s
* Magnetic field B results E,, - E, + Up :
E, =E,+mugB with m; =—I[,...,1 2o
—_—
— 4 ————e————— 2p0
* Normal Zeeman effect: splitting £, in 2n — 1 o 5 2P

levels

* The splitting scales with magnetic field B

15

21.05.2025 Lecture 04: Schrodinger’s equation



APPLYING A MAGNETIC FIELD

* No magnetic field: Energy depends only on

guantum number n:
ZZ
E, = ok 13.6 eV

* Magnetic field B results E,, - E, + Up :
E, =E,+mugB with m; =—I[,...,1

* Normal Zeeman effect: splitting £, in 2n — 1
levels

* The splitting scales with magnetic field B
e Spectral lines split according selection rules

E+ AFE FE EF—-AF
y y
S N N N N— T —
y y

AM = -1 AM =0 AM = +1

A = 643.8nm

Adapted from the course of Werner Boeglin
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SELECTION RULES

E,=E,+mugB with m; =—I[,...,1

* Angular momentum should be conserved E+AE E E—AE

* A photon uses one unit i of angular
momentum 1

e Selection rules:

1. Orbital quantum number ! - [ — 1

2. Magnetic quantum number: 1
m ->m;+1 or m;-om

AM = -1 AM =0 AM = +1

Allowed & forbidden transitions \ = 643.8nm

Adapted from the course of Werner Boeglin
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EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

e Solar spots are regions in the sun: SDO/H.14/01/07

* Lower in temperature (3000-4500 K vs 5800 K)

* Move around the sun in time, towards the
equator

Adapted from Wikipedia, Original image taken by Alan Friedman in 2012.
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EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

* Solar spots are regions in the sun:

* Lower in temperature (3000-4500 K vs 5800 K)
* High magnetic flux density

Magnetic field loops out of Sun

Hot gas unable to

rise here because \

of magnetic field. ’\ Photosphere R
orth Pole

il

‘‘‘‘‘‘‘‘‘‘

.-"lb,lr", (& C

WIS
- y

Prominence

Adapted from “Spots on the Sun”, article at cosmosatyourdoorstep.com South Pole
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EXAMPLE NORMAL ZEEMAN SPLITTING: SOLAR SPOTS

* Measure magnetic field by the Zeeman effect Zeeman splitting
(B =0.41 Tesla)

Fe line at 525 nm

Magnetic field loops out of Sun Sunspot 1974
Hot gas unable to

rise here because
of magnetic field.

Adapted from “Spots on the Sun”, article at cosmosatyourdoorstep.com Adapted from NOIRLab, picture taken at McMath-Pierce Solar Facility on Kitt Peak.
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Electron Spin
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THE SODIUM DOUBLET LINE

* Spectrum Sodium (Na) doublet line
* Transition: 3p =2 3s

* Effect of electron spin splits a single
orbital in two energy-levels

400 nm
| | . il 1
ﬁ,

R

T

600
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EFIQ
Spin-orbit -
S304--- splitting 0021 eV
3p1
7
3 s &
L
& S o
F:J '%; %: = |=0.597 nm
’ AN
514 —_ 3581

2
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THE SODIUM DOUBLET LINE

* Spectrum Sodium (Na) doublet line 3ps
IN=0rbi 2

* What is the reason for this small -3.54—--1%,.&{5‘ 0021 eV
energy difference? 3p1

Energy (eV)
5890 nm

«= = 0.597 nm

514 ——— Ss%
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* 1896: Zeeman splitting of

(electron not yet discovered)

21.05.2025

THE ANOMALOUS ZEEMAN SPLITTING

Sodium doublet line by
magnetic field

Pieter Zeeman

Mo Weak rmagnetic
fiedd liedd appliad
Epﬂ m i=+EE
2 mj=+1/2
i=-1.'l2
Spin-orbit j= =
- o 1
3.04 splitting
T i=+1-E
Elj'l r|'|j= =14
2
0
-,
g No fiald
=
LLf
Weak magnetic field
m == +1/2
514 , -- :
33% rn]= -1/2

Lecture 04: Schrodinger’s equation
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THE ANOMALOUS ZEEMAN SPLITTING

Mo Wak magnetic
* 1896: Zeeman splitting of et fietd appliad
Sodium doublet line by SF% m = 432
magnetic field 77T m|=-172
. Em___ﬂl:ﬁn--:-rl::-il: =32
(electron not yet discovered) splitting .
M. =<+1i
"3y =112
2
* No logical explanation when
using only guantum numbers >
? -,
n, L, my: = Mo fiald
x
LLE
. ek
* Solution: extra quantum HH
number - spin magnetic \Waak magnatic flakd
quantum number 514 - m j=+1/2
35% I'|'|J=-1."E
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THE IDEA OF SPIN

* The Schrodinger equation does not
predict spin

e 1925: Goudsmit & Uhlenbeck
propose extra quantum number m;

* Analogy of spinning Earth? No ...

— . . )
L=m,U X7 g
A
""""" -
PPt ~ U
//, \\
'/ (9\7"‘9 ‘,
|
\
\\ »
I ’ e .' ‘ s | ‘
? ‘ & |
olfgang Pauli
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THE IDEA OF SPIN

* Similar to analysis of angular momentum:

- - — (1 _
* Magnitude of spin: S = \E (2 + 1) h =

N4 A
* Spin quantum number: S, =m.h = i%h

* Spin magnetic moment:
(2.0023)ugS, 2URS,

l’lZ: h h

* Spin will just as the angular momentum
contribute to a magnetic moment
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TOTAL ANGULAR MOMENTUM

* The total angular momentum:f =L+S

* Magnitude total angular momentum: ] = \/j(j +1)n

Orbital magnetic quantum number: m =-..,—1,0,1, ..., 1
. . 11

Spin magnetic quantum number: Mg = =S, w0, = 5,55 ) S

Total angular momentum quantum number: m; = —j, ..., J

m; = m; + ms

n m; my
Notation for orbitals : e Zp_l/ 2P3 /
/ / 2
l=s,p,d,f,.. [ now capital letter

21



FINE STRUCTURE OF THE HYDROGEN ATOM

* Magnetic moments originating from electron orbit and spin:

_ UBlLg . 2UBSyz
lLl'Z - A and lLl’Z,Spin ~ A

* Magnetic moments lead to potential energy contributions
* Energy depends not only on n but also on j:

1+a2 n 3]
n2l. 1 24
' <J+7

. 1 e? -
* The fine structure constant a = * x 7.297 X 1073 ~
41T€H NC

13.6 eV

E, ;= X
n,j n2

1
137

22



Many Electron Atoms
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MULTI-ELECTRON ATOMS

* Atoms with higher atom numbers have more
electrons and protons

* Number of protons gives the atom number Z

* The weight of the atom can be larger as
protons are “separated” by neutrons

Q Nucleus

® Proton (+)
® Neutron
@ Electron (-)

* The multiple electrons fill up possible orbitals

* 1869: Periodic table of Mendeljeev
* Elements ordered in 8 groups
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b

ELEM ENTS

1806: John Dalton, ordering of
atoms according to weight

24



MULTI-ELECTRON ATOMS

* Atoms with higher atom numbers have more S D S i b i
electrons and protons e T
H-’Eﬁlmn Ennl:l:[:aﬂ‘l—:i::- o nlf = \'HEIF:H:JE:=E!H=“ Hn:llﬁ? ILﬁi"'l.'l’ﬂ:ﬁl!. Co=09,
* Number of protons gives the atom number Z I T e e = I
Rb=80 =87 TYt=88 Lr=1390 (Nh =94 Mo=9§ —=100 u= 104, Rh=104,

I'd=106, Ag=108.

* The weight of the atom can be larger as
protons are “separated” by neutrons

(a.gnmaji Cd=112] Tn=118] Sau=118] 8b=122 To=128  J=127|
(Ce=108 |Ba=187 [?PDi=188 [tCe=140 |— - - R —

= - - - - - -

— —_— 7EBr=178 [tLa=180 rl'l.= 182 W=184 —_— [0s=198, Ir=197,
Pi=198, Au=1%9,

i
(=0T~ - | ey On e £ 18 e

(An=2109) Hg==200| Ti== EIHITh Pb=207 Bi=1208 — -
_— — — =323l

- U=240 — _— - -

@ Nucleus e —

® Proton (+)
® Neutron
@ Electron (-)

-
¥ -

i

IR
Al

—

4

* The multiple electrons fill up possible orbitals

* 1869: Periodic table of Mendeljeev
* Elements ordered in 8 groups
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MULTI-ELECTRON ATOMS

* Atoms with higher atom numbers have more
electrons and protons

* Number of protons gives the atom number Z

* The weight of the atom can be larger as
protons are “separated” by neutrons

Periodic Table of the Elements

1 18
1A VLA
N Uuc I eus ‘ =" H
«— Symbel e
M 2 H 13 % 15 1% n et
\ 1A s — | Hadroaen 1A IVA VA VIA VIIA ?
1008 - AtamicWeght
' P . = Bectroes per shwll —» 1 é é ﬁ # N‘
ro t O I I I . of m or af rane) Sabcatey metal-netaleid - fooir of background) Baron Carden Wirgen P
) T Aksbimet Lasths Metzlon rhrewn chemc, prope o by “»‘." e
Mkt Actin Reactve sormmet: WG - 1 5 "
] 3l I Fost Nolde gecss Al .
Al Si P
7 ) z 8 Presemersa
118 Vil : 1
L] n | e 2 ]

=
=
EHETEE
=o
— @

ms—mm:mmm

dal- @ mn-so-

@ Electron (-)

* The multiple electrons fill up possible orbitals

* 1869: Periodic table of Mendeljeev
* Elements ordered in 8 groups
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1925: PAULI EXCLUSION PRINCIPLE

No two electrons (fermions) can be in the
same quantum state

Electrons in a single atom cannot have all
same quantum numbers: n, [, m;, m.

* For shell n we have:
n-(2n — 1) orbitals
e Maximum n - (2n — 1) - 2 electrons, each

orbital can have one spin-up and one spin-
down electron
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Wolfgang Ernst Pauli
Taken from Wikipedia
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SPECTRA OF MULTI-ELECTRON ATOMS

* Energy levels for the electrons? t
* Each electron is attracted to the e O
positive nucleus (charge +eZ) 3pk_ -
I// (: Q ,Q lI
l e O --- /
7° \ e
E, = — — X 13.6 eV .. ldealcase Zggr =1 .-
i e
. . .
But the electrons qlso interact with - 2 136 eV ”-13. 6 oV
each other (repulsion) n T T 2 =
@ . for n=2 and
’ +for n=3 and
n=1 2 2 ,"i SﬂbD"u"E? } o / aﬂggrle*? o
. . ' N= = _
Lithium Sodium s,

Adapted from: www.hyperphysics.phy-astr.gsu.edu
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CENTRAL-FIELD APPROXIMATION

* Problem: Electrons interact with 4
each other»
* Inner shells are closer to the - B
nucleus ,«'%j‘\@e
I/ (\ .7 I
* If only 1 valence electron: | e~ &7 o
interaction minimal Ideal case Zq¢ = 1 ©

e Inner electrons shield nucleus = TTteeemeeeee----m7TT
partially (max. Z — 1)

?2-13.0eV 2136 eV
L > Log > 1 )En =~ 3 ?
@ . for n=2 and
Z n=1 A=2 ;': above? } ;ﬂgﬂrl_ei and
— eff . . rn:S _
En=——5x136eV Lithium Sodium ™. /

Adapted from: www.hyperphysics.phy-astr.gsu.edu
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SPECTRA OF MULTI-ELECTRON ATOMS

7> Zoee > 1

* Screening is more effective if
farther away: Zq.¢s — 1

» Lower states have higher Z ¢

* Zogr Can strongly depend on
orbital quantum number [

* s and p states can have different
energy

2
L off

E. =
n nz

X 13.6 eV

21.05.2025

oF I= | =1 | =2 =3 [ =4
55 ap o _56f  _53 _N=3
4p 4d A1 _n=4____
AF _4s —
3p 3d M=

- M‘__ Hydrogen

levels

2p

Crbital quantum
number dependence

Ground state

Lithium

Adapted from: www.hyperphysics.phy-astr.gsu.edu

Lecture 04: Schrodinger’s equation



SPECTRA OF MULTI-ELECTRON ATOMS

oF [= | =1 | =2 I=3 [ =4 | = =1 [ =2 [ =3
- 5p 5d 5f 59  n=5 Bs °p 54 __5t
ap ad af n=4________ 5s . —2— _ 4d 41
A a8
_________ 3p S | - I
ok M‘_— Hydrogen
< levels
@z
5 -3t
R RN | = <5
- 2p  Orbital quantum Orbital quantum
-4 I number dependence number dependence
di 55 Ground state ae  @round state
Lithium Sodium

Adapted from: www.hyperphysics.phy-astr.gsu.edu
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NOTATION FOR ELECTRON CONFIGURATIONS

* Orbital notation (without m;)

* Use superscript to indicate the
number of electrons in the orbital

* Example:

Nitrogen: 1s42s%2p3

e 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty
orbitals in the same shell first with
parallel (up or down spin)

21.05.2025

\~———’

Adapted from: www.hyperphysics.phy-astr.gsu.edu
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A

Friedrich Hund
Taken from Wikipedia
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NOTATION FOR ELECTRON CONFIGURATIONS

* Orbital notation (without m;)

* Use superscript to indicate the
number of electrons in the orbital
* Example:

Nitrogen: 1s42s%2p3

e 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty
orbitals in the same shell first with
parallel (up or down spin)

Na :] L T[T [

w 1 [ |n|21p1 m [0

A SJ| Tl 1] 11
s 115[_?1 1] Fil’?sp
- j [ |11|7p1 T H |3p
s 1.5-\_1?1 I 11 |3p
¢ 1SJ 11 [T ?1 ] 11 lap
N :.s[n_u; 1] 11 _1

Adapted from: pathwaystochemistry.com
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NOTATION FOR ELECTRON CONFIGURATIONS

* Orbital notation (without m;)

* Use superscript to indicate the
number of electrons in the orbital

* Example:

Nitrogen: 1s42s%2p3

e 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty
orbitals in the same shell first with
parallel (up or down spin)

Na :] L [TL][1L] [0

Mg . - |11|21p1 I Tl

« [ [ [

s 115(_?1 Il Ill

. [ [0 MO0 0 00
: 1.3-\_1?1 T [ [0
« [ [ M0 00 M0
. :.s[n_u; i n ﬂ]; i

Adapted from: pathwaystochemistry.com
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NOTATION FOR ELECTRON CONFIGURATIONS

* Orbital notation (without m;) =0 I=1 =2 [=3

* Use superscript to indicate the
number of electrons in the orbital

* Example:

Nitrogen: 1s42s%2p3

e 1925: Hund proposes Hund’s rules

Electrons prefer to occupy empty
orbitals in the same shell first with
parallel (up or down spin)

Adapted from: sciencenotes.org/list-of-electron-configurations-of-elements/
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Series Lanthanum Cerium aseodymium| Neodymium | Promethium | Samarium Europium | Gadolinium Terbium prosium | Holmium Erbium Thulium Ytterbium Lutetium
28181892 28182082 28182182 28102282 28132382 26182482 18182582 18182592 28182782 28182882 28182982 28183082 28182182 28183282 28183292
DXe)5d 652 [xelaf! sdles2 [Xeples? (Xepittes? [Xepdf6s2 [Xei 0652 1%t 652 (e sd V2 L [Xel4f1 0652 (Xelaf' V652 Xelaf) 2652 Déeaf) dgs? [Xejaf e ixejaf 45d)6s2
80 227028 Q@ 232038/ Qq 231036 Q9 238029/ Q3 237048 Q4 244064 QF 243061 Q@ 247070 Q7 247070 Qg  251.080 | QQ 2541 400 2579% (401 2581/402 259101403 1262
Acinide | Ac | Th | Pa U Np Pu Am Cm Bk (Cf Es Fm Md No Lr
Series Actinium Thorium || Protactinium | Uranium Neptunium | Plutonium | Americium Curium Berkelium | Californium | Einsteinium | Fermium | Mendelevium| Nobelium | Lawrencium
2618221892 28183218102 2818322092 2018222192 2080082 2818322482 2818322582 2818322592 2818322782 2818322882 2818322082 2818223082 2818323182 2018323282 208323292
[Rnj6d 752 [Rn|6d272 [Rn}SF26d 1752 (Rn)SPed 1752 (RnisPted?7s2 | (RnSIO752 (RriS17 752 (Rgst76d' 72 | [RmisfP7e2 [Rn]Sf10752 [Rnlsf1¥752 [Rnjs¢12752 (Rnjsf1 3752 Wnse14752 (Bnj5¢ 1 752
Alkali Alkaline Transition  Basic : i ' R, | | Noble | I '
l Metal Earth Metal I Metal Metalloid Nonmetal Halogen Gas Lanthanide Actinide ‘



Atomic Symbol Electron Atomic Symbol Electron Atomic Symbol Electron
number configuration number configuration number configuration
1 H 1s! 37 Rb Kr]5s' 73 Ta Xe]6s?4f'*5d°
2 He 152 38 Sr Kr]5s? 74 W Xe]6s%4f“5d*
3 Li He]2s! 39 ¥ Kr]55°4d' 75 Re Xe]6s%4f'5d°
4 Be He]2s? 40 Zr Kr]55%4d° 76 Os Xe]6s%4f45d°
5 B He]2s22p! 41 Nb Kr]5s'4d* 77 Ir (Xel6s24f'*5d”
6 C Hel2s22p? 42 Mo Kr]5s'4dP 78 Pt [ Xe]6s'4f*5d°
7 N Hel2s22p? 43 Tc [Kr]5s%4d> 79 Au [ Xel6s'4f“5d'°
8 O He]2s2p* 44 Ru Kr]5s'4d’ 80 Hg Xe]6s%4f5d™
9 F Hel2s22p? 45 Rh Kr]55'4d° 81 Tl Xe]6s%4f“5d6p'
10 Ne He]2s22p" 46 Pd Krl4d" 82 Pb Xe]6s241145d1°6p>
11 Na Ne]3s’ 47 Ag Kr]55'4d™ 83 Bi Xe]6s*4f'*5d"°6p°
12 Mg [Ne]3s? 48 Cd Kr]55°4d'° 84 Po Xe]6s%4f“5d'°6p*
13 Al Ne]3s%3p! 49 In Kr]55°4d'°5p! 85 At Xel6s%4f“5d'°6p>
14 Si Ne]3s23p? 50 Sn Kr]55°4d'°5p? 86 Rn Xe]6s?4f45d"°6ps
15 P Ne]3s23p? 51 Sb Kr]55°4d'°5p3 87 Fr Rn]7s!
16 Ne]3s23p* 52 Te [Kr]5s%4d"°5p* 88 Ra [Rn]7s?
17 Cl Ne]3s23p° 53 | [Kr]55°4d"°5p° 89 Ac Rn]7s%6d"
18 Ar Ne]3s23p° 54 Xe Kr]55°4d'°5p° 90 Th Rn]7s%64d?
19 K [Ar]4s’ 55 Cs [Xe]6s' o1 Pa [Rn]7s°5f*6d"
20 Ca [Ar]4s? 56 Ba Xe]6s? 92 U [Rn]7s%5f6d'
21 Sc [Ar]4s°3d'’ 57 La [ Xe]6s25d" 93 Np [Rn]7s%5f*6d"

| 22 Ti Ar]4s*3d° | 58 Ce [Xe]6s°4f'5d" | 94 Pu Rn]75%5f°
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