Your questions/comments

ANNOUNCEMENTS: Prof. Oono will hold my Mon. 3-4pm office hour today.

End of semester coming soon! ICES evaluation & check your gradebook!

Final exam May 13 & 15: cumulative, will cover material evenly Fxowm =3
James Scholar Credit projects due Sat., May 2 3/1 of wetval

“If you can't find your keys, you probably know too much about their momentum.”

“If atoms act like magnets, is that how Magnetic Resonance Imaging is able
to work?”

“What. Is. Happening. Why have Chemistry and Physics have combined to
create this monstrous entity called "Quantum Physics".”
“Quick review on shortcuts for determining the number of electrons, shell
configurations, etc. when given a set of quantum numbers?”

“That's a lot of chemistry...and did we learn the bohr model to then learn
that it is wrong? Interesting”




Phys 102 — Lecture 26

The quantum numbers and spin



Recall: the Bohr model

+ S S(WXUQ
Only orbits that fit n e wavelengths are allowed
SUCCESSES N, sirgla &
/ \ Correct energy quantization & atomic spectra
E =——¢ " n=123,...
2h n
) FAILURES
ACST Radius & momentum quantization violates
\ / Heisenberg Uncertainty Principle
212
n°h 7
\ / v, = > En2a0 Ar-Ap. = —
— m ke 2

€ wave Electron orbits cannot have zero L

L, =nh

Orbits can hold any number of electrons
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Quantum Mechanical Atom

\& 25
Schrodinger’s equation determines e

—

wavefunction”

n 3 quantum numbers
[_2 V- r,0,0)=Ey(r,0,p) = V‘/ determine e~ state
m,
“SHELL” .
“Principal Quantum Number” n=1,2,3, ..
2
E = mezk 284) 12 T Same =% RBRohr
h
3 c,e,\/n s,p, d, f “SUBSHELL”

“Orbital Quantum Number” =0,1,2,3..,n-1

f(f +1)h Magnitude of angular momentum B_:_(( . Qohr

“Magnetic Quantum Number” m,=-¢(, ..-1,0,+1..., ¢
L =mh Orientation of angular momentum
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( ACT: CheckPoint 3.1 & more

For which state is the angular momentum required to be 0?

A. n=3
B. n=2 =0,1,2,3..,n-1

<C. n:1> soforn=1,(=0

How many values for m, are possible for the f subshell (€ = 3)?

A. 3
B. §5 mf=—€, .—1, 0, +1...,f
sofor{=3,m,=-3,-2,-1,0, +1, +2, +3

Cc 7> v

2€ +1 terms

Phys. 102, Lecture 26, Slide 5



Hydrogen electron orbitals

2
l/jn,ﬁ,mf ‘ oC prObab|||ty

o 8 ” Shell = (n, €, m,)

2,0,0 2,1,0 2,1,1
(2.0,0) 21,0 211 Subshell

s 00
LA
3,2,1 3,2,2)
033‘
-,
(4,2,0 @,2,1)

(4,3,0) (4,3,1) (4,3,2) (4,3,3)

O
-
(3
L~
—
-

, 0)
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CheckPoint 2: orbitals

Orbitals represent probability of electron
being at particular location

2p electron most likely to be found here

£
D
=]
Q
= r
©
o 39
i
S =TT §T § T | T §F [ T ]
Ao, s 10a, 158, 208, 253,
2
h

Bohr radius g = . >
m Ke
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Angular momentum

What do the quantum numbers € and m, represent?
Magnitude of angular momentum vector quantized

L=rL=Ji(t(+Dn ¢=012---n-1

Only one component of L quantized

]@zmgh m,=—{0,-=1,0,1,---¢

Classical orbit

picture Other components L,, L, are not quantized
[ =muC Ao

L, =+2hF---%.

\\\ L = 6h
Jan L =+hp-/---- V6
(=1 (=2 [ = >.
L =-hp-\----
LZ =—2"h _—_:_::—7 Phys. 102, Lecture 26, Slide 8




— N

Orbital magnetic dipole

Electron orbit is a current |
H,

oop and a magnetic dipole

Recall Lect. 12

,t_ie =——0L Dipole moment is quantized

What happens in a B field?

BAAA A
S— S|

<a: \>

Recall Lect. 11

U =—u,Bcosd =—LZ &5—‘

Orbitals with different L have different
guantized energies in a B field

Phys. 102, Lecture 26, Slide 9



{ " ACT: Hydrogen atom dipole

What is the magnetic dipole moment of hydrogen in its
ground state due to the orbital motion of electrons?

n=41

eh

A. Ug=——"
2m,

CB. =0 >
C. uy =+i

—

He

__° 7T
2m,

CheckPoint 3.1. In ground state,

n=1land€=0,sou,=0
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—> N

Calculation: Zeeman effect

B Calculate the effect of a 1 T B field on
4 4 the energy of the 2p (n =2, € = 1) level
‘? ﬁe Etot = En:Z _lueB cos®
e .1 \ / mf :_1 1366V eh Forf=1
¢ - + T g Fore=1,
.( é ‘L . 4 2m, m,=-1,0,+1
B=0 B>0
o e ‘ ﬁe m€:+1 ngz—kl
n=2e8=1 m, =0
m, =-1

Energy level splits into 3, with energy splitting

eh eh
AE =5.8x10"eV Ug = ——= 58x%107° ﬂ “Bohr magneton”
2m, 2m, T
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{ ACT: Atomic dipole

Hydrogen Emis ectrum

The H a spectral line is due to e~

transition betweenthen=3,€=2 -_

and the n =2, € =1 sub-shells. 400nm YHA. oo
How many levels should the n = 3, € = 2 state splitintoina B
field? E
A
A. 1
B. 3 h=3 =
es >
YV |
neol— ¥ W W K
=1 \ Y T Phys. 102, Lecture 26, Slide 12




Intrinsic angular momentum

A beam of H atoms in ground state passes through a B field

n=1,so0€=0and expect Cla(sjsical
. rediction . _
NO effect from B field g What was Atom with £ =0
actually observed
Instead, observe beam /
split in two! ';]
Since we expect 2€ + 1 values Fiiltaca

for magnetic dipole moment,
e~ must have intrinsic angular

momentum W Inhomogeneous

magnetic field

“Stern-Gerlach experiment” IQ'Z’L
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N

Spin Y peciihy
Electrons have an intrinsic angular momentum called “spin”

\5\ = S=Js(s+)h withs=%

N

_ 141
o 2’+2

Spin angular momentum

Spin also generates magnetic dipole moment

B

A

7,

¢
7

S
Spin DOWN (%)

—

- ﬂs

—

B>0

S

Spin UP (+)%)

e —
H,=——g8 | withg=2

2m,

U=-ubBcoso =@Bﬁzgose

2m,

m, =+

N~
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Spin resonance

e~ in B field absorbs photon with energy equal to splitting
of energy levels

Absorption g m, = +% hf = AE “Electron spin resonance (ESR)”
/\/\/—> I _ g_ehB Typically microwave EM wave
1 2m
m, =—5 ¢ 5 eV _
6 — = gupB ~2-58%x10° —-1T~11.6x10eV
T \ - J
28 GHz
Protons & neutrons also have spin %
. e — . . :
s = +§gpS<< M, since m,, >>m, Typically radio EM wave

p

ForB=1T, f=43 MHz
“Nuclear magnetic resonance (NMR)”

Sensitive probe for local chemical environment: Local B fields “Chemical shift”

(ex: from e~ orbitals) change energy splitting slightly s, 9, e 8, ST 15



Quantum number summary

“Principal Quantum Number”, n=1,2,3, ..

m ke 1
E =- 5 5 Energy
2h° n

“Orbital Quantum Number”, €=0, 1, 2, ..., n-1
L= g(g _|_]_)h Magnitude of angular momentum

“Magnetic Quantum Number”, m,=-¢, ..-1,0,+1 ..., €

LZ = mfh Orientation of angular momentum

“Spin Quantum Number”, m ==V, +)

S, =mh Orientation of spin
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Electronic states

Se Ve \Q'»J‘\"'C'Qk

Pauli Exclusion Principle: no two e~ can have the same set of
quantum numbers n, €, m, m.

E
A
s(€=0) p(€=1)

A
4 \

+%h =+ = Vs =+ =)
n=2 Hr % H’ % As e are added, they must
occupy higher energy levels

=l+%2 mg=-" ne

n=1 % Phys. 102, Lecture 26, Slide 17




The Periodic Table

Pauli exclusion & energies determine sequence

s(6=0) SuBSHELCL
: £=1) Also s
n=1 H Periodic Table of the Elements P
- 3 v} hydrogen ¥ poor metals
- alkali metals
2 L|11 Be‘Z alkali earth m d (8 2) ises
3 Na Mg transition mel th metals
'4
19 20| 21 22 23] 24 28] 28] 27] 28
QJ 4 | K |Ca|Sc|Ti |V [Cr[Mn|Fe|Co|Ni
é‘_f 37| 28| 39| 40| 41| 42| 43| 44| 45| 46
1Y 5 Rb|Sr| Y |Zr INb (Mo | Tc | Ru|Rh |Pd
55| 56| 67| 72| 79|
6 | Cs|Ba| La| Hf | Ta
87| 88| 89| 104| 105
/] | Fr | Ra| Ac|Unqg|Unp
58] 59
Ce | Pr
90| o1
Th | Pa

\
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CheckPoint 3.2

How many electrons can there be ina 5g(n =75, € =4) sub-
shell of an atom?

( m, = +4 m.=+Y,—/ 2 states
mg=+3 m.=+%,—/ 2 states
mg=+2 m.=+%,—/ 2 states
m,=+1 m,=+%, - 2 states There are a total of
28 +1 < m,=0 m,=+%,—% 2 states 2(2€ +1) =18
iy = =T i Sy S LRI states within one subshell
my=-2 m,=+%,—% 2 states
m,=-3 m,=+%,—2 2 states
| Me = —4 m,=+%,—/ 2 states
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ACT: Quantum numbers

How many total electron states exist withn =27

€ = 0 (s sub-shell)

1 { m,=0 mg,=+%,—/% 2 states
B. 4
€ =1 (p sub-shell)
r m,=+1 m.=+%,—% 2 states
There are a total of
3 < m=0 m.=+%,—-% 2 states 2n2= 8§
Mg =—1 m,=+%,—% 2 states states in one shell

For general n, there are a total of: 2x(1 + 3 + 5 + ...(2n-1)) = 2n? states
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ACT: Magnetic elements

Where WOUId you eXpeCt 1 Periodic Table of the Elements

H
. _— hydrogen ¥ poor metals
the most magnetic R e Ei st
| alkali earth metals B noble gases
. 1 12 transition metals rare earth metals
elements to be in the Na | g
5 K1s ( 20 Sz1 Tzz Vza C24 Mzéles Cz‘r N‘”
: : a | Se 1 r n|Fe o | Ni
perIOdIC table' 37| 38 40| 41| 42| 43| 4a| 45| 48| 47
Rb| r [ Y |Zr Nb (Mo | Tc | Ru | Rh |Pd
55| 56| 67| 72| 73| 74 75 76| 78| 79
Cs|3a|la|Hf[Ta|W | Re|Os| Ir |Pt
87| ~ 88| 88| 104| 105| 108| 107| 108 1 110
Fr ' Ra | Ac [Ung|Unp|Unh[Uns [Uno|Une|Unn

A. Alkali metals (s, € = 1) HRIGE Pﬂ"ﬁ‘ﬁ
. Noble gases (p, € = 2)
< C. Rareearthmetals(f,€=4) ~—>

o

Magnets are made from elements in the d and f subshells. i, =— € L
High € means high dipole moment Ex: Fe, Co, Nd, Sm € Zme
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Summary of today’s lecture

e Quantum numbers

Principal qguantum number E, =—-7%/n*x13.6eV

Orbital quantum number L=.¢(¢+1)h, ¢=0,1,n-1

Magnetic quantum number L_=m_h, m,=—-/,...,0,...¢
e Spin angular momentum

e~ has intrinsic angular momentum S, =m#% m, =-3,5
* Magnetic properties

Orbital & spin angular momentum generate magnetic
dipole moment

e Pauli Exclusion Principle

No two e~ can have the same quantum numbers
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