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INTRODUCTION

 If something is magnetic, how do we know it is magnetic?

 What are magnetic effects that are recognized as magnetic?

 If it behaves as magnetite, it is a magnet!

image source: wikimedia.org

manifestations

How to fight microplastic pollution 
with magnets - BBC Future

https://www.bbc.com/future/article/20210825-how-to-fight-microplastic-pollution-with-magnets
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 condensed matter physics: 1023 magnetic moments -> emergent phenomena

 interactions (NN, NNN, dipole)

 geometry

 spintronics
?

manifestations

How to fight microplastic pollution 
with magnets - BBC Future

https://www.bbc.com/future/article/20210825-how-to-fight-microplastic-pollution-with-magnets
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 what does it mean a single spin?

image source: wikimedia.org

elementary particles

see this video: (109) Electrons DO NOT Spin - YouTube, especially from 8:50

https://www.youtube.com/watch?v=pWlk1gLkF2Y
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 what does it mean a single spin?

image source: wikimedia.org

proton (and neutron) spin crisis!

(Sproton = ½) >> Σ (Squark = ½)

3He 4He

2.17 K2.5 mK

BECCooper pairs

dilution refrigerator, Tmin = 2.7 mK (continuously)

quantum computing

elementary particles

https://www.google.com/search?q=quantum+computing&tbm=isch&ved=2ahUKEwiRxqv59-vwAhXUOewKHfOhDdgQ2-cCegQIABAA&oq=quantum+computing&gs_lcp=CgNpbWcQDFAAWABgtA1oAHAAeACAAQCIAQCSAQCYAQCqAQtnd3Mtd2l6LWltZw&sclient=img&ei=7qawYJGXF9TzsAfzw7bADQ&bih=901&biw=1677


INTRODUCTION

Schrödinger equation

𝐸𝐸 =
𝑝𝑝2

2𝑚𝑚
+ 𝑈𝑈

�𝐸𝐸 → 𝑖𝑖𝑖 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑝̂𝑝 → −𝑖𝑖ℏ∇

−
ℏ
2𝑚𝑚∇2 + 𝑈𝑈 Ψ = 𝑖𝑖ℏ

𝜕𝜕Ψ
𝜕𝜕𝜕𝜕

Dirac equation
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𝐸𝐸 =
𝑝𝑝2

2𝑚𝑚
+ 𝑈𝑈

�𝐸𝐸 → 𝑖𝑖ℏ 𝜕𝜕
𝜕𝜕𝜕𝜕

𝑝̂𝑝 → −𝑖𝑖ℏ∇

−
ℏ
2𝑚𝑚∇2 + 𝑈𝑈 Ψ = 𝑖𝑖ℏ

𝜕𝜕Ψ
𝜕𝜕𝜕𝜕

1st order in time
2nd order in space

Dirac equation

𝑖𝑖𝛾𝛾𝜇𝜇𝜕𝜕𝜇𝜇 − 𝑚𝑚 Ψ = 0

4 solutions

+m↑ +m↓

-m↑ -m↓

electron

positron

INTRODUCTION Dirac equation
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I
dS 𝑑𝑑𝜇𝜇 = 𝐼𝐼𝐼𝐼𝐼𝐼

elementary magnetic dipole (no monopoles...yet)

[Am2]

𝐿𝐿 = 𝑟𝑟 × 𝑝⃑𝑝 𝜇⃑𝜇 = 𝛾𝛾𝐿𝐿

gyromagnetic ratio

(-e),me
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𝐿𝐿 = 𝑟𝑟 × 𝑝⃑𝑝 𝜇⃑𝜇 = 𝛾𝛾𝐿𝐿

gyromagnetic ratio

𝐸𝐸 = −𝑝⃑𝑝𝑑𝑑𝑑𝑑𝑑𝑑Ɛ

electric dipole in electric field

𝐸𝐸 = −𝜇⃑𝜇𝐵𝐵

magnetic dipole in magnetic field

𝑑𝑑𝐿𝐿
𝑑𝑑𝑑𝑑 = 𝑇𝑇 = 𝜇⃑𝜇 × 𝐵𝐵 precession:

𝑑𝑑𝜇⃑𝜇
𝑑𝑑𝑑𝑑 = 𝛾𝛾𝜇⃑𝜇 × 𝐵𝐵 𝜔𝜔𝐿𝐿 = 𝛾𝛾𝛾𝛾

Larmor frequency

(-e),me
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𝛾𝛾 =
𝑒𝑒

2𝑚𝑚𝑒𝑒
= 8.7935 × 1010𝑠𝑠−1𝑇𝑇−1

𝜔𝜔𝐿𝐿 =
𝑒𝑒

2𝑚𝑚𝑒𝑒
𝐵𝐵

NIST: 𝛾𝛾𝑒𝑒 = 1.761 × 1011𝑠𝑠−1𝑇𝑇−1
𝛾𝛾𝑒𝑒
𝛾𝛾 ≈ 2 g-factor

https://physics.nist.gov/cgi-bin/cuu/Value?gammae
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experiment

https://physics.nist.gov/cgi-bin/cuu/Value?gammae
https://muon-g-2.fnal.gov/


INTRODUCTION quantum

𝐸𝐸 = −𝑔𝑔𝜇𝜇𝐵𝐵𝑚𝑚𝑠𝑠𝐵𝐵 𝑚𝑚𝑠𝑠 = ±
1
2

�𝑺𝑺2 = 𝑠𝑠(𝑠𝑠 + 1)

�𝑳𝑳2 = 𝑙𝑙(𝑙𝑙 + 1)

2s + 1 projections

2l + 1 projections

�𝑺𝑺 =
1
2
�𝝈𝝈 𝑆̂𝑆𝑥𝑥 =

1
2

0 1
1 0

𝑆̂𝑆𝑦𝑦 =
1
2

0 −𝑖𝑖
𝑖𝑖 0

𝑆̂𝑆𝑧𝑧 =
1
2

1 0
0 −1

| ⟩↑𝑥𝑥 =
1
2

1
1 | ⟩↓𝑥𝑥 =

1
2

1
−1

� �↑𝑦𝑦 =
1
2

1
𝑖𝑖 � �↓𝑦𝑦 =

1
2

1
−𝑖𝑖

| ⟩↑𝑧𝑧 = 1
0 | ⟩↓𝑧𝑧 = 0

1

�𝑺𝑺2 = 𝑆̂𝑆𝑥𝑥2 + 𝑆̂𝑆𝑦𝑦2 + 𝑆̂𝑆𝑧𝑧2

�𝑺𝑺2| ⟩ψ = 𝑆̂𝑆𝑥𝑥2 + 𝑆̂𝑆𝑦𝑦2 + 𝑆̂𝑆𝑧𝑧2 | ⟩ψ =
3
4

| ⟩ψ

𝑆̂𝑆𝛼𝛼 , 𝑆̂𝑆𝛽𝛽 = 𝑖𝑖𝜖𝜖𝛼𝛼𝛼𝛼𝛼𝛼𝑆̂𝑆𝛾𝛾

�𝑺𝑺2, 𝑆̂𝑆𝛼𝛼 = 0

you can know the total spin and one component 
but not two components simultaneously

(x,px) & (t,E)



INTRODUCTION quantum

𝑆̂𝑆+ = 𝑆̂𝑆𝑥𝑥 + 𝑖𝑖𝑆̂𝑆𝑦𝑦 = 0 1
0 0

𝑆̂𝑆− = 𝑆̂𝑆𝑥𝑥 − 𝑖𝑖𝑆̂𝑆𝑦𝑦 = 0 0
1 0

not observables because 𝑆̂𝑆+
ϯ ≠ 𝑆̂𝑆+

1
0

0
1

0 1
0 0

0
0

1
0

0 0
1 0

0
1

0
0

𝑆̂𝑆+| ⟩↓𝑧𝑧 = | ⟩↑𝑧𝑧

𝑆̂𝑆−| ⟩↑𝑧𝑧 = | ⟩↓𝑧𝑧

𝑆̂𝑆+, 𝑆̂𝑆− = 2𝑆̂𝑆𝑧𝑧

𝑆̂𝑆𝑧𝑧, 𝑆̂𝑆± = ±𝑆̂𝑆±

�𝑺𝑺2, 𝑆̂𝑆± = 0

𝑆̂𝑆+𝑆̂𝑆− + 𝑆̂𝑆−𝑆̂𝑆+ = 2 𝑆̂𝑆𝑥𝑥2 + 𝑆̂𝑆𝑦𝑦2 → �𝑺𝑺2 =
1
2 𝑆̂𝑆+𝑆̂𝑆− + 𝑆̂𝑆−𝑆̂𝑆+ + 𝑆̂𝑆𝑧𝑧2



INTRODUCTION quantum

ℋ = 𝐽𝐽𝑺𝑺𝒂𝒂𝑺𝑺𝒃𝒃

 hyperfine interaction between electron and nuclear moments

 exchange interaction in a dimer

Cu(OAc)2

image source: wikimedia.org
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ℋ = 𝐽𝐽𝑺𝑺𝒂𝒂𝑺𝑺𝒃𝒃

 hyperfine interaction between electron and nuclear moments

 exchange interaction in a dimer

Cu(OAc)2

𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕 = 𝑺𝑺𝒂𝒂 + 𝑺𝑺𝒃𝒃 |2

𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕 2 = 𝑺𝑺𝒂𝒂 2 + 𝑺𝑺𝒃𝒃 2 + 2𝑺𝑺𝒂𝒂𝑺𝑺𝒃𝒃 → ℋ =
1
2 𝐽𝐽 𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕 𝟐𝟐 − 𝑺𝑺𝒂𝒂 𝟐𝟐 − 𝑺𝑺𝒃𝒃 𝟐𝟐 stot stot(stot+1) E ms

(↑)(↓) 0 0 -3J/4 0

(↑)(↑) 1 2 J/4 -1,0,1
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2 𝐽𝐽 𝑺𝑺𝒕𝒕𝒕𝒕𝒕𝒕 𝟐𝟐 − 𝑺𝑺𝒂𝒂 𝟐𝟐 − 𝑺𝑺𝒃𝒃 𝟐𝟐 stot stot(stot+1) E ms

(↑)(↓) 0 0 -3J/4 0

(↑)(↑) 1 2 J/4 -1,0,1

E

J

| ⟩0,0

| ⟩1,−1 | ⟩1,0 | ⟩1,1
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