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This Class

" |ntroduction (Week 1)

" Materials and Crystal Structures (Week 2-3)
® Electronic Properties (Week 4-12)

®" Thermal Properties (Week 13)

= Optical Properties (Week 14)

= Magnetic Properties (Week 15)

a7 Origin of Magnetics
o Diamagnetism, Paramagnetism, Ferromagnetism
0 Superconductivity
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References

" https://cse.umn.edu/irm/1-definitions-and-units

" https://www.britannica.com/science/magnetism/Mag
netic-properties-of-matter
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History of Magnetism

lodestone compass
BASRA G2
Greek China
600 B.C. 1100 A.D.

Wikipedia S
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Applications of Magnetism

Wind Turbine

1. “-;B(Ezﬂmuqumﬁ L Z‘:fé?_

ID ticket MagLev Fi22
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Nobel Prizes in Magnetism

= 1902 Zeeman effect

= 1943 Magnetic moment of proton

= 1944 Magnetics of atomic nuclei

= 1952 Nuclear magnetic resonance (NMR)

= 1955 Magnetic moment of electron

= 1970 anti-ferromagnetism and ferri-magnetism
= 1972 BCS theory of superconductivity

= 2007 Giant magnetoresistance

incomplete list ... 7
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Outline

" Maxwell's Equations
0 H,B, M, u,
o Magnetic Susceptibility #{LE »
= Origin of magnetism
1 spin of electrons, orbital angular momentum, external field
17 nuclear magnetic momentum

" Types of magnetism
- Diamagnetism i
o Paramagnetism |l 1%
o Ferromagnetism #k#514
7 Antiferromagnetism & &kt
o Ferrimagnetism gk 14
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Electrodynamics

" Maxwell's Equations

V-D=p,
V-B=0

OB

VxE=—"—

o/

VXH:a—D+J

Ot

Constitutive Relations

AR FHR
B=uuH
D=¢¢E

&y & - Permittivity (dielectric constant)
g =1 for vacuum

& = 8.85*10-12 F/m
Lott, - Permeability

i, =1 for vacuum

Uy =41*1077 H/m
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Electrodynamics

" Maxwell's Equations

V-D=p,
V-B=0

OB

VXE=——

o/

VxH:a—D+J

Ot

Constitutive Relations

AR FHR
B=uuH
D=¢¢E

For magnetic materials
M # 1

10
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Electrodynamics

" Maxwell's Equations
Solenoid (M2 &)

V-D=p,
V-B=0

oB B = 2 s a it
VXE:—E ///4\ ] ,;‘[
N\ Bfield

VxH —a—D+J
Ot B = p,unl

Electromagnet: Magnetic field is produced
by electric currents. (Ampere's law) .,
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Electrodynamics
*= Maxwell's Equations 25::
¢ Magnetic
V.D-— o, field lines
V-B=0
VxE = _8_B
Ot
VxH = a—D +J i
Ot

Our earth is a big electromagnet

12
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Electrodynamics

" Maxwell's Equations

V-D=p,
V.-B=0

OB

VxE=-—"—"

o/

Vtza—D+J

Ot

MANTLE

- “’Gﬁ
i

‘\ l\\ -\
al .--n.‘ r"'\\ ﬂ—s"

L o, pr—
. \ \ = S
ki ’---‘.‘ ’l‘.\\ ’—-‘,\

I

The dynamo mechanism

13
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Electrodynamics

" Maxwell's Equations

V-D=p,
V-B=0

OB

VxE=——

o/

VxH:a—D+J

Ot

How about magnetic materials?

14
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Origin of Magnetism - Old Theory

= Ampere &1, 1826
5 Molecular Currents 4 F8
a7 "magnetism is electricity in motion™

Amperian
Molecular P

currents

iiiii

MAGNET ‘/
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Origin of Magnetism - Old Theory

" However,
7 There are no “molecular currents” at all
1 For a steady solid, all the magnetic moments cancel out

Amperian
Molet P

currents

L3
Q
4
O
O
&

MAGNET

We can only understand magnetism
with quantum mechanics 16
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Origin of Magnetism - Modern Theory

= Magnetic moment of atoms

O

O
m
m

spin of electrons
orbital angular momentum
external magnetic field

magnetic momentum of nuclei (10-3 times smaller than that
from electrons)

H field

e|

Spin

VVY

Orbital all concepts are quantum
mechanics based 17
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Magnetic Properties

For magnetic materials, u, # 1

B = puH=p,(1+ y)H = p,(H+M)

X =1 M= yH

B - Magnetic induction Rt 58 B
H - Magnetic field #1758 &
M - Magnetization #4458 E
x - Magnetic Susceptibility #i{t3

18
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Types of Magnetism

2

" »-Magnetic Susceptibility #{t 2

N

M= yH
" Diamagnetism #i#%E <0 ~10-6
" Paramagnetism JIiifz 4% >0 104 ~10-

" Ferromagnetism gkfi4 7>>0 >10-2

19
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Paramagnetism JifiE 14

= Originated from unpaired electrons

17 Sodium (Na) [1s? 2s2 2p©] 3s’

Na

37 Aluminum (Al) [1s? 2s? 2p®] 3s2 3p!

Al

tv

tv

tv

tv

tv

1s

2S

2p

?

tv

tv

tv

tv

tv

3s

1s

2S

2p

tv

3s

20
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Paramagnetism JifiE 14

= Originated from unpaired electrons

Mt
/\f\» L

NN P11

no H field with H field

M= yH

hua

21
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Diamagnetism Fiz T4

= Originated from paired electrons

Detailed analysis requires

7 He, Ne, Ar, ... quantum mechanics
ve 1] 1] (RN
1s 2s 2p 3s
7 H,, N,, ...
H 4| + H | = HH }
1s 1s 1s

22
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Diamagnetism $hit4

= Originated from paired electrons

o NaCl=Na*c-
e T \\A
w 1 o [N
3s 3p

o Silicon crystal

23
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Diamagnetism fuf 4

= Water (H,0) is diamagnetic

a7 All electrons are paired

http://demoweb.physics.ucla.edu/content/para-and-dia-magnetism

24
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Diamagnetism $hit4

= Water (H,0) is diamagnetic
a1 A frog is lifted by a strong magnetic field (H=10T)

T

N e
R s a
N e
- e e

f

| A. Geim
Nobel Prize in 2010

j Ig Nobel Prize in 2001

o (IRRIEIRK)

A. Geim, Phys. Today 51, 9, 36 (1998) 25
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Diamagnetism vs. Paramagnetism

DIAMAGNETIC

PARAMAGNETIC
H

ua

26



Diamagnetism vs. Paramagnetism
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100:000:1 (very large y) =
iron, cobalt,
10,000 nickel: -
5 ferromagnetic
% 1000} .
x
£ 100 |- -
& Li
L -
i
2 10 -
2= Mg Os
i paramagnetic
1]
E‘* diamagnetic
In
Pb
-- 87 Te l Aug
Cd Hoa Ti1\| <
Sb
Bi
=1,000 & 1 1 1 1 1 I | | -
0 10 20 30 40 50 60 70 80

@ Encyclopeadia Britannica, Inc.

atomic number

27
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Magnetization Curve ##%{t %k

" Bvs.H

B=0 B=,uo(1+;()H B=0

\\ ****Hf.eld \\
/«K"—»f**fT —>/¢K"
% 7 X A A AL % 7 %

no H field with H field no H field

Paramagnetism "
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Magnetization Curve Eééﬂ.’,EEEQ)"Z

= to(1+x)H

B ,

__________________

Paramagnetic

29
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Magnetization Curve #4{t 1%k

B,
B = ﬂo(1 +x)H Paramagnetic Vacuum
x> 0 XY= 0
>
H

30
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Ferromagnetism £kE41¢

" When H = 0, magnetic domains (fZH#5) form with
spontaneous magnetization (B % #%{t)

" Magnetization remains when H is removed

no H field with H field no H field

31
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Ferromagnetism §kf4 14

" Permanent Magnet (7k#{#)
o Fe, Co, Ni (8k, %, 8)
o Alloys: NdFeB (§18k#l]), SmCo (§2%h)

no H field with H field no H field

32
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Ferromagnetism §kf4 14

= B-H curve forms a hysteresis loop (#ir

SRR RIREE 5

Saturation

FISHBERE 5

¢ Remanence

Hr S

Coercive field
..H{_

7[0]2%)

D

0

33
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Magnetic recording

Monopole
Inductive Write Head
Shield

Vertical
Magnetized Bits

Recording
Medium

Soft
Underlayer

https://lencyclopedia2.thefreedictionary.com/P
erpendicular+magnetic+recording

Hard Drive f&;

1

34
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Evolution of Data Storage

Hard Drive 87

'545@ : R 2anes \
I O

= \\\\‘N\\\\\\\\“"\\\\

s l "'.'I |h. ﬁ :=- 4 “\““&t\\:\%&m\@ﬂ\\\\\ \m\\\\\\\\\\\\\ AW O I""‘\.

5 MB >1TB
IBM 1956 Today

35
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Ferromagnets can be Powerful

Be cautious!

https://wonderfulengineering.com/these-15-magnet-qifs-will-show-you-the-power-of-magnetism/

36
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Mini Magnetic Robot

Small-scale soft-bodied robot with multimodal
locomotion

Wenqi Hu'*, Guo Zhan Lum'#, Massimo Mastrangeli' & Metin Sitti'

- WMI =
S 13 pA m?
3
o
" - ﬁ
=) M —>B > M, Model-predicted deflection & M| =
13 A m?
- |

Large deflection

w.-.-1.5 mm

Rotation o

Video

W. Hu, et. al., Nature 554, 81 (2018) 37
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Ferrofluid $KR4RA

= A liquid with ferromagnetic particles

https://link.springer.com/chapter/
10.1007/978-3-319-94427-2 1

1N

https://wonderfulengineering.com/these-15-magnet-qifs-will-show-you-the-power-of-magnetism/ 38




Temperature Effect
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" Magnetization decreases with temperature, because

of increased thermal fluctuation

" Ferromagnet becomes paramagnet when 7> T,

= T_-Curie Temperature EE2F

A

4

o Ferromagnetic

Paramagnetic

T. (°C)
Fe 770
Co 1110
Ni 350
"T

39
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Antiferromagnetism and Ferrimagnetism

" Ferrimagnetism

37373

= Antiferromagnetism & &k

it
it
it

Ferromagnetic
71>>0

tety IRRR
tety tety
tety tety

Ferrimagnetic Antiferromagnetic
X2 < X1 X3 <<

ua

40
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Magnetic Properties of Nuclei

" Protons (.

7

1) and Neutrons (R

A-f) in the nuclei also

have spins that generate magnetic moments

" Nuclei with odd numbers of protons and neutrons
have a net magnetic moment

= yis much smaller (< 1/1000) than those of electrons

Orbital

|
Nuclear @ Spin
(T

Magnetic Resonance Imaging (MRI)

RS R 5

detect 'H atoms 41



Be cautious when doing MRI

Wciags Oriom

= Very strong magnetic field -

\ilit

1=
1]

[Tt

S~ —
Restricted Area

Powerful Magnet
Always On

ICD’s (Implant Cardioverter Defibrillators) and

Cardiac Pace Makers are NOT ALLOWED

Individuals with implants, devices or objects of 2 metallic,
electronic, magnetic or mechanical nature are not permitted into
this area. Injury or death may result.

If yous are unsure if this pertains to you DO NOT ENTER, consult a
radiologist or MRI Technologist.

No loose ferrous (metal) items allowed.
Injury, death or property damage may occur. Cell phones, hearing
aids, POA's and ather slectranic items may be damag

Xing Sheng, EE@Tsinghua
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Summary
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" Maxwell's Equations

O

O

H, B, M, p,
Magnetic Susceptibility f#&{tZ y

= Origin of magnetism
1 spin of electrons, orbital angular momentum, external field

O

nuclear magnetic momentum

= Types of magnetism

O
O
O
O
O

Diamagnetism i
Paramagnetism |l 1%
Ferromagnetism k514
Antiferromagnetism & $k#itE
Ferrimagnetism Y&k 14

43
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Thank you for your attention

44





