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Magnetism and Superconductivity

PYU44P03 J.M.D. Coey 24 (lectures + tutorials)
Moday11, Wednesday, 10 Thursday 10 Weeks 22
U Inntroductorylecture/discussions 4x1hr
U MOOC Short lectures on Magnetism 4x1560

Look at one before lectures 2, 3, 4, 11
> Magnetism lectures 9x ~1hr
2X~1h
9x~1h

> Some recommended-iube videos 3x1 00
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Magnetic Properties of Solids
Books

PYU44P13 J.M. D.Coey12 (lectures + tutorials)

AJmMD Coey:Magnetism and Magnetic MaterialSambridge 2010

A detailed advance@xt..Sectiond.1-.4: 2.14: 3.32: 1.4.13: 5.12: 6.1-2: .7.1.3: 11.1 MAGN ETISM

AND MAGNETIC
o MATERIALS
AStephen BlundeMagnetism in Condensed Matt€xford 2001 7

A readable treatment of the basics.

AJ.Crangle The Magnetic Properties of Solidsrnold 1977: 1990

A short book which treats the material at an appropriate level.

ADavid Jiles Introduction to Magnetism and Magnetic Materials,
Hall 1991; 1997; 2015

A more detailed introduction, written in a question and answer format.

638 pages. Published March 2010
FromAmazon.ddor~u 5 2

Introduction

MAGNETISM
I I

MAGNETIC
MATERIALS
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Magnetism module overview

1. Introduction Lecture 1
1.1 Historical background.
1.2 Magnetization and hysteresis;

Overview

2. Basic concepts Lectures 2,3

2.1 Moments and Magnetization MOOC1.1
2.2 Two fieldsB andH MOOC1.2
2.3 Energy and Force

2.4 Units andDimensions

3. Magnetism of the electror? Lectures 4,5

3.1 Spin and Orbital moment MOOC2.1
3.2 Electrons in a Field

3.3 Magnetism of electrons in solids.

3.4 Localized and delocalized electrons
3.5 Theory of the electronic magnetism

4. Magnetism of localized electrons on the atom Lectures 6,7

4.1 The hydrogenic atom and angular momentum.
4.2 The manyelectron atom.

4.3 Addition of angular momenta

4.4 Zeeman interaction

4.4 lons in solids

5. Paramagnetism

5.1
5.2
5.3

6. Ferromagnetism?3

6.1
6.2
6.3
6.4
6.5

7. Miscellaneous Topics

7.1
7.2
7.4
7.5

Lecture 8
Classical Theory

Quantum theory

Paramagnetisrof metals

Lecture 9,10
Mean field theory

Exchange Interactions.

Ferromagnetic domains

Magnetic measurements

Hard and softerromagnets

Lecture 11
Antiferromagnetism
Ferrimagnets
Spin waves
Spin electronics MOOC2.2
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Video Material.

Since the detailed Magnetism and Spin Electronics Website has been taken rendered inaccessible by IT
services, it will take some time to reinstate it properly.

For this course, the video material you need to, or the appropriate links to it can be found on Blackboard.

0 Four short MOOCs (1506 each) constituting an i nt
recorded professionally at the University of Mainz

MOOC 1.1 Introduction 0 Basic Ideas 1
MOOC 1.2 Introduction 0 Basic ideas 2
MOOQOC 2.1 Electron spin

MOOC 2.2 The way into spintronics

U-tube videos:
https://www.youtube.com/watch?v=Dp4dpeJVDxs
https://www.google.com/search?client=firefox-b-
d&qg=https%3A%2F%2Fwww.youtube.com%2Fwatch%3Fv%3D1TKSTAKWWNO#fpstate=ive&vid=c
d:2acal753,vid:1 TKSfAKWWNO

https://www.google.com/search?client=firefox-
d&g=Magnets%3A+How+Do+They+Work%3F+#fpstate=ive&vlid=cid:5f988f88,vid:hFAOXdXZ5TM
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1. Introduction
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1.1 A little history; Magnetism

Magnetism has changed the world three times

Exploration of The electromagnetic The information
revolution ‘ revolution
s 1 & 0

T 4 1 |

-1000 O 1600 1820 1900 1935 1960 2000
X (@) RY)
& o\& & & & & &
N S & & > &
& S & &> Q- &
< ¢ $ Q &
@‘b&\% Q}‘Z’o ,006 . 309' > -QQ\
Q‘\’ %Q\’

Seven ages of Magnetism
www.tcd.iéPhysics/Magnetism/Guideagmomentphp
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1.2 The Three Magnetic Revolutions

1 - The Compass

A Pr i ngunpawderand the compass Thesethree havechangedthe wholeface and
state of things throughoutthe world; the first in literature, the secondin warfare, the
third in navigation whencehave followed innumerablechanges,jn so muchthat no
empire,no sect,no star seemdo have exertedgreater power and influencein human

affairs thanthesemechanicaldiscoverie
Francis BacomNovumOrganum 1620
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Carved Lodestone

0South p

ShenKua ( ) reportedhow to make
magnetizedron needlesn 106Q and he
describedhe suspendedeedlecompass
in 1088 Thermoremanencandinduced
magnetizationwerediscoveredn China

The English monk AlexanderNeckham
working at the University of Paris,gives
the first European account of the

compassn 1190

PYU44P13 2023
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MING CHINAR 1368 - 16444

1Z52  Ming dynasty e=t. at Manking
1421 Capital mowed to Peking

1522 Mongol incur=sions and

to Japanese sea pirate o
1566 attacks

|| china 1400

1371-1432

Tangut=

Tibet

Cheng-hao's nawal
expeditions 1405-33

} JAFAM
Jeda
K arakarurn 1597 - 1
Peking Kyoto
Silk road A r * Magaszaki
i Manking

Hangohuow

Japanese sea
Lo pirates=

Fhilippines=
Sp.1564d

Sigm
dyuthia

FMogadizhu

Tk
-

~ Yongl eEm peror

120m Treasure ship

Chinese}
compass
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Cana.

—r Bahama ls.
A0,

-~
-

Hispaniola

prE T

: 1492
Christopher Columbus

1452 - 1506

Portuguese compass 18" century.
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The beginnings of modern Science

GVILIELMI GIL

BERTI COLCESTRE N-
SIS, MEDRICI LONDS
NEMBIY,

DE MAGNETE MAGNETE

CISQVECORPORIBYE, ETDEMAG
DO MageTe wikere mlyiuk:“u (ouid

ey F SrpRmRIT , P 5
listzss Joooadlewa,

LosDINT
BXCYDEBAT Pavavs Suoar ANNO
ubho

Experiments on lodestone
terellae led William Gilbert
to conclude in 1600 that
Magnus magnes ipse est
globus terrestris

PrPYW4Re3 2023
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Magnetic exploration of the Earth for much of the 18th century was
motivated by the desire to solve the longitude problem

Edmond Halley led three
research voyages from 1698
MTnam G2 YI LJ
magnetic field.

A large lodestone presented to
TCD in 1724 for experiments|in
natural philosophy

The horseshoe magnet
popularized by Daniel
Bernouilliin 1743 was a clever
solution to the problem of
selfdemagnetization

PYU44P13 2023 14



2 - The Electromagnetic Revolution

AFrom a | ong view of the history of mai
significant event of the 19th century will be judged as Maxwéiscovery of the laws
of electrodynamics. o

Richard Feynman 1970

PYU44P13 2023 15



The electromagnetic revolution; 1820 to 1905

Hans ChristiarDersted
1777- 1851

Oe r s famai® 1820 experiment
showed that a curreigtarrying conductol
created a field everywheperpendicular

to the wire

R )

PYU44P13 2023
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Within a week of the news reaching Paris in August 1820 Andre-Marie Ampere and
Francois Arago showedthata currentcarryingcoil actsasa magnet,especiallywhenwound
into a solenoid Ampere measuredthe force betweenconductors,and proposedthat huge
internalelectriccurrenty amperiarc u r r everdresponsibldor themagnetisnof iron.

Laplace| = - §
Poisson| = e ==
Fresnel 88 -
Fourier
Biot
Savart

—_ hWagnetic
m - / /4 field strength
=14AFm

PYU44P13 2023 17



It was a field day for experimentalists. The most intuitive and talented of aMwasel
Faraday, who made a simple motor, discovered electromagnetic induction in 1831 ar
found a connection between magnetism lagitt (magneteoptic Faraday effect).

Faradayos €l ectromagnet

PYU44P13 2023 18



A torrent of discoveries ensued:

1820 Oersted discovers the magnetic effect of electric currents
1821 Ampere attributes the magneti sm
1821 Faraday builds a primitive electric motor
1825 Sturgeon invents the first pracical electromagnet
1831 Faraday discovers electromagnetic induction
1833 Gauss and Weber build a telegraph more than 1 km long, with a galvanometer as the rgec
1845 Faraday discovers paramagnetism and diamagnetism
1847 Helmholtz states the conservation of energy in a general form
1858 The first transatlantic telegraph cable
186473 Maxwell formulates the theory of electromagnetism
1869 Gramme invents a practical dynamo
1879 Swan invents a practical incandescent bulb
1881 First public electric railway demonstrated in Berlin
1882 First hydroelectric power station
1885 Morse code
1887 Hertz generates and detects radio waves
1887 Michelson and Morely fail to detect the motion of the aether
1888 Tesla invents a practical AC motor
1890 Ewing describes hysteresis
1895 Curie describes the temperature variation of paramagnetic susceptibility
1896 Marconi patents the radio; transmits radio signals across the Atlantic in 1901
1898 Valdemar Poulson invents magnetic recording

PYU44P13 2023 19
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Maxwelld equati onsé

V.B=0 VB=0
&V.E=p V.D =

Y ~FP ok

VXB =po( +&57) VXH=j +¢&—-

0B JB

T VXE =5

éin free éSsmaaomtt e

In freespacetwo fields, E (N/C) andB (T) areneededin mattertherearefour.
Thetwo magnetidields B (T) andH (A/m) arerelated |B = my(H + M)
\

Thefields arerelatedto the chargedensityr (C/m3),and o
o : Magnetization
the currentdensityj (A/m?) ata pointandtwo constants M = m/V

c=1 &,m)| c=2.998< 1 m/s (velocityof light)

Also, the Lorenzforceonamovingchargeq, velocity v

F=q(E+v3 B) M= 4 107 T m/A
=8.8510CV/im

21
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3. The Information Revolution

PYU44P13 2023
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Magnetism Understood1905- 1930

The 1930 Solvay conference celebrated our understanding of magnetisn
terms of quantum mechanics (exchange) and relativity (spin)

Them - J paradigm:

m represents the
magnetic moment,
mainly localized on
theatoms

J represents the
exchange coupling of
electronspins

Dirac | Heisenberg

At this point it seems that the whole of chemistry and much of physics is understoo
principle. The problem is that the equations are much to difficult to sdh#& M. Dirac

PYU44P13 2023 23



Magnetism and semiconductor physics are the two pillars supporting information
technology.

_ 10x 10?1bytesof new information argenerated
Information Age every year, Mogreticaly s st
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Magnetic recording is the partner of semiconductor technology in the information
revolution. It provides the permanent, nonvolatile storage of information for
computers and the internet.l exobit(10%bits) of data is stored

o8 < perpendicular
Supserparamagnstic Effect
104 TMR
Travelstar \ ©y) ,
10° _
Spitfire Ultragtar 2XP
i Allicat —__
£ 102 Corsair—
% 3380K 339047 GIVIR
= 3380E 3390/,
2 10 3380 o
e
D
9 100 year capcity platters size rpm
(487
@
< 1955 40 Mb 50x2 24 1200
-1
10 2005 160 Gb 1 25 18000

AMR GMR TMR
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,«4» A Server-

’ Facebook have

30,000 of them

""

-
-

All the
Information
accessed with
web browsers is
stored as
magnetic
records on hard
discs in servers.

@

rAAY
o, |

O
N
\
A ' X
R N

|

=

. This is what
- '. = the ficlou
— v D TN W lookslike
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1.4 A little history: Superconductivity

Superconductivity has not yet changed the world

Discovery BCS Theory
-1000 O 1600 1820 1900 1935 1960
2000 Q
S &
¥ &
Ny S
<& <¢
04« '\309
$ RS

Two eras of Superconductivity

PYU44P13 2023
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1.5 Modern Breakthroughs
Th? shape barrier broken: 195

ShenKwa 1060

GowindKnight 1760

Mishima 1930 i
Philips 1952

For centuries, magnets had to be made in awkward shapes, to avoid demagne

DanielBernouilli 1743

PYU44P13 2023 28



The hysteresis loop (hard magnet)

Load line; slope -1/N
\\<V =0.5 A M (Am-l)

H (Am1)

Any macroscopic magnet
exhibiting remanence is in

Hyee-N M a thermodynamically-
metastable state.

Magnetostatic energy E . = Y2V Y M2

PYU44P13 2023
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The hysteresis loop (hard magnet)

Load line; slope -1/NV
\\N =05 A M (Am'l)
\\\ MS‘

H (Am1)

Any macroscopic magnet
exhibiting remanence is in

H, se-N M a thermodynamically-
metastable state.

Magnetostatic energy E, . = %2/ pyM?

PYU44P13 2023
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Coercivity

Hard -7 =/ 107
Sm‘CQNd’—Fe .
o — 10
N Ba Terrlte . Co—cr . - 105 “é
nlcn-
Lodestone YF 2™3 — 10¢ 5‘6
___________________________ Co steel _, T
W, Cr steel —10° =
Iron Steel Steel £
_-_-__-hh_""'-l..r_nn — 102 E
* NiZn ferrite , 9
--NiFe 119 ©
=-Ni—Fe-Mo - 1
"*--.aFe—Co-B
* Soft --._‘hu‘ —1 10~
1 1 |
1000 1900 2000
Year

The story of magnetic materials in the 20th century was the story of mastagroivity.

1< H. < 1A mt 1 <H.<210Ami
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2. Basic ideas

This section introduces the magnetizatdrand the two magnetic fields

B andH. These are vectors which are defined at every positioa
solid.

It is assumed that therens timedependencd.e. we are in the
magnetostaticegime

Units and dimensions in magnetism are discussed.

View theMOOC 1.1 beforethe lecture. We begin wittmagnets

PYU44P13 2023
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2.1 Magnets and magnetization

The mesoscopic average magnetization

0.03 An? - 1.1Am?
-

3 mm

10 mm

MOOC 1.1 13

25 mm

17.2Am?

m is the magnetic (dipole) moment of the magnet & it is proportional to volume

m=MV

/

magnetic moment \
magnetization

™

volume

If they are made of N#te ,B

What are the moments?

Magnetic moment is a property of a particular magnet. 9
Magnetization is the property of the material. [Am

(M A1 MAMY
Alm

PYU44P13 2023
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Each magnet creates a
field around it. This acts

Magnetic moment; a polar vector

onanymaterial in the

vicinity but strongly with

another magnet. The

magnets attract or repel

depending on their
mutual orientation.

- = | Weak repulsion

- ® |Weak attraction Tetragonal

« « |Strong attraction crystal axis IS
the axis of

«K -

Strong repulsion

magnetization

&flﬁg

&

LR e

Nd,Fe, B
4 |
‘qq; .

¢, ,&-
A

&

000

ﬁ,

PYU44P13 2023
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area of the |

Units

Ampeére (1821)- A current loop
or coil is equivalent to a magnet.

oop

m = nlA

number of turns

10,000 turns

10,000 A

1A K
JE

What do the units mean?
miT A m?
M7 Amtl

m_

Right-hand corkscrew

Permanent magnets wirl
over electromagnets at
small sizes

PYU44P13 2023
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Magnetic fieldH due to a current

In free spac® = p,H

Vo Righthan screw
The relation between electric current and magnetic field
was discovered bians-Christian Qersted(1820). Earths f i el dl a
-, Derive from M3 Integratior™Rath
®H.d =1 | Ampere s law (slide 21) S
H —_— I/2pr + W A A AT AT AR AT AT AT
St o kThabrem
f1=1A,r=1mm
H=159Am! long solenoid wit

turns m! H=n |

PYU44P13 2023 37



Magnetic field due to a momemh

€ Dipole field

0 ~ w2 A
B 1T 7 CAl-9» OFEiw

It is Independent of 7

Note: The field is anisotropic: A&, Oa r gnthe axis, it is twice as

bi g &6 a tmperpendicularto the axis, and oppositely directed.

PYU44P13 2023
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Magnetic field due to a momemh; Scaling

l

\V/;A
g
-ﬁA\w

Just like the field of
an electric dipole

Why does magnetism lend itself t
miniaturization ?
r H, = 2Ma3/4pr3 *

H= (m/4pr3){2cogye - singe,}

Estimate the average|
magnetization of the

Earth. ¢, = 6400 km) Magnet-generated fields just depend oM.

Ifa=0.0lmyr=2a,M=1MAmM!?
= M/16p & 20 kA m

They are scaleindependent.

PYU44P13 2023 39



2.2 Magnetization curvesHysteresis loop

M
A M
spontaneous magnetization |
— < — 7 (N
\Mr rémaneénce -7
. virgin curve
COoercivity n, . L H
. Initial susceptibility
I
—— —— — >
— _J=- == e
L.f;i-:_S) S04
major loop

The hysteresis loop shows the irreversible, nonlinear responderobmagneto a
magnetic field. It reflects the arrangement of the magnetization in ferromagnetic
domains A broad loop like this is typical ofl@ard or permanentagnet.

PYU44P13 2023 40



Soft magnets

A softor temporarymagnet shows almost A M
no hysteresis.

Susceptiblility is
defined asc = M/H

M

S

Slope here is the initial
susceptibilityc, >1 —

H
A/ \
Mg (MAmM) | T (C) Applied field
Fe 1.71 771
Ni 0.49 355
Fe,oNig, 0.83 570

Iron, nickel andpbermalloyare softferromagnetsThey have cubic crystal
structures with no unique easy axis of magnetization.
Spontaneous magnetization diearomagnetisappears above its Curie poing,. T

PYU44P13 2023
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SETTD LR
T Magnetic Periodic Table Fe
1.00 4.00
Atomic Number — GGDS? :
—% ~— Atomic symbol e N N N N SVarrrem
SLi o 162.5 f+— Atomic weight °B 6C N 80 °F| 1°Ne
6.94 Typical ionic change —] 3 +4f° 10.81 12.01| 14.01| 16.00 19.00|  20.18
1+ 254 Antiferromagnetic Ty(K) — 9 Ferromagnetic T(K)
> < N AN N % > <
1INQ) ( 1BA|Y 14SjY 15pY 165 17Cly 18Ar
22.99 26.98 28.09 30.97 32.07 35.45 39.95
1+ 3s9 3 +2pb
>_< Y Ve Y Y \> < <> <> <> <>
38.21 44.96 47.88 50.94 55.85 58.93 58.69 63.55 65.39 69.72 72.61 74.92 78.96 79.90 83.80
1+4s0 3+3d°] 4+3d°| 3+3d3 CESCHEIESCHRNVERChE 2 +3d°] 2+3dq 3+ 3d
> A N T T T T o G A S AT S i
37R 388r 39Y 4OZr 41Nb 42M0 43TC 47Ag 48ca 49|n SOSn 5lsb 52Te 53' 54Xe
87.62 88.91 91.22 92.91 95.94 106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 83.80
1 + 55 2+5s9 2+4d°|] 4+4d°] 5+4d°| 5+4d! 2+4d8| 1+4d9 2+4d9q 3+4d9q 4 +4dY9
> TE R WY TN T M o T e
55Cs 56Ba 57La 2HfY 73Tal 7AW %09 Ir 8Pt] 7°Au 80Hg 81TIY 82Phl 83Bi[\84Po
132.9 137.3 138.9| % 1785 180.9 183.8 186.2 190.2 192.2 195.1 197.0 200.6 204.4 207.2 209.0 09
1+6s9 2+6s% 3+4f0 4 +5d9 5+5d 6+5d9) 4+5d3 3+5d] 4+5d 2+5d8] 1+5d94 2+5d9 3+5d49 4+5d?
(
87Fr 88Ra 89AC
223 226.0 22700 -,
2+ 7s° 3+ 50 ( R
L 8Cel 59PrY 60N 61pm 62Sm 63EY 64Gd 6’"Ho 71|_m
140.1 140.9 144.2 150.4 152.0 164.9 167.3 168.9 173.0 175.0
4 + 4f° 3+ 4f? 3 + 4f3 3 + 45 2 + 4f7 3 + 419 3+4f1]  3+4f1] 3+ 4fY4
-\
>
OTHY 21Pal 92U 93Np
232.0 231.0 238.0 238.0
| 4+5f°| 5+5f 4+5f7 5+5f
{
:] Nonmetal Diamagnet - Ferromagnet T > 290K
:] Metal D Paramagnet DAntiferromagnet with T, > 290K
[S] Radioactive BOLD J Magnetic atom G Antiferromagnet/Ferromagnet with T/T <290 K

PYU44P13 2023
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Paramagnets, diamagnets & antiferromagnets

Onlfy a few elemen(tg an;:lhalloy@@@@ CIOI0IO OIOIOIO;
areterromagnetic. (See the Ordered T<T
Magnetic Pgeriodic Table). %%%% %%%% %%%% C
The atomic moments in a

ferromagnebrder spontaneousl@@)@@ HOO® ®®®®

parallel to each other Ferromagnetic  Antiferromagnetic ~ Ferrimagnetic

Most have no spontaneous UOLGIO, |
magnetization, and they show QIGIOIS Disordered T > T,
only avery weak responsdo a QlOIGIG)

magnetic field.M =cH &HO®E

Paramagnetic

A few elements and many oxides
areantiferromagnetic. The Here ¢| <<1 M
atomic moments order Ic| is 10%- 10 ) Paramagnet

spontaneously antiparallel to / H
each other. / >

PYU44P13 2023 43



Mass susceptibility (m3 kg—l)

Susceptibility of the elements

|
()]

FeCoNi
-6 @
+10 E 0
E °®
-, # o .PrNd
+10 - Mn - ° o
E ® Y Pd
R Cr °
-8 o ©° s o®
+10 3 00 ® ca TV R Bal2
Li NaMgh! > Ru
Rb
®
Mo
@
®
Cu® 5 @ e®;,
e
- a 0040 & ° AgCd S °o,
AsSeBrKr 7 .Te I Xe
Sb
= e sz & s s S ) P T R I P < i &
30 40 50 60

Atomic number
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2.3 The magnetic fields fiel8saandH: mooci.2 16
TheB-field

B Is the primary magnetic field. It satisfies Maxwasllequationgiide 21) M1

bB=0 The vector operatd® means Kx Kk O/ Oy, O/ Oz
'D . is the divergenceal(v) of a vector.
The scalar produ® B =KB,/ Ox H# OYBA OD

b B = 0can be written in integral form ovanyclosed surface &s

nB.dA =0 Gausss law

In other words the flu¥ (= BA) through any closed surface
IS zero.B is sometimes called magnetic flux density. The Ii
ofBf orm compl ete | oops. Therje
Units of B are Tesla (T).

PYU44P13 2023 47



Typical values d in free space
(for Hin A m! multiply by 800,000)

Permanent magnets 0.5)§ Superconducting

Magnetarl 02T Electromagnet 1 T magnet 10 T

PYU44P13 2023



2.3 The magnetic fields fiel8@saand H:
TheH-field
The other Maxwell equation fdd Is M3
ps3 B:n])(j +eo|1E/|1t)_ 'D 3' is the rotation (curl) of a vector,
D3B = e B OB,/ Oye)( BY OB/ Oza,( BY OB/ Ox)

In a static situation

D*H=m]
The equivalent integral formulationAsmp e r e 0 9 n?;n‘;;ae W ﬁIT
AB.dl = rTb| gtilrzt;irrﬂnn f
A different formulation is th@iot-Savart Law, which | I¢curen f-
gives the field due to a current element v '

[B=m1tlxr/ 4¥]|r MlandM3 follow

Field at thecentreof a current looB = 1 l/2r.

PYU44P13 2023
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The current density=|. + J,,, Whergj.is theconduction current density, anc
jy=D3*M
IS the current density associated withrtignetization
The problem is that we can measpreut we have no way to measuyye
Since
b3 B 1P?lo(jc'l_jl\/l)
it follows that
b3 (BlHpcM)=j.

We just define
H= B/ly-M)

or

H has the same units &k
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Now we can retain Ampere's law for the fieélg which does not depend
on the unmeasurable currengs

In point form,
B2 H =,

or in integral form

TheH-field is not solenoidal, becauBs;  1tdoes not always hold.
In factb8; mwhereve® .M 0, which means that the-field will
have sources (or sinkg.g. at the surface of a magnet (these are the
famous Nort h O6and S0 urahg néepo)l e s
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In free spaceyl = 0 and theH-field is simply proportional to thB-field.
There is no significant difference between them.

Permeabillity u is the ratiB/H.  Susceptibilityc isM/H p = p0O(1
+C )

Uy IS the permeability of free space.
In free space B bH o= £ 107TmA' 1 T a 8070

Note the 3-flelo reatedotonty by conduction currents. Any
piece of magnetlzed material createdHafreld both in the space around
It andwithin its own volume

Generally the field at a pointi$ = H, + H,, whereH, is the external
field, andH is the field created by the magnet itself, which is known as
the stray fieldoutside the magnet, and themagnetizing fielthside the
magnet.
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B, HandM in and around a permanent magnet

The general relation betwe&aH andM is

e e

i -
< I >> I} “

WY Y
/N W/

We call theH-field due to a magnet stray fieldoutside the magnet
- demagnetizing fielH,) inside
the magnet

P
.

=

ril

T
;7
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Potentials foBandH

Vector potential foB

It is convenient to derive a field from a potential, by taking a spatial

derivative, for example
E(r) =-D] (1)

wherej (r) Is the electric potential. Any constgnjcan be added fo(r).
For B, we know from Maxwells equation that Ml

b. B(r) =0.
Using the vector identity
b.bs3 A(r)=0,

we can derivd3(r) from avector potentialA(r),

B(r) =D 3 A(r)

Thegradient of any scaldrcan be added tA (a gauge transformatign
because

b3 bf=0.
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Scalar potential foH

GenerallyH(r) cannotbe derived from a potential.
In a static situation it satisfies

b3 H=j,
Whenno conduction currentare present,

b3H=0,
we can use

b3 bf=0.
to get

H(r) = -] (1)

In these special conditions, it is possible to deHye from a magnetic scalar
potentialj ,(r).

We canimagineth&dii s produced by the dhat g
l.e. North and South poles.
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Boundary conditions faB and H

At any interface, it follows from Gauss law
fiB.dA =0

that theperpendicular component 8fis
continuous

|t foll ows from Amp reds | aw
AH.dl=1=0

that theparallel component dfl is continuous,
l.e.there are no conduction currents on the surface.
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Demagnetizing field in a materiaH

The demagnetizing field is the field produced by the magnet in its own volun
It depends on thehapeof the sample and the direction of magnetization.

For simple uniformlymagnetized shapes (ellipsoids of revolution) the
demagnetizing field is related to the magnetization by a proportionality facto
N known as th@lemagnetizing factofhe value of/ can never exceed 1,

nor can it be less than 0.

Hy=-N M
More generally, this is a tensor relatiow. Is then a
3 x 3 matrix, with trace 1. That is

— demagnetizing
Ny+Ny+N,=1 field

Note that the internal fieldl is always less than the applied
field H(BInce

H=HGCN M
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Demagnetizing factaN for special shapes

N =0

Long needle,M parallel
to the long axis

HO

Thin film, M parallel
to plane

-

Toroid, M perpendicular
tor

N =1/3

N =1/2

Sphere

.|

Long needle,
M perpendicular
to the long axis

N =1

'@

Thin film,
M perpendicular to
plane
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When Is the demagnetizing factbr approximation exact ?

BH M)
l 0.64
0.50
0.39

0.24

0.13

Two uniformly magnetized shapes with ygM =1 T and N = %2, an ellipsoid
of revolution (left) and a cylinder (right).
The approximation is exact only for the ellipsoid of revolution. H; =-0.5T
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2.4 Magnetic fields Internal and applied fields

The internal and applied fields aretthe same. If they were, any
applied field would instantly saturate the magnetization

Consider a thin film of iron.

Iron

Substrate

. M

(™

Field applie

Field applied
Atofilm |

M

S

HO
»

H

=H +H,

/

Internal field

Demagnetizing fie

Applied field

The magnetization is a respon
to theinternal field

HenceH, = O during the

magnetization process

Id

E
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DanielBernouilli
1743

The shape barrier

Shen Kwa

Gowind Knight
1760

T. Mishima
1931

A N =0.5
New icon for permanent magnefé!-
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The shape barri@mvecomé

Hy=-N M ‘ \Load ne M (am)
=T~ =D
IS AL \
A\ f/ﬁ/hH\
)
Zlli\l

The working point of the magnet is always in the second quadrant.

-
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2.5 Energy and force on a magnetic moment

wlin free space an external figdd(or H ,), created by conduction currents or magnets or
both, interacts with a magnetic momemand modifies its energy:

- B
€=-m.B (i.e.- |m||B|cox)
wDifferentiating gives the torqué = - . m
G=m3 B (i.e. m||B|sinq) (the compass Is an example)

Notethe momenprecessearound the field whem is not parallel td. The magnetic
moment is due to electric currents, and the Lorentz féerae a moving electron
[F =-e(v3 B)] is perpendicular to its motion, and thereforettital energy does not change

The magnetic moment is analogous to a spinning top, vpnedessewhen acted on by a
gravitational torque. The magnetic moment is proportional to an angular monmientum

m= gl where is the gyromagnetic ratio

wThe force on a magnetic momént -DE =BD(m . B) depends on the field gradient
There isno net forcan a uniform field.
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B(H) hysteresis loop

Engineers usually show tlis§H) hysteresis loop, rather than tkiéH) loop.

They are related bg = m(H + M). The highfield slope, whem is
saturated, sy,

slope =m

B (T)

Note 1 gH.1 H.

Note 2 Energy

product BH),,.,
cannot exceed

(1/4my)B2

H(Am)

PYU44P13 2023

64



Some expressions involviiy

F=qE+v? B) Force on a charged partiae

F=Bil Force on currentarrying wire

emf= -nAdB/dt Faradags law of electromagnetic induction
J=-m.B Energy of a magnetic moment

F=DPm.B Force on a magnetic moment

0d=m x B Torgue on a magnetic moment

Note: WheneveH interacts with matter, jJcomes in.

https://www.youtube.com/watch?v=1TKSfAKWWNO
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A note on units

Magnetism is an experimental science, and it is important to be able tc
calculate numerical values of the physical quantities involved. There is
a strong case to use Sl consistently

U Sl units relate to the practical units of electricity measured on the
multi-meter and the oscilloscope

U Itis possible to check the dimensions of any expression by
Inspection.

U They are almost universally used in teaching
U Units of B, H, F or— have been introduced.
BUT

Much literature still uses cgs units. You need to understand them toc
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Sl /cgsconversions

S| units Cgs units
[ |5

m An? emu

M  Amt (103emu cdh) emu cct (1 kANt

0 Am2kg?! (1 emu g emu gt (1 Anfkg?)

H Am! (41000 aO€. 0detshed (100048 80 A

B Tesla (10000 G) Gauss (10 T)

F Weber (Tnd) (16 Mw) Maxwell (G cn?) (108 Wh)
dF/dt V (10° Mw s?) Mw st (10 nV)

G - (4" cg9 - (/4 SI)
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Dimensions

Quantity Symbol  Unit m [ t i 6  Quantity Symbol  Unit m It i 0

Area A m? 0 ) 0 0 0 Enthalpy H J 1 2 -2 0 0

Volume v m? 0 3 ORENOEENON r g JK™! L2z =2 & -l

elloery ’ B 0 1 1 0 0 Specific he'flt C J K:i kg™! 0o 2 -2 0 -1

Acceleration a ms—? 0 1 -2 0 0 Heat capacity . ¢ 1K b2 =2 0l
] Thermal conductivity K Wm K™} 1 1 -3 0 -1

Density d kg m™> 1 -3 0 0 0 Sommerfeld coefficient  y Jmol/'K°' 1 2 -2 0 -1

Energy € J 1 2 —2 0 0 Boltzmann’s constant kg JK! 1 20 =0 (]

Momentum p kgms™! 1 1 -1 0 0

Angular momentum L kg m? s7! 1 2 -1 0 0

Moment of inertia I kg m? 1 2 0 0 0

Force f N 1 1 =2 0 0 The dimensions of any physical quantity can

Force density F Nm b=z =2 00 be expresses as a product of the dimensions

Power P W 1 2 -3 0 0 . "

Pressure P Pa . -1 -2 0 o of some fundamental physical quantities.

Stress o N m—2 I -1 -2 0 0 These are, in the Sl system

Elastic modulus K N m™? 1 -1 -2 0 0 MassT m

Frequency f 5! 0 0 -1 0 0 Length 7 |

Diffusion coefficient D m?s~! 0 2 -1 0 0 . .

Viscosity (dynamic) n Nsm™ 1 -1 -1 0 0 Time | t )

Wiy v i 5 0 2 -1 0 o0 Current i |

Planck’s constant h Is 1 2 —1 0 0 Temperature Td e.g Area 1 |2

Density i m | -2 etc.
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Quantity Symbol  Unit m t i 0 Quantity Symbol  Unit m [ t i 0
Lt I £ b v 1 0" Magnetic moment m A m? 0 2 0 1 0
Sl ey J Am™ 0 =2 0 ! 0 Magnetization M Am™! 0 -1 0 1 0
Charge q C 0 0 1 1 0 . 5 1
Potential v v | 3 0 Spec1ﬁc. moment o Am 1kg —1 2 0 1 0
Electromotive force < v 1 2 3 _1 o Magnetic field strength ~ H Am~ 0 -1 0 1 0
Capacitance C F -1 =2 4 2 0o  Magnetic flux @ Wb 1 2 -2 -1 0
Resistance R Q 1 -3 -2 0  Magnetic flux density B T 1 0O -2 -1 0
Resistivity o Qm 1 3 -3 =2 0  Inductance L H 1 2 =2 =2 0
Conductivity o Sm™! =l =3 3 2 0  Susceptibility (M/H) X 0 0 0 0 0
Dipole moment p Cm 0 1 1 1 0 Permeability (B/H) w Hm™! 1 1 -2 =2 0
Electric polarization P Cm™? 0 -2 1 1 0 Magnetic polarization J T 1 0 -2 -1 0
Ellgsiinio fitzld E \ m;l ! Loes 0" Magnetomotive force F A 0 0 0 1 0
Ezzgiz giflacement z g m g _3 i i g Magnetic ‘charge’ qm Am 0 1 0 1 0
Permittivity e Fm! s 4 g [ ey i) Jm™ =t =2 v
Thermopower S VvV K-! 1 > 3 1 —1 Anisotropy energy K Jm™3 1 -1 =2 0 0
MOblllty m m2V-1g! -1 0 7 1 0 Exchange stiffness A J 1’1’1_1 1 1 —2 0 0
Hall coefficient Ry m? C! 0 3 -1 -1 0
Scalar potential @ A 0 0 0 1 0
Vector potential A Tm 1 1 -2 -1 0
Permeance P, Tm?A~! 1 2 -2 =2 0
Reluctance R, AT 'm? -1 =2 2 2 0
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Examples

(1) Kinetic energy of a body: ¢ = mv?

[e]=1[1,2, —2,0,0] [m] =[1,0,0,0,0]
2[0, 1,—1,0,0]

[v*] =
[1, -2,-2,0,0]
(2) Lorentz force on a moving charge; f = gv x B
[f1=1[1,1,-2,0,0] [¢g] =[0,0,1,1, 0]

[v] =[0,1,—1,0,0]
~[1,0,-2,—1,0]

Bl =
- [1,1,-2,0,0]
(3) Domain wall energy y,, = «/AK (y, 1S an energy per unit area)
[v,]=[eA7"] [VAK] = 1/2[AK]
—[1,2,-2,0,0] [VA] = 3[1,1,-2,0,0]
1, —1,-2
_[0’2’0,0’0] [\/K]Zl[’ ’ ,O’O]

5 [1’ Oa _29 O’ O]
— 1.0, —2,0,0]
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4) Magnetohydrodynamic force on a moving conductor F = ocv X B X B
g y y g
(F 1is a force per unit volume)

[F1=[FV~'] [c]=[—1,-3,3,2,0]
—[1,1,-2,0,0] [v] = [0, 1, —1,0, 0]

~[0.3,0,0.0] 5] — 2[1,0, —2, —1, 0]

[1,—2,—2,0,0] [1,—2,—2,0,0]

(5) Flux density in a solid B = uo(H + M) (note that quantities added or
subtracted in a bracket must have the same dimensions)
[B] =[1,0,—-2,—1, 0] [wo]l = [1,1, =2, —=2,0]
[0, —1,0,1, 0]

(M) 1H] = [1,0, -2, —1, 0]

(6) Maxwell’s equation V x H = j + dD/dt.
[V x H] =[Hr '] [j1=1[0,—-2,0,1,0] [dD/dt]=[Dt"']

= [0, —1,0, 1, 0] = [0, —2,1, 1, 0]
—[0,1,0,0, 0] —[0,0, 1, 0, 0]
= [0, —-2,0, 1, 0] = [0, —2,0, 1, 0]
(7) Ohm’s Law V = IR
=11,2,-3,—1,0] [0, 0,0, 1, 0]

+1[1,2, -3, —-2,0]
=1[1,2, -3, —1, 0]
(8) Faraday’s Law & = —d® /0t
=11, 2, -3, —1, 0] [1,2, -2, —1, 0]
—[0, 0, 1, 0, 0]
=1[1,2,-3,—1, 0]
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Calculation of the field of a dipole (current lgop

At point AT magnetic field above theenterof a perfect square loop (B

UseBiot-Savart Law Also note:
UB=mIUxr/ 43 r

sine=d/2r m=I1(d)?

A _ Add up the four contributions
s Bp=(4 Mo l/4 ") drsine from each part of the loop and
evaluate the cross product

r Ba= (4 Yy l/4 " 30 drdl2r Substitute the expression fgineas
m given in the greenbox
dl : _
)/// . /. B B, = (2 U, /4~ 3r) d?2 T|dy the expression
I
By =2t Use the fact from the green box
Hence : 47 3 m = 1(d)2
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Calculation of the field of a dipole (current loop)

At point BT magnetic field outside in line tlemnterof a perfect square looBy):

UseBiot-Savart Law
UB=mlUxr/4 r

Here we first must work out the contributis
to the magnetic field at point B due to ea
part of the loop separately.

DN
ch

Note that for 1 & 3] mU »

Ho 1 1 2sine
Bg = ——1Idl — —
o A7 { (r — 481722 (v +481/2)° 72 }

// // //
Contribition Contribitions
from 3 from2 &4
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Calculation of the field of a dipole (current lgop

At point BT magnetic field in the plane outside ttenterof a perfect square loop (B

UseBiot-Savart Law
UB=mlUxr/4 ¥

sine=d/2r m=1(d)?

Also note:

Add up the four contributions

Bg = (Wold k mrd){1/(1- d/2r)? ¢ 1/(1 +d/2r)? - 2sing from each part of the loop an

Bg = (Wold kK rd){(1 +d/r)-(1-dIr)- dir}

Hence : Bgp

taker? outside the curly bracke

Substitute the expression feine

as given in the green box anc

Taylor expand the first two tern
assuming

Use the fact from the green bo
m = 1(d)>?
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Calculation of the field of a dipole (current lgop
What we found:

A

_ ot o M

E‘J'_Er;lﬂr'?*' Bp = Am 3
r
m .
d Now we can write down the-Beld due to the
B i i i .
q loop at a generic point C in polar coordinates

A B.= B,COYE, + By Singe,}
[
C.

/
m \ B{r,q) = mm /4pré){2cose, + singe,}
*B

msing mMCcosq

Magnetic Dipole Field Equation!

Now re-express the formula for B in terms of components of afo@qgdr

T |:3{m-fr]|r B E} Homework
A Prove that result is true

.F-.E .F-.a
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MOOC 2.1.

3. Magnetism of the electron

The origin of magnetism in solids is thgantized angular momentum of
the negativehcharged electrons

There argwo distinct sources:

0 orbital motion
0 spin
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Introduction

P

E&M  Quantum theory

<«

—_—D

Basic
Ideas

M. B, H

Energy

< »

Magnetism
of the
electron

Magnetism
of the atom
with one or
more
electrons

Paramagnetis

Disordered
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PEe®

3

rromag
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:

® ®O®
® O®Q
® ®O®
®  ODGEX
Ordered -

P
<«

single electron
magnetism.

multi-electron
atoms

d @@@@I

y

multi-atom
solids
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Einsteinde Haas experiment

This demonstrateghe reality of the relation betweenthe torsionfibre

magneticonomentof abodyandits angulatTmomentum

m=d si§ Eo_lenoild
An iron rod is suspenden a torsionfibre. The field in the §EE$
solenoidis reversedchangingthe direction of magnetization §EEES
of theiron. It rotates,to conserveangularmomentumasthe S==3 Fe rod

0,

angularmomentaof the electronsarereversed

In Fe the moment is essentiallydue to the spin of the
electrons An electron has a spin moment of one Bohr
magneton(1yg = 9.27 1024 Am?).

However,m per Fe atomis only 2.2 pg. Thereareonly ~ two electronswith an
unpairedspin,althoughthe numberof electrongeratomin ironis Z = 26

Iron iIs a metal, where the valenceelectronsare localized but have no net
moment The conductiorelectronsaredelocalizedandspinpolarized
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n | ] | ]
CTH) Magnetic Periodic Table (?He
1.00 4.00
e
Atomic Number —" 66]) )
— Y[+ Atomic symbol - N N N N NV arTorem
SLi o 162.5 f&=— Atomic weight SBY 6C| "Nl 80 9FY 10Ne
6.94 Typical ionic change —| 3 +4f 1081 12.01 14.01|  16.00 19.00|  20.18
1+ 24 Antiferromagnetic Ty(K) ﬁ\ﬁd—Ferromagnetic Te(K)
> < . AN /N I\ J> <
11INa) ([ 13A]) 14Siv 15|:>v 165 Y 17CT 18Ar
22.99 26.98 28.09 30.97| 32.07 3545  39.95
1+ 3s9 3+ 2pb
\_ Z AN AN AN J> <
: 19K : 21Saf 22'|'iY 23\/V ) 26Fe 27Co i zgcaf SOZnY 3163 32Gel 33ASV 34SeV 35BP 36Ky
38.21 40.08| 44.96 47.88 50.94 : 55.85  58.93 58.69 63.55 65.39 69.72| 7261 74.92 78.96 79.90| 83.80
1+ 4s0 2+4s9 3+3d°| 4+3d° 3 + 3d4 RS SRRl 2 +3d°] 2+3d9 3+ 3dY

A ) 1043 13900

Z\ N\ v,
( ) Y Y )
37R 388r 39Y 4OZr 41Nb 42M0
87.62 88.91 91.22 92.91 95.94
S

Y

Z\ 2\ Z N\ DA N )> <
( 47AgY 48Cdl 49nY 50SnY 51Sh( 52Te] 53| [ 54

106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 83.80
2+4d8| 1+4dqQ 2+4dq 3+4dq 4+ 4dY

1+5 2+5s9 2+4d°] 4+4d°|] 5+4d° 5+4d!

2\ 2\ Z\ 2\ 2\ 2\ 2\ <\ 2\ Z \ »)

(SsCe( B3| SLal 2HI| T4l W\ Re 8Pt T9AU[ 8oHg[ B8ITIY 82Ph( 83Bi[\84Po]

132.9 137.3 138.9 178.5 180.9 183.8 186.2 : 195.1 197.0 200.6 204.4 207.2 209.0 209
1+6s9 2+6s9 3+4f° "'4+5d° 5 + 5d 6 +5d9 4 +5d3 3+5d1 4 +5d 2+5d8] 1+5d94 2+5d9 3+5d94 4+5d?

0.
2+ 7s 3 + 5f° 70Yb
173.0
3 + 4ft

63EY el 65Th 66Dy ( 67Haf 68Eﬁf 69Tm
152.0 157.3 158.9] 1625 164.9 167.3 168.9
3 +4f10] 3 +4f1Y 3 + 412

( 58Ceal 59PrY 60N

140.1 140.9 144.2
4 +4f0  3+4f 3 +4f

226.0 2270 *

a4

(" OTRHY 91pPal 922U 93Np
232.0 231.0 238.0 238.0
4 + 5f0 5 + 5f0 4 + 52 5 + 52

T

:] Nonmetal :] Diamagnet - Ferromagnet T > 290K

:] Metal E Paramagnet SAntiferromagnet with Ty, > 290K
S Radioactive BOLD J Magnetic atom G Antiferromagnet/Ferromagnet with T\/T¢ <290 K
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Magnetism of the electron

5 orbital motion; Bohr 6s quantum theory
5 Spin; An 1 ntrinsic property of

Spin itself and spinorbit coupling of thesetwo types of magnetic
momentsarerelativisticeffects

The description of magnetismin solids is fundamentally different
dependingon whetherthe electronsare localized on the ion cores,or
delocalizedn energybands

We focus on localized magnetismin this part of the course,wherean
Integral numberof electronsarelocalizedon eachatom
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3.1 Spin and orbital moments of the electron

The magnetic properties of solids derive essentially from the magnetism of thei
electrons. (Nuclel also possess angular momentum, but their magnetic momen

they are a 1000 times small er)
An electron possesses:
mass ms= 9.109 16" kg
charge -e =-1.602 10°C
angular momentur(spin) ¥oZ= 0.527 164J s
Orbltal moment Spin

On an atomic scale, magnetismis always associatedwith angular momentum
Electronicchargeis negative,hencethe angularmomentumand magneticmoment
_arein oppositedirections
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3.1.1 Orbital moment

The circulating current | =-ev/2pr
The momentm: m=IA;

m=(-ev/2pr) pre=-ew/2 (1)

In Bohr&® quantum theory, orbital angular
momentum is quantized in units ol

Planck s constant: h = 6.62 £6J s. An electron in a circular orbit, radius
Z =h/20 =1.055 16 J s. is equivalent to a current loop

The orbital angular momentum I=rxmy e Js.

)
\'

~

It is actually thez-componenof |, thatis quantized in units o, taking a value
|, = m Zwherem, is a quantum number, ameger0,+ 1+ 2 ...+ | with no units.
Eliminatingvr in the expressiofil) for m gives

m = m(eZ/2my) = myjig

The quantity €2/2m,) is theBohr magnetoripg), the basic unit of atomic magnetisn
Ug = 9.274 1G4A m?
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3.1.2 Spin moment

The electron has a mysterious built-in spin angular momentum Spin is a
consequencef relativisticquantummechanics
Thespinquantumnumberis s = Y2 . Therearetwo magneticstatesvith m=+ %

Thespinangularmomentumis s. The z-components, is quantizedn units of ¥%2Z,
takingonly two valuest Y2 Zalongthez-axis

Yet, themagnetionomentassociateavith electronspinis alsol pg (notYpg)
m =-gmyeZ/2m,), whereg = 2.
m,= + 1y

Thetwo states® spinmomentdown and- spinmomentup
m, = * ¥ have moments _ 1y; measured along the axis

of quantizationZ) usually defined by an external magnetic f B
m= +2 ® €= pgB Zeeman
splitting
m= -2. - e=-1gB

If the orbital quanturnumberof theelectronwasl =1, m=-1,0,1 [SpPIn
Total umber of magnetic states irh £21) x (2s+ 1)
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n | ] | ]
CTH) Magnetic Periodic Table (?He
1.00 4.00
e
Atomic Number —" 66]) )
— Y[+ Atomic symbol - N N N N NV arTorem
SLi o 162.5 f&=— Atomic weight SBY 6C| "Nl 80 9FY 10Ne
6.94 Typical ionic change —| 3 +4f 1081 12.01 14.01|  16.00 19.00|  20.18
1+ 24 Antiferromagnetic Ty(K) ﬁ\ﬁd—Ferromagnetic Te(K)
> < . AN /N I\ J> <
11INa) ([ 13A]) 14Siv 15|:>v 165 Y 17CT 18Ar
22.99 26.98 28.09 30.97| 32.07 3545  39.95
1+ 3s9 3+ 2pb
\_ Z AN AN AN J> <
: 19K : 21Saf 22'|'iY 23\/V ) 26Fe 27Co i zgcaf SOZnY 3163 32Gel 33ASV 34SeV 35BP 36Ky
38.21 40.08| 44.96 47.88 50.94 : 55.85  58.93 58.69 63.55 65.39 69.72| 7261 74.92 78.96 79.90| 83.80
1+ 4s0 2+4s9 3+3d°| 4+3d° 3 + 3d4 RS SRRl 2 +3d°] 2+3d9 3+ 3dY

A ) 1043 13900

Z\ N\ v,
( ) Y Y )
37R 388r 39Y 4OZr 41Nb 42M0
87.62 88.91 91.22 92.91 95.94
S

Y

Z\ 2\ Z N\ DA N )> <
( 47AgY 48Cdl 49nY 50SnY 51Sh( 52Te] 53| [ 54

106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 83.80
2+4d8| 1+4dqQ 2+4dq 3+4dq 4+ 4dY

1+5 2+5s9 2+4d°] 4+4d°|] 5+4d° 5+4d!

2\ 2\ Z\ 2\ 2\ 2\ 2\ <\ 2\ Z \ »)

(SsCe( B3| SLal 2HI| T4l W\ Re 8Pt T9AU[ 8oHg[ B8ITIY 82Ph( 83Bi[\84Po]

132.9 137.3 138.9 178.5 180.9 183.8 186.2 : 195.1 197.0 200.6 204.4 207.2 209.0 209
1+6s9 2+6s9 3+4f° "'4+5d° 5 + 5d 6 +5d9 4 +5d3 3+5d1 4 +5d 2+5d8] 1+5d94 2+5d9 3+5d94 4+5d?

0.
2+ 7s 3 + 5f° 70Yb
173.0
3 + 4ft

63EY el 65Th 66Dy ( 67Haf 68Eﬁf 69Tm
152.0 157.3 158.9] 1625 164.9 167.3 168.9
3 +4f10] 3 +4f1Y 3 + 412

( 58Ceal 59PrY 60N

140.1 140.9 144.2
4 +4f0  3+4f 3 +4f

226.0 2270 *

a4

(" OTRHY 91pPal 922U 93Np
232.0 231.0 238.0 238.0
4 + 5f0 5 + 5f0 4 + 52 5 + 52

T

:] Nonmetal :] Diamagnet - Ferromagnet T > 290K

:] Metal E Paramagnet SAntiferromagnet with Ty, > 290K
S Radioactive BOLD J Magnetic atom G Antiferromagnet/Ferromagnet with T\/T¢ <290 K
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Thegyromagnetic ratia, is defined as theatio of magnetic moment to angular

N

momentum m=gd, For orbital momentsm=-mpug;. |=mk.

* Hence fororbital angular momentum, the ratio of th&eamponents is
g = (el2m)

Theg-factoris defined as theratio@f (inunitsof lgp)to Il (1 n uni t s ¢
g=1 (for orbital motiorn

* For spin angulammomentumg = -(e/m,) (m=-2mug. | =mk)
g=2 forspin  (afterhigherordercorrections2.0023

Spin angular momentum iwiceas effective as orbital angular momentum in
creating a magnetic moment

Generally an atomic electron possesses both spin and orbital angular. They a
produce a total angular momentym

j=l+s; m =-g(e/2m)] j S
Spin-orbit Interaction
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3.2 Magnets in a field Larmor precession

Classical derivation
m= gl

G=mxB
G=d/dt ( Newt onos

dm/dt=gmxB
—0|& § &
m, m, m, G=mxB
0O O B,
dm/dt=gmB, dm/dt=-gnB, dm/dt=0 y

x/

Solution ism (t) =m (sing cosn t, sing sinw t, cos|) wherew, = gB,

Magnetic momenprecesseat theLarmorprecession frequenﬁt = gB/20 |

28 GHz Tfor spin
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3.3 Magnetism of electrons In free atoms and solids
Magnetismin freeatomsis reducedby shellfilling .

Electrongan filled shellshavepairedspinswith - and®andno netmoment
Only unpaired electrons in unfilled (usually outermost) shells have a
moment

Magnetismin solids tendsto be destroyedby chemicalinteractionsof the
outerelectrons

welectrontransferto form filled shellsin ionic compoundse.g. Na*Cl-both
lonsare2p®

wcovalentbondformationin semiconductors

wbandformationin metals

PYU44P13 2023 87



Y Magnetism of free atoms P
9
- TR
Atomic Number —={66]) .
———e——\ Y |+— Atomic symbol L p N ~
SLi [*Be o 162.5  [=— Atomic weight °B N 2O OF
6.94 Typical ionic change — 3 +4f° 10.81 14.01 | 16.00 19.00
1+ 2s0 Antiferromagnetic Ty(K) — Ferromagnetic T.(K)
S < \ A A
11Na ’13A| ) f15p \465 v17C|
22.99 26.98 30.97 32.07 35.45
1+ 3s° 3 +2pb
o ?21Gc Y22Ti YV Y STePR 3IAs (S 155
K Sc |%4Ti \ Ga | As [°4Se |3°Br
38.21 44.96 47.88 50.94 55.85 58.93 69.72 74.92 78.96 79.90
1+4s0 3+3d° |4+3d° | 3+3d? 3+3d> 2+ 3d’ 3 + 3dw0
N T TRl %
37Rb 39Y 4OZr 41Nb 42M0 3|
85.47 88.91 91.22 92.91 95.94 126.9
1+ 5s0 2+4d° |4+4d° |5+4d° |5+4d!
— <
55Cs SLa \72HT (PTa ) At
132.9 138.9 178 5 180.9 2
1 +6s° 3 + 4f0 4+5d° 5 + 5d°
S7Fr S9AC
223 227.0
> (8Ce \®°Pr (ENd
N e ———— 1401 | 1409 | 1442
|44 | 3+4R2 | 3+4R
f5Th \*Pa T°2U
.| 2320 231.0 238.0
4+5f0 | 5+5f0 | 4+5f

:] Diamagnet
:] Metal l |Paramagnet
S Radioactive BOLD

79 out of the 103 firselementsateimagneticas freeatoms Moments << Hy

- Ferromagnet T¢ > 290K
SAntiferromagnet with T > 290K
G Antiferromagnet/Ferromagnet with T/T. <290 K

:] Nonmetal

Nonmagnetic atom



Formationof d and s-bandsin
a metal The broad s-bands
have no moment The d-bands
may have one if they are
sufficiently narrow Iron hasa
i configuration 3d’44s%°, There
|__Interatomic___ | . are 2.2 unpaired3d electrons,
distance ' N (E) m=22 uB.

Energy

Existence of magnetism in a solid depends critically on crystal structure
composition.

gFe,0, a-Fe YFe, gFe YFe,Si,

ferrimagnet | ferromagnet | ferromagnet | antiferromagnet | Pauli paramagnet

5.0 2.2 1.45 unstable 0

Table:Atomic moments of iron in different compounds in Bohr magnetons/F¢
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3.4 Localized and delocalized electrons

LOCALIZBE®AGNETISM DELOCALIZBIAGNETISM
Integralnumberof 3d or 4f electrons Nonintegralnumberof unpairedspins
onthe ion core, Integralnumberof unpairedsping per atom.
Discreetenergylevels Spinpolarizedenergybandswith strong
9 correlations
N2t 3 m=2p 3d Ni 30944596 m =0.6 g
3d°
Y 7/
A 2l

>~ ava'
y aeexp(-r/a,) y aeexp(-ik.r)
Boltzmannstatistics FermiDiracstatistics

4f metals localizedelectrons

4f compounds  localizedelectrons
3d compounds localized/delocalizedlectrons
3d metals delocalizecklectrons

Above the ferromagnetic Curie temperature, the moments do not disappear,they just become
disorderedin a paramagneticstatewhenT > T
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3.5 Theory of electronic magnetism

Maxwell s equationsrelate magneticand electric fields to their sources The other fundamental
relationof electrodynamicss the expressiorior the force on a movingparticlewith chargeq,

F =q(E + v x B). Thetwo termsarerespectivelythe CoulombandLorentzforces The latter gives
thetorqueequation G=m x B. The correspondingdamiltonianfor the particlein a vectorpotential
A representinghe magneticfield B (B = B x A) anda scalarpotentialf ., representinghe electric
fieldE(E=-Df)is

H =(U2m)(p- gA)2 +of .
3.5.1 Orbitalmoment
The Hamiltonianof anelectronwith electrostatigpotentialenergyV(r) = -ef is

H = (U2my)(p + eA)? +V(r)
Now (p + eA)? = p? + A%+ 2eA.p sinceA andp commutewhenb. A = 0. So

H =[p?2m +V(r)] + (e/m)A.p+

H=H ,+H |+
whereH ,is the unperturbedHamiltonian,~ ; givesthe paramagneticesponsef the orbital moment
and // , describeshe smalldiamagnetiadesponseConsidera uniform field B alongz. Thenthevector
potentialin componentormis A = (1/2) (-yB, xB, 0),
soB=DbxA g( A/ OxA/ Oy ¢B. Moregenerally

A=YB xr

Now (e/m)A. p= (e/2m)B xr .p =(e/2m)B.r x p=(e/2m)B.I sincel =r x p. The second term in
the Hamiltonian is then the Zeeman interaction for the orbital moment

H 1=(ug/4B. |
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The third termis (€%/8m.)(B x r)? = (e2/8m22)B?(x?+y?). If the orbital is sphericallysymmetric,<x*> =
<y?> = <r?>/3.The correspondingenergyE = (e2B%/12m,) <r?>. SinceM = -YE/uB andsusceptibilityc =
U,NM/B, It follows thatthe orbital diamagnetisusceptibilityis ¢ = pNe? <r?>/6m..

3.5.2 Spinmoment
Thetime-dependenschrédingeequation

-(Z212mP2y +Vy =iZQy/ Ot

is not relativistically invariantbecausehe operatorsO / @htlO/ Gomnot appearto the samepower We
needto usea4-vectorX = (ct, X, y, z) with derivativesO/ O X

Dirac discoveredherelativisticquantummechanicatheoryof the electron which involvesthe Paulispin
operatorss;, with coupledequationsfor electronsand positrons The nonrelativisticlimit of the theory,
includingtheinteractionwith amagnetidield B representetdy avectorpotentialA canbewrittenas

H =[(1/2m)(p + eA)2 +V(r)] - p#8m3c2 + (e/m)B.s + (1/2m2cr)(dV/dr) - (/4m2cd)(dV/dr) O/ Or
Arhe secondermis a higherordercorrectionto thekinetic energy

Arhe third term is the interactionof the electron spin with the magneticfield, so that the complete
expressiorior the Zeemarninteractionof the electronis

H ;= (Ue/Z)B.( + 29
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The factor 2 is not quite exact. The expressionis 4L 2-. . . . . ) aa=2¢e/ Chxzn, 1
IS the finestructure constant.

AThe fourth term is the spiarbit ineteraction, which for a central potential V(r)<Ze? 4, with Ze as
the nuclear charge becom&®&u,l.g 8 Afsince e, = 1/A. Inanatom<lk a ( @sothe n m
magnitude of the sptorbitcouplingl i s 2.5 K for hydrogen (Z =
160 K for actinides (Z a 65).
In anoncentrapotential, the sphorbit interaction isgx BV). p
AThe final term just shifts the levels when | = 0
3.5.3 Magnetismandrelativity
Theclassificationof interactionsaccordingo their relativisticcharacters basedn thekinetic energy
E = meed1 + (v¥/c?)]
Theorderof magnitudeof thevelocity of electrongn solidsis ac. Expandingheequationn powersof ¢
E =m.?*(1/2) &°m?- (1/8) &*mc?
Herethe restmassof the electron,mc?= 511 keV, the secondandthird terms,which representhe order

of magnitudeof electrostaticand magnetostaticenergiesare respectively13.6 eV and 0.18 meV.
Magneticdipolarinteractionsarethereforeof order2 K. (1 eV = 11605K)
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4. Magnetism of localized electrons
on the atom

The guantummechanic®f anelectronin a centralpotentialleadsto single

electronstatesclassifiedin termsof the guantumnumbersn, | ,m sandm,,

which havedifferent orbital and spin angularmomentaln a multi-electron
atom, the spin and orbital angularmomentaof the individual atoms are
coupledto give a seriesof energylevels which aresplit by a magneticor an
electricfield. Thelowestenergylevelis theoneof interestfor magnetism
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4.1 Thesingleelectronhydrogenicatom; angularmomentum

The Hamiltonian/  for an electronn a central potential due
to a nucleus of chargée at the origirand an electron at ¢;f )

H =-(Z%2m)Db2 - Zze2/4pUyr

[KE is p%/2m,; the momentunoperatolin quantummechanice = -iZb]
In polarcoordinates x =r sinqcod ,y=rsingsinf ,z=r cog
1=-iZ|& & &
P2=CG/ ©+(2/ r Y -©OUrDG/ @2+ cotg [ @+ (1/sirtg) D20, X y z
O/ CO/ CO/ (

l=rx p=-iZl (y o7 @=20Y x O/z@7 eDx()x O/y@y/ eD x )
= iZ[sinf O /q ®comcod O /f ), + (-cof O /q ©coigsinf O /f)g, - ( (e

12=12+12+12=22{G/ ¢d+com {1+ (1/sirfq) DD} 1 the term in parenthesesii
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Schrddingers equation for an electrom a central potential due to a
nucleus of chargge at the originand an electron at ¢;f)

Hyi =gy,

[-(Z212m)D? - Ze?ldpe,rly =By,

Solutionsfor E; arethe eigenvaluegenergylevels)of theatom
Thecorrespondingvavefunctions/; arethe eigenfunctiongorbitals)of theatom

The meaningof the wave functiony is that the probability of finding the electronin a small
volumedV atr isy *(r)y (r) dV. Thewavefunctionis usuallya complexquantity, y* is the
complexconjugateofy. y containsall observabl&nowledgeabouttheelectron

Thebasicpropertyof angularmomenturﬂsthat'[lx, ] = iZIZ\ etc where[l,, I,] = LI, T 1],
[X,Y] is the commutator If it is zero,the operatorommuteandthe quantitiesthey represen
canbe measuresgimultaneously

No two component®f angulatmomentuncommute but for anyoneof them[l2, 1] =0
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Vector model

| 2 the square of the orbital angular momentum operator of the electron in a central pote
It has the eigenvalugl +1)Z. 121, m = 1(I1+1)]Z2 |, m &

The orbital angular momentum has magnit@d@+1)]Z

|, the projection along is the operatofiZ( ) vihich has eigenvaluesZz, which can have
any value fromlZto HZ (2| + 1 different possible values). L[|, m é=mZ|l, m &

We can model the total angular momentum as a vector which precesseszaround

|, andl, are indeterminate.
z

s 1
mZ

1(1+1)] Z

PYU44P13 2023 98



Eigenfunction®f the Schrodingeequatiorfor anelectronin a centralpotential

Y im10F) = Ro (0Y/7(@)

radial part angularpat .
Lo el
E Theangulampart Y,"(q,f) aresphericalharmonicshatdepencbn /4/
two integerd, m, where |m|OIl. Thepairl, m denoteanorbital

Notationn | = O; si orbital 1= 1;p7 orbital |1=2;d7 orbital |= 3;f- orbital
Thesphericaharmonicsareeacha productof termsQ(q) andF ( f ¥,™(q,f) = Q(q)F ( f )
F(f explimf) wherem=0,+ 1+ 2......

The z-componenbf orbital angulamomentumyepresentedy theoperatoi, = -iZ(O /f )O
haseigenvaluesF |1, [F > = Uexp¢imf) -iZ(O /f Yexpimf) =mZ

Q(q) = PM(cogy), aretheassociatedlegendrepolynomialswith | Ojmy|,
som=0,+ 1+ 2..%|.
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Spherical harmonics

s Y 0=Qu4 )

p Y°=O( 3)casgp Y;*1=° O( J¢ingp:"

d YL=0( 5/N@c63n-1) Y,r1=° O( 1)sig@gme Y,22=0( 1 5)/siPPep?"

f YO—G( 7 )(3c68p - 3cog) Y£1=° O( 2 2(5c634 pl) simg et f
Y;£2=0( 1 0 9 dim)cby et 2f Yi£3=° O( 3 9 dinkyé:

E The radial part R depends oh, also on n the principal quantum number where;
hencd =0, 1, ..., (Al).
R(r) =V, (Zrina)exd-(Zr/nay)]
V9= 1. Here g= 4p gZ/me?=52.9 pm is the firdBohr radius the basic length scale in ato
physics. The energy levels of the eglectron atom are

E =-Zme#/8hte,2n? = -ZR/rv

The quantity R = ng#/8hre, = 13.6 eV is the Rydberg, the basic energy unit in atomic phys
For the central Coulomb potentfal the potential energy V) depend®nlyonr, not ong orf.
E dependsnlyon n.
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The three quantum numbaersl, m denote arorbital, a spatial distribution of electronic
charge. Orbitals are denoted, X =s, p, d, fforl1 =0, 1, 2, 3. Each orbital can accommode
up to two electrons with spm, =+ %. Thehydrogeniaorbitals are listed in the table

n I m, m, No of orbitals
1s 1 0 0 + % 2
2S 2 0 0 + % 2
2p 2 1 0x 1 + % 6
3s 3 0 0 + Y 2
3p 3 1 0x 1 + % 6
3d 3 2 0+ 1% 2 + % 10
4s 4 0 0 + % 2
4p 4 1 0t 1 + % 6
4d 4 2 Ot 1+ 2 + Y5 10
4f 4 3 Ox 12+ 3 |x% 14

wThe Pauliprinciple stateghat no two electronscanhavethe samefour quantumnumbers
Eachorbital canbe occupiedoy at mosttwo electronsvith oppositespin
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n | ] | ]
CTH) Magnetic Periodic Table (?He
1.00 4.00
e
Atomic Number —" 66]) )
— Y[+ Atomic symbol - N N N N NV arTorem
SLi o 162.5 f&=— Atomic weight SBY 6C| "Nl 80 9FY 10Ne
6.94 Typical ionic change —| 3 +4f 1081 12.01 14.01|  16.00 19.00|  20.18
1+ 24 Antiferromagnetic Ty(K) ﬁ\ﬁd—Ferromagnetic Te(K)
> < . AN /N I\ J> <
11INa) ([ 13A]) 14Siv 15|:>v 165 Y 17CT 18Ar
22.99 26.98 28.09 30.97| 32.07 3545  39.95
1+ 3s9 3+ 2pb
\_ Z AN AN AN J> <
: 19K : 21Saf 22'|'iY 23\/V ) 26Fe 27Co i zgcaf SOZnY 3163 32Gel 33ASV 34SeV 35BP 36Ky
38.21 40.08| 44.96 47.88 50.94 : 55.85  58.93 58.69 63.55 65.39 69.72| 7261 74.92 78.96 79.90| 83.80
1+ 4s0 2+4s9 3+3d°| 4+3d° 3 + 3d4 RS SRRl 2 +3d°] 2+3d9 3+ 3dY

A ) 1043 13900

Z\ N\ v,
( ) Y Y )
37R 388r 39Y 4OZr 41Nb 42M0
87.62 88.91 91.22 92.91 95.94
S

Y

Z\ 2\ Z N\ DA N )> <
( 47AgY 48Cdl 49nY 50SnY 51Sh( 52Te] 53| [ 54

106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 83.80
2+4d8| 1+4dqQ 2+4dq 3+4dq 4+ 4dY

1+5 2+5s9 2+4d°] 4+4d°|] 5+4d° 5+4d!

2\ 2\ Z\ 2\ 2\ 2\ 2\ <\ 2\ Z \ »)

(SsCe( B3| SLal 2HI| T4l W\ Re 8Pt T9AU[ 8oHg[ B8ITIY 82Ph( 83Bi[\84Po]

132.9 137.3 138.9 178.5 180.9 183.8 186.2 : 195.1 197.0 200.6 204.4 207.2 209.0 209
1+6s9 2+6s9 3+4f° "'4+5d° 5 + 5d 6 +5d9 4 +5d3 3+5d1 4 +5d 2+5d8] 1+5d94 2+5d9 3+5d94 4+5d?

0.
2+ 7s 3 + 5f° 70Yb
173.0
3 + 4ft

63EY el 65Th 66Dy ( 67Haf 68Eﬁf 69Tm
152.0 157.3 158.9] 1625 164.9 167.3 168.9
3 +4f10] 3 +4f1Y 3 + 412

( 58Ceal 59PrY 60N

140.1 140.9 144.2
4 +4f0  3+4f 3 +4f

226.0 2270 *

a4

(" OTRHY 91pPal 922U 93Np
232.0 231.0 238.0 238.0
4 + 5f0 5 + 5f0 4 + 52 5 + 52

T

:] Nonmetal :] Diamagnet - Ferromagnet T > 290K

:] Metal E Paramagnet SAntiferromagnet with Ty, > 290K
S Radioactive BOLD J Magnetic atom G Antiferromagnet/Ferromagnet with T\/T¢ <290 K
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Rn,I (r)

P?|R (o)I?

YI, ml(qif)

m =0
s orbital
(=0

m_:O m =

+ 1|

P orbitals
(=1

m=0 m=zx1
d orbitals
(=2

m =t 2
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Anotherway to representhe operatorsn quantummechanicss asmatrices
Schrodinge wavemechanicsdifferentialoperators
Heissenber@ matrix mechanics,n x n matrix operatorsbasisof n eigenstates,

If amatrixis diagonal theeigenvaluesrethethediagonalelements

The procedurdor solvinga problemin guantummechanicss thereforeto write dowr
the Hamiltonianasa matrix operatoranddiagonalizat. E; aretheeigenvalues

Forthecomponent®f the spinangulacTmomentumthe Pauli spinmatricesare
Y4

5= &0 1872 5= & -igZ2 s= & 0922 — mszfr

€l Ou d 0u é -1u

Gs(st+1)] Z

s=s2+5°+s? =€l 0832/4
& 1u
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Anotherway to representhe operatorsn quantummechanicss asmatrices
Schrodinge wavemechanicsdifferentialoperators
Heissenber@ matrix mechanics,n x n matrix operatorsbasisof n eigenstates,

If amatrixis diagonal theeigenvaluesrethethediagonalelements

The procedurdor solvinga problemin guantummechanicss thereforeto write dowr
the Hamiltonianasa matrix operatoranddiagonalizat. E; aretheeigenvalues

Forthecomponent®f the spinangulacTmomentumthe Pauli spinmatricesare
Z

a

;= 0 1922 s = & -igZ2 s,= el 0822

] d 0u é -10

W

s=s2+5°+s? =€l 0832/4
& 1u
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For orbitalangulamTmmomentumthe basissetarethe 2| + 1 orbital wavefunctions
Forexamplef | = 1, therearethreeorbital wavefunctions,with m = -1, 0, 1
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4.2 The mamelectron atom

Thehydrogenicatom was composed of a nucleus of ch&igat the origin and a single electron at
r,g,f. When there are several electrons, they interact viaeftgetronic Coulomb interactions. Terms
like &7/4peylr; - ;] have to be added to the Hamiltonian. A maogy problem! z

H = S(p22m) +S,(Zelapey) + (112)S, (24peyr, - 1)) '

An approximate way to treat the interactions is to suppose that each

electron sees a different spherical charge distribution represented by Z ‘/('
a different central potential,(¢) for each electron /&/ —
H = p22m + \{(r) x

The potential with many electrons is not a simple Coulomb potential well; the degeneracy of elec
with differentl is raised. The glshell, for example, is then lower in energy than tthelgll, which
defines the shape of the periodic table.

The quantities \(r) must be determined satbnsistently (thélartreeFoch approximation

The eigenstates of the magrlectron atom or ion have the following properties:(”? |1[2]3]|4|5|6

[H $]=0,[H ,S]=0 whereS =S5 a sum of the spin moments 1s12s|3s|As|5s)Bs
[H ,L2]=0,[H ,L]=0 wherd =35I, a sum of the orbital moments 2P| 3R\ #p| 5P BP

3d|4d |b6d|6d
The sums have the greatest valoessistent with the Pauli principle i lor | o

(no two electrons can have the same four quantum numpkeng, m,)
The quantum numbers SSm,; L = Sm; (again consistent with Pauli principle)
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n | ] | ]
CTH) Magnetic Periodic Table (?He
1.00 4.00
e
Atomic Number —" 66]) )
— Y[+ Atomic symbol - N N N N NV arTorem
SLi o 162.5 f&=— Atomic weight SBY 6C| "Nl 80 9FY 10Ne
6.94 Typical ionic change —| 3 +4f 1081 12.01 14.01|  16.00 19.00|  20.18
1+ 24 Antiferromagnetic Ty(K) ﬁ\ﬁd—Ferromagnetic Te(K)
> < . AN /N I\ J> <
11INa) ([ 13A]) 14Siv 15|:>v 165 Y 17CT 18Ar
22.99 26.98 28.09 30.97| 32.07 3545  39.95
1+ 3s9 3+ 2pb
\_ Z AN AN AN J> <
: 19K : 21Saf 22'|'iY 23\/V ) 26Fe 27Co i zgcaf SOZnY 3163 32Gel 33ASV 34SeV 35BP 36Ky
38.21 40.08| 44.96 47.88 50.94 : 55.85  58.93 58.69 63.55 65.39 69.72| 7261 74.92 78.96 79.90| 83.80
1+ 4s0 2+4s9 3+3d°| 4+3d° 3 + 3d4 RS SRRl 2 +3d°] 2+3d9 3+ 3dY

A ) 1043 13900

Z\ N\ v,
( ) Y Y )
37R 388r 39Y 4OZr 41Nb 42M0
87.62 88.91 91.22 92.91 95.94
S

Y

Z\ 2\ Z N\ DA N )> <
( 47AgY 48Cdl 49nY 50SnY 51Sh( 52Te] 53| [ 54

106.4 107.9 112.4 114.8 118.7 121.8 127.6 126.9 83.80
2+4d8| 1+4dqQ 2+4dq 3+4dq 4+ 4dY

1+5 2+5s9 2+4d°] 4+4d°|] 5+4d° 5+4d!

2\ 2\ Z\ 2\ 2\ 2\ 2\ <\ 2\ Z \ »)

(SsCe( B3| SLal 2HI| T4l W\ Re 8Pt T9AU[ 8oHg[ B8ITIY 82Ph( 83Bi[\84Po]

132.9 137.3 138.9 178.5 180.9 183.8 186.2 : 195.1 197.0 200.6 204.4 207.2 209.0 209
1+6s9 2+6s9 3+4f° "'4+5d° 5 + 5d 6 +5d9 4 +5d3 3+5d1 4 +5d 2+5d8] 1+5d94 2+5d9 3+5d94 4+5d?

0.
2+ 7s 3 + 5f° 70Yb
173.0
3 + 4ft

63EY el 65Th 66Dy ( 67Haf 68Eﬁf 69Tm
152.0 157.3 158.9] 1625 164.9 167.3 168.9
3 +4f10] 3 +4f1Y 3 + 412

( 58Ceal 59PrY 60N

140.1 140.9 144.2
4 +4f0  3+4f 3 +4f

226.0 2270 *

a4

(" OTRHY 91pPal 922U 93Np
232.0 231.0 238.0 238.0
4 + 5f0 5 + 5f0 4 + 52 5 + 52

T

:] Nonmetal :] Diamagnet - Ferromagnet T > 290K

:] Metal E Paramagnet SAntiferromagnet with Ty, > 290K
S Radioactive BOLD J Magnetic atom G Antiferromagnet/Ferromagnet with T\/T¢ <290 K
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Eacheigenstatef ~# for the manyelectronatomcanbe labelledby the quantumnumbers
correspondingo theeigenstatesfL?,L,, $, S, i.e. L, M|, S,M,

E?genfunctions Y @ LsMmums
Eigenvalues E? smms

H Iy 2 smmP= B2 spmums Y ELsmumsO
L2y 2 smm0= L(L+1) Z2 |y 2 spumd L, Iy 2 smmd= M ZIy? spumd
Sy 2 smmd= S(SH) Z |y 2 spumd S, Y & smmd= MsZly? syumd

The eigenstatesor differentM, or Mg valuesare degeneratén the absenceof a magnetic
field, butthe statedor differentL, S areseparated (In afield thereis Zeemarsplitting)
Henceeach(L,S) stateis (2L+1)(2S+1) timesdegenerate

An (L,S) stateis knownasanatomicterm spindegeneracy
letterto denoteorbitalmoment

Example SD6t r D pmean$S=1, L =2, totaldegeneracg? 5=15

The energy splitting of the terms is of order 1 eV. In spectroscopy the energy st aften
used: Useful enerav conversions are/ L 11605 Kand 1cmt 144K (E=8®2m. op=hl )



4.3 Addition of angular momenta

Consider two angular momenjaandj, with eigenstateg j,, mdand| j,, m,0

e.i2 iy, MO=j;(+1) 2 jy, M3 iy, md=m,Z]j;, m3 [2j; + 1 of them]
12”2 8= oI+ 1) 2] Jo M8 jolJoo MO=MyZ] o, M@ [, + 1 of them]

Theeigenstatesof j = (, +],) are |j;, m0|],, mddenoted ag j,, j,, m;, m,0

Now -j, Om,; Oj, and-j,Om,Qj, so the space spanned by the staigs j,, m,, m,dhas
dimension (& + 1) (2, + 1) and |

the eigenstatesf j2 andj, are| j, j,, j, méwith | j -j,| Oj O j; +i-| s
(Triangle rulé J1

When several electrons are present on the same at@inmost two of them, with opposite
spin, can occupy the same orbi(Rauli principle).

Their spin and orbital angular momenta each add to give resultants consistent with the |
principle
S=3Ss, L=35l. Apply triangle rule, subject to constraint of Pauli princig

S, = Ss,;, L,=Sl,. The zcomponents just add up.
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Example Consider a @lectron atom (carbon). Configuratior2s2p?

The two sshells are filled, and they have no net angular momentum. prélectrons have
I=1,L=I,+l, Hencel,-1,|] OLO|I;+}| ; 00LO2, L=0,1,2

Also s =%S=s,+s, Hence ,;-s,| OSO|s;+s|; 00SO1, S=0,1

Not all combinations are possible ! There are 15 allowed states, belonging to three ter
1s

2s ML Ms
—|® + —|® + - ® 2 0
- - 1 1
- | ® 1 0
® - 1 0
® ® 1 -1
- 0 0
-® 0 0
® - 0 0
® ® 0 -1
® ® -1 -1
(2.0)(1,0)(0,0){1,0)(-2,0) I 10
® - -1 0
= = -1 1
=® =2 O
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