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Some references — Books

| OXFORD MASTER SERIES IN CONDENSED MATTER PHYSICS |

MAGNETISM
AND MAGNETIC
MATERIALS

J. M. D. COEY _ Magnetism in
¥ Condensed Matter

Alberto P. Guimaraes

Principles
of Nanomagnetism

Stephen Blundell

N _4 g SELECTED TOPICS
o - G . IN SOLID STATE
- ' PHYSICS

CONDENSED
MATTER

Editor E. P. Wohlfarth

Volume |
The Basics of Electron Transport
Simple Models MAGNETOSTATIC i i
- Textbook with Lectures,
Of Magnetlsm PRINCIPLES IN Exercises and Solutions
FERROMAGNETISM

BY WILLIAM F. BROWN, Jr.

.gg | @ sciences

OXFORD GRADUATE TEXTS
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Some references — Repository of ESM —__/spintec

< C A Non sécurisé | magnetism.eu/esm/repository-topics.html * B

MAGNETISM IS
ESM
JEMS
LINKS
JOBS

Home  Scope Committees [SEslsENeIgl History Contact

The European School on Magnetism

ESM repository | Home || Search | fEiAGIJ6S) | By authors
I ——

Topics
Units, fields and moments
Exchange, magnetic ordering, magnetic
anisotropy

The lectures of all ESM schools since 2003 are ordered here in terms of topics. Those pertaining to several topics are listed
several times. The topics are:

Magnetic field and moments Temperature effects and excitations
Correlated systems
@ [2020] Origin of magnetism (spin and orbital momentum, atoms and ions, paramagnetism and diamagnetism): STEPHEN Transport
BrLunpELL, Oxford, UK [ Slides | Recording ] Magnetization processes
@ [2020] Fields, moments, units: OLIVIER FRUCHART, Grenoble, France [ Slides | Recording ] Simulations
@ [2019] Fields, moments, units: OLIVIER FRUCHART, Grenoble, France [ Abstract | Slides ] Materials

@ [2019] Magnetism of atoms, Hund's rules, spin-orbit in atoms: VIRGINIE SIMONET, Grenoble, France [ Abstract ]
@ [2018] Units in Magnetism (practical): OLIVIER FRUCHART, Grenoble, France | Questions | Answers |

@ [2018] Magnetism of atoms and ions: Janusz Abamowskl, Krakow, Poland [ Abstract | Slides ]

@ [2018] Fields, Moments, Units, Magnetostatics: RicHARD Evans, York, UK [ Abstract | Slides ]

@ [2017] Fields, Units, Magnetostatics: LAURENT RanNNO, Grenoble, France [ Abstract | Slides ]

@ [2017] Magnetism of atoms and ions: WuLF WULFHEKEL, Karlsruhe, Germany [ Abstract | Slides ]

@ [2017] Units in Magnetism (practical): OLIVIER FRUCHART, Grenoble, France | Questions | Answers |

@ [2015] Units in Magnetism (practical): OLiviER FRUCHART, Grenoble, France [ Questions | Answers ]

Nanoparticles, microstructures etc
Nanomagnetism and spintronics
Techniques

Applications and interdisciplinary magnetism
Industry perspectives

Open sessions
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1. UNITS AND FIELDS - Historical background

Ospintec

Century-old facts .
Magnetic materials (rocks) #&

e

sNEGSR SEURORAYSYyld Ay

or N

fnsfe T

Hans-Christian Oersted,
1777-1851.

Birth of _
electromagnetism
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IN IN ELECTRONICS

1. UNITS AND FIELDS - Fields in Physics
Maxwell equations (in vacuum) Q 8

t A T_ :{> Gausgheorem
. TA
A o :{> Faradaytaw of induction
v e TR
A (l T T_; :{> Ampéretheorem
tA T :{> B is divergence free
(no magnetic poles)
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1. UNITS AND FIELDS - Fields in Physics
The electric charge and the electric field

Macroscopic level: Gausberoem

- Ostogradskiheorem

a

a t AAD B

s 8

10 O 1 ® O(w

W 1 w

Microscopic level: Maxwell equation

A —
T

n 1_0 Volumedensity
1 0 ofelectriccharge

. " Is the scalar source &f
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1. UNITS AND FIELDS - Fields in Physics

The electric current and the magnetic induction field

Macroscopic levelAmpere theorem

. Stokes theorem

A, ( Atfl Ah B AtAa

=) 0 ' A, itl A B AtA

Microscopic level: Maxwell equation
A
j: Volumedensityof current (A/m?)

. jis the vectorial ——
source of curl oB

A1 IHITADA M A

Link 3
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1. UNITS AND FIELDS - The magnetic dipole and magnetization

The magnetic point dipole

NNNNNNNNNNNNNNNNN

Biot and Savart
‘ Pa i

j,A Y
T |

- Note 1/r2decay

I Y LIS NB

< Note: 1/r decay

The magnetic point dipole

- Simple loop
@l figii

FTAS fG[QneraI definition
~ 7l iCDAD

" | [0 C £ ] - Note 1/r3decay
Bk |
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1. UNITS AND FIELDS - The magnetic dipole and magnetization O
The magnetic point dipole in a magnetic induction field a pintec

Energy Torque
. t’A  Zeemarenergy U

. | 0AA A A
Demonstration )

- Work to compensate Lenz law

during rise oB - Inducing precession of dipole around the field

- Itis energyconservative, as expected from Laplace

- Integrate torque from Laplace (Lorentz) force

force while flipping dipole iB

Force
f = niVBA
- Valid only for fixed dipole

- No force in uniform magnetic
induction field

" — : | Jr— TEEE Magnetics Soci
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1. UNITS AND FIELDS - The magnetic dipole and magnetization O :
Two interacting magnetic point dipoles o S
Energy Examples
: o . Co
. — [i(tl)(tl) t] o o o balt
T 1
- The dipoledipole interaction is anisotropic () <i> Mobls ]
b £

®

e— . G
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1. UNITS AND FIELDS - The magnefic dipole and magnetization QS

Magnetization RILSS
Definition Equivalence with surface currents
- Volume density of magnetic point dipoles
E 1o L Tm
1 DO

- Total magnetic moment of a body

Ve

EAD ! tl

—~

D

< Applies to: ferromagnets,
paramagnetsgiamagnetstc.

< Must be defined at a length scale

muchlargerthan atoms - Name: Amperian description of magnetis
< Is the basisfor the micromagnetic . Surface current equals magnetizationfim
theory
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1. UNITS AND FIELDS - The magnetic field [

Free currents and bound currents

Back to Maxwell equations

- Disregard fast time dependence:
magnetostatics

v

- Consider separately real charge currént,ﬂ
from fictitious currents of magnetic dipoles

A 0 1)
. One can show: E 1 | T
E .61 ; ' T

@ spintec
The magnetic field H

A )
- One has: (— E) l

< By definition: &

< Outside matterA and € ¢
have exactly the same meaning.

coincide an

B versus H : definition of the system

- M: local (infinitesimal) partin O  of the
system defined when considering a magnetis
material

- H: The remaining d8coming from outside
1 0O liable to interact with the system

sSummer School of the TEEE Magnetics Societ
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1. UNITS AND FIELDS - The magnetic field

Derivation of the dipolar field

Q ISPIN IN ELECTRONICS

The dipolar fieldH, Derive the dipolar field
- By definition: the contribution tél :
not related to free currents (possible Maxwell equation ¢ 1A Jo L @
to split as Maxwell equations are
linear) Source foH,
€ Tl :>£ %o co it oy
. . v tim(¥)] (¢ = ¢ -
L Ex tepnal CD :> g (D 0 e ADee
€ € SHllmam@Lc b od D ™ [
d /I | Tolift the singularitythat mayariseat boundariesa
volumeintegrationaroundthe boundariesyields
Analogy with electrostatics "CHCE) CHCLo).
A A %o Hy(r) Y R oy
(HMagneticscalampotential
"O 0 ti 7l - volume density of magnetic charges
(O =it it — surface density of magnetic charges
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IN IN ELECTRONICS

1. UNITS AND FIELDS - The magnetic field [l
Stray field and demagnetizing field Q .

Example Permanentmagnet(uniformly-magnetized
\\X f / / Vocabulary
,\/ Q/”'\H H' M - Generic names
/ Magnetostatic field
Dipolar field
' < Inside material
\ / Demagnetizing field
/ ) )K\\ < Outside material
. Surface charges . Dipolar ﬁel%"l)("l T Stray field
., O 01 CDEL " £ (D ”T“ TN An

lllustrationfrom: M. Coey@book
| (cc) | . : Summer School of the TEEE Magnetics Society
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1. UNITS AND FIELDS - The magnetic field [ .
B versus H — Amperian versus Coulombian — Continuity conditions O SpIntec

Coulombian description Amperian description
- Pseudecharges sourpl - Fictitiouscurrentssourceof B
AN VS
H m M ™~ B

i (- Al

Jr Jrﬂlul A4 t ’A

- No closed - No magnetic

lines / \ monopole

LGP g (T e

B I /N

oub-in | 1k ovlt - (n
From M. Coe@book |
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1. UNITS AND FIELDS - Magnetostatics

Dipolar energy and demagnetizing tensor Q spintec
Size considerations Dipolar energy

:en 601 00 A cCHCr ) - Zeemarenergyof microscopia/olume

A £
_[ 1 I I I | 4-| T8 E(.| H E
- Unchanged if all lengths are scaled: homothetic. - Elementary volume_of a macroscopic

NB: the following is a solid angle: systemcreatingits own |po|arf|

I )AR e
(I“I ")II O 1. 7D gmé)tue =y

- Totaldipolarenergyof macroscopi®ody
- Hydoesnot dependonthe sizeof the body o o
< Saido be alongrangeinteraction A C 0 L1, 40

P ¢ An
g™ )

< Alwayspositive Zeromeansminimum
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1. UNITS AND FIELDS - Magnetostaitics
Demagnetizing coefficients — Maths

Dipolar energy for uniform magnetization

EC) E O a6 & o ao

— = -
_/-m,cﬂ( et

~ Novolumecharges:” O 0 ti () m / Ly 12
ECHTETCOHICT ) . TCOHC 7).
. Dipolarfient: g (p o =eDHEDIA D0 6, A1)
o B Il — o] o B e~ ol
- Dipolar energy:
o . eCDHT tC1 1) .
PP { ECDEE (DAD 2t b 4 Mm'E-)
C D C D D T | | | |
: , &0 Lk - 1) . . “
o L & a = ( N )An (¢ 1) v "Eti
/\ - o T T
g Z Z- S “ L wi t'Eti

See more detailed approach Beleggiaet al., IMMM263, L1-9 (2003
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| 1. UNITS AND FIELDS - Magnetostatics

Demagnetizing coefficients — Take-away messages

For any shape of body
(e ) 0 "Eti
. L Wi tEti

Dipolaranisotropyis alwaysof secondorder

- "Edemagnetizing tensor, Always positive,
and can baliagonalized U U U P

. 0w a

- Along main directions
(O 1) 00

O O a)

Hypothesisuniform M maybe too strong
Rememberdipolarfield is NOTuniform

Q BN IN ELECTRONICS
For ellipsoids etc.

- Condition: boundary is a polynomial of the
coordinates, with degree at most two

Slabgthin films), cylinders ellipsoids
, ‘O \ r
0 = =~ -
SRR L
e @ @ @ o
Eti

t"Eti

gy D

¥ L Wi

- Along main directions
O5, 0 U

M andH maynot be colinearalongnon-
main directions
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1. UNITS AND FIELDS - Magnetostatics
Demagnetizing coefficient (examples)

A Z

X
>

Sphere

b 0

Isotropic

Slab (thin film)

=

b b

Favorsn-planemagnetization

Cylinder

Ql©

Favorsaxial
magnetization

Takeaway message

Dipolar energy favorignmentof magnetization

with longest direction of sample

IE:cl Olivier FRUCHARIFundamentals of magnetism
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1. UNITS AND FIELDS - Magnetostatics

The Fije functions

Q spintec

Core function for the
magnetic scalar potential

. s P P
O (ahudn) : 7o o o

) (ciui) 7O (Gfuf)

Magnetic potential from a charged plate
W

W W

; Adee A0 (0 whd cda)

RONID) -

:’} Sumof four termsinvolvinghere "O

Definition for K, function

l\O (‘lv,lv:) _J

Integratedi times versux
- Integrated] times versuy

- Integratedk times versug

A. Hubert, R. Schaféagneticdomains SpringerZ000

Fooo Can be integrated and/or derived analytically to any order, against x,|y, z

| Example '

"0 (chudn) 0 (GhuhAw 61 o]Q
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1. UNITS AND FIELDS - Magnetostaitics
The Hy, functions — Examples of use (for an xy charged plate)

QS pintec

Magnetic scalar potential

0

O Magnetic scalar potential 0O
Components of magnetic field = ©
— o
n gy O
@) Oy,

Gradients of magnetic field

O -

| MFM contrast I

Demagcoefficients

O 0

Examples of other specific cases
Az

O zcomponent of H, integrated aloryg

O z-averaged z component of H, integrated algng

Electronholographyof a PSA
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1. UNITS AND FIELDS — Magnetostatics O :
Range considerations —__Zspintec

Range Non-homogeneity
Example upper bound of dipolar field in thin Exampleflat strip with aspectratio 0.0125

films /—DIV\}@hVﬁ&é’V\

€ 1) 0o A O
o Ha Tt otipsle
=> g nll #OO0ApTvY Trueprofile

Averagdgdemagcoefficient)

Lateral positiond.u.)
Dipolarfieldsare shortrangedandinhomogeneou low dimensions
Consequencesion-uniformmagnetizatiorswitching edgemodesetc.

:> A 1D/2D systemin spacebehaveserydifferentlyfrom a nanc-bulkmagnet
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