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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

Stephen Blundell

Simple Models
of Magnetism

OXFORD GRADUATE TEXTS

Q spintec

Alberto P. Guimaraes

Principles
of Nanomagnetism

@ Springer
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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 ]

Note: OF lecture iR003on low-dimensionamagnetism

Nanoparticles, microstructures etc
Nanomagnetism and spintronics
Techniques

Applications and interdisciplinary magnetism
Industry perspectives

Open sessions
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General considerations — What is dimensionality? Q spintec

Space l Magnetization components
ny

- Physical guantities (incl. magnetization) defined at - Vector field for magnetization has three components

location in space : o o .
I N T

!E IE Y oY
o I |
Simple spiral owall: 2D A. FertSkyrmion3D
Nat.Nanotech 8, 152(2013

- Mapping magnetization on the unit sphere

.. Features: shape, dimensions, dimensionality

,"
'R &4 AN
IR, NAAA
IR N NN AN
IEE RN NN Attt
PEV PRy st bttt
IBEERE tttttt
VAL INENN, .
N 20 Skrymion Vortex
_ _ _ In: H.B. Braur§olitongn realspace domainwalls vortices
Singledomain Size >magn lengthscale hedgehogsind skyrmionsSpringerZ018
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I. MAGNETIC ORDERING

Magnetic exchange

Physics

- Spin + space wave
function must be
antisymmetric

« Coulomb repulsion

Pauli exclusion

:> May be viewed

as interatomic
HundQrules

Hamiltonian

3 GLRN #N

Direct exchange
Singlet

Triplet

Moleculed hSinglet
MetalsY Ferro/Antiferro

O spintec
Superexchange

/ Ve ““‘\

Bondlength and
C orientation dependent

Often:~ Y Antiferro:~ /2 Y ferro

/

Uy Exchangentegral

Indirect exchange
Conductiorelectrons

b V' B

RKKYare-earth (4f), GaMnAg3d)

Double exchangeMixedvalencestates
e- h__c_)EBing

Y Ferro

Mn3* (3d4) Mn4* (3d3)
Example(Lg ,Cq ;)Mn0,
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l. MAGNETIC ORDERING Q spin

Magnetic ordering and orders
Magnetic ordering yRoneteeton

Magnetic exchange between
microscopianoments

. G LN €N Te
Temperature
Ferromagnetism Antiferromagnetisrﬂ Ferrimagnetism Hellmagnetlsm

YYYRIRY Y f”!“f! b
EEEEREIIIRENE b
=> 7] =D o] =D o] =D o

Y pTmTto Y qwt A URVR W Qgu pxe
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. MAGNETIC ORDERING
Ordering and dimensionality (theory)

- 1sing(1925) No magnetic order at T>0K in 1D Ising ch

- Bloch(1930) No magnetic order at T>0K in 2D Heisenk
(spinwaves)
N. D.Mermin, H. WagnerPRL17, 1133 (1966)

- Onsage(1944) + Yang (195 2DIsing model: Tc>0K

:> Magneticanisotropypromotesordering

A bit of theory J
I

e

G a

Q
U atomiclayers () «a

nearestneighbors

:> 3°Y(6) D pfo

Confirmedby a more robust layerdependentmean

fieldtheory
G.AT. Allan, PREB52 (1970

o
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. MAGNETIC ORDERING
Ordering and dimensionality (experiments)

Q ISPIN IN ELECTRON]CS

Qualitative
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Bergholandu GradmannJ. Magn. Magn.
5,389(1984)

Quantitative, master curve

1 1.(}“ y P =
1 08F ot * Rel000T)/Ni{111)
8 ool o Culttth/Ni Fe(tf1)/Cul1)
= Uer & WII0)/Ni (111}
=0k x Cu{111)/Ni {(111)
a 0
v 020 ° WI{110)/Fe(110}/Aq

{]‘ l I 1 1 | 1 1 4 1

0 10 20 30 40 50

< Curie temperature well fitted by molecular fieldY(0) D pFo

< Orderingemperaturedecreasesvith thickness
< Verysignificanbelowf 1nm
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I. MAGNETIC ORDERING

Magnetic moment versus dimensionality
Simple picture: band narrowing at surfaces

c Dspintec
In practice
Ea E

Ag/Fe(110)/W(110)
‘ < T T T
d s-p d

1A .

8-

a,,(m
P‘ o
[ 5-
x

Film center

)| o

Fits: T3/2 Bloch laws
k 300 ; 160 I zc')n I ; !
» » K

300

temperature(K) “00
. Ata surface I

U. Gradmanret. al.

. Bulk I

< Surfacanomentsare usually20-30%largerthanin the bulk
< Howeverdecayfasterwith temperature
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. MAGNETIC ORDERING
Magnetic moment versus dimensionality

\ ‘\t\\‘i\ '\\ \ \

MNN
MM

»
-

A. Dallmeyer et al., Phys.Re&1B8), B5153(2000

Example of system: Co/Pi(1)

A o %
1.0

.
0.6 - 0l : .
"‘i—@'_‘ 0.0 0.4 0.8 1.2

0.0 r 0.1
107 A s

K (meV/atom)
.

L (ug / atom)

P. Gambardella et al., Science 300, 1130 (2003)

T

10 15 20 25 30 35 40
n (atoms)

Conclusions| .  From bulk to atomsconsiderabléncrease of orbital moment

. 2atoms closer to wire thahatom
< bi-atomic wire closer to surface than wire

Lavaisier discussions aGZ2D magnetic materials
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I. MAGNETIC ORDERING

Magnetic order versus dimensionality — Example: Fe Q spIntec

Theory (bulk)

A fcco-Fefor T>118%K: nonmagnetic
A Yroundstate@sensitive orstrain

I 1 T 1 I T T T

120 - Fe (fcc)

80

)
MAGNETIC MOMENT (,!LB)

E-E, (mRy/atom)

- Anti-Ferro I

ks | High Spin

40

Non-magn
& low spin
1 | 1 | i

2.5 30
T'ws {a.u.)

V. L. Moruzzi et al., PB86957(1989

(Some) experiments in low dimensions
AF FeIML)/W(001) SpinrdensitywaveAFFe(001)

:)(5) I\l /M[\ m\ - Ferromagnetic
20

Antiferromagnetic
domain(SRPSTM)

M. Bodeet al., Nat. Mater. 5,

477‘481 2006 OML ML SMILL OML
( ) D. Qian et al., PBEL, 2272042001)

See als&.Croset al,
EurophysLett. 49, 807 (2000)

See alspO.K. AndersePhysicd 86, 249 (1977)
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I. MAGNETIC ORDERING Qspi ntec

Magnetic order versus dimensionality — Example: Fe
Rh turning magnetic in small clusters |

1.2 ey ———
Rhodium Clusters | | Physics

1.0} : 1 | Narrowingof band
Stoner criterium
Quantum sizeeffects

=
o0
—

S
~
—

True Magnetic Moment Per Atom
(bohr magnetons)
=] =)
(] o

0_0....1....1.... P i i .
5 10 15 20 25 30 35

Number of Rhodium Atoms

A. JCox et al., Magnetisim 4d-transition metaklusters,
Phys. Rev. £9, 12295(1994)
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l. MAGNETIC ORDERING
Chirality

Q spintec

Magnetic exchange The DzyaloshiinskMoriha interaction (DMI)

< fi - ORN TN L ° - h  ArRél®l n)
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X. ZYuet al., Naturet65, 901 (2010

W. Jiang edl.,
Science349,
283(201H
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Table of contents Q spintec
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Il. MAGNETIC ANISOTROPY :
Quizz 1 - Stray field above thin film Q SpIntec

QJ! What is the value of stray field above

an extended perpendicularymagnetized thin film?

E

Zero

+M/ 2

+M

Dependson the valueof anisotropy

- A
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Il. MAGNETIC ANISOTROPY
Quizz 2 — Maximum stray field Q spintec

QJ ! What is the maximum stray field (in free space) that
can be obtained from a unlformlynagnetlzed
system of arbitrary shape?

1. M/3

2. M/2
3. M
4. Ashighaswe like,no limit
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Il. MAGNETIC ANISOTROPY -
Quizz 3 - Demagnetizing coefficients O RS

Q I ! One can define and compute (analytics or numerics)
demagnetizing coefficients fof

1. Ellipsoidsslabscylinders ) 3. Anyfinite-sizebodyof arbitraryshape

a I » LA PANTHERE

2. Anyfinite-sizebodymadeup of onesinglepiece 4. None,allisanapproximation

y
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Il. MAGNETIC ANISOTROPY -
Magnetostatics — Ways to handle it Q SpIntec

Analogy with electrostatics Usefulexpressions

Maxwell equatioih te t'E ) .
L Ete AD

1 imadfal ol o o) .. a
»é o o ! “(rl)] Ao :
e L E‘ £ An

Tolift the singularitythat may ariseat boundaries,
avolumeintegrationaroundthe boundariesyields o
) (f - o) RCPICEE P, 1 E‘ " 9D o B

s (l AD AN
e (D TR TR

. i »
Magnetic charges Alwayspositive

" 0O O ti "I — volume density of magnetic charges -/ Zeromeansminimum

O 0 1 (CDET 71 — surface density of magnetic charges
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Il. MAGNETIC ANISOTROPY
Magnetostatics — Size and shape Q spintec

Size considerations

) 7 (“I ) (1\| ,‘I ) 3 p (“I ) (“I !\I ) .
e (I ———AD T AN
( ) _l_ 14 | I | | .l. 11 | I I |
- Unchanged if all lengths are scaled: homothetic.
NB: the following is a solid angle:

¢l "DAR
R

A

- H,doesnot dependonthe sizeof the body(longrangeinteraction)
J Forcesandtorquesscalewith p7O E | Applications I

Demagnetizing tensor ‘ Appliesto uniform
(€ 1) O “Eiil magnetization

- Along main dlrectlons

Olivier FRUCHARIntroduction to low-dimensional magnetism _—— '3%“255'3’5‘55’6‘23 sTr%%%%&?ngrSﬁ%S 20 ‘



Il. MAGNETIC ANISOTROPY

Demagnetizing coefficient (examples)

A Z

X
>

Sphere

b 0 U

Isotropic

Slab (thin film)

=

e

Favorsn-planemagnetization

Cylinder

Ql©

Favorsaxial
magnetization

Takeaway message

Dipolar energy favorignmentof magnetization

with longest direction of sample
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Il. MAGNETIC ANISOTROPY :
Quizz 1 - Stray field above thin film Q SpIntec

QJ! What is the value of stray field above

an extended perpendicularymagnetized thin film?

E

Zero

+M/ 2

+M

Dependson the valueof anisotropy

- A
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Il. MAGNETIC ANISOTROPY
Quizz 2 — Maximum stray field Q spintec

QJ ! What is the maximum stray field (in free space) that
can be obtained from a unlformlynagnetlzed
system of arbitrary shape?

1. M/3

2. M/2
3. M
4. Ashighaswe like,no limit
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Il. MAGNETIC ANISOTROPY -
Quizz 3 - Demagnetizing coefficients O RS

Q I ! One can define and compute (analytics or numerics)
demagnetizing coefficients fof

1. Ellipsoidsslabscylinders ) 3. Anyfinite-sizebodyof arbitraryshape

a I » LA PANTHERE

2. Anyfinite-sizebodymadeup of onesinglepiece 4. None,allisanapproximation

y
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Il. MAGNETIC ANISOTROPY _
Magnetocrystaline anisotropy — Bulk O spintec

Underlying physics Phenomenology
- Crystal electrifield (CEFCoulomb - Angular dependence of the energy of a magneaderial
interaction between electronic orbitals . _ :
and the crystaénvironment = - Applies to all orders: ferromagnets, antiferromagnets etc.
. Spinorbit coupling S and E - Group theorypredictterms in expansions:
- - BN D« i, (afled + wilad + aded) + B ledeiea + E
GA p prA6 pm pmitAG Hexagonal |
/£ ¢uU A6 pnnumninA6 O UOE+ 0 OEFl 0 OEL 0 OE1OE%® E
Numbers Crucial importance for applications
- Low symmetry favors high anisotropy || = Compass, spintroritased magnetic sensors

< Large range of values in known materig¢ - Magnetic recording, including tapes, halidk
drives, magnetic random access memories
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