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Space

Physical quantities (incl. magnetization) defined at any 
location in space

Ἑ Ἑὼȟώȟᾀ

C. Donnnelly, Phys. Rev. Lett. 114, 115501 (2015)

Features: shape, dimensions, dimensionality

Magnetization components

Vector field for magnetization has three components

Ἑ ὓ● ὓ ὁ ὓ◑

Mapping magnetization on the unit sphere

Simple spiral or wall: 2D Skyrmion: 3D

Skrymion Vortex

In: H.B. Braun, Solitonsin real space: domainwalls, vortices, 
hedgehogsand skyrmions, Springer (2018) 

A. Fert,
Nat. Nanotech. 8, 152 (2013) 

Single-domain Size > magn. lengthscale
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Magneticordering
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Physics Direct exchange

Singlet

Triplet

MoleculesҦSinglet

MetalsŸ Ferro/Antiferro

Superexchange

Bond-length and
ςorientation dependent

Often: ̄ Ÿ Antiferro; ̄  /2 Ÿ ferro

Indirect exchange
Conductionelectrons

Double exchangeMixed-valencestates

e- hopping

Ÿ Ferro Ÿ Ferro
Mn3+ (3d4) Mn4+ (3d3)

RKKY,rare-earth(4f), GaMnAs(3d) Example: (La0.7Ca0.3)Mn03

Hamiltonian

꞊ ςὐȟἡɇἡ

ὐȟ Exchangeintegral

Spin + space wave 
function must be 
antisymmetric

Coulomb repulsion

Pauli exclusion

May be viewed
as interatomic
HundΩsrules



Olivier FRUCHART ςIntroduction to low-dimensional magnetism
Lavoisier discussions on 2D magnetic materials

23-24 Jan 2023, Strasbourg, France

HelimagnetismFerrimagnetism

Magnetic ordering

꜡ ς ὐȟἡɇἡ

Magnetic exchange between
microscopicmoments:

Ferromagnetism
ὐȟ π

Antiferromagnetism
ὐȟ π ὐȟ π ὐȟὐé

Fe CoO Fe3O4 Dy

Ὕ ρπτσ+

ὓ ρȢχσρπ!ȾÍ

Ὕ ςως+

ὐ σȾς

Ὕ ψυψ+

ὓ τψπË!ȾÍ

Ὕᶰψυ ρχω+

‘ ρπȢτ‘
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Naïve views: mean fieldA bit of theory

Ising (1925). No magnetic order at T>0K in 1D Ising chain.

Bloch (1930). No magnetic order at T>0K in 2D Heisenberg 
(spin-waves)
N. D. Mermin, H. Wagner, PRL17, 1133 (1966)

Onsager (1944) + Yang (1951). 2D Ising model: Tc>0K

Magneticanisotropypromotesordering

atomiclayersὔ

nearestneighbors

ɝὝ ὸḐρȾὸ

Confirmedby a more robust layer-dependentmean-
fieldtheory

G.A.T. Allan, PRB1, 352 (1970)

Ὕ
‘ᾀὲ ȟὲὫ‘ὐὐ ρ

σὯ

ᾀ ᾀ
ςᾀ ᾀ

ὔ
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Qualitative Ni(111)/Re(0001)

R. Bergholz andU. Gradmann, J. Magn. Magn. 
Mater. 45, 389 (1984)

Quantitative, master curve

Curie temperature well fitted by molecular fieldɝὝ ὸḐρȾὸ

Orderingtemperaturedecreaseswith thickness

VerysignificantbelowҒ1nm
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Simple picture: band narrowing at surfaces

Surfacemomentsareusually20-30%largerthanin the bulk

However,decayfasterwith temperature

Bulk At a surface

In practice Ag/Fe(110)/W(110)

U. Gradmannet. al.
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Example of system: sub-monolayer Co/Pt(997)

A. Dallmeyer et al., Phys.Rev.B 61(8), R5153 (2000)

Example of system: Co/Pt(111)

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

From bulk to atoms: considerable increase of orbital moment

2 atoms closer to wire than 1 atom

bi-atomic wire closer to surface than wire

Conclusions
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Other magnetic 
orders: AF Fe(001), 

ferromagnetic Pdetc.

AF Fe(1ML)/W(001)

Antiferromagnetic
domain(SP-STM)

Theory (bulk)

M. Bodeet al., Nat. Mater. 5,
477-481 (2006)

(Some) experiments in low dimensions

Å fcc ɔ-Fe for T>1185K: non-magnetic
ÅΨground-stateΩ: sensitive on strain

V. L. Moruzzi et al., PRB39, 6957 (1989)

See also: O.K. Andersen, PhysicaB 86, 249 (1977)

High Spin

Anti-Ferro

Non-magn
& low spin

Spin-density-waveAFFe(001)

Ferromagnetic

SDW AF

D. Qian et al., PRL87, 227204(2001)

See alsoV. Croset al.,
Europhys. Lett. 49, 807 (2000)
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Rh turning magnetic in small clusters

A. J. Cox et al., Magnetism in 4d-transition metal clusters,
Phys. Rev. B 49, 12295 (1994)

Physics
Narrowingof band
Stoner criterium
Quantum size effects
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Magnetic exchange

Chiral magnetization textures: spirals and skyrmions

X. Z. Yuet al., Nature 465, 901 (2010)

꜡ȟ Ἆȟɇἡ ἡ꜡ȟ ὐȟἡẗἡ

The Dzyaloshiinski-Moriha interaction (DMI)

W. Jiang et al.,
Science 349,
283 (2015)
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Magneticordering Magneticanisotropy
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What is the value of stray field above
an extended perpendicularly-magnetized thin film?

Ἑ

1. Zero

2. + M / 2

3. + M

4. Dependson the valueof anisotropy
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What is the maximum stray field (in free space) that 
can be obtained from a uniformly-magnetized 
system of arbitrary shape?

1. M /3

2. M /2

3. M

4. Ashighaswe like,no limit
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One can define and compute (analytics or numerics) 
demagnetizing coefficients forΧ

1. Ellipsoids,slabs,cylinders

2. Anyfinite-sizebodymadeup of onesinglepiece

3. Anyfinite-sizebodyof arbitraryshape

4. None,all isanapproximation
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Analogy with electrostatics

Maxwell equation Ҧ

To lift the singularitythat mayariseat boundaries,
a volumeintegrationaroundthe boundariesyields:

Magnetic charges

Useful expressions

Alwayspositive

Zeromeansminimum

ẗἒ ẗἙ
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Size considerations

Unchanged if all lengths are scaled: homothetic. 
NB: the following is a solid angle:

Ä
Ἲ ἺÄה

Ἲ Ἲ

Hd doesnot dependon the sizeof the body(long-rangeinteraction)

Forcesandtorquesscalewith ρȾÓÉÚÅApplications

ἒ Ἲ
”Ἲ Ἲ Ἲ

τ“Ἲ Ἲ
Äם

„Ἲ Ἲ Ἲ

τ“Ἲ Ἲ
Äה

Demagnetizing tensor

Along main directions

ἒ Ἲ ὓ Ἒẗἵ

ὌȟἺ ὔὓ

Appliesto uniform
magnetization
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Slab (thin film)

Favorsin-planemagnetization

Sphere

Isotropic

Cylinder

Favorsaxial 
magnetization

Dipolar energy favors alignment of magnetization 

with longest direction of sample

Take-awaymessage

ὔ ὔ ὔ
ρ

σ

ὔ ὔ
ρ

ς
ὔ π

ὔ ὔ π

ὔ ρ

ὒ ὒ Њ

ὒ ὒ ὒ Ὀ ὒ ὒ Ὀ

ὒ Њ
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What is the value of stray field above
an extended perpendicularly-magnetized thin film?
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1. Zero

2. + M / 2

3. + M

4. Dependson the valueof anisotropy
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What is the maximum stray field (in free space) that 
can be obtained from a uniformly-magnetized 
system of arbitrary shape?

1. M /3

2. M /2

3. M

4. Ashighaswe like,no limit
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One can define and compute (analytics or numerics) 
demagnetizing coefficients forΧ

1. Ellipsoids,slabs,cylinders

2. Anyfinite-sizebodymadeup of onesinglepiece

3. Anyfinite-sizebodyof arbitraryshape
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Underlying physics

Crystal electric field (CEF): Coulomb 
interaction between electronic orbitals 
and the crystal environment

Spin-orbit coupling S and L

꞊

꞊

Phenomenology

Angular dependence of the energy of a magnetic material

Applies to all orders: ferromagnets, antiferromagnets etc.

Group theory predict terms in expansions:

Cubic

Hexagonal

Numbers
Low symmetry favors high anisotropy

Large range of values in known materials

Crucial importance for applications
Compass, spintronic-based magnetic sensors

Magnetic recording, including tapes, hard-disk 
drives, magnetic random access memories

꞊ ꞊

ρ ρπÅ6

ςυÍÅ6

ρπ ρππÍÅ6

ρππυππÍÅ6

σÄ

τÆ
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