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How strong are magnetic forces
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Maxwell’s equations

in vacuum
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The origin of magnetic properties
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The origin of magnetic properties

Atoms with 
෠𝐿 = 0, 
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C. Kittel, Introduction to solid state physics



Interaction between localized moments
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Direct dipole-dipole interaction is too weak to explain the magnetic 
properties up to the Curie temperature 𝑇𝐶~102𝐾



Exchange interaction
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Exchange interaction

∆𝐸 = 𝐴 ± 𝐽
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exchange energy

if 𝐽 > 0 ⟹ min. energy for 𝑆 = 1 ⟹ ferromagnetic order

if 𝐽 < 0 ⟹ min. energy for 𝑆 = 0 ⟹ antiferromagnetic order



Exchange interactions

G. Rajaraman, Computational modelling of molecular nanomagnets

Direct exchange (some pure metals): direct exchange between 
3d-electrons



Exchange interactions
Superexchange (e.g. MnO): indirect exchange between 3d-electrons of 
metal via 2p-electrons of oxygen

Double exchange (e.g. La1-xSrxMnO3): indirect exchange between 
localized 3d-electrons via delocalized 3d electrons

G. Rajaraman, Computational modelling of molecular nanomagnets



Exchange interactions
RKKY interaction (e.g. rare-earths): indirect exchange between very 
localized 4f-electrons via 5d/6s conduction electrons

Ruderman 
Kittel 

Kasuya 
Yosida

J.M.D. Coey, Magnetism and magnetic materials, 2026



The Heisenberg model
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C. Kittel, Introduction to solid state physics



Magnetic domains

C. Kittel, Introduction to solid state physics



Domain walls

D. Lee et al, Phys. Rev. B 80, 060102(R) (2009)
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