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How strong are magnetic forces
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Maxwell’s equations
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The origin of magnetic properties

ool

=0

B = const =0

ool
|

52
0 2m, + U(7r)

= £ -lh =9727-107%% ’l] the Bohr magneton
Hp m, 2 ' T J

- - ~ 1 -~ 2 3
2m,

17—2 [§XF]2—,uB(L+ZS)B
\f/ "

orbital diamagnetism Zeeman energy




The origin of magnetic properties

Atoms with f = 0, § = 0: only orbital diamagnetism
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Langevin (free spin)

Paramagnetism

Magnetic susceptibility
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Figure 1 Characteristic magnetic sus{:eptihilities of diamagnetic and paramagnetic substances.

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 T,~10“K



Exchange interaction
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Exchange interaction

AE =A+] (+forS=0;-forS=1)

e* . 2Re jJ ¢Z(F1)¢Z(Fz)lpa(772)1/)b(71)d
|7 — 75l

1 2
4‘7T€0
T‘

] =

Y(r)~e

62 _2@ 1
.2-e a8 —~400K  exchange energy

41te, ag

]~

A
if ] > 0 = min. energy for § = 1 = ferromagnetic order

A

if ] < 0 = min. energy for S = 0 = antiferromagnetic order




Exchange interactions

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

G. Rajaraman, Computational modelling of molecular nanomagnets



Exchange interactions

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

Superexchange

Double exchange (e.g. La,_Sr,MnQO,): indirect exchange between
localized 3d-electrons via delocalized 3d electrons
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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
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Fig. 7.34. (a) Spin polarization of the conduction electrons around a localized
magnetic impurity, showing the characteristic RKKY oscillations given by (7.46).
(b) Spin polarization of electrons between two magnetic layers. The relative mag-
netization alignment in the two layers depends of the distance between the layers,
and is caused by induced spin polarization in the “nonmagnetic” spacer layer, the
sign of which is distance-dependent. Right: Interlayer exchange coupling strength
Ji2 between two ferromagnetic NigpCoog layers across a Ru spacer layer of variable
thickness [312]. The experiment utilized a specially engineered multilayer structure.

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



The Heisenberg model
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Figure 1 Ordered arrangements of electron spins.

C. Kittel, Introduction to solid state physics



Magnetic domains

C. Kittel, Introduction to solid state physics



Domain walls

(b)

FIG. 1. (Color online) Different types of domain walls: (a) Ising
type, (b) Bloch type, (c) Néel type, and (d) Mixed Ising-Néel type
walls. A mixed Ising-Bloch type would look similar to (d) except
that the rotation (#z) would be out of the plane of the polarization
vector.

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