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Historical overview

Observation and application (from the ancient times on)

Magnisia, Greece

Lodestone or
Magnetite Fe3O4

Fe3O4 = (Fe3+)2Fe2+(O2–)4

A mixed valence compound
Structure type: (inverse) spinel

(Fe3+)tetr(Fe2+Fe3+)oct(O2–)4

General formula for spinels: A3+
2B

2+O4

Normal spinel: cations A in octahedral sites, B in tetrahedral
Inverse spinel: ½ of A in tetrahedral sites, ½ of A and B in octahedral

-5μB

Total μnet ~ 4μB ferrimagnetic ordering

5μB + 4μB



Magnetism as interaction with an external magnetic field

 Macroscopic picture

 We are studying the response of a macroscopic sample introduced into
an external magnetic field (a usual approach to explore the magnetic
properties of a (unknown) sample)

1. Macroscopic level



Magnetism as interaction with an external magnetic field

 Macroscopic picture

 We are studying the response of a macroscopic sample introduced into
an external magnetic field (a usual approach to explore the magnetic
properties of a (unknown) sample)

 Experimental parameters/variables:

• magnetic field strength H (A/m)
• magnetic flux density B (T = Nm/A)
• magnetization M (A/m)
• susceptibility 𝜒 (dimensionless)
• permeability μ (μ0μr) or relative permeability μr 

• permeability of vacuum (permeability constant) 
μ0 = 4p·10–7 V·s/A·m

1. Macroscopic level



1. Characteristic values

Magnetism as interaction with an external magnetic field

• electric current
• Maxwell equations
• Lorentz force
• magnetic dipols

Cause (H)

B = μ0H (free space)
B = μ0μrH

(in a linear solid)

Mediation (B)

• what the sample „sees“

Response (M)

or

B = μ0(H + M)
M = 𝜒H (linear material)

μr = 1 + 𝜒



1.1. Classification of magnetic materials

 Based on susceptibility or permeability. Susceptibility is discontinuous

μr = 1 + 𝜒

χ < 0 diamagnetic material

χ = 0 vacuum

χ > 0 paramagnetic material

χ ≫ 0 magnetically ordered materials
(non-linear dependence, 
e. g. hysteresis)

…any other complex dependence…

0 ≤ µ𝑟 < 1 diamagnetic material

µ𝑟 = 1 vacuum

µ𝑟 > 1 paramagnetic material

µ𝑟 ≫ 1 magnetically ordered material
(non-linear dependence

cannot be assessed based on the absolute 
values of permeability or susceptibility )

𝜒 = M / H

μ = μr μ0



1.1. A note on paramagnetism

 Paramagnetism
Magnetization is induced and persists until the
external magnetic field is applied. 
In contrast to that, ferromagnetism (or any other long-
range magnetic ordering) is stable without an applied
field (spontaneous). 

Large positive experimental 𝜒 values do not suffice for

a sample to be characterized as ferro(ferri)magnetic.

Paramagnetic materials achieve saturation in high 
magnetic fields.



Magnetic properties are not a „permanent“ characteristic of a material at hand. 
They are being studied within a parameter space (magnetic fields, temperature, 
physical or chemical pressures are variables). Magnetic phase transitions are
often observed, in particular along the temperature scale.

Methods of synthesis/crystal growth and the associated physical shape of the
sample (crystal, powder, nanoscaled product, thin film, etc.) can (strongly) 
influence the magnetic characteristics of a given material. Also due to
confinement effects: 

• spatial confinement: nanostructures; thin films

• structure confinement: 2D, 1D and 0D structure fragments, various types of
chemical bonding between the fragments

• electronic confinement: 2DEG at interfaces, surface; heterostructures

Phase diagrams, incl. magnetic ones (H, T, p, etc.).

The range of available magnetic fields: from 50 µT on the Earth surface to

Saturation magnetization of iron ca. 2 T

Outmost weak magnetic field in a lab 10–9 T

Brain waves (Physikalisch-Technischen Bundesanstalt, Berlin)

Outmost strong (stable) magnetic field in a lab 45 T

1.1. Magnetic properties in a parameter space



Magnetism as a phenomenon dealing with magnetic moments
(isolated or interacting) (in an environment of a solid)

 Microscopic picture

 We are looking at interactions and mutual adjustments of „elementary
magnets“ or „magnetic centres“.

 Cooperative, collective (electron-based) phenomena. 
Electron correlations and competing ground states.

 Experimental parameters/variables:

• Quantum numbers
• Angular (orbital) momentum L, (total) spin momentum (S), 

total angular momentum J
• Bohr magneton μB = 9.27408·10–24 A·m2

2. Atomic level



2. Characteristic values

Magnetism as a phenomenon dealing with magnetic moments
(isolated or interacting) (in an environment of a solid)

 Orbital angular momentum (L) = electron is an electric charge on a cyclotron orbit, 
loop current (core electrons)

Experimental confirmation: Einstein-de Haas effect (1915)
Rotation induced by magnetization.
Reason: conservation of the angular momentum. Orbital angular momentum is a 
quantum-mechanical analog of the classic angular momentum.

 Spin angular momentum (S) = eigenrotation of an electron (core electrons and
itinerant electrons). A metaphor of planetary rotation is deceiving.

Experimental confirmation: Stern-Gerlach experiment (1922)
Ag [Kr]4d105s1 atoms in an inhomogeneous magnetic field



2. Magnetic moment

Magnetic moment 𝑚 is related to:

• Current loops (orbital motion of electric charge)
• Spin magnetic moments of elementary particles

Current loop is an orbital motion of charge and orbital motion of a particle mass

(angular momentum 𝐿)

𝑚 and 𝐿 are proportional:

𝑚 = − 𝛾 𝐿, 𝛾 – g-factor, gyromagnetic ratio

𝑚

I

𝑚 = 𝐼 𝑑𝑆 , 𝑆 − area

Units A·m2



2. Einstein-de Haas experiment

Demonstrates the existence of the angular 
momentum.

Demonstrates a connection between the classic 
angular momentum and macroscopic
magnetization of a macroscopic body and the
angular momentum of an electron.

Relates the observed magnetic moment to its
angular quantum number.

Rotation is a consequence of the conservation of
angular momentum.



2. Precession

Potential energy is minimal when the moment is parallel 
to the external field.
The relation is written by analogy with an electric dipole.
The notion of magnetic dipole.
Are there magnetic monopoles?

𝑚

I

𝐸𝑝𝑜𝑡 = −𝑚 ∙ 𝐵𝐵

In non-uniform magnetic field, there will be a magnetic force proportional to the
magnetic field gradient, acting on a magnetic dipole:

𝐹𝑙𝑜𝑜𝑝 = 𝛻(𝑚 ∙ 𝐵), 𝐹𝑧 = 𝑚𝑧
𝜕𝐵𝑧

𝜕𝑧



2. Precession

Potential energy is minimal when the moment is parallel 
to the external field.
The relation is written by analogy with an electric dipole.
The notion of magnetic dipole.
Are there magnetic monopoles?

𝑚

I

𝐸𝑝𝑜𝑡 = −𝑚 ∙ 𝐵𝐵

In homogenous magnetic field, there is no force but there is torque:

𝑇 = 𝑚 × 𝐵

Angular momentum and torque lead to magnetic precession with Larmor frequency

𝛾 𝐵



2. Bohr magneton

One Bohr magneton corresponds to the moment of the electron in a hydrogen atom
with the Bohr radius of 0.529 Å and angular quantum number l = 1. 

In quantum mechanics, 𝛾 = −
𝑚𝐵

ℏ
, so that

𝑚 = −𝑚𝐵𝐿, 𝑚 = −𝑔𝑚𝐵
Ԧ𝑆, 𝑔 − Landé-factor, 𝑔 = 2 (free electron)

For electrons in periodic solids, both core and itinerant electrons, the Landé-factor
is slightly different from 2.

𝑚 = −𝑚𝐵(𝐿 + 𝑔 Ԧ𝑆) – total magnetic moment

Bohr-van Leeuwen theorem: the net magnetization of a classical system is zero

𝑚𝐵 =
𝑒ℏ

2𝑚
= 9.274 ∙ 10−24

J

T
= 0.579 ∙ 10−4

eV

T
= 9.274 ∙ 10−21 emu



2.1. A History of Spin

 Zeeman effect (1896)

 Sodium yellow doublet (splitting of the emission lines without external
magnetic field: a direct consequence of spin-orbit coupling)

 Bohr-Sommerfeld atomic model (1913)

 Paschen-Back effect (1921)

 Stern-Gerlach experiment (1922)

 S. Goudsmith, G. Uhlenbeck (1925, Universität Leiden): 
electron has an intrinsic angular momentum

 W. Pauli (1927): has determined the complete set (incl. spin) of
commuting variables (CSCO), or the complete set of quantum numbers
describing a quantum system, Pauli exclusion principle



2. Stern-Gerlach experiment

If the spin eigenvalues were similar to the orbital ones (the l = 1 state), we would
expect to see 3 deflected beams. If the space quantization were due to the magnetic
quantum number ml, ml states were always odd (2l +1) and should produce an odd
number of lines. ms (secondary spin quantum number) ranges from –s to +s and
generates (2s + 1) values.
Fermions (incl. electrons) take up half-integer s values.

Ag: [Kr]4d105s1

VB = -mzB
Fz = -(dVB/dz) = mz(dB/dz)



2.1. Spin-orbit coupling I

 Spin angular momentum (S) = eigenrotation of an electron (core and itinerant

electrons)

 Core electrons = current loops  angular momentum (L)

 Spin-orbit coupling (in a rotating reference system of an electron, a positively charged
nucleus (+Ze) is rotating on a circular orbit and generating a magnetic field): 

𝒋 = ℓ + 𝒔
𝒋 𝟐 = ℓ 𝟐 + 𝒔 𝟐 + 𝟐ℓ ∙ 𝒔

Energy of SOC:

𝐸𝑆𝑂 = – 𝝁𝑠 ∙ 𝑩𝑜𝑟𝑏 = 𝐴 ∙ ℓ ∙ 𝒔

𝐴 — SOC constant, 𝐴~
𝑍4

𝑛6
, 

Z – atomic number, n – principal quantum number

𝐸𝑆𝑂 lies in the range between 10 and 100 meV

R. Gross, A. Marx. Festkörperphysik. 2. Auflage. 2014



2.1. A History of Spin

 Sodium yellow doublet (splitting of the emission lines without external
magnetic field: a direct consequence of spin-orbit coupling)

Na atom: the 3p level splits into 2 states
with total angular momentum (J) J = 3/2 
and J = 1/2 in the presence of the internal 
magnetic field caused by orbital motion
and spin.
In the reference system of a core electron, 
the nucleus with a charge +Ze is rotating
around the electron and generates a 
magnetic field.
In this field, the electron has an additional 
potential energy:

𝑈𝑚 = −𝜇𝑠 ∙ 𝐵 = −𝜇𝑧𝐵𝑧 = −𝑔𝑠𝜇𝐵 𝑆𝑧𝐵𝑧 = ∓𝜇𝐵𝐵𝑧



2.1. Zeeman effects

Zeeman effect(s): Splitting of energy states in external magnetic field

Sodium atom in external field (all 
z-component of total angular 
momentum J:

Term: 2S+1LJ, selection rules



2.1. Characteristic values

Magnetism as a phenomenon dealing with magnetic moments
(isolated or interacting) (in an environment of a solid)

 Total magnetic moment is a sum of all contributions of all electrons in a solid. 
Both core and itinerant electrons cause dia- and paramagnetic contributions.



Magnetic response of core and itinerant
electrons

R. Gross, A. Marx. Festkörperphysik. 2. Auflage. 2014

Delocalized electrons
Itinerant electrons

Localized electrons
Core electrons



Magnetic response of core and itinerant
electrons

Paramagnetism Diamagnetism

Localized electrons Langevin-
paramagnetism, χ = C/T
Contributions of spin and
orbital angular momenta of
electrons on partially
occupied shells

Van Vleck-
paramagnetism. Spin and
orbital momenta of closed
shells.

Atomic or Larmor-
diamagnetism
Contributed by the orbital 
angular momenta

Itinerant (quasi-free) 
electrons

Pauli-paramagnetism
Contributed by the spin
momenta

Landau-diamagnetism
Contributed by the orbital 
angular momenta

𝝌𝒗𝒂𝒏 𝑽𝒍𝒆𝒄𝒌 ≈ 𝝌𝑷𝒂𝒖𝒍𝒊 ≈ 𝝌𝑳𝒂𝒓𝒎𝒐𝒓 ≈ 𝟏𝟎−𝟔…−𝟓 ≪ 𝝌𝑳𝒂𝒏𝒈𝒆𝒗𝒊𝒏 ≈ 𝟏𝟎−𝟑…−𝟐


