
Module: Magnetism on the Nanoscale, WS 2020/2021

Dr. Laura Teresa Corredor Bohórquez

Dresden, 02.11.2020

Lectures 1 + 2: Basics



Fundamental terms

Magnetic moment Fundamental object in magnetism. Related to:
• Current loops (orbital motion of electric charge)
• Spin magnetic moments of elementary particles

Magnetism presents quantum mechanical effects which cannot be 
explained using classical mechanics and electrodynamics!!

Classical pictures/analogues are visualized only for better understanding 

A

m (orm)

[m] = erg/Oe = „emu“

For one electron:

Bohr magneton
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Fundamental terms

Magnetic field 
(strength)

External to the material under observation. Achieved via:
• Permanent magnets
• Electrical currents / solenoids

H

Y. J. Dori et al., Materials Today, December 2003, 44

[H] = A/m, Oe
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Fundamental terms

Magnetization Total magnetic moment per volume unit

M

Courtesy of Allen D. Elster, MRIquestions.com

→In vacuum no magnetization occurs

Magnetic induction 
(flux density)

B

Response of the material when applying an external magnetic field H

→ Both B and H are just scaled version of each otherIn vacuum →

In magnetic solid → → B and H may be quite different in magnitude 
and direction![B] = T, Oe

[M] = emu/g, emu/cm3,
A.m2/Kg…
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Susanne Baumann, Investigation of the unusual magnetic properties of Fe and Co on MgO with high spatial, energy and temporal resolution (2015)

SI CGS

Rather than turning m towards B, the magnetic field causes the direction of m 
precess around B!

Atoms in a magnetic field: precession

Potential energy is minimal when the 
moment is parallel to the external field

In homogenous magnetic there is torque   𝑇=𝑚×𝐵

Angular momentum and torque lead to magnetic precession with 
Larmor frequency w𝐵
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Vector model of the atom: spin-orbit coupling

When describing the atomic origin of magnetism, one has to consider orbital and spin motions of the electrons and the 
interaction between them. This leads to splitting of different energy levels which can lead to different transition energies.

total orbital 
angular momentum 

total spin 
angular momentum 

total
angular momentum 
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The summation over a complete shell is zero, the only contributions coming from 
incomplete shells

Russell–Saunders 
coupling

The magnetic field generated by a “spinning” 
electron interacts with the magnetic field 
generated by an “orbiting” electron with an 
interaction energy 

Public Domain; Maschen Public Domain; Maschen



Atoms in a magnetic field

Consider a single atom which contains Z electrons in an external magnetic field B:
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Magnetic susceptibility

Linear materials 

relative permeability 

Other definitions:

[c] = emu/Oe cm3
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Classification of magnetic materials

Diamagnetism Paramagnetism Collective magnetism

Ferromagnetism

Antiferromagnetism

Ferrimagnetism

Helical ordering

Spin glass

…
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Diamagnetism
All materials show some degree of diamagnetism. Even though it is
composed of atoms which have no net magnetic moment, a diamagnetic
material reacts in a particular way to an applied field…

Quantum mechanical approach

Consider an atom with all electronic shells filled: 

0

Now we assume that the external magnetic field 
is parallel to the z-axis: 

Consequently, an energy shift of the ground state 
energy occurs due to the diamagnetic term:

If we consider that atoms in the ground state with filled 
electron shells exhibit spherically symmetric electronic 
wave functions:

Now we can extend it to a solid composed by N ions in a volume V:

Helmholtz 
free energy

Classical Langevin model

Larmor frequency 

The change in w leads to a change in magnetic 
moment, which reflects in the energy. 

Considers the perturbation of the electron
orbital motion due to the force experimented
by each electron moving in an external
magnetic:

*approximation only! qualitative agreement with 
experimental results 
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Diamagnetism

https://www.youtube.com/watch?v=ZLkP6S6mKsY

Courtesy of Allen D. Elster, MRIquestions.comIacovacci et al., http://dx.doi.org/10.5772/62865 https://www.lenfisherscience.com/56-the-true-story-of-the-levitating-frog/
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Paramagnetism

Related to a positive magnetic susceptibility so that an applied magnetic field induces a magnetization which aligns parallel
with the applied magnetic field which caused it. Now there is a non-vanishing magnetic moment due to unpaired electrons.

Curie law

Curie-Weiss law

constant
with dimensions of 

temperature

Iacovacci et al., http://dx.doi.org/10.5772/62865 

McElfresh, Fundamentals of magnetism and magnetic measurements, Quantum Design 1994 
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Perfect 
paramagnet



Paramagnetism: Van Vleck

➢ Refers to a positive and temperature-independent contribution to the magnetic susceptibility of a material, derived
from second order perturbation corrections to the Hamiltonian due to the applied magnetic field.

➢ Associated with thermal excitations to low-lying states.

➢ Usually important for systems with one electron short of being half filled, this contribution vanishes for elements with
closed shells.

12

Susceptibility of a 
non-magnetic solid



https://www.reddit.com/r/Mcat/comments/8f5dn0/diamagneticparamagnetic_magnetic_field_could/

Big picture
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Crystal fields: an atom is not alone

The crystal field is an electric field derived from neighboring atoms in the crystal. Its size 
and nature depends strongly on the symmetry of the local environment

Example: Transition metal ion in an octahedral environment (quite common!)

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Crystal_Field_Theory/Crystal_Field_Theory 14



Crystal fields: an atom is not alone

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Crystal_Field_Theory/Introduction_to_Crystal_Field_Theory 15



Crystal fields: an atom is not alone

https://doi.org/10.1016/j.jpcs.2018.04.009

https://chem.libretexts.org/Bookshelves/Inorganic_Chemistry/Modules_and_Websites_(Inorganic_Chemistry)/Crystal_Field_
Theory/Crystal_Field_Theory
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The complexity of energy levels in a solid

16

J. Frost et al., Chem. Sci., 2016, 7, 2470

Er 3+ ion in silica

A.J. Kenyon, Progress in Quantum Electronics 26 (2002) 225–284



Magnetic interactions ➢ The ways in which magnetic moments in a solid communicate with each other.

Magnetic dipolar interaction Exchange interaction

The energy of two magnetic dipoles m1 and m2

separated by a distance r is given by:

If m1 = m2 = mB and r = 1 Å, Edip ≈ 10-23 Joules 
→ very small! 

too week to account for the ordering in most of 
the magnetic materials

could be relevant if the magnetic ordering 
temperature of the material is below 1 K! 

Direct exchange Itinerant exchange* Superexchange

Double exchange Anisotropic exchange

* More details on S. Wurmehl lecture: Magnetism in metals.

Electrostatic interaction. Arises as a consequence of the 
overlap between orbitals of neighboring atoms.

Described by the Heisenberg exchange Hamiltonian
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Direct exchange

Superexchange

Double exchange

Anisotropic 
exchange

Interaction of electrons 
on neighboring magnetic 

atoms, without 
intermediary

Indirect interaction 
between non-neighboring 
magnetic ions mediated 
by a non-magnetic ion.

The magnetic ions have 
mixed valence, so it can 

exist more than one 
oxidation state.

Also known as 
Dzyaloshinsky-Moriya 

interaction. 

Very often is not an important 
mechanism for controlling the 
magnetic properties, since there is 
insufficient direct overlap between 
neighboring magnetic orbitals 

*Source: Koch

Occurs in ionic solids. In some systems 
it is observed a magnetic ordering (in 
general AFM), but the intercalated 
position of the magnetic atoms does 
not allow a description by direct 
exchange.

Hopping and an increase in the electron mobility 
produce a lowering in the ground state energy. 
The main difference of this mechanism is the the 
coupling energy is divided between the 
propagating electrons, and cannot be 
represented as the sum of spin terms as in the 
Heisenberg Hamiltonian.

When the interaction between two atomic spins occurs in 
the presence of an ion with strong spin-orbit coupling 
interaction. Takes place only if the alignment between 
both spins is not linear. Responsible for the canting in 
systems predominantly AFM showing a weak FM 
behavior in certain crystalline orientations.

M. Opel, J. Physics D: Applied Physics, 45, 3 (2011)

*Source: Zakharov
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Magnetic ordering: Ferromagnetism

A ferromagnet has spontaneous magnetization even in the absence of an applied magnetic field. All the magnetic moments lie 
along a single unique direction. Above the critical temperature, the behavior is paramagnetic and obeys the Curie-Weiss law. 

Heisenberg exchange 
energy

Zeeman energy

Treated with an approximation known as the Weiss model: the 
interaction (J > 0) of a magnetic ion with its neighbors is 
described using a molecular field representing the inner 
magnetic field.  

Tc is an indirect measurement of the exchange constant!
Curie 

temperature

19



Magnetic ordering: Ferromagnetism

McElfresh, Fundamentals of magnetism and magnetic measurements, Quantum Design 1994 

R. Tamura et al.,Appl. Phys. Lett. 104, 052415 (2014) 
https://doi.org/10.1063/1.4864161
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Magnetic ordering: Antiferromagnetism

It is the antiparallel alignment of magnetic moments of nearest neighbors. Above the critical temperature, the behavior is 
paramagnetic and obeys the Curie-Weiss law. 

Also described with the Weiss model, with the 
difference that there is a negative exchange 
interaction (J < 0), besides two sublattices:

Néel
temperature

Q is not equivalent to TN!!
In general Q < TN
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Magnetic ordering: Antiferromagnetism

McElfresh, Fundamentals of magnetism and magnetic measurements, Quantum Design 1994 
R. Tamura et al.,Appl. Phys. Lett. 104, 052415 (2014) https://doi.org/10.1063/1.4864161
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Localized vs itinerant moments

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

Localized electrons
Core electrons

Delocalized electrons
Itinerant electrons
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Further work

✓ Check Hund‘s rules!

https://cond-mat.de/events/correl12/manuscripts/koch.pdf
http://dx.doi.org/10.5772/62865

