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Where does magnetism come from?

◮ Classically: Magnetic field is something produced by moving
electric charges that affects other moving charges

◮ Special relativity: Magnetism is a fictitious force needed to
guarantee Lorentz invariance when charges move

◮ There is nothing like “magnetic force”; electric Coulomb
interaction is enough.

◮ One observer may perceive a magnetic force where a moving
observer perceives just an electrostatic force

◮ Dealing with magnetism is ideologically simple in a relativistic
framework — no need for magnetism to be introduced “by
God”.

◮ For practical purposes, using Schrödinger equation as an
approximation to the Dirac equation is often sufficient.



Magnetic moment

◮ Magnetic moment µ characterizes the effort of a magnetized
object to orient itself in agreement with external magnetic
field.

◮ The torque τ exerted on a magnetic moment in a magnetic
field:

τ = µ × H .

◮ Potential energy of a magnetic moment in a magnetic field:

U = −µ · H .

◮ Example: Closed loop with current I encircling area A

µ = µ0 I A



Two ways of moving an electron

◮ Orbiting

◮ Spinning

Quantum mechanics: this is just an intuitive view (often helpful
but by no means rigorous).



Orbital magnetic moment
Classical expression for magnetic moment:

µorb = µ0 I A

I =
e

T
=

e v

2πR
A = πR2

µorb = µ0
e v

2πR
πR2 =

µ0e~

2me

mevR

~
= µB L .

Quantum theory expression for orbital magnetic moment µorb:

µorb = µB L

µB is Bohr magneton: µB ≡ µ0e~
2me

,
and L is angular momentum devided by ~.



Spin magnetic moment

Electron spin: Picture of a rotating charged sphere fails. . .

µorb = µB L vers. µspin = 2µB S

L is angular momentum connected with orbital motion

S is angular momentum connected with “spinning”

Spin magnetic moment µspin is connected with spin angular
momentum S via the gyromagnetic ratio g=2.003. . . , which for
practical purposes is set just to 2.



Electron at an atom
For electron orbiting around an atom, the
z-component of orbital magnetic moment is
thus

µ
(z)
orb

= mℓ µB ,

where mℓ is the magnetic quantum number.

For electron around an atom, the z-component of
spin-related angular momentum is

S (z) = ±
1

2
~ ,

hence we get for a z-component of spin-related magnetic
moment

µ
(z)
spin = ±µB .
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Three types of interaction

Magnetic order presumes interaction between magnetic moments.

Which kind of interaction is responsible for magnetic order?

Possible candidates:

◮ Magnetic dipole–dipole interaction

◮ Exchange interaction

◮ Spin-orbit interaction



Magnetic dipole-dipole interaction

Classical dipole-dipole interaction energy of two magnetic dipoles
µ1 and µ2 separated by r

Edip−dip = −
1

2πµ0

1

r3
[µ1 · µ2 − 3(r̂ · µ1)(r̂ · µ2)]

◮ It is too weak to induce magnetic ordering.
Typical energies of order 10−4 eV ≈ 1 K.

◮ However, once the moments have been ordered, Edip−dip

affects the orientation of M (shape anisotropy, domain
structure).

◮ There is only one physics: Magnetic dipole-dipole interaction
also has a quantum-mechanical origin — Breit interaction
a.k.a. “current-current” interaction [Solid State Commun. 152, 85 (2012)].



Exchange interaction (basics)

Quantum mechanics: Particles are indistinguishable with respect to
their exchange.

Electrons are fermions:
Wave function of a two-electron system must be antisymmetric
w.r.t. the exchange of both electrons (Pauli exclusion principle).

Note: The probability density |Ψ|2 is symmetric and thus remains

unchanged when the two electrons get interchanged.

Wave function of a two-electron system is a product of a
coordinate part and a spin part.

Conspiration of Pauli exclusion principle and Coulomb law give rise
to exchange interaction between electrons.



Exchange interaction (quick and dirty approach)

◮ Minimization of Coulomb interaction energy prefers
antisymmetric spatial wave functions:

◮ Antisymmetric wave function is zero in the middle, so should
the distance between the electrons decrease to zero, so would
their wave function.

◮ Electrons with antisymmetric total wave function effectively
avoid each other, lowering thereby their Coulombic interaction
energy.

◮ Antisymmetric spatial wave functions implies symmetric spin
part of the wave function (so that their product is

antisymmetric).

◮ Symmetric spin part of the wave function corresponds to
equally oriented spins.



Magnetic interaction via exchange interaction

Thanks to the requirement of antisymmetry of the many-body
wave function w.r.t. exchange of particles, energy of a cloud of
electrons with equally oriented spins is lower in comparison with
systems of disorders spins.

Exchange interaction is the main source of magnetic order in solids.



Spin-orbit interaction (1)

Interaction of electron spin with its orbital motion:

Current loop of radius R generates at its center magnetic field of
intensity H,

H =
I

2R
.

Interaction energy of magnetic moment µ in a magnetic field is

U = −µ · H .

Electrons orbits around the nucleus.

Relativity of motion: In the reference frame of the electron, the
nucleus orbits around the electron !

Disclaimer: The reference frame of the electron is rotating meaning that

a corrections on this would have to be made.



Spin-orbit interaction (2)

Spin-orbit interaction (SOC) is a relativistic effect, generally it
follows from the Dirac equation.

Schrödinger equation: SOC can be incorporated via a perturbation,

VSO ≈
1

r

dV (r)

dr
(L · S) .

◮ Spin-orbit interaction is large for core electrons

◮ Spin-orbit interaction is large for heavy elements
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Magnetic order: localized vers. itinerant electrons

◮ Atomic picture: fully occupied shells have zero total angular
momentum and zero magnetic moments ⇒ no magnetism
from core electrons

◮ Valence electrons: It depends on the system. . .

1. Ions and/or impurities in a matrix: semilocalized, strong
many-body effects, atomic-like description necessary.

2. Metals: itinerant electrons, many-body effects not strong,
band-structure formalism good starting point

3. In systems with both semilocalized and itinerant electrons,
problems with theoretical description can be expected.



Magnetism of localized electrons (1)

◮ Ions, isulators, impurities (rare earths): electrons and their
moments are confined to a quasi-isolated atom

◮ This magnetism is governed by strong intra-atomic
many-body interaction

◮ Theoretical description:

◮ Full exact description possible for atoms only (due to technical
issues).

◮ For ions in crystal, use model Hamiltonians: effect of the
surrounding treated as perturbation (“crystal field”).



Magnetism of localized electrons (2)

◮ Semi-empirical approach: moments well described by Hund’s
rules:

1. Maximize total spin moment S (spin polarization)

2. Maximize total orbital moment L (orbital polarization)

◮ A rigorous derivation of Hund’s rules is still missing.



Itinerant electrons: Pauli paramagnetism

Free electron gas (non-interacting electrons):

◮ Potential energy of a magnetic moment in a magnetic field:

U = −µ · H

⇒ electrons have tendency to orient themselves w.r.t. external

magnetic field.

◮ Due to Pauli exclusion principle, having more electrons with
the same spin means increasing their kinetic energy (“they
have to lie one on top of another in the Fermi sea”).

◮ There has to be a balance between both tendencies — the
magnetization settles on a certain value depending on the
external field H.



Itinerant electrons: Stoner model (intuitively)

Interacting delocalized electrons (d states of transition metals):

◮ Local magnetic moments may arise due to intra-atomic
exchange interaction Iex

◮ If there was a magnetic order already present, it would
generate an internal magnetic field

◮ Positive feedback: Internal magnetic field orients the
moments, these contribute to the internal magnetic field

◮ Paying the price: magnetic ordering is accompanied by
increase of the kinetic energy — this restores the balance !

◮ For Pauli paramagnetism of non-interaction electrons, resulting
magnetization depends on the intensity of external field H

◮ For ferromagnetism of interacting itinerant electrons, resulting
magnetization depends on the strength of intra-atomic
exchange Iex



Stoner criterion formally

Iex n(EF ) > 1

◮ Magnetic order can be invoked either by increasing Iex or by
increasing n(EF ).

◮ Iex is an intra-atomic quantity, depends on the element but not
so much on the surroundings: it can hardly be manipulated.

◮ n(EF ) depends on the surrounding quite a lot (same elements
have different local DOS in different compounds): it could be
affected.

◮ To get large magnetic moments, one needs large n(EF ).

◮ Small hybridization ⇒ large DOS at EF (more atomic-like,
sharp features)

◮ Small coordination number ⇒ large magnetic moment

◮ Surfaces and clusters are magnetism-friendly !



Spin density functional theory

◮ Scalar external potential ⇒ density functional theory (DFT).
Universal functional of electron density n(r).

◮ External magnetic field ⇒ spin denity functional theory
(SDFT).
Universal functional of density n(r) and magnetization
n↑(r) − n↓(r).

◮ In the absence of external magnetic fields, DFT should yield
same results as SDFT provided that exact functionals Exc [n]
and Exc [n↑, n↓] are used.

However, exact form of Exc [n], Exc [n↑, n↓] is unknown.

◮ One has to use approximate functionals.

◮ The spin density functional theory provides a better “practical
description” (for systems where magnetic order may arise).



Local spin density approximation

◮ Most common approximation in spin denity functional theory:
local spin density approximation (LSDA)

◮ LSDA will work well in situations where LDA works well

◮ Difficulties can be anticipated in situations where localization
is strong and/or where “orbital character” is the issue (µorb,
MAE)



Outline

Magnetism: Basic notions

Magnetic interactions in quantum mechanics

Fundamentals of theoretical description

Few examples of magnetism in low-dimensional systems

Magnetic anisotropy

X-ray absorption spectroscopy for magnetic systems



Magnetism in atoms

µspin = 2S µB

µorb = L µB

Sz Lz µspin µorb

[µB ] [µB ]

Mn d5 ↑ ↑ ↑ ↑ ↑ 5/2 0 5 0
Fe d6 ↑↓ ↑ ↑ ↑ ↑ 2 2 4 2
Co d7 ↑↓ ↑↓ ↑ ↑ ↑ 3/2 3 3 3
Ni d8 ↑↓ ↑↓ ↑↓ ↑ ↑ 1 3 2 3



Magnetism: less is more

Magnetism of atoms is stronger than magnetism of solids.



Magnetism of free Fe clusters
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Depth profile of Fe clusters
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Quenching of orbital magnetic moment

◮ Free atoms have large µorb thanks to the 2nd Hund rule.

◮ Crystal field hinders orbital motion, µorb is quenched.

◮ For cubic environments, µorb is strictly zero if spin-orbit
coupling (SOC) is neglected.
Relativity (i.e., SOC) induces a small µorb contribution even
for cubic systems, typically 5–10 % of µspin.

Magnetic moments of atoms and crystals:

atoms crystals
element µspin [µB ] µorb [µB ] µspin [µB ] µorb [µB ]

Fe 4 2 2.15 0.09
Co 3 3 1.61 0.16
Ni 2 3 0.57 0.06



µorb strongly benefits from lower coordination

Less symmetric environments mean less quenching.

Case study: Co clusters on Pt(111)

cluster size µorb

[atoms] [µB ]

1 1.1
2 0.8
3 0.6
5 0.55
8 0.35

monolayer 0.29
bulk 0.16

[Science 300, 1130 (2003), JPCM 19, 096203 (2007)]



Depth profile of Fe surfaces
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Magnetism of monolayers

[PRB 51, 2025 (1995)]

Elements which are non-magnetic in bulk are magnetic in
monolayers !



Non-collinear magnetism: Where from?

Frustration between magnetic
and geometric order

?



Non-collinear magnetism: Where from?

Frustration between magnetic
and geometric order

?

Antiparallel coupling cannot

be satisfied for all sites.

Non-collinearity of magnetic

moments is a compromise.



Non-geometric sources of non-collinearity

Non-collinearity without frustration:

(Some) relativistic effects want to make magnetic moments
perpendicular to each other.

Usually these effects are too small and are overriden by isotropic
exchange interaction.

Sometimes the relativistic effects (“Dzyaloshinskii Moriya
interaction”) are strong and lead to spin spirals at the surfaces.

[Nature 447, 190 (2007)]
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Magnetic anisotropy

◮ Magnetic properities of materials depend on the direction

Energy of the systems depends on the direction of
spontaneous magnetization.

◮ There are more sources of magnetic anisotropy.



Shape magnetic anisotropy

Interaction energy for dipoles:

Edip−dip = −
1

2πµ0

∑

i 6=j

1

r3ij

[

µi · µj − 3
(rij · µi)(rij · µj)

r2ij

]

Elongated or planar objects try to orient
their magnetization along the high
symmetry axis or plane.



Magnetocrystalline anisotropy (MCA)

Magnetization is oriented in the direction preferred by the
geometric structure of the crystal.

◮ For normal (3D) systems, MCA is usually small.

◮ For surfaces, layers, clusters MCA can be high.



What about magnetic anisotropy of small systems ?

◮ MCA of layers is by orders of magnitide more than MCA of
bulk crystals.

◮ MCA or clusters can be by order of magnitide more than
MCA of layers.

◮ ⇒ If you are interested in large magnetic anisotropy, invest in
nanostructures !



Theoretical description of MCA

MCA = difference between total energies calculated for two
different orientation of magnetization.

One has to substract two large very close numbers (accuracy
∼ 10−6–10−8 is required).

Numerically, this is a killer. Sometimes, there is no ways around it.
(Often, one can or has to use tricks to go around.)

Many factors affect MCA ⇒ theoretical studying of MCA is a very
delicate thing.



Why all the fuss with µorb ?

◮ µorb is small but important !

◮ It is a manifestation of spin-orbit coupling, which is the
mechanism behind the magnetocrystalline anisotropy

◮ Under certain assumptions, magnetocrystalline anisotropy
energy (MAE) can be estimated as

∆EMAE = const×
(

µ
‖
orb − µ

⊥
orb

)

where µ
‖
orb and µ

⊥
orb are orbital magnetic moments for two

perpendicular directions of the magnetization M
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Why all the fuss with µorb ?

◮ µorb is small but important !

◮ It is a manifestation of spin-orbit coupling, which is the
mechanism behind the magnetocrystalline anisotropy

◮ Under certain assumptions, magnetocrystalline anisotropy
energy (MAE) can be estimated as

∆EMAE = const×
(

µ
‖
orb − µ

⊥
orb

)

where µ
‖
orb and µ

⊥
orb are orbital magnetic moments for two

perpendicular directions of the magnetization M



Competition of anisotropies

Shape anisotropy prefers in-plane orientation of magnetization,

magnetocrystalline anisotropy prefers (in this case) out-of-plane

orientation, the stronger wins.
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X-ray absorption spectroscopy howto

◮ X-rays go in, x-rays go out, absorption coefficient is measured
as a function the energy of the incoming x-rays

x-rays in
x-rays out

sample

◮ Most of the absorption goes on account of the photoelectric
effect on core electrons (at appropriate incoming photon
energies. . . )
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Absorption via core electron excitation



Absorption via core electron excitation

◮ By tuning the energy of incoming x-rays,
electrons from a single core level
dominate

◮ Chemical selectivity

◮ Dipole selection rule

◮ Angular-momentum selectivity
(whether they are s, p, d states. . . )



Absorption edges

◮ General trend: If energy of incoming photons increases, the
absorption coefficient decreases.

◮ If energy of incoming photons further increases so that
another core electron can be excited, absorption coefficient
increases abruptly.



Absorption edges
edge excited

electron

K 1s
L1 2s
L2 2p1/2
L3 2p3/2

◮ General trend: If energy of incoming photons increases, the
absorption coefficient decreases.

◮ If energy of incoming photons further increases so that
another core electron can be excited, absorption coefficient
increases abruptly.



XMCD howto

XMCD (X-ray Magnetic Circular Dichroism):

Sample is magnetized, measure the difference between absorption
of left and right circularly polarized x-rays.

magnetization

photon helicity

parallel

antiparallel

x-rays

µXMCD = µ(+) − µ(−)



L2,3 edge of magnetic systems (transition metals)

2p1/2

2p3/2

EF

L2 L3

0

2

4

6

L
2,

3-
ed

ge
X

A
N

E
S

isotropic
absorption

L3

L2

-10 0 10 20 30
energy [eV]

-4

-2

0

2

L
2,

3-
ed

ge
X

M
C

D

difference
(+) - (-)
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XMCD sum rules:

By adding, subtracting and
dividing the peak areas,
chemically-specific µspin, µorb

and µorb/µspin can be obtained.

∫

(∆µL3 − 2∆µL2) dE ∼
µ
(d)
spin + 7T

(d)
z

3n
(d)
h

∫

(∆µL3 +∆µL2) dE ∼
µ
(d)
orb

2n
(d)
h


	Magnetism: Basic notions
	Magnetic interactions in quantum mechanics
	Fundamentals of theoretical description
	Few examples of magnetism in low-dimensional systems
	Magnetic anisotropy
	X-ray absorption spectroscopy for magnetic systems

