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Nanomagnetism
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• Atomic magnetism

• Exchange, anistropy, superparamagnetism

• Magnetic storage

Nanomagnetism
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Nanoscaled magnetic “objects”

Nanodots
Nanoparticles Nanowires

Ultrathin films and 
multilayers

Ultrathin complex multilayers
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Intrinsic magnetic moment of an electron

Orbital magnetic moment of an electron

(the classical picture with the electron 
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Microscopic sources of magnetic field
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is called Bohr magneton. 
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• Orbital angular momentum:

• The orbital magnetic moment is then:
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Orbital magnetic moment of an electron
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• The magnetic moment of an atom with Z electrons is the "sum" of the magnetic moment 
of each electron ?

- Yes. We will see how the "sum" must be done.

• For an atom with many electrons, the magnetic moment is much larger than the Bohr 
magneton ?

- No. The biggest is only a few times the Bohr magneton (because filled shells have zero 
angular momentum).

• The magnetic moment of the nucleus is negligible with respect to that of the electron ?
- Yes. It is at least 1000 times smaller (because ) .

Questions:

    µ ∝1 m

Magnetic moment of an atom
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How to compute the total magnetic moment of an atom ?

i iatom iH Eψ = ψ

i iiµ = ψ µ ψ

1. Solve the Schrödinger equation for the atomic system (electrons + nucleus)

:    Wavefunction of state  (possible state of the system)i iψ
: Hamiltonian operator (total energy)atomH

:    Energy of state  (possible energy of the system)iE i

2. Compute the value of the magnetic moment for each state of the system

:    Magnetic moment operatorµ
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Spin-Orbit 
Interaction

(Anisotropy)

Electron-Electron
Coulomb interaction

(Exchange)

Electron-Nucleus
Coulomb interaction

Electron kinetic
energy
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• The “hydrogen-like atom” is an hypothetical atom with:
- one electron of charge –e 
- one nucleus of charge Ze  
with total energy that contains only:
- the kinetic energy of the electron 
- the Coulomb interaction electron-nucleus

• The Hamiltonian operator is:
2 2 2 2 2
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2 :  Laplace operator∇

The hydrogen-like atom
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• An electron state is properly described by 4 quantum numbers: 
 
Principle:      
 
n = 1, 2, 3, 4          ("diameter" of the electron orbit) 
 
 
Orbital angular momentum:  
 
 l = 0, 1, 2, n-1.         ("shape" of the electron orbit) 
 
 
z-component of the orbital angular momentum: 
 
   lz  = -l, -l+1, .., l-1, l         ("direction" of the electron orbit) 
 
 
z-component of the spin angular momentum:  
 

  sz  = ±1/2           (spin orientation of the electron) 


• An electron state is properly described by 4 quantum numbers:


Principle: 
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Example:  Energy levels hydrogen atom

4

2 2 2 2
0

1Z=1    
32
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1 2 2 2
0

= 13.6 eV
32

meE = − −
π ε 

Energy levels for the hydrogen atom (Z=1)

NOTE: The experimental
values for the hydrogen
atom energy differ from these
theoretical values by less than 0.0001 eV. 
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Distribution of probability of presence of an electron
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Radial distribution of probability of presence of an electron
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3D surface corresponding to certain probability (e.g. 90%) to find the 
electron inside the volume delimited by this surface

Note:
Red: positive sign of the wavefunction
Blu: negative sign of the wavefunction

The probability is, of course, always a 
positive number.
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The hydrogen-like atom:
- one electron with charge -e

- one nucleus with charge +Ze

The real atom:
- Z electrons, each with charge -e

- one nucleus with charge +Ze
- electrons are interacting with each other

- the orbital and the spin angular momentum of the electrons are interacting
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The real atom
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Solving the Schrodinger equation for the real atom Hamiltonian is very difficult.

It is easier to:
1)Assume that the hydrogen-like atom gives the possible (states, wavefunctions, orbitals) 
also for the real atom.
2)Introduce some ad-hoc rules to describe the way the possible hydrogen-like orbitals are 
filled with the Z electrons of the real atom.

This approx. approach (i.e., hydrogen-like atom orbitals + rules) allows to explain most of 
the physical, chemical, optical, … properties of the real atoms without solving the complex 
Hamiltonian of the real atoms.
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Pauli Exclusion 
Principle

Each orbital 
contains a 
maximum of two 
electrons which 
must be of opposite 
spin.

Build-up Principle Electrons fill lower 
energy orbitals 
first.

Hund's Rule No pairing up. Only 
when all the orbitals 
are half filled will 
pairing-up occur.

Madelung's Rule Orbitals fill to 
minimize n + l.
For identical n+l, 
minimization of n.

The RULES
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There are three angular momentum operators: 
• total angular momentum (usually denoted J),

• orbital angular momentum (usually denoted L),
• spin angular momentum (usually denoted S). 

Total angular momentum J for a closed system is conserved.
(Closed system: no mass transferred in or out of the system boundaries, heat and work 
can be exchanged across the boundary of the system). 

L and S are not generally conserved. 
(Spin–orbit interaction allows angular momentum to transfer back and forth between L
and S, with the total J remaining constant). 
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The   is defined as (same as classical mechanics):
 
where  is the position operator and  is the momentum operator.
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Russel-Saunders Rule
The total angular momentum of the atom or ion is given by 
(valid more accurately for light atoms where the spin-orbit coupling is weaker than spin-spin and 
orbit-orbit couplings ):

1 1

Z Z
i i

i i= =
= + = +∑ ∑J L S L S

Hund Rules
1) The spin vectors Si are arranged to maximize total spin S
Physical interpretation: minimization of the exchange energy

2) The orbital vectors Li are arranged to maximize total momentum L
Physical interpretation: electrons with the same sign of angular momentum can
more easily «avoid» each other because they precess in the same direction.

3) If a «shell», specified by (n,l), is:

Physical interpretation: minimization of the spin-orbit coupling. This rule is often not valid
(ok pour rare-earths but not for transition metals)

Less than half filled:  J L S             More than half filled:   J L S= − = +

exc i jE J= − ⋅S S
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In general:        (with )B≠ −µ =μ J J L+S

Total orbital magnetic moment: 
Total spin magnetic moment:     2
Total magnetic moment: ( 2 )

L B L B

S B S B

L S B

g
g

≡µ =−µ
≡µ ≅−µ

= + =−µ +

μ L L
μ S S

μ μ μ L S

Case 1:       J=0 and  partially filled shells  0 
Case 2:       J 0 and  partially filled shells  0

3 ( 1) ( 1)                  ( 1)              
2 2 ( 1)

Case 3:       J=0 a

B J J
S S L Lg J J g

J J

⇒ =
≠ ⇒ ≠

+ − +µ=µ + ≅ +
+

zero μ
one μ

nd  partially filled shells    0 (complex case)⇒ ≠one μ

Lμ

LS

J

Sμ
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Transition metal ions

The magnetic moment of an ion or atom predicted by 
the hydrogen-like atom model plus simple rules
is often not very accurate
(especially for transition metal ions) 
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Rare earths ions
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From atoms to solids

= + + +total Zeeman Exchange Anisotropy DipolarH H H H H
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:  applied magnetic field
:  magnetic moment of atom i i

H
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Type Typical values Physical Origin

Diamagnetism Non-interacting «induced» atomic magnetic dipoles

Paramagnetism Orientation of non-interacting «permanent» atomic
magnetic dipoles

Superparamagnetism Orientation of non-interacting «permanent» large
(many atoms) magnetic dipoles

Ferromagnetism Orientation + coupling + anisotropy of «permanent» 
atomic magnetic dipoles

610−−≈χ

)1010( 35 −− ÷+≈χ

210−+≈χ

( )60 10χ = + ÷

=M Hχ
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Superparamagnetism appears in ferromagnetic or ferrimagnetic single magnetic domain nanoparticles, having a diameter
below 3 to 50 nm, depending on the materials. 

In a single nanoparticle:
1) The atomic magnetic moment are alligned in the same direction due to the exchange interaction.
2) Usually there are two stable orientations, antiparallel to each other and separated by an energy barrier, along the so

called easy axis of the nanoparticle. This energy barrier is called
magnetic anisotropy energy. 

easy axis

Superparamagnetism
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0

0

exp

: average time that it takes for the nanoparticle’s magnetization to randomly flip due to thermal fluctuations.
: is a characteristic time of the material,  called the   

N
B

N

KV
k T

attempt time

 
τ = τ  

 
τ

τ 9 10(typically:10  to 10  s).
:  nanoparticle’s magnetic anisotropy energy density           :  particle volume
 is the range from  to  , depending on , , and N

K V
V T K

− −

τ nanoseconds millions of years

At any temperature T>0, there is a finite probability for the magnetization to flip and reverse its direction.

The mean time between two flips, called the Néel relaxation time, is:
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0

 
Magnetization flips direction often ( ) 
Information cannot be stored

Magnetization flips direction rarely ( )
Information can be stored

N

N

KV kT

KV kT

<< ⇒
τ ≅ τ ⇒

>> ⇒
τ →∞ ⇒

Easy-axis
(anisotropy axis)

0

0

Relaxation time (average time to jump from one minumum to the other):

= exp( )     

Assuming 0.1 ns we have that:
=43  15 years
=40  9 months
=23  1 s

N
KV
kT

KV kT
KV kT
KV kT

τ τ

τ ≅
⇒ τ ≅
⇒ τ ≅
⇒ τ ≅
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Behaviour of an ensemble of Np superparamagnetic nanoparticules each with Na atoms inside:

0
0i

i

=
=∑

B
m

i p
i

N m
→∞

→∑
B

m

Nanoparticle

Inside each nanoparticle the Na atoms have their magnetic moments all alligned in the same direction 
due to the exchange interaction. Each nanoparticle has a magnetic moment m of about NaµB

a Bm N m

Ensemble of nanoparticles in B=0 Ensemble of nanoparticles in large B
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An external magnetic field tends to “orient” the magnetic moment of the nanoparticle in the direction of the magnetic field.

In an ensemble of paramagnetic atoms: each atom is interacting with the external magnetic field but the interaction with 
the other atoms is negligible. The effective magnetic moment is the one of a single atom (about 1 µB).

In an ensemble of superparamagnetic nanoparticles: inside each nanoparticle the atoms are strongly coupled by the 
exchange interaction and, hence, interact globally with the external magnetic field. The effective magnetic moment is 
about NaµB, where Na is the number of atoms in the nanoparticle.

Langevin function (red line), 
compared with tanh(x/3)(blue line). 
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The "volume averaged" magnetization of an  is

1( )
tanh( )

:  is the magnetic moment of a single nanoparticle ( )
:  Numbe

 
 

= = − 
 
 

≅ µ

p p

a B

p

N NmB kTM mL m mBV kT V mB
kT

m m N
N

ensemble of superparamagnetic nanoparticles

r of nanoparticles in the ensemble
:     Volume of the ensemble

1 1( ) : Langevin function
tanh( )

= −

V

L x
x x

Langevin function (red line), 
compared with tanh(x/3)(blue line). 
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Diameter

Time

Nano and microdots magnetism

Single domain
unstable

Single domain
stable

Vortex
stable

Multidomain
stable
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Temperature
increase

Size increase



5.35

Magnetic domains in nanodots
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0I ≠

0I =

Magnetic domains in large particles
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0.2 mm

Co thin film (20 nm)
(color scale=magnetization direction)

Bi0.6Tm2.4Ga1.15Fe3.85O12 (8 µm)

0.2 mm

Y3Fe5O12 (8 µm)

0.06 mm

Magnetic domains in thin films
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Length Typ. Value
(nm)

Interatomic distance ~ 0.2
Domain size ~ 10- 104

Domain wall width ~ 1- ~ 102

Critical superparamagnetic
diameter

~ 1- ~ 102

Magnetic domains, domains wall, typical lenghts
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magnetite (Fe3O4)
greigite (Fe3S4) 

Magnetotactic bacteria

Homing pigeon beak

Nanomagnetism in animals
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Present: several particles (grains) per bit

Future: single particle/single atom per bit ?

Applications of nanomagnetism: Magnetic data storage
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Magnetic «remanence» in single atoms

F. Donati et al., Science 352, 318 (2016)
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2012: 1 Tbit/inch2, 
i.e., 1 bit on (25 nm)2

2024: 1.5 Tbit/inch2

(25 nm)2

(2.5 µm)2

(250 nm)2

(25 µm)2

(250 µm)2

Magnetic data storage
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Data storage: overview

HDD (Hard disk drive): magnetic storage device with spinning disks coated with a magnetic materials.
NAND (Flash memory): trapped electrons inside an insulated gate within a MOSFET transistor. Used in SSD, USB flash drives,….
LTO (Linear tape-open): magnetic tape storage technology. Used for data backup and archiving. 



5.47

Drives competition
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MRAM (magnetoresistive RAM):
A new approach to magnetic data storage

Magnetic RAM
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