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Introduction

A bit of history

Lodestone-magnetite K@, known in antic Greece
and ancient China (spoon-shape compass)
Described by ucreciain denaturarerum

otion

Modern developments: )
H. C.QOerstedA. M. Ampere, M. Faraday, J. C. Maxwell, H. A. LorentzE
Unification of magnetism and electricity, field and forces description

Oersted
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Introduction

Magnetism:
science of cooperative effects of orbital and spin moments in matter
I Wide subject expanding over physics, chemistry, geophysics, life science.

At fundamental levellnspiring or verifying lots of model systems, especially in theory
phase transition and concept of symmetry breaking%grg model)

Large variety of behaviorsdia/pardferro/antiferrdferrimagnetism, phase transitions, sf

liquid, spin glass, spin iceskyrmions magnetostrictionmagnetoresistivitymagnetocaloric
magnetoelectrieffects multiferroism exchange biask

In different materialsmetals, insulators, semi-conductors, oxides, molecular magnets,..,
nanoparticles, bulk...

Magnetism is aguantumphenomenorbut phenomenological models are commonly usec
treat classically matter as a continuum

Many applications in everyday life
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Introduction

Magnetic materials all around us : the earth, cars, audio, video, telecoratrami electric
motors, medical imaging, computer technologyE

Hard Disk Drive
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Introduction

Topical research fields in magnetism

Magnetic frustrationcomplex magnetic (dis)ordered ground states D
Molecular magnetisonphoto-switchable, quantum tunneling

Mesoscopiccale (from quantum to classichl) quantum computer

Quantum phase transitigat T=0)

Low dimensional systemslaldane, Bose-Einstein condensaigtingerliquids
Magnetic topological matter e
Multiferroism: coexistingferroic orders (magnetic, electricE)
Magnetism anduperconductivity

Nanomaterialsthin films, multilayers nanoparticles

Spintronics use of the spin of the electrons in electronic devices
Skyrmionics new media for encoding information

Magnetic fluidsferrofluids

Magnetosciencanagnetic field effects

90 nm

on physics, chemistry, biology
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Atomic magnetic moment: classical

I An electric current is the source ofregnetic field B

_ Mo ldb ja1 =107
B_4"Cr2'r Mo/ &

I IMagnetic moment/magnetic field generated Isyngle-turn coil C“
" /B
uls 1)
B = [3( r —] with h = |ISh
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Atomic magnetic moment: classical

I 10rbiting electrons equivalent to a magnetic moment

Lh:lS—lev" 2 = | EVI

h NucleusZe
2" r 2

e- orbiting
around the nucleu
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Atomic magnetic moment: classical

I 10rbiting electrons equivalent to a magnetic moment

W =18&= PeV, g _ BVl

h
2" r 2

I I"Themagnetic momens related to thangular momentum

L=t! p=t! my
u!:£ :"L
$

2m

Orbital magnetic moment f

Gyromagnetic ratio

https://en.wikipedia.org/
Wiki/Angular_momentum

NucleusZe
e- orbiting
around the nucleu
A
—_

gyroscope
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Atomic magnetic moment: classical

I 10rbiting electrons equivalent to a magnetic moment
I ev I evl

== Lz
s > ! 2

I I"Themagnetic momens related to thangular momentum
L=t! p=t! my
I €

u= L8

2m

h

https//fr.wikipedia.orgwiki/Effet_Einstein-de_Haa:

Einstein-de Haas effect (1915): suspended ferromagnetic rod magnetized by magnetic fi
rotation of rod to conserve total angular momentum
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Atomic magnetic moment: classical

I 'Themagnetic momens related to thangular momentuntonsequenckarmor precession.

Energy E = ! [L B
Torque applied to the moment(S = L B

Equation of motion
Variation of the magnetic moment (hyp. no dissipation)

qt _,
G- B

| IThe magnetic momeprecesseabout the field at thearmorfrequency! | = [|" |B
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Atomic magnetic moment: classical to quantum

Consequences:

I Orbital motion magnetic moment and angular momentum are antiparallel

I Calculations with magnetic moment using formalism of angular momentum
No work produced by a magnetic field on a moving e

e . - = | "
hence a magnetic field cannot modify its energy L eft E)
and cannot produce a magnetic moment.
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Atomic magnetic moment: classical to quantum

Consequences:
I Magnetic moment and angular momentum are antiparallel
I Calculations with magnetic moment using formalism of angular momentum

In a classical system, there is no thermal equilibrium magnetization!
(Bohr-vanLeeuwentheorem)

Need of quantum mechanics

QUANTUM MECHANICS
THE KEY TO UNDERSTANDING MAGNETISM

Nobel Lecture, 8 December, 1977

J.H. VAN VLECK
Harvard University, Cambridge, Massachusetts, USA
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Atomic magnetic moment: classical to quantum

Reminder of Quantum Mechanics

Wavefunction ! and operatoﬁj A =al, 1A= di" A
Ne=1"1

I
D_
>
I

Ici |°ay

Commutator [A B] = A®! BA
d!

Schrsdinger equation 91 = j! at 19! = Eilj
Angular momentum operator | I(_) = rDl FP: " i!rp!#
9]
11 A " " k
Perturbation theory E ! Ex + "' (|9 (#+ iV F
Ex$ E;

£k
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Atomic magnetic moment: quantum

Magnetism in quantum mechanics:

Distribution of electrons on atomic orbitals, which minimizes the energy
! Building of atomic magnetic moments

The electroniavavefunction | nim , Is characterized by 3 quantum numbers (spin ignor
2 2 | -
! n 2 ' Ze - O
2Me 41" qr
H! i — Ei ! i

H =

[
=

D am @) = R ()Y, (", #)
l ! a

Radial part Spherical
harmonics
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Atomic magnetic moment: quantum

Magnetism in quantum mechanics:

Distribution of electrons on atomic orbitals, which minimizes the energy
! Building of atomic magnetic moments

The electroniavavefunction | nim , Is characterized by 3 quantum numbers (spin ignor

. principal quantum number (electronic shell)
. orbital angular momentum quantum number

. magnetic quantum number
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Atomic magnetic moment: quantum

Magnetism in quantum mechanicgiantized orbital angular momentum

IS the angular momentum operator

Electronic orbitals are eigenstates !o% dnd
2 — 12
L=1Tm ! nim |

The magnitude of the orbital momentum is

The component of the orbital angular momentum along the z axis is
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Atomic magnetic moment: quantum

Magnetism in quantum mechanicgiantized orbital angular momentum

Ex.vectormodel foil I=2
IS the angular momentum operator

Electronic orbitals are eigenstates !0% dnd
2 — 12
L=1Tm ! nim |

The magnitude of the orbital momentum is

The component of the orbital angular momentum along the z axis is

Degeneracy2! + 1 , can be lifted by magnetic field (Zeeman effect)
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Atomic magnetic moment: quantum

Magnetism in quantum mechanie®in angular momentum of pure quantum origjin

0p)
v
[

125(s+ 1)! o
l ms! ] NucleusZe

n
N
%

[

With the quantum numbers :

The magnitude of the spin angular momentum is

The component of the spin angular momentum along the z axis is
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Atomic magnetic moment: quantum

Magnetism in quantum mechanie®in angular momentum of pure quantum origjin

z

125(s+ 1)! o

Ms | - 1/2
Il Mm-.! s=1/2 A U hy 2
] S* S <2“0“BH+ 9! [s(s+1)} 2

-1/2

0p)
v
[

n
N
%

[

: 1/2
With the quantum numbers :

1/2

The magnitude of the spin angular momentum is

The component of the spin angular momentum along the z axis is

Degeneracy2s+1 =2 , can be lifted by magnetic field
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Atomic magnetic moment: quantum

Magnetism in guantum mechanics

Magnetic moment associated to 1 electron in the atom
Two contributions: spin and orbit

NucleusZe
1 =1 gusl
Ys =1 QsHps
With and + 0(10! 3)
l e
and the Bohmagneton U = o 9.27.10 *4.T' 1
e
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Atomic magnetic moment: quantum

Magnetism in quantum mechanies:veral e- in an atom

Ex : 42

-3
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Atomic magnetic moment: quantum

Magnetism in quantum mechanies:veral e- in an atom

L= E= 4

ne' ne'

Combination of the orbital and spin angulamenteaof the different electrons:
related to the filling of the electronic shells in order to minimize

theelectrostatic energand fulfill the Pauli exclusion principl¢one e- at most in quantum sta
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Atomic magnetic moment: quantum

Magnetism in quantum mechanies:veral e- in an atom

L= E= 4

ne' ne'

Combination of the orbital and spin angulamenteaof the different electrons:
related to the filling of the electronic shells in order to minimize

theelectrostatic energand fulfill the Pauli exclusion principl¢one e- at most in quantum sta

Spin-orbit coupling | .. S

:>Total angularmomentum § = | + §

A given atomic shellrultiplet) is defined by 4 quantum numbers :

L,S, ;M3 with ' <M ;5 <J
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Atomic magnetic moment: quantum

Origin of spin-orbit couplingchange of rest framespecial relativity

Enuc — E(iz\y with [ =1 ﬂFd\(iIl(‘r)
1 dv(r) . | dv(r)
2r dr 5¢. ' V)= Me mc2r dr 5L

Spin-orbit Hamiltonian Hgo = ! S.

" increases with atomic numhat

Consequencdin,

amtlg are no longer good quantum nulmerd (M

ESM 2019, Brno #9%"
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Atomic magnetic moment: quantum

Magnetism in quantum mechanies:veral e- in an atom

HundOsules for the ground state

1strule maximum
2" rule maximum in agreement with thé dule
3 rule from spin-orbit couplingHso = ! S.L

for less that filled shell for more tha filled shell
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Atomic magnetic moment: quantum

Magnetism in quantum mechanies:veral e- in an atom

HundOsules for the ground state

1strule maximum
2" rule maximum in agreement with thé dule
0o Atomic term
3 rule from spin-orbit couplingHso = ! S.L labeling the ground state:
2S+1
L,

for less thaw filled shell  for more thaw filled shell '\, L = S P.D...

DegeneracyJ+1, can be lifted by a magnetic field
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Atomic magnetic moment: quantum

Application ofHundOsule : L and S are zero for filled shells

Ex. Lud* is 4f14, 14 electron to put in 14 boxes ( = 3)

soL=0andS=0,J=0
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Atomic magnetic moment: quantum

Application ofHundOsule : L and S are zero for filled shells

Example of unfilled shell

Ce*is 4ft, 1 electron to put in 14 boxes ( = 3)

soL =3 andS=1/2

The spin-orbit coupling applies for less thafilled shell . ) .
soJ=5/2 and -5/2 M,;< 5/2 Eeo = 'LS|Hg|LS" = ! IS " # LS "

The ground state is 6-fold degenerate i,up i,down
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Atomic magnetic moment: quantum

Application ofHundOsule : L and S are zero for filled shells

Example of unfilled shell

Th3* is 48, 8 electrons to put in 14 boxes ( = 3)

soL=3andS=3
The spin-orbit coupling applies for more thariilled shell

soJ=6and-6 M;<6 Ee = 'LS|He|LS" =1 1.8 # TRRE
The ground state is 13-fold degenerate i,up i,down
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Atomic magnetic moment: quantum

The Zeeman interaction:

Hyp. Hz << Hg, Wigndeckarttheorem (projection theorem}! tirder perturbation theory

=1 pg (L +28)

H,= ug (L +28).B ! pgg;d.B  Inthed multiplet basis

Hence the Zeeman energyls, = g;ug M ;B Migh! {" J,J}
and the level separation with Mj = 1 didis B
of the order of 1 K 0.1meV
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Atomic magnetic moment: quantum

Summary: Total magnetic moment of the unfilled shell

= | HB(L"'ZS)

U= gus J@ +1) '?/
1y =1 gyppd

Example TB*, J=6, g,= 3/2
so that the magnetic moment i

PR

ESM 2019, Brno



Atomic magnetic moment: quantum

Summary of atomic magnetism
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Atomic magnetic moment: quantum

Summary of atomic magnetism gy gaq jon Cér 3df, S=3/2, L=3, J=9/2

= 2, 10 boxes tdll

Ground state
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Atomic magnetic moment: quantum

Summary of atomic magnetism g, geq jon C* 3d7, S=3/2, L=3, J=9/2

Fundamentat—. Y
configuration ) >
¥ .- Y2
‘\ II’ ~:~ l 3/2
q - \‘ ll //’, 5/2
15t 29 HundOsules, ;2
S B 'S/
" (2SH1L)(2AL+1)
3/2“‘\;\
~ 7
3'd HundOsules /2
Ground state N <z
/) N
. 17
“\ ‘/ 9/2'

-

L 2 (20+1) N

=%
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Atomic magnetic moment in matter

Magnetism is a property of unfilled electronic shells:
Most atoms (bold) are concerned b@g are magnetic in condensed matter

MagneticPeriodicTable
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Atomic magnetic moment in matter

Atom in matter:
I Chemical bondind) filled e- shells : no magnetic moments

Magnetic Non Magnetic
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Atomic magnetic moment in matter

Atom in matter:
I Chemical bondind) filled e- shells : no magnetic moments, exceptions:

Rareearthelement Transitionimetalelement

4f electrons: inner shell (localized moment)
3d electrons: outer shell (more delocalized, less screened)
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Atomic magnetic moment in matter

Validity of empirical HundOsules:

L-S (RusselSaunders) couplingcheme assumes spin-orbit coupling << electrostatic interac
L and S combined separately, then apply spin-orbit coupling.

No more valid for high Z (large spin-orbit couplifig)j-j coupling scheme
sand! coupled first for each e-, then couple each elecfronic

ESM 2019, Brno "



Atomic magnetic moment in matter

Validity of empirical HundOsules: good for 4f

Pert = Q3 J(J +1)us

La Ce PNd PmSmEu Gd Tb Dy Ho Er Tm Yb L4

exceptforEu, Snm contribution from higherl(, S) levels
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Atomic magnetic moment in matter

Validity of empirical HundOsules: good for 4f but less good for 3d (due to crystal field)

For 3dions works better if is replaced by
(influence of crystal field)

ScTi VCrMn Fe Co Ni Cu Z#
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Atomic magnetic moment in matter

Summary

$ ! Magnetism is a quantum phenomenon

$ ! Magnetic moments are associated to angular momenta

$ ! Orbital and Spin magnetic moments can be coupled (spin-orbit coupling)
yielding the total magnetic momerdiindOsules)

$ ! Magnetic moment in 3d and 4f atoms have different behaviors

ESM 2019, Brno Op!"



Assembly of non-interacting magnetic moments

Measurable quantities:

Magnetization : magnetic moment per unit volume (A/m)
derivative of the free energy wit. the magnetic field
'F

TS

Susceptibility: derivative of magnetizatiow. r. t. magnetic field,
alternatively, ratio of the magnetization on the field in the linear regimtes9

"M I u | M "

= Mo
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Assembly of non-interacting magnetic moments

N atomic moments in a magnetic field B
B =0 B B

Non-interacting At T=0 K At TOB K, M<M, competition
magnetic moments  M=M, saturated magnetizationbetween Zeeman energy
and entropy term
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Assembly of non-interacting magnetic moments

N atomic moments in a magnetic field B
B =0 B B

Non-interacting At T=0 K At TOB K, M<M, competition
magnetic moments  M=M, saturated magnetizationbetween Zeeman energy
and entropy term

Calculation of magnetization and susceptibility
Thermal average (Boltzmann statistics) + perturbation theory
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Assembly of non-interacting magnetic moments

One atomic moment in a magnetic field B

1 Z _ \) 2 i
i= o By g g A
=1 2me
| | | B!t
With the magnetic vector potential (Coulomb gauée(p! ) = 5
_ oY ey e 2
H = i oz + Vi) +uB(L+2S)B+8me i (B!

Zeemarhamiltonian coupling of total magnetic moment with the magnetic field
Diamagnetichamiltonian induced orbital moment by the external magnetic field
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Assembly of non-interacting magnetic moments

!
Energy Hp =|pg (L +28).B |+ ¢ CREDE
8Me i
Diamagnetic term for N atoms:
| =1 Epo d <rg>
V' " 4dme '

T perpendicular to the field
due to the induced moment by the magnetic field

I ILarmor diamagnetism
I Inegative weak susceptibility, concerns all e- of the atom, T-independent
I ILarge anisotropic diamagnetism found in planar systems

with delocalized e- (ex. graphite, benzene)
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Assembly of non-interacting magnetic moments

!
Energy Hp =|pg (L +28).B |+ ¢ CREDE
/ 8Me i
Paramagnetic term for N atoms

and theBrillouin function
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Assembly of non-interacting magnetic moments

Paramagnetic term

Brillouin functions for differenf values,

Classical limit

Limit x >> 1 i.e.B>>kgT

_ o _ N https//fr.wikipedia.orgwiki/
Saturation magnetizatioM s = ng JUg Fichier:Brillouin_Function.svg
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Assembly of non-interacting magnetic moments

Paramagnetic term

Limit x<<1liekgT>>B Bj;(X)= S ;;Jl)x + O(x3)
Curie law: | = (He @) +1) _ N Peir _ ¢
o V 3kg T V3kgT T

with C the Curie constant —
and the effective moment

Pett = Q5 J(J +1) Mg

T (K)
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Assembly of non-interacting magnetic moments

Summary of magnetic field response of non-interacting atomic moments

versus magnetic field versus temperature
A . A : .
M Paramagnetic ! Paramagnetic b Curie law
B T
> >
Diamagnetic Diamagnetic b independent of temperatur

Rmqg Another source gbaramagnetisn"d order perturbation theory, mixing with excited ste
VanVleck paramagnetisti weak positive and temperature independent
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Assembly of non-interacting magnetic moments

Summary of magnetic field response of non-interacting atomic moments
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Assembly of non-interacting magnetic moments

Adiabatic demagnetizatiorpoling a sample down oK

The entropy is a monotonically decreasing functioB/af
Two steps:

a-b isothermal magnetization by applying a magnetic fielceduces the entropy
b-c Removing the magnetic field adiabatically (at constant entropgyver the temperature
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ltinerant electrons

Magnetism in metals

Starting poinithe free electron model, properties of Fermi surface, Fermi-Dirac statistics,
electronic band structure

Non-interacting electron waves confined in a box
k

y Fermiwavevector
ke = (3! 2n)3
K Density of states at
X Fermi level (T=0)
3n
D (Ef)= ——
4EF = Density of states, D(e) g
k-space: | For a non-magnetic metal:
Each points is a possible state same number of spihs and
for one spin up and down electrons at Fermi level
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ltinerant electrons

Magnetism in metals

Applying a magnetic field Spin-split bands
(at T=0) by magnetic field
E; = gus Bms " magnetization

| E=2pugB ! 10 “eV

gus(n ! n#)
2

M = pg D(EF)B

M =

| p = HoMg D(Er)

2,81

\/

Density of states, D(e) H/

Pauliparamagnetisrneffect associated to spin of e-)
Temperature independent > 0, weak effect.
Small correction at finite temperature T2

ESM 2019, Brno &9%"



ltinerant electrons

Magnetism in metals

Applying a magnetic field

Orbital response of gas to magnetic field

The applied magnetic field results _-z+=s
in Landau tubes of electronic statt

" ILandau diamagnetism,

Temperature independen)
2

l'p

. Wavevector, Kk,
1 me
3 m'
Oscillations of the magnetizati¢de Haas-van Alphen effect)

!L:!
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Conclusion

Summary

$ ! Magnetism is a quantum phenomenon

$ ! Magnetic moments are associated to angular momenta

$ ! Orbital and Spin magnetic moments can be coupled (spin-orbit coupling) yielding the tc

magnetic momentH{undOsules)

$ ! Magnetic moment in 3d and 4f atoms have different behaviors

$ ! Various responses of non-interacting magnetic moments in applied magnetic field,
different for localized or delocalized electrons:
" Curie-law/PaulparamagnetispiarmorLandau diamagnetism

ButE does not explain spontaneous magnetization/magnetic order in absence of magnetic

3d ions magnetism and anisotropic behaviorsE

" INext lectures will introduce missing ingredientgagnetic interactionsand influence of the
environment ¢rystal field)
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Further reading

I Material borrowed from presentations of®ivord, L. Rannq Y. Gallais Thanks to them!
! (Magnetism in Condensed Matte© by Stephen Blundexford University press (2003)

! Ontroduction to magnetismO by LaurerfRanng collection SFN 13, 01001 (2014), EDP
Sciences, editors BimonetB. Canals, J. Robert, S. Petit, Mutka,

free accedOl: http://dx.doi.org/10.1051/sfn/20141301001

1 Magnetism and Magnetic Material®© by J.M.D. Coey, Cambridge Univ. Press (2009)
I Lectures of Yann GallaisWebsite www.mpq.univparisdiderot.f/spip.php?rubrique260

I Any questions: virginie.simonet@neel.cnrs.fr
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