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Basic magnetic properties of solids

ɆIntroduction

ɆMagnetic moments in free atoms and ions, diamagnetism 

ɆAssembly of atoms, paramagnetism

ɆExchange interactions and ferromagnetism

ɆMagnetism in metals

ɆAnti-ferromagnetism, ferrimagnetism and non collinear order

ɆMagnetic anisotropy

ɆMagnetic domains and the magnetization process
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Magnetism

ɆA story that goesback in time:

ɆNamefrom historicalGreeceregionof 
Magnesia Ýmagnetite (V-VI c. BC)

ɆChineseHan dynasty(II c. BC-II c. AC)?

ɆShenKua (XII c. AC): suspended
compass(magnetizediron needles)

ɆPivotingcompassfor navigation: A. 
Neckamin Europe (XII c. AC) 

ɆPetrusPeregrinusde Maricourt: 
Epistola de Magnete (1269) Ý
magneticpoles
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Magnetism

ɆW. Gilbert (1600): De Magnete
ɆReference work on magneticphenomena

ɆH.C. Oersted (1820)
ɆLink betweenelectriccurrentsand 

magnetism

ɆA.M. Ampère(1820)
ɆAmpèrelaw

ɆM. Faraday (1831) 
ɆFaraday law, magneticinduction

ɆAnd manyother: Biot, Savart, Laplace, 
PoissonΣ Χ
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Whymagnetism?

ɆEverywherein moderntechnology!

ɆAnd more:
ɆBiomedicine: cancertherapy, cell

separation, drugŘŜƭƛǾŜǊȅΣ Χ
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An example: Facebookdata center
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Earth: a hugemagnet
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Short remind: some definitions

ɆMagnetic field: Ὄ ὃȾά

ɆMagneticflux density: ὄὝ

ɆMagnetization: ὓ

ɆMagneticpermeability: ‘

ɆRelative permeability: ‘ [SI]

ɆVacuumpermeability:
‘ пʌҎмлҍт¢Ƴκ!

ɆMagneticsusceptibility(volume): 

ʔ
ὓ

Ὄ
‘ ρ

ɆDefining relations:

ὄ ‘Ὄ ‘ὓ ‘ ρ …Ὄ

ὄ ‘‘Ὄ ‘Ὄ

ὓ …Ὄ ‘ ρὌ
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Magneticmoment of a single electron

ɆOrbitaland spinmotion of the e-:

ɆOrbitalmagneticmoment: ά‘
ά : magneticquantum no.

‘
Ὡ

ςά
ᴐ ωȢςχρπ ὃά ὐȾὝ

Bohrmagneton

ɆSpin magneticmoment: ‘

ɆὒȟᴆὛ: orbital and spin angular
momentumvectors
Ὣ ρȟὫ ς: Landéfactor

ᴆ‘
Ὡ

ςά
ὒ

Ὣ‘

ᴐ
ὒ

ᴆ‘
Ὡ

ςά
ᴆὛ

Ὣ‘

ᴐ
ᴆὛ
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Orbitalmagneticmoment

ɆThe ᾀcomponent of the orbital angular
momentumisquantized in ᴐunitsÝ
the sameoccursfor the magnetic
moment:

‘
Ὡ

ςά
ὒ

Ὡᴐ

ςά
ά ‘ά

ὒ ᴐά

whereά ὰȟὰ ρȟȣȟπȟȣ ὰ ρȟὰ

‘
Ὣ‘

ᴐ
ὒ

Ὣ‘

ᴐ
άᴐ

‘ Ὣ‘ά

ὒ ᴐ ὰὰ ρ

‘
Ὣ‘

ᴐ
ᴐ ὰὰ ρ Ὣ‘ ὰὰ ρ

e
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Spin magneticmoment

ɆThe ᾀcomponent of the spin angular
momentumisquantized in ᴐunitsÝ
the sameoccursfor the magnetic
moment:

Ὓ ᴐά
whereά ȟ

Ὓ
ρ

ς
ᴐ

‘ Ὣ‘ά

Ὓ ᴐ ίί ρ
σ

ς
ᴐ

S
d

sm
d
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Total magneticmoment of the electron

ɆCouplingof orbital and spin angular
momentumvectors: spin-orbit
interaction

ɆFor lightweightatoms(ὤ τπ) with 
manye-:

ὒ В ᴆὰ, ᴆὛ В ᴆί

ɆTotal angularmomentum:  ᴆὐ ὒ ᴆὛ
ɆLS (Russell-Saunders) coupling

ɆTotal magneticmoment:

‘ Ὣ‘ ὐὐ ρ

ὐ ᴐ ὮὮ ρ
ὐ ᴐά

where

ά ὮȟὮ ρȟȣȟπȟȣ Ὦ ρȟὮ

J
d

L
d

S
d

Vector model

of atom

z
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Spin-orbit interaction

ɆRelativisticeffect
ɆInteractionbetweenthe magneticspin 

moment of the electron and the 
magneticfield createdby the relative 
orbital motion of the nucleus

꞊ ᴆ‘ɇὄ ς
‘

ᴐ
ᴆὛɇὄ

꞊ ɤᴆὰɇᴆί

Ɇᴆὰand ᴆίcoupleto form the total angular

momentumᴆ ᴆὰ ᴆί ᴆὰ

ɆIn multi-electron atoms:

꞊ ɤὒɇᴆὛ
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Zeemansplitting

ɆMagnetic moment of an ion:

ά ὒ ςᴆὛ
‘

ᴐ

ɆZeemanhamiltonianfor the moment 
ά in a fieldὄappliedalongᾀ:

꞊ άɇὄ ὒ ςὛ
‘

ᴐ
ὄ

ɆFor a particularὐ-multiplet:

ὒ ςᴆὛ Ὣᴆὐ

ά Ὣὐ
‘

ᴐ
꞊ Ὣὐ

‘

ᴐ
ὄ
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Magnetic moment of free atoms and ions

ɆIn a single atom/ion, the 
magnetic moment contributions 
from all e-must be summed and 
may cancel each other out

ɆExample: atom having all shells
and sub-shellsfully occupied:

ɆComplete cancellation of orbital 
and spin magnetic moments

ɆExamples: inert (noble) gases, 
some ionic compounds

ɆComplete treatment: accurate for 
lanthanides (4f)

‘ Ὣ‘ ὐὐ ρ

ɆNeglecting spin-orbit interaction:

‘ ‘ τὛὛ ρ ὒὒ ρ
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Magneticsusceptibilityof elements
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Atomicdiamagnetism

ɆClassical view: Langevintheory
ɆPrecessionof the orbital magnetic

moment of the single electron around
the magneticfield direction

ɆLarmorfrequency

Ὢ
‫

ς“

‘

ς“

Ὡ

ςά
Ὄ

ɆInducedmagneticmoment ᴆ‘

ɆFaraday law: ᴆ‘ opposed to ὄ

‘
Ὡ‫ Ὑ

ς

‘ὩὌὙ

τά
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Ὑ

ὶ

P. Langevin

J. Larmor
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Atomicdiamagnetism

ɆFor an atom with atomicnumberὤ:
ɆPrecessionof allὤelectrons
ɆInducedatomicmagneticmoment:

ά
‘ὩὌ

τά
Ὑ

‘ὩὌ

φά
ὶ

‘ὩὌ

φά
ὤὶ

ɆMagnetizationper unit volume:

ὓ
‘ὩὌ

φά
ὤ
ὔ”

ὃ
ὶ

ɆDiamagneticsusceptibility:

…
‘Ὡ

φά
ὤ
ὔ”

ὃ
ὶ
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Diamagnetism

ɆDiamagneticsusceptibility:

…
‘Ὡ

φά
ὤ
ὔ”

ὃ
ὶ

ɆIndependentof whether the atom hasa 
net magneticmoment or not

ɆNot explicitlydependenton Ὕ

ɆDiamagnetismispredominantin 
elementswith completelyfilled shells
ɆHe, Ne, ArΣ Χ

ɆPolyatomicgases

ɆIonicsolidsw complete electron transfer 
(NaClΣΧύ

ɆSolidsw covalentbond (Si, Ge, Ga, AsΣ Χύ

ɆAlmostall organiccompounds

ɆLandau diamagnetismof free electronsin 
metals:

…
ρ

σ

ὔ

ὠ
‘‘ὫὉ

ά

άᶻ
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Diamagnetism
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Assembly of non-interactingatoms

ɆAtoms/moleculesw. unpairedelectrons, 
eachw. a net localizedmagneticmoment ά

ɆNon-interactingparamagneticatomsgas:
ɆEffectof Ὕ: random orientationand ὓ π

ɆClassicalview: Langevintheory
ɆIn a magneticfieldὌthe potential energyof 

an individualά is

Ὁ άẗὄ ‘άẗὌ

ɆBoltzmannstatistics: 

Ɇprobability ὖ— of the moment making an 
angle —with Ὄdirection:

ὖ—Ὠ— ὅς“ίὭὲ—Ὡ Ὠ—

ὅ ᷿ὖ—Ὠ— ὔ: normalizationfactor

V Italian School on Magnetism - M. Solzi - Basic magnetic properties

Ὄ

—

Ὠ—ὶ

L. Boltzmann
21



Paramagnetism: Langevintheory

ɆMagnetization per unit volume alongthe Ὄ
direction:

ὓ άὧέί—ὖ—Ὠ—

ɆFor an assemblyof identicalmomentsά:

ὓ ὔάÃÏÔÈ‌
ρ

‌
ὔάfl‌

‌
‘άὌ

ὯὝ
fl‌: Langevinfunction

ɆAt lowὌ, high Ὕ: ‌Ḻρ

fl‌
ρ

‌

‌

σ
Ễ

ὓ ὔά
‌

σ

‘ὔά Ὄ

σὯὝ
ɆParamagneticsusceptibility:

…
‘ὔά

σὯὝ

ὅ

Ὕ
Curie law ὅ: Curie constant
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fl‌

P. Curie
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Quantum theoryof paramagnetism

ɆClassical assumption: άcan point in 
anydirection

ɆQuantizationof ά: 
ɆThe άcomponent alongὌᾀcan only

take discrete values

ά Ὣ‘ά

ά *ȟȣȟ*(ςὐρenergylevels)

ɆPotentialenergy:

Ὁ ‘Ὣ‘άὌ

ɆAgainBoltzmannstatisticswith

‌
‘Ὣὐ‘Ὄ

ὯὝ

ɆMagnetization along the Ὄdirection:

ὓ ὔ
В

В

ὓ ὔὫὐ‘
ςὐρ

ςὐ
ὧέὸὬ‌

ςὐρ

ςὐ

ρ

ςὐ
‌
ρ

ςὐ

ὓ ὔὫὐ‘ꜞ ‌

Brillouinfunction
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Quantum theoryof paramagnetism

ɆAt lowὌ, high Ὕ: ‌Ḻρ

ꜞ‌
ὐ ρ

σὐ
‌

ὐ ρ ὐ ὐ ρ

ωὐ
‌

Ɇ Neglectingthe higherorder terms:

ὓ ὔὫὐ‘ꜞ ‌ ὔὫὐ‘
ὐ ρ

σὐ

ὔὫ‘‘
ὐὐ ρ

σὯὝ
Ὄ

Paramagneticsusceptibility:

… ‘ὔὫ‘
ὐὐ ρ

σὯὝ

ὅ

Ὕ

ὅ
‘ὔὫ‘ὐὐ ρ

σὯ

‘ὔά

σὯ

ɆAs ὐO Њ, the allowedorientationsare 
spatiallycontinuousand

ꜞ ‌ ᴼfl‌

Ɇ Ifὒ πȟὐ ὛȟὫ ς spin-only
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Quantum theoryof paramagnetism

ɆAt lowὝ, high Ὄ: ‌ḻρ
ꜞ ‌ ᴼρ
ὓ ὔὫὐ‘

ɆAll momentsalignedwith the field, independentlyof 
the field intensity: saturation

ɆExtreme quantum limit:
Ɇὒ πȟὐ Ὓ ϳρςȟὫ ς

Ɇ1 spin/atom, two-levelsystem

ὓ ὔ‘ÔÁÎÈ‌

ɆAt lowὌ, high Ὕ: ‌Ḻρ ÔÁÎÈ‌ ᴼ‌

…
‘ὔ‘

σὯὝ
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Paramagnetismof free atoms

ɆObservedin:
ɆGasesof magneticatoms/molecules

ɆSaltsof 3d transitionmetalsand rare-
earthelements

ɆSome oxidesof rare-earth elements
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Ionsin solids: crystalfield

ɆFor free ions:
ɆFilledelectronicshellsare not magnetic

ɆOnlypartly-filled shellsmaypossessa 
magneticmoment

ά Ὣ‘ὐO IǳƴŘΩǎrulesgiveὫ and ὐ

ɆIons in solids:
ɆElectrostaticCoulomb interactionof an 

ion with its surroundings: crystalfield

ɆQuenching of the orbital angular
momentumὒfor 3d ions: spin-only
moment

ά Ὣ‘Ὓ ς‘Ὓ

ɆMagnetocrystallineanisotropyappears

ɆHamiltonian:
꞊ ꞊ ꞊ ꞊ ꞊

Ɇ3d ions: ꞊ hasto be considered
before꞊ Ὓisa goodquantum 
number

Ɇ4f ions: ꞊ hasto be considered
before꞊ ὐisa goodquantum 
number
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Relative distributionof 3d and 4f electrons

ɆAs metallic atoms or ions the transition 
metals (TM) occupy one third of the 
volume of the rare earths (RE)
ɆTM atoms: the 3d electrons are the 

outermostelectronsÝ interact strongly with 
other nearby atoms

ɆRE metal atoms: the incomplete 4f electronic 
subshell is located insidethe 5s and 5p 
subshells Ý 4f electrons are not strongly 
affected by neighboring atoms
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Crystal field effect

ɆElectrostatic Coulomb interaction of 
the electronic charge density with the 
neighbouringions
ɆThe potentialhasno spherical

symmetry

ɆExample: cubiccrystal: 

ὠ ὠ ὼ ώ ᾀ

Ɇ2 cubicenvironments:

Ɇoctahedral

Ɇ tetrahedral
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Quenching of the orbital momentum

ɆIn many 3d TM compounds, the effect of surrounding atoms determines the 
άǉǳŜƴŎƘƛƴƎέ ƻŦ ǘƘŜ ƻǊōƛǘŀƭ ŀƴƎǳƭŀǊ ƳƻƳŜƴǘǳƳ
ɆIn such a case, only the spin angular momentum is considered

ɆExceptions: 

ɆOrbital contribution from partially filled shells(ὸςὫorbitals)

ɆEffects of (weak) spin-orbit interaction
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Ferromagnetism
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Unpaired Atom No. of e- electronicconfiguration 4s e-
3d e-



Mean-field theory
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Ferromagnetism: mean-field theory

ɆSpontaneousmagnetization Û
spontaneous alignment of atomic 
magnetic moments

ɆWeiss (1907): internal «molecular» 
field

Ὄ ὲ ὓ
Huge field: ὲ ρππ

hǊƛƎƛƴΚ IŜƛǎŜƴōŜǊƎΩǎ ŜȄŎƘŀƴƎŜ ƛƴǘŜǊŀŎǘƛƻƴ 
(1928)

Spontaneous magnetization: 

ὓ ὔὫὐ‘ꜞ ‌

Butnow:

‌
‘Ὣὐ‘Ὄ

ὯὝ

ɆAt Ὕ π:

ὓ ὔὫὐ‘

ɆAt finite Ὕ:
ὓ Ὕ

ὓ
ꜞ ‌

ɆHowever: Ὄ ,  then: 

ὓ Ὕ

ὓ

ὔὯὝ

‘ὓ ὲ
‌

Ὕὐ ρ

σὅὐὲ
‌

where

ὅ
‘ὔὫ‘ὐὐ ρ

σὯ
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Ferromagnetism: mean-field theory

ɆSimultaneous solution of the two 
equations:

Ɇ ꜞ ‌

Ɇ ‌

ɆGraphical/numericalsolution

ɆὝ Ὕ: 2 solutions

ɆὝ Ὕ: 1 solution

ɆὝ Ὕ: 2 coincidentsolutionsÝ same
slopeof the 2 eq.sat the origin

ɆFor ‌Ḻρ ꜞ ‌ ‌, then:

Ὕ ὲ ὅ
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ὓ Ὕ

ὓ
ꜞ ‌

ὓ Ὕ

ὓ

Ὕὐ ρ

σὅὐὲ
‌

ὓ Ὕ

ὓ

‌

Ὕ Ὕ

Ὕ Ὕ
Ὕ Ὕ
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Ferromagnetism: mean-field theory

ɆExample: Gd

ɆὝ ςωςὑ; ὐ Ὓ ;Ὣ ς

ὔ σ ρπά ᵼὅ τȢωὑ

Then: ὲ υω

ὓ ὔὫὐ‘ ρȢωυ
ὓὃ

ά
‘Ὄ ὲ ‘ὓ ρττὝ

Enormous!

ɆExample: Ni

ɆὝ φςπὑ; 3

ɆSpontaneousmagnetization: theory vs. 
experiment
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Paramagneticregionof a ferromagnet

ɆMagnetic susceptibilityfor Ὕ Ὕ:

ɆFor ‌Ḻρ ꜞ ‌ ‌

‌
‘Ὣὐ‘ Ὄ ὲ ὓ

ὯὝ
Ὄ: externalfield

…
ὅ

Ὕ —

Curie-Weiss law

— Ὕ ὲ ὅ

—: paramagneticCurie temperature

ὅ
‘ὔὫ‘ὐὐ ρ

σὯ
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Curie temperature
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Exchange interaction

ɆOriginof Ὄ?
ɆNot due to atomicmagneticdipoles!

ɆExchange interactionreflects:

ɆElectrostaticCoulomb repulsionof e-

betw. neighbouringatoms

ɆPauli exclusionprinciple: 1 e-per 
quantum state

ɆEnergy differencebetw. ᴻ aᴻnd ᴻᴽ
configurationsfor the two e-

ɆExample: Hydrogenmolecule, 2 atoms
with 1 e-each
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Exchange interaction

ɆHeisenberg: generalizationto many-
electron atomicspins ᴆὛ, ᴆὛ:
ɆHeisenberghamiltonian:

꞊ ςꞌᴆὛɇᴆὛ

ꞌ: exchangeintegral

Ɇꞌ π: ferromagneticinteractionᴻᴻ

Ɇꞌ π: anti-ferromagneticinteractionᴻȢ

ɆIn the case of an atomiclattice:

꞊ ς ꞌ ᴆὛɇᴆὛ

sum over allὭȟὮpairs
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Exchange interactionin mean-field

ɆRelation betweenꞌand ὲ :
ɆThe moment Ὣ‘Ὓinteractswith an 

effectivefieldὌ ὲ Ὣ‘Ὓ

ɆOnlynearestneighbourinteraction

ɆSite Ὥhamiltonian:

꞊ ς ꞌ ᴆὛ ɇᴆὛ ὌὫ‘Ὓ

ɆMean-field approx.: neglectslocal
correlationsbetw. ᴆὛand ᴆὛ
Ɇὤ: no. nearestneighbours

ꞌ ÝὝ
ꞌ

ɆSemi-classicalapproximationin the 
continuum picture:
Ɇcouplingof elementarymagnetic

momentsexpressedin termsof ὌὭ ὓ
Ɇὓ= localparameter, averagedon aὠ

including manyelementarymagnetic
moments

ɆExchange energydensityin polar
coordinates:

‐ ὃ ​‮ ὧέίὶὨ•​‮

ὃ= exchangestiffnessconstant

ὃ ; ὃ
ꞌ
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Exchange interaction

ɆLocalizedmagneticmoments:
ɆDirect exchangebetweenneighbouring

atoms(example: rare earths)

ɆSuper-exchangemediatedby non-
magneticions(example: Fe-Fe in 
magnetite), short range, FM or AFM

ɆOthercouplingmechanism:
ɆIndirectexchangemediatedby 

conductionelectrons

ɆOscillating, long range(RKKY)

ɆDouble exchange, (example: 
manganites), FM
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Magnetismin metals

ɆMagnetismof electronsin solids
considereduntil now asthoughthey
werecontainedwithin the coresof 
atoms: localizedmodel

ɆDifferentapproachfor metals:

ɆPossibleenergystatesrelate to 
electronstreated collectivelyaswaves
travellingthroughthe solid
ɆManymetalsare weaklyparamagnetic

and their…isalmostindependenton Ὕ

V Italian School on Magnetism - M. Solzi - Basic magnetic properties 44



Free electron theoryof metals

ɆIgnore the periodicpotentialof the 
atomiclattice

ɆDensityof statesfor free electrons
ɆNo. allowed states per unit energy range

ὫὉ
Ὠὔ

ὨὉ

ψ“ά

Ὤ
ςάὉ

ɆFermi energyὉ : energyof the highest
filled levelsin the groundstate of a 
systemwith ὔelectrons/unit Volume

Ὁ
Ὤ

ςά

σὔ

ψ“

Ⱦ
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Free electron theoryof metals

ɆPauli exclusionprinciple: Fermi-Dirac
distribution

ὪὉ
ρ

Ὡ ρ

ɆEquilibrium distributionof electrons:
ɆDensity of filled states at given Ὁand Ὕ

ὲὉȟὝ ὪὉὫὉ
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Ὁ
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Pauli paramagnetism

ɆEveryquantum state isoccupiedby two
electrons: onespin up ¬and onespin down ®
ɆDOS curve splitsinto two sub-bands

ɆFermi-Diracstatistics

ὔᴻᴻ ὔᴻᴽ ὫὉ ‘ὄ

ὔ= no. of e- per unit volume

ὫὉ = densityof statesat the energyof the 
Fermi levelὉ

ὓ
ρ

ὠ
‘ ὔᴻᴻ ὔᴻᴽ

ρ

ὠ
ὫὉ ‘ὄ
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Paramagnetismin metals

ɆAtomicdiamagnetism:

… ‘
ὓ

ὄ

‘ὤὔὩ

φὠά
ὶ

ɆLandau diamagnetismof free e-:

…
ρ

σ

ὔ

ὠ
‘‘Ὣᴊ

ά

άᶻ

ɆPauli paramagnetism in metals:
ɆAssociatedto the spin of free e-

ɆStatescloseto the Fermi level

…
ρ

ὠ
‘‘Ὣᴊ

Ɇ«qualitative equation» for total
susceptibility:

…
ρ

ὠ
‘‘Ὣᴊ ρ

ρ

σ

ά

άᶻ

‘ὤὔὩ

φὠά
ὶ
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Paramagnetismin metals

ɆIn the case ὯὝḺὉ (without interactions)

… ‘
σὔ‘

ςὉ

atὝ π

ɆOnlya small fractionof e-occupyingenergylevels
closeto Ὁ contribute

ɆThismodel appliesto the casesin whichthere are 
relativelyfew electronsin a conductionband

ɆAt finite Ὕ, …turns out to be nearlyindependent 
on Ὕ

ɆParamagnetismwith interactions: enhanced
susceptibility

V Italian School on Magnetism - M. Solzi - Basic magnetic properties 49



Band theoryof solids

ɆFor the total number N of atoms in a solid (1023 cmς3), N energy levels split apart 
within a width ɝὉ.
ɆLeads to a band of energies for each initial atomic energy level
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Solid of N atomsTwo atoms Six atoms

Electrons must occupy 
different energies
(Pauli Exclusion 

principle)
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Transitionmetals

ɆIn transition metal elements, 
the outermost electrons are the 
3d and 4s
Ɇthese electron clouds are the 

first to overlap as the atoms are 
brought together

Ɇthe corresponding levels are the 
first to split

Ɇd electrons: form a narrow band
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Ὁ

σὨ
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Ὁ
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Ferromagneticmetals

ɆExchange couplingbetweenelectrons
Ɇtreated with a molecular field term

ɆIn partially filled energy band, an imbalance of 
spins Ý net magnetic moment per atom

ɆSpontaneous magnetization ὓÝ internal 
(molecular) field Ὄ ὲ ὓ

ɆIt arisesfrom Coulomb energyὟ

ɆStoner criterion for ferromagnetism:
ɆFerromagnetism appears when the gain in 

exchange energy is larger than the loss in kinetic 
energy

ὟɇὫὉ ρ
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Ferromagneticmetals

ɆStable ferromagnetism: large DOS at
the Fermi level(Ὕ Ὕ) or large Ὗ

… …
ρ

ρ ὟὫὉ

ɆWeakand strong ferromagnets
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Ferromagneticmetals

ɆSpin magneticmomentsper atom are 
non-integer
Ɇ4s and 3d band overlaps= oneeffective

band

ά υ ὲ ὼ υ ‘
ρπ ὲ ὼ‘

ὲ: no. 4s+3d electrons

ὼ: no. 4s electrons

ɆExample: Nickel 3d8 4s2

Ɇn¬ςn®= 0.54 e-/atom

Ɇά= 0.61 ‘ὄ

ɆFe, Co: Rigid-band model
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Element Electronic 
structure

ὲ ά‘ ά ‘

Fe 3d64s2 8 2.6 2.22

Co 3d74s2 9 1.6 1.72

Ni 3d84s2 10 0.6 0.6
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Binaryalloys

ɆAlloys of FM or of FM-NM 3d metals

ɆAtomicάasa functionof no. of outer
electrons(4s+3d)/atom
ɆMax: 2.5 ‘ (Fe0.7Co0.3)

ɆSimplyfyingassumption: d bandsdo 
not changeon alloying, but onlyadd
and depletechargesin the form of 
rigidbands
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Antiferromagnetism

ɆAnti-parallelcouplingof spin 
momentsof neighbouringatoms:

ɆOrder criticaltemperature: Ὕ (Nèel)

ɆExample: MnOςioniccompound

ɆNo net magneticmoment from O2-

ɆNet spin magneticmoment (spin) from 
Mn2+ ions: ᴻ cȢoupling

ɆMnO: no net total magneticmoment
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Antiferromagnetism: Néelmodel

ɆTwo equalsublatticsA and B with 
oppositelydirectedmagnetizations: 

ὓ ὓ

ɆTwomolecularfields:

Ὄ ὲ ὓ ὲ ὓ Ὄ

Ὄ ὲ ὓ ὲ ὓ Ὄ
Ɇὲ : intra-sublatticeinteraction

Ɇὲ : inter-sublattices interactions

ɆNet magnetization: 

ὓ ὓ ὓ πif Ὄ π

ꜞ ‌ ; ‌

Ὧ ὃȟὄ
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Antiferromagnetism: Néelmodel

ɆFor Ὕ Ὕ : ὓ …Ὄ , whereὯ ὃȟὄ

… andὅ
ϳ

Ɇhence: 

ὓ
ὅ

Ὕ
ὲ ὓ ὲ ὓ Ὄ

ὓ
ὅ

Ὕ
ὲ ὓ ὲ ὓ Ὄ

ɆConditionfor havingspontaneoussublattice
magnetization:

Ὕ ὅ ὲ ὲ

…
ὓ ὓ

Ὄ

ὅ

Ὕ —

ὅ ςὅ and— ὅ ὲ ὲ

Beingὲ π — Ὕ
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Antiferromagnetism: Néelmodel

ɆFor Ὕ Ὕ : 

ɆThe antiferromagnetic axis along which the 
sublatticemagnetizations lie is determined 
by magnetocrystallineanisotropy

Ɇ…dependson the directionof appliedfield:

…

…᷆ Ὕ π π

…᷆ Ὕ Ὕ

V Italian School on Magnetism - M. Solzi - Basic magnetic properties 59



Ferrimagnetism

ɆAntiferromagnet with unequal
sublattices

ɆExample: magnetite Fe3O4

ɆCubic structure ςinverse spinel

ɆFe2+O2-ς(Fe3+)2(O
2-)3

ɆNet spin moment for Fe2+ and Fe3+ ions

ɆIncomplete cancellation of moments
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Ferrimagnetism

Ɇὓ ὓ

Ɇὓ ὓ ὓ π

Ὄ ὲ ὓ ὲ ὓ Ὄ

Ὄ ὲ ὓ ὲ ὓ Ὄ

Ɇὲ ὲ : intra-sublatticeinteractions

Ɇὲ : inter-sublattices interaction

Ὕ
ρ

ς
ὅὲ ὅὲ ὅὲ ὅὲ τὅὅὲ

ɆCompensationtemperature Ὕ
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Otherformsof magneticorder

ɆCompetitionbetweenFM and AFM 
interactions: if they cannot all be 
satisfied simultaneously 

Ýfrustrated system

ÝNon collinear system: helimagnetic
order

ɆPure AFM interaction in odd-
membered rings: frustration
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Magneto-crystallineanisotropy
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Magneto-crystallineanisotropy

ɆInteraction of ὓwith the localatomic
surroundings, throughthe crystalelectricfield
ɆOrigin: spin-orbit coupling, whichbreaks 

rotational invarianceof atoms

ɆVerylow energy: fcc-Ni: 0.2 meV/atom

ɆPolaranglesexpansion:
ɆUniaxialsymmetry

ɆCubicsymmetry
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Magneto-crystallineanisotropy

ɆMagnetocrystallineenergydensitysurface

ɆUniaxial:
ɆEasy magnetizationaxis

ɆEasy magnetizationplane

ɆCubicsymmetry
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