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Diamagnetism andPamamagnetism

The magnetic moment of a free atom has the nuclear and electronic
magnetic moments Magnetic moments of nuclei are of the order of 103
times smaller than the magnetic moment of the electron The electronic
magnetic moments has three principal sources 1) the spin with which
electronsare endowed 2) the orbital angularmomentumaboutthe nucleus
3) the changein the orbital momentinducedby anappliedmagneticfield.

Diamagnetisms associatedwith the tendencyof electricalchargespartially
to shieldthe interior of a bodyfrom an appliedmagneticfield. In an electron
orbit within anatom, the magneticfield of the inducedcurrentis oppositeto
the appliedfield, and the magneticmomentassociatedvith the currentis a
diamagnetic moment Even in a normal metal there is a diamagnetic
contribution from the conductionelectrons,and this diamagnetismis not

destroyedby collisionsof the electrons
The magnetizationM is defined asthe magneticmoment per unit volume

Themagneticsusceptibilityper unit volumeis definedas X M

whereBis the applied macroscopic magnetic field intensity.
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Magnetic Susceptibility

Characteristic magnetic susceptibilities:
for diamagnetic substances< 0
Langevin (free spin) .
paramagnetism for paramagnetic substances> O

Van Vleck paramagnetism

\ Pauli paramagnetism (metals) Temperature

Diamagnetism




Magnetic Moment of an Atom

The magnetic moment of an atom or ion in free space is given
by

p=vh)=—guzJ |, J=L+S

where the total angularmomentumaJis the sum of the orbital oL and
spina Sangularmomenta Forelectronicsystemsa quantity g calledthe g
factor or the spectroscopicplitting factor and the Bohr magneton>; is
definedasea/2mc. Theenergylevelsof the systemin a magneticfield are

U: _M°B:m]gILBB 5
where m;is the azimuthalquantum number and has the valuesJ Jb
1,...,bJ Forasinglespinwith no orbital momentwe havem;=+ 1/2

and g = 2, whence the energy level U = £1/2 >;B. The equilibrium
populationsof the two levelsare
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The fractional populations of the two levels are shown below and the
resultantmagnetizationM for N atomsper unit volumeis, with x=> /kgT,

X
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At high temperature, we have<<1,
tanhx & x, and

M = Nu(uB/kgT)
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In general,an atom with angular momentum quantum number Jin a
magneticfield has2J+ 1 equallyspacedenergylevels Themagnetization

isthusgivenby - _ NeJpB)(x) . (x = aJugBlkyT) .
where theBrillouin functionB,is defined by
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Forx => /kgT<<1, we havectnhx =

S| =

3
+§—i—5+--- , and the susceptibility is
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Curie law : B = 3%, T BT T

. Cis theCurie constant

Herepis theeffective number of Bohr magnetons? =glJ(J + DI'* .
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Hund rules

TheHundrulesasappliedto electronsin a givenshellof an atom affirm that
electrons will occupy orbitals in such a way that the ground state is
characterizedy the following:

1. Themaximumvalueof the total spinSallowedby the exclusiorprinciple

2. The maximumvalue of the orbital angularmomentum L consistentwith
thisvalueof §

3. Thevalueof the total angularmomentumJis equalto |Lt § whenthe
shellis lessthan half full andto L + Swhen more than half full. Whenthe
shellisjusthalf full, the applicationof the first rule givesL=0, sothat J=S

Thefirst Hundrule hasits origin in the exclusionprinciple and the coulomb
repulsionbetween electrons The secondHund rule is best approachedby
model calculations Thethird Hundrule is a consequencef the signof the
spinorbit interaction For a single electron the energyis lowest when the
spinis antiparallelto the orbital angularmomentum

Example of the Hund rules: The ior*@®ms a singléelectron withl = 3 and
s=Y%. Thdvalue by the preceding rule i$§ =L MK H [ PpPKHP



Ferromagnetic Order

Given an internal interaction tending to line up the magnetic moments
parallelto eachother, we shallhavea ferromagnet Letus postulatesuchan
Interaction and call it the exchangefield B.. We treat the exchangedfield as
equivalentto a magneticfield and, in the meanfield approximation, we
assume each magnetic atom experiencesa field proportional to the
magnetization B-=<M , where <is a constant,independentof temperature
TheCurietemperature T. is the temperature abovewhich the spontaneous
magnetizatiorvanishesit separateghe disorderedparamagnetiqpohaseat T
> T. from the orderedferromagneticphaseat T < T.. We canfind T_ in terms
of the constant<. Considerthe paramagnetigphase an appliedfield B, will
causea finite magnetizatiorandthis in turn will causeafinite exchangdield
B If ., Isthe paramagneticsusceptibility, 71 = x,(B, + By)

Theparamagneticsusceptibilityis givenby the Curielaw ., =Q'T, where Cis
the Curieconstant Then,we havethe CurieWeisslaw
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Helsenberg model

The exchangefield givesan approximaterepresentationof the quantum
mechanicalexchangeinteraction On certain assumptionsit is shown in

texts on quantumtheory that the energyof interaction of atomsi, | bearing
electronspinsS, S containsa term U =b2J5 S, where Jis the exchange
integral and is related to the overlap of the charge distributions of the

atomsi, . Thisis calledthe Heisenbergmodel.
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The curvesof M versusT obtainedin
this way reproduce roughly the
features of the experimental results,
as shown in the left for nickel AsT
Increases, the magnetization
decreasessmoothly to zero at Té T
This behavior classifies the usual
ferromagnetic/paramagnetic

transitionasa secondorder transition.



Exchange Interaction Between Free Electrons

Consider two free electronsandj and their pair wavefunctiop
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The probability that electroni is to be found in volume element dr, and
that electronj is to be found in volume elementdr; is then equalto |T ;|2
dr;dr;:
T 2 dridr;

Thisexpressiorshowsall of the crucialfeatures the probability of finding
two electronswith the samespinat the sameplacevanishesfor everyk;
andk;. Fora particularspinup electron, the other electronswith the same
spincannotscreenthe Coulombpotential of the ion coresso well locally,
which leadsto a reduction of the energy of the spinup electron This
energyreductionis reinforcedif the highestpossiblepercentageof all the
electronshavethe samespinasthe spinup electron



