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Outline

Background: Magnetismand Relativity
� Localizedanditinerantmodelsof magnetism(Hund's rulesandbandmodel)
� Diracequationandassociatedquantitiesimportantfor magnetism

Surveyof Phenomenathat Affect Magnetic Moments
� Relativistic massshiftsorbitalsandbroadensbands
� Spinpolarizationproducesaspinmoment
� Orbital polarizationproducesanorbitalmoment
� Spin-orbitinducesanorbitalmoment

Method: Electronic Structur eand Experiment
� An introductionto non-magneticDFT(LDA): Non-relativistic
� “Spin-only” relativistic DFT(LSDA) calculatesspinmoments
� Orbital polarizationandspin-orbitcorrectionsfor orbitalmoments
� Magneticneutronscatteringmeasuresspinandorbitalmoments

Results:CalculatedMagnetic MomentsComparedwith Neutron Measurements
� Transitionmetals(3d)
� Lanthanides(4f)
� Actinides(5f)

Concluding Remarks



LocalizedMagnetism

� In localizedmodel,electronsandtheirmomentsarecon�ned to anon-interactingatom.

� Appliesto freeions,insulators,or localizedatomicstate.

Momentsarewell describedby Hund's rules:

1. MaximizeS (SpinPolarization)

2. MaximizeL (OrbitalPolarization)

3. J = jL � Sj for lessthanhalf �lled
J = jL + Sj for morethanhalf �lled
(Minimize HSO = � (L � S))

� spinandorbitalmomentsof singleelectronsbeing
� spin = 2� B [S(S + 1)]1=2 and � or bital = � B [L (L + 1)]1=2

� atomicmagneticmomentis givenby
� atom = gJ � B [J (J + 1)]1=2 with gJ = 1 + J (J +1) � L (L +1)+ S(S+1)

2J (J +1)



Itinerant Magnetism
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� Bandpicture:atomicorbitalsoverlapandform energy bands.
� Delocalizedelectronsbecomeresponsiblefor magneticproperties.
� Stonermodel:Favorableto spendKE for again in exchangeenergy (I g(Ef ) > 1)

! Spin-upand-down bandsspontaneouslyspinsplit.
! Requiresnarrow bandswith largeDOSat theFermiEnergy.
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Magnetismfr om Relativity: Dirac Equation

� Diracequation:relativistic, quantummechanicaldescriptionof theelectron.
! Naturallyincorporatesspinand�ne structure
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� Leadsto two coupledequations:two positiveandtwo negativeenergy solutions.

� Equationin � (E > 0): (Expandto order(v=c)4 for V(r) only)
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� Spin-orbitenergy scalesas� Z 4 to Z 2



Effectsof Relativistic MassCorr ection

Consequencesof the relativistic massincrease
� Contractionof thesandp orbitals:

aB ohr � n 2

mZ =
n 2

r

1� v2
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m 0Z = a0
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relativistic

non-relativistic

� Screeningcausesd andf orbitalsto expand
� Resultsin achangein bandwidth:

Z=29
Cu

Ag

Z=47

Au
Z=79

Non-relativistic
Scalar Relativistic

! shift in d-bandedgeof Cu,Ag, andAu

� Effectgrowswith Z (� 1.5eV for Au)

Typical shifts
� 3dmetals0.1-0.5eV
� 4f metals:1-6eV
� 5f metals:6-10eV



Spin Polarization (Hund' sFirst Rule))
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4f states � Itinerantstates(e.g.,3d,5f), bands

spin-split.
� Localized4f stateis free-ion-like
Typicalenergy gain
� 3dmetals0.04-0.4eV
� 4f metals:0.5-10eV
� 5f metals:3d< E< 4f

Plot showsspin-pairingenergy gain for free-ion4f states.



Orbital Polarization (Hund' sSecondRule)
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� Plot showsorbital-polarizationenergy gain for free-ion4f states.

� In itinerantsystems,theorbital polarizationis morecomplex andlargelyquenchedby
crystal�elds.

Typicalenergy gain
� 3dmetals0.0001-0.002eV
� 4f metals:0.5-1.7eV
� 5f metals:3d< E< 4f



Spin-orbit (Hund' sThird Rule)

SOin localizedstates
� SOcouplingenergiesfor free-ion4f states:

La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

0

0.2

0.4

0.6

0.8

1

S
pi

n-
O

rb
it 

C
ou

pl
in

g 
E

ne
rg

y 
(e

V
)

4f states
Theory

� SO in the itinerant pictur e:

Cu
Z=29

Ag
Z=47

SR+SO
SR

Z=79
Au

� Smalleffectonbandpositionandwidth

� Larged-statesplitting in interiorof DOS
(0.19,0.40,1.2eV)

TypicalSOcouplingenergies
� 3dmetals0.003-0.01eV
� 4f metals:0.1-0.9eV
� 5f metals:0.3-2eV



Spin Polarization + Spin-Orbit InducesOrbital Moment

ModelDOSfor Fe,Co,andNi:

� SOcouplinglifts degeneracy betweenml and� ml states.

� Orbitalmomentdevelops.



Basicsof DensityFunctional Theory

Non-relativistic DFT
1998NobelPrizein Chemistryfor KohnandPople.

� Hohenberg-Kohn: Etot is auniquefunctionalof electrondensity, n(r ) =
P occ:

i j i (r )j2.

� Etot [n(r )] is aminimumfor thegroundstatedensity.

� Constructthefunctional:

Etot [n(r )] = T[n(r )] + Ee� e[n(r )] + Exc [n(r )] +
R

Vext (r )n(r )dr

� Minimize Etot [n(r )] wrt n(r ), to yield singleparticle“Kohn-Sham”equation:
n

� �h2

2m r 2 + Vef f [n(r )]
o

 i (r ) = � i  i (r )

Vef f [n(r )] = Vext [n(r )] + Ve� e[n(r )] + � E xc [n ( r )]
� n ( r )

� UseLocalDensityApproximationfor unknown Exc [n]

E LD A
xc [n(r )] =

R
n(r )� heg

xc [n]dr

� Solve thesetof equationsself-consistently



Spin-polarized,Relativistic DFT(LSDA)

In Relativistic DFT, thetheoremsaregeneralizedfor theanaloguequantities
n(r ) ! J� (r ) = [n(r ); J(r )]
Vext (r ) ! Aext

� (r ) = [Vext (r ); A ext (r )]

� A fully relativistic functionalcanbeconstructed

E r el
tot [J� (r )] = T[J� (r )] + Ee� e[J� (r )] + Exc [J� (r )] +

R
J � (r )Aext

� (r )dr

Simpli�cation: Couplethemagnetic�eld to thespinonly ! Use“spin-only” functional:

Etot [J� (r )] = T[J� (r )] + Ee� e[J� (r )] + Exc [J� (r )] +
R

(n(r )Vext (r ) � m(r ) � B ext (r ))dr

� Minimize this functionalwrt electronandmagnetizationdensities(n andm)
! obtainsetof self-consistentspin-polarized(scalar)relativistic equations.
! They will containaVef f andBef f .
� UseLocalSpinDensityApproximationfor exchangecorrelations(Hund's �rst):

E LS D A
xc [n(r ); m(r )] =

R
n(r )� spheg

xc [n(r ); m(r )]dr

! XC of differentspinstates,but notorbital states.



Orbital Polarization Corr ection

� LSDA ignoresorbital correlations) nochancefor orbital polarization(Hund'ssecond)

� Solution:Makeadhoc correctionto single-particleenergiesasfollows:

� Correlateorbital stateswith aHamiltonianof theform

� 1
2

P
i 6= j l i � l j

� In amean-�eldtreatment,a termproportionalto L 2 is addedto Exc [n]:

EOP [n] = � 1
2RL 2

� By theKohn-Shamminimization,aone-electroneigenvalueshift is obtained:

� � m l = � @E OP
@n ml

= � RLm l

E E

m=+1 m=0 m=-1

m=+1

m=0

m=-1



Spin-Orbit Corr ection

� To includeHund's third rule,addin SOHamiltonian:

HSO = 1
2m 2c2

1
r

@V (r )
@r S � L

� SandL areno longergoodquantumnumbers.! Work with eigenstatesof J.

� Doublingin sizeof basisto solvesecularequation.

� Simpli�cation: “Secondvariationaltreatment:”

1. Solve (H SR � � SR
N SSR )CSR

N = 0 in apurespinbasisfor N solutionsCSR
N and� SR

N .

2. UsingthelowestN SRorbitals,form n eigenstatesin J.

3. Solve thesecularequationagainwith H = � SR � ij + H SO



Measurementof Moments: Magnetic Neutron Scattering

� Incidentneutronseesdifferentspinandorbitalmagnetizationdistribution.

� Form factoris adirectmeasureof magnetizationdistribution in anatom.

f L (Q) =
R

M L (r ) exp(iQ � r ) and f S(Q) =
R

M S(r ) exp(iQ � r )

� Expandf in functions that describeradial and angulardistribution of spin and orbital
densities:C(� ; � )i < j i (Q) > ) f (Q) = hj 0i + C2 hj 2i + C4 hj 4i + : : :

� Dipoleapproximation:f S � hj 0i andf L � hj 0i + hj 2i

� Magneticamplitude,� tot f (Q) , is measuredandwrittenas

� tot f (Q) = � Sf S(Q) + � L f L (Q) = � tot [hj 0i + C2 hj 2i ]

� C2 = � L =� tot ) extract� s and� l by �tting data.



3d, 4f, and 5f Orbital Properties

Co 3d, 4s orbitals (dashed)

Sm 4f, 5p, 5d orbitals (solid)
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o

� 4f mostlocalized,mostshielded
� 3dmostextended,leastshielded
� 5f lies in between



Magnetic Moments: 3d Transition Metals
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� 3dstates:smallZ, largecrystal�eld quenching.

� Spinmomentsagreeverywell with experiment.

� Totalmagneticmomentdescribedby LSDA alone.

� Orbitalmagneticmomentis smalldueto quenching.

� SOinducessmallorbitalmoment;Orbitalmomentimproveswith OP.



Magnetic Moments: 4f Lanthanides
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� 4f states:largeZ, noquenching
� Largeorbitalmomentsdueto SOandOP.
� TotalmomentrequiresLSDA andSO+OP.
� Total momentagreeswell with Hund's rules
for freeion.



Magnetic Moments: 5f Actinides
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� 5f states:largeZ, partialquenching
� Orbital andspinmomentsaresimilar in size
� LSDA spinmomentslie below experiment.
� Orbital roughlyagreewith experiment;worse
for SO+OP.
� Errorscancelfor totalmoment?

LSDA+SO+OPschemeneedsimprovementfor veryheavy actinidesystems.



Conclusions

� Relativity playsamajorrole in magnetism.

� Masscorrection,andHund's rules(spinpolarization,spin-orbit,orbital-polarization)are
essentialfor calculatingaccuratemoments.

� Relativistic, spin-polarizedDFT(LSDA) is �e xible enoughto handleboth
localizedanditinerantsystems.

� DFT(LSDA)+ correctionsshowsgoodagreementwith neutronmagnetic
scattingexperiments.


