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Localized Magnetism

In localizedmodel,electronsandtheir momentsarecon ned to a non-interactingatom.

Max S
Appliesto freeions,insulatorspr localizedatomicstate. o~ v

\

Momentsarewell describedy Hund's rules:

1. Maximize S (SpinPolarization)

2. MaximizeL (Orbital Polarization)

3.J=jL Sjforlessthanhalf lled \

J = JL + §j for morethanhalf lled e e-
(MinimizeHso = (L S))

spinandorbital momentsof singleelectrondeing
spin = 2 B[S(S+ 1I** and  orbita = s[L(L + 1)

atomicmagneticonoments givenby
aom = Q5 s[J(J + 1)]F?withgy = 1+ J(J+1) 2‘LJ((LJ++11))+ S(S+1)




Itinerant Magnetism

A |solated Solid
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Bandpicture:atomicorbitalsoverlapandform enegy bands.
Delocalizecelectrondbecomeresponsibldor magneticproperties.
Stonemodel: Favorableto spendKE for againin exchangesnegy (1 g(Ef) > 1)
I Spin-upand-down bandsspontaneouslgpinsplit.

I Requiremarrav bandswith large DOSatthe FermiEnengy.
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Magnetism from Relativity: Dirac Equation

Dirac equation:relatvistic, guantummechanicatlescriptionof the electron.
I Naturallyincorporatespinand ne structure

S =(c (p L)+ mc+qv)

and

Leadsto two coupledequations:tw positve andtwo negative enegy solutions.

Equationin (E > 0): (Expandto order(v=0d* for V/(r) only)

2 3
2 1 4 1 1dv h? dv
Py V(r) mc’ 3 P 7 2_d (S L) 2 ((jj @é
pm_z__f | ___ 8 mc , pmicrgr | Am-cgdr @
Schreodinger mass correction spin  orbit Darwin

Spin-orbitenegy scalesas Z* to Z?



Effects of Relativistic Mass Corr ection

Consequencesf the relativistic massincrease  os] AT LT
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Spin Polarization (Hund's First Rule))
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E-E; E,

Itinerantstateqe.g.,3d, 5f), bands

| spin-split.

Localized4f stateis free-ion-like
Typical enegy gain

3d metals0.04-0.4eV

4f metals:0.5-10eV

5f metals:3d< E< 4f

Plot shawvs spin-pairingenegy gainfor free-ion4f states.



Orbital Polarization (Hund's SecondRule)
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Plot shavs orbital-polarizatiorenegy gain for free-ion4f states.

In itinerantsystemsthe orbital polarizationis morecomplex andlargely quenchedy
crystal elds.

Typical enegy gain
3d metals0.0001-0.002V
4f metals:0.5-1.7eV
5f metals:3d< E< 4f



Spin-orbit (Hund's Third Rule)
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Theory
Af states

SOin localizedstates
SOcouplingenepgiesfor free-ion4f states:

o
os!

o o
T

Spin-Orbit Coupling Energy (eV
o
I

o
T T

SOin theitinerant picture:
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Smalleffect on bandpositionandwidth
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Large d-statesplitting in interior of DOS
(0.19,0.40,1.2eV)

Ag
Z=H Typical SO couplingenegies

3d metals0.003-0.01eV
4f metals:0.1-0.9eV
5f metals:0.3-2eV
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Spin Polarization + Spin-Orbit InducesOrbital Moment

Model DOSfor Fe,Co, andNi:

SOcouplinglifts degenerag betweerm, and m, states.

Orbitalmomentdevelops.



Basicsof Density Functional Theory

Non-relatvistic DFT
1998NobelPrizein Chemistryfor KohnandPople.

Hohenbeg-Kohn: Ey is auniquefunctionalof electrondensity n(r) = i i (N
Eiwt [N(r)] Is aminimumfor the groundstatedensity
Constructhefunctional:

Eiwot [N(r)] = T[n(r)] + Ee e[n(r)] + Exc[n(r)] + RVext(r)n(r)dr
Minimize E;q: [n(r)] wrt n(r), to yield singleparticle“*K ohn-Sham’equation:

no 0
Lr 24 Vere [n(r)]  i(r) = i(r)

Ver £ [N(1)] = Vext [N(1)] + Ve e[n(r)] + =010

UselLocal DensityApproximationfor unknovn E ¢ [n]

ELD A[n(r)] = n(r) heS[n]dr

Solwe the setof equationsself-consistently



Spin-polarized, Relativistic DFT(LSDA)

In Relatvistic DFT, thetheoremsaregeneralizedor theanalogueguantities
nir)!t J (r) = [n(r);I(r)]
Vext (1) 1 A®N(r) = [Vex (r); Aexe (r)]

A fully relatwvistic functionalcanbe constructed
Efi[J (N] =T (N]+ Ee &I (N]+ Exc[I (N]+ RJ (MAS(r)dr
Simpli cation: Couplethemagneticeld tothespinonly! Use“spin-only” functional:
Ewt[J (N]= T (N]+ Ee e[J (N]+ Exc[I (r)]+ R(n(r)Vext(r) m(r) Bex(r))dr

Minimize this functionalwrt electronandmagnetizatiorensitiegn andm)
| obtainsetof self-consistenspin-polarizedscalar)relatvistic equations.
I They will containaVess andBes ¢ .
UselLocal SpinDensityApproximationfor exchangecorrelationgdHund's rst):

ELSOA( ) m(] = | n(r) SR8 [n(r); m(r)]dr

I XC of differentspinstatesput not orbital states.



Orbital Polarization Corr ection

LSDA ignoresorbital correlations nochancédor orbital polarization(Hund's second)
Solution: Make adhoc correctionto single-particleenegiesasfollows:

Correlateorbital stateswith a Hamiltonianof theform

1P
2  i6] l |J'

In amean- eldtreatmentatermproportionalto L % is addecto E . [n]:
Eor[n]= 3RL?
By the Kohn-Shamminimization,a one-electroreigervalueshift is obtained:

_ @op -
m = G - REM




Spin-Orbit Corr ection

To includeHund's third rule, addin SOHamiltonian:

Hso = 2m1202%@/@fr)s L

SandL arenolongergoodquantunnumbers! Work with eigenstatesf J.

Doublingin sizeof basisto solve secularequation.

Simpli cation: “Secondvariationaltreatment:”

1. Solve (H=R  IRSSRYCIR = 0in apurespinbasisfor N solutionsCJR and R.
2. UsingthelowestN SRorbitals,form n eigenstates J.

3. Solwethesecularequationagainwith H = SR i + H SO



Measurementof Moments: Magnetic Neutron Scattering

Incidentneutronseedifferentspinandorbital magnetizatiordistribution.

Formfactoris adirectmeasuref magnetizatiordistribution in anatom.

R R
FL(Q)= Mp(r)exp(iQ r) and fs(Q)= Ms(r)exp(iQ r)

Expandf in functionsthat describeradial and angulardistribution of spin and orbital
densitiesC( ; )i < Ji(Q)>) T(Q)=hol + Cohyal + Calyal + :::

Dipoleapproximationfs hol andf. hol + il
Magneticamplitude, f (Q) , iIs measure@ndwrittenas
otf (Q) = sfs(Q)+ LfL(Q)= 1ot [Mol + Coh2i]

Co= | =t ) extract gand | by tting data.



3d, 4f, and 5f Orbital Properties

Co 3d, 4s orbitals (dashed)
Sm 4f, 5p, 5d orbitals (solid)

4f mostlocalized, mostshielded
3d mostextended)eastshielded
5f liesin between



Magnetic Moments: 3d Transition Metals
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Fe

3d statessmallZ, largecrystal eld guenching.

Spinmomentsagreevery well with experiment.

Total magnetiaonomentdescribedy LSDA alone.

Co

Orbital magnetionomentis smalldueto quenching.

SOinducessmallorbital moment;Orbital momentimproveswith ORP

Ni




Magnetic Moments: 4f Lanthanides
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4f stateslarge Z, no quenching

Large orbitalmomentdueto SOandOP
TotalmomentrequiresLSDA andSO+OP
Total momentagreeswell with Hund's rules

| for freeion.



Magnetic Moments: 5f Actinides
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5f stateslarge Z, partialquenching
Orbitalandspinmomentsaresimilarin size
LSDA spinmomentdie belov experiment.
Orbital roughly agreewith experiment;worse

| for SO+0OP

Errorscancelfor totalmoment?

LSDA+SO+0OPschemaneedamprovementfor very heary actinidesystems.



Conclusions

Relatvity playsamajorrole in magnetism.

MasscorrectionandHund's rules(spinpolarization spin-orbit,orbital-polarizationjare
essentiafor calculatingaccuratanoments.

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

DFT(LSDA)+ correctionsshovs goodagreementvith neutronmagnetic
scattingexperiments.



