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Outline

� (Non)collinearspin-density-functionaltheory

� On siteCoulombrepulsion:L(S)DA+U

� SpinOrbit Interaction

� Spinspiralmagnetism
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Spin-density-functionaltheory
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TheKohn-Shamdensityfunctionalbecomes
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densitymatrix canbediagonalized
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� Collinear(spinsalongzdirection):
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In theabsenceof SpinOrbit Interaction(SOI) thespindirectionsarenot linkedto the
crystallinestructure,i.e., thesystemis invariantunderageneralcommonrotationof
all spins
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YMn2

Mn sublattice collinear noncollinear
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OnsiteCoulombrepulsion
� L(S)DA fails to describesystemswith localized(stronglycorrelated)d and f

electrons
�

wrongone-electronenergies

� Strongintra-atomicinteractionis introducedin a (screened)Hartree-Fock like
manner

�

replacingL(S)DA on site
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� Ug1g3g2g4 givenby Slater's integralsF0, F2, F4, andF6 (f-electrons)

� Calculationof Slater's integralsfrom atomicwave functionsleadsto a large
overestimationbecausein solidstheCoulombinteractionis screened(especially
F0).

� In practicetreatedas�tting parameters,i.e.,adjustedto reachagreementwith
experiment:equilibriumvolume,magneticmoment,bandgap,structure.

� Normallyspeci�ed in termsof effective onsiteCoulomb-andexchange
parameters,U andJ.

For 3d-electrons:U� F0, J�
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, and F4

F2� 0# 65

� U andJ sometimesextractedfrom constrained-LSDA calculations.
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Total energyanddoublecounting
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Hartree-Fock Hamiltoniancanbesimplyaddedto theAE partof thePAW
Hamiltonian
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� Orbital dependentpotentialthatenforcesHund's �rst andsecondrule

– maximalspinmultiplicity

– highestpossibleazimuthalquantumnumberLz

(whenSOI included)
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Dudarev's approach to LSDA+U
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An example:NiO, a Mott-Hubbard insulator
� Rocksaltstructure

� AFM orderingof Ni (111)planes

� Ni 3delectronsin octahedralcrystal�eld

t2g (3dxy, 3dxz, 3dyz)

eg (3dx2

) y2, 3dz2)
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Dudarev  U=8 J=0.95

t2g
eg

�
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= 1.15µB

�
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�

= 1.71µB

Egap = 0.44eV Egap = 3.38eV

Experiment

�

mNi

�

= 1.64- 1.70µB Egap = 4.0- 4.3eV
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SpinOrbit Interaction

Relativistic effects,in principlestemmingfrom 4-componentDirac equation

� Pseudopotentialgeneration:Radialwave functionsaresolutionsof thescalar
relativistic radialequation,which includesMass-velocity andDarwin terms

� Kohn-Shamequations:SpinOrbit Interactionis addedto theAE partof thePAW
Hamiltonian(variationaltreatmentof theSOI)
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Consequences:

� Mixing of up- anddown spinorcomponents,noncollinearmagnetism

� Spindirectionscoupleto thecrystallinestructure,magneto-crystallineanisotropy

� Orbitalmagneticmoments
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An example:CoO
� Rocksaltstructure

� AFM orderingof Co(111)planes

� Experiment:
�

mCo
�+*
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�
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�

� Orbitalmomentin t2g manifoldof
Co2

 [3d7] ion notcompletelyquenched
by crystal�eld

� LDA+U (U=8 eV, J=0.95eV) + SOI

�
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� Calculationsyield correcteasyaxis,
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Spinspirals
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keepingto theusualde�nition of theBloch functions
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� Primitivecell suf�ces, noneedfor supercellthatcontainsacompletespiralperiod

� Adiabaticspindynamics:Magnonspectra
for instancefor elementaryferromagneticmetals(bccFe,fcc Ni)
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seefor instance:

“Theory of Itinerant ElectronMagnetism”, J.Kübler, ClarendonPress,Oxford (2000).
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Spinspirals in fccFe
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Magnetizationat q1
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