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[ Outline]

(Non)collinearspin-density-functionaheory
On site Coulombrepulsion:L(S)DA+U
SpinOrbit Interaction

Spinspiralmagnetism
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[ Spin-density-functionaheory]

wavefunction spinor

density 2 2matrix,n r
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TheKohn-Shandensityfunctionalbecomes

1
a n

1 Nre I N I
é/dr/dr Trr :_-r Excnr

andthe Kohn-Shanequations
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b

with the2 2 Hamiltonmatrix
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Y2 and Y5 coupleoverVi& andVied

dEyc N 1
dnba r

V& nor oy

unfortunatelyonlyincasemr m,r n r diagonal, areliableapproximation
toExe N r 1sknown
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densitymatrix canbediagonalized

Q ba
aUarneor Ubj r dijni r
ab

whereU(r) arespin-1/2rotationmatrices

1 dE dExc q 1 dE dExc
2dn r dnor 2 2dnir  dnr

V2P U rsuUr

or equvalently, using

1
nr énTrr mr

we canwrite

1 dExc dEyc 1 dExc dEyc

Vabr - -
X 2dnr dnr 2 2dnr dnr

Exc /nTrra@n r nr dr
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Collinear(spinsalongz direction):

Haa

Noncollinear:

b b

Yn

V2 Yo

In theabsenc®f Spin Orbit Interaction(SOI) the spindirectionsarenotlinkedto the
crystallinestructurej.e., thesystemis invariantundera generacommonrotationof
all spins
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]

Mn sublattice collinear noncollinear
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[ Onsite Coulombrepulsion}

L(S)DA fails to describesystemswith localized(stronglycorrelatedd and f
electrons wrongone-electrorenegies

Strongintra-atomicinteractionis introducedn a (screenediHartree-ecklike

manner replacingL(S)DA onsite
1o A A
Evr S Ysses Yasue Naeles
g

determinedy the PAW on siteoccupancies

andthe (unscreenedjyn site electron-electromteraction

1
Ungspeu MM T MMy ds, s, dsgs,

( m arethesphericaharmonics)
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Ug seq givenby SlatersintegralsF°, F2, F4, andF° (f-electrons)

Calculationof Slaters integralsfrom atomicwave functionsleadsto alarge

overestimatiorbecausen solidsthe Coulombinteractionis screenedespecially
FO).

In practicetreatedas tting parameterg,e., adjustedo reachagreementvith
experiment:equilibriumvolume,magnetiaonoment bandgap, structure.

Normally speci edin termsof effective on site Coulomb-andexchange
parameterd,) andJ.

For 3d-electronsU  F% J & F? F“,andE—;1 065

U andJ sometime®xtractedfrom constrained-LSB calculations.
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[ Total enegy and doublecounting]

Totalenegy
Eiot NN Epprn Enp N Egc N

Doublecounting

LSDA+U Eqc Niot Ntot 1
LDA+U  Egc A Shot fior 1

Hartree-leck Hamiltoniancanbe simply addedo the AE partof the PAW
Hamiltonian

M. MARSMAN, VASP WORKSHOP, VIENNA 10-15 FEBRUARY 2003. Pagel2



Orbital dependenpotentialthatenforcesHund's rst andsecondule

— maximalspinmultiplicity

— highestpossibleazimuthalguantunnumberi_,
(whenSOlincluded)

M. MARSMAN, VASP WORKSHOP, VIENNA 10-15 FEBRUARY 2003. Pagel3



[ Dudarev's approad to LSDA+U J

u J " "
Etspa u  ELspa 5 a <é. nrsn1m1> (é. n?nlmznrsnzm1>

S mp m My

Penaltyfunction that forcesidempoteng of
the onsiteoccupang matrix,

A~ A

real matricesare only idempotent,if their

eigervaluesareeitherl orO
(fully occupiedor unoccupied)

Eispa u Eispa €
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[ An example:NiO, a Mott-Hubbad insulator]

Rocksaltstructure
AFM orderingof Ni (111)planes

Ni 3d electrongn octahedratrystal eld
t2g (3dxy, 3d)(Z1 3d)/Z)
&g (3de2 y2, 3d2)
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Dudarev U=8 J=0.95

n(E) (states/eV atom)
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E(eV)

1.15up

0.44eV Egap
Experiment
myi =1.64-1.70ug Egap=4.0- 4.3eV
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[ SpinOrbit Interaction]

Relatvistic effects,in principle stemmingfrom 4-componenDirac equation

PseudopotentiglenerationRadialwave functionsaresolutionsof thescalar
relatvistic radialequationwhichincludesMass-elocity andDarwin terms

Kohn-ShanequationsSpinOrbit Interactionis addedo the AE partof the PAW
Hamiltonian(variationaltreatmenof the SOI)

h2 1 adV, 3 5
afi - spher fi Pi Sap Lij D

Hab
SOl 2mec2f T r o dr
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Consequences:

Mixing of up-anddown spinorcomponentsnponcollinearmagnetism

Spindirectionscoupleto the crystallinestructure magneto-crystallinanisotroy

Orbital magnetionoments
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[An example:CoO]

Rocksaltstructure
AFM orderingof Co(111)planes
Experiment: me, 3.8pg along 112

Orbitalmomentin tog manifold of
Co? [3d’] ion notcompletelyquenched
by crystal eld

LDA+U (U=8 eV, J=0.95eV) + SOI
enforceHund's rules

Calculationsyield correcteasyaxis,
Ms 2.8 M M 1.4 B
andc/aratio 1 (magnetostriction)
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SpmsplraIsJ

/mxrcoqu my r sing R \
R mer sinqgq R myr cosqg R

me /

Generalizedloch condition

Y r
Yir
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keepingto theusualde nition of the Bloch functions

Y. r aCee¥®" and Y, r gC.e*°c"
G G

the Hamiltonianchange®nly minimally

Haa inbe iqr

th%ae iqr Hbb
wherein H2 andHPP thekinetic enegy of a planewave componenthangego

k G2 k G 2% inH®*

k G2 k G q22 inH"®
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Primitive cell sufces, no needfor supercelthatcontainsa completespiralperiod

Adiabaticspindynamics:Magnonspectra
for instancefor elementarnferromagnetianetals(bccFe,fcc Ni)

4DEqgq

wqg lim

a 0 M sirfqg

DEggq Eqq EOQg

seefor instance:

“Theory of Itinerant Electron Magnetism”, J. Kubler, ClarendorPressOxford (2000).
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[ Spinspiralsin fcc FeJ
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Magnetizationat g,
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