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[ Outline]

(Non)collinear spin-density-functional theory
On site Coulomb repulsion: L(S)DA+U
Spin Orbit Interaction

Spin spiral magnetism
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[ Soin-density-functional theory J

wavefunction — spinor

density — 2x2 matrix, n (1)
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The Kohn-Sham density functional becomes

E= 3 (W]~ 300%) + [ dVea(r)nm(r)

/dr/dr nTr‘r_nm )‘|—Exc[<ﬁ> ()]

and the Kohn-Sham equations

> HEP|Wh) = €087 |Wp)

with the 2x2 Hamilton matrix

HaB:__Aes o+ Vext(I) B+/d|r Uiy )|6 s VP (R (r)](r)
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W) and \WE) couple over Vg P andV

SExc[D ()]
dnPa(r)

Ve [ (n)](r) =

unfortunately, only in case m(r) = my(r) ah (r) diagonal , a reliable approximation
to Exc[ﬁ (r)] is known
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density matrix can be diagonalized

ZUIG rnP(r Ug; (1) = &ijni(r)

where U(r) are spin-1/2 rotation matrices

1. OExc OEyc 1. OExc OEyc
()= i[énl(r) " &')ng(r)]éo‘B+ i[énl(r) - 6n2(r)] (UT(No(r)) o

or equivalently, using

(1) = S lm(0) + M), ny(r) =

we can write

ap _} OExc OExc } OExc B OExc | . =
() = 2[6nT(r)+6n¢(r)]6“8+2[6nT(r) 6n¢(r)]m(r) Oap

Exc = /nTr(r)eXC[nT(r), n,(r)ldr
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e Collinear (spins along z direction):

Hao 1w
— on
HBP Wh) Wh)

e Noncollinear:

Hoa 3P W) W)
=
v Hes )L jwly e

In the absence of Spin Orbit Interaction (SOI) the spin directions are not linked to the
crystalline structure, i.e., the system is invariant under a general common rotation of
all spins
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(]

Mn sublattice collinear noncollinear
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[ On site Coulomb repulsion J

e L(S)DA fails to describe systems with localized (strongly correlated) d and f
electrons — wrong one-electron energies

e Strong intra-atomic interaction is introduced in a (screened) Hartree-Fock like
manner — replacing L(S)DA on site

1 A~ A
Enr = E %(UV1V3V2V4 o UV1V3V4V2) Ny, v, Mysyy
Y

determined by the PAW on site occupancies
ﬁ\/1\/2 — <L|JSQ | m2){my | Lpsl>

and the (unscreened) on site electron-electron interaction

Uyiyayoys = (M1m3 | | M2My)ds; 5,035

r—r'

(|m) are the spherical harmonics)
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Uy,vayoys diven by Slater’s integrals FO, F2, F4, and F° (f-electrons)

Calculation of Slater’s integrals from atomic wave functions leads to a large
overestimation because in solids the Coulomb interaction is screened (especially
F9).

In practice treated as fitting parameters, i.e., adjusted to reach agreement with
experiment: equilibrium volume, magnetic moment, band gap, structure.

Normally specified in terms of effective on site Coulomb- and exchange
parameters, U and J.

For 3d-electrons: U = F9, J = 4 (F2+F%), and E—i = 0.65

U and J sometimes extracted from constrained-LSDA calculations.
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[ Total energy and double counting ]

Total energy
Etot(n, A) = Eprr(n) + ExE(A) — Eqc(A)

Double counting

LSDA+U Edc(ﬁ) = %ﬁtot(ﬁtot — 1) — % Yo ﬁ%t(ﬁ%t — l)
LDA+U Egc(A) = 5 Aror(fitot — 1) — 2 Mitot (tor — 2)

Hartree-Fock Hamiltonian can be simply added to the AE part of the PAW
Hamiltonian
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e Orbital dependent potential that enforces Hund’s first and second rule

— maximal spin multiplicity

— highest possible azimuthal quantum number L,
(when SOI included)
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[ Dudarev's approach to LSDA+U J

ELspa+u = ELspa +

e Penalty function that forces idempotency of
the onsite occupancy matrix,
A° — A9A°

e real matrices are only idempotent, if their

eigenvalues are either 1 or O
(fully occupied or unoccupied)

Uu-—-J R R
E sparu = ELspa({&i}) + ( 5 ) > Ay mp A my
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[ An example: NiO, a Mott-Hubbard insulator ]

e Rocksalt structure

e AFM ordering of Ni (111) planes

e Ni 3d electrons in octahedral crystal field
tog  (3dyy, 3dyz, 3dy;)

eg  (3de_y2, 3d,2)
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Dudarev U=8 J=0.95

n(E) (states/eV atom)
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1.15 MB \mNi\

0.44 eV Egap
Experiment
Imyi| =1.64 - 1.70 ug Egap =4.0-43¢eV
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[ Soin Orbit Interaction ]

Relativistic effects, in principle stemming from 4-component Dirac equation

e Pseudopotential generation: Radial wave functions are solutions of the scalar
relativistic radial equation, which includes Mass-velocity and Darwin terms

e Kohn-Sham equations: Spin Orbit Interaction is added to the AE part of the PAW

Hamiltonian (variational treatment of the SOI)

1 dVgh
quﬂr Sloer|(PJ>| 1)8ap - Lij (Pj |
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Consequences:

e Mixing of up- and down spinor components, noncollinear magnetism

e Spin directions couple to the crystalline structure, magneto-crystalline anisotropy

e Orbital magnetic moments
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[ An example: CoO ]

Rocksalt structure
AFM ordering of Co (111) planes
Experiment: |mco| ~ 3.8 pg along [112]

Orbital moment in tog manifold of
Co?* [3d’] ion not completely quenched
by crystal field

LDA+U (U=8 eV, J=0.95 eV) + SOI
— enforce Hund’s rules

Calculations yield correct easy axis,
|m5| = 2.8 UB |m|_| =14 MB
and c/a ratio < 1 (magnetostriction)
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[Spin spirals]
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keeping to the usual definition of the Bloch functions

ZCkGe (k+G)T and ZCkGe (k+G):

the Hamiltonian changes only minimally

Hoa VO‘B Hao VX%Be—iq-r

Ba BB — Ba +ig-r BB
Ve H Ve et H

where in H® and HPP the kinetic energy of a plane wave component changes to

k+GJ]? = [k+G—q/2]° (in H)

k+G|? — |[k+G+q/2[?> (in HFP)
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e Primitive cell suffices, no need for supercell that contains a complete spiral period

e Adiabatic spin dynamics: Magnon spectra
for instance for elementary ferromagnetic metals (bcc Fe, fcc Ni)

see for instance:

“Theory of Itinerant Electron Magnetism”, J. Kibler, Clarendon Press, Oxford (2000).
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[Spin spiralsin fcc Fe]

r (FM) % (0,0,0)

a1 x (0,0,0.6)
X (AFM) x (0,0,1.0)
9> x (0.15,0,1.0)

Qe = 2 x (0.1,0,1.0)
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