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SCOPE

* magnetism in Wien2k

- collinear spins (ferro, ferri, antiferro-magnets)
- non-collinear spin (any arrangements),
Introduction to WienNCM

* spin-orbit coupling (SOC) in Wien2k
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Pauli Hamiltonian

HP:—%Vz—l—Vef—l—uBa B, +C(51)..

e 2x2 matrix in spin space, due to Pauli spin operators

* wave function is a 2-component vector (spinor)

spin up
component
HP

spin down
component
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Pauli Hamiltonian

| 2

electrostatic  agnetic field  spin-orbit coup.
potential

Vef 3 Vext Bef: Bext @

v

Hartree term  €xchange-correlation exchange-correlation
potential field

« exchange-correlation potential V, . and magnetic
field B, . are defined within DFT LDA or GGA
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Exchange and correlation

 from DFT LDA exchange-correlation energy:

E . \n,ih|= :
!, M= | n AV |ocal function of n and m

. o J
o definition of V_, and B,

Ve O Exc(n ’ ﬁl) B" b 0 Exc(n : T_ﬁ) functional derivatives
Xc 6 n xc a ’—7:[
o LDA expression for V_ and B,

B,. and m are parallel

ﬁ

%
VXC:exc(n,ﬁz)Jrn Exe n@e ﬁz
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Non-collinear case

7 Bkt T
HP:—%VZJrVeeruBa-Beerg(a-l)

* direction of magnetization vary in space

* spin-orbit coupling Is present

/A | . .
—%V +V  +uyB,+... py|B,—iB|
5 p=&y
3 2
pg|B,+iB, —%V Y B
qj:(tlfl T e solutions are non-pure spinors
W, * non-collinear magnetic moments
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Collinear case

7 i v
H,=—=—N’+V 4,6 B, +T<L]...

2m

 magnetization in Z direction, B, and B,=0

* spin-orbit coupling is not present

h
_ﬁvz—l_vef_l_“BBz_'_"' 0

<

1
M
<

h
0 —EVZJrVeﬁHBBﬁ---

(IJT:((IH), qji:( 0 ) g.#¢g, * solutions are pure spinors

W2 e collinear magnetic moments
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Non-magnetic case

7 R e
HP:_—V2+Vef+k5<Bef+M...

2m
 No magnetization present, B,, B, and B,=0

* spin-orbit coupling is not present

Sl

2
sz + Vismate: .« 0

pluslt
2m

<

I
™
.E

VeV +. 4

B 0 il e solutions are pure spinors
L/JT—("’),%—( ) £ = ool
* degenerate spin solutions
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Magnetism and Wien2k

* Wien2k can only handle collinear or non-magnetic cases

DOS

run_| apw script:

X | apwO

X | apwl ea)
X I apV\Q -----
X | core

X m xer

non-magnetic case
m=n,—n,=0 f
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Magnetism and Wien2k

* Wien2k can only handle collinear or non-magnetic cases

DOS

run_| apw script:

| apw0

| apwl ea)
I apV\Q -----
| cor e
m xer

X X X X X

non-magnetic case
m=n,—n,=0 f

run_| apwscript: DOS

X | apwO &f

X lapwl -up ----(GE.-------
X lapwl -dn

X lapw2 -up

X |l apw2 -dn

X lcore -up

X lcore -dn

X m xer

magnetic case
m=n,—n,#0

f
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Spin polarized calculations

e runsp_ | apwscript (unconstrained magnetic calc.)

- runs lapw1/2 for both spins independently

- case.scf contains extra information:
e grep : MMI' case. scf (for total moment)
e grep : MM case. scf (for atomic moments)
e grep : HFF case. scf (for hyperfine fields)
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Spin polarized calculations

e runsp_ | apwscript (unconstrained magnetic calc.)

- runs lapw1/2 for both spins independently

- case.scf contains extra information:
e grep : MMI' case. scf (for total moment)
e grep : MM case. scf (for atomic moments)
e grep : HFF case. scf (for hyperfine fields)

e runfsm | apw - m val ue (constrained moment calc.)

- for difficult to converge magnetic cases or simply to constrain a
moment (= 2 Fermi-energies = external magnetic field)

e runaf m | apw (anti-ferromagnetic calculation)

- calculates only spin-up, uses symmetry to generate spin-dn
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Spin polarized calculations

e runsp_ | apwscript (unconstrained magnetic calc.)

e runfsm | apw - m val ue (constrained moment calc.)

e runaf m | apw (anti-ferromagnetic calculation)

* spin-orbit coupling can be included in second
variational step

* never mix polarized and non-polarized
calculations in one case directory !!!
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Non-collinear calculations

* In a case of non-collinear spin arrangements WienNCM
(Wien2k clone) has to be used

- code based on Wien2k (available for Wien2k users)
- structure and usage philosophy similar to Wien2k
- Independent source tree, independent installation
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Non-collinear calculations

e case of non-collinear spin arrangements WienNCM
(Wien2k clone) has to be used

- code based on Wien2k (available for Wien2k users)
- structure and usage philosophy similar to Wien2k
- Independent source tree, independent installation

* WienNCM properties:

- real and spin symmetry (simplifies SCF, less k-points)

— constrained or unconstrained calculations (optimizes
magnetic moments)

- SOC in first variational step, LDA+U
— spin spirals
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WienNCM - implementation

* basis set — mixed spinors (Yamagami, PRB (2000); Kurtz PRB (2001)

: El e _ _ilG+E)7
Interstitials: P e XU S Bl (0
i . W0\ 1
APW Goo, o, Goo, .o,
Péo _Z Z (Alm Ut B U, | Y X,
spheres: G i
APW éaaa T, a’aaa.oa éaaa o,
Rz _(Alm u, "+ B, || LG R P Ylmxaa

* real and spin space parts of symmetry op. are bounded

- symmetry treatment like SOC always on

I

I 3 . . .
Q | @ - tool for setting up magnetic configuration

I

|

- concept of magnetic and non-magnetic atoms
m
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WienNCM implementation

* sphere Hamiltonian: ﬁ:_i V2+f/_|_ﬁso+ﬁ0rb-|- ﬁc
2m
AMAand fullNC ¢ Vi Vi e Y s
calculation V'; iaaetaitl s V|
SOC in first N o] | o
diagonalization 0
. . : M) V(| 0
H — mm

diagonal orbital field b n; 0 AL

A TGS 0 By 3By
constraining field H.=pzo-B.= . : ¢

Hp| B, +iB, 0
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WienNCM - spin spirals

«

 transverse spin wave ‘ ‘
x=R-§ ‘ .> ‘*L
R

* generalized Bloch theorem

- generalized translations Tn=l—§-Rn|e|Rn

- group of T_ is Abelian

T,wilFl=U=g-Rly;[F+R]=y;(7) [ @z
w%(;;):ei(k-?) e_iq'?u (r)
o efficient way for calculation of spin e > ulF

waves, only one unit cell is necessary
for even incommensurate wave
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WienNCM - case.inncm file

e case. i hncm-— magnetic structure file

FULL

g spiral vector
0. 000000 0. 000000 0.000000//////"

135. 00000 125.
-135. 00000 54.
-45. 00000 125.

. 00000 54.73

26439
73561
26439

polar angles of mm

v < & optimization switch

/

45. 00000 54.
45. 00000 54.
315. 00000 125.
315. 00000 125.
135. 00000 125.
135. 00000 125.
225. 00000 54.
225. 00000 54.

73561
73561
26439
26439
26439
26439
73561
/3561

U, magnetic
atoms

OOOO/CDOOO
o
-
@)
T

0.50000

mixing for

constraining field
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SOC in Wien2k



SOC in Wien2k

* Non-relativistic limit of Dirac equation

4 gl gl
él?m+v— p3 e > 5 % a_.‘|‘ _d (IS) =&
VzCais r
5 ém c” 4m°c i \2m [
Y TRAL NG
Schrédinger  mass enhancement + spin-orbit coupling
Equation Darwin term

* SOC mixes up and down states, j=/+s is good quantum number

= ) t' Thorium
=|+S K=-S(|+ occupation
: i P 6d,, _|  -0.24 Ry
I s=-1 | s=+1 | s=-1 | s=+1 | s=-1 | s=+1 7s -0.32 Ry
0 1/2 -y 2
S 6p,, —— -1.55 Ry
p 1 oA (s23/2 1 by 2 4 6p,. | 2-12Ry
d 2 e 2457 2 'S 4 6
f BessprSi2 et WAZTITS 4 6 8 6s — S3SRY
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r’p (e/bohr)

Relativistic orbital contraction

0.50

* Au s orbitals (no SOQC)

5

Au 1s FTPRE

40 k=-1 0.40 Au 6s

0.35

30 4 0.30 -

20

r’p (e/bohr)

10 0.10 -

VAN

T T T T T T T T 0.00

0.45

0.25
0.20

0.15

r (bohr)

T I T
0.00 0.02 0.04 0.06 0.08 0.10 0 1

e ] i ]
2 3 4 5
r (bohr)

e 1s contracts due to relativistic mass enhancement
« 25 - 6s contract due to orthogonality to 1s

M=m/\/1—(v/c)2 ey

portional Z: Gold: Z=79;M =1.2m
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SOC splitting of p states

2154 Au-5p ::_1 5

2.0 4 -

0.5 4 —

0.0 JA/ T f T T T T L I

0.0 0.5 1.0 1.5 2.0 25
r (bohr)

» Spin Orbit splitting of I-quantum number.
* P, (K=1): markedly different behavior than non-relativistic p-state

U _, : hon-zero at nucleus
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2.0 5

1.5

e/bohr)

— 1.0

r'p

0.5+

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0 35
r (bohr) r (bohr)

« Higher I-quantum number states expand due to better
shielding of core charge from contracted s-states.

NCM & SOC in Wien2k wien2k workshop 2006 - p24



Au atomic spectra

Non-relativistic Relativistic

Ry Ry

6. — .0.33 —_ Orbital contraction : R
: i Sds,5 =.0.47 =

orbital expansion IR Ots /2
54 — -0.60 — EME=bds s ~ -0.58 —
| SOC spliting |
5p — -3.98 — W 5pasa — -4.07 —
5?1_;2 - -528 —
Orbj
5s — -6.20 — ital
ContractI'On

el b g v A
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SOC in magnetic systems

* SOC couples spin to the lattice (magneto- crystalline anisotropy)
— direction of the exchange field matters (input in case. | nso)
* symmetry operations acts in real and spin space

- number of symmetry operations may be reduced
- time inversion is not symmetry operation (no add inversion for k-list)

- initso_lapw (symmetso) detects new symmetry setting

direction of magnetization

[100] | [010] | [001] | [110]

1 R A A
m. s B [i'B !
m_ e A "B :
2 ..B..|. A.|B
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SOC in Wien2k

* WIENZ2K offers several levels of treating relativity:

- non-relativistic: select NREL in case.struct (not recommended)
- standard: fully-relativistic core, scalar-relativistic valence

* mass-velocity and Darwin s-shift, no spin-orbit interaction
- “fully”-relativistic:

* adding SO in “second variation” (using previous eigenstates as
basis)

* adding p-1/2 LOs to increase accuracy (caution!!!)

* Non-magnetic systems:

- SO does NOT reduce symmetry. initso_lapw just generates case.inso
and case.in2c.

* Magnetic systems:
- symmetso detects proper symmetry and rewrites case.struct/in*/clm*
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SOC in Wien2k

* run(sp)_lapw -so script:
X | apwl (increase E-max for more eigenvectors in second diag.)
X | apwso (second diagonalization)
X lapw2 —so —c (SO ALWAYS needs complex lapw2 version)

e case. | nso file;

WFFIL
410 lImax,ipr,kpot
-10.0000 1.50000 emin,emax (output energy window)
0. 0. 1. direction of magnetization (lattice vectors)
1 number of atoms for which RLO is added
2 -0.97 0.005 atom number,e-lo,de (case.in1), repeat NX times
00000 number of atoms for which SO is switched off; atoms
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Thank you for your
attention



