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Dirac Hamiltonian

Dirac relativistic Hamiltonian provides a quantum mechanical
description of electrons, consistent with the theory of special
relativity.

H,=cx-p+Bpmc’+V

Pauli matrices:
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H_and the wave function are 4-dimensional objects
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Dirac Hamiltonian

Dirac equation:
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Dirac equation in spherical potential

Solution for spherical potential

y/:( g.(r)X,, | combination of spherical K=]_—:S l(i :/12 12)

4 harmonics and spinor
_lfx<r>xl<a 1 S:+1,—1

@ insert Y into Dirac equation

dg, +1
= ——<K ) g .+2Mcf, , : ,
dr r Radial Dirac equation k dependent term, for a
dfsel | constant /, k depends on
dj; ZE(V—E)gKJrr bH the sign of s
ﬂ substitute f from first eq. into the second eq. /

scalar relativistic approximation spin-orbit coupling
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Implementation, core electrons

Core electrons are calculated with spin-compensated Dirac equation

for spin polarized potential — spin up
and down are calculated separately, 15172 5 0.00
the density is averaged according to \ ( N,KAPPA,OCCUP)
the occupation number specified in 2p'”? 2,-1,2 ( N,KAPPA,OCCUP)
case.inc file P ( N,KAPPA,OCCUP)
2,-2,0 ( N,KAPPA,OCCUP)
2p"” S ( N,KAPPA,OCCUP)
3, 1,2 ( N,KAPPA,OCCUP)
3,-2,4 ( N,KAPPA,OCCUP)
j=l+s/2 K=-s(j+2) | occupation 3, 2,4 ( N,KAPPA,OCCUP)
| E= 1 [ s=+11 col | SRl [ <=1 3,-3,6 ( N,KAPPA,OCCUP)
s 0 1/2 -1 2
p 1 12 | 312 1 -2 2 4 case.inc for Ru atom
d 2 3/2 | 5/2 2 -3 4 6
f 3 52 | 7/2 3 -4 6 8
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Implementation, valence electrons

Valence electrons inside atomic spheres are treated within
scalar relativistic approximation (Koelling and Harmon, J. Phys C 1977)
if RELA is specified in struct file

di—l—P=2McQ no K dependency of the wave function, (I,m,s)

dr r are good quantum numbers

dQ_l_Q: l(l+1) e =G all relativistic effects are included except SOC
A 2Mcr® €

P

small component enters normalization and
calculation of charge inside spheres

augmentation with large component only
SOC can be included in “second variation”

radial equations of Koelling and Harmon
(spherical potential)

Valence electrons in interstitial region are treated classically
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Effects of RELA

e contraction of Au s orbitals

50— : ‘ ‘ ‘ . 0.5
a0l Au 1s i 0.4- Au 6s |
= =
i — RELA (k=-1) | i — RELA (k=-1) |
330 — NRELA (1=0) S 03 — NRELA (1=0)
Q D) L
S p—_
220 202
= I L]
10 0.1
0 I 1 | | L | L 0 h 1 1
0 001 002 003 004 005 006 0 2 4 6
r (au) r (au)

e 1s contracts due to relativistic mass enhancement
« 25 - 65 contract due to orthogonality to 1s

M:m/\/l —(V/C)z v is proportional to Z: Gold: Z=79;M =1.2 m
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Effects of RELA

 orbital expansion of Au d orbitals

Au 3d

— RELA (x=2)] -
— RELA (k=-3)
NRELA (1=2)

|
0.2

r (au)

0.4

0.4

Au 5d

—  RELA (k=2)] -
— RELA (k=-3)
NRELA (1=2)

« Higher I-quantum number states expand due to better shielding
of core charge from contracted s-states (effect is larger for

higher states).
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Spin orbit-coupling

HMT ¢lms:€¢lms+HSO¢lms
1 1 dVy(r)[Po-LY, X,
OMc” r* dr 0

H =

» SOC is active only inside atomic spheres, only spherical potential (V, ) is taken into
account, in the polarized case spin up and down parts are averaged
* eigenstates are not pure spin states, SOC mixes up and down spin states

 off-diagonal term of the spin density matrix is ignored, it means that in each SCF cycle
the magnetization is projected on the chosen direction (from case.inso)

« SOC is added in a second variation (lapwso):

first diagonalization (lapw1)
second eq. is expanded in the basis of first eigenvectors

e Y86l wiHgo|wh) [ wily )= wilw,
SL:m includes both up/down spin states

second diagonalization (lapwso)

N is much smaller then the basis size in lapw1!!
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SOC splitting of p states

*Spin Orbit splitting of [-quantum number.

0.7 I . I orbital
0el Au 5p
i —— RELA (k=1)
= 0.5r — RELA (x=-2)| |
s NRELA (I=1)|
S 04 i E
S 04 1
S
0_03_
. _ ducti
= 0‘27 ?}:\ T [ COﬂbaUn(.';dlon
i O
0.1- o = e
\}) _ r5 /,":'F7 \\\\\ j=1/2
0 ' ' ‘ : : o __‘ " L
0 0.5 1 1.5 2 2.5 % v/ \ 119 A0 sl Ny valence
r (au) L A o/t bands
W /=312
* p,, (K=1), markedly different behavior — f
1 F7

than non-relativistic p-state (density is
diverging at nucleus), thus there is a need
for extra basis function (pw2 orbital)

band edge at " in ZnO
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p., orbitals

Electronic structure of fcc Th, SOC with 6p local orbital
PRB, 64, 1503102 (2001)

number of basis functions GGA+SO
50 100 150 |

6.2eV |

@—® scaiar 6p (R, =2.82 botr)
B—W6p,, loc. orb. (R,=2.62 bohr)
O—= scalar 6p (R_,=3.00 bohr)
B—H 6p,, loc. orb. (R,,=3.00 bohr)

DOS (stateseV)

V\ p. states

3/2

P., not included p1/25tates$\ d\ J\J\VJ

GGA+S0+6p,,

—

E-E, (eV)

75eV

*°I p,,included

N .

—20 -10 0 10

50 100 E (eV)
E., (V)

DOS (states/eV)

energy vs. basis size DOS with and without p, ,
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Au atomic spectra

Non-relativistic Relativistic

Ry Ry

6. — .0.33 —_ Orbital contraction ’ R
- : Bds/s = .0.47 =

orbital expansion WIEE - S5 /2
54 — -0.60 — ERE=bdsa T -0.58 —
| SOC splitting |
5p — -3.98 — W 5pasa — -4.07 —
5?1_;2 - -528 —
Orbj
REEE ¢ op =i ital
contract,-On

Al g A
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SOC in magnetic systems

« SOC couples magnetic moment to the lattice
- direction of the exchange field matters (input in case. i nso)

« symmetry operations acts in real and spin space

- number of symmetry operations may be reduced (reflections act differently
on spins than on positions)

- time inversion is not symmetry operation (do not add an inversion for k-list)

- Initso_lapw (must be executed) detects new symmetry setting

A
direction of magnetization

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

| A A A A

()

) m, A B B -

= m, B A B -

>

"l o2, B B A B
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SOC in Wien2k

e run(sp)_lapw -so script:

X | apwl (increase E-max for more eigenvectors in second diag.)
X | apwso (second diagonalization)
X lapw2 so (SOC ALWAYS needs complex lapw2 version)

e case. i nso file:

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

2N

P., orbitals, use with caution !!
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Pauli Hamiltonian

h 2 =yl g BN iy
HP__Z_V +V o+ 1y 6-B,+T(G1) ...
m
Pauli matrices:
e 2x2 matrix in spin space, due to Pauli spin operators AL
i il . e a0
« wave function is a 2-component vector (spinor) .
<y
spin up 3:(1 0 )
component (3 G |
==lc Y
spin down
component
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Pauli Hamiltonian

| 2

electrostatic  agnetic field  spin-orbit coup.
potential

Vef = Vext Bef: Bext @

o

Hartee term exchange-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:

%4 e 3
Exc(n)m)_f ‘W' local function of n and m

o definition of V_, and B,
— 0 EXC(n " ’_ﬁ) B" s O Exc(n > ﬁl) functional derivatives
XC a n XC a ]_’;1

« LDA expression for V_, and B,

B,. and m are parallel

%
VxC:exC(n,fﬁ)Jrn Exc n@e ﬁz
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Non-collinear case

7 Bk g
sz—EVZJrVeeruBU-Beer@(U-l)

 direction of magnetization vary in space

e spin-orbit coupling is present

A, .
—%V +V  +uyB.+... py|B,—iB,|
" Yy=ey
1 2
g B,+iB, —%V V., Hup B+
(p:(llfl , W, Y,#0  solutions are non-pure spinors
W, * non-collinear magnetic moments
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Collinear case

A g e
H,=—=—N+V 4,6 B, +T<]...

2m

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

e spin-orbit coupling is not present

h
—%Vz‘l-vef‘FuBBz‘F... 0

.E
1

EY

h
0 —EVZJrVeﬁNBBﬁ---

(’UT:(UH)’ qji:( 0 ) e.#¢, * solutions are pure spinors
v,

» collinear magnetic moments
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Non-magnetic case

7 e e
sz——szFVeermeFM---

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

e spin-orbit coupling is not present

e

2
sz + Vimate: .« 0

plaadl
2m

<

1
M
<

V24V, +...

e 10 A e solutions are pure spinors
L/JT—("’),%—( ) £ =g ool
« degenerate spin solutions

SOC & NCM in Wien2k wien2k workshop 2008 - p20



Magnetism and Wien2k

 Wien2k can only handle collinear or non-magnetic cases

DOS runsp_| apwscript: DOS

run_| apwscript:

X | apwO X | apwO if
X IapVV1 LT[j" X |apv\ﬂ_ - up ~ae-(. . .....
X RapW2 =3 5205 X [apwl -dn
X |l core X |l apw2 -up
X m xer X lapw2 -dn

X lcore -up

X lcore -dn

non-magnetic case ALl
m=n,—n,=0 magnetic case
? * m=n,—n,#0 ?
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Magnetism and Wien2k

* in NCM case both part of the spinor are treated simultaneously
DOS

runncm | apw script:

xncm | apwO
xncm | apwl h=>
xncm | apw2 nk
xncm | core
xncm m xer

m,=n,,—n,#0
m =—(nN-|—n”)7&O

mxzz’l—(nm—nw);tO

it

NCM case
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Non-collinear calculations

* in the case of non-collinear arrangement of spin moment
WienNCM (Wien2k clone) has to be used

code is 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 is applied in the first variational step, LDA+U

spin spirals are available
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WienNCM - implementation

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

interstities: (pagzei(éﬂ?)?xa X":((l) ’ ((1))
Z ( GU(T a_|_BGUU ';T“ YlmX
spheres: o, Im
APW Goo, o, GUU ' T GUU Ua
(péoa :(Alm —l_B +C i Ylmx

real and spin space parts of symmetry op. are not independent

- symmetry treatment like for SOC always on

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

- concept of magnetic and non-magnetic atoms
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WienNCM implementation

° I I I I A h A A A A
Hamiltonian inside Frat i

spheres: s UG e o o (R o
AMAandful NC ¢ Vi Vi vV
calculation Ve el AR
SOC in first H =t5-1=%|. L £ lx_f L
diagonalization e e
\ 5ok ~ m)V' {(m'| 0
diagonal orbital field H,,= 4

: . T | i

2 i FE 0 ch_ch
constraining field H.=ugzo-B.= . i £
U g ch+zBCy 0
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NCM Hamiltonian

[ Wien2k
AFLup B <APWIAPW>
t O t [ |<APWILO>
[ ] <LOILO>
APW down
t LO down t
Wien2k WienNCM

 size of the Hamiltonian/overlap matrix is doubled
comparing to Wien2k
e computational cost increases !!!
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WienNCM — spin spirals

t

-~

ng”:m(cos(é-ﬁ”), sin (é-ﬁ”)sin (0), cos(@))

« transverse spin wave A

x=R-q

4

&6,

e spin-spiral is defined by a vector q given in reciprocal space and,
« an angle ® between magnetic moment and rotation axis
e rotation axis is arbitrary (no SOC), hard-coded as Z

Translational symmetry is lost !!!
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WienNCM — spin spirals

e generalized Bloch theorem

- generalized translations are symmetry operation of the H
~3'R,|¢[R,
T H(¥)T,=U'(=¢-R,)H(F+R,)U(~¢R,)

=

group of T_ is Abelian

i
|y -
(,U»(;;)Zei(k'r) el 2ol (7’) 1-d representations,
k —iq-r Bloch Theorem

an;(7)=U(—§-13)w;(7+13)

o efficient way for calculation of spin waves, only one unit cell
IS necessary for even incommensurate wave
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Usage

e generate atomic and magnetic structure

1) create atomic structure

2) create magnetic structure
need to specify only directions of magnetic atoms
use utility programs: ncmsymmetry, polarangles, ...

run initncm (initialization script)

 xncm ( WienNCM version of x script)
 runncm (WienNCM version of run script)

e find more in manual
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WienNCM - case.inncm file

e case. i nncm- magnetic structure file

FULL

0.000 0.000 0.000 — |

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

. 00000 54.73

26439
73561
26439

yith

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
73561

OOOO/CDOOO

0. 50000

mixing for
constraining field

» ( spiral vector

—*” polar angles of mm
~——» optimization switch

U, magnetic
atoms

O, non-magnetic
atoms

SOC & NCM in Wien2k
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Thank you for your attention
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Intra-atomic non collinearity in Pu @

* magnetization density (colors encode magnitude, arrows — direction
and magnitude)
* runncm -so -orb

plane x=0 plane z=1/10
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Mn3Sn cd.

S0 fm afm ncm 1 ncm 2 ncm 3 ncm 4

Etm — E [Ry] - 0.0 0.0131  0.0444  0.0444  0.0444  0.0444
+ 0.0 0.0133  0.0441  0.0439  0.0444  0.0445

M; [pnpB] - 3.012 2.684 3.037 3.037 3.037 3.037

+ 3.008 2.679 3.034 3.034 3.038 3.037

efgon Mn - 41657 -2111  -0.894  -0.894  -0.894  -0.894
[10%21V /m?] + -1661 2119 -0.892 -0.899 -0.891  -0.894

-0.898 -0.881

hffonMn - -309.9  -153.1 31.2 31.2 31.2 31.2
[kGauss] +  -3096  -152.9 31.1 31.5 31.5 30.9
32.2 32.1

* In non-so case all ncm structures are symmetry equivalent

« with so ncm structures become inequivalent, additionally for ncm3 and
ncm4 Mn_and Mn_ are nolonger equivalent to the rest of Mn’s
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Y Fe, spin spiral

Y AMA 71,1‘8'
— 0,001 A-AFULL i = L
oy = 1,7k
=) E .
. I
5 0,002 S 16l
o Ty B E *
5 = |
Ei 21,5}
i=} =
0,003 B -
= 1,4F
_;]'0041_ s 1.3
X r X
q q

Spin density maps
forq=0.6 (O-I, 1-X)
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oxygen cage
deformation
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Magnetic structure of UO2

By 2 Eji [MRy]

0.30

=0.25

—

~40205
o

h —

~0.a15 F

—~0.10

L 1 L 1 L 1 L
'2'&1 0.2 0.3 0.4 ug.ﬂﬂ
U [Ry]

FIG. 1. (a) Total-energy differences (per four UOD,) between
noncollinear and collinear structures vs the effective Coulomb in-
teraction U. (b) Energy gain E__, by relaxing the oxygen positions
(closed symbols, left scale) and equilibrium oxygen displacements
A5 from the ideal fluorite position calculated for the 3-k magnetic
ordering (open symbols, right scale). The squares and circles are
AMF and FLL-DCC calculations, respectively.

40
— 20
g
5:‘ 0
NE ‘ZOX experiment
53 — total] |
\ L - PP |
-=-d-d 7
= ff —
| 0.3

FIG. 2. Total U-EFG for the 3-k structure and its main angular
contributions: p-p, d-d, and f-f as a function of O displacement.
The s5-d and p-f contributions are negligible. The upper inset pre-
sents the magnetic moments on U (large spheres) and the lower one
the directions of oxygen displacements (small spheres).

R. Laskowski, et al PRB 69, 140408R 2004
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Magnetic ground state Eu

@0 10xl0x10
»=-+ 15x15x15
+—4 20x20x20

Jq)-J(0} (mRy)

P

=

FIG. 2. The q-dependent exchange parameter calculated using
the spin-spiral approach. Comparison of the results for different
k-point samplings indicates that the 15X 15X 15 mesh is reason-

ably well converged.
RF‘A 1 _
(kgTy )"

Kunes et. al. PRB 70, 174415 (2004)

E(q) =sin*(0)[J(q) —J(0)] +J(0) + E,

0! V2| V@-sar

1 |
+ {J(Q)— Ef(ll+Q)— Ef(q—Q)}

NCM & Wien2k
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Thank you for your attention
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