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Quantum mechanical description of electrons, consistent
with the theory of special relativity.
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H_and the wave function are 4-dimensional objects
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Solution for spherical potential

Kk=—s(j+1/2)

W= QK(’”)XKO )\ combination of spherical j=l+s/2

1 fK(r)XKO harmonics and spinors s=+1,—1

dg—“:—(K-l-l) +2 Mcf

dr r Ix b Radial Dirac equation

df . 1 K—1

~=—(V—-E)g.+
dr C )gK r fK



Radial Dirac equation

—=— g.+2 Mcf K dependent term, for a
constant /, k depends on the
f« sign of s

substitute f from first eq. into the second eq. j

1 |d°g, 2dg, I(I1+1) dv dg, 1 k—1dv g
K+_ K _ . K +V . K :E
2M | dr* r dr r’ 9« dr dr 4M*c° 9 rodr 4M*c? 9«

scalar relativistic approximation spin-orbit coupling



Relations between quantum numbers

Core states are calculated with spin-compensated Dirac equation

For spin polarized potential — spin up and spin down radial functions
are calculated separately, the density is averaged according to the
occupation number specified in case.inc file

1S1/2V\

2p1/2 <

-l

2p

j=l+s/2 k=-s(j+%) | occupation

| s=-1 [ s=+1| s=-1 | s=+1| s=-1 | s=+1
S 0 1/2 -1 2
p 1 | 12 | 32 | 1 -2 2 4
d 2 3/2 5/2 2 -3 4 6
f 3 5/2 7/2 3 -4 6 8

AN TN AN AN AN AN AN N N

N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)
N, KAPPA,O0CCUP)

Core levels configuration
(case.inc for Ru atom)6



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

dP 1 * no kK dependency of the wave function, (I,m,s)

———P=2McQ

dr r are good quantum numbers

Z_Q 1 _ 1(21+1) Mt +(V—€) p* all relativistic effects are included except SOC
r o r C

* small component enters normalization and

radial equations of Koelling and calculation of charge inside spheres

Harmon (spherical potential) * augmentation with large component only

* SOC can be included in “second variation

Valence electrons in interstitial region are non-relativistic



e contraction of Au s orbitals
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* 1s contracts due to relativistic mass enhancement
* 2s - 6s contract due to orthogonality to 1s

MV?ilr=Zelr’ M:m/\/l—(v/c)2
centripetal force v~ZAuZ=79M=12m




orbital expansion of Au d orbitals
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I \. |—— RELA (k=-3)
L 2+ ~ — —- NRELA (1=2)| -
o%
[\
i
1 L
0 ‘ ‘ | ‘ ) ,
0 0.1 0.2 0.3 0.4

r (au)

0.4
Au 5d
0.3 .
— RELA (x=2)] A
— RELA (x=-3)
0.2+ — ——-NRELA (I=2)| -
0.1F .
% > 3 4
r (au)

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

higher states).



7 c=_ 1 1dVin(r)
) | 2Mc’ r? dr

B W N
HP——EV +V +C (G-

e 2X2 matrix in spin space, due to Pauli spin operators,

: . . Pauli matrices:
wave function is a 2-component vector (spinor)

_[0 1
| il
A spin down 0 —i
pin _ —1i
H , =g |V P “7li o
vy (wo) .
UZ:(O i
Spln structure of the Hamll\tonlan with SOC
2
‘EV TV Do e )|
, P=ey
0 ——V2+V g [ +il,| =TI+
2m
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- 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
* off-diagonal term of the spin density matrix do not enter SCF cycle

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

first diagonalization (lapw1) _ o
H, ¢, =g, . second diagonalization

> [0y el+ il H o0t [ wi|w)=e [ w]w)
second diagonalization (lapwso) :

sum includes both up/down spin states
(H1+Hso)w:5w P P

N is much smaller then the basis size in lapw1!!
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Spin Orbit splitting of I-quantum number.

r (au)

bands
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. l . \ . e % "
qD 0.5 1 1.5 2 2.5 g’ ' By -y
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AL e
P, (k=1) different behavior than non- _L_\_
relativistic p-state (density is diverging at i g
nucleus), thus there is a need for extra band edge at I in ZnO

basis function (p. . orbital)

1/2
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Electronic structure of fcc Th, SOC with 6p

PRB, 64, 1503102 (2001)

number of basis functions
50 100 150

@—@ scalar 6p (R,,=2.82 bohr)
m—W 6p,, loc. orb. (R, =2.82 bokhr)
O—=6 scalar 6p (R_=3.00 bohr)
E—~86p,, loc. orb. (R,,=3.00 bokr)

p, ,not included |

E-E,(eV)

~srp,,included

R

50 ' 100
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energy vs. basis size
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p. states

3/2 N

75eV

u\
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Non-relativistic Relativistic
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* SOC couples magnetic moment to the lattice

— direction of the exchange field matters (input in case.inso)

* symmetry operations acts in real and spin space

— number of symmetry operations may be reduced
~ Nno time inversion

— Initso_lapw (must be executed) detects new symmetry setting

sym. operation

direction of magnetization

[100] | [010] | [001]|[110]
1 A A A A
m, A B B -
m, B A B -
2 B B A B
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- run(sp)_lapw -so script:

x lapwl
x lapwso
x lapw2 -so

case.inso file:

WEFFIL

410

-10.0000 1.50000
0. 0. 1.

1

2 -0.97/ 0.005
00000

a

p, , orbitals, use with caution !!

(increase E-max for more eigenvectors in second diag.)
(second diagonalization)
(SOC ALWAYS needs complex lapw?2 version)

lImax,ipr,kpot

emin,emax (output energy window)

direction of magnetization (lattice vectors)

number of atoms for which RLO is added

atom number,e-lo,de (case.inl), repeat NX times

number of atoms for which SO is switched off; list of atoms
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core electrons - Dirac equation using spherical part of the total
potential (dirty trick for spin polarized systems)

valence electrons - scalar relativistic approximation is used as
default (RELA switch in case.struct),

SOC for valence electrons - lapwso has to be included in SCF
cycle (run -so/run_sp -so), atomic spheres only

limitations: not all programs are compatible with SOC, for
Instance: no forces with SOC (yet)

17



* WIEN2k can do only nonmagnetic or collinear
magnetic structures

oo’ o7 e TS
s’ &" 6" s" 5" a" o / p=[ V1), = 0
o & o & & 0/ W,
e"s" 6" & "

* noncollinear magnetic structures, use WIENNCM

gy%@ﬁ@xé , !
@\@@%%\ge,@ /W:(wl), Y, P,#0

18



h 2 - o~ - 7
HP—_Z_V +Vef+uBO_.Bef+C(O_. l ) oo
m
Pauli matrices:
e 2X2 matrix in spin space, due to Pauli spin operators 5 =[0 1
100
e wave function is a 2-component vector (spinor) 5.0 —i)
i 0
spin up R )
component _ UN >0 -1

spin down
component
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ot Qi

electrostatic  agnetic field  spin-orbit coup.

potential
B ef =B ext
v

- . .
Hartee term exchange-correlation exchange-correlation
potential field

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

20



e from DFT LDA exchange-correlation energy:

E.ln,im|= ?
xe\ 1, M= ‘ (A" |ocal function of n and m

< T

 definition of V., and B,..:

OE. n,m] . OE_ln,
xc: Bxc_
on om

« LDA expression for V., and B,..:

) functional derivatives

B,. and m are parallel

o
VXC:EXC(n,ﬁan Exc nae ﬁ”l

21



fi L - -
HP:—EV2+Vef+uBo.Bef+§(o-l)

 direction of magnetization vary in space

* sSpin-orbit coupling is present

h
—Evz‘l—vef—l-uBBz‘l'... Mg

B,—iB,| -
=

. iooo
B,+iB,| _EV +V+ugB,+...

Mg

g = W, , W, W, #0 . solutlon§ are not purg spinors
* non-collinear magnetic moments
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7 . g
H,=—=—V’+V  +u,6 B, +CI5<L]...

2m

 magnetization in Z direction, B, and B,=0
* spin-orbit coupling is not present

h
—EVZ-FVQIC-FHBBZ‘F... 0

ARNE
0 _EV +Vef-|-uBBZ-|—...

qu:(wl), = 0 , £.7¢g, " solutions are pure spinors
2 e collinear magnetic moments
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fi -l L o=
H o= VP4V, 0558, + TR<TL..

2m

* NO magnetization present, B,, B, and B,=0

* spin-orbit coupling is not present

h
——V°+V _ +... 0
2m ef
Y=y

-
0 —— +V . +...
2InV ef

LI)T:(LIJ),%:(O), e=g, ° solutions are pure spinors

0
* degenerate spin solutions
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* Wien2k can only handle collinear or non-magnetic cases

DOS

run_lapw SCript:

XooXooX X X

lapwO
lapwl
lapw?2
lcore
mixer

non-magnetic case

m=n,—n,=0 ?

runsp_lapw SCript:

XX X X X X X X

lapwO
lapwl
lapwl
lapw?2
lapw?2
lcore
lcore
mixer

magnetic case
m=n,—n;#0

DOS

—up
—dn
—up
—dn
—up
—dn

f
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* In NCM case both part of the spinor are treated simultaneously

DOS

*

L|JTnk
ka

m z:nm_nuio

3

nk

(LI)Tnk LIjink)

mX:%(nTﬁn”)#O
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* 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)

27

- SOC is applied in the first variational step, LDA+U



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

__ ilG+k)F —(1} (O
interstitiesP ¢, =€ Ko %o~ 0 (1)
G(r(r O,
(pG(r Z Z( _I—B )YlmXcr
spheres: "aG = &
@e = AL u By T+ Cr Uy | Y K

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

- symmetry treatment like for SOC always on

I
I
Q I @ — tool for setting up magnetic configuration
I
|

m — concept of magnetic and non-magnetic atoms

28



Hamiltonian inside  », 2 N A A A
Boheres: H_——ZmV +V+H +H,,+H,
AMA and full NG V.= 1" V4 e e O
: V.. V 0 V
calculation T .
"L 1, 1-il
SOC in first H =to-l=%. *. * .7
_ . | +il —1,
diagonalization Y
2 — |m>V;m'<m'| O
diagonal orbital field Horb—n%, 0 m)V: (m'|
A~ N 0 uB B _—iB
. . HC: O BC: cxX cy
constraining field Hp 15| B, +iB,, 0

29



] Wien2k
i B <APWIAPW>
I EOp t [ |<APWILO>
[ ] <LOILO>
APW down
‘ LO down ‘
Wien2k WienNCM

* size of the Hamiltonian/overlap matrix is doubled
comparing to Wien2k
* computational cost increases !!!

30



* transverse spin wave o/

t

-~

R

x=R-q

¢ e-a

njp”:m(cos(c*y-li”), sin (a-ﬁ”)sin (0), cos(e))

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

Translational symmetry is lost !!!
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e generalized Bloch theorem

- generalized translations are symmetry operation of the H
T,=—GR,le|R,
T,H(F)T,=U'(-q'R,)H (F+R,)U(~GR,)

group of T, is Abelian

iG 7
qjﬂ(}’):e"(’;'?) e 2* *UT(F) 1-d representations,
“ —iqr L loch Theorem
e * u'lF| /B

T,w;[Fl=Ul-G-R w,—;(F+§)

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

32



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 inithcm (initialization script)
xncm ( WienNCM version of X script)
runncm (WienNCM version of run script)

find more In manual
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* case.inncm— magnetic structure file

FULL
0.000 0.0

00

0.000

135.00000 1
—-135.00000
-45.00000 1

25.
54.
25.

<45.00000 54.73561

26439
7135601
26439

N

%

|

45.00000
45.00000
315.00000 1
315.00000 1
135.00000 1
135.00000 1
225.00000
225.00000

54.
54.
25.
25.
25.
25.
54.
54.

73561
73561
26439
26439
26439
26439
73561
73561

\

O O O O OO O oo oo

0.50000

RN

mixing for

™ qspiral vector
P

polar angles of mm

\\> optimization switch
~A

U, magnetic
atoms

O, non-magnetic
atoms

constraining field
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* similar to WIEN2k (initncm, runncm, xncm ...)

runncm lapw -p —-cc 0.0001

xncm lapw0O
xncm lapwl
xncm lapw2
xncm lcore
Xxncm mixer
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S0 fm afm ncm 1 ncm 2 ncm 3 ncm 4
E¢m — 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
Ms [p1B] - 3.012 2.684 3.037 3.037 3.037 3.037
+  3.008 2.679 3.034 3.034 3.038 3.037
efgonMn - -1657 -21111  -0.894  -0.894  -0.894  -0.894
1021V /m?] + -1661 2119 0892 -0899 -0.891  -0.894
-0.898  -0.881
hff on Mn - -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
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¥y AMA '—':1‘:‘1'3‘

,_l-ngl AAFULL A E: |

3 = 1.7k
= =

2 0002k B 16l

5 R s

Z 2 15)
E ]

00,0031 s |

~ 4

'GDDAT ' 1.3

£ 3 X I‘ X

Spin density maps for g = 0.6 (0-I", 1-X) 38
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