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Outline

-

® theoretical introduction: T

s try to place implemented equations in a sequance of
approximations begining from Dirac equation

# important details of implementations;
#® examples of calculations;
# how to run the code?;
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Dirac Hamiltonian

-

Spin as a dynamical variable is of great importance in
magnetism. Thus we start with Dirac Hamiltonian.

Hp=ca-p+ pfmc+V
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Dirac Hamiltonian

-

Hp=da) -g+Bmc*+V

&/ is 3-component vector [ 0 o
of 4x4 matrixes:

|

wien workshop 2003 — p.5/40



Dirac Hamiltonian

o N

Hp=dad)-g+Bmc* +V

Q/ is 3-component vector 0 oy
. g =
of 4x4 matrixes:

Pauli matrixes:
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Dirac Hamiltonian

-

Hp=ca -p+(8mc*+V

: : 1 0 1 0
(B 1s 4x4 matrix: g = 1=
0 —1 0 1



Dirac Hamiltonian

Hp =cd g+ Bmc* +V

: : 1 0 1 0
B 1S 4x4 matrix: g = 1=
0 —1 0 1

m - is electron mass, c - speed of the light
P - momentum operator
V - efective potential, which is related to density (DFT)

Zaza,
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Dirac equation

Hp =cd-j+ Bmc* +V
(o )
(05! (D
V3 3

\ws )\ )

Dirac equation




Dirac equation

Hp =cd-j+ Bmc* +V
(o )
(05! (D
V3 3

v )\ v )

® Hamiltonian is 4x4 matrix operator

® wave function is 4 component vector

W
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Dirac equation

Hp =cd-j+ Bmc* +V

A (T

component Hp = component
3

o )\ J

® Hamiltonian is 4x4 matrix operator

® wave function is 4 component vector

B
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Dirac equation

Hp =cd-j+ Bmc* +V

A (T

component Hp = component
3

o )\ J

® neglecting contribution of small component to the charge density, one
can derive 2x2 Pauli like Hamiltonian

&

=N
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Pauli Hamiltonian

o N

h? L .
Hp ===V + Vo +pupd - By +C- (1) +..



Pauli Hamiltonian

-

h? L = .
HPZ—%VQWLVeferMBO-BeffﬂLC'(0°17+

® Hamiltonian is 2x2 matrix operator

® wave function is 2 component vector

i
s 4
v’ -
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Pauli Hamiltonian

o N

h? Lo .
Hp ===V + Vo +pupd - By +C- (1) +..

® Hamiltonian is 2x2 matrix operator

® wave function is 2 component vector

U (3
(05 (0D

I
™

Hp

B
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Pauli Hamiltonian

o N

h? L .
Hp ===V + Vo +pupd - By +C- (1) +..

® Hamiltonian is 2x2 matrix operator

® wave function is 2 component vector

spin up wl spin down

component Hp —= & component

&
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Pauli Hamiltonian

Vers +u35-++...
\

f
ﬁ2
Hp = ——V? +

2m

effective electrostatic
potential

effective magnetic
field

spin-(orbit)
interaction term
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Pauli Hamiltonian

o N

h? S
HP:—%VQ—I— Vers ‘I‘,UBU-—I——I—...
\

effective electrostatic effective magnetic spin-(orbit)
potential field interaction term
‘/eff — %xt+VH+ch Beff :Bext+Bxc
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Pauli Hamiltonian

ﬁ2
HP:—%VQ—I— Vers +u35-++...
\

-

effective electrostatic effective magnetic spin-(orbit)
potential field interaction term
‘/eff — ‘/eact =+ VH =+ V:Bc Beff — Beact =+ Ba;c

® quite important and difficult to define, describe
many body effects

B
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Exchange potential and field

-

In DFT V,. and B, are defined by:

_ OEc (n,m) = OB (n,m)

VQZ’C 9 BZCC —
on om

In local density approximation (LDA):

E.c(n,m) = /newc (n,m) dr?
what results in:

O€zc (0, m), Ezcc _ n@ewc (n,m) o
on

om

Vie = €zc (N, m)+n

&

o,
Zwz2s,
2
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Exchange potential and field

o N

In DFT V. and By, are defined by:

Va:c — 8Eacc (n’ m) ) émc — 8EQCC (1?,’ m)
on om

In local density approximation (LDA):
Egzc (n,m) = /nemc (n,m) dr3

what results in;

8€xc ’I’L, m) > _ aExc(n,m) AN
Ve = €gc (n,m) +n a(n : B:Bc =N amD

® exchange field is parallel to local magnetisation
density vector

W |
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Non-collinear case

-

2

0 B}
Hp =~ V24 Vopy + ppd - Bopp + ¢ (3-1) +..

2m

If we take everything, and also allow
from point to point, we will end up with 2x2 Hamiltonian:

B2 4 Vs + ppd- B B, —iB
T eff +1uBd- By + ... pp (Bz —iBy) + ...

2 —
1p (B +iBy) + ... — N2 4 Vpp—pupd - B+ ...

’\Qekg
| 113‘35?5’*“'"
i
iy
s
- ’P
P

'

)90690
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Non-collinear case

o N

2

0 » B}
Hp:—%v2+veff+uBa-Beff+g-(a.zj+...

If we take everything, and also allow
from point to point, we will end up with 2x2 Hamiltonian:

2 —

— N2 4V pp+upd B+ ... pp (Br —iBy) + ... oo

5 . =
l,l/B (Ba’;"‘@By)"‘... —QE—mV2—|—V€ff—/LBO_"'BZ—|-...

® solutions are non-pure spinors

Wy this is non-collinearity

p = o ] Yy, ¥ #0

Zi,
X

Y N
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Collinear case

o N

2 . )
Hp =~V +Vijj + pupé - Beyy +_g_._{9—zj)——+ .

If we ignore only spin-orbit term, and allow
, resulting Hamiltonian will be diagonal in spin-space.

—

2 —
—;—mVQ—i—Veff—i—uBa"-Bz 0 o= e
5 —
0 —;—mVQ—l—Veff—uBo_"-Bz

W N
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Collinear case

o N

h? L = S
Hp = —%VQ + Veff —|—,LLBO' . Beff —|—_C_—-{9—‘l_—}_——|- ce

If we ignore only spin-orbit term, and allow
, resulting Hamiltonian will be diagonal in spin-space.

2 —
—;—mVQ—i—Veff—i—,uBa:-Bz 0 o= e
, . —
0 —;—mVQ—l—Veff—uBo_"-Bz
" 0 ® solutions are pure spinors
T _
P = 0 | Pl = ¥, ® with non-degenerate

energies

#® collinear magnetism
W

wien workshop 2003 — p.12/40



Non-magnetic case

o N

h? ~
Hp = —%VQ + Vepp +ppo—-—>Bery —|—_C_-—{§--l_—j"—|- e

If we ignore spin-orbit term and magnetic exchange field, resulting
Hamiltonian will be diagonal in spin-space.

R w2
—=V<+V, 0
( 2m fr )90—590

0 —%VQ—FVeff

| 113‘35:’,%’""“
e
%
5
- ’P
s
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Non-magnetic case

o N

h? —
Hp = —%VQ + Vepp +ppo—-—>Bery —|—_C_-—{§--l_—}“—|- e

If we ignore spin-orbit term and magnetic exchange field, resulting
Hamiltonian will be diagonal in spin-space.

Sl ve R V 0
2m eff _
2 o p =ep
0 — 5V + Veyy
0 ® solutions are pure spinors
Y1 = y Pl = _ i
0 Y ® with degenerate energies

$» non-magnetic solution

%,
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Conseguences

o N

Implementation of non-collinearity means that we allow both
part of the eigen-spinor (i, v|) to be non zero at the same
time. As a result:

i
3 i
v’ -
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Conseguences

o N

Implementation of non-collinearity means that we allow both
part of the eigen-spinor (i, v|) to be non zero at the same
time. As a result:

® we have to deal with 2x2 Hamiltonian, instead of 1x1 as
In collinear cases

¥
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Conseguences

-

-

Implementation of non-collinearity means that we allow both
part of the eigen-spinor (i, v|) to be non zero at the same
time. As a result:

® we have to deal with 2x2 Hamiltonian, instead of 1x1 as
In collinear cases

# this means that diagonalisation is 4 times more expensive
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Conseguences

o N

Implementation of non-collinearity means that we allow both
part of the eigen-spinor (i, v|) to be non zero at the same
time. As a result:

® we have to deal with 2x2 Hamiltonian, instead of 1x1 as
In collinear cases

# this means that diagonalisation is 4 times more expensive

® this is usually much more because of losing symmetry
operations

3
&
LY
N
* I
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Implementations of NCM in LAPW
- .
‘wT, 1, can be non-zero only when basis allows for that. I
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Implementations of NCM in LAPW
- .
‘wT, 1, can be non-zero only when basis allows for that. I

® L. Nordstrom and D. J. Singh Phys. Rev. Lett. 76, 4420 (1996).

# pure spinor non polarised basis, given in one global spin
coordinate frame,

» Dbasis must be supplemented by additional local orbitals,

# magnetisation is a continuous field.

&

W N
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Implementations of NCM in LAPW
- -

® Ph. Kurz at al. Phys. Rev. B 63, 96401 (2001),
» interstitial region and each atomic sphere have their own
guantisation axis,

# (uantisation axis of a sphere is supposed to point in a
direction of average magnetisation,

# Dbasis functions are pure spinor in interstitial region,
» Iinside spheres non-pure spinors but polarised,

# atomic moment approximation (AMA).

This i1s iImplemented in WIEN2k

! N
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Spin coordinate sets

»

wien workshop 2003 — p.17/40



Spin coordinate sets

(AT = 1
® interstices: o5 = eZ(GM)'TXJ, where y, = ( ) , Or (
0
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Basis functions

o N

® spheres - combination of pure spinors in a local coordinate frame:

# the direction of the quantisation axis Is along an average
magnetisation inside the sphere,

W N
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Basis functions

-

® spheres - combination of pure spinors in a local coordinate frame:

# the direction of the quantisation axis Is along an average
magnetisation inside the sphere,

APW (1. . Goo® o° Goo® - o®
PéE o (k) = § E :(AL u; +Bp77 )YLXO'O‘7
oc% L
19 S Pe’ o N o, _« S Pe’ «
P, = (MG B CE ) Vi

Y1, is a spherical harmonic, L stands for (I, m),
XYoo IS @ spinor given in a local coordinate frame,
u, 1 are radial function and its energy derivative.

'%5«
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Augmentation .,

APW (10 _ Goo®, o Goo® . o
Péo (k) = E E :(AL uy + Bp77 g )YLXO'O‘7
o L
L S Pe’ « ~ a | o S Pe’ o
© nga = (Afa uf + BE7uf 4+ C%° ugl) Y Xoo

® A;, By, C} are calculated from sphere boundary conditions.

W N
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Augmentation ,

o N

APW (10 _ Goo® o° Goo® - o®
Péo (k) = E E (AL uy + Bp77 g )YLXO'O‘7
o L
L S Pe’ « ~ a | o S Pe’ o
gpc_jga — (Ago' u?’ + BZC_J;O'O' ulo- -+ Cga ’U,g,l) YLXO'O‘

® A;, By, C} are calculated from sphere boundary conditions.

o for APW/LAPW matching is done to T and | plane waves in a
global spin coordinate frame. Thus A, By, depend on global o
and local o“ spin indexes, and on k-point.

Z
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Augmentation ,

o N

APW (10 _ Goo® o° Goo® - o®
Péo (k) = E E (AL uy + Bp77 g )YLXO’O‘7
o L
L S Pe’ « ~ a | o S Pe’ o
gpéga — (Ago' u?’ + Bgao' ulo- -+ Cga ’U,g)l) YLXO'O‘

® A;, By, C} are calculated from sphere boundary conditions.

o for APW/LAPW matching is done to T and | plane waves in a
global spin coordinate frame. Thus A, By, depend on global o
and local o“ spin indexes, and on k-point.

# LO hasto vanish at a sphere boundary. It is a pure spinor in a
local coordinate frame (A, By, Cr, depend only on o¢).
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Augmentation ,

o N

APW (7. . E E ( Goo® o Goo® .o
o% L
L S Pe’ « ~ a | o S Pe’ o
e, = (A" + BE W + CE ) ) Yixon

® A;, By, C} are calculated from sphere boundary conditions.

o for APW/LAPW matching is done to T and | plane waves in a
global spin coordinate frame. Thus A, By, depend on global o
and local o“ spin indexes, and on k-point.

# LO hasto vanish at a sphere boundary. It is a pure spinor in a
local coordinate frame (A, By, Cr, depend only on o¢).

o for APW type of basis B = 0 in PW and LO, and additional local
orbital “lo” is introduced with C' = 0, and B # 0.

|
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Hamiltonian

o, N

In the interstitial region we don’t have spin-orbit,
Hamiltonian is a sum of only kinetic energy and effective potentials:

. K2
H=—-——V>+V,
2m

where V combines V,;; and B, in a form of 2x2 potential matrix.

% N
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Hamiltonian

® In the interstitial region we don’t have spin-orbit,
Hamiltonian is a sum of only kinetic energy and effective potentials:

. K2
H=—-——V>+V,
2m

where V combines V,;; and B, in a form of 2x2 potential matrix.

® |[nthe spheres w can have everything
Thus, Hamiltonian is more complicated:
2

h
H=—-—V>°4+V +H,+H,,+ H.
2m

As a result, there are same choices:

|
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Hamiltonian - spheres (.,

® inside spher i ix: V="V
phere potential matrix; V = V¢ 4+ Vof/,



Hamiltonian - spheres (.,

® inside sphere potential matrix: V = V¢ 4 Vo7,
» AMA mode (atomic moment approximation) V°// is ignored.

\I/\l/

| Al\i‘\\’
i
- 773k g
v" -

! N
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Hamiltonian - spheres (.,

® inside sphere potential matrix: V = V¢ 4 Vo7,
» AMA mode (atomic moment approximation) V°// is ignored.

\I/\l/

o FULL mode (non-collinearity inside spheres)

. V 0 0 V
V= 7 1 Tl
0 V Vir 0

W N
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Hamiltonian - spheres (.,

® SO (spin-orbit coupling) -



Hamiltonian - spheres (.,

-

® SO (spin-orbit coupling) -

® ORB (Ida+U) -
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Hamiltonian - spheres (.,

-

® SO (spin-orbit coupling) -

® ORB (Ida+U) -

T /
. myv' —,(m/| 0
Horb — Z mm ! , )
m,m/’ 0 ‘m> Urm/ <m |
® constrain field (B. L 24) -
H. = pugB.- & = | MB( c,x c,y)
1y (Bes +iBcy) :

Z;

AN

)

W N
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Hamiltonian - spheres (.,

-

® SO (spin-orbit coupling) -

® ORB (Ida+U) -
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Allocation of the Hamiltonian and overlap matrixes .

o N

APW up Matrix elements

(integrals):
LOup -
n‘ Hog = <¢§ H ¢§’> ’
Saa = (Yalda),
APW down
where ) and ¢ can be
| APWor LO, Tor |
LO down

| Al\i‘\\’
i
A 4
v" -

! N

wien workshop 2003 — p.23/40

.



Allocation of the Hamiltonian and overlap matrixes .

-

A

Y

APW up
‘ LOup

APW down

‘ LO down

- collinear setup

|
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Allocation of the Hamiltonian and overlap matrixes .

o N

- collinear setup
APW up
- <APW|APW>
<APW|LO>
‘ LOup
- <LO|LO>
A
APW down
Y
‘ LO down

|
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Allocation of the Hamiltonian and overlap matrixes .

| .

——— —~——
- collinear setup
APW up
- <APW|APW>
<APW|LO>
‘ LOup
- <LO|LO>
A
APW down
Y
‘ LO down

|
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-

Spin-spirals

® spin-spiral is defined by a vector ¢ given in reciprocal space and an

angle v between magnetic moment and rotation axis,

A

spin rotation (o)

-

T

lattice trandlation (R)

a=R-q

m’* =m (cos (i R”) sinwv, sin (J R”) sin v, cos ’U)

.® the direction of the rotation axis is arbitrary.

%’**%L

|
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Spin-spirals

o N

® pure translations are obviously not symmetry operations of H,

H(F+ﬁ”) £+ H (7),



Spin-spirals

o N

® pure translations are obviously not symmetry operations of H,
H (F+ ﬁ”) + H (7),

® translations coupled with spin space rotations 7}, = {—(j- R™ e ﬁ”}
are symmetry operations of H;

T, H (AT, = Ut (—gf- én) H <F+ E") U (—q- én) |

W N
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Spin-spirals

-

pure translations are obviously not symmetry operations of H,
H (F+ ﬁ”) £+ H (7),

® translations coupled with spin space rotations 7}, = {—(j- R™ e ﬁ”}
are symmetry operations of H;

T (7) T, = Ut (—q- B") H (7+ B*) U (—g- B"),
® Group of T;, is Abelian, thus it has one dimensional representations,

Tty (v) = U (—q - R™) ¢ (r + R") = ™Ry (r).

&

Z
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Spin-spirals

-

pure translations are obviously not symmetry operations of H,
H (F+ ﬁ”) £+ H (7),

® translations coupled with spin space rotations 7}, = {—(j- R™ e ﬁ”}
are symmetry operations of H;

T, H (AT, = Ut (—q- én) H (F+ ﬁ") U (—q- én) |

® Group of T;, is Abelian, thus it has one dimensional representations,

\

T Tk () =U(—q-R") ¢y (r+R") = *R (1), =

7%

Z=

:%% Bloch theorem!!!
W .
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Spin-spirals

-

® Wave function of a spiral structure is of the form:

—1iq-r T
_ ikr | € % Ug (r)
bi(r)=e ( e Y ulb () )7

where u? (r) has translational periodicity.

i
s 4
v’ -

W

|
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Spin-spirals

-

® Wave function of a spiral structure is of the form:

—zqr T
wr [ €2 U (r)
wk (r)zezkr e lk ’
e 2 uy (r)

where u? (r) has translational periodicity.

® 1 part of a spinor transform with £ — 2, | part of a spinor transform
with £ 4 Z. The basis has to be composed using condition:

)G+ki%)g0mam,

with “—" for T, and “+” for |. This can generate different numbers of
basis functions for T and | spins.

.
S
PR
N
* I
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Intra-atomic NCM, fcc Pu

() planez = 0 (b) plane z = 1/10

Spin density maps of fcc Pu. Calculation in FULL mode with SO. Average momenta point to

(001)
-
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Intra-atomic NCM, bcc U

(C) plane x = 1/2 (d) plane z = 6/10

Spin density maps of bcc U (unit cell size 9 a.u.). Calculation in FULL mode with SO.
Average momenta point to (001)

|
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~ Fe, spin spiral

o
|

I
(0]
]

v AMA
AAFULL

total energy [RY]
P
=

local spin moment [pi]
o
o

L
N

0004 —— 13—

Local spin moment and total energy versus spin-spiral ¢ vector.

%gé;{z |
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~ Fe, spin spiral

AMA

FULL

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

|
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Magnetic structure of Mn3Sn

o N

Chemical structure of Mn3Sn




Magnetic structure of Mn3Sn

o N
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Magnetic structure of Mn3Sn

o N

fm afm




Magnetic structure of Mn3Sn

-

fm afm




Magnetic structure of Mn3Sn

-

afm




Magnetic structure of Mn3Sn

o N




Magnetic structure of Mn3Sn




Magnetic structure of MnsSn

-

SO 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
M [pg] - 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 - -1.657 -2.111 -0.894 -0.894 -0.894 -0.894
[1021V/m?] + -1.661 -2.119 -0.892 -0.899 -0.891 -0.894
-0.898  -0.881
hffon Mn - -309.9 -153.1 31.2 31.2 31.2 31.2
[kGauss] + -309.6 -152.9 31.1 31.5 31.5 30.9
32.2 32.1

® innon-so case all ncm structures are symmetry equivalent

-

.® with so ncm structures become inequivalent, additionally for ncm3 and ncm4 Mnz and

: l{M% are no longer equivalent to the rest of Mn'’s

|
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case.inncm:;

NCM input file

FULL
00O

60.
180.
300.

60.
180.
300.

0.
0.
0.

00000
00000
00000
00000
00000
00000
00000
00000
50000

90. 00000
90. 00000
90. 00000
90. 00000
90. 00000
90. 00000
0. 00000
180. 00000 O

O O O O O O O

|
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case.inncm:;

NCM input file

FULL
00O

60.
180.
300.

60.
180.
300.

0.
0.
0.

00000
00000
00000
00000
00000
00000
00000
00000
50000

90. 00000
90. 00000
90. 00000
90. 00000
90. 00000
90. 00000
0. 00000
180. 00000 O

O O O O O O O

first record defines mode of calculation
(FULL/AMA)

second record defines spin-spiral
vector;

next records contain polar angles (¢, 6)
defining directions of magnetisation in
each sphere and optimisation switch;

last number is a mixing parameter used
during calculation of the constrain field;

|
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NCM input file

FULL _ | |
000 ® first record defines mode of calculation

(FULL/AMA)

60. 00000 90. 00000
180. 00000 90. 00000
300. 00000 90. 00000

60. 00000 90. 00000
180. 00000 90. 00000
300. 00000 90. 00000

0. 00000 0. 00000
0. 00000 180. 00000 O
0. 50000

® second record defines spin-spiral
vector;

next records contain polar angles (¢, 6)
defining directions of magnetisation in
each sphere and optimisation switch;

O O O O O O O
°

® |ast number is a mixing parameter used
during calculation of the constrain field;

® case.inncm is used in initialisation stage, to lower chemical symmetry
due to magnetic moments,

.® lapwl, lapw2, lapwdm use it to define quantisation axes for atomic

L%%%fpheres; J
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How to run 1t?

-,

initialisation — looks like in collinear code, but symmetry must be lowered because of
magnetic momenta;

X ncnsynmmetry
® SCF cycle looks like:
X lapwO0 -ncm|[...]
[ x orb -up, x orb -du ]
X lapwl -ncm|[-p -orb -so ...]
X lapw2 -ncm[-p ....]
[ x lapwdm -ncm[-p ...] ]
X | core -up
X | core -dn
X m xer -ncm

® SCF job can be run with runncm script which is modified version of WIEN2k run script

runncm[-p -so -orb -cc 0.0001 ...]

% N
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Appendix - augmentation g

-

Expansion coefficients A%"“a and Bf""a are calculated from matching condition:

(GHTNg = 37 (AL7 w7 + BETT 07" ) Yixde,

oL

where the both spinors are represented in a global coordinate frame. Multiplying both sides
by (Xga)*, integrating over spin variable, and comparing to the collinear expression:

ei(GﬂLk)'F — Z (Agaa u?a + Bf"o‘u;’a) Yr.

AF?°" and B are given by:

A?O‘JO‘ _ (X‘Z_a)*xg.Agaa7
BEI" = (xSa) xeBEO".

&

%

W N
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Appendix - Hamiltonian setup

-

® interstices - basis functions are plane waves: PG, = ei(GJF’“)'?"XU, and matrix
elements:

A

H 90(_;7/0-/> — (VUU’ @>(C_j_é7/) + 500’ 9

?n (é’ + E)2 SIS

(#co

where © is a step function, V., are components of the potential matrix.

® spheres - oF PW — 5 6 axa =0 S, AGTT" u?" Y1, Xa, Setup of the
Hamiltonian Iooks like:

(pEV 1 H o8V, = >3 A7 (G.o)BE" (G 0),
O-OL
“a) - g
B2 (&' ¢') = AG) " (YL | Hyagra | uf Y ).
L l oc%o l L
O./a L/
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Appendix - density matrix
- -

n -+ my Mg — 1My

I

I
S
o
+
)
3

|

Poo’

N | —

My + 1My n—ms

® interstices (pfa,)

v

Poor (M) =3 (0| Po) (b | o'y =3 pS,e'C7
G

—

® wave function is generated in real space: ¢ (7) = 3 5 G e (CH) Ty v
indexes band and k-point.

S oo (F) =3, (T (F)* 9T (7),

® p,, () is Fourier transformed into p& .

.’ N
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Appendix - density matrix
- -

® spheres (pZ, )

poagra (F) =D (0% | o) (bo | ') =D pragra (1) YL (7)
L

v

® ol . are calculated with the following expression:
o0

=SS (x S~ piet piTt g (L,L',L">> T

vy U v om/’m/’!

where D" (i stands for A, B, C) are given by:
A,0% G Goo®
PW: D7 = ) > cGAf
c G

. A’Ua - E é C_jao‘
G

W N
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Appendix - potential matrix
f 1. local real space diagonalisation: —‘

Pl ra Poagra (T) pr(r) 0 prs P}
é. — . — — (_;, é.
Psot Poo! (T 0 P (T) pT ) pl
2. generation of collinear potentials:
L L L /L
'01’ 'Ol_) . VT_}’ Vl
G G G G
Pry Py VT ; Vl
3. local de-diagonalisation of collinear potentials in real space:
‘/L7 VL VT (7") 0 Vo.ao./a (7?) VLa I
R AN _ . oo
Ve, ve 0 Vi (r) Voo (7) 45

=

W N
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