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Why KKR ?
The Munich SPR-KKR package

The SPR-KKR method
Combination of KKR and DMFT
Results for transition metal systems
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Why KKR ?

® o o o ©

KKR represents electronic structure in terms of

Green's function G* (& +% E)

X (r)
G* (M F%E) = lim F) ,(0)

o E Ei + 1

linear response formalism

Dyson equation G= Gog+ G HGq

CPA alloy theory

description of spectroscopic quantities
central quantity of many-body theories
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Munic h SPR-KKR Package

Systems

# Arbitrary ordered/disordered three dimensionally
periodic systems

# Surfaces In cluster or slab approximation
Calculation Mode

# Spin-polarised

o Scalar- and Fully relativistic

# Non-collinear spin con gur ations
Default: Spin-polarised relativistic Dirac formalism
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Features

Electronic Properties

N

9

N

N

N

SCF-potential
Dispersion relation
Bloch spectral Function
Density of states

Ground State Properties

N

9
9
9

Spin- and Orbital Moments
Hyper ne Fields
Magnetic Form Factors
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Features

Responsd-unctions

>

9
9
9

Spin- and orbital susceptibility

Knight-s
~leld-1no
Residua

Nift
uced XMCD

resistivity of alloys
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Spectr oscopic Properties

SpectroscopicProperties— including magneticdichroism

9

® © o © o o o o 0

Valence Band Photoemission
Core level Photoemission

Appearance Potential Spectroscopy (non-relat.)

Auger Electron Spectroscopy
X-ray absorption

X-ray emission

X-ray magneto-optics

X-ray scattering

Magnetic Compton scattering
Positron annihilation
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i The Dirac Equation

—Cc~ M+ mCZ+V(|°)+|~ ?Ze (l“% ( £;E)= E ( & E)

[
Vepin (1)

with an effective magnetic eld

that is determined by the spin magnetisation m ()
within spin density functional theory (SDFT)
Within an atomic cell one can always choose 2°to have:

Vepin (F) = 20Be ()
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replace atomic cells by atom centred spheres
keep the volume of the unit cell constant

assume a spherical symmetric potential within
sphere:

V(F) = V(r)and Be (r) = Be (r)
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Ludwig L“U . . . .
ol Single site Dirac eqguation

Munchen____

# restrict potential to a single atomic cell
for atom type t :

Vi(r)= 0and B} (r) = Oforr2 !

# Single site Dirac equation for atom type t

—~

i—c~ m+ mc?+Vir)+ -~ By (F) ( ©E)=E ( ~E)
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e Ansatz to solve the single site Dirac equation
X
(FE) = (F E)
with l
ey 9 (GE) P

if  (r;E) (F)
spin-angular functions

X 1 o
(1) = C(lEJ; Ms;Msg) Y, (M) ms

Mg= 1=2

short hand notation = (; ) and
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LM Relativistic quantum numbers

total angular momentum operator j” = T+ 3~
72 = QG+ (M
Jz  (P) = (")

total angular momentum quantum number |

=1 1=2

magnetic guantum number

= ] o+
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Spin-orbit operator K

e Relativistic quantum numbers

K (M=@0+~1) (M= ()
Spin-obit qguantum number

O
_ —~ ] + 35 r j=1 3
1= j 3 if j=1+3

1 || +1 2 || +2 3 || +3 4

1=2 || 1=2 | 3=2 || 3=2 | 5=2 || 5=2 | /=2

0 1 1 2 2 3 3

symbol || s1= | P1=2 | P3=2 || d3=2 | ds5=2 || f5=0 | f7=2
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miri Radial Differential Equations
0 E V
PO = P o+ —+ 1 Q
r C
B X
+— h ] 2zl ol Q o
C 0
X
QY :r—Q [E VIP +B h |4 P o
0
withP (r;E)=rg (r;E)
andQ (r;E)=crf (r;E)
The coupling is restricted to Oz 0and!l [°=0
| 4 coupled functions forj j<j;e.g. dz — ds=
I 2 coupled functions forj j=j;e.0. dsm. = 5=
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i Single site t-matrix

L)

( /5 E)=€eP +f(p)

scattering amplitude f (p)

eipr

r

spherical basis
X

(FE)=j (ME)+ip t ofE)h™o(rE)

0
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single site t-matrix t

t(E)

a okE)
b ofE)

relativistic Wronskian

[h™; o]y = h|+

Single site t-matrix

o(E)

| 1
%[Q(E) b(E)] b(E)

ipr °[h ; o],
ipr °[h™; o]
p ;
cf o T EZCZS h'g
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Ly

ol Single site t-matrix
spherical spin-dependentpotential (M k2)
Si2 | Pi2]  Parz g/ ds/,
31/:..
P1/2 ® ° ® °
@
P32 .. ® °
@
@ @
@ @
d3/¢ ) )
@ [ )
@
@ @
@ @
d5/z ) )
@ @
@
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scattering T-matrix operator of the crystal T

X X X
T = o+ fnéom+ f\néof\méof\k+

n n,m n;m;k
nm 6 Kk

decomposition into scattering path operator »

X
-Iﬁ — ANMM

n,m
KKR+DMFT HH —p.18/71
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ol Cluster approximation
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%gcgcgcgc%\%%
‘@ "¢ o @ 0

‘@ o°® @ ¢°9@
R
‘@ 000 0 @

0°0°0°0 0 0 0@

cut a nite cluster out of the in nite system
centred on the atom of interest

E) = YE) G(E 1
_(E) [ %(){zz(} ]

real space KKR matrix M (E)
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LU

Ludwig

e Brillouin zone integration
, Z
0 :
MW(E) = ——  d’k e'K(Rn R0
BZ
BZ

L "(E) ,G(RE)] o

KKR matrix M (K;E)

Symmetry allows to reduce the integration regime

BZ
to an irreducible wedge
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LU

Ludwig

e Special point sampling method
. X e 00 -
" (B) = u' o' (BE)U
] =1 ;:::);(nu
- ul g e
j=1 ;0N
. nn; P .
with 0 (E)= ,w,_ (K;E)

U : (anti-)unitary symmetry operations

O00000O0
| | @00000O0
Special pointmesh e@e®@oo0000
@@ 0000
CY X X X Xe¥e!
000000
ee00000
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i Symmetr y considerations
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¢ * ¥

v K[001] E C2;z C:lrz C4z | Z S4z SZZ
E Ci C |  S., S}
M K[111] 31 31 61 61
TCoh TCoeTCof T ap T deT o
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Scattering path matrix

cubic spin-dependentsystem(M k2)

Si2 | Piz|  Pare2 s/, ds/,
i) @ ()
R P o o
. @ @
P/ ° °
. @ @
Py ° °
d3/ @ @ @
1 @ @ @
Q|0 ()
Q|0 @
d (*) @ @
Q|0 @
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Ludwig

Moo L“U - 1 .
pi Electr onic Green's function

X 0 0
G(r;r%E) = Z"(rE) "ME)Z", (% E)

X
Z"(=E)I" (+%E)( 1% 1)

+I"(=EVZ" (#%EY(C 1Y)

nn ©

normalisation of wave functions for jrj  rmt
regular solution
X . 1 . +
Z (r E) = J ofpr)t o (E) iph " (pr)

0

irregular solution
J (FE)=1] (pr)
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i Expectation values

Starting for example from the identity:

X
= G(E) = Jth) (E E);

for the Green's function G (E) In operator form one nds:
Expectation value of operator A

1 £
hAi = —= Trace dE AG(x;r; E)

Trace-operation:
» take the trace with respect to the 4 4-matrices
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e Expectation values
charge density n(r) 5
1 B
n(¢) = —= Trace dE G(r;r; E)
sSpin magnetization m (r) -
1 B
m(+) = —= Trace dE  ,G(r;+~ E)

spin and orbital magnetic moments g, and o

Zg,  Z

win =  —= Trace dE d°r ,G(r; & E)
Ze o Z'

ob = ——=Trace  dE  d3 1,G(r & E)

V
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ImE

IGRID =5 IGRID = 3

SCF: arc in the complex plane used for integration

DOS: straight path along real axis
XAS: special straight path starting at E ¢
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e~ Coherent Potential Approximation — CPA

ldea

nd an effective CPA medium that represents the
electronic structure of an con gur ationally averaged
substitutionally random alloy AyB 1 «
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pri e CPA condition

Embedding of an A- or B-atom into the CPA-medium — In

the average — should not give rise to additional
scattering

X A nn; A XB_nn; B — nn; CPA

with the projected scattering path operator "

h i
nn; _ nn; CP A 1+ t 1 t 1 nn; CP A
— T — = ~-CPA —

1
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Single-site problem — reconsidered

Z
[r 2+ V (r) EI(r)+ (r%E)( #9d% %= 0

self-energy  (#;rE)

Ansatz: X
(F) = L (F)
L
coupled radial integro-differential equations:

#
d2 10+ 1) o
dr—2 r2 V(r)+ E L (r,E) —
Z "y #
r Cdr © (r) LLooE) joo(r® | (r%E)

|_OO

KKR+DMFT HH —p.30/71



- LMY . . .
ol Single site equation

Munchen____

approximation for the self-energy:

- X
d*r% #+%E) L(F%E) Lo (E) (5 E)
L

leads to coupled differential equations:

' #
d2 10+ 1) o
dr—2 r2 V(r)+ E L (r1E) -

X

liLo(E) Lo (r;E)
| O
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KKR Green's function

Electronic Green's function:

X
G(r;r%E) = Z!(r E) LLO(E)z ) (RO E)
LL O
X
ZM (= E)I (R%E)( % )
L
+IME)Z] (f%EYC T 1Y gno
Multiple scattering path operator:
1 yA h I 1
To(E) = — dk t YE) G(RE) ek
BZ
BZ

R,0)
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o Green's function matrix

Green's function matrix G'[" , within KKR-formalism

X
Glo(E) = hLjZo,i [o(E)hZ _j Lo
Li;L2
nm h |_jZ|_1(r<;E)J|_1(r>;E)j L Ol

L1

G o — input for the many-body effective
Impurity problem
L (F) — basis function

solution of the Schrodinger equation for
spherical LDA non-magnetic potential
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KKR

KKR+DMFT scheme |

DMFT
(FLEX)

VLSDA(F)’

+

DMFT

single-site problem: t | o(z)

+

multiple scattering: | o(z)

+

KKR-Green's function: G(r; % z)

+
charge (r)

+

\Vj LSD A (1")

+

G'matrix G LLO
+

DMFT-solver

+
DMFT

KKR+DMFT HH —p.34/71



e DMFT-FLEX many-body solver |

Effective impurity problem solved by spin-polarised
T-matrix plus Fluctuation Exchange (SPTF)

Hartree and Fock contribution to
1 X X

TGy = = 3T (i) j24i Gy (i i)
34 O
1 X X
(TF)(,. ) = = h14jT (i) j32i Gy (i i)
34
34 0

Spin- uctuation contribution:

X
fl 0 0
()= Wige( )Gy
34 O
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e LMU .
pmiers Bloc h spectral functions

Munchen____

Spin-resolved results for Ni for K k [001]
LSDA DMFT

spinup

—— | spindown
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bce-Fe

Spin resolved DOS of bcc-Fe and fce-Ni

15

n_(E) (sts./eV)

I I I I
— LDA
— LDA+DMFT

n_(E) (sts./eV)
T

energy (eV)

fcc-Ni

2.5
<
>
()
=~
2]
L5
—~
Ll
~=

| Z
[

n(E) (sts./eV)

T T T T
— LDA
— LDA+DMFT

energy (eV)

® Fe:U=20eV,J=09eV, T = 400K
® N:U=30eV,J=09eV, T = 400K
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KKR+DMFT scheme I

Y

DMFT (TMA)

\V/ LSD A (i“) DMFT

single-site pr;blem: t o(z2)
multiple scatt+ering: LLo(Z)
KKR-Green's furJlrction: G(r; r%2)
charg+e () G-matrﬁx GLo
+

—+ DMFT-solver

+
\V/ LSD A (1“) DMFT
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KKR $ DMFT interface I

KKR

Complex energy path

Pade appro ximation
G (Z) PP

Kramers  Kronig
( 2)

DMFT

Real energy axis
I G(E)

transformation

( E)
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e DMFT-TMA many-body solver Il (Il

Effective impurity problem solved by spin-polarised
T-matrix calculated for the zero temperature

Self-energy Includes only Hartree and Fock
contributions:

x 4

CM(E) 3T (E%j24i G,y (E° E)dE?

34 04
2
5 (E) = ® 4T (E9)32i Gu(E° E)dE®
(B) = IT  (E7)1321 Ggy( )
34 04
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KKR+DMFT scheme llI

KKR (1)

KKR(1): (r), V(r)

+

KKR(2): G(E) ——

+

DMFT-solver

( E)
+ KKT

DMFT (Z)
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Density of states

T
— LSDA

=
]

< 15 — LSDA+DMFT | l 7
C — LSDA+DMFT Il l
g 1= — LSDA+DMFT Il ! N
) |
' = 0.5 | N
0 : 1 ’
|
|
|

1
-10 5

I
0

energy (eV)

spin

orb

LSDA

2.282

0.054

LSDA+DMFT |
LSDA+DMFT I
LSDA+DMFT Il

2.296
2.287
2.285

0.049
0.049
0.049

Re S, (eV)
29

ReS (ev)
29

ImS, (eV)
29

Im S, (eV)
29

Comparison of schemes I-lll for bcc Fe

Self-eneg

| | 1
-8 -4 0 4
energy (€V)  KKR+DMFT HH —p.42/71



Ly

e~ Comparison of schemes I-lll for fcc Ni

Density of states Self-eneg

_ T — Lsoa | 21 | | i

S 15 — LSDA+DMFT | | - S

Q — LSDA+DMFT Il | 3@ 0

% - — LSDA+DMFT llI i - o 1

co.z— J\\_ o z

%\1.5— i | % 1

energy (eV)

spin

orb

LSDA

0.563

0.044

LSDA+DMFT |
LSDA+DMFT I
LSDA+DMFT Il

0.569
0.631
0.622

0.040
0.044
0.043

ImS, (eV)
29

Im S, (eV)
29

A N LN O A W N S O
T T /1

!
|I_\U'1
N

|
-8 -4 0 4
energy (€V)  KkR+DMFT HH —p.43/71
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Spin magneticmoments

CPA calculations for FeyNi; 4 alloy

G—©O Fe LDA
3—F&1 Ni LDA
>—= total LDA

- &—® Fe LDA+DMFT
| B—& Ni LDA+DMFT
o— total LDA+DMFT

|
40
Fe content (at. %)

60

real part of

— Fe
—_— Felego
- Fe40N|60
- Fe75N|25
I 1 I 1 I 1 I 1 1
Fe Ni -
— 7]
~

-10 5 0

energy (eV)

-10 5 0

energy (eV)
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ol CPA calculations for NiyPd; 4 alloy
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1.2F | | | | | | | — 5 | | | | | | |
[ total LDA [} total LDA
n I total LDA+DMFT 4 B total LDA+DMFT
Ni LDA Ni LDA
0.9 % Ni LDA+DMFT _ 0.10F % Ni LDA+DMET —
: Pd LDA Pd LDA
. i PdLDA*DMFT | Pd LDA+DMFT
£ 2 .
< 0.6 — ‘15:
E £ 0.05 -
0.3 —
| | | | | | | | | | | | | |
0'00 20 40 60 80 100 0'OCO 20 40 60 80 100
Ni content (at.%) Ni content (at.%)

# relativistic implementation
# access to spin-orbit coupling induced properties
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e One-step model of photoemission

Munchen____

Sesss

0 / /
j1u(R:E+1) = const E+! d%y; d°r;

nal (I’l;F%;E'F ! )qu (Fl):GJr(F-l;F-Z;E)X;/ (r2) nal (rz;IQ;E+ )
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X

0 0
Imemo(E5R; Ve )/ i 17C msC @Y, TS R)Yjeo ™ R)
00
X o K(Rm Rmo)x gt(Rn R0
mg&o nno
0
"T(EY "dBo(EY
0 000
X . X
I\/|elo 1 n? Z(E)qu 000 | ‘?1 000
1 2 1
with the matrix elements
Z
M% o = dr[TZ (KEYXq (HZ ofE)
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e Fano effect in VB-photoemission
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Spin polarisation of photo electrons
due to spin-orbit coupling

spin resolhed angleintegrated
photoemissionexperiment paramagnetic systems

circularly
, S polarized
%/ *

N ' .
< spin polarized
photoelectrons

detector
semisphere
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e L Spin-resolved VB-XPS of Cu, Ag and Au
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Cu (600 eV) Ag (600 eV) Au (600 eV)

100 100

Intensity (arb.u.)
ul
o

+ 50
0
5
2
L
DI 2
+ »
c
£ -5¢ ) 7 -10r o y I
R T S R B .|.|%|.|. _20.|.d>.|.|.
10 8 6 4 2 0 10 8 6 4 2 0O 10 8 6 4 2 O
Binding energy (eV) Binding energy (eV) Binding energy (eV)
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ol Perturbational treatment of spin-orbit coupling

non-relativistic gpin-resohed Photo current
I(E;R;mg; ;e ) =  Br BPr® L (mE+!)

Xg Im G(f; - E)Xg na(GE+T)

nal states (time rever)szed LEED state)

nal (FE) =4 'YL (RUZi(B)YL(D) ms
L
Initial states X
Im G(r;+*E) = Zy, (K E)m " 7Y (KE)
L1;L2

Include spin-orbit coupling (1st order):

G=G%+ G'WsoGO
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s Spin-resolved Photo current
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. X 5 X
|7 [ti(E)] MimtimsMimetoms= LiLo(E)
L LiL>

X
t imsMm slesM I_SzomCng,msM LL 4:( L1L2(E) L3|—4(E))]

Lalg
Spin Difference | =1 17 (for | = 2d- electrons)

| / d S Im tog 4 eg T tog

I
% +1 d! p =+1 (LCP)
o - 1 d! f =+1 (LCP)
T : 1 di p - 1 (RCP)
©+1 d! f = 1 (RCP)
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e Fano effect in VB-photoemission
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Spin polarisation of photo electrons
due to spin-orbit coupling

spin resolhed angleintegrated
photoemissionexperiment ferromagnetic systems

circularly
polarized

*

spin polarized
photoelectrons

magnetization in plane

Detecto\, <—>
semispheng SP'N
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oz LMU Fano effect in VB-XPS of ferromagnets
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Photocurrent and spin-difference Eppot = 600 eV
Experiments - N. Brookes et al., ESRF

NI

100 100

100

(o2} (0]
o o

N
o

Intensity (arb. units)
Intensity (arb. units)
a1l
o

Intensity (arb.units)
a1
o

N
o

o

o

N
T
1

Spin-difference (arb. units)
Spin-difference (arb. units)

Spin-difference (arb. units.)
(@)

208 6 4 2 0 2 10 8 6 4 -2 0 2 0 2
Binding energy (eV) Binding energy (eV) Binding energy (eV)
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oz LMU Fano effect in VB-XPS of ferromagnets
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Photocurrent and spin-difference Eppot = 600 eV
Experiments - N. Brookes et al., ESRF

100

100

100

(0]
o

(o))
o

N
o

Intensity (arb. units)
Intensity (arb. units)
a1l
o

Intensity (arb.units)
a1
o

N
o

:LE @\ @ 0 T T T T T T T 'g

S E = ;

g g £ 2

8 s 8

@ [ @

(&) (&) (&)

o o o P

£ £ £

z < < 2

& 8 5
-2 . . . . . . P R R R R R -4 . . . . . .
-10 -8 6 4 -2 0 2 -10 8 6 4 -2 0 2 -10 8 6 4 -2 0 2

Binding energy (eV) Binding energy (eV) Binding energy (eV)

KKR+DMFT HH —p.54/71



e LU . o
e Spin-resolved VB-photoemission
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spin resolhed angleintegrated
photoemissionexperiment ferromagnetic systems

spin polarized
photoelectrons
/ T

P
T magnetization in plan
L_e/
<>
spin

detector
semisphere

circularly
polarized

fundamental spectra: I T I
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1.0

)
o ©
(@) (00)

O
N

Intensity (a.u.

VB-XPS for Ni

spin-polarisation (I ,

. | .
— LDA+DMFT
= LDA
o EXP.

| . ¢
-10 -5 0

Binding energy (eV)

+1) (F

0.2 : |

— LDA+DMFT

= LDA
_0'2_0 exp.

. !
-10 -5

0

Binding energy (eV)
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)
O
o

O
T

Intensity (a.u.

o
T

VB-XPS for Ni

spin-orbit (1, + 1)

. | .
1.0l— LDA+DMFT
= LDA
o EXP.

0.05

< -0.05

-0.1- -

| : . ! | !
-10 -5 0 -10 -5 0
Binding energy (eV) Binding energy (eV)
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Bloc h spectral functions — ARPES
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Results for Ni for R k [001]
DMFT

LSDA

° ' %%;é;;;?7l

4 .
i’
-6 .
-8 -
-10 ¢ 1 1 1 1
n no na nA n\| 1

4 a
ur
6 m
8 .
-10 1 1 1 1
0 0.2 0.4 0.6 0.8 1
kX

BSF

ARPES
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Ni: comparison with experiment for kK k [001]
LSDA DMFT

BSF

ARPES

Expt: Matrensson, Nilsson (1984), Biinemann (2002), Himpsel (1979), Moruzzi (1978)
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pmiers Bloc h spectral functions

Munchen____

Ni: comparison with experiment (ARPES) for k k [001]
LSDA DMFT

spinup

spin down

Expt: Matrensson, Nilsson (1984), Biinemann (2002) KKR+DMFT HH - p.60/71



Intensity

ARPES-spectra for Ni(110)

total photocurrent for off-normal emission h = 21.2 eV
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FULL ARPES-calculation using bulk potential
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ARPES-spectra for Ni(110)

photocurrent intensity forh = 21:2 eV
off-normal emission with = 5°

0.8+ |— Experiment

— LSDA
— DMFT

Intensity

0.2 ! |
O | . |

-1 0
energy (eV)

Experiment: Osterwalder, Kreutz, Aebi (1999)
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Magnetic circular dichroism in XAS

St6hr, JIMMM 200470 ('99)
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XMCD sum rules

excitation scheme for left circularly polarized light

H || u.ﬂlﬂ‘ﬂ
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XMCD sum rules
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Thole, PRL 681943 ('92); Carra, PRL 70694 ('93)
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e Calculation of XMCD spectra

Fermi's golden rule

X
() jh tiXgj iij% (! Ef + Ej)
| OCC
f unocc
X . . .
/ hijXq =G (Ef)Xq] il (Er Ef)
| OCC
relativistic treatment — X4 =  1f 8 Ae'™r

X-ray circular magneticdichroism (XMCD)

)= T M)

Ebert, RPP 59 1665 ('96)
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e X-ray absorption for Fe

X-ray absorption coef cient
L,.3-edge of Fe in bcc-Fe

L, fOr unpolarised magentic circular dichroism
radiation
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X-ray absorption for Ni

X-ray absorption coef cient
L,.3-edge of Ni in fcc-Ni
L, fOr unpolarised magentic circular dichroism
radiation Loz =
Umm | | | | | | |
6 — 0.5 -
— LDA
= °r — LDA+DMFT n 5 0 I~
g/ 4 — Exp. Scherz et al. — = 05 |
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Miinche

Summary

Combination of KKR+DMFT

) alloys
) Inhomogeneous systems
) Spectroscopy

Fano-effectin angle-integratedPES of ferromagnets
Fe,Coand Ni

) DMFT improves agreement with experiment

Angle-resohed PES
) rst promising results obtained
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el Magneto-optical properties

Kubo linear response formalism
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Absorptive part of the optical conductivity

1 Z

h i
RV dotr S =G O =G %+ 1)

abs(! ) —

Green's function matrix include correlation effects

Mo+ T E) EIG(E)=T
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Magneto-optical

properties of Fe

Optical conductivity and Kerr rotation spectrafor bccFe
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Magneto-optical properties of Ni

Optical conductivity and Kerr rotation spectrafor fcc Ni
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