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e DMFT maps a lattice many-body system onto multi-orbital
Anderson-like impurity model (AlM)

CaCAC NN CACAC

e Metzner, Vollhardt, PRL '89, simplification for d — oo
e (Georges, Kotliar, PRB '92, mapping onto a AlM
e Anisimov et al.,, EPJ '97, LDA+DMFT
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e Combined LSDA+DMFT Hamiltonian
H = Hyspa + [ Z Z m’ ﬁ'zlmo' Tilm’ o’
mo m/o’
_ = AT
S‘ T mm/’ czlmo-czlm O'C'z,lm O-Czlmcr
mo m/’

— D Aafime ]
il mo

e Ul Y, =U U, =U—2J — Jo,0

mm’

1=14,l=d

U intra-orbital Coulomb repulsion
from constrained LSDA or linear response
e J Hund exchange term

e Ace double counting corrections
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SCF-cycle

LSDA Green's function in reciprocal space
Gispa(k, E) = [E — Hispa (k)] ™"

AIM: Dyson-equation for LSDA+DMFT Green's function
G~!(k, E) = Grdpa (k, E) — S(E)
LSDA+DMFT single particle Green's function
G(E) =Q7! /dsk G(k, E)

Effective medium or bath Green's function
G HE)=G '(E)+ X(E)

DMFT-solver: | Gpew = G[G] | = Znew(E) =G Y(E) — G ' (E)

LSDA: G(E) — p(FE) —- VLspa — Hispa
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iy Electronic self-energy X
one-particle Green's function G Splifn-dependentt_
self-energy matrix
for fcc-Ni

[E — ﬂLSDA — S(E)]é — i

LV

ReX

2
I
0
-1
2
3
I

effective self-energy operator

%,
M(E) = 25 | #ni) X5 (E)(dnj| "
assumed to be site diagonal & ;
_‘éﬁj

|Pni)  localized orbitals o 5

for lattice site 7 s

E |

T

energy (eV)
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One-electron Green's function in terms of eigen values E;
and eigen functions @; ()

¢i(7) ¢ ()

GT(r,7',E) = li1[r(1)

e Dyson equation G = Go + GAHGy
e |inear response formalism
e treatment of complex structures:
surfaces, nano-structures

CPA alloy theory
e description of spectroscopic quantities

e central quantity of many-body theories
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i Green's function methods

Dyson equation for one-electron Green's function

9
~
!

!

&
e

|

Go(7, 7/,
+ / d3r” f d*r""Go (7, 7", E)
[Vispa (7)o (7" — 7)) + 2(7", 7", E)]
G(#",7', E)

— =) .
Go (”°a r, E) free electron Green's function

(7,7, F) self-energy

Approximation: (7,7, E) is site-diagonal

2011/10/06 DMFT Autumn school, Hubert Ebert 8



—LMU

_ Densities and expectation values

Miinchen

The Dirac identity lim & — = —md(x) leadsto
e—0 1 + 1€

_%\scﬁ(" 7 E)—Z%(""')%b (7')8(E — E;)

SGT (7, 7', E) can be interpreted as density matrix

1

Density of states n(FE) = ——%/ d*r G (7,7, E)
T Jv
1 [FF

Particle density n(r) = ——%/ dE G* (7,7, E)
r

|
Expectation value (A) = --—%/ dE/ d&r AGT (7,7, E)
™ %
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LMU One-electron Green's function

U sitit

Minchen via KKR formalism

Electronic structure represented by Green's function

: ¢ ()P (77)
lim >

G—l_(—p —p[ ) } .
p E — FE; 4+ 1€

Korringa-Kohn-Rostoker (KKR) method
based on multiple scattering theory

Gt (7,7 ,E) = Y Zy(7,E)r}7(E)Z] (7', E)

L,L

—Onm Z Zr(T<, E)JI>,< (7>, E
L

)

Z (J) regular (irregular) solution of Schrodinger equation
T scattering path operator

L = (I, m;) angular momentum quantum numbers

2011/10/06 DMEFT Autumn school, Hubert Ebert
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Solve Dyson equation
G Go + GoVG /‘
Go + GoT Go -

for scattering operator .—
- Y VYV
n,m

single-site scattering

scattering path operator

matrix t"
nm  __ n n kEm
T = t"0nm + Z t"Go T free electron Green's
k#n function Gg
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V2 4 VO (r) — O + / 57 (7, 7', E)¥(F")d%r = 0

Ansatz: ¥(7) = > ; ¥r(7)
[d_z 1 +1)

dr? r2

— V() + E] V. (r, E) =

Z /T’sz"ELLH (E) (}')[(T)(bw(?‘,)‘IJL(T,, E)

LH’
Approximation for the self-energy:

3 / &' ¢t (M0 (B)or(F)Ur(F' E) ~ Y i (E)¥L (7, E)

Pure differential equation:

[% — l(l:; 1) —V(r) + E] Vp(r,E) = ; Yo (E) ¥ (r, E)
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- Angular momentum representation for 7" (E)

T (E) = /dSrn/dS'r' Iz (Tn,E)(T‘annm|?", Vi (Fm s E)

corresponding equation of motion

T"™(E) = t"(E)énm +t"(E) ) G (E)T"™(E)
k#n
and
[Inm_: trr = Tor
Go" v = Gorp /(1 —dnm)
t"]p = 4oL
matrix dimension: max SO 1 = (Lax + 1)2
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Calculating 7" for finite array of scatterers

T(E) =LE) +LE)G (FE)z(E)

with

T'n,m

t"0nm

=]
[
&

|I~l

—
|

r(E) = [UE) ™ - G, (B) |

matrix dimension: Nscatterers X (Imax + 1)2

2011/10/06 DMFT Autumn school, Hubert Ebert
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Green's function matrix GT7°, within KKR-formalism

GYT(E) = > (¢ | Zu,)mP(E)(ZL, | ¢rr)
L13L2
— Onm Y (bL | ZL,(r<, E)Jf (r>,E) | ¢r/)
L,
G777, — input for the many-body effective impurity problem

OL (77) — basis function solution of the Schrodinger equation
for spherical LSDA non-magnetic potential
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SCF cycle

Vispa (7) 3 (E)

i
single-site problem: trr/(FE) 1 5
U I cPA  KKR = DMFT
multiple scattering: 71/ (F) : (FLEX)
KKR-Green’s function: G(7, 7/, )
4 4
charge p(7) G-matrix Gpr/ (F) Erl
4 4
LSDA DMFT-solver
U Y
Vispa(T) % (E)
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Density of states

2 T L.l Il L 7T
-— LSDA '
& 15 — LSDA+DMFT n
o
3
2
-
=

S 151 A o
-
QL FRvY
3 I / =
& 73
o 05 A =
g 0.5 /
0 AT P B
-2 <10 8 -6 -4 -2 0 4
energy (eV)
soi
spin

LSDA

0.563

LSDA+DMFT

2011/10/06

0.569

Self-energy

(eV)
2g

t

Re Zl

!

(eV)

2

t

ReX

(eV)

2

t

Im Zl

(eV)

R R T S S R - -

2

t

fi!
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Band structure of fcc-Ni &k along I'-X

LSDA LSDA+DMFT
dispersion relation Bloch spectral function
2 B .d/— 2
— 1 B "-"'j' ] - 1
30 30
> >
-2 -2
53 GS -
o4 24 I~ "
55 85 7
& © B o &
-7 7 .
-8 8 E —
r X r X

Bloch spectral function

Ap(k,E) = —%ie—zﬁn %/d3r <G(_',F+ﬁn,E)>

2011/10/06 DMIFT Autumn school, Hubert Ebert 18



LlldWig L M U

—__ The Dirac Equation for magnetic solids
%Cd’°6+/@mcz+‘7(?)+/3&’ . B’eﬂ’("?) v (r,E) = EY(7, E)
Vipin (7)

effective magnetic field

is determined by the spin magnetisation 12 (7)
within spin density functional theory (SDFT)

Within an atomic cell one can choose z’to have:

‘/;pin("? — Bo-z’ Beff(r)

2011/10/06 DMEFT Autumn school, Hubert Ebert 19
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"vbt/("_"a E) — ZA "abAV(Fa E)

with

= _ gAv (7’, E) XA (7%),\
Yau (T, E) ( ifau(ry E) X—a(7) )

spin-angular function

XA("’;) — Z:ZI: ) C(l%j5 H— Mg, ms) }/i“_ms (f) Xmg
ms==11/2

short hand notation A = (k, ) and —A = (—kK, )

2011/10/06 DMFT Autumn school, Hubert Ebert 20
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.| St

c@ -V + Bmce? + V(¥) + ?Gz ' efr("“) E|¥(r)

N

VSpin(F)

+ [d3r'S(7,#, E) () = 0

OFE.[n, m]

Eeﬂ' (F) — 87??,(7_”)

is determined by the spin magnetisation m.(7)
within spin density functional theory (SDFT)

2011/10/06 DMEFT Autumn school, Hubert Ebert



Ludwig I—MU
el Relativistic LSDA+DMFT scheme

Miinchen

(Ho + V3 + 34p) ¥ ( h3 ¢ + En) Py = erthy

(Ho+V,+3X,)¢v, + (hsoc + 2@) Py = ey

3d transition metals: actinides:
e orbital magnetic moments ° * magnetic moments
e magneto-optics of 3d TM Mspin,orbital = 0in Pu 2P

conductivity, Kerr effect e phase transitions:
e photoemission of 3d TM . .

Q-0-€— g
Fano effect, ARPES ° transitions in Pu

e photoemission:

* Savrasov, Kotliar, Abrahams "3-peak’--structure in Pu a,b
> Pourovskii, Katsnelson, Lichtenstein

¢ Perlov, Chadov, Minar, Ebert, Chioncel, Lichtenstein, Katsnelson

2011/10/06 DMFT Autumn school, Hubert Ebert 22
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Relativistic self-energy matrix

3d-electron systems (Ni) 5f-electron systems (US)

unpublished
2011/10/06 DMFT Autumn school, Hubert Ebert
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o effective CPA medium represents the electronic structure of an
configurationally averaged substitutionally random alloy A,B4_

e use mean field description — find best possible single-site scheme

Embedding of an A- or B-atom into the CPA-medium
- In the average - should not give rise to additional scattering

T'n,n

nn nn
TAT, + TBT — TcopA

with the projected scattering path operator 7."

Soven, Physical Review 156, 809 (1967)
2011/10/06 DMFT Autumn school, Hubert Ebert 24
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CPA calculations for Fe Ni__ alloy

Spin magnetic moments

2.5 B

G—© Fe LDA

"3—£] Ni LDA

2 F&—=© total LDA

| @—@ Fe LDA+DMFT
1.5 | =% Ni LDA+DMFT

| #— total LDA+DMFT

Fe content (at. %)

J. Minar et al., PRB 72, 045125

2011/10/06

(2005)

real part of X

",
W 0.2

— Fe

DMFT Autumn school, Hubert Ebert

— Fe,Nig,
— Fe, Ni,,
I 2 i : F— Fel?SNi25
Fe Ni "
1+~ -
0
N,
5 A |
4 0 ’ -10 -5 0
R | |
Fe 2= Ni —
0
ersél -
I [ l [ I 1 I L 1
-10 -5 0 -10 -5 0
energy (eV) energy (eV)
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X

Bloch spectral function of N

LSDA
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J. Braun et al., PRB 82, 024411 (2010)
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il Magnetic moments of Fe, Co and Ni
Spin-moments orbital-moments
Expt: Stearns, 1986
b Expt: Chen, 1995 - 0.15 - -
<1 Expt: Scherz, 2003 N\
2 N ?’: LSDA c N %
| N |7 A2 LSDA+DMFT i i N :
g N 17 Z “ o N
= -0 - £ o \ -
= N 7B = \ \
I N |7 ZIN N N
= N |7 ZIN X . N N
a. L N |7 7N 5 N \
N N 7 8 = \ \
= N \ \
N 7N 7B /8 \ \
0.5 N4 B \ N
N |7 71N I N N
o 78 7B 71\ \ \

"T]
o
®
o
%

Fe Co N1

S. Chadov et al., EPL 82, 37001 (2008)
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. Double counting

M h

LSDA+DMFT
Siz o (@)

— ELSDA—{—DMFT( ) o LSDA—I—DMFT( — O) i ZLSDA+U(OJ — 0)

LSDA+U Z {U1234 — U1342} n3g — 5122]3C

<n >4
<n>0'__ l
E nO'O'
2l—|—1 S mm

Atomic limit Around meanfield
(fully localised limit) " AMF-DC
$AL—DC 11
H :U(N_ <n>0’1)

1 1
:U(N_E)—I_J(NOI_E) _J(N61_<n>0'1)
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(111)-surface of fcc-Ni

0

05

T

s
e

self-energy

LSDA+DMFT-based layer-resolved results

/

/' — Bulk

= 1]

- Surface

. 2

energy (eV)

1.5 i
L 1
8 -6

unpublished

2011/10/06

Spin

= 0.06

p—

: oo o o o o 2o
£0.04
o B |

0.02

and orbital magnetic moments

| ! I ' | ! |

- ® LSDA+DMFT
N ® [ SDA

I I | | | | L
ulk L7 16 LS L4 L3 L2 L1 Surf
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X

Comparison of LSDA-, LSDA+OP- and LSDA+DMFT-based results
with experiment

Spin Orbital
| | |
2251
z o
g_ | :
= 4
1.75 B S04 0P, B, 1596 M
' O-0 LSDA
B LSDA+DMFT | 0.05F 1|
1.5 R I TR N S N SR R y 1 s 11
"0 02 04 06 08 1 0O 02 04 06 08 1
= o X

e Strong enhancement of orbital moments

S. Chadov et al. EPL 82,37001 (2008)
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U=2eV || volume | bulk mod.
J=0.9¢V || (a.u.)® (GPa)
KKR+DMFT
0.08F | —LbA / LSDA 66.86 280
\ - MR USa
;,-;0‘06_ DMFT 76.20 163
(LMTO)
0.02- DMFT 76.28 171
| SNy e (KKR)
062 ¢4 66 | 08 n‘t;a7u)’ 72 74
Expt. 73.52 186

|. Di Marco et al., PRB 79, 115111 (2009)
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e Spin- and Angle-resolved photoemission

radiation source
wave vector q
polarisation X

photo current
g\
Jor (B +w)

mg

5P (7 )

2011/10/06

photo electron detector

wave vector k
% spin state s

.‘.
d3ry | d3rs [TR EEED(’F’laE‘l'w) XQ’A('Fl)

kEmg

SG (7, 72y B) X1 (72) TROEET® (72 E+w)

[1]

m ™ [ & G E) V() B,
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Spin polarisation of photo electrons
due to spin-orbit coupling

spin-resolved angle-integrated

. : ferromagnetic systems
photoemission experiment

circularly
polarized

*

spin polarized
photoelectrons
Detector\ <—> T
semisphere\ SP11 magnetization in plane
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Fano effect in VB-XPS of ferromagnets

Photocurrent and spin-difference Epnot =600 eV

Fe

100

o exp.
- LDA
= LDA+DMFT ¢

0

Intensity (arb.units)
Ln
=)

Spin-difference (arb. units.)

Binding energy (eV)

Intensity (arb. units)

Spin-difference (arb. units)

4_

8 6 4 2 0

Binding energy (eV)

100

50

Intensity (arb. units)

Spin-difference (arb. units)

Ni

o exp.
= [ DA
— LDA+DMFT]

0 8 6 4 2 0 2

Binding energy (eV)

Minar et al., PRL 95, 166401 (2005) - Experiments - N. Brookes et al., ESRF
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“Comparison between experiment and theory Spin-resolved spectra
Single particle (LDA)

EEEROH LAZES RACEH BASAS LARES B
."-.,.-"'-...-.. R hv=21.2eV I 0=0"
. , : rLUX i
o L L e
15 -1 05 O 05 -15 -1 05 0 05 -15 -1 05 0 05 6=10
E-E, (eV) E-E,(eV) E-E,(eV)
Quasi particle (3BS) <
= 0
.l*'._.-'.'-..c et o 0=20
6=5° g 0=27° - 0=58° . .
" =
2>
e 0=30"
o
N TP DI | NP T B B Q
15 -1 05 0 05 -15 =
E-E, (V) —
LSDA+DMFT 0=40’
9:270 oy o®
0=50"
ETENENE INENEN SN S AN ST EN S . PP | ....I....l.-..l..'...l 'EFEN IR ENEN SRS E BN N B RN B\ T PYH | il NS P P PR e
15 -1 05 0 05 -15 -1 05 0 05 -15 -1 -05 0 0.5 2 -15 -1 -05 0 0.5

E-E_ (eV) E-E_(eV) E-E, (V)
3BS, Exp: F. Manghi, J. Osterwalder et al. PRB 59, R10409 (1999)
LSDA+DMFT: J. Braun et al., PRL 97, 227601 (2006)
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. Electronic structure and ARUPS of Fe(110)
Bloch spectral functions Normal emission along I'N (E =26-80eV) '
-3 /I\ / | 3BS 'Z]l,s(sm A ZIT.-'I A 21‘.’3 |EIT3(SS] e sp band Z#

Binding energy (eV)

W —o AN h W o~ o A

e U=1.5eV, J=0.9eV

Intensity (arb.units)

e Agreement between

3BS (F. Manghi) and DMFT

o Tamm resonance (close to E,)

o 5 4 3 2 1 0 5 4 3 2 1 0
e Quantitative agreement for complete Binding Energy (V)  Binding Energy (eV)

BZ along I'N : :
J.S. Barriga, Minar et al. PRL 103, 267203 (2009
2011/10/06 DMFT Autumn sc%ool, Hubert Egert ( ) 36
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Spin integrated spectra for Fe, Co and Ni

Experiment
Fe(110) Co(0001) Ni(l11)
hv (El) % E\-\: (b) Ix r?\\'r} (C)

I'N
053

Ls

b

QpEpEaeseRNaooR Y RARE

™
~

o0 &8 a0 OOSD

BB g gaRgay

S

4 3 2 1 0

Intensity (arb.units)

T
e A T

hy (e)T eory>¢

1

é\l
e
o e et

800000000000 000a0000PD 0000
- ) i a0 T i G B =
> S5 s

T T T T T
543210

Binding Energy (eV)

un et al, PRB in preparation (2011]2/[
06 DMFT Autumn school, Hubert Ebert

Minar: B
20111

rr—reaar
4 3 2 1 0

fec Ni

Fe Co NI

Averaged U

Non-local correlations

| e

@ LSDA+DMFT: improved
description of spectroscopic
data from 3d-ferromagnets

@ Normal emission,
p-pol light

aU_=15¢V,
U,=25eV,U =28eV

@ Need for

non-local correlations
37
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Fano effect Soft X-PES 6eV Satellite
Angle integrated PES Fermi surface in normal emission
00 LSDA+DMFT
@
o exp. : d 7 ] o=t
- — LDA =
= e D ' .
£ A+DM )
; <
E S
S 50 >
z @
: |
£ k=
' | ' | Y |
7 6 5
_ Binding Energy (eV)
: 2[@
s =
i =
£
3 Z
E >
= .4::
& 2
3
=
-0.5 0.0 0.5 1.0 1.5 2.0 — T .
Binding energy (eV) K, (A ; ; é
Binding Energy (eV)
Minar et al, Minar, Braun, Chainani, Shin et al, Barriga et al,
PRL 95, 166401 (2005) PRL, submitted (2011) PRB, in preparation (2011)
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Electromagnet
Invar sample

C.P. X-ray beam
Ge Phase Plate

,.""'1’ -
"1
l"!‘;.‘ VY W

Wiggler (24 poles)
Spin contribution in cross-section

( O ) ( O ) P 2(’“')2@ (&) Japin (P2)
— = LT P O )Jspin\Pz
oQ0p. ).  \99Qdp. ), 0\ ko) =~ 27 epintl

Geometry factor

he

m,c2

Wy = =0 (k,cosacosp — k'cos(a— ¢p)) X (cos¢p — 1)

Magnetic Compton profile
Tin®:) = [ [ (" ) = n*(®) dp.dp,
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il Magnetic Compton profile for Fe and Ni
Fe along [111] direction Ni along [111] direction
0.5 . I . , 0.25 . , . ,
® experiment ® experiment
— LSDA+DMFT — LSDA+DMFT

— LSDA — 0.2} — LSDA il
[111]

04
[111]

: :

g 03 £0.15

2 2

g g

& 0.2 & 0.1

Q ®

= =
0.1 0.05

0 L I 1 | 0 1 | 1 I

momentum p, (atomic units) momentum p_(atomic units)

e MCP ==> direct measure of the ground state spin density
e LSDA+DMFT calculations for U= 2.3eV, J= 0.9eV
e Experimental Data: McCarthy et al., jsr (1997), Dixon et al., jpcm (1998)

Considerable improvement in low momentum regime
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el 6eV satellite contribution to MCP for Ni
Miinchen

Density of states LSDA LSDA+DMFT

T T LI SN L S 0.25 ) ! ) ! 0.25 g T g T

-— LSDA i — total MCP — total MCP

% LS| — LSDA+DMFT i 7 = [-0.4 Ryd,E,] - — [04Ryd E]
E E 7 i _ 0.2 — [04Ryd.E] - : — [04Ryd,E] |
;905 R : 3 [111] 3 [111]
R 03 2 i ] £0.15

0 = S R I 50'15 g
S 1k ﬁ-‘i 1 % T 01
= P! & 0.1 c
a2 F / | 4 9o &)
B I 5 = = 0.05
(_g 0.5 ’/ | .

b=, [ ¢ [ g | T s
%2 0 s -6 -4 2 0 2 4 0
energy (eV) g
0 = L

momentum p, (atomic units) momentum p, (atomic units)

LSDA+DMFT calculations for U= 2.3eV, J= 0.9eV
e Signature of spin polarized 6eV satellite
e Broad contribution of 6eV satellite ==> |localized states

e Similar contribution observed in various directions ==> |ocalized states
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ol Summary

Miinchen

e Combination of KKR-method and LSDA+DMFT

> alloys
> iInhomogeneous systems
> spectroscopy
e Direct comparison to experiment allows to check in particular

e Accuracy of DMFT solver
e Value of parameters U and J
e Type of double counting

e Examples presented

e Spin and magnetic moments

e Equilibrium lattice properties via total energy
* Angle resolved photo emission

e Magnetic Compton scattering
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