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: Starting from First Principles

First-principles calculations )
Density-functional
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@ total energies
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starting from First Principles

First-principles calculations J
Density-functional Many-body perturbation
theory (DFT) J theory (MBPT) J
Ground state One-particle excitations Two-particle excitations:
@ structural properties @ band gaps @ optical absorption
@ total energies @ band structures @ excitonic states
@ charge densities @ densities of states @ loss spectra
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hotoemission Beamline

Systems:
@ insulators
@ semiconductors [ \/\/!\_
® metals gy s ETSF

@ correlated oxides

Dimensions:
Codes: @ bulk

beinitio www.flapw.de ° Surfaces
ﬁ“ leur @ molecules
SPEX

@ nanosystems
=) upto ~ 100 atoms

abinit YaMbogds
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otoemission Beamline

Simulating photoemission

/\

Spectral function J Beyond spectral function J

Quasiparticle (QP) Beyond QPs: Towards reality:
approximation: @ lifetimes @ matrix-element effects

@ QP band structures @ satellites (photmom;atlon

@ QP band gaps (e.g. plasmon cross-sections)

@ DOS satellites) @ extrinsic and

interference effects
» GW method » GW method
=) cumulant expansion @ background



Ission and the Many-Body Problem
=) probe the electronic structure

E + Eon = EN'V 4 Eign + @

detector
Eun
E Ekm
Eph = E,S,N71) - E(gN) +Ein + @ LN@
N——
Es sample
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mission and the Many-Body Problem
=) probe the electronic structure
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emission and the Many-Body Problem

=) probe the electronic structure

detector
=
EéN) + Epn = ENY 4 B+ @ E v
kin
Eph = E,S,N71) - ESN) +Ein + @ %6
N———
fs sample
Eph
EF Evac
Ekll‘l \L EB (p

T

DOS

DOS weighted by
cross sections

intensity

background
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emission and the Many-Body Problem

=) probe the electronic structure

detector
Eon
EéN) +En=E""" 4 B+ o E v
kin
En=E""—EMiEi+o Q‘@
N— ——
fs sample
Eph
EF EVaC
Eain | Es ¢

DOS

DOS weighted by
cross sections

intensity

background
Evem Ecam

kin

» requires full solution of the interacting many-body problem: ESN), EN-D
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antity: Green’s Function

Green's function: G(r1ty, rabo) = 7 (N| T 9(r1t) ¥ (ratz) |N) |
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ntity: Green’s Function

Green's function: G(r1ty, rabo) = 7 (N| T 9(r1t) ¥ (ratz) |N) J
Electron propagator:

(N[9(rity) Yt (ratz) [N)

rt
ryt, ©
C)
electron addition

mp inverse photoemission
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tity: Green’s Function

Green'’s function: G(rity,r2b) = % (N| T (rity) T (rata) |N) J

Electron propagator: Hole propagator:
(N[Y(ritr) " (rat2) |N) (N[*(rat2) (rty) [N)
ry t, ‘t
) by
A o
© ®
electron addition
mp inverse photoemission

electron removal

=) photoemission
D



Function and Quasiparticles

real space reciprocal space

Spectral function: A(w) = Tr |Im G(w)| )

Density of states: DOS(w) ~ A(w) J

non-interacting particles

weak correlations
QP peak
weak satellite

N

spectral function

strong correlations

dominating satellite

N

CuO photoemission

intensity

15 10 5
energy [eV]

N
oL

Experimental data:
Ghijsen et al., PRB 38, 11322 (1988)
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Function and Quasiparticles

real space

screening ®

@
D
®
®

@
® a
®

Spectral function: A(w) = Tr |Im G(w)| )

reciprocal space

Density of states: DOS(w) ~ A(w) J

non-interacting particles

weak correlations
QP peak
weak satellite

N

spectral function

strong correlations

dominating satellite

N

CuO photoemission

intensity

15 10 5
energy [eV]

N
oL

Experimental data:
Ghijsen et al., PRB 38, 11322 (1988)
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Function and Quasiparticles

non-interacting particles
real space reciprocal space
c
quasiparticle ®© Em ® 5 | weak correlations
S QP peak
® g@ ¢ ‘%’ ®© | weak satellite
Q.
& e ® ® @ strong correlations
/dominating satellite
Spectral function: A(w) =Tr [Im G(w)| | 2 CuO photoemission
2
L
£
o b e e e e
20 -15 -10 -5 0

Density of states: DOS(w) ~ A(w) J energy [eV]

Experimental data:
Ghijsen et al., PRB 38, 11322 (1988)
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otoemission Beamline

Simulating photoemission

/\

Spectral function J Beyond spectral function J

Quasiparticle (QP) Beyond QPs: Towards reality:
approximation: @ lifetimes @ matrix-element effects

@ QP band structures @ satellites (photmom;atlon

@ QP band gaps (e.g. plasmon cross-sections)

@ DOS satellites) @ extrinsic and

interference effects
» GW method » GW method
=) cumulant expansion @ background



unctional Theory (DFT)

interacting

non-interacting
many-body system Kohn-Sham system
® @EV@ e | N | e © ¢
y g ©
@@L% © © C
Kohn-Sham equations:
72
[_2m0

occ

Kohn, Sham, Phys. Rev. 140, A1133 (1965)
A + Vext(r) + Vau(r, [n]) + Vxel(r, [n])} k() = enk Pnk(r)
density:  n(r) = |ou(r)[? p

nk

self-consistent solution
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unctional Theory (DFT)

interacting

non-interacting
many-body system Kohn-Sham system
® @EV@ e | N | e © ¢
y g ©
@@L% © © C
Kohn-Sham equations:
72
[_2m0

occ

Kohn, Sham, Phys. Rev. 140, A1133 (1965)
A + Vext(r) + Vu(r, [n]) + Vxe(r, [n])} Prk(F) = nk pri(r)
density:  n(r) = |ou(r)[?
nk

-

self-consistent solution
Exchange-correlation potential Vyc?

@ local potential Vxc(r, [n]): LDA, PBE, ...
@ non-local potential Vxc(rr’, [n]):

@ hybrid functionals (PBEO, HSEOS, ...)

@ on-site term U for localized orbitals (LDA+U, ...)
D
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unctional Theory (DFT)

interacting

non-interacting
many-body system Kohn-Sham system
® @EV@ e | N | e © ¢
y g ©
@@L% © © C
Kohn-Sham equations:
72
[_2m0

occ

Kohn, Sham, Phys. Rev. 140, A1133 (1965)
A + Vext(r) + Vu(r, [n]) + Vxe(r, [n])} Prk(r) = enk rik(r)
density: n(r)=>_len(r)f® =

nk
Problems:

self-consistent solution

@ Kohn-Sham band structure has no physical meaning (strictly speaking)
@ band-gap problem: strong underestimation of band gaps
# electron addition and removal properties wrong
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Why more than DFT?

T B<-0b i
m<O0e0 -
L Zn_quIWw, " . = [
puowelp—-. W g
SUZ'NED'OUZ 25 . H .
1gno osuz-55 F i
| SPO'dIV'OIS'dED w<_<|$ ﬂ

Ocnd m,w i
qSIV'1pD'SYED du| =28 _ml_v ‘ 0

OPD'qSEY ‘99 NU| =S, 1
SYU|'d'qSu| =B, 1
2| bH Iv =l

oo O = ol o
(A8) deb pejenojeo

experimental gap (eV)

adapted from M. van Schilfgaarde et al., PRL 96 (2006)



Intensity (arb.units)

Why more than DFT?

Uy ! W<

LDA = “band theory” ?

chErEint
| k ! UEH .'Iw > lI

i N | YTIO;

3 2 1 0 -1

Binding Energy (eV)

Fujimori et al, PRL 69 (1992)



rticle Excitations

© e OSwg

N-particle system

/@
@ e =)
@@.@6
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(N-1)-particle system
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rticle Excitations

screening ®
e e Gwg e g® o
5 ® @%@ o|—>| © e%° o
® e ® C} ®
N-particle system

(N-1)-particle system
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ticle Excitations
@

quasiparticle

e Gwg e o9 o

5 ® %@ o|—>| © e%° o

® e ® e e

N-particle system (N-1)-particle system
Quasiparticle equation
h2

-~ 2mp

5 A + Vex(r) + Wu(r ):| Pnk(r

/dr T(rr',w = en/h) onk(r) = enk ok (r)
Problems:
@ self-consistent solution

@ exchange and correlation: non-local and frequency-dependent self-energy

@ no explicit expression for the self-energy
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GW Approximation

Self-energy: ¥ ~ ihG W J
Green’s function G(r1t;, rgtg)J

Dynamically screened
Coulomb interaction W(r{rz,w)

J

Hedin, Phys. Rev. 139, A796 (1965)

Hedin, Lundqvist, Solid State Phys. 23, 1 (1969)
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GW Approximation

Self-energy: ¥ ~ ihG W J
Green’s function G(r1t;, I'gtg)J

Electron propag.: (N|y(rit;) ¥ (ratz) |N)

Dynamically screened

Coulomb interaction W(r{rz,w)
ry t1

rt, ©

©

J

Hole propag.: (N| ™ (rate) (rity) |N)

.t
iy 1,

@

Hedin, Phys. Rev. 139, A796 (1965)

Hedin, Lundqvist, Solid State Phys. 23, 1 (1969)
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W Approximation

Self-energy: ¥ ~ ihG W )

Green’s function G(r1 4, rgtg)J

Dynamically screened
Coulomb interaction W(rqrz,w) ’
Electron propag.: (N|y(rit;) ¥ (ratz) |N)
ry t1
rt, ®
e

W(I’1 rg,w) = fdl’s 5’1(r1 rs,w) V(I’s — I’2)

6 © @@@@@
Hole propag.: (N| ™ (rate) (rity) |N)

2
050 ©
© 5 @609
®
mﬂ\/rztz

Hedin, Phys. Rev. 139, A796 (1965)

Hedin, Lundqvist, Solid State Phys. 23, 1 (1969)
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aW Approximation

Self-energy: ¥ ~ ihG W )
Green’s function G(r1 4, rgtg)J

Dynamically screened
Coulomb interaction W(rqrz,w)
Electron propag.: (N|y(rit;) ¥ (ratz) |N)

r1rt1
rt ©
(]

W(I’1 rg,w) = fdl’s 5’1(r1 rs,w) V(I’s — I’2)

© © 0990
® o ©06%

©

Hole propag.: (N| 4" (rat2) ¢(rit1) [N) = @@@ ©
© e 00709

®
ity I’z/fz
Hedin, Phys. Rev. 139, A796 (1965)

=) main contribution:
dynamical screened exchange
(Hartree-Fock: e~ (ryr3,w) = 1)
Hedin, Lundquist, Solid State Phys. 23, 1 (1969)
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more than DFT?

@
< |- MgO”” . _
AIN _
i = Ny ok -
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experimental gap (eV)

adapted from M. van Schilfgaarde et al., PRL 96 (2006)



Intensity (arb.units)

Uy ! W<

%, coherent
LY ! Uy IW=1

- W | YTiO

3 2 1 0 -1

Binding Energy (eV)

Fujimori et al, PRL 69 (1992)

LDA = “band theory” ?

Also missing physics!



Irftensity (arb.units)

Binding Energy (eV)

Fujimori et al, PRL 69 (1992)

LDA = “band theory” ?

Also missing physics!

Exchange + Correlation

Mott insulators?



The role of nonlocal exchange

Intensity (arb. units)

LIS S A R BN B I L
LaTl()3 —iDAl | | b)
— HSE
hv = 1487 eV |— XPS

Intensity (arb. units)

— XPS
— - LDA tot
— HSE tot

F. Iori, M. Gatti and A. Rubio, PRB 85 (2012)
Exp. from H. Roth PhD thesis — K&ln 2008




3.0~

1.0}

2.0f

0.0k

ARPES vs. band structure: ZnO

L L UL DL B B B
— Experiment
— Theorie

Binding energy

-5 -4 -3 -2 -1 0 1
Energie (eV)

Exp from M. Kobayashi, et al. Proceedings of the 29th International
Conference on the Physics of Semiconductors (2008)
André Schleife PhD thesis, University of Jena (2010)



otoemission Beamline

Simulating photoemission

/\

Spectral function J Beyond spectral function J

Quasiparticle (QP) Beyond QPs: Towards reality:
approximation: @ lifetimes @ matrix-element effects

@ QP band structures @ satellites (photmom;atlon

@ QP band gaps (e.g. plasmon cross-sections)

@ DOS satellites) @ extrinsic and

interference effects
» GW method » GW method
=) cumulant expansion @ background



Correlation ... 3-Particle Problem
[ e ]

Romaniello et al., PRB 85, 155131 (2012)
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Correlation ... 3-Particle Problem

Romaniello et al., PRB 85, 155131 (2012)

o ¥ =ihGW

@ plasmon satellite series
Langreth, PRB 1, 471 (1970)
Aryasetiawan et al.,
PRL 77, 2268 (1996)
Guzzo et al.,
PRL 107, 166401 (2011)
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Correlation ... 3-Particle Problem

[ ¢ ] [ a1 or-haw
@ plasmon satellite series

Langreth, PRB 1, 471 (1970)
‘\ | Aryasetiawan et al.,

® ® | PRL 77, 2268 (1996)

Guzzo et al.,

PRL 107, 166401 (2011)

@ Y =/ihGT
@ hole-hole or electron-hole
T matrix

@ 6eV satellite in Ni
Springer et al., PRL 80, 2389 (1998)

Romaniello et al., PRB 85, 155131 (2012)
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| Function ... Plasmon Satellites

CuO
1.7 e
1.6 satellite QP 1
151 | |
14r % AN
13-  XPS / ]

5 1.2 i i P

g 11F cﬂ_?pl’z oA . .

&, s L S L @ satellite: response of the material

1- o I-’ H E-"s 7] . .

Qo9 Cu 2p3,yf \ ity to the photoemission hole

X 0 AL Al ] S

X o8k ~ :\\: remaining in the system

3 s e o

07 valence , -.‘ i mp plasmon excitations
0.6 n ,

E sl @ prominent loss peaks should
0.4l Valence appear in satellite structure
0.3[

0 2; Experimental data:
: Siemons, PhD thesis (2008)
0.1~ Ghijsen et al., PRB 38, 11322 (1988)
coc b e b L L
T TR T, B L Shen et al., PRB 42, 8081 (1990)

energy [eV]
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Uy I W << 1

ntensity (arb.units)

t‘:ﬂhErEint
k ' Uqﬂ FW =1

d+o" N | YTIO,

3 2 1 0 -1

Binding Energy (eV)

Fujimori et al, PRL 69 (1992)

Correlated metals:
Satellites?



Correlation =
coupling of excitations

Adding/removing electrons: reaction of all the others

Quasiparticle |

Plasmons
e (waves of charge)




Dynamical correlation: VO,

Metal-Insulator transition in VO2

VO, s E, — Insulator
‘ D T — Metal
Experiment #x* —
hv =700¢V § =
$ =
0 _. y A >
: N § 3
0 %% =
E i w: '_':
> A
‘5 - —R phase (T =348 K)
2| . -— M, phase (T =300K)
; 1 ; 1 . 1 i 1 i . . L | ! l L | ! l L | !
2 10 8 o6 4 ¥ o 14 12 10 8 6 4
Binding Energy (eV) Energy [eV]

| | - | Spectral function
M. Gatti, G. Panaccione, and L. Reining (submitted)



-Im (1/gpy)

Dynamical correlation: VO,

Metal-Insulator transition in VO2
-Im £7(q,w) IXS/EELS e —

L s 7 e e e T e ]
" Metal GW-LDA —— [ (®) VO, (T=350K) — Insulator
06 Insulator GW-COHSEX —— Sl | N _ — Metal
z | =z
Bozt / 1 %
/\ 1 _
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—" ~
Z
=
2
0.2 + = \
0 0 1 | I l 1 | I l 1 | I I I | I
-14 -12 -10 8 -6 A4 0 2 gl

Energy [eV]

W(r, ' w) = £2(r,r v(|r-r|) Spectral function



-Im (1/gpy)

Dynamical correlation: VO,

Metal-Insulator transition in VO2
'Im8'1(q,00) IXS/EELS L e e

r.
e ) Insulat '
vietal LVv-LUA | (b) VO, (T=350K) 1 = 1nsulator
06 | Insulator GW-COHSEX —— " N | = Metal /
= 1 bt
5 g o
- 7.0 L
04 r o
15 [—
b
%
z I
= A
02+ = .
/
/
~/
0 I 1 1 | | | | | - . |
0 05 1 15 2 25 3 35 4 : : : ' : ' — ' '
.y ‘14 -12 -10 8 6 -4 0 2 4

Energy [eV]

W(r,F w) = £2(r,r v(|r-r|) Spectral function
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See Francesco's talk

Ralf Hambach, PhD thesis, Ecole Polytechnique (2010)



otoemission Beamline

Simulating photoemission

/\

Spectral function J Beyond spectral function J

Quasiparticle (QP) Beyond QPs: Towards reality:
approximation: @ lifetimes @ matrix-element effects

@ QP band structures @ satellites (photmom;atlon

@ QP band gaps (e.g. plasmon cross-sections)

@ DOS satellites) @ extrinsic and

interference effects
» GW method » GW method
=) cumulant expansion @ background
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cluding Photoionization Cross-Sections

3 3

K] g

8 8

[70]

8 8

a a

B0 1510 5 0 5 10 15 20 3025201510 -5 0 5 10 15 20

R — —————

UPS (21.26V) _ Theory

= — B 3

Fel Ee

& 8

> >

% O I R g

€10 8 6 4 2 0 2 210 8 6 4 =2 0 2

T T L B e o o o e o T e e e e e

2 [ xpstuasslev) 2 [xpsageseyy T
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3 3

o o

E L 1 L | L L & [T N N
6 4 2 0 2 12108 6 420 2
I o e A, | " F——
30 5 20 -5 10 5 0 28 24 20 A6 12 8 4

Energy (eV) Energy (eV)

Rédl et al., Phys. Stat. Solidi A 211, 74 (2014)



Matrix elements: V203

PM phase

T=200K

QP
HB
| =

|
5034 eV -10 -8 6 -4 ) 0
)

-=-Vd %o " B B P |

E - Er (eV)

E. Papalazarou, et al., PRB 80 (2009) - -E_E eV)
F



Getting closer to
what is really measured

800 eV XPS
Theory —

I ] _/\/\/\f\ ] ] 1
-60 -50 -40 -30 -20 -10 0
o (eV)

Spectral function



Getting closer to
what is really measured

L MF‘W\. =1

800 eV XPS |
~ —— THEO
THEO+BG ——

oo BB

-60

-60

-40 -30 -20 -10 0

+ Background



Getting closer to
what is really measured

800 eV XPS v
THEO —— _ _
— THEO+BG f

THEO+BG+o

W (eV)
+ Matrix elements



Getting closer to
what is really measured

"800 eV XPS X
Full calculation e
)
: 5'
-E. WY
g T
B
iy Satellites Valence
bands
60 -50 -40 -30 20 10
o (eV)

+ Interference/extrinsic effects



Getting closer to
what is really measured

Spectral function Photocurrent

'800eV XPS X
Full calculation e

800 eV XPS -
Cumulant-bare

2

c

3

2

8

23 -

- Satellites Valence

bands

-60 -50 -40 -30 -20 -10 0 -60 -50 -40 -30 -20 -10

o (eV) o (eV)

M. Guzzo, et al, PRL 107 (2011)




Correlation =
coupling of excitations

Adding/removing electrons: reaction of all the others

Quasiparticle |

Plasmons
e (waves of charge)




Correlation =
coupling of excitations

Adding/removing electrons: reaction of all the others

-

Quasipa rticle

Plasmons
e (waves of charge)

Excitons
. Orbitons
More = Magnons

couplings... PRI




Outlook: coupling with other excitations

0.1

minority spin

-50.0 -30.0 -10.0 10.0
o [eV]

6 eV satellite in Ni: 2-hole bound state

Springer, Aryasetiawan, Karlsson, PRL 80, 2389 (1998)
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Interacting particles
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Interacting particles




Interacting particles




@ Add one primary electron e, spin |
@ Disexcitation (e, ) — (€', ])
@ Creation of electron-hole pairs e»>-h

f in both spin channels.

P ?
'~Lh ._ld.,h 2 Note

@ primary electron: final spin = initial

spin (no spin flips)

@ no interaction between primary
electron and secondary particles

@ analogously for additional hole

Spin up Spin down




Spin up

Spin down

@ Add one primary electron e, spin |
@ Disexcitation (e,]) — (e2,])

@ Creation of electron-hole pairs e;-h
In both spin channels

@ Interaction between primary electron
and hole of electron-hole pair (A,B)

@ Interaction between primary electron
and electron of electron-hole pair (C)

@ (B) spin flips: coupling with
spin-waves, magnons, paramagnons

@ analogously for additional hole




e Assumption: the bare signal produces a constant flux
of secondary electrons at all energies

e The background is added to the theoretical spectrum
(overall factor fitted to experiment)




eutral Electronic Excitations
EonKon ® Inelastic scattering of )

Ili, Electrons X-rays

2 @ electron-energy @ non-resonant
o— loss spectro- inelastic x-ray
hw,q scopy (EELS) scattering (IXS)
% o lowq @ large q
Eph'hw,kph'q

# charge density fluctuations (interband transitions, excitons, plasmons)

charge-density response function x(rirz, t; — f)

X(r1 ro, 4 — tg) = % <N| 'TA/'I(H7 t1)An(r2, tz) |N>
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eutral Electronic Excitations
EonKon ® Inelastic scattering of )

Ili, Electrons X-rays

2 @ electron-energy @ non-resonant
o— loss spectro- inelastic x-ray
hw,q scopy (EELS) scattering (IXS)
% o lowq @ large q
Eph'hw,kph'q

# charge density fluctuations (interband transitions, excitons, plasmons)

charge-density response function x(rirz, t; — f)
X(r1 ro, t — tg) = % <N| 'TA/'I(H7 t1) An(rg, tz) |N>
loss function — Ime~'(q, w)

e '(q,w) =1+ v(q)x(qg,w)
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eutral Electronic Excitations

=) . ]
EonKon Inelastic scattering of )

Ili, Electrons X-rays

2 @ electron-energy @ non-resonant
o— loss spectro- inelastic x-ray
hw,q scopy (EELS) scattering (IXS)
% o lowq @ large q
Eph'hw,kph'q

# charge density fluctuations (interband transitions, excitons, plasmons)

charge-density response function x(rirz, t; — f)

X(r1 ro, 4 — tg) = % <N| 'TA/'I(H7 t1)An(r2, tz) |N>

loss function — Ime~'(q, w)

dynamic structure factor S(q, w)
e'(a,w) =1+ v(a)x(aq,v)

S(q,w) ~ x(aq,w)
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