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|. Introduction:

Key many-body effects

e Core-hole effects ---- Excitonic effects, Screening
e Self-energy 2(E) ---- Mean-free path, energy shifts
e Phonons, disorder ---- Debye-Waller factors

e Excitations Inelastic losses & satellites



“You can judge a many-body theory

by how it treats the satellites. ”

Lars Hedin (1995)
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Motivation: Failure of ground-state DFT in XAS;

need for inelastic losses

XAS at K edge of Cu
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Starting point for core-XAS calculations:

Quasi-particle final state Green’s function

%,

Golden rule via Green’s Functions G=1/(E-h'-2")

Golden or XAS via unctions

F710)e - x| f) |26 (E =

Paradigm shift:

u(E) ~ —%Im (i€ - G(r',r,E)e-rli)

Final state &' includes core-hole AND
energy dependent self energy 2(E)



Many-pole GW Self-energy 2(E)*

Efficient GW approximation for
“Extrinsic Losses”

Sum of plasmon-pole models
matched to loss function

S(E)=iGW=X"-iTI

W=¢gly

E) (&)
L - S

Extension of Hedin-Lundqgvist = -}

GW plasmon-pole model

*JJ. Kas et. al, Phys Rev B 76, 195116 (2007)
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Self-energy fixes systematic shifts & broadening

due to self-energy in XAS

g . T T T T T ] . |
Exp +

PARATEC G ——
<—DFT PARATEC-MB corroctions

U(E) (arb u.)

1 ?:1 0 1 ?:20 1 :;30 1 6:4'0 1?:5{] 1 f::ﬁ[}
E (eV)
*J. J. Kas, J. Vinson, N. Trcera, D. Cabaret, E. L. Shirley, and J. J. Rehr,
Journal of Physics: Conference Series 190, 012009 (2009)



Core-hole potential - RPA'W

Tungsten metal (Y. Takimoto)

Potential (Hartree)

Unscreened

RPA ala Stott-Zaremba

————————————————— Fully screened FEFF8

R (bohr)

cf. Screened core hole W in Bethe-Salpeter Eo

Improves on final state rule, Z+1, half-core hole




Phonon effects: Debye Waller factors in XAS

An Initio Determination of Extended X-Ray Absorption Fine Structure Debye-Waller
Factors®

2 2 Fernando D. Vila, G. Shu, and John J. Rehr
e—za k Department of Physics, University of Washington, Seattle, WA 98195
H. H. Rossner and H. J. Krappe

Hahn-Meitner-Institut Berlin, Glienicker Strasse 100, D-14109 Berlin, Germany
(Dated: August 23, 2005)

=—J o? ot g Many pole model

for phonons

P(“’Z):<Qi ‘5( " D)Qi>

= {6 —step Lanczos recursion — i VDOS

p(v) (arbitrary units)

D dynamical matrix < ABINIT ‘ ‘ \H
n LAY

*Phys. Rev. B 76, 014301 (2007)



Amplitude discrepancy in EXAFS

Observed fine structure smaller than QP theory

FT EXAFS
Copper K edge, 10 Kelvin
‘ I
S 2 ~ O 9 —— Single Particle
0.1 — 0 ) . —— Inelastic Losses ]
) “ ~ Experiment

chi (unitless)

o
o
v

Path length (Angstroms)



ll. Inelastic losses and satellites

Q How to treat losses beyond the
GW-quasi-particle approximaton ?

Approach: Improved Green’s function G(E)
iIncluding satellites in spectral function

A(w) = (1/z) Im G(E)

Two methods: GW + Dyson Eq.
Cumulant expansion



Which Green’s function ?

GW + Dyson vs Cumulant*

GW Cumulant
G(w) =G,+ G, X G G(t) = G, (t) €1
2V =iGW C ~ [Im XCW]
W =¢e¢lvu
No vertex I'=1 Implicit vertex

*Recent review and new derivation, see J. Zhou et al. J. Chem. Phys. 143, 184109 (2015).



Answer: XPS expt: Cumulant wins

Phys Rev Lett 77, 2268 (1996)

Multiple Plasmon Satellites in Na and Al Spectral Functions
from Ab Initio Cumulant Expansion

F. Aryasetiawan,'> L. Hedin.! and K. Karlsson®

. . Na XPS
Quasi-particle peaks of both ekl
GW and C agree with XPS expt | b)

GW falls for satellites: only one
satellite at wrong energy

A(E)

Cumulant model agrees with
experiment: multiple satellites

w, apart




Reviews & references for cumulant Green’s fn

J. Phys.: Condens. Matter 11 (1999) R459-R528

On correlation effects in electron spectroscopies and the
G'W approximation

Lars Hedin
Department of Theoretical Physics, Lund University, Solvegatan 14A 223 62 Lund, Sweden

THE JOURNAL OF CHEMICAL PHYSICS 143, 184109 (2015)

Dynamical effects in electron spectroscopy

Jianglang Sky Zhou,'%2' J. J. Kas,?® Lorenzo Sponza,* Igor Reshetnyak,'? Matteo Guzzo,”
Christine Glorgettl,'? Matteo Gattl,’%*® Francesco Sottile,'# J. J. Rehr,??

and Lucla Relning'#

1L aborataire des Solides Irradiés, Ecole Polytechnique, CNRS, CEA-DSM-IRAMIS, Université Paris-Saclay,
F-91128 Palaisean, France

fEi:mpmn Thearetical Spectroscopy Facility (ETSF)

“Department of Physics, University of Washington, Seartle, Washingron 98195-1560, USA

‘Deparrment of Physics, King's College London, London WC2R 2LS, United Kingdom

“Instituz fiir Physik und IRIS Adlershof, Humboldr-Universitdt zu Berlin, D-12489 Berlin, Germany
“Synchrotron SOLEIL, L’ Orme des Merisiers, Saint-Aubin, BP 48, F-91192 Gif-sur-Yvette, France



Why does it work: Quasi-boson approximation

IDEA: Neutral excitations - plasmons, phonons, etc.
can be represented as bosons

Theorem:* Cumulant representation of core-hole Green’s
function is EXACT for electrons coupled to bosons
*D. C. Langreth, Phys. Rev. B 1, 471 (1970)

Corollary: also valid for valence with recoll approximation.

Physics:** GW approximation describes an electronic-polaron:
electrons coupled to density fluctuations modeled as bosons

**B. |. Lundqvist, Phys. Kondens. Mater. 6 193 (1967)



Cumulant expansion properties

et —w't —1

rFE T

T w
. | 1
Excitation spectra (GW 2)  fr(w) = —[Im X (w +€x)]

Gr(t) = gickteC(®) C(t) = /dm’ﬁ{m’}

Landau formula for C(t)

Spectral Function

dt .. L et gt —1

*For diagrammatic expansion of higher order terms, see e.qg.
O. Gunnarsson et al., Phys. Rev. B 50, 10462 (1994)



Retarded Cumulant Approximation*

PHYSICAL REVIEW B 90, 085112 (2014)

Cumulant expansion of the retarded one-electron Green function

J.J.Kas,""" I. ]. Rehr,""*" and L. Reining™**
' Department of Physics, University of Washington, Seattle, Washington 98195, USA
European Theoretical Spectroscopy Facility (ETSF)
3Laboratoire des Solides Irradiés, Ecole Polytechnigue, CNRS, CEA-DSM, F-91128 Palaiseau, France

Retarded GF formalism Spectral function
plasiaron ——— DA
1r %':___;_____— 3__157
Gl = —'.!'.If;{f}f_-‘._ui'“llft’;‘.{:;izm._ . Kkr = 0.0 ) o Jec
Cf{t] — dw Bi [;} (e7 "W 4 qut — 1), s F_M;F=1-D' _ ;-\‘/Dv
W ! Kikg = 1.25
]. kikp = 2.0
Br(w) = = [ImEg(w +ex)]. 2 TR

Retarded cumulant builds in particle-hole symmetry



Electron-gas quasi-particle properties*

Retarded cumulant has good n, and Z,
& pretty good correlation energies

1
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Example: Multiple satellites in XPS of Si

week ending

PRL 107, 166401 (2011) PHYSICAL REVIEW LETTERS 14 OCTOBER 2011

Valence Electron Photoemission Spectrum of Semiconductors: Ab Initio
Description of Multiple Satellites

Matteo Guzzo.">* Giovanna Lani.' Francesco Sottile,"? Pina Romaniello.?**> Matteo Gatti.*? Joshua J. Kas,’

52 . 1 6 6 . . .12,
John J. Rehr,”” Mathieu G. Silly,” Fausto Sirotti,” and Lucia Reining "'

800 eV XPS X
Full spectrum e
Intrinsic only == ="

J (w) (arb. units)

Multiple Satellites

-60 -50 -40 =30 -20 -10 ]
® (eV)

Problems GW: only one broad satellite at wrong position
C. position ok but intensity too small

. . Lucia Reining




lll. Particle-hole cumulant theory

Q: How to calculate all inelastic losses and
satellites in x-ray spectra ?

Problem: Single-particle cumulant in XPS (or
XAS) only has intrinsic (or extrinsic) losses and
ignores interference: Need to include all losses.

Extrinsic + Intrinsic - 2 X Interference



Hedin suggestion: quasi-boson method

with intrinsic, extrinsic and interference

Explanation of XAFS many-body amplitude factor:* .., =y » S¢°

EXTRINSIC AND INTRINSIC PROCESSES IN EXAFS Cppee R i 10 s
Lars Hedin, Dept of Theoretical Physics, University of Lund, Sweden ‘ ‘ | |

Physica B 158 (1989) 344-346
North-Holland, Amsterdam

! .
Path length (Angstroms)

The importance of correlation effects in spectroscopies like EXAFS and photoemis-
sion is well recognized. The two main mechanisms are shake-off (in which we in-
clude skake-up) when the photoelectron is created, and energy loss of the propa-
gating electron. Shake-off is clearly impossible at threshold, due to lack of energy.
For photoemission often the "Spicer three-step model” is used, (1) creation of the
photoelectron (including shake-off), (2) propagation to the surface (including los-
ses), and (3) passage through the surface (including losses). Langreth [1] has
pointed out that one should add the amplitudes for (2) and (3), and not, as in the
Spicer model, convolute their squares, the probabilities. This effect is important
primarely at threshold.

*J.J. Rehr, E.A. Stern, R.L. Martin, and E.R. Davidson, Phys. Rev. B 17,560 (1978)



Starting point: GW/BSE
Particle-hole Green’s function w/o satellites

Ingredients:  Particle-Hole Hamiltonian
H=h,-h, + Vg Nem = & + 2ok
2 GW self-energy
V., =V, +W Particle-hole interaction




OCEAN: core-level GW/BSE code

PHYSICAL REVIEW B 83, 115106 (2011)

Bethe-Salpeter equation calculations of core excitation spectra

J. Vinson, J. J. Rehr, and J. J. Kas
Department of Physics, University of Washington, Seattle, Washington 98193, USA

E. L. Shirley
National Institute of Standards and Technology (NIST), Gaithersburg, Maryland 20899, USA

L ©) | | 'ﬂﬂEAmgf:fg S *Obtaining Core Excitations
n i ' from ABINIT and NBSE
g OCEAN .......... _ PW-PP + PAW
B B/ A R + MPSE + NBSE
oo ' FEFF9 ]
G0 ?I.:ID 'r'.EEI 'r':lﬂ T.E{I' TBO
Enzrgy {2V}

*J. Vinson et al. Phys. Rev. B83, 115106 (2011)



Particle-hole cumulant in XPS*

Europhys J. B 85, 324 (2012)

Plasmon Satellites in Valence-band Photoemission Spectroscopy

Ab Initio study of the photon-energy dependence in semiconductors

Matteo Guzzo?, Joshua J. Kas®, Francesco Sottile’:?, Mathieu G. Silly?, Fausto Sirotti*, John J. Rehr?, and Lucia

{Jk(m}} = Z ﬂﬂ'k{]ﬁf E—a/ Ei{wu—ﬂa—l—eg-}f
J0O e

i

Reining!+?

X exp ]jfl-;;(w)(e_wt —1) dw} dt dz,
Kernel y(w) with extrinsic, intrinsic and interference terms

(@) = 3 1978 (w — wg) = ™ +AE7 + A
q

*L. Hedin, J. Michiels, and J. Inglesfield, Phys. Rev. B 58, 15 565 (1998).



Quasi-boson method for particle-hole GF*

" no_, . 1
e Excitations: H, = Spwpal ay V! —-Im &X(w,,q,)

. o
o Electrons: I = Zyepclcy fluctuation potentials
e e-boson coupling Vp, = X [V nal + (Vi)ta, ]chk;

e Core-hole-boson coupling: V. = —E,Vj} (a} + a,)

Partition contributions INto Intrinsic + Extrinsic + Interference

K (W) = Z

q

2

Ve
d(w — wy)

Vg(w

— Tc(w} + A.f"k{"-‘-") + Tc.it{“*'}

Wy

* L. Hedin, J. Michiels, and J. Inglesfield, Phys. Rev. B 58, 15 565 (1998)



Example: Satellites in XPS of Si again

week ending

PRL 107, 166401 (2011) PHYSICAL REVIEW LETTERS 14 OCTOBER 2011

Valence Electron Photoemission Spectrum of Semiconductors: Ab Initio
Description of Multiple Satellites

- - - - 5
Matteo Guzzo.">* Giovanna L-:lnl 2 Francesco Sottile,"? Pina Romaniello,>? Matteo Gatti,*? Joshua J. Kas.*

. . 6 . . 6 . . .12,
John J. Rehl, Mathieu G. Silly,” Fausto Sirotti,” and Lucia Reining '

800 eV XPS X
Full spectrum — ee—
Intrinsic only =—-="

Si

J (@) (ar. units)

T T | QUGSIP nticle peaks
Multiple Satfllites

60 50 a -30 20 10 0
. o (eV)
Success for particle-hole cumulant: good agreement
only if extrinsic and interference terms are included



Particle-hole cumulant in XAS*

PHYSICAL REVIEW B 94, 035156 (2016)

Particle-hole cumulant approach for inelastic losses in x-ray spectra

J.J. Kas," J. J. Rehr," and J. B. Curtis’
' Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
?Department of Physics, University of Rochester, Rochester, New York 14927, USA

G (t) = G (t)eCx® C(t)= / dw Vi (w)(e™" — iwt — 1)
C(t) = Ce(t) + Cp(1) + Ciy
All losses in particle-hole N R

12 b Exp. —+—

spectral function Ay {\f o
roa ! ' e // "
pw) = /dw A (W )pg(w —w') S oo NIO

!

0.2 r

* cf. L. Campbell, L. Hedin, J. J. Rehr, and W. O 0 @ w0 @ e
Bardyszewski, Phys. Rev. B 65, 064107 (2002) ol



Theory of many-body amplitude factor

 Many-body XAS = Convolution
p(w) = f(?odw,AN(wa w’),qu(w —w')

= (Hgp(w)) = tap(®) Sp*(w)

 Explains crossover. adiabatic S(w) =1
to Sudden transition S.2(w) =0.9

ng |2: |gqext |2 .\ | gqintrin |2 ] 2 gqext gqintrin

Interference reduces loss!



Many-body amplitude factor Sy?

MS Nano Proceedings, Springer (in press 2017)

Cumulant approach for inelastic losses
in x-ray spectra

John J. Rehr and Joshua J. Kas

S5 (R) :/ dwfrflm(w._wf)em“‘"'i“_“’r)—k(w}]ﬂ

0
1
0s | e -2RIL.Sy?
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I
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Intrinsic losses: real-time TDDFT cumulant

PHYSICAL REVIEW B 91, 121112(R) (2015)

Real-time cumulant approach for charge-transfer satellites in x-ray photoemission spectra

J.1. Kas,! E D. Vila,! J. J. Rehr,! and S. A. Chambers?
! Department of Physics, University of Washington, Seattle, Washington 98195-1560), USA

*Physical Sciences Division, Pacific Northwest National Laboratory, Richland, Washington 99352, USA -

Langreth cumulant in time-domain*

el et — jwt — 1 et — gt — 1
Ct) =2V, qrfﬂfw-ﬂitr-. q',w) 2 = /dwﬂ{wﬁp -

AL
q.q’

| |
) :
B(t) = “r;'fﬂ . f BrV (r)8p(r. t) TIO, |
] i r
= | I Y D = - W

I|~|| |I]|II|I| |'|In|I|II Lﬂﬂpﬁllllr' 'hﬂfufvﬁgw ‘i \:

i Lr I|.| ,Jl'ullu |'I UU - | I"L; )

" j B [N M“-——x
L ' | | ' ' ' 0 5 10 15 20 o5 30
0 1 2 3 4 5 6 7 o(eV)

t(fs)

*D. C. Langreth, Phys. Rev. B 1, 471 (1970)



Satellites and real-space interpretation

RT TDDFT Cumulant Charge transfer fluctuations
Theory vs XPS 2
06— ; : ; : 8 — T T T T 10
os L Pyy - 6 —Aplogr) B \i
5 a2 %
04 - P12 ¥ W \!
i 0.3 w | Iﬂl | _ k.\‘- "/.V.\ ]
? =1 ct || I;' | ' g ] 0
0.2 / ill\ I'] T ||| hd
“ T o I| | ]
w_,,_._»_._d-f’r“‘——"’/ M | II
D1} A | N
p = —T_"";:L___j. . . - N o
30 2% 20 15 0 5 0 5 | 1 | 102
E-Ep(eV) 2 4 & 8

* (Bohr)

Interpretation: satellites arise from charge density fluctuations between
ligand and metal at frequency ~ w-; due to suddenly turned-on core-hole



Extrinsic, intrinsic and interference terms

T T T T T T T T T
18 F° ' ' ' Ext+Int+Inf —— 7
, Quasi-particle 04 o
16k extrinsic
14 ]
) 02 intrinsic
T 12
N total
E ' & 0
(=]
£ o8
3 06 F A - 0.2 -
04+ i \ interference
02 b i 04+
J 1 1 1 1 1 1 1 1 1
0 : : : : : : D 10 20 30 40 S50 A0 FO BOD 90 100
1560 1580 1600 1620 1840 1660 1680 1700

o (eV) Ex

Particle-hole cumulant explains cancellation of
extrinsic and intrinsic losses at threshold and
crossover: adiabatic
to sudden approximation



RT-TDDFT intrinsic cumulant N

Alw)

Examples: high accuracy XPS and XAS

Phys. Rev. B 95, 115112 (2017)

High-resolution valence and core excitation spectra of solid Ceo

via first-principles calculations and experiment

F. Fossard, K. Gilmore, G. Hug, J J. Kas, J J Rehr, E L Shirley and F D Vila
Particle-hole cumulant

! |
EELS
XPS
0.04 Thﬂaw; T T T T T r
aoas| P ] ﬂ|1 ;W
0.0 | ] ‘Iil iJ V
...«..../ll
NBSE
| \

arb. units)




Resonant Inelastic X-ray Scattering (RIXS)

PHYSICAL REVIEW B 83, 235114 (2011)

Real-space Green’s function approach to resonant inelastic x-ray scattering

J. 1. Kas,' 1. 1. Rehr,!" 1. A. Soininen.” and P. Glatzel®
' Department of Physics, Box 351560, University of Washington, Seattle, Washington 08105-1560, USA
*Department of Physics, PO. Box 64, University of Helsinki, FI-00014 Helsinki, Finland
*Eurepean Syachrotron Radiation Facility, B.P 220, F-38043 Grenoble, France
(Received 21 January 201 I revised manuscript received 7 April 2011; published 8 June 2011)
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Compton Profiles

PHYSICAL REVIEW B 85, 115135 (2012)

2.5 —— FEFF 7

Real-space Green’s function calculations of Compton profiles
Brian A. Mattern, Gerald T. Seidler,” Joshua J. Kas, Joseph L. Pacold, and John J. Rehr

Department of Physics, University of Washington, Seattle, Washington 98195-1560, USA
{Received 2 February 2012; revised manuscript received 16 March 2012; published 29 March 2012)

PHYSICAL REVIEW B 94, 214201 (2016)

Finite-temperature calculations of the Compton profile of Be, Li, and Si

E. Klevak, F. D. Vila, J. J. Kas, J. J. Rehr, and G. T. Seidler
Department of Physics, University of Washington, Seatitle, Washington 98195, USA
(Received 3 August 2016; published 2 December 2016)

2
S(q.0) =Y |[(FIY_expliq-r)lI)| 8(Er — E; —ho)

F J

S(q,0) = (m/hq)J(pg)

J(py) = f & po(p)8(py — (m/q —hq/2))




Correlated systems

Usual approximation: Hubbard-model

PHYSICAL REVIEW B 85, 165123 (2012)

Hubbard model corrections in real-space x-ray spectroscopy theory

Towfiqg Ahmed, J. J. Kas, and . J. Rehr

Hubbard U as self-energy correction

VU(r,E) = V3P (r) + W (E) + 2V

Ilmo

O K-edge MnO

Absorption (arh, units)

XES XAS O K-edge

I 1

| x"w'f%‘ H(€) EXpL. wy

- :k".u(‘"‘:&"u._x.*a"" T
1
1 o

{ | (D) E(E)

1

(=354

Photon energy (eV)

cf. H. Jiang, Rinke et al. Phys. Rev. B 82, 045108 (2010).




Alternative approach: cumulant

Question: Does the particle-hole cumulant
method work for correlated d- and f- systems ?

Hedin’'s answer * MAYBE

“Calculation similar to core case ... but with more
complicated fluctuation potentials ...
VN — -Im el(w,,q,)

... hot question of principle, but of computational work...”

* L. Hedin, J. Phys.: Condens. Matter 11, R489 (1999)
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Particle-hole cumulant for CeO,,

Ce 5s XPS of CeO,

T T T T
Theory 4-‘:
Exp + f %
Blew) P i
f i
#
F 3
f,r \\‘“'-.].f t- 5s -
B T h?
"mmw..,muﬂ-**"‘""*?_ e’ P t{ti‘f j_-n-*it

Ce L; XAS of CeO,

i) (normalized)

*J. Kas et al. Phys Rev B 94, 035156 (2016)
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X-ray Edge Singularities in metals

Be(w) (eV)

Low energy particle-hole excitations in cumulant
explain edge singularities in XPS and XAS of metals

12 T T T T 0-25

" RT-SIESTA —— Plasmon s
EG:r =207 OF m—
10 ' Bqu ........... Total s
- T Pl | 02 |
EXxcitation spectrum
8t I;' :.II.
A ~ 015
I| |\ L,
6 i 3
Hoo < o0}
4 B ff \ .
\\
A\ 0.05
2 N

0 d 1 — = -‘I_'“__— — 0
0 5 T 15 20 25 30 35 4 g

Bon(w) = awe™/r

—@/wp

—
7

Cph(r) — —f&'a}pf — DE]I](I — .!'CUPT) Apﬁ(w) — € F(le) -

cf Doniach-Sunjic line-shape in XPS



Conclusions

Many-body corrections including self-energy shifts, and inelastic
losses, and Debye-Waller factors yield near-quantitative
agreement with experimental x-ray spectra

Particle-hole cumulant theory approximation can explain all
bosonic losses (extrinsic, intrinsic and interference) in x-ray
spectra, even in some correlated materials.

All losses can be lumped into a spectral function Ay (w)
AND can be added ex post facto

pw) = fdu." A (Wpg (w — w')
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