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|. Introduction : Challenges in X-ray Spectra

Full spectrum XAS Theory vs Experiment
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Historical Interpretation of XAS 1971*

EXAFS — Local structure

EXAFS Fourier Transform
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— X ray M|croscope. *Stern Sayers Lytle, UW 1971

BUT need to calibrate experiment with “Standard”



Challenge: Theory of EXAFS Equation®

Scattering picture of fine-structure in EXAFS

k)| . _ PNy
x(k) = S’EQ) % |fe};;§2)| sin(2kR+Py)e 2R/ Ak 2‘{

??? Several many-body effects observeL In experiment

Mean free paths A,~5-20A

Vibrational Debye Waller factors

Shakeup reduction factor S¢

e-20'2k2

Need accurate scattering amplitudes f.¢(k) phase shifts &, and
theory beyond independent electron approximation

*D.E. Sayers, E.A.Stern and F.W. Lytle, Phys. Rev. Lett. 27, 1204 (1971)



Exact Formal Theory: Fermi's golden rule

rule for XAS

F)

M&{
—Ep) 0o

Need to calculate all many-body initial [I) and final |F)
states and then sum over transition matrix elements

Computationally prohibitive for large w~103eV

== Sum over states computational bottleneck!



Plane wave approximation for back-scattering

amplitude f (k)

Textbook plane wave scattering amplitudes in
EXAFS equation are inaccurate

fk) =2,(2 e°l'sin §,

Large phase shift corrections ~ et(t+1)/zkR

Need curved-wave scattering theory f.¢

forr(k) = ) 2L+ 1D(=1)! % sin 5, C,(kR)
[



Standard DFT

XAS at K edge of Cu
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"l always thought it was easier to

measure XAS than to calculate it.”

Hans Bethe
ca 1980



II Green’s Function Theory of XAS

Golden rule via Green’s Functions

G(B)

ﬂ(E] N _i,rlll'l '1 E . IJ G(.l". I, E) E I |1:' ‘\N\N\/<

_ i
G(E) :ZfE—E LS E=(1)+El'—Ef

f
Implicitly sums over final states @

Equivalent to Fermi golden rule

w(E) = Ze(ilé-r'|[fUfI€-r]i)6(w + E; — Ef)



What's a Green’s function?

cf. Wave functioninQM  (H-E)¥ =0

P(r) = Amplitude to find particle at r
Green’s function (H-E) G =-6(r-r"
G(rr'\E) aka Propagator

= Amplitude to propagate particle
from rto r’

-Im G =-Im 1/(E-H+i 0) ~ density of states p(E)



R. for EXAFS

Theory must explain EXAFS formula

fese(F)]
X)) =56 2 7 o

Single and multiple scattering contributions R
Mean free paths 1, ~5-20A

Vibrational damping e?2¢°%°

Sin(2k R4, )e 2R/ Ak =202k

Curved wave scattering theory, E~ 100 eV 1~ 25 [+ D,
Dirac-Fock Atomic core levels

Core-hole lifetime /" and core-hole potential V.



Basis: Local site - angular momentum states |i L )

(@) <Im) (ild G(o+ E)d|i) 0r(® + Ei — Eresmi) 5

Insert complete set of states  1=) [i.L)(i.L|  L=(x,u)
i

Matrix elements Relativistic basis

w(w)o<Imy (ild"

iLl

i,L)Grp(o+E;)(i,L'|d|i) 0r(®+ E; + Erermi) S

Green’s Function
Matrix at site i




Breakthrough: Curved wave single scattering theory f,.

PHYSICAL REVIEW B VOLUME 34, NUMBER 6 15 SEPTEMBER 1986
New high-energy approximation for x-ray-absorption near-edge structure
J. J. Rehr

Department of Physics, University of Washington, Seattle, Washington 98195*
and Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

R. C. Albers
Materials Science and Technology Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

C. R. Natoli
Laboratori Nazionali di Frascati dell’Istituto Nazionale di Fisica Nucleare, 1-00044 Frascati, Italy

E. A. Stern
Department of Physics, University of Washington, Seattle, Washington 98195
(Received 14 April 1986)

Asymptotic high energy curved wave single scattering theory

0 — FaR) =2 % (= 1'Q1+ 1)y
— l
GtG® =Z.GL0LrtLRGLRIL,0 x[ U+ Depri (kR) +lci- (kR)]
~ LR 2ikR 20+1 = Taff
kR?
Effective Backscattering Amplitude FEFF

Fixes errors in plane-wave approximation %@




Dirac-Fock Atomic Properties

Computer Physics Communications 98 (1996) 359-364
Single configuration Dirac-Fock atom code
A.L. Ankudinov?, S.I. Zabinsky®, J.J. Rehr?

% Department of Physics, University of Washington, Seattle, WA 98195-1560, USA
b Microsoft Corporation, Redmond, WA 98052, USA

*Automated Desclaux Dirac-Fock atomic code for all atoms in
periodic table with arbitrary electron configurations
Spinor-relativistic theory with spin-orbit built in

**Now includes all atoms up to Z=/38, some undiscovered

*J.P. Desclaux, At. Data. Nucl. Data. Tables 12, 311 (1973)
**7.Zhou et al., At. Data. Nucl. Data. Tables 114, 262 (2017)



Self-energy and Mean free paths

DFT fails V,.— X(E)  Complex electron self-energy

II)

“Dynamically screened exchange -correlation potentia
Y(E)=1iGW =iGv/e

Standard approximation: Hedin-Lundqvist GW

plasmon pole model Mean Free Path (1) & Im =

— Mean Free Path
l 14

1
—p?2+¥(E) = E, =k 4+ — 21
2p+() p +/1

A A

AMomroO®
l"ll‘l T

MFP A = k/|Im 2(E)|

E (eV)

Explains short range nature of EXAFS

ImZ (eV)



EXAFS Debye Waller Factors

Phys. Rev. B 20, 4908 (1979)

Extended x-ray absorption fine structure
Debye-Waller factors. 1. Monatomic crystals

E. Sevillano and H. Meuth
Aerospace and Energetics Research Laboratory, University of Washington, Seattle, Washington 98195

J. J. Rehr
Department of Physics, University of Washington, Seattle, Washington 98195

EXAFS DW Factor p—20°%k?

5’ 12
Mean square radial disorder 9 = <[(uR — Up) - R] )

15 e

e.g.: Correlated Einstein model Lo
h hw kpT <= -
0% = coth(EA2Ey _, kBT =
M&)E 2 K o

mm) “EXAFS melts at high T




Results: Accurate theoretical EXAFS phase shifts*

JACS 113, 5136 (1991)

Theoretical X-ray Absorption Fine Structure Standards

J. J. Rehr,*' J. Mustre de Leon,"t S. I. Zabinsky,! and R. C. Albers®

Contribution from the Department of Physics, FM-15, University of Washington,
Seattle, Washington 98195, and Theoretical Division, Los Alamos National Laboratory,
Los Alamaos, New Mexico 87545. Received November 13, 1990

28:+ ¢ (rod)

Abstract: Theoretical X-ray absorption fine structure (XAFS) standards are developed for arbitrary pairs of atoms throughout
the periodic table (Z < 94). These standard XAFS spectra are obtained from ab initio single-scattering XAFS calculations,
using an automated code, FEFF, which takes into account the most important features in current theories: (i) an exact treatment
of curved-wave effects; (ii) approximate molecular potentials derived from relativistic atoms, (iii) a complex, energy-dependent
self-energy; (iv) a well defined energy reference. FEFF also yields tables of XAFS phases and amplitudes as well as mean-free
paths. Sample results are presented and compared with experimental results and with earlier work. We find that these theoretical
standards are competitive with experimental standards, permitting XAFS analysis at lower wavenumbers and yielding distance
determinations typically better than 0.02 A and coordination numbers typically better than 20%. These standards also provide
theoretical tests of chemical transferability in XAFS.

Explains distance shifts in EXAFS Fourier transforms

Eliminates need for empirical EXAFS standards



Results: Accurate single-scattering EXAFS

Good agreement of FEFF with experiment
. GeClyg _ 0 AAJ{\[\!AAA‘ Af
: L
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Eliminates need for empirical EXAFS standards
Single scattering EXAFS mostly solved !



Next challenge: Multiple Scattering Theory

Three key steps

1) Separate V(r) into local e.g. muffin-tin potentials

V(r) =Yvgr(r)

2) Calculate intra-atomic scattering to all orders, i.e.
on-site scattering t-matrices:

tr = vp + VpGts = e'®Rsin(8p)

3) Express G in terms of t, and off site propagators
Grr' = Ggrp'(1 — 8gpr)



Real-space Multiple scattering Equations

Dyson'’s equation: G=G"+GVG
lterating: G=G"+GVG’ +GVG VG’ +---

!

Atomic pot.
. V = V; — Ov.GY v.Gv GV
bartition 2 G=G +;G viG _l_izj:G viG'v;G’ +

Site scatt.

: ti =vi+viGoti G= G’ +
t-matrix

+Y GGG+ .
o

Large matrix dimensions of G and ¢ at high energies



Breakthrough: Separable Green’s function propagators

PHYSICAL REVIEW B VOLUME 41, NUMBER 12 15 APRIL 1990-I1

Scattering-matrix formulation of curved-wave multiple-scattering theory:
Application to x-ray-absorption fine structure

J.J. Rehr
Department of Physics, FM-15, University of Washington, Seattle, Washington 98195

R. C. Albers
Theoretical Division, Los Alamos National Laboratory, Los Alamos, New Mexico 87545
(Received 13 January 1989; revised manuscript received 4 January 1990)

ip _ '
GL,L.(p)=5p—- S T(p)TE (p)
A

Fast, accurate separable GF and high-order
real-space multiple-scattering path expansion

Cut diagrams

Exact for single-scattering



Curved wave multiple scattering amplitudes feff

t(p1+p 2t pN ’01)

MS Path amplitude yr(p)=Im s( 7/ 0O

01pP2" "

XTyM ,FN--

Fast accurate MS path approx. with 6x6 RA matrices

m) Effective scattering amplitdde f.for any MS path I”
Explains multiple-scattering EXAFS equation

./
5‘8 In J eff 2ikR+2i6,,—20%k?

l_..,.é)"' /()

Xr(/\"): I R2

*J.J. Rehr and R.C. Albers, Phys. Rev. B 41, 8139 (1990)



RA Scattering-matrix theory

= EXAFS
u=puy(1+y) £

G=G.,+GTG,+G TG TG, +G.TG'TG TG, + ...

Efficient Rehr-Albers ~ ~ ~
scattering matrix ¥ = MF + MFF, + MF,F,F,+ .

formulation . .
AT
Fine Structure y =M —— \ l

—— +M—F i F,

RA cutdiagram expansion 6x6 F matrices




Anharmonic Debye Waller Factors

PHYSICAL REVIEW B VOLUME 48, NUMBER 1 1 JULY 199:

Thermal expansion and x-ray-absorption fine-structure cumulants

A. I. Frenkel
School of Physics and Astronomy, Tel Aviv University, Ramat Aviv 69978, Israel

J. J. Rehr
Department of Physics, University of Washington, Seattle, Washington 98195

C,,(2ik)™

(ezl'kR) ~

| cumulants C,, = (R™),

4
2ik (R+C1) 4 p—2k*C; e—l§C3k3 n

exp[2n

= e
C, = 6> MSRD < Correlated Debye model*

C, = thermal expansion Relations between (;
. . C
C3 = 3rd cumulant ~ distance contraction - 2 ~ 2
1%2

*E. Sevillano, H. Meuth and J.J.Rehr, Phys. Rev. B 20, 4908 (1979)



Results: Accurate EXAFS Fourier Transforms

Phase Corrected EXAFS Fourier Transform
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Next Challenge: R. for XANES

Long MFP in XANES - need MS Paths to all orders

Green’s function G(E) Full multiple scattering
Screened core-hole V', Excitonic effects
Self-energy 2(E) Mean-free path, energy shifts
Debye-Waller factors ¢° Thermal vibrations

Accuate Fermi energy E,. SCF electronic structure



—
G: Full Multiple Scattering equations

G=G"+ ZG%GO +Y G",G%GY + ..

i7J
Total scatt. i
matrix Ty =116
G=G"+G'TG" + G'TG'TGY +
Sum to all orders by matrix l XANES
Inversion

G=[1-G6"T] ' G

Dimension: N*I__ 2 x N*l,...2 1, .. = ka=E(ryd)"
Only practical for £ < ~100 eV XANES




lll. Implementation Real space Green’s function* code

*aka Real-space multiple-scattering

~ -

FEFF

General approach for XAS
EXAFS, XANES, etc.




10 years later: Ab initio XAS Calculations™

CompPres RENDUS

DE L ACADEMIT DES SCIENCES
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JJR et al.,, Comptes Rendus
Physique 10, 548 (2009)
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Ab initio Green’s function theory
with SCF Electronic Structure

FEFF9

*Real-space multiple-scattering calculation and
interpretation of x-ray-absorption near-edge structure

AL Ankudinov (LANL), B Ravel (NIST), JJ Rehr(UW), SD
Conradson (LANL), Phys. Rev. B 58, 7565 (1998)



RPA and FSR Screened core-hole potentials

o ¢ ————__..—..... " S TN I e R T R W T ey e e B 0 e
—

Tungsten core-hole potential -

RPA _

s Final state rule
6L Unscreened _
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R (bohr)
RPA improves on FSR, half-core hole, etc




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

Efficient GW approximation for

self-energy 2 & mean free path 4

Sum of plasmon-pole models
matched to loss function
Improves on HL PP model

S(E)=iGW=X"-il'

*J.J. Kas et. al, Phys Rev B 76, 195116 (2007)

LiF loss fn

- Im &!

60 80 100

4
a9k
2k
1k

—— Re[AZ(E)]

B0



Ab initio Debye Waller factors

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

DMDW Fernando D. Vila, G. Shu, and John J. Rehr
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

- 2 2 fi " ' Bhw
e 204k Ufg(T):l : J —coth(ﬁw )pR(w)dw
2ugly @ \ 2

P(‘Uz): (O, 5(0)2 —D)Q,-> Many pole model
= {6 —step Lanczos recursion } for phonons

— LDA (D)
—— hGGA (II)

D dynamical matrix < ABINIT, VASP . —& " VDOS
Improves on correlated Debye model

L1

p(v) (arbitrary units)

i
*Phys. Rev. B 76, 014301 (2007) RN RN B T - S A




Results: Accurate ab initio XANES

Self-energy & DW factors fix DFT

4

Exp *
| PARATEC GS ———
< DFT Theory PARATEC-MB corrections

35 P

il
:5 25 p
0 !
O 2Fp
~— 2
=
N— 165 i
3. g

: L .

1310 1320 1330 1340 1350 1360

E (eV)
*J. J. Kas et al. J. Phys.: Conference Series 190, 012009 (2009)



Results: Accurate self energy in XANES

Many-pole self energy

w(arbitrary units)

Single-Pole Model

Many-Pole Model
Experiment ——

10 0 10 20 30 40 50 60 70 80
E(eV)



Interpretation of XANES ~ Projected density of states

LDOS emin emax eimag

Cu pDOS vs XANES and XES

0.0 10.0 20.0

E (eV)
Fermi energy E. Photoelectron energy E



Interpretation: Oxidation state vs edge position

=) electronic charge
Mn (+4)  Mn(+3)  Mn (+2) on Mn

Mn K-edge Energy, eV

Mn K-edge blue shifts with higher oxidation state



Green’s Functions & Parallel Computations*®

PHYSICAL REVIEW B, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using Lanczos algorithms

A. L. Ankudinov,' C. E. Bouldin,” J. J. Rehr,' J. Sims,” and H. Hung2
YDepartment of Physics, University of Washington, Seattle, Washington 98195

*National Institute of Standards and Technology, Gaithersburg, Maryviand 20899

FeffMPI Scaling with Cluster Size pR— fo] , N\ A
b+ WE)~ —iIm(i|é-YG(r,r,E)é-rli)

*%; 0.8 Lot o /

: el Energy E

s | o | is a parameter !

® 04l 1

£ “Natural parallelization”

g |, ] Each CPU does few energies
E O L& 1

0 02 04 06 08 *Need MPI. multicore CPU

Inverse number of nodes in cluster

1 NCPU



Interpretation of EXAFS vs XANES

PHYSICAL REVIEW B, VOLUME 65, 104107 (2002)

Parallel calculation of electron multiple scattering using Lanczos algorithms

A. L. Ankudinov,' C. E. Bouldin,” J. J. Rehr,' J. Sims,” and H. Hung2
'Department of Physics, University of Washington, Seattle, Washington 98193
*National Institute of Standards and Technology, Gaithersburg, Maryland 20899

XANES EXAFS E-E)> w,~30eV

Lanczos matrix inversion 150 — ;

# Lanczos G°T iterations§ | RO SRO .

explains crossover from 500 w )

XANES to EXAFS % | p
puay -

w, Onset of excitations 2

Lo'g|\/| <~ Short MFP  [A~K/[I+| Im 2 |]
F N ] ~[5-201A

=850 | 1900
inergy (eV)

FMS Path expansion

|




Reciprocal Space XAS and EELS Calculations

PHYSICAL REVIEW B 81, 245124 (2010)
€
4
Calculations of electron energy loss and x-ray absorption spectra in periodic systems
without a supercell

K. Jorissen and J. J. Rehr™

Alternative Reciprocal space calculations of FMS XAS and
EELS with Green’s functions transformed to k-space G (k)

1.2

No core hole: KKR Equations 1 “GaN o
Green real space

Black recip space

G=Gy[1 -1G,] = f dkGo(k)[1 - 1Go(k)]" |

BZ

04

02p

With core hole G, =G| 1 - Arc,,G]_] ;

0.2 2 2 2 M M M M M
396 388 400 402 404 406 408 410 412 414
enerqy loss (eV)




Other applications

R I X S PHYSICAL REVIEW B 83, 235114 (2011)

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

J.J.Kas.! I.J. Rehr,!"" I. A. Soininen,? and P. Glatzel?

! Department of Physics, Box 351560, University of Washington, Seatile, Washington 08195-1560, USA
*Department of Physics, PO. Box 64, University of Helsinki, FI-00014 Helsinki, Finland
3European Synchrotron Radiation Facility, B.P. 220, F-38043 Grenoble, France
{Received 21 January 2011; revised manuscript received 7 April 2011; published 8 June 2011)

We present an ab initio theory of core and valence resonant inelastic x-ray scattering (RIXS) based on a
real-space multiple-scattering Green's function formalism and a quasiboson model Hamiltonian. Simplifying
assumptions are made that lead to an approximation of the RIXS spectrum in terms of a convolution of an
effective x-ray absorption signal with the x-ray emission cross section. Additional many-body corrections are
incorporated in terms of an effective energy-dependent spectral function. Example calculations of RIXS are found
to give qualitative agreement with experimental data. Our approach also yields simulations of lifetime-broadening
suppressed x-ray absorption, as observed in high-energy resolution fluorescence detection experiment. Finally,
possible improvements to our approach are briefly discussed.

d*o o f ; Me(w)i(2,2 —w — wy + Ep)
dQdo Q) @ — @1 + iTp2

|
BB
o N
@ O
T

Energy Loss [eV]
1-
[+:]
N
T

Energy Loss [aV]
&
n

Enargy Loss [eV]

' 1 ' = r
4988 4972 4976 4988 4972 4976
Incident Energy [eV] Incident Energy (V]

COMPTON

PHYSICAL REVIEW B 85, 115135 (2012)

Real-space Green's function calculations of Compton profiles

Brian A. Mattern, Gerald T. Seidler,” Joshua J. Kas, Joseph . 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)

We report the development of a first-principles, real-space Green's function method for calculation of Compton
profiles in the impulse approximation. For crystalline Be, we find excellent agreement with prior theoretical
treatments requiring periodicity, with prior experimental measurements of the Compton profile, and with present
measurements of the dynamical structure factor via nonresonant inelastic x-ray scattering (often also called x-ray
Thomson scattering in the plasma physics community). We also find good agreement with prior experimental
results for the Compton profile of Cu. This approach can be extended to disordered and very high-temperature
systems, such as “warm dense matter,” where theories presently used for the interpretation of inelastic x-ray
scattering include condensed phase effects only at a perturbative level.

-

J(py) = [ dxdydzd? e'Pa@=) p(p. 1),

2 o0
p(r.,r') = ——Im dE G(r.,v',E)fr(E)
4 E,

251 —— FEFF ]

J(pg) (a.n.)




And still others

Similar RSGF formalism also explains

XES - transitions to occupied states
NIXS - transition operator e'd”

XMCD - spin dependent absorption
Optical Constants — dielectric properties
DAFS - Fine structure in x-ray scattering
Two-photon Absorption — nonlinear abs
etc.



V. Extensions Corvus Workflow Manager

JOURNAL OF Advanced calculations of X-ray spectroscopies
SYNCHROTRON with FEFF10 and Corvus

RADIATION

c
=]
-
=}
-
E
L

). ). Kas,*®* F. D. Vila,*® C. D. Pemmaraju,® T. S. Tan® and ). ). Rehr®®

CORVUS “Intelligent” python workflow manager for complex calculations

Example: Corvus workflow for Optical constants

target_list { opcens }
usehandlers { Feff }
opcons .usesaved{ True }

i =1, # of edges

[ {e2}

cif_input{CIF_symm.cif}

feff .scf{ 3.2350952042425325 0 30 0.1 0 }

feff fms{ 5.075798356336175 0 0 0.0 0.0 40.0 }
feff . debye{ 298.0 416.52459701743817 0 }

yes

FEFF10

no

# The lines below should set the parallel settings

Fig. 8. Typical template Corvus [opcons] input generated by the crv_mp_mk_set Fig. 6. Schematic of the Corvus workflow for optical constants. User input is shown



Remaining Challenge: Inelastic losses in XAS - §,°

Theory over estimates XAS experiment MN\N<

FT EXAFS S02 ~ 09

Copper K edge, 10 Kelvin

| I ingle icle l
Observed fine structure
smaller than QP theory

0.1

{unitless)

h

£ 0.05

2
Path length (Angstroms)



Remaining challenge: XAS in extreme conditions

Broad ranges of temperature & density

10™

,E 1 03 ICF capsule at ignition *
= White Dwarf
© Solar core * cores
X
p—
=
= 1 06 White Dwarf
]
I He envelope
—
O]
Q
— 10
* Earth core
10

2
104 102 1 102 10°
Density (grams/centimeter®)

10°



Remaining challenge: Full potential & excitonic effects

PHYSICAL REVIEW B 83, 115106 (2011)

Bethe-Salpeter equation calculations of core excitation spectra

J. Vinson, J. ]. Rehr, and J. J. Kas
Department of Physics, University of Washington, Seattle, Washington 98195, USA

E. L. Shirley

National Institute of Standards and Technology (NIST), Gaithersburg, Maryland 20899, USA

*J. Vinson et al.

; L} L] tx ------ -
o S Full-potential GW/BSE cod
O ooEAN +MPEE - ulli-potentia code
_._Ej.. .:%'.-I :'.I Computer Physics Communications 197 (2015) 109-117
[= . .
= J 1. Contents lists available at ScienceDirect :snnmu PHYSICS
E A Exp | -
= N R e e s e, P Computer Physics Communications
E llllllllll -
[ =) . ¥
I " . 3 & . - ; .
= ELSEVIER journal homepage: www.elsevier.com/locate/cpc
£ .. OCEAN |
F E F F Efficient implementation of core-excitation Bethe-Salpeter @m,,m
equation calculations
580 700 720 740 760 780 K. Gilmore®"*, John Vinson ¢, E.L. Shirley , D. Prendergast, C.D. Pemmaraju?, |.J. Kas®,
Energy (sV) F.D.Vila® ]]. Rehr*®

Phys. Rev. B83, 115106 (2011); K. Gilmore et al. CPC 197,109 (2015)



Summary & Conclusions 1

Automated real-space Green’s approach for
X-ray spectra from the UV-VIS to hard x-rays

Implemented in ab initio FEFF10 codes
User-friendly for novice & expert users alike

Applicable to molecules, solids and aperiodic
systems throughout the periodic table
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Advances in Theoretical X-ray spectroscopy

Talk:

Remaining Challenges in X-ray Theory:
Many-body physics beyond the quasi-particle approximation:
S¢ Satellites, Correlated systems, Finite T & extreme conditions

Advances:

Cumulant Green’s Function method
Multiplet + Cumulant

Finite 7 Two-photon absorption

Common theme: Cumulant Green’s functions



“You can judge the quality
of a many-body theory by
how it treats the satellites”

Lars Hedin
ca 1994



Recent Review & References

™ L OYAL SOCIETY
ap OF CHEMISTRY

PCCP

PERS PECT'VE View Article Online

View Journal | View Issue

/M) Check for updates Ab initio calculation of X-ray and related core-
level spectroscopies: Green's function approaches

Cite this: Phys. Chem. Chem. Phys.,

BER 0 Tt Joshua J. Kas, (2 * Fernando D. Vila, 2 Tun S. Tan and John J. Rehr



l. Inelastic losses in XAS - §,°

QP Theory over estimates XAS experimw

FT EXAFS S02 ~ 09

Copper K edge, 10 Kelvin

| I ingle icle l
Observed fine structure
smaller than QP theory

0.1

{unitless)

h

£ 0.05

2
Path length (Angstroms)



Hedin suggestion: Add intrinsic inelastic losses

EXTRINSIC AND INTRINSIC PROCESSES IN EXAFS
Lars Hedin, Dept of Theoretical Physics, University of Lund, Sweden

FT EXAFS
Ph}’Sica B 158 (1989) 344—346 Copper K edge, 10 Kelvin

North-Holland, Amsterdam ' \ ‘ w

01~

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 photcemission 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 U5 3 ‘ ‘
pointed out that one should add the amplitudes for (2) and (3), and not, as in the Fulleneth Gngeons
Spicer model, convolute their squares, the probabilities. This effect is important

primarely at threshold.

chi {unitless)

et

=

=]
I




Satellites and S§

Observation: many-body amplitude reduction & satellites in XAS
are absent in quasiparticle theory

PHYSICAL REVIEW B 86, 165102 (2012)

K-edge x-ray absorption spectra in transition-metal oxides beyond the
. . single-particle approximation: Shake-up many-body effects
Ad hoc fix : Convolution =P PP P dRy=Dot

XPS ® XAS M. Calandra,' J. P, Rueﬁ,l3 C. Gougoussis,] D. Céolin.” M. Gorgoif' S. Benedetti,’
P. Torelli.® A. Shukla.! D. Chandesris.” and Ch. Brouder!

Shake-up satellites in NiO XAS

oxas(@) = f de oyps(€)oyag(w — €) _ - Ni K-edge |
D/ ,

Many body reduction
in edge peak S’

Theory (Shake—up)

\Xb units)

”“‘-«-__/ _\ -

XPS Excitation spectrum
includes shake satellites

Theory (Single particle)

L 1 1 1 1 1 1 1 L 1 L 1 L 1 | 1 L 1 L | L L L L
-10 0 10 20 30 40 50
Energy (eV)



Advance: Cumulant Green’s function theory

Cumulant GF in time-domain factorizes G.(t) = Ggyp (t)ec(t)

Cumulant C(t) includes many-body corrections to quasi-particle theory
- builds in inelastic losses §,° & satellites

Factorization explains ad hoc convolution formula of XAS of Colandra et al

e

0

w(w) =]dw'A~
/
/

N\

(@, 0" ) pgp(@w — @) = (pgp(@))

Spectral function == Quasi-particle XAS u,,
Includes satellites 8&5{32 i Includes core-hole Ve
1 A t) = .
Alw,w’) =FT e “Isatellites Mean-free path zxz
~ XPS | - DW factor e=29°k

-30 25 -20 -15 -10 5 0 5

*J.J. Kas, J.J. Rehr and J.B.Curtis, Phys Rev B 94,034156 (2016)



Reference: Cumulant Green’s function approach

J. Phys: Condens. Matter 11, R489 (1999)

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

Lars Hedin
Department of Theorefical Physics, Lund University, Sélvegatan 14A, 223 62 Lund, Sweden

aka Quasi-boson approximation



Cumulant GF alternative to Dyson Equation

vs  Cumulant C@®)*

G.(0) =G, (1) eV

et _quw't—1

2
w!

c(t) = [ dpw)

All excitations in C(t)
C(t) ~ [Im 2|

Includes implicit vertex I

No vertex I =

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



Cumulant Green’s Function Properties®

Retarded Cumulant Green’s function in time domain
Gr(t) = —z’ﬂ(t)ﬁ_i‘eiteé‘*(t)

Natural separation of QP, exchange, & correlation parts

Ap(w) = —llm /dwem(}’k(t)
T
Landau form of cumulant (1944) ——
o >
_ ﬁjt(ﬂ.}} . 8 @x . k/kg = 0.0 “p
CXit)y= [ dow (e +iwt—1) 2% et
L mg (_E ! -494 ~ k.:k.o—‘|25
‘.6 F_kfk. =20
8 2 F kike =25
(D F

* L. Hedin, J. Phys.: Condens. Matter 11 R489 (1999)
J.J. Kas, J. J. Rehr, and L. Reining, Phys. Rev. B 90, 085112 (2014)



Why does it work: Quasi-boson approximation

IDEA: Neutral excitations - plasmons, phonons, etc.
are bosons

Theorem:* Cumulant representation of core-hole Green'’s
function is EXACT™ for core electrons coupled to bosons

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

*D. C. Langreth, Phys. Rev. B 1,471 (1970)
**B. I. Lundqvist, Phys. Kondens. Mater. 6 193 (1967)



Spectral Function A(w) = [ dw e @te¢W

Landau form of cumulant

lwt

C(t) = [ do Blw) —= m=
eC) x~ Ze=iAt (1 4 | dw’[%‘fz)]ei“"t + o] Q

e~

batellites

e o
Y [

Spectral function QP peak + Satellites

A(@) = FT e“® ~ 760 — 1) + 7 [E25] + .

Manne-Aberg Theorem
wpa = ZA
Renormalization constant Z=e¢7% ~ §,°

a = fdwﬁ((;))

w

~ 0.27"53/4 > 0.2

Dimensionless measure of correlation
significant even in weakly correlated materials



Calculation: Real-time Langreth cumulant?

Langreth cumulant® C(t) in time-domain*

dwt s g
C(t) = fdmﬂ{w}ﬂ L;t :

d2C(t)
dt?

B(t) = = f d*rV (r)dp(r.t)

ﬁ(w) = FTB()

Excitation spectrum — cumulant kernel

R'IJ(;'(Ij'DIjIF;I' D'er:jsit;'/ res;')o:slé to - ﬁ\' Charge-
suddenly turned on core-hole TiO | transfer
| |. Y 3 Z _;J \ atellite
| |I | |I-|| | || | \ i\ N | = ! I
|:~' ILr III]I JI UI !u ||_. '|J| U'I |U wﬂ P'l '| I LMJUMW f \1
I | { -
R I TR N B ol \“/T‘/ﬂ/\r'“
o 1 2 3 4 5 € 7 0 5 1 15 20 25 30
tifs) w (eV)

*J. J. Kas, F. D. Vila, J. J. Rehr, and S. A. Chambers, PRB 91, 121112(R) (2015)
tD.C. Langreth, PRB 1, 471 (1970)



Results: Multiple-satellites in XPS*

Spectral function 4 (w) = (1/z) |Im G .(w)| ~ XPS J,(E)

0.6 . . .
Tﬁg’ o Theory vs XPS expt*
05 | R Pam -
@ T|02 ;
< 04 w F'HI-E -
4 —€t- g |
'-'E 03 F II II'III QP -
= |, A |
L BN/ \J' _
ol Satellites .- [ 1]
S e / u’ I"mh
e R ' ' ' —
-30 25 20 15 10 5 0 3
E-Eg (8V)

*J. J. Kas, F. D. Vila, J. J. Rehr, and S. A. Chambers, PRB 91, 121112(R) (2015)



Real-space interpretation of satellites

Charge-transfer density fluctuations Zp(¥)

1072

L a\“|!
B |— A ploer) T|02 - ‘&H_\

T
|

sl S
/
G 5
I{_.-'--, T =
| 1
[ | I 4
b — L _,"I |
\\ I 5
-]
r -
. " ¥,
—

* Ap(r)

10

x (Bohr)

Interpretation: CT satellites arise from charge transfer between
ligand O-p and Ti -d at frequency ~ w,; due to core-hole



Bonus: X-ray Edge Singularities in Metals

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

12 : . : : : : : 0.25 : . : : :
RT-SIESTA —— Plasmon
EG:r =207 QP maam
TBw "] TEE i
_| Excitation spectrum
= ."I —~ o015}
i o %
Sl Lo = fcc Al
= AN 2 ol Asymmetr
4t oA
|'I|f: \\
’ \\ | 0.05
Y -
0 T e e L, T— 0 ‘L
o s T e 3 25 20 -5 -0 5 0 5
. —w/w —@/w —
;BP-'"T (&}) — dwe /@ A ({U) _ F—Hp! ¢ s -:‘f.t}'p
PRI T(a) @l

Cop(t) = —taw,pt —aln(l —iw,r) | o |
cf Doniach-Sunijic line-shape in XPS



Example: Bethe-Salpeter Eq + Cumulant®

Phys Rev B 95,115112(2017)

High-resolution valence and core excitation spectra of solid Cso

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

BSE (particle-hole GF) Improves on quasi-particle theory

0.04 T T T | |
Theery — EELS
coas | P : .
0.09 | f ﬂ W
XPS of Cg, | i
0.025 - A ;
E 0.02 F ..«..../II XPS Of C60
N | NBSE
0.015 ‘l N
'ﬂ"ﬂ"‘ o ) \ Il ' III.I'-f'I;IJ ) d 4
2 | ¥V
= Il
0.005 | sl | OCEAN

D L 1 1 1 L i 1 1
<40 3 30 -2 20 <5 <10 -5 0 5
@ {eV)

*E. L. Shirley, J. Vinson, and K. Gilmore, The OCEAN suite: IUCr 2020 vol 1.



Alternative: Real-space Langreth Cumulant

Real-space Green’s function approximation for the Langreth cumulant®

J. J. Kas and J. J. Rehr
Dept. of Physics, Univ. of Washington Seattle, WA 98195
(Dated: July 3, 2022)

Langreth cumulant in Momentum space* Langreth cumulant in real space

(r',w) Imy°(r,1,w)

1 r 12 f
3(:;.,‘) = ; E I‘-"'ql"llll \'(q.w) ;3(w) — l/dgi’dsl’, “1“’;:(1.’“,)1.‘.'
M\ -

) Im " (r, 1, w)

Z |H,T )[*Im x"(q, w) p(w) = g/dl‘rd?’r' d(pr)d(

Wq(w) = Vy/e(q,w) Excitation spectrum B (w)
Dynamically screened core-hole potential N =
. . 2y |'I,v1 ',. TI O 2
Langreth cumulant similar to XAS u(w) _ ™
but with W (r, w) replacing dipole d(r) ol
Can calculate C(t) with FEFF codes of )
in parallel with QP XAS ) NN

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



Extension: Particle-hole Cumulant GF

Includes intrinsic, extrinsic & interference effects on satellites
interference missing in single-particle Cumulant GF

Extrinsic + Intrinsic - 2 X Interference

p(w) = /dw; Ag (Wpk (w — ')

Ag(w) particle-hole Ux (w) Quasi-particle XAS
spectral function from final-state rule or BSE

*J.J. Kas, J.J. Rehr and J.B.Curtis, Phys Rev B 94,034156 (2016)



Example: particle-hole cumulant in XAS

S of Satellite strengths
1-3 C T T T T Ex!t_l_ln.t_'_lml I_ 1 1 1 1 1 1 1 1 1
H Quasi-particle 04 4
16 | extrinsic
I
tar 02 i intrinsic ]
T q2F
H total
55} -1 | -
E o 0
o
S osf 1
= osp | o2f  § 72 = ]- total
04 | ] _
\ interference
02+ | 04 F
ﬂ #J 1 1 1 1 1 1 1 1 1
1560 1580 1600 1620 1640 1660 1680 1700 0 1 20 30 40 S0 60 YO 80 90 100

w (8V) B

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



Example: Multiple satellites in XPS of Si

WEECK 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,’

John I. Rehr.”* Mathieu G. Sillv.° Fausto Sirotti ® and Lucia Reiningl‘z‘1
I ! 1

800 eV XPS X n
Full spectrum — ee——

Intrinsic only ==*="
GW ====-

Si XPS

J (w) (arb. units)

' /
T T,' J Quasiparticly peaks
/
M.UIt'ple/. Sate.l'{.'tes . . . Lucia Reining

L

-60 -50 F4D / -30 -20 -10 0
/ o (eV)

Problems: GW has/one broad satellite at the wrong place
Retarded cumulant has multiple satellites BUT intensity too small




Example: Cumulant GF for satellites in ARPES

PNAS 117, 28596 (2020)

Unraveling intrinsic correlation effects with
angle-resolved photoemission spectroscopy

Jiangiang Sky Zhou®"“(%, Lucia Reining®®'(, Alessandro Nicolaou?, Azzedine Bendounan®®, Kari Ruotsalainen®?,
Marco Vanzini*®¢®, J. ). Kas', J. J. Rehr'(», Matthias Muntwiler?®, Vladimir N. Strocov?®, Fausto Sirotti™'(»,
and Matteo Gatti*>d!

I 1 1 I I

624eV Al

1100eV A
Theory — with InfAngic

Theory — with Int sic
Extrinsic, Interfe < le

1%

Photoemission intensity
Photoemission intensity




? Correlated systems ?

Question: Can the particle-hole cumulant GF
apply to correlated d- and f-electron systems ?

Hedin’s answer* MAYBE

“Calculation similar ... not a question of principle,
but of computational work...”

* L. Hedin, J. Phys.: Condens. Matter 11, R489 (1999)



Example: XAS in f-electron systems

Observe: strong correlation & interference in f-electron systems

Cr(t) = / dw g (W) (€ —iwt —1) = Cpy + Cypy + Gy

Particle-hole cumulant yields improved agreement in XANES

6

' ' ' ' int
f-electron system Exteinty nf
5r Single particle (FEFF) —— ]
3 ‘1 CeO,
£ .
g ° terference cfucial to
g Ll A spectral shapg at edge
A TN
%?0 5725 5?;3[] 5?;35 57:'4[} 57:'45 5750

 (eV)



Extension: Multiplet + Cumulant

PHYSICAL REVIEW LETTERS 128, 216401 (2022)

Ab Initio Multiplet-Plus-Cumulant Approach for Correlation Effects in X-Ray
Photoelectron Spectroscopy

J.J. Kas." J.J. Rehr®."? and T. P. Devereaux"*

Cumulant spectral function accounts for long ranged charge-transfer
satellites missing in LFMT with local atomic multiplet Hamiltonians

_ e iR /| Abinitio theory: Slater-Condon

T onf Fe,O, f} | parameters from FEFF10 + real-time

§ o1} }FI \ | cumulant spectral function C(?)

£ o i E | Improved treatment of CT satellites,
002} -1 | amplitudes, and tails of XPS

-25 -20 -15 -10 -5 0 5
Relative Energy (eV)



Extension: EOM-CC for correlated molecular systems

Equation of motion coupled-cluster cumulant
approach for intrinsic losses in x-ray spectra

Cite as: 3. Chem. Phys. 152, 174113 (2020); doi: 10.1063/5.0004865 it @
Submitted: 17 February 2020 « Accepted: 14 April 2020 + L
Published Online: 6 May 2020

J.3.Rehr,’”” " F.D.Vila,' " 1.3.Kas,' N.Y. Hirshberg,' K. Kowalski,’ = and B. Peng’

Exact non-perturbative cumulant including non-linear terms
from coupled 15t order differential equations

lCTC Cct) = J' 0+ {}Q dt’ =i /0 (AP

..................

pubs.acs.org/JCTC

Real-Time Coupled-Cluster Approach for the Cumulant Green’s
Function

F. D. Vila,* J. J. Rehr, J. J. Kas, K. Kowalski, and B. Peng R . —iet CR(¢
GR(t) = —i®(t)e ")

Cite This: J. Chem. Theory Comput. 2020, 16, 6983-6992 I: IRead Online



III. High 7"and Extreme Conditions

Challenge: Theory of excited states at .|
TuptoWDMT ~T, ~10°K

Te=0.026 eV
+=0.259 eV
Te=0.517 eV T
T.=0.776 &V
DFT: 0.026 eV
DFT: 0.500 eV

0.0F
93

Approach: Cumulant Green'’s function for excited
states, high T thermodynamics, & x-ray spectra

u‘_
-]

5| |

<

Ab initio alternative to FT-DFT!, RPIMC?, & dielectric methods3

'FT DFT: N.D. Mermin, Phys. Rev. 137, 1 (1965); V.V. Karasiev et al.
Phys. Rev. Lett. 112, 076403 (2014)

2PIMC: E. W. Brown et al., Phys. Rev. Lett. 110, 146405 (2013);
T. Dornheim et al; Phys. Rept. 744, 1 (2018)

3Dielectric: T. Sjostrom & J. Dufty, Phys. Rev. B 88, 115123 (2013)



Hi T Properties from Cumulant Green’s function

Phys Rev Lett 109, 176403 (2017)

Finite temperature Green’s function approach for excited state and thermodynamic
properties of cool to warm dense matter

J. J. Kas and J. J. Rehr
Dept. of Physics, Univ. of Washington Seattle, WA 95195
(Dated: May 23, 2017)

Theory: Galitskii-Migdal-Koltun sum rules®
Example: density sum-rule* nu,7)=n = um,T)
n(wT) = n= %; [ do A1)

Cumulant spectral function Ag(w) = (1/7)[Im Gg(w)]
Fermi function f(w) =1/[ePl@=H) 1]

*P. Martin & J. Schwinger, Phys. Rev. 115, (1959)



History: Martin & Schwinger 1959

PHYSICAL REVIEW VOLUME 115, NUMBER 6 SEPTEMBER 15, 1050

Theory of Many-Particle Systems. I*f

PauL C, MARTIN AND JULIAN SCHWINGER
Lyman Laboratory of Physics, Harvard University, Cambridge, Massachuselis

(Received March 20, 1959)

! The many-body problem has been studied with the aid of
perturbation theory by many authors. This paper will not draw
on any results of these works but has various points of contact
with them. We mention the work of T. Matsubara, Progr.
Theoret. Phys. (Kyoto) 14, 351 (1955) ; K. M. Watson, Phys. Rev.

E dp 1 p? \ir A*#(pw) 103, 489 (1956); W. Riesenfeld and K. M. Watson, Phys. Rev.
f — (w_}. ) . (369) 104, 492 (1956), 108, 518 (1957), and other articles; K. Brueckner,
(27r)% 2

V

patbe 51 Phys. Rev. 100, 36 (1955), and other articles; K. Brueckner and
S. L. Gammel, Phys. Rev. 109, 1038 (1958); J. Goldstone, Proc.

Roy. Soc. (London) A239, 267 (1957); L. Van Hove, Physica 22,

343 (1956), and other articles; N. M, Hugenholz, Physica 23, 481

(1957), and other articles; Huang, Lee, and Yang, Lecture at

Stevens Institute Conference on Many-Body Problems, 1957 (to

be published); Lee, Huang, and Yang, Phys. Rev, lﬂﬁ 1135

fdm ir Aﬂﬁ{p{ﬂ} (1957); T. D, Lee and C. N. Yang, Phys. Rev. 112, 1419 (1953]

f (27r)3

2m

{3.6?} and 113, 1406 (1959); Schafroth, Butler, and ]:Ilatt Helwv. Phys
I extBeE1 Acta 3ﬂ, 93 (1957); E. Montroll and J. Ward, Phys. Fluids 1, 55
Tr (1958) ; J. Hubbard, Proc. Roy. Soc. {London) A240, 539 (1957),
and other articles; J. Lindhardt, Kgl. Danske Videnskab. Selskab,
Mat.-fys. Medd. 28, No. 8 (1954); P. Noziéres and D. Pines,
Nuovo cimento 9, 470 (1958) ; A. Klein and R. Prange, Phys. Rev.
112, 994, 1008 (1958); C. DeDominicis and C. Bloch, Nuclear
Phys. 7, 459 (1958), and other articles; R. H. Kraichnan, Phys.
Rev. 112, 3‘:3‘54 (%953}; S,[T. .Bnllliaem E;[ ]_Azu:]:;.jlh 'l‘h}oﬂr{tl; ?hzygsg
— (11.5.5.R.) 417 (1958) [translation: Soviet Phys
A([?’ a)) |Im G([?’ a))| (1958)]. A spmt similar to ours occurs in the work of V M.
Galitskii and A. B. Migdal, J. Exptl. Theoret. Phys. (U.5.5.R.)
34, 139 (1958) [translatmn Soviet Phys. JETP 7, 96 (1958)7;
the note of L. Landau, J. Exptl. Theoret. Phys. {U 5.5.R.) 3,
262 (1958) [translation: Soviet Phys. JETP 7, 182 (1958)]; and
in E. S. Fradkin, J. Exptl. Theoret. Phys. (U.S.5.R.) 36, 951, 1286
(1959,



Ingredients: Finite T GW Self-energy 2" (wv,T)

d3q
FT GW Self-energy* = (.7 :/dw oy I Wig I %
y [ fleh—q) + N(W) | 1= flek—q) + N(&)

wHw —cp—g+i10 w—w —cg_q+10

Bose & Fermifactors N(w) = 1/(ef¥ —1) f(s) = 1/(ePle—1) 4+ 1)

Screened Coulomb interaction W(g,w) Ime (g, w ‘)|
=8 ‘ . 3 oo’lTF
Im W (g, w)|~ [Im e~ (q, w)] »| Blue-shifted Eﬁg

& broadened
s '*[ plasmon peaks

e(q, w,T) FT RPA Dielectric function ,| 2athighT

d*k ey —
e(q,w) =1 +2Uqf - Jetq = Ji s | _
[:QTT) W—Ekiq T Ek )
00 -

02 0.4 06 0.8 1

*P.B. Allen & B. Mitrovic, Sol. St. Phys 37,1 (1982). o)




Chemical potential & occupation numbers

Chemical potential u(T) fixed by charge neutrality

QP Occupation number

Ykng = (N(T')) N

Ny | ="

>0 06 F .

'le(,lf-g T) — / d_w 44’]? (L’.-L-J)f(f..t..}) 'S | ! ots: non-interacting -
— >0

02

fle) = 1/(ePEm 4+ 1)

0

0 0.5 1 15 2 25 3 3.5 4
kikg

Increasingly metallic behavior at high T



Electron-gas quasi-particle properties®

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

1 I | | | I
E'E-E'ELEE_EIEELE GE
2 —HaHoamagy g
= T —amag,, O ——
5 GMc - =
2 05}
© = 1 T R —
5 S Z
c o
c |
g | o = T :
U || | | m- [-]
of v T2 g 5 & E{ m”i""”’i'ﬁﬂ‘——
0.6 0.8 1 12 14



Ay(m) {Hartee'1}

Finite-T Spectral-function A, (w, T)

14

@ (Hartree)

Ap(@,T) = == Im Gy(w,T)

Single broad peaks
at high Tabove kg

Blurred QP peaks
and satellites at k

Calculations
simplify at high T
- no sharp satellite
structure



Finite T Chemical Potential™ u(n,T)

“Continuum lowering ”

edge-shifts to lower E
Chemical Potential u(n,T) J

Cu-L XAS

u L] L] L] I L] L L I L L] L] I L] L] L 'I L L L l l
Op=ey — VEH - — 0T
i — f(rfr{ﬂ 7 A= - 0'13 TF a
Ve L + Exp

-
' |
p—— V;(‘S_-Jr,bommerfeﬂ i

DFT -

|
(=]

I

1

Z

Chemical Potential, u(T) — u(0) (eV)

" 930 935 940 945 950
0 2 4 . “ 10 Energy (eV)
Electron Temperature (eV)

|

—

(=]
—
—
—
p—
o
—
—
(=}
N
(¥,

*Tun S. Tan et al. Phys Rev. B 104, 035104 (2021)



Bonus: Finite 7 DFT Exchange-correlation Potential v_. (7)

’UIC(T) — ,u.IC(T) = ,U-(T)_,U-D(T)

ol WDM _

) =3 Nearly constant
. T v (T) T<.3T,
= 03 rg=2
= oaf = _

- Smaller in WDM
06T KSDT ©
r. =1 This work
07 —0_—e—e—_ ., ., OV
0.0 0.1 1 10
t=T/T

Finite T cumulant*® v . (7) in good agreement with Finite 7 DFT* functionals®
*N.D. Mermin, Phys. Rev. 137, 1 (1965)

© KSDT V.V. Karasiev, T.Sjostrom, J. Duffy and S.B. Trickey, Phys. Rev. Lett. 112, 076403 (2014)
*Retarded Cumulant (RC) JJ Kas et al, Phys. Rev. B 100, 195144 (2019)



FT Exchange-correlation energy and free energy

fxc and 5, Comparison (r5—4, ¥=0)
D T T T | T
—»—1__ (Karasiev et al) PIMC

-0.02 ¢ g, (Karasiev et al) | piMcC ]

f _ {us] FT cumulant -
-0.04 *e

™,
1

— 7 & U5 BT cumulaht v

-0.06

-0.03

-0.1

AC-Energies (Ha)

-0.12

-0.14
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Quasi-particle energies & damping

_gp T Tk (w‘)
_E — . + A A = Y5 + dw —

Damping 4,"
0.08 04 - : : - :
o1 b 035 |
03}
012 F
— z 025Ff
8 014t $
T £ o02f
. 016 -
5 4 o015t
‘018 B n 01 B
T=Tp ——
02} T=2T¢ - 005 |
T=4TF ——
TZBTF 1 1 1 1 1 1
_022 L L L L L L L U
0 0.5 1 15 2 25 3 35 4 0 0.5 1 1.5 z 2.5 3 3.5 4
k/ke kike

A" decreases BUT Damping 4" Increases with T

Band gaps & band structure smeared out at high T
Cross-over to metallic - short-ranged plasma-like behavior



Finite T Correlation Energy*

Exchange-correlation crossover Exchange disappears at high T
Weak temperature dependence 7 < T Correlation increases near T

c XC X Exchange and Correlation Energies (rs=4.0, v=0)
D D T T Ry =TT
@,@ﬂ"
-0.05 amk /@f/ i
o 0.04 o ’
! W F WDM
z O15r = O s (RPIMC)| % /
3 T 00GF S / ;
= = —# —g, (RC) / s
© 02 F & ) <
T 5 & (RPIMC) /% /
- = 005+ . P /
W p25t w —#+—¢_(RC) A /
/@ b Y
0.1 ¥
03 F KSDT © @ \ /
RPIMC +—s— @ \ Y
035 | This work 012k "
04 ' : 014 i '
0.01 0.1 1 10 10 10" 10” 10° 10°
t t:T/TF Tﬂ—f

*RPIMC: W. Brown, D. Ceperley et al. Phys Rev Lett 110, 146405 (2014)
° KSDT: V.V. Karasiey, et al, Phys. Rev. Lett. 112, 076403 (2014)



Efficient static finite-T COHSEX Approximation

Coulomb-hole and screened-exchange in the electron-self energy at finite temperature
Tun S. Tan, J. J. Kas, and J.J. Rehr

Dept. of Physics, Univ. of Washington, Seattle, WA 98195-1560
(Dated: August 3, 2018)

NG OHSEX = 2COOH | »3EX = poles of W+ poles of G

Re [ECDH (T]] . 1 ds@ H”M( 0) 02}
© 1%k “o) @np e\
@ 04}
ZSEJ{(T} . daq f'(ﬁ }[;{_I’M( U) %
k - (2?1_)3 “k—q q. H 06 F
2
08| || ——————— COHSEX
A GW
COHSEX accurate to ~ 10% ol ko.ﬁ . > OFT. |



Corollary: Finite- 7 TDDFT kernel 7. . (T)

EP]

FEur. Phys. J. B (2018) 91: 153 DOI: 10.1140/epjb/e2018-90063-3 FT—TD D FT ]Scc /rSZ

Exchange and correlation in finite-temperature TDDFT*

John J. Rehr® and Joshua J. Kas 0

Dept. of Physics, BOX 351560, Univ. of Washington, Seattle, WA 08195-1560, USA 011 :

oaf &

a ( } ~ -04p °*
Hxc Ta n / NE' 087
faellom) = 50t =), 2

2 08|
— a [ﬂﬂxc (T? n]] 5(1" o r.i') o9l — —

on? 4l

-1.1

Needed for finite T optical spectra, inelastic losses



Example: Finite T XAS

™ RovAL SOCIETY
OF CHEMISTRY
PCCP -

PERS PECT IVE View Article Online

View Journal | View Issue

M) Check for updates. Ab initio calculation of X-ray and related core-
level spectroscopies: Green's function approaches

Cite this: Phys. Chem. Chem. Phys.,

2022, 24, 13481 Joshua J. Kas, {2 * Fernando D. Vila, ) Tun S. Tan and John J. Rehr

1.0- 1 L I N
o Cu L,; XAS
Useful probe of finite-T structure Zost
temperature and excitations £ _| |
so

Large 7-dependence in XAS goar 1

. . S — T=0.026 eV
edge-shifts, broadening, ... £ 0.2 — Deveney

- DFT: 0,026 eV
0.0 1 1_ DFT:IO.SOO eV_
930 940 950 960 970

Energy (eV)



Finite-temperature Compton Profile*

To(w) = [ @k ! A gl + )W) f o+ )

Comparison of cumulant (solid) & free electron (dotted)

Many-body effects
give “effective temp”
T* correction

0.25

02 F

015 F

Suggested thermometer
for WDM

Jk(ﬂl}

0.1 F

0.05 F

o (Hartree)

*W. Schulke, G. Stutz, F.Wohlert, and A. Kaprolat, Phys. Rev. B 54, 14381 (1996)



Example: Transient XAS of Warm Dense Matter

Nature Physics 20, 1564-1569 (2024). EU XFEL Expt

90

Transient Absorption of Warm Dense Matter Created 3 /
by an X-ray Free-Electron Laser " ‘ it R o
| 2 x 101

Laurent Mercadier,!* * Andrei Benediktovitch,? Spela Krusi¢,? Justine Schlappa,! Marcus Agaker,?

Robert Carley,! Giuseppe Fazio,® Natalia Gerasimova,! Young Yong Kim,! Loic Le Guyader,! Giuse 70 1 w
Mercurio,! Sergii Parchenko,! Jan-Erik Rubensson,? Svitozar Serkez,! Michal Stransky,!*7 Marti : 5 x 1013
Teichmann,! Zhong Yin,! Matjaz Zitnik,> Andreas Scherz,! Beata Ziaja,> "' and Nina Rohringer* ] ~
' European XFEL, 22869 Schenefeld, Germany 60 - 5 ; ; ;Z 14
2Center for Free-Electron Laser Science CFEL, Deutsches ] ! LRI10

Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
3 Jozef Stefan Institute, 1000 Ljubljana, Slovenia
4 Department of Physics and Astronomy, Uppsala University, P.O. Box 516, SE-751 20 Uppsala, Sweder
SMAX IV Laboratory, Lund University, PO Box 118, SE-22100 Lund, Sweden
6 Laboratorium fiir Physikalische Chemie, ETH Ziirich, 8093 Ziirich, Switzerland
" Institute of Nuclear Physics, Polish Academy of Sciences, Radzikowskiego 152, 31-342 Krakow, Poland
8 Universitat Hamburg, 22607 Hamburg, Germany

50 4 ‘ 5 x 1014

— 1x 101

Absorption coefficient [m ']

Experiment:
L-edge XAS of Cu from ultra-short 15 fs, 932 eV
XFEL X-ray pulses vs pulse intensity (red)

Cross-over: RSA to SA with increased intensity

Energy [eV]



Transient high fluence XAS theory vs expt

Theory* Experiment Theory*
SCF FEFF10 results averaged over
Boltzmann weighted 3d *

configurations vs pulse intensity
70
E a0
XAS vs 3d occupation N
0 1T 13 : ':;-J:
604 5 10
50 1 g-:;u
g
741 <
5
<30 1 10
20 1
10] ‘96 938 930 932 93 936 938 OM0 936 938 930 032 051 936 038 940
N ' Energy [eV] Energy [eV]
S %% 9o mz Sk $e =8 . . . .
e Cross-over: RSA to SA with increased intensity

RSMS Theory - A. Benediktovitch & J.J. Kas

Boltzmann equations simulations - B. Ziaja
FEFF10: J.J. Kas et al. PCCP 24, 13461 (2022)



Example: Non-equilibrium Pump-Probe Expt

2-T Moc_lels: Elecftron Ce(7‘e)([7;’(f) L _GITL() - TAD] + S, (1)
and lattice T vs time ];’ |
o d":’ = G(T,)[T,(t) — T:(1)].

14000 |-

_ Te-FT- FEFF
- __-- -Choetalr?

10000 |-

8000 |-

Temperature (K)

6000 |-

4000 |-

o t p’é -~
Electronic temperature 7e (blue) vs Lattice temperature 7, (red) for Cu

For comparison 7e (green) from Cho et al. PRL 106, 167601 (2011)
and Expt (black dashes).



Last example: Non-resonant Two Photon Absorption*

PRB 112, 045116 (2025)

Non-resonant two-photon x-ray absorption in Cu

J. J. Kas and J. J. Rehr*
Dept. of Physics, Univ. of Washington Seattle, WA 98195

J. Stohr
SLAC National Accelerator Laboratory, Menlo Park, CA 94025

J. Vinson
Material Measurement Laboratory, National Institute of Standards and Technology, Gaithersburg, Maryland, 20899

Kramers-Heisenberg Eq.
|i) |f) |f> O';)"(is(’ ) — 8/\3(12w2 X
n) in)/ 10 Z (M (w)|?0r,. (2w+FEr—EF)

(F|d|X)(X|d|T)
Mir(w) = .
17 (W) Zw+E;—EX+iFX
Uber Elementarakte mit zwei Quantenspriingen
Von Maria Goppert-Mayer

Translation: Elementary processes with two quantum transitions
* Ann. Phys. 18, 466 (1930) DOI 10.1002/andp.200910358




Green’s function Theory of TPA*

Independent electron Kramers-Heisenberg Equation

unocc

U%is(w) = 87°a’w? Z
f

M;p(w)]?6(2w+e;—ey)

|£) f)
ny A1) iny J10)

Mif(w) = {fld Gi=1(w + €15)d]i)

Q
d Gl=1d ~ — Z Effective static TPA quadrupole op.

Calculation of TPA similar to OPA with dipole operator
d replaced by O in FEFF calculation

*J. J. Kas et al. Phys. Rev. B 112, 045116 (2025)



Real-space Green’s Function TPA Calculations®

No hole apprOX|mat|on

6
2FuII e
XFEL effects i djnp>2npja -
— cross terms

modeled by @ 4 /1. BSE OCEAN
depleted d-band mE 3l "jf- % s
occupation g(e) ‘L N J@ } T
& well screened 2 S } J

core-hole o 1 I~ T

0 F4—

~ 8960 8070  H980 8990 9000 9010
F E(ev)

Quantitative agreement with XFEL TPA experiment
& Bethe Salpeter Equation TPA calculations

*J. J. Kas et al. Phys. Rev. B 112, 045116 (2025)



Summary and Conclusions

- Advances in theory based on Cumulant GF explain several
many body effects ~ 10-20% corrections to quasiparticle theory

- Convolution formula for XAS explains satellites, inelastic
losses & long-range corrections to atomic multiplet theory

u(w) = [ do’ A(w. w')qu(cu —w) = (qu (a)))
0

Extensions & codes for satellites, multiplets & finite-T,
extreme conditions all based on cumulant GF
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That's all folks
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