Slide 1 of 33

Computing
Resonant Inelastic X-Ray Scattering (RIXS)

Michael Odelius

odelius@fysik.su.se

Department of Physics

< Qs

(0]
m;%@
g L
2 A
47]»[-9“

Stockholm
University

RS
NERSI
OnyD


mailto:odelius@fysik.su.se

Slide 2 of 33

N
Solar cells Superconductors

“Solution Excited state
dynamlcs dynamics

Time Money

é h f Carl ‘Tryggerssnpemﬁe&‘pﬁe&e
A e

o ‘\a e

HZB Helmholtz

Zentrum Berlin

\ ;

Dr. Ida Josefsson

Jesper Norell

| & W,

‘ wa o

\. / Shehryar Khan Emelie Ertan "2 :s%
Stockholm

http://www.fysik.su.se/~odelius/qcmd/ University



Slide 3 of 33

QC MD RASSCF

O 1s RIXS
O 1s RIXS

N 1s RIXS(t)

Ni**(aq) Ni 2p RIXS
[Fe(CN) I*(aq) Fe 2p RIXS

Fe(CO) (etoh) Fe 2p RIXS(t)

& o DY
‘u/"/) o
Stockholm
University

0H>1:)



Slide 4 of 33
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Molecular dynamics simulations

Solution dynamics - CPMDI/Cp2k
Quantum dynamics - Victor+Faris

Electronic structure and Spectrum calculations
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Density functional theory
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Choice of method

RAS3 Quantum chemistry of excited states:
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Case study: H O(g)
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Resonant inelastic X-ray
scattering RIXS

Core- (or valence-) ionized states:
¥, >=| lal1 2a12 1b22 3a12 1b12 4a10 2b10 >

Core-excited state:
W,>=|1a'2a® 1b*3a’1b* '4a'2b° >

Valence-excited state:
W,>=]1a’2a’ 1b'3a’1b* 4a'2b° >

Ground state:
® ¥, > =] 1a12 2a12 1b22 3a12 1b12 4a1O 2b1O >
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Case study: H O(g)
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Resonant inelastic X-ray
scattering RIXS

Core- (or valence-) ionized states:
¥, >=| lal1 2a12 1b22 3a12 1b12 4a10 2b10 >

Core-excited state:
W,>=|1a'2a® 1b*3a’1b* '4a'2b° >

Valence-excited state:
W,>=]1a’2a’ 1b'3a’1b* 4a'2b° >

Ground state:
> W,>=| 1a’2a” 1b23a’1b> 4a’2b° >
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Resonant inelastic X-ray Scattering of H O(g)
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Multi-configurational SCF calculations of H O(g)
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Resonant inelastic X-ray Scattering of H O(g)
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Electronic States —» Molecular Orbitals
RIXS H_ O(g)
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Resonant X-ray emission of H O(g)

Molecular H20(g)
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Information content in RIXS

Core-excited state dynamics

H,0/D,0O(g
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Core-excited state dynamics in H O(g)

Ultrafast Core-Hole-Induced Dynamics in Water Probed by X-Ray Emission Spectroscopy

Michael Odelius,"* Hirohito Ogasawara,” Dennis Nordlund,' Oliver Fuchs,® Lothar Weinhardt,® Florian Maier,’
Eberhard Umbach,® Clemens Heske,* Yan Zubavichus,’ Michael Grunze,’ Jonathan D. Denlinger,6 Lars G. M. Pettersson,'
and Anders Nilsson'?

PRL 94, 227401(2005)
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Vibrationally resolved RIXS
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Ground state potential energy
surfaces around selected atoms
from resonant inelastic x-ray
scattering

Simon Schreck*", Annette Pietzsch?, Brian Kennedy?, Conny Sathe?, Piter S. Miedema?,
Simone Techert“*¢, Vladimir N. Strocov’, Thorsten Schmitt’, Franz Hennies?, Jan-
Erik Rubensson?® & Alexander Fdhlischl?

SCIENTIFICREPORTS | 6:20054 | DOI: 10.1038/srep20054
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Vibrationally resolved RIXS
at the oxygen K-edge(O1ls) of liquid acetone

Spectral features in RIXS at the XAS |01s'n*> resonance

Sun et al.PRB
84, 132202 (2011)
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+|HOMO-3't*>
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Vibrationally resolved RIXS

at the oxygen K-ed
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e(0O1s) of liquid acetone

|f>=|HOMOLUMO">

|0> = ground state
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Vibrationally resolved RIXS

gen K-edge(O1ls) of liquid acetone
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Spectral features Iin RIXS at the XAS |01s'n'> resonance

Sun et al.PRB
84, 132202 (2011)
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Photochemistry with time-resolved RIXS

Excited state proton transfer in 2-Mercaptopyridine

ESPT
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L-edge X-ray Spectroscopy of Transition metal complexes

l. Josefsson et al J. Phys. Chem. Lett. 3:3565-3570, 2012
K. Kunnus et al. J. Phys. Chem. B 2013, 117, 16512—-16521
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L-edge X-ray Spectroscopy of Transition metal complexes

=24 With 14 electrons confined to 2p and 3d (16 spinorbitals),
N| (aq) there can be only singlet and triplet states.
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L-edge X-ray Spectroscopy of Transition metal complexes

Ni*(aq)
High-spin Ni 3d°®

[Ni(H,0)s]** A Energy

l. Josefsson et al J. Phys. Chem. Lett. 3:3565-3570, 2012
K. Kunnus et al. J. Phys. Chem. B 2013, 117, 16512—-16521
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L-edge X-ray Spectroscopy of Transition metal complexes
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L-edge X-ray Spectroscopy of Transition metal complexes

Restricted active space calculations of L-edge X-ray absorption spectra: From

molecular orbitals to multiplet states .
R. V. Pinjari, M. G. Delcey, M. Guo, M. Odelius, and M. Lundberg, J. Chem. Phys. 141“1241 16 (2014).
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L-edge X-ray Spectroscopy of Transition metal complexes

[Fe(CN)J*(aq)
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Photo-dissociation of FeCO, in ethanol solution

HZB: Philippe Wernet, Martin Beye, Simon Schreck, Christian Weniger, Christian
Kalus, Kerstin Kalus, Edlira Suljoti, Alexander F6hlisch

MPI-BPC: Ivan Rajkovic, Sebastian Gribel,  Time-resolved Fe L-edge RIXS
Wilson Quevedo, Mirko Scholz, -

Simone Techert
MAX-lab: Brian Kennedy, Franz Hennies W

SSRL/SLAC: Dennis Nordlund

PULSE/SLAC: Kelly Gaffney, %‘“

“%L\ hu,,. = 4-;:::0‘:3% ener9;1(2e1; e :“e}@’*"
Robert Hartsock, Wenkai Zhang
LCLSISLAC: Bill Schiotter, Josh Turner - y

Utrecht University: Frank de Groot (Theory)

Stockholm Uni.: Ida Josefsson, M. Odelius (Theory)
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RASSCF calculations of Fe(CO)5

I\K/I. Fl’igrlloot $ aé* Evaluation of RIXS calculation
ol. S.
y RASSCF RrAs1=2p RAS2=4 RAS3=7 (2e-)
101, 2083 — i e
(2003) /
Fe 3d ,'; m
e VT a Experiment b Theory
e <
Ay + _ PFY-XAS _ PFY-XAS
BN EY 2,2 Z i B P
\ A § oof
\ ‘:’%—1 %/é\ B 5 a g‘n',q— 2p,,'d,*
\ 3 8 i . . 2 22 . .
' 00 05 TO7T 0% Tl 713 7S = n'{":'ns 07 09 711 T3 715
|\1 7 - Incident energy (eV) Incident energy (eV)
M Mg RIXS

> >
2 w8
& 7
4 |
5 g 4
E £
o &2
2 =4
o g ,
c =
w ]
=2
-4
705 To7 109 m 713 7ns 705 70T 709 m 713 715
Incident energy (eV) Incident energy (eV)

Ph. Wernet, K. Kunnus, I. Josefsson, I. Rajkovic, W. Quevedo, M. Beye, S. Schreck, S. Griibel,
M. Scholz, D. Nordlund, W. Zhang, R. W. Hartsock, W. F. Schlotter, J. J. Turner, B. Kennedy, F. Hennies,
F. M. F. de Groot, K. J. Gaffney, S. Techert, M. Odelius, and A. Féhlisch. Nature 520, 78-81 [2015]
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Dissecting the information in

time-resolved Iron L-edge RIXS
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Solvent complexation and Intersystem crossing

Competing pathways in the photodissociation of Fe(CO),
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Ph. Wernet, K. Kunnus, I. Josefsson, I. Rajkovic, W. Quevedo, M. Beye, S. Schreck, S. Griibel,
M. Scholz, D. Nordlund, W. Zhang, R. W. Hartsock, W. F. Schlotter, J. J. Turner, B. Kennedy, F. Hennies,
F. M. F. de Groot, K. J. Gaffney, S. Techert, M. Odelius, and A. Féhlisch. Nature 520, 78-81 [2015]



Slide 33 of 33

Spectroscopy of transient excited-states:

Challenges & Opportunities for Theory.
ANS Non-adiabatic
transitions

\ Energy
~~ dissipation
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Ab initio Molecular Dynamics \ Fe(CO),
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