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TIMES

TIMES Software
Next generation x-ray spectrosopy theory



Theory Institute for Materials and Energy
Spectroscopies (TIMES)

1IMES

GOAL of TIMES: World class program on materials dynamics, aimed at understanding,
non-equilibrium behavior and dynamics of charge, spin, lattice, and orbital degrees of
freedom using advanced theory and light sources spanning THz to x-rays, e.g. LCLS
& SSRL at SLAC and the ALS at LBNL.

TIMES Software: Advanced theoretical codes and analysis tools for simulating and
interpreting x-ray spectroscopies and workflow tools to facilitate calculations.



If I can't calculate it,

I don't understand it

R.P. Feynman



X-ray absorption & core excitation

X-ray absorption:
Process in which a photon is absorbed and
a core electron is excited to an unoccupied

state
Empty states

Er Fermilevel
Valence states

- Core energy E :
2 Different for every element:
Core state XAS is element-specific



XAS: XANES and EXAFS regions
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EXAFS: weak-scattering — calculate with low order
multiple scattering theory
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XANES strong-scattering — need high order
multiple scattering theory
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XANES vs EXAFS

EXAFS - high energy photoelectrons, weak scattering
+ Quantitative structural information
+ Well developed theory
+ Quantitative analysis
- Lowsignal/noise

XANES - low energy photoelectrons, Strong scattering
+ Chemical/Electronic Structure information
+ Large signal/noise
- Short data range
- LARGE errors in potentials & many-body effects



Absorption edges

Absorption edges: K, L1, ... Fdge: ¥ L1 Ln Lm o
m onfinuum
An edge occurs when the x-ray
energy reaches the binding energy

of a given core electron & v
32
. :Plﬂ

Edges are labelled by the core —T@ 2

12

electronshell K =15, L1 =251/2 ...
-. 151.1'1




XAS Data Booklet
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Cu K-1s edge: 8979 eV
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Other near-edge spectra: XPS, XES |E-E| <40¢eV

X-ray Photoelectron X-ray Emission
Spectroscopy (XPS) Spectroscopy (XES)



“Qualitative” theory of XAS and XES

Py o< |(fIH'))|" py




“Qualitative” understanding of XAS -



Local pDOS “mimics” absorption or emission peaks

pDOS vs XANES and XES
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Selection rules: From atoms to complex systems

NIST: Atomic Spectros. - Spectral Lines http://physics.nist.gov/Pubs/AtSpec/node 7.html

A Compendium of Basic Ideas, Notation, Data, and Formulas

17. Spectral Lines: Selection Rules, Intensities, Transition Probabilities, Values, and Line Strengths

Selection rules for discrete transitions
Electric dipole (E1) Magnetic dipole (M1) Electric quadrupole (E2)

("allowed") ("forbidden") ("forbidden")
Rigorousrules 1. AJ=0,+1 AJ=0,%1 AJ=0,+1,+2
(except 02 0) (except 0% 0) (except 0 <20,

1244 1/2,044 1)

2. AM=0,=1 AM=0,+1 AM=0,£1,£2
(except 00 (except 050
when AJ=0) whenAJ=0)

3. Parity change  No parity change No parity change
With negligible 4. One electron No change in electron  No change in electron
configuration jumping, with  configuration; i.e., for configuration; or one
interaction Al==+1, all electrons, A/ =0,  electron jumping with
An arbitrary An=10 Al=0, £ 2, An arbitrary
For LS 5. AS=0 AS=0 AS=0
coupling only
6. AL=0,%1 AL=10 AL=0,£1,+2
(except 042 0) AJ==1 (except 0 € 0,0 &+ 1)




Selection rules: From atoms to complex systems

Mg = (fIp-&+i(5-&) (K-7)i)

Dipole Quadrupole




Effect of core-hole on DOS -

=X =X =X
— Er
_® 2p
— 25
— Is — 15

Ground state Transition state “core hole”




Core-hole effect on XAS —

Density Relaxation
(Isosurface and Projection)
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Coordination vs pre-edge & near-edge features

HTIaV) CsAITiO ) Ti(mf\ = ©<
4 —
= -
2 Ba, TiSi,0 KNasLiFe, = @Iy
= Rb,TiO, 2R Ti Sig0 2 S T(l) |
=] KNaTiO; v - : .q,‘-‘
< B - Ba,TiO, Calio; a 7 (51T}
a | o = wy ;
E BaTiSi;0, E pi @
- Niy s Ti 704 7 T =
= I T|02 E feia }
) K(Ti 0, a-TiO, > . @:?D
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Ti K pre-edge intensity and position depends on coordination

F. Farges et al., Phys. Rev. B 56, 1809 (1997)



Edge position and oxidation state
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Mn K-edge shifts with oxidation state



Coordination vs pre-edge & near-edge features

XANES K-edge of solvated Ca
1.6 . : . . .




Edge position and core-hole screening

Pyrococcus Furiosus Rubredoxin

Oxidized — |
Reduced —

7110 7120 7130 7140 7150
E (eV)




Quantitative theory of XAS




Many-body — effective single particle theory

Many-body Fermi 1(0) = ¥ [UIAIF) 8 (Er — E— o)
golden Rule =

Dipole operator A=Y dirata
(2 quantized form) T



Many-body — effective single particle theory

Many-body Fermi Y |(I|A|F)|* 8 (EF — E1 —
Golden Rule
_

Dipole operator A=Y dijala;
. 4 1 f I
(2"d quantized form) z

Approx. Hamiltonian

- Hy = H., ,+h
partition N N
—
. . V N
Photoelectron Hamiltonian h=——+V2 143 (E,p(r)

2




Many-body — effective single particle theory

Many-body Fermi (@) = Y| IAIF) 8 (Er — E1— o)
golden Rule

Photoelectron Hamiltonian

Photoelectron equation




Many-body — effective single particle theory

Many-body Fermi Y |(I|A|F)|* 8 (EF — E1 —
golden Rule
—
V2
Photoelectron Hamiltonian h=——+ Vo +Zxe (E,p(r))
. k N

Photoelectron equation h ‘¢ph(5)> =E ‘(Dph (E)>

T
1) = l6c) [¥5 )

Thus we can approximate the
initial and final states as F) = ‘¢§h> )




Many-body — effective single particle theory

Many-body Fermi Y |(I|A|F)|* 8 (EF — E1 —
golden Rule F

(@) o L (B ) | (o lde] o) | 8Em + - Ey o)

—
Define Amplitude N N 2
Reduction Factor S = ’<1P0 'Y, >’

Sum over
channels

ph+En_E0_a))

o)« LS L |(ocld o) [ 502



Many-body — effective single particle theory

Many-body Fermi

[(I|A|F)|" 6 (EF — E
golden Rule F (AIF)[* 8 (EF — Er —

Effective Single particle w(w) <Y |(ild| ) 8 (Ef — Ei — @) S
Fermi’s Golden Rule bf

H=—(1/2)V*+V

H =H+Vy+X(E)



Sum-over-states to Green’s function formalism

Effective Single particle (o) < Y (i|d"| £) (f|d|i) S(Ef — Ei — @) S
ij

Fermi’s Golden Rule




Sum-over-states to Green’s function formalism

Effective Single particle (@) Y (i|d"| f) (f|d)i) S(Ef — Ei — @) Sy
Fermi’s Golden Rule ij

p(rnrE)=) |f)(f| 8 (Ef—E) Density Matrix
f




Sum-over-states to Green’s function formalism

Effective Single particle (@) Y (i|d"| f)(f|d)i) S(Ef — Ei — @) S
Fermi’s Golden Rule ij

p(rnr,E) Z;Ifﬂfl 6 (Ef—E)

/ _ 1 /
Im[G(r,r .E)| = — P, E) Density matrix from

Green’s function

G=[E—H~+i|"'




Sum-over-states to Green’s function formalism

Effective Single particle (@) Y (i|d"| f)(f|d)i) S(Ef — Ei — @) S
Fermi’s Golden Rule ij

p(r,r,E)=Y |f)(f] 6 (Ef—E) Substitute sum over
d | final states with
Im |G(r,/ E)| = - P r'\E) Green'’s function

G=[E—H~+i|"'
(W) o< Imz<i ’dTG(CO+E;')d’ i> Or(@ + E; — Erermi)Sy?



What’s a Green’s function?

Wave function in QM HY=EY
¥(r) = Amplitude to find particle at r

Green’s function (H-E)G =

G(r,r’,E) = aka Propagator

= Amplitude to go from r to r’




X-ray emission spectra

. Dipole approx
|4)|” X 6(w+ E. — E;) ¢ Core state
I: Valence state




Hierarchy of methods & codes

Goal: Suite of available, optimized software for
TIMES x-ray spectroscopy projects

Atomic + crystal field models:
, atomic multiplet codes
DFT (Density Functional Theory): Ground state and near edge XAS

, CASTEP ...
Quasi-particle Green’s Function Theory:

Efficient for general x-ray spectra and excited states
BSE (Bethe-Salpeter Equation):
, Exclting, Accurate but demanding.
First principles QC methods:
MRCI, MRCC, CASPT2, QMC(, etc, accurate but intractable
Real-time methods: RT-XS,

‘Workflow tools: efficient tools for multiple codes



Theoretical methods for near-edge XS: an overview

Quick overview:

Wavefunction based methods
Single determinant
TDDFT

Real-space multiple scattering method
See Lecture ll. RSMS Theory and FEFF

Bethe-Salpeter equation (BSE) method, OCEAN
See Lecture lll. Many-body effects

Real-time methods RTXS, RT-SIESTA
See Lecture IV. Real-time approaches



Example Restricted window TDDFT: Gaussian
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Real-space Multiple-scattering theory FEFF

Reviavwws

Quantitative theory of EXAFS:

see Lecture ll.

J. J. Rehr & R.C. Albers
Rev. Mod. Phys. 72, 621 (2000)



GW/Bethe-Salpeter Equation®
- Particle-hole Green’s function - see Lecture Ill.

A 1

—Ime Y(q,w) = q—21m<m0\15* . D|¥,)

Eo+w—H +1vy

IngredientS: Particle-Hole Hamiltonian
H=he-h, + Vg, N = &k + 21k

2 GW self-energy

V=V, +W Particle-hole interaction



Example: XES of molecular NH,NO,

2 StoBe
o
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@ |
8 FEFF
< .
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