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Calculations of oplical Response from the
UV-Vis to X-rays

 GOAL: ab initio theory

* Accuracy ~ experiment

 TALK:

Introduction
II. Real-space Green’s Function X-ray energies
I1I. BSE - k space UV-Vis -X-ray energies
IV. Theoretical Improvements
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Theoretical ingredients beyond DFT

Excited State Electronic Structure

o
W\/\/\/\<

A. Self-energies & mean free paths

B. Screened Core-hole

C. Multi-electron excitations

D. Nuclear motion: Debye Waller factors
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II. X-ray Energies

Real-space Green’s
Function theory

FEFF

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

http://leonardo.phys.washington.edu/feff/




Quasi-particle Theory of XAS

Fermi Golden Rule for XAS u(w)

wlw) ~ Tl (yld|es) [26(Ey — B; — hw)

Quasi-particle final states y,
&+ Vit + S(B)] vy = Epily

Many - Final state rule

bOdy V,coul — Vcoul + Vcore—hale

effects Non-hermitian self-energy 2(E)

(replaces Vxc)



Real-space Green's Function Approach
Golden rule via Wave Functions

p(E) ~ Syl (ile - x| f)[*0(E — Ey) ®
Paradigm shift:

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

(B ~ —%Im (il e - v G(r',r,E) e -r|i)

No sums over final states /



Green’s Functions & Parallel Calculations

, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using L.anczos algorithms

Normalized time relative to single processor
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A. L. Ankudinov,1
'Department of Physics, University of Washington, Seattle, Washington 98195
>National Institute of Standards and Technology, Gaithersburg, Maryland 20899

FeffMPI Scaling with Cluster Size
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C. E. Bouldin,2 J. J. Rehr,' . Sims,2 and H. Hung2
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Energy E
Is a parameter !

“Natural parallelization”

Each CPU does one energy
PU



Implementation: Real-space FEFF code

PHYSICAL REVIEW B VOLUME 58, NUMBER 12 15 SEPTEMBER 1998-11

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

A. L. Ankudinov
MST-11, Los Alamos National Laboratory, Los Alamos, New Mexico 87545

B. Ravel
Ceramics Division, National Institute of Standards and Technology, Gaithersburg, Maryland 20899

J. J. Reh .
Department of Physics, University of Wash?ngrton, Seattle, Washington 98195-1560 COre-hO|e SCF pOtentlaIS

S. D. Conradson

MST-11, Los Alamos National Laboratory, Los Alamos, New Mexico 87545 Essential!
c | ,{\ Data il
27 i BN | gF
Applicable to 8. es |
XAS, EELS, XES, 8 o xatom cluster
£
XMCD, DAFS, mmn <ZL3 4r ‘.‘.
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Application EELS

N K-edge ELNES of GaN* FEFF9

e Real sbacé
— k- space |
==== w/o supergell
+ o+ + EXpt
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*K. Jorissen & JUR Phys. Rev. B 81, 245124 (2010)



Application: XANES

PtL, edge

1.4 T T

12—

10—

0.8 —

0.6

Normalized Absorption

0.4

0.2

FEFF calculation
Experiment'

O_OI—I I 1 L1 I 1 1 1 l 1 1 1 I 1 1 1 I 1

PtL3 xmu

‘98 1eb 002 _emw'

11560 11580

11600

11620

PtL3edge Photon Energy, eV

11640

Normalized Absorption

Pt L,,
PtL edge (S. Bare, UOP)

120 =
0.8 -
I FEFF calculation _
0.6 Experiment
0.4 |~ —
0.2 —
PIL
98
00 1 1 1 l ||||||| I ||||||| | ||||||| | 11
13240 13280 13320 13360
PtL2edge Photon Energy, eV
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M.S. inspired Application: Pt,/y-Al, O,
Finite Temp DFT/MD

calculations of supported

Pt nano-catalysts *

Pt L3 XAS

2500 3fs time- steps
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*F. Vila et al. Phys Rev B78, 121404(R) (2008) Time (ps)



II1. UV-Vis-XAS k-space
GW/Bethe-Salpeter Equation

Ingredients:  Particle-Hole Hamiltonian
H=h,-h, +V, hop =& T 20
2 GW self-energy
V,=Vx+ W Particle-hole interaction




A. Optical-UV Spectra

PHYSICAL REVIEW B T8, 205108 (2008)

AI2NBSE code

Optical to UV spectra and birefringence of 510, and Ti0,: U W 4= NIS T

First-principles calculations with excitonic effects

H. M. Lawler,! I. I. Rehr,! F. ¥ila.! 5. D. Dalosto, " E. L. Shirley.? and Z. H. Levine® C O l l a b O r‘a‘f i O n

!Department of Physics, University of Washington, Settle, Washingfon 95195, [/5A

Naticmal Institute of Standards and Tecknology, Gaithershurg, Marpland X599, [F5A
[Raceived 11 Juby 2008; revised manuscript received 13 October 3008; published 12 Movember 2008)

& first-principles appromch is pressoted for calculations of optical, ultrawiclet spectra including excitonic

effects. The approach is based on Bethe-Salpeter equation caloulations using the MBSE code combined with
ground-stmte density-functonal theory calculations from the electromic stachare code ABDNIT. Test caloulations
for bulk Si are presented, and the appreach is illustrated with caleulations of the optical spectra and birefrin-
gence of a-phases 8Tk and the ratile and anamse phases of Tilk. An interpretation of the strong birefringence
in TiCh iz pressnted.
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B. BSE Core-spectra XAS OCEAN* code

Bethe-Salpeter Equation Calculation of Core Excitation Spectra

I. Vinson,! E. L. Shirley,? J. J. Rehr,! and J. J. Kas!
Dept. of Physics, Univ. of Washington Seattls, WA 58195
National Institute of Standards and Technology, Gaithersburg, MDD 205939
(Dated: June= 25, 2010)

We present a hybrid approach for GW /Bethe-Salpeter Equation calculations of core eccitation
spectra, including x-ray absorption, electron energy loss spectra, and ipelastic x-ray scattering,
The method is bassd on ab iritic worefunctions from the plane-ware peeudopotential code ABINIT;
atomic core-level states and projector augmented wave (PAW) transition matric elements; the NIST
core-level Bethe Salpeter Equation solver; and a many-pole GW selfenergy model to account for
final-state broadening and self-energy shifis. Muliiplet effects are also included for L-sdges. The
approach is implemented using an intecface dubbed QOCEAN [(Obtaining Core Excitations using
ABINIT and NESE). Examples are presented for the Li and F K edges in LiF, the Mg Lz x adge
in Mg, I{a.n:] ClKa:]ges and the K La s edge in KCl, and the Ti Lay edge in BrTiOs, and are

LIF: F K edge | *Obtaining Core Excitations
f“- OCEAN + MpaE " | from Abinit and NBSE

OCEAN —

Plane-wave, pseudo-
potential + PAW

Intensity (arb. u.)

0 700 70 70 760 780 arXiv:1010.0025

Energy (eV)



Application:L-edge Spectra — Multiplet effects

Ti L,;edge SrTiO3
Bethe—Salpeter treatment of 3-ray absorption ’

including core-hole multiplet effects | 5 T —
Eric L. Shirley* '
J. Elec.Spect. Rel. Phen. 144, 1187(2005) ;
i
ala E. Shirley: BSE '
+ KS crystal potential L - - .
Enaigy |6V
Hpsg = Hp + He + Hepy
cf. De Groot et al - Atomic
Hp = —eq + L-S(p) model + crystal fields
Hez%+L%d)+H%gl Hat:Hav_'_L'S(p)

Heh = Va(”l“) + g(Z,]) +L - S(d) + Hoctalfield + 9(27])



Application: Core NRIXS (X-ray Raman)*

Probe of
Dynamic Structure factor

S(q,w)

S(a,w) = Y |1} *é(hw + E; — Ey)
f

Formal Equivalence:
BSE ~ Final State Rule*

- --r.'

qaleng ¢ Be
7 =064
N
VT Expt
$ i P st
|.4 il:.fhl : Iil. :
BSE
n :l'.r_-l 3 I:I
4. 78 aa
Jer(9)

i 1 i
1o 12 130 141 154 1l

*J.A.Soininen,A.L. Ankudinov, JJR, Phys. Rev. B 72, 045136 (2005)
*J.J. Rehr, J.A. Soininen, E.L. Shirley, Physica Scripta T115, 207 (2005)



IV. Theoretical improvements
Next-generation GW/BSE codes

o
'\A/\/\N\<

A. Ab initio self-energies and mean free paths
B. Improved Core-hole
C. Multi-electron excitations S,?

D. Nuclear motion: ab initio Debye Waller factors
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A. Many-Pole Self-Energy

« Extension of Hedin & Lundqvist plasmon-pole
GW Self-energy model

- MPSE* X
Approximate as series of 2.: LiF loss fn
plasmon poles models .|

ok
4]

matched to loss function

05 F

A

F Al s B l

0 , n(”T m”“ H Hl mhp TL|—'[-IW'“I‘ﬁ—|ﬁ—=er
20 40 60

0 80 100

Energy (eV)

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



Self-energy Corrections in Cu K-edge XAS

w(arbitrary units)

Single-Pole Model
Many-Pole Model
Experiment ——
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E(eV)



Intensity (arb. u.)

MPSE corrections in BSE and DFT
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B. RPA core-hole potential W*
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*Usual BSE core-hole model. Improves on

final state rule, Z+1, half-core hole, etc.



C. Multi-electron excitations S’

PHYSICAL REVIEW B, VOLUME 65, 064107

Interference between extrinsic and intrinsic losses in x-ray absorption fine structure

L. Campbell,1 L. Hedin,2 J.J. Rehlr,1 and W. Bardyszewski3
'Department of Physics, University of Washington, Seattle, Washington 98195-1560
2Department of Physics, Lund University, Lund, S22362 Sweden
and MPI-FKF, Stuttgart, D70569 Germany
3Department of Physics, Institute of Theoretical Physics, 00-681 Warsaw, Poland

Quasi-boson Model
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Many-body amplitude factor in EXAFS §°

FT EXAFS
Copper K edge, 10 Kelvin
| ' |
— Single Particle
0.1 — Inelastic Losses |
Experiment
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D. Ab initio XAS Debye Waller Factors ,-2¢° &’

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

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
(Dated: August 23, 2005)

Many Pole model

o> :EJ‘OO p(a)z)coth'gza) dw fOr phonons

,O(wz)=<Qz- 5(0)2 _D)Qi> —20% \VDOS
=

{6 —step Lanczos recursion |

_._.-o]-——..'/"IIE |

p(v) (arbitrary units)

|
Ll !
 JOET SR R ok 8

0
Frequency v (THz)

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



Example: XAFS Debye-Waller Factor of Ge

I I I I I I
8 — CD

- — LDA (I)
— hGGA (1I)
+ Expt

F. Vila et al.

1 1 1 1 ] 1 1 1 1 I 1 1 1 1 ] 1 1 1 1 1 1 1 1 I
0 100 200 300 400 500
T (K)

Expt: Dalba et al. (1999)



CONCLUSIONS

e Goals achieved or in sight

e Complementary techniques
Real- and k-space

e GW/BSE level theory & codes including
dominant many-body effects

o Full spectrum response UV-Vis to X-ray
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