Excitations in Condensed Matter: From Basic Concepts to Real Materials
KITP, UCSB October 5, 2009 - December 18, 2009

Real-space Green's function approach for
electronic, vibrational and op ical properties

J. J. Rehr
Department of Physics,

University of Washington
Seattle, WA, USA

Supported by DOE BES and NIST



Real-space Green's function approach

 GOAL: ab initio theory of electronic,
vibrational, and optical properties

* "Pretty good theory”
Broad spectrum VIS — X-ray

* Accuracy ~ experiment

 TALK:

I. RSGF approach
[I. Parameter free theory No adjustable parameters



"The chance is high that the truth lies in the
fashionable direction. But on the off
chance that it isn't, who will find it?"

R. P. Feynman



Experiment vs Theory: Fu  spectrum
Optical - X-ray Absorption Spectra
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I. RSGF Approach

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

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




Physical Considerations in XAS
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Key Many body effects in XAS

quasi-particle & beyond

P .-
Self-energy X(E) complex
Core-hole effects ? Screening ?
Debye-Waller factors 207 K

Multi-electron excitations satellites



Ground-state vs Quasiparticle vs Expt
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Conventional Quasi-particle Theory of XAS

Fermi Golden Rule for XAS u(w)
p(w) ~ S| (Y5 |d|ebi) 26 (Ey — By — hw)

Quasi-particle final states y, with core hole
2 |
L+ Vi + S(E)| ¢y = Epy

Final state hamiltonian
14 =V +V

coul 7 coul core—hole

Non-hermitian Self-energy 2(E) (replaces Vxc)

> Inelastic Mean free paths /= k/|Im 2(E)| =5 - 20 A



Green's functions vs Wave-functions

Golden rule via Wave Functions

u(E) ~ Syl (ilé - x| )26 (E — Ey) @

Paradigm shift:

Theorem: —<Im G(x',r,. F) = Y| fro(E—Er)(f]

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

w(E) ~ —%lm (il e - G(r',r,E)e-1|i)

Efficient!  No sums over final states



Connection with Electronic Structure
Density operator p (E) =-1Im G (E)

Spectral function p(E,r,r’)=-Im<r|G (E) r’>
: : E

Density matrix p(r, r’) = _[ F p(E,rr’) dE
_ E

Density p(r) = j F p(E,r,r) dE

IDOS  pp(E) = <RL|p(Err) |RL>

DFT - GFT



Real-space Green’s Function Formalism
full-multiple scattering vs MS path expansion

(k) ~ —%lm le-rGx,r,E)e-r i)

G = G° + GUGP + GGG + - -

(MS path expansion - geometric series)

= [1 — G%~'G" “full MS" “Real-space KKR”

Ingredients:
G, free propagators ¢-matrix = €% sin 0, 0,0,



Scattering state representation of G

ul'

Grr El=— Et[E Re (PG g oneRpsnel )

+ E.I_.aE Hh[??]ﬁhril:.: ] 4
L

Angular momentum-site basis R; (¥,E)= R/(rE) Y, (F)

Matrix elements - separable representation®
GLn,L’n’ (E): (eikRnn /Rnn ’)ESS’ Yls Ylis*’

*JJR + R. Albers Phys. Rev. B 41, 8139 (1990)



Relativistic RSGF

*JJR + A. Ankudinov PRB 56, R1712 (1997)

2 Steps

1) Production

Dirac-Fock atomic theory |<f|d |1 2|

2) Scattering G=G,+G, TG
Non-relativistic, no spin-flips, ...
dre

pla) = ——Imy  (F|d]|Rra)Gra rar (2 + B) (Rpar|da|I).
I Ja, af



Implementation: FEFF3
Real Space Green’s Function 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. ). Rehr 89 atom cluster

Department of Physics, University of Washington, Seattle, Washington 98195-1560

S. D. Conradson 12 . .
MST-11, Los Alamos National Laboratory, Los Alamos, New Mexic

Swof

=
: 3 ol

Core-hole, SCF potentials ¢
Bosf

' £
Essential! 5 4|
2 -

01 75 1 ;35 1 55 265 2‘; 5 2é5

Energy (eV)



FAST! Parallel Computation FEFFMPI

PHYSICAL REVIEW B, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using L.anczos algorithms

A. L. Ankudinov,] C. E. Bouldin,2 J. J. Rehr,1 1. Sirns,2 and H. Hung2
YDepartment of Physics, University of Washington, Seattle, Washington 98195
’National Institute of Standards and Technology, Gaithersburg, Maryland 20899

FeffMPl Scaling with Cluster Size

s ' 1T T4 MPI "Natural parallelization”
*il o " Each CPU does few energies
e P
% ol ,,,,,,,,,,,,,,,,,,,,,, | Lanczos: Iterative matrix inverse
% 02| . Smooth crossover between
S .7 XANESandEXAFS!

0 02 04 06

Inverse number of nodes in cluster /N CPU



Example 1: XAS of Pt

Pt L;-edge Pt L edge (S. Bare, UOP)
1.4 =1 r-rr~rrrrrrr~—rr 1’7 TTTITITITITTTITTITITTTTTTTT T T 177
1.0
1.2 -
1.0 0.8 1=
s §
% 0.8 — g- FEFF calculation
@ : 2 0.6 .
2 < Experiment
3 FEFF calculation 3
N Experiment’ N
© 0.6 — ©
5 5 ooal i
z z 04
0.4 —
0.2 —
0.2 —
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PtL3edge Photon Energy, eV PtL2edge Photon Energy, eV

» Good agreement: Relativistic FEFF8 code reproduces all spectral
features, including absence of white line at L,-edge.

 Self-consistency essential: position of Fermi level strongly affects
white line intensity.



Example 2: Pt EXAFS

Phase Corrected EXAFS Fourier Transform *

0.7

T T T T T r Experime"}
Rnn: 2769 Theory FEFF8 -------
i /Hi fcc Pt ]

05

¥(R) Path Expansion 15 paths

04

03 p

o peak shift!

02

01pF

L L b L L N L 1 ¥
2 25 3 35 4 45 5 55 8

R'(A)

*Theoretical phases — accurate distances o < 0.01 A



Example 3: Electron energy Loss spectra (EELS)
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Example 4. X-ray Raman Spectra (NRIXS) FEFFq
‘ UNIVERSITY OF HELSINKI Flnlte mom transfer q

» RSMS approach to XRS and NRIXS
J.A.Soininen, A.L. Ankudinov, JJR, Phys. Rev. B 72, 045136 (2005)

Born approximation for the NRIXS double differential cross-section
d*o do

s —_— S " ~ _1
Qs (dQ)Th Q) Im £ (¢,0)

Fermi’s Golden rule:

S(qyw) =Y [(fle']i)[26(hw + E: — Ey) Jer(q.5)

f
4+ E; (Ey) initial (final) state quasiparticle energy

4 Final state rule: “The (photo-electron) states | 5 ) are eigenfunctions of the

final state Hamiltonian H' in the presence of a screened core hole.”

+ H' =p?/2m+ V! _; + Z(E) includes inelastic losses i.e. lifetime effects

using the local density approximation for E(E) of Hedin and Lundqvist

'L. Hedin and S. Lundqvist, J. Phys. C 4, 2064 (1971).



Experiment

BSE

FEFF

UNIVERSITY OF HELSINKI

Be K-edge XRS/NRIXS: FEFF vs BSE vs Expt
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Experiment: C. Sternemann et al., Phys. Rev. B 68, 035111 (2003).
X BSE: J. A. Soininen and E. L. Shirley, Phys. Rev. B 64, 165112 (2001).

Expt

BSE*

o)



Example 5: IDOS and X-ray Spectra

Angular momentum Projected DOS
pDOS vs XES and XANES

0.0 10.0 20.0
E (eV)

Fermi energy E,. Final state electron energy £



II. Parameter Free RSGF Theory*

GOAL: eliminate adjustable parameters ;
A. Ab initio self-energies and mean free path
B. Multi-electron excitations S,?
C. Core-hole and local field effects BSE/TDDFT
D. Ab initio Debye Waller factors

E. Full potential corrections



Comprres RENDUS
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II. Parameter free
RSGF theory

JJR et al., Comptes Rendus
Physique 10, 548 (2009)

in Theoretical Spectroscopy
L. Reining (Ed) (2009)



A. Self-energy and Inelastic Losses
Need: complex, energy dependent X(E)

« GW Approximation (Hedin 67)
S(E)=1] wG(E — W)W (w)e oW
» Screened Coulomb Interaction W

W =e 1)V

? How to appproximate &' (w) ?



RSGF approach: VIS-UV optical constants

Dielectric function € = €1 + 1€
Energy Loss (EELS) _1m 1
Absorption coefficient v
Refractive index n -+ 1k
Reflectivity R

X-ray scattering factors  f =f,+f; +if,
Hamaker constants &(iw)

Long wavelength limit ¢ =10
+ extrapolation to finite g



FEFF8OP*

Real space calculation of optical constants from optical to x-ray frequencies

M. P. Prange,! J. J. Rehr,! G. Rivas?® J. J. Kas' and John W. Lawson®
1 Deportment of Physics, Undversify of Washington, Seaffle, WA 08195
*Instituto de Ingenieria y Tecnologia, [niversidad Autdnoma de Ciudad Judres, Judrez, 72500 M exico
NASA Ames Research Center, Mail Stop 28091, Moffett Field, California 2J0385
[Dated: July 18, 2009}

We present a theary of linear optical constants based on the single-particls density operator and
implemented in an extension of the real-space multipls scattering code FEFF. This approach avoids
the nead to compute wave-functions explicitly, and yislds afficient calculations for frequencies ranging
from the IR to hard x-rays, which is applimble to arbitrary aperiodic systems. The approach is
illustrated with calculations of optical properties and applications for several materials and compared
with existing tabulations. . .
able continued fre

PRB 80, 155110 (2009) w0 [ . [
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http://www. leonardo.washington.edu/feff/opcons

Optical Constants FEFFOP vs DESY Tables
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Theoretical check: e, Sumrule

FEFF ——
DESY ——
z
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Many-pole Self-energy Algorithm*

Plasmon-pole model —— many-pole model

-Im g'](a)) ——— Many-pole Dielectric Function
~ 2,g80-0))

—— Many-pole GW self-energy 2(E)

* J. Kas et al. PRB 76, 195116(2008)



Example: Many-pole model for Cu’

ab initio q=0 loss function B Sum of single pole

m & (W) self-energies

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

1.2 v v v
FEFF8 opcons (M. Prange)
Experiment ———
1 F
Plasmon pole model
08}
T Cu
£
0.4 f
0.2 f
0o
0o 20 40 60 80 100)0

E (eV)

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



Many-pole vs Single Plasmon Pole
Self-energy Models

__-Im[E(E)]

| [Scininen etal.
MPSE e
HL =

Re[AZ(E)]

L| Soininen et al. .
MPSE  m——
HI =

E (eV)

100

PHYSICAL REVIEW E Té. 155116 (2007)

Many-pole model of inelastic losses in x-ray ahsorption spectra

1.7 Kas,' A, P. Sorini,) M. P. Prange.! L. W. Cambell,® J. A. Soininen.? and J. J. Rehr!
IDepariment of Physics, University of Waskington, Seattle, Waskington 95195, [F54
Pacific Northowest National Laboratory, Richland, Washingfon 90352, (154
Divisicn aff X-ray Phyrics, Department of Physical Sciences, University of Helninki, Helsnki FI-00004, Finland

Y =3(E) indep of r

Dismrrume or Peayscs Poscissm Jormemt. or Proesics: Cosoessen Marm
1. Piys.: Conders. Matter 15 (30003) 2573-2585 PII: 20553 -EE4(03)505657 6
e 06 0 O

Electron self-energy calculation using a general
multi-pole approximation

J A Soinimen’, J J Rebr! and Eric L Shirley®

! Department of Physics, University of Washington, Seattle, WA 08195, USA
? Optical Technolegy Divisien, Physics Laboratory, Naticnal Instints of Standards and
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2 =X(E,k) Full GW (Lanczos)



ab initio Inelastic Mean Free Paths

Plasmon-pole model —» many-pole model
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Self-energy Effects in Cu K-edge XAS
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Aposteriori Self-energy corrections to
DFT and GW codes
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B. Intrinsic losses: Multi-electron Excitations
Quasi-boson Mode| FPYSICALREVIEW B, VOLUME 65, 064107 Bayond quasiparticles!

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

L. Carnpbell,1 L. Hedin,2 J.J. Rehlr,1 and W. Bardyszevvski3
'Department of Physics, University of Washington, Seattle, Washington 98195-1560
 Department of Physics, Lund University, Lund, S22362 Sweden
and MPI-FKF, Stuttgart, D70569 Germany
3Department of Physics, Institute of Theoretical Physics, 00-681 Warsaw, Poland

Energy Dependent Spectral Function A(k,w)
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Quasi-Boson Theory of Inelastic Loss*

Excitations - plasmons, electron-hole pairs ... are bosons

Many-body Model: |e~ ,h , bosons >
o Excitations: H, = Yywpalay,
o Electrons: I/ = Spexcier
o e-boson coupling Vpu = S [Vikal + (Vi) *a,) chey

e Core-hole-boson coupling: V,. = —X,Vi} (af + a,)

"6W++" Same ingredients as GW self-energy
J" — -Im &'(w,,q,) fluctuation potentials
*W. Bardyszewski and L. Hedin, Physica Scripta 32, 439 (1985)



Effective GW++ Green’s Function g (@)

L. Campbell, L. Hedin, J. J. Rehr, and W. Bardyszewski, Phys. Rev. B 65, 064107 (2002)

2@ =¢ g/ (@) + T () ¢ (w — wn) — 25ntg/ (0 — wa) Vg ()

Extrinsic + Intrinsic - 2 x Interference

Damped gp Green’s function ¢ (w) =[w —h — X (w) + iy

Spectral function: A(w) =-(1/m) Im g ,(w)



Effect on Spectra: Amplitude reduction
« XAS = Convolution with spectral function A(w, ®’)
p(w) = [§dw A(w, W) pgp(w — o)

= (ugp(w)) = (@) Sy

« Explains crossover: adiabatic
to sudden  approximation



Many-body amplitude reduction in EXAFS
Quantitative R-space EXAFS
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C. Core-hole and local field effects

PHYSICAL BEVIEW B T1, 165110 (2005)

Combined Bethe-Saltpeter equations and fime-dependent density-funcfional theory approach
for x-ray absorption calculations

A. L. Ankudinov, Y. Takimoto, and J. J. Rehr
Department qf Physics, Unrversity of Wachington, Seaftle, Washington 85105-1560, LS4
(Raceived 23 December 200; published 14 April 2003)

Two step approach to TDDFT/BSE
X=(1—K)(0)'1)(0 K=V+w
D y=(1-Vyx)'xy x~ RPAresponse

2) y=(1-Wyx’)1y W~ RPA core hole



Step 1: Local Field Effects

 Transition operator not external x-ray field ¢
Must include polarization ¢ = g + gpinduced

—_ 8'] ¢ext
e=1—-Ky’ Dielectric matrix
K=V RPA (or V+f.. for TDDFT)

— Golden rule with screened matrix elements* M

4 " S
o () =f"“' = FA (e py (BN, (),

i LL’

*A. Zangwill + P Soven, Phys Rev A 21, 1561 (1980)



Example: local field effects in XAS TDDFT
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No adjustable parameters
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*Data: Z. Levine et al. J. Research. NIST 108, 1 (2003)



Step 2. Screened Core Hole

Corrections to ad hoc core-hole approx
final state rule, Z+1, half-core hole ...

Stott-Zaremba algorithm (= static RPA)
Ww=elV,

Approx: Include Wing’=I1/(E-h’-2)
as in quasi-boson model
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D. Ab initio XAS Debye Waller Factors _-25° i

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)

Phys. Rev. B 76, 014301 (2007)

—Jmo o\ coth'gh L do

(@*-D)o) = vpos

— {6 —step Lanczos recursion }

D = Dynamical matrix

Replaces correlated Debye and Einstein Models !



ADb Initio DFT Phonon Green’s function

G = (w’ - D)
D 1 ) Dynamical Matrix
1l (o m ) Ou 0y, | from ABINIT/Gaussian03

= expt NB: Need functional for both

GA 1 bond lengths and phonons:
| “hGGA” = "half and half PBE"

Strong correlation between lengths a and <w>



Lanczos Recursion (Many-pole)

p(Vv) (arbitrary units)
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XAFS Debye-Waller Factor of Ge

I ] I I I I
8+ — CD

- — LDA (I)
— hGGA (II)
+ Expt

F. Vila et al.
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Expt: Dalba et al. (1999)



Ab Initio Debye-Waller Factors in Rubredoxin

Convert Full System
into Smaller Model

o2 (in 103 A?)

Path Theory Exp.
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F. Full Potential Multiple Scattering™ In progress
Interface with ORCA FP-SCF code (J. Kas)

FEFF-FP J

l

*A. L. Ankudinov and J. J. Rehr, Physica Scripta, T115, 24 (2005)




CONCLUSIONS

Parameter free ab initio RSGF approach for
electronic & vibrational structure &
spectra: VIS - X-ray, EELS, NRIXS, ... @

Attractive alternative to k-space approach

Efficient relativistic all electron code FEFF9
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