Advances in electronic structure, vibrations
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The FEFF project



Goals of the FEFF project



Full spectrum: Expt. Vs Theory
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The devil is in the details
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Further information



FEFF development philosophy



FEFF development philosophy (cont'd)



Theory and Practice Behind FEFF



FEFF in the hierarchy of spectroscopy methods

Atomic models:
e.g. de Groot. Atomic cross-sections, multiplet
theory with fitted parameters, model Hamiltonians
DFT (Density Functional Theory):
WIEN2k, ABINIT, VASP, CASTEP ...,
Accurate for ground-state properties, less reliable for excited states,
“Final State Rule” with core-hole
Quasi-particle Green’s Function Theory:
FEFF. Appropriate for excited states; efficient; missing some
many-body physics
BSE (Bethe-Salpeter Equation):
Exc!ting, OCEAN, AI2NBSE. Most accurate but demanding.
Less established, less user friendly. Still missing some physics
QC methods:
MRCI, MRCC, CASPT2, QMC, etc, highly accurate but
completely intractable



FEFF quantitative XANES theory in one picture

Inelastic Losses

Real-Space
Self-energy S Green's Function
X-ray Screened
core-hole



FEFF: Many-body to effective single particle

Many-body Fermi’s

[(I|A|F)|” 6 (EF — E
Golden Rule F (IIAF)|* & (Er — Ef —

Effective Single particle w(w) < Y [(ild|f)]>8 (Ef — Ei— ©)
Fermi’s Golden Rule if

H=—(1/2)V*+V

H =H+V,+%(E)



FEFF: From sum-over-states to Green’s function

Effective Single particle (@) « Y (i |d"| £) (f|d|i) 6(Ef — E; — o)
Fermi’s Golden Rule ij

p(rr,E) Zlf (f] 6 (Ef—E) Substitute sum over
final states with
Im [G(r,/" E)| = —EP(’?” E) Green'’s function

G=[E—-H+il"'
u(w)o<Im) (i|d"G(w+E;)d|i) 0r(®+ E;— Epeymi)
i



FEFF: Local basis and matrix elements

[.L(G)) SS ImZ <l |dTG((U +Ez)d| l> GF(O) +E; — EFermi)

Insert complete set of states 1 =) |i,L)(iL]
L

Matrix elements

u(w)o<Im Y (ild"|i,L) G (w+E;) (i,L'|d|i) O (@ + E; + Epermi)
iLL/

Green’s Function
matrix



Getting G: Multiple Scattering

-
Dyson’s equation: G=G"+GVG
Iterating: G=G"+GVG’ +GVG°VG’ +

|

Atomic pot. . 0 N
partition v _;Vl G=G +ZG viG +§,G viG'v;G +..
Site scatt.

ti=vi+viGoti G=G"+ ZGOIIGO + Z Gotl GOIJG0 - ..
i#Jj

@, @,

{]

matrix




Getting G: Multiple Scattering
o

G=G"+) GG’ +) G"1iG1;G° + ...

i)
n
Centralatom - _ -  Go.Go l
contrib.
G=Gc+G:) 1iGe+Ge Y, Y 1tiGotjGe+ -+
i£c I#c j#c
Graphically:

— 0 0 0



Getting G: Full Multiple Scattering
ey

G=G"+ Z GG’ +Y G’1,G’1;,G” + ..

I#]
Total scatt. -
matrix TLU =ty 4
G=G"+G'TG" + G’ 1G’1G° + ...
Sum and invert 1

1-6°1] ' &

G




Self-consistent Densities and Potentials

Eg,mi
p(r):-i [ Im[G(r,r;E)dE

JU

y(i+1) / G(i+1) ») r(i+1)

Spectrum:
Golden Rule




Key approximations in FEFF



The overlapped muffin-tin potential

Better density:
Resembles “bonding”
Charge redistribution

Overlap
Region

Muffin-tin
Nuclei potential




FEFF Density of States

DOS (Arbitrary units)
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FEFF electron density
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Beyond DFT: Quasi-particle Self-Energy Effects

Quasi-particle (QP) effects: G=|E-H- 2]_1

BN 89 atom cluster

o
T

(w2
T

Ground state potential:
Usually insufficient

Need QP effects

Normalized Absorption

0 — L I L I L
175 185 185 205 215 225
Energy (eV)



FEFF: Flow Diagram

File Tools

Specify the Material

Al v Edit

] RMULTIPLIER

Spectrum Settings Run Cslculstion

Module Options
/] potentials

ndard Options | Advanced Optio

[ scF ] UNFREEZEF (] path list

[¥] path expansion
[J EXCHANGE k=

¥ | Final State Rule |¥| COREHOLE

] s02 1.0

PrintLevel |0 | ¥

/7 Plat
m Settings ‘

GUI “hides” most of this
Good to know anyway

Input:
Nuclear coordinates/charges

Potentials Density

Matrix Elements

O

Screening

optional

ABINIT
+
Debye-Waller
Interface

Scattering
Phase Shifts

Full
Multiple 5 P
. Expansion
Scattering

Spectrum
Construction

Debye-Waller
Factors

v

"Quasiparticle” Qutput

S02
Convolution

Final Output:
Full Spectrum Absorption
and Optical Constants
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Feff structure: Modules



Parallel (MPI) FEFF

PHYSICAL REVIEW B, VOLUME 65, 104107

Parallel calculation of electron multiple scattering using Lanczos algorithms

. . . 2 2

A. L. Ankudmov,] C. E. Bouldin,’ J. J. Rehr,' J. Sims.” and H. Hung

'Department of Physics, University of Washington, Seattle, Washington 98195
*National Institute of Standards and Technology, Gaithersburg, Maryland 20899

FeffMPIl Scaling with Cluster Size

MPI: “Natural parallelization”
Each proc. does a
few energies

Needed for state-of-the-art
XANES simulations

Normalized time relative to single processor

0.2 04 0.6 0.8
Inverse number of nodes in cluster




Recent Advances: RPA Core-hole



Core-hole issues: RPA Screened Core-hole

Linear response: |}/ — e_lvcore_hoze

el = (1— KXO)_l

8 FiéglAState'ﬁu:ef Mélecule (EEEES) — .
-1 core-hole: Molecule (FEFF) _ Com;_)arlson of the core-
hole in H,O

'Vcore-hole (Hartree)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
r (Bohr)




Recent Advances: Many-Pole Self-Energy



o
Self-energy issues: Many-pole model

Based* on GW approx.: W
> =1GW

W: Screened Coulomb interaction G
W=¢'V

Dielectric function:
Key ingredient
Usually external source

FEFF OPCONS:
Qualitative approximation

*B.l. Lundqvist Phys. Kondens Materie, 6, pp. 206, (1967)



Self-energy issues: Many-pole model
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ZnO: Zn K edge XANES

Data ©
o L FEFF90 ——
/ FEFF84 ——

W(E) (arbitrary units)




Cu XANES: Comparison in absolute units
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Recent Advances: FEFF + DFT



Augmenting FEFF with DFT



Ab Initio Debye-Waller factors



Quick intro to Ab Initio DW factors

Multiple Scattering Path

XAFS DW Factor

Average commonly expressed in
terms of the cumulant expansion

FT of Ge EXAFS y(k)

Exp ——

< e:’2kr> _ 2ikRo ,~W(T)

(21/:)}3 O_(rl) (T)

n

—
n=1

First cumulants




Ab Initio DW factors: Lanczos algorithm

h ho
XAFS DW Factor forpathR:  63(T) = o @ coth(—)pR (@) dow
R
VDOS expressed as imaginary _ < 1 ‘ >
®)=——Im(0
part of the phonon propagator Pr(®) > —D+ i€
Seed state: Displacement <
along path
Dynamical Matrix: Calculated using ab initio

methods (abinit, Gaussian, VASP, etc)




Using Ab Initio DW factors in FEFF

DEBYE Temp Debye Temp [DW Opt [dymFile DMDW Order DMDW Type DMDW Route]]

DEBYE 500.0 1073.0 5 feff.dym 6 0 1

DMDW Type - Type of DW calculation, the possible values are:

0 - Parallel o? (default)
DMDW Route - Which paths to use in the dmdw module. These paths do not
affect the path selection in the XAS calculations, they are used for the
generation of an input for the independent dmdw module. The possible
values are:

0 - Skip dmdw module (default)

1 - All SS paths from absorber

2 - Same as 1 + all DS paths from absorber
3 - Same as 2 + all TS paths from absorber
11 - All SS paths

12 - Same as 1 + all DS paths

13 - Same as 2 + all TS paths



Computing a dym file



Typical DMDW output

Path Indices: 1 2
pDOS Poles:
Freqg. (THz) Weight
7.609 0.00055
14.776 0.00077
24 .890 0.00587
31.463 0.00623
33.972 0.70221
34.762 0.28436

pDOS Einstein freqg (single pole) and associated temp:
Freq (THz) Temp (K)
34.118 1637.35

pDOS n Moments and associated Einstein fregs and temps:

n Mom (THz"n) Fregq (THz) Temp (K)
-2 0.00087 33.85132 1624.55
-1 0.02941 34.00240 1631.80

0 1.00000 @ —=m=—————=  ———————=

1 34.09808 34.09808 1636.40

2 1164.03434 34.11795 1637.35

Path Length (Ang), s”2 (le-3 Ang”™2): 1.583 1.234



EXAFS near-neighbor DW Factor of Cu
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Isotropic bonding:
Good CD results



EXAFS near-neighbor DW Factor of Ge
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Ab Initio DW Factors in Metal-Ligand Complexes

Ru(bpy)?(AP)(H20)**
> Good agreement for tight ligands (bpy)
» Useful agreement for weak ligands (AP and H20)
g g
_ Still within error margin
v -
P L
»
N e : 2 -3 g2
Ry (in A)
. <
s » 2.08
g(])_g 2.05+0.01
L : 2.09

» Ru-N(AP) 2.14  2.10+0.03| 2.61 4+3
) 2.22  2.06+0.05| 4.93 9+7




Disorder in XANES



Disorder effects

Pt K-edge XANES

Boltzman
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Need dynamics to reproduce experiment




Dynamic Structural Disorder (DSD) in Nanoparticles

DSD drives:
Cluster mobility Chemical Physics

Charge separation
Layering and segregation
Adsorbate dynamics (right)
Adsorbate reactivity

1

Inhomogeneity

CO dynamics on Pt_Sn_,



Disorder affects reactivity

O, dissoc. on Pt .Sn_,
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Pt charge modulation in PtSn nanoparticles
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Edge position and charge transfer
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Edge position: Fermi level shift on charge transfer

[ I
1.5
)
=
=
o 1.0
b S5
<
P
[
c
o 0.5
=
Pt K-edge
0 0 1 | I | | 1 | I | 1 | | I | 1 | 1
' 11560 11580 11600 11620

Energy (eV)






The FEFF group: Seattle and beyond
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Expectations for Demo tomorrow



