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Many-pole Model of X-ray Photoemission spectra

 GOAL.: Calculate many-body effects in photoemission
- L. Hedin's Quasi-boson method

 TALK:

1. Green’s Function approach
2. Spectral function in Photoemission and XAS

3. Many-pole Self-energy
4. Satellites, Intrinsic and Extrinsic Losses



“If I can't calculate it

I don't understand rt.”

R.P. Feynman



Formalism: Quasi-boson Approach

I Phys.: Condens. Mattar 11 (1999 E485-F.728. Printed in tha UK PII- 3095359840 m)66297-1

EEVIEW ARTICLE

On correlation effects in eleciron spectroscopies and the
W approximation

Lars Hedin
Dupartmant of Thaorstical Peysics, Lund Umiversity, S6lvegatan 144, 223 62 Leed, Swadem
and

Max-Planck Instisat S Fasthirparforschung, Heissohorgsarasss 1, D-T0560 Stattgent, Gorpmamy

Escaived 2E Fone 1959

Abstract.  The &'W approxinytion (GWA) extands the well-kzown Hartmee—Fock approximation
Wﬂ}hhﬂw[ﬂ@pmwm&mw?mub}h
dmamivally sereened potential W, ag Vo = 10w & mplaced by Egy = iGW. Hom G is
the ons-electron Grean’s famchon. The GTHA Eks the HFEA i self-considsnt, which allows for
solations beyond perturbetion theory, like say spin-denssty weves. Iz 2 first approsizmaton, iGH
is a sum of a statically scosened exchangs pootial phos 2 Cesdomb bole (egel to the slecirosiatc
anergy associzted with the chargs poshed awey ayousd 2 given eleciron)). The Coulomb bols pert is
largar in megnitnds, bat the tan parts give compamable contritrations to the disparsion of the quasi-
partich szargy. The GWA cam ba said fo desoribe an electrnic polemsn (2m alecon surmonnded by
an elactromic polarizaton chowd)), whick kas great snilarities to the ondinary polaron (22 alectron
the HEA. Witk the TWA not coly bandstructomes but alse special functions can be caloulated, 25
wall 25 charge densities, momsnuns distributions, and sotal eoecgies. We will discoss the ideas
behind the WA, wnd generalizations which ane Decssmry fo oprove on the rather poor GRVA
watellise strocteres in the spectral fonctioms. W will further sxtend the &TWA approach oo fally
dascribg spectroscopies like photocenission, x-r2y absorption, and electron scattaring. Finallhy we
will copmant on the relation batwesn the GTAA and theories for stongly comelabed slectromic
syetems. = collecting the maierial for this review, a oumsher of mewe remlis and perspactives
became appamant, which brre 2ot baen poblished alsankars.

Excitations (plasmons, electron-hole pairs,
represented by bosons



[ Wave-function vs Green’s functions ]

Paradigm shift:

Use Green’s functions nof wave functions!

e Golden rule via Wave functions @

XAS  w(E) ~ Zyl(ile - x| f)|*6(E — Ey)

e Golden rule via Green's functions Efficient!

Theorem: —%Im G(r',r, E) =% | f)0(E—Ef){f|

t(E) ~ —Im (il é - G(r/,r,E) é - r i)




Green’s Function formalism
ek

Key ingredients: MN‘N<

A. One-particle Green’s function
G(w)=1/lw—h—X(w)
B. Spectral Function

A(w) = 2Im G(w)



Spectral function and e r
core-Photoemission

sudden approximation (intrinsic losses only):

Ji(w) = 32 My Aii(eg, — w) My,
independent particle approximation

~ Y | My 26 (e, — € — w)



XAS vs
Photoemission 5

XAS ~ XPS summed over all final states &

(time-reversed scattering states)

p(w) =y Jr(w)
R ik | Mig|*6(ex — € — w)



GW Self-energy (L. Hedin 67)

 GW Approximation
S(E)=1/ g—(’;G(E — W)W (w)e 10w
 Screened Coulomb Interaction W
W=e 1wV

* Ingredient: Dielectric Response e_l(w)



Quasi-boson Hamiltonian
(Mapping of full many-body Hamiltonian)

h — Zk ekc};ck electrons

lence excitations
H, = wnata, V@
v 2n Wn@nln bosons

electron- bosonTcouplmg
Vefu — ankl ckck/ [ka,a,n —|— hC]
core-hole-boson coupling

Vve = —2.n ‘/(37();(0";"-?, + a"n,)



Self-energy Algorithm: Many-pole Dielectric Function™

Full spectrum loss function < FEFFS8

-Im 8'1((») many-pole model

~ 20 0(w-w ;)

many-pole self-energy

Improvement on plasmon-pole model:

*J. Kas et al. PRB 76, 195116(2008)
J.A. Soininen et al. J. Phys. CM 15, 2573 (2003)



Example: energy loss function of Cu

Calculated -Im 8'1((») FEFF8OP - M. Prange

Cu
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Example: ab initio Inelastic Mean Free Paths

Plasmon-pole model —» many-pole model

100 |

o (eV)
J. Kas et al. Phys Rev B. 76, 195116 (2008)

Penn model
c Plasmon-pole model
== Many-pole model
© Experiment +
o Ap = k
)
PN
Y g 10 -
C L
®
)
E | Cu
'(..% 1 Plasmon-pole model has too much loss
@® 10 100 1000
()]
RS



Example Ab initio Collision Stopping Powers
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beyond the sudden approximation
in photoemission

PHYSICAT REVIEW B VOLUME 38, WUMEER 23 15 DECEMHBER. 1908-1

Transition from the adiabatic to the sudden limit in core-electron photoemission

Lars Hedin and John Michiels

Quasi-boson Model M. Besedgsrase 1. 7035 Sngar. Gemary

John Inglesfiald
Lldvarsity of Wales, Coralff P 0. Box 813, Cardiff CF2 3¥B, United Eingdom
(Fecerved 17 Tuly 1998, revised mammsript received 3 Sepiember 1998)

Expenimental resuliz for core-eleciron photoenission Ji{w] are ofien compared with the ope-slecizon spec-
ral fimction 4, (e;—w). wWhere w is the photon epergy, e is the photoslecivon epergy, and the optical
‘ransition matrix elements are taken as constamt Sice Jy(w) is nonzero ooly for ey 0, we mast achaalby
compare it with 4 (e, —ow)@{e,). For metals 4 (w) is known to have a quasiparticle (QF) peak with an
asyemetric power-law [theories of Mahan, Mozisres, de Dominicis, Langreth, and others (MIWD)] singularicy
due i low-enerey particle-hole excitabons. The (JP peak starts af the core-electron energy e, , and is followed
by an extended satellite (shakeup) strachore at smaller w. For photon enetpies w just above threshold, w, =
—e,, A (e,—w)#e) as 2 fumctton of e, (w constant) is oot just behind the guasiparticle peak, and oeither
the tail of the MIND line nor the plasmon satellites are present The sudden (hiph-emerzy) Limit i3 given by a
comvalation of 4 {w) and a loss fonction, 1.8, by the Berghmd-Spicer mo-step expression. Thus 4 (w) alone
does mot give the comect photosleciton specirum, neither i low nor at high enerpies. We present an exiension
of the quanfum-mechanscal (M) models developed earfier by Inglesfield, and by Bardyszew:ki and Hedin to
calonlate Jif w). It inchedes recodl and damping, as well as shakeup effects and extrinsic losses, is exact in the
high-enerzy limit, and allows caloulations of J,(w) inchoding the MIND line and multiple plasmen losses. The
model, which invelves electrons coupled to quasibosons, is mothvated by detailed argaments. As an dliustration
we have made quanfiative caloulations for a sepy-infimite jellimm with the density of abmyirmm metal and an
embedded atom. The coupling finctions (fuchiaton potentials) between the electron and the quasibosons are
melated to the random-phase-appronimation dislectric function, and different levels of approximations are
evahmed mmerically. The differences in the predicdons for the photoemission specira are foumd small We
confirm the fmding by Langreth that the BS mit is reached only in the ke'V range At no phofon energy are
the plasmon saiellites close to being either purely intrimsic or extrinsic. For photoelectron enerpies larger than
2 few times the plasmon energy, a semiclassical approvimation gives results very close to our (M modal At
lower emergies the (M model zives a large peak in the ratic bemwesn the total intensity m the first plasmon
saiellite and the main peak, which is oot reproduced by the SC expression. This mazmmm bas a simple
plrysical explmation in terms of different dampings of the electrons in the QP peak and in the satellite. For the
MWD peak Jy{w) and 4 (e, —w) azree well for a range of a few eV, and experimental data cam thms be used
to extract the MWD singudarity index For an embedded atom at a small distance from the surface there are,
however, substantial deviations from the large-distance lmut. Owr model is simple encugh to perform quani-
tative calonlations allowing for band-stnacure and surface details. [S0163-1829(08)03847-8]

Also: W. Bardyszewski and L. Hedin, Phys. Scr. 32, 439 (1985)



Intrinsic and Extrinsic Losses in XPS

Contributions to photocurrent from
single boson excitations

I = |mn(k)|?6(w — e — wn)
Amplitude for extrinsic and intrinsic losses

= (k; n|[V"G(ef, — wn) — “€]d|c)




Beyond the sudden approximation in XAS

QuaSi-boson MOdel PHYSICAL REVIEW B, VOLUME 65, 064107

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 Ak w)

Beyond quasipatrticles!
= Multi-electron excitations
= — satellites in A(k,w)

Explains intrinsic losses

Sp°=0.9



Intrinsic and Extrinsic Losses in XAS

Ge-ﬂ: — e_a[G(w) extrinsic
intrinsic - sudden approx
+ Zn( )QG(W Wn)
interference
25, (%) G(w — wn) VPG (W)]-
Effective spectral function

1
A = pon ImGeff



including
Intrinsic & extrinsic losses & interference

——
k=8 —— 1
k=16 —— |

—
o

J. Kas - Manypole model Cu

sudden

A.(E) (eV)X10®
O = N W d O1 O N 0O ©
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Note: crossover between sudden/adiabatic limits
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Many-body Corrections to XAS of Cu
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Conclusion
Many-pole model for effects of excitations
- extension of GW approximation

- explains inelastic losses, satellites

Can be used in XAS, XPS, ..
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