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- MAIN SPECTROSCOPIC TOOLS

* Photo-emission (PE)

* Photo-electron diffraction (PhD)

e Absorption (XAS)

 Resonant elastic x-ray scattering (REXS)

* Low-Energy Electron Diffraction (LEED)

e Electron Energy Loss Spectroscopy (EELS)

PROVIDE STRUCTURAL AND ELECTRONIC INFORMATION
IN CONDENSED MATTER PHYSICS

D. Sebilleau et al, J. Phys.: Condens. Matter 18, R175 - R230 (2006)



Photo-emission and Photo-electron diffraction
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Kas et al Phys. Rev. B 91, 121112(R) (2015)
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PHOTQELECTRON DIFFRACTION
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Photo-electron Diffraction

Fig. 1: Prnciple of photoelectron diffraction
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Principio di funzionamento dell'ologramma
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Multiple Scattering Theory for Spectroscopies; Sébilleau, D.,
Hatada, K., Ebert, H., Eds.; Springer International Publishing:
Berlin/Heidelberg, Germany, 2018; Volume 204

Chapter 18

3D Atomic Structure Analysis Around Local
Active Atoms by Two-Dimensional
Photoelectron Diffraction and Holography

Hiroshi Daimon

H. Daimon, Phys. Rev. Lett. 86, 2034 (2001)
A. Szoke, A.1.P. Conf. Proc. 147, 361 (1986)
T. Matsushita, A. Yoshigoe, A. Agui, Europhys. Lett. 71, 597

(2005)
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Fig. 18.1 Photoelectron diffraction and holography
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27  Cumulant Approach for Inclastic Losses in X-ray Spectra
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Fig. 27.1 (rop) Theorctical Al K -cdge XAS spectrum compared to the quasi-particle theory in this
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The top figure was adapted from that in [5]



M. Calandra et al PHYSICAL REVIEW B 86, 165102 (2012)
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Integrating PED over emission angles: Interacting Particles

By integrating over all emission angle and photoelectron energies at
fixed incoming photon energy we meausre the total absorption coeffi-
cient at that photon energy

Integrating PED over emission angles: Independent Particle
Approximation

By integrate over all emission angles at a fixed electron Kinetic energy
we have a measure of the number of created core holes and therefore
of the number of photo-emission events. This number is proportional
to the absorption coefficient at the chosen energy, as born out by the
mathematical derivation in the framework of MST.

In both cases the integration process eliminates the physical detector
located outside the sample and replaces it with the atomic emitter
(since we count the number of holes), which becomes in this way
both the source and the detector of the photo-electrons.



MAT TER-RADIATION INTERACTION

D. Sebilleau et al J. Phys.: Condens. Matter 18 R175 2006

Multiple Scattering Theory for Spectroscopies; Sébilleau, D.,
Hatada, K., Ebert, H., Eds.; Springer International Publishing:
Berlin/Heidelberg, Germany, 2018; Volume 204

Definition of cross-section: Transition probability per unit time
divided by the incident flux
(¥
v = W

v

21 2
Wi = ?\ P ¢ | T7|P; >|7 p(E)

Definition of the absorption coefficient

dN
— = —Nno — N = Nge "
dx

where n is the number of absorbing centers (molecules) per unit
volume and u = no



General expression of the cross-section

H=Hp+Hy+V; = Ho+V;

Eigenstates of the unperturbed hamiltonian H,

D >= |pp > |Ppm >

where Er is determined by

Ho|P; > Eil®; > with & =E,+ E;

H0|<Df> = 5f|¢f> with gf:Ef_I_Ef



Transition probability per unit time

2T 2
Wi = 7’< P ¢ | T7|P; >|" p(Ef)

Expression for Transition Operator 17

Tr = Vi+ ViG(&E)V

where the Resolvent G(§&;) is given by

1
G(&) = lim :

(Wi >
G(&E)IWV, >=
( z)| n 5i_<€n




To second order in Vp

Tr = Vi + ViGo(E)V]

Cross-section for incoming photons




For photo-absorption

The photo-absorption cross-section is obtained by dividing the t.p.
per unit time W;_, ; by the incident photon flux Ip = c¢/V

Oups = Am2a h E < ¢rleg - _’eiq°f’|(b- > ‘ 0(E; — B¢+ hwg)
abs 20— f1eq p ) 7 f q
q

Using

we finally get

> . 2
Tabs = 420 Teog Y |< bpleq - Flos >|” 6(E; — By + hwg)
7



Photoemission cross-section: Many body

2
dO’(Cd) L 2 N - ik o N
= = Arfahw < ©Wp g ) vy >
i=1
Photoemission cross-section: Independent Particle Approach
do

Scattering processes a): Thomson scattering

2
< P T( b, > = < drl(er -e= e q;—dayf
fl I(a)l ’ 2m 2e,V 04,94, i ay ;)



Scattering processes b) and c¢): Resonant and non-resonant contribu-
tions

< ¢rleg, - pe ‘YT pn >< gnleg - Be'DiT|g;

<o ;> = NY

I(b) E; — En + hwg, + ie

< < ¢yleg, - BelUiT|gn >< ¢nlet - Pe U T|g,
< T ;> = N aT
I(c) ~ Ei—En—hwqf—l—ze
e h 1
N — (m)22€ V oz W=
\ © dr+d;

To find the Cross-section for scattering processess we need to divide
by the incoming flux ¢/V and multiply by the photon final density of
v (hwqf)Q

states 5 53733




Cross-section for scattering processes with Q = dr — d;

do‘ w(_i =
2 = 23 |8% .6~ —iQ T |y
aQ To = eq’f eqi<¢f|e |¢z>
ad;
l Z < ¢f|éa’f -pe” "V on >< ¢n|éq'z- -pe’ditip; >
m n Ei_En_l_hwq’i_'_ie

< ¢rlég, - PV TPn >< ¢n|é<§f -pe g >

where r, = e2/(4megmc?) is the classical electron radius



In the case of elas:tic scattering and resonant conditions, putting
fr(Q) = [ |p(P)|e~"QTdF and Q = Gy — G

d _

é = 12 e* fT(Q)—I-
1 < ileg B gn > < gnlég B et p; > |
Ezn: E; — En + hwg, + ie

do — 2 / /"

o = 2 |& o Fr(@) + Flhwg) +if"(hg)|

f(hwg) = —3 2, < éil€; pe_zqf “|on >< ¢nlg, - PeUT|¢; >

O(E; — En—l—hw )



Writing T =, + R, we find

j—g = 15|85, &g, [(Q) +
G T o 2
1 > < dileg, -pe MR pn > < énleg, - P e"iTE|p; >
m< EZ-—En—I—hwqi—I—ie
2
Ze—z’@f{k
k

In the case of many atoms per unit cell at positions p; the
structure factor is given by

F(Q,hw) =Y e Q7 f(w)
J



REXS: Resonant Elastic X-ray Scattering

do

dO o é("if 'éqi fT(Q)"‘

2

lz <¢z|é(*1f P e—iqf-r|¢n> <¢n|éqi P eiqi.r|¢i>

do

2
e o éaf - €q; fr(Q) + f/(hwqi) + if”(hwqi)

(B = 0% (6 leh, - pe BBy (5 B)) (B (v B)leg, - p o))
LL/

< (-8 [ (B) ~ 1], (B)|

f; (B)
hw — (E+ 1) —ilr(E)

fiw) = [~ ar



LEED: Low-Energy Electron Diffraction

do
dk,

= (4m2 DY i uks) e R ity (ke Rio

v,L §,L/

EELS: Electron Energy Loss Spectroscopy

d 3k
= fZZO{ML LTLL’ML’L}
dkr k; Mo L1/

Mg, = / & (0)T(r)dp,, (r) dr

(r) = - (! 1 A r—r) ) ¢ () dr’
750 = [ 76 (g0 1)) e



MULTIPLE SCATTERING THEORY

From Dyson equation (with complex self-energy)

V2 + B - Ve(r) — (6 B) | $(r) = 0
with boundary conditions

> : ikr
v = ( k )2 [e'k'r+f(f;k)e ]

1673 r

introducing G(‘)F(r — 1)

{VQ -+ E] Gal_(r —r)Y=6(r—1)

we get THE LIPPMANN-SCHWINGER equation

P(r; k) = 7 4 / G —1) V(' E) (' k) d3r



Remembering the expansions
*T = ar vy (k)L (r; k)
L
Gr—r E) = > J@rAFC ) (r <)
L
= > I RAF @ k) (r> )
L
and putting
() = Ap(kK)yr(r)
L

A = 4mityy (k)

we find

vL(i) = Tk + [ GEG - i) VE) vl k)



Non-MT (FPMS)

MT approximation (MXAN)

Use spherical shaped

and averaged No interstitial region!
potential

Potential inside cell is
outside the cells anisotropic

potential is flat

Empty Cells (EC)



At great distances

G = IR+ DGR [ IR VD v 6
L/

T k) + Y HE (k) Ty,
L/
Defining

Ty = /JL/(r;k)V(r) Wy (r; k) d3r

Partition the space in cells Qj - Introduce local solutions

br (v k) = JL(rj;k)-I-/Q Gg (vj — 1l k) v;(rh) v (v k) a3
J

THEN THE GLOBAL SOLUTION CAN BE EXPRESSED
LOCALLY AS

Y(rjik) = LK)y (rji k)
L



Referring to center R; (r; =r — R;)
w(rz; k) eIkI‘Z elkR’L

/Q Gg'(rq; — 1} k) v (r}) v(x}; k) d3ri’

)

_|_
+ Z/ GE (rj — 15 k) v;(rh) () k) d>r]
AR
J71
Using the local representation we obtain

Z Ci(k) Jr(rg k) = elkTiglkRy

-+ Z/ G+(r rj,k)vj(r ZC](k)sz(rj,k)d‘
JF=i

We use the two center expansion for GaL(r —r’" k)

Gy —1'ik) =" Jp(ri k) GV, Jp(rji k)
Lr/



where GiLjL, are the KKR structure factors

!l ~
G =any O, L L") B (Rji k)

L//

LL

with

C(L, L L") = /YL(Q)YL/(Q)YL//(Q)dQ

Finally for the amplitudes C* (k) we find

CL(k) - IL(k) +Z Z GLL’ L'L" L”(k)
i L'L"

with

: k .
It (k) = \/; ity (k)ekRi



Introduce the local scattering amplitudes

B (k) = Z 70 (K)
SO that

¢(rj) — ZB (k)ch(r])

The amplitudes B’ (k) satisfy the MS Equations

3 (T—l _ G) 7 BI(k) = I (k)

LL L’
gL'

In the case of periodic systems

Y (T7'—G(kgz;E))  Bri(kgz) =0
= LL



Introducing the scattering path operator

LL — T
LL/

ij ]

> (TG)"T

n

> T(GT)"

Lr’ Lr’

we have the solution

B (k) = > i v (k)el ook /m) /2
gL’

Generalized optical theorem for real potentials
and projected density of states

/ dk [B} (10| BY, (k) = —%3 ]

Photoemission cross-section

d _
d—% = 4rlahw| < Yy (r)|€ - T|de > 2



2

dO' 2
= =4rtahw )

S My, (B
L

My . (E) = / dro @7 (ro) (€-10) Pr(ro; k)

XAS: X-ray Absoprtion; real potential

[ Sk o "My [ R IBRG0) By (0 My,

Lr’

= —;% ZMLCL [’Tz%/] ML/LC
LL/

otot(w)

Connection between GF and XAS
[vQ +E— veff(r)] Gt —r:E)=d(r—1)

Solution: Spectral Representation

G(I‘, I'/; E) — Z Cbn(r) Cbn(r )

E — Ey



soO that

SG(r.v: E) = —% S G (r) du(r') 6(E — En)

Remembering that

Oabs = Ar2ahw Y |< ®le-Fd; >|* 6(E; — Ef + hw)
f
we find

1
orot(w) ox —=S / < ¢§ (ro)|e- r|G(x,v'; B)|e- 1|95 (x},) > drdr/
7T
Explicit solution of GF in MST

G(r,v'; B) =) Dp(ro) 709, pi(r,) — > &1 (ro<) AT (ro>)

LI/ LI/
T herefore
1
otot(w) = —;% Z Mrp.r [T[O,(/):/} My,
LI/

/dr SG(r,r; E) = E :/ dr|d>iL(rZ-; k)|2 %T%L
) 2
1L t



12 L-Edge Absorption and Dichroism in Low Symmetry 34 Compounds 287
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Fig.12.4 Calcium carbonate (CaCOs ) in calcite (rop) and aragonite phases (borfom), a Ground state
Ca-d partial density of states. b Ca L-edge spectra calculated in multichannel multiple scattering
theory [9] along with experimental data taken from [10]

Fig. 12.3 Atomic structure (a) calcite (b) aragonite
of CaCOs in a calcite and b ®
aragonite phases. Ca in fighr
Blue, Cin dark greyv, O in
red. One Ca site and its
nearast neighbor COs units
are shown




XAS: X-ray Absoprtion; complex potential
Alternative form of the GF

G(ry, v B) = Y &% (v k)T, — 6 Th &) (x;; k)
LL

+ 5> (< KT} P, (L k)
LI/
In this case

Uabs(w) = oget(w) + ogt(w)

where

Osct(w) = —8mahw Z SMy, 1 (E) Z [(TG)" T3, My, 1, (E)
n=2

ogt(w) = —8mahw Z %MLC;LL’T[?L/
LL!

MLC;LL’: dr dr’ < ¢%, (ro)l€- r|<l> (r<; k)P ,(r>,k)|e r|q§L (rl) >
2

Osct(w)

oat(w)

x(w) =



Absorption coofficlent

Bouldin et al, Phys. Rev B 38, 10816 (1988)
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GECl4 snd mulliple scatlering signal
MS curve = GeCl4 — 4(GeH3Cl) 4+ 3(GeH4)
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The mean free path: general term of MS series
(TG)" 1T = Z Z t? (iiLl t; Gg Lo GL L
1j...k Lq1Lo...
If ) =014+ 10»

kt = e sin§ = e2%2¢!01 gin§y + % [1 — e292]

1
Skt = |kt|? + (1= e™492] s |kt|? 4 65

Iy zkIR I
~ —4nil= )YL(RZ) Y /(R ) gll’(k zg)
1
where k! = [E — V;]1/? = k! 4+ ikl. For three sites o,i,5 the damping
IS given by an exponential factor with exponent

ij
GLL’

—288 — kbR, — 265 — k4R — 26) — KL R,
In the WKB approximation

Ry
5J=/O 1B = V()] 2dr — k'R,



so that, writing Ry, = Ry + Ri; + Rj,, the damping factor is given
by

e_"’"QRpath
where
1
P S / (E — V(r)]}/2dr
Rpath path
T herefore
1
A= —
2K

Usually [E — Vi (r)] > Va(r)

U2 e v ey t2 L Ve(r)
[ —V(r)] [ — V1 (r)] TE — 1y (]2

sO that

1 V- 1
Ko = / 2(r) - er < / Vo (r)dr
2Rpath Jpath [E — V1 (r)]Y/ 2kRpath Jpath

Finally

k(au)~1 _ E(Ryd)
3o(Ryd)  k(au)~1 Z2(Ryd)

Aau) =
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optical properties for 41 elements, with values closely relared ro the TTP-2 M formula
[From ref. 9].



Construction of the Muffin-Tin (MT) potential
Natoli et al J. Synchrotron Rad. 10, 26-42 (2003)

VC(I') — _Z sz + 2/dr’ ,O(I',)
k

r — Ryl v — 1|

p(r) is obtained by superposition of self-consistent atomic charge den-
sities following Mattheiss prescription
R+
/ ,Oj(Tj)fl"dej

R+r
/ V'(rj)rjdrj

pior(r) = p°(r) + Z

2Rfr'

Vior(r) =V° (T)+Z

2Rfr'

2 r @)
Vi(r) = 4r [;/O r?p(rj)drj + 2/ p(rj)rjdrj]

T 1 1 Ho 2 M 2
Ve= AO o Ve(r)dr = A NC /O Vo (r)redr — ZL Ve (rj)rj dr;




1 1

Pint = ——= r)dr =
Pint AQ Jao p(r) A A

Ro Rj :
| phaeyrar =3 [ o rizar,
J

Determination of MT radii
Norman radii

RN orm

&

p (ri)ridr; = Z;

Then

Norm
Ry i

Ry =

Norm Norm
RNerm 4 Rl

Local Density Approximation for > (r; F): Hedin-Lundqvist
Potential

>(r; E) = Zp[p(r), E — Ve(r); p(r)] = Vege(r)
Since E — V.(r) =~ p2(r)

Veae(r) ~ Zp[p(r), p?(r); p(r)]
p?(r) + 4 [p(r), p°(r); p(r)] = k% + k(x) + Sy kg, k7 p(r)]




Ts
. T V4 /
Zh(p) = ooy [ €7 (p§f°w>,)ao<p ol )dpla
Go(p,w) = .
AP, &) =3, — p2 + isign(w — ep)
1 w2
=1 —|— p
e(p,w) — w?(p)
. 67"5 1/2 L 417
wp = 4[ 3 1%/ “ep (a3 eV

4 4
wi(p) = wy + €5 [352 + ]
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2.4, Cross Sections and Angular Distributions

K-Shell Photoabsorption of Gas-Phase CO
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Figure 2.6: High resolution photoabsorption spectrum in the region
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Figure 2.5: Molecular orbitals of the N2z (a) and CO molecule (b) in the LCAQ model togethe_r wiith

their electronic ground state occupation. Molecular binding energies are taken from Hemmers 3 and

Hergenhahn ** atomic binding cnergies arc based on calculations by Verner ef af.””



t01(w) o —— / < 65 (xo)[e-r|G(r,r'; B)fe-1'|65, () > drdr’
What happens if
1
67, (50) = by, (1) = 5(6(11) £ 6(r2))

We easily find, remembering the form of the GF:

o aps(w) = dmahw (Z Mp(E)ST1M(E) £ ML(E)%T%QL,ME,(E))
Lr’ Lr’



In the Born approximation, from the equation obeyed by the scattering
path operator 7

1 ]
T/ =T+ Z TLL GLL’ T L

LL'k
TR Y 717 R Gt
Therefore
sin(kR + 261 + ¢;;(kER))
Oabs ~ Oat (1 T All<kR) LR L

This is the generalization of the celebrated COHEN-FANO formula,
interpreted as a molecular manifestation of the Young's two slit ex-
periment ( H. Cohen and U. Fano, Phys. Rev. 150, 30 (1966)).

The MS expression however does not support this interpretation.
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Figure 2.11: The figure is taken from [J] showing the principle of a molecular

douhle sht.
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