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A. Einstein
Nobel prize 1921

E, =hv—®—Aenergy
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Have forgotten Relaxation and Correlation!
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» Photoelectron energy and bound state energy
« Satellites, multiplet splitting: many-body

* Chemical shift

*  Molecular photoelectron spectra

* Photoelectron angular distributions

‘-

* Photoelectron emission in solids

« PES EDC and density of states

« Angular resolved PES: electronic band structure
« Spin and time resolved PES: charge dynamics

- High energy photoemission HAXPES

C. Mariant and G. Stefani Chapter 9 in «Synchrotron
Radiation Basics, Metirods and Applicationss
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photon source N cnergy analyser

St = antimonio
Sn = stagno
sh 3d in = Indio

i . B x Sn 3d
hv - Jwﬁuﬂﬂ

260

Ee (eV)

J.(hv,E.,0,¢,0)
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,’/ o AVGI'GWTOﬁ -sources:  w. —_

Optical laser + HHG Synchrotron radiation

- driver for nonlinear 7
processes or - gas-based conversion |
trARPES pump (ultrafast)
(CW or ultrafast)

- facility-based
- continuously tunable
(quasi-CW)

2n+1)o

4 a0 2 3 a
10" 10 10 10 hy

Optical laser + SFG Gas ducharge lamp Free-electron laser eV

20 O"

- crystal or gas-based ik "; 3. | - stand-alone |ab-

- facility-based

conversion Gats based source 1!“;' i |- continuously tunable

(CW or ultrafast) : b St oot (cw) (ultrafast)

He la=21.23eV He lla=40.82eV

Mg Kal,2 = 1253,6 eV Al Ka1,2=1486,6eV
Synchrotron Radiation
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Energy conservafion: ~ .
Photoelectron energy & Binding energy

Ee=_ Ee=hV—(D—|Eb| fnﬂrg

2m ' '
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Photon absorption transition probability

do

dhv

= 47°ch VZ

§0<\PB Zﬁ
B I

2

S(E, —E, —hv)

From Boscherini's lectures at this school

¥ ,> Initial state A = Neutral ground (exciteg
|Wg> Final state B = Residual ion + free ele

;.m‘v“ o

eﬁ"?e
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X-section vs. Photoelectric current

3,(0,8,6) = 3, () [ [-22

AEAQ

F..(E, Q)1 (E)dQdE

dQdE

Photoemission peak lineshape

1. Photon monochromaticit gﬁmsswm
Z. Electron analyzer reselution gﬁmsswm
3. Finalstate tithime (u nczrtm'nty }Jrincifte) Lorentian

Lineshape =Convolution (1,2,3)
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Energy balance for2e atom:
He 1s?

E.=E,+hv

Y, =

Ads, ¥, = Ade,
(E¢+E)+hv=E{+E,
hv—E, = BE, (24.6eV)

One single photoemission peak is expected
Energy and momentum are conserved
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Complexity of the phatoelectron
spectrum: He 1s?

Satellite structures

Main peak

»
Al
w.‘ﬁﬂi \ ' 1
. Ui |' ‘
- \
\

: 40
Photoelectron Energy E_ (eV)
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7/ ,’//Primarymmza:ri

orf processes . ___

Y 4

»Photon = single particle operator
»2 or more particles involved in final state = e-e correlation
»Relaxation & e-e correlation in photoemission = satellite

[ €, Binding energy |

Photoelectron Spectroscopy 1st on-
line SILS School G. Stefani 16



A many-electron atom

Single
particle

orbital
~— 1]

Ho| Ae;(7,00); ¥ ) = ESV| Al (7,0, s )
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Sudden approximation

oC
dQdE, hv 43

Neglects
relaxation

dU 1 . _ R 2
dQdE, ” hvég.<g"r1‘¢j (rj’aj)> 6(E, +&; —hv)
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/7 : ’The full ph'o’roemission pictufe in He (e-e) _

|

He h]/': 1208\"
shake-off shake-|

n=J3

hv +He(s?) - He"(Is') + ¢,
hv +He(s®) — He" (2s') + ¢, , He" (38s") + &, , HEZ(4s' ) + £, 1 yorvrnii He™ +¢, +¢,
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Koopmans energy. vs. photoemission peaks

Je)

»

.

-

> ]

<

-

shake-off

shake-up adiabatic
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Complexity: is e-eall? Spin-Orbit coupling!!

T 1 I 1 1T 1 1 1 |

g10
482 4210
552 5p®

COUNTS

30 20 10 0
RELATIVE BINDING ENERGY (eV)

PHYSICAL RE V IEW A 9 (1974) 1603
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~"CuCl, multiplet:&-satellite” (IFs) (e-e) . .

= 2P4;5%2p5,*3d 0
+ ligand hole

Cu 2p emission from CuCl,

f'_' = _EL212P3;243"1D

o + ligand hole

Z = 2pq,°2D;,°3d°

- _ = 2p,,,12p;,43d°
z

Screened s

— 10

| 3d Unscreened l*.lflultlplets ] |
: ~3d?

930 950 970

BINDING ENERGY (eV)

(N-1)=C, (2p?,2p;:,,3d" +C/ hole) + C, (2p?,,2p:,,3d°)

fnaj' K

Van der Laan et al., Phys. Rev. B 23 (1981) 4369
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Molecular multiplet splitting O, ( s-5+)
KK(GEEEJE (Guzﬂjlz (ngp:lz (Wp)rﬂ, (ﬂ:gz}?)z EEE CORE HOLE MULTIPLET STATES OF Dg

0, O1s Photoelectron spectrum (hv=1487¢eV)

FWHM=0.55eV
MULTIPLET TRANSITIONS IN O,

w
a—
=
2
o
A
o
S
>
=
v
Z
Lut
=
Z

CONFIGURATIONS TRANSITIONS STATES
FWHM=0.67¢V

|
544 543
BINDING ENERGY (eV)

M. Larsson et al. J. Phys. B 23 (1990) 1175
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’.vCFemical shift: naighlpgﬁ Ihteraction

C 1s285-300 eV
O 1s530-540 eV
C 1sCO, 298 eV
C 1sCH, 291 eV

Y, -

Sensitivity to
local chemical
Environment

Binding Energy Shift (eV)
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~-PES specfrurrrof-Hz (nyc/leﬁr‘mofio.n)— -

Franck-Condon principle L. Asbrink Chem. Phys. Lett. 7 (1976) 549

proton distance

Binaing Energy [et\./]
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Molecular PE x=section: nuclear motion

H,=H,(kin)+H,(e—n)+H,(e—e)+H,(s-0)+H,(n—n) =

N p2 N 72 N g2 N . M @?7. 7.
:Zp—'+2——+ —+Z§(rj)lio§i+2 L
A L I’ i~ [jj 1 i~ [ij

Born Oppenheimer |W(2) =|¥2)| ¥k

2

s, oy B (T Ot

AR

A,B
by 5(E, + EN —E, ~hv)

Frank. Condon
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PE angular distribution

I‘f—]‘¢1(f}’01)>< gy 1)‘LP(N 1)>

2
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Angular distributions: state symmeitry
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~_ Angular distribution and neingfod’fﬂiﬁgm’romé

-
Y, -

2

‘Je

[
o direct + Z o scattered
[

J.(0,9) ‘CDO +(Ds‘2
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O
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~
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Application.to surfaces

2

hy I(Ef) =@, + Z P,
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—~From cehtral to periodicpotential

6=10,0.2)

(&[5 16, 5. 0))] A (K. 2)

A,B
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Photoelectron x-section in solids

—odE ™ hlv AZB: ROAGAE >‘5(Ee +ENY—E, —hv)

One step model
: g "
Eb ocuton  wavemaiching final states: "time-inverted LEED state
into adamped  at the surface ) ik T
final state - infvacuum: free electron wave e*"*f

-fn the solid: matched to high lying Bloch waves,
damped by e-e scattering

- energy Er and wavevector E?f

initial states in the solid:
- bulk Bloch waves u__”Ei(F)glki-r

- energy E; and wavevector k;
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Photoelectronimust escape from solid

Er

free-electron

\thfl
= —r @

Z step model

surface

r_/-""

analyzer

/j;d
states
.

k, (in solid)

-

k., (inwvacuum)
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Staf /: optical.excitation inthe solid

E A excitation

into a bulk
final state
E [~ | )
tF—=% — - —tG By
@ } /
PR |
E‘l.-' \uf hV B ’f \‘jf | l
E PAAS 1 |
F -
hv Ei;7/—— Tl __ __\ch
£ | | -
0 -Z ki 0 Z ki+G

momentum conservation: only "vertical"

fgf = Ef +G+ %ﬁ, transitions

for VUV excitation
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P Ste}a Z:" Transport to the-surface

y 4

E 4 excitation travel . ME&WI« ; iﬂﬂfﬂftﬁa ‘—.— - gﬁ%??ﬁﬂiggta
into a bulk to the 1 R ———————————————"—
final state surface

d (Ep, k) = ar/ (1 + ar)
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g

E A excitation travel transmission

>

BUT k, changes due to electron
iffraction at surface barrier

into a bulk to the through the
final state surface surface

g e [\ [\ [\~
@ @ 710 G— k.,

" WATA

| ! 1]
0if E; < Ep + @

T(Ef! kext) - %
1/2 \[1-(Ec+ ®)/ E; ] if E; > E +®
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J. in‘the 3 step model

1s Di;wle transition A ? step model
2. Elastic tmm}wrt /
3. Exitte vacuum L B
i / IE
Initial-final states Fermi-Dirac > Step 1

J, o Y (F(E - (B M. F6TE, € -hv)-6(K; K, +6)

d(E, 1k)'\ Step 2 Energy &
Il Il Il momentum
T(E, k) -6(K' -K+G w conservation at
Step 3 surface

Photoelectron Spectroscopy 1st on-
line SILS School G. Stefani



" “Typical J, (E,, @) distributién ih solids

y 4

MDC
>
Q.
(o]
O
)
&
+
Q
= 0 Ag(100)
S >
£ 2,
\2)
W @
S 5 o4
£ 2k
NS S @
o £ £ .
oFs a6
X%
A< e
& = o ,
= 15 20 25
T ) Angle [deq]
Crystal Momentum K [A-]
| — E—
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other

EDC for Interacting Electrons eectrons

phonons

?

.  Spin excitations

Z
Q Non Interacting Interacting

Electron
analyzer
hv é

Sampt

-

X Eg E N-l B N+l B N-1 B N+l E
Photoemission geometry Non-interacting electron system Fermi liquid system

Y

From Kyle Shen Stanford University «High Resolution UPS»
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/e It really woerks.on solids: i.e-Au . — _

xll:")'l

A 352

B 332

Intensity / a.u.

| 2.O(I)OI - Binding energy eV 0
Gold Photoelectron spectrum EDC

Copyright © 2013 Casa Software Ltd. www.casaxps.com ‘l Rev. Sci. Instr. 89, 073105 (2018); |‘

-
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Photoemission.spectrum af Fermi-Edge

INSULATQR

(syun "gJe) Alsuau|

Binding energy (eV)

(suun -qse) Alisuayu|

Binding energy (eV)
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~ PES of the Mott inaulaLor TiOL‘IG?e-eePr'elaT‘ion_ .,
Y 4

M. Hoinkis et al. PHYSICAL REVIEW B 72, 125127 2005

spectral function A<(®) (DMFT)
] “ o—l—b U=t

Intensity (arb. units)

DENEITY OF ETATES

O2p/Cl3p
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Valénce band Energy Distribution Curves .

{a) hv=40 eV

200 300
Photon energy (eV) |

Intensity

(b) hv=143 eV

Valence Band EDCs of the
clean Pt(997) surface (thin
lines) and of Co-nanowires

— P#(997)
Co chains

on Pt{997)
grown oh Pt(997) (dots and
thick lines), taken at
T T T different photon energies
5 4 3 2 1 0
Binding energy (eV) PRB 61, R5133
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’ 4

Vilmer'c}x’ri et al. Surface Science 603 (2009) 1542-1556

NEXAFS 1

core-hole
excitation iy

,~ Resonant photoelectron E,Dg:fu'PCMu(IOO,) -

Valence Band
EDCs of a CuPc
thin-film taken
at different
photon energies
and X-ray
Absorption
Spectroscopy
(XAS) from the
same CuPc
across the

N K-edge

“
Vacuum.

LUMO D
% X: o % .
Participator
decay
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line SILS School G. Stefani

47




2D electron‘gds.spatially confinedCs/AEnAs(110)

Intensity (arb. units)

-2

O(Os)
0.0 0.1 0.2

-1 -0.4 -0.2

Binding Energy (eV)

Cs/InAs(110)
0.3 2D Density of states Quantum Well
100 - - 100
F‘l-
___________ 0
Conduction Band
1004 < -100
E=-92meV
s E =-137meV
é-zoo- - -200
:
E E=-264meV
S -300 - -300
£
-400 - - -400
4 m,=0023
m, =04
500~ €=14.60 (©)  -500
Eg = 354meV - (@)
600 ——————
0.0 0 100 200 300 400 500

Depth Z (A)

C. Mariani Surf. Sci. 454-456 (2000) 417
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A

Intensity (arb. units)

i
- Surface core level shift vs. mea/frEe*chh Imds.
In 4d core-level
ch13 (48.372 eV) H|gh-
resolution
http://www.globalsino.com/EM/page4809.html In-4d core-
200 T levels at
A 4Hg freshly cleaved
e = oh W 1 | InAs(110),
< sof .:b\\ :ge igf || taken with
£ ~ \theory »Ge VW He,, and He,,
g 20 vo\\\ * radiation;
5 % . I Voigt-profiled
€ 10 " 3. A, ,ﬁ 1| fit with
of @39 ot surface
AL mwglobglaino comfgrn/ (S, blu Iines)
3 "5 90 o | 50 100 200 500 1000 2000 and
electron kinetic energy (eV) bulk
(B, red lines)
Hella Hell ooy
A components
165 17.0 17.5 18.0 18.5 19.0 19.5 (3/2, 5/2)
Binding energy(eV)
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Angular resolved phofoemission

k, (ext)
< k (external)

K " % o .
vacuum , (ext)! k,(int) = k , (ext)
crystal : kK (int) >k ,(ext)|

:

I

|

: k, (int)
K (internal) :

|

|

|

-

k(int)
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Er
binding enargy binding enargy

graphs from Ph. Hoffmann
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Electronic surface states at Cu(111)

Cu(111) _
o hv=16.8eV o hv=11.8aV EFermi hv=21.2 eV
] e
Ee e B,} 5 a-
. [111]
0.1 % I
= 6° 21.4
02 ';-Eé 4
— |
03l =
- 2
T g | N 210 5
S = | &
2 os ? o
g = -2° S
5 osp S 206 2
g 4° 3
0.7 =3 =
| -6°
08¢
| | 1 [ | | -8° 20.2
0.9 20.2 206 21.0 21.4
kinetic energy (eV)
10 02 01 0 01 0.2
Il A"

S.D. Kevan, Phys

g_ymsi— ftu electron surface state on Cu (117,

. Rev. Lett. 50,526 (1983).
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— — —

INNTIAL ENERGY BELOW Ey (eV)

Dangling bonds Si(111)-(2x1)

}%175 Rev Lett 48, 1032 }>iu75 Rev Lett 106, 0674607

A

I 1 ‘ - Emission Intensity (arb. units)
- — — &.UT ™~ O O T
K z of @
| b - i K " il | i W! 1) ’]}‘m i“w,”}.*)ff/.
: S 45] 1l
= J' | g T 4 '1{’; [
|
o : = % . 3
| =
-0.5— I ~ 8
t-—- ' B 05
1l : g uEJ )
. : 00 i srie it B .
P _ J -1.0 -0.5 0.0 -0.2 -0.0 0.2 04 06 0.8
Ky E-Ef (eV) K, (A1)

Dangling-bond surface state dispersion at the Si(111)-(2x1) reconstructed surface

along the GJ direction of the Surface Brillouin Zone (SBZ). One of the first

experimental ARPES dangling-bond dispersion (left panel); recent high-resolution

ARPES dangling-bond dispersion.
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A

o Pentacene on CuQ19):~ HOMO((,() dispersion

-

—_
Lo
(4]

3

-
>
o,

Binding energy (ev)

1.40

20 15 10 05 00
Binding energy (eV)

surf. 3ci. 601, 4242

2-nm thick pentacene film grown on Cu(119). ARPES selection of spectra taken at normal
emission and varying the photon energy (left). highest-occupied molecular-orbital (HOMO)
band dispersion along k, (right). E. Annese et al. Surf. Sci. 601 (2007) 4242
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INTENSITY (ARBITRARY UNITS)
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ARPES graphite (HOPG)

;21::"""1‘ .',..'.'..0 on

10}

POLAR
ANGLE

N
O

Binding Energy (eV)

A

Y|

Valence band of graphite (HOPG), stacking of the
ARPES spectra as a function of polar angle (left)
and experimental band structure (right).

A, R. Law et al. }’fu/s Rev B 34 (195L) 4259
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(extreme right) Ohta et al. Phys Rev. Lett. 98 (2007) 206802.
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Spin Resolved Photoelectron Spectroscopy: EuO
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Schneider arXiv:1809.00631v2 [cond-mat.mtrl-sci] 30 Nov 2020
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Simplified overview of the FLASH time-resolved momentum microscopy.
1t acquire band-mapping movies

Photoelectron Spectroscopy 1st on-
line SILS School G. Stefani 59



“Time ResolvedT’ho’rezlec_’rr'on Spﬁ?oscepy ' WSe,

(d) (e) Conduction band dynamics
~ —F-—- K/K' points
A > — Fit
N7 > & NE I}
& = NN
5 | Iy Tyt
0 ol;
3 € -
— —1-- /¥ points
2 3 o
2 a2 o
@0 & O
< +—
E A
-5 -10 -05 00 05 1.0 15 20 050 -0.25 000 025 050 075 1.00 125 150
Momentum k (8~1) Time delay (ps)

© Momentum path sampled through the K'-T~K,
* Temporal evolution o the excited state si?mu
B BN > inteqrated over A reqion around the K/K' and
T K /X" points in the first conduction band.
* Thesignalsin the conduction pand K/K' and Z/X'
valleys reach their respective maxima with a

delay of ~L0 f5.

A

Photoelectron Spectroscopy 1st on-
line SILS School G. Stefani 60



o < .
7 N

-~ Why Hard X-ray PES (HAXPES)? _ - _

hv ~20-1500 eV

| 41 Elemental Solids: Optical theory,
' 2> TPP-2M

—
o
)

—
o
M

R “Bulklike”
_ uried layers & UPS — XPS
interface

PES 1s extremettf

surface sensitive: t17 imlly
information is retrieved from
the topmost ~10 — 50 A.

—
o
—

Inelastic Mean Free Path (A)

.T ical val ARPES
ICal valence
10D_1E ......#2 2 -----..l3 2 .......l4 M
10 10 10 10
Electron Energy (eV)
C.S. Fadley in: J.C. Woicik ed., «Hard X-ray photoelectron spectroscopy (HAXPES), Springer series in Surface Science

Photoelectron Spectroscopy 1st on-
line SILS School G. Stefani 61



Main difficulty with-HAXPES

Yeah and Lindau
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First HAXPES -on valence’band-EDC
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Courtesy of F. Offi
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