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Basic Concepts

[ts the

E, =hv—®— Aenergy
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Outline

1.Photoelectron energy and bound state energy
2.5atellite structures and multiplet splitting
3.Chemical shift

4.Molecular photoelectron spectra
S.Photoelectron angular distributions

6.Hole state relaxation

7.Photoemission in solids

8.EDC and core ionization

9.Angular resolved PES

10.High energy photoemission HAXPES
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/” Photoemission Schematics: = -—

He lo=21.23eV K
He 110=40.82¢V

Mg Kal,2 =1253,6 eV
Al Kal1,2=1486,6eV
Synchrotron Radiation

Je(hv,Ee,0,0,0)

——
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-~ ENERGY CONSERVATION, BINDING. —
ENERGY AND PHOTOELECTRON ENERGY

Eyn = h@_(l)_‘Eb‘
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P
The photoem-lssmn Process

= hV—BE,, (24.6eV)

d

Qrthohalum
He=1

: Helium
. energy
: levels

3 O 1 2
Orbital angular momentum |
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Interaction radiation matter and
transition probability

2
V B

Bertoni’s lectures at this school

Initial state A = Neutral ground(excited) state
Final state B = Residual 1on + free electron(s)

dQdE

dhv_HdeE

Photoelectron Spectroscopy
XTIV SILS School G. Stefani iz



X-section vs. Photoemission current

J,(hv,8,¢)=J,,(pl) | j v Fon (B Q) (EYAQUE

Photoemission peak lineshape

1. Photon monochromaticity Gaussian
2. Electron analyzer resolution Gaussian
3. Final state lifetime (uncertainty principle) Lorentian

Lineshape =Convolution (1,2,3)
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Energy balance for 2e atom

E,=E, +hv|
“PA = A¢,¢, |‘PB — 121¢152|
+E, =B +E, +hv
|Ee — hv— BE, (2-4.6eV)|

One single photoemission peak 1s expected
Energy and momentum are conserved
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0.02F

0.01

Complexity of the photoemission

spectrum

P‘hotoelectron Energy E_ (eV)
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Satellite structures =1

Main peak

(x0.025)

95

L
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How complex can:it be?

1 i ! 1 i i 1 1 1

400+ Xe4d (ﬂ\
. \

200
»w O 3d ]
s-z_; 482 4p6 le
S 400 5s? 5p°

200

30 20 10 0
RELATIVE BINDING ENERGY (eV)

PHYSICAL RE V.IEW.AVOLUME 9, NUMBER 4 APRIL 1974 1603
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Primary photoionization processes
MATH PEOCESS S ATELLITE PEOCESS

MA+hy = +e- M+hy =M e
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= = —
/; — cn—
,/ \§ . P ; — —/

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

[ €, Binding Energy |
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The He sate‘[llte‘Structure

(.02 i

shake —off

20 40
Kinetic energy (eV)

——
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A many electron atom

H, = H, (kin)+ H, (e n)+ =

D R L

l>j l]

P — v (N=1)
‘\PIEIN)>:A(¢]'/1'91'\. |

‘LIJ(N)> E(N)‘\IJ(N)>
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Single
particle
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sudden approximation

Neglect
nucleus
motion

— — — — E—

e <g@¢j G )><\P§N‘l) w) “S(E, +EYD —E, —hv)
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Photoelectron cusrent vs. photoelectronenergy

1|

Ir =5, / I|
B Mﬁ- I y j |I

Y

0 20 40
Kinetic energy (eV)

hv+ He(ls*) — He' (1s') + ¢,_,

hv+ He(ls*) — He* (2s')+¢&,,He*(3s' )+ &, ,He (4s' )+ ¢,_,,

hv+ He(ls*) — He* (2p')+¢&,_,,He* Bp')+¢,,,He (4p' ) +¢,_,,
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K oopma'ﬂ’s%ngy vs. photoemission

”
" peaks ~ z
do |
dQE, - ;w,fzj

S

2
ol frlo, (.o ) (W0 WD) S(E, +ES —E, —hv)

Sy

Je)

e =5
=

shake-off  shake-up adiabatic
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Spin orbit splitting
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Molecular multiplet_splitting ©,

CORE HOLE MULTIPLET STATES OF D;

g

RR(0:29F (5,29 (052 (o) (o) 32,

0, O1s Photoelectron spectrum (hv=1487€V)
L=
3

Fig-
I[ =2.0040.05
2):—

FWHM=0.55eV MULTIPLET TRANSITIONS IN O,
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CuCl, multiplet & satellite -

= 2P, 5%2p5,23d 10
+ ligand hole

Cu 2p emission from CuCl,

~ _Ei212p3;243d1“
+ ligand hole

~ 2Py;5°2Ry, 30

= 2P 7 2P;; 3

INTENSITY

Screened ‘| [
~3d/10 "\ Multiplets —
| Unscreened | | |

: g
930 ~3d 950 970
BINDING ENERGY [eV)

Vinax(N—1) = C,,K(2pf,:,2p§,23dw +CZ hole) + CZ,JK(2pf',22pj,,23d9)

Van der Laan et al., Phys. Rev. B 23 (1981) 4369
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7 “Chemical shift — - —_

Journal of Electron Spectroscopy and Related Phenomena
Volume 185, Issues 8-9, September 2012, Pages 191-197 C 15 285-300 eV

O 15 530-540 eV

C 1sCO, 298 eV
C 1sCH, 291 eV

B 6 4 2 0 -2
Binding Energy Shift (eV)
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Chemical shift vs.electronegativity

Core level =hifts

on Si

5
-H" '
E P
_'.E
a3
T
+1]
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Eleclroneqativity Diffsence wih 5i (V)
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Sensitivity to the loeal environment in free clusters

b

J. Chem. Phys.,
Vel 20= N v
January 2004

Tchaplyguine et al.

Xenon Clusters
Fw=120 &\

atem
i

<N>=3500

Iﬁ-ﬂ I Iﬂ' I I LT ) o rlIi-l:'l
Binding Energy (eV})

FIG. 3. 44 XPS spectra of xenon clusters of thres mean sizes at 120 &V
photon energy: &= 300, 900, and 3500,
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n /-\

PES spectruntof N,

LU

8 ’ 17
lonization energy, eV
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Experimental PE.spectrum of N,, and MOs

Orbital assignment

Md "

l

"/\\

N ﬁ
}#g >
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/,-o-o-duzs s
e \
TS 0925
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15
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|

STATE OF N,

Experimental

%—tmmcm" 229

1810cm~! 2
! i,

t 2390 cm™! Z:U

[ Bmdmg energy (eV)

Molecular Nitrogen PES

Binding energy (eV)
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Molecular PE x-section

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

Zp, Ze' +Z§(r)z-s +Z

i>j 1] i>j

Born Oppenheimer ‘\P(N)> = ‘\P(N) >‘ \PZZ>

2

do 1

m_

Ee <5, ‘77] ‘% C940 ><LPZ(3N1) ‘LPJ(?N_I)>

dQdE, hv 3

2
S(E,+E"" —E,—hv)

\_P;;ib >

‘ <\P;ib
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Frank - Condon Factors

0.01.02.03.0 0.01.02.03.04.0 0.01.02.03.04.0

‘ I | ‘ l ‘ Continuum
] _ A I L1
cm” —.- em” -

cm-l —

(b) () (d)
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/~ PESO, vibratib%' and multiplet splitting ~— ~

|||||||||||||||||||||||||||||||||

Binding energy
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PE angular-distribution

‘dQ

Photoelectron Spectroscopy
XTIV SILS School G. Stefani

3il



M>

Angular-distributions

90

= 300 ———" 240
‘Fl;’ P B I o} 1?[]
“|ldo o
——oc — |1+ BP, cos( 4
dQ 4H[ pP, cos(9)]
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A

Je

I
q)direct + Z (Dscattered
I

J,(0,9), < ‘CDO +CDS‘2

1,(0,9), | ®,|

O

~
©
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Fixed in space molecules
CO Cl1s

O0rn—e C hy=321eV .

E

F. Heiser et al.  voLumE 79. NUMBER 13 PHYSICAL REVIEW LETTERS
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Application to surfaces

b I(k)=lo,+ Y o o
Scatterers, j %
€ W ¢, Exin
V>
0, % ol
inc s """Vu

\ =&k %ﬁm‘" “

N
Spher. /
N\ Wave Plune/ f;(©;)

Fexp(-L/2A,) /

i

exp(ik|r=rjl) i

—

\ (SW) vae r _ri | /
exp (ikr) (PW) o
r exp(lk r) =

— —
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Core hole_relaxation

SECONDARY  PROCESSES

ATIGER ELECTRON DECAY ATUTOIONIZATION
; 5 | o
e o | 1 — o
= | £
ch ol T, B | S
®
: :
M Ak
b i _.-’_ i v #— 1
2+ *
MY oM e M M +e
Global energy, angular Energy, angular momentum,
Momentum and parity Dipole selections at each step

Photoelectron Spectroscopy
XTIV SILS School G. Stefani 36



Auger decay

Net

Ne

Ke(ds)—==0=0—

Auger Transition | Double ion valence configuration | Multiplet Terms
KL,L, 25’ 2p° 'Sy

I<L1L2,3 2S1 2p5 1P1, 3P(), 3P2, 3P1
Klpsl3 25" 2p' 'S, "Po, Py, ' Dy

EA(KL,L,) = E(K) -E(L,) -E(L,, L))
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Kr Auger-spectrum

K. Siegbahn et al
“ESCA Applied
to free molecules”
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Zn Auger-muiltiplet splitting

| o owm ) it L3MysMys
P(0,i, f) o< Kﬁe‘p e, |clie, )| ‘(rgp Do) il
i 7 rl |II |
= i
i |11
e l| |
(fe €, |Clit)=(it|D|0) 2 || A
P(0.i, f) o< ‘J' E\ +FE.4 ’_|E - h\" ‘_Jrlfn ar r' IHL"*.I / III".
A D r " § '

Aksela et al. PRL 33,999 (1974)
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h &

Auger chemical shift
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From central to perlodlc potential
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a 1 o 1 1|
H H‘ H 1“:1 HM 24
g M‘{:\-\*Mh/\ﬂ 00T T T
= PN o=
: WA g 6=100-4)
g e | A = 90
Eﬁ““"—-—.—_—. \/’\_ M[_\_‘ 15:3‘
B = s z
: iy L ;e
iy - & 701
o e 6=10,0,2)
Momentum
(atomic units) ;
2
p o
&
: (N-1) [ (V-1
{ (ET‘IJ|GJUJ g;)><q"3 ‘L]J > } %
L
{ <e~{|r-;. ‘.;:-‘L-j (.00, )>;1(A" E)

Photoelectron Spectroscopy
XIV SILS School G. Stefani 41



> > 4

Photoemission
Spectroscopy
In Solids

VACUUM SURFACE

BULK

ENERGY

EMPTY
STATES

Vacuum level =

Fermi level e R LT o L
-;c;ﬁo;.:’ '/
Valence ( :?13:3:?// /'

electrons | &7

= \:223_37‘/,;;/// 7/
Core

clectrons ‘ u L H

\

%

Eleclironic slales
in a solid

7.
27

Densily ol
eleclronic stales

7( OCCUPIED
) STATES ho

r

KINCTIC
ENERGY

PRIMARY
ELECTRONS

SECONDARY
ELECTRONS

How real
spectra look
like:
Primary and
Secondary
Electrons

Photoelectron
spectrum
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G - —
£ Spectral Funetion.in Interacting Solids . — _

FRe= AN Oy

Jec T M2 | = |m,_|2x8EN+hv-EN! _E, )

Ak, g)= Z_ (|<P¥_|¢, | PN>)[2x §(e + EN1_-EN)

Je(k, ®) o .| M. |2 A(k, E, - hv) f(E,, - hv)

For non interacting particles A(g, k)=d(¢ - E,) where Ek=EiN-1_EiN

A(e, k) =1/n |Z"(k, e)| /[le-E - Z'(k, &) |2+ | 2" (k, £) |?]
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E P
The Three=Step model 1 :

three-step model one—step model
} optical travel transmission C N .
: excitation to the through the - ‘ f:tilzﬂmn “:n[:.e ""':”fch'”'g
of a surface surface demped of Ihe surface
:&:ﬁ;l final state
Er"u"w--*—r .+
}
(D @ 7
-
.
/]
fw R y
4
#]
4
/
i
X EAAVAVAVAY AT
1
lil..I
t oL 1 -—
I
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A 5 \\ /
The three=step rpoglel 2 e
1. Dipole transition
Je=Z;; f(E;) [1-f(Eg)] M2 x 8[E ,-(E®@)] 3(EEi-hv) 8(ki+G-ky)
2. Elastic transport
d(E, k) = aA/(1+al))
3. Exit to vacuum
OIfE,<E . +®

T(Ep Keye) = %
1/2 \[1-(E+ ®)/Ef] if E,> E, + ®

Total current

Je oo Ty £(E) [1-f(E] M2 x T(Ep, Ky) X d(Epy k) % S[Eygy-(Er-®)] S(EE;-
hv) x 8 (ki+G-ky) x & (K/'+G"-K’ ext)
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How to reconstruet the initial state in 3 step model

EI'IE'I"Q'}'I j kinelic energy of
photoelectron

EIr'li'in

E=y 1o

rrrrrrrr

EoE LR L B E.h
& work wave vector
tunction 1 vacuum

Vacuum E .
level »

Fermi E 1.....1..
F

level
E; /®/

— i

reduced wave vector k
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V4 /—
/4 Surface vs. Bulk Sensitivity in Photoemission. - _
| ] L l] ] ] I I L B L | ] ] ] 1 L iI
1001 _
- electron mean free path :
= 50
s |
&
3
)
N
Copper >
Lattice _L:
5l_ Mow® ®» Aq
= Be -
Ll bl L) L k2t b & 48]
5 10 50 100 500 1000
electron energy (eV)
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Photoemission.spectrum at Fermi“Edge

Intensity (arb. units)

|

METAL

0
T

Intensity (arb. units)

1.5

10 05 00 -05
Binding energy (eV)

-1.0

INSULATQR

Binding energy (eV)
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Valehce band Energy Distribution Cupres and

Intensity

% 10
@ 1.0
=
S ol :
0 100 200 300
Photon energy (€V)

{a) hv=40 eV

(b) hv=143 eV

— P(997)
Co chains
on Pt{997)

5 El 3 2 1 0
Binding energy (eV)
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Valence Band EDCs of the clean
Pt(997) surface (thin lines) and of
Co-nanowires grown on Pt(997)
(dots and thick lines), taken at
different photon energies
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(3)
(2 P3/2)

(2p1/2)

L, (2s)
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\§\ /ﬂ—'s

" 4

Autoionizing decay
Ne Ne’ Ne*
Ex

L
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P -~ P
’ Resonantphetoemission EDC -—

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

r W—’\ the N K-edge (right
: 3 #. ] panel).

CuPe

8

-
>

-
pury

(eI

\ Electron yield

385 400 408 410
Photon energy (eV)

hw=110e¥

1 L i 1 i 1 i 1
20 1% 10 5 3

Binding energy (eV)
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2D electron gas s,patia-lly confingd CS/InAs(110) =

Intensity (arb. units)

=3

Cs/InAs(110)
©(0s)
L 8 2D Density of states Quantum Well
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Photoemission - Core Level Spectroscopy
«

Wide XPS spectrum of graphite ’(é)

O e

C as graphite Is.
Mg Ko KVV
1020 970
Binding Energy (eV)
1200 1000 800 600 400 200 0
Binding Energy (eV)

=
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Photoemission Spectroscopy

The singlet C 1s line is
Core level XPS spectrum characterized by:

of graphite (C)
1) A specific binding

energy which reflects the
1s = 2845 ¢V Is | specific atomic species (C)
in a specific chemical

‘| environment

2) A finite width reflecting
the instrumental

| resolution, lifetime

ws s s | broadening and other

i i many-body effects
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Core Levels, chemical shift

The Si 2p line is
characterized by the
occurrence of 5
chemically distinct
components which
reflect different
chemical states of the
| | Si atoms at the
R e interface

Photoemission Intensity ( Arb. Units ) -

'ﬂa‘\
-~ |\
T\
r ‘ﬂ

FIG. 1. Intermediate-oxidation states at the SiO,/Si(100) in-
terface, identified by their Si 2p core-level shifts. The top curve
represents the raw photoemission data for the Si 2p, 3,32 core
levels. The bottom curve has the Si 2p, ,, line and the secondary
electron background subtracted. All three intermediate-
oxidation states are seen. For a truncated bulk structure only
Si** would be present since the Si(100) surface has two broken
bonds per atom.
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mealﬁeﬁpathIn RS —r,

High-
resolution In-
4d core-levels
at freshly
cleaved
InAs(110),
taken with
He,, and Hey,
radiation;
Voigt-profiled
fit with surface
(S, blu lines)
and bulk (B,
red lines)
doublet
components
(left panel)
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Valence PE vibrational spectrum

Intensity (arb. units)

& Hi
i

Pentacene/Bt/Cu(001)

20 A

! WG= 340 meV
N W, =40 meV

oo Fit

L ety S | = | A

2.0

1.5 1.0 0.5
Binding energy from £_ (eV)

0.0

Photoelectron Spectroscopy
XTIV SILS School G. Stefani

benzene-thiol:
66H5'SH

Betti, Kanjilal and Mariani, J. Phys.
Chem. A 111, 12454 (2007)
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Cooper Minimum-Photoemission

It is possible when one of the valence band orbital shows a
Cooper minimum in the photoionization cross section
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_ Photoionization cross section for 4d and 5d subshells in the energy range 0-200 eV
compared to the cross sections for the 3ps and 4sp valence states of the semiconductors [21].
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Cooper minimum
in the Pt 5d
cross section

A Cooper minimum
exists when the
radial part of the
orbital wave function
exhibits a node

The Pt 5d and Si 3p cross
sections are _comparable
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-~ Cooper Minimum Photoemission. — _

T 1 '[ | 1 1 T I 1 L3 |l L T T =il ] 1

]
| 3 Si(s-pi(Pt(d)) .

PtA/OS:&(:;BZH s P+ 5d an'ri-bonding
1~ Pt 5d non-bonding

\

e - Pt 5d bonding

" A joint analysis of VB
- . 1 photoemission spectra
B v
T A TR TS NN WA NN SN URNNS SN (RN S SN SO ENY N Taken GT Ond Off the
15 10 5 0

o Cooper minimum enables
one to disentangle the

. Analysis of the Si sp partial DOS at the Pt-Si(111) reacted interface (40 A Pt-Si(111) at dlffer"\g site- Cmd
room temperature). The top panel displays the CM and the h» =80 eV photoemission data, and a Of‘bi'ral - Spe c ifi c
three-peak partial DOS that accounts for the Si hybridized 3sp charge at the interface; a gap is . y
present in correspondence to the localized Pt5d states. The same three-peak partial DOS is then COﬂ"'I“lbLITIOﬂS
self-convoluted and compared to the integrated SiL,;VV lineshape. The correspondence of all
peaks and relative intensities (a part of the known reduction of the Si3s contribution) confirms the
CM derivation of the Si sp partial DOS [159].
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Angular resolved photoemission
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angular resolved photoemission

How to photo-excite electrons

from a crystal in a periodic
potential, by photoemission

(external)

graphs from Ph. Hoffmann

k,(int) = k , (ext)
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periodic potential

L

C

reduced zone
periodic potential

= bulk  cyrface
? state state
E

Er

binding energy
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electronic surface states at Cu(111)

Cu(111) s
o hv=16.8eV o hv=11.8eV Fermi
£ F b | e
Ep
e g
0.1 ) |
— o
= 6 21.4
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S g , 210 §
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= o | o
= 5 E E
— o =
g - ° :
£ 06 2 206 =
g -4° o
0.7 =1 \___/L =
| -6°
08¢ . |
| | | [ | | -8 20.2
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% kinetic energy (eV)
1.0 .
-0.2 -0 0 0.1 0.2
Iyl A"
quasi-free electron surface state on Cu(111),
S.D. Kevan, Phys. Rev. Lett. 50,526 (1983). Schockley state, s-like
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INFTIAL ENERGY BELOW Ey (eV)

Dangling bonds Si(111)-(2x1)
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Dangling-bond surface state dispersion at the Si(111)-(2x1) reconstructed surface along the I'J
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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Physisokbed Xe c(2x2)/Cu(110)

xenon—Cu(110) ¢(2x2) structure. Energy of xenon Sp levels as a function
55 of photoelectron wave vector k,
| [001] azimuth [110] azimuth
oo 5py, . M) t5
] / o0 0,
= b e ? ®
3 ® % ® L .
mu'ﬁ'ﬂ‘..-'-""':---'- "'i-..-.-.-'.-'-
3 $0e0 5Py, Mt ®eoevsenrey
s
= 70+ .
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ka(A™D)

Experimental band structure of the 5p levels of Xe physisorbed in an ordered
c(2x2) structure onto the Cu(110) surface. ARPES bands
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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).
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INTENSITY (ARBITRARY UNITS)
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Valence band of graphite (HOPGQG), stacking of the ARPES
spectra as a function of polar angle (left) and experimental

band structure (right).
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A Graphen%d.structure T — =

/ e o — -
a "eal space b K\\ [A1]

14 15 16 1.7 18 19 20

X
5 5
] 2
E w °
o7
energy E _E
graphene C
on Ir(111)
0 T T ; a
1 < ‘ﬂ““.‘-ll =l - l G K M
Graphene band structure along I'KM and zoom of the Dirac cone around the K point of the
SBZ. ARPES data taken with high-resolution ARPES and a He discharge source
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» »
- Band formation,in graphene multlrayers .
P -
— | a ";. ;’
3 0@ 1\
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Formation of an electronic band, stepwise: from 1-layer (extreme left) to 4-layer (extreme
right) graphene band structure along across the Dirac point.
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Silvano Lizzit, et al.: Nature
Physics 6, 345-349 (2010)
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Why M&,&PES @@EST?’ -
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: IMFP enhanced at both low
Courtesy of F. Offi (<10 eV) and high energy (> 5 keV)
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Main difficulty with-HAXPES

Yeah and Lindau
Scofield
m
=
@
= more than
O ~ 150 times TWO ORDERS
B OF MAGNITUDE!
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Q - Y
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102 - ‘ I ‘ I ‘ I ‘ I ‘
0 2000 4000 6000 8000 10000
Energy (eV
9y ( ) J.J. Yeh and I. Lindau, At. Data Nucl. Data
Tables 32, 1 (1985)
J. H. Scofield, LLNL Report, UCRL-51326 (1973)
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Early attempts

[ 10%)

Courtesy of F. Offi
Au 4f core level

" 235 counts/s
| ~8 keV Kinetic Energy
Total Energy Res. 420 meV

: K"\%ﬁ# NOT POSSIBILE TO
MEASURE VALENCE BAND

| | i
39 8H 87 R& 32 7] 83 %] &1

_‘B:I'.dl._n}_!-tl'ltr g;"l =)
Fig. 2 Electron distribution curve for the 4f doublet of gold. I. Lindau, P.Pianetta, S. Doniach, W.E. Spicer
The Fermi level is chosen as the reference level for the binding
energy. a, 4s; peak; b, 4. peak; ¢, 0.42 ¢V (FWHM). Nature 250’ 214 (1974)
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RECENT RESULTS ON VALENCE-BAND

Au polycrystalline
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G. Paolicelli et al., Journal of Electron Spectroscopy and Related Phenomena 144-147, 963 (2005)

Courtesy of F. Offi
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Estimation of the bulk sensitivity

Bulk sensitivity in PES is typically estimated via measurements of
electron effective attenuation lenght (1), the thickness of the
overlayer that reduces to 1/e the intensity I° of a core level

emission from the substrate.

The “overlayer” experiment:

>,
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Overlayer:
Co, Cu, Ge, and Gd,0,

I” = intensity for an
infinite overlayer

M. Sacchi et al., Phys. Rev. B 71, 155177 (2005)
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Effective attenuation length (A)
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v T ¥ T X U : Courtesy of F. Offi
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For most materials the
experimental values of EAL
are quite higher than what
obtained at lower photon
energies and quite in
agreement with theoretical

; models
e
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2 .
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4 5 6 M. Sacchi et al., Phys. Rev. B 71,
Electron kinetic energy (keV) 155177 (2005)
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The End
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