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Photoemission Spectroscopy: basic principles

Annalen der Physik 17, 132 (1905):*

6. Uber einen
die Erzeugung und Verwandlung des Lichtes
betreffenden hewuristischen Gesichitspunkt;
von A. Einstein.

...AuPerdem wird anzunehmen sein, daf} jedes Elektron beim Verlassen des Korpers eine (fiir den
Korper charakteristische) Arbeit P zu leisten hat, wenn es den Korper verlapt. Mit der groften
Normalgeschwindigkeit werden die unmittelbar an der Oberfliche normal zu dieser erregten
Elektronen den Korper verlassen. Die kinetische Energie solcher Elektronen ist

X Bv—P.

Ist der Korper zum positiven Potential /7 geladen und von Leitern vom Potential Null umgeben
und 1st /7 eben imstande, einen Elektrizitatsverlust des Korpers zu verhindern, so muf} sein:

R
HE:EHE’F-P,

wobel ¢ die elektrische Masse des Elektrons bedeutet. ..

< _intoday‘s formalism... E =hv—@® >

* http://myweb.rz.uni-augsburg.de/~eckern/adp/history/Einstein-in-AdP.htm



Photoemission Spectroscopy: basic principles

E emax =hv — 1 for atoms and molecules
Eemax =hv — @for solids



Photoemission Spectroscopy: sketch of an experimental set-up

electrostatic (hemispherical)
electron energy analyser

photon energy of
typical :
conventional

sources, hv:
hv electron detector =2

He a=21.218 eV o | amplifier = counter

He [Io=40.418 ¢V |
Mg Ka=1253.6 eV /R

B ya >
Al Ko=1486.6 eV SdTﬁl@ surface ultra-high-vacuum

(UHV) ambient



UV photoelectron spectroscopy (UPS)
X-Ray Photoemission Spectroscopy (XPS) or
Electron Spectroscopy for Chemical Analysis (ESCA)

Single Particle Scheme of Energy Levels
Photoelectric Effect in Solids

Evac

Photons IN EF
Electrons OUT Lol
CORE LEVEL

o
./.‘ / ’

(a) (b)

Figure 1.4 Illustrating the fact that the density of electronic states
distribution of the emit:er, part (a), is reflected in the photoemission
spectral fine structure, part (b)



Photoemission Spectroscopy

Smgle Particle Scheme of Energy Levels
E_=howo-E, —®

Many Particle Scheme: Total Energies
Ef(N -)+E,_ —-E(N)=lhow

EKIN

E.. = Final State |8
° ° h
Kinetic Energy e w o E vin
Evac
® = Work Function hlw
E s 4
E.F(k) = Binding E \éALNE;NCE o, y
b = Binding Energy A > F
of the k-th Initial State OFF “EVEL | Ey (#)

(a) (b)

Figure 1.4 Illustrating thz fact that the density of electronic states
distribution of the emitter, part (a), is reflected in the photoemission
spectral fine structure, part (b)



Photoemission Spectroscopy
Basic Theory

the photoabsorpion process

vacuum level

Sk P

optical absorption photoemission

optical absorption: [ f>=|N,+1%>N,— 1>

photoemission: |f>=|N, >N, — 1>|E}.. k>



Photoemission Spectroscopy
Basic Theory *

* One-particle approach
» Electromagnetic Field-Matter Interaction

the photo-excitation cross-section (from the Fermi golden rule):

2

o=4r’ahv) |Ee( VD FIW, ) S(E,—E, —hv)
B I

€. e.m. field polarisation vector
¥,: neutral ground state

Y. residual ion + free electron

* see detailed description in F. Boscherini’s lectures, this school;

and in Mariani & Stefani, pag. 275-317 in Synchrotron Radiation: Basics, Methods and Applications,
Eds. Mobilio, Boscherini, Meneghini, Springer 2015; https://doi.org/10.1007/978-3-642-55315-8



Photoemission Spectroscopy ~ from an atom
* by considering N interacting electrons...

M\ _ pMM g
H,|Y, >— £y s >
H,=H,(kin)+ Hy(e-n)+H,(e—e)+ H,(s—0) = initial state Hamiltonian
N N Zt’_,? N
Z +Z +Z—+Zg’(r )i, o
1 1 7 > 1y
|‘P§NJ> =A(¢, (7,0, ), Py eigenfunctions described through a Slater determinant
final state Hamiltonian H(']|‘P§V)> =EJY ‘Pé,N)>
final N-1 particles state |xyém> = As): lP}_L;»v_1>>

dO- o0 Z ‘é * <8f ‘fi’ ‘¢j (FJ ? O-f )><¥{;N_U ‘ ?IR(N_U> |
dCXE, 5 S(E +EYY —EY —hv)



Photoemission Spectroscopy ~ from an atom
* by considering N interacting electrons...

sudden approximation

¥ )= e,

p f(}N—l] >)

Ly b, O£

x “S(E.+ EYYC .- hy
ddE,  hv 4y (B + B £ t)

frozen-core approximation

H,=H,

do 1
)

~ ¢ - 2
0 dE. S ME : <53‘?"’j‘¢ A= j)>‘ 0 (E + e, -hv)




Photoemission Spectroscopy ~ from an atom

+ the example of a He atom L )
E-E'
Ey,=E,+hv . I [I
Y, = *:ifﬁlgéz Yy = ‘:15,%52 25 +
/
-10 = I hv
E.+E =E_+FE_ +hv |
Ee — Els +hv eV I Helium
E, =hv—BE, (24.6eV) [ enerey
-20 = ,
1s l |y )
the distribution current should produce a single peak ) ) .

associated to the initial state:

Orbital angular momentum |

hv + He(ls*) - He" (Is" )+ ¢,_,

BUT, the independent particle model is not sufficient and ...



Photoemission Spectroscopy ~ from an atom

+ the example of a He atom

"\
the real | : -
spectrum ='| He
shows - h 1s 1',
several = r I i
= |
peaks =T [{ =025 _o

=
5 ||
S |

| |

i | | §

a | |

20 30 65

Binding energy (eV)

where

- n=1 is the single-particle excitation from the 1s core-level;
- n=2,3,... are satellite structures in a many-body approach

Becker et alii, J. Electron Spectr. and Rel. Phenomena 75, 23-34 (1995)



Photoemission Spectroscopy ~ from an atom

- Satellite peaks

PRIMARY PHOTOIONIZATION PROCEB®SES

MATH PROCESS SATELLITE PEOCESS

M4+ b — T+ e MA+hy =W +er

Becker et ali1, J. Electron Spectr. and Rel. Phenomena 75, 23-34 (1995)



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

courtesy: G. Stefani



Koopmans energy vs. photoemission
peaks

Ex
i
i
I(‘c‘) E relax gadiab o gk
> [
> ]

shake-off  shake-up adiabatic

courtesy: G. Stefani



Photoemission Spectroscopy ~ of molecules

multiplet splitting in O,

O, neutral ground state: KK (o,25)*(0,25)*(0,2p) (7,2p)" (7,2p)" X,

CORE HOLE MULTIPLET STATES OF O;
S =
‘»
i
. — — E
=
‘x; 25 y
g E =
|49
=
o 1118V
o :
Smeput H
> |
-,— H
MULTIPLET TRANSITTONS IN O t._ﬂ 2 L
CONFIGURATIONS TRAMNSITIONS  STATES 5 z
e
gl - -5 23; S
slee el
g ‘£, FwHM =0.49 &V
/ 54337 &V
lszlni . 35: 3 | 1 1 . 1 ) MLXTLIDV PPUTPITTN TN

546 545 S4k 543 542

Binding energy (eV)

Larsson et alii, J. Phys. B: At. Mol. Opt. Phys. 23, 1175 (1990)



Photoemission Spectroscopy ~ of molecules

Orbital assignment Expected Experimental Nz
S STATE OF N+
P LT jasoemt 25 =
Vg,
RO o 11610 cm-t 211, =

1 2390 cm=1 2:11

Binding energy (eV)

[ Binding energy (eV)

Molecular Nitrogen PES

Eland, Photoelectron Spectroscopy, Butterworth and co. (1984)



Photoemission Spectroscopy ~ of molecules

Cu 2p

INTENSITY

multiplet splitting in CuCl,

= 2P4p%2P5,23d "
+ ligand hole

~ 2,712py 43010
+ ligand hole

= 2p, 22D ,23d°

= 2D, »12P;,*3d°

Screened I |
,._,Sdﬁ‘ﬂ' I

|
| Unpcreene:\?"l Multi nIEtSJ"'"'J

- . L]
930 3d 950 970

BINDING ENERGY (eV)

Van der Laan et alii, Phys. Rev. B 23, 4369 (1981)



Photoemission Spectroscopy: Core Levels Spin-Orbit
Splitting

Quantum Numbers
. j Total Angular Momentum
(1) [ Orbital Angular Momentum
Av s Spin Angular Momentum

e

p-symmeftry state
Initial state Final state without

spin-orbit interaction l— 1
(”) s==+1/2

Spin orbit interaction lifts degeneracy

{ Pap Degeneracy=4
Pie

Degeneracy=2

Degeneracy = |2j+1]



Photoemission Spectroscopy ~ core-level
spin-orbit splitting

Cutler et alii, J, Am. Chem. Soc., Vol. 113, No. 24, 1991 9129

o =

400 ﬂ

Xe-4d,, ),
300 |

ﬂ 0.20
200 S
|2j+1|-degeneracy | 0.20
100
O 4 et T
R fpm— e —— " e ——
70.0 8.0 a88.0 87.0

Binding Energy (eV)

Binding Energies available at:  https://www.webelements.com/xenon/atoms.html



Photoemission Spectroscopy

chemica

shift in molecules

C 1s

C 1s285-300 eV
C 1sCO, 298 eV

C 1sCH, 291 eV

Gelius et alii, Phys. Scr. 2, 70 (1970)
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Photoemission Spectroscopy: Chemical Shift (4E,)

How the C 1s binding energy reflects differing
chemical environment local to the excited C sites

.

Is Binding Energy (eV)
Compound 'l'ypc 280 282 284 286 288 290 292 294

Cwith N

Cwiths

CwithO l
Alcohols o '
Ethers . i
Ketones/Aldehydes -
Carboxyls
Carbonates

C with Cl | - - 1 J
CwithF |l 111 |

CHF

- | LT




Photoemission Spectroscopy

OX | DATION OF Si(100)

| LJ L) ) | v 1

chemical shift,
in the solid

g state
£

o

3

2

g

o v

N

i

initial phases of
oxidation of a Si
surface

A 1 1 1 | 1
-5 -4 -3 -2 -1 0 1

INITIAL ENERGY (eV relative to bulk)

FIG. 3. Si 2p;, core level spectra for 5 and 11-A-thick oxides decomposed
into five components. The black crosses represent the experimental spectra
and the solid lines indicate the theoretical functions and the different com-
poneats.

Himpsel et alii, Phys. Rev. B 38, 6084 (1988)



Photoemission Spectroscopy

why chemical
shift

spatial extension of
external wave-
functions down to the
core-levels

example: calculated electron densities for C

Kai Siegbahn, ESCA applied to free molecules, North-Holland (1969)



Photoemission Spectroscopy | core-level vibrational modes

290.3 eV BE
#10°4  CH, Cls’ v=0
. = hv =310.3 eV
C 1s in methane 2
and deuterated =
methane 5
vibrational _ —
overtones x4 ¢cp, c1st _ f ]
£ hv =310.1 eV Al
<
8 4
=
5 v'=3 *‘
e 4, )
0 u-:uu:!!!’::lﬂ--“"" :::..I S i
18.0 18.5 19.0 19.5

Neeb et alii, J. EL. Spectr. Rel. Phenom. 88-91, 19 (1998 ) Kinetic energy (eV)




The photo-electron as primary electrons exciting vibrational
modes also in the valence band of a molecular solid

Intensity (arb. units)

*ﬁ@&w?ﬁw&%%ff?%m%ﬁijﬂ Residual
i — ML | . 1 .

pentacene:
CooHiy
benzene-thiol: C,H.-
SH
Pentacene/Bt/Cu(001)
SO
& :

20 &

) W_= 340 meV
A W =40 meV

~Sodions Fit

2.0

1.5 1.0 0.5 0.0

Binding energy from £_ (eV)

o
«

o

16.6 A

Betti et alii, J. Phys. Chem. A 111, 12454 (2007)



Photoelectron angular distribution

2

éo(&[7 |, 7o) )20 [ w)



Photoelectron angular distribution

150 Y

L
L- B - B - B - BN )
E W

180

270

do o
0 oC E[1 + [P, cos(x9)]

dipolar distribution with asymmetry parameter £
photoelectrons symmetrically distributed about the polarization direction
at magic angle (54.74°), intensity independent from B values

* experimental data for He with best fit p=2



Core-hole relaxation

N
pho§ -excitation AUGER ELECTRON DECAY
F .'
T i«
y =7
= d| 3% ]
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=
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fluorescence’decay
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o
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Photoemission in Solids



from central to periodic potential
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spectral function of interacting electrons in solids

2
(N N-1
mr.m‘ xa(EI. +hv—E —Eh”)

J, =x Z}f

2
M}

2.

M., matrix element between single-particle Bloch states
m,,, overlap integral between states with N-1 electrons, i=m for un-correlated systems

Atk,e)= X (|<¥™_[c |PN>)[2x §(e + ENL_-EN)

Ek=EiN_1_EiN




solids: from the 1-step to the 3-step model

m

-----------

one-step model

excitation
intoa
domped
final state

Nw

wave matching
ot the surface

o4

Ed

three—step model

optical travel transmission
excitation to the through the
of a surface surface
wave-
packet

- ..l.. /-\IW......_-

O, @

hw




Photoemission Spectroscopy
Three-Step Model of Photoemission in Solids

* Photon Absorption
Optical Absorption Machinery
-Selection Rules

» Electron Propagation within the Solid
-Inelastic Mean Free Path [A(E,.)]

» Electron Escape form the Solid
‘Refractive Effects at the Surface
‘k-parallel vs. k-normal



Photoemission Spectroscopy
Basic Theory

the photoelectron current J

J=f(hv,e8,O:E, . 0,6, D)

where hr, €, 6, and © are energy, polarization direction and angles defining
the incident photon, while E., o, 6. and ®. are energy, spin polarization.
polar and azimuthal angle of the emitted electron.

Figure 1: Schematic diagram of the photocurrent J and of all the variables.



Photoemission Spectroscopy
Basic Theory

I(E, hv) = L,(E. hv) + I (E, hv)

Ip = physical signal, Is = secondary scattered
electrons

the three-step model

L(E. hv) = J(E, hv) x T (Ef, hv) x D(Ey)

J = optical transition photoelectron current

T = transmission function, propagation through the
solid

D = escape function to the vacuum



Photoemission Spectroscopy
Basic Theory

}"Eﬁ (Ef}ff}"ph (h‘;‘;)
L+ Ac(Ef)/Apn(hr)

T(Ef) =

ph

T = transmission function, propagation through the
solid

Ep + {I}jlfﬂ

D(E;)=1/2 |1 —( F,

D = escape function to the
vacuum



Photoemission
Spectroscopy
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Seah and Dench, Surf. and Interface Analysis 1, 2 (1979)



mean free path (&)

Photoemission
electron mean free path Spectroscopy
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Seah and Dench, Surf. and Interface Analysis 1, 2 (1979)



Photoemission Spectroscopy
Basic Theory

J = optical transition photoelectron
current

Jeoc Y f(E)[1-RE) Mie T (Ef ket )d (Er, ko )| Evin — (Er — @ )]
x5(Er = Es=hv)x 8(ki+ G —ke)x5(k +G" = k)



Photoemission Spectroscopy How real spectra look like:
Primary and Secondary

Electrons
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Photoemission - Core Level Spectroscopy

Wide XPS spectrum of graphite (C)

'Kc.r//zc/-c_
Zzad
PO s:ifLc

N

C as graphite
Mg Ka

KVV

KvV

1020

Binding Energy (eV)

970

Is

1200

1000

800

600
Binding Energy (eV)



Core-hole relaxation

rexcitation AUGER ELECTRON DECAY

5

i
=

T )

EINDING ENERGY

O
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Photoemission Spectroscopy

The singlet C 1s line is
characterized by:

Core level XPS spectrum

of graphite (C) 1) A specific binding

energy which reflects the
specific atomic species (C)
in a specific chemical
e Is environment

- 2) A finite width reflecting
the instrumental
resolution, lifetime
broadening and other
many-body effects

295 285 275
Binding Energy (¢V)



Photoemission
Spectroscopy
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Photoemission Spectroscopy: Surface Core Level Shifts

deal relaxed  The surface sensitivity is achieved
Ga As \ / by exploiting IMPF vs. hv

Ainet (R

L
0 50 100 500 1000 5000 10000

GaAs (110) ideal { reconstructed surface Electron Energy (eV)

BINDING ENERGY (eV)
45 41 405 40 195 19 185 18

A.g 30] (0)As(3d) | ,"_GOAS—I '

(b)Ga(3d)
" hy=80eV

g3 2d

5} oocEXPT
-
LV" go"\.ﬁé”[ ! )\V:éb&v
1YV N
g - K. .
3 5; ©Asd (d)Ga(3d) d
AS ZJ '_uz_J hyv=50eV hy=28eV fR q J 2
z
kl/: gb'ev L\Pzzg e,V

Eastman, Chiang, Heimann, and Himpsel, Phys. Rev. Letters 45, 656 (1980)



Photoemission Spectroscopy
Semi-Quantitative Analysis

Once the photon flux ¢ is given, the photoelectron
current I, of the (nl) orbital of the i-th atomic

species is approximately given by

I (nl) = Ciﬂ“(Ekin )¢(h(0)5n1 (ha))T(Ekin )
Where

C. Atomic Concentration of the i-th species

A Escape Depth

o, Orbital Cross Section

T Instrumental Efficiency



Photoemission Spectroscopy
Semi-Quantitative Analysis

Once the efficiency of detection of an atomic species
is calibrated via the sensitivity factors one gets

1;
5;
Cl. = Z L
I Si
Where

C. Atomic Concentration of the i-th species
s; Orbital Sensitivity Factor of the i-th species
I. Spectral Intensity Related to the i-th species



spatially-resolved core-level photoemission
C 1s at nano-porous graphene (NPG)

L]

- @-spectromicroscopy
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C1s total mapping

sp, like mapping sp, like mapping
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I. Di Bernardo et alii, ACS Omega 2, 3691 (2017)



alkali metal adsorption on nano-porous graphene (NPG)
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D. Marchiani et alii, Nano Letters 23, 170 (2023)
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D. Marchiani et alii, J. Phys. Chem. C 128, 11255 (2024)



Normalized intensity (arb. units)

N grafting at single carbon nanotube (CNT)

@-spectromicrosc@
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M. Scardamaglia et alii, Carbon 83, 118 (2015)



Photoemission Spectroscopy: Valence Band States

Any valence band spectrum brings altogether
contributions related to differing atomic sites and
orbital symmetry.

Thereby, one has to properly design ad hoc
experiments aiming at disentangling the various
spectral components.

Cooper Minimum Photoemission and Resonant
Photoemission are two examples of such ad hoc
experiments.
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. Si Photoemission
2000 i {eleaved) 1 Spectroscopy:

1,500 .+ 71 1 Valence Band (VB)
Loook &0 % : | Energy Distribution

Curve (EDC)

T
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I

500

In the X-ray regime the
VB spectra are expected
to mimic the Density of
States (DOS)

¥ Ll

Fig. 14, XPS valence spectrum for a silicon single crystal cleaved in vacuum (points),
together with a calculated total density of stales (bottom curve), and a density of states
broadened by the instrumental resolution function. Excitalion was with monochromatized
AlKa. The spectrum has been corrected lor inelastic scattering. The encrgy locations of state
density primarily due to various high-symmetry points in the rcduced Brillouin zone arc
also indicated. (From Ley et al,, rcf. 192,)

Ley et al., Phys. Rev. Letters 29, 1088 (1972)



valence band photoemission of nano-porous graphene (NPG)

N @-spectromicroscob
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I. Di Bernardo et alii, ACS Omega 2, 3691 (2017)



alkali metal adsorption on nano-porous graphene (NPG)
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cross section of all elements available at:

Photoemission
Spectroscopy

Calculated
Phoionization Cross
Sections for Free
Atoms

vs.Photon Energy

Yeh and Lindau,
Atomic Data and
Nuclear Data Tables
Volume 32, 1-155
(1985)

https://vuo.elettra.eu/services/elements/WebElements.html



Cooper Minimum Photoemission
It is possible when one of the valence band orbital shows a
Cooper minimum in the photoionization cross section

Cooper minimum
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sections are comparable

. Photoionization cross section for 4d and 5d subshells in the energy }ange 0-200 eV
compared to the cross sections for the 3ps and 4sp valence states of the semiconductors [21].



Cooper Minimum Photoemission

A joint analysis of VB photoemission spectra taken at and
off the Cooper minimum enables one to disentangle the
differing site- and orbital-specific contributions

PL/Si (111) 2x]1
40 A <Pt

T T T '|' 1 1 1

3 Sits-pr(PL(d)

L3 ] T

-l

hv =130 eV

e

| . Pt 5d anti-bonding

~ Pt 5d non-bonding

| Pt 5d bonding

. Analysis of the Si sp partial DOS at the Pt-Si(111) reacted interface (40 A Pt-Si(111) at

room temperature). The top panel displays the CM and the h» = 80 eV photoemission data, and a
three-peak partial DOS that accounts for the Si hybridized 3sp charge at the interface; a gap is
present in correspondence to the localized Pt5d states. The same three-peak partial DOS is then
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].



Cooper Minimum Photoemission
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Dallmeyer et alii, Phys. Rev. B 61, R5133 (2000)



Cooper Minimum Photoemission

Valence Band Photoemission Spectra
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Stoeber et alii, European Physics Letters 132, 47004 (2020)



Resongm‘ Photoemission: Basic Mer‘mnisms
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(1) Excitation of a VB hole (2) Threshold excitation (3) Recombination Process
of a core hole

The processes (1) & (3) bring the system from the same initial state to the
same final state (one hole in VB and one emitted electron) and thus they
quantum mechanically interfere giving rose to the Fano Line Shape
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FIG. 4. Representative spectra of the valence-band
emission of Pd,Si for photon energy near the 4p —4d res-
onance. The spectra were normalized for monochromator
output (Ref. 29) and are given in relative units. The
modulation of the relative intensity of the experimental
features reflects the suppression of the 4d character at an-
tiresonance, where the Si-derived states are more visible
(hv~50 eV), and the following reenhancement at reso-
nance (see Fig. 3). Resonant photoemission represents an
important tool for analyzing the different orbital contri-
butions to the valence states and, unlike the Cooper
minimum technique, can in principle be applied to all d
systems.

Opq 4d

Resonant Photoemission
Valence band photoemission
spectra are taken at
selected photon energies
while crossing a core level

threshold
Example: Pd 4p --> Pd 4d

Fano Line Shape
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S
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Resonant Photoemission

Valence band photoemission spectra are taken at selected
photon energies while crossing a core level threshold
Example: metal-phthalocyanine
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Resonant Photoemission in 2D materials

Cu/Te hybridization in the Cu, ,ZrTe, intercalation compound

Binding energy, eV
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Fig. 4. The VB spectra for Cug 3ZrTe; obtained across the Cu 3p-3d resonance excitation
shown in a form of an image plot. R designates the peak at the Fermi level.

Shkvarin et alii, J. Alloys and Comp. 924, 166580 (2022)



angular resolved photoemission
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angular resolved photoemission

Figure 1: Schematic diagram of the photocurrent J and of all the variables.



electronic surface states at Cu(111)

Cu(111)
O hv=16.8BeV ® hv="11.8eV
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S.D. Kevan, Phys. Rev. Lett. 50,526 (1983).
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dangling-bond surface state at S1(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.

Uhrberg et alii, Phys. Rev. Lett. 48, 1032 (1982); Bussetti et alii, Phys. Rev. Lett. 106, 067601 (2011)



pentacene ordered layer on Cu(119)
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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|

Annese et ali1, Surf. Sci. 601, 4242 (2007)



angular resolved photoemission: graphite
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Graphene on metal surfaces: interaction strength
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L. Massimi et alii, Beilstein J. Nanotechn. 5, 308 (2014)
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angular resolved photoemission: graphene
how to build-up a 1D electronic band
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transition metal dichalcogenides
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Zhang et ali1, Nano Lett. 15, 949 (2015)



fransition metal dichalcogenides

bi-layer MoS,

tri-layer MoS,

|<8um > |« 25um >~ |« 50um —>|

from Yuan et alii, Nano Lett. 16, 4738 (2016)



3D Fermi surface
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mono-layer MoS, / graphene

Pierucci et alii, Nano Lett. 16, 4054 (2016)



Energy below Ep (eV)

do core-levels present energy dispersion?
the (2x2)-structure of physisorbed Xe on Cu(110)

xenon—Cu(110) c(2x2) structure. Energy of xenon 5p levels as a function
50 of photoelectron wave vector Kk,
| [001] azimuth " [110] azimuth
o0, 5"3;‘"'}12---.
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Experimental band structure of the 5p levels of Xe physisorbed in an ordered
c(2%2) structure onto the Cu(110) surface. ARPES bands

Mariani et alii, Phys. Rev. B 25, 7798 (1982)



Photoemission Spectroscopy

spatial extension of
external wave-

functions down to the

core-levels
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example: calculated electron densities for C

Kai Siegbahn, ESCA applied to free molecules, North-Holland (1969 )
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Lizzit et alii, Nature Phys. 6, 345 (2010)

do core-levels present
energy dispersion? *

graphene

* see high-resolution core-level
photoemission spectroscopy in
A. Baraldi’s lectures, this school



from graphene to graphane, theory

atomic H as a tool to ‘pinch’ the sp2 bonds towards an sp3 configuration while
maintaining the planar nature of graphene

“chair” conformation

Potential Energy [eV]

PP BT BRI R AR R

10 1. 5 2 0 2. 5 3. 0
Sofo et alii, Phys. Rev. B 75, 153401 (2007) Distance of H above C [A]

H-to-C potential curve -> favoured
covalent bonding, small charge transfer sp3 configuration
(~0.003 e)*

Ryu et alii, Nano Lett. 8, 4597 (2008) Ruffieux et alii, Phys. Rev. B 66, 245416 (2002)




from graphene to graphane, theory

Energy(eV)

for 100% hydrogenated graphene a semiconductor with 23.5 eV (depending on

the specific configuration) direct energy-gap at I' is predicted !
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H-NPG photoemission spectromicroscopy

reached ~907
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Betti et alii, Nano Lett. 22, 2971 (2022)



H-NPG with spatial resolution

H-C spatial distribution: highest sp3 signal - valence band
energy gap opening
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H-ML graphene: photoemission spectromicroscopy
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