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1 INTRODUCTION

Photoelectron spectroscopy has been establishaukasf the most important method to study the
electronic structure of molecules, solids and s@da It is based upon the photoelectric effeat, on
of the cornerstones on which quantum mechanic giser of matter rests.

In essence, the photoelectron effect amounts torgha monochromatic electromagnetic radiation
(hv) on a sample and producing free electrons witlelraefined energy spectrum. Einstein
eqguation connects energy of the quantum of thereleagnetic field (photon) with the maximum

energy of the ejected free electrd®* ) through a constant characteristic of the samptek

function®) EM** =hv -®d. Hence, it establishes a close relationship betveample

characteristics and energy spectrum of the ejesdtardrons and suggests using the photoemission
process to build up a wide range of different spsciopies aimed at studying the electronic
structure of matter in its various aggregationestat

Although the photoelectron effect is known sinceroa century, spectroscopies based upon this
phenomenon [1] have developed over the past fégry, mostly driven by progresses in
development of monochromatic, bright and tunealgtg sources [2,3].
Now days, photoelectron spectroscopy (PES) hasigabapplications in many fields of science,
such as surface physics and chemistry, materiahsej nano technologies and still significantly
contributes to the understanding of fundamentagetspof physics, chemistry biology etc [4].
The ubiquitous use of photoelectron spectroscopgsigfied by the presence of several beamlines
devoted to PES in whichever synchrotron radiatmmee throughout the world.
Aim of the present lectures is to establish the
fundamental concepts upon which PES relays in
/ order to turn a photoelectron experiment in a
. flexible spectroscopic tool to investigate ground
hv state electronic properties of matter. To this,end
we shall make use of the quantum description of
the interaction between electromagnetic radiation
- (EM) and matter outlined in Bertoni's lectures
— o [5]. A selected set of experiments on quantum
' objects as simple as atoms, molecules and
clusters, will provide evidences for discussing
value and limitations of the approximations
needed in order to turn a photionization process
into a spectroscopic tool.

Initial Final

Figure 1.Schematics of the photionisation process.

1.1 Basic concepts
The schematics of a modern photoionization speatems shown in figure 2. In essence, the
experiments amounts to measuring the photoelectroent (Je) as a function of the electron
kinetic energy (B), the electron ejection angle,@) and the spind) for each given energy\hand
polarization €) of the incident photons.
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Figure 2 Schematics of a modern photoionization spectremet monochromatic photon
beam (v) impinges on the sample; photoelectrons emittedinvihe solid angle2 defined by the
electron detector (E) are energy analysed, deteatetiproperly histogrammed as a function of
their kinetic energy.

To this end, it is mandatory to analyse in enenggrnentum and (possibly) spin the photoelectrons
before detecting them and measuring Je. Thisuallysachieved by electrostatic spectrometers in
conjunction with electron multipliers that allowrfdetecting single electrons [6]. The strong
interaction of electron with matter imposes to perf experiments under vacuum (at least 10
'mbar) in order to measure a probability distribngi@f photoelectrons (Je(jEed,,0)) not altered
by interaction with the background atmosphere sumiing thesample. As far as photon source is
concerned, there are two different types of quasiechromatic excitation sources that are
available under laboratory conditions, namely VUhélspectra of discharge lamps for energies in
the range 10-50 eV (UPS), e.g. with rare gasediéteim (He 1a=21.23eV and He 11a=40.82¢eV)
and the characteristic lines from the x-ray sokS) for which the most commonly used anode
materials are aluminium (Al ¢ »=1486,6eV) and magnesium (M@K, = 1253,6 eV). Although
the linewidth is small enough for many applicatiors. few meV for discharge lamps and slightly
below 1eV for x-ray anodes, the use of an additiom@ochromator can be advantageous for the
energy resolution and, more importantly, for suppien of background and satellite intensities.
More recently, SR sources have allowed for enharoéwf several orders of magnitude in
resolution, tenability, wavelength span and po&tion control in the x-ray sources (see for
instance Margaritondo’s lectures at this schodl) [3

Lets’ now start to discuss informations obtainedP®Ss.

2. ENERGY CONSERVATION, BINDING ENERGY AND PHOTOELECT®BN ENERGY

For sake of simplicity, let’'s take the simplest matectron quantum system we can finding nature:
i.e. the He atom. In such an atom two electrondaumnd to a doubly charged nucleus im=4 |=0
m=0 s=+ % quantum state 1swvhose spectroscopic notation &.
According to treatment of EM interaction with matf&] and within validity of the dipole
approximation, a photon is adsorbed by the He atdne following equation ( eq. (41) of [5]) is

do

—— =4rtahvy |

B

satisfied
Ee (W r|W
dhv < B Iz i A>

where W, is the initial state an#; the final state of the system. To achieve photaation of He,
one of the two electrons must be promoted to tméimeum (E,>0 with respect to vacuum level),

see figure 3. Hence, in an experiment where a gtoomatic photon is larger than the threshold
energy(i.e. the minimum energy needed to ionisesyiseem, see fig.3) is absorbed by an He atom,

2

O(Es—E,~hv) (1)
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the energy conservati@nof equation (1) suggests that electrons are gestkevath a kinetic energy

that satisfies the relation
E, =E,+hv. (2)
&p
%) ,
Ee =hv- BE1$ (24.6eV)
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Fig. 3 Dagram of the energy levels of the He atom, the bluow represents the photon

energy required for the photo ionisation procestate place (), |@) and @) are the single

electron initial and final states.
Let's now assume that initial and final states aexily described in terms in terms of fully

independent particles : i.&/, = Aqqoz andW¥, = Aqu. Under these conditions equation 2

applied to the case sketched in fig 3 reads
ElS + Ee = ElS + ElS +hV

E.=E,+hv
E, = hv - BE, (24.6eV)

3)

Hence, in the Je distribution a single peak ised@kpected whose kinetic energy is directly linked

to the unperturbed initial state single particleding energy (BE).
In other words: photoemission spectra should gixectlaccess to spectroscopy of single particle

bound states of a multi electron system such as$reftec orbitals for atoms, molecules and clusters

A more elaborate concept is needed for photoenmdsion solids [8].

Is it reality as simple as we think? Let's exantine Je experimental data for Helium (He), the
simplest many electron atom. For this atom, tlependent particle model is expected to be
realistic, and the energy level diagram of figurea® be used to represent both initial and final
state. In figure 4 is reported the experimentattpemission spectrum of He as measure with a

monochromatic photon of 120eV, i.e. the J@(@&ea fixedhv. In case of validity of the fully
independent particle model, the observed photaelespectrum consists of a single paalkjn

Photoemission S
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peak at the photoelectron energy that satisfies equaj the one labelled as n=1 at
E. =120-24.6 =95.4eV, that correspond to the transititw + He(ls*) — He" (Is') +¢,.,

A Satellite n=1 | Main
0.02F
Ha T (+0.3)
He f‘“]}._‘]?[:.,\_:«.l,- l
"
‘]e .01 n=3 || .
L |
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1 3 ‘ i| '. |
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Fig. 4The He photoemission spectrum as measuréd=20 eV. The peak labelled n=1
correspond to the transitionhv + He(1s*) — He" (Is') +¢,.,

Further photoemission peaks appearing in the spedabelled as n=2,3,.... and the continuum
distribution extending from Ee=42eV to 0eV, can betinterpreted in terms of independent particle
<208 model and to explain these so calédellite structures
400~ He " - many-body properties of the systems should be taken

1

- Figure 5.Rare gases photoemission spectra at

iﬂx I Jf\‘ {\, 'MW g k hv=_1486,_6e\_/. Je is plotted as a function of thgl&in
v /L\NJLL k J 1 j!, particle binding energyBE,, =hv - E,. The labehl
690 680 670 1 210" 140 ?o 0 indicates the ionic single particle hole state.

BINDING ENERGY

f into account. Similasatellite structuresre observed
100 _‘ I forall the rare gases and, as shown in figuraéy t
e . ’Zéf‘evi become more and more relevant as the atomic number
20008 W 1 increases. This overview of the photoemissiontspec
| as measured for a photon energy of 1486,6eV,lglear
1000 e . . .
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g ‘ | splitting. We shall see in the following that fargets of
- !\J\’ J\ L | increased complexity, such as molecules clusters or
sy 250 — 4 & Solids, the photoelectron spectrum is accordingiyem
400r Kr ﬂ 3}“ L complex. To interpret these spectra asks for nsodel
A N, . \ /\ | more sophisticated than the one outlined in eqo&ijo
100 v . j L A J and this will be discussed in the following paraurs.
w00 290" 20 20 90'30 20 ey
Xe 3d 4s  bpy Erd 55 S5p
L
|
|

Photoemission Spectroscopy: fundamental aspects 5



X SILS School on Synchrotron Radiation: Fundamemtathodologies and Applications.
Duino (Trieste), 7-17 september 2009

3. SATELLITE STRUCTURES AND MULTIPLET SPLITTINGS

To understand the origin of tisatellite featuresppearing in the photoemission spectrawe shall use
as a case study the He Je spectrum. The specmapdrted in details and for various photon
energies in figure 6. Besides the peak associatetheé final state £$oreseen by the independent
particle approach, a manifold of discrete transgiat larger “apparent” BE followed by a

continuum, above a certain threshold, is also jledoserved, though with an intensity that is
roughly 1/100 the intensity of the main peak.

3.1 Satellite structures
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Figure 6Experimental He satellites structures in the phot®sion spectrum for photon
energies ranging from 84 to 120 eV and for finas@xcited to the n=3, or larger, electronic state.
The energy level diagrams are sketches of the me&sthaesponsible for generation of the main
peak (one electron transition) and satellite stuues (two electron transitions, see text for dejail
Diagram to the bottom of the figure representsdkpected overall photoemission spectrum.

In building up the aforementioned energy conseovatieq. 3), we have implicitly assumed
validity of the “frozen core approximation”, i.elaxation of the sample upon creation of a hole-
state and electron electron correlation is negteclieo overcome these limitations the system is to
be described as formed by N interacting electrongse energy eigenvalues are defined according
to the Schroedinger equation:

Ho| W) = EQVwi) 4)

Where the initial state Hamiltonian is
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Ho = Hu(l) (e~ + Hile=8)+ Ho(s-0) =
DI ef+ZZ(f ) - ©

and the N-particle wave function is simply desatitsy a Slater determinant of one electron spin-
orbitals for both the initial:

(W) = A (77, 0,); W) (6)
and the final state

Ho|WE") = B¢V wgY) Y

of the photoionisation process, whetg is the final state Hamiltonian (note that in gehéty is
not equal tdHy') .

Assuming validity of the Sudden Approximation: itlee electron in the continuum st41£¢> ,with

kinetic energy Eand momentumze, (photoelectron) is fully decoupled (dosen't iaiet) from the
residual (N-1) particles ion, the final N-partici&ate can be expressed as

(W) = Al ;| wi ) (8)

To appreciate consequences of the many-particleigéens of the atom on the Je spectrum, let’s
write down the photoemission cross section at fpledton energy and differential in the
photoelectron energy ed emission angle. It demextly from the absorption cross section (1)
that, in the case of a discrete-to- continuum itenms represents the total probability of
photoemission over thaésolid angle.

By replacing expressions (6) and (8) in equatignn@ obtain:

O(E, +E{™ -

E,—-hv 9
deEe huA,B n =) O

2« (&[r|e (7o) (Wi [ we) 2

In passing we note that the total photoionizati@ss section is inversely proportional to the
photon energy and, in general, has a maxim athblés In figure 7, the calculated total
photoionization cross section for He and Xe is reggbas a function of the photon energy.
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Figure 7He and Xe total photoionization cross sectiagsa function of the photon energy
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Assuming validity of the Koopman’s theorem, i.ee target atom electronic structure stay frozen
under creation of the hole state, Hamiltonianshafal and final states are identicél=Hy') and

the monopole matrix element appearing in (9) redticad function between the final ionic state
and the initial (N-1) residual. As a consequetioe photoemission cross section will be different
from O (Je different from 0) only for the ionic ta that correspond to the frozen residues at N-1 o
the initial N particles ground state. In this walaxation and correlations are overlooked, energy
conservation reduces to thdéunction appearing in (9) and the Koopman’s ena&igne
photoelectron is directly linked to the binding egeof single particle orbital involved in the
photoionization process. Under these circumstarthesonly allowed photoemission process for

He is: hv + He(ls’) -~ He' (Is') +¢,, that is associate to the most intense peak apygeiarfigure

4 (Main line or adiabatic peak). To explain thmfetructures highlighted in figures 4 and 6, the
condition H=Hy must be relaxed, thus allowing for a spectrunpassible final ionic states to be
associate with removal of an identical single petspin orbital. There is a manifold of different
final states associate to each individual singktigda hole state that imply excitation of further
electron(s) of the target both to discrete andinaoim empty states (shake-up and shake-off
satellites respectively). The monopole matrix edatof (9) determins which final states are
allowed (monopole selection rules) and with whicblgability. In the case of He, for instance, the
main allowed transitions present in the spectruen ar

hv + He(ls?) - He" (1s') +¢,.,
hv +He(ls®) - He" (2s') +¢,,,He" (3s') +&,.,,HE" (4S) + £, 1, evenrne. He™ +¢, +¢,

hv + He(1s?) — He" (2p*) +&,.,,He" Bp") + &,.,, He" (4p") + £,sevennen.. He™ +¢, +¢,

These transitions explain most of the satellitecdtires observed but the next question is: gan E
still be directly connected to single particle bitglenergies? It can be shown that sum rules
applicable to photionization process imply thathg weighted average of all binding energies
(main, shakeup and shake off) yields the Koopm#@h&orem binding energyBE,,,,), ii) the sum

. . 2
£ <£I‘rj‘(oj (, uUj)>‘ )-
This kind of treatment is very convenient for atpm®lecules and core states of solids, i.e. for all

localized electron states. In the case of valstate of solids, i.e. whenever we are dealing with
delocalised, continuum electronic state, it is namevenient to formulate the matrix element

<£| ‘fj ‘qoj (f,.0o, )><¢é”’l) ‘LIJQN’D> of (9) as<£| ‘fj‘gaj (f;.0, )>A(I2, E) where A(k, E )s the so called

spectral function of the target that can be relédettie single particle Green’s function. In smfe
the formal differences, the conclusions that weeh@ached on the meaning of main ad satellite
lines of a photoelectron spectrum are valid indepetly of the state of aggregation of the target.
In particular, the richness of satellite structugegirectly linked to the degree of electron
correlation that affects the initial bound stateoived in the photoionization.

of all intensities is proportional to the frozemibal cross section

3.2 Spin-orbit splitting

An inspection of the photoelectron spectra repairteiure 5 shows that besides the
aforementioned satellite structures, further gpgitof the photemission peak associate with

¢ # 0hole states is noticeable. This is particularligent in the case of the Xe 3d doublet. This is
a typical final state effect. In these closed Ishieims the initial state energy doesn’t depenchupo
spin momentum projections as all orbitals are folkgupied. On the contrary, when e vacancy is
created in the orbital identified lyl,mquantum numbers, the energy of the final statedién

the spin projection through the terng(sto) of the Hamiltonian (5). Hence, it is to bgoected that

Photoemission Spectroscopy: fundamental aspects 8
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holes in pI=1) and d I=2) will generate doublets of final states chanaméel by quantum number |
(j=I+s) equal to 1/2, 3/2 and 3/2, 5/2 respectively.

3.3 Multiplet splitting

In moving from closed to open shell systems (iLardum system in whose orbitals are partially
occupied) complexity of the photoelectron spectraoneases and splitting of peaks not ascribable
to spin-orbit interaction is observed. Such e8easually termed as “multiplet splitting”, were
firstly observed in connection with core photoenusdrom paramagnetic free molecules and
transition metal compounds. An introductory exaengll multiplet splitting as observed in the
photoemission spectra from core O 1s electronsarparamagnetic free moleculesi®©given in
figure 8.The electron configuration of the neugraund state is:

KK (0,25)*(0,25)*(0,2p)* (11, 2p)* (71,2p)*°Z,

As shown in the figure 8, ionization of the K skd#ads to two different core hole multiplet states
of O",, one wichZg - symmetry, the other o”fZg - symmetry. Figure 8 also shows the XPS
spectrum with two separate lines correspondingésd two different final electronic states.

0, O1s Photoelectron spectrum (hv=1487 eV)
[. -
CORE BOLE MULTIPLET STATES OF 0; L
_ z eV T 20" 0
— —_— o
3
- 5 FWHM=0.55¢V
&
=
$ =
Is =
| FWHM=0.67¢V
543.37eV
$) iy
f s _
ke 1 1 | NS SO
545 544, 543 542
MULTIPLET TRANSITIONS TN O,
CONFIGURATIONS TRANSITIONS STATES
I 2y
simy =TI s
— ox.

3 -
ZS

Figure 8. O 1score photoemission spectrum of molecular oxygemeassured with 1487eV
photons. The observed multiplet splitting of 1.1tekespond to tha two possible final states
outlined in the left side schematics. Energetithefinitial, neutral, and two final ionic states i
also shown.

The transitions observed in the photoelectron spectan be schematically illustrated as shown in
the diagram at the bottom of the figure. The ddfee in transition energy towards the two
different final states, 1.11eV, arise from spingng of the residual 1s core electron with the
valence electrons unpaired spins. Relative weglttie two peaks obeys the statistical ratio
expected for quartet versus doublet intensity2.e.

It is worth noting that multiplet splittings ares#yved for both core and valence photoelectron
spectra. The valence spectrum of the oxygen maetal example, shows very well separated
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doublet and quartet states (we shall see thisragpoaph devoted to molecular spectra). It may also
be noted that multiplet splittings are common iniggats in core hole relaxation processes , such as
Auger electron spectra, since the final states aflyngontain two vacancies which may couple in
several different ways and give rise to statesféér@nt energy.

4. CHEMICAL SHIFT

It is well known that when aggregating atoms tarfanolecules, clusters or solids, the valence
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electrons are mostly involved to form bonds while
core state remain almost unchanged in their atomic
character (negligible overlap between adjacent atom
core orbitals). Nevertheless, a considerableibadaif
photoelectron studies has been primarily involved
with the precise measurement of core hole electron
binding energies and in particular of what is knaagn
the “chemical shift” suffered by these energiesmvhe
the chemical environment within which the atom is
bound changes. Let's exemplify this effect with an
experimental example. In figure 9 is shown the
photoelectron spectrum of the Ethyl-trifluoroacetat
molecue. In this organic molecule are present 4
carbon atoms in four different local chemical
environments.

Figure 9.C1s photoelectron spectrum of ethyltrifluoroacetttiewing four different lines
due to the chemical shift. The spectrum was exbyadonochromatized radiation at 1487 eV.

Each individual carbon atom gives rise to a diffiéi@ore photoemission peak, thus allowing for

0.5

0.0

0.5

Megative Core Level Shift {ev per Ligord )

~1.0

-15

2.5 T T T T T i I
1— Core level shifts -~

on Si

b=

ill

i L l | | ]

1%

-0 =05 00 0: 1.0 15 2.0

flsclronegativity Diffrence wi Si (e¥)

investigating the molecular electronic structure
with an atomic scale resolution even though this
technique has no spatial resolution. Similar
differences are observed for all atoms of the
periodic table (C 1s 285-300eV, O1s 530-
540eV) and for the same atom bound in different
molecules to elements with different
electronegativity ( C C©298eV, C CH

290.7eV). The observed difference can be
essentially understood in terms of simple
electrostatic interactions, when bound to
elements with larger electronegativity the

binding energy is higher as the screening charge
on the atomic site is reduced with respect to the
free atom.

Figure 10.Silicon 2p chemical core level shift plotted asiaction of the difference in
electronegativity between Si and bond partner.

Vice versa, when bound to elements with smallectebnegativity there is more charge available
for screening and e-e-interaction and the coreibgndnergy accordingly decreases. The chemical
shift provides chemically-significant informationrecerning the initial state electronic structure of
the system under study. Both initial (electronegis) and final (relaxation of neighbouring

Photoemission Spectroscopy: fundamental aspects
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electrons on the hole) states effects are influggechemical environment and contribute to

determining chemical shift.

Empirically, there seems to be a correlation, algfoexception exists, between chemical shift and
electronegativity of neighbour atoms. For smaltelmegativity differencely the core level shift
AE is nearly equal tdx. At largerAx the energy shift saturates, probably due to saturaf the
charge transfer. From such an empirical curve,mag predict core level shift for new ligands, or
find out from a measured core level shift whiclahd (electronegativity of the ligand) is involved.
To accurately calculate chemical shifts is to bemainto account the total “all electron energies”
with and without core hole. In spite of the conxe of this phenomenon, an overall

Xenon Clusters

hw=120 eV
Ad,
atom

Adyy
atom sur? balk
11

<N>=31500

<N>=000

=N==300

proportionality between binding energy
and electronegativity is found in most of

aurt_buik the cases, as clearly shown by the graph

in figure 10 where binding energy of Si
2p orbital as a function of the
electronegativity of the bond partner
atom is reported.

Core energy shift is also associate to
changes in coordination number of the
same atom within a given aggregate.
Clusters give a clear example where
atoms bound to the outermost shell
(surface) experience a chemical bond
different from those bound to the inner
shells (bulk). Figure 11 gives an example

o 64 L]
Binding Energy (ev)

T
L

"6 of Surface-Bulk shift of core
photoemission spectra in rare gases
clusters.

Figure 11.4d photoemission spectra of xenon clusters of thmean size at 120 eV photon energy:

<N> =300, 900, and 3500

5. MOLECULAR PHOTOELECTRON SPECTRA

The next complex quantum system whose electronictsire is to be investigated by PES is a

c® ce

—_— 20.*

Isolated atoms i i

fgmzp : : Enggp

x y z 272 z y x
(=N =]

O®

Molecular orbitals
for diatomic X,

molecule. Itis evident that the extra degreeeédom
added to the system by the nuclear motion (i.eemuér
vibrations and rotations) will play a role in thedated
photoelectron spectra. In this case, energyean
transferred from the electromagnetic field to elauic,
vibrational and rotational degrees of freedom efgmantum
system. In other words, we ask ourselves how tidora
and rotations will influence molecular photoeleatspectra.
Even though we start from a ground state configumat
vibrational and rotational excitations are to bsesled
besides the electronic ones.

Figure 12. Molecular orbitals for a diatomic Xas built
from constituent atomic levels.
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Let's take as an example simple diatomic moledbke basic principles laid down in this case
remain valid for more complex polyatomic moleculesugh experimental and theoretical
treatments will become accordingly more compleke €lectronic energy level diagram for a
diatomic molecule is depicted in figure 12 with itaks up to the M, occupied (HOMO) and with
empty orbitals starting from theé1t4 (LUMO).

5.1 Vibrational overtones

Nitrogen is an archetypal for diatomic moleculed #re expected photoemission spectrum is
shown in figure 13 (central panel) as a functiothef single-particle binding energy and alongside
with the molecular orbital diagram assignmentd (lebst panel). Note that the antibonding orbitals
are not labeled as such (no asterisk). The mold@asgea center of inversion and this allows us to
classify the orbitals as "g" or "u".

Comparison with the experimental PES spectrum {(ngbst panel), note that vertical axis is the
binding energy while the horizontal one is the pletgctron current intensity, shows that actually
the three outermost occupied orbitals give risiiatee distinct multiplets.

Orbital assignment Expected Experimental
ot L STATE OF N,*
S0P T pasoem 25 B =
vy
LAY - —~
N Oy2p ] 1810 cm~t 2, E—
=7 20— LF i
2 g
/"""Uu25 18k - i GCJ
s \ | g
S0 2 2390 cm™! 2 - =
g I s =
IBT[ v 2
- O1s l Binding energy (eV) )
=TI |

Natom N;

Molecular Nitrogen PES

Figure 13 Molecular PES of B The central panel displays the expected PES whleight
panel shows the experimental one. The moleculatabrdiagram assignment is reported in the
right panel.

The existence of a fine structure (side bandsyHernndividual electron states is ascribable neithe
to spin-orbit nor to multiplet splitting. The orgof this fine structure is due to an effect that w
have neglected so far, namely the generation abthized molecule in excited vibrational statek. |
the electron is ejected and the ion is in an eddtate, the excitation energy will be lost for the
electron which accordingly has a lower kinetic gyehan expected.
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The observed magnitude of the energy splittindynfine structure (e.g. 2390 &nfor the
%0, band in nitrogen) shows that we are dealing wiltiationally excited states.
Vibrational effects are observed in core fotoenoisspectra as well, as it is demonstrated
by the spectrum appearing in the figure 14. knmeto C 1s photoionisation in GHand

‘ displays two overtone peaks displaced by 0.43 ad@l O
| CH, eV, respectively, from the carbon main transitidine
S Cie observed energy splitting is consistent with tHeational
- Lades, quantum in CE(C1s") while the relative intensities are
: N explained in terms of Frank-Condon [see note ltpfac
}, /1 for transitions to the v=1 and v=2 ionic excitedtss.
riVER Vibrational excitation of the initial ground stagenot
J A \ taken into account as the sample was at room textyser
| ;j ] L \__| and the nitrogen vibrational quantum is of the oafe
- [ ] -.=2'5.l‘.'| - 2‘!.'.|:l ) -:;:IE - 400mev'

BINDING ENERGY
Fig 14 Cl1s photoemission spectrum in £Fhe C1s main line is accompanied by two
overtone lines corresponding to formation of theedonised molecule in the v=1 and v=2 excited
states.

Vibrational fine structure is usually clearly viglkin UPS (typical energy resolution 0.015 eV) but
is obscured in XPS (typical energy resolution 1.8Nfte that a resolution of 0.015 eV corresponds
to 120 cnt (1 eV = 8066 cil ). This is sufficient to observe a vibrationaldistructure but not
enough to resolve the rotational fine structure.

To explain the main features of the molecular peotigsion spectrum we shall calculate the
differential photoemission cross section taking ithtat initial and final single particle electronic
states are molecular states. For core statedizZiaiwan of the electronic state makes atomic like
orbitals appropriate for describing both bound eodtinuum states and atomic like cross section is
appropriate.

Situation is more complex for valence delocalisgtial states (molecular orbitals) that are
described in terms of the usual Born-Oppenhaimpraggmation, i.e. as the product of linear
combinations of atomic orbitals (LCAO) with indeglemt nuclear motion wavefunctions. Initial
and final states should take into account thegetimetry of the molecular system and the
photoelectron continuum state should account figraction with the residual molecular ion,
though at high energy and large distance from mitatan be assumed to be an atomic continuum.
The simplest approximation to continuum wave funiis the Plane Wave (PW) and several other
more elaborate models have been successfully api@EW, multiple scattering, etc.).

To calculate the molecular photoemission crossaeete shall follow Gelius approach for XPS
where the photoelectron is described as a PW atial sates are described by LCAO.
Furthermore, the BO approximation allows factogsine WFs in a product of electronic and
vibrational WFs (we neglect rotational states &y tire usually not resolved in PES and XPS).
In other words, the system hamiltonian should noeiude the nucleus-nucleus interaction

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

N 2 N 2 N &2 N _ M @27 7. 10
:Z%+Z—Ze +ze_+ZZ(rj)|i-3+z - (10)
1 1

o 1 i
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and the WFs rea ,&NB’> :‘wgﬁge'> lPX'bB> Hence, substituting these initial and final statés in

the photoemission cross-section (9), we obtaimrtbkecular expression of the photocurrent Je as
calculated under the aforementioned approximations.

2

ngib

do 1

2\ ]2
W) O(E. +ENY -E,—hv) (11
d0dE. Cho 2 ) S(E, +EQ ~E, -hw) (11)

el
LIJéN 1)e>

£ (e [T Cum (v

In the molecular photoelectron spectrum we shalldfore expect as many peaks as many ionic
electron-vibrational states are allowed by monopwié vibrational selection rules and with
intensities proportional to product of the relevRrank-Condon and Fractional-Parentage
coefficients. The way FC coefficients will
\ work in a molecular photoionization process
7 : is sketched in the figure 15 where the relative
) 2 2 2 probability for exciting final ions in
o € vao v=0 © y=1,2,3,..... states is depicted as a function
the molecular equilibrium distance of the
final ion. As it gets larger and larger with
\ respect to the ground neutral state
Sl equilibrium distance, increasingly higher v
2’ 2’ 2’ states are accessed in the final ion, till the
wre & p=o ¢ r=0 ¢ fragmentation threshold is reached and
excitation (discrete vibrational structure in
0.01.02.03.0 0.01.02.03.040 0.01.0203.040 the photoemission Spectrum) as well

fragmentation (continuum vibrational
‘ structure in the photoemission spectrum) are
| ‘ | | | Continuum
I 1 | 1 ]_ _ll
)

Energy —e
1
\

present.
om™! - cm™! -
(a) () ( (d)
Figure 15.Schematics of the dependence of PES features wpugelof the molecular
equilibrium distance in the final state moleculani Minimum change is the leftmost panel,
maximum change is the rightmost one.

Figure 16. The
by " valence
0 photoelectron
X I, spectrum of the
oxygen molecule
- excited by
v = monochromatize
d Hell radiation
I | at 40.814 eV.

. Note the
| ‘|| multiplet splitting

into a doublet

I and a quartet

&wa.\.' I L / N component for

many of the
1 l l| 1 . L 1 L I States

lonization energy, eV
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Multiplet splitting is present in molecular specasawell. A clear example of the experimental
vibrational structure observed in the valence piooiaation spectrum of molecular oxygen in
conjunction with the aforementioned quartet doubiattiplet splitting is given in the PES 06O
with Hell exciting light, shown in figure 16.
Extensive vibrational structures have been
To 2, 1h, observed also in PES of polyatomic molecules,
us | L L water is a relevant example. The PES spectrum
. ~ excited by Hela radiation at 21.218 eV is shown
A CERA \li l "|‘ in figure 17 (top experimental spectrum).
; Binding energies for the three outermost valence
EXP (e | | [ [ orbitals have been calculated using a one-
electron method (HF) and a many-electron (CI)
|| method and are given in the upper part.
200l ” ‘.il - Comparison of the predicted binding energies
| Il .-IE with the centre of mass of the vibrational
NI structure associate to each individual orbital
Ll s i highlights the extreme sensitivity of PES to
accurateness of the model adopted in describing
the molecular valence orbitals .

8
=
= :

IHTENRITY

T . -'i'ljl.|l-|'-l-."_.'. it Fig.17.Gas phase photoelectron spectra

a e T of some different isotopic variants of the water

con 0,0 | molecule excited by Hela radiation at 21.218 eV.

il sl Calculated results using a one-electron method

I!I'||1|||‘|II'|| 4| (HF) and a many-electron (Cl) method are given
L

"t
el L, 'Iv'l j-ll_ in the upper part. The spectra show extensive

S R B T S T CR B vibrational structure.

KERGY

Sensitivity of PES vibrational overtones to nucleesses is depicted in the spectra of isotope
modified water molecules$?0 instead of°0 and D instead of H, shown in the two lower pawéls
figure 17. Modern molecular PES studies include spectroscopransient states and species as
well, but this subject is well beyond the scop¢hefse lectures.

5.2 The Jahn-Teller splitting.

For polyatomic molecules with an high degree of myatry orbitals of the ionic state that have
identical eigenvalues (degenerate) are possibleeXample, the electronic ground state of the
ammonia molecule may be written N1s?2a?* 1¢' (*A,), that is totally symmetric and non-
degenerate. By removing one electron from the &adrthe orbitally degenerate doublet state N1s
la® 2a° 1€ (°E.) is formed. The Jahn-Teller theorem provesttiia state is unstable, and that the
equilibrium geometry is found at a lower symmetrgm G, to C; where the same electron
configuration may be written as:

N1g (1af (2a'f (1a"} (3a'¥ (PA") or N1< (1a'f (2af (1a"f (3a') (CAY).

In this new symmetry the orbital degeneracy is regddout the states are not well defined as the
configurations are mixed by the vibrational motiodsnce, a splitting into two component states
may be observed in PES if the ionization involve®ebital which substantially influences the
molecular geometry, i.e. a bonding orbital. In faéloe 2E state in the photoelectron spectrum of
ammonia shows such a splitting of about 1 eV. Sinisethe chemical properties of the orbital that
will primarily determine the magnitude of the sfti, Jahn-Teller instabilities are observed mainly
in the valence region.
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An example of a Jahn-Teller splitting, as well epan-orbit splitting, is seen in the spectrumld t
methyl bromide (ChBr) molecule (see figure 18). The outermost barmhsithe spin-orbit

splitting in the (2€)°E state. This band also shows some vibrationatistre. The 2e orbital is a
non-bonding, C lone-pair orbital and shows thefor large Jahn-Teller instability. The
photoelectron band, observed between 14.5 and 13hews a Jahn-Teller splitting into two broad
components separated by 0.8eV. Since the symmiktinyscstate is lowered, the orbital angular
momentum is quenched and so is the spin-orbit cogpl

Jahn - Teller instabilty in a Csvtype molecule
C g SYMmetry Cg symmetry
L0 States Transitions States
H.Br* | 52 oo — @l iy *
CH, Br RET—
T @) (ot 24
=
u
3 |
11
= wa2 o 21
z e la (a7 a)” A
00t - e 3,
i .
x‘ SN
AN " AN |
R
0 1 |_.\_-w__'-|'_'_'_._r 1 1&.- . j _,—"| 11
Y ] 1A L i iF] 14 13 s 1
BINDING ERERSY

Fig.18 The Hel excited photoelectron spectrum of thényhéromide molecule. The
26’ (°E) state is split into two components by spin-airitigraction. The 1& ( ’E) state shows a
Jahn-Teller splitting of 0.8 eV. In the insert #meergy level diagram illustrating photoelectron
transitions to states split by Jahn-Teller interant

5.3 Rotational fine structure

Rotational fine structure is normally not resolveghotoelectron spectra. At a resolution of about
10 meV, the line profiles may be influenced by tb&tional excitations, but the individual lines
cannot be seen. At a resolution below about 5 méNgh can be achieved with moern PES
spectrometers, these influences become more aldazaan sometimes be used to draw conclusions
about the molecular geometry and the intensityiftdér@nt rotational branches. For diatomic
molecules, and larger molecules containing hydrplijes H,O or HF, for which the spacings
between the individual components of the rotatiagtalcture are comparatively large, it may even
be possible to observe this fine structure.

Figure 19 shows, as an example, a recording obulbermost line in the photoelectron spectrum of
the HF molecule at a resolution of about 3-4 melf with 18eV photon energy . In this case, two
spin-orbit split states are present which lead ftatlaer complicated line structure. Experimental
(solid line) and calculated (broken line) spectminiF showing transitions to the 4T (v=0) ionic
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state are shown in the figure. The bar diagramisatel various rotational transitions. The
designations 1 and 2 refer to i3, andly, spin-orbit split components, respectively.

HF PES "2 7 HP_W
- =1
b ln |:._| = 'ﬁl ‘%-‘ | ?

e limic slale |

Ev= 16,52 eV | '|

| F O | Fig.19.Experimental
,; l (solid line) and

— Brperimenilal

- o= Simlatad .
calculated (broken line)

!
Jx | [Ii T spectrum of HF showing

AR T T | transit_ion_s to the X1
AR o (v=0) ionic state. The
I WAk NN \ i l". ] bar_dlagrams_ indicate
MTT TV &« SEER various rotational
5 PR R 5 transitions. The
¢ AL designations 1 and 2

= T ) ) refer to the Iz and 11
o 4 " i 20 -4 - 45, States, respectively.
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6. PHOTOELECTRON ANGULAR DISTIBUTIONS

Till now we have been dealing only with energytralisition of the photoelectron probability
current, but the cross section (9) implies thaisgridution in space (ejection angles ) exist ai.we
We shall discuss this aspect of photoemission lgawimind that it has a twofold relevance. On
the one side angular distribution of photoelectisnmglevant to highlight fine details of
photoionization dynamics (hence they are a stringgst for quantum description of radiation
dQ matter interaction). On the other side accurate
description of this phenomenon provides the basis

for various spectroscopies based on diffraction of

the photoelectron from surroundings atoms that are
K  aimed at studying local geometrical order in
molecules, clusters and solids [9].

Figure 20 Schematics of an angle resolved
photoemission experiment. The linearly polarized
light hv photoionises an electron with kinetic
energy Ee within the solid angleé2dn direction
(6, ¢ with respect to the electric polarization
vectore.

Let's start from the simple atomic case. Startnegn equation (9), it can be shown that, for
linearly polarized light and for transition to alaefined ionic state ( for fixed photon and
photoelectron energies that satisfy the energyaroationd function), the photoemission cross
section reads:
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Hence, we expect the photoelectron current to d&ppon direction under which the photoelectron
is detected, with respect to polarization vectee(Bgure 20), and characteristics of the single
particle orbitals involved , both bound and continu

All molecular and atomic orbitals have a charastariangular distribution of electrons. This
means that the intensity of all final states thatmeasure in a spectrum will have a certain angular
dependence. Upon validity of the approximationexgression (9), the angular distribution of the
emitted photoelectrons can be described using iog&egparameter, the asymmetry paramptein
practice it means that the photoelectron distrdyuts symmetrically distributed about the
polarization direction. Furthermore, upon dipgbp@ximation the photoelectron will be ejected
with a continuum wavefunction with = +1with respect to the single particle hole quantuatest
left behind (this is because the incoming photami€s an unitary angular momentum). This gives
an angular distribution of the ejected electrort tiseys the relation:

do _ o

— 00—+

o U [+ 5 c0s6)] (13)
wheref spans from —1 to 2. Expected angular dependdrbe atomic photoelectron current for

selected3 values are reported in figure 21.

B =o -
150 05 . N / 150

180

i@
TOU™

210

270

Figure 21.Angular distribution of photoionisation in polao-®rdinates experimental
(right panel) and calculated according to (13) ftifferent values gf. The polarisation vectagis
reported as a black bold arrow. Magic angle hasrbewlicated by a black point. Experimental
results are relative to He and the best fit to daga is obtained fof5=2.

By studying this figure it can be seen that theeefaur places at which photocurrents are expected
to be independent froffivalues. This occur at the so called magic anfjl/4°. At this angle

the photocurrent only depends on the total crostsoseo and not on the light polarization or the
angular momenta of the photoelectron wavefunctioth® symmetry of the initial state. That this
description is mostly correct in the case of issdadtoms is demonstrated by the good agreement
between experimental results on He (red dots) laadneoretical prediction f@=2 (full line)

shown in the right panel of figure 21.
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What happens to photoelectron angular distributwinen the atom from which the photoelectron is
generated is surrounded by neighboring ones Ki.ealecules cluster and solids)? The
photoelectron wavefunction gets scattered from @aaiidual atom and the photoelectron
analyzer collects a photoelectron current thatdaskeerent superposition of source photoelectron
wavefunction and point scattered wavefunctiongcagematically shown in figure 22.

dQ Figure 22 Schematics of an angle
Q resolved photoemission experiment from a
dimmer oriented in space. The linearly polarized
K light hv photoionises an electron with kinetic
e’’“e energy Ee. The photoelectron current detected
within the solid angle @, in direction @ ¢ with
respect to the electric polarization vectgis
determined by coherent superposition of
wavefunctions directly generated by the
photoemission process and elastically diffused by
the neighbor atom.

The angular distribution is not any more a smooth
distribution determined bfg, it will show two

Lo main features: a forward intense peak along

Va atom-atom direction, and a diffraction pattern at
all other scattering angles. It can be shownwhale in the case of an isolated atoms the measured
photoelectron current is proportional to the squmaoelulus of the unperturbed photoelectron wave

function, i.e.J, O |CDO|2, in the presence of a scatterer it becomes priopaitto the modulus
square of the coherent sum of the unperturbed eatitesed photoelectron wavefunctions, i.e.
J. O|d, + CDS|2. If we perform measurement of the angular digtidn of the photoelectrons

ejected from a fixed in space molecule, what seobed is schematically shown in figure 23 for

the chase of an aligned in space CO diatomic mi@e&ssuming that a core photoelectron is

" ® ejected from the carbon atom, the red line repitesen
S the polar probability distribution determined by th

unperturbed wavefunction, while the blue one

J(6,9), O], + 0’ represents modulation introduced in the

photoelectron angular distribution by interference
2 O of the direct and scattered wavefunctions.
Je(6,9), O |q)0| ° The intense forward lobe aligned with the
77(' molecular axis is to be interpreted as tfeoder
o) " peak of the angular diffraction pattern. Intensity
maxima appearing at larger angles are higher order
diffraction peaks.

Il v > >
T Figure 23.Pictorial view of the
photoelectron angular distribution for C1s
ionization of an aligned in space CO molecule.

It is a crucial issue to establish validity forghsimple scheme of interpretation of the photdedec
angular distributions, particularly in the casecofe ionization, as it will constitute the corners
for applications to solids and surfaces, i.e. fiar $o-calleghhotoelectron diffraction

Modern experimental methods allow to align in spacdecules either by attaching them to
surfaces or by determining ex-post direction ofrti@ecular axis. The latter method is more
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complex as it requires to measure, coincidentnnefidistribution of both photoelectrons and
molecular ions; but it allows to study free molesuand constitute a stringent test for the
aforementioned model. Forward scattering and
E diffraction features are clearly seen in the
0—oC hv=321eV 1 experiment performed on aligned in space CO
molecule and reported in figure 24. The
photon energy was 321 eV and photoelectrons
angular distribution was measured in two
modes: with the molecular axis parallel (a) or

perpendicular (b) to the light electric vect®r

Gy

(a) (b)

Figure 24.C1s photoelectron angular
distributions for an aligned in space CO
molecule. The two results are relative to

orientation of the molecular axis parallel (a) oegpendicular (b) to the light electric polarization
vector.

Dipole selection rules impose an angular momeriterto the 1s photoelectron wavefunction .
Hence, according to equation (13), the isolatethatagular distribution is a cosine-like function

with the two maxima pointing along tHe axis. In the molecular case (a), the angularitigion
is dominated by the forward"®@rder diffraction peak as the intensity of the entprbed
wavefunction is low away from the molecular axis.the (b) caseb,is weak along the molecular

axis while has maxima perpendicular to it, heneephotoelectron angular distribution is
dominated by higher order diffraction peaks. THes#ings have been confirmed by several other
independent experiments on similar or differentenolar target, thus providing a sound
background for validity of the aforementioned pledéatron diffraction model.

7. HOLE STATE RELAXATION

We have seen that the main peculiarity of photogimispeaks is the linear dispersion of their
characteristic kinetic energy with the photon egdege equation 3). Inspecting whichever full
energy distribution of photoelectron current, wecdver that, besides photoemission peaks, it
displays further peaks whose energy is charadteaéthe sample but does not change by
changing the photon energy. Origin of these peaksbe explained in a elementary way by the
energy diagram shown in figure 25.
Figure 25.
Schematics of the secondary
processes leading to
ATTGER ELECTRON DECAY ATTTOIONIZATION electron emission by the
— — decay of a highly excited
- ionic or neutral system.
& Usually, the Auger process
= © is associated with the decay

— of a cation whereas the
decay of a neutral system is
referred to as
autoionization. Using
synchrotron radiation it is
possible to resonantly

BINDING ENERGY
BINDING ENERGY
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populate highly excited states of the neutral syste

The core hole staﬂé> is created either by direct photoemission (panedraby excitation to the

excited stat¢a>. Obviously, the first process is always possgrtevided the photon energy
exceeds the ionization threshold, while the se¢padel b) only when the photon matches the
difference in energy between stgiteand|a). In both cases, the) hole state is part of a singly

ionized\neutral excited state whose lifetime isté&inThis state will decay through electron eleatro
electron interaction within the target either iradiative way (fluorescence) or in a non radiative
way i.e. ejecting an electron in the continuumdaartization). This latter decay channel is
dominant for low Z atoms and is usually termedw@sianization or Auger according to the charge
state of the final ion, single or double respediivet is evident that the energy spectrum of the
autoionizing electrons will reflect the target emestructure through the difference between energy
of the final and initial states in as much as thergy of the Auger/autoinozation transition matches

the separation energy betweénand|a).

7.1The Auger decay

Auger electrons emission is usually described withtwo step approximation in which decay
incoherently follows the core hole creatibo + A - A" +e, -~ A™ +e, +e,. The energy

distribution of the Auger electronsalds independent from the photon and photoeledfggn
energies, it will be determined by the differenc@nergy between the intermediate singly ionized
state and the final doubly ionized stdtg, ., = E,. —E,... Hence, the Auger energy spectrum will

be formed by groups of line transitions, one farleeore hole state, having as many components as
the multiplet configurations allowed for the douhl&e final state. It is therefore spontaneous to
indicate each Auger transition with a three letteb®l. The first letter refers to the orbital ahved
in the intermediate core hole state creation, therdwo to the orbitals that generate the doubly
ionized final state. Let’s take the Ne atom as
Ne Ne* Ne** an example. In its ground state configuration
the shells K (n=1) and L (n=2) are fully
occupied (see leftmost panel in figure 26).
Ly (2p,,) ©-0—0-0- O-O-00- Oo-o0- According to this convention, the Auger
transition depicted in the rightmost panel of
figure 26 is KlpL3 This is not the only
possible Auger transition for the K core hole
to decay, the main groups of transitions with
their multiplet structures are listed in the
following table.

E =

Lz (zpl/z) —O0—-0— —O0—-0—

L(2s) —oo0— —o0o0— —o0o0—

Figure 26.Schematics of the KLg
Auger process in Ne. Ep and &re kinetic
energy of the photoelectron and Auger
electron, respectively.

K (ls) —o—0— —-0—

Auger Transition Double ion valence configuratignMultiplet Terms
KLil 29 2p° !

KL 1L213 251 2p5 IP]_, 3Po, 3P2, 3P1

KLoalos 25 2p' 'Sy, °Po, °P2, ‘D2
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The simplest, though coarse, way to calculate iddad Auger transition energies is within a
simple one-electron model, i.e. ignoring relaxa@oml final state effects. Within this
approximation the multiplet splitting is ignoreddaiine Auger energy can be deduced from the
binding energy of the individual orbitals, for iaate:

Ea(KL1L2) = E(K) —E(L) —E(Lz, L1)

(14)

where the latter energy is the binding energyheflt, orbital computed in presence of a hole in L
There are several methods to calculate more aetyraven ab-initio, Auger transition energies
but to describe them is beyond the scope of thisite. The simplified scheme so far outlined is
sufficient for interpreting an atomic Auger speatrguch as the one displayed in figure 27.
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Figure 27
Auger spectrum
of gaseous
Krypton. The
energy
distribution is
recorded as a
function of the
Auger kinetic
energy. The
principal Auger
lines are indexed
according to the
usual notation

pias

(see text).
1300 T E—
KINETIC ENERGY
It shows the energy distribution of Auger (Mjielectrons from gaseous Krypton as a function of
their kinetic energy. The principal transitionsdze readily assigned through relation (14) and are
indexed according to the aforementioned notatidnltiplet splitting of each individual principal
transition is also evident. This effect is betteen in the blow-up of the free Zn atogM4 sM4 5
spectrum of figure 28. In Zn, all shells from KNband the 4s subshell are full, hence a simple
two-particles (i.e. two holes in the final doubbnized state) multiplet structure is appropriate to
describe its Auger spectrum. The appropriate spstpic terms aréSy, *Ga, *Po 12 ‘D2, °Fa3.4
All of these spectroscopic terms are clearly receghin the spectrum of figure 28 with the,
being the dominant one. The experimental reswbmpared with predicted Auger transitions,
shown in the figure with bars whose height is prapoal to the relative intensity. The overall
agreement between theory and experiment is rathat, ghus demonstrating that, in spite of the
complexity, most features of Auger spectra capreeicted and calculated, thus providing a
powerful tool for studying correlated behavior ohtter as the final state is always a two
interacting particle one. Naturally, such a dethilescription of the Auger spectrum is obtained
with a model that goes beyond the simple one sumethby equation (14) and that account for
spin-orbit coupling, relaxation of the ionic statBsal state effects and hole-hole correlation
energy. For what concerns intensity of the tramsst, the two-step model can be invoked to allow
us to compute the probability of an Auger transitas the product of those relative to the core all

1200 1500 eV
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creation and decay separately. Hence the probafatian Auger transition initiated by a photon
that ionizes a system in std@® to a core hole stafe) that eventually decays to the doubly ionized

state| f) is:
PO, ) Of ffpfA‘C‘i£p>‘2 H(ie, D) 0>\2 (15)

Where C and D are coulomb and dipole operatorpemwsely. The two step model is appropriate
as long as the core hole lifetime is much longantboulomb interaction time. On the contrary, the
single step model is do be adopted. In this frémecore hole state is an intermediate state #or th
second order transition that leads to the doubiized system and the probability reads:

(fe,e4|Clir) i 7|D|0)
E,+E,—E, —hv—-ir/2

Wherert are virtual intermediate states dndk the core hole lifetime broadening. It is tHere

evident that the main driving force behind Augansition is the coulomb interaction among bound
electrons of the system. Furthermore,

W "‘IQ'F,'_.,QI] T ~1  through the final statgf ) correlated
' o | properties of the system influence the
il Auger cross-section.

dr|  (16)

P(o,i,f)mj

" i Figure 28.The free Zn atom

. LsM4 sMa sSpectrum. . The energy

R distribution is recorded as a function
FA of the Auger kinetic energy. Relevant
T L™ “ | spectroscopic terms are shown on the
| VoS top part. Bars are located at the

[ ARBITRARY UNITS |

INTENSITY

/ \, \ " .
o A \/ \ calculated transition energies, the
e ™ L L Pzl height is proportional to the relative
0 GNETIC ENERGY (Y] 280 intensity.

Similarly to what discussed for core photoemissaag Auger spectra are sensitive to the local
chemical environment. This effect is clearly shawfigure 29 where the ZnsM,sM45is shown

together with the Zn 3d photoemission spectrunmaftaw zinc compounds. We first observe that
the zinc metal Auger spectrum

preserves most of the multiplet

Zn 1.3;4#5»1!,5 i'n:l _— i structure of the free atom, as it is for
8 f ! many highly correlated systems. The
Hl A G, component (the highest peak) is
. Li shifted by almost 7eV in going from
ﬁ \_\ f *.'I Zn metal to ZnE, a chemical shift
§ S " e ! 'k, even larger of the one suffered by the
E b} \_J\ 3d photoemission peak
a 2 1 P peak.
{3 \“ Zﬂs--—~~-~/
~ Figure 29.The LgM4 sMs 5
/ ] 5V,
f;‘ \“ z"qmci"‘”"f \.»-\ spectra of Zn in different compounds
\\_b"_m_.z ' display chemical shifts of amplitude
L L e --"11 i comparable to the one of the Zn 3d

585 950 995 0 6 o
Y
Kinetic Energy Binding Energy L4 photoemission peak.
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To finish with analyzing Auger spectroscopy sergiilo local matrix properties it is to be
mentioned that Auger electrons angular distribiidisplay diffraction patterns of the same sort of
those displayed by core photoelectrons. HencegAspectroscopy is suitable to study local spatial
and electronic properties in molecules, clustard solids. Interpretation of Auger spectra is less
straightforward than photoemission one as the Btate of the former is doubly instead of singly
charged as it is in the latter. In conclusiorspite of its inherent interpretation difficultiesiger
spectroscopy is an excellent tool to study locattebn correlation properties in the various states
of aggregation.

7.2 Resonant Auger and photoemission

So far we have discussed core hole de-excitatiansd) a singly charged ion as initial state for the
Auger decay. Let’'s now consider the case depictéigde rightmost panel of figure 25, i.e. the
autoionization of a core excited system. In X-a@gorption language we are interested in
describing the decay channels of the near absarptige resonances (XANES). This is an
autoionization process that ends in a singly iahi@te, which is a state identical to the one
reached by a direct photoionization. Let’s agaketNe as an example. As shown in the
schematics of figure 30, by absorbing a photorppfapriate energy the 1s electron is promoted to
the empty 3p level. Afterwards, the core excitext Butoionizes filling up the core hole and
Ne Ne* Ne* ejecting a valence ( 2p in the example).
Electron. This process is usually

M, , (3p) Ea termed as a spectator_(the 3p state)_
’ Auger decay and the final state, which
Ls(2Ps)  ©-0-00- peo-oe is identical to the final state of a
L,(2p,,) —0—0 0 0 transit.ior! saFeIIit(.e to the 2p .
photoionisation, is termed as a lparticle
2hole state.
L(2s) —oo— —o0—-0— —o0—0—

Figure 30.Schematics of the
resonaniAuger process in Ne. the 1s
electron is promoted to the empty 3p
level. The core excited Ne* autoionises
by filling up the core hole and ejecting

K (1s) —o—o— —0-0—

a valence electron(2p)

In other words, the final ionic state depictedigure 30 can be created either by a resonant
spectacor Auger decay or by direct photoianization.

What does it happens when the energies of the aeséduger and the photoelectron coincide? We
shall discuss it by the help of a specific resbliamed for an Ar atom. In figure 30a are sketched
the lowest ionic states of argon, that are single fih) states, B* or &™. At higher energies a
multitude of hip states, belonging to the3nl, 3p*3s™nl, or 35°nl manifolds, are found. In direct,
nonresonant photoemission, thestates are strongly dominant, and thé@states are observed as

weak satellites. The photoemission spectra ofg¢hetionshy + Ar - Ar* (3s,3p) “nl +e” was
recorded for several different photon energiessxtoe resonandev + Ar - Ar’ (2 p3,2_14s) (see

left part of figure 30 panel a). Photoemissioncs@eas measured for different detunighare

shown in panel B of figure 30. Let’s focus on geak indexed B, it correspond to the unresolved
transitions hv + Ar - Ar*(3p)“5s4f +e is almost absent when the photon is tuned out of
resonance(®= 7.5eV) become dominant when tuning the photoresonance(= 0eV). lItis
therefore evident that for selected photoionisatioannels the resonant excitation is dominant over
the direct ionisation one. Indeed, panel ¢ ofrigg81 shows that tuning the photon energy across
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the core resonance the photoionisation cross seasies by almost an order of magnitude reaching
its maximum for on tuning condition. Observing tiehaviour as a function d@ of the transition
hv+ Ar - Ar*(3p)?3d +e, we notice that the cross section on tuning igdathan off tuning,

but the lineshape is highly asymmetric with respec¢he resonance energy, as it is the case for all
the other photoemission investicated and reportdijire 31c. The origin of this asymmetry is in
the double quantum path that, for a given photargn can be followed in going from the ground
neutral state to the singly ionised 2h 1p stafid® final ionic state is created following the
resonant or the direct channel with an identicalefianction but with a different phase. Upon
changing the detuning, the phase associate wittitbet channel changes slowly and
monotonically, while the resonant channel one chamgpidly. As long as amplitude of one
channel is much larger than the other, the iorigatross section reduces to the direct
photoemission (equation 12) or to the resonant Aaoge (equation 16).

a 25x10 ° b
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Figure 31.Schematics of the resonakuger process in Ar. The 2p electron is promoted to
the empty 4s level. The core excited Ar* autommisy filling up the core hole and ejecting a
valence electron(3p). See text for details.

When amplitude of the matrix element of the two peting channels becomes comparable they
should be coherently added and the probabilithefrocess becomes:
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E,+E,-E, —hv-ir/2

P(o,i,f):j

Probability of the resonant Auger\photoelectroncpss is therefore modulated by the interference
term resulting from squaring the sum of the two kinghes. Upon rapid change of the resonant
channel phase, interference rapidly switches fronstructive to distructive, thus yielding the
peculiar lineshapes (Fano profiles) displayed imgh&1c. It can be readly verified that if one of
the two amplitudes becomes negligible equationetitices to equation 16 or 12.

In summary, resonant Auger\photoelectron provides:

a. an effective spectroscopy of many-electron excstetes that are otherwise inaccessible
to conventional electron spectroscoies
b. An unique way to highlight phase changs in thelfatate wavefunction that are just not

detected by other spectroscopies

NOTES

[Note 1] The Franck-Condon Principle

Optical transitions have a vibratory fine structthat is usually not resolved and leads to broatufeless bands that
are typically non-symmetric.

Optical transitions occur between wavefunctions liave vibratory and rotatory contributions (subels).

As discussed previously, only the vibratory grostate is populated in most bonds. This means tirabptical
transitions will occur from the n=0 vibratory level

For the excited state, the situation is slightlyrencomplex. As was first pointed out by Franck &ushdon, optical
transitions are "vertical", which means, that tbegur so rapidly (1& sec), that the framework of nuclear coordinates
cannot follow. All internuclear distances and asdiecluding those involving the solvent cage dfedent
conformations) are therefore preserved in the eddtate. This means, that the energies of vilmaltiand rotational
transitions do not change during the optical triaosi

They will change after the optical transition, besmthe nuclei adjust their position to minimize tbtal energy of the
new electron configuration.
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