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Abstract
The objective of this thesis is to exploit the high degree of selectivity of Auger photo-
electron coincidence spectroscopy (APECS) to get singular information, not otherwise
obtainable by means of more conventional spectroscopies, in fields which are presently
of wide interest in material sciences, like magnetic systems with low dimensionality
or hybrid materials where organic molecules are assembled on conductor/ semicon-
ductors substrates.

In core-valence-valence Auger decays, two holes are created in the valence band.
In conventional Auger spectroscopy, only one of the two electrons leaving the valence
band is measured (i.e. the Auger electron) and consequently many details of the
other electron filling the core hole are lost. In APECS, the coincident detection of
the Auger electron and its parent photoelectron allows one to put constraints on
the electron which leaves the valence band and fills the core hole, thereby getting
additional information of the two-hole Auger finale state. In Angle Resolved Auger
photoelectron coincidence spectroscopy (AR-APECS), by exploiting some constrains
put on the m sublevel of the emitted electrons, a spin selectivity on the two hole final
state is provided, which is moreover sensitive to the electron correlation.

We have used AR-APECS to study metallic ferromagnetic (FM) and metal oxide
antiferromagnetic (AFM) systems. AR-APECS measurements for FM Ni/Cu(001)
show the sensitivity to the band spin splitting as well as to the correlation effect in
the Ni (M23M45M45) Auger line shape. A strong correlation is ascribed to interactions
within majority sub band only. We have also carried out thickness dependent study
for FM Ni/Cu(001) which suggest that, such a correlation in the two hole Auger final
state follow a quantum confinement behavior.

In case of AFM NiO/Ag(001) system, the AR-APECS spectra acquired for NiO in
its AFM phase show a strong geometric dichroism due to the spin selectivity acting on
atomic-like multiplet terms (singlet, triplet and quintet). Such a dichroism completely
disappears in the paramagnetic phase. This opens up the possibility of monitoring
magnetic transitions from a localized perspective, without having to rely on long
range order crystal periodicity or bulk thermodynamic measurements.

On the other hand APECS offers the capability to probe the valence band in a
chemical selective way, by exploiting the chemical core level shift (which is typical
characteristic of the photoemission technique - XPS) of the parent photoelectron
detected in coincidence with the Auger electron. By using APECS we have studied,
with an atomistic approach, the charge transfer phenomenon involving the Copper
Phthalocyanine (CuPc) macromolecule at the interface with the Aluminum surface.
Our results indicate that the charge transfer from Al substrate to the CuPc molecule
is not uniformly distributed all over the molecule, but the benzene ring of the CuPc



molecule show the higher extent of charge transfer than the pyrrole ring.



Abstract
Scopo della tesi è l’utilizzo dell’elevato grado di discriminazione della tecnica APECS
(spettroscopia in coincidenza fotoelettrone- elettrone Auger) per ottenere informazioni
singolari, altrimenti non ottenibili con spettroscopie più tradizionali, in campi di
applicazione di ampio interesse nelle scienze dei materiali, come i sistemi magnetici
a bassa dimensionalità o i materiali ibridi in cui molecole organiche sono assemblate
su substrati conduttori o semiconduttori,

Nei decadimenti Auger core-valenza-valenza, si creano due lacune in banda di
valenza. Nella spettroscopia Auger tradizionale, si misura solo uno dei due elettroni
che lasciano la banda (l’elettrone Auger) e di conseguenza si perdono molti dettagli
inerenti l’altro elettrone che va a riempire il livello di core. Nell’APECS, la detezione
in coincidenza dell’elettrone Auger insieme al fotoelettrone che lo ha generato perme-
tte di porre dei vincoli su tale elettrone che lascia la banda di valenza e va a riempire
la lacuna di core, fornendo così informazioni aggiuntive sullo stato finale Auger a
due lacune. Nella tecnica APCES risolta in angolo (AR-APECS), sfruttando alcuni
vincoli posti sui sottolivelli m degli elettroni emessi, si raggiunge una selettività in
spin sullo stato finale a due lacune, che peraltro è sensibile anche alla correlazione
elettronica.

La tecnica AR-APECS è stata utilizzata per lo studio di sistemi ferromagnetici
(FM) metallici e antiferromagnetici (AFM) di ossidi di metalli. Misure AR-APCES
per il sistema FM Ni/Cu(001) mostrano la sensibilità della tecnica allo spin-splitting
della banda di valenza, come pure agli effetti di correlazione nella forma di riga Auger
M23M45M45 del nichel. Un forte effetto di correlazione è attribuito all’interno della
sola sottobanda maggioritaria. Si sono eseguiti anche studi in funzione dello spessore
i quali suggeriscono che tale correlazione nello stato finale Auger a due lacune segue
un andamento di tipo di confinamento quantistico.

Nel caso del sistema AFM NiO/Ag(001), gli spettri AR-APECS acquisiti nel fase
AFM mostrano un forte dicroismo geometrico dovuto alla selettività in spin che agisce
sui termini di multipletto (singoletto, tripletto, quintetto) che sono tipici di una de-
scrizione di tipo atomico. Tale dicroismo svanisce completamente nella fase para-
magnetica. Ciò apre alla possibilità di monitorare le transizioni magnetiche da un
punto di vista locale, senza dover riferirsi a un ordine a lungo raggio della periodicità
cristallina o misurazioni termodinamiche di volume.

Dall’altro lato, la tecnica APECS offre la possibilità di sondare la banda di valenza
in modo chimicamente selettivo, sfruttando lo shift chimico dei livelli di core (una
tipica caratteristica della tecnica di fotoemissione XPS) del fotoelettrone rivelato in
coincidenza con l’elettrone Auger. Con la tecnica APECS si è studiato, con un ap-
proccio atomico, il fenomeno di trasferimento di carica che coinvolge la macromolecola



rame-ftalocianina (CuPC) all’interfaccia con una superficie di alluminio. I risultati
indicano che il trasferimento di carica dal substrato di alluminio alla molecola non
è uniformemente distribuito su tutta la molecola, ma gli anelli benzenici mostrano
un’entità maggiore di trasferimento di carica rispetto agli anelli pirrolici.
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Chapter 1

Introduction

Auger electron spectroscopy (AES) and core-level photoelectron spectroscopy (XPS)
are the most widely used techniques for the characterization of materials and their
surfaces. Vast amount of information on the chemical composition and electronic
structures of solids and solid surfaces can be obtained by using XPS and AES. In
AES, Auger transitions reflect the properties of the valence band, as the final state of
the Auger process involves two holes in the valence band. Auger spectroscopy provides
a useful tool for investigating the two-particle density of state, hole-hole Coulomb in-
teraction and correlation effects. The conventional way of measuring Auger spectra
(AES) contains the problem of overlapping signal from different site. Moreover com-
plexity of the AES spectra increases due to its indistinguishable contributions from
shake-up, shake-off and Coster-Kronig transitions. Auger photoelectron coincidence
spectroscopy (APECS) provides the interesting approach that overcomes the problem
of complexity of the AES spectra. In APECS, a sample is excited with X-ray photons
while core photoelectron and their associated Auger electrons are detected in time
coincidence. In a true coincidence event, the photoelectron and Auger electron are
emitted from the same atom. In this way, only Auger electrons from atoms with the
core level of interest are measured. Thus, one can isolate the Auger spectra from
different constituents of the solid, even if they overlap strongly in energy, as long as
the core levels are not degenerate [1], [2]. APECS technique is even more promising
by detecting the coincident phoelectron and Auger electron emitted at specific an-
gles, such a coincidence detection is described as Angle resolved Auger Photoelectron
Coincidence spectroscopy (AR-APECS)[3] [27]. In this thesis, we have presented the
two approaches of APECS technique, one is study of magnetic properties of thin films
using angle resolved APECS (AR-APECS) and another is chemical selective study
of valence band by using APECS. We have shown that the AR-APECS can provide
the spin sensitivity to the Auger final state in terms of triplet or singlet, without
the need to determine the spin of the emitted electrons. We have used AR-APECS

1



technique to probe the electronic structure in an antiferromagnetic metal oxide and
ferromagnetic metal systems.

We have studied the Ni/Cu(001)ferromagnetic system in its paramagnetic and fer-
romagnetic phase by using AR-APECS. With AR-APECS, we succeed to acquire Ni
M23VV Auger spectra in its High spin (triplet quintet) and Low spin (singlet) config-
uration. In the past our group has studied Fe/Cu(001) ferromagnetic system by using
AR-APECS. We observed that the High spin configuration shows interesting features
at low kinetic energy region of the Auger spectra, this features correspond to the cor-
relation effect between two holes in Auger final state, as explained by Cini-Sawastzky
model [50]. AR-APECS measurements for both Ni/Cu(001) and Fe/Cu(001) illus-
trated that, the correlation effect between the two holes in Auger final state follows
quantum confinement behavior.

We acquired AR-APECS measurements for NiO/Ag(001) antiferromagnetic sys-
tem by measuring Ni(M23VV) Auger spectra in coincidence with Ni 3p photoelec-
trons, below and above the Neel transition temperature. It was observed that, in
the antiferromagnetic phase NiO/Ag(002) Auger spectra show well distinguishable
multiplet terms (singlet, triplet, quintet), which completely disappear upon crossing
the Neel transition temperature (in the paramagnetic phase)[4]. The similar results
were observed before in case of CoO/Ag(001) antiferromagnetic system [5]. The
NiO/Ag(001) result confirms and extends such an unexpected behavior to the full
class of magnetic oxides antiferromagnetic systems, widely used in the architecture
of spintronic devices.

We have also used the APECS as the chemical selective technique. The chemical
selectivity which is typical of the core level photoemission, is studied first time by
exploiting APECS. We studied local perspectives of charge transfer phenomenon for
thin and thick film of CuPc/Al(001) system by using APECS. In APECS measure-
ments, the carbon KVV Auger spectrum, thus probing the valence band, is measured
in coincidence with C 1s core hole photoelectrons originating from pyrrole and ben-
zene rings of CuPc molecule. The coincident detection of the Auger electron with
its parent photoelectron gives the unique possibility to probe the valence band in a
chemical selective fashion. From this experiment we observed that, in case of thin film
CuPc/Al(001), there is larger charge transfer from Al(001) substrate to the LUMO
of benzene than that of pyrrole ring of CuPc molecule.

In this thesis, I have introduced the basic principles of Auger process and APECS
in the second chapter. The experimental methods and apparatus is described in
chapter 3. The results obtained for ferromagnetic metallic systems are discussed in
chapter 4, results for antiferromagnetic systems in chapter 5 and the APECS as a
chemical selective technique is presented in sixth chapter.
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Chapter 2

Principles of AR-APECS

2.1 Atomic structure

The interpretation of x-ray electron spectroscopy and Auger electron spectroscopy
shows extensive use of the atomic structure theory. The study of solid state materi-
als such as determination of valence band structure, uses atomic spectra very often.
Study of atomic structure theory helps in order to understand the many-body corre-
lation effects, particularly in the condensed matter physics. So here we follow a brief
introduction of theory of atomic structure.

A one-electron atomic state is defined by the quantum numbers n,l,ml,ms with n
and l representing the principal quantum number and the orbital angular momentum
quantum number, respectively. The allowed values of n are the positive integers,
and l = 0, 1, ..., n - 1. The quantum number j represents the angular momentum
obtained by coupling the orbital and spin angular momenta of an electron, i.e., j =
l + s, so that j = l ±1/2. The magnetic quantum numbers ml and ms represent the
projections of the corresponding angular momenta along a particular direction; thus,
for example, ml = -l, -l + 1 ... l and ms = ±1/2.

In wave mechanics, the transition of an atomic system from one stationary state to
another is associated with the emission of light according to Bohr frequency condition.
If an atom is in excited state the probability of its transition to the lower state can
be calculated. The transition to the lower state follows after a time which is in
inverse proportion to the transition probability. The intensity of the emission or the
absorption of the light depends upon the transition probability. Detailed calculation
show that, for more general cases, an important selection rule operates,

∆l = ±1

This states that, only those quantum states can take part in the transition,whose l
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values differ by only one unit.

Electrons having both the same n value and l value belong to a subshell, all
electrons in a particular subshell being equivalent. The Pauli exclusion principle
prohibits atomic states having two electrons with all four quantum numbers the same.
Thus the maximum number of equivalent electrons is 2(2l + 1). A subshell having this
number of electrons is full, complete, or closed, and a subshell having a smaller number
of electrons than 2(2l + 1) is unfilled, incomplete, or open. The 3p6 configuration
thus represents a full subshell and 3s2 3p6 3d10 represents a full shell for n = 3.

The Coulomb interaction between the nucleus and the single electron is dominant,
so that the largest energy separations are associated with levels having different n.
The hyperfine splitting of the 1H 1s ground level results from the interaction of the
proton and electron magnetic moments. The energy structure of the normal 1snl
configurations is dominated by the electron-nucleus and electron-electron Coulomb
contributions. In helium and in helium-like ions of the lighter elements, the separa-
tions of levels having the same n and having l = s, p, or d are mainly determined by
direct and exchange electrostatic interactions between the electrons - the spin-orbit
contribution. This is the condition for LS coupling (Russell-Saunders Coupling), in
which:
(a) The orbital angular momenta of the electrons are coupled to give a total orbital
angular momentum L = ∑

i li

(b) The spins of the electrons are coupled to give a total spin S = ∑
i si

The combination of a particular S value with a particular L value comprises a spec-
troscopic term, the notation for which is 2S+1L The quantum number 2S + 1 is the
multiplicity of the term. The S and L vectors are coupled to obtain the total angular
momentum, J = S + L, for a level of the term; the level is denoted as 2S+1LJ .

jj coupling applies in case of atoms with bigger nuclear charges. when the spin-
orbit interactions are frequently as large as or larger than spin-spin interactions or
orbit-orbit interactions, each orbital angular momentum li tends to combine with the
corresponding individual spin angular momentum si, originating an individual total
angular momentum ji. These then couple up to form the total angular momentum J;
J = ∑

i ji =
∑
i(li + si).

2.1.1 Open and closed shell systems

When each molecular orbital is filled by two electrons with opposite spin, the system
is called as closed shell system. In closed shell system all electrons are paired and the
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total spin which is the vector sum of all electron spins, is zero

Ŝ =
N∑
i=1

si(i) = 0 (2.1)

Here S is the spin quantum number and can take half integer and integer values, i.e.
S=0, 1/2, 1, 3/2, 2 etc. when Ŝ = 0, multiplicity gives 2S+1= 1, which means the
possible orientation of spin angular momentum is only one. This is called singlet or
spin singlet. Figure 2.1 shows the schematic for the singlet spin state.

Figure 2.1: Schematic representing singlet state

In open shell systems all electrons are not paired. If an atom is with a single
unpaired electron, then it gives two distinguishable states, a doublet, because S =1/2
and multiplicity 2S +1 = 2, which means the number possible orientations of spin
angular momenta are 1/2 and -1/2. The doublet spin state is diagrammed in 2.2,
An atom or a molecule with two unpaired electrons with the same spin, gives three

Figure 2.2: Schematic representing doublet spin state

degenerate states forming a triplet sate. For triplet sate, S = 1, therefore 2S +1 = 3
and the number possible orientations of spin angular momenta are 1, 0 and -1. The
schematic for the triplet spin state is shown in 2.3 Three unpaired spins give rise to

Figure 2.3: Schematic representing triplet spin state

four degenerate spin states defining a quartet state. In general, n unpaired electrons
will define n+1 degenerate states, that is spin multiplicity is n+1 or 2S+1, where S
is the total spin of the n unpaired electrons.
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2.1.2 Atomic structure to band structure

The hydrogen atom shows simplest example of atomic line spectrum. Assume an
electron in a atomic orbital in a hydrogen-like atom. The energy of its state is
mainly determined by the electrostatic interaction of the (negative) electron with the
(positive) nucleus. The energy levels of an electron around a nucleus are given by[6],

En = −hcR∞
Z2

n2 (2.2)

where R∞is the Rydberg constant, Z is the atomic number, n is the principal quantum
number, h is Planck’s constant, and c is the speed of light. According to Bohrs theory,
radiation is emitted or absorbed by a transition of a electron from one state to other

E = −hcR∞
(
Z2

n2
1
− Z2

n2
2

)
(2.3)

The emitted or absorbed radiation of energy E shows the difference between two
quantities which can take only discrete values. This indicates that the electrons of
a single isolated atom occupy atomic orbitals, which forms a discrete set of energy
levels.

If multiple atoms are brought together into a molecule, their atomic orbitals split
into separate molecular orbitals each with a different energy. Consider a simple model
of how the eigenstates of the individual atoms are modified when brought together
to form a solid. If two atoms are far apart, each atomic orbital has Hamiltonian H =
εn. If these two atoms come close together so that they can exchange electrons, i.e.
hybridize, then the degeneracy of the two orbitals gets lifted. If one continues this

Figure 2.4: If one brings many orbitals into proximity so that they may exchange
electrons (hybridize), then a band is formed centered around the location of the
isolated orbital, and with width proportional to the strength of the hybridization

process of bringing in more isolated orbitals into the region where they can hybridize
with the others, then a band of states is formed (figure 2.4)). This, of course, is
an oversimplification, real solids are composed of elements with multiple orbitals
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that produce multiple bonds. Figure 2.5 shows simple example of difference between
atomic and band spectra. Atomic spectra shows sharp lines and band spectra shows

Figure 2.5: Sketch representing the difference between atomic and band spectra

broad feature due to overlap between different spectral lines.

2.2 The Auger process

The core level vacancies in atoms which are created by interaction with incident
photons, decay either by emission of photons (radiative) or electrons (non radiative
decay). The decay of inner shell vacancies by electron emission is an auto ionization
process. In the Auger process, the initial hole created due to photoionozation is filled
by less strongly bound outer shell electron. The Filling of the core hole of an atom is
accompanied by the emission of an another electron from the outer shell of the same
atom, leaving behind two holes in the outer shells. Following equation depicts the
sequences in the Auger process,

hν + A→ A+ + e1 → A++ + e2 + e1 (2.4)

where hν is the incident photon, A is the target atom, e1 is the photoelectron, e2

is the Auger electron, A+ is single ionization state and A++ is the double ionization
state. In case of solids, the kinetic energy of the electron ejected as a result of the
Auger process ABC, where A is the shell in which initial ionization takes place and
B and C are the shells of the two final holes, is given by,

EKin = EN−1
A − EN−2

BC − φ− Ueff (2.5)

where Ekin is the kinetic energy of the Auger electron, EAN−1 is the binding energy
of the core hole state and EBCN−2 is the energy state of the two holes in B and C
state respectively. Ueff term represents coulomb interaction between two final state
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holes. φ is the work function of the emitted Auger electron. Figure 2.6 shows the
schematic representation of the Auger process in solids. In the equation 2.5, Ekin

Figure 2.6: Schematic representing Auger process in solids

does not show any information about the probe which causes the initial ionization
event. This means that the kinetic energy of the emitted Auger electron is completely
insensitive to whatever will be the energy of the used probe, whose nature influences
only the probability to observe the process of interest. Furthermore from equation
2.5 it clearly appears that Ekin is characteristic of the atom in which the process
ABC has taken place, and also that each atom will have a characteristic and unique
spectrum of Auger energies. No two atoms in fact can have the same set of electronic
binding energies. This qualifies the Auger Electron Spectroscopy (AES) as a standard
tool used to check the cleanness and chemical composition of surfaces[7]. From the
point of view of nomenclature an Auger transition is identified by using the symbols
of the shells of the three active electrons involved in the transition. This is usually
written in the spectroscopic notation, firstly indicating the shell of the initial core
hole. For instance if the initial core hole is produced in the K shell (1s), and the
final state is characterized by two final holes in the L2 (2p1/2) and L3 (2p3/2) shells,
the corresponding Auger transition is named KL2L3. The Auger processes in which
one of the two final state holes, originates from the subshell of the same principal
shell in which initial core hole exists, such a transitions are known as Coster-Kronig
transitions. If both holes originates from the subshell of the same principal shell, then
such a transitions are called super Coster-Kronig transitions. Both the Coster-Kronig
and super Coster-Kronig transitions are faster than the normal Auger process.

The x-ray photoelectron spectroscopy (XPS) measures the kinetic energy of the
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electron emitted by absorption of the incident photon. With the process of photo
ionization one can study the wider context regarding the interaction of radiation
with matter. The ejected electrons are known as photoelectrons, as the consequence
of energy conservation between initial (ENi ) and final states (EN−1

j ), the energy of the
emitted electron carries the information of the pre-ionized (N-1) electron states,

EPh = hν − (EN
i − EN−1

j )− φ (2.6)

where ENi − EN−1
j term gives the binding energy (EB) of the emitted electron. A

central problem in the photoemission spectroscopy is the nature of (N-1) electron
states and its relation to the N-electron states. The simplest relation was proposed
by Koopmans [8], who stated that the energy for removing an electron from a specific
orbital is given by the calculated one electron orbital energy εi of the N-electron
system (Koopmans theorem). The implication is made that all the other orbitals
are frozen, and that no rearrangement occurs of the remaining electrons during the
photoionization process. Consequently the photoemission spectrum of an electron in
an orbital i consists of one line, at a binding energy EB given by,

EB = −εi (2.7)

In reality, the removal of the electron alters the effective potential seen by the remain-
ing electrons, and they readjust to the new potential. This effect is called relaxation.
The relaxation of the (N-1) orbitals obout the core hole will lower the lowest energy
of the (N-1) electron system, and thus binding energy estimated by the Koopmans
theorem is too large. In the Sudden approximation, assumption is made that the
emitted electron has no interaction with the core hole left behind, therefore wave-
functions of the atomic orbitals are frozen. The overlap between initial and final
states measures the intensities of possible photoelectrons. As discussed above, there
is close relationship between atomic relaxation during photoemission and intensity
of photoelectron satellites. In the limit of sudden approximation, Aberg et al[9] has
derived a sum rule relating the binding energy given by Koopmans theorem to the
weighted average of the energies and intensities of this peak and all satellites,

−εj =
∑
j

EN−1
j (i)Ij/

∑
j

Ij (2.8)

In this equation a connection is made between a ground state calculation and a
photolectron spectrum. This describes the photoelctron spectra including the satellite
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structure. In connection with this total relaxation energy R is defined as,

R = EN−1
0 − εi (2.9)

This suggests, the core level photoelectron spectrum is a complex structure in which
the relaxation shift E0

N−1-εi of the lowest final state is a measure for the total satellite
intensity within the sudden approximation.

2.2.1 One-step and two-step model

Theoretical treatments of Auger electron spectra have usually been based on the
two-step model. In case of two step model, it is assumed that, when the Auger
event takes place, the valence electrons are in the new ground state corresponding to
the potential with the existing core hole. When the initial core hole is created, the
potential suddenly changes and there is a finite probability that the system is in an
excited state after the emission of the core electron. These excitations may propagate
away from the core hole and spread over a large volume, so that a long time after the
creation of the core hole, the system is locally similar to the new ground state. It is
therefore normally assumed that the two-step model is valid if the core-hole lifetime is
long. Figure 2.7 b and Figure 2.7 c represents Auger process as described by two step
model, which considers creation of photoelectron and Auger electron as independent
processes. It takes into account that, the Auger decay starts from completely relaxed
initial state with a hole in the core level, excluding all the history that has generated
by the same core hole.

Figure 2.7: a:one-step, b and c: two-step representation of Auger process

If the lifetime of the core hole is compared with time, the system needs to relax
to the new ground state, it allows to determine the relaxation time for the screening
mechanism. If the core hole lifetime is short, the excitations created by emission of
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the initial core electron can transfer their energy to the Auger electron, which may
have a kinetic energy exceeding the high-energy threshold in the two-step model.
Such high energy peaks, known as shake-down satellites, are examples of departures
from the predictions of the two-step model. Therefore, for the systems with short
core hole lifetime, it is important to develop the theory in one-step approach. In one
step model it is assumed that, the system does not achieve a new ground state after
the creation of core hole. The pictorial representation of one step approach can be
given as 2.7 a.

In 1980 Gunnarsson and Scho..nhammer [24] has developed a more general the-
ory describing the quadratic response of the system to photon probe. They treated
photoemission and Auger decay as a unique process. To describe the spectrum in
this picture, the whole set of possible excited initial states with a core hole has to be
considered instead the fully relaxed one.

If the energy of the incident photon is high, i.e. the limit ω→∞, it corresponds to
the immediate removal of the photoelectron(sudden limit). This limit can be applied
by neglecting all interaction terms of the photoelectron with the rest of the system for
kinetic energies higher than a certain cut-off energy. Then the photoelectron current
jp(ε) is proportional to core spectral function ρc(ε− ω)

jp(ε) = 2πρ |τ |2
〈
E0

∣∣∣Ψ∗cδ(E0 + ω − ε− H̃)Ψc

∣∣∣E0
〉

(2.10)

Here 〈E0 | is the ground state of the system before the photoexcitation and H̃ is
the Hamiltonian not including the kinetic energy of the photoelectron but including
the term responsible for Auger decay. Ψ∗c and Ψc are the creation and annihilation
operator for the core electron. τ is the partical matrix element for the photoexcitation.

The Auger electrons can be separated from the photoelectrons because the pho-
toelectron energy increases with the energy of the incoming photon, while the energy
of the Auger electrons does not [10]. This energy separation allows to derive a formal
expression for the Auger current jA(ε) valid for interacting electrons.

jA(εk′) = 2πρ0(εk′)
∫
ρ0(ε) |τ |2 〈Φ(ε) |A∗k′δ(E0 + ω − ε− εk′ −H)Ak′|Φ(ε)〉 dε (2.11)

with
Φ(ε) = ψ∗c

1
E0 −H + ω − ε+ iT

ψc |E0〉

Ak′ =
∑
ij

νk′cjiψiψj
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and
T = Σiji′j′Tiji′j′ψ∗iψ

∗
jψiψj

Here, H is the Hamiltonian of the system where all terms describing the photo-
electron and Auger electron have been eliminated. The Auger decay is described by
optical potential iT , where Tiji′j′ are assumed to be independent of energy εk. The
ν ′s are the Coulomb matrix elements for Auger decay. The expression (2.11) for the
Auger current provides the one step description of the Auger process. This model
describes the Auger decay of the original core hole but not the cascade of the further
Auger decays which might not follow the original core hole [10].

If the Auger decay process is considered, then the photoemission spectrum is
broadened to a Lorentzian distribution and the optical potential T can be written as
a complex number,

jp(ε) = 2πρ |τ |2 1
π
Im

∑
i

∣∣∣〈EN
0 |ψ∗c |EN−1

i

〉∣∣∣2
ε− ω − E0 + EN−1

i − iT
(2.12)

In Auger decay, two step picture neglects the processes in which the system with
the existing core hole is in an excited state. In order to make this more clear, consider
the Auger electrons coming from completely filled shells. Then the optical potential
T can be replaced by the c-number. After inserting complete set of (N-1) and (N-2)
electron eigenstates in equation (2.11) the ε-integration can be carried out and we
obtain the normalized Auger current,

jA(ε) = ρ(ε)
∑
n

∣∣∣∣∣∣
∑
m

〈
EN

0 |ψ∗c |EN−1
m

〉 〈
EN−1
m |ψcA∗|EN−2

n

〉
ε− (EN−1

m − EN−2
n )− iT

∣∣∣∣∣∣
2

(2.13)

In the above expression (2.13) there are contributions to Auger current from an excited
state

∣∣∣EN−1
m

〉
. This describes possible Auger processes from satellite lines. In two

step approximation it is assumed that the Auger processes are slow compared with
the relaxation time of the satellite processes. By taking sum over all (N-1)-electron
states, excitations made together with primary photoionization can be re-adsorbed
in the Auger process. In Auger process this kind of ’incomplete relaxation’ leads to
satellite lines on the high kinetic energy side of the main line. Another interesting
feature in equation (2.13) is the fact that, two independent summations have to be
carried out in calculating Auger current. As a consequence, the Auger current can be
rewritten as a double sum over n1 and n2, leading to the direct term with n1 6=n2 and an
interference term. The interference term becomes important when the energy spacing∣∣∣EN−1

n1 − EN−2
n2

∣∣∣ is comparable to the core-hole lifetime. In that case it is not possible
to determine from which (N-1)-electron state a particular Auger electron originates.
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For main satellite line separations larger that the lifetime broadening, one can neglect
the interference term and treat the Auger decay in pseudo-two-step model. In this
pseudo-two-step model there is possibility to include Auger processes from satellite
XPS lines with intensities proportional to the intensity of satellite. Within this model
shakedown satellites are also possible on the high kinetic energy side of the main line.

2.2.2 Auger line shape

In the Auger transitions, there are two holes present in the outer shell as a Auger
final state. Hence the shape of the observed Auger spectrum is closely related to
the density of valence states. The interaction between two final state holes plays an
important role in Auger line shape analysis. In order to assign the Auger line shape
for the different final states there is need to calculate the transition rate of the Auger
process. In 1927 Wentzel [31] described that the electron emission should take place
because of coulomb interaction between the atomic electrons. The Auger transition
rate WIF is given by the matrix element of the electron electron coulomb interaction
evaluated between the wavefunctions of the initial and final state. All calculations
of Auger transition rates adopt an independent-particle, central field, frozen orbital
approach [11]. With the assumption that the initial core hole [nala] to be long lived,
mechanism of core hole creation can be ignored. Therefore the wavefunction of the
initial state, an (N-1) electron ion, can be obtained by deleting orbital φa and electron
i from slater determinant of N electron atom, giving ψ(N-1, φa, i). The final state
[nblb, nclc] has wavefunction ψ(N-1, φb, (φc → χd), j), which is still a N-1 Slater
determinant where orbital φc has been replaced by the continuum orbital χd of the
ejected electron. Thus the Auger transition rate is given by,

WIF = 2π
~

∣∣∣∣∣
〈
ψ(N − 1, φa, i)

∣∣∣∣∣∑ e2

rij

∣∣∣∣∣ψ(N − 1, φb, (φc → χd), j)
〉∣∣∣∣∣

2

(2.14)

where the sum over inter-electron distances (rij) runs over i and j such that i > j.
The assumption of frozen orbitals makes it possible to simplify the above equation
using orthogonality and normalization properties of the φ,

WIF =
∣∣∣∣〈φa(1)χd(2)

∣∣∣∣ 1
r12

∣∣∣∣φb(1)φc(2)
〉
−
〈
φa(1)χd(2)

∣∣∣∣ 1
r12

∣∣∣∣φb(2)φc(1)
〉∣∣∣∣2 (2.15)

where the direct and exchange integrals include only those orbitals which are directly
involved in the transition. Here 2πe2/~ factor is removed by adopting McGuire’s
convention [12] in which the continuum orbital is replaced by 2π electrons per Hartree.
(Hartree is unit of energy, 1 Hartree = e2/a0 = 27.2 eV). With this the Auger transition
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rate is expressed in inverse time units. The complete expression of transition rate is
very complex and makes extensive use of the algebra of Clebsh-Gordon. The more
general expression and was written by MacGuire [12]. The assumption of central
field and closed shell structure for the atom before the initial ionization, makes it
possible to separate the radial and angular parts of equation 2.15. For the calculation
of matrix elements of the equation 2.15 following expression is used.

1
r12

=
∞∑
K=0

[
(r<)KPK(cosγ)

(r>)K+1

]
(2.16)

where γ is the angle between r1 and r2 and r<(r>) represents the smaller (larger) of
r1 and r2. The transition rate of Auger process can be expressed by using the angular
moment coupling in the mixed jj-LS scheme, then the total transition rate is obtained
by summing over final states and averaging over initial states, which results in terms
of 3j, 6j and 9j symbols[12][13][14],

WIF = 2π
~

2J + 1
2(2la + 1)δMM ′ , δJJ ′ , δLL′ , δSS′τ(−1)L+la+ld

×
∑
K

RD(nblbnclcnaladld)
〈
la
∥∥∥cK∥∥∥ lb〉 〈ld ∥∥∥cK∥∥∥ lc〉

 la ld L

lc lb K


+(−1)L+SREK (nclcnblbnaladld)

〈
la
∥∥∥cK∥∥∥ lc〉 〈ld ∥∥∥cK∥∥∥ lb〉

 la ld L

lb lc K


2

(2.17)

where

〈l ‖c‖ l′〉 = (−1)l [(2l + 1)(2l′ + 1)]1/2
 l′ K l

0 0 0

 (2.18)

K is the orbital angular momentum of the interaction and the matrix elements, l′ K l

0 0 0


this is 3j symbol [14].

 l′a ld L

lc lb K


this is 6j symbol [14].
The sum of l’, K and l in 3j symbol must be even for allowed Auger transition, and
they must satisfy the triangulation rule l’- L ≤ K ≤ l’+l. The possible values of ld
and K depend of la, lb, lc, L and are derived from the 6j symbol with triangulation
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rules which state that for a particular symbol, A B C

D E F


The triangulation rule must satisfy for ABC, AEF, DEC, and DBF, if the rule is not
satisfied then the Auger transition is forbidden. In equation 2.17 McGuire [12] relates
the jj-LS expression to the pure LS and pure jj coupling and gives the modification
necessary when some of the orbitals involved are equivalent and when transition takes
place in presence of partially filled shells.

2.2.3 Correlation effect; From "‘Band-like"’ to "‘Atomic like"’
Auger line shape

When an Auger transition creates two holes in the valence band, the interaction
between the two holes becomes important in interpretation of the Auger spectra.
According to Hubbard formulation [15], the effective coulomb interaction, Ueff is
defined as

Ueff = ε+ + ε− (2.19)

where ε+ is the energy required to transfer an electron from a fixed level (e.g. EF )
to an atom in the average configuration, and ε− is the energy required to transfer
an electron from an atom with average configuration to the fixed level. Hubbard
considered a hypothetical partially filled narrow s-band containing n electrons per
atom [15]. Ueff is not only the coulomb integral between the two electrons on the
atom, but other valence electrons of the system also react to screen the extra change
on the atom. Hubbard showed that, if W is the band width and if Ueff « W, then
the system behaves like a free electron model, with delocalized electrons and weak
correlation between them. IF Ueff » W, then the system behaves as if the electrons
are localized on a single atom. Cini [16] and Sawatzky [17] proposed a theory based of
Hubbard model to explain coulomb interaction in Auger transition. They considered
the correlation term Ueff as a energy difference between the center of gravity of the
two electron binding energies (i.e. average of Auger electron kinetic energy minus
the binding energy of the core hole.). They considered model based on well known
correlation effects, which is expected to be very good for tight binding like bands and
free electron like bands. This helps to understand the conditions under which quasi
atomic Auger spectra in metals should be observed. In order to explain the model
thoroughly, Sawatsky et al [17] consider an assumption that, the Auger transition
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rate is determined by matrix elements of the type,
∫
ψ∗c (r1)ψ∗k(r2) |r1 − r2|−1 ψfi(r1)ψfi(r2)dτ1dτ2 (2.20)

Here ψc is the wave function of the initial core hole, ψk is wave function of the escaping
Auger electron, ψfi is the wave function of the final state holes. In order to determine
the shape of the Auger spectrum, sudden approximation has been used, in which the
interaction between outgoing electron and ionized material left behind is neglected.
The line shape of Auger spectrum is determined by the spectral distribution of final
sate holes. Therefore Sawatsky et al considered the S-like tight binding band and
neglet the finite lifetime of the core hole. Then the Auger emission cross section is
given by,

dρ

dEk
∝ Reπ−1

∫ ∞
0

dτ 〈d∗0σ̄(τ)d∗0σ(τ)d0σ(0)d0σ̄(0)〉 exp[i(Ec − EK)τ ] (2.21)

where dσ creates a hole of spin σ at the site 0, Ec is the binding energy of the core hole,
and Ek is the kinetic energy of the outgoing Auger electron. The Fourier transform of
the correlation function in equation 2.21 can be written in terms of Green’s function
such that,

dρ

dEk
∝ ImG(ω). (2.22)

where ω = Ec-Ek. To obtain the Auger line shape, if equation of motion technique is
used to solve for G(ω) [17], we get

G(ω) = 1
2πN

∑
k

(
I(ω,K)

1− UeffI(ω,K)

)
(2.23)

where
I(ω,K) =

∑
l

(
ω + ηl+K/2 + ηl−K/2 + 2Ueff

)−1
(2.24)

Where Ueff is the Coulomb interaction between two holes and ηl is the one hole
dispersion. In case of Full band system, the average energy required to remove one
electron will be 〈ηl〉 + Ueff = Ed + Ueff . For Ueff much larger than twice the
bandwidth (2W), equation 2.23 and 2.24 indicates that, the Auger spectrum will
consist of a strong, narrow atomic like peak with less intense broad band like spectrum
appearing at higher energy. For Ueff = 0, G(ω) shows the one-partical density of
states convoluted with itself[18]. This theory for Auger line shape gives very important
information, it predicts that strong atomic like peaks are expected in the Auger
spectrum if electron correlation effects (Ueff ) are dominant, whereas broad band like
peaks are expected if system is well described by one-electron theory. Therefore the
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Auger spectroscopy can give insight into the importance of correlation effects. Figure
2.8 explains the dependence of Auger line shape on the Ueff/W ratio[16]. Figure 2.8a

Figure 2.8: Dependence of Auger line shape on Ueff/W ratio

represents one electron density of states ρ(E). The dotted triangular shaped function
is the self convolution of rectangular one electron density of states, corresponding
to the two final state holes (D(E)), it represents non-interacting density of states.
Figure 2.8b,c and d shows the effect of the interaction (Ueff ) between Auger final
state holes on the density of states D(E). In figure 2.8b, the ratio is Ueff/W = 1,
which shows the triangular density of states starts to deform, but still close to self
convolution of one electron density of states. In figure 2.8c and d, as the ratio Ueff/W
increases, the density of states D(E) splits in to two regions. For larger values of the
ratio (Ueff/W » 1) the part of D(E) overlapping with triangular one electron density
of states begins to die out and a split off state develops, which is spatially localized
on the site of Auger decay. This split off states show a sharp features as seen in
"‘atomic-like"’ spectra and disappearance of solid induced features. For states which
are split off by larger values of Ueff , gives more intense peaks in the density of states
at the expense of "‘band"’density of states (See comparison between figure 2.8c and
2.8d). In real systems the split of states have a finite width, due to various decay
mechanisms [19].
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2.3 Auger Photoelectron Coincidence Spectroscopy
(APECS)

Auger photoelectron coincidence spectroscopy depicts the simultaneous, time corre-
lated detection of Auger electrons and photoelectrons ejected from the same atom by
one and the same incident photon. In the conventional Auger electron spectroscopy,
individual photoelectrons and Auger electrons are emitted with an angle distribution
which results from sampling all possible final states conserving energy and momen-
tum. Therefore, in the conventional non-coincidence experiment, the intensity of
Auger (photoelectron) current in to a given solid angle, is a result of averaging over
all energies and angle allowed to the partner photoelectron (Auger electron). In the
Auger photoelectron coincidence experiment, only the subset of events for which both
Auger electrons and photoelectrons fall within the angle and energy windows accepted
by detectors, will contribute to the measured probability for detecting coincident pair.

As discussed in previous section, the conventional Auger spectroscopy provides a
useful tool for investigation of hole-hole interaction effects (correlation effects). But
the the analysis of Auger spectra (also referred as ’singles’ spectra) is complicated by
the overlapped features of many processes such as, Coster-Kronig processes, shake-
up, shake-off processes. It is always difficult to distinguish Auger transition from all
these processes. In case of coincidence detection of Auger electron and photoelectron,
a particular photoionization process can be selected for one channel (detection unit)
and its corresponding Auger transition can be detected with another channel. The
photoemitted electron selects the individual atomic site and the time coincident Auger
spectrum shows Auger electrons generated by decay of the selected core hole state.
In this way during coincidence measurement several intermediate processes can be
neglected. The first APECS experiments was carried out by Haak et al [22] with the
success in time coincidence of two final electrons of L shell ionization in Copper.

If there is a multiple component resolved photoelectron spectrum and a corre-
sponding well resolved Auger spectrum, then APECS can separate various contribu-
tions from the photoelectron and vice versa. The primary photoionization of core
electron may give rise satellite lines (due to processes such as Coster-Kronig pro-
cesses, shake-up, shake-off) along with main Auger line. Such a satellite lines are
observed to be overlapped in the main Auger spectrum. In APECS this overlap prob-
lem get solved, because with the photoelectron analyzer, one selects the specific core
hole state which defines the two hole Auger transition energy in an unambiguous
way. APECS gives an effective method to study charge transfer and delocalization
in complex matter as it has ability to probe separately the local electronic structure
of individual atoms in a multicomponent system. APECS can also be used to study
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the electronic structure at a particular site in the solid and to monitor how that site
changes as the solid is perturbed.

APECS allows to remove life time broadening effect observed in the conventional
Auger spectra due to decay of intermediate core hole state. The intermediate state
life time broadening is removed if photoelectrons are measured in coincidence with
Auger electrons. This can be explained as follows. In case of Auger photoelectron
coincidence experiments, energy conservation predicts that the sum of the energies of
the two emitted electrons is equal to the incident photon energy minus the energy of
two hole Auger final state.

Eph + EA = hν − EN−2 (2.25)

The short lifetime of the core hole (N-1 state) leads to the energy profile of the
photoemitted electrons to undergo a Lorentzian broadening. With the coincidence
detection of Auger electrons and photoelectrons, the uncertainty about the energies
cannot exceed the line broadening of the double ionized state (N-2 state), which
is much narrower than the core hole state. Thus the lifetime broadening of the
intermediate state (N-1, core hole state), including that due to other indipendent
decay paths, can be eliminated.

In APECS, the two electrons (photoelectron and Auger electron) must originate
from the same atom. This has consequences for the effective escape depth in solids
for coincidence events. The probability that an electron originating from an atom at
a distance x beneath the surface of a solid is described by

I = I0e
−x/λ (2.26)

where λ is the escape depth. In case of coincidence experiment, the effective escape
depth is given by.

1
λ

= 1
λ1

+ 1
λ2

(2.27)

where λ1 and λ2 are the escape depths for each single event in coincidence experiment.
Therefore, the coincidecne experiment is more surface sensitive than either singles
experiment [23]

2.3.1 Experimental aspects of APECS

In the coincidence experiments generally there exist two types, true coincidences
and accidental coincidences. True coincidences are those in which two electrons are
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originated from the same primary event and the accidental coincidences are those in
which two electrons are from two independent events. In order to optimize both the
true coincidence rate and true-to-accidental coincidence ratio, it requires low primary
beam intensity, small sample area and highest possible analyzer transmission.

Consider the Auger photoelectron coincidence experiment which involves the de-
tection of Auger electrons and photoelectrons at time τ1 and τ2 respectively after the
photoabsorption event. Since Auger electron and photoelectron are emitted simulta-
neously, the only relevant contribution to the τ1 and τ2 are the generalized time of
flight, which is the time required for the particles to pass through the analyzers, the
detectors, and the electronic processing units. Thus in an ideal situation the time
difference τ = |τ1 − τ2| would be a constant determined purely by the instrumen-
tation. So one should allow a time window (τ ± 1/2τ) for coincidence detection of
two correlated particles. However it it important to try to minimize τ , since also
uncorrelated events have a finite probability proportional to τ of contributing to the
signal and causing a background.

In general true coincidence counting rate T is given by Tsoulfanides[34],

T = RV g1g2 (2.28)

where R is the rate per unit volume at which events of interest occur within the sam-
ple, V is the common volume visible to both analyzers, and g1 and g2 are the effective
transmissions of the respective analyzers including the efficiency of the detector. The
rate R increases with the intensity of exciting radiation. For solids R depends on the
product of the area seen by the analyzer and the escape depth.

The accidental coincidence rate C is given by the expression,

C = S1S2τ (2.29)

where S1 and S2 are the non coincident counting rates in each of the two analyzer
systems, and τ is the resolving time of the coincidence detection system. The rates
S1 and S2 are equal to R1V1g1 and R2V2g2 respectively. R1 and R2 are the rates per
unit volume of events with the desired energy, and V1 and V2 are volumes visible to
the respective analyzer system. Because of the background electrons, R1 and R2 will
generally be larger than R. The common volume V will be less than or equal to either
V1 or V2. For simplicity let us assume that R= R1 = R2 and V = V1 = V2, thus,

C = R1R2V1V2g1g2τ = R2V 2g1g2τ (2.30)

Equation 2.29 and 2.30 shows that, while the true coincidence rate increases linearly
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with R and V, the accidental coincidence rate increases quadratically. Then, the
true-to-accidental ratio is

T

C
= 1
RV τ

(2.31)

This indicates that, in the coincidence experiment, the total reaction rate must be
kept low in order to have as high as possible true-to-accidental coincidences. On the
other hand high reaction rate is desirable to increase the signal-to-noise ratio. The
conflict between this two requirements is usually resolved in favor of a reasonably
high true-to-accidental ratio and very low counting rates.

2.3.2 Theoretical principles of APECS

In one of the previous section, we have discussed the concept behind one-step model
and two step model in order to describe the Auger process. The two step-model
has the advantage of keeping complications to a minimum in the description Auger
processes, it has to be underlined that it is the only approximation whose accuracy
depends on the comparison between the mean life time of the core hole and the
relaxation time of the other passive electrons. The two-step model in fact treats the
first ionization event and the following Auger decay of the core hole as two incoherent
events and this represents a good approximation only if the autoionization process
starts when the system has achieved a fully relaxed state. In 1980 Gunnarsson and
Scho..nhammer developed a more general theory [24] describing the quadratic response
of the system to photon probe in which photoemission and Auger decay are treated
as a unique process, which is referred to as a one-step approach. To describe the
spectrum in this picture, the whole set of possible excited initial states with a core
hole has to be considered instead the fully relaxed one. This one-step approach
involves mathematics of increased complexity but represents the potential method
to gain theoretical access to the great quantity of information given by coincidence
electron spectroscopies, i.e. APECS [25],[26],[27],[28],[29].

To discuss theoretical background for APECS, Gunnarsson et al[28] considered
an event in which photoelectron is excited from a level |c〉 by a photon with energy
ω and levels |i〉 and |j〉 are emptied in the Auger process. Then the probability that
the photoelectron and Auger electron have energies εp and εk respectively, is given
by[28],

P (εp, εk) ≈
∑
m

∣∣∣∣∣∣
∑
n

〈
EN−2
m |Akψ∗c |EN−1

n

〉 〈
EN−1
n |ψc|EN

0

〉
EN

0 + ω − εp − EN−1
n + iΓ

∣∣∣∣∣∣
2

δ(EN
0 +ω− εp− εk−EN−2

m )

(2.32)
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where

Ak =
∑
i,j

νkCijνkCijΨiΨj (2.33)

νkCij is a coulomb matrix element for the Auger decay, and
∣∣∣EN

0

〉
,
∣∣∣EN−1

n

〉
,
∣∣∣EN−2

m

〉
are the states of the systems with zero, one and two electrons removed respectively.
Here assumption is made that the lifetime 1/Γ of the level |c〉 is mainly due to Auger
processes involving electrons in closed shells[24].

If it is considered that, Auger current in XYV process involves a core orbital |i〉,
and partly occupied valence orbital |a〉. Then integrating over the Auger energy for
all events involving the orbitals |c〉, |i〉 and |a〉, we obtain[28],

Pcia(εp) ≈
∑
n,n′

〈
EN

0 |ψ∗c |EN−1
n

〉 〈
EN−1
n |na|EN−1

n′

〉 〈
EN−1
n′ |ψc|EN

0

〉
(EN

0 + ω − εp − EN−1
n + iΓ)(EN

0 + ω − εp − EN−1
n′ − iΓ)

(2.34)

where completeness of the state
∣∣∣EN−2

m

〉
is used and introduced the occupation number

operator na = ψ∗aψa. Here it is assumed that width 2Γ is much smaller than the spacing∣∣∣EN−1
n − EN−1

n′

∣∣∣, which requires finite systems (i.e.systems such as molecules atoms).
Then one term in equation 2.34 dominates if εp corresponds to one of the XPS peaks,

εnp ≈ ω + EN
0 − EN−1

n (2.35)

So, if equation 2.34 is divided by XPS current, we get,

P ≡ Pcia(εnp )/jXPS(εnp ) ≈
〈
EN−1
n |na|EN−1

n

〉
(2.36)

Thus, by varying εp, i.e., by focusing on different XPS satellites , one can determine
the relative occupancies of the orbital |a〉 for the various excited states

∣∣∣EN−1
n

〉
[28].

Equation 2.36 shows that, APECS can measure the Auger spectrum involving the
selected (N-1)-electron state and all possible (N-2)-electron states, which are energet-
ically allowed. If one select the threshold (N-1)-electron state (the (N-1) state having
the lowest energy with a present core hole), then no satellites are observed on the
high kinetic energy side of the main Auger line, called as shake-down satellite.

In the similar way one can study XVV Auger processes which involve a core
orbital, spin-up

∣∣∣a↑〉 and a spin-down
∣∣∣a↓〉 valence orbitals on the same atom. If inter

atomic Auger matrix elements can be neglected and if
∣∣∣a↑〉 and

∣∣∣a↓〉 do not mix with
other orbitals on the same atom, the total Auger current for a given XPS energy εnp
divided by jXPS(εnp ) is

P ≈
〈
EN−1
n |na↑na↓|EN−1

n

〉
(2.37)
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Thus, for both XYV and XVV processes, APECS can give information about how the
double occupancy 〈na↑na↓〉 varies with the total occupancy 〈na↑ + na↓〉. This leads to
understand the importance of correlation between two Auger final state holes[28].

The consequence of the simultaneous detection of the photoelectrons and Auger
electrons is the complete removal of the lifetime broadening. This is due to energy
conservation, i.e. the δ function in equation 2.32:

hν + EN
0 − EN−2

m = εk + εp (2.38)

Here εk and εp are the kinetic energies of the Auger electron and photoelectron respec-
tively. In the energy conservation relation it is assumed that the

∣∣∣EN−2
m

〉
state has no

significant lifetime broadening due to subsequent decay. So that left hand side of the
equation 2.38 represents a sharp energy value. The right hand side contains εk and
εp, εp is measured assuming ideal resolution, consequently in the measurement of k,
lifetime dependent terms from the (N-1)-electron states are removed. If it is assumed
further that, only detected electrons take away the energy difference between hν +
EN0 and EN−2

m . This no longer holds when, for example, Coster-Kronig electron is
emitted, which is not detected in APECS set up. In the case of a photoionization
followed by cascade of Auger processes, such as Coster-Kronig transition followed by
Auger process, again energy conservation gives ??;

hν + EN − EN−3 = εp + εc + εk (2.39)

where εc is the kinetic energy of the Coster-Kronig electron. The three hole final state
with an energy of EN−3 now takes place of the two hole final state in the equation
2.38. Then the uncertainties in the kinetic energies is given by;

∆(εp + εc + εk) = 0 (2.40)

Suppose that the Coster-Kronig process is fast compared to the subsequent Auger
process. As intermediate state is long lived, uncertainty in Auger kinetic energy
∆εk will be small and ∆εp = ∆εc. In other words photoelectrons and Coster-Kronig
electrons will get correlated. Therefore by fixing εp with the photoelectron analyzer,
εc can also be fixed within the uncertainty of ∆εk. Then maximum width expected
in APECS is ∆εk.

In the above discussion we assumed that the XPS core hole width is much smaller
than the level spacing (Γ). In case of solids, the system has continuous spectrum and
hence the level spacing (Γ) is small. In such cases, local excitations created in the XPS
process decay before Auger process occurs and APECS does not give more information
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than separate XPS and Auger experiments[28]. In order to explain this in details,
consider equation 2.34 for infinite systems without localized valence levels. For such
systems expectation values of local valence orbital operator , 〈na〉, are same for all
excited states with a finite excitation energy. Thus in equation 2.34 the expectation
value of 〈na〉 can be taken outside the sum and replaced by its ground-state value.
For Γ → 0 terms with n 6= n′ give a negligible contribution compared with terms
with n = n’, and we are left with the factor which also appears in the XPS spectrum.
This illustrates that, for system with continuous spectrum, the excitations created in
the XPS process can propogate away and do not influence the Auger process in the
limit Γ→ 0.

2.3.3 Angle Resolved Auger photoelectron coincidence spec-
troscopy (AR-APECS)

The APECS technique is more significant when the Auger-electron-photoelectron
pairs are detected at specific angles. The APECS technique when involve in de-
tecting the Auger-electron-photoelectron pairs correlated in angle as well as in time
and energy, develops an important technique called Angle Resolved Auger Photoelec-
tron Coincidence (AR-APECS). In AR-APECS, only coincident photoelectrons and
Auger electrons that fall within the angle and energy window accepted by the detec-
tors will contribute to the measured distribution. The angular distribution of Auger
electrons measured in coincidence with its parent photoelectron depends upon the
emission direction of the detected photoelectron. These findings suggested that mea-
suring angular-resolved coincident Auger-photoelectron pairs amounts to observing
Auger decays originating from core-hole states whose polarization can be specified by
defining the mutual directions of the light polarization and momentum vectors of the
two emitted electrons[35],[36]. In a similar way, when the AR-APECS experiment is
performed by fixing the detection angle of both electrons, the coincident Auger energy
distribution depends upon the ejection angle of the coincident photoelectron. Such a
dependence arises because the dipole and Coulomb selection rules jointly determine
the relative abundance of the multiplet components in the observed Auger spectrum.

In case of core level photoexcitation, the optical dipole selection rules reduce to
∆l = ±1. Moreover, linearly polarized light implies ∆ml = 0 where l is the quantum
number associated with the orbital angular momentum and ml is the quantum num-
ber for its projection along the quantization axis (ml is also called as the magnetic
quantum number). Here it should be note that the polarization vector of the light
defines the quantization axis. For the present discussion, the most important aspect
of this selection rule is that ml of the photoemitted electron is the same as that of the
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core hole left behind. The reason this is important is that ml-value of the core hole
enters into the selection rules of Auger decay according to following expressions [35]

lc + |l1 + κ| = even integer

lA + |l2 + κ| = even integer

β = m1 −mC = mA −m2

|lc − κ| ≤ l1 ≤ lc + κ

|lA − κ| ≤ l2 ≤ lA + κ

(2.41)

where lC , lA, l1, and l2 are the orbital quantum numbers of the core hole, the
emitted Auger electron, and the two holes left in the Auger final state respectively.
Similarly mC , mA, m1, and m2 are the magnetic quantum numbers of the core hole,
the emitted Auger electron, and the two holes in the Auger final state respectively.
κ and β = (−κ,−κ + 1, ......., 0, .....κ − 1, κ) are, respectively, the orbital and mag-
netic quantum numbers related to the expansion of coulomb interaction in spherical
harmonics [41].

In the experiments described by R. Gotter et al [35], they probed the 3p core
level, hence lc = 1 and according to dipole selection rule, photoelectron will have
either lp = 0 (s wave) or lp = 2 (d wave) and only final state with mc = mp = 0
can be accessed (lp and mp are the orbital and magnetic quantum numbers of the
photoelectrons, respectively). Moreover, as the measurements are performed on the
M3M45M45 Auger transition, the final state contains two holes in the d level and
therefore lA1 = lA2 = 2. Furthermore, previous studies of similar transitions indicate
that the emerging Auger electron is predominantly of f-wave character (lA=3) [38],
thus the possible values of the magnetic quantum number for emitted Auger electron
are limited to mA = 0, ±1, ±2, ±3. The key aspect of the selection rules that
makes AR-APECS a powerful technique is that emission characterized by different
values of lA and mA has different angular distributions [27], [37]. This combined with
the quantization axis, enables AR-APECS to discriminate emission with different m
values.

In order to discuss AR-APECS measurements from solids, diffraction effects must
be included. The photoelectron and Auger electron wave functions in atomic case
should be considered as source waves that will scatter from neighboring atoms and
interfere with themselves as they propagate through the crystal. This is the origin
of ordinary photoelectron diffraction (PED) and Auger electron diffraction (AED).
Electrons coming from different multiplet terms of the decay can give rise to different
diffraction patterns since they have slightly different energies and different partial-
wave expansions.
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In case of simulations, the electron diffraction patterns show dependence on both
orbital (l) and magnetic quantum numbers (ml) of the source wave functions [38]. To
elaborate the electron diffraction pattern, consider a simulation of electron diffraction
patterns of a Cu M23M45M45 Auger electron from the Cu(111) surface and simulation
of angular distribution of the associated 3p photoelectrons, as described by R. Gotter
et al [35].

Figure 2.9: m resolved electron-diffraction simulations with the MSCD code [35]

The calculation is performed with the MSCD(multiple scattering calculation of
diffraction) code [39] that is based on the Rehr–Albers separable representation of
spherical wave propagators [40] and an l = 3 source wave function is assumed. Fig-
ure 2.9 shows the m resolved electron-diffraction simulations with the MSCD code.
The photoelectron polar distribution is shown in 2.9(a) at an azimuthal angle corre-
sponding to the 〈112〉 direction. Two Auger-electron polar distributions are shown in
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2.9(b) and 2.9(c) along the 〈112〉 and 〈110〉 azimuthal directions, respectively. The
total intensity (thick solid line) and the partial intensities for waves having m=0 (cir-
cles and line), m=-1 (down triangles and line), m=1 (up triangles and line), m=-2
(minus symbols and line), and m=2 (plus symbols and line) are plotted as a function
of the polar emission angle. From figure 2.9 it can be observed that in accordance to
what has been already pointed out in references [38] and [42], each magnetic sublevel
contributes to the total intensity with different relative weight at the different scat-
tering angles. Hence, detection of a photoelectron–Auger electrons pair at specific
azimuthal and polar angles with respect to light polarization and surface orientation,
amounts to select the contribution of a specific subset of partial source waves among
those allowed by selection rules (l). Therefore in AR-APECS experiment, the electron
analyzers can be set at specific detection angles, at which detectors will preferentially
detect electrons characterized by particular quantum numbers rather than others. On
the other hand, selecting particular orbital and magnetic quantum numbers of the
two emitted electrons result in selecting different contributions for the two-hole state,
whose combinations determine the multiplet structure of the Auger spectrum.

For the sake of simplicity, if we consider the contribution to the overall intensity
due to the terms in the Coulomb expansion for which β = 0, then equation 2.41
reduces to the simple condition mp = m1 and mA = m2. It is evident from Figure
2.9 that near the surface normal, the m = 0 contribution is dominant both for pho-
toelectrons and Auger electrons. Thus the electron detectors which are placed near
to surface normal are expected to detect photoelectrons and Auger electrons with
enhanced m = 0 contribution. If both photoelectron and Auger electron are having
dominant contribution from m = 0, then the favored two hole Auger final state will
be with m1 = m2 = 0. In such a case, taking into account that the orbital angular-
momentum quantum numbers l1 and l2 are the same since the two holes are both in
a d level, Pauli exclusion principle prohibits two holes in the same level with all the
same quantum numbers, and therefore dominant multiplet term contributing to the
Auger spectrum should be singlet rather than triplet. Figure 2.9 also show that, the
m ≥ 1 contributions for both the photoelectron and the Auger electron are zero near
the surface normal and become dominant at larger angles where mA = 0 contribution
is less important. In such case, if photoelectron analyzer detect electrons close to
the surface normal (having dominant contribution from m = 0) and Auger electron
analyzer collect electrons at polar angles ≥ 40, then this experimental condition al-
lows selecting electrons characterized by mp = 0 and mA ≥ 1, and therefore dominant
multiplet term contributing to the Auger spectrum should be triplet rather than sin-
glet [35]. This gives the important qualitative result that, the m = 0 component is
dominant at small polar angles, while at larger polar angles the component with m
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> 0 become more important.
The Auger lineshape measured in coincidence can be derived writing the related

intensity "‘I"’ as a linear combination of lineshapes weighted by different contributions
[35]

I =
1∑

mp=−1
Imp(θ, φ)

2∑
mA=−2

ImA
(θ, φ)ΓmpmA

(2.42)

where ΓmpmA
are Lorentzian functions chosen to describe the lineshape of an individ-

ual component (for mp = 0, ±1 and for mA = 0, ±1, ±2) and Imp=0,1 and ImA=0,1,2

are the intensities of different sublevels derived from diffraction pattern as shown in
figure 2.9 estimated at the polar emission angle θ and azimuthal emission angle φ.
The ΓmpmA

terms can be written as,

ΓmpmA
=

∑
2S+1L=1G,1D,3F

ΠmpmA
(2S+1L) γ

π[(x− x2S+1L)2 + γ2] (2.43)

where ΠmpmA
(2S+1L) is given by the product of the Clebsch-Gordan coefficient of

that particular combination of mp and mA by the transition probability related to the
multiplet term 2S+1L. In this way, the Auger coincidence lineshape can be built for the
dominant multiplet terms in the spectrum taking the atomic contributions for each
magnetic sublevels weighted by the diffraction effects i.e., by the relative weights for
specific detection angles. Thus it is possible to derive the values of the 1G/3F,1D/3F,

ratios for different polar angles and compare them to the experimental results. These
calculated ratios together with relative energy splittings and line widths have been
reported by R. Gotter et al [35] and compared with experimental values obtained
for both the AR-APECS and conventional AES measurements. This comparison has
been presented here in the form of schematic as shown in figure 2.10.

Figure 2.10: m dependence of different multiplet terms in AR-APECS experiment

The singlet and triplet term contribution with respect to the ∆m = |m1 −m2|
is shown in figure 2.10. This indicate that, electrons characterized by mp = 0 show
dominant contribution from singlet terms and those electrons with mA ≥ 1 show
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dominant contribution from triplet terms. As we discussed in the above paragraph,
the m = 0 component is dominant at small polar angles, while at larger polar angles
waves with m > 0 become more important, therefore, depending upon the different
angular positions of the electron analyzers, one can select two geometries, one col-
lecting dominant contribution from High spin multiplet terms (triplet, quintet) and
other collecting dominant contribution from Low spin multiplet terms(singlet).
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Chapter 3

Experimental techniques and
apparatus

3.1 ALOISA end station

ALOISA (Advanced Line for Overlayer Interface and Surface Analysis) is a multi-
purpose beamline for surface science experiments. It has been designed to operate in
a wide spectral range of 100-8000 eV. It’s design allows to implement in-situ struc-
tural analysis (Surface X-Ray Diffraction-SXRD, Photoelectron Diffraction- PED)
and electron spectroscopies (X-ray photoemission-XPS, X-ray absorption-XAS, Res-
onant X-ray Photoemission Spectroscopy- RESPES and Auger Photoelectron Co-
incidence Spectroscopy-APECS).The outline of the beamline is displayed in fugure
3.1. The mirror switch permits the photon beam to pass directly into the ALOISA
chamber or deflect it to the HASPES experimental chamber which allows ultraviolet
spectroscopy and helium atom scattering. At ALOISA beamline, photon beam is

Figure 3.1: The ouline of ALOISA/HASPES beamline

produced by the U7.2 Wiggler/Undulator Insertion Device (ID). It consists of two
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parallel series of alternately oriented magnets, separated by a user-tunable gap. The
ALOISA ID is a planar undulator, with permanent magnets allocated in an array of
19 periods each of them 80.36 mm long for a total length of 1527 mm. This undulator
produces photons in the range of 130-8000 eV. When the electrons pass through the
ID, they are deflected by the ID magnetic field in a series of wiggles. The radiation
emitted at each wiggle is summed together along the direction of the ID axis to give
the final X-ray source at the pinhole separating the storage ring from the beamline
optics. The outcoming light is linearly polarized in the plane of the electron beam
orbit(horizontal plane).Depending on the gap size, the ID can operate either as un-
dulator in the high gap values region (40-80 mm) or as wiggler in the low gap values
region (20 mm).

Figure 3.2: Intensity of the photon beam at the exit of the ID as a function of the
gap value

In particular when the gap is large compared to the distance of two adjacent
magnets, the electron orbit can be approximated to a sinusoidal curve and the ID
is said to operate in the undulator regime. On the other hand, when the gap is
comparable to the magnets distance the sinusoidal path becomes heavily distorted
and the ID is said to operate in the wiggler regime. Figure 3.2 shows the intensity of
the photon beam as a function of the photon energy, obtained for different values of
the ID gap. For small gap values the oscillations in the spectrum become very dense
resulting in the intensity spectrum similar to the one of the bending magnet.
The main characteristic of the ALOISA monochromator is the possibility to switch
between two dispersing systems: a Plane Mirror/Grating Monochromator (PMGM),
for the 120-2000 eV range, and a Si(111) channel-cut crystal for the 2800-8000 eV
range [43], [44] with a photon flux at the sample of about 5.1011 in the low energy
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range (130-2000 eV undulator mode) and about 5.1010 in the high energy range (2800-
8000 eV wiggler mode) with spot size of about 40.200 2.

3.2 ALOISA experimental setup

The ALOISA experimental set up consists of two parts, preparation chamber and ex-
perimental chamber. Figure 3.3 depicts schematic diagram of ALOISA experimental
setup.

Figure 3.3: Cross-sectional view of the ALOISA experimental apparatus

The preparation chamber and experimental chamber are coupled via large bronze
ball bearing and a system of sliding O-rings. This configuration allows complete
rotation of the experimental chamber around the the propagation vector of incident
radiation (~k), while preparation chamber stands still. Two differential pumping stages
maintain a constant base pressure of 10−11 mbar inside the experimental chamber also
during its rotations. The manually controlled valve separates preparation chamber
and experimental chamber. The experimental chamber is shielded with high mag-
netic permeability µ metal, to prevent traces of magnetic field inside the experimen-
tal chamber. The sample is placed onto the six degree freedom manipulator which
is mounted horizontally into the preparation chamber. The sample can be easily
exchanged between preparation chamber and experimental chamber by translational
movement of manipulator. The incident radiation passes through the manipulator
and impinges on the sample at grazing incidence angle of about 60.

Figure 3.4 shows possible rotations of sample holder. The rotation of sample
holder around the incident radiation (R1) enables to select desired surface orienta-
tion of sample with respect to incident photon polarization vector. The R1 rotation
allows the sample to rotate from -180◦ to +180◦. The position of sample at R1=0◦

brings the sample normal perpendicular to the incident photon polarization vector(S
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Figure 3.4: Schematic diagram showing angular rotations of sample holder and ex-
perimental chamber

polarization), R1=90◦ or R1=-90◦ brings the sample normal parallel to the incident
photon polarization vector(P polarization). Azimuthal rotation (R2) of sample holder
facilitates to obtain surface symmetry axis with respect to scattering plane. The R2
rotation allows 360◦ rotation of the sample in azimuth direction. The sample holder
can also rotate to change the tilt angle of the sample with respect to incident radia-
tion, which enables to get required grazing angle (R3).

Figure 3.5: Geometry of electron analyzers

In the experimental chamber six hemispherical electron analyzers are hosted onto
the two independent frames namely axial and bimodal as shown in figure 3.5. Five
electron analyzers are positioned onto the axial frame which is in the plane containing
photon polarization vector (~ε) and its propagation vector (~k).The axial frame is able

33



to rotate around ~k (around the incident synchrotron radiation beam). The limit
for the rotation of the axial frame is from -15◦ to -52◦ with respect to ~k. The five
axial analyzers are equipped with channeltron at their exit slit and they are primarily
dedicated to APECS experiments. The sixth analyzer is positioned on to the bimodal
frame which is in the plane containing ~ε and the vector perpendicular to ~k. The
bimodal frame can rotate around the vector perpendicular to the plane containing ~ε
and ~k. The limit of the rotation of bimodal frame is from -90◦ to +90◦. The bimodal
analyzer detects the electrons by means of multichannel detector (MCP) along with
2D delay line anode. A wide-angle-acceptance channeltron is mounted on the axis of
the frame with sixth electron analyzer, which is used for measuring the partial electron
yield in near edge X-ray absorption fine structure (NEXAFS) experiments. There
is also two energy resolved (Peltier-cooled) photodiodes operating in single-photon
counting mode for X-ray diffraction and X-ray reflectivity measurements. All possible
rotations of detectors, experimental chamber, sample holder and manipulator are
motorized and computer navigated; which allows completely arbitary configuration
between the incident radiation, sample and the detectors.

3.3 Sample preparation

The preparation chamber is mainly dedicated to the sample preparation and it is
equipped with a MBE cryopanel which hosts four evaporation cells: two Knudsen cells
and two electron bombardment evaporators with individual ion gauge for flux control.
The cryopanel also holds two quartz microbalances for deposition flux calibration.
The evaporation rate of sorce material is measured by using quartz microbalance.
The evaporation rate recorded by quartz microbalance (Rmicro) is corrected by taking
into consideration, distance from evaporation cell to microbalance (Lm)and distance
from evaporation cell to the substrate (Ls). So the corrected evaporation rate (Rcorr)
is as follows.

Rcorr = Rmicro ∗ (Lm)2/(Ls)2 (3.1)

A gas line allows high purity gases to be bled into the chamber. The ion gun for
the Ar+ bombardment enables sample sputtering with the ion energy of up to 3
keV and the emission current of up to about 25 mA. A RHEED system is with
electron energy of 15 keV and the beam impinging to the sample surface at grazing
angle of 4.25◦ is available for checking the surface status in-situ during deposition.
Preparation chamber has sample transfer system and fast entry lock allowing quick
sample exchange. The sample holder is equipped with two tungsten filaments which
enables heating of the sample up to 1100 K. Additionally the liquid nitrogen cooling
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line enables the cooling of the sample down to 150 K.

3.4 Experimental details of AR-APECS

3.4.1 Geometrical description of AR-APECS

AR-APECS is a two electron probe technique, one is the photoelectron and another
is the Auger electron. Therefore AR-APECS experiment requires two independent
channels to detect two different electrons having different kinetic energies. In AR-

Figure 3.6: Geometry of analyzers in AR-APECS

APECS experimental setup at ALOISA beamline, there are two frames as described
above, axial frame which hosts five electron analyzers and bimodal frame with one
electron analyzer (figure 3.6). In AR-APECS experiments, to achieve good field of
view for all analyzers, a particular geometrical arrangement has been made, in which
axial frame is rotated at -52◦ apart from ~k , bimodal frame at -90◦ allowing the
position of bimodal electron analyzer at 38◦ apart from ~ε, sample holder at -90◦

and experimental chamber at -38◦ apart from the vector perpendicular to the plane
containing ~ε and ~k. This geometrical arrangement allows the angular separation of 38◦

between axial and bimodal frame. In this way five axial analyzers and one bimodal
analyzer can receive maximum possible photoelectrons or Auger electrons emitted
from the sample. Among five axial electron analyzers; one is aligned with ~ε, two are
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Figure 3.7: Blog diagram of AR-APECS experimental setup

±18◦ and another two are ±36◦ apart with respect to ~ε. The axial analyzers are
with mean radius 33mm, angular acceptance 4◦, and energy resolution 3.6% of pass
energy [3]. The bimodal analyzer is with mean radius 66 mm, angular resolution
2◦, and energy resolution 1% of pass energy. In AR-APECS experiment, the axial
analyzers are dedicated to detect photoelectrons with channeltron at their exit slits
and bimodal analyzer is devoted to measure Auger electrons analyzing the kinetic
energies by means of a multichannel acquisition system based on multichannel plate
detectors coupled with a 2D delay line anode.

3.4.2 Data acquisition technique

The block diagram (3.7) explains the electronic chain for the AR-APECS experi-
ments. In AR-APECS experimental set up, to measure the temporal coincidence
between Auger electrons and photoelectrons, there are two separate channels. The
Auger electrons are detected by bimodal analyzer, when they reach the MCP forms
an electron cloud. This electron cloud is collected by the crossed delay line anodes of
MCP, gets divided into two equal parts for both X and Y delay lines, which reaches
to the end of each line at different arrival time depending on the position of electron
cloud at MCP. The signals differing in time at the end of delay lines forms corre-
sponding start and stop signal for time to digital converter (TDC). Thus the MCP
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with delay line anodes helps to determine spatial information by calculating time in-
terval between start and stop signals coming from X and Y delay lines, and provides
start signal (coming from Auger electrons) for further Auger photoelectron coinci-
dence measurements. For the coincidence experiment, the photoelectron signals are
coming from the five axial channeltrons. Both the Auger electron and photoelectron
signals are amplified by preamplifier. These signals may have variations in their pulse
hight distributions. Consequently, it is necessary to use constant fraction discrimi-
nator(CFD), instead of simple threshold discriminators, in order to get measures of
signals almost unaffected by peak amplitude variations. Time to digital converter
(TDC) receives the start input signal from one of the four outputs of 2D delay line
anode coupled to multichannel detector detecting Auger electrons. Signals from five
channeltrons detecting photoelectrons provides stop signals to the TDC through de-
lay unit which gives delay of 100ns. Moreover stanford delay generator is used for
photoelectron signals, which reshapes the signals to avoid any reflections in it. The
delay is provided to the photoelectrons in order to be assure the coincidence be-
tween Auger electrons and photoelectrons ejected from the same atom by one and
the same incident photon. In the present experimental set up TDC is in R- mode
which allows one start and more than two stop inputs working in multihits mode
??. TDC measures a time interval between start and stop signals and convert it into
digital (binary) output. TDC allows counting capabilities in the order of several M
counts/second. CFDs and TDCs are controlled by field programmable gate array
(FPGA), which handles the flux of events, control their logical consistency ( e.g A
stop must follow a start, otherwise it is a false event). FPGA controls all acquisition
process and provides the interface towards the host computer. A special software has
been developed in ’LabVIEW’ for the acquisition of the coincidence events. Figure
3.8 shows the GUI window of the software used to acquire Auger photoelectron co-
incidence events. The coincidence events are recorded, when TDC identifies a start
signal from Auger electrons and a stop signal from photoelectrons within the defined
delay time window. The time distribution obtained as the output of the TDC gives
combination from five different Auger photoelectron coincidence pairs; corresponding
to five different orientations of photoelectron analyzers. The right corner of figure 3.8
shows the histogram of number of counts versus arrival time of events at TDC during
the acquisition of the APECS experiment. In the histogram in figure 3.8, peak shows
the true coincidence counts and background represents accidental counts. The Auger
photoelectron coincidence spectra is then acquired by setting the energy scan of the
desired energy region of the Auger spectra and by measuring the coincidence events
for each energy point of the energy scan.
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Figure 3.8: GUI of the software for the acquisition of coincidence events

3.5 NEXAFS and XMLD experimental details

Near Edge X-Ray Absorption Fine Structure(NEXAFS) is a synchrotron based tech-
nique in which it measures the X-ray absorption of a material when the photon energy
is tuned in an energy range of about 30 eV near the excitation edge of a certain atomic
shell. The X-ray absorption can be measured either directly by monitoring the atten-
uation of the X-ray intensity passing through the sample, or indirectly by observing
the intensity of the secondary processes. After the X-ray absorption, an electron from
a localized inner shell is excited to one of the unoccupied valance states, followed by
the de-excitation through emission of a fluorescent photon or an Auger electron. The
X-ray absorption measurement can be performed in several ways. By using an elec-
tron energy analyzer we can select a window and center it at the fixed energy of the
Auger peak. The recorded intensity directly gives the X-ray absorption cross-section
of the shell of the adsorbate atom (Auger Electron Yield (AEY) detection scheme).
The Partial Electron Yield (PEY) detection technique measures both the inelastic
and elastic Auger electrons by detecting all the electrons of kinetic energy larger than
a threshold energy. The threshold energy has to be chosen in order to avoid new pho-
toemission peaks entering the kinetic energy window of the detector over the NEXAFS
energy range and also to decrease the background due to the secondary electron tail.
The third and simplest detection scheme consists of collecting electrons of all energies
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from the sample by measuring a drain current and is referred as total electron yield
(TEY) detection. The TEY signal is dominated by low energy electrons with kinetic
energy below 20 eV, the so-called inelastic tail. A fraction of the electrons composing
the inelastic tail are inelastically scattered Auger electrons from the adsorbate and
this is the fraction which is responsible for the desired NEXAFS signal. NEXAFS
finds widespread application in many different fields. e.g The NEXAFS spectra of
transition metal compounds exhibit clear and significant differences with oxidation
state and coordination[45]. An analysis of the NEXAFS spectrum provides informa-
tion on the site symmetry of the absorbing atom (e.g., tetrahedral or octahedral) and
on its oxidation state, because NEXAFS is sensitive to the three-dimensional atomic
geometry.
X- ray magnetic linear dichroism (XMLD): XMLD is one of the advantages of the
NEXAFS. In XMLD the term ’dichroism’ describes dependence of x-ray absorption on
the state of polarization of incident radiation with respect to sample crystallographic
axis. The maximum dichroism effect is observed for x-ray polarization parallel versus
perpendicular to the sample crystallographic axis.

Figure 3.9: Geometries of sample for XMLD

At ALOISA beamline we studied XMLD by measuring x-ray absorption signal for
two different geometries; (a) In plane (scattering plane) orientation of sample normal
and polarization direction of incident X ray beam (p polarization)(figure 3.9),(b)
Perpendicular orientation of sample normal and polarization direction of incident X
ray beam (s polarization)(figure 3.9). Dicroism is determined by comparing the two
peaks in x-ray absoption spectrum which show differences in intensity [?].
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Chapter 4

Metallic ferromagnetic systems

4.1 Introduction

In this chapter the study of itinerant ferromagnetic system by using AR-APECS
technique is presented. As discussed in the previous section, AR-APECS has ability to
disentangle the two hole spin final state. Along with the spin selectivity, AR-APECS
gives important information about electron-electron correlation. In magnetic systems,
the exchange interactions arising from electrostatic electron-electron interaction, plays
an important role in determining the magnetic properties of the materials. Exchange
interactions between adjacent magnetic moments are responsible for different energy
states for electrons with spin up and spin down. Therefore the majority spin and
minority spin valence sub-bands have significantly different density of states (DOSs).
Figure 4.1 shows the comparison between the density of states in magnetic and non-
magnetic systems.

Figure 4.1: Comparison between DoS for magnetic and nom-magnetic system

In case of Auger decay there is a possibility to have two electrons out of the va-
lence band, so that the two-holes in the Auger final state can have different spin
pairings, depending on, from which sub-band each hole is originated. In AR-APECS,
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its spin selectivity property allows to probe electron from each sub-band and therefore
it permits to study correlations effect between two holes which may originated from
same or different sub-band. In 2012 R. Gotter et al [50] elucidated the Fe/Cu(001)
ferromagnetic system, In this paper the authors has described the Fe M2,3VV Auger
transition from 3-monolayers(ML) of Fe/Cu(001), in coincidence with Fe 3p photo-
electrons, taken at room temperature (figure 4.2). They have calculated the density
of states for Fe using the linearized augmented plane wave (LAPW) embedding ap-
proach within density functional theory. With this calculations they displayed that
the density of states for Fe shows a spin polarization in the valence band, the majority
spin band being completely filled and minority spin band partially filled (as shown in
the inset of figure 4.2).

Figure 4.2: Fe M2,3VV Auger spectra from 3 Ml Fe/Cu(001) film in coincidence with
Fe 3p photoelectrons. Green line with triangles shows "‘High Spin"’ configuration
while orange line with spheres shows "‘Low Spin"’ configuration. The green shaded
peaks indicate calculated High spin components and orange shaded peaks show calcu-
lated Low spin components. Different color lines indicates different spin components
as described in the figure. Inset shows the density of states for 3 ML Fe/Cu(001) [50].

In figure 4.2 green line refers to High spin configuration, and red line to Low spin
configuration. Contributions from High spin to the total intensity are originating from
the Auger transition involving two holes (a) both from majority subband (up-up ↑↑)
(b) both from minority subband (down-down ↓↓) (c) One from majority subband
and another from minority subband and vice versa (up-down, down-up ↑↓ , ↑↓).
Contributions from Low spin to the total intensity are originating from the Auger
transition involving only two antiparallel holes i.e. One from majority subband and
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another from minority subband and vice versa (up-down, down-up ↑↓ , ↑↓). The Auger
line shape is described theoretically using the spin polarized density functional theory
and the Cini-Sawatzky model [50]. Theoretically calculated components for different
spin final states are in good agreement with the experimentally measured spectra.
Different interaction between majority and minority spin hole arises mainly because
a hole in the completely filled majority-spin band is significantly more localized than
a hole in the half-filled minority-spin band. Majority band being completely filled,
the two holes originating from majority subband are more localized. This effect can
be seen in the APECS spectra as a low energy up-up component due to correlation
U=2.7 eV.

Interestingly, it has been found by our group that, the correlation is dependent on
the variation of Fe film thickness. Figure 4.3 represents the Fe M2,3VV Auger spectra
from 5 Ml Fe/Cu(001) film in coincidence with Fe 3p photoelectrons. It has been

Figure 4.3: Fe M2,3VV Auger spectra from 5 Ml Fe/Cu(001) film in coincidence with
Fe 3p photoelectrons. Green line with triangles shows "‘High Spin"’ configuration
while orange line with spheres shows "‘Low Spin"’ configuration. The blue shaded
peaks indicate calculated High spin components and orange shaded peaks show calcu-
lated Low spin components. Different color lines indicates different spin components
as described in the figure.

observed that by increasing the film thickness from 3 ML to 5 ML, the correlation
effect has been decreased from 2.7 ev to 2 eV, and the corresponding peak position
shifted to higher kinetic energy as described by Cini-Sawatzky theory. Having studied
the correlation effect and its thickness dependence on the Auger lineshape by using
AR-APECS, we intrigued to find out the more generalized behavior of correlation

42



effect and film thickness for ferromagnetic systems. In order to study size dependence
we chose Ni/Cu(001) and Co/Cu(001) ferromagnetic systems, since Ni and Cu have
FCC structure with lattice mismatch of about 2.5% and for Co it is of about 2.8%.
In the following section I will present the detail study of Ni/Cu(001) ferromagnetic
system using AR-APECS technique.

4.2 Experimental

Nickel thin films were deposited over copper (001) substrate by electron beam assisted
thermal evaporation, in ultra high vacuum system at pressure about 1.10−10 mbar.
Thin film was deposited without any prior magnetic treatments. The Nickel rod
(source material) was degassed before starting the thin film deposition. Ni on Cu is
a good epitaxial system since they both have the same FCC crystal structure with
only 2.5% lattice mismatch [54]. Therefore Copper (001) single crystal was used
as a substrate to deposit Ni thin film. The Cu(001) substrate was cleaned in ultra
high vacuum first by degassing it. Further cleanliness of the Cu(001) substrate was
achieved by 1 keV Ar+ ion sputtering. During sputtering substrate was subjected
to azimuthal scan for uniform sputtering. After sputtering Cu(001) substrate was
annealed up to 770 K. Annealing of the substrate was carried out carefully by gradual
increase of substrate temperature and by preventing degassing of the filament. The
cleaned Cu(001) substrate was verified by x-ray photoelectron spectroscopy (XPS)
and surface crystalline order was checked by reflection high energy electron diffraction
(RHEED). Just before starting thin film deposition, low energy (0.5 KeV) sputtering
of the substrate was carried out for 2-3 minutes at 620 K, in order to make sure
the flat substrate surface (soft sputtering). The RHEED pattern of clean Cu (001)
substrate and after deposition of 4ML Ni/Cu(001) are as shown in the figure 4.4.

Figure 4.4: RHEED pattern for (a) clean Cu(001) substrate and (b) after deposition
of 4ML Ni/Cu(001).
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Ni thin films was epitaxially grown on Cu(001) substrate by evaporating Ni rod
by bombarding it with electron beam. The Ni evaporation rate was calibrated with
quartz crystal microbalance. The shutter which separates evaporation cell and prepa-
ration chamber was closed until a stable Ni flux about 130 nA was achieved. After
achieving a stable flux rate, the shutter kept open and the deposition was carried out
at substrate temperature slightly more than room temperature. This substrate tem-
perature has been chosen in order to obtain optimum growth conditions without the
presence of inter-diffusion [51]. For uniform deposition, the substrate was positioned
in front of the evaporator. The layer by layer growth of Ni over Cu(001) substrate was
monitored by recording RHEED intensity oscillations during the film growth. The
photo detector was used to measure the intensity of RHEED specular beam. The
presence of RHEED intensity oscillations confirms the nearly perfect layer-by-layer
growth of Ni/Cu(001)[52]. From the RHEED oscillations pattern, the film thick-
ness can be evaluated from number of periods, since each maximum is interpreted
as the completion of a monolayer. This method therefore yields the direct thickness
calibration in units of a monolayer [52]. Figure 4.5 shows RHEED oscillations for
four monolayer thick (4ML) and six monolayer thick (6ML) nickel film over copper
substrate.

Figure 4.5: RHEED oscillation pattern for thin film growth of Ni/Cu(001).

Figure 4.5 show that, average intensity of the diffracted beam drops significantly
during deposition and never comes back to the initial value, and oscillations follow
sinusoidal curve rather than a sequence of parabolas. These indicates the deviation
from the ideal layer-by-layer growth, but these findings are mainly because of the
certain amount of defects during the growth [52].

The AR-APECS measurements were carried out for Ni/Cu(001) by crossing the
magnetic transition with variation of film thickness as well as by traversing the Curie
temperature. The experiments were performed at ALOISA beamline of ELETTRA
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synchrotron Trieste, Italy. For AR-APECS measurements, monochromatic, linearly
polarized photons of 240 eV energy were impinged on the sample at grazing incidence
angle of about 4◦, with the sample normal lying in the plane defined by the light
polarization vector (~ε) and its propagation vector(~κ). The Analyzers were positioned
as described in the Experimental section (see section 3.4.1). The five analyzers which
are positioned in the same plane as that of sample normal, were tuned to detect Ni
3p photoelectrons. The sixth analyzer was set to scan the Ni M2,3VV Auger spectra.
Depending on the geometrical position of analyzers (for details see section 2.4.1 and
1.4.3), there are two configurations; one collecting dominant contribution from "High
Spin" multiplet terms (triplet, quintet) and other collecting dominant contribution
from "Low Spin" multiplet terms(singlet).

Magnetization of Ni/Cu(001) ultra thin films exhibit a power-law behavior,

M(T ) = M0(1− T/TC)β

where both the Curie temperature and critical exponent β are film thickness depen-
dent [53]. Experimental values of transition temperature TC and power-law exponent
β for Ni/Cu(001) has been reported by F. Huang et al [54]. 4 ML thick Ni/Cu(001)
films at room are above the Curie transition temperature (284 K) and therefore they
does not show ferromagnetic ordering at room temperature, while 4 ML Ni/Cu(001)
films show ferromagnetic ordering at liquid nitrogen temperature [54]. The magneti-
zation of Ni/Cu(001) films is oriented parallel to the film plane for films below 7 ML
and rotates out-of-plane for films thicker than 7 ML [53], [54]. As reported in the
paper by F. Huang et al, the Curie temperature for six monolayes Ni/Cu(001) film
is 388 K. Therefore 6ML Ni/Cu(001) at room temperature should be ferromagnetic
in nature[54]. Hence we dedicated our experiment to study magnetic properties of
Ni/Cu(001) by crossing the magnetic transition temperature with variation of the film
thickness. The thin film preparation for 6ML Ni/Cu(001) was carried out by using
the similar method described in previous section. The RHEED oscillation pattern
for layer by layer growth of 6ML Ni/Cu(001) is as shown in figure 4.5. We carried
out AR-APECS measurements on Ni/Cu(001) films for 4ML room temperature(4ML-
RT) and 4ML low temperature (4ML-LT) in order to study magnetic properties of
Ni/Cu(001) films below and above the Curie transition temperature. We also carried
out the thickness dependent study by measuring AR-APECS spectra with variation
in film thickness, for 4ML-RT and 6ML-RT Ni/Cu(001) films. In the following I will
describe step by step the results obtained for 4ML-RT, 4ML-LT and 6ML-RT.
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4.3 Results

4.3.1 Ni/Cu(001) ferromagnetic system

(a) 4ML-RT Ni/Cu(001): Figure 4.6 represents the Ni M2,3VV Auger spectra
acquired in coincidence with Ni 3p photoelectrons at the room temperature of the
film (above the Curie transition temperature T>Tc).

Figure 4.6: Ni M2,3VV Auger spectra from 4 ML-RT Ni/Cu(001) film in coincidence
with Ni 3p photoelectrons. Data points with error bars are the coincidence data and
the solid line is a guide to the eye. Green line with triangles shows "High Spin" config-
uration while red line with spheres shows "Low Spin" configuration. The lower panel
indicates the relative difference between High spin and Low spin configuration. Black
dashed line represents simultaneously acquired singles(not coincidence) Ni M2,3VV
Auger spectra.

In figure 4.6, the green triangles represent the contribution to the Ni M2,3VV Auger
spectra from High spin configuration, while red circles represent contribution from
Low spin configuration. The solid lines are guide to the eye. Black dashed line repre-
sents the simultaneously acquired singles(not coincidence) Ni M2,3VV Auger spectra.
In figure 4.6, main Auger line is centered around 55 eV and it does not show any
significant differences between High spin and Low spin configuration. The features
at low kinetic energy region around 45-50 eV, shows dichroism between the two con-
figurations. The relative difference between Low spin and High spin configurations is
shown at the bottom of the coincidence spectra, it shows the negative peak around
50 eV, indicating the presence of dichroism at low kinetic energy side.
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(b) 4ML-LT Ni/Cu(001): Figure 4.7 represents the Ni M2,3VV Auger spectra
acquired in coincidence with Ni 3p photoelectrons at the liquid nitrogen temperature
of the film (below the Curie transition temperature T<Tc).

Figure 4.7: Ni M2,3VV Auger spectra from 4 MLLT Ni/Cu(001) film in coincidence
with Ni 3p photoelectrons. Data points with error bars are the coincidence data and
the solid line is a guide to the eye. Green line with triangles shows "High Spin" config-
uration while red line with spheres shows "Low Spin" configuration. The lower panel
indicates the relative difference between high spin and low spin configuration. Black
dashed line represents simultaneously acquired singles(not coincidence) Ni M2,3VV
Auger spectra

In figure 4.7, the green triangles represent the contribution to the Ni M2,3VV
Auger spectra from High spin configuration, while red circles represent contribution
from Low spin configuration. The solid lines are guide to the eye. Black dashed line
represents the simultaneously acquired singles(not coincidence) Ni M2,3VV Auger
spectra. In figure 4.7, main Auger line is centered around 55 eV and it shows the
significant differences between High spin and Low spin configuration. The FWHM of
high spin configuration is larger than that of Low spin configuration. At low kinetic
energy side, High spin configuration shows a pronounced peak around 45 eV. The Low
spin configuration also show a broad indistinct feature around 50 eV. The relative
difference (spectrum at the bottom of figure 4.7) shows the negative peak around 50
eV as similar that of 4ML-RT case, but with the three extra features around 45 eV,
52 eV and 57 eV. The dichroism observed in main line feature and the origin of low
kinetic energy features are explained in detail in the discussion section.

(c) 6ML-RT Ni/Cu(001): Figure 4.8 represents the Ni M2,3VV Auger spectra
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acquired in coincidence with Ni 3p photoelectrons for 6 ML Ni/Cu(001) at room
temperature of the film (below the Curie transition temperature T<Tc). The aim of
the measurements of APECS spectra for 6ML-RT is to study the thickness dependent
behavior of correlation effect.

Figure 4.8: Ni M2,3VV Auger spectra from 6ML-RT Ni/Cu(001) film in coincidence
with Ni 3p photoelectrons. Data points with error bars are the coincidence data and
the solid line is a guide to the eye. Green line with triangles shows "High Spin" config-
uration while red line with spheres shows "Low Spin" configuration. The lower panel
indicates the relative difference between High spin and Low spin configuration. Black
dashed line represents simultaneously acquired singles(not coincidence) Ni M2,3VV
Auger spectra.

In case of 6ML-RT, we observed the similar dichroism of main Auger line shape as
that of in 4ML-LT, but in case of 6ML-RT dichroism is more pronounced than that
of 4ML-LT. In case of 6ML-RT, the FWHM of High spin configuration is wider than
that of 4ML-LT. The low kinetic energy feature of High spin configuration is observed
around 47.5 eV. This High spin configuration feature is observed to be shifted to the
relatively higher kinetic energy, when thickness of the film is increased from 4 ML to 6
ML. In the present case, the relative difference (spectrum at the bottom of figure 4.8)
shows the feature around 50 ev, but it is overlapped with the positive feature around
47 eV. The features around 52 eV and 57 eV represents dichroism of main Auger line,
and are similar to that of 4ML-LT. The details of the results are explained in the
discussion section.
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4.4 Discussion

(a) 4ML-RT Ni/Cu(001):As discussed in the section 2.2.3, the Auger line shape in
transition metals is mainly characterized by the ratio of correlation effect (U) and the
width of the valence band (W). Here it will be useful to note that, as the ratio U/W
increases atomic-like states starts to appear and split off from band-like states (see
figure 2.8). Until now there has been several reports on the Ni LVV Auger spectra
[26], [32], [59], [58], but only few for Ni MVV Auger spectra [63]. In 1983 Haak and
Sawatzky have reported the Ni L3M45M45 Auger spectra in coincidence with Ni 2p3/2

photoelectrons [26], [32], the Ni L3M45M45 Auger coincidence spectra reported by
Haak is shown in figure 4.9.

Figure 4.9: shperical dots with error bars show Ni L3M45M45 Auger spectrum in
coincidence with Ni 2p3/2 is . Upper spectrum with line is normal Auger spectrum.
Dotted lines show calculated multiplet terms for Ni L3M45M45 Auger spectrum. (from
reference [26]).

In figure 4.9, Haak has represented the Ni L3M45M45 Auger photoelectron coin-
cidence spectrum along with different multiplet terms corresponding to the Auger
transition. The main Auger line shows major contribution from 1G multiplet term
while 3F term shows sizable intensity in the band part of the spectrum. Haak also ex-
plained that, the larger width of Ni Auger spectra with respect to Cu Auger spectra is
due to the lower U/W ratio. In 1983 Peter A.Bennett et al [58] has reported the L3VV
Auger spectra for Ni, they have showed that for Ni, the ratio of correlation energy (U)
and band width (W) is U/W=0.95, then according to Cini-Sawatzky theory, Auger
spectra should represent a mixed features of band-like and atomic-like. Ref [58] also
showed the calculated multiplet terms for Ni L3VV Auger spectra. They observed 1S
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and 1G multiplet terms to be clearly split off from 3F term which represents the Fermi
edge region. 1G and 3F terms give contribution to the main Auger line. As the Ni
LVV Auger spectra shows the presence of multiplet terms, Also the Ni MVV Auger
spectra should show similar multiplet terms, as the two hole final state is the same
in both cases. Moreover AR-APECS has capability to discriminate the contributions
from different spin final states to the coincidence Auger spectrum. R. Gotter et al
has described the different contributions from different multiplet terms to the Auger
spectra by using AR-APECS for non-magnetic systems [35] [60]. He has described in
detail the selectivity of a particular multiplet term at a particular angular postion of
the electron analyzers and assigned the observed differences from different multiplet
terms to the "Geometric Dichroism". Similarly AR-APECS and its multiplet term
selectivity in terms of High spin and Low spin geometry has been discussed in section
1.4.3. In the present case, the Ni M2,3VV AR-APECS spectrum measured for 4Ml-
RT Ni/Cu(001) system (paramagnetic phase), we should observe disentanglement of
different multiplet terms. In figure 4.6, main Auger line does not show any Geometric
dichroism between High spin and Low spin configuration, but there are differences at
low kinetic energy region. Absence of geometric dichroism opens up question about
the presence of multiplet term features in Auger spectra. If we take a look at the Cu
L3VV APECS spectra reported by Haak et al (figure 4.10)[61], we can understand
more about the multiplet terms in transition metal systems.

Figure 4.10: Cu L3VV Auger spectra in coincidence with 2p3/2 photoelectrons (from
reference [61]).

The APECS spectrum of Cu L3VV presented by Haak et al shows the presence
of multiplet terms which are clearly split off from the band states. There is no inter-
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mixing of atomic-like terms and band-like terms [32]. R. Gotter et al has described
the contribution of different multiplet terms to the Cu M23VV Auger spectra [35].
While in case of Ni L3VV Auger spectra, Peter A. Bennett et al [58] has described the
3F term contributing mailnly to band states. In our case, the absence of geometric
dichroism in the Ni M23VV Auger main line, is not in agreement with the possibility
of contributing multiplet terms to the main line, and the origin of the main line should
be attributed to the band states.

In figure 4.6 the low kinetic energy atomic-like feature shows geometric dichroism
between High spin and Low spin configuration. The feature around 49 eV is from
Low spin configuration and feature around 47 eV is from High spin configuration.
In 1983 Haak and Sawatzky have interpreted this low energy atomic like peak as a
outcome of Ni 3d7 (three holes in the final state) final state [26], [32]. Furthermore
D. D. Sarma et al also reported that, the Ni 3d7 final state occurs because, the
Auger transition starting with a fully screened L3-hole initial state associated with
Ni 6-eV satellite feature in the photoemission line. [59]. The 6-eV Ni satellite is a
controversial question for many years. There were many reports claiming the origin
of Ni 6-eV satellite in photoemission lines to the c3d9 (c represents core hole) initial
state [55], [56]. Further spin resolved photoemission study assigned the 6-eV satellite
to the local 3d8 final-state valence configuration that is created by the shakeup of a
down spin (↓) 3d electron to states above the fermi edge Ef [57]. In recent years A. P.
Grosvenor et al has reported that the 6-eV satellite observed in Ni 2p photoemission
line is not due to 3d8 final state but it is plasmon loss feature [64]. In our case, there
are two important features, one is a band-like main line centered around 55 eV and
another is an atomic-like feature lying between 45-50 eV. The spin selectivity acting
on these atomic-like features, in terms of geometric dichroism, indicate the presence
of multiplet terms in the low kinetic energy region of the 4ML-RT Ni M2,3VV Auger
spectrum.

(b) 4ML-LT Ni/Cu(001): In the ferromagnetic phase, there are unequal pop-
ulation of majority and minority sub-bands (see figure 4.1), therefore the different
contributions from different spin final state is expected. In case of 4ML-LT (ferromag-
netic phase, figure 4.7), the dichroism between High spin and Low spin contribution
is clearly visible. The Auger main line is centered around 55 eV, and it shows different
contributions from High spin and Low spin configurations. It indicates the different
degree of population of spin resolved density of states of valence band [62]. This kind
of dichroism in the main line of Auger spectra directly involves the spin split density
of states of valence band, hence it is referred to a valence band splitting magnetic
dichroism. The subtraction between High spin and Low spin configurations is shown
at the bottom of the coincidence spectra. In ferromagnetic phase, coincidence spectra
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shows the presence of a huge feature centered around 45 eV. Similarly to the findings
on Fe/Cu(001), such a feature corresponds to a high spin feature shifted lower kinetic
energy as explained by the Cini-Sawatzky model. As a matter of fact, J. Kolorenc et
al, [65] have showed the calculated valence band for Ni ferromagnetic system. They
showed that the majority band is completely filled below the Fermi edge, and minority
band is unfilled above the Fermi edge; the splitting between majority and minority
band is 0.6 eV. As the majority band is completely filled, the two holes (in Auger
final state) are more localized, and therefore the contribution from the two hole in
majority band is shifted to lower kinetic energy. This shift corresponds to correlation
effect between the two holes in the majority band [50].

(c) 6ML-RT Ni/Cu(001): In case of 6ML-RT, the ferromagnetic phase persists
and hence we observe the valence band splitting behavior similar to that of 4ML-LT.
Comparing figures 4.7 and 4.8, it is evident that valence band splitting magnetic
dichroism is enhanced when the thickness of the film is increased from 4ML to 6ML.
Another difference in the 6ML-RT case is observed: the low kinetic energy High spin
feature, which is around 45 eV for 4ML-LT, is now around 47.5 eV for 6ML-RT. This
low kinetic energy feature is again from high spin configuration, as described in the
4ML-LT case, and corresponds to the correlation effect between the two holes in the
majority band. When increasing the thickness of the film from 4ML to 6ML, the
shift to lower kinetic energy of the majority band contribution decreases, that is the
correlation effect decreases, resulting in relatively less localization of two holes in the
final state. Similar results were obtained in case of Fe/Cu(001) ferromagnetic system,
discussed before [50]. Such a decrease in correlation effect as thickness increases from
4ML to 6ML, indicates the quantum confinement behavior of correlation effect.

Here, if we compare the relative difference for each case (figure 4.11), we will
understand in detail about the behavior of the Auger line shape of Ni/Cu(001) system.
In figure 4.11, the red, green and blue solid lines represent the relative difference
between High spin and Low spin configuration for 4ML-RT, 4ML-LT and 6ML-RT
respectively. In case of 4ML-RT, the negative peak around 50 eV is due to geometric
dichroism. Such a dichroism must be also present in 4ML-LT and 6ML-RT but it is not
distinguishable due to the overlapping with the correlation effect features. In figure
4.11, green and blue dashed lines represent the relative difference for 4ML-LT and
6ML-RT after subtracting the relative difference from 4ML-RT (geometric dichroism).
After the subtraction of geometric dichroism, the overlapping negative feature around
50 eV disappears and the feature due to correlation effect become more pronounced
and distinct. Figure 4.11 highlights the lower shift of the low kinetic energy feature
due to correlation effect, as the thickness of the film is increased from 4ML to 6ML. It
also confirms that the geometric dichroism is present in all cases. As explained in the
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Figure 4.11: Comparison between the relative differences. Solid lines represent the
relative difference calutated for each case, dashed green and blue lines represent the
relative difference for 4ML-LT and 6ML-RT respectively after correction.

above paragraph, the valence band splitting feature is clearly visible in the relative
difference spectra. These valence band splitting features appear in the same energy
position for 4ML-LT and 6ML-RT. Figure 4.11 confirms the valence band splitting
behavior in case of ferromagnetic Ni/Cu(001) systems.

4.5 Conclusion

We have studied the Ni/Cu(001) system in its paramagnetic and ferromagnetic phase
by using AR-APECS. It has been observed that, in case of 4ML-RT Ni/Cu(001), the
paramagnetic phase, the main Auger line around 55 eV does not show any dichroic
effect and therefore put a serious question on the possibility of contribution from
different multiplet terms. The Auger main line represents more likely the band-
like characteristics, while the low kinetic energy features around 45-50 eV can be
associated to the atomic-like multiplets.

In the ferromagnetic phase of Ni/Cu(001), in both 4ML-LT and 6ML-RT cases,
the Auger main line shows the valence band splitting magnetic dichroism, as well as
a clear feature shifted to lower kinetic energy due to correlation effect in the majority
band. When the thickness of the film is increased from 4 ML to 6 ML, such a
feature due to correlation effect is observed to be shifted by 2.5 eV towards the higher
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kinetic energy. It indicates that, upon increasing the thickness of the film from 4ML
to 6ML, the correlation effect is decreasing, resulting in relatively less localization
of two holes in the Auger final state. Similar results were also observed in case of
Fe/Cu(001) system. This suggests that, in transition metals the correlation between
two Auger final holes, affecting only the contribution from the majority band, follows
the quantum confinement behavior.
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Chapter 5

Metal oxide antiferromagnetic
systems; NiO/Ag(001)

5.1 Introduction

In this chapter the AR-APECS technique is used to understand the local behavior
of antiferromagnetic NiO/Ag(001) system below and above the Neel transition tem-
perature. In case of magnetic materials, at temperatures well below the transition
temperature, exchange splitting separates the valence band in two pure spin states
(majority vs minority spin bands) and in this way the long-range magnetic order (fer-
romagnetic or antiferromagnetic) is get established throughout the solid. Until now
there has been lot of study of long range magnetic ordering in magnetic materials.
Study of local magnetic properties, in particular, upon crossing the magnetic tran-
sition temperature is still a relevant and highly debated issue. It is well established
that increasing the temperature, the magnetization is lowered until the long-range
magnetic order is lost upon reaching the phase transition temperature. It will be in-
teresting to study local magnetic order and what happens to them upon crossing the
magnetic transition temperature. Whether exchange splitting suffers an equally dras-
tic collapse or local magnetization randomizes while magnetic moment is preserved
at the atomic level, is still an open question.

In case of ferromagnetic materials, neutron and electron scattering experiments
point to the existence of local magnetic moments above the Curie temperature [66]
[67] while photoemission, inverse photoemission, and scanning tunneling microscopy
give conflicting pictures of collapsing exchange splitting, spin-mixing or intermediate
band behavior [68]. The issue of local magnetic order is even more complex in the
case of AFM materials, where the magnetic moments change direction on the length
scale of first neighbor atomic distances.
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As described before, with the help of AR-APECS technique we can achieve the spin
sensitivity and access to the spin state of the two valence holes in the system, without
the need to detect the spin of the emitted electron pair. Our group has studied before
CoO/Ag(001) antiferromagnetic system by taking AR-APECS measurements above
and below the Neel transition temperature (TN), antiferromagnetic-paramagnetic
transition) [5]. Figure 5.1 shows High spin (assigned as AN) and Low spin (assigned
as NN) configuration of AR-APECS spectra below and above the (TN), reported by
R. Gotter et al [5].

Figure 5.1: Co MVV Auger spectrum in coincidence with Co 3p core level photoelec-
trons, green line with hash signs represent High spin configuration (AN experimental
geometry), red line with circles represent Low spin configuration (NN experimental
geometry) (details of the experimental geometry discussed in reference [5]). For each
spectrum the asymmetry curves (open diamond) has been calculated and shown at
the bottom of the corresponding panel.

The Auger lineshape of CoO/Ag(001) reported by R. Gotter et al (figure 5.1),
shows sharp changes upon crossing the Neel transition temperature, TN . Further-
more, the most prominent features of the Auger lineshape were assigned in terms of
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singlet triplet and quintet by M. Cini et al [69]. The results reported by R. Got-
ter et al [5] suggest disappearance of spin selectivity upon crossing the transition
temperature. In order to understand whether the CoO case is an exception or the
disappearance of the spin selectivity upon crossing the transition teperature is a more
general effect, we investigate in the present case the NiO/Ag(001) antiferromagnetic
system.

5.2 Experimental

In order to study the metal oxide antiferromagnetic systems, NiO was deposited on
Ag(001) substrate in ultra high vacuum system. The Ag(001) substrate was cleaned
in the vacuum chamber by 1-KeV Argon-ion sputtering and subsequently annealing
up to about 750 K. The presence of contaminants on the Ag(001) substrate were
checked to be below the detection limit with X-ray photoemission spectra (figure
5.2). The surface crystalline order was checked by reflection high energy electron
diffraction (RHEED).

Figure 5.2: X-ray photoemission spectrum of the Ag(001) substrate

The deposition of NiO was carried out at room temperature and at 420 K by
electron beam assisted thermal evaporation. The films were grown without any prior
magnetic treatment. Ni was evaporated at a rate of 0.2 Å/min in an oxygen atmo-
sphere at a pressure of 1.10−6 mbar. After the evaporation the film was annealed
at 540 K in an O2 pressure of 1.10−6 mbar. This procedure is known to lead to the
formation of NiO(001) films while preventing the embedding of metallic Ni clusters
in the Ag substrate [70], [71].

Figure 5.3 shows the x-ray photoemission spectrum taken after deposition of NiO
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Figure 5.3: X-ray photoemission spectrum of NiO film over Ag(001) substrate.

film over Ag(001) substrate. This shows the photoemission peaks from Ni-3s, Ni-3p,
Ni-MVV Auger line and O-1s, confirming the formation of NiO on Ag(001) substrate.
The contaminants were below the detection limit even after the deposition of NiO
film over Ag(001) substrate. The thickness of the film was monitored by calibrat-
ing the evaporation rate with quartz crystal microbalance. The photoemission peak
intensities of O-1s and Ag-3d was used to estimate the thickness of the film [72].
The estimated thickness of NiO film over Ag(001) substrate was 15 ± 5 ◦, which
corresponds to 7.5 ± 2.5 monolayers.

The AR-APECS measurements were carried out by impinging the linearly polar-
ized photons of 250 eV energy on the sample at grazing incidence of about 6◦. The
emitted photoelectrons and Auger electrons were collected by analyzers as described
in the section 3.4.1.

5.3 Results

NiO films grown on Ag(001) shows antiferromagnetically ordering with a transition
temperature(TN) which depends on the thickness of NiO film [73]. In the past it was
reported that, the X-ray magnetic linear dichroism (XMLD) at the Ni L2,3 can be
used to assess the magnetic structure and its temperature dependence in NiO films
grown on different substrates and for different coverages [73]-[76]. We measured x ray
absorption spectra for NiO/Ag(001) at different temperatures.

We measured the x ray absorption spectra with linearly polarized x rays with the
electric field vector forming an angle of 6◦ with the surface normal of the sample. As
shown in figure 5.4, Ni L2 absorption edge contains two main components which are
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Figure 5.4: Ni L2 absorption edge at three different temperatures for a 15 A◦ thick
film after a linear background subtraction. Normalization to unity for the low-energy
peak is performed to show changes in relative intensity of the two main components
of the edge.

generally recognized as spin split components of Ni L2 absorption edge. In the case of
NiO films grown on MgO(001) and Ag(001) substrates, it was found that the magnetic
phase change can be detected from the temperature dependence of the ratio of the
intensities of the two main peaks in the Ni L2 edge, measured for linearly polarized
x rays with polarization perpendicular to the main spin projection [73], [74]. We
acquired the x ray absorption spectra for Ni L2 edge at various temperatures ranging
from 230 K to 430 K. We calculated the intensity ratio of Ni L2 absorption edge
for various temperatures in order to understand the transition temperature at which
magnetic phase changes from antiferromagnetic to paramagnetic phase.

Figure 5.5: Intensity ratio of the two main components of Ni L2 absorption edge
acquired at different sample temperatures . The lines are a guide for the eyes.
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Figure 5.5 represent the Ni L2 peak-intensity ratio for a 15 Å thick NiO film as a
function of the temperature. In agreement with Reference [73], figure 5.5 shows a de-
crease of the Ni L2 peak-intensity ratio for increasing T and reaches to a steady value
above 390 K. This behavior of the Ni L2 peak-intensity ratio indicates that, the Neel
transition temperature (TN) for 15 Å thick NiO/Ag(001) film is at 390 K. Hence in
order to performed AR-APECS measurements at two temperatures which are defini-
tively above and below TN , we carried out AR-APECS measurements at 420 K and
at room temperature (RT), which guaranty the paramagnetic and antiferromagnetic
phases of NiO/Ag(001) respectively.

Figure 5.6: AR-APECS spectra of NiO/Ag(001) in its antiferromagnetic phase at
room temperature (upper panel) and its paramagnetic state at 420 K (lower panel).
Green triangles and red circles with error bars show data collected in the High spin
and Low spin geometry, respectively. The solid lines joining coincidence data are
spline fit acting as guides to the eyes.

Figure 5.6 shows AR-APECS spectra for NiO/Ag(001), that is Ni (MVV) Auger
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spectra measured in coincidence with Ni 3p photoelectrons at temperature below
TN (upper panel) and above TN (lower panel). The Auger AR-APECS spectra at
Room temperature (RT, below TN) shows differences between the High spin and Low
spin configuration. Such differences between High spin and Low spin configuration
vanishes completely upon crossing the transition temperature (420 K, above the N).
In case of CoO/Ag(001), a similar behavior, that is, the disappearance of the dichroic
effect when crossing the antiferromagnetic-paramagnetic transition at TN , has been
observed by our group before [5].

Figure 5.7: Comparison between experimental APECS spectra of NiO/Ag(001) film
in antiferromagnetic phase (upper panel), for the High spin (green triangles) and
Low spin (red circles) configurations, and theoretically calculated unrelaxed spectrum
(lower panel), resolved in spin for S = 2 (green, marked Q), S = 1 (blue, marked T),
and S = 0 (red, marked S) components.

Figure 5.7 represents the comparison between experimental APECS spectra of
NiO/Ag(001) film in antiferromagnetic phase and corresponding theoretically cal-
culated spin resolved spectrum. The theoretical calculations has been done by our
collaborating group and the details are mentioned in the reference [4]. The theoret-
ical calculations has been done by assuming that the Auger transition occurs when
the valence band is in its ground state. They have used a model, which is suitable
for transition metal oxides, where the NiO crystal is modeled by an octahedral NiO6
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cluster centered on the cation and parametrized for NiO. They have shown that, by
a combination of theoretical and experimental techniques one can reveal consider-
able structure in the Auger data, and interpret it in terms of the spin selectivity of
APECS. In figure 5.7, theoretically calculated spectra shows contribution from differ-
ent multiplet terms. The green, blue, and red lines show the contribution of S = 2, S
= 1, and S = 0, respectively, and are referred to as quintet (Q), triplet (T), and sin-
glet (S), respectively. The theoretically calculated spectra shows features which are
comparable with the experimental spectra. The feature at 57.5 eV in the High spin
curve coincides with structures in the Q and T curves in that energy region, while the
feature appearing at 56 eV in the Low spin curve can be assigned to the correspond-
ing maximum in the S curve. The maximum at 50 eV followed by a shoulder at 52
eV of High spin curve correspond to T and Q peaks, respectively, while the broader
maximum around 43 eV of Low spin curve corresponds to the S and T maxima. The
maximum at 43 eV of the High spin configuration curve corresponds to a peak in the
T curve while the S maximum at a slightly lower kinetic energy accounts for a more
distinct peak in the same region for the Low spin configuration curve. This compari-
son results that the Low spin configuration curve is mainly a combination of S and T
while High spin configuration curve is mainly a combination of T and Q. The quintet
(Q) gives a minor contribution to both both High spin and Low spin configuration
profiles. Comparison between experimental and theoretical APECS spectra points
out an interesting observation that, while going from High spin configuration to Low
spin configuration there is an increase of the singlet contribution at the expenses of
the triplet one.

5.4 Discussion

In case of metallic ferromagnetic systems we have seen in previous chapter that,
the dichroism between High spin and Low spin geometry achieved by using AR-
APECS, is well explained by the self convolutions of spin resolved density of states
and Cini-Sawatzky model. The former explaining the magnetic dichroism due to the
valence band splitting and the latter allowing one to describe electronic correlation
effects in the Auger line shape in terms of energy shifts from the Fermi level toward
higher binding energies (i.e. lower kinetic energies). The mechanism of occurrence of
dichroism in AR-APECS antiferromagnetic systems is somehow different with respect
to what has been observed in metallic ferromagnetic systems.

In case of NiO/Ag(001), below the transition temperature TN , the AR-APECS
spin selectivity allows one to disentangle High spin and Low spin multiplet terms
contributing to the total Auger intensity. Above the transition temperature TN ,
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the spin selectivity of AR-APECS is lost and identical, more featureless Auger line
shapes are obtained. The results obtained for NiO/Ag(001) indicate a close similarity
between the AR-APECS spectra of CoO/Ag(001) reported by R. Gotter et al [5].
Such a similar behavior previously found in CoO and here confirmed in case of NiO,
put in evidence a general behavior of the local electronic structure when crossing the
magnetic transition, at least for metal oxide systems. In case of CoO, R. Gotter et
al considered two contributing effects in order to explain the disappearance of spin
selectivity above TN , (1) the presence of magnetic moments affecting the dichroic
effect of AR-PECS effect via matrix elements [77] and (2) changes in the screening
channels at the two temperatures [5].

At the present level of understanding we limit ourselves in determining where,
from the experimental point of view, the loss of spin selectivity could originate from,
when referring to extra particles (like screening electrons) participating in the Auger
decay. We start from the essential assessment that, High spin and Low-spin mul-
tiplet structures, which are distinguished below TN , are no more disentangled by
AR-APECS above TN . In principle, this does not mean that above TN a multiplet
structure has to be excluded in the Auger final state; it simply tells us that the angle-
resolved coincident detection of two electrons (the Auger electron together with its
parent photoelectron) no longer allows for achieving the final state spin selectivity.
In order to understand this, we should go back to the difference between conven-
tional AES, where spin selectivity is absent, and AR-APECS where the intensity of
multiplet terms having specific spin values, can be enhanced or suppressed.

The core-valence-valence Auger matrix elements involve a two-body operator (the
Coulomb interaction) and create two holes in the valence band. In conventional AES
we detect only one (the Auger electron) of the two electrons leaving the valence band,
the other one going to fill the core hole previously created by the photoionization.
In this case we do not have any information on the latter electron, we cannot access
the spin value of the two-hole final state and, if we want to describe the AES line
shape, we have to integrate over all the possible states of the “nondetected electron,”
that is, over all the intermediated core-hole states. In APECS, on the other hand,
by detecting in time coincidence the parent photoelectron leaving the core hole, it is
as if the second electron leaving the valence band were detected. Auger decay and
photoemission selection rules make the relevant quantum numbers connected between
the valence electron and the core hole and between the core hole and photoelectron
respectively. In this way the AR-APECS measurements can access the spin value of
the electron leaving the valence band and filling the core hole and such a “double
detection” activates the selectivity on the spin value of the multiplet terms in the
Auger final state. In other words, coincidence measurement of the two electrons
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removes a sum over unknown (not detected) states, the averaging of which obscures
the fine structures in the Auger line shape. The detection of a single electron in AES
does not allow to get details (spin value) on the two-hole final state while in the
“double detection” in AR-APECS one can detect the two-hole spin final state.

Similarly, the same “double detection” in AR-APECS above TN may no longer
be able to get spin selectivity if a new, third particle (or event) participates in the
decay. This makes the total spin not accessible with “only” two electrons measured,
and a new sum over unknown (not detected) states obscures structures in the final
state.

5.5 Conclusion

The AR-APECS shows the redistribution of the Auger intensity between High spin
and Low spin multiplet components in the Auger final state. There is a good agree-
ment between the calculated positions of the multiplet structures and experimen-
tal Auger spectrum below the transition temperature. The spin selectivity by AR-
APECS, in transition-metal oxides, occurs in the antiferromagnetic phase and dis-
appears in the paramagnetic phase. This opens up the possibility of monitoring
magnetic transitions from a localized perspective, without having to rely on crystal
periodicity or bulk thermodynamic measurements.

64



Chapter 6

Local perspective on charge
transfer at CuPc/Al(001) interface
by APECS

6.1 Introduction

In recent years there has been a marked increase in interest in organic-inorganic in-
terface and organic-organic heterostructure due to their applications in organic-based
devices [80], [81]. The interfacial properties relative to the metal-organic system play
a fundamental role in determining the electronic properties. Specifically the charge
transfer process at the metal-organic interface has a large impact on the electrical
properties of organic semiconductor devices. The mechanism of charge transfer at
metal-organic interface is generally assumed to follow the simple rule of vacuum level
alignment, known as the Schottky-Mott rule (figure 6.1a) [82] [80]. According to
Schottky-Mott rule the charge transfer at the interface is governed by the work func-
tion of the metal (ΦM), electron affinity (EA) and ionization energy (IE) of the organic
molecular film. The work function of metal is defined as the minimum energy to ex-
tract an electron from the metal into the vacuum, Electron affinity is the difference
between the bottom of the conduction band with respect to Vacuum and ionization
potential is the difference between the top of the valence band with respect to the in
the vacuum energy level.

Experimental findings on the molecular level alignment at interface show the de-
viations from the Schottky-Mott rule due to the formation of a substantial interface
dipole (figure 6.1b) [80], [83]. Many different physical mechanisms take place con-
tributing to the formation interface dipole, such as chemical reaction [84], orientation
of molecular dipoles [85]. Another possible effect at the interface due to a significant
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Figure 6.1: Schematic showing the mechanism of charge transfer at metal-organic
interface

molecule-substrate interaction is the mixing between molecular orbitals and metal
electronic states [79]. In the following section, I will describe the charge transfer
mechanism at Copper Phthalocyanine-Aluminum interface (CuPc/Al(001)) with a
atomistic approach by using APECS.

Among the organic molecules, metal-phthalocyanines (M-Pc) show high thermal
and chemical stability [86]. M-Pcs offer the possibility of choosing the host metal
atom, which allows to tailor the molecular properties such as optical window, chemical
reactivity and molecular spin. Amid the M-Pcs, CuPC has been widely studied
because of its applications in optoelectronics, solar cells [81]. In the present case we
have studied the electronic properties of copper phthalocyanines (CuPc) deposited
on Al(001) substrate.

Figure 6.2: Schematic of the copper phthalocyanine molecule

CuPc molecule consists of the central copper atom surrounded by four pyrrolic and
four benzene rings (figure 6.2). The electronic levels in the CuPC molecule are formed
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by combining the molecular orbitals of all the atoms contained in the CuPc molecule.
In the electronic ground state the orbitals are filled, or occupied in accordance with
the energetically lowest levels (Hund’s rule). The CuPc molecules show the planar
fourfold symmetry and are classified according to irreducible representation of the
D4h group [87],[88]. In this representation the 3d orbitals of copper split into a1g(dz2),
b1g(dx2−y2), eg(dxz, dyz) and b2g(dxy). Where it is considered that the molecule is in
xy plane, then the dxz, dyz orbitals show π character and other d orbitals show σ

character. In case of irreducible representation of molecular orbitals the bonding σ
orbitals are gerade (represented by ’ g ’ as subscript) with respect to inversion through
center of the molecule and antibonding σ orbitals are ungerade (represented by ’ u ’
as subscript), for π orbitals the reverse is true. Molecular orbitals of phthalocyanine
(Pc) show a1u(π) and 2eg(π∗) states (’ * ’ represents empty orbitals), which are the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO) of the Pc molecules, respectively.

6.1.1 APECS; Chemical selectivity by two particle probe

APECS has a unique capability to probe different portions of complex carbon com-
pounds. As explained in the previous section, at ALOISA beamline of Elettra syn-
chrotron, there are six electron analyzers which can set to detect different photoelec-
trons or Auger electrons at the same time (see figure 3.6). If we tune the electron
analyzer to detect a particular photoelectron (for instance a chemical shifted core level
of the benzene carbon atom), and another electron analyzer to detect Auger electron
in coincidence with only that particular photoelectron, then we can get the chemical
selective information for the Auger spectrum and therefore a chemical selective probe
of valence electrons. Figure 6.3 explains the difference between conventional electron
spectroscopy and APECS.

In figure 6.3 copper phthalocyanine (CuPc) molecule is used to explain the chem-
ical selectivity. CuPc consists of four pyrrolic rings at the inner side of molecule and
four benzene rings at the outer side. The conventional electron spectroscopy (XPS)
can detect and resolve photoemission from carbon atom in benzene and pyrrole ring
[78], [79] but XPS does not have capability to resolve the different contributions either
in Auger spectra or in valence band spectra. With the XPS we get the broad Auger
spectrum having overlapped contributions from carbon atom in benzene and pyrrole,
as shown in figure 6.3. In case of valence band photoemission spectroscopy (VBS)
we can probe the valence levels of molecule but the technique is not site-specific.
In APECS, we can tune the photolectron analyzer to detect photoelectrons arising
from carbon atom in benzene ring, and detect the corresponding Auger electrons,
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Figure 6.3: Chemical selectivity; Comparison between XPS and APECS

probing the valence levels (figure 6.3). In this way, the chemical selective informa-
tion is accessible in Auger emission. This means that, by means of APECS we can
achieve chemical selectivity also in the valence levels when we consider a core-valence-
valence(CVV) Auger transition.

6.2 Experimental

The experiments were conducted on the ALOISA beamline at the Elettra Synchrotron,
Trieste, Italy. The Al(001) substrate was first cleaned by repeated cycles by repeated
cycles of Ar+ bombardment at 3 keV followed by annealing to 720K. RHEED was
used to check the ordering of the Al(001) surface. XPS measurements were made to
ensure no contamination on the substrate. The operational pressure for the measure-
ment chamber was maintained at 10−11 mbar and the sample preparation chamber
at 10−10 mbar.

CuPc molecule obtained in the powder form from Sigma-Aldrich (>99% purity)
was used without further purification. For deposition purpose, CuPc molecule were
placed in quartz Knudsen-type cell with boron nitride crucible. CuPc molecule has
high decomposition temperature 680 K which makes it suitable for vacuum deposition.
Before the deposition CuPc molecules were degassed at 600 K. For the deposition of
the film, the Al(001) substrate was maintained at room temperature, and the Knudsen
cell was heated to 660 K. The evaporation rate of the CuPc molecules was calibrated
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with a quartz crystal microbalance placed on the line of sight between the cell and
the sample. For the monolayer deposition of CuPc film over Al(001) substrate, the
CuPc molecules were evaporated with the evaporation rate around 1.8 Å/min, for
12.5 minutes. The thick film was deposited with the evaporation rate of 2.4 Å/min,
for 1 hour and 20 minutes. After each deposition, films were checked with XPS to
ensure the absence of contamination. The estimated thickness of the thin film was
2.4 Å and for thick film 20 Å.

As described in previous section ALOISA beamline holds a set of six electron
analyzer (See figure 3.5). In figure 3.5 these electron analyzers are labeled as A1, A2,
A3, A4, A5 and B. For the APECS measurements on CuPc films, analyzer A3 was
tuned to detect C 1s photoelectron only from benzene ring of the CuPC molecule.
Analyzers A1, A2, A4 and A5 were tuned to detect C 1s photoelectron only from
pyrrole ring of the CuPC molecule. Analyzer B was set to scan Auger electrons.
The details of coincidence detection technique is described in a previous chapter (see
section 3.4.2).

The APECS measurements were performed for two different incident photon ener-
gies, 460 eV and 305 eV, in order to probe C 1s core level electrons. At two different
photon energies, there will be different photo-ionization cross-section. In order to
be sure about the similar experimental conditions in both cases, we determined the
extent of benzene and pyrrole photoemission peak distribution over the respective
electron analyzers, by using the XPS fitting parameters. The details of the calcula-
tion of photoemission peak distribution and the fitting procedure is explained in the
discussion section.

6.3 Results

Figure 6.4 represents the C 1s XPS spectra for clean Al substrate, 2.4 Å and 20 Å
CuPc/Al(001) respectively. The XPS spectra from both thickness films were aligned
by aligning their Fermi level with the vacuum level. In figure 6.4, 20 Å CuPc/Al(001)
film shows three distinct features, for Benzene(B), Pyrrole(P) and shape up satellite
associated with the pyrrole photoemission line. 2.4 Å CuPc/Al(001) film shows fea-
tures for benzene and pyrrole without any satellite at higher binding energy. The
binding energy positions for these features are as shown in the table 6.1. The binding
energy of benzene feature shifts by 0.5 eV and that of pyrrole by 0.8 eV towards
higher binding energy side when the thickness of the film increases from 2.4 Å to 20
Å. The energy positions and shifts are in good agreement with the values reported
by A. Ruocco et al [79]. Figure 6.5 represents the Auger spectra acquired by us-
ing conventional electron spectroscopy. The red line shows Auger spectra for 2.4 Å
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Figure 6.4: C 1s x ray photoemission spectra for 2.4 Å and 20 Å CuPc/Al(001).

20 Å CuPc/Al(001) 2.4 Å CuPc/Al(001)
Benzene 284.61 eV 284.10 eV
Pyrrole 286.01 eV 285.21 eV
Satellite 287.91 eV .......

Table 6.1: Binding energy positions from C 1s XPS spectra of CuPc/Al(001)
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CuPc/Al(001) and blue line for 20 Å CuPc/Al(001). The difference between thick
and thin film Auger spectra is clearly visible, but the individual contributions from
benzene and pyrrole are not accessible in conventional spectroscopic methods.

Figure 6.5: Auger spectra for 20 Å and 2.4 Å CuPc/Al(001) by conventional electron
spectroscopy.

We conducted the APECS measurements on 2.4 Å and 20 Å thick film of CuPc/Al(001),
in order to study interface and bulk electronic properties by a localized approach. Fig-
ure 6.6 shows the C KVV Auger spectra for 20 Å CuPc/Al(001) film in coincidence
with C 1s from Benzene (green line with triangles) and in coincidence with C 1s from
Pyrrole (red line with circles).

The APECS spectra for 20 Å CuPc/AL(001) shows that, the pyrrole Auger spec-
trum is comparatively broader than the benzene Auger spectra. The benzene Auger
spectrum show three prominent features around 240 eV, 250 eV and 255 eV. Pyrrole
Auger spectrum shows a feature around 235-237 eV, two broad features around 241-
251 eV and 255 eV. The low kinetic energy region of pyrrole Auger spectra shows the
comparatively higher intensity. The Fermi edge region (260-275 eV) does not show
any significant differences between benzene and pyrrole Auger spectra.

Figure 6.7 shows the C KVV Auger spectra for 2.4 Å CuPc/Al(001) film in coin-
cidence with C 1s from Benzene (green line with triangles) and in coincidence with
C 1s from Pyrrole (red line with circles). In case of the APECS spectra for 2.4
Å CuPc/AL(001)(figure 6.7), the low kinetic energy region does not show signifi-
cant differences between benzene and pyrrole Auger spectra, when compared with
APECS spectra of 20 A CuPc/Al(001) (figure 6.6). In the APECS spectra of 2.4 Å
CuPc/Al(001), the benzene Auger spectrum show three essential features around 240
eV, 255 eV and 265 eV. The pyrrole spectrum show features around 235 eV, 260 eV
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Figure 6.6: C KVV Auger spectra for 20 Å CuPc/Al(001) film in coincidence with C
1s from Benzene (green line with triangles) and in coincidence with C 1s from Pyrrole
(red line with circles). Data points with error bars are the coincidence data and the
solid line is a guide to the eye.

Figure 6.7: C KVV Auger spectra for 2.4 Å CuPc/Al(001) film in coincidence with C
1s from Benzene (green line with triangles) and in coincidence with C 1s from Pyrrole
(red line with circles). Data points with error bars are the coincidence data and the
solid line is a guide to the eye.

72



and 268 eV. The Fermi edge region shows higher intensity of benzene than that of
pyrrole Auger spectra. In order to investigate in more detail, we have compared the
Auger spectra of 20 Å and 2.4 Å separately for benzene and pyrrole contributions
(figure 6.8).

Figure 6.8: C KVV Auger spectra in coincidence with benzene (upper panel) and
pyrrole (lower panel), compared for 2.4 Å (blue line with triangles) and 20 Å (green
line with circles) CuPc/Al(001).

In figure 6.8, benzene spectra (upper panel) shows the analogous features around
240 eV, 255 eV, 266 eV and 270 eV, for 20 Å and 2.4 Å CuPc/Al(001), with the
intensity enhanced or suppressed depending on the thickness of the film and interface
interactions. The comparison between 20 Å and 2.4 Å CuPc film for benzene spectra
display that, in case of 2.4 Å CuPc/Al(001) film there is higher intensity of benzene at
Fermi region. The pyrrole spectra compared for 20 Å and 2.4 Å CuPc/Al(0001) (lower
panel), shows features around 235 eV, 250 eV, 260 eV and 270 eV, with enhancement
or suppression depending on the thickness of the film. The comparison between 20
Å and 2.4 Å CuPc film for pyrrole spectra shows that, in case of 20 Å CuPc/Al(001)
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film there is higher intensity of pyrrole in low kinetic energy region. The pyrrole
spectrum in case of 2.4 Å also show higher intensity at Fermi edge region but it is
not as that of benzene spectrum. In summary, 2.4 A CuPc/Al(001) Auger spectra
shows a different onset of the Fermi edge, specifically a higher intensity is measured
in benzene with respect to pyrrole. The change of the Auger lineshape away from
the Fermi level, when going from 20 Å to 2.5 Å, indicates a change of the overall
electronic structure of the molecule.

6.4 Discussion

The APECS measurements for CuPc/Al(001) were conducted for two different inci-
dent photon energies, at 460 eV and 305 eV. We obtained final results by combining the
APECS data acquired for both photon energies. We carried out a quality check before
combining both data, in order to determine the extent of phtoemission peak (chem-
ical selectivity) in both cases. We fit the high resolution C 1s phtoemission spectra
for 2.4 Å and 20 Å CuPc/Al(001)(as shown in figure 6.9) by using Lorentzian broad-
ening 0.15 eV for benzene and pyrrole peak and 0.25 eV for satellite of benzene and
pyrrole. We tuned the Gaussian broadening in order to fit the experimental spectra
(photoemission spectra during APECS acquisition). Experimental spectra and fitted
spectra, along with Gaussian window representing the analyzer energy acceptance
are shown in figure 6.9 (figure represents C 1s spectra for 2.4 Å CuPc/Al(001)) The
Gaussian width (experimental broadening) obtained by the fitting the experimental
data was 0.75 eV for the measurements with 305 eV incident photon energy and 1.7
eV for the measurements with 460 eV incident photon energy. With the knowledge
of accepted energy window of the analyzers, by multiplying the Gaussian peaks with
the Lorentzian peaks, we determined the extent of each photoemission peak detected
by the photoelectron analyzers in terms of percentage and is reported in table 6.2.

Exp. with 460 eV Exp. with 305 eV
Benzene @ anz. B 89.55% 91.91%
Pyrrole @ anz. B 10.44% 8.09%
Benzene @ anz. P 34.57% 34.56%
Pyrrole @ anz. P 65.43% 65.44%

Table 6.2: Photoelectron distribution over photoelectron analyzer

Table 6.2 indicates that, there are no significant differences in the percentage
of photoelectron detection when photon energy is changed from 460 eV to 305 ev,
therefore we combined the APECS data acquired from both the incident photon
energy together and obtained the final result (as shown in figure 6.6 and 6.7). A
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Figure 6.9: C 1s photoemission spectrum for 2.4 Å CuPc/Al(001)(red line) super-
imposed with the best fit (green line) for (a) incident photon energy 460 eV and (b)
incident photon energy 305 eV. Brown dashed lines represent Lorentzian components.
Black dotted line and blue dotted line represents experimental Gaussian broadenings
of electron analyzer for benzene (B) and pyrrole (P) respectively. Thick brown and
black lines represent the accepted benzene and pyrrole photoelectrons by electron
analyzer B respectively. Thick pink and blue lines represent accepted benzene and
pyrrole by electron analyzer P respectively.

similar procedure were followed for 20 Å CuPc/Al(001).

Figure 6.4 compares the XPS spectra for 2.4 Å and 20 Å CuPc/Al(001). Upon
increasing the thickness of the CuPc film from 2.4 Å to 20 Å, a small peak appears
around 288 eV in the XPS of C 1s (figure 6.4) and the ratio between the benzene
(B) and pyrrole (P) peaks changes. In the XPS spectrum of 20 Å CuPc/Al(001), the
photoemission peak around 288 eV is the shake-up satellite related to the pyrrole peak.
The XPS spectrum for 20 Å CuPc/Al(001) shows the characteristics of XPS spectrum
due to CuPc in its standard solid phase [79]. For such a coverages where CuPc
molecules are in standard solid phase, there are no influences by the presence of the
substrate [79]. The energy positions and shifts between the peak positions are in good
agreement with the XPS spectra reported by A. Ruocco et al [79]. A. Ruocco et al has
reported the fitting procedure of XPS spectra and different components contributing
to the main peak. The benzene peak has two components, one main benzene peak
and other shake-up satellite (sB) of the benzene peak. Pyrrole peak shows shake-up
satellite (sP ) only in case of 20 Å CuPc/Al(001). The absence of benzene shake up
satellite (sB) in case of 2.4 Å CuPc/Al(001) opens up the possibilities of change in
the electronic structure of CuPc molecule due to Al substrate.

The Auger spectra acquired by conventional electron spectroscopy (figure 6.5) rep-
resents comparison between Auger spectra for 2.4 Å and 20 Å CuPc/Al(001). Auger
spectra for 2.4 Å CuPc/Al(001) shows higher intensity than 20 Å CuPc/Al(001) near
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Fermi region. As the Auger spectra probes the electrons in the valence band, the
higher intensity of Auger spectrum in 2.4 Å CuPc/Al(001) than 20 Å CuPc/Al(001),
indicates change of electronic structure of the valence band in case of 2.4 Å CuPc/Al(001).

To understand the electronic structure of the valence band in detail, we performed
APECS measurements on 2.4 Å and 20 Å CuPc/Al(110) system. In particularly, we
measured the carbon KVV-Auger spectrum in coincidence with the C 1s core levels
associated with carbon atom at benzene and pyrrole ring of CuPc molecule. Figure 6.6
and 6.7 represents the APECS spectra for 20 Å and 2.4 Å CuPc/Al(001) respectively.
The difference between Auger spectra from carbon atom in benzene and pyrrole is
more clearly visible in figure 6.8. This results indicate that, there is remarkable
alteration of the electronic structure of CuPc molecules in two different thicknesses.
As the Auger spectra is the direct probe of the valence levels of the system, changes in
the Auger lineshape gives the information about the change in the electronic structure
of the system. In figure 6.8, the higher intensity of benzene Auger spectra of 2.4 Å
CuPc/Al(001) film at Fermi region than that of the benzene Auger spectra of 20
Å CuPc/Al(001), indicate the presence of extra charge (electrons) in the molecular
orbitals at Fermi region of 2.4 Å CuPc/Al(001) film. Moreover figure 6.8 indicates
the higher intensity at low kinetic energy region of pyrrole Auger spectrum for 20 Å
CuPc/Al(001) film than the pyrrole spectra of 2.4 Å CuPc/Al(001) film. Thus the
2.4 Å CuPc film over Al(001) substrate shows the significant alteration of electronic
structure lying close to Fermi edge of the CuPc molecule. Formation of 20 Å CuPc
film over Al(001) substrate represent relevant differences in electronic structure far
from Fermi edge towards low kinetic energy region.

The electron energy loss spectra for CuPc/Al(001) reported by A. Ruocco et al
showed that, CuPc coverages between 2-3 Å form a monolayer where the molecules are
bonded directly to the substrate and the electronic structure of the adsorbed molecules
is different from that of the bulk ones (above 3 Å) [91]. In accordance with this, our
results for 2.4 Å CuPc/Al(001) film should follow the mentioned characteristics of
monolayer film. A. Ruocco et al has also pointed out that, interaction between CuPc
molecule and Al substrate is strong and it does not allow the simple vacuum level
alignment at the interface between molecule and the substrate. There exists a dipole
barrier with the formation of ionic bond between CuPc and Al substrate, and there
is transfer of electrons from the Al substrate to fill up the molecular unoccupied π∗
LUMO orbitals [91].

F. Evangelista et al. has reported the molecular orbitals of isolated CuPc molecule
calculated by Density Functional Theory (DFT) and Self-Consistent Field (SCF)
methods [90]. Both DFT and SCF calculations presented by F. Evangelista et al
showed that, the LUMO of isolated CuPc molecule is localized mainly on the pyrrole
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ring and LUMO+1 orbital has contributions from both pyrrole and benzene ring of
CuPc molecule. Figure 6.10 shows that, the a1u and b1g orbitals are energy swapped
in the two calculations but the electron distribution of the unoccupied orbitals are
identical in both calculations.

On the other hand, NEXAFS spectra of the CuPc molecule has been reported to
be dominated by an double-peaked feature, the lower energy peak being assigned to
excitations into the LUMO level of π∗ character from the C 1s level of the benzene
carbon atom, the intense peak at higher energy being attributed to the excitations
into the LUMO states with a dominant contribution from the pyrrole rings [92], [93],
[94]. A. Calabrese et al has also reported that, upon doping the CuPc monolayer film
with the potassium (K), there is charge transfer from the K adatoms into the LUMO
states mainly located on the π∗ states of the carbon atoms belonging to the benzene
rings [92]. In our case, APECS spectra for 2.4 Å CuPc/Al(001) film shows the the
higher intensity of benzene Auger than pyrrole Auger spectra indicating the larger
charge transfer from Al(001) substrate to the LUMO of benzene than that of pyrrole.
In case of APECS spectra for 20 Å CuPc/Al(001) film, the Fermi edge does not show
significant differences between benzene and pyrrole Auger spectra indicating, that the
charger transfer process does not affect the bulk CuPc film. Moreover in case of 20 Å
CuPc/Al(001) film, the higher intensity of pyrrole Auger than benzene Auger spectra
at lower kinetic energy region, which is not observed in 2.4 Å CuPc film indicates
that there is the complete rearrangement of molecular orbitals.

6.5 Conclusion

APECS measurements has been carried out for 2.4 Å CuPc/Al(001) and 20 Å CuPc/Al(001).
APECS spectra for 2.4 Å CuPc/Al(001) indicates, higher charge transfer from Al(001)
substrate to the π∗ LUMO states belonging to the benzene rings than that of pyrrole
rings of CuPc molecule. APECS spectra for 20 Å CuPc/Al(001) indicates substantial
arrangement of the molecular orbitals that seems to affect pyrrole rings more.
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Figure 6.10: Spatial distributions of the molecular orbitals of isolated CuPc molecule.
DFT calculations are on the left half of the figure, while SCF results are on the right
half (obtained from reference [90]).
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