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Estratto
La misura della polarizzazione in spin di un fascio di elettroni fotoemessi da una superficie ferromagnetica permette di studiare in modo diretto la struttura elettronica determinata dall’interazione di scambio e quindi il momento magnetico di spin del sistema,
caratterizzandone il comportamento magnetico. Da una parte lo sviluppo del campo
della spintronica, dall’altra la richiesta sempre crescente di strumenti e dispositivi di immagazzinamento e trattamento dati ad alte prestazioni, marcano la necessità di esplorare
le configurazioni degli stati elettronici e le loro eccitazioni.
La fermiologia si occupa di indagare la morfologia, le dimensioni e le caratteristiche
delle superfici di Fermi dei solidi, le quali ne influenzano le proprietà e il comportamento;
è dunque naturale concentrare lo studio della polarizzazione in spin in corrispondenza
di tale regione. In particolare, la mappatura completa degli stati di banda al di sotto e
al di sopra dell’energia di Fermi è un passo fondamentale nella caratterizzazione di un
materiale, in quanto permette di delineare le proprietà di volume, superficie e interfaccia
che lo contraddistinguono. [33]
La mia tesi si inserisce in questo contesto di ricerca, proponendo di utilizzare la spettroscopia di fotoemissione (PES) ad angolo fisso combinata con la polarimetria tramite
rivelatore di spin Mott. Lo scopo del mio lavoro è stato sondare gli stati elettronici in
prossimità dell’energia di Fermi e la loro polarizzazione in spin di un campione di Fe(100),
cresciuto in situ su MgO(100), in funzione della temperatura. Diversi studi [43] hanno
evidenziato come l’uso della PES unito a diverse tecniche di polarimetria sia un efficace
metodo di indagine delle proprietà magnetiche di superficie del Fe(100); il progressivo
popolamento di stati eccitati tramite l’aumento di temperatura permette inoltre di caratterizzare gli stati non occupati fino a 5 kB T al di sopra dell’energia di Fermi in un singolo
esperimento di PES, invece di dover combinare informazioni da misure di fotoemissione
diretta e inversa che rappresentano stati finali diversi (una lacuna in fotoemissione, un
elettrone aggiunto in fotoemissione inversa). [23]
Per prima cosa ho eseguito misure preliminari di calibrazione dell’apparato di rivelazione su un film di Au policristallino; successivamente ho cresciuto epitassialmente
in situ il campione di Fe(100) di spessore di 40 nm su un cristallo di MgO(100). Studi
computazionali sul Fe [17] evidenziano come l’ibridizzazione di stati delocalizzati s, p e d
sia all’origine di una complessa struttura a bande, e pertanto di rilevanti variazioni della
polarizzazione in spin in funzione dell’energia di legame. Sulla base di questi ho acquisito
spettri di fotoemissione usando una sorgente di fotoni nella regione dell’ultravioletto (lampada a emissione He-I, h̄ω = 21.22 eV) e dati di polarizzazione in spin con una sorgente
di fotoni VUV (armonica di laser impulsato, h̄ω = 4.8 eV), variando la temperatura tra
V

80 K e 420 K.
I dati acquisiti, analizzati in ambiente Igor Pro con funzioni appositamente sviluppate, evidenziano come sia possibile ricavare informazioni sulla struttura degli stati vuoti
dalla presenza di specifiche caratteristiche nella forma spettrale: la diminuzione del numero di stati occupati termicamente e il suo successivo aumento segnano un minimo nella
DOS al di sopra dell’energia di Fermi, mentre la comparsa di una spalla negli spettri di
fotoemissione è indizio della presenza di un picco nella DOS a energie superiori a quelle
sperimentalmente indagate. Le misure di polarizzazione in spin, grazie al regime di fotoemissione di soglia provocato dall’energia del fotone che le contraddistingue, permettono di
apprezzare con l’aumento della temperatura una variazione del valore di polarizzazione di
spin: una positiva dovuta al riempimento completo della banda maggioritaria, una negativa dovuta al contributo della banda minoritaria a energia superiore. Questo comportamento si accorda qualitativamente alle aspettative e suggerisce un’analogia con misure di
magnetometria di superficie, [34] nelle quali si osserva allo stesso modo una transizione
dallo stato di ferromagnete debole nel volume, con momento magnetico totale di 2.12 µB
a quello di ferromagnete forte alla superficie (100), con momento magnetico aumentato
a 3 µB .
Le misure di PES e polarimetria Mott sul cristallo di Fe(100) mi hanno dunque dato
modo di evidenziare come gli effetti di popolamento termico possano essere utilizzati
per caratterizzare le proprietà elettroniche dei solidi in prossimità del livello di Fermi.
Rimangono alcune questioni aperte, tra le quali il comportamento a temperature più
elevate e, nell’ambito dello studio della polarizzazione di spin, una valutazione del contributo alla magnetizzazione dato dalla variazione della temperatura, tenendo conto dei
fenomeni critici che interessano sistemi ferromagnetici, per quanto gli esperimenti presentati coprano un intervallo di temperature ben inferiore alla zona critica. Futuri sviluppi,
che costituiscono la naturale progressione di tale ricerca, possono includerne l’estensione
a materiali la cui rilevanza nell’ambito della spintronica li rende affascinanti campioni
di studio, come semiconduttori drogati con impurità magnetiche, quale il (Ga,Mn)As, o
granati sintetici come lo YIG. Inoltre l’aggiunta della dimensione temporale, sfruttando
appieno la natura impulsata della sorgente laser per condurre esperimenti di tipo pumpprobe, potrebbe dischiudere numerose possibilità di indagine nell’ambito del magnetismo
ultraveloce.
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Introduction
Magnetism has been known to mankind since prehistoric times. In the last millennia,
we have not only used this phenomenon for a plethora of practical applications (from
navigation to high-end technology), but we have also come a long way in comprehending
its nature. The enhanced capabilities to probe magnetism at the nanoscale and the direct
measure of spin-polarization of the surface states in topological insulators add evidence of
the important electronic correlations and spin-orbit interactions in determining the low
energy properties of novel materials and nanostructured solids. Yet, in spite of a flow of
reliable sample preparations and high-resolution data, the understanding of magnetism
requires deep scientific explanations that are far from complete.
Many studies have been noticing how the magnetic behaviour of a material depends
on the electronic configuration at the Fermi surface. In general, the physical properties
of a material are intimately related to the shape and volume of its Fermi surfaces: from
the success of the Bardeen-Schrieffer-Cooper (BSC) theory of low-temperature superconductors [3] to the most recent results on topologically-driven superconductivity, [7] the
field of fermiology has proven pivotal for the understanding of the optical, electrical and
thermal properties of solids. It is therefore not surprising that measurements aiming to
extract magnetic informations from the Fermi surfaces have been carried out by means
of photoemission experiments, a powerful and versatile tool for directly mapping the
near-Fermi region. [33] The acquisition of the spin-polarization of electrons photoemitted from magnetic surfaces allows for a direct measurement of the electronic structure
defined by the exchange interaction, i.e. the spin magnetic moment of the system, giving
thus an insight into the macroscopic behaviour of solids by means of collective properties
of electrons in bands.
The importance of characterizing the near-Fermi spectral features both in the filled
and in the empty states region clashes with some experimental difficulties. While direct
and inverse photoemission are both viable and complementary ways to probe filled and
empty band structures, the final states examined by the two methods are different. On
top of this, spin-resolved photoelectron spectroscopy has been severely limited on energy
resolution due to the low efficiency of spin-resolving detectors based on LS scattering
(Mott detectors). This implies that the near Fermi level region has been measured only
in a relatively broad energy integration, missing the fine details of the energy landscape.
One glaring example is crystalline Fe(100), one of the most important ferromagnetic
materials employed in nowadays technology applications. The interplay between s, p and
d orbitals results in a complicated band structure in the near-Fermi region; furthermore,
the energy dependence of the spin-polarization in the valence band is non-trivial due to
1

the variations in the number of majority and minority spins in split bands. However,
the difficulty in resolving features with sufficient accuracy results in broadened spectra
as in fig. 1, where the calculations had to be convoluted with a 1 eV FWHM Gaussian
representing the experimental resolution.

Figure 1: (a): majority (up triangles) and minority spin (diamonds) Fe valence band photoemission spectra, and calculated majority (solid line) and minority (dashed line) spin DOS of ferromagnetic bcc Fe. Inset: wide-range spectra. (b): spin difference of the photoemitted Fe valence band electrons (dots)
and of the calculated DOS of bcc Fe (solid line). Taken from [42].
In order to appreciate the fine structure of the Fe spin-resolved bands below and above
the Fermi level with direct photoemission, it is necessary to adopt unconventional ways
to circumvent the thermal cut at the Fermi energy. By controlling the temperature of
the sample, one is able to control also the population of a specific portion of states above
the Fermi level, due to the smoothing of the Fermi-Dirac weight: this means that what
would have been classified as an “empty state” at a certain temperature may instead
be probed with direct photoemission, due to the new ground state configuration at a
different temperature.
A temperature-controlled study of the photoemission above the Fermi level has been
2

performed with success on Ni(111), in order to explore the Stoner collapse of the majority and minority 3d bands above the Curie temperature. In fig. 2 polar-angle scanned
energy distributed curves show how the information about the band population above
the Fermi level is accessible through photoemission. Therefore, provided a sufficient energy resolution, smaller temperature variations should give access to tinier details of the
spin-resolved band structure.

Figure 2: Polar-angle scanned energy distributed curves taken from

Ni(111) measured at three different temperatures: (a) 0.47 TC , (b) 0.80
TC , (c) 1.21 TC . Taken from [23].

The aim of my work has thus been the study of the photoemitted yield and the spinpolarization as a function of the temperature, as means to reach valuable information
about the fine structure of the spin-split density of states above the Fermi level and its
relation with the temperature-dependent magnetization of iron. The measurements were
carried out using the 4.8 eV energy harmonic of an infrared beam of a tabletop laser: such
a stable light source ensures a sufficiently high energy resolution (estimated as less than
20 meV) to cope with the small variations in the thermally populated states.
In Chapter 1, an introduction to spin-polarization theory allows to understand the
fundamental concerns arising for spin-polarization measurements. Moreover, a broad
overview of the main polarimetry techniques is given, together with a bit more in-depth
discussion about the Mott polarimeter used in the experimental part. In Chapter 2 photoemission spectroscopy is outlined: the photoemission process is the main focus of the
chapter, alongside with a discussion regarding the photoelectron mean free path, in order
to fully grasp how data are acquired and interpreted. Chapters 3 and 4 take care of the
experimental part of the thesis. Chapter 3 displays the results of the performed photoemission spectroscopy measurements on Fe(100), while in Chapter 4 the spin-polarization
of the sample is analysed, also comparing the outcomes with those of the spectroscopic
observations. Chapter 5 summarizes the conclusions outlined in the previous chapters.
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Chapter 1

Spin-polarized electrons
The relevance of outlining the process that led to the discovery of the spin lies not only in
the usefulness of recalling its most prominent features that are widely used throughout my
thesis, but also in view of the experimental methods hinted by a deep understanding of
the topic. Discussing the role of spin polarimetry is closely tied to the former topic, as the
unique properties of the spin itself (and its behaviour when particles interact with each
other) resulted in more and more advanced spin detection techniques being developed.

1.1

The Stern-Gerlach experiment

The experiment performed in 1922 by Walter Gerlach and Otto Stern [19] featured a beam
of silver atoms being sent through a highly inhomogeneous magnetic field, perpendicular
to the trajectory. At the end of the magnet the beam would impinge on a photographic
plate which would register the position of the atoms.
In classical physics, the projection of the magnetic dipole moment of an atom µ along
a certain axis (usually the z axis is used) may assume continuous values from −µ and
+µ, since its orbital angular momentum L can be oriented in any direction in space
relative to a given axis. In open contrast with the previous explanation, the quantum
mechanical model by Niels Bohr and Arnold Sommerfeld predicted that only discrete
values are accessible to µz , because of the quantization of the associated component of
the angular momentum Lz . This phenomenon is referred to as space quantization.
Lz = mz h̄
µz = −gµB mz

mz = −l, −l + 1, ...,0, ..., l − 1, l

(1.1)

In particular, the Bohr-Sommerfeld model assigned an orbital quantum number l = 1
to silver atoms, corresponding to mz = −1,1 (mz = 0 was not included). Therefore, the
expectations of Stern and Gerlach were that, if a neutral particle like an atom had a
non-zero discrete magnetic dipole moment, they would observe a twofold splitting of the
image on the photographic plate, whereas the classical prediction would yield a continuous
distribution of atoms along the z axis.
The result of the experiment is shown in fig. 1.1 on the facing page. While this is
a clear proof of the quantization of the magnetic dipole moment, the absence of the
4
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mz = 0 state needed an explanation. In 1925, George Eugene Uhlenbeck and Samuel
Abraham Goudsmith were studying the fine structure of optical spectra in alkali atoms:
the splitting of the emission lines in doublets whenever the elemental gases were immersed
in strong magnetic fields led them to propose the existence of an intrinsic magnetic dipole
moment in the electron. Its component along the z axis would have been described by a
new quantum number, whose only accepted values were ms = −1/2, +1/2.

Figure 1.1: The famous postcard sent by Walther Gerlach to Niels

Bohr on 8th February 1922: “Attached is the experimental proof of
directional quantization. We congratulate you on the confirmation
of your theory!”. Taken from [16].

At the same time (early 1925), Wolfgang Pauli published his famous “exclusion principle”, stating that no pair of electrons can be found inside an atom with the same quantum
numbers. However, the fact that two electrons could be found with the same quantum
numbers forced him to introduce an additional quantum number with two possible values.
Both observations were clearly linked by the fact that the electron has indeed a fourth
degree of freedom, in the shape of what was postulated to be the spin, an intrinsic angular
momentum S that interacts with magnetic fields, whose properties are in analogy to those
of the orbital angular momentum L.

1.2

The nature of the spin

The terminology of “intrinsic angular momentum” for the spin is somehow misleading,
as it could potentially lead to some misconceptions. In fact, spin is often regarded as
a purely quantistic property of elementary particles, without any classical counterpart,
or as something related to the “internal” structure of the particle itself, like the charge.
Its angular momentum properties only make sense for electrons and nuclei, where the
spin couples with the orbital angular momentum to form the total angular momentum
5
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J=L+S.1
This derives from the early mistake by Uhlenbeck and Goudsmith of considering the
electron spin as the expression of the rotation along his axis of a small rigid body. The
mechanical picture above was discarded by Kronig (on the advice of Pauli, Kramers and
Heisenberg) because the rotation would exceed the speed of light if it was to obtain an
angular momentum equal to h̄/2. Due to the wide acceptance of the concept of spin
and the refusal of the mechanical explanation, physicists were left with the spin minus
its physical meaning. Oftentimes it is deemed sufficient to refer to the mathematical
formalism of the relativistic Dirac equation, as the existence of the spin there is compulsory to achieve the conservation of angular momentum and its values must be integer or
half-integer. However, this consolation offers very little in terms of what is the physical
mechanism underlying the existence of the spin.
The means for filling this gap comes from two considerations. First of all, it is important to note that other particles than electrons have a spin, like the massless photons:
therefore we start considering the energy flow of the electromagnetic field, given by the
Poynting vector S = E × B/µ0 . If the wave is infinite in space, the electric and magnetic
fields are everywhere orthogonal to the wave vector, thus the energy flow is parallel to it;
if the wave has a finite transverse extent, E and B are closed loops and have a component
parallel to the wave vector, so that the energy flow has a non-zero component orthogonal
to the wave vector. In the hypothesis of circularly polarized wave, it is possible to separate the net angular momentum associated with the energy flow in two contributions: one
is the orbital angular momentum and the other is the spin. It can be shown that the spin
is related to the energy of the wave (Sz = U/ω); by imposing the energy quantization
U = h̄ω the quantized spin angular momentum yields Sz = h̄. The magnitude of the spin
of the photon is therefore determined uniquely by the classical Maxwell equations and
the energy quantization [32].
Furthermore, thanks to the quantization of the electromagnetic field in quantum field
theory, the momentum density vector (the equivalent of the Poynting vector) for an
arbitrary wave packet has two terms: both are associated to the circulating flow of energy
in the rest frame of the particle. If we consider an electron, the first term is interpreted
as orbital angular momentum (and it becomes zero, if a Gaussian packet representing the
electron with zero orbital angular momentum expected value is considered), while the
second is h̄/2 the expectation value of the quantum mechanical operator σ̂. Therefore,
the operator representing the spin is Ŝ = (h̄/2)σ̂. Thus the spin operator obeys all the
commutation relations and we can deduce all the usual quantum mechanical properties
[4].
As a result, the spin is regarded as a circulating flow of energy in the electron wave
field. As we have seen it naturally emerges from term in the expression of the energy flow
of a classical electromagnetic wave, attributable to both orbital angular momentum and
spin. When applying quantum mechanics, the quantization of the field and the energy

This is a result of the spin-orbit interaction, generated from the interaction between the spin magnetic
dipole moment µs interacting with the magnetic field of the moving nucleus in the electron rest frame,
proportional to the electron orbital angular momentum L.
1
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transitions into a quantization of the angular momentum as well, as the above picture
pointed out for the classical case. Therefore, in analogy to the quantized waves, the
electron carries an angular momentum, no different from the case of angular momentum
carried by the fields of a circularly polarized electromagnetic wave. Whether the wave
is classical or quantum mechanical is of secondary importance, as long as the spin is a
continuous macroscopic parameter for the classical wave and a quantized operator for the
quantum mechanical wave. The argument that the spin is only a quantum mechanical
quantity because for a single particle it has a fixed magnitude (and therefore there is no
classical limit for large quantum numbers) is a moot point, as it is possible to proceed to
the limit of large occupation numbers for a system with many particles, such as a circularly
polarized light wave. Even the magnetization in permanent magnets is a classical limit
with large occupation numbers for many particles. Therefore, there is no need to refer to
abstruse quantum-mechanical-exclusive properties, since the spin can be interpreted as
the angular momentum associated with the circulation of energy, rather than the rotation
of some kind of rigid body.

1.3

Spin-polarization

Due to the commutation rule for the spin operators [Ŝx , Ŝy ] = ih̄Ŝz and its cyclic permutations, in an experiment it is possible to measure the spin of an electron along one single
quantization axis, while the spin components along the other two axis are undetermined.
The result of this measurement is the matrix element of the spin operator Ŝz , which
can be +h̄/2 or −h̄/2: the two states are usually referred to as “up” and “down” states
respectively.
However, in the experiments here considered there are no measurements on single
electron spin states, but rather on ensembles of electrons. If we perform three separate
measurements along the three quantization axis, we can get informations about the average spin distribution along each axis. If the up and down states along a certain direction
are not equally populated, the imbalance between the two possible spin states is called
spin-polarization along the direction i = x, y, z.
Pi =

Ni↑ − Ni↓
Ni↑ + Ni↓

(1.2)

As the spin-polarization is an ensemble quantity, in three-dimensional space it is
possible to define a three-dimensional vector P, whose components (Px , Py , Pz ) state the
difference (in percentage) between up-state and down-state population.

1.4

Electron scattering

How is it possible to measure spin-polarization of electrons when they are emitted from
a sample? The relevance of electron scattering, which is the main process of interaction
of particles with matter, lies in getting an answer to this question. In the scope of the
work here considered, electron scattering is limited to electron elastic scattering in the
7
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relativistic regime (Mott scattering). This is true even if in condensed matter physics the
Fermi velocity of an electron is in the order of magnitude of c/100. In fact, electrons in
Mott detection systems have up to 40 keV energy, given the instrumentation of SPRINT
beamline (as discussed later in section 1.5 on page 12); on top of this, we also need to
take into consideration the spin-orbit interaction, which is the main reason why Mott
detectors are a thing, as well as a natural consequence of the relativistic treatment of
quantum mechanics.2 There are other scattering mechanisms: some of them are even
important in spin-polarization measurements, such as the exchange scattering (which is
mentioned later in the description of spin detection systems) but they will not be treated
in the present work.
An electron is assumed to start in a well-known, non-interacting state. When it
approaches the target (scattering centre), it can interact with the central potential and
be deflected from his initial trajectory by some angle (scattering angle), and reaches a
non-interacting final state after a long time, without any further interaction with other
scattering centres. The process is pictured in the left panel in fig. 1.2. As mentioned in
the previous section, we are dealing with large number of electrons: the best parameter to
describe a scattering process for the ensemble of particles constituting an electron beam
is the differential cross section.

Figure 1.2: Left: picture of Mott scattering. The nucleus is in the centre and its electric field
is labelled with E; two possible incoming electrons with velocities v are scattered due to the
induced magnetic field B. Right: spin-orbit potential as seen by spinless (solid line) or spin up
and down particles (dashed lines) impinging on the two sides of the nucleus. Taken from [29].

In order to derive an expression for the differential cross section, it is necessary to
start with the Dirac equation, a second-order differential equation in t derived from the
relativistic Hamiltonian H 2 = c2 |p|2 −c2 pµ pµ (where p is the three-momentum and pµ and
pµ are respectively the covariant and contravariant four-momentum of the particle). The
Dirac equation takes the place of the non-relativistic Schrödinger equation in this case,
because of the need of relativistic treatment highlighted above. By imposing conditions
Other than imposing the energy conservation because of the elastic scattering regime we are considering, the other assumption is the conservation of spin. The spin-flip accounts for the possibility of
changing the spin direction upon scattering, because of the interaction with the magnetic field of the
scattering centre. Even if the spin-flip is considered as a possible outcome of the scattering event in the
theory, we do not consider it influential in experimental measurements.
2
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on the asymptotic form of the waves solving the Dirac equation and using the density
matrix formalism, it is possible to demonstrate the following expression for the differential
cross section [29].
(

dσ
dΩ

)

= I(θ) [1 + S(θ)P · n]

(1.3)

I(θ) is the spin-averaged cross section, P is the spin-polarization of the incident beam
and n is a unit vector normal to the scattering plane. Eq. 1.3 is the basic equation for
Mott scattering. The function S(θ) is the so-called Sherman function, that includes the
scattering amplitudes and thus is not only function of the geometry, but also of electron
kinetic energy and scattering potential [41].
The presence of a spin-orbit term in the interaction potential introduces a spin dependence in the cross section: if there is a non-vanishing component of P along n, it results
in a scattering asymmetry. In fact, as qualitatively seen in the right panel in fig. 1.2 on
the facing page, the scattering potential is modified by a factor ∼ L · S, whose sign is
either positive or negative depending on the orientation of the spin. This makes the scattering favour one direction over the other, provided the spin orientation, and results in
the emergence of an asymmetry because the sign of the scalar product in eq. 1.3 depends
on the direction of the spin-polarization.
From the very same equation it is clear that only the spin-polarization component
perpendicular to the scattering plane contributes to the scattering asymmetry. Therefore
we consider (as if we are in the situation in the left panel of fig. 1.2 on the facing page) the
number of electrons scattered to the “left” and to the “right” as Nl and Nr respectively,
defining the asymmetry function.
Nl − Nr
(1.4)
Nl + Nr
Furthermore, the cross section is the number of scattered particles in a certain infinitesimal solid angle [Ω, Ω + dΩ] (assumed to be collected by the detectors to the left
and right), per unit flux of incoming particles and per unit of scattering centres. Thus,
keeping in mind that both I(θ) and S(θ) are even functions for the spherically symmetrical potential here used, Nl and Nr can be rewritten as follows:
A(θ) =

Nl = I(θ) [1 + S(θ)Pn ]
Nr = I(θ) [1 − S(θ)Pn ]

→ A(θ) =

I(θ) [1 + S(θ)Pn ] − I(θ) [1 − S(θ)Pn ]
I(θ) [1 + S(θ)Pn ] + I(θ) [1 − S(θ)Pn ]

(1.5)

This in turn immediately results in the much clearer expression:
A(θ) = S(θ)Pn

(1.6)

There is a clear relationship between the spin-polarization as defined in eq. 1.2 on
page 7 and the asymmetry in eq. 1.4, as the last expression underlines how the Sherman
function represents the efficiency of the scattering process. Its value is lower than 1 (less
than 100% efficiency), thus some electrons with up or down spin can be deflected to the
opposite direction.3
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A simplified picture of Mott scattering is shown in fig. 1.3.

Figure 1.3: Representation of Mott scattering: the asymmetry in the number of spin
up and down in the incoming beam results in different numbers of electrons deflected on
the left and on the right.
Another way of writing eq. 1.6 on the preceding page is the following.
Pn =

1
A(θ)
S(θ)

(1.7)

Eq. 1.7 is the main link between the theory and any resulting experimental endeavour:
by measuring A(θ) it is possible to evaluate the component of the spin-polarization of
the primary beam normal to the plane of the detectors. It is clear that, in order to
measure a value of Pn with an experimental error as low as possible, the geometry of
the instrument and the energy of the beam must be accurately selected to achieve the
highest possible value of S(θ). On top of that, even if it is not evident in eq. 1.7, a
higher value of I(θ) reduces the error on the spin-polarization: as a matter of fact, it has
been demonstrated that (assuming
Poisson statistics) the relative statistical error on Nl
√
and Nr is proportional
to
1/
N
,
and
the relative statistical error on the asymmetry is
√
proportional to 1/ Nl + Nr [37].
The latter is not a trivial requirement at all. In fact, one would expect that the SNR of
an asymmetry measurement would be maximized when the total differential cross section
is minimal, because the weight of the difference between the cross sections for up-spins
and down-spins would then be maximized. This is even more relevant if considering also
the fact that Nup − Ndown is usually two orders of magnitude lower than Nup + Ndown
This is exactly what is foreseen by the theory: in fig. 1.4 on the next page the maxima of

The Sherman function has also another interpretation, which arises when an unpolarized beam is
considered. In that case, it is possible to show that the spin-polarization of the scattered beam is P′ =
S(θ)n. This means the Sherman function describes also the amount of spin-polarization of a scattered
unpolarized beam.
3
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the Sherman function are found in correspondence with the minimum of the differential
cross section.

Figure 1.4: Solid curve: calculated Sherman function for
300 eV electrons impinging on Hg atoms. Dashed curves: calculated elastic differential cross section for spin up and spin down
electrons. Dots: measured S(θ). Taken from [18].
The overall performance of a detector are roughly resumed in a quantity called the
figure of merit.

ϵ=

(

I
2
Sef
f
I0
)

(1.8)

I is the total scattered intensity measured by the detectors, I0 is the total incoming
beam intensity and Sef f is the effective Sherman function, which takes into account other
contingent modifiers (sample conditions, multiple scattering, finite angle acceptance of
the detector...) to the theoretical value. Most state-of-the-art polarimeters achieve a
figure of merit in the order of magnitude of 1 × 10−4 , mainly due to the low value of the
ratio I/I0 . In the next section, an overview of modern spin detectors with a specific focus
on classical Mott detectors would aim to give a broader perspective of the experimental
challenges for spin-resolved measurements.
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1.5

Spin detectors

In modern spin detector technology, the main differences between one machine and another lie in the energy of the incoming electron beam (low energy or high energy spin
detectors) and the type of interaction with the target (spin-orbit or exchange interaction).

1.5.1

Low energy detection

Due of the improvement of surface preparation and cleaning techniques, as well as in
the theoretical understanding of coherent scattering in solids, slow electrons have become increasingly relevant in spin detection techniques. The main advantage is the low
energy range of the electrons (within 100 eV), therefore voltages superior to some hundreds of volts are not required to operate the instrument. Both spin-orbit and exchange
interactions are exploited for this kind of detectors.
SPLEED detectors
In state-of-art SPLEED systems, the electron beam is collimated and regulated to avoid
electron loss and adjust the correct scattering energy by a system of electrostatic lenses.
The beam impinges on a (001) tungsten crystal surface and is diffracted; the resulting
pattern is highly dependent on the azimuthal and polar angles, thus the target needs to
be carefully manipulated to achieve the desired result. The diffraction pattern is spindependent due to spin-orbit interaction, and four channeltrons, opportunely placed in
the proximity of the scattering area, are needed to measure the two in-plane components
of the spin-polarization; the out-of-plane component is measured after a rotation of the
sample.
The FOM of SPLEED detectors is in the order of magnitude of 1 × 10−4 with a
Sherman function of Sef f ≈ 0.27. Both are rather high values, considering the electrons
are not particularly energetic; however, there is a clear drawback that consists in the need
of preparing correctly and keeping the tungsten surface constantly clean, otherwise the
spin-polarization signal is unreliable [29]. Recently other materials are being explored:
in particular Ir(100) is denoted by a large asymmetry coupled with the ease of cleaning
in UHV, and also Fe(100)/Ir(100) is being considered [38].
VLEED detectors
A VLEED detector focuses the electron beam on a magnetized crystal of Fe, which
is oriented slightly off-normal; the reflected beam is collected in a channeltron. The
magnetization is then reversed and the measurement repeated: if the impinging beam
intensity I0 has been kept constant, the two intensity signals give the asymmetry. VLEED
instruments, depending on the design, operate at either 6 eV or 13.5 eV, as those two are
the working points for very slow electrons where the asymmetry has a local maximum
(or minimum).
As for SPLEED, the problem of a clean, crystalline Fe surface is the speed at which
12
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contaminants grow on top of it. On the other hand, when people realized a Fe(100)p(1x1)O target would have much better performances due to the monolayer oxygen passivation and also give higher asymmetry signals [5], VLEED detectors became much more
competitive. The requirement of a high source stability makes such detectors best suited
for synchrotrons, lamps or lasers, but rather inefficient for FELs: the FOM of a typical
VLEED detector, usually in the order of magnitude of ∼ 1 × 10−3 , drops fairly easily to
∼ 1 × 10−4 if the intensity of the pulses varies around 10%.

1.5.2

High energy detection

The most widespread spin detector systems work with high energy electrons, accelerated
up to 100 keV (or even slightly more) by a system of electrostatic lenses and sent on the
target; there they interact via spin-orbit interaction and are backscattered as explained
in section 1.4 on page 7. The electron detectors are placed at 120°, where the maximum
asymmetry is achieved (see fig. 1.4 on page 11). The potential at which the electron
detectors are held at allows to distinguish two types of high energy Mott detectors: if
the electron detectors are at ground potential or close to it we are dealing with retarding
potential Mott detectors, whereas if the electron detectors are at the same potential of
the target we are dealing with classical Mott detectors.

Retarding potential Mott detectors
The main feature of retarding potential Mott detectors, or mini-Mott detectors,4 is the
fact that, while the central electrode is held at 25 keV, the backscattered particles are
decelerated by a focussing electrode at 1.5 keV and a grid at 800 eV. The electrons are
measured as charge pulses by the avalanches in a channeltron or a microchannel plate
(MCP).
However, in this kind of Mott detectors, the signal is strongly dependent on the beam
alignment and the measured asymmetry can vary up to 10% if the primary beam on the
samples moves even slightly [30]. This makes retarding potential Mott detectors suited
for every stable source (synchrotron radiation, UV or X-ray lamps) but unsuited for FELs
or HHG sources.
A rather new development for electron detection features a time-of-flight (TOF) spectrometer followed by a retarding potential Mott detector. Besides the clear advantages in
ultrafast time-resolved studies, it is also possible to point out that the TOF technique is
able to measure photoelectron energies without reducing the intensity of the photoelectron beam, and that it is possible to achieve angular resolution. Therefore, if applied to
pulsed and stable light sources, retarding potential Mott detectors combined with TOF
spectrometers are a powerful high-resolution and high-efficiency tool.

4

Also known as Rice-type Mott detectors due to the work of F. B. Dunning at Rice University [18].
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Compact classical Mott detectors
Unlike the previous type of detector, classical Mott detectors work at a primary energy
of several tens of kilovolts, up to 100 keV. The electrons are accelerated by two concentric
hemispherical electrodes towards the target, a heavy element with high spin-orbit coupling
to maximize asymmetry.
One of the most recent versions of classical Mott detectors, called “compact classical
Mott detectors”, has been developed by the Surface Magnetism group of V. N. Petrov
and coworkers [36]; one of its kind, currently mounted in the SPRINT beamline, is the
one employed for the spin-polarization measurements in the following chapters. The
system operates at 40 keV primary energy: this could be a problem due to the reduction
of the Sherman function with respect to the case in which 100 keV are used. However,
it has been proven that a polycrystalline gold film as target happens to minimize the
reduction of the Sherman function to only 12% at 120° when using 40 keV instead of
100 keV, as shown in fig. 1.5. The other incentive in using gold instead of other elements
proven to have higher asymmetries at those energies (such as thorium) is the resistance
to contamination, greatly simplifying the maintenance of the machine.

Figure 1.5: Sherman functions for gold with energies between 25 keV
and 170 keV. Taken from [20].

Of course Sef f is more severely reduced when using gold, but a sufficiently thin sample
has been deemed enough to avoid as much as possible multiple scattering events; an 80 nm
thick polycrystalline gold film on Formvar5 is the designated target for these detectors.
The acquisition of the signal is carried out by four detectors, mounted in a cross
configuration as shown in fig. 1.6 on the next page. With this system it is possible to
Formvar is a polyvinyl resin able to sustain very thin free-standing films. It has a very high transparency to 10 -100 keV electrons, so that the background of electrons backscattered by the substrate is
extremely low.
5
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measure the two asymmetries, having thus access to both in-plane components of the
spin-polarization.
The electron detectors themselves are peculiar, as they are not the typical channeltron
or MCP electron counters. In fact, the implementation of passivated implanted planar
silicon (PIPS) detectors, which are p-n junctions with a strong reversed potential and
therefore a large depletion region, allows the incoming electrons to lose all their energy
by electron-hole pairs creation, the depletion region being larger than the stopping length
of the particles in the material; electrons and holes are then separated by the field and a
preamplifier is able to convert the charge pulse into an analogic voltage signal. Therefore,
it is possible to measure a cleaner signal with higher SNR even in regimes in which Sef f
is smaller.

Figure 1.6: Representation of Mott scattering as in 1.3 on page 10, but here the possibility of simultaneous measurement of two components of spin-polarization is put in
evidence.

However, in case of pulsed sources such as tabletop pulsed lasers, the number of
photoelectrons per second entering the Mott detection system is extremely high. The
response of PIPS detectors is rather slow, due to the rise-time being reasonably short
but the recovery time being long (just as the discharge of a capacitor). Therefore, if two
electrons enter the PIPS in a time interval shorter than the recovery time, they might be
detected at the same time as a single electron, losing information on the spin-polarization.
For this reason it is necessary to operate the Mott detector with low number of counts.
In particular, for pulsed sources it is recommended to work with a number of counts per
15
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second lower than the repetition rate of the source: this ensures that for each photon
pulse only one electron at maximum can be detected, avoiding an overflow of particles.
Specifically designed signal detection schemes are being implemented to correctly
integrate the total charge deposited in a single pulse, corresponding to several electrons
or even tens of electrons. This upgraded detection scheme is under commissioning and is
not further discussed here.
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Chapter 2

Photoemission spectroscopy
In this chapter, electronic structure is the dominant theme. The broad terminology photoemission spectroscopy aims to define the class of “photon in-electron out” techniques: in
photoemission spectroscopy (PES), photons with energies up to 10 keV and fixed polarization and direction of incidence interact primarily with the atomic electrons via photon
absorption, resulting in the phenomenon of photoemission.

2.1

The photoemission process

The photoelectric effect was first discovered by Heinrich Rudolph Hertz in 1887 [24]
when he observed how UV light could influence the electric sparks between two metallic
contacts. The proper formulation by Albert Einstein in 1905 [12] established that the
absorption of a sufficiently high quantum of energy h̄ω coming from a source of photons
illuminating the sample results in the ejection of an electron, the photoelectron: in this
process, the photon transfers its entire energy to the electron, so that the kinetic energy
of the outgoing electron is related to the energy of the quantum of light (the photon) and
the binding energy of the electron itself in the target.
Ekin = h̄ω − |EB | − ΦS

(2.1)

EB is the binding energy of the electron and ΦS is the work function of the sample,
the potential barrier at the surface the electron needs to overcome to escape from the
solid. Thus, the energy distribution of the photoelectrons right at the sample surface is
related to the sample electronic density of states (DOS) as shown in part (a) of fig. 2.1
on the following page. The broad and continuous feature at low-to-zero kinetic energies
is the result of the secondary electrons having lost their energy information: more on this
will be discussed in the specific section. The maximum energy of the electrons at this
max = h̄ω − Φ .
stage is Ekin
S

2.2

Energy analysis and calibration

Photoelectrons of all energies are not measured simultaneously. Instead, they are sent
inside a system of electrostatic lenses, which selects only the electrons with a specific
17
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kinetic energy. The whole photoelectron signal is thus resolved in energy by continuously
changing the field in the lens system, in order to select electrons with increasing energy
until the desired upper value is reached. For each energy interval, whose width is determined by the energy resolution of the system, the detector (in our case, a Scienta SES
2002 electron energy analyser) counts the number of electrons having that specific kinetic
energy.
Since the detector has itself a work function, usually called “analyser work function”
ΦA , and sample and detector are in electrical short-circuit due to both being grounded
(having aligned Fermi levels), there is a contact potential ΦS −ΦA between sample surface
and analyser. Usually the analyser work function is lower than the sample work function:
the electrons are accelerated by the difference ΦS −ΦA as soon as they reach the analyser,
therefore having kinetic energy as follows.
Ekin = h̄ω − |EB | − ΦS + ΦS − ΦA = h̄ω − |EB | − ΦA

(2.2)

On top of this, there are also the secondary electrons generated by the impact of the
photoelectrons coming from the sample on the analyser: these electrons are not influenced
by the contact potential, so they show up at 0 eV kinetic energy, and their spectrum is
superimposed to that of the electrons of the sample. This means that the raw spectrum
measured in the analyser is what is shown in part (b) of fig. 2.1.

Figure 2.1: Schematic of PES process on metallic sample. Taken from [40].
The analyser work function is assumed to be known. On the other hand, the work
function of the sample is not known a priori, and sometimes a precise knowledge of the
work function is required for correct hypotheses on the outcome of the experiment. It
is clear that it is not possible to measure it by looking at the raw spectrum mentioned
above, as ΦS does not appear in the equation. The trick usually applied lies in applying
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an accelerating potential V0 to the sample, resulting in an increase in the kinetic energy.
The kinetic energy spectrum is now defined by the equation Ekin = h̄ω − |EB | − ΦA + V0 ,
as seen in part (c) in fig. 2.1 on the facing page. The maximum measured photoelectron
max = h̄ω − Φ + V .
energy now is Ekin
0
A
At this point, the result is clear. While at the surface the cutoff energy is at zero
kinetic energy, the spectrum measured in the analyser with the applied bias locates the
cutoff energy at a specific energy value.
Ecutof f = ΦS − ΦA + V0

(2.3)

It is straightforward to obtain an expression for the work function of the sample,
which thus yields ΦS = Ecutof f + ΦA − V0 . Part (d) of fig. 2.1 on the preceding page
shows one of the possible analyser calibrations to fix the zero of the kinetic energy scale
at a specific point.

2.3

Angle and time resolution

One rather natural expansion of PES consists in achieving resolution not only of the
kinetic energy, but also of the momentum of photoelectrons; this means the three components of the k vector are detected. The technique is called Angle-Resolved Photoemission
Spectroscopy (ARPES) because the implementation of momentum resolution boils down
to the measurement of kinetic energy and emission angle of photoelectrons. In fact, if
low-energy (10 -100 eV) primary photons are employed, the three-dimensional momentum k is approximated to be conserved from its initial to its final state. On top of the
conservation law in eq. 2.1 on page 17 one needs to consider also the following one.
kf = ki

(2.4)

Actually, the momentum does not explicitly retain the full three-dimensional information, but loses information on kz due to the broken translational symmetry at the
surface; however, ARPES is a powerful tool for the study of dispersion relation of the
valence bands in two-dimensional structures, such as surfaces or thin films.
Time resolution is the experimental approach to identify non-equilibrium transient
effects: probing the properties of matter with ultrashort pulses allows to select a specific
stage in a transient phenomenon. The key feature in this kind of experiments is the pulse
duration, since the length of the transient phenomenon of interest must by definition
exceed the length of the pulse. The photoemission process is nearly instantaneous for the
typical time scale of time-resolved experiments (less than 1 fs), therefore it is possible to
obtain a PES signal from a very precise instant.
The fact that the state of the solid can be probed with such a time resolution that even
non-equilibrium states are freezed during the measurement has given rise to pump-probe
experiments. If the delay between the modification of the external conditions (that lead
the sample out of equilibrium) and the photon pulse can be fine-tuned on the time scale
of femtoseconds, most of the relaxation processes can be followed during their evolution
towards the minimum of the internal energy landscape. Thus, a pump pulse excites
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the system in a non-equilibrium state and a (delayed) probe pulse probes the system
conditions by photoemitting electrons from excited states.
Most of the time, pump and probe pulses come from the same photon source. The
beams can be manipulated with the usual tools of optics to change their wavelengths, and
the relative delay between the two is controlled by motorized optical elements allowing
for accurate changes in the optical paths. One needs to consider that there is no way the
repetition rate of any photon source is sufficient to record the full-time evolution of the
system: instead, the system is measured once with the probe after pumping, then the
delay is changed and the measurement repeated until the desired time scale is covered.
The somehow hidden assumption in this is that each time the system is pumped, the
excited state is re-prepared in the same conditions. If non-linear processes are involved,
the validity of this hypothesis needs to be carefully considered.

2.4

Inelastic collisions and mean free path

Photoemission is usually assumed to occur in a three-step process. First the electron
absorbs the photon and is transferred into an excited final Bloch state; second, the excited electron travels towards the surface, and third it is transmitted through the surface
potential barrier into a final free particle state.
This is of course a simplified picture: a more robust approach is considering photoemission as a single quantum-mechanical single process, and in fact the one-step model
for photoemission holds more quantitative results. However, the more refined techniques
employed for the one-step model, involving the application of the Fermi golden rule, the
dipole approximation for the incoming photon and the second quantization formalism in
order to write a spectral density function (containing all the informations of the manybody effects of the photoemission) are not the purpose of this chapter. On the other
hand, the three-step model allows to grasp immediately one key problem of photoemission spectroscopy, which is the presence of inelastic collisions.
While travelling towards the surface, most of the photoexcited electrons suffer inelastic
collisions with the lattice. This results in a reduction of their kinetic energy, depending
on the number and nature of the collision. In this case the scattering can be considered a
stochastic process, as the number of involved electrons and scattering events is sufficiently
high. Therefore, one single quantity can be used to characterize the capability of electrons
to escape the solid without undergoing collisions: the electron inelastic mean free path.
The term “mean free path” is rightfully used in a plethora of contexts. For example,
photoemission spectroscopy experiments require Ultra-High Vacuum (UHV) conditions,
with pressure in the order of magnitude of 1 × 10−10 mbar or lower, to avoid the destruction of the information about the energy of the photoemitted electrons due to them
travelling from the sample to the analyser; reducing the ambient pressure down to UHV
values allows to increase the electron mean free path in the sense of greatly reducing
the chance of an interaction with residual gas molecules. If not specifically mentioned,
everytime there is a reference to “mean free path” λ from this moment on its meaning is
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delimited to the inelastic mean free path inside crystals.1
The determination of λ has been traditionally sought after through the so-called
overlayer method. The attenuation of a prominent photoelectron peak of electrons coming
from the substrate is monitored as a function of the thickness of a deposited overlayer of
different metal: the intensity decrease is fitted with an exponential decay I = I0 e−x/λ ,
where x is the overlayer thickness. Secondary electrons do not in fact contribute to
photoemission peaks, which are only constituted by elastic electrons and are elementspecific. The data for many materials are often collected in a “universal curve” [1], as in
fig. 2.2, showing no evident material dependency in the curve of mean free path versus
energy.
However, this picture is way oversimplified. While the overall energy dependence
shows a qualitative behaviour like the U-shaped “universal curve” as seen in fig. 2.2, with
a minimum around 50 eV, the low energy behaviour is extremely difficult to characterize
independently of the material: as a matter of fact, the curve depends very much on the
material in the low energy region.[45]

Figure 2.2: “Universal curve” for electron mean free path. Solid line: theoretical prediction. Dots: experimental points. Taken from [44].

Furthermore, measuring the mean free path of electrons with near-zero kinetic energy
is problematic to say the least. Since the kinetic energy is measured with respect to the
vacuum level, this means those electrons with zero kinetic energy can barely escape the
surface. As we discussed before, at low kinetic energies the photoemission spectrum is
dominated by the inelastic peak, rendering de facto useless any measurement of peak
intensities.
It is possible to overcome this difficulty: the results of measurements performed over
transition metals (in particular the series Ni, Co, Fe, Cr) and noble metals (Au, Cu and
1
In this discussion, we treat the mean free path to be synonym with the escape depth, and we call
both of them λ.
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Ag) show a remarkable difference in the 0 − 2 eV kinetic energy range[45]: transition
metals with open 3d shells exibit larger electron absorption coefficient (that is, shorter
mean free path) compared to noble metals.
The considerations on mean free path and its dependency on the photon energy are
rather important throughout the experimental results, and they are recalled in the following chapters. The most important point is that, given the strong suppression of the
signal in photoemission experiments due to inelastic scattering, PES is in its essence a
surface-sensitive technique and the informations that can be retrieved most of the time
do not exceed the tens of nanometres in probing depth.

2.5

Spin-polarized electrons and magnetic properties

In the framework of an expansion of PES techniques, spin resolution was historically the
first progress to be achieved. However, it was also one of the most challenging ones: the
ability to measure electrons on the basis of their spin came with great effort.
Measuring the spin of electrons in a photoemitted beam allows to compute the spinpolarization in the probed region of the sample, as outlined in the previous chapter
together with the most important techniques of spin polarimetry. The surface-sensitive
essence of PES makes it the ideal tool for unveiling the complex physical mechanisms
which cause the modification of magnetic properties at surfaces. Furthermore, there
is still some moderate space for manoeuvring thanks to the energy dependence of the
inelastic mean free path of electrons, as mentioned in the previous section. This means
that, provided the specific material of interest, different photon energies may be employed
to see how the probing depth influences the results, i.e. how surface properties fade into
bulk properties, and to give estimations of the relative weight of both, something that
has been noted as critical.[26]
By coupling spin resolution with photoemission spectroscopy, a wide range of hugely
important studies are made possible.
• A spin-resolved photoemission study may shed light on the magnetic interactions
at a microscopic level;
• the comprehension of surface states of magnetic and non-magnetic materials is
significantly enhanced by spin-resolved studies;
• spin-dependent transport properties inside different materials, whose knowledge is
of prominent importance given the rising interest in spintronics, may be probed
through spin-resolved photoemission experiments.
All in all, the measurement of the spin-polarization of the photocurrent is the basis
for surface magnetometry and, in the end, for “all-resolved” spectroscopy: the control of
all the parameters also mentioned in previous sections comes to fruition in the possibility of having access to specific, time- and space-resolved, informations on the magnetic
properties of a plethora of samples, due to the complete knowledge of the final states.
Absolutely new phenomena in solids, such as the appearance of spin-orbit split surface
states in non-magnetic materials (Rashba splitting) are observable.[8]
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2.6

Empty state spectroscopy

Probing empty state electronic structure is of widespread technological and scientific interest. The advantages of getting detailed informations on the landscape of energy bands
above the Fermi energy have been noted for transition metal surfaces [22], semiconductor
interfaces [15], nanoparticles [28] and single-unit cell superconducors. [25] A full band
structure mapping is crucial for systems where interface states play an important role,
because of the concerns arising due to the interplay between bulk and surface properties:
the symmetry breaking along the z axis gives rise to electronic states forbidden in the
solid.
Spin-resolved inverse photoemission (IPE) is one important experimental technique
used to probe the empty bands in ferromagnets. The principle of an IPE experiment is
shown in fig. 2.3. A beam of low energy, spin-polarized and monochromatic electrons
with well-defined k-vector impinges on an in-plane magnetized sample. The electrons occupy well-defined excited band states, determined by the matching with their momentum
vector in vacuum k’ with the band vector k inside the crystal. The radiative decay to
low-lying unoccupied final states is guided by the dipole operator, which does not act on
momentum or spin: therefore the emission of radiation is governed by the conservation
law h̄ω = Ei↑ (k) − Ef↑ (k), or the equivalent h̄ω = Ei↓ (k) − Ef↓ (k) for downwards spin.

Figure 2.3: Left panel: principle of IPE, with the electron beam impinging

on the magnetized sample. Right panel: the excited band states in the solid
are occupied by the electrons, which then decay into lower lying band states,
conserving their spin and momentum and producing low-energy photons. Taken
from [45].

IPE delivers detailed information on the energy and exchange splitting of unoccupied
electronic bands. For example, one of the main predictions of ferromagnetic band theory,
the collapse of the exchange splitting of 3d states at the Curie point, has been verified by
the use of IPE. [9] However, the exchange splitting of the bands observed with IPE does
not collapse in all parts of the Brillouin zone: all in all, careful experiments have shown
that the complexity emerging with IPE evades a simple picture.
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Traditionally, PES is regarded as a complementary technique to IPE: by characterizing
empty states with IPE and filled states with PES it is possible to get a complete knowledge
of the band structure of the sample. However, the additional tools (spin, angle, time
resolution) which PES may work with make possible to characterize with great specificity
features, like magnetic properties, without the need of resorting to complex theoretical
explanations.
A worthy goal is then to find a way to use PES to probe empty states in ferromagnetic
materials. An interesting way to do this is to use the temperature as an artificial way
to overcome the Fermi edge, thereby getting somehow rid of the constraint impeding the
population of near-Fermi empty states.
This is not an absolute paradigm allowing to evaluate the characteristics of arbitrary
empty bands above the Fermi edge; on the other hand, the applicability of the technique is
relative to the chosen material and its Curie point. Nevertheless, the thermally populated
electronic states above the zero-temperature Fermi edge can be probed by direct photoemission, and the attainable energy range can extend up to 5 kB T and explored in one
single temperature-dependent PES experiment, rather than by combining informations
from direct and inverse photoemission data.
Fermiology is a way to investigate the macroscopic properties of solids and surfaces,
i.e. the collective excitation spectra of the solid or surface interacting with an external
field, and determine the optical, transport, magnetic and superconducting properties.
One possibility that we exploit in this thesis is to investigate the spin-polarization of the
electron states across the Fermi level in a weak-ferromagnet, i.e. iron, that has a rapidly
varying DOS of majority spin states (decreasing) and of minority spin states (increasing)
just above the Fermi edge.
A proper approach to this investigation is the near-threshold PES, where the monochromatic photon energy is sufficient to photoexcite electron states limited to binding energies
of several multiples of kB T . In such case no inelastic processes are energetically permitted,
thus no secondary electrons are generated: the spectra will then represent the occupied
states at a given sample temperature across the Fermi level, according to the Fermi-Dirac
statistics.
It is important to get an insight into how bulk properties intermingle with surface
states. The extremely low kinetic energy of the detected photoelectrons implies that
they represent largely bulk band states. The experiment therefore can be interpreted as
representative of the solid state properties, with a reduced weight of surface bands in the
total photoelectron signal.
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Chapter 3

Experimental results:
fermiology-driven PES study on
Fe(100)
3.1

Spectroscopy on gold

As a preliminary result, measuring the Fermi edges of a well-known material with a flat
DOS at Fermi level (the atomically clean surface of a gold film deposited in situ, whose
calculated DOS is displayed in fig. 3.1) as a function of the temperature is the first
step, since gold is a reliable Fermi thermometer. Characterizing this sample includes the
measurement of its work function and its photoemission spectra in the near-Fermi energy
region. All measurements are performed at Γ point with an in situ source of He-I, He-II
radiation from a resonant discharge lamp, with E = 21.22 eV photon energy for the 1α
monochromatic emission line, yielding an intrinsic width of 1.2 meV. The analyser pass
energy was set at 5 eV.

Figure 3.1:

DOS of gold; GilatRaubenheimer calculation. Taken from
[11].
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As explained in section 2.2 on page 17, the measurement of the work function ΦS,Au
requires to bias negatively the sample. The electrical contacts on the sample holder on
the manipulator head allow to connect a −9 V battery (−9 V is the nominal value). It is
easy to evaluate the true value of the supplied voltage by looking at two photoemission
spectra, one measured with bias, one without: the difference in energy between two
corresponding features of the spectra, like two photoemission peaks coming from the 5d
band region in Au, is the additional potential difference the electrons are subject to when
they are detected, i.e. the applied voltage. The energy-distributed curves (EDCs) in the
top panels of fig. 3.3 on the facing page represent two different biasing conditions. This
measurement yielded (8.914 ± 0.005) V.
A previous and independent measurement established that the analyser work function
is ΦA = 4.340 eV. The secondary peak shown in fig. 3.2 on the next page, combined with
eq. 2.3 on page 19, allows to obtain for the polycrystalline Au sample a work function of
ΦS,Au = (4.916 ± 0.005) eV.
The manipulator in the experimental chamber holds a filament below the sample
holder. By letting a current in the range of the amperes flow through the filament, the
emitted radiation heats the sample holder right above. A previous calibration with a
type E thermocouple placed directly on top of the sample holder completed the voltagecontrolled heater characterization. Since the chamber is in UHV and the sample and
the filament are at least grounded,1 both contributions to heating from convection and
electron bombardment are negligible. All in all, the heat conduction from the bottom
of the molybdenum sample holder to the top, where the sample is clipped, is the only
heating mechanism giving a relevant contribution.
The changes in the DOS due to the increase in temperature can be observed through
photoemission spectra in a narrow region, crossing the Fermi level. Since gold has a flat
DOS at low binding energies, as in fig. 3.1 on the preceding page, the changes in temperature affecting the photoemission spectra are directly corresponding to the broadening of
the Fermi-Dirac function.
The fitting function we used for the EDCs is a convolution of the Fermi-Dirac funcF
tion f (Ek ) = [exp( Ekk −E
) − 1]−1 , containing the whole temperature dependence, with a
BT
Gaussian accounting for all the instrumental resolution, including the analyser and the
source. The fit yielded a source resolution of (22 ± 2) meV: this is not realistic for a Helium lamp, which is expected to have a resolution of 1.2 meV. Some other instrumental
broadening contribution (maybe mechanical vibrations or electronic noise) playing a role
may be the reason why this happens. More details about the fitting procedure and some
relevant considerations about this topic are outlined in appendix A on page 53.
In fig. 3.4 on page 28, a logarithmic representation of the same data found in fig. 3.3
on the next page, as already done for temperature-dependent studies on nickel, [23] allows

In order to prevent the spurious electrons emitted from the filament for thermionic effect to influence
the spin-polarization measurements, at high temperatures it is necessary to apply a positive bias to the
filament. However, this is relevant only for spin-polarization measurements, because the Mott detector
grid is much closer to the manipulator head than the lenses of the electron analyser. The whole matter
will be discussed in the next chapter (see sec. 4.2 on page 36).
1
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Figure 3.2: Au EDCs collected to determine the work function of the sample.

Top left: Au spectrum without bias. Top right: Au spectrum with −8.914 V
bias; the rise of the background is evident at low kinetic energies. Bottom: same
as top right, but the scale of the y axis is adjusted to show the secondary peak.
Data are shown as a function of kinetic energy because that is the relevant
quantity in the measurement of the work function.

Figure 3.3: Au EDCs in the near-Fermi region at three different temperatures.

The photon energy is 21.22 eV. Data are shown as a function of binding energy.
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to visualize how the thermally populated states extend upt to 5 kB T.

Figure 3.4: Logarithmic representation of the Au EDC at 300 K found also
in 3.3 on the previous page. The dotted vertical line corresponds to the Fermi
level; the double-headed arrow illustrates the occupation up to 5 kB T.

The measurement of the instrumental resolution allows for an accurate reproduction
of the Fermi-Dirac function relative to this system, which is going to impact the later
measurements with Fe. We also computed the area above the Fermi level and its trend as a
function of the temperature, in order to obtain a qualitative estimation of the occupation
of empty states. In fig. 3.5 the result of the calculation of the areas are shown.

Figure 3.5: Left: Au EDCs as a function of temperature; the excess area due to

the thermal population is evidenced. Right: Progression of the area above the Fermi
level as a function of the temperature; dots are the experimental data, dashed line
is a linear fit (r2 = 0.9999).

The progression of the area above the Fermi level shows a linear trend, as evidenced
by the fitted data: this is expected, due to the fact the Fermi level is effectively cutting
the Au flat DOS.
The analysis and considerations on the Au foil showed how this sample is, as we
mentioned beforehand, a good Fermi thermometer: it gives a standard in terms of thermal and instrumental broadening and empty states population in order to analyse more
complex near-Fermi band structures.
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3.2

Spectroscopy on iron

After having portrayed how the temperature affects the population of empty states in a
material with non-structured valence band in the near-Fermi region, it is time to study
the behaviour of the sample of interest, which is a crystalline bcc Fe(100) film.

3.2.1

Sample growth and characterization

The Fe sample was prepared in situ in the preparation chamber in UHV conditions; the
background pressure never surpassed 1 × 10−8 mbar.
We grew epitaxially a 40 nm-thick Fe layer by evaporation on a (100) MgO crystal
substrate, supplied by Dr. Aleksandr Petrov of the NFFA-APE group of IOM-CNR at
Elettra Sincrotrone Trieste, previously annealed at 700 ◦C for half an hour. The MgO
crystal is fixed to the sample holder by means of two tantalum stripes. The epitaxial
growth of Fe on MgO is favoured by the fact that bcc Fe fits onto fcc MgO with a lattice
mismatch of 3.5%, following the epitaxial relationship Fe(100)[011]/MgO(100)[110]. [31]
In fig. 3.6 the crystalline directions of epitaxial Fe on a square MgO (100) surface
show how [100] and [010] directions grow at 45° with respect to the axes of the substrate.
For bcc Fe the lowest atom density is in the <100> direction family, and consequently
<100> is the easy axis.

Figure 3.6: Crystalline directions of bcc Fe (slanted
arrows) grown on top of fcc MgO (square outline).
Taken from [48].

A sufficiently thick Fe film ensures that non-uniformities due to the formation of island
and terrace-like structures, which are common for epitaxial growth at low thicknesses (a
couple of nanometres), are smoothed out and filed as soon as more layers stack up.
After the evaporation ended, the Fe surface is annealed at 700 ◦C for 10 minutes, in
order to remove crystal defects formed while depositing, and exposed to 1 × 10−8 mbar
O2 pressure for 10 minutes. The oxygen layer passivates the surface reducing adsorption
of the residual gas in the UHV environment that would affect the electron emission from
the surface, shadowing the photoemission spectrum of the true Fe(100) top plane with
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mostly CO orbital contributions that do have large cross sections at VUV energies. A
ten minutes annealing at 600 ◦C was done to increase the mobility of O2 molecules, to
desorb a good part of them and let the remaining ones reorganise in potential minima
sites.
Before transferring the sample to the spectrometer chamber, we checked for longrange crystalline order by means of LEED. However, despite the electron gun spanning an
energy range from 50 eV to 150 eV, no diffraction dots apart from the 0th order appeared
on the screen.

3.2.2

Work function

As already seen with the Au foil, we compare two spectra with and without bias to get
the true value of the applied voltage, and we measure the secondary peak cutoff: the
results are collected in fig. 3.7. This measurement yields ΦS,F e = (4.576 ± 0.005) eV.

Figure 3.7: EDCs collected to determine the work function of the sam-

ple. Teal line: Fe spectrum without bias. Blue line: Fe spectrum with
−8.85 V bias. The vertical solid arrows mark the peaks used to determine
the applied bias. The dashed line marks the secondary cutoff.

The result of this measurement is particularly relevant in the scope of threshold photoemission. As specified at the end of the last chapter, a monochromatic photon source
needs to provide enough energy to excite photoelectrons, but not enough to allow interband transitions. This makes the Helium lamp unsuited for the job, due to its energy
surpassing by a large amount the Fe work function, causing the spin-polarization signal
to be mostly from secondary electrons. The area of interest in the Fe spectral landscape is
on the other hand the information coming mostly from the 3d band, whose photoemission
signal is right below the Fermi energy:2 the photon energy then needs to be limited to
some hundreds of millielectronvolt above the measured work function to accomplish the
goal of the experiment.
The source was chosen to be the fourth harmonic of a PHAROS 20 W Yb:KGW fiber
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tabletop laser, with 4.8 eV photon energy, 50 µJ pulse energy and 200 kHz repetition rate.
The laser source will be described with greater accuracy in the next chapter.

Figure 3.8: Fe EDC; the peak between 0 and 2 eV is a signature of the
3d band of Fe, while the peak at 6 eV is due to the adsorbed oxygen.

3.2.3

Spectroscopic analysis

In fig. 3.8 one EDC of the Fe/MgO sample at room temperature (the same curve in
fig. 3.7 on the facing page) is shown.
The broad and rather intense peak located around 6 eV binding energy is identified
as the 2p photoemission peak from the adsorbed O2 topmost layer. The O 2p/Fe 3d
ionization cross section ratio in the Helium lamp energy range is significantly high, [6]
giving to this feature a prominence in any experiment using sub-60 eV photon energy.
This may give an explanation why no LEED dots of any order have been detected.
The mean free path of electrons in the range of energies suited for LEED (50-150 eV)
may be so short that too many scattering events hamper the possibility of seeing the
diffraction from the Fe crystal; on the other hand, the energy of the photoelectrons
created by excitation with the Helium lamp is lower, thus the mean free path is longer
(by an order of magnitude).
In order to probe the near-Fermi region with greater accuracy, the energy spectral
range is narrowed around the Fermi level. The photoemission measurements as a function
of temperature yield the results seen in fig. 3.9 on the next page.
One peculiarity of the above curves involves the striking similarity between the data
at T = 340 K and T = 375 K. By principle, one could expect that the increase in
temperature should produce a noticeable variation in the occupation of the above-Fermi

The contributions to polarization from individual bands are actually really difficult to discern, and
it is somehow misleading to talk about a true “3d band polarization signal” because of the hybridization
with the s and p orbitals. [45]. More on this will be discussed in the next chapter.
2
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states, like the other curves. However, this may involve the intrinsic shape of the Fe band,
and may be explained by the following consideration.

Figure 3.9: Fe EDCs in the near-Fermi region as a function of temperature.
We saw in the previous section how the electronic occupation of the empty bands above
the Fermi level extends up to 5 kB T. It is possible to extract additional information from
this region: in fact, the Fe valence band is not flat like that of Au, but shows a clear energydependent structure. On the other hand, the photoemission intensity curves include the
structured band weighted by the Fermi-Dirac function. Dividing the measured spectra
by the Fermi-Dirac function itself with a small constant background (to avoid division by
zero), convoluted with the instrumental broadening measured on Au, should then yield
some information on the structure of the band above the Fermi level (fig. 3.10).

Figure 3.10: Fe EDCs in the near-Fermi region divided by the Fermi-Dirac
function.
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An integration of the EDCs above the Fermi level gives the results seen in the left
panel of fig. 3.11. There is no linear trend, unlike the case of Au. Furthermore, the
derivative of the EDCs show a peak located above the Fermi level, corresponding to the
“bump” seen in the spectra; the bump becomes more and more evident as the temperature
increases, and its position shifts to higher energies (right panel of fig. 3.11).

Figure 3.11: Left: Progression of the area above the Fermi level as a function of
the temperature. Right: Progression of the peak in the derivative of the EDCs in
fig. 3.10 on the facing page.

This behaviour can be interpreted if we consider the theoretical calculations leading
to a DOS curve. In fig. 3.12 on the next page the spin-resolved DOS for Fe shows how the
majority spin states dramatically drop shortly after the Fermi energy, while the minority
states have a very intense peak at around 1 eV.
However, there is a narrow window below −0.5 eV binding energy where the increase
in the minority states density and the decrease in the majority states density do not
compensate each other: this results in a dip in the total density of states. This is marked
in an integration of the total DOS above the Fermi level (bottom left panel in fig. 3.12 on
the following page): the increase in the area slows down in a region corresponding to the
aforementioned dip and resumes to increase after it. There is only qualitative agreement
with the measured data, as the minimum in the slope is situated between 340 K and
375 K, while the theoretical data forecast the minimum at (857 ± 2) K.
Furthermore, the fact that the peak in the derivative of the EDCs both shifts towards
higher energies and increases in magnitude should be seen as a signature of the presence
of an intense DOS peak at higher energies, which can be identified exactly as the minority
spin density peak.
Obviously, the analysis extends only up to 5 kB T, as already mentioned. However, as
showed by the previous discussion of the data, there is a lot to learn from the informations
somehow “hidden” from the eyes of a standard spectroscopic analysis in the near-Fermi
region, in terms of band structure and macroscopic features derived from the collective
behaviour of the valence electrons in the sample. In the next chapter, one of the many
properties that are worth measuring, the magnetic behaviour, is probed by means of
spin-polarization analysis.
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Figure 3.12: Top: Spin-resolved DOS of crystalline Fe, taken from [17]. Bottom left: area of the total DOS (solid line) and its derivative (dashed line); the
number in evidence is the energy position of the derivative minimum. Bottom
right: Replication of the progression of the area above the Fermi level as a function of the temperature, as in fig. 3.11 on the preceding page, for comparison
with the left graph.
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Chapter 4

Experimental results:
spin-polarization study on Fe(100)
In the previous chapter, the measurement of the work function of the Fe sample led to the
choice of a specific light source: the laser in question allows to measure photoelectrons
moving inside the 3d-s-p hybridized band without any secondary electrons. It is necessary
to understand how the pulsed nature of the laser and its high power output may influence
the measurement with respect to a continuous, low power photon source like the Helium
lamp.

4.1

Laser source and optical circuit

The laser source is a Light Conversion PHAROS, a tabletop 20 W Yb:KGW fiber laser
provided by Lightconversion and based on the so-called chirped-pulse amplification (CPA):
this allows the emission of a high-energy ultrashort pulse at the output. The cavity
achieves maximum peak power at 50 kHz, delivering pulses of 400 µJ energy and 290 fs
duration at 1030 nm wavelength (1.2 eV photon energy), corresponding to peak power
around 1 GW per pulse. The compact nature of the PHAROS implies the single casing
encloses oscillator, pump diodes and amplification cavity.
The PHAROS system can work at higher repetition rates up to 1 MHz at the expense
of the pulse energy, since the maximum average power in the cavity is limited to 20 W:
increasing the repetition rate decreases linearly the energy per pulse. The average power
is capped at 20 W anyhow. As a matter of fact, a set of Pockels cells gives the possibility
to decrease the repetition rate below 50 kHz by acting as a pulse divider and therefore
dropping some of the pulses. For this reason, the average power decreases as the energy
per pulse is not modified. The system is capable of single pulse operation, as well as
changing the duration of the single pulse by chirping the output up to 10 ps.
The PHAROS system is designed for “turn-key” (or “fool-proof”) operation: an highly
integrated software sets the feedback loops to achieve the desired mode of operation.
Everything is controlled by the user, who simply chooses the relevant parameters. Security
protocols to safeguard the integrity of the optics are also implemented. The PHAROS also
features a high power and positional stability in a temperature-controlled, low humidity
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environment.
After exiting the laser the beam is led to the optical circuit, designed both to produce
the desired harmonic and to refocus the beam on the sample. A BBO (barium-borate)
crystal sums two photons and creates the second harmonic (515 nm; this wavelength is
in the visible range and the beam appears green) with 50 % efficiency. Then the beam
impinges on another BBO crystal that produces the fourth harmonic (4.8 eV photon
energy, in the VUV spectral range). A series of mirrors diverts the beam into the vacuum
chambers system, in the refocusing chamber (p∼1 × 10−9 mbar) and on the sample in
the endstation (p∼2 × 10−10 mbar). The presence of the refocusing mirror results in the
4.8 eV laser spot being less than 1 mm wide, as shown in fig. 4.1.

Figure 4.1: Image of the 4.8 eV laser spot on a YAG
crystal.

4.2

Optimization of the experiment

Due to the peculiar characteristics of the laser source and the abundant difficulties relative
to the polarization measurements, we deem necessary to commit a section of this chapter
to the specific cautions that need to be taken into account when dealing with such a
delicate combination of intricacies in this system.

4.2.1

The problem of space charge

When working with pulsed sources, the short and intense pulses with high peak intensity
impinging on the sample surface are responsible for the generation of a large number
of photoelectrons. the emitted space charge cloud in front of the sample, composed of
electrons strongly interacting with each other, produces a shifted and distorted energy
spectrum. This problem is a rather serious one and needs to be addressed with high
priority in every measurement involving pulsed photon sources, whereas for the continuous
sources such as the Helium lamp this issue is pretty much non-existent.
In Appendix A on page 53 the topic is dealt with in a more specific way. Even if the
photon source there treated is different, the principle and the results remain the same:
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by decreasing the beam intensity or increasing the repetition rate, space charge effects
are gradually removed. Since this chapter focuses on polarization measurements, there
are no photoemission spectra to be taken. Plus, collecting valuable spectral informations
from threshold photoemission is a challenging task, due to the fact the energy analyser
works in acceleration mode on the electrons to match the 5 eV pass energy.
This eliminates a good part of the problem, as there is no need for fine-tuning as
the rather strict requirements for a photoemission spectroscopy experiment impose. We
assumed it is sufficient to work at 200 kHz repetition rate to get an adequate interval
of confidence in which the beam intensity can be varied without losing to space charge.
Actually, the threshold beyond which space charge effects start to influence polarization
measurements is higher than the maximum intensity it is reasonable to use, given our
Mott detector.

4.2.2

Spin-polarization and detector counts

The spin detector employed in the SPRINT facility, described in sec. 1.5.2 on page 14,
is a compact classical Mott detector operating in single electron counting mode. The
main constraint imposed by the instrument to the measurement is therefore the number
of electrons per second collected by the PIPS detectors.
On top of this, it is necessary to take into account the role the beam intensity plays in
the uncertainty of a spin-polarization
measurement: the relative statistical error on the
√
asymmetry is proportional to 1/ Nl + Nr , [37] i.e. directly proportional to the intensity
of the beam. Thus, balancing the need for a reliable measurement taking correctly into
account the intrinsic limits of the detector and a low value of relative error in the final
value is a rather demanding task.
In order to evaluate the magnitude of the aforementioned effects and to optimise the
best working conditions, a preliminary measurement (at room temperature) focused on
the variations in the spin-polarization as a function of the measured electrons per second,
a variable depending on the intensity of the beam. The acquisition system works in
discrete steps: the post-processing software acquires the signal from the PIPS detectors
for a certain amount of time (fixed at 3 s in the whole chapter), then calculates the
spin-polarization, before acquiring again the signal for another 3 s and so on.
The photons exiting the laser are forced through a polarizer system. The first optical
tool is a polarization rotator that can be regulated by the user by means of a graduated
scale. The beam then impinges on a Glan-laser Calcite polarizer, specifically designed to
deal with high-energy laser light: the polarizer reflects the component of the polarization
vector along the horizontal axis while transmitting the one along the vertical axis. The
beam intensity is thus increased or decreased by turning the rotator, and then sending only
the transmitted component, which contains only a fraction of the intensity of the initial
beam, in the main chamber. The changes in intensity influence in a substantial way the
measured polarization, as seen in fig. 4.2 on the following page. On low counts conditions
the measured spin-polarization is at its maximum value, but with high uncertainty; on
high counts conditions the spin-polarization decreases by more than 50%, due to multiple
electrons hitting the PIPS detectors during one discharge cycle.
There is an intermediate region where the value of the spin-polarization is more or
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less constant and the error is sufficiently low. Therefore, the counts per second for each
detector are fixed around the value of 15 000, in order to lay inside the region of confidence.

Figure 4.2: Left: variation of total counts per second (solid line) and measured

polarization (blue dots) as a function of the measurement step. Right: measured
polarization as a function of the total counts per second. The shaded area evidences
the optimal region for the counts.

4.2.3

Heating effects

As briefly mentioned in the previous chapter, it is necessary to prevent the spurious electrons emitted for thermionic effect from the filament to influence the spin-polarization
measurements at high temperatures. In fact, the Mott grid at 90 V collects also the
thermionic electrons, which are unpolarized and thus decrease the measured spin-polarization.
By counting the photoelectrons coming into the Mott detector without any photon source
impinging on top of the sample, it is possible to evaluate the magnitude of the effect:
we saw that the only temperature at which the presence of thermionic electrons coming
from the filament is appreciable is 420 K, while for all other temperatures their number
was negligible and way lower than the photoelectron signal. In this case, we polarized
the filament with a 1.5 V bias: the check that immediately followed revealed an almost
total absence of counts in the detector.
One side-effect whose evaluation still needs to be properly addressed is the fact that,
due to the proximity of the filament to the sample holder, some photoelectrons might
be collected into the filament due to the positive potential difference. It is worth noting
however that this is highly unlikely, since the Mott grid is kept at a much higher voltage
and should prevail over the filament voltage.

4.3

Spin-polarization measurements on Fe(100)

After the optimization of the parameters discussed before, it is necessary to focus on
the spin-polarization measurements. The possibility of combining topographic informations with fixed mode operation demonstrates the robustness of the procedure and the
reliability of the results.

4.3.1

Two-dimensional maps acquisition

The software is in control of both the Mott detection system and the manipulator positions. This comes in handy when the sample is very small, because the measurement
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requires the beam impinging on the sample surface: the refocusing mirror is around 1 m
away from the manipulator head, so even small variations in the position of the spot on
the mirror may move the spot on the sample by some millimetres.
For this reason, the manipulator is moved with discrete steps on the x-z plane while
the laser beam is on the sample, and for each point the photoelectrons are collected and
measured. The resulting 2D map, generated by this fast acquisition, allows to display
multiple channels. In fig. 4.3 the main image shows the boundaries of the sample, mapped
in order to avoid impinging on outliers such as the tantalum stripes (due to point effects
the stripes may affect significantly the measurement), and the in-plane spin-polarization
along x (“L-R asym”) and z (“U-D asym”).

Figure 4.3: Example of an acquired 2D map of

Fe(100) on MgO substrate. The main image displays the total counts, the insets display the spinpolarization on the x (top) and z (bottom) axis.

The measurement of the spin-polarization as a function of the x-z coordinates allows
to find the optimal position where to work in “fixed” mode. The 2D measurement does
not fulfil the need for an accurate estimation of the spin-polarization, and instead is only
used as a “compass” to direct the beam towards the optimal position.
Since the accessible area is in the order of magnitude of ∼1.5 cm side, the laser spot
fits easily on top of it without photoexciting electrons from other materials. The spot
of the Helium lamp is quite larger, thus it is possible that photoelectrons may come out
of the tantalum stripes (which are, by the way, iron-coated as well, but they do not
show crystalline ordering) or the sample holder. However the Helium lamp spot profile
is Gaussian, and if the beam and the sample are properly aligned the contribution from
the tails of the photoemission is considered negligible.
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4.3.2

Measurements in fixed mode

When the manipulator is moved to the correct position, the proper measurement can be
made. A long-time acquisition ensures a sufficiently high number of counts in order to
reduce the error on the final value of the asymmetry.
It is important to note that one single measurement is not sufficient to acquire the
correct value of the asymmetry. In fact, the zero of the scale does not correspond to
zero asymmetry, due to ever-present non-magnetic effects. Thus, we performed another
complete cycle of acquisition with the sample rotated at 180°: the mean values in the
two orientations have been summed (with opposite signs) yielding the true asymmetry.
Rescaling by the Sherman function gives the spin-polarization.

Figure 4.4: Top: asymmetry measurement without rescaling. Bottom: asymmetry
measurement rescaled, including the calculated spin-polarization.
Fig. 4.4 gives an example of a calibrated asymmetry measurement. The blue and teal
dots stand for the measured asymmetry values along the x axis in the two orientations
(same for red and yellow dots for the z axis). The zero scale is different for the two
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directions: in fact there is no reason why it should be equal, as the four detectors work
independently and rely on orthogonal scattering directions.
The extracted spin-polarization as a function of the temperature is plotted in fig. 4.5,
together with the expected results. In fig. 4.6 is collected the spin-polarization measured
with the Helium lamp line radiation.

Figure 4.5: Measured spin-polarization with 4.8 eV photons

(Laser) (red dots) and theoretical expectation (blue dots) as a
function of temperature.

Figure 4.6: Measured spin-polarization with 21.22 eV photons
(Helium lamp).

4.4

Discussion

The spin-polarization signal comes mostly from the Fe 3d band, as already briefly mentioned in sec. 3.2 on page 29. However, there is a small contribution from s and p orbitals,
as experimentally proven by Compton scattering experiments with circularly polarized
γ-rays (fig. 4.7 on the following page).
The most interesting results derive from the evaluation of the integrated number of
states contributing to the magnetic moments: [45] as a matter of fact, even at 10 eV
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above the Fermi energy and in a simple localized d-states model, the number of d states
does not converge to the expected value. It has been shown instead that the number of
unfilled d states depends on the energy: this is a consequence arising from hybridization
of the d states with the more delocalized s-p states. Some of the hybridized states lie at
higher energy above EF , and therefore are inaccessible at 0 K. If the states are thermally
filled, a result is an change in the value of the spin-polarization.

Figure 4.7: Partial contribution to the spin asym-

metry from 3d components (dashed line), core electrons (dotted line) and the mainly s-p contribution
remainder (dot-dash line). The solid line indicates
the total. Taken from [47].

The expectation values for the spin-polarization at different temperatures are derived
from the calculated spin-polarized band structure of iron, which have already been mentioned in the previous chapter; it is worth recalling them in fig. 4.8 on the next page. The
calculated DOS does not take into account the thermal cut at the Fermi energy. Multiplying the curves by a Fermi-Dirac function at a given temperature, convoluted with the
instrumental broadening measured on Au, gives the actual spin-resolved spectral profile
of the material.
The work function of the sample has been measured according to the results in the
previous chapter. If we know also the energy of the incoming photons it is possible to
estimate what portion of the band would be affected by the photoexcitation; this means
the photoelectrons are identified as coming from a specific region, capping at a maximum
binding energy given by the difference of the photon energy and the work function. A
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calculation of the expected spin-polarization values for the different temperatures (integration of the theoretical DOS) spans therefore from the maximum accessible binding
energy to 5 kB T.

Figure 4.8: Spin-resolved DOS of crystalline Fe, taken from [17]. These

spectra are multiplied by the Fermi-Dirac function to calculate the expected
spin-polarization.

The calculation shows that an increase in the spin-polarization is expected in the
near-Fermi region, because a shoulder in the majority band peak is cut by the Fermi level
(an incomplete d-level filling), while the minority band is at a minimum; however, as
soon as the temperature increases, the minority d band, which lays at higher energies as
seen for the peak at 1 eV, gives a contribution as well. Therefore the spin-polarization is
predicted to decrease;1 as a matter of fact the trend of the experimental data, in fig. 4.5
on page 41, resembles the expectations.
The point at 80 K may include also the temperature effect on the magnetic ordering:
due to the low T/Tc ratio the measurement of the spin-polarization may be higher than
expected, because no critical behaviour is taken into account in the theoretical model. In
general, the expected values have a similar trend and spin-polarization values in the same
order of magnitude; however, the ratios of the variations are much lower. This may be
a consequence of the approximations taken into account in the theoretical model used to
compute the spin-resolved DOS. First of all, defects and impurities may change the overall
shape of the Fermi surfaces. On second instance, the fact that elastic photoelectrons are
experiencing transitions in the 3d band means they are slow and delocalized: the sudden
approximation may be inadequate to describe this system, because the Hamiltonian does
not change rapidly. An adiabatic treatment of the interacting electrons may be more
suited, because the interplay between the filling of the holes above the Fermi level and
the screening of the holes below the Fermi level may significantly influence the band
structure.
The energy-dependent hybridization of spd states may be remarked also by the fact that the minority
peak differs from the respective majority peak by 2 eV, while the two peaks lower in energy are shifted
by 1.2 eV. In fact, the majority and minority spin energy bands are not rigidly shifted to each other.
1
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Iron, according to a traditional nomenclature, is named a “weak ferromagnet”, because
of the incomplete filling of the majority band at room temperature. In low-dimensional
systems such as surfaces and ultrathin films an enhancement of the measured spinpolarization occurs,[34] consistently with the fact that 3d electrons are no more confined
to a close neighborhood of the atoms. The experimental results show an increase in the
spin-polarization with the temperature, corresponding to the progressive filling of the
associated band. This means the solid becomes “as magnetic as the surface”, suggesting a modification from its initial state of weak ferromagnet towards the state of strong
ferromagnet.
The Helium lamp measurements were conceived in order to act as a surface magnetometer, while the 4.8 eV laser is effectively a spectrometer. The much higher energy of
the Helium emission line emits photoelectrons from much higher binding energies; those
electrons are for the most part secondary electrons, as they do not move in the bands,
and the extracted spin-polarization is a direct measurement of the magnetization of the
sample. On the other hand, the data retrieved from the photoelectrons emitted with
4.8 eV light probe the spin-polarization of a specific region in the band structure of the
solid.
However, the small values in the measured spin-polarization, paired with the absence
of a trend such as the one seen with the laser source, suggest there are other factors in
play. The higher energy of the photons dooms the electrons to a shorter mean free path.
Considering the presence of the adsorbed topmost O layer, it is reasonable to believe the
inner electrons (the Fe signal) are not able for the most part to reach the surface, while
the outer, unpolarized electrons (coming from O) are collected by the Mott detector. Very
slow electrons like the ones excited by 4.8 eV photons are weakly interacting, therefore it
is not hard to believe they travel from the bulk of the 40 nm Fe film towards the surface.

Figure 4.9: Spin-polarization (SP) for the Fe(100)
(open squares) and c(2x2)S/Fe(100) (dots) surfaces
as a function of temperature. The photon energy is
1.5 keV. Taken from [39].
A significant decrease of the spin-polarization of Fe due to surface S impurities has
been already noted, as highlighted in fig. 4.9 together with the comparison with an
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atomically clean Fe(100) surface; furthermore, our experimental configuration lacks the
presence of elastic photoelectrons coming from Auger and core emissions due to the
21.22 eV photon beam we used. All in all, we could expect an even further reduction of
the spin-polarization because of the increased surface sensitivity, resulting in a fairly low
value of spin-polarization as expected from a contaminated “magnetically dead” surface.
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Chapter 5

Conclusions and future
perspectives
In the previous chapters we performed a combination of PES-polarimetry measurements
on a Fe(100)/MgO(100) 40 nm thin film with an O surface capping. We employed two
different light sources: a noble gas resonant lamp emitting the He-I line (h̄ω = 21.22 eV)
and a VUV harmonic of a tabletop infrared laser (h̄ω = 4.8 eV). The entirety of the
experimental procedure was carried out in UHV conditions, at a background pressure less
than 3 × 10−10 mbar; when He radiation was used, the He pressure in the spectrometer
chamber never exceeded 3 × 10−9 mbar. The temperature of the sample spanned the
range from 80 K to 420 K and was controlled via a heating filament if higher than room
temperature, or via liquid nitrogen cooling if lower.
The thermal effects on the spectroscopic data has been addressed by means of the
removal of the Fermi-Dirac cut, in order to be able to compare the empty band structure
at different temperatures. The results illustrate that spectral features present in the data
are qualitatively compatible with the expectations. The calculated DOS for crystalline Fe
is locally minimal when the majority 3d band is filled and the equivalent minority 3d band
has yet to be strongly occupied by thermally excited electrons. This predicted behaviour
is validated by the observation of a decrease in the population of empty states between
340 K and 375 K, suggesting that the minimum is present in that range of temperatures,
or at least under 420 K; furthermore, the displacement of the shoulder structure towards
higher energies is a signature of the progressive filling of the minority 3d band, whose
peak is inaccessible in our experimental conditions (being at ∼ 1 eV above the Fermi
level).
The k-integrated spin-polarization measurements with the 4.8 eV probe are specifically designed to be sensitive to small modifications in the occupation of the uppermost
Fe 3d photoemission spectrum, due to the threshold emission regime and the high source
resolution. They further support the conclusion that the occupation level corresponding
to the temperature of 375 K is the closest to the DOS minimum: as a matter of fact, we
acknowledged an increase in the observed spin-polarization until 420 K, where its value
gets significantly lower. This is in agreement with the previous findings: a decrease in the
spin-polarization is the result of the thermally excited electrons occupying the minority
47

5 – Conclusions and future perspectives

3d band, whereas the majority 3d band has already been filled at lower temperatures.
The discrepancy with the magnitude of the variation in the expected spin-polarization
may be ascribed to the unusual conditions of threshold photoemission, making the sudden approximation on which the theoretical model is built only qualitatively relevant.
On the other hand, the He lamp excited yield did not provide useful information. By its
very nature, the 21.22 eV radiation measures the spin-polarization of the electrons coming
from the whole valence band: this means that its value should follow the (relative) magnetization vs. temperature phase diagram. However the extremely low spin-polarizations
measured at different temperatures, coupled with the high values obtained using the laser
source, suggest that the signal may not actually come from the Fe surface, but almost exclusively from the O capping layer. This behaviour has been observed in literature when
contaminants spoil the Fe top layer; in this case the energy of the incoming photons is
hinted to play a role too. The never-ending debate about the behaviour of the far left tail
of the “universal curve”, regarding the escape depth of very low energy electrons, does
ultimately find a rightful place in this discussion, because electrons excited by a 21.22 eV
light source may be way more surface-sensitive than electrons excited by 4.8 eV light.

5.1

The challenge of new materials

In modern, high-tech application-driven magnetism the most widespread materials are
Fe, Co and Ni, with rare earths playing a minor role. The typical time scale of magnetic
switching in those materials is about one nanosecond. In order to develop methods
to manipulate the magnetization in the sub-nanosecond time domain, new paradigms
need to arise: this is why new materials for spintronics, an efficient way to increase
miniaturization and efficiency, are being developed.

Figure 5.1: Timescales of the most important magnetic interactions.
Taken from [35].
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Ferro- and antiferromagnets containing atoms with sizable magnetic moments are
commonly referred to as the first generation of materials for spintronic devices. An
important breakthrough consisted in the discovery of magnetic semiconductors such as
Mn-doped GaAs [2], where the magnetization is produced by spin-dependent laser excitations from valence to conduction band or through spin injection from a ferromagnet.
The second method in particular gave birth to the second generation of materials for
spintronics, coupling ferro- and antiferromagnets with semiconductors: the combination
between those two would allow an integration of magnetic, electronic and optoelectronic
functionality in a single device, leading to enhanced performances.
The developments in the realization of metallic-semiconducting heterostructures led
to the conception of the magnetic tunnel junction (MTJ) and the spin-transfer torque
magnetic tunnel junction (STT-MTJ). [14] Even strongly correlated materials such as
transition metal oxides (TMD) are being explored, due to the ground state crossing
between conducting and insulating states depending on external perturbations. There
are even faster mechanisms that can be exploited: the characterization of the electronic
configuration of new materials near the Fermi surface, which is the region where the
relevant magnetic phenomena take place, acquires a critical role, and an empty state
spectroscopic analysis may shed light on some intriguing aspects related to the topic.

5.2

Towards a shorter time scale interval

In everyday life, magnetism is arguably one of the most important core concepts of
physics: the modern industrial society would be unthinkable without the pillars of technological advancements in high-tech magnetic devices used in information technology.
The relevance of this field lies in the fact it still undergoes never-ending development,
due to the ever-present need of both discovering new magnetic phenomena to exploit
and engineering new materials to employ. Being extremely tied to its applications, magnetism is being recently driven by the success of the ever-increasing paradigm of “smaller
and faster”: the future of magnetic data technology and storage is thus more and more
concerned about cramming information into smaller bits and manipulating these bits
faster. According to a recent report of the International Data Corporation, by 2025 the
amount of data in the global datasphere will have increased to 163 ZB (trillion gigabytes),
ten times more than what was measured at the end of 2016. Previously inaccessible or
little-used data will become essential even for individual lives; 20% of data will become
critical and 10% of that hypercritical. The average individual will work with connected
devices about 4800 times a day (one interaction every 18 s). Over a quarter of data will
be real-time in nature, and will need to meet the criteria of instant availability. [10] The
ever growing criticality of future data storage and manipulation is overall indisputable.
However, current data storage is limited by the relatively slow rise and decay times
of magnetic phenomena, in the range of tens of gigahertz (100 ps), while research in
various ultrafast methods is pushing far below this limit, with the benchmark being
1 fs laser sources. This gap, highlighted by the lack of technological applications below
100 ps, indicates a plethora of opportunities for developing faster technologies. Therefore,
in order to characterize the ultrafast dynamics of magnetic materials, the pump-probe
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method has risen into prominence.

The pump-probe method
Pump-probe is a time-resolved method consisting in exciting the sample with an ultrashort, high-intensity laser source, and then probing it with a second, lower intensity pulse.
The first pulse drives the system out of equilibrium and often is in the infrared range; its
duration may be longer if the aim is to induce precise optically pumped excited states, or
shorter in case very far out-of-equilibrium states (requiring large peak power densities)
are sought after. On the other hand, the second pulse probes the relaxation dynamics
of the sample, and therefore needs to impinge with a controlled delay after the pump;
the duration of this pulse obviously has to be shorter than the characteristic time scale
of the relaxation. The implementation of the delay usually involves a different optical
path for pump and probe beams, which can be continuously changed by means of optical
tools. After the probe pulse, the system is left to return to the thermodynamic ground
state, and the cycle can restart. Different delays allow to probe the whole process from
the initial excitation to the end of the relaxation.

Figure 5.2: Schematic of a pump-probe cycle. Taken from [49].
The applicability of the pump-probe method is unanimously recognized: more indepth reviews (as in [49], [21]) outline the scientific context in which pump-probe experiments are a valuable addition.
Due to the selectivity of the pump energy and intensity, it is possible to study an
extremely wide range of phenomena. A pump-probe experiment, recently carried out
at the SPRINT facility by Dr. Fausto Sirotti and coworkers from Synchrotron SOLEIL,
involved time-resolved measurements on a GaAs sample: the 1.55 eV pump and the 3.6 eV
probe were tuned specifically to excite electrons from the valence band with a high spinpolarization, due to the spin-orbit splitting allowing only the top of the minority band to
be in range of the pump-probe energies.
An application to the Fe(100)/MgO(100) system would be particularly interesting:
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pump-probe experiments are themselves suited to empty state spectrometry, in place
of the thermal excitation. It would be possible not only to access the empty states
configuration, but also to resolve in time the dynamics of the excitation and deexcitation;
this is a fascinating perspective in the scope of understanding correctly the mechanisms
of spin-polarization enhancement around the Fermi surface.
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Appendix A

HHG energy resolution
A.1

The problem of space charge

When working with pulsed sources, the short and intense pulses with high peak intensity
impinging on the sample surface are responsible for the generation of a large number of
photoelectrons. The emitted space charge cloud in front of the sample is composed of
electrons strongly interacting with each other. This in turn results in fast electrons being
pushed ahead and slow electrons being retarded [50], producing a shifted and distorted
energy spectrum. The presence of space charge alters the photoemission energy spectrum
and, when facing an intense photon fluence, even the spin polarization features [13].

Figure A.1: Energy-distribution curves of polycrystalline gold valence band structure. Spec-

tra are taken with photons of 16.8 eV energy (7th HHG harmonic) (left panel) and 21.7 eV
energy (9th HHG harmonic) (right panel), changing the repetition rate.

The strategies to deal with space charge are usually reducing the photon flux or
increasing the spot size. However, these workarounds are far from optimal, as they lead
to a reduction in the efficiency and statistics of the measurement [50]. This problem occurs
due to the low repetition rate of typical pulsed UV or X-ray sources, like first-generation
Free Electron Lasers (up to a hundred hertz).
The great advantage of our HHG setup is that it operates at high repetition rate
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(hundreds of kilohertz). Furthermore, the intensity of the single pulse can be decreased
until eliminating space charge effect while increasing the repetition rate, thus optimizing
the temporal structure of the source for a photoemission experiment. The first drawback
is that while the total power of the driving laser can be kept constant in this operation, the
same is not true for the harmonic beam due to the intrinsic non-linearity of the generation
process. The other drawback is the decrease of the energy cut-off as the energy per pulse
is reduced. These issues put a superior limit to the achievable repetition rate for a certain
harmonic, given the power of the driving laser.
Despite these difficulties, we managed to eliminate space charge effects while maintaining good count rates at two different harmonics of the driving laser, respectively 7th
and 9th: an example is the valence band of a polycrystalline gold foil, whose photoemission spectra as a function of the repetition rate (hence of the pulse energy) are displayed
in fig. A.1 on the preceding page.

A.2

Energy resolution

Once regulated the laser source in order to avoid space-charge-driven deformations or
shifts of the measured spectra, a reliable measurement of the energy resolution of the
source can be performed. This is achieved by measuring the photoemission spectrum at
the Fermi edge of a well-known material with a flat density of states at Fermi level (the
atomically clean surface of a gold film deposited in situ).
The energy broadening of the Fermi step is influenced by different contributions: along
with the energy resolution of the source, one must consider the analyser resolution and
the ever-present broadening due to the non-zero temperature.
The latter effect is disentangled by fitting the acquired spectrum with a convolution
F
of the Fermi function f (Ek ) = [exp( Ekk −E
) − 1]−1 , containing the whole temperature
BT
dependence,1 with a Gaussian accounting for all the instrumental resolution, including
the analyser and the source. In order to characterize the resolution of the analyser we
collected the spectra with an in situ source of He-I , He-II radiation from a resonant
discharge lamp, yielding photon emission with intrinsic width of the order of 1.2 meV.
While the temperature is fixed, since it is known by independent measurement, the free
parameters are EF and the FWHM of the Gaussian itself. The other fitting parameters
are the linearly varying background above the Fermi edge due to the Helium satellites,
and both the slope and intercept of the line accounting for the DOS below the Fermi
edge.
Once the temperature has been ruled out of the equation, it is necessary to discern
the different contributions from analyser and source. Since they are uncorrelated, they
contribute to the FWHM retrieved by the fit according to this equation:
FWHM2 = ∆E2analyser + ∆E2source + ∆E2other

1

This is true if we assume only electronic contribution.
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A.3 – Results

∆Eother accounts for other instrumental contributions which cannot be attributed
directly to the analyser, since it does not change with the Pass Energy, like electronic
noise. The analyser resolution ∆Eanalyser is proportional to the pass energy Ep through a
coefficient K. Therefore, the above eq. A.1 on the preceding page contains a term which
is independent of the pass energy and one quadratically proportional to it.[27]
FWHM2 = K2 Ep 2 + ∆E2source + ∆E2other

(A.2)

By acquiring different spectra near the Fermi edge at different pass energies, and
evaluating their Gaussian FWHM, it is possible to isolate the analyser contribution. A
plot of the squared FWHM as a function of the squared pass energy should hold a linear
behaviour, whose slope corresponds to the squared proportionality constant K2 . On the
other hand the intercept represents the squared energy resolution of the source ∆E2source
plus the term ∆E2other if it is present.
For the sake of completeness, it must be said that the coefficient K depends on a
variety of geometrical parameters [46].
K=

W
(α)2
+
2R0
4

(A.3)

The first term contains only structural parameters, that is the slit aperture W and the
central radius of the hemispherical trajectory of the electrons R0 . The second term varies
with the maximum electron angle α transmitted by the lenses: this value depends on the
angular spread of the photoelectron beam coming from the sample, which can vary as a
function of the sample roughness and the dimension of the beam spot, yielding a slight
dependence of the analyser resolution on the spot size on the photoemitting surface. The
photoelectron signal arises from an area that is the intersection between the foot-print of
the photon beam (depending on the beam tranverse size and the angle of incidence) and
the area being efficiently imaged by the electron optics of the analyser. The Helium lamp
beam is unfocussed, so we can consider that the collected photoemission current arises
from a uniformly photoexcited spot.

A.3

Results

The measurement was carried out at liquid nitrogen temperature, to reduce the thermal
contribution to the energy broadening. The thermocouple used as a reference for probing
the temperature is placed on top of the flow-cryostat; during all the measurement it gave
a stable value of 79.5 K. Thanks to a previous and independent calibration, we know it
corresponds to 90.1 K temperature on the sample surface.
As a preliminary result, we estimated the analyser resolution with an independent
reference source, following the procedure described in the previous section: using the
1α emission line of the Helium lamp (E = 21.22 eV) we measured the spectra shown in
fig. A.2 on the following page, as a function of the Pass Energy. The plot in fig. A.3 on
the next page gives an estimation of the energy resolution of the Helium lamp source and
the analyser, following eq. A.2.
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Figure A.2: Fermi edges measured at differ-

ent analyser pass energies, with 21.22 eV photon
energy. Square black dots: experimental data.
Solid blue line: fitting curve used to extract the
FWHM.

Figure A.3: FWHMs as a function of different pass energies, calculated from the graphs in
fig. A.2. Solid red line: linear regression used
to extract the slope and the intercept.
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Such a large source resolution of (19 ± 4) meV is not realistic for a Helium lamp,
which is expected to have a resolution of 1.2 meV: this is a confirmation of what we saw
in section 3.1 on page 25. We conclude that some instrumental broadening contributions
are actually non-negligible to the point of including an additional term in eq. A.1 on
page 54, as mentioned beforehand.2 Given the K2 obtained by the fit, the analyser
resolution can be estimated as ∆Eanalyser = 0.0019 ± 0.0006 × Ep (which for example
means (10 ± 3) meV at Ep = 5 eV).
After this testing measurement has been performed, we measured the Fermi edge with
HHG as photon source, at almost identical kinetic energies for the Fermi-level photoelectrons as with the He-I photons (21.7 eV energy). In fig. A.4 the measured Fermi edges
as well as the fitting curves are shown. Since we have measured the spectra only with
two Pass Energies, the fit procedure of the FWHMs vs Ep (as shown in fig. A.3 on the
facing page for the case of He lamp) would be trivial. Hence it is more appropriate to
subtract the analyser contribution to the resolution by considering the value measured
with Helium lamp. In doing this, one must be wary of the possible variation of the
analyser resolution with the exciting source, given by the dependence on the angle α in
eq. A.3 on page 55: the much larger spot size for the Helium lamp with respect to HHG
leads to wider angular spread for the electrons entering the analyser lenses system. This
means that the analyser resolution estimated with Helium lamp would be an upper-bound
value. Actually, it turns out that the analyser resolution weights very little in the overall
resolution, so that the effect of the spot size can be reasonably neglected.
Since at Ep = 5 eV, according to the fit in fig. A.4 (right), the FWHM is (34 ± 9) meV,
one obtains for ∆Esource a maximum value of (32 ± 8) meV.4

Figure A.4: Fermi edges measured at different analyser pass energies, with 21.7 eV photon
energy (HHG 7th harmonic). Square black dots: experimental data. Solid blue line: fitting
curve used to extract the FWHM.

This result represents an upper limit, since the same instrumental broadening (∆Eother
It may also be that the temperature contribution is not completely deconvolved from the instrumental
and source broadening.
2

4
A compatible result ((35 ± 7) meV) is obtained considering the FHWM of (40 ± 6) meV retrieved by
the fit of the spectrum at Ep = 10 eV (left side of fig. A.4).
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in eq. A.2 on page 55) that was present in the Helium lamp measurements is reasonably
present also in this case, although we cannot quantify whether it has the same extent;
therefore the energy width of the HHG source may be actually lower.
We also performed the same measurement with another HHG harmonic (16.8 eV photon energy), whose result is displayed in fig. A.5 (see caption for details).
It is possible to see some space charge effects: in fact there is a rigid shift of ca.
200 meV. it is also worth noting how the supposedly flat region just before the Fermi step
is distorted into a “bump”, resulting in an additional broadening effect as highlighted in
the figure.
The presence of space charge effects may be due to the fact that we are working with a
lower photon energy, i.e. we are selecting a lower harmonic. The photon flux is relevantly
(one or two orders of magnitude) higher in the case of the 7th harmonic with respect to
the 9th harmonic, as the latter is closer to the cut-off energy for the chosen repetition
rate.

Figure A.5: Fermi edge measured with 16.8 eV photon energy, at 100 µJ

energy per pulse and 20 kHz repetition rate. Square black dots: experimental data. Solid blue line: expected DOS.

All in all, when comparing the data with the expected behaviour of the Fermi step
(whose parameters are derived from the previous measurements), we have strong evidence
on how space charge effects are able to influence even small features of the near-Fermi
valence band, and how this in turn conditions the measured resolution.
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