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Abstract
Le proprietà ottiche, elettroniche e magnetiche dei solidi e delle loro superfici dipendono
dalla struttura degli stati elettronici entro alcuni eV dal livello di Fermi. I calcoli della
struttura elettronica a bande sono efficaci solo nel caso di materiali a bassa interazione
elettrone-elettrone (correlazione). L’esperimento è la guida necessaria per lo studio delle
proporietà elettroniche dei solidi e delle loro superfici, ed in particlare la spettroscopia di
fotoemissione (photoemission spectroscopy – PES) che si basa sulla misura dello spettro
energetico degli elettroni emessi da un solido eccitato da un fascio di fotoni monocromatici di energia eccedente la funzione lavoro. La risoluzione dell’angolo di emissione
(Angle-resolved photemission spectroscopy – ARPES) permette di avere informazioni
sulla legge di dispersione En (k) dello stato elettronico iniziale, mentre la misura del
grado di polarizzazione in spin del fascio di elettroni completa il set di numeri quantici,
fornendo un dato molto importante per lo studio delle correlazioni elettroniche.
Questo lavoro di tesi è stato svolto nell’ambito di un tirocinio all’interno del gruppo
NFFA-IOM presso la linea di luce APE-LE (connessa alla sorgente Elettra SincrotroneTrieste), dove è operativo un setup sperimentale allo stato dell’arte per misure di ARPES
e spin-ARPES. L’utilizzo di radiazione di sincrotrone rende l’apparato particolarmente
versatile permettendo di scegliere l’energia dei fotoni incidenti (tra 8 eV e 120 eV) e
il loro stato di polarizzazione. Grazie alla presenza di sezioni di trasferimento in ultra alto vuoto (UHV) che connettono la camera di misure ARPES ad altre camere di
preparazione, è stato possibile lo studio in-situ di campioni di Fe(100) e Fe-p(1x1)O
cresciuti epitassialmente su un substrato di MgO senza che fossero mai esposti a pressioni maggiori di 10-9 mbar. La struttura della superficie passivata con l’ossigeno è
stata verificata con la tecnica di diffrazione di elettroni di bassa energia -LEED- e le sue
proprietà magnetiche sono state testate con la tecnica MOKE (magneto-optical Kerr effect) sempre in-situ (UHV), ottenendo la caratterizzazione dell’ordine ferromagnetico sia
della superfice di ferro atomicamente pulita, sia in seguito alla deposizione di ossigeno,
riproducendo risultati ottenuti in studi precedenti.
La struttura elettronica dei campioni, in condizione di magnetizzazione rimanente, è
stata quindi investigata con ARPES e spin-ARPES utilizzando fotoni di diversa energia
(30, 40, 50 eV) e polarizzazione (lineare verticale e orizzontale), ottenendo mappe E vs

k delle bande di valenza in direzione Γ-X e mappe della superficie di Fermi (ovvero kx
vs ky a energia costante pari a EF ). L’utilizzo di diverse polarizzazioni ha permesso di
evidenziare il dicroismo nelle intensità di fotoemissione dovuto all’effetto degli “elementi
di matrice” che esprimono la probabilità di transizione di un elettrone dal ground state
allo stato finale all’esterno del solido, strettamente legata sia alla specifica geometria
dell’esperimento che è riflesso delle simmetrie delle funzioni d’onda iniziali e finali.
In seguito alla passivazione della superficie sono state osservate le modifiche della
struttura a bande del ferro indotte dalla presenza dell’ossigeno. L’ibridazione degli orbitali 2p dell’ossigeno con la banda 3d del ferro genera 3 bande attorno a energie di
legame di 6 eV, su cui è stata verificata la rimozione della degenerazione di spin e la
conseguente separazione in energia delle bande polarizzate in direzione “up” e “down”,
trovando risultati in accordo con la letteratura. Inoltre, grazie all’elevata risoluzione
in angolo ed energia, è stato possibile studiare le modifiche agli stati elettronici in uno
stretto range di energie di legame subito sotto al livello di Fermi (EB tra 0 e 0.8 eV),
identificando in particolare due stati di superficie. Anche in questo caso il dicroismo ha
permesso di ipotizzare diverse simmetrie sotto riflessione per gli stati osservati.
La polarizzazione in spin di questi stati è stata investigata lungo i due assi nel piano superficiale. Lungo la direzione di magnetizzazione del campione è stato possibile
determinarne il carattere minoritario (spin “up”), mentre nella direzione ad essa perpendicolare la polarizzazione misurata presenta l’inversione rispetto a Γ caratteristica
dell’effetto Rashba (derivante dall’accoppiamento di spin-orbita).
Nel complesso, la struttura a bande elettroniche si rivela essere molto complessa vicino
al livello di Fermi sia per la superficie pulita che per la superficie con ossigeno. L’insieme
delle misure compiute fornisce quindi un dato di riferimento importante per lo sviluppo
di tutti i dispositivi che impiegano superfici di Fe-p(1x1)O, come lo stesso analizzatore
VLEED utilizzato per le misure di spin-ARPES o alcuni tipi di MTJ (magnetic-tunnel
junctions). Una descrizione completa delle bande richiederebbe in ogni caso ulteriori
misure di spin-ARPES da effettuare in posizioni diverse della prima zona di Brillouin.
Inoltre questo lavoro ha evidenziato come le informazioni derivabili dalla spettroscopia
di fotoemissione siano legate alla dispersione degli stati elettronici, dalle regole di conservazione di energia e momento, e dipendano, per quanto riguarda le intensità, dagli
elementi di matrice. Questi ultimi dipendono dall’ insieme degli elementi “geometrici”
dell’esperimento, dal piano di scattering fotone-fotoelettrone, dall’orientamento di questo
rispetto alla lunghezza d’onda e polarizzazione della luce incidente e rispetto agli assi
cristallografici del campione, oltre alla intrinseca dipendenza dalle parti radiali delle funzioni d’onda iniziale e finale. La corretta interpretazione delle intensità di fotoemissione
richiede quindi una comprensione approfondita di tutti gli elementi che determinano la
configurazione dell’esperimento.
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1k Electrons in solids: accessing band
structure
An ideal solid, i.e. a single crystal, is constituted by atomic nuclei arranged in a perfectly
ordered periodic lattice: the whole crystal is built up by repetitive translations (of a
lattice vector R) of a single unit cell. This arrangement of the positively-charged
nuclei creates the periodic potential to which the bound electrons are subject. As
the electrons determine all low energy properties of materials, it is fundamental to
investigate their wavefunctions. However, due to the great number of particles to take
into considerations (the density of atoms is of order 1023 cm-3 and each atom carries up
to 100 electrons with it), this is a formidable problem to deal with: the resolution of the
Schrödinger equation, which describes the electrons interactions with each other and
with the hosting ionic lattice, is not only non-achievable analytically (which is the case
for every many-electron atom) but requires drastic approximations even to be treated
numerically.
A first simplification is generally made classifying the electrons in two groups: the
core electrons and the valence electrons. Core electrons occupy the innermost orbital
shells of the atoms and are therefore strongly bound to the nuclei (EB >30 eV), partially screening the positive charge. Being just slightly affected by the lattice structure
of the solid, core electrons are highly localized and present negligible energy dispersion,
thus allowing their approximation by atomic-like wavefunctions. Valence electrons are
instead derived from the external atomic shells, which are more extended and therefore
primarily responsible for chemical bonds between neighbouring atoms. These electrons
occupy delocalized states (“bands”) arising from the hybridization of atomic wavefunctions with each other.
The description of valence electrons states can be treated by taking into consideration lattice symmetries, and especially the discrete translational invariance, which
determine boundary conditions on the wavefunctions. The effects of the crystal periodicity are embodied in Bloch’s theorem, which states that every solution of the
1

Chapter 1. Electrons in solids: accessing band structure

Figure 1.1: Schematic representation of the crystal periodic potential with core and valence electrons.
V0 and φ indicate respectively the inner potential and the work function of the solid.

Schrödinger equation for a single electron in a periodic potential (V (r) = V (r + R)) is
given by a linear superposition of the so-called Bloch’s wavefunctions:
ψnk (r) = unk (r)eik·r

(1.1)

where unk (r) has the same periodicity as the potential, namely unk (r) = unk (r + R).
Because the periodic boundary conditions on unk (r) make the eigenvalue problem confined to a finite volume, for any fixed k solutions of the form of Bloch waves constitute
an infinite family associated with discretely spaced eigenvalues (labeled with the index
n).
These eigenfunctions are essentially plane waves (which would correspond to a free
electron) affected by the crystal discrete translational symmetry both with the introduction of a periodic amplitude modulation given by unk (r) and in a more subtle way
through the wavevector k (i.e. the crystal momentum). Indeed, defining the reciprocal
lattice vector G as the wavevector of a plane wave with wavelength equal to the crystal periodicity, two electronic states are equivalent if their k differs of a quantity G.
This means that in k-space (the Fourier transform of real space) the wavevectors can
always be confined to a finite volume: the first Brillouin zone (BZ). As k takes all the
allowed values, the energy En varies continuously throughout the first BZ, giving rise
to a “band” for every n value. An example for a 1D lattice is depicted in Fig. 1.2.
Being subject to the Pauli principle, electrons fill the bands starting from the lowestenergy states. In the material’s ground state, the Fermi level EF separates the occupied
and non-occupied electronic states and the ensemble of the wavevectors k such that
En (k) = EF for some n, composes the Fermi surface.
It is important to notice that the above-mentioned Bloch’s waves are only an approximation of the real electronic states, as they reduce all the electron-electron interactions
to a mean field included in the periodic potential and require an infinite crystal (bulk
approximation). The last condition is clearly never fulfilled, as any real sample is finite.
2

(a)

(b)

Figure 1.2: a) Real part of a Bloch wavefunction, an approximation of a valence electron state inside
the crystal. The plane wave is represented as a dashed line, while dots on the abscissa axis mark the
positions of the atomic nuclei b) The eigenvalues En (k) vary with continuity with k, giving rise to the
band structure. Three bands are represented, corresponding to different n, along with the Fermi level.

Electronic properties displayed at surfaces or edges can’t be easily inferred from the bulk
ones, as the crystal translational invariance is broken in one (or more) directions in the
passage from 3D to 2D (or 1D). Even assuming that the atoms remain at bulk-like positions (which never occurs), periodic boundary conditions are indeed abandoned in the
direction normal to the sample surface, giving rise to new solutions to the Schrödinger
equation which decay exponentially inside the bulk known as “surface states”. Surface and interface physics constitute therefore a well-defined sub-discipline of general
condensed-matter physics of primary importance as the interactions between solids and
other matter (gas, molecules, other solids) happens necessarily “at the surface”.
The electronic band structure, described by the dispersion relation En (k) of each
band, together with the Fermi surface, determine most properties of solids, ranging
from their behaviour as conductors or insulators to the presence for example of superconductivity, magnetism or other remarkable phases. Accessing k-space (the natural
environment of investigations on valence electrons) is thus the main goal of several
experimental techniques.
Photoemission spectroscopy (PES), often associated with synchrotron radiation,
represents a very powerful tool. Exploiting the photoelectric effect, this technique
measures the kinetic energy of electrons emitted from the solid and trace it back to
3
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the initial binding energy at least in the weakly correlated materials: the ARPES band
structure of Cu and Au do match very well the band structure calculations at 0K.
The e-e interaction in so called “strongly correlated materials” is reflected in the final
state spectra so that the measured spectral function may differ from the ground state
predictions from band theory. As low energy electrons interact strongly with matter,
PES has an intrinsic surface sensitivity. This comes as a complication to experimental
procedures as sample corruption due to adsorption of external contaminants needs to
be carefully prevented; however, if the conditions on the surface purity are matched,
surface sensitivity makes photoemission especially suited to probe electronic properties
of low-dimensional systems.

Figure 1.3: An example of ARPES measure of band dispersion displayed in two equivalent ways:
as a series of spectra stacked on top of each other (left) and a two-dimensional intensity map (right).
Taken from [3].
While PES is employed for the study of both core and valence electrons states,
ARPES is dedicated to the accurate resolution of the electron emission angle (linked
to the electron momentum k), making it most suited to the study of valence bands.
Moreover, the new generation of electrons analyzer equipped with two dimensional
detectors has improved the efficiency of band mapping, allowing scientists to “take
photographs” of sections of k-space. Indeed, as electrons ejected along different directions can be simultaneously collected by the analyzer without losing the information
about the emission angle, two dimensional ARPES intensity maps can be acquired in
the same time interval previously required to the measure of a single spectra. An example of such I(k,E) maps, in which every row corresponds to a spectrum at fixed k,
4

is reported in Fig. 1.3. These 2D maps are also directly comparable with the band
structure obtained with calculations.
The full potential of this technique has been reached by spin-ARPES (or all-resolvedPES) with the resolution of the full set of quantum numbers characterizing the photoelectron state. The measure of the spin polarization of the final states provides some
insights on electronic correlations that underlie a wide range of phenomena such as
ferromagnetism, spin-orbit coupling, topological phases, etc. Indeed modifications introduced by correlations in the band dispersion are often too small to be detected with
the experimental energy and angle resolution of ARPES, but they can be identified as
differently shaped peaks in the spin polarized spectra.

5
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2.1

The photoemission process

Photoemission spectroscopy (PES) is the most direct experimental probe for investigating the electronic structure of matter via the measurement of the band dispersion of
solids: E vs. k band mapping can be compared one-to-one with the band structure of
weakly correlated materials (e.g. the noble metals) and constant energy surfaces (Fermi
surface mapping and tomography) give access to the low energy properties of matter,
and therefore to the special features that reflect different crystal phases or the presence
of order parameters as ferromagnetism, superconductivity, charge density waves etc.
Defining the class of “photon-in electron-out” spectroscopies, PES is based on the photoelectric effect: a monochromatic photon beam interacting with a sample can excite
some of the electrons to a free-particle state, leading to their emission in vacuum with
a well-defined kinetic energy spectrum.
From the energy conservation law, the kinetic energy of a photoemitted electron
is related to its binding energy (Eb ) in the initial crystal state: Ekin = hν − Eb − Φ
where hν is the photon energy and Φ is the work function, which indicates the potential
barrier at the surface, namely the difference between the Fermi level and the vacuum
level.

Figure 2.1: Scheme of the photoemission process (reproduced from [4])
7
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The aim of a “complete” photoemission experiment would be simultaneously measuring the photoelectron current (Je ) as a function of the electron kinetic energy
(Ekin ), the electron ejection angles (θ,φ) and the spin polarization (σ) for several
values of photon energy (hν) and polarization vector () of the incident photons:
Je = Je (Ekin , θ, φ, σ; hν, ).
This, as we will see later, enables us to extract the energy, momentum and spin of the
electron in the ground state at least for materials in which electron-electron correlation
is weak, determining the full set of quantum numbers that characterize its initial bound
state.
Typically only a few of the mentioned parameters are explored experimentally, keeping the others either constant or integrated and that divides the experiments into different categories:
• PES: measures of spectra obtained integrating on emission angles (and therefore
momentum) and spin, with only energy resolution.
• ARPES (Angle Resolved PhotoEmission Spectroscopy): energy and momentum
resolved spectra, the degeneration on k is lifted and electronic bands can be
mapped.
• SPIN-ARPES: measures of fully resolved spectra, the analysis of the spin quantum
number is especially important in the study of magnetic or quantum materials.
It is clear from the energy conservation relation that the angle-integrated energy distribution of the photoelectrons should reproduce the occupied density of states (DOS).
The whole process can be seen roughly as a translation by a value hν of the electron
energies, which can exceed the vacuum level and therefore be measured in vacuum (Fig.
2.2).
Electrons interact strongly with matter and thus photoemission spectroscopy has
an intrinsic surface sensitive nature. In fact, due mainly to the high electron-electron
scattering probability in solids, the mean free path λ for typical photoemitted electron kinetic energies (10-1000 eV) ranges from few to few tens of Å, a significantly
shorter distance compared for example to XUV or soft-X-Ray penetration depth in
solids (about 100 μm). This limits the probing depth of this technique to a few unit
cells and therefore makes of critical importance to avoid any surface contamination by
atmospheric elements, in particular when photons in the UV range are used (UPS).
In order to detect properly the electrons once emitted from the solid, photoemission
experiments need to be performed in Ultra High Vacuum (UHV) which is also the condition to obtain and preserve for the time of the experiment the atomic cleanliness of
8
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Figure 2.2: DOS and corresponding spectra of a metal. It shows as the upper limit the
characteristic Fermi edge, whose sharpness is strongly dependent on temperature. No such structure
is present in insulators as the Fermi level lies in the energy gap between bands. The binding energy of
core levels is characteristic of the element and its shells hybridization, giving PES (and in particular
XPS, x-ray photoemission spectroscopy) chemical sensitivity.

a surface, i.e. to avoid absorption of foreign chemical species that would modify the
chemical properties of the surface and yield unwanted photoemission signals.
In order to perform any analysis of PES and ARPES spectra, it is necessary to
examine in more detail the physical mechanisms that lead to photoemission. The very
statement of the strong interaction of low energy electrons has implications on the final
states that are measured by photoemission which strictu-sensu do represent an excited
state energy distribution that includes all possible interactions. The understanding of
these interactions and the so called electron-electron correlations in the ground state, set
the interpretation criteria of the PES/ARPES/SPINARPES in terms of ground state
properties of the material. The process object of study is the interaction of a photon
with a many electron system and the transition from the initial photon-sample state to
the final free-electron state can be treated in time dependent perturbation frame. The
transition probability for the N-electron system is therefore given by the Fermi Golden
Rule expression:
P (Ef ) =

2π 
|hΨf (N )|Hi |Ψi (N )i|2 δ(EfN − EiN − hν)
~

(2.1)

The interaction between the photon and the electrons is described by the interaction
Hamiltonian, which can beP
expressed in terms of the vector potential A and electronic
e
momentum p as Hi = 2m i (pi · A + A · pi ) or, considering translational invariance
9
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in the solidPand the dipole approximation (A ' constant), in the simplified form
Hi ' me A · i pi , always summing over all electrons.
However, even with these approximations, calculating the matrix element between
an initial state inside the solid (approximated by a Bloch state) and a photoelectron free
state is very complicated. In fact the matrix element (photoionization cross section)
reflects the quantum overlap of initial and final state and is therefore extremely sensitive
to the radial distribution of both intial and final wavefunctions, i.e. if we simplify the
problem by assuming a free-electron final state (by measuring sufficiently high final state
energies with proper choice of the photon energy) still we remain with the formidable
problem of describing the radial extension and shape of the initial state that for extended
states is modified by the symmetries of the solid. The guideline of the photoionization
cross section for atomic states (s, p, d, f) is only a first order approximation in this case,
although the order of magnitude of it can help in disentangling the main contributions.
To shortcut the intrinsic difficulties of the one-step approach it is common practice to
adopt a more intuitive three-step model, which separates the photoemission process in
the following “subsequent” processes:
1. absorption of the photon and excitation of the electron
2. propagation of the electron towards the crystal surface
3. emission of the electron into the vacuum
1. ABSORPTION
The first step describes the electron transition following the photon capture from
an initial Bloch state to an excited state of energy f = i + hν inside the solid. This
process is treated in the frame of the so-called “sudden approximation”, which assumes
an instantaneous decoupling of the escaping electron from the remaining system. In
addition to energy conservation, momentum conservation has to be considered: the
photon momentum is negligible compared to the typical electron one at least in the UV
and soft X-ray range (~kph = 5·107 cm−1 , ~kel = 1.6·109 cm−1 at 1 keV), so the transition
must be vertical in k-space. However, the conserved quantity is crystal momentum (no
vertical and energy conserving transition is allowed for a free electron) resulting in the
condition kf = ki + G, where G is a reciprocal lattice vector.
2. PROPAGATION
While propagating through the solid electrons can lose energy via scattering with the
lattice and with other electrons resulting in excitation of collective modes. First of all,
10
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this limits the escape depth and second it creates a superposition of the spectrum of nonscattered photoelectrons (primary electrons) with “satellite peaks” and an unstructured
background towards low energies due to electrons which experienced multiple energy
losses (secondary electrons). These phenomena are strongly dependent on the DOS at
the Fermi level and reflect the metallicity vs. band gap nature of the material surface.
3. EMISSION
Once reached the surface electrons must overcome the potential barrier described
by the work function. If their energy is larger than that of the vacuum level they are
emitted from the solid with kinetic energy given by E = f − Φ. Furthermore, the presence of the potential barrier breaks the crystal symmetry in the direction perpendicular
to the surface, making the k⊥ component a bad quantum number. On the other hand
kk is conserved and can be determined measuring the electron emission angle using:
√
p
2mE
1
sinθ ' 0.5 E[eV ]sinθ
(2.2)
kk =
~
Å
In order to fully map the Brillouin Zone of a 3D sample the value of the third
momentum component can be estimated using the rough approximation of a quasi-free
state for the excited electron inside the solid. Knowing kk we therefore obtain the
perpendicular momentum inside the solid as
1p
2m(Ecos2 θ + V0 )
(2.3)
~
where V0 is the so-called “inner potential”, representing the difference between the
bottom of the potential well set by the crystal and the vacuum energy.
k⊥ =

Combining together the contribution from each step as described in [5] the following
expression for the intensity measured with ARPES can be obtained:
k 2
I(k, E) ∝ |Mf,i
| δ(f − i − hν)δ(E − f + Φ)f (E, T )A(k, E)

(2.4)

k
Here Mf,i
is the dipole transition matrix, f (E, T ) is the Fermi-Dirac distribution (stating that photoemission occurs from occupied states only) and A(k, E) is the spectral
density function (proportional to the imaginary part of the one-electron Green’s function).
The explicit expression of the latter contribution descends from a deeper many-body
analysis of the process and embodies the response of the N-1 electron system to the
creation of the photohole. For the purpose of this text it is enough to say that A(k,E)

11
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describes the presence of a peak and it intrinsic intensity and width (in a non-interacting
electron model it would reduce to a delta function at single-particle energies) and therefore contains the information about the electronic structure that we would like to access
to.
Even if its many-body nature add a significant complexity to the phenomenon, the
main obstacle to a quantitative interpretation of the photoemission spectra is the matrix
k
element Mf,i
∝ hφkf |A · p|φki i which modulates intrinsic intensities and can cancel out
due to symmetry selection rules. A first prediction of the symmetry effects can be
done, using the same approach as in [4], considering the experimental geometry, the
light polarization vector and the spatial symmetries of the orbital from which electrons
are photoemitted. An electron needs to have an even wavefunction with respect to the
analyzer symmetry plane in order to be detected, so hφkf | can be considered even. Hence
also A · p|φki i needs to be even, otherwise the product would be zero.

Figure 2.3: Scheme of symmetry selection rules for a py orbital. Reflection planes in the two
images are respectively xz and yz (highlighted in light blue).

12
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Fig. 2.3 displays the implications of this fact in the common case where the incoming
photon beam is linearly polarized (as in standard synchrotron radiation beamlines) and
lies in one of the sample mirror planes. The example is done with the py orbital, which
has an even reflection symmetry with respect to the yz plane and odd with respect to
xz. Linearly vertical polarized light (LV) has opposite symmetry to py , therefore when
it is used to excite this state there is no photoemitted intensity in the kx =0, ky =0 axis
( A even , |φki i odd for xz, viceversa for yz). On the contrary, LH is even when reflected
about the yz plane and has both even and odd components when xz is considered: along
the mirror axis py can be probed using this polarization.
Since the reflection plane is fixed by the experimental geometry, the detector and
sample positions represent actual variables to be taken into account when interpreting
photoemission intensities. It is also clear from this example how linear dichroism can
be exploited in order to determine the symmetry of the probed electronic states, even
if in an actual experiment the interpretation it is usually not this straightforward.
As previously mentioned, in order to be defined as “complete” a photoemission
experiment must simultaneously resolve all three electron quantum numbers, which
means that it is necessary to measure not only the electrons kinetic energy and their
emission angles, but also the spin polarization of the photoelectron current.
Considering the photoemission process of a single electron, as the dipole approximation holds, the selection rule ∆S = 0 guarantees the conservation of the spin quantum
number in the transition between the initial and final states inside the solid. Moreover, in the approximated frame of the three-step model, spin is conserved also in the
propagation and emission processes. In a photoemission experiment measurements are
performed on ensembles of electrons in order to establish if, at fixed Ek and k, the “up”
and “down” states along a certain direction are equally populated. The imbalance between the two is given by the spin polarization, here intuitively defined as an ensemble
averaging:
Ni↑ − Ni↓
i = x, y, z
(2.5)
Pi = ↑
Ni + Ni↓
The spin polarization P = (Px , Py , Pz ) is an axial vector, like the magnetization M.
From this definition it is straightforward to obtain the intensity of the photocurrent for
the two spin channels as
1
I↑ (E, k) = [1 + P (E, k)]Itot (E, k)
2
1
I↓ (E, k) = [1 − P (E, k)]Itot (E, k)
2
13

(2.6)

Chapter 2. Photoemission spectroscopy

In the case of an unpolarized beam (Pi = 0) the photoelectrons are equally divided
between the two states, leading to intensities values both equal to 12 Itot (E, k), while the
beam is totally polarized if Pi = ±1 and the total intensity coincides with the “up”
or the “down” one. The measurement of P can be performed along one quantization
axis at a time and three independent measurements along three perpendicular axes are
needed in order to reconstruct the axial vector and refer it to, e.g. the crystallographic
axes of the magnetic sample, or its macroscopic shape.
Unfortunately, the modulation of photoemission intensities given by matrix elements
complicates also the comprehension of SPIN-ARPES spectra. In fact, if the modulation
is different for the two spin channels, the polarization of the electron beam is no longer
exactly representative of the difference between the up-state and down-state populations
of the initial electronic states. This is the case predicted theoretically by Cherepkov
[6] and verified experimentally by Schonhense [7], of angle-dependent spin polarization
arising from spin-degenerate atomic states of Ar and Xe. However, this is generally
taken into account with an angle-dependent normalization of the dataset based on the
background or other references.

14
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2.2

APE beamline and VLEED

The experimental activity object of this thesis has been performed at the Advanced
Photoelectric Effect (APE) beamline of the Elettra synchrotron radiation facility in
Trieste, the main characteristics of which were described by Panaccione et al. [8].
The APE facility is constituted by two independent lines, each one receiving photons generated from one of two dedicated APPLE-II ondulators, which are designed to
exploit different energy ranges. Moreover, the value of the ondulator gap and phase
can be mechanically changed allowing full light polarization tuning (linear horizontal
and vertical, circular right and left). A set of UHV transfer chambers connects the two
end-stations with each other and also with preparations chambers: this system overcomes many surface related problems allowing to perform measures with synchrotron
radiation on samples which are grown, surface treated and characterized in-situ (i.e.
without breaking the UHV conditions).
The spin-ARPES experiments are performed at the low energy branch of the APE
beamline (APE-LE) with VUV (vacuum-ultraviolet) photons tunable in the energy
range between hν= 8 eV and 120 eV thanks to a dispersive monochromator with three
interchangeable gratings. The beam strikes the sample surface at 45◦ off-normal angle. More technical specification are reported in [9]. The APE-LE main chamber is
equipped with the Scienta DA30 hemispherical analyser [10], which resolves both the
kinetic energy and the momentum of the electrons photoemitted within its ∼ 30◦ cone
acceptance. The spin polarization analysis is performed downstream of the analyser by
means of the two perpendicular VLEED detectors described below.
The emission angle θ (and therefore the momentum k// ) of the photoelectrons is
resolved in the analyzer “nose” by a set of electrostatic lenses, while their energy is
resolved in the hemispherical condenser. In the electrostatic field in the body of the
analyser the faster the electrons the larger the orbits they follow: only the ones with
the proper kinetic energy (“pass energy Ep ”) will reach the exit slit and be detected. In
order to have constant energy resolution, the pass energy is fixed and the electrostatic
lenses in the analyser nose have the additional purpose to tune the electron kinetic
energy to Ep . In this way, when they reach the analyser exit slit the photoemitted
electrons are distributed along the two slit axis according to θ and Ek . The detector
behind the exit slit is made of two Micro Channel Plates (MCP) which act as positionsensitive electrons multipliers and excite a phosphorous screen. Therefore the image of
the screen fluorescence, acquired through a CCD camera, consists in a map of energy
vs angle of emission dispersion.
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Figure 2.4: Picture and schematic representation of the current Spin-ARPES setup at the APE-LE
endstation.

Fig. 2.4 reports the main characteristics of the current setup of the APE-LE endstation. Because the analyser slit is vertical, the angular resolution concerns the x
direction (aligned with the manipulator axis), while θy is fixed. However, the DA-30
deflection mode allows the selection of θy , enabling sequential measurements of the
full acceptance cone and of (kx , ky ) isoenergy maps. Furthermore, the presence of a
cryostat on the manipulator makes possible to cool the sample to low temperatures by
circulating liquid nitrogen or liquid helium.
The ARPES analyser has been recently equipped with the state-of-art vectorial spin
polarimeter VESPA (Very Efficient Spin Polarization Analysis) [11, 12].
A brief introduction to spin polarimeters is required here. In order to measure the
spin polarization P, as defined in section 2.1, these devices exploit different kinds of
spin-dependent scattering asymmetry (LS or exchange scattering) arising from the interaction between electrons and a target. From this value of asymmetry A (namely
the normalized difference between the numbers of electrons scattered in two opposite
directions) P can be derived from
P =

1
A
S(θ)

(2.7)

S(θ) is the Sherman function, dependent on the angle of deflection, which describes
the polarimeter analysing power, namely the efficiency of the scattering process in
separating different spins.
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To describe the performance of a spin polarimeter it is usually defined also the “figure
of merit”:
I
F OM = S(θ)2
(2.8)
I0
where I0 and I are the intensity respectively of the incoming and the scattered photoelectrons. This parameter includes the probability of the scattering II0 which is typically
10−2 for LS and 10−1 for exchange scattering detection and makes it much more time
consuming to integrate statistics with respect to the non-polarized ARPES measurement. Mott polarimeters based on spin orbit interaction which were the state-of-art
technology in spin polarimetry until a few years ago have indeed a ratio II0 ∼ 10−2
which, combined with a Sherman function between 0.1 and 0.2, gives an efficiency of
the order 10−4 .
A great improvement of the FOM has been achieved in recent years with the development of a new kind of polarimeters such as VESPA. This detector is based on
Very Low Energy Electron Diffraction (VLEED) of the photoelectrons by a ferromagnetic target. Due to the exchange coupling, the scattering cross section depends on the
orientation of the electrons spins with respect to the magnetization direction.
A qualitative idea of the source of the asymmetry is given according to the Stoner
model of ferromagnetism. When a solid is magnetized in a given direction the exchange
interaction splits the electronic bands according to the spin quantum number: majority
spins (s antiparallel to the magnetization, “down”) are lowered in energy, while minority
spins (s parallel to the magnetization, “up”) have their energy increased. Moreover, in
a scattering experiment only the energy bands with the same spin quantum number as
the impinging electron are suitable final states in order to absorb it: if no appropriate
state is available, the electron is reflected from the surface. Because of the exchange
splitting, at fixed energy the density of states is different for up and down spin, leading
to the reflection asymmetry. Iron is a suitable material to be chosen as target, provided
its surface can be properly passivated. In the polarimeter designed and developed by the
APE group the targets are constituted by thick (∼ 1000 Å) single crystal epitaxial films
of Fe(001)-p(1x1)O/MgO. The oxygen passivation not only avoids the contamination
of the very reactive Fe surface, but it also has been shown [13] to increase the spin
asymmetry.
For what has been said, probing the electron beam spin polarization along a chosen axis requires two measures of the intensity reflected by the target, reversing the
magnetization direction in between: the measured asymmetry is then found as
A=

Im↑ − Im↓
Im↑ + Im↓
17
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The effective Sherman function of the VLEED at the APE beamline has been estimated
to be S = 0.5 and II0 = 0.13, which means a F OM = 3.3 · 10−2 [11], about two order
of magnitudes higher than typical Mott polarimeters. In order to reconstruct all the
three components of the electrons spin, the VESPA polarimeter is composed by two
scattering chambers mounted at right angles with respect to each other, as showed in
Fig 1. Each VLEED scattering chamber, thus, host the target and two pairs of coils
which allow to reach the saturation magnetization along its two perpendicular easy
axis. The spin component along the x-axis (aligned with the analyser slit) is probed
by VLEED-W, while the other in-plane component is measured by VLEED-B; both
VLEED detectors measure the component normal to the sample surface.
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3k Sample characterization
The state-of-art experimental setup described in the previous section was exploited to
investigate the electronic band structure of a clean Fe(001) surface and its modifications subsequent to an in-situ oxidation procedure that leads to a stable p(1x1) lattice
structure corresponding to an ordered 1 monolayer coverage of oxygen.
The experimental studies available in literature don’t provide an accurate description
of occupied electronic states within a range of 1 eV from the Fermi level, due to the
insufficient energy resolution. However these spin-split electron states are of great
interest for the development of all the devices which employ a Fe-p(1x1)O layer (for
instance the VLEED polarimeters described in section 2.2 or certain kinds of magnetic
tunnel junctions).
In order to circumvent the technical difficulties of having atomically clean single
crystal iron surfaces as required for a photoemission experiment, in the last decades
much effort was devoted to develop growth protocols for iron films with bulk-like properties. The sample used for our study is a ∼ 1200 Å thick iron film on MgO(001) grown
in-situ and never exposed to pressure higher than 10−9 mbar. Below temperatures of
1185 K iron presents a body-centered cubic (bcc) structure (α-iron), with lattice parameter a = 2.87Å: when it is cut along the (001) direction the obtained surface displays
a squared 2D Bravais lattice with the same lattice parameter as bulk, as showed in
Fig. 3.1(a). In k-space this corresponds to a first Brillouin Zone shaped as a rhombic
dodecahedron, which results in a four-fold symmetry when projected on the (001) surface. In Fig. 3.1(b) the bulk and surface reciprocal lattices are represented together
with their critical (i.e. high symmetry) points, which are labeled with letters following
conventional standards; in the surface BZ (SBZ) the high symmetry lines Γ-M and Γ-X
are also indicated.
The high purity and ordered Fe surface was obtained after several cycles of sputtering
and annealing carried out in the preparation chambers. This procedure consists in
the removal of the contaminants and usually the outmost atomic layers of the crystal
through bombardment with noble gas ions (Ar in our case), followed by heating that
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Figure 3.1: a) crystal structure of bcc Fe and its (001) surface with squared lattice. b) bcc Fe lattice
structure in reciprocal space and its critical point: the bulk BZ is a rhombic dodecahedron, but the
surface BZ displays a four-fold symmetry.

allows the ordering of the atoms and the recover of the surface crystallography of the
sample. The four-fold symmetry of the SBZ was checked with Low-Energy Electron
Diffraction (LEED) before performing ARPES measures obtaining the sharp pattern
reported in Fig. 3.2(a).
In order to produce the passivated surface, pure oxygen was introduced in the preparation chamber through a UHV leak valve up to a pressure of 8·10−8 mbar, to which the
clean Fe surface was exposed twice in 60-seconds cycles. The sample was then annealed
for 5 minutes in UHV conditions to induce the desorption of oxygen atoms exceeding 1
monolayer and the creation of the ordered p(1x1) structure.
In this configuration the oxygen atoms occupy the hollow sites of the surface and are
aligned with Fe atoms of the subsurface layer, inducing a surface relaxation (i.e. a
20

Figure 3.2: a) LEED pattern obtained for both the clean and the passivated Fe surface; the spot
correspondig to Γ is covered by the electron gun. b) Charge density at the Fermi level calculated in
vacuum 4 Å above the surface which shows the oxygen layer disposition on the Fe surface (taken from
[14]).

pure compression of the top few interlayer separations) but no modification of the 2D
square symmetry and the surface lattice parameter. Therefore, the same LEED pattern
can be observed after deposition. Atomically resolved STM topography of the Fe(001)p(1x1)O surface have been performed by A. Tange and coworkers [15] along with charge
density calculations (illustrated in Fig. 3.2(b)) which complete the description of the
arrangement of the adsorbate atoms on the Fe surface.
In addition to the characterization of the crystal structure, the magnetic properties
of the passivated sample were tested. For bcc Fe the easy magnetization axis are in the
< 100 > direction family and the two in-plane directions ([100] and [010], respectively
x and y) are equivalent for symmetry reasons. Magnetic properties along the [100] axis
were probed in-situ (UHV) with magneto-optical Kerr effect (MOKE), obtaining the
hysteresis loop reported in Fig. 3.3(a): from this measure a coercive field of 6.5 Oe
can be estimated. Moreover, an external field of 20 Oe is shown to be enough to reach
saturation magnetization. The behavior displayed is typically ferromagnetic, which
confirms that oxygen chemisorption in the ordered structure considered here does not
quench the magnetism, as expected from Huang and Hermanson calculations [14] and
STM and IPES experimental data [13, 15].
As has already been anticipated in the description of the VLEED target (which is
virtually identical to the investigated sample), in a ferromagnetic material the binding
energy associated to electronic states depends on the spin quantum number, which
means that electronic bands display a so-called exchange splitting in ARPES spectra.
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Figure 3.3: a) Hysteresis loop obtained with MOKE on Fe-p(1x1)O along the [100] easy axis. b)
Comparison between spin-resolved ARPES spectra measured at normal emission for clean Fe surface
(top) and passivated Fe-p(1x1)O surface (bottom). The intensity difference of the photocurrent of the
two spin channels near the Fermi level is clearly larger for the oxidized sample.

According to calculations [15], clean surface Fe atoms display a magnetic moment of
2.98 μB . A direct experimental measure of the (100) surface spin magnetic moment
of iron of 2.84(11) μB was obtained by means of Photoemission magnetic dichroism
in the angular distribution of photoelectrons [16]. Strong hybridization between O p
and Fe d states results in an expected spin polarization in the oxygen adlayer with a
magnetic moment of 0.23 μB and the predicted increase of the magnetic moment of Fe
surface atoms up to 3.23 μB . The enhanced oxygen-induced surface magnetism near the
Fermi level is evident from the spin-resolved photoemission spectra acquired in normal
emission (Γ point) reported in Fig. 3.3(b).
Prior to any photoemission measurements the sample was magnetized along the x
direction with the same setup used for the MOKE (a pair of coils located in a preparation chamber in UHV conditions), reaching saturation magnetization. The remanence
magnetization of these samples was very close to saturation as seen in the “rectangular”
hysteresis loops.
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4k ARPES data and discussion
Spin-integrated and spin-resolved ARPES experiments were performed on Fe(001) surfaces in order to map the first Brillouin Zone and the band dispersion along the Γ-X
high symmetry line (ky = 0). During all the measurements the samples were maintained
at liquid nitrogen temperature of ∼77K. Photons of energies of 30, 40, 50 eV linearly
polarized in two perpendicular directions (vertical and horizontal) were used. In our
experimental geometry the analyser slit is vertical while the photon beam, propagating
horizontally in the laboratory frame, impinges on the sample surface at 45◦ , defining an
average horizontal scattering (photon in-photoelectron out) plane. According to symmetry considerations, as described in section 2.1, photoemission is expected to occur
mostly from even states (with respect to the xz plane) when using vertical polarization
(VP), while from both even and odd states when using horizontal polarization (HP).
The energy resolution, determined by the slit width and the pass energy of the analyzer,
was set to ∼50meV for ARPES measures.

4.1

Preliminary data analysis

For the sake of completeness and in order to provide some insights on the analysis
required are here reported some preliminary processing performed on the ARPES data.
The 30◦ cone-acceptance of the APE-LE analyser doesn’t allow simultaneous measurement of the full Brillouin zone (BZ), thus requiring the tilting of the sample if one
wants to probe different sections in k-space. However, isoenergy maps are quite timeconsuming, so the reconstruction of the Fermi surface is often performed by reflections
along the theoretical symmetry axis. In our case, wide isoenergy maps were obtained
employing horizontally polarized photons of 40 eV and 50 eV for two different tilt angles
of the sample, thus measuring the photoemitted electrons with an ejection angle in the
range (−25.2◦ , 10.2◦ ) for θx and (−46.5◦ , 8.0◦ ) for θy which correspond to the following
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−1

−1

−1

−1

ranges in k-space: −1.31Å ≤ kx ≤ 0.55Å , −2.24Å ≤ ky ≤ 0.44Å for hν= 40
−1
−1
−1
−1
eV and −1.47Å ≤ kx ≤ 0.61Å , −2.51Å ≤ ky ≤ 0.49Å for hν= 50 eV.
From these raw data a broader part of the BZ was reconstructed in two different ways
which are schematically illustrated in Fig. 4.1 for clean Fe probed with HP photons of
hν= 50 eV. Even if the iron Fermi surface is expected to have a four-fold symmetry,
the photoemission process often introduces intensity asymmetries which are strongly
dependent on the photon beam polarization due to matrix elements effects. In our
maps this clearly occurs for the two measured “drop” features close to the X points in
the Surface BZ (SBZ).
Therefore, in the first reconstruction one of these features is cut out in order to have
a highly symmetric Fermi surface, while the second one preserves a greater degree of
the experimental asymmetries which can be interesting to analyze to have more insights
on the photoemission process.

Figure 4.1: Two different reconstructions of the Fermi surface taking clean Fe probed with HP
photons of hν=50eV as an example. In the first way most of the SBZ is reconstructed but at the
expense of the experimental asymmetries, which are preserved to a greater degree in the second way.

24

4.1. Preliminary data analysis

Another preliminary analysis regarded the spin-ARPES dataset. For what has already been said in section 2.1, an intensity difference between the “up” and “down”
spin-resolved photoemission spectra, acquired with the VLEED, can arise either from
the different population of the two electronic states inside the solid, or from spindependent effects linked to the process of photoemission. It is therefore necessary to
estimate the so-called normalization factor, different for every ejection angle of the photoemitted electrons, in order to correct the relative intensity and properly estimate the
spin polarization of the initial states.
For normal emission this estimate has been carried out on the spin-ARPES measurements performed on the clean sample, setting the value of the polarization close to
zero for the photocurrent from electrons with binding energies higher than 10 eV, i.e.
initial energies of -10 eV with respect to the Fermi level. The normalization factor for
off normal measures (θx around 10◦ − 11◦ ) was estimated in order to have a background
polarization coherent with the value found in normal emission condition.

Figure 4.2: Example of the effect of different normalization factors. The spectra are obtained with
horizontally polarized photons of hν=50eV in normal emission conditions.
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4.2

Fe(001) band structure and Fermi surface

The absence of contaminants on the Fe surface was verified from the sharpness of Fe
band and the absence of the prominent O 2p states around 6 eV of binding energy (high
photoionization cross section for O 2p at VUV-XUV photon energies).
From visual inspection of the ARPES spectra in the energy range near the Fermi
level (showed in Fig. 4.6) it is evident the strong dependence on the photon energy used
to collect them. If the same electronic states were probed there should not be great
changes in intensities, since the iron atomic cross section is mostly constant within this
photon energy range: the difference is then ascribed to the band dispersion in kz . Any
analysis of the measured spectra therefore required an estimate of the inner potential
value and the position probed in the bulk Brillouin Zone. The tight-binding calculation
of the band dispersion along Γ-H (our z direction) from Callaway and Wang [17] have
been a reference with which to compare spectra at normal emission, as reported in Fig.
−1
4.3. This guideline allowed the identification of a range between 3.3 and 3.6 Å for the
kz values probed with hν = 40 eV near Fermi, which correspond to an inner potential
between 5 and 12 eV.

Figure 4.3: Estimate of the position along Γ-H probed in our experiment. Colored lines
reported on the band dispersion (adapted from [17]) and on the scheme of the bulk Brillouin zone mark
the kz values probed with hν= 30 eV(orange), 40 eV(green), 30 eV(blue) according to a free-electron
final state model. Two sets of points per photon energy are present on the BZ, indicating electrons
with minimum and maximum value of kinetic energy.
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A further step in the experimental estimate of the inner potential was done comparing the measured Fermi surfaces with the calculation from FLAN software [18]. This
program is based on tight-binding bands calculations from the Fermi surface database
[19] and a free-final state photoemission model, according to which the measurements
return the projection on the surface plane of a spherical cut (constant energy) in reciprocal space. Fig. 4.4 shows FLAN calculations superimposed to measured Fermi surfaces
at 40 and 50 eV. As a result an inner potential of 8 eV was adopted: with this choice
the overall agreement between theoretical bands and experimental intensities is rather
good, even if abundance of measured features is higher than the predicted ones by the
tight-binding model. The same comparison was carried out with iron Fermi surfaces
measured during a previous study on a single crystal sample, obtaining a confirmation
of the estimated V0 .
The mentioned data were acquired with the former setup of the APE beamline
which employed a different energy analyser (Scienta SES 2002); in that case the whole
Fermi surface was mapped, hence the symmetry of the intensities is an experimental
trait and not an artifact of mirror reflections performed on data. A comparison with the
new data shows the improvement provided by the new analyser, which allows to detect
more details in the photoemitted intensities due to the possibility to integrate higher
statistics in the same time interval. Moreover, the overall agreement of the measured
band profiles proves the bulk-like properties of our epitaxial film sample.
It also provides an evidence of the linear dichroism due to matrix element effects: in
the old setup the analyser was 90 degree rotated with respect to the current position,
so horizontally polarized light probed only even initial states instead of both even and
odd states as it occurs in the current experimental geometry. This is confirmed by the
fact that, especially for the 40 eV case, the intensity pattern in the old data is more
similar to the Fermi surfaces measured in this work using vertical polarization. For
instance it can be noted despite the lower quality, that in the isoenergy map acquired
with 40 eV VP photons (top-right edge in Fig. 4.5) the “petal” features leading from
the Γ point are either strongly suppressed or not present.
The dichroic character of the measured intensities near Fermi is also evident from
the ARPES spectra. In Fig. 4.6 the data collected with both photon polarization are
reported, as well as the difference of intensity between the two (HP-VP) which should
show as positive (pink) odd bands and close to zero or slightly negative (light blue) even
bands. However, as has already been said, dichroism in photoemission is complicated
and for instance if an even band is orthogonal to VP light then it could be visible just
with HP and result as odd (see pz in the O 2p later on).
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Figure 4.4: Comparison between experimental Fermi surfaces and bands calculated by
FLAN. Lines reported in hot (cold) colors represents up (down) spin channels. In a) and b) are
displayed the comparison with data obtained with photons of respectively 40 and 50 eV. c) Scheme of
the spherical cut in the BZ (for Fe up bands with hν= 50 eV) [18]. d) FLAN bands calculated with
the chosen V0 superimposed to Fermi surfaces from a previous study.
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Figure 4.5: Comparison of Fe Fermi surfaces measured at the APE-LE beamline with the
current setup and a previous one. The new measures presents more details in the photoemission
intensity. Exceptions to the overall agreement between old and new data (such as the “petal” features
in the new 40 eV map) are possibly ascribed to the 90◦ rotation of the analyser between the two setups.

From the spin measurements (mostly performed on the oxidized sample), all the
bands near Γ within 0.5 eV from Fermi seem to have a minority-spin character. This
make it difficult to identify all the features visible at Γ point with hν= 40 eV with iron
bulk bands as predicted by Callaway and Wang [17] for one majority-spin band should
be present; it could be an evidence of the relevance of spin-orbit interaction. Indeed
the mixing of the band spin character and magnetization-dependent modification of
iron bulk band structure near the Fermi level due to spin-orbit coupling have been
predicted theoretically and observed with ARPES by Mlyńczak et al. [20]. Our data
also neither exclude nor confirm with certainty the presence of a surface state often
found in literature with Eb = 0.2 eV and little dispersion along the Γ-X direction
[21–24]. From the comparison between contrast-enhanced spectra at different photon
energy, it is considered possible that the X-shaped feature clearly visible with hν= 40
eV is not bulk-derived but a minority surface state instead [22]. Further measures would
be required to assess the character of these bands.
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Figure 4.6: ARPES measurements of Fe(001) band dispersion along Γ-X probed with
different photon energies (columns) and polarization (horizontal for the first row, vertical for the
second). The third row displays the difference between the intensity of HP and VP spectra calculated
after having normalized the background. Bands are drawn on the spectra as a guide to the eye (in
pink if likely odd, blue/green if likely even).
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4.3

Fe-p(1x1)O oxygen-induced surface states

Oxygen passivation of the Fe surface induces a strong modification of the electronic
band structure both near the Fermi level and at deeper binding energies.
2p-derived states
Electronic states which appear at binding energies between 4 and 8 eV are well known
in literature having been the subject of both first principle calculations [14, 25, 26]
and photoemission experiments [26–28] which establish their derivation from the hybridization between the O 2p atomic orbitals and Fe 3d bands. Originating from px , py
and pz (spatially oriented along different axis) three different bands are visible. Their
identification has been carried out according to even (px , pz ) and odd (py ) symmetry
with respect to the xz plane revealed by the dichroism. Indeed py is probed only with
HP light while just px appears in the spectra obtained with VP photons (Fig. 4.7 (a)
and (b)), coherently with the assumptions made on the link between our experimental
geometry and symmetry selection rules. However the simple calculation of intensity
difference between the two spectra does not succeed in assessing the even character of
pz due to its spatial orientation orthogonal to the vertical light polarization vector.
As is clearly visible from the ARPES spectra reported in Fig. 4.7, due to the
symmetry breaking along the direction normal to the surface plane, at the Γ point the
degeneration of the 2p orbitals is lifted for pz , but not for px and py . The dispersion of
px and py along the high symmetry directions is ascribed mainly to the in-plane O-O
bonds, while is the Fe-O interaction (according to tight binding calculations [26]) that
leads to the dispersive character of the otherwise quite localized pz orbital. According
to our data, the latter could also display some slight dispersion with kz for its binding
energy seems to vary with the photon energy. Overall the measured dispersion of such
states are in agreement with previous studies, as well as their binding energies in normal
emission conditions (around 4.4 eV for px /py , between 6.5 and 7.1 eV for pz ).
Moreover, the differential hybridization with the spin-split bands of the metal substrate results in an induced exchange splitting of the O 2p bands. Spin-resolved ARPES
measurements were performed on the px band with VP photons both in normal and off
normal emission condition and confirmed the presence two peaks of different spin character (majority “up” and minority “down”) in the energy distribution curve. In normal
emission condition the splitting is ΔE = 0.32 eV and the peaks are energy-resolved also
in spin-integrated ARPES spectra, while 4.5◦ off normal the energy separation decreases
and it is possible to estimate ΔE = 0.15 eV only from the VLEED measurements.
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(a)

(b)

(c)

Figure 4.7: Modification of the band structure after passivation: O 2p bands. (a) hν = 30
eV, horizontal polarization (probing all p states) (b) hν = 30 eV, vertical polarization (probing only
px due to symmetry effects for py and orthogonality for pz ) (c) ARPES measures of the O 2p bands
from G. Panzner, D. R. Mueller and T. N. Rhodin [27].
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Figure 4.8: Exchange splitting of O px derived band in normal and off normal emission
conditions.

Band structure near the Fermi level
The higher energy and angle resolution achievable with the current state-of-art setup of
photoemission experiments allowed the observation of the oxygen-induced modification
occurring in the electronic band structure in a narrow range of 0.8 eV below the Fermi
level, which has never been thoroughly investigated and reported in literature.
The main feature emerged in the passivated sample is a cup-shaped surface state
which is found at EB = 0.2 eV at the gamma point (overlapped with Fe bulk states) with
dispersion along Γ-X towards the Fermi level. From the ARPES intensity map obtained
with horizontally polarized photons of 40 and 50 eV energy, it is evident how this state
is actually composed by two bands which are degenerate in gamma and increasingly
−1
−1
split along Γ-X, reaching the Fermi level separately at kx = 0.46Å and kx = 0.31Å .
The absence of the outer band in the spectra measured with vertically polarized light
allows us to hypothesize for the two states different characters under reflection, respectively even for the inner one and odd for the outer one.
In the isoenergy maps at the Fermi level the inner state presents itself as a circle
around the gamma point, with apparent gaps providing a textbook case of intensity
suppression due to the canceling out of the matrix element (changing photon polarization gaps switch from kx =0 to ky =0). The outer band is visible as an extension of
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the circle toward the X point and displays a more complex intensity modulation: the
dichroic behavior is clearly visible but in the 40 eV HP map (in the centre of Fig. 4.10)
it seems also to be broken the symmetry between positive and negative values of ky .
Other surface states are identified with the weak intensities with EB ∼0.2 eV nearly
constant with kx that don’t show any modification in the spectra obtained with different
photon energies (i.e. don’t disperse along the kz direction). These states are marked
with dashed lines in ARPES spectra reported in Fig. 4.9 and weren’t object of further
investigation.

Figure 4.9: ARPES measurements of Fe(001)-p(1x1)O band dispersion along Γ-X probed
with different photon energies (columns) and polarization (horizontal for the first row, vertical for the
second). Oxygen-induced surface states are drawn on the spectra as a guide to the eye (in pink if likely
odd, blue/green if likely even).
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Figure 4.10: Isoenergy maps of the Fermi surface of Fe(001)-p(1x1)O. Oxygen-induced
surface state is visible as a circle around normal emission (kx =ky =0).
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The spin textures of the sharp cup-shaped surface states were investigated both
along the x and the y direction. Off-normal measurements with the VLEED-W inplane (x direction) show the minority character of all the features with binding energy
lower than 0.4 eV and a background polarized in the opposite way (probably due to
low-intensity odd bands, as it is visible only with HP light). After the introduction of
the previously described normalization factor, the polarization of the surface states was
estimated to be around 70% when probed with 40 eV photons, while between 50%(HP)
and 65%(VP) when 50 eV photons were used.

Figure 4.11: Spin-resolved ARPES spectra of oxygen-induced surface state near Fermi.
The photoelectron beam polarization is measured along the x direction (VLEED-W in-plane).

The spin polarization along the y direction, perpendicular to the sample magnetization, was probed with the VLEED-B in-plane in two position of the SBZ approximately
symmetric with respect to the Γ point: (θx , θy ) = (2◦ , 0◦ ) and (θx , θy ) = (12◦ , 0◦ ) . The
obtained spectra are reported in Fig. 4.12. The intensity peak that corresponds to the
cup-like surface state displays a small shift in energy between the “up” and “down”
spectra, which was estimated with a Gaussian fit obtaining the following results:
∆E = E↑ − E↓ = −3 meV for θx = 2◦
∆E = E↑ − E↓ = 4 meV for θx = 12◦
Since this shift reverses between the two angular positions, the spin polarization can be
ascribed to a Rashba effect rather than to an imperfect alignment of the magnetization
along the x axis.
The so-called Rashba effect arises from the combined effect of spin-orbit coupling and
the symmetry breaking of spatial inversion occurring at the crystal surface, which lifts
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the band spin degeneracy (En (s, k) 6= En (−s, k)) resulting in a momentum-dependent
splitting of spin-polarized bands. The width of such splitting depends on the strength of
spin-orbit interaction, proportional to Z4 , making it easily detectable with spin-ARPES
for heavy elements. The Rashba splitting of Au(111) (Z=79) Shockley surface state
was indeed measured at APE-LE giving a value of ΔE = 110meV at the Fermi level
(k=0.155Å-1 ) and is routinely measured to calibrate the VLEED detectors. Rescaling
ΔE for iron atomic number (Z=26) and the k probed in our measurements (0.25Å-1 )
it was obtained an expected value for our sample of 2 meV, which is the same order of
magnitude of the measured effect.

Figure 4.12: ARPES spectra spin-resolved along the y direction (orthogonal to the magnetization) of oxygen-induced surface state. A small Rashba-like shift in energy between the “up” and
“down” bands is visible.

The resolution of the ARPES setup (∼50meV) is not enough to separate the two
spin-polarized peaks on the energy axis. Moreover, the VLEED polarimeter has a lower
energy resolution as it integrates the signal through a variable diaphragm in the exit
plane of the hemispherical analyser, which results in a broadening of the photoemission
peaks: this is clearly visible in Fig. 4.13 where both the spin-integrated measure (the
yellow dashed curve) and the sum of the of the “up” and “down” spectra (the green
curve) for the same angular position are displayed. The broadening attributed to the
VLEED was estimated fitting the sum of the spin-resolved measures with the convolution between the spin-integrated ARPES spectrum and a Gaussian function, obtaining
an overall resolution of ∼110meV, in agreement with previous assessments. However
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in these conditions it is still possible to detect the Rashba-like splitting because the
two distinct spectra obtained for spin-up and spin-down photoelectrons present peaks
centered at different energies.

Figure 4.13: Spin-resolved spectrum measured with VLEED-B in-plane. The box on the right
displays the fit of the summed spectra (green) with the convolution of the spin-integrated one (yellowdashed) with a Gaussian function.
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