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Abstract

La presente tesi riporta lo studio sugli stati di superficie dell’Au(111) mediante
fotoemissione risolta in angolo e spin. Tali stati presentano un accoppiamento
spin-orbita che risolve la degenerazione di spin. Da modelli teorici e calcoli di
DFT ¢ noto che, considerando livelli isoenergetici della proiezione del reticolo
reciproco sulla superficie, 1 due stati si dispongono secondo cerchi concentrici
(centrati al punto I'). La componente tangeziale (rispetto a tali cerchi) della
polarizzazione di spin risulta totale ed opposta per i due stati; mentre vi ¢ una
leggera polarizzazione nella direzione radiale uguale in segno ma diversa in
modulo tra i due stati. Questo studio ¢ stato condotto utilizzando come sorgente
la quarta armonica di un laser Ti:Sa amplificato ed un Time-of-Flight per la
misura dell’energia cinetica degli elettroni. Mediante un Mott-detector con
quattro rilevatori viene risolto lo spin. La presenza di quattro rilevatori disposti
a 90° uno rispetto all’altro consente di risolvere lo spin nel piano della
superficie del campione, quindi per entrambe le componenti: radiale e
tangenziale. E’ inoltre presentata una procedura per la caratterizzazione del
Mott-detector e 1’ottimizzazione dei suoi parametri utilizzando le informazioni

note sulla componente tangenziale di spin degli stati di superficie.
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Introduction

Surface states of noble metals are known since Shockley discovered them in
1939 [1] by considering a semi-infinite crystal with a periodic potential. He
studied the wave functions of the states with a finite 1-D periodic potential
discovering that in the “forbidden” region between the allowed bands some
occupied surface states should be expected. Today we know that, in a more
complex 3-D picture, these states give rise to surface bands. They originate
from electrons trapped between the surface step potential of the crystal and the
bulk potential [2]. Therefore, surface states, that are predicted for all metals,
play an important role in determining the surface or interface properties and
process, such adsorption, catalysis and, therewith, chemical reactions at
surfaces [3].

Recently it turned out that the surface states on the (111) surface of noble
metals show an energy splitting due to spin-orbit coupling [4]. The spin-orbit
splitting is a quite common mechanism in semiconductor heterojunctions,
where a two-dimensional electron gas is created [5]. The asymmetry at these
interfaces gives rise to the Rashba-Bychkov interaction [6]-[7] which leads to
the spin-orbit splitting and to the spin polarization of the free-electron like-

states at the interface. At the (111) surface of noble metals the mechanism is
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similar and an energy splitting of the surface states due to the Rashba-Bychkov
interaction is observed [8]. In this case the surface breaks the inversion
symmetry in the direction normal to the surface, while the spin-orbit interaction
lifts the spin degeneracy, providing different energies for the two spin states at
given values of the reciprocal momentum vector.

In the last few years some scholars started to study the surface states of noble
metals using the spin resolved photoemission spectroscopy [8], [9], obtaining a
direct observation of the spin polarization of the surface states.

In this thesis the Au(111) surface states are investigated by coherent low
photon energy angle resolved photoelectron spectroscopy (ARPES) using a
Mott-detector to resolve the spin state of the photoemitted electrons, the
purpose being the absolute calibration of the Mott-detector and the spin-
resolved dispersion of the surface states. The Mott-polarimeter is based on the
spin-orbit interaction between the photoelectrons and the Au atoms of a foil
placed at the centre of the detector. To obtain the best spin sensitive condition
the photoelectrons are accelerated by an electrostatic potential. The spin
sensitivity of the detector is analyzed as a function of this accelerating potential
in order to define the operating conditions.

The spin resolved energy dispersions are also obtained finding, in the
momentum space, the parabolic behaviour of the two surface states as a
function of the component parallel to the surface of the reciprocal momentum
vector. The isoenergetic curves in the reciprocal lattice of Au(111) surface
states, at given binding energy values, are composed by two concentric circles

separated by the energy contribution due to the spin-orbit coupling (Fig 1.1).
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Density functional theory (DFT) calculations [8] show that in the tangential
direction, the surface states should be fully polarized with opposite spin
directions. In the radial direction the spin polarization is very small and it
should have the same sign for the two but changing sign every 60 deg in the
surface plane.

Here it is shown that the tangential spin component resulting from LDA
calculation is consistent with our measurements, whereas for the radial
component only a first attempt to measure its value is presented.

The thesis is organized as follows

Section 1 reports the relevant physics of the surface states with a short
presentation of the Rashba-Bychkov model applied to the surface states of
noble metals.

Section 2 describes the experimental apparatus based on an Ti:Sa laser
amplifier and a Time-of-Flight electron spectrometer equipped with a spin-

polarimeter.
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Section 3 presents the data analysis, in particular how to extract the spin data
from the detected spectra, along with the fitting procedure and the
characterization of the spin detector.

Section 4 shows the results, the energy dispersion of the Au(111) surface
states.

The last section reports the conclusion.

1.1 Surface states at metal surface

The conventional approach for describing a solids starts from an infinite crystal
with a full translation symmetry. However, real crystals present many brake-
downs of the periodicity and local defects. The surface originates from the
interruption of the translational symmetry and this can be considered the most
macroscopic “defects” of an ideal crystal. For this reason at the solid surfaces
many physical and chemical phenomena take place and among them the
surface states.

The surface states are spatially confined at the surface region. Inside the crystal
the real part of the wave function is modulated by a sine or cosine function.
The origin of these states is sketched by the simple model reported in Fig 1.2
[10]. This model assumes a constant potential inside the solid, while the
surface is represented by a step potential (Fig 1.2(a)). In such a model the wave
function which amplitude decay exponentially outside the crystal while inside
the crystal it is represented by a travelling wave with real k-vector. As a
consequence in a free-electron-gas model with a step-like surface potential the
surface states do not exist, since every energy corresponds to a constant

amplitude travelling wave.
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If the crystal lattice is represented by a weak periodic potential (nearly-free-

electron model) with a step termination at the surface
2

V(2)=V,+2Vcos—z >0 (1.1)
a

being z the coordinate perpendicular to the surface and a the lattice parameter

in the z direction and V, = 0.

Surface
vacuum z|=0 crystal
i -7 (a)

free electron crystal I (1)
with step like surface
potential

nearly free elec-l ?

tron crystol with = ——1 :
step like surface Vo V<0 (b)
potential

Fig 1.1. Representation of the surface of a crystal. (a) Free electron crystal with a step-like surface

potential. (b) Nearly-free-electron solid with a potential: V(z)=2V, cos(27z/a)z with V<O. The origin is

taken between the ions core.

The sign of V depends on the position of the origin [see Fig 1.2(b)]. In Fig
1.2(b) the origin is set between the ions. The potential V(z) modifies the free

electron band structure in such a way that a gap at the boundary of the
Brillouin zone(kz:i% ,12%,...) opens [11].

The one-dimensional Schrédinger equation is:
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1w d’y(z)

————+[E-V(2)Jy(2)=0. 1.2
47 [ (D]w(2) (1.2)
The solutions near the boundary of the Brillouin zone have the following form:
w(z) = Aexp(ik,z) + Bexp(ik,z—i9,2) (1.3)

where k, == /a and @, A (In the following only the point K, A will

be considered) and A and B are the normalization’s constants.
The wave function at the bottom and at the top of the gap has the following

form:

V<0: top e cos(% 2) s-type

Bottom g cos(z z- Z) ~ sin(Z 2) p-type
a a a

This solution can be extended into the gap by using a complex K-vector:

k,=p+tiq with p:7%l and € R in order to have a solution near the

Brillouin boundary.

The wave functions become:

w(z) =PV A+ Be'?) =" %P ( A+ Be %) (1.4)

In an infinite crystal both solutions are forbidden since the first exponential
diverges for z— -0 and z— +oo, but for the situation chosen (a crystal
extending to +w) the wave function w(Zz)=e ¥e™(A+Be'¥) is a possible
solution since it decays into the crystal.

By setting A=¢€"” and B=¢e"’ with § e R. The following wave function is

obtained,
W= Ce’qzcos(g Z+0) (for z>0) (1.6)

where (for ¢>0) o'is
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=0 Top

o=-m2 Bottom

The wave function outside the crystal decays exponentially

w = De" (for z<0). (1.7)

The coefficients C and D are found from the matching between the wave
function and its derivate at the surface of the crystal (z=0). Toward the vacuum
the derivative of the wave function is given by

dy

— D req’z
dz g

z=0

=Dg'>0 (1.8)

=

while toward the crystal at the bottom of the gap (-42) is

dy

=Cp[—sin(—x/2)]>0 (1.9)
dz

z=0

Eq 1.8 and eq 1.9 show that a matching between the derivates is possible.
Moreover, at the surface it is possible to match, the wave function inside and
outside the crystal. Nontheless, the matching is not possible for 0=-7/2 since
the inner wave function is zero at the surface and for =0 since the derivates
cannot be matched. Otherwise for -7/2< 0<0 there is a region where the
matching is possible and surface states can exist.

Another way to look at the matching conditions is to use the logarithmic

derivate that is the ratio between the derivative of the wave function and the

wave function: M/ = d—l’[// and therefore
dZ out dZ in

g =—-g- ptand (1.10)

The physical meaning of eq 1.10 resides in the fact that to describe an electron
in a gap a complex wave vector (k=p+ig) must be considered. In this case the

resulting wave functions have real exponents [exp(gz)]. The real exponent
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wave functions are forbidden for an infinite crystal (since they diverge as
Z— +o) but for a semi-infinite crystal there are exponentially decaying wave
functions outside and inside the crystal. This leads to states confined at the
surface.

Fig 1.3 shows the Fermi surface of the gold and the projection of the bulk

Brillouin zone to the surface Brillouin zone (0.8 A™).

[111] direction L-gap

Au

=7
00 05
k,[A"]

Fig 1.3. Left panel: Au Fermi surface representation.

Right panel: Projection of the bulk Brillouin zone of the gold to the surface Brillouin zone [12]

In the [111] direction the band structure of Au presents a band gap (Fig 1.3 left
panel). This band gap is quite evident in the momentum domain around
I'(k =0) by projecting the bulk Brillouin zone on to the surface. This is the
typical condition for the formation of the surface states, since there an electron
can be trapped between the band gap and the vacuum level, as shown in Fig
1.3. The binding energy of these states (related to the Fermi energy) is less than
1 eV (Fig 1.3).



Introduction Pag. 9

1.2 Spin orbit coupling in a 2-D electron gas (Rashba—
Byckhov model).

Recently it has been shown that surface states at the (111) surface of noble
metals exhibit a spin-orbit interaction with a strong analogy with the two-
dimensional electron gas in a semiconductor heterojunctions [4].

The non-relativistic Hamilton operator for electrons with spin-orbit coupling is

given by [13]

1 L.
H=2 P +V(N)+ o5 oe[VV()x p] (1.19)

where o are the Pauli matrices and p=-iV is the momentum operator in
atomic units. In order to have a two-dimensional electron gas the potential V
must confine the electrons in a plane. By choosing the plane orthogonal to z=0

and setting V(0)=0 the Hamiltonian becomes:

V(z

1 oV ()
H=2(G+ ) +i——=(0.0,-0,4) (1.20)

The ansatz for the eigenfunctions y/, is that they consist in plane-wave spinors

Ve = (" + vy ey (1.21)

with k=(k,k,). The Pauli spinors are quantized with respect to the z-axis
(o,4" =%y"). From the fact that o, 7" = " and o y* =+iy" the Schrédinger
equation Hy, = E(K)y, leads to

(k + ik, )12 = (k, ik, )iz (122)
The normalization of y, gives the conditions for the two sets of coefficients
(index + or -):

k,—ik

— for k=0 (1.23)
2 \[k, +ik,

=F

i

1
My = $= Vi
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The eigenvalues of i, are given by
1
E.(k)==k>* yk 1.24
(k) =K % /K] (1.24)

where y= é’ZV(Z)Lzo /(2¢%). Therefore, the strength of the spin-orbit splitting is

E.(k)— E (k) =2y, hence proportional to the asymmetry given by JV(z). In
this frame the spin polarization P,(k)= .oy, is complete and perpendicular
to k,,

k
Pix(k):ﬂ?ya Piy(k):ir‘k?x, P*(k)=0 (1.25)

Hence, P,(P.) rotate anticlockwise (clockwise) around the z-axis.

For the surface states of a (111) noble metal surface, the electrons are
asymmetrically confined at the surface region by the bulk band gap potential
and by the surface barrier potential. The spin-orbit coupling is stronger in
regions where the crystal potential changes rapidly (2,V(Zz)). Therefore, for
this reason, is more evident in heavy atoms.

Appling the Rashba-Bychkov two-dimensional electron gas model to the case
of surface states in noble metals the momentum distribution in the reciprocal

space consists in two concentric circles separated by 2y (Fig 1.3)
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Fig 1.3. Upper panel, section of the SBZ of Au(111) surface.

Lower panel, schematic view of the surface states dispersion

[4].

k=0

The quantity y reflects the strength of the structural asymmetry and its sign
determinates which state is inner (‘+’ for »>0) and which is outer (*-° for
<0). This splitting generates fully spin polarized electronic states within the

xy-plane perpendicular to K, = ‘k B ‘(cos @o,SINP,).

PX(k,)=a.sing, P’(k,)=-a,cosp,, P7(k,)=0

with o, =+F1.

P. can be decomposed into a radial and a tangential component by considering
the two circles of the momentum distribution

P™(k,)=Pcosp,+ P.sing,, P (k,)=PXsing,— P’ cosp,.

For this model P/*' =0 and P*" = ¥1 i.e. the radial component is null.
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1.3 State of art

The first experimental observation of surface states on noble metals was done
in 1975 by Gartlan et al [14]. They performed angle resolved photoemission
from the Cu (111) surface using a monochromatic light at 6.6 eV. They found
two different well separated peaks in the spectra (see Fig 1.5), the first due to
the direct transition across the s-p band gap of copper. The second just below
the Fermi energy (~0.40eV below at normal emission) was interpreted by an

emission from the surface band.

Fig 1.5 Experimental energy distribution
curves of photoelectrons emitted at
various angles o relative to the Cu(111)
surface. The photon energy is 6.60 eV.
[14]

{arb. units)

N(E)

W=25°

wie N\

wir N
w=50° ,/—t”_’i/ !

-15 -1.0 -05
ENERGY BELOW Eg

A%

=]

Starting from this experimental evidence many other investigations were

performed using angle resolved photoemission in the near UV region [15]-

[19].
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The first experimental evidence of the spin-orbit splitting of the surface states
on a (111) noble metal surface was done by LaShell et al [20]. They performed
angle resolved photoemission from the Au(111) surface at room temperature
using photon energy of hv=11.83eV (Ar I). In this experiment off normal
emission, their photoemission spectra showed a line doublet with energy

difference that increase linearly with k, (see Fig. 1.6).

Intensity (arbitrary units)
Binding Energy (eV)

-0.8 -0.6 -0.4 -0.2 0 0.2
Binding Energy (eV)

Fig 1.5 Left: spectra taken along the I'-M direction of the Au(111) reciprocal lattice at the indicated
values of parallel momentum with photon energy of hv=11.83eV. Along the I'-M direction is clearly
visible a splitting in the first peak which is interpreted as spin-orbit splitting of the surface states. Right:

dispersion of the two surface states. [20]

LaShell and co-authors interpreted properly the origin of the two emissions as
the spin-orbit splitting of sp-like surface states electrons.

Recently, some theoretical calculations were performed on the surface states of
noble metals [4]. Density-functional theory (DFT) calculations showed that the
split of the surface states depends on the gradient of the crystal potential
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perpendicular to the surface and on the amount of p-character of the states [4].
For the Au(111) surface states the splitting is quite high (on the order of 10?
meV). However, for metals lighter than Au (Fig 1.7) the spin-orbit splitting is
smaller or comparable to the energy resolution of the present days

experimental apparatus [4].

-200

S TR F S PR
_100; 10 Ag(1 11)
oL Ak=0.0013 A
- AE(k,)=1.9 meV

binding energy [meV]
o
8

binding energy [meV]

P
¥ 0.04 6
k,alongT™M [A"] k,alongT™ [A"]

el
0.06

0.08

P S T ' B
6‘:)U(]'! 0.1 0.2 0.3 700 0.02

Fig 1.7 Calculated splitting of the Au(111) surface states (left panel) and for the Ag(111) surface states
(right panel) [4]

The DFT calculations made on the Au(111) surface states [8] show also that
the surface states are also polarized into the radial direction. The radial
polarization is very small compared to the tangential component and, so far,
has never been observed.

Recently angle and spin resolved photoelectron spectroscopy, using a spin-
detector and a hemispherical analyzer, has been applied to study the spin
component of the Au(111) surface states [8]. These measurements allow
having direct information on the spin polarization of the surface states.

The aim of our experiment is to reach a spin sensitivity suitable for measuring

the radial component of the spin polarization on Au(111) surface states. In
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2004 Osterwalder et al [8] performed spin resolved ARPES on the Au(111)
surface states using a hv =21.1eV p-polarized photon source by applying two
Mott-detector to a hemispherical analyzer. They also performed DFT
calculations deriving the theoretical spectra. The tangential component of the
spin polarization was measured finding the theory in consistent agreement with
the experiment. However, no data were reported about the radial component.

Fig 1.8 shows their DFT calculations of the spin polarization at 0.17 eV
binding energy and the results in the projection of the Brillouin zone to the
surface. The solid black lines represent the surface states peaks. The a) panel
shows the calculated tangential component of spin polarization of the two
surface states. It is possible to see that it is opposite for the two states. The b)
panel presents the calculated radial component, that component has the same
sign for the two surface states but different values: 6% for the outer surface
state, while 2% for the inner one. Moreover the sign of the radial component
change every 60 deg in the plane of the surface. The c) panel shows the
measured tangential component. The obtained values are in good agreement
with the calculated values. It is worthy to note that to perform radial
component measurements is useful to rotate the sample in the plane of the

surface and detect the 60° modulation.

(b) (c)
; 80 I 6 ...
a0 <]
0 (%) . . 0 (%) ¢
-30 -3
ptan i 0 pradff-s

Fig 1.8 Calculated tangential (a) and radial (b) spin-polarization components at 0.17 eV binding energy.

(a)

The peak position of the surface states is indicated with the black arcs. Measured tangential spin-

polarization (c), the radial component was not measured. [8]
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1.4 Scope of the experiment

Scope of this work is to test a new system to perform spin and angle
photoemission spectroscopy. A Mott-detector, with four micro-channel plates,
is applied to a Time-of-Flight electrons analyzer. The light source is the fourth
harmonics (~6.2 eV) of a Ti:Sa amplified laser operated at 250 kHz of
repetition rate. This apparatus is used for spin resolved ARPES experiment on

the Au(111) surface states.

The aims of the experiment are
1. to make use of the fully spin-polarized photoelectron emission of the
Au(111) surface state to measure the experimental asymmetry and the
Sherman function of the Mott-polarimeter avoiding any magnetic field.
2. to obtain spin-resolved spectra of the Au(111) surface states with an
unprecedent resolution.

3. to measure the radial component of the spin polarization.
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Experimental set-up

This section reports the description of the experimental set-up. The first part
describes the light source used and the optical elements used to generate the
fourth harmonics of the laser pulse; the second part describes the Time-of-
Flight electron spectrometer and the Mott-detector.
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2.1 Laser system and the 4™ harmonic generation
(4HG).

The light source is based on a Ti-sapphire laser amplifier. Fig 2.1 reports a
schematic view of the source. It is composed by a laser pump (Verdi V18), a
master oscillator (Mira 900), an amplifier (RegA) and a stretcher-compressor

system.

Verdi VIE

Mira 9{H)

o

Stretcher-Compressor

&

-
=

Fig 2.1. Schematic view of the laser source.

The continuous laser light (16 W) emitted by pump (Verdi V18) is splitted into
2 beams inside master oscillator (Mira). The first beam (4.5 W) is used to
generate the pulse inside the master oscillator and the second beam (11.5 W) is
used to pump the laser amplifier. The output from the oscillator are laser pulses
with a wavelength of ~800 nm, and a bandwidth of ~45 nm. The repetition rate
is ~83 MHz with an average power of ~550 mW. Downstream this beam is

stretched and sent to the laser amplifier, after the amplification the light pulse
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is compressed back to the original time-structure. The overall output is a pulse
with a wavelength of ~800 nm, a bandwidth of ~30nm, at a repetition rate at
~250 kHz with an average power of ~1.3 W and a pulse duration of ~80 fs.
This beam is sent to a series of optical elements (Fig 2.2) to generate the fourth

harmonic i.e. a pulse at ~200 nm.

200nm

delay line BBO

——

E00nm+400nm E00nm /
- - =
M1

lens BBO lenses

Fig 2.2. Schematic view of the set-up used to generate the fourth harmonic.

The 800 nm beam polarization is rotated from horizontal to vertical direction
by a polarizer and then is splitted by a beam splitter (BS in Fig 2.2). One part is
used to generate the second harmonic (400 nm) passing through a beta-BaB,04
crystal (BBO) while the other beam follows a different path. After the BBO
crystal the overall, 800 nm and 400 nm beams are separated by a dichroic
mirror (M1) that transmits the 800 nm and reflects the second harmonic. The
two beams are then focalized into a second BBO crystal to generate the third
harmonic (266 nm). The 800 nm and 266 nm beams are then focalized out a

third BBO crystal to generate the p-polarized fourth harmonic (200 nm). This



Experimental set-up Pag. 20

beam is focalized on the sample. The beam energy of the fourth harmonic,

controlled by a A/2 plastic set on the entrance beam, is ~5 pJ.

2.2 The Time-of-Flight electron spectrometer and the
spin-detector.

The 200 nm pulse is used to emit the photoelectron from the surface states of
an Au(111) single crystal. The sample was cleaned with the standard procedure
[21], i.e. a number of cycles of argon-ion sputtering and annealing at ~500°C.
A Time-of-Flight electron analyzer equipped with a Mott-detector (Fig 2.3) is
used to measure the electron’s kinetic energy and the spin polarization of the

photoelectrons.

Left
Drift Tube Detector
(ToF) /
- E An fol

Sample

g Raght
Detector /
Pul :z::d Photon Mott
SOUICE polanmeter

Fig 2.3 Schematic view of the Time-of-Flight Mott-detector.
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The ToF consists in a 45 cm drift tube with a small angle of acceptance
(£0.15°) in which is possible to put an opposite potential to decelerate the
collected electrons (up to 1 kV). After this linear path the electrons enter in the
Mott-detector. This detector consists in two hemispheres with five small holes
each kept with a differential potential between 10 kV up to 30 kV.

The electrons enter into the detector trough one of the holes to reach the gold
foil placed at the centre of the sphere. Some of the electrons are then back
elastic-scattered by the gold foil atoms onto to the four microchannel plates
placed at the end of the external sphere, as shown in Fig 2.3, passing trough the
other four holes. The potential between the two hemispheres accelerates the
incoming electrons whereas the back-scattered electrons are decelerated. In the

following the Mott-scattering mechanism will be discussed with some details.
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2.3 The electron Time-of-Flight spectrometer

The principle of the Time-of-Flight techniques applied to photoemission
experiments is to measure the kinetic energy of the electrons by measuring the
time needed to cover a fixed distance through a drift tube placed between the
sample and the detector. This electron spectrometer is ideal when the
photoelectrons are emitted by a pulsed light source [22] since the entire
photoelectrons spectral range can be measured at once with an unprecedent
energy resolution.

When the pulse is emitted by the source a clock starts and it stops when the
electrons hit one of the detectors. Knowing the electrons travelling distance it
is possible to calculate the electron kinetic energy. By increasing the length of
the drift tube, the time distance between two electrons with different velocity
also increases and so does the energy resolution. On the other hand, it is
important that the electrons from different bunches do not overlap. Therefore,
the tube must be long enough to achieve the desired energy resolution but
avoiding the signals overlapping coming from electrons of different bunches.
In practice, the resolution is limited by all the physical effects that can modify
the electron trajectories, such as background electric fields and magnetic fields.
Another important difference between the ToF and the conventional electrons
analyzers must be considered since for constant energy time and energy have a
non-linear relationship, the resolution is not constant over the energy range. In
particular, the time-energy relation is expressed by AE/E=(2At/t) [23],
where t is the time of flying electrons t and E is the kinetic energy of the

electrons. Fig 2.4 shows the electron Time-of-Flight spectrometer
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Fig 2.4. The electron Time-of-Flight spectrometer.
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2.4 Principle of the M ott-polarimeter

The Mott-polarimeter consists of two hemispheres kept a different potential, a
gold foil at the centre and four microchannel plates to detect the

photoelectrons.

Fig 2.4 The Mott-detector

The physical principle of the spin detector is based on the so-called Mott-
scattering process. This scattering process describes the interaction between an
energetic electron and the spin-orbit split electrons of a deep core level of a
heavy atom (in our case Au). The probability of back elastic scattering depends
on the spin of the incident electrons. In order to maximize this scattering the
photoelectrons are accelerated by the potential difference (~25 kV) between the
two hemispheres to reach the maximum asymmetry in the scattering
probability.

A time-to-digital converter with a 120 ps time of digitalization measures the
arrival time on the four detectors. The measured time is after converted into

kinetic energy.
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In the following, the Mott-scattering process is described by considering the
case of one electron and one scattering centre. To show the spin dependent
scattering probability it is necessary to calculate the differential cross section of
the scattering process using the Dirac equation in the presence of an external
field. The process consists in scattering by relativistic electrons with spin by a

central field, so the equation is [24]-[25]:

2
L(p_EA] +e®_io-o B+iiEo p—%JO(Ex p) =Wy

2m C 2me 4mec? 4m’c

(2.1)
where P is the momentum operator, m is the electron mass, C is the speed of
light, A is the vector potential, € is the electron charge, ¢ is the electric
potential, & is the Pauli operator, B is the magnetic field, E is the electric
field and W+ mc?is the total energy.

The first two terms are identical to the Schrodinger equation for external fields.
The third term represents the interaction between the magnetic dipole and the
magnetic external field. The fourth term is a relativistic correction to the
energy and has no classical analogue. The last term is the spin-orbit operator
and is the relevant part of the Hamiltonian that describes the Mott-scattering. If

the external field has a spherical symmetry

E=—e'(dV/dr)(r/r) (2.2)
the spin orbit term becomes
1 1dv - ¢
———(sel 2.3
2mec o dr (s¢1) 23)

The incident electron is taken as a plane wave in the z direction.
It is important to remember that the relativistic solution for one-dimensional
free particle propagating in the z direction in the relativistic case which is the

generalized plane wave:
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1 0
0 1
cp, |+ 0 exp(ikz—iat) 2.4)
E+mc —cp,
0 E+mc/.

The two independent solutions are eigenstates of the Pauli spin operator o,,

that means
1 1
0 . 0 .
ol cp, |exp(ikz)=1* cp, |exp(ikz) (2.5)
E+mc’ E+mc’
0 0
and
0 0
1 1
o, 0 exp(ikz) =—-1%* 0 exp(ikz) (2.6)
P P,
E+mc’ E+mc’

It is important to notice that this formalism defines the spin polarization

components of the electron as

P =M J=XxY,2 Q2.7)
{vlw)

In analogy with the non-relativistic case it is necessary to search for solutions

of the Dirac equation of the asymptotic form,

v, > a,expike)+ a9, ) P (2.8)

with 1=1,2,3,4, for the four components of the relativistic wave function, This
is equivalent to search for a solution far away from the scattering centre
described by the sum of plane wave (unscattered particles) and a spherical

wave (scattered particle).
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Generalizing the elastic differential cross section obtained with the Schrodinger
scattering theory the following differential cross section is obtained

4

do 2 e (9.9)
_(9’¢) == 00

2
dQ 4 ‘a/l‘
=1

This follows from the general definition of differential cross section, i.e. the

2.9).

ratio between the total probability of scattering and the probability to have an
incident electron. Eq 2.8 can be simplified using the relations among the a,

(see eq 2.5).

2l _R{__ o,
r_z‘_a_m (2.10).

The same relation is valid also for the @) coefficients because at very large
distance from the scattering centre the spherical wave can be seen as the

superposition of plane waves proceeding in different directions. So the

differential cross section can be written as,

% ) ‘a;‘z_i_ az,z
C NN

@2.11).

For this process it is possible, (see eq 2.10), to take into account only the
“large” part of the spinor, so only the first two components of the wave
function bring information about the process. Therefore, for an electron
travelling in the z direction with the spin in the same direction (+2) the relevant

equation is,

{Wl] :(ljexp(ikz) (2.12)
w,) \0

and the asymptotic solution is:
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[%JSE[ JeXp(lkz){gl(s,@J r (2.13)

After the scattering the second component of the wave function can be
different from O, hence the spin flip is allowed because of the spin orbit
coupling between the electron and the scattering centre. The amplitude of this
process is described by S;.

An analogous solution is expected when the electron moves towards the
scattering centre with the spin in —z direction.

v) o (0) (8,8, explikr)
u?’[ Jexp('kz)+£$z<3,¢>J : e

The equations for this problem can be solved using the partial wave method,
where a particular solution for a specific angular momentum is considered to
build up the general solution (for details see [26]). For an electron with spin
along +z and separating the variables in the Dirac equation for a central field
the two particular independent solutions for a fixed angular momentum | are
[%]_((l +1)G(r)P 005(9)]

w,) | G(r)P cos(9)e" 015
(Wl]:( IG.o.(1)Rcos(9) J

w,) \G,(r)P cos($)e"
where B(cos$) are the Legendre functions and ¢ is the azimuth angle. The
functions G(r) and G (r) are the solutions obtained for the two radial
equations. The reason to have two different solutions can be explained by the

spin-orbit coupling term. The spin orbit operator is proportional to Sel, so that
I OS:%(j2 —1?—¢), while the eigenvalue is j(j+1)—=1(l +1)—s(s+1). In this

case S=1/2 for the electron and the angular momentum is fixed, however j can
have two different values, and the eigenvalues of the spin-orbit term are |, if

j=1+1/2 or =l =1 if j=1-1/2. Another important term that appears in these
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two solutions is the ¢ angle dependence. Because of the conservation, the

component of m;,, which is m,,=+1/2 for | =0, becomes m,, =—1/2 after the

1z° iz
scattering. For a spin-flip described by v, (eq 2.15), the decrease of the z

component of the spin must be compensated by the increase in the angular

momentum component |, (described by the operator |, = —ihﬂﬁ) therefore the

solution must contain a ¢ term.
The general solution is obtained by combining a particular solution with the all

possible values of the angular momentum

0

w, =2 [(1 +1)e"G +1€" G 1iI'P(cos9)

0 (2.16)
v =Y [-€"G +€7G, ]i'P (cos $ )&

1=0

Comparing eq 2.15 and eq 2.16 it is possible to find the conditions required to

satisfy the assumption in eq 2.14,

slw,qﬁ):ﬁim FIE D)+ 1@ ~DIP(cosd) = ()
=0 (2.17)

S1(8, )= D¢+ IR (cos e ~g(9)e”

The solution of the scattering problem is then reduced to the calculation of the

scattering phase 7, which depends on the electron energy and on the scattering
potential. An analogous calculation for the spin in the -z direction gives the S,

and the S, amplitude.
S,=3,=1(9)
S, = _%1e_2I¢ = —g(g)e_'¢

From the superposition of the two bases solutions, with spin parallel and anti-

(2.18)

parallel, the case for an electron with arbitrary spin direction can be worked

out.
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[:J exp(ikz) (2.19)

Eq 2.19 is the wave function of the incident electron with A and B constant

while the scattered asymptotic wave function is:

A(al]eXp(ikr)Jr Szjgz(Af —Bge“i"’]gz(a}']ei” (2.20)
S, r S, Bf + Age” ) r \a) r

Using this last equation it is possible to calculate the differential cross section

9 5.~ ol +af
A+l @)

=‘f‘2 +‘ ‘2 + _AB‘Zj:";\‘ZBe_i¢ (fg" — ')

By defining the Sherman function as

fg — f

s9)=i19-f9 (222)
1] +[of

the differential cross section becomes

do 2 P ~AB€’ + ABe"’

@9 =(f[ +lghHa+s9) ) (223)

(A +[B)

By considering for example, A=1 and B=1, i.e. an electron polarized in the X

direction, the cross section results,

d—g(9,¢>=<\f [ +]g[ )1~ S(9)sin()) (2.24)

therefore, there is a scattering asymmetry in the plane perpendicular to the
propagation direction Z In conclusion an electron that hits the gold foil has
different probability to be scattered in different directions. This is the principle
of the Mott-scattering process. Important is to note that for a Mott detector with
4 plates for electron detection, the X and Yy polarization of the incident beam can

be resolved.
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I +lg[ya+5)

Fig 2.4. Left-right scattering asymmetry of a beam totally polarized in the X direction

From this formalism the Sherman function represents the spin sensitivity of the
detector, i.e. the probability of scattering for polarized electron beams.

This treatment is referred to a system with one scattering centre. In reality for a
gold foil (i.e. infinite scattering centres) the scattering asymmetry and the

Sherman function are obtained through a more complex analysis.
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2.5 Characterization of time resolution and energy

resolutionsfor the ToF spectrometer

A ToF electron spectrometer is characterized by measuring its time and the
energy resolutions. For the time resolution it is important to take into account
the efficiency for a detectors to discriminate electrons collected at different
times, (i.e. the minimum detector dead time) and the time needed by the
electronics to digitalize the information and stop the clock. The total time
resolution of the analyzer is measured by rotating the sample such that the
specular reflection of the laser beam hits the gold foil of the Mott-polarimeter.
In each of the four spectra acquired by the Mott-polarimeter used for the
present experiment, a very narrow line at very short times is measured
corresponding to the laser light diffused by the gold foil and detected. The
overall time resolution is calculated by fitting this curve with a Gaussian
function (Fig 2.5). Following this procedure the overall time resolution is

found to be ~293 ps.
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Fig 2.5. Characterization of the time resolution of the detector by measuring the photon diffused by the
gold foil

The energy resolution of the analyzer is obtained from the measure of the spin
integrated normal emission spectra (Fig 2.6). At normal emission (i.e. around
the T" point of the first Brillouin zone) the surface states overlap so the opposite
spin states of the photoelectrons compensate while the main feature of the
spectrum is the 92 meV wide surface states emission.

The Fermi edge is clearly detected and it can be fitted by a room temperature
Fermi-Dirac function convoluted with a 28 meV Gaussian function (to take

into account the thermal dispersion). It is also possible to see the 20 meV wide
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cut off at zero kinetic energy. From this cut-off the energy resolution is

estimated to be ~25 meV.

1 l ] 1 1 I 1 1L L I L 1 b l 1L L |

Intensity (x10° Electron/eV/sec)

FWHM =92 meV

10

10°

Fermi edge

10"

10

200 400 600

Kinetic Energy (meV)

800

Fig 2.6 Spin integrated normal emission spectra in linear and logarithmic scale. The surface states width

measured is 92meV while the Fermi edge is fitted by a Fermi-Dirac distribution convoluted with a

28meV width Gaussian function.
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The Mott-detector and ToF

calibration

In this section the procedure used to characterize the Time-of-Flight spin
detector is described. Asisreported in section 2 the 200 nm laser pulseis used
to photoemit the electron from the Au(11l) surface states. The first part
describes the conversion of the raw data into spin data. Then the fitting
procedure and the way to extract the spin asymmetry and the Sherman function
areillustrated. In the last part the parameter of the Mott-detector are obtained
as a function of the voltage applied between the two hemispheres. This

procedure allows define the best operating condition.
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3.1 Conversion of theraw data in spin data.

The measurement procedure consists in various scan at different angles of
incidence (to span over different places of the reciprocal lattice) along the ['-M
direction of the reciprocal lattice. The sample is aligned whit the ['-M direction
along the horizontal axis. The surface states are fully polarized, because of this
configuration the electrons are ejected with the tangential spin-polarization
component along the vertical axis while the radial component should be along
the horizontal direction, so the two vertical detectors should measure a little
difference in the intensities at a given angle (off normal incidence) while the
left right detectors should measure a bigger difference in the intensities at a
given energy (off normal emission).

The electron distribution curve (EDC) of the four detectors is measured: the
data acquired at an angle of —12.5° respect to the normal emission and at room

temperature are shown in Fig 3.1.
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Fig 3.1 Presentation of the raw data obtained at —12.5°

From the figure 3.1 it is possible to notice that the difference between the top
and the bottom detectors is small compared to the difference between the
horizontal detectors. In order to obtain information about the spin of the
surface states it is important to extract the polarization of the electrons beam as
a function of the energy. By considering only the two horizontal detectors the

two intensities can be written as:

I4(E) =0, "1+ P(E)S)
vo G.1)
1%(B)= 0, 1= P(E)S)

where g; and g, represent the right and left detectors parameter respectively,

N, is the total number of electron emitted, Q is the term that describes the
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angular distribution of the electrons, P(E) is the electrons beam spin-
polarization function versus the electrons energy and S is the Sherman
function. In the case of the eq 3.1 it is assumed that spin up electrons have a
major probability to be scattered in the left direction. To find the number of
electrons revealed with spin up (N") and spin down (N") at a given energy
and angle, eq 3.1 can be re-written as

I5(E)= a%(l +P(E)S)

" (3.2)
|R(E)=7°(1—P(E)S)

where N;=0i;N,Q and oN,=9g,N,Q represent the effective number of

electrons hitting the detectors, « represents the ratio between the parameter of
the right and left detectors. Then the number of electrons with spin up and spin

down is represented as

NT=%(1+ P)

M (3.3)
N'=—2(1-P
> (1-P)
By combining the two formulas in eq 3.2 is possible to obtain P(E) as
11" —aFf
P(E)=—- % 3.4
(E) SIt+alF 34

A further parameter to be defined is the experimental asymmetry. This is the
asymmetry detected by the Mott-polarimeter for an un-polarized electron beam

A, —a-1/a+1 where «a represent the ratio between the detectors

parameters. The experimental asymmetry takes into account the effective
difference between the two detectors efficiency induced by misalignment of the
apparatus, size of the electrons beam etc. Using this definition

_1+AXp
1_'%xp

a (3.5)
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Instead the measured asymmetry that takes into account the physical

asymmetry of the system is given by

1"(E)-17(E)
E)= 3.6
AE) I“(E)+ I*(E) (3:6)
By substituting eq 3.5 and eq 3.6 into eq 3.4 the polarization function can be
written as
E)—
SI- A(E)Axp

From eq 3.7 is clear that the experimental asymmetry and the Sherman

function must be evaluated to measure electron beam polarization.
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3.2 Sdf calibration of the electron distribution curve
(EDC), the experimental asymmetry and the Sherman

function.

The experimental asymmetry and the Sherman function can be obtained from
measured intensities of the horizontal detectors after some considerations.

Since surface states are fully spin polarized in the tangential direction with
opposite spin, it is possible to assume Pg =—-Pg, =100% where SSl1 is the
spin up surface state and S2 is the spin down surface state. By dividing the

two in eq 3.2 and substituting the expression in eq 3.5 the following relation is

obtained
1-PS_171+ A, (3.8)
1+PS 1" 1-A, '
Since the surface states have opposite spin (P, =—P,,))
1

-y _ 1+ Py, {1—9333{ 39)
1+SPg 1-Fg, [1+F,
while eq 3.8 results

1
Iél”ﬂxp{'&“ﬂx{ (3.10)
IIS_SII_Axp IIS_SZI_Axp

From the eq 3.10 is possible to extract of the experimental asymmetry as a
function of the intensities detected by the two detectors for the two surface

states (SS1 and S2),

A :\/Iés”ls_sz_\/lgsllgsz (3.11)
Xp *
VIsls 151

Since the surface states are fully spin polarized ( Pg, =100% =1) the Sherman

function is given by the following expression
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\/ L R \/IL |R )
lssilss: 4 sl ss2

These two quantities can be directly deduced from the experimental data by a

fitting procedure. In the following the procedure to extract the information
from the Electron Distribution Curve (EDC) is presented along with the
procedure to obtain from the spin polarization the pure spin data. It is worth to
note that in the present case no retarding voltage was applied to the Time-of-
Flight analyzer.

The first step of the analysis consists in finding the energy position of the
surface states at a given angle. Since at room temperature the thermal
broadening is larger than the energy splitting, a double Voigt fit with a flat
background is applied to the spin integrated spectra (see Fig 3.2). The
intensities and the widths of the two Voigt functions are chosen to be equal in
order to set some constrains to the fitting process. Fig 3.2 presents the spin-
integrated data in the kinetic energy region between 0-800 meV. A broad
emission centred at ~500 meV below the Fermi energy is detected. This
emission shows quite clearly two components that correspond to the two

emissions from the surface states.
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Intensity (a.u.)
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Fig 3.2. Spin integrated measure obtained by the average on the four detectors of the Mott-polarimeter
(dots). The energy position and the width of the surface states are obtained by a double Voigt fitting
(Black curves) with a flat background.

By decomposing these data with a double Voigt fitting it is possible to obtain
the kinetic energy and the full width half maximum (FWHM) of the surface
states. (KEssi~ 575 meV, KEsp ~ 419 meV, FWHMsg ~ 168 meV and
FWHMss ~ 168meV)

Also the emission intensities measured by each detector can be obtained by the
double Voigt fitting procedure by subtraction of a flat background (see Fig
3.3). The energy values and the width are taken from the previous fit using as a
free parameter the intensities of the two emissions. The signal intensities
obtained (two for each detector corresponding at the SS1 and S&2) are used to
calculate the Sherman function and the experimental asymmetry. In the present

case the values obtained are: A =2.6£0.2% and $=10.8+0.7%
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Fig 3.3. Left and right detectors fitted using the parameter from Fig 3.2; only the intensities of the surface

states are free.

From these data and using eq 3.7 the spin resolved state could be obtained from
I, (E)= [ (E)(1 P(E)), (3.13)

where |(E) is the intensities of the spin-integrated fitting (Fig 3.2).

e Spin up

| = Spin down

Intensity (a.u.)

0 200 400 600 800
Kinetic Energy (meV)

Fig 3.4 Spin resolved EDC (red and blue) curves obtained from the previous analysis. The black curve

represents the sum of the two states.
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Figure 3.4 shows that the surface states can be clearly resolved with a constant
background. The FWHM of these states originates from the thermal
broadening at room temperature. The symmetry in the noise indicates that the
spin polarization P(E) noise, resulting from the differential measurements

between the two detectors, is predominant where compared to the | (E) noise.
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3.3 Sherman function versus the Mott-polarimeter high

voltage scattering

The behaviour of the Mott-polarimeter strongly depends on the voltage applied
between the two hemispheres. This characteristic is analyzed by calculating the
Sherman function and the number of photoelectrons measured as a function of
the accelerating voltage. This analysis is made at two emission angles (—12.5°
and +12.5°) and for different voltages between 10 kV and 30 kV with step of 2
kV.

Il*llllllllllllllllll

Fig 3.5. SS1 total intensity

measured versus the high
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Fig 3.5 presents the intensities associated to the SS1 as a function of the voltage
applied between the Mott-polarimeter hemispheres. The data are presented for
two emission angles +12.5°. The average values and the error bars are
obtained from the fitting parameters errors for an interval of confidence of
95%. It is possible to see that the number of the measured electrons decrease
by rising the voltage. This is very likely due to the fact that by increasing the

accelerating voltage the electrons enter deeper into the atomic shells of the gold
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target of the Mott-polarimeter so the number of back elastic-scattered electrons
decrease.
Fig 3.6 shows the variation of the Sherman function as a function of the high

voltage.

Fig 3.6 Sherman function as a

L L 1 I
16+ 8 .l_ function of the high voltage

17' g . Q applied between the two
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T

g - to the measurement done at —
s = 12.5° while the solid circle
] 252

7 ; 12,50 " refers to the measurement
0- T = o

LI e e e e e e done at 12.5°. The red

10 15 " [310 (kV) 25 30 diamonds are the average

ott

Sherman function.

The Sherman function rises by increasing the accelerating voltage. This effect
can be rationalized by considering that electrons at higher kinetic energy
penetrate deeper in the gold electronic shells feeling a stronger gradient of the
Coulomb potential. Since the spin-orbit interaction is proportional to the
gradient of the Coulomb potential the Sherman function will increase by

increasing the scattering electron kinetic energy.

By assuming a statistical origin (Al = \/l_ ) for the noise component of the
signal it is possible to find the best conditions for the analysis. Using eq. 3.7
and ignoring the systematic the errors on the polarization for a given values of

the Sherman function can be estimated [22]

AP:éAA (3.14)

~

where AA is the error on the asymmetry defined in eq 3.6.
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From the error propagation law, AA for the and relatively to the Al and Al -

statistical errors can be expressed as

N EYPSREYT
AA—\/[éI L) (Al H[aR} (AR

2 (3.15)
217 L 21

_\/[(IRHL)ZJ(') ((IR I)J( :

By setting | =%+ 1",

an= B0 (3.16)

I 3

Finally by ignoring the experimental asymmetry it is possible to obtain

_LIR-R
SI'+IR
LI R
1—P282:4||2| (3.17)
By substituting eq 3.17 in eq 3.16 AA:W’%(I_ P°S’) and
AP = llé—Pz . (3.18)

In real Mott-detectors the Sherman function is not very large so it is possible

to neglect the second power of the polarization term in eq 3.18. Under this

conditions
1

The quantity |S* must then be maximized to have the minimum error on the
spin polarization. This result is regarded as the figure of merit (FOM) for the
Mott-polarimeter. Fig 3.7 shows the behaviour of the FOM as a function of the
high voltage applied between the two hemispheres of the Mott-polarimeter.
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Figure 3.7 shows a rise of the FOM, for increasing the accelerating voltage, up
to 25 kV where a flat plateau starts. In particular, from Fig 3.5 and Fig 3.6 it is
possible to see that while the surface states intensity decrease by ~50% with
the voltage, the Sherman function rise by ~300%.

From this analysis it is possible to conclude that the best operative condition, in

terms of spin detection efficiency, are found for accelerating voltage between
25kV and 30 kV.
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Spin  resolved photoemission

from the Au(111) surface states.

This section presents the data on the energy dispersion of the surface states. All
measurements were performed at room temperature and with no retarding
potential applied to the Time-of-Flight analyzer. The voltage applied between
the two hemispheres of the Mott-polarimeter was 25kV. An attempt to measure
the radial component of the spin polarization is also presented. The presence
of the radial component in the spin polarization is predicted by DFT
calculations [ 8] that suggest the presence of a small component of the spin in
the horizontal plane (along 7-M). The vertical detectors of the Mott-

polarimeter should reveal this component.
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4.1 Angular dispersion of the surface states.

The spin-integrated data between +22°are reported in the left panel of Fig 4.1.
The kinetic energy of the electrons are reported as a function of the reciprocal
parallel wave vector, while the sum of the intensities, as measured by the four
detectors, are represented in a colour scale. In the left panel of Fig 4.1 it is
clearly visible the parabolic shape of the energy dispersion of the surface

states.
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Fig 4.1 Left panel: Spin integrated data at a given values of the reciprocal parallel momentum and at a
given kinetic energy, the sum of the four intensities measured by the detectors is represented in a colour
scale. Right panel: Spin resolved data of the two surface states at different angle of incidence of the light
considering the left-right detectors. The red curve is the spin up state while the blue curve is the spin

down state. The dots curve is the spin-integrated signal.
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The right panel of the Fig 4.1 shows the pure spin intensities derived from the
data using the procedure reported in section 3 for the left-right detectors. The
spin resolved states are reported for different emission angles between +12.5°.
At normal emission the two surface states are superimposed in agreement with
the theory. By changing the angle, and so the values of IZ// respect to the
surface, the binding energy changes and the splitting between the two states
appears. What is also changing is the respective position of the states. For
positive angle the spin up state has a lower binding energy with respect the spin
down state and opposite for negative angles.

The peaks in the right panel of Fig 4.1 represent the binding energy of the
surface states at a given angle of incidence, so at a given value of k,.
Collecting the intensities at all possible angles it is possible to have the energy
dispersion of the surface states, so their binding energy (or their kinetic energy
which is E,, =hv—E; — ¢, where hv is the photon energy, E; is the binding
energy relative to the Fermi energy and ¢ is the work function of the sample)
as a function of IZ//. For simplicity in the following all the photoelectrons
emissions are reported versus the photoelectron kinetic energy.

Once the spin polarization is measured it is possible to find the number of
electrons with spin up and the number of electrons with spin down (see section
3) in the tangential direction. The number of electrons with spin up is then
subtracted from the number of electrons with spin down to obtain a Spin up —
spin down differential distribution map. Fig 4.2 shows the results of this
analysis at a given angle of incidence considering the vertical difference, i.e.
the difference of polarization into the tangential component. The same is done
considering the horizontal difference, i.e. for the radial component. The
Sherman function obtained from the analysis of the left-right detectors
measurements is used also for the analysis of the radial component. The

experimental asymmetry cannot be calculated from the data acquired with the
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top-bottom detectors because, as it is explained in chapter one, the surface
states are not fully polarized into the radial component and their polarization is
not opposite. Therefore the experimental asymmetry is taken as a fitting

parameter for the analysis of the radial component.
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Fig 4.2: Top: the pure spin data at
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a given angle of incidence, the red
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Performing this kind of subtraction between the number of electrons detected
from the four detectors and considering the difference in the vertical direction
(tangential component of spin polarization using the values extracted from the
measurements done by the left-right detectors) and in the horizontal direction
(radial component of spin polarization using the values extracted from the
measurements done by the up-down detectors) the spin-split maps of the
surface states are obtained. Fig 4.3 shows the difference between the numbers

of spin-up and the spin-down electrons in the horizontal and vertical directions
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at a given kinetic energy of the photoelectrons and at a given value of the

reciprocal parallel momentum vector.
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Fig 4.3 Maps of the surface states taking into account the spin-split. Left: Vertical difference (tangential
component). Right: Horizontal difference (radial component), the dots curve are derived from the fitting

on the energy dispersion of the surface states.

In the vertical direction is clearly visible the spin splitting of the two surface
states, while in the horizontal direction this difference is less evident. For the
vertical directions one can easily distinguish the two different parabolic
distributions of the surface states. Near the I" point there is a white vertical strip
indicating that the two states have the same binding energy for normal
emission.

For the horizontal direction is very difficult to see the different distributions of
the two parabolas. The right panel of the figure 4.3 seems to be only noise. In
fact, near the I point is also present the colour difference, which is comparable

with the other part of the figure.
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Now it is possible to consider one surface state at time. In particular,
considering the positions of each maximum for a single surface state, at a given
value of the reciprocal parallel lattice vector, it is possible to extract the energy
dispersion of the two surface states once at a time.

This dispersion can be fitted for each surface state by a parabola with the

h2
- (‘k//‘i k,)* where
2m

minimum out of kK, =0. The fitted equation is E, =E, +

M’ is the effective mass of the surface states electrons, K, is the momentum
value corresponding to the parabola minimum and the + (-) refers to the state
with spin up (spin down). The displacement from Kk, =0 should be equal, in
absolute value, for the two surface states.

Fig 4.4 shows the fitting of the energy dispersion of the two surface states.
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Fig 4.4. Fit of the surface states energy dispersion

All points are plotted with an error extracted from the fitting procedure errors

and with an interval of confidence of ~ 95%.
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The values obtained from this fit are: Eg = 260 meV, m = 0.134 Me,
ko= 0.011A* for each of the two fits. The distance between the minima of the
two surface states is 2kg = 0.022 Al well agrees with the theoretical value of
0.023A'1, obtained from DFT calculations [8]. The effective mass, instead, is
lower than the theoretical one (0.20 m.) and also lower than what calculated
from others groups (0.25 m.) [4], [8].

It is important to notice that the values of the effective mass and the
displacement of the minimum of the bands from k, =0 are equal, for the two
surface states, within the resolution of the instruments.

Another important point is that the interval of confidence of 95% of the

minima of the two bands is 2 meV.
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4.2 Attempt to measur e theradial spin component

The binding energy of the two surface states was also investigated by changing
the azimuth angle ¢ (rotating the sample with respects an axis perpendicular to
the surface) at a given value of polar angle 6 of —12.5°. The binding energy of
the two surface states should remain the same changing ¢, as reported before.
Fig 4.5 shows the results of this analysis using the tangential component. For
each of the data reported in Fig 4.5 the Sherman function and the experimental

asymmetry were calculated following the procedure reported before.
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The first panel of Fig 4.5 shows the binding energy of the two surface states as
a function of ¢. The binding energy of the two states varies in the same way
keeping equal the energy distance from them.

This suggests that the kinetic energy of the electrons measured changes ¢ and
the electrons take different time to travel from the sample to the detectors. This
difference could originate from non-homogeneity of the system, due to
uncontrolled mechanical movement or uncontrolled background electric or
magnetic field.

Effects due to uncontrolled background electric or magnetic field are shown in
Fig 4.6. For the first case it is assumed that the electrons enter into the Time-
of-Flight with a linear trajectory (blue line), while for the second case electrons
with a different emission angle follow a perturbed trajectory and they are
collected in the ToF as the electrons of the straight trajectory. This happened
for both spin up and spin down electrons keeping the binding energy difference

of the two surface states fixed.
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Fig 4.6 Schematic view of the

5 | . .
ample [ mechanism that brings the
T ToF

P binding energy difference at

each azimuth angle for the two

surface states. The coloured
line corresponds to electrons
emitted at different azimuth

angle.

The bottom panel of Fig 4.5 shows the vertical spin polarization, i.e. the
tangential spin polarization, of the two surface states; the error bars are shown
only for one of the two spin-polarization (they are equal for the two states). It is
clearly visible that the tangential spin polarization is close to 100%, in absolute
value, for each azimuth angle and for both surface states, as expected from the

theory.

The behaviour of the radial component of the spin polarizations as a function
of the azimuth angle is also calculated. Fig 4.7 shows this analysis. The error
bars are reported only for one surface states (are equal for the two states), with
an interval of confidence of 95%. The red lines represent the calculated values
of the radial component [8], dots line for the surface state 2 (less polarized) and

solid line for the surface state 1 (more polarized).
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This analysis shows that the radial component of the spin polarization has a
high error bars compared to the values calculated. It is impossible to estimate
properly the behaviour of the radial component of the spin polarization. The
non-homogeneity of the system that brings different values of binding energy
at each azimuth angle affects also the analysis on the radial component
producing sometimes, ambiguous data. This problem is more evident for the
measure of the radial component where the precision requirement is high.

This problem should be reduced by a new sample holder with a more accurate
mechanism and proper materials to reduce the electrostatic background on the
azimuth angle. The other problems due to the high error bars can be solved by
decrease the temperature to reduce the thermal fluctuation and reduce the
errors on the energy measured.

In this way the measurements of the radial component of the spin polarization

should be achieved.
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Conclusion

This thesis reports an angle and spin resolved photoemission spectroscopy
study of the Au(111) surface state along the I'-M direction. These states are
formed by electrons trapped between the vacuum energy barrier and the bulk
band-gap, the resulting two-dimensionality of the surface states leads to the rise
of the Rashba-Bychkov interaction which brings the states to exhibit a spin-
splitting originating from the spin-orbit interaction. This is the same
mechanism present in the semiconductor heterojunctions where spin-orbit
interaction is present.

The spin-polarization of the surface states can be divided into tangential and
radial component with respect to the electrons distribution at a given energy in
the reciprocal lattice. In fact, the surface states momentum dispersion in the
surface Brillouin zone, at a given energy, is formed by two concentric circles
with opposite spin. From DFT calculations it turned out that the tangential
component of the surface states should be fully polarized with opposite values
for the two states. This polarization component was well measured in previous

works. Instead the radial component has the same sign for the two states, but
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different absolute values (smaller than the tangential component) and changes
sign every 60° in the plane of the surface. This component was not measured.
The experiment is performed using a Time-of-Flight analyzer coupled with a
Mott-detector with four micro channel plates to resolve the spin in both
directions parallel to the surface of the sample. The light source is the fourth
harmonic of a Ti:Sa amplified laser (200 nm) with a repetition rate of 250 kHz.
The thesis reports also the characterization of the Time-of-Flight and the Mott-
detector making use of the well-known character of the spin-polarization
properties of the surface states. The full polarization of the tangential
component of the surface states is used to derive the Sherman function and the
experimental asymmetry of the Mott-detector.

The properties of the detector are also studied as a function of its parameter
finding that the spin sensitivity depends strongly from the voltage applied
between the two hemispheres of the Mott-detector. In particular changing the
voltage from 10 to 25 kV the Sherman function rise about 300%; this is
directly linked to the capability of the detector to distinguish the different spin
orientation.

The spin resolved data and the energy dispersion of the two surface states are
obtained using the Sherman function and the experimental asymmetry. The

parallel reciprocal momentum distance, between the two states, are found to be
Ak,=0.022A", and in agreement with the theoretical calculations
(Ak,=0.023A") and previous experiment (Ak,=0.026A") [4], [8]. The
energy precision in the bottom of the energy distribution is ~2 meV. Instead the
calculated effective mass of the surface states is lower (M* =0.134m,) than the
predicted one (M*=0.20m,) and the effective mass found in previous
experiment (M* =0.25m,).

The energy splitting of the surface states of other noble metals is week than in

the Au(111), but decreasing the temperature of the system the error bars on the
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spin polarization should be strongly reduced while the high precision of our
experiment should allow to separate the spin components of surface states in
metals with a smaller spin-orbit coupling energy, i. €. Cu and Ag for example.

Here it is also presented an attempt to measure the radial component of the spin
polarization. This measure is very difficult because of the very value of the
spin polarization in the radial direction (predicted as 6% for 0.17 eV binding
energy for the most polarized state). The radial component of the spin
polarization has the same sign for the two surface states but different values
and it changes sign every 60° in the plane of the surface [8]. Due to this last
property the radial component is investigated keeping fixed the angle of
incidence of the light on the sample (i. €. the values of the reciprocal parallel
momentum vector) and rotating the sample around an axis orthogonal to the
surface. It turns out that the binding energy of the two surface states changes
with this rotation. This can be due to the presence of a little electric field near
the sample that changes direction as the sample is rotated. The electrons make
a different path for each angle changing their time to reach the detectors. These
oscillations in the binding energy are transferred to the calculation of spin
polarization both tangential and radial component. The two components of the
spin polarization oscillate for an absolute values around 10%. Another problem
for measuring the radial component of the spin in surface states it is the quite
large errors bars. This last problem can be solved decreasing the temperature of
the system, while the problem on the binding energy oscillations can be solves
making a new sample holder, more symmetric in order to keep the electrostatic

background constant at each angle.
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