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Sommario

In questi ultimi anni la spintronica ha attratto grande interesse e diversi studi
sono stati indirizzati alla comprensione delle properietà elettriche e magnetiche
di materiali con caratteristiche particolari di spin al livello di Fermi. In partico-
lare, la creazione e la manipolazione di correnti di spin richiedono che l’energia
tra i due canali di spin sia maggiore di kBT . Inoltre, un grande spin splitting
riduce la lunghezza di coerenza del campo di spin necessaria per orientare la
corrente di spin sotto l’azione di un campo magnetico esterno.

Recentemente la ricerca di questi materiali si è focalizzata sugli isolanti topo-
logici e sui sistemi Rashba, in cui la degenarazione di spin, dovuta ad un forte ac-
coppiamento spin-orbit, risulta rotta a causa della perdita di simmetria spaziale
nel solido. In questo contesto, lo studio delle proprietà elettroniche e di spin
in questi materiali, come lo studio dell’accoppiamento elettrone-fonone che de-
termina gli eventi di scattering che limitano le proprietà di trasporto di tali
materiali, acquista un’importanza fondamentale.

Questa tesi è quindi finalizzata allo studio dello scattering elettrone-fonone,
attraverso spettroscopie fotoelettroniche fuori equilibrio, nei semiconduttori BiTeX
(con X = I, Cl, Br) che rappresentano il primo esempio di materiali tridimen-
sionali caratterizati da un grande Rashba spin splitting di volume.

In particolare, si è studiata la struttura elettronica dipendente dal tempo
degli stati spin-split in BiTeI utilizzando la spettroscopia di fotoemissione risolta
in angolo e in tempo (tr-ARPES). Tale tecnica combina ARPES convenzionale
con impulsi laser ultracorti e permette l’indagine delle proprietà elettroniche
fuori equilibrio. Infatti, misurando l’evoluzione temporale della densità delle
particelle eccitate negli stati di superficie spin-split, siamo stati in grado di
studiare i principali parametri dinamici, comunemente definiti come la temper-
atura elettronica efficace T ∗

el e il potenziale chimico efficace µ∗. Dall’ evoluzione
temporale di T ∗

el abbiamo stimato, utilizzando uno specifico set di equazioni, la
constante che descrive l’accoppiamento elettrone-fonone λ. Infine, analizzando
la dinamica della funzione spettrale di singola particella, sono state ottenute
informazioni sui meccanismi di scattering microscopico.

Per completare i nostri studi abbiamo analizzato il dicroismo che caratterizza
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gli stati di superficie spin-split della famiglia di semiconduttori BiTeX, utiliz-
zando l’ARPES in dicroismo circolare (CD-ARPES). Il segnale dicroico, che
viene ottenuto attraverso la differenza dell’intensità di fotoemissione ottenuta
con le due opposte elicità dei fotoni incidenti, è stato recentemente proposto
come una misura diretta dello spin e del momento orbitale angolare in sis-
temi con un forte accoppiamento spin-orbit. Attraverso questa tesi mostriamo
con chiara evidenza sperimentale come gli effetti dicroici nei materiali BiTeX
siano in funzione dell’energia dei fotoni incidenti, aprendo domande fondamen-
tali sull’origine di tale dicroismo che sembra compromettere la spiegazione for-
nita dagli attuali modelli di fotoemissione in dicroismo. Certamente, i risultati
che riportiamo saranno oggetto di ulteriori studi volti a comprendere in maniera
completa ed esaustiva la fisica del dicroismo osservato attraverso la fotoemis-
sione a basse energie.

La tesi è organizzata nel modo seguente: dopo l’introduzione fornita nel
Capitolo 1, il Capitolo 2 presenta i modelli teorici che descrivono la rottura
della degenerazione di spin in assenza di simmetria di inversione spaziale e i
primi studi ARPES compiuti sulla famiglia BiTeX (con X = I, Cl, Br). Il
Capitolo 3 descrive la tecnica ARPES all’equilibrio e fuori equilibrio e il setup
ottico sperimentale. Il Capitolo 4 presenta le misure tr-ARPES effettuate al
laboratorio T-ReX su BiTeI, l’analisi della distribuzione di Fermi-Dirac e della
funzione spettrale di singola particella, e il calcolo della costante di accoppi-
amento elettrone-fonone λ. Il Capitolo 5 riporta le misure CD-ARPES sulla
famiglia estesa BiTeX, con particolare attenzione all’analisi del segnale dicroico
in funzione dell’energia dei fotoni incidenti. Infine, il Capitolo 6 riassume i
principali risultati e conclusioni articolati nei capitolo precedenti.
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Chapter 1
Introduction

In these last years spintronics has attracted large interest and several studies
have been focused on the understanding of the electronic and magnetic proper-
ties of materials displaying a non trivial spin texture at the Fermi level. In par-
ticular, the creation and manipulation of spin currents require materials where
the energy separation between the spin channels larger than kBT . Furthermore,
a large spin splitting reduces the spin-field coherence length requested to orient
the spin current under the effect of an external magnetic field.

The search for these materials has been recently focused on topological in-
sulators and systems where the spin degeneracy, due to a strong spin-orbit
interaction, is lifted by the lack spatial symmetry, i.e. Rashba systems. In this
perspective, the investigation of the spin and electronic properties in these ma-
terials is of paramount importance , as well as the study of the electron-phonon
coupling , that determines scattering events which limit the transport properties
of these materials.

This thesis is aimed to study the electron-phonon scattering by non-equilibrium
photoelectron spectroscopies in layered semiconductors BiTeX (with X= I, Cl
and Br), being these the first example of three-dimensional materials character-
ized by a bulk giant Rashba spin splitting.

In particular we studied the time-dependent electronic structure of the spin-
split states in BiTeI through time-resolved and angle resolved photoemission
spectroscopy (tr-ARPES). This technique, by combining conventional ARPES
with ultra-short laser pulses, allows investigating the electronic properties out
of equilibrium. By detecting the temporal evolution of the density of the excited
particles relevant to the spin-split surface states, we have been able to observe
the main dynamical parameters usually defined as effective electronic temper-
ature T ∗

el and effective chemical potential µ∗. From the temporal evolution of
T ∗
el we estimated the electron-phonon coupling constant λ by using proper set

of rate equations. Finally, by analyzing the dynamics of the one-particle spec-
tral function information on the microscopic scattering mechanism has been
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obtained.
Furthermore, to complement our non-equlibrium studies we have also inves-

tigated the dichroism characterizing the spin-split surface states of the semi-
conductor family BiTeX, by exploiting circular dichroic ARPES (CD-ARPES).
The dichroic signal results as the difference between the photoemission intensi-
ties obtained with the two opposite helicities of the incoming photons and it has
been recently proposed as a direct probe of the spin and orbital-angular momen-
tum of strong spin-orbit coupled materials. Here we bring a clear experimental
evidence of dichroic effects in BiTeX systems as a function of the energy of
the incoming photons, therefore opening some fundamental questions about its
origin that seems to overtake the actual dichroic photoemission understanding
and models. Of course, these findings will be matter of further studies in order
to fully describe the physics of the PES dichroisms at low photon energies.

The thesis is organized as follow: after the introduction of Chapter 1, Chap-
ter 2 presents the theoretical models describing the lifting of the spin degeneracy
in the absence of spatial symmetry and the first ARPES studies performed on
the BiTeX family (with X= I, Cl and Br). Chapter 3 describes the equi-
librium and non-equilibrium ARPES technique and the optical experimental
setup. Chapter 4 presents the tr-ARPES measurements performed at the T-
Rex laboratory on BiTeI, the analysis of the Fermi-Dirac distribution and the
one-particle spectral function and the estimation of the electron-phonon cou-
pling constant λ. Chapter 5 illustrates the CD-ARPES measurements on the
extended family BiTeX, focusing on the analysis of the dichroic signal as a func-
tion of the photons energy. Finally, Chapter 6 summarizes the most important
results and conclusions outlined in the previous chapters.



Chapter 2
Spin degeneracy lifting at

the surface and in the bulk

of solids

The advent of the forthcoming spintronics devices is based on the fascinating
perspective to exploit the intrinsic electronic magnetic moment associated to the
spin degree of freedom. In this context, the possibility to create and manipulate
spin currents is given by the Rashba effect. This effect consists in the lifting
of the spin degeneracy through the spin-orbit interaction in systems which lack
spatial symmetry. This mechanism was described first by Rashba and Dres-
selhaus in bulk materials with wurtzite [1] and zinc-blend [2] crystal structure.
Recently, Rashba and Bychkov have shown that any surface offers the possibility
to resolve the spin degeneracy of a confined two-dimensional electron gas [3].

The Dresselhaus spin splitting was experimentally reported by means of pho-
tocurrent and magnetoresistance measurements [4, 5] in quasi two-dimensional
systems, such as the interfaces of semiconductor heterostructures. The mag-
nitude of the spin splitting for Dresselhaus-like systems is small (< 1 meV)
and far below the actual experimental resolution limits for techniques like an-
gle resolved photo-electron spectroscopy (ARPES). Whereas, two-dimensional
electron gases at the surface of various metals (Au(111) [6], Bi [7], W(110)[8],
Ir(111)[9]) display a spin splitting large enough to be detected by ARPES.

After the direct observation of the Rashba-Bychkov spin splitting in a two-
dimensional gas, the experimental challenge has become to directly report the
giant splitting in the band structure of a three-dimensional system. There-
fore, non-centrosymmetric materials with three-dimensional band structure have
been investigated. An example of these compounds is represented by the lay-
ered semiconductor BiTeI (Bismuth-Tellurium-Iodine), in which the existence
of spin-split states have been recently proposed by ab initio calculations and
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and later confirmed by ARPES experiments.

This chapter illustrates the Rashba-Bychkov model providing a simple de-
scription of the spin splitting occurring in a two-dimensional electron gas, and
the conditions necessary to originate a spin splitting in a non-centrosymmetric
three-dimensional material. Finally, the discovery of the giant Rashba-type spin
splitting in bulk BiTeI, followed by the the first ARPES studies performed on
the extended family BiTeX, (whit X= I, Br and Cl), is reported.

2.1 Spin-split surface states: the Rasbha-Bychkov

model

In solid state physics textbooks, the electronic density of states is assumed to
have a double occupancy in the absence of a magnetic field [10, 11]. Each
band is double occupied in order to accommodate the two spin components. In
general, each degeneracy of the eigenstates results from a specific symmetry of
the Hamiltonian describing the system. In our case, the spin degeneracy is a
consequence of the inversion symmetry (I ) and time reversal symmetry (TR)
in the solid. If one of this two is broken, the spin-orbit (SO) coupling can split
the bands of the two spin components.

The effects on the band structure of a material of the I and TR symmetries
are mathematically described as,

I → E(k,↑) = E(−k,↑)

TR → E(k,↑) = E(−k,↓)

}

E(k,↑) = E(−k,↓) = E(k,↓) = E(−k,↑) (2.1)

In equation 2.1, both the symmetry operations change the wave vector k into
−k, however TR also flips the spin. Therefore, the combination of the two
effects results in the twofold degeneracy of the eigenvalues. In the presence of
the space inversion asymmetry, the spin degenerate levels can be split into two
different states having opposite spin if the SO coupling is not zero.

Interestingly, the lack of I always occurs at the surface of solids, where the
periodicity along the direction normal to the surface is broken. The Rashba-
Bychkov model describes the SO interaction of a two-dimensional electron gas
confined at the surface [3]. By adopting a relativistic description, an electron
moving at the surface with velocity v, under the effect of an electric field E,
experiences an effective magnetic field B equal to B = v×E

c2 . In this description,
the Hamiltonian obtained by including the SO interaction is,

H =
|p|2

2m
+ V (x) +

!

4m2c2
(∇V × p) · σ (2.2)

where V is the surface electrostatic potential and σ are the Pauli matrices [12].
The electrons travelling at the surface are subject to a potential gradient

∇V = dV
dz êz where êz represents the unitary vector orthogonal to the sample
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surface. In this case, the perturbative Hamiltonian describing the spin-orbit
interaction becomes the Rashba-Bychkov Hamiltonian [3]:

HSO = αR(σ × k) · êz (2.3)

where αR represents the Rashba parameter proportional to the surface potential
gradient and it is the measure of the strength of the Rashba effect.

In the case of a parabolic band dispersion, the HSO splits the parabolic
dispersion of the nearly free electron gas in two different parabolic branches
characterized by a k-linear splitting, as it is evident by solving the eigenvalue
problem [12]:

H =
"2k2

2m
+ αR(σ × k) · êz (2.4)

E±(k‖) =
(k‖)

2

2m
± αRk‖ (2.5)

Figure 2.1 illustrates the calculated band dispersion associated to equa-
tion 2.5. A cut along kx shows two parabolas shifted by the same quantity with
respect to the Γ high symmetry point, where the spin degeneracy is maintained.
Experimentally, a similar observation of a two k−split parabolas was reported
by LaShell et al. in an ARPES experiment investigating the surface states
of Au(111) [6]. At a qualitative level, the experimentally resolved split surface
states are well interpreted in term of the Rashba-Bychkov model. Unfortunately,
from a quantitative point of view, the Rashba-Bychkov model provides a value
for the energy splitting that is 4 orders of magnitude smaller than the experimen-
tal data (10−3 meV against the 2meV measured at the Fermi level) [13]. For
example, in spite of the important role played by the surface potential gradient,
it cannot alone accounts for the magnitude of the Au(111) surface states split-
ting. In particular, recent studies proposed that the gradient potential involved
in the Rashba-Bychkov model cannot be identified simply with the surface po-
tential gradient, but the model must be generalized adequately to consider other
different terms as for example the atomic spin-orbit coupling [14, 15, 16].

The important role played by the atomic spin-orbit coupling in defining the
magnitude of the spin splitting was experimentally demonstrated by Reinert
et al.. They compared, by means of ARPES, the electronic band structure of
the various noble metal L-gap surface states, and they found that only Au(111)
displayed a large and measurable spin splitting [17]. Only very recently, with
the advent of ARPES with ultrahigh resolution, also the spin splitting of the
Cu(111) surface states was resolved [18]. This suggests that the Rashba pa-
rameter αR should take into account also the atomic spin-orbit coupling, which
phenomenologically scales with the atomic number Z.

Petersen and Hedegȧrd developed a tight-binding model to describe the
Au(111) spin-split surface states [14]. In particular, in this model αR is pro-
portional to the atomic SO coupling through a parameter γ describing the
asymmetry of the wavefunction. This wavefunction’s asymmetry is introduced
by the hopping integral between the in-plane pxy-states and the out-of-plane
pz-component, which is possible in the presence of the surface potential V (z).
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Figure 2.1: (a) calculated band structure of a 2D free-electron gas according
to the Rashba-Bychkov model, with a cut along ky = 0 that clearly displays
two parabolas shifted by ±k0 (red lines); (b) 2D ARPES image of the Au(111)
L-gap surface states. The upper panel shows the Fermi surface and the bottom
panel illustrates the electronic dispersion. In both pictures the spin splitting is
well resolved [13].

The resulting splitting is the consequence of the interplay between the surface
potential gradient and the asymmetry of the surface states wavefunction, which
also includes the information on the p-states atomic SO coupling.

2.2 Non-centrosymmetric bulk materials

In general, inversion symmetry is naturally broken at the surface of any solid.
Whereas, in the bulk this is achieved only for crystals whose space group lacks
inversion symmetry. As a result, the SO coupling can split also the bulk bands,
with the exception of particular high symmetry points where the spin degener-
acy is maintained [19]. The wurtzite and the zinc-blend are examples of non-
centrosymmetric crystal structures, where the lifting of the spin degeneracy has
been theoretically studied. In the former case the spin splitting are defined
Rashba-type [1], while in the latter case are Dresselhaus-type [2].

After the discovery of a large Rashba-Bychkov spin splitting in two-dimensional
surface states, the challenge was to resolve a giant splitting also in three-
dimensional bulk systems.
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(a) (b)

Figure 2.2: Non-centrosymmetric crystal structures: (a) wurtzite crystal struc-
ture having an hexagonal crystal packing; (b) zinc blend crystal structure con-
sisting of two interpenetrating face centered cubic lattices displaced on quarter
of a body diagonal. [20]

Baharamy and coworkers proposed three conditions necessary to obtain a
giant Rashba-type splitting in bulk materials, in particular when dealing with
bulk semiconductors, by developing the general k · p Hamiltonian in perturba-
tion theory up to the second order [21]. The first requirement (i) is clearly
the presence of large atomic SO interaction, due for example to the presence
of large Z atoms, in non-centrosymmetric solid. The other two conditions are
more difficult to be achieved and they are related to (ii) the narrowness of the
band gap and to (iii) the parity of both the upper states of the valence band
and the bottom states of the conduction band. The main conclusion of their
work is that only states close in energy and with the same parity can effectively
couple to each other resulting in a large spin splitting.

The non-centrosymmetric layered semiconductor BiTeI is an example of ma-
terial that satisfies all the aforementioned conditions and recently, high res-
olution ARPES experiments, namely with spin resolution, have reported the
presence of bulk spin-split bands, whose study is the subject of the next para-
graphes.

2.3 Giant Rashba spin splitting in bulk BiTeI

BiTeI (Bismuth-Tellurium-Iodine) is a layered polar semiconductor that crystal-
lizes in a hexagonal structure having a P3m1 space group and lattice constants
a = 4.339 Å and c = 6.854 Å. As shown in Figure 2.3, the crystal structure is
characterized by the stacking of Bi, Te and I layers, with the bismuth atoms oc-
cupying the octahedral interstice sites. The BiTeI crystal structure, exhibiting



8 Spin degeneracy lifting at the surface and in the bulk of solids

a smaller Bi-Te bond’s length (Bi-Te = 3.039 Å) and a longer Bi-I bond’s length
(Bi-I = 3.272 Å), can be interpreted in terms of the semi-ionic model where the
covalent coupling between Bi and Te atoms creates a positively charged bilayers
(BiTe)+, which interacts ionically with the I− layer. Finally, there is a weaker
Van der Waals bond between the Te and I layers. Interestingly, owing to the
non-centrosimmetry of the material, the unique cleaving plane may result in
two distinct cleave terminations (Te or I).

  

c

a

(b)

(c)

(a)

Figure 2.3: (a) schematic representation of the BiTeI crystal structure [22];
(b) three-dimensional Brillouin zone with the high-symmetry points [22]; (c)
table reporting the most important parameters of the BiTeI crystal structure,
as obtained by X-ray powder diffraction study [23].

2.3.1 The discovery of large spin splitting in bulk BiTeI

The giant Rashba-type spin splitting in bulk BiTeI was reported first by Ishizaka
and al., by comparing spin resolved ARPES measurements with ab initio cal-
culations [22]. The energy-band dispersion, obtained by using fully relativistic
first-principles calculations, is shown in Figure 2.4 (a). The calculations help
in assessing the orbital contributions to the various states. As a result, the
conduction band above the Fermi level is mainly composed by the Bi 6p levels,
whereas the valence band is mostly derived by Te and I 5p levels. Along the
ΓA direction the spin degeneracy is preserved. However, for k‖ %= 0 the valence
and conduction bands in proximity of the Fermi level experience a large spin
splitting. Such splitting is consistent of Baharamy et al. model [21]. BiTeI, in
fact, displays a strong atomic SO interaction (due to the presence of bismuth
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atoms) and it has a small energy band gap (∼ 0.38 eV). Finally the lower state
of the conduction band and the upper state of the valence band at the point A
have the same parity.

  

(a)

2

0

-2

-4

(b)

k
0

E
R

Figure 2.4: (a) energy-band dispersion obtained by relativistic first principle
calculations [22]. The valence band minimum and the conduction band mini-
mum appear slightly off the A high symmetry point (k‖ = 0 and kz = π/c).

Along the ΓA direction the spin degeneracy is maintained, but for k‖ %= 0 the
band dispersions are subject to large spin splitting; (b) hν = 6.994 eV laser
based ARPES image along ΓM direction. Two different sets of spin-split states
are clearly resolved. They are interpreted as quantized subbands of the bulk
conduction band due to the surface band-bending [22].

Figure 2.4 (b) shows an ARPES image along the ΓM high symmetry direc-
tion, measured with laser light with hν = 6.994 eV. Two sets of split bands are
clearly resolved and they are characterized by a momentum offset of approxi-

mately k0 ∼ 0.052 Å
−1

, a Rashba energy ER ∼ 0.1 eV (defined equal to Ecross−
Eminimum) and a Rashba parameter αR = 3.5 eV Å, which is the largest even
reported [22]. The two pairs of states have binding energies equal to 0.33 eV and
0.17 eV, respectively. These states are interpreted as quantized subbands of the
conduction band, resembling the subband structures observed in a quantum-
well systems. For BiTeI, this quantization stems from the confinement of the
conduction band electrons in the surface band-bending layer, a well known effect
in semiconductor physics [24]. Therefore, the resulting subbands are confined
to the topmost layers of the solid and they display two-dimensional character.

The different spin polarization of these bands was confirmed by spin re-
solved ARPES. Moreover, the good agreement between the experimental data
and the theory is supporting the interpretation that the spin splitting of these
two-dimensional states reflects the Rashba-type splitting of the bulk conduc-
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tion band. Such idea is also supported by the fact that the contribution of
the Rashba-Bytchkov-like surface spin splitting cannot alone explain the large
values of ER ∼ 0.1 eV and αR = 3.5 eV Å [22].

In their recent work, Crepaldi and al. proposed an alternative interpretation
for the origin of the two-dimensional spin-split states [25]. Among the two sets
of states, one is attributed to the non-quantized bulk conduction band and the
second is attributed to a surface derived state. Figure 2.5 reports the measured
(a) and the calculated (b) band structure. In the latter the surface contribution,
obtained by slab calculations, is shown with red lines, over-imposed to the bulk
band structure, in blue. As explained in their work, the positively charged accu-
mulation layer, due to the Te+ termination, causes an effective downward shift
of the conduction band. As a result, the Fermi level lies inside the conduction
band, making it observable by ARPES. First-principles calculations show that
the spin-split surface states coexiste with the bulk conduction band, which also
exhibits a large splitting, with a slightly smaller momentum offset. Further sur-
face states can be identified within the projected bulk gaps in the valence bands
and they are characterized by a larger splitting than one already reported [22].

    

Figure 2.5: ARPES image along ΓK measured at 93 eV and T = 40K as well
as the corresponding firts-principles band structure calculations. The red lines
represent the surface states, whereas the continuum of the bulk states is shown
in blue [25].

We stress the fact that the fundamental property of these spin-split states
is to be localized in the top-most surface layers, where the downward band
bending takes place due to the charge accumulation at the surface. Furthermore,
the insensitivity of the momentum offset k0 to the manipulation of the surface
potential gradient by means of alkali metal deposition, as reported by Crepaldi
and al. [25], strongly supports that the large atomic SO coupling is mainly
responsible for the magnitude of this large Rashba-like splitting.
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2.4 Bulk spin-split states in BiTeX

The discovery of a giant Rashba-type spin splitting in both the surface and
the bulk states of BiTeI, motivated similar investigations of the electronic band
structure of the whole family of semiconductors BiTeX (with X= I, Br and
Cl) [26].

  

(a) (b)

                    Compounds

BiTeI BiTeBr BiTeCl

Space group P3m1 P3m1 P63mc

a (Å) 4.339 4.266 4.242

c (Å) 6.854 6.487 12.397

Interatomic
distance 

(Å)

Bi-Te 

3.039

Bi-I 

 3.272

Bi-Te 

3.054

Bi-Br 

3.054

Bi-Te

3.015

Bi-Cl

3.015

Figure 2.6: (a) schematic representation of BiTeX (X= I, Br and Cl) crystal
structures and corresponding Brillouin zone with the high-symmetry points [26];
(b) table showing the most important parameters of the BiTeX structure as
obtained by X-ray powder diffraction study [23].

The crystal structures of BiTeX is illustrated in Figure 2.6 (a). All the
compounds crystallize in a hexagonal system with an alternating stacking of Bi,
Te and X layers: BiTeBr and BiTeI belong to the P3m1 space group, while
the BiTeCl belongs to the P63mc space group. While BiTeBr has the same
crystal structure of BiTeI, with Te and Br atoms ordered in alternating layers,
in BiTeCl the layers of Te and Cl alternate along the c direction designing a
four-layered packing. This structure has a unit cell almost twice as big as the
unit cell of BiTeI and BiTeBr. The common feature of the three compounds
is the semi-ionic character of their crystal structure. Each system presents a
positively charged bilayer, resulting from the covalent bonding of Bi and Te,
which interacts with the negatively charged halogen layer.

The ARPES measurements presented in Figure 2.7 clearly show that BiTeBr
and BiTeCl also exhibit a giant spin splitting of the two-dimensional electron
gas in the accumulation layer near the surface. In the ARPES maps of these
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compounds three pairs of spin-split states are well resolved and they are char-
acterized by a momentum offset smaller than the one reported for BiTeI.

  

Figure 2.7: (a)-(c) ARPES maps of BiTeX (X= I, Br and Cl) obtained by
using a laser source with hν = 6.994 eV; (d)-(f) corresponding band dispersion
calculations near the Fermi level. BiTeBr and BiTeCl exhibit three sets of
Rashba spin-split states [26].

Table 2.1: Characteristic parameters quantifying the strength of the Rashba
spin splitting in BiTeX (X= I, Br and Cl): Rashba energy ER, momentum
offset k0, experimental and calculated Rashba parameters αR and αc

R. The
index n indicates the set of states [26].

BiTeI BiTeBr BiTeCl

n 1 2 1 2 3 1 2 3

ER (meV) 108 92 42 37 35 25 17 20

k0 (10−3Å
−1

) 50 47 43 38 34 26 20 18
αR (eV Å) 4.3 3.9 2.0 2.0 2.1 1.9 1.7 2.2
αc
R (eV Å) 3.06 3.02 1.78 1.67 1.84 1.28 1.29 1.78

Table 2.1 summarizes the most important parameters that characterize the
Rashba-type spin-split states in BiTeX: ER, k0 and αR. We focus on the Rashba
strength parameter and we notice that its value is independent on the pair of
spin-split states considered. Furthermore, αR has a X dependence, in particular
it decreases when passing from BiTeI to BiTeBr to BiTeCl. This behaviour can
be explained by considering the band gap size in the three compounds, 0.36
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eV, 0.6 eV and 0.7 eV respectively. As discussed in Section 2.1, the narrowness
of the band gap is one of the fundamental conditions for realizing the giant
Rashba-type splitting in a bulk system. Interestingly, the spin splitting in the
BiTeX scales as the inverse of the band gap size.



14 Spin degeneracy lifting at the surface and in the bulk of solids



Chapter 3
Equilibrium and

Non-equilibrium ARPES

Photoemission Spectroscopy (PES) represents a powerful tool to investigate
the electronic properties of solids. Among the PES techniques, the Angle Re-
solved Photoemission Spectroscopy (ARPES) can resolve both the energy and
the momentum distribution of the photoemitted electrons, thus allowing the
reconstruction of the electronic band structure of solid.

The first part of this chapter introduces the basic aspects of ARPES at
equilibrium, primarily focusing on the kinematics and on the theoretical treat-
ment of the photoemission intensity. In the second part the chapter illustrates
the possibility to investigate the non-equilibrium electronic structure by time
resolved ARPES (tr-ARPES). Finally, the pump-probe approach, the optical
setup and the spectral and temporal characterization of the probe pulse are
reported at the end of this chapter.

3.1 Introduction to Angle Resolved PhotoEmis-

sion Spectroscopy

The term PhotoEmission Spectroscopy (PES) refers to all “photon-in” −→
“electron-out” techniques based on the linear photoelectric process. This ef-
fect was first experimentally discovered by Hertz in 1887, but only in 1905
Einstein developed a proper quantum based framework for interpret the PES
data, meanwhile introducing the concept of photon.

When a monochromatic light of frequency ν illuminates the surface of a
metal, an electron can absorb a photon. If the photon energy is larger than
the metal work function, the electron can overtake the vacuum level reaching a
free state with a kinetic energy equal to Ekin = hν − Φ − EB . EB represents
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the binding energy of the electron in the solid, while Φ represents the work
function of the material, defined as the energy barrier that prevents the free
electrons from escaping into the vacuum. Figure 3.1 shows a schematic of the
photoemission process, where the sample (bottom left graph) is characterized
by the valence band and two core levels, described by Dirac delta-like distribu-
tions. The corresponding photoelectron kinetic energy distribution (top right
graph), produced after the adsorption of the incident photons with energy hν,
is characterized by two gaussian peaks (due to the limited energy resolution of
the technique) and one broad band.

In a PES experiment, the photoelectrons are collected by an electron energy
analyser. Furthermore, several other degrees of freedom such as the energy,
momentum and spin of the photoelectrons can be measured independently as a
function of the energy and the polarization of the incident light, in the so-called
angular-resolved and spin-resolved PES.

  

Figure 3.1: Photoelectric effect: relation between the energy levels in a metal
and the electron kinetic energy distribution produced by incident photons with
energy hν. The sample (bottom left graph) is characterized by the valence band
and two core levels, while EF , Evac, Φ define the Fermi level, the vacuum level
and the material work function respectively [27].

The electron mean free path, λ, is an important parameter to be consid-
ered when performing a photoemission experiment. It characterizes the average
length travelled by a photoelectron inside the solid without undergoing any scat-
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tering event (a so-called primary electron), and it determines the thickness of
the sample from which the primary photoelectrons originate. Phenomenologi-
cally, λ is a function of the photon energy and this dependence is well shown by
the “universal” curve of Figure 3.2. The adjective “universal” refers to the fact
that, in spite of λ being related to the specific dielectric function of the mate-
rial, the mean free paths measured in different materials but at the same photon
energy are roughly equal. Figure 3.2 shows that the minimum of λ is found be-
tween 50 eV and 200 eV photon energy. Therefore, conventional tabletop UV
light sources, such as He discharge lamp characterized by two emission lines
at 21.22 eV and at 40.81 eV, produce a primary photoelectrons signal from the
topmost atomic layers of the surface. More bulk sensitivity can be obtained by
using X-ray sources such as Aluminium or Magnesium anodes (AlKα → 1486 eV
and MgKα → 1253 eV).

  

Figure 3.2: Universal curve characterizing the mean free path of photoelectrons
in different materials. The minimum of the curve lies in the UV region (between
20 eV and 200 eV) [28].

PES experiments demand the use of Ultra High Vacuum (UHV) which is
normally characterized by a pressure between 10−9 mbar and 10−11 mbar. The
UHV is a necessary requirement in order to allow the maximum number of
primary photoelectron to reach the detector and to prevent the absorption of
contaminants at the sample surface.

In these last two decades ARPES has strongly developed after the advent of
two-dimensional detectors able to determine in simultaneously the energy and
momentum distributions of the electrons inside a material by measuring the
photoelectrons intensity as a function of the kinetic energy at different emission
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angles. Such measurement is typically achieved by hemispherical electron anal-
yser (shown Figure 3.3), where the photoelectrons are deflected by the electric
field created between the outer and inner hemispherical capacitor plates. The
electron analyser is characterized by a plane of energy dispersion, whose angular
acceptance is controlled by the width of the entrance slit. Some electrostatic
lens are set between the sample and the entrance slit of the energy analyser in
order to collect and retard/accelerate the photoelectrons before the entrance slit
to match a special selected energy known as Pass Energy. This is the energy
which characterizes the central circular trajectory inside the hemispherical ca-
pacitors. The angular dispersion of the electron analyser is thus controlled by
these electrostatic lens (nowadays standard analyzer covers ± 10◦, whereas ad-
vanced analyser can cover up to ± 30◦). The two-dimensional detector set after
the exit slit of the hemisphere allows the collection of ARPES images, where
one axis is associated to the angular dispersion and the second is associated to
the energy.

Figure 3.3 (b) shows an example of ARPES image: the photoemission in-
tensity is reported as a function of energy (the y axis) and of the wave vector
(the x axis) calculated from the angular dispersion through some mathematical
relations that we explain in the next section.

(a) 

Electrostatic lens 

Entrance slit 

Sample 

Detector 

Ek 

θx 

 0.4 

 
 0.2 

 
 0.0 

 
-0.2 

 
-0.4 

E 
– 

E F (
eV

) 

-0.2      -0.1       0.0        0.1        0.2 
Momentum (Å-1) 

(b) 

Figure 3.3: Angle-resolved photoemission spectroscopy: (a) electron spherical
analyser with two-dimensional detector able to resolve simultaneously different
kinetic energies and emission angles [27]; (b) ARPES image in which the x axis
is associated to the wave vector and the y axis is associated to the binding
energy.

3.2 Conservation of the energy and the momen-

tum in ARPES

In order to reconstruct the information on the electronic initial states, it is nec-
essary to connect the photoelectron energy and angular distributions measured
outside the sample to the energy and the momentum distributions of the elec-
trons inside the sample material.
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Within the one-electron approximation, the energy conservation imposes the
following condition among the binding energy EB of the electronic states, the
incident photon energy hν and the kinetic energy Ekin of the photoelectron
measured by the analyser [28]:

Ekin = hν − Φ− |EB | (3.1)

The relation between the crystal momentum "k of the electron inside the solid,
and the momentum p of the photoelectron is more complex. In fact, since the
surface breaks the solid translational symmetry, only k‖ is conserved. Whereas,
the perpendicular component of the wave vector must be determined by mea-
suring the surface barrier potential V0. The modulus, as well as the parallel
and perpendicular components of the photoelectron momentum are expressed
by the following equations:

p =
√
2mEkin (3.2)

p‖ = "k‖ =
√
2mEkin · (x̂ sin θ cosΦ+ ŷ sin θ sinΦ) (3.3)

p⊥ =
√

2m(Ekin cos2 θ + V0) (3.4)

where θ and Φ represent the polar and azimuthal angles, respectively.
Equations 3.1, 3.3 and 3.4 enable to determine completely the electronic band

dispersion E(k) of the solid starting from the photoelectrons kinetic energy and
the polar and azimuthal emission angles distribution for a suitable ansatz of
the surface potential V0. Due to the difficulty in determining V0, the ARPES
technique is particularly suitable for the study of quasi-two-dimensional systems,
in which the uncertainty in k⊥ is negligible.

3.3 Intensity of photoemission

The creation and emission of a photoelectron is a more complex process than the
one shown in Figure 3.1. In fact, in a very first approximation, the photoemission
can only be viewed as a single particle process, whereas many-body interactions
usually take place. A simplified model is given by three-step process (see in
Figure 3.4), where each photoelectron undergoes three independent steps [28]:
1) the optical excitation induced by the absorption of the incident light; 2) the
travelling of the excited electrons from the bulk towards the surface; 3) the
penetration of the surface barrier potential by the electrons that escape into the
vacuum as (almost) free particles. During the second step, the electrons can
experience several inelastic scattering events through the solid, generating the
so called secondary electrons signal, which constitutes a broad background that
increases at low kinetic energies.

A formal semiclassical treatment of the photoemission process derives from
the transition probability Wif calculated by the first order perturbation theory.
Here, Wif describes an optical excitation between a N-electrons ground state,
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Figure 3.4: The three-step model description of the photoemission process: (1)
optical excitation; (2) travel inside the solid; (3) escape into the vacuum. The
shadow area corresponds to the secondaries electrons that undergo inelastic
scattering processes. [28]

ψN
i , and one of the possible final states ψN

f :

Wif =
2π

"

∣∣∣∣〈ψ
N
f |HI |ψN

i 〉
∣∣∣∣
2

δ(EN
f − EN

i − hν) (3.5)

whereHI represents the interaction with the incident photons and it is expressed
as follow under the dipole approximation:

HI = −
e

mc
(A · p) (3.6)

where A is the electromagnetic vector potential and p is the electronic momen-
tum.

Some simplifications are needed in order to express the initial and final
states of the system. The initial state is commonly defined as a single Slater-
determinant-product between the one-electron function Φk

i and the (N − 1)-
particle part:

ψN
i = AΦk

i ψ
N−1
i (3.7)

where A represents the operator that antisymmetrizes the Slater-determinant
and it is necessary to satisfy the Pauli exclusion principle.

A further important approximation is introduced in the description of the
final state, known as sudden approximation. Under this approximation a photo-
electron is thought to be emitted without undergoing any interaction with the
surrounding electrons and ions of the solid. The (N − 1)-particle wavefunction
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after sudden removal is not longer an eigenstate of the Hamiltonian and thus
it can be expressed as a linear combination of the eigenfunctions ψN−1

m . The
complete N -particle wavefunction is therefore expressed by:

ψN
f = AΦk

f

∑

m

ψN−1
m (3.8)

The interaction Hamiltonian HI (equation 3.6) affects only the one-electron
function Φk, thus the matrix element in the equation 3.5 takes the following
form:

〈ψN
f |HI |ψN

i 〉 = 〈Φk
f |HI |Φk

i 〉〈
∑

m

ψN−1
m |ψN−1

i 〉 = Mk
if 〈
∑

m

ψN−1
m |ψN−1

i 〉 (3.9)

The total photoemission intensity, as a function of Ekin at the momentum k,
results proportional to:

I(Ekin,k) ∝
∑

if

|Mk
if |2

∑

m

∣∣∣∣〈ψ
N−1
m |ψN−1

i 〉
∣∣∣∣
2

δ(Ekin +EN−1
m −EN

i − hν) (3.10)

where EN
f = Ekin + EN−1

m is the final-state energy.
It follows that it is very convenient to introduce the formalism of second

quantization theory in order to express the previous formula in terms of one-
particle spectral function, which is defined as

A−(k,ω) =
∑

m

|〈ψN−1
m |c−

k
|ψN

i 〉|2δ("ω + EN−1
m − EN

i ) (3.11)

where ck− is the operator of annihilation of an electron with momentum k
and energy "ω. By using the spectral function, it is possible to express the
photoemission intensity as:

I(Ekin, "ω) = I0(k, ν,A)A−(k,ω)f("ω) (3.12)

where f("ω) corresponds to the Fermi-Dirac function describing the statistical
distribution of the electrons in the system and I0(k, ν,A) is proportional to the
modulus squared of the dipole transition matrix elements Mk

if .
The spectral function A(k,ω) is intimately connected to the one-particle

Green’s functionG(k, E), representing a fundamental property of theN -electron
system. It describes the probability that an electron in a state k1 is found in a
state k2 if a scattering process with energy transfer E has occurred [28]. The
analytic relation between A(k, E) and G(k, E) is expressed by the following:

G(k, E) =

∫ +∞

−∞

A(k, E′)

E − E′ − iδ
(3.13)

A(k, E) =
1

π
Im G(k,E) (3.14)
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where δ is a positive infinitesimal and equation 3.14 is obtained from equa-
tion 3.13 by exploiting the identity (E − E(k − iδ))−1 = P[(E − E(k)−1)] +
iπδ(E − E(k)) which holds in the limit of δ → 0+.

The fundamental advantage of describing the photoemission intensity in
terms of the single-particle spectral function, is the possibility to extend eas-
ily the model when correlations are also considered. In particular the inter-
action between electrons and other particles can be included by introducing
in the denominator of the Green function the complex self-energy Σ(k, "ω) =
Σ

′

(k, "ω)+ iΣ
′′

(k, "ω). In this way, in the case of correlations, the one-electron
Green’s function, the spectral function and the photoemission intensity can be
expressed as:

G(k, "ω) =
1

"ω − εk − Σ′(k, "ω)
(3.15)

A(k, "ω) = −
1

π

Σ
′′

(k, "ω)

["ω − εk − Σ′(k, "ω)]2 + [Σ′′(k, "ω)]2
(3.16)

I(k, "ω) = −
1

π
I0(k, ν,A)f("ω)

Σ
′′

(k, "ω)

["ω − εk − Σ′(k, "ω)]2 + [Σ′′(k, "ω)]2
(3.17)

where εk is the electron’s binding energy.
The real and imaginary part of electron self-energy contain all the informa-

tion on the energy renormalization and lifetime of a quasiparticle propagating
in the many-body correlated system.

3.3.1 The matrix element

The photoemission intensity is proportional to the square of the dipole matrix
element, Mk

if = 〈Φk
f |HI |Φk

i 〉, as discussed in the previous section. Therefore,
it depends also on the experimental geometry, the polarization of the incident
light and the photon energy.

The general form of the matrix element can be expressed as a function of
the polarization vector of the incident photon, ε, by using the commutation rule
"p/m = −i[x, H]:

|Mk
if |2 ∝ |〈Φk

f |ε ·A|Φk
i 〉|2 (3.18)

It is evident that equation 3.18 shows selection rules that depends on the parity
of the operator and wavefunctions, as well as on the geometry of the photoe-
mission process. Therefore, the matrix element can be equal to zero resulting
in a complete suppression of the photoemission intensity. For instance, by con-
sidering photoemission from a dx2−y2 orbital with the detector set in the mirror
plane (Figure 3.5), the total integral must be even under reflection with respect
to the mirror plane in order to have a non-vanishing photoemission signal [27].
Since the final state wavefunction Φk

f is in the mirror plane, it has even-parity
under reflection, therefore the resulting selection rules on the matrix element
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can be written as:
{

if Φk
i even → ε ·A even

if Φk
i odd → ε ·A odd

(3.19)

The relations 3.19 show that both the initial state Φk
f and the interaction op-

erator ε ·A must have specific symmetries in order to exhibit a non-vanishing
photoemission signal at the detector.

The matrix element is also strongly affected by the photon energy. By chang-
ing the energy of the incoming light, the kinetic energy and momentum of the
photoelectrons also change, often leading to a series of minimum in the pho-
toionization cross-section that takes the name of Cooper minima [28].

  

Figure 3.5: Geometrical and symmetry considerations about the photoemission
process from a dx2−y2 orbital [27].

At this point, it has to be stressed that both the three-step model and the
sudden limit are approximations theoretically derived to facilitate the under-
standing of the main features of the photoemission process. Unfortunately,
they are sometimes limitated and unable to provide a detailed analysis of the
process. In fact, if the photoelectron has a low kinetic energy, the response of
the system to the removal of the photoelectron is not negligible and the adi-
abatic approximation, in which the total final state ψN

f is no longer factorized
into two independent terms, must be adopted. Furthermore, only the use of the
one-step model, in which the photoemission process is described as a single event
(taking into account the multiple scattering events, the matrix element effects
and the surface discontinuity), allows a more specific analysis of the ARPES
data. These two points become particularly critical in the context of this thesis.
In fact, we exploited very low photon energy as produced by laser harmonics
to perform our experiments (as described in the next sections), and the under-
standing of the change in the dichroic signal, discussed in Chapter 5, relies on
the comprehension of final state effects.
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3.4 Time-resolved ARPES

Angle Resolved Photoemission Spectroscopy represents a powerful technique
for the analysis of the electronic band structure of solids. The investigation of
the time-dependent electronic structure is made possible by the development of
the time-resolved ARPES (tr-ARPES). The main advantage of a time-resolved
approach is the ability to disentangle different processes (each of which act on
a peculiar time scale) that at equilibrium coexist on the same energy scale.

Figure 3.6: Timescales of the different carrier and lattice processes following
ultrafast excitation [29].

The different steps of the relaxation undertaken by a material excited by an
ultrashort laser pulse are displayed in Figure 3.6 [29]. The carrier excitation,
triggered by the absorption of the photons of the ultrashort laser pulses, is
the fastest process. Then, on a fs time scale the carrier-carrier scattering is
responsible for redistributing the total energy of the excited system, leading to
a hot thermalized carrier distribution. During the third step, the electrons lose
energy to the lattice thanks to the carrier-phonon scattering. In this process the
time scale can vary, according to the specific electron-phonon coupling constant,
from few ps up to hundreds of ps. Once the equilibrium between the carriers
and the lattice is reached, the extra energy introduced in the system by the laser
pulse is removed by the process of recombination and carrier diffusion. The final
step involves the relaxation due to the thermal and structural effects, that act
in the solid on a longer timescale (from few ns to several µs).

Since we are particularly interested in the dynamics governed by the electron-
phonon scattering, ultrashort laser pulses must be used to study the non-
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equilibrium interactions. Moreover, by using pulses characterized by a photon
energy in the UV region (commonly between 5.5 eV and 9 eV), it is possible to
obtain high energy and angular resolutions.

3.4.1 Pump-Probe technique

The tr-ARPES technique is based on the pump-probe approach, which exploits
two synchronized pulses, called pump and probe beams. The pump beam excites
the sample into a non-equilibrium condition, while the probe beam is used to
measure, as a function of the time delay from the pump, the effect induced
by the excitation on one quantity of interest. The time delay between the two
pulses is controlled by introducing a relative difference in their optical paths.
This is usually obtained with a mechanical delay line set on the pump optical
path: considering the speed of light, a step of 1 µm corresponds to a time delay
of ∼ 6.6 fs.

The time-resolved experiments were made possible by the advent of pulsed
laser sources able to produce ultrashort laser pulses (< 100 fs), typically in
the near-IR region. In a pump-probe experiment, the pump beam is often the
fundamental of the laser source, while different probe beams can be obtain by
non-linear optical processes, such as the High Harmonics Generation (HHG)
and the Optical Parameter Amplification (OPA).

3.4.2 Laser system

To perform tr-ARPES experiment an ultrafast laser system producing a train
of ultrashort-light pulses, with a temporal duration of ∼ 100 fs, is necessary. In
addition to the pulse temporal duration, the other two important parameters of
the laser source are the pulse photon energy (or wavelenght) and the repetition
rate, measured in Hz and defined as the number of pulses per unit of time.

The laser system used in this work is sketched in Figure 3.7. A Coherent
Mira oscillator, in which the active medium is a Ti:Sapphire crystal (Titanium
doped Al2O3), is pumped by a Coherent Verdi V18 solid state laser. The pulses
produced by the oscillator are amplified in a regenerative amplifier (Coherent
RegA 9050) and then compressed. The repetition rate of the source is 250 kHz
and the output pulses have a temporal duration of approximately 60 fs with a
spectrum centered at 800 nm, corresponding to ∼ 1.55 eV.
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Figure 3.7: Scheme of the laser system used in the experimental setup.

3.4.3 Pump-Probe setup

In our experiments the pump beam was the fundamental of the laser source
described above. For the probe beam, we used the fourth harmonics of the
fundamental at 800 nm. This choice is due to the fact that we are interested in
direct photoemission studies, thus the photon energy must be higher than the
work function of the material, typically between 4−5 eV. The fourth harmonics
is the lowest harmonics that satisfies this requirement. To obtain ultrashort
fourth harmonics pulses, we generated the fourth harmonics beam by processes
of Sum Frequency Generation in phase-matched BBO crystals.

The scheme of the optical setup generating the pump and probe beams is
shown in Figure 3.8. An incoming fundamental beam at 800 nm produced by
the laser system is divided in two beams by the beam splitter BS1: the reflected
beam represents the pump beam, while the transmitted one is used to generate
the fourth harmonic beam. After the mirrors M1 and M2, the transmitted beam
passes through the beam splitter BS2 and then is focalized by lens L1 on the
SHG crystal (BBO crystal, type I) for second harmonic generation. The second
harmonic (SH) and fundamental (F) beams are separated in two different opti-
cal paths by the separator S1, which is characterized by an high transmittance
for the fundamental wavelenght and an high reflectance for the SH wavelenght.
After mirror M6, the polarizer P rotates horizontal polarization of the funda-
mental beam to the vertical one, the same of the second harmonic beam, and
then the F and SH are recombined on the separator S2. The second harmonic
beam path is tuned using the M9-M10 delay line, to make the fundamental and
SH beam coincident in time on the BBO crystal (type I), indicated by THG,
for the sum frequency generation process. The third harmonic beam interacts
in the FHG crystal (BBO, type I) with the fundamental beam coming from the
M3-M4 delay line and separator S3, producing fourth harmonic. The fourth



3.4 Time-resolved ARPES 27

  

BS1

BS2

M1
M17M16

M15M14

M13

M10

M3

M4

M2

M5

M7

M8

M6

M9

L1

L2

L3

P

S1

S2

S3

SHG

THG

FHG

S4

M11

M12

Pump-Probe
delay line

Incoming 
fundamental 
beam at 800 

nm

Pump 800 nm
Probe 200 nm

Mirror

Beam splitter

Lens

Separator

BBO crystal

Polarizer

Figure 3.8: Scheme of the pump-probe optical setup.

harmonic is selected using a prism and then M11 and M12 mirrors reflect the
probe beam on separator S4, where it is combined with the pump beam coming
from the Pump-Probe delay line.

After separator S4, a lens focus the pump beam at 800 nm and the probe
beam at 200 nm on the sample held in the UHV chamber.

3.4.4 Characterization of the probe pulse

The investigation of the electronic structure of the solid is carried out with the
probe pulse. Hence, its spectral and temporal characterization is fundamental,
because these quantities define respectively the energy and temporal resolution
of the tr-ARPES measurements.

The spectrum of the probe pulse measured by a single-grating monochro-
mator is reported in Figure 3.9. It is characterized by a central wavelength
λ = 196.80 nm, with ∆λ = 0.59 nm. This value of λ corresponds to a peak
energy of EIV = 6.2 eV. ∆λ corresponds to ∆EIV = 18meV, which sets the
energy resolution of the ARPES experiments.



28 Equilibrium and Non-equilibrium ARPES

1000

800

600

400

In
te

n
s
it
y
 (

a
.u

.)

204202200198196194192190

Wavelenght (nm)

 single-grating monochromator
 gaussian fit

  λ = 196.80 nm
 ∆λ = 0.59 nm

Figure 3.9: Spectrum of the fourth harmonic pulse.

In order to determine the temporal duration of the fourth harmonic pulse,
a cross-correlation measurement was performed. Cross-correlation is an all-
optical technique based on a non-linear second order process. In our case, a
fundamental and a fourth harmonic pulse, delayed each other by ∆t by intro-
ducing a difference in their optical paths, interact on a BBO non-linear crystal
for generating a third harmonic pulse through the difference frequency genera-
tion process. The intensity of the resulting third harmonic pulse is given by the
cross-correlation of the intensity of the two initial pulses:

IIII(t) =

∫ +∞

−∞
IIV (t)II(t+∆t)dt (3.20)

On the detector the intensity of third harmonic pulse is collected as a function
of the delay between the fundamental and fourth harmonic pulses. Figure 3.10
shows the third harmonic intensity profile obtained by the cross-correlation mea-
surement. The temporal duration of the fourth harmonic pulse is calculated by
deconvolving the pump FWHM from the cross-correlation FWHM, and results
equal to 330 fs. This value determines the temporal resolution of tr-ARPES ex-
periments, i.e. the fastest dynamics that can be resolved by our measurements.
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Figure 3.10: (a) scheme of the cross-correlation measurement; (b) the intensity
profile of the third harmonic pulse obtained by difference frequency generation,
as a function of the delay ∆t between the fourth harmonic and fundamental
pulses.
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Chapter 4
Time-resolved ARPES

measurements on BiTeI

The layered semiconductors BiTeX (with X = I, Cl, Br) exhibit a large Rashba-
type spin splitting (as discussed in Chapter 2), therefore they are of particular
interest for the development of spintronic devises. In this frame, the electron-
phonon coupling constant, λ, is a fundamental quantity to be investigated, be-
cause electron-phonon coupling in a strongly spin-orbit coupled material dictates
the transport properties. In fact, owing to the breaking of the spin degeneracy
the elastic backscattering on a non magnetic impurity is forbidden, and any
scattering event has to rely on the exchange of a non-zero momentum, as pro-
vided by the interaction with phonons. For these reasons, we have investigated
the strength of electron-phonon interactions in BiTeI in the time domain by
time-resolved ARPES.

The first part of this chapter reports the description of the experimental
setup and the data collection. The second part of the chapter illustrates the
analysis of the Energy Distribution Curves (EDCs) of the density of states, fo-
cusing on the temporal evolutions of the effective electronic temperature T ∗

el and
the effective chemical potential µ∗ that characterize the hot electronic gas. The
third part of the chapter presents the analysis of the Momentum Distribution
Curves (MDCs). Finally, we report the measure of λ for BiTeI as resulting from
the Two Temperatures Model (2TM).

4.1 Measurement conditions

High quality single crystals of BiTeI were grown by chemical vapor transport
and by the Bridgman technique, and characterized by x-ray diffraction and
transport by Dott. H. Berger, Dott. Ph. Bugnon and Dott. A. Magrez (at
EPFL in Lausanne). The tr-ARPES experiments were performed at the T-ReX
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laboratory at Elettra synchrotron in Trieste. The BiTeI samples were mounted
on a six-degrees of freedom manipulator and cleaved in situ in ultrahigh vacuum
(p ∼ 2·10−10 mbar) at room temperature. During the measurements the samples
were kept at low temperature (between 100K and 120K) using a LN2 cryostat.
The pump laser beam was p-polarized and it was set at 800 nm (∼ 1.55 eV)
with a repetition rate of 250 kHz. The adsorbed pump fluence (defined as the
power of the laser pulse per unit of area adsorbed by the sample) was varied
within the range between 18µJ/cm2 and 109µJ/cm2 in order to study the
modification of the electronic band structure as a function of the pump fluence.
Electrons were photoemitted by the s-polarized fourth harmonic at 200 nm (∼
6.2 eV), which was obtained by double harmonics generation in BBO (β−borato
di bario) crystals. The photoelectrons were collected and analysed by a SPECS
Phoibos 225 hemispherical spectrometer, with energy and angular resolutions

respectively of 10meV and 0.3◦ (corresponding to 0.0005 Å
−1

in wave vector).
The time resolution of all the experiments was set by the temporal duration of
the probe pulses at ∼ 330 fs.

4.2 Equilibrium and non-equilibrium electronic

properties of spin-split states of BiTeI

We chose to performed time-resolved experiments on BiTeI, because this system
is characterized by a relatively simple band structure and it exhibits only two
pairs of spin-split states near the Fermi level, having larger Rashba energy, ER,
and momentum offset k0.

Seven data sets were collected by varying the pump fluence. This corre-
sponds to a variation in the energy transferred by the pump in the electronic
bath. A precise estimation of the parameters necessary to convert the pump
fluence in energy adsorbed by the sample is given at the end of the chapter,
when dealing with the Two Temperature Model. The sample base temperature
and the adsorbed pump fluence for each data set are summarized in the table
below.

Table 4.1: Values of temperature and fluence of the pump beam adsorbed by
the sample that characterized the time resolved ARPES experiments performed
on BiTeI

Experiment

A B C D E F G

T (K) 100 100 100 120 120 120 120
Absorbed pump fluence (µJ/cm2) 18 25 36 47 47 47 109
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In each tr-ARPES experiment we investigated the electronic properties at the
Fermi level along the ΓK high symmetry direction. Each step of the mechanical
delay line, which introduces a relative difference in the optical paths between
the pump and probe pulses, was of ∼ 15µm corresponding to ∼ 100 fs.

The acquired images are organized to build a cube, in which the delay time
is associated to the third axis, in addition to the energy and momentum axis of
conventional ARPES at equilibrium.
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Figure 4.1: BiTeI ARPES images along the ΓK high symmetry direction : (a)
ARPES band dispersion at negative delay time. The red curves, obtained from
parabolic fit to the data, are a guides for the eyes to trace the dispersion of
the surface states. These fits provide us with values of the Rashba energy and

the momentum offset, equal respectively to ∼ 0.11 eV and ∼ 0.057 Å
−1

. (b)
BiTeI band dispersion calculation, where the blue continuum accounts for the
projected bulk band structure, while red contours line the dispersion of the
surface-derived states [25]. (c)-(e) tr-ARPES images obtained as the difference
between the images at positive delay times (700 fs, 4.5 ps, 8.5 ps) and image at
negative delay time (−500 fs). Blue (red) region indicates a decrease (increase)
of the spectral weight.

ARPES images were collected for negative delay times (before the arrival of
the pump pulse) in order to provide a reference for the electronic band structure
before optical perturbation. Figure 4.1 (a) shows the band dispersion of BiTeI at
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negative delay time −500 fs. A pair of spin-split states is clearly resolved and the
parabolic provides a Rashba energy and a momentum offset equal to ∼ 0.11 eV

and ∼ 0.057 Å
−1

respectively. These values suggest that the observed states
can be attributed to the spin-split surface states as identified and discussed
thoroughly in the work of Crepaldi et al. [25]. In particular, Figure 4.1(b) shows
the calculated electronic properties of BiTeI, where the blue continuum accounts
for the projected bulk band structure, while red contours line the dispersion of
the surface-derived states.

Figures 4.1 (c)-(e) present the tr-ARPES images obtained by subtracting the
photoemission intensity at negative delay time (−500 fs) from the one at positive
delay times (700 fs, 4.5 ps, 8.5 ps respectively). In such a way the data highlights
the effects of the pump excitation on the electronic structure of BiTeI near the
Fermi level are well highlighted. It is evident that due to the pump excitation a
decrease of the spectral weight in the states just below EF (the blue signal) and
an increase in the states just above EF (the red signal) occur. We interpreted
this behaviour as a thermal perturbation of Fermi-Dirac distribution associated
to an increase in the electron gas kinetic energy induced by the absorption of
the optical pulse.

A most quantitative investigation of the dynamics of the electronic band
dispersion can be performed by analysing the spectral lineshape of the spin-split
surface states. In order to accomplish such analysis, two different approaches
are commonly used. The first consists in analysing the Energy Distribution
Curve (EDC), so the photoemission signal as a function of the photoelectron
kinetic energy. The second consists in fixing the binding energy and analysing
the behaviour of the photoemission intensity as a function of the momentum,
the so-called Momentum Distribution Curve (MDC).

4.3 EDCs analysis of the density of states

The photoemission intensity is proportional to the A(k, hω, t) · f(hω, t), where
the former represents the one-particle spectral function and the latter the Fermi-
Dirac distribution. Contrary to the ARPES experiment at equilibrium, when
dealing with tr-ARPES measurements the time dependency has to be taken
into account. We notice that the time-dependent Fermi-Dirac distribution is
independent from the wave vector k, so its analysis is easily accessible in the
energy domain. Hence, in this section we focus on the EDCs analysis of the
density of states in order to investigate the perturbation of the Fermi-Dirac
distribution due to the optical excitation. This analysis provides information
on the relaxation of the energy transferred from the carriers to the lattice. In
particular, it provides a measure of the electron-phonon coupling strength of the
material. In the next section we face the intriguing problem of extracting infor-
mation about the microscopic scattering mechanism, such as the quasiparticles
lifetime, by studying the dynamics of the k-dependent A(k, hω, t) through the
MDCs analysis.
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In our study we adopted a method for the time dependent EDCs analyis
slightly different with respect to the one conventionally performed in ARPES
experiment at equilibrium. In fact, the standard EDCs analysis at specific
fixed momentum only considers a limited region of the band dispersion (in
our case, for example, in the vicinity of EF , kF ). Therefore, this approach
does not consider the transfer of the spectral weight occurring along the whole
parabolic dispersion during the pump excitation and the subsequent relaxation.
A strategy to overcome this shortcoming is to integrate the ARPES signal in
momentum along the band dispersion, thus extracting the density of states
relative to the specific states as a function of its biding energy as proposed
by Wang et al. [30] for studying the out-of-equilibrium electronic properties of
topological insulators.

Our analysis is focused on the outer branch of the left parabola by integrating
the photoemission intensity I(E,k, t) in a small interval along the parabolic
dispersion (red lines in Figures 4.2 (a)), in order to obtain the density of states
as a function of the delay time (Figures 4.2 (b)). Figures 4.2 (c)-(f) display the
EDCs corresponding to four selected delay times −500 fs, 700 fs, 4.5 ps, 8.5 ps
respectively. It is clear that the pump excitation causes a sudden modification
of the slope of the Fermi-Dirac distribution, which is interpreted as an increase
of the electronic temperature. This effect is highlighted in Figure 4.2 (h), where
the EDCs fitting curves at positive delay time (−500 fs) are compared to the one
at negative delay time, and the shadow areas indicate the transfer of spectral
weight occurring near the Fermi level.

For each time delay, the EDC was fitted with the following model function:

Υ(E, t) =
A(t)

1 + exp[(E − µ∗(t))/(kBT ∗
el(t))]

· ξ(E) + Φ (4.1)

The EDCs curves are approximated by the product between the Fermi-Dirac
distribution, characterized by the effective temperature T ∗

el and the effective
chemical potential µ∗, and a second order polynomial ξ(E) describing the den-
sity of states relative to the state. Moreover, in Equation 4.1, kB is the Boltza-
mann costant, A is a time-dependent normalization factor of the photoemission
intensity, as it is explained more in detail in the following, and Φ is the back-
ground for energies above EF .

Φ and ξ(E) were determined by fitting the first EDC of the serie (at negative
delay time) and they were hold them fixed for all the time delays.

We determined the normalization factor by integrating the area below the
EDCs in an interval of 200meV centered around the Fermi level. In fact, in first
approximation, neglecting the shift of the chemical potential, the thermal mod-
ification of the Fermi-Dirac distribution is symmetric around EF (the spectral
weight lost below EF is gained above EF ), so the integrated area is conserved.
At a second level of approximation, we have taken into account that the value of
the effective chemical potential can slightly change during both the excitation
and the relaxation. Therefore, we developed an iterative procedure to calculate
A(t). In the first iteration cycle, we centered the integration interval around the



36 Time-resolved ARPES measurements on BiTeI

E 
– 

E F
 (e

V)
 

 -0.2       -0.1       0.0        0.1        0.2 

ГK (Å-1) 

 0.4 

 
 0.2 

 
 0.0 

 
-0.2 

 
-0.4 

 0               2               4               6              8       
Delay (ps) 

(a) (b) 

0.8

0.6

0.4

0.2

In
te

n
si

ty

 - 500 fs
 fit

 + 700 fs
 fit

0.20.10.0-0.1-0.2

E-EF (eV)

 + 4.5 ps
 fit

 + 8.5 ps
 fit

0.8 
 
0.6 
 
0.4 
 
0.2 In

te
ns

ity
 (a

.u
.) 

0.8 
 
0.6 
 
0.4 
 
0.2 In

te
ns

ity
 (a

.u
.) 

-0.2   -0.1    0.0    0.1    0.2 
E – EF (eV) 

-0.2   -0.1   0.0    0.1    0.2 
E – EF (eV) 

-0.2     -0.1      0.0      0.1      0.2 
E – EF (eV) 

(c) (d) 

(e) (f) 

(h) 

Figure 4.2: (a) tr-ARPES images along ΓK at negative delay time (−500 fs).
The red lines show the momentum range where the photoemission intensity
was integrated to obtain the partial density of states as a function of delay
time (b); (c)-(f) EDCs at four selected delay times: −500 fs, 700 fs, 4.5 ps, 8.5 ps
respectively. The fitting curves, black lines, are the result of the product between
the Fermi-Dirac distribution and a second order polynomial, convoluted with a
gaussian to account for the experimental resolution; (g) comparison between the
density at negative delay time (−500 fs) and positive delay times. It is evident
the transfer of spectral weight from below to above EF .
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value of the chemical potential. The same integration interval was used to cal-
culate the normalization factor for all the EDCs of the same experiment. Once
extracted these A(t) values, we fitted the EDCs using the model function Υ(E, t)
of equation 4.1, obtaining the time dependent effective chemical potential for
each delay time. As so, a new calculation of A(t) was carried out by integrating
each EDC around its time dependent chemical potential, extracted from the
previous iteration cycle. We repeated the above procedure several times until
the difference in the A(t) values extracted from two consecutive iterative cycles
was smaller than 0.5%. Figure 4.3 (a) shows an example of A(t) as obtained
with this iterative procedure. The three A-curves represent the different iter-
ative cycles, while Figure 4.3 (b) presents the estimated modification of A(t)
between two immediately subsequent iterative cycles.

We extracted the temporal evolution of T ∗
el and µ∗ from the fit of the EDCs

using the model function Υ(E, t) and the analysis of their temporal evolution is
the subject of the next paragraphs.
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Figure 4.3: (a) Values of the normalization factor A(t) of the photoemission
intensity obtained in three different cycles of the iterative procedure; (b) esti-
mated modification of A(t) values between two consecutive iterative cycles.

4.3.1 Evolution of the effective electronic temperature T ∗

el

Figure 4.4 shows the values of the effective electronic temperature obtained in
the case for an absorbed pump of ∼ 47 (µJ/cm2). The black and the green lines
refer to the outer and inner branches of the surface states, respectively. The
analytical form the polynomial ξ(E) is different for the two branches, owing to
matrix element effect and also reflecting the different behaviour of the associated
density of states, but it is important to notice that the resulting T ∗

el evolution
is the same.

The same analysis was performed for the various pump fluences. Figure 4.5
illustrates the dynamics of T ∗

el for the seven experiments reported our study,
while the inset shows the maximum values of T ∗

el. The increase of the maximum
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Figure 4.4: Temporal evolution of the effective electronic temperature T ∗
el re-

sulting from the fit of the EDCs using the function Υ(E). The two curves refer
to the outer and inner branches of the surface states shown in the inset by black
and green lines. The maximum value of T ∗

el and the temporal evolution are
approximately the same for the two curves.

T ∗
el reflects the increase of the energy transferred to the sample by the pump

pulse. An increase of six times in the absorbed pump fluence (from ∼ 20µJ/cm2

to ∼ 110µJ/cm2 for experiment A and G respectively) results in the doubling
of T ∗

el maximum (from ∼ 430K to ∼ 830K).

A more detailed insight into the dynamics of the relaxation process, occur-
ring after the pump excitation, is obtained from a quantitative analysis of the
temporal evolutions of T ∗

el as shown in Figure 4.5.
The dynamics of T ∗

el was fitted with the function Λ(t) expressed as,

Λ(t) =

∫ +∞

−∞
Θ(t

′

) ·G(t
′

− t) · C exp

(

−
t
′

τT

)

dt
′

+ Ξ (4.2)

The function Λ(t) is the convolution between a single decay exponential and
a gaussian G accounting for the temporal resolution of our measurements. Θ
represents the proper rise-time, modelled through a step-function, of the sin-
gle decay exponential describing the relaxation of the hot carriers. Finally, the
intensity normalization C identifies the maximum value of T ∗

el and Ξ is a back-
ground that takes into account the sample base temperature before the arriving
of the pump pulse. In this approximation, the temporal evolution of T ∗

el is
uniquely determined by the relaxation time τT that provides the time scale of
the relaxation mechanism.
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Figure 4.5: Temporal evolution of the effective electronic temperature T ∗
el for all

tr-ARPES experiments performed. The difference in the absorbed pump fluence
is reflected in the increase of the maximum value of T ∗

el (inset).

We used the Λ(t) function to fit all the T ∗
el curves displayed in Figure 4.5.

The resulting fits are presented as black lines in Figure 4.6, and they well ap-
proximate the experimental data. The values of the relaxation times extracted
from these fits for the different pump fluences are reported in Table 4.2.

Table 4.2: Values of the relaxation time τT for the different pump fluences,
as obtained from the fit of the T ∗

el temporal evolution curves using the Λ(t)
function.

Experiment

A B C D E F G

Adsorbed pump fluence (µJ/cm2) 18 25 36 47 47 47 109
τT (ps) 2.9 3.4 3.6 4.9 4.5 4.5 5.5
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Figure 4.6: Temporal evolution of the effective temperature T ∗
el fitted with a

single exponential decay convoluted with a gaussian.
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It is interesting to notice that τT is not the same for all the experiments. The
different values of τT , summarized in Figure 4.7, indicate that the relaxation
time increases along with the increase of the pump fluence. In particular, an
increase of six times of the pump fluence results in an almost doubling increase
of τT (from 2.9 ps to 5.5 ps).
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Figure 4.7: Values of the relaxation time characterizing the temporal evolutions
of T ∗

el for the different adsorbed pump fluence. The characteristic relaxation
time increases as a function of the pump fluence.

If the relaxation of T ∗
el was only due to the electron-phonon scattering pro-

cesses, the value of the characteristic relaxation time would have been the same
when varying the adsorbed pump fluence. The fluence-dependence of τT sug-
gests that other contributions to the relaxation of T ∗

el must be included in the
model. The slowdown of the T ∗

el relaxation may arise from effects of carriers
diffusion or from the formation of electron-hole pairs, that is an important ef-
fect to be considered for the physics of semiconductors. This mechanisms can
be reflected in a bottleneck in the relaxation channels for the carriers optically
excited by the pump pulse from the valence band into the conduction band. Sim-
ilar tr-ARPES studies of the surface state of topological insulators Bi2Se3 [31]
and Bi2Te3 [32] resolved a long-lasting signal above the Fermi level. The au-
thors proposed the idea that the conduction band acts as a charge reservoir for
the topological surface state at lower binding energies, resulting in a persistent
non-equilibrium population. In fact, the presence of a band gap of the order of
hundred meV makes the electron-phonon scattering unavailable for the recom-
bination of the excited electrons with the valence band holes. For this reason,
the authors proposed that the surface states act as intermediate states in the en-
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ergy relaxation between the conduction and valence bands, therefore the surface
states are subjected to a continuous charges filling from the conduction band
at larger binding energy. This argument, can be generalized to other small gap
semiconductors, and it constitutes our first step towards a better understanding
of the slowdown of the relaxation of T ∗

el observed in BiTeI when increasing the
pump fluence.

4.3.2 Evolution of the effective chemical potential µ∗

The dynamics of µ∗, as extracted from the EDCs analysis, are shown in Fig-
ure 4.8 with the corresponding fits (black lines). Similarly to T ∗

el, the temporal
evolution of µ∗ was fitted with a single decay exponential convoluted with a
gaussian to account for the temporal resolution. Figure 4.8 shows that after the
pump excitation, the value of the effective chemical potential slightly decreases,
with the exception of the experiment A. In this case µ∗ exhibits a positive shift,
which is smaller in absolute value than in the others experiments, furthermore
this shift is smaller or comparable with the experimental energy resolution. The
absolute value of the maximum variation of µ∗, ∆µ∗, occurring in each experi-
ment are presented in Table 4.3. With the exception of the experiment A, the
values of ∆µ∗, as obtained from different experiment, are comparable, suggest-
ing that ∆µ∗ is independent on the pump fluence. Table 4.3 also reported the
characteristic relaxation time τµ, and, likewise T ∗

el, the value is not the same
in all the experiments. However, even if the minimum and maximum values
of τµ are associated respectively to the minimum ad maximum pump fluences,
the behaviour of τµ does not present a clear trend when increasing the pump
fluence, in contrast to what previously discussed for T ∗

el.

Table 4.3: Absolute values of the maximum variation of µ∗, ∆µ∗, and the
characteristic relaxation time τµ for different adsorbed pump fluences.

Experiment

A B C D E F G

Adsorbed pump fluence (µJ/cm2) 18 25 36 47 47 47 109
∆µ∗ (meV) 5 16 16 17 18 14 14
τµ (ps) 1.4 2.3 3.1 3.0 2.7 2.0 4.8

The negative shift we observed is small (< 20meV) but not negligible. An
ultrafast shift of the effective chemical potential has been recently revealed in the
topological insulator Bi2Se3 by several groups [33, 30]. They observed a positive
shift that was interpreted as a consequence of the ultrafast photodoping of the
conduction band. Conversely, we observed a negative shift of µ∗, which cannot
be attributed neither to a photodoping effect, nor to a thermal effect,
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Figure 4.8: Temporal evolution of the effective chemical potential µ∗ fitted with
a single exponential decay convoluted with a gaussian.
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because in latter case µ∗ would be characterized by a positive shift, according
to the analytic form of the density of states in the spin-split states (proportional
to ∼ E− 1

2 ).
The negative shift of µ∗ can be interpreted as an effect of the diffusion of

the carriers out of the probed volume or it can be considered a consequence
of the fact that the electrons excited in the conduction band with high energy
have higher mobility. As a result, they can delocalize in different region of the
surface and locally be trapped by the positive charges of the bilayer (BiTe)+.

4.4 MDCs analysis

In the previous section we focussed on the analysis of the Fermi-Dirac distribu-
tion term appearing in the expression of the photoemission intensity. Instead,
this section is dedicated to the analysis of the dynamics of the one-particle spec-
tral function A(k, hω, t) through the MDCs, in order to obtain information on
the microscopic scattering mechanisms by using the theoretical models briefly
introduced in Chapter 3. In particular, the MDCs analysis provides informa-
tion on the quasiparticle lifetime. This kind of analysis has been applied to
tr-ARPES data for the first time by Johannsen et al. in the case of quasifree
standing graphene and it enable them to disentangle the role of various one-
particle scattering mechanisms [34].

Here we analysed the MDCs by integrating, for each time delay, the pho-
tomission intensity in a small energy interval (10meV) centred at four selected
binding energies, 0meV, 40meV, 80meV, 140meV. Figure 4.9 shows the MDCs
obtained at two different delay times. The red curve corresponds to a negative
delay time (−500 fs), while the green curve corresponds to a positive delay time
(+700 fs). To quantitatively evaluate the modification of the MDCs, the inte-
grated photoemission intensity was fitted with a parabolic background and four
lorentzians describing the quasiparticle peaks in the inner and outer branches of
the two parabolas. The four lorentzian contributions are shown in the graphs.
Here we focus our discussion on the outer branch of the left parabola. By ex-
tracting the full width at half maximum (FWHM) of the lorentzian peak at each
delay time, information on the dynamics of the quasiparticle lifetime is obtained
of the FWHM, as briefly discussed in Chapter 3. The temporal evolutions of
the FWHM corresponding to the different binding energies are shown in Fig-
ure 4.10. It is evident that at EF the value of the FWHM is roughly constant,
while at different binding energies it shows a temporal evolution. We fitted the
relaxation below EF with a single decay exponential, convolved with a gaussian,
and we extracted the characteristic decay time, τl. Table 4.4 reports the values
of τl corresponding to the selected binding energies for different absorbed pump
fluences.
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Figure 4.9: Momentum Distribution Curves extracted at four different binding
energies (0meV, 40meV, 80meV, 140meV respectively). The red curve corre-
sponds to a negative delay time (−500 fs), while the green curve corresponds to
a positive delay time (+700 fs). The fit (black line) is the result of the convo-
lution of four lorentzians (the deconvolved lorentzian are shown in the graphs
without the background).
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Figure 4.10: Temporal evolution of the FWHM of the left lorentzian peak
extracted from the four selected binding energies (0meV, 40meV, 80meV,
140meV respectively). The black lines are the results of the fit obtained with a
single exponential decay convoluted with a gaussian.
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Table 4.4: Values of the characteristic relaxation time τl for different adsorbed
pump fluences.

Adsorbed pump fluence (µJ/cm2)

Binding energy (meV) 36 47 47 109

40
τl (ps)

3.5 3.8 4.4 3.1
80 2.2 3.1 3.4 4.3
140 2.5 3.5 4.2 3.2

Interestingly, the values of τl do not exhibit a clear trend when increasing
the adsorbed pump fluence and the binding energies. In particular, it is clear
from Table 4.4 that the dynamics of the FWHM obtained by the MDCs analysis
results different from the one characterizing the T ∗

el (extracted through the EDCs
analysis).

Further investigations are necessary to understand in details the cause of
the modifications of τl, thing that is currently beyond the scope of this thesis.
Here, we want to highlight that this powerful analysis, complementary to the
EDCs, can be performed on these Rashba-type materials, as already done for
the graphene [34], and that it may provide novel information on the microscopic
scattering mechanisms.

4.5 Electron-Phonon coupling in the spin-split

states of BiTeI

After the electrons are optically excited in a strongly out-of-equilibrium state
by ultrashort light pulses, they recover a thermalized electronic distribution
through electron-electron anharmonic scattering processes and transfer their
excess energy to the rest of the system mainly through electron-phonon scatter-
ing processes. The time scale of electron-electron scattering processes is of the
order of few fs, beyond the temporal resolution of conventional time-resolved
experiments. On the contrary, the electron-phonon scattering occurs on the
time scale of few ps, therefore it can be resolved. The characteristic relaxation
time required to restore an equilibrium condition between the electrons and the
lattice depends on the strength of the electron-phonon interaction.

By using the information on the temporal evolution of the effective electronic
temperature presented in Section 4.3.1, it is possible to derive the electron-
phonon coupling constant in BiTeI. Such result is achieved by adopting the
2TM, widely used to extract the electron-phonon coupling strength from mea-
surements in the time-domain.
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4.5.1 The Two Temperatures Model

The 2TM was developed by Anisimov [35] and Allen [36] and it describes the
transfer of the energy between the electrons and the lattice. The 2TM neglects
any other collision processes except for the electron-phonon process, it neglects
spatial diffusion and assumes an homogeneous laser excitation.

When the sample is excited by a pump pulse, a non-equilibrium state be-
tween electrons and the lattice is created. In fact, the electrons absorb all the
energy deposited into the sample by the laser pulse, leaving the lattice at es-
sentially the same temperature it had before the excitation. As a result, the
electrons are instantaneously excited above the Fermi level, and their energy
is redistributed among them through electron-electron scattering on a fs time
scale (∼ 10 fs [37]). This process creates a thermalized electron distribution,
characterized by a temperature Tel > TL where Tel and TL represents the tem-
perature of the electronic distribution and the lattice respectively. The name
Two Temperatures Model recalls that for each of the two interacting subsytems
(electrons and phonons), a temperature has been defined. With the fundamen-
tal assumption that the electron-electron and the phonon-phonon (anharmonic)
processes are much faster than the electron-phonon processes, the electronic and
phononic distributions can be considered equal to their local equilibrium distri-
bution (Fermi-Dirac and Bose-Einstein respectively) described by the following
expressions [38]:

for electrons: Nk =
1

exp[βel(ε− ε0)] + 1
with βel =

1

kBTel

for phonons: Nf =
1

exp[β"ωf ]− 1
with β =

1

kBTL

(4.3)

On a time scale of few ps the electrons cool down by transferring the extra energy
to the lattice, via electron-phonon interactions, till they reach the equilibrium.

When the decay process is governed solely by the electron-phonon scattering,
the 2TM can be used to extract λ by analyzing the relaxation of the electronic
temperature in the time domain.

In 1974 Anisimov proposed a system of coupled differential equations de-
scribing the evolution of the electronic and the lattice temperatures after a
laser pulse excitation. The equation expressing the rate of energy loss from the
electrons to the phonon bath is given by [36]:

∂Eel

∂t
= 2πNcN(εF )

∫ ∞

0
α2F (ω)("ω)2 [N(ω, TL)−N(ω, Tel)] dω (4.4)

where Nc is the number of cells in the sample, N(εF ) is the density of states
of both spins per unit cell, N(ω, Ti) are the Bose-Einstein distribution function
(i = L, el) and α2F (ω) is the electron-phonon spectral function. Equation 4.4
is the starting point to derive the temperature relaxation rate in two different
limits. In the first case the high temperature approximation is considered, that
is when both Tel and TL are much higher than the phonon energy, while in
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the second case, the phonon spectrum F (ω) is approximated by the Einstein
model, therefore only one phonon mode is taken into account. In the latter case
the system of coupled differential equation describing the rate equation of the
electronic and the lattice temperature is:






∂Tel

∂t
=

3λ

π"k2B

"3Ω3
0

Tel
[N(Ω0, TL)−N(Ω0, Tel)] +

p

Cel

∂TL

∂t
= −

3λ

π"k2B

"3Ω3
0

Tel
[N(Ω0, TL)−N(Ω0, Tel)]

Cel

CL

(4.5)

In equation 4.5, λ is the electron-phonon coupling constant, which can be ex-
pressed as the second moment of the Eliashberg’s function α2F (ω), λ〈ω2〉 =
2
∫∞
0 (α2F (ω)ω)dω. "Ω0 represents the energy of the Einstein mode to which the

phonon spectrum is approximated and kB represents the Boltzmann’s constant.
N(Ω0, TL) and N(Ω0, Tel) are the Bose-Einstein distributions at the phonon
frequency and at the lattice and the electronic temperature, respectively. Other
important parameters in equations 4.5 are the lattice specific heat CL and the
electronic specific heat Cel = γel Tel, where γel is the linear coefficient of the
specific heat. Finally, p represents the absorbed power density. Both the specific
heats and p are expressed per unit of volume.

By fitting the Tel solution of the system of rate equations to the experimen-
tally determined T ∗

el(t), it is possible to extract a value for the the electron-
phonon coupling constant λ.

4.5.2 The Two Temperatures Model on BiTeI

In Section 4.3.1 we extracted the temporal evolution of the effective electronic
temperature through the EDCs analysis. The 2TM provides us with a method to
relate the experimentally measured relaxation time τT of the temporal evolution
of T ∗

el(t) to λ. However, the 2TM predicts a relaxation rate which is essentially
fluence-independent [38], while we observe a fluence-dependent relaxation rate,
as it can be argued by the trend reported in Figure 4.7. In order to gain infor-
mation from the 2TM, an assumption is made. Namely, we chose to consider as
relevant for the extraction of the λ through the 2TM only the measurement done
at the lowest fluence (note that the model described by equations 4.5 is indeed
valid in this situation). We motivate this choice with the hypothesis that the
fleunce-dependence of the relaxation time originates from an additional mech-
anism that introduces a bottleneck in the relaxation dynamics, which depends
on the fluence and thus it is negligible at low fluence. It cannot be an additional
scattering channel, since the relaxation time increases with the fluence. It seems
a reasonable assumption that a bottleneck effect is less relevant at low fluence,
since the quasiequilibrium between electrons and a bosonic population is less
effective at low excitation densities. Our hypothesis is that, by considering the
dataset taken at the lowest fluence, the relaxation time we consider, and from
which we extract the electron-phonon coupling, is due solely to electron-phonon
scattering processes.
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Our procedure consists in a numerical solution of the 2TM rate equations
system, which is then fitted to the experimental data. The physical quantities
appearing in equations 4.5 must be determined with precision in order to ob-
tain reliable results. We thus made careful estimates (explained in the following
paragraphs) for the values of Ω0, CL and p, leaving us with only two free fit-
ting parameters: the electronic specific heat and the electron-phonon coupling
constant λ.

We took the mean phonon frequency from the experimental phonon spec-
tra of BiTeI as measured by Sklyadneva et al. using Raman spectroscopy [39].
The main Raman active mode that they observed is centred at 99 cm−1, which
corresponds to ∼ 12meV. This value was compatible with the main frequency
that they obtained through the calculation of the phonon dispersion using the
density-functional perturbation theory in a mixed-basis pseudopotential ap-
proach. Therefore, our analysis considered the Ω0 equal to this phonon fre-
quency.

Concerning the lattice specific heat we considered the limit TL * TDebye

(this is indeed true for TL ≥ 100K). In such limit, the specific heat of the
lattice is proportional to n, the ions density per unit volume: CL = 3kB n [37].
To determine n we divided the number of the ions in a primitive cell of BiTeI
by the volume of the primitive cell calculated using the lattice constants shown
in Figure 2.3 (c). The resulting value of the lattice specific heat is equal to
CL = 0.99 J/(K cm3).

Finally, we calculated the power energy density deposited in the system by
the pump pulse. This is defined as the energy absorbed by the system per unit
of volume and time (measured in [J/(s cm3)]).

4.5.2.1 Modelling the absorbed power density

The power density can be express as [40]:

p(t) =
P0

V

2
√
ln2√
π

e−4ln2 t2

ς2 (4.6)

In equation 4.6, P0 represents the pump pulse mean power absorbed by the
sample and it is divided by the sample volume V in which the energy is de-
posited. ς represents the pulse temporal FWHM, obtained, for example, by
auto- or cross-correlation measurements.

Since the temporal duration of both pulse and probe pulse was already de-
termined (60 fs and 330 fs respectively), only P0 and volume V are unknown in
equation 4.6.

In determining P0, we have to take into account the gaussian profile of the
pump and probe pulses [40]. The common procedure to determine the fluence
is based on the assumption of an uniform energy distribution in the pulse sec-
tion (a disk with diameter equal to the FWHM). However, the lateral profile of
the pulses is gaussian, so a gaussian power distribution for both the pump and
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probe pulses must be considered. This results in the fact that the measured sig-
nal (related to the gaussian case) is originated by an effective fluence, which is
always smaller than the one calculated in the homogeneous case. The two values
are related by a term that depends on the relative size of the pump and probe
pulses. In our measurements the value of the pump power (that we measured
with a power meter placed on the pump optical path) had to be multiplied by
the factor 0.5 ln2 ∼ 0.34.

To obtain the mean power absorbed by the sample, two additional steps
became necessary: the first was to take into account the geometry of our exper-
imental set-up and the second step was to take into consideration the absorption
coefficient of the material at the pump wavelength (800 nm) and at the specific
angle of incidence (45◦). With regard to the former, the pump beam illuminated
the sample forming an angle of 45◦ with respect to the normal to the surface,
therefore the power had to be divided by a factor

√
2.

Taking into account the aspects mentioned above, we calculated the absorbed
power P0 by using the following expression:

P0 = Ppump · 0.34 ·
1√
2

· [1−R(45◦, 800 nm)] (4.7)

where R(45◦, 800 nm) is the reflectivity of BiTeI for a radiation having a wave-
length of 800 nm incident at 45◦ with respect to the sample normal. We mea-
sured R(45◦, 800 nm) in p−polarization (the polarization of our pump pulse)
and it results equal to 0.227.

The volume in which the pump energy is deposited is usually approximated
as a cylinder whose top area is a circle of diameter equal to the spatial FWHM
of the pump pulse (experimentally determined), and whose height is the pene-
tration depth d:

V = π
(FWHM)2

4
d = π

(FWHM)2

4
α−1 (4.8)

The penetration depth is equal to the inverse of the absorption coefficient α of
the sample that is related to the imaginary part of the complex refractive index
ñ = n+ iκ of the material:

α =
4πκhν

hc
(4.9)

where hν is the energy of the radiation (in our situation, hν = 1.55 eV, the
pump energy).

Since it is not reported in the literature, we had to measure the complex
refraction index ñ, in order to obtain the penetration depth for calculating the
volume V . Such value was determined through a reflectivity measurement on the
BiTeI sample for both s− and p− polarizations. This has been done by fitting
the (complex) Fresnel equations for absorbing materials to the experimental
data (reported in Figure 4.11).

The experimental data were acquired by illuminating the BiTeI sample with
a 800 nm beam and measuring the power of the reflected beam as a function of
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the incidence angle varied from 5◦ to 75◦. By dividing the power of the reflected
beam with the power of the incident beam, we obtained the reflectivity value
needed. We repeated the same measurement for both s− and p− polarizations,
collecting the data shown in Table 4.5.

Table 4.5: Values of the reflectivity for BiTeI at 800 nm as a function of the
incidence angle. The values for both s− and p− polarization are reported.

Reflectivity

Angle of incidence (◦) Rs Rp

5 0.325 0.330
10 0.330 0.335
20 0.359 0.315
30 0.365 0.286
40 0.399 0.247
45 0.423 0.227
50 0.438 0.202
60 0.493 0.138
65 0.552 0.103
70 0.596 0.071
75 0.548 0.039

The reflectivity data were fitted by using the Fresnel equations for both
the polarizations of the incident light. The Fresnel equations are derived from
Maxwell’s equations and describe the behaviour of light when it passes be-
tween two media with different refractive indexes. In particular, by imposing
the boundary conditions at the interface between the two materials (for both
the electric and magnetic fields), the equations provide the reflectivity and the
transmission coefficient for both polarizations.

If the air refractive index is nA = 1 and the complex refractive index of the
solid equal to ñ = n + iκ, the reflectivity for the two different polarizations
can be expressed by the following equations, which are functions of the complex
refraction index ñ and of the angle of incidence θi:

Rs =
(n− cos θi)

2 + κ2

(n+ cos θi)
2 + κ2

Rp =
(n− sec θi)

2 + κ2

(n+ sec θi)
2 + κ2

(4.10)

Equations 4.10 are simultaneously fitted (GlobalFit routine by IgorPro) to
the experimental reflectivity for both s− and p− polarizations (presented in
Table 4.5). The result of the fit is reported in Figure 4.11. The values we
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obtained are:
n = 1.91 κ = 2.92 (4.11)

By using the value of κ, the absorption coefficient of BiTeI was calculated along
with the corresponding penetration depth d, taking into account a pump wave-
length of 800 nm and adopting equation 4.9. The values obtained are:

α = 4.59 · 105 cm−1 d = 22nm (4.12)
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Figure 4.11: Reflectivity measurements on BiTeI at 800 nm for s− and p− po-
larizations. The solid lines represent the global fit obtained through Fresnel
equations for lossy materials. The fit provides the values of the real and imagi-
nary parts of the BiTeI complex refractive index ñ = n+ iκ, respectively equal
to n = 1.91 and κ = 2.92.

4.5.2.2 Electron-Phonon coupling constant in BiTeI

The coupled differential equations 4.5 were used to fit the data of the temporal
evolution of T ∗

el obtained from the experiment at lowest fluence. The coefficient
of the linear electronic specific heat, defined by the expression Cel = γel Tel, and
the electron-phonon coupling constant were the only free parameters of the fit.
Table 4.6 reports the values of the other parameters appearing in equations 4.5
that were kept fixed during the fitting procedure.
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Table 4.6: Parameters considered in the Two Temperatures Model.

Parameter Value

Phonon energy "Ω0 [eV] 0.012
Lattice specific heat CL [J/(K cm3)] 0.99
Pulse temporal FWHM ς [ps] 0.33
Energy density P0

V [J/(s cm3)] 7.8
Base system temperature [K] 100

Figure 4.12 shows the temporal evolution of the electronic and the lattice
temperatures, as obtained from the fit (the residual between T ∗

el and the fit is
reported in the upper panel). We observed that, after 8 ps, the electrons have
almost completely transferred their extra energy to the lattice via the electron-
phonon interaction.
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Figure 4.12: Temporal evolution of the electronic temperature and the lattice
temperature (red and blue lines respectively), as obtained from the fit of the
2TM to T ∗

el from the experiment at lowest fluence (experiment A). The solid
black line in the upper panel represents the residual. The fitting procedure
returns a value of the electron-phonon coupling constant of the spin-split states
of BiTeI equal to λ = 0.039.

From the result of the fit we obtained the values of the two free parameters
(the coefficient of the linear electronic specific heat and the electron-phonon
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coupling):
γel = (7.4 ± 0.2) · 10−5 J/(K2cm3) (4.13)

λ = 0.039 ± 0.001 (4.14)

The obtained λ implies that the electron-phonon interaction is very weak in
the surface spin-split states of BiTeI. Furthermore, the value of λ is comparable
to the electron-phonon coupling constant recently reported for the topological
surface state of Bi2Se3 and Bi2Te3 [41].

We stress the fact that λ has been extracted with the assumption that the
relaxation time characterizing the electronic temperature is solely due to the
electron-phonon scattering processes. Further analysis on temporal evolution of
T ∗
el at different fluences should be done introducing a modification of the 2TM

equations in order to take into account the fluence-dependent slowdown in the
relaxation of the electronic temperature.



Chapter 5
Dichroic ARPES on BiTeX

The term Circular Dichroism (CD) refers in general to the phenomena in which
the system has a different response to probing photons with left and right cir-
cular polarizations (LCP and RCP respectively). If the propagation direction
of the light is assumed to point out of the plane, the LCP (RCP) is defined
as the counter-clockwise (clockwise) rotation. In these cases the photons are
characterized by negative (positive) helicity.

In particular, in PES experiments the dichroic signal is measured as the dif-
ference in the photoemission intensity obtained with the two opposite helicities.
Recently, the circular dichroic ARPES (CD-ARPES) has been proposed as a
tool to study the strongly spin-orbit coupled materials, in which the helicity of
the incident light can couple to the electronic spin degree of freedom through
the total angular momentum.

The first part of this chapter illustrates the most recent CD-ARPES appli-
cations to the study of topological insulators Bi2Se3 [42, 43] and Bi2Te3 [44].
In particular, we focus on the different physical interpretations of the origin of
this dichroic signal. The second part of the chapter presents the CD-ARPES
measurements we performed on the BiTeX semiconductor family: we analyse
the Fermi surface of BiTeI and the dependence of the CD signal on the incom-
ing photon energy. Finally, we discuss our results and we try to elucidate the
possible future development of this technique, and possible further investigation
on this interesting family of compounds.

5.1 Physical interpretation of the CD-ARPES

in strong spin-orbit coupled systems

The photoemission process described by the matrix element of equation 3.9 is
based on an optical transition. In general, but it becomes particularly critical
in the case of a strong spin-orbit coupled system, the final state of the optical
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transition can be expanded over a set of eigenstates with different values of the
total angular momentum J (and J is its eigenvalue). The partial transition
to the various contribution of the the final state is reflected in the matrix ele-
ment and, as a consequence, in the photoemission intensity. Circularly polarized
light produces optical transitions towards final states with different value of J
depending on the photons helicity (∆J = +1 with RCP light and ∆J = −1
with LCP light). As a result, the photoemission intensities obtained by using
LCP and RCP photons are different and a dichroic signal can be observed. This
description of the CD-ARPES dichroism clearly requires taking into account the
photoemission process in a one-step model, which is often a difficult task from
a computational and theoretical point of view. Therefore, some approximated
models have been developed recently focusing only on the initial state, with the
aim to extract directly an information on J and on the spin polarization.

Hereafter we describe the first CD-ARPES studies of the spin-polarized sur-
face states of topological insulators Bi2Se3 [42, 43] and Bi2Te3 [44] (but similar
analysis has been carried out on others Rashba system [45, 46]), and we briefly
introduce the question of the final state effect, of mandatory importance for the
understanding of our experimental results.

Different properties of the initial state have been proposed to originate the
dichroism in the surface states of the topological insulators Bi2Se3 and Bi2Te3.
Park et al., in particular, investigated the dichroism in Bi2Se3 using by circularly
polarized light [42]. Figure 5.1 (d) shows the surface state with two different
colors corresponding to the opposite signs (red is associated to −, blue to +)
of the dichroic signal IRCP − ILCP . This dichroism is evident in Figures 5.1
(a)-(c) that illustrates the Fermi surface maps for the two different polarizations
as well as their difference. Figure 5.1 (e) displays the CD intensity as a function
of the azimuthal angle as extracted from MDCs at binding energies equal to
50meV and 350meV (dashed lines in Figure 5.1 (d)).

The authors attributed the measured CD to the existence of a strong local
orbital-angular momentum in the surface states and this hypothesis was sup-
ported by first-principles calculations predicting a large expectation value of the
angular momentum operator. Since the surface states of topological insulators
are spin polarized and a strong spin-orbit coupling is present, information on
the expectation value of the spin degree of freedom can be deducted from the
value of L. An electron in a p−state is excited by a circularly polarized photon
in finale states having mainly d− or s−character, according to the dipole se-
lection rules, and the occurring optical transitions is different depending of the
helicity of the incident light. In the model of Park and coauthors, the difference
in the electric dipole matrix element is directly reflected in the CD signal, which
results roughly proportional to the scalar product between the direction of the
orbital-angular momentum and the direction of incoming photons [47].

A different interpretation, for a similar CD-ARPES experiment on Bi2Se3,
was proposed by Wang et al. without the necessity to introduce a local angular
momentum, by simply considering the spin degree of freedom [43]. In particular
the authors developed a quantitative relationship between the spin polarization
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(a) (b) (c) 

(d) 
(e) 

Figure 5.1: (a)-(c) Fermi surface maps of Bi2Se3 obtained by ARPES measure-
ment with RCP and LCP photons at hν = 13 eV, as well as their difference
(RCP-LCP) [42]; (d) CD-ARPES map along the ky = 0 direction [42]; (e) cir-
cular dichroic intensity as a function of the azimuthal angle Ω at the binding
energies equal to 50meV (blue circles) and 350meV (red squares) [42].

of the initial state and the circular dichroic intensity. They considered the
following Hamiltonian for a system with spin-orbit coupling:

H =
P2

2m
+ V (r) +

"

4m2c2
(P×∇V ) · s (5.1)

where P is the momentum operator, s is the electron spin and V (r) is the crystal
potential. The coupling to the external electromagnetic field is included into the
model through the photon vector potential A, P → P−eA. The photoemission
matrix element between the initial and final states results equal to:

M(k, f) = 〈fk|P · A|k〉 (5.2)

whereA is the Fourier transform ofA and P is defined as P = e
mP− e!

4m2c2 (∇V×
s). Starting from equation 5.2, the authors extracted the expression of the pho-
toemission intensity by considering circularly polarized light and by exploiting
time-reversal and crystal symmetries. They obtained an expression for the cir-
cular dichroism equal to:

∆I = a2 Im(AxA∗
y) 〈Sz〉k − 4ab Im(AzA∗

y) 〈Sx〉k (5.3)

where a and b are bandstructure dependent complex constants. The inten-
sity of the dichroic signal is a function of the spin polarization of the initial
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state. Furthermore, by considering the time-reversal symmetry and the three-
fold rotational symmetry, the authors proposed a method to deduce the three
spin components of the initial state by taking the difference or the sum of the
dichroic signal in different experimental geometry.

The possibility to exploit CD-ARPES to directly investigate the spin of
the initial state, neglecting completely the final state effects, has been very re-
cently questioned by measurements at variable photon energies. Sholz et al.
investigated the circular dichroism in the surface state of a different topological
insulator, Bi2Te3 [48]. In contrast to the aforementioned studies on Bi2Se3,
the authors performed CD-ARPES measurements at various photon energies
between 20 eV and 100 eV [48]. Figure 5.2 displays the modulation of the CD
signal. Interestingly, the sign of the dichroism changes between the selected pho-
ton energies (21 eV, 25 eV, 55 eV and 100 eV) above as well as below the Dirac
point. This behaviour cannot be interpreted as a change neither of the spin po-
larization [43] nor of the orbital angular momentum of the initial state [44]. No
simple physical effect, in fact, can account for such a dependence of these initial
state properties on the incident photon energy. Sholz and coworkers interpreted
the change in dichroism as the result of final state effects in the photoemission
process. This hypothesis is sustained by first principle calculations based on
the one-step model, which includes matrix element’s effect, multiple scattering
effects in both the initial and the final states and the change in the photo-
electron escape depth. The calculations qualitatively reproduced the change of
the CD sign supporting its interpretation in terms of final states effects. More
specifically, the authors attributed the energy dependence of CD to the optical
transition from the p-like topological surface states to final states with differ-
ent d-like character. The p → d optical transitions are favorable in the dipole
approximation, hence, in the case of circularly polarized light, LCP photons
(∆J = −1) can excite specific transition, not accessible with RCP photons
(∆J = +1) and viceversa, thus resulting in a large change in the photoemission
intensity. This large asymmetry in the PES signal associated to the different
optical transitions is proposed to determine the experimental changes in the
dichroic signal.

Furthermore, besides the problem of the physical origin of the CD effect,
another important question remains unresolved in strongly spin-orbit coupled
system such as topological insulators and BiTeX, i.e. the absolute value of the
surface state spin polarization. In topological insulators, in particular, spin re-
solved ARPES experiments reported a large variation of the spin polarization,
from 20% [49] to more than 85% [50, 51]. Recently, Zhu et al. reported den-
sity functional slab-calculations showing that the spin polarization in Bi2Se3
changes with the atomic layer [52]. Figures 5.3 (a)-(b) display the asymmetry
in the ARPES intensity between ±k‖ in the surface state of Bi2Se3 measured
with σ and π linearly polarized light. The authors proposed that PES signal re-
sults affected by the interference between photoelectrons emitted from different
atomic layers, which are characterized by different spin-orbit texture and which
gain a phase factor owing to the different distance travelled between the various
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Figure 5.2: (a)-(d) CD-ARPES maps of the surface state of Bi2Te3 at four
selected photon energies (21 eV, 25 eV, 55 eV and 100 eV, respectively). Clearly,
the circular dichroism changes both the intensity and the sign as a function of
the photon energy [48]; (e) dichroism asymmetry evaluated 100meV above the
Dirac point as a function of the photon energy [48].

layers:

I ∝
∑

σ

∣∣∣∣
∑

i

e−ikzzi〈eik‖·r‖ |A · p|αiψ
σ
i,k‖

〉
∣∣∣∣
2

(5.4)

where the topological surface state is expressed as a linear combination of the
layer-dependent eigenstates, ΨTTS =

∑
i,σ αiψσ

i,k‖
, whit i and σ being layer and

spin indexes. This interpretation is supported by the good agreement between
the calculated and the experimental band structure. Figures 5.3(c)-(f) present
the projections of the p orbitals for the top-most atomic layers on the various L
component. The strongly layer-dependent orbital polarization is reflected into
the spin polarization via the SO interaction, resulting in an entangled spin-
orbital texture of the surface states that depends on the atomic layer. Inter-
estingly, in this model also the calculated spin polarization is influenced by the
photoelectron interference and its dependence on the photon energy, the incom-
ing light polarization and the angle of incidence can explain the aforementioned
large variation in the measured spin polarization intensity in the surface states
of the topological insulators in various experiments.
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 5.3: (a)-(b) constant energy ARPES maps at 0.1 eV above the Dirac point
(and 0.1 eV below EF in the insets) obtained with π and σ linearly polarized light
respectively [52]; (c) percentage contribution of the p orbitals to the topological
surface state for the top 15 atomic layers [52]; (d)-(f) orbital-projected charge
density along the k−contour at 0.15 eV above the Dirac cone [52]. The pz
projection is independent from the atomic layer, while the layer-dependency is
strong for the in-plane projection, resulting in a total spin-orbit texture of the
topological surface state that varies with the atomic layer.

5.2 Circular dichroic ARPES measurements on

BiTeX

We investigated the circular dichroism in BiTeX family (with X= I, Br, Cl)
using CD-ARPES at variable photon energies. The CD signal was obtained as
the difference between the photoemission intensities collected for the two photon
helicities, whereas the normalized CD-signal is obtained by dividing by the total
measured intensity,

Normalized CD =
ILCP − IRCP

ILCP + IRCP
(5.5)

5.2.1 Measurement conditions

The CD-ARPES experiment was performed at the APE beamline at Elettra
synchrotron in Trieste. The experimental endstation is equipped with an hemi-
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spherical Scienta SES2002 electron spectrometer with energy and angular res-
olution set respectively equal to 20meV and 0.3◦. The samples were cleaved
in situ at a base pressure of p ∼ 2 · 10−10 mbar and kept at low temperature
(approximately 80K) using a LN2 cryostat. The UV light impinging on the
sample surface was generated by an APPLE II ondulator, capable to deliver
circularly polarized in the range between 20 eV and 50 eV.

Additional CD-ARPES mesurements were performed on BiTeI at the BACH
beamline at Elettra in order to exploit higher photon energies (from 70 eV to
200 eV). The pressure was p ∼ 3 · 10−10 mbar, the temperature was approxi-
mately 80K and the photoelectrons were collected and analysed by a Scienta
R3000 electron spectrometer, with energy and angular resolution set equal to
20meV and 0.25◦.

5.2.2 Dichroic constant energy mapping of BiTeI

We start considering the constant energy map (CEMs) of BiTeI measured with
circularly polarized light at 40 eV. The contours of the spin-split surface states
are shown in Figure 5.4 for four selected binding energies (0meV, 100meV,
200meV and 280meV respectively). At binding energy equal to 0meV, that
corresponds to the Fermi level, the CE map clearly displays two distinct and
concentric contributions (outer and inner sheets) characteristic of the Rashba-
type spin splitting. The outer branch has six-fold symmetry with a three-fold
intensity modulation. By increasing the binding energy, the contours of both
the outer and the inner sheets shrink towards the center of the Brillouin zone,
thus clearly indicating an electron like dispersion with positive effective mass.

The dichroic CEMs for the same binding energies are displayed on the right
side of Figure 5.4. The inner contour presents a two-fold symmetry in the
dichroic signal, whereas the outer contour shows six pockets of intensity cen-
tered at the corners of the six-fold Fermi surface, with three-fold symmetry and
alternating dichroic signal.

This behaviour is suggestive of a simple interpretation in term of different
cartesian components of the spin polarization. In the specific, the three-fold
modulation in intensity well resembles the z−component of the spin polariza-
tion (perpendicular to the surface plane) [53]. The appealing possibility to still
exploit CD-ARPES to gain an insight in the spin polarization motivated our
detailed study of the dichroism dependence on the photon energy. In the next
paragraphs we discuss our efforts to disentangle the interesting physical infor-
mation about the initial state from the existing final state effects.
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Figure 5.4: Constant energy maps of BiTeI at hν = 40 eV for four selected
binding energies (0meV, 100meV, 200meV and 280meV respectively) and the
corresponding dichroic signal (on the right side). The constant energy contour at
EF clearly shows two Fermi sheets characterizing the Rashba-type spin splitting.
The dichroic signal of the outer contour presents six pockets with three-fold
symmetry and alternating sign of the dichroism.

5.2.3 Energy evolution of dichroism in BiTeX

We performed CD-ARPES experiments on all the compounds of BiTeX family
along the ΓK high symmetry direction. All the systems exhibit dichroism in
the spin-split bulk valence band and in the spin-split surface states, as shown
in Figure 5.5, for example, in the case of BiTeCl at a photon energy equal to
25 eV. We focused on the spin-split surface states by analysing the dependence
of the circular dichroic signal on the the incoming photon energy.

BiTeI. Figures 5.6 (a)-(d) show the ARPES maps of BiTeI and the corre-
sponding dichroic signals obtained along the ΓK direction with a photon energy
equal to 25 eV and 48 eV. Both the spin-split surface and the bulk conduction
band states are visible at 48 eV, while at 25 eV only the surface states, with the
largest binding energy, are clearly resolved. By comparing Figure 5.6 (c)-(d)
we noticed that the dichroism is strongly different at the two selected photon
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Figure 5.5: CD-ARPES image of BiTeCl performed along ΓK with the photon
energy equal to 25 eV: (a) band dispersion obtained with horizontal polarization;
(b) circular dichroic ARPES map as result from the difference between the
photoemission intensity with LCP and RCP. Both the valence band and the
surface spin-split states exhibits dichroism.

energies. In fact, at 25 eV only one change in sign of CD occurs at the Γ point,
while the CD-ARPES map at 48 eV presents several nodal points where CD
changes sign. The variations of CD exhibited by the spin-split states are even
more evident in Figure 5.6 (e), which illustrates the behaviour of the circular
dichroism of BiTeI at photon energies between 25 eV and 100 eV. Interestingly,
at 100 eV the CD characterizing the outer branches of the two parabolas changes
sign.

We integrated the CD intensity over a small energy window at the Fermi
level in order to obtain a quantitative estimation of the dichroism asymmetry
characterizing the different states. Figure 5.6 (f) shows the normalized CD at
the Fermi level as a function of the wave vector for three selected photon en-
ergies (25 eV, 48 eV and 100 eV). The different behaviour of dichroism at the
three different photon energies is remarked by the difference in the number of
nodal points in the CD intensity, respectively 1, 3 and 5.

BiTeCl and BiTeBr. The BiTeCl and BiTeBr band dispersions measured
along ΓK at 25 eV photon energy (as similarly displayed for BiTeI in Figures 5.6
(a)) are shown in Figure 5.7 (a)-(b).
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Figure 5.6: Circular dichroic ARPES on BiTeI: (a)-(b) band dispersion along
ΓK direction with the photon energy equal to 25 eV and 48 eV and the corre-
sponding dichroic signal (c)-(d); (e) circular dichroism when varying the incom-
ing photon energy between 25 eV and 100 eV; (f) normalized dichroic signal as a
function of the electron momentum at the Fermi level for three selected photon
energy, 25 eV, 48 eV and 100 eV respectively.
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Figure 5.7: Circular dichroic ARPES in BiTeCl and in BiTeBr: (a)-(b) band
dispersion measured along ΓK direction with a photon energy equal to 25 eV of
BiTeCl and BiTeBr respectively; (c)-(e) circular dichroism of BiTeCl for positive
wave vector at three selected photon energies (20 eV, 25 eV and 28 eV) and
the same for BiTeBr (f)-(h). In both systems the dichroism changes sign and
intensity several times as a function of the photon energy.
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The high quality of the data allows to clearly resolve three pairs of spin-split
states for both the compounds, as predicted by the first-principle calculations
and experimentally resolved with ultrahigh resolution laser-based ARPES [26].
A thorough inspection in the band dispersion evidences that different states in
the same material exhibit strong difference in the matrix element describing the
photoemission intensity. This aspect becomes even clearer in the dichroic signal
that we report in Figure 5.7 (c)-(h) for positive wave vector at three different
photon energies (20 eV, 25 eV and 28 eV). For both materials the intensity and
sign of CD change with the incoming photon energy and the three pairs of
spin-split states behave differently from each others.

We compared the dichroism in the three compounds of the BiTeX family
by analysing the quantitative evolution of the normalized dichroic intensity as
a function of the incoming photon energy.
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Figure 5.8: Comparison between the dichroism in the BiTeX family: normalized
circular dichroic signal of the selected bands as a function of the incoming photon
energy for BiTeI (a), BiTeCl (b) and BiTeBr (c). The change in color of the
graph background corresponds to the change of the sign in the dichroism.

Figure 5.8 illustrates the CD signal relative to one pair of spin-split states
(indicated by red and blue squares) for each material. The color of the graphs
background vividly convey the changes of the CD sign. Very interestingly, we
notice that the dichroism in the three materials has very different behaviour
when varying the photon energy. In particular, while the selected band of BiTeI
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exhibits only one change of CD sign at relatively high photon energy (100 eV),
in BiTeCl several changes occur in few eV (in a range of 30 eV the CD signal
changes sign six times) and in BiTeBr CD exhibits two changes of sign (25 eV-
28 eV and 36 eV-40 eV). Also the intensity of the CD signal is different in the
three materials: BiTeI presents a CD asymmetry approximately equal on aver-
age to 50%, except in the region of the CD sign’s change, with the maximum
value of almost 100% at the photon energy equal to 28 eV; instead in the other
two compounds the CD intensity is less than 30% for all the photon energies
considered.

5.3 Discussion and future investigations

The experimental CD-ARPES data, relative to BiTeX family presented in the
previous section, show a strong dependence of the dichroism on the incoming
photon energy. At first inspection, this observation suggests a strong influ-
ence of the final state effect, similarly to the case of the topological insulator
Bi2Te3 studied by Scholz et al. [48]. They attributed the variation in the cir-
cular dichroic signal to final state effect involving optical transitions form the
p−like initial states to final states with enhanced d−like character. However,
despite of the similarity in the crystal structure and in the band dispersion, the
dichroic signal in BiTeI remains almost unchanged over 80 eV while in BiTeBr
the CD signal changes several times at lower photon energy. This difference
suggests that the matrix element influeced by the p → d transitions cannot
alone explain the peculiar behaviour of circular dichroism observed in the three
compounds. Anyhow, in order to be more quantitative and in order to address
the role of final state effect, calculations of the photoemission intensity using
first-principle calculations based on one-step model should be performed for
BiTeX compounds, as already done for Bi2Te3 [48].

Here we consider an alternative interpretation for the observed change in
dichroism, that takes into account the layer-dependence of the spin-orbit tex-
ture of the spin-split surface states wavefunction. In fact, if the surface states
have a layer-dependent multi-orbital character, the photoemission intensity is
affected by the interference between photoelectrons originated from different
atomic layers, as observed by Zhu et al. in Bi2Se3 [52]. Based on this argument,
the change in dichroism depends on the layer-dependent spin-orbital texture of
the surface states.

Figure 5.9 shows the spin polarization, from first principles calculations per-
formed by G. Autès and Prof. O. Yazyev (at EPFL in Lausanne), along y
projected on different layers for the first six atoms of the Te terminated surface
of BiTeI. The size of the dots corresponds to the weight of the states on the
atom, while the color represents the spin direction. The calculated projections
indicate that the spin polarization is different for the three different atoms, in
particular for energies close to the crossing point of the spin-split surface states.
In particular, in the case of the I atom the spin projection at the bottom of
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the spin-split states dispersion changes sign when passing from the first to the
second layer. This result supports the idea that the key to interpret the energy
dependence of the dichroic signal observed in BiTeX is the interference between
photoelectrons emitted from different atomic layers, which are characterized by
different spin-orbit textures, similarly to what proposed for Bi2Se3 by Zhu et
al. [52].

BiTeI 

Figure 5.9: Layer-dependent spin polarization in BiTeI: first-principle calculated
spin polarization along y projected on the first six atoms of the Te terminated
surface. The size and the dots refers to the weight of the states on the different
atoms and the color represents the spin direction. On the iodine atoms the spin
projection changes sign at the bottom of the spin-split states dispersion, passing
from the first to the second layer.

We stress the fact that the data presented in this chapter clearly remark
that the circular dichroism cannot be considered as a direct measurement of
the intrinsic spin polarization of the initial electronic state. However, if the
interpretation of the photoelectrons interference is correct, information on the
initial state can be extracted through a detailed analysis of the experimental
data together with theoretical calculations.



Chapter 6
Conclusions

In this thesis we investigated the non-equilibrium electronic properties of the
spin-split states of the bulk Rashba system BiTeI by means time-resolved ARPES.

We analysed the Energy Distribution Curves of the density of state rela-
tive to the spin-split surface states in order to extract the effective electronic
temperature T ∗

el and the effective chemical potential µ∗ characterizing the hot
electronic gas. The dynamics of T ∗

el and µ∗ were studied as a function of the
pump energy adsorbed by the sample. The characteristic relaxation time of T ∗

el

exhibits a clear fluence-dependence that cannot be accounted by the electron-
phonon scattering in the relaxation process. For this reason, we extracted the
electron-phonon coupling constant λ in the limit of low pump fluence, in which
the contributions to the fluence-dependent slowdown of the relaxation of T ∗

el are
assumed to be negligible. The resulting value of λ is small and comparable to
the value of the electron-phonon constant measured in the topological insulators
Bi2Se3 and Bi2Te3 [41].

Furthermore, we developed an analysis of the one-particle spectral func-
tion dynamics through the Momentum Distribution Curves, in the perspective
to extract information on the microscopic scattering mechanisms affecting the
lifetime of the quasiparticle. We observed that the dynamics of the FWHM
(directly related to the quasiparticle lifetime) of the lorentzian describing the
quasiparticle peak in the spin-split surface states results different from the one
characterizing the relaxation of T ∗

el.
Finally, in this thesis we analysed the dichroism exhibited by the spin-split

surface states of the extended family BiTeX (with X = I, Cl, Br). We observed
a strong dependence of the dichroic signal on the photon energy in all the three
materials. This observation suggests that the circular dichroism cannot pro-
vide alone a direct information of the intrinsic spin polarization of the initial
state. However, if we interpret the dichroism as an effect of the interference
of photoelectrons originate from different atomic layers which are characterized
by different spin-orbit texture, information on the initial state can be extracted
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through detailed analysis of the experimental data together with theoretical
calculations.
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