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Chapter

Introduction

1.1 Introduction

100 years after K. Onnes observed the superconductivity pt@menon in Mer-
cury [142], this phase of matter remains one of the most fasating, mysterious,
debated and intriguing problems in the condensed matter pkics. From its
discovery and for many decades, little progressess have meeade, and the
maximum transition temperature to the superconducting st was set around
20 K. In 1957 Bardeen, Cooper and Schrie er formulated the B&theory, ca-
pable to explain the physical behavior and the microscopicenhanisms behind
these conventional superconductors. Only in 1986 BednomzdaMuller [21] dis-
covered that layered copper oxide compounds could sustaupgrconductivity
at unsuspectedly high temperatures (30 K). Soon after, the critical temper-
ature T. of these doped copper oxide-based compounds exceded thdirgpi
temperature of the liquid nitrogen and soon after it raisedisgni cantly above
100 K. For this reason these materials are nowadays known aghtemperature
superconductors (HTSCs). Among high temperature superconctors, beyond
cuprates, other superconducting families exist: pnictidgeand calchogenides
(Iron based superconductors, discovered in 2006 [103]) JIEtenes (CgCgo has
T.=38 K), Heavy Fermion Systems (UPt) and Organic Superconductors. The
term high-temperature in this classi cation refers mainlyto the unconventional
physics beyond them, rather than to the actuall,, that is often lower than
that of conventional superconductors. Within this thesis wrk, however, the
term high temperature superconductors / superconductiwt will be referred
to cuprates. The high transition temperature of cuprates gaot be explained
in the frame of the BCS theory and today, 25 years later, a comghensive
microscopic theory capable to explain the phenomenon of srponductivity
in copper-oxide based superconductors is still lacking. Ehdespite the huge
e orts of the scienti c community to solve this intriguing problem. Nowadays,
more than 100.000 scienti ¢ papers related to the superconctivity has been
published since 1911, and new interesting experimental s are paving the
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1. Introduction

road to the knowledge of the HTSCs physics.

Following a novel approach started about 10 years ago, my PhiDesis faces
the high-temperature superconductivity problem from the prspective of non-
equilibrium physics.

High-temperature superconductors obey to the general elemtdynamics phe-
nomenology of the conventional superconductors, but the ambscopic mecha-
nisms that give rise to the superconducting state remain arpen question.
Before discussing this problem, let me remind here that the=k breakthrough
in understanding the mechanism leading to superconducttyiwas obtained
by L. Cooper in 1956 [40]. An intuitive and over-simpli ed piture can be
gained by considering that an electron moving through a cried lattice at-
tracts the positively charged ions, while a second electraran feel a surplus
of positive charge from which it is attracted. If the the attactive potential is
larger than the Coulomb repulsive potential between the twelectrons, then an
electron-electron e ective attractive interaction is estblished. Electrons are
thus coupled, forming bound pairs known as Cooper Pairs (CPdn BCS sys-
tems, the pairing is mediatd by phonons (i.e., lattice vibraons). To gain the
lowest energy state, the two paired electrons must have ot spin (S=0).
This pairing mechanism has the characteristic of transforimg a fermionic par-
ticles system into a bosonic particle system obeying to a dirent distribution
statistic. The main result is that an in nite number of particles can occupy
the same quantum state. This state is the key element of the gerconduc-
tivity in condensed matter. In BCS theory, the pairing proces and the pairs
condensation into a collective state (the superconductivatate) extending over
macroscopic dimensions are simultaneous e ects, to somdesxs similar to
the condensation of bosons in a ground state characterizeg & wavefunction
extending over macroscopic dimensions, i.e., a wavefumctiwith a phase co-
herent over macroscopic lenghtscales.

The phase transition to the superconducting state, occung at the character-
istic temperature T, is accompanied by an energy gain for the system, and
an energy gap, , opens between the occupied and the unoccepl electronic
states. This is the so-called superconducting gap, and itsagnitude is equal to
the pair binding energy. is of the order of few meV in BCS supsconductors
[175]. The energy di erence between the normal and the sugenductive phase
is termed condensation energy, and is proportional t8 (Ex) 2 (N (Er) being
the density of states at the Fermi Energy). In BCS supercondtors, where the
pairing is mediated by phonons, the gap is isotropic in the &pace, showing
an s-wave like symmetry and a magnitude that depends on thengerature,
being zero atT=T,., and maximum at T=0. The ( T) value is governed by
the so-called 'gap equation'.

Instead, for HTSC it is not clear the nature and the origin of tle micro-
scopic mechanism leading to an attractive interaction amagpelectrons, to form
Cooper Pairs. The phonon mediated attraction, alone, seemst enough to
justify such high critical temperatures. The point is whetler phonons are in-
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volved in the pairing mechanism together with other mediats, or whether the
pairing is purely mediated by a bosonic glue of electronicigm. It must be
pointed out that, in contrast to BCS superconductors, HTSCsh®ow a pairing
gap with a d-wave like symmetry [49].

In order to clarify the microscopic mechanisms leading to ¢iin-temperature su-
perconductivity in cuprates, a huge e ort has been done in #se last decades,
using mostly spectroscopies in the frequency domain or otlgrobes at equilib-
rium. These studies have produced several important infomation but leaving
the main physics behind the HTCS phenomenon unveiled. Only ithis last
decade, spectroscopies in the time domain have been consdeo study the
superconducting phase transition out of equilibrium with he aim of identify-
ing, through di erent lifetimes, mechanisms having closenergy scales. In par-
ticular, these experiments started by considering that inapper-oxyde based
superconductors it exists a clear interplay between highefiv eV) and low
(few meV) energy scale physics, as evidenced by the spectraight transfer
between interband and intraband spectral regions observdyy conventional
optical measurements. This behavior, which has only recénteen addressed
[80], is typical of HTSC, whereas it is absent in conventionauperconductors,
where the spectral weight removed from the gap spectral regi is enterely
recovered by the condensate contribution at zero frequency

In addition, for HTSC also the normal state is not completely nderstood. In
fact, the ground state is a non-Fermi Liquid. HTSC are strongl correlated
electronic materials, and the strong electronic correlains make them charge-
transfer insulators, when undoped.

The nature of the pseudogap phase and of the phase diagram of ${Js (that
probably can only be understood together), are the very elive aspects.
Therefore, here | am going to face the problem of high tempéuae super-
conductivity by a non-equilibrium approach, using the ultafast optical pump-
probe technique, in the time and frequency domain. The scofsto disentangle
the electronic dynamics from the thermal dynamics, since ¢éhrst happens on
timescales much shorter than thermal heating, being the legr related to the
phonons thermalization.

In the recent past, the all-optical pump-probe technique,itough powerful in
providing information about the temporal dynamics of the egitations under-
lying the di erent physical phases under scrutiny, failed ® address the micro-
scopic mechanism at the origin of the observed signals anddynics. The main
reason being the lack of energy resolution. Usually, pumpgiye measurements
have been performed at xed energy (1.55 eV, i.e., 800 nm, thentlamental
of conventional Ti:Sapphire lasers). The knowledge of theydamics at only
one wavelength is not su cient to explore the microscopic mehanisms at the
origin of the time-resolved optical signal. With this thess work, | tried to
overcome this limit.

In fact, an important part of my research has been devoted toedelop di er-
ent pump-probe setups, in which the monochromatic probe h&sen replaced
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by broadband or tunable probe pulses. This novel techniqueilivbe termed

time-resolved spectroscopy.

This technique allows revealing the quasiparticles dynaos with a spectral

resolution typical of the conventional optical spectrosgoes. Therefore, these
experiments unlocked the gate to observe the time evolutiaf the dielectric

function in the 0.5-2.2 eV spectral range, with a temporal sslution of 100

fs. The information that can be extracted from such kind of mesurements are
much more with respect to that achieved by the conventionabne-color time

resolved approach.

Thanks to the richness of the non-equilibrium spectroscapinformation ob-

tained, | have been able to characterize the three most impgant phases com-
posing the phase diagram of a copper-oxide based high-temgiare supercon-
ductor, i.e., the normal state, the pseudogap phase, and tiseperconducting
phase. As a result, an all-optical formulation, based on nogguilibrium spec-

troscopic measurements, of the phase diagram of a hole-dop®pper oxide
based superconductor, has been proposed.

1.2 Overview

My PhD thesis work tackles some open questions in the eld ofnaonven-
tional superconductivity in cuprates. The results | obtaied come from the ex-
perimental evidences emerged by probing di erent Y-Bi2212iperconducting

samples (BySr,Y o.0sCag:9.CU,0g; , being the doping) in the normal, pseu-
dogap and superconducting phases, by the novel time-resdvspectroscopy
technique | developed. Each phase is characterized by a pleutime-resolved

optical signal in the time and energy domains. In particularthe following

points have been addressed:

The mechanisms leading to electron pairing and to the formian of
Cooper Pairs in HTSCs are object of debate since long time. |a&gzed
the problem of electron-boson coupling in HTSCs starting fro the ex-
perimental evidences of time-resolved spectroscopy in thermal state of
Y-Bi2212. A clear indication is that electrons are strongly aupled with
bosonic excitations of electronic origin, characterizedyta small speci c
heat. The simultaneous analysis of experimental data in blotthe time
and the energy domains revealed that the subset of bosoniaceations
of electronic origin can account, alone, for the high crited temperature
of the material. This nding suggests that pairing in HTSC is rmainly of
electronic origin. Possible candidates for the bosons oéelronic origin
are antiferromagnetic spin ucutations or current loops.

The pseudogap phase is the most elusive phase of the HTSC phdise
gram. Here, by the novel non-equilibrium spectroscopic apgach, | dis-
entangled the various e ects taking place in this phase, whethe system
is brought out of equilibrium by an ultrashort laser pulse. i particular,

4



1.2. Overview

three contributions have been revealed: a thermal heating, Iling of
the gap in the density of states, and an intensity-dependemnhodi cation

of the electron-boson coupling. These e ects helps in thet@mpretation
of the nature of the pseudogap. In particular, the fact that he pseu-
dogap is indeed one phase, with relative long-range ordes,argued by
the evidence of a magnetic excitation mode which originatesid couples
with electron at temperatureT , which scales with doping. ThisT line
delimits a region ofp-T space in which the electron-boson coupling is
temperature-dependent.

In HTSCs, in contrast to BCS superconductors, an interplay bdeeen

physics at very di erent energy scales, namely, the one rédal to the

condensate formation, and the one related to interband trations, has
been revealed by static spectroscopies. Nevertheless, thigia of this

interplay remained elusive. Here, thanks to the non-equilitum approach

and the spectroscopic information, | have been able to revdhe origin

of such interplay. In particular, I demonstrated that two high-energy
optical transitions, at 1.5 and 2 eV, are modi ed by the condesate

formation. This nding is precluded to equilibrium techniques, since
thermal heating e ects overwhelm the small contibution to he signal
originating from the condensate formation. Moreover, | rezaled that the

spectral weight transfer from interband transitions to lowenergy scales,
accounts for a direct, superconductivity-induced carriarkinetic energy
gain in the underdoped side of the phase diagram, which chasgin a
BCS-like, superconductivity-induced carriers kinetic esrgy loss in the
overdoped side of the phase diagram. This change happensselto the
optimal doping level required to attain the maximumT,.

Di erent scenarios exist in the literature about the phase tgram of an
High-T.. In this respect, our ndings regarding i) aT line delimiting
a region with temperature-dependent electron-boson coumd, and ii)
a di erent direction for the superconductivity-induced spectral weight
transfer from high- to low-energy scales, changing exactly the optimal
doping level, suggest that the phase diagram of an HighsTs governed
by a quantum critical point at T=0, inside the superconductng dome.

Finally, | brie y summarize the content of the chapters:

Chapter 2 contains an overview of the basic physics and of th&ain open
guestions in the eld of HTSCs. In particular, the di erent scenarios for
the copper-oxide-based compounds phase diagrams are dised.

Chapter 3 contains a short review of the equilibrium opticaproperties
of HTSCs. The relevant models for the dielectric function ardiscussed,
with particular emphasis on the formalisms of the Extended ixde model
(EDM). The main focus is the interpretation of the equilibrum optical
properties of cuprate superconductors.

5
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Chapter 4 reports on the non-equilibrium physics of HTSCs. Thestab-
lished results in the eld of time-resolved optics on cupra&s are briey
reviewed. The models commonly used to interpret the non-eigjrium

dynamics in metals and superconductors in the normal stateamely, the
two/three temperature models, are analyzed in detail. Finly, the novel
di erential dielectric function approach, that is at the base of this work,
being used to interpret all the experimental evidences, isrimulated and
commented.

Chapter 5 describes the di erent time-resolved setups ddeped to per-
form non-equilibrium measurements. The steps toward the phementa-
tion of the spectral resolution in addition to conventionaltime-resolved
measurements are presented. In particular, two complemeany setups,
based respectively on a visible supercontinuum probe pulsed on an in-
frared tunable probe pulse, are described in detail. Timesolved optical
spectroscopy is presented. Finally, a section aimed at thestription of
the various methods developed for the characterization df¢ ultrashort
white light pulses concludes this chapter.

Chapter 6 describes the results of the non-equilibrium speascopic tech-
nique in the normal state of Y-Bi2212 superconductors. The ambigu-
ous experimental evidence is that, after a time shorter thatine electron-
phonon thermalization, the observed time-resolved optitaignal in the
energy domain is only explained by a scenario in which eleatrs are al-
ready thermalized with some bosonic degrees of freedom, ingva small
speci ¢ heat and a strong coupling with the electrons. The &nsient
spectral response is interpreted within the di erential delectric function
approach. Through a model constraining the temporal and spkal evo-
lution of the time-resolved optical signal, | proved that tle coupling
strenght and spectral distribution of these modes is comgate with

bosons of electronic origin. This boson subset, alone, juss the high

critical temperature of the compound. This suggests that & pairing in
cuprates is mainly of electronic origin.

Chapter 7 reports on the interpretation of the transient spetral signal
observed in the pseudogap phase of cuprates. Here | argue thatveral
spectral contributions, arising from di erent physical mehanisms, add
to produce the observed signal. By disentangling them, | pved that
beyond a thermal contribution arising from the simple heatig of the
system, a transient modi cation of the glue function and anmpulsive
closing of the pseudogap gap are enough to reproduce the obseé signal.
In the pseudogap, the electron-boson coupling is uencefEndent.

Chapter 8 reports on the experimental evidences of time-dged spec-
troscopy in the superconducting phase of Y-Bi2212. The speaily and
temporally resolved measurements clearly demonstrate thhelow T,

6



1.2. Overview

two high-energy interband oscillators (at 1.5 and 2 eV) are &angled
with the superconducting condensate formation: the intetpy between
high- and low-energy physics in cuprates is con rmed; moreer, its ori-
gin has been revealed. An important result is that the modi cdon of
the high-energy states accounts for a superconductivitpduced carriers
direct kinetic energy gain, in the underdoped side of the pba diagram,
evolving toward a BCS-like carriers kinetic energy loss ommé overdoped
side of the phase diagram. The transition happens close toettoptimal
doping level. This information, together with the knowledg of the on-
set temperature of the temperature-dependent electron-bon coupling,
lead us to argue that the High-T phase diagram is characterized by a
guantum critical point at T=0, inside the superconducting dome. The
critical line of such phase diagram delimits a region in whicthe glue
function acquires a temperature dependence.

Chapter 9 nally contains the conclusion of this thesis worksummarizes
the most important results and delineates the perspectivef this work,
with emphasis on the questions that need a further clari cabn.
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Chapter

Superconductivity with High
Critical Temperature

2.1 Introduction

In this chapter | will brie y describe the electronic structure of copper-oxide
based superconductors, that leads to many phenomena, suchthe supercon-
ductivity at high critical temperature and the pseudogap pkenomenon. | will
present the leading models and scenarios for the pseudogéage and the pro-
posed phase diagram of these compounds, which will be relgva supporting
our experimental ndings. | will then introduce the formalisms developed to re-
late the superconducting critical temperaturel. to the electron-boson coupling
strength, . This chapter ends with a description of the physical propé&es of
Bi,Sr,CaCu,Og, (also termed as Bi2212), and in particular of the Yttrium
substituted compound Y-Bi2212, which is the compound inveaghated in this
work.

2.2 Electronic properties of copper-oxide based
superconductors

After 25 years have passed since the discovery of high tempara supercon-
ductivity in cuprates [21], no consensus has been reached ga its physical
origin. This is due mainly to a lack of understanding of the stte of matter from
which the superconductivity arises [140]. In optimally (O and underdoped
(UD) materials, the ground state exhibits a pseudogap at tengratures large
compared to the superconducting transition temperaturd, [186, 83]. On the
contrary, overdoped (OD) materials do not exhibit a pseud@p. The physical
origin of the pseudogap behavior, and whether it constitugea distinct phase
of matter is still an open question.
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In spite of the apparent complexity of their unit cell, cuprdes turn out to

be simple materials from the structural point of view. The sucture is com-
posed of Cu-O planes (where each Copper ion is fourfold coaated with

Oxygen ions), which are separated by spacer layers. Despite complications
arising from the di erent kinds of crystal structures suppeoting superconduc-
tivity, the essential structure for superconductivity at high critical temperature
is that of the Cu-O planes. The transition temperaturel, varies considerably
from structure to structure, and in general it is higher the mre the number
of Cu-O planes per unit cell is (this is true up to three Cu-O @nes per unit
cell). The low energy electronic structure of the planes idaracterized by a
single energy band [147]. This single two-dimensional eggrband near the
Fermi Energy is what makes cuprates attractive from a theotieal point of

view. From this apparently simple electronic structure, adt of phenomena
arises, as can be argued by looking at the general phase dagrof a cuprate
superconductor, presented in Fig. 2.1. Superconductiviti e ective in the

so-called 'superconducting dome', delimited by the solidile line. The maxi-

mum critical temperature T is reached at the so-called optimal doping (OP),

Popt- TWO regions are naturally de ned as the underdoped regiotdD, p<pop)
and the overdoped region (ODp>pop).

350
300
250 | | Tx "normal” state
200

150

Temperature (Kelvin)

Fermi
liquid

100

50

superconductor

0 0.05 0.1 0.15 0.2 0.25 0.3
Hole Doping (p)

Figure 2.1: The phase diagram of copper-oxyde based supeihactors is
reprted. p is the number of doped holes per Copper ion. Solid lines repeat

true, thermodynamic phase transitions, while dotted linesndicate crossover
behavior.
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2.2. Electronic properties of copper-oxide based supauctors

Electronic structure of copper-oxide based superconducto rs

In the parent compound material, that is the undoped materia the lowest-
lying energy band is half lled, which corresponds to a %con guration for
the Copper ions. This can be justi ed by recalling the Cu@ coordination for
Copper and Oxygen in the Cu-O planes, and that each Oxygen igstrongly
electro-negative, attracting two electrons (® O? , having electronic con g-
uration 2p®). The result is that Copper ions are left in a 38 con guration.
Conventional band theory predicts such compounds to be mésgan odd num-
ber of electrons is present at each Copper site), but the maia turns out to
be an insulator instead. The energy gap for the parent compods is of the
order of 2 eV. The origin of the insulating behavior in strongl correlated elec-
tronic materials was well described by N. Mott [135], as an eat of the strong
electron-electron correlations.

More generally, all transition metal oxides are insulatorsThis is due to the
fact that the transition metal 3d levels and oxygen 2p levelare separated by
an energy larger than the energy spread of these levels, doébtand formation.
Thus separate 3d and 2p energy bands are obtained. The Coulmmepulsion
on the transition metal site is usually very large, and the 3thand undergoes a
Mott-Hubbard splitting into an upper and a lower Hubbard bands separated
by an energy scale termedt, which is typically 8-10 eV. The gap is thus of the
charge-transfer (CT) type (in contrast to the Mott-Hubbard gap type), sepa-
rating the lled oxygen 2p valence band from the empty 3d congttion band
(the upper Hubbard band) [147]. In cuprates the picture is merinvolved [161].
Copper ion () 3d energy level is above, but relatively close to, the Oxyge
(p®) 2p energy level. The tetragonal environment of the Cu ion &e&ls to the
single 3d hole having @ .. symmetry. Thus, in cuprates, the dominant energy
is the bonding-antibonding splitting involving a quantum mechanical admix-
ture of the Copper 3d: . orbital and the planar Oxygen 2R and 2p, orbitals
(as sketched in Fig. 2.2a). The nal result is that in the parat compound
(undoped material), a half lled band, which is the antibondng combination
of these three orbitals, is obtained, while the bonding, nebonding, and the
rest of the Cu and O orbitals are lled. As argued by Anderson [18, it is
the copper-oxygen antibonding band which undergoes Mott-Hbard splitting,
forming an insulating gap of the order of 2 eV in the parent copound. The ef-
fective U is indeed reduced because of the Copper-Oxygen orbital adtare.
Finally, upon doping the compound, a structure reminiscenbf the CT gap
moves to higher energies, while the gap is lled by states. &hFermi Energy
lies in the hybridized Copper-Oxygen band, having a bandwiia of about 1.5
eV. Fig. 2.2b summarizes the density of states in this situain.

For the hole-doped compounds, an important electronic coguration is worth
to be described, since it constitutes the ground state. Theegtronic sys-
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2. Superconductivity with High Critical Temperature

a) b)
32,7 DOES

2px

Coctfecc

Figure 2.2: a) Cu and O electronic orbitals responsible fohé covalent bonding
between Copper and Oxygen atoms in the CuO planes. b) Density states
for Cu and O bands.Ef is the Fermi Energy.

tem can gain energy because of the hole hopping between Cu @drbitals,
given by the antiferromagnetic superexchange interactidmetween the holes of
the Cu-O system. In particular, the most stable con guratim, known as the
Zhang-Rice singlet (ZRS), is obtained as a fully symmetricniear combination
of the four oxygen holes states around the Copper site, witlhé¢ Copper hole
spin that couples anti-ferromagnetically to the (shared) ®ygen hole spin. Fi-
nally, this singlet state can hop from site to site like a silg hole does in a
simple single-band Hubbard model [188]. A sketch of the ZRSrigported in
Fig. 2.3. Spin-resolved photoemission measurements [28h ¢med that the
lowest energy excitations have a singlet nature, providing direct support to
the stability of the Zhang-Rice singlet in hole-doped cuptas.

CT
&N\ | cuwo,
Cu$ e é plane

® c-axis

Figure 2.3: The atomic structure of the CuO plane is reportedThe Zhang-
Rice singlet (ZRS) and the in-plane charge-transfer procebetween Cu and O
atoms is evidenced. Copper atoms are depicted in blue, whidxygen atoms in
red. Arrows indicate the direction of the spin in the antiferomagnetic phase.

Hubbard and t-J models
The Hubbard and thet-J models are the simplest models able to catch the

12



2.2. Electronic properties of copper-oxide based supauctors

basic physics of strongly correlated materials.
The electronic hopping from one site to the other, requiredbf conductivity
to occur, would cost an energy due to Coluomb repulsion (fotegtrons in the
same site), which is indicated withU (Hubbard U). In undoped cuprates,
the Hubbard U well exceeds the kinetic energy gain due to hopping),( and
electrons become localized (the material is thus insulagh The Hamiltonian
representing this picture is the well-known Hubbard Hamiltoran 2.1 (Hubbard
Model) [150].

X X

H= t ¢ g +HC: +U  nini- (2.1)
hi;ji; i

The rst term describes the quantum hopping of electrons bateen nearest-
neighbor sites, while the second term accounts for the strgroulomb interac-
tion for electrons occupying the same site.
In the insulating state, the spins of the Cu ions are arrangeahntiferromagnet-
ically, forming a Neel lattice. The energy gain due to this omting is known
as the superexchange energly, with: J / t>=U [150].
Despite its apparent simplicity, the Hubbard model is very dcult to solve.
For doped materials, a simpli cation of the (one-band) Hubbed model exists,
by considering its limit for large U. This model is known ast-J model. In
this limit, the upper Hubbard band is projected out (consideng a hole-doped
material), and the e ect of U becomes virtual [46], leadingd a superexchange
interaction between Copper spins (since two parallel spirege not allowed to
occupy the same Copper site, while antiparallel spins canThis leads to the
energy saving oft>=U, from second-order perturbation theory.t-J Hamilto-
nian is:
X X 1 1 1
H= t C?/ G + H.C:. +J Si Sj + Zni;#ni;" (22)
hij i hij i

The t-J Hamiltonian is widely used as a starting point to describe thelec-
tronic properties of copper-oxide based high-temperatusaiperconductors.

Superconductivity and evidence of a pseudogap

When a cuprate is doped (here | will refer to the case of hole giag), the
physical properties of the material drastically change. Tése materials exhibit
superconductivity at high critical temperatures and a sodlled '‘pseudogap’.
Hole doping can be obtained either by chemical substitutiorf @lements in the
spacer layers, or directly by modifying the oxygen content 60 for a doped
compound). In both cases, the result is that, to maintain ch@e neutrality,
electrons are pulled away from the Cu®planes, forming holes in these planes.
The hole concentration is indicated withp. Upon increasing the doping leveb
from zero, the material becomes a bad metal. At about 5% dogn(p=0.05),
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2. Superconductivity with High Critical Temperature

a superconducting state emerges at low temperatures. THeg rapidly in-

creases with further doping, reaching a maximum value at abb16% doping
(p=0.16), termed the optimal doping (OP) level. Further dopirg makesT,

to fall to zero, at about 25% doping p=0.25). Increasing doping further, the
material becomes an ordinary metal.

The superconducting ground state is isomorphic with that othe BCS the-
ory [13, 14], since it consists of a condensate composed obar Pairs [40].
The main di erence is the symmetry of the gap. In the originaBCS theory,
the pairs have an s-wave symmetry. On the contrary, the cupt@ pairing gap
has a d-wave symmetry (the superconducting gap is ho more tigpic in k-
space, but it is maximum in the antinodal direction of the Brlouin zone ( M),
and zero in the nodal direction (' Y) of the Brillouin zone), asdemonstrated by
several experiments [45, 32]. This fact led to the speculati that the pairing
in the cuprates has a di erent origin from that of conventioral superconductors.

Since superconductivity is an instability of the normal stee, to understand its
origin it is mandatory to understand the nature of the normaktate from which
it arises. For cuprates, this is where the real controversyelgins [140, 137]. In-
deed, measurements of the spin response of cuprates beloavdptimal doping
level revealed a reduction in the imaginary part of the low éguency dynamic
spin susceptibility, at a temperature larger thanT. [186]. Other magnetic
susceptibility measurements [50] showed a suppression bé tuniform static
susceptibility at temperatures signi cantly higher than T.. Similar evidences
has been revealed by the decrease of the spin-lattice relaga rate in NMR ex-
periments on underdoped cuprates [18], and anomalies releehby tunnelling
experiments [130, 172]¢-axis optical conductivity [149], speci ¢ heat exper-
iments [119] and angle-resolved photoemission experimeifil77] have been
reported. On the contrary, this kind of depressions occur inonventional su-
perconductors only atT.. The quenching of these magnetic susceptibilities
indicates that a sort of pre-pairing is taking place. This a&o implies the open-
ing of an energy gap in the density of states, as evidenced by RRS studies
[49]. In cuprates, the temperature at which these quenchinghenomenon be-
gin is termed T , while no additional anomaly atT, are shown: a quenching
analogous to spin singlet formation of conventional supensductors does not
setinatTg, butat T . In particular, T increases upon reducing the doping,
on the contrary to what happens forT.. Quenching sets in at higher temper-
atures as the Charge-Transfer insulating phase is appro&ch

This point constitutes the main open question in the HTSC eld No con-
sensus exists about the relation existing among the 'spin gjaor pseudogap
and the superconducting phase [89, 137, 173]. By analogy lwithe conven-
tional superconductors case, one possibility is that the padogap is also asso-
ciated with spin singlet formation. This would indicate a sd of pre-pairing of
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2.3. Models for the phase diagram

electrons. In this scenario, the pseudogap is thought to be'faend' of super-
conductivity [137]. On the contrary, since any instabilitytypically results in
an energy gap, and such an energy gap leads by de nition to apgession of
the electronic density of states, some feel the pseudogapedmot necessarily
imply spin singlet formation. In these scenarios, the pseadap is thought as
something unrelated with the phenomenon of superconducdily or something
which impedes the superconductivity formation (superconattivity ‘foe’) [137].

The understanding of the pseudogap phenomenon is intimagetonnected to
the understanding of the whole phase diagram of the materiaéach theory for
the phase diagram predicts a di erent nature for the pseud@gp phenomenon.
The next section will be devoted to the presentation of the nsb releveant
schemes for the copper-oxide based superconductor phasedim.

2.3 Models for the phase diagram

The critical parameter that determines the properties of aapper-oxygen based
superconductor is the concentration of holeg) in the Copper-Oxygen planes.
The phase diagram obtained by modifyingp has been sketched in Fig. 2.1,
in the p-T (doping-temperature) parameters space. The UD region is adha
acterized by the enigmatic pseudogap phase. This paragrahaimed to the
description of the most relevant models for this phase [8973].

The models reported in the literature design two main scenas [137].

The rst one involves preformed Cooper pairs at temperaturd <T , which
become phase coherent only fa@r<T.. An important theory pointing into this
direction is contained in a work by Emery and Kivelson [70]. nl this theory,
the loss of coherence of the condensate BT is explained in terms of phase
uctuations that, due to the low density of the superconducing carriers as
compared to the standard 3D BCS superconductors, destroydhong range
order without breaking the Cooper Pairs. Another theory supprting this rst
scenario is based on the notion of spin-charge separatioi41133]. A single
hole is described as a bound state of a fermionic particle,llea spinon, carry-
ing only the spin, and a bosonic particle, called holon, cafing only the charge.
In strongly correlated electron systems, this dual naturefahe charge carriers
becomes more evident, with spinons and holons behaving likdependent par-
tieles. In a mean- eld description, spinons pair togetherofming a gap in the
spin excitation spectrum, interpreted as the pseudogap, \W holons undergo
Bose-Einstein condensation al., making the system superconductive.

The opposite scenario is that in which the pseudogap is codered as a phase,
characterized by an hidden order, in competition with supeonductivity [33,
181]. Various candidates for this order have been proposeth particular,
stripe and antiferromagnetic order, d-density wave orderDDW), or current
loops, all break a particular symmetry of the system.
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2. Superconductivity with High Critical Temperature

The fact that the T temperature decreases moving towards the OD region of
the phase diagram is experimentally established, but the @cise structure of
the phase diagram, and particularly thelT dependence on the hole density,

is still subject of discussion. Two di erent behaviors for lhe pseudogap line
T (p) are expected, depending on the actual scenario [89], as ¢@1seen by
looking at Fig. 2.4.

a) b) c)
"""" . T h o T* N T
1/\ ./~ 1/'\
p p p

Figure 2.4: Three scenarios for the interplay of pseudogable dashed line)
and superconductivity (red solid line) in thep-T phase diagram of HTSC are
reported. In a), the pseudogap merges gradually with the sapconducting gap
in the strongly overdoped region. In b) and c) the pseudogameé intersects
the superconducting dome, at about optimal doping. In mostakscriptions, the
pseudogap line is identi ed with a crossover with a charactistic temperature
T rather than a true thermodynamic phase transition. In a),T >T. at all
dopings. In b), T <T. beyond optimal doping. In ¢),T does not exist inside
the superconducting dome. From [89], adapted from [140].

In the rst scenario, in which the pseudogap would be a precsor of super-
conductivity, the T line is supposed to be tangent to the OD limit of the
superconducting dome. On the contrary, in the scenario of aspudogap com-
peting with superconductivity, the T line should enter the superconducting
dome at about optimal doping, and extending into the supercmucting dome
itself. In this case, a region where superconductivity coisxs with the psendo-
gap is expected. In this scenario, the phase diagram would geverned by
a quantum critical point (QCP) inside the superconducting dme, at T=0.
In this respect, a model of Copper-Oxygen bonding and antibding bands
proposed by C. Varma [95, 180] provides for a continuous trsition (as a
function of hole densityp and temperatureT) to a phase in which a pair of
oppositely directed currents circulate in each unit cell flop-current electronic
order). This phase preserves the translational symmetry tfie lattice, while
breaks time-reversal invariance and fourfold rotationalysnmetry [95]. This
circulating current phase terminates at a critical point fo p=pgocp and T=0.
This scenario is depicted in Fig. 2.5.
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2.4. The Electron-Boson coupling in HTSC
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Figure 2.5: The QCP-governed phase diagram proposed by C.rWe is re-
ported. At very low levels of hole doping, cuprates are insating and antiferro-
magnetic. At increased doping levels, they become condurgi and the exact
temperature and doping level determine which phase of mattthey will be in.
At temperatures belowT,, they become superconducting, and at temperatures
aboveT, but below T they fall into the pseudogap phase. The boundary of the
pseudogap region at low doping levels is unknown. The tratien between the
Fermi-liquid phase and the strange-metal phase occurs grally, by crossover.
QCP denotes the quantum critical point at which the temperaire T goes to
absolute zero. This QCP origins a critical region (the psewdap) in which the
ground state is given by pairs of electron-current-loops wing within each of
the material unit cells, and producing a pair of oppositely idected magnetic
moments. From [180].

2.4 The Electron-Boson coupling in HTSC

The electron-phonon interaction (that can be generalizeta more universal
electron-boson interaction) a ects and determines many pfsical properties of
solid state materials (such as the optical properties, theesistivity, the spe-
ci ¢ heat). Moreover, it constitutes the attractive interaction - essential in the
superconductivity framework - which binds together pairs foelectrons, form-
ing the so-called Cooper Pairs (CP), as pointed out by Coopg40]. This
holds without exceptions for the conventional supercondtars (metals, com-
pounds or simple alloys). It is universally accepted that irconventional su-
perconductors the pairing comes entirely and solely from ¢helectron-phonon
interaction, whose strength determines the material, (pairing and pair con-
densation are simultaneous e ects in the BCS theory [13, 34]Actually the

BCS theory is only valid in the so-called weak-coupling ragie (even if many
phenomena are satisfactorily described even when the wealupling require-
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2. Superconductivity with High Critical Temperature

ment is violated). Its generalization to the strong-couptig regime case is due
to Eliashberg [69, 134, 126], but the main features of the thgy remains the
same. Usually, the origin of the net attractive interaction vich forms the CP
is termed glue. In the BCS theory and its extensions, the glue given by
phonons.

Electron-phonon interaction is thus an essential topic toéinvestigated in the
framework of high-temperature superconductivity, to highght di erences or
similarity with respect to the BCS case. Upon determining thelectron-phonon
coupling strength in High-Tc materials, it is possible to pait out whether the
material is in the weak or strong coupling regime, and pos$yowhether other
bosons contribute (entirely or cooperatively) to the paing. Indeed, no consen-
sus has been reached yet on the nature of the (bosonic) glughe High-Tc: a
strong debate is on whether the pairing is due to phonons [&5, 113, 120, 167],
spin uctuations [2, 35, 162], or both (bosons of phononic @lectronic origin).
Many techniques have been exploited to measure the electyphonon coupling
constant, both in metals and superconductors. Nevertheledbe obtained re-
sults are contrasting. Among these techniques, which probaed equilibrium
properties of the material, | may cite ARPES, inelastic neutsn scattering, tun-
neling spectroscopy, optical conductivity. Extracting ifiormation from these
static, equilibrium measurements is a task of high di culty, since complex pro-
cedures of data inversion are needed. Reverting to the timmesolved point of
view, the electron-phonon coupling strength can be derivad a straightfor-
ward way, instead. The non-equilibrium approach revealedhé more direct way
of extracting these information, since it allows to accesti¢ temporal domain:
the timescale of the return-to-equilibrium of an excited sstem of electrons and
phonons is related (see section 4.3.1) to the electron-plooncoupling strenght.
The rst experimental results taking advantage of the tempmal resolution are
dated 1990 for studies with optical measurements [25, 24]daB007 for studies
with (time-resolved) ARPES [145]. A common model (some alteative mod-
els are reported in [96, 75]) employed to extract the electigphonon coupling
is the Two-Temperatures model (and its evolution to the thre temperatures
model, in the case of strongly correlated systems and anigmiic systems),
developed by Anisimov (1974) [10] and Allen (1987) [7]. This rdel will be
described in detail in Chapter 4 (section 3), together withts evolutions. Now,
a few words are worth to be spent about the de nition of the et#ron-phonon
coupling strength and its relation with the material T..

The theory of strong coupling superconductivity is based othe Green's-
function method of the many-body theory, with the theory of song coupling
which is a generalization of the theory of normal metals, by igdal (1957) [126].
Some important quantities enter the theory.F (), being the phonon fre-

guency, is the phonon density of states (PDOS), which congttes the phonons
spectrum. ?() is the phonon-frequency-dependent electron-phonon terac-
tion. A very common quantity for the theory is the temperatue independent,
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2.4. The Electron-Boson coupling in HTSC

material dependent product ?() F(), which enters in the de nition of the
(frequency integrated) electron-phonon coupling constan . The expression
2() F() is usually called 'the glue function'.  represents an e ective cou-
pling: Z .,
=2 2() F() (2.3)
0

is the same as h %, being h "i the moments of ?() F(), appearing
in the superconductivity theory:
Z 1
°=2  )F(O) ' "d

0
Often, a characteristic phonon frequency~is de ned, as an average over
2() F(). Following the literature, at least three possibilitie s are reported:
linear" (Dynes), "quadratic” (Kresin Wolf), 1og" (Allen Dynes, Carbotte):
~= hi, = h?3v = Hn() i. From simple comparison with the BCS-
limit case and for the better agreement with the data, the béshoice for the

mean phonon frequency will turn out to be the 'log" one.
The mean values come from the expression:

2Zl
TOi=S 0 F0) TfOd
thus: Z
hizgol 2y F()d 2
Z
2:301 °() F() d
Zl

() =2 2() FOIn() d

Expressions for T, = T¢( )

The electron-phonon coupling constant is an important parameter because it
enters the (approximate) expressions determining the matel's T, in the var-
ious coupling strength formalisms. The problem arises sm@ correct explicit
expression forT, depends on the strength of the coupling, thus some limiting
cases are analyzed.

| start with the weak-coupling regime ( 6 0:3), in which the BCS theory fully
holds. The BCS result actually reads:

ke T 1:13~ pexp( 1=N(O)V)

whereN (0)V = ( )Y( > ).
The net attractive pairing potential V is proportional to an attractive part,
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2. Superconductivity with High Critical Temperature

(originating from the electron-phonon interaction) and a epulsive part,
(originating from electron-electron Coulomb interactioi In the above formu-
lae, N (0) is the density of states (per spin) at the Fermi Energy, ah p is the
Debye frequency (or a typical phonon frequency) of the matef. The BCS
theory assumes the coupling is with just one phonon mode (Wit =  p):
following the derivation of the above formula, one argues #t the correct ex-
pression for the mean valu€is given by the log-average:

~= Hn() i (2.4)

and that, by de nition, in the BCS theory it holds: = ;.

The above BCS relation indicates that in general, is much smaller than the

material Debye frequency, p. Even in many metallic, conventional supercon-
ductors, it turns out that is not in the weak-coupling regime (1.4 in Pb, 1.6
in Hg), so that new theories should be developed.

For larger values of ( . 1.5), i.e., in the strong coupling regime, the re-
lation T, vs is given by the famous McMillan formula [125] (later modi ed

and improved by Dynes [62] and by Allen&Dynes [8]), which dess from the

Eliashberg theory:

~= 1:04(1+ )
kg Te¢ Eexp (1+062) (2.5)
This relation reduces to the BCS one in the weak coupling limi 1. 1t

should be noted that in the above expression the coe cients/1.2, 1.04, 0.62
are the result of a tting procedure of a more general exprass to data from
real materials: this expression is thus 'semi-phenomengiocal’.

Finally, if the coupling constant is large ( > 1:5), McMillan equation stops
being satisfactory, and one should use di erent express®for the critical tem-
perature T, (indeed, McMillan equation leads to a saturation of; for !'1
while the exact result does not: the e ect of a maximuni, is an artifact of
the approximations done, and is not intrinsic to the Eliashbrg theory from
which it follows). A comprehensive review of these relatisncan be found
in [110, 28]. The conclusion is that, if the material is charderized by large
values of Jand , it can have a very highT.. This can be the case when
some high-energy boson-exchange mechanism are operatageijt is the case
in copper-oxide based superconductors. Regarding the faxftachieving large
values of the electron-phonon coupling constant, the problem is related to
the framework of lattice or other instabilities, which are ot accounted for by
the superconductivity theories. cannot increase inde nitely, indeed the lat-
tice would surely reach a point when it is no longer stable bagse of the very
large electron-phonon interaction, eventually leading tpolaron formation. At
present, there is no universally accepted and quantitativetability criterion
[28].

Up to now, | considered for the glue function the expressior?() F (), indi-
cating the frequency dependent electron-phonon interaoti. The glue function
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2.5. Bi2212 Crystal Structure

can be generalized to include other possible scattering rhaaisms / channels
for the electrons, for example, with spin uctuations, chage uctuations or
loop currents. The coupling between electrons and spin ueations is indi-
cated in a similar manner as1?() (). Thus, the total glue can be written
as: ()= 20 FO+ 1%() ()+ :: Inthis framework, assumes the
more general meaning of an electron-boson coupling congtaf strong debate
exists on whether the electron-phonon interaction alone ggrovide the high
critical temperatures typical of the cuprate superconduatrs [110].
Considering the total glue function () as a source of pairing for electrons
is the ultimate step for the coupling theories which proposkbosonic 'media-
tors' for the formation of Cooper Pairs. It must be noted thatthese theories,
which consider a 'retarded" attraction mediated by the excange of bosonic
excitations forming the bosonic glue, and not the only onebat have been pro-
posed. They are set against the theories for which the paigrcomes directly
by the (‘non-retarded"”) Coulomb interaction, without the need of mediators
[151, 9, 146].

The presented approximate relations foif. = T(; ) are of paramount im-
portance since they relate the materiall, to average values of the quantity
(), i.e., and T In section 4.3 | will present some models which allow
to estimate, from time-resolved pump-probe measurementhe parameter .
The valuse for obtained by measurements in the time-domain can be com-
pared to the values obtained by relation 2.3, which integrat the total Glue
Function () obtained from static optical measurements (section 3.7.2).

2.5 Bi2212 Crystal Structure

Bi,Sr,Ca;, 1CuyOom+a+ , Often abbreviated with BSCCO (Bismuth-Strontium-
Calcium-Copper-Oxyde) to highlight the chemical elements contains, is one
of the most important members of the high critical temperatte copper oxide
based (cuprate) superconductors. In the above formula) indicates the num-
ber of Copper-Oxygen (Cu-Q@) planes in the conventional unit cell of the ma-
terial, while indicates the doping level, obtained through modi cation bthe
Oxygen concentration. In the BSCCO compound, the variatioonf the Oxygen
stoichiometry results in an e ective hole-doping mechanism. Cuprates are
characterized by a layered structure, with Cu-@ planes separated by spacer
layers that act as charge reservoirs.

Among the more than 20 distinct phases in which the BSCCO compod can
be synthetized, di ering for the stoichiometric ratios andthe growing process,
only three show high temperature superconductivity propées. They are indi-
cated with Bi2201 (the one-plane Copper-Oxygen compoundaving T¢,. =20
K), Bi2212 (the two-planes Copper-Oxygen compound, having.m.x =90 K),
and Bi2223 (the three-planes Copper-Oxygen compound, hagi T¢pax =110
K). The main di erence between the three compound resides lynin the num-
ber m of Cu-O planes contained in the conventional unit cell.
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2. Superconductivity with High Critical Temperature

Most of the measurements presented in this thesis work arergad out on
the two-layered compound ih=2), which formula is Bi,Sr,Ca Cu,0g. (I will
refer to this compound simply by Bi2212). In particular, | wil study peculiar
Yttrium substituted samples, in which some Ca atoms are sulisited by Y
ones to stabilize the crystal structure and simultaneouslincrease the maxi-
mum critical temperature with respect to the conventional ompound. Both
these requirements are achieved for 8% Y substitution: théaemical formula
of this compound is: B}Sr,Y o.0sCa9.92CU,0g: . | Will refer to this compound
by Y-Bi2212.
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Figure 2.6: The BpSr,Ca; Cu,Og: unit cell, evidencing the complex material
crystal structure, is reported.

Fig. 2.6 shows the conventional unit cell of Bi2212, from wth it is possible
to argue the complexity of the crystal structure. The cell ha an orthorhombic
crystal structure, for which the c axis is the main axis. The crystal axis have
the following dimensions:a=b=5.4 A, ¢c=30.6 A [36]. The Bi-O planes are
the most probable eaking planes for this structure, giventte weakness of the
chemical bonds between Bi-O layers. Bi2212 is an easily sl@lale compound,
with the c-axis being orthogonal to the cleaving plane. This reason kes
Bi2212 the most studied superconducting compound with phoglectron spec-
troscopic techniques. The stability of the compound crystastructure made
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2.5. Bi2212 Crystal Structure

this compound one of the most studied in general, together tithe YBCO
copper oxide based superconductor. Bi-O planes are also filanes in which
the extra Oxygen atoms due to the doping modify the hole conagation. The
doping content strongly a ects the physical properties of BSCCO. Indeedpf
= 0, this compound is an antiferromagnetic charge transfensulator. It is
only for > 0 that the system becomes a (bad) metal. Moreover, it is onlpff
> ., being . a critical doping level, that the system undergoes the sup=on-
ducting transition, when cooled. The superconductivity tlen disappears if a
maximum doping level, indicated with |, is crossed. Thus, superconductivity
exists only for a limited range of doping concentrations, maely .6 6 .
The doping level for which the compound exhibits its maximuneritical tem-
perature, Temax, 1S called optimal doping level, o5, 0pt=0.16 in Bi2212.

The critical temperature is related to the oxygen doping lest p by the phe-
nomenological formula [148]:

Te(p) = Temax 1 826(p 0:16) (2.6)
being T¢ax =96 K for our compound.

All cuprates are known for their high anisotropic properties As an exam-
ple of this, | may cite the electrical resistivity of Bi2212equalto . 2 cm
along thec axis and equal to 5, 10 4 cminthe abplane [43]. In the super-
conducting phase, both . and ,, drop below the measurability level. Similar
anisotropy properties can be found in the thermical conduistty properties.
The coherence length, with 5, 30 ¢ [55], is the manifestation of the material
anisotropy in the superconducting phase.

The values of the electronic and lattice speci ¢ heats for #se samples, that
will be employed in the following chapters of this thesis, sabeen taken from
[94, 118]. For simulations involving the speci ¢ heat of th&i2212 compound
(like those reported in Chapters 4, 6, 7, 8), it is important ® remember that
one Bi2212 mole contain®l,=6.022 10*® Bi2212 molecules, with every Bi2212
molecule composed of 15 atoms (2 Bismuth, 2 Strontium, 1 Calm, 2 Copper,
8 Oxygen). The volume of one Bi2212 primitive cell equals 22&, while its
denisty equals 6.56 g/cri, corresponding to 891.15 g/mol.

2.5.1 The Yttrium-doped Bi2212

In Bi,Sr,CaCuw,Og. , cation disorder at the Sr crystallographic site stronglyfa
fects the maximum attainable value fofT. [68]. By minimizing Sr site disorder
at the expense of Ca site disorder, it has been demonstratduat the T, of the
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2. Superconductivity with High Critical Temperature

two-layered Bismuth-based material can be increased up t6 &. In particular,

this important advance has been achieved by growing a compwlin which

Ca has been substituted by Y, namely: BBr,Y,Ca; yCuy;Og: . Tcmax =96

K has been obtained fory=0.08 (i.e., for 8% Y substitution). The chemical
formula for this compound is: BSr,Y ¢.0sCa0.0.CuU,0g. (Y-Bi2212). Substi-
tution of Y for Ca also helps to enforce Bi:Sr stoichiometrywhich reduces
chemical inhomogeneities. Moreover, this compound is assgdo prepare as
ordinary, nonstoichiometric Bi2212. For our purposes it isvorth to note that

the electronic properties of this compound are similar to thse of the most
known Bi2212.

Sample Preparation and Characterization
The superconducting samples | studied in this thesis work @large and high-
quality Y-substituted Bi2212 single crystals, grown in an irage furnace by
the travelling-solvent oating-zone technique with a nonzero Y content [68].
Di erent annealing procedures have been followed to obtasamples with dif-
ferent doping level. The procedures to obtain an underdopead an overdoped
sample are described. The underdoped samples were anneale@50 C for
12 days in a vacuum-sealed glass ampoule with copper metaide. The over-
doped samples were annealed in a quartz test tube under pure/gen ow at
500 C for 7 days. To avoid damage of the surfaces, the crystals wesmbed-
ded in BixSrYg.08Can.9oCu,0g+ powder during the annealing procedure. In
both cases, the quartz tube was quenched to ice-water batheaafannealing to
preserve the oxygen content at annealing temperature.
The critical temperature of the samples has been inferredoin the sample
magnetic susceptibility curve, measured with a SQUID magneneter (the
magnetic susceptibility curves are reported in Fig. 2.7 fathree representa-
tive samples). The superconducting transition width has B estimated as
follows: T, T10 90%, I.€., it has been considered the temperature span
for which the magnetic susceptibility of the sample passesom 10% to 90%
of its minimum value. For the optimally doped sample (OP), tle critical tem-
perature reported (T.=96 K) is the onset temperature of the superconducting
phase transition, the transition being very narrow ( T.<2 K). As a mean-
ingful parameter for the underdoped T,=83 K, UD) and overdoped (T.=86
K, OD) samples, which have respectively transition widthsfo T, 8 K and
T. 5 K, | report the transition midpoint temperatures instead. The hole
concentration p is estimated through the phenomenological formula 2.6.
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Figure 2.7: The magnetic susceptibility curves for three

Bi,SrY 0.08Can.0,Cu,0g.  samples are reported. The number of doped
holes per Copper ionp, is: p=0.128 for the UD sample,p=0.16 for the OP
sample,p=0.197 for the OD sample.
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Chapter

Equilibrium Spectroscopy

3.1 Introduction

This chapter reports the description of the static optical poperties of HTSC.
I'll start with a review of the de nitions and models which | will exploit in the
subsequent chapters of this work. In particular, the main fws will be about a
recently developed version of the Extended Drude formalismhich takes into
account the presence of a gap in the density of states (nonastant density
of states). A brief review of the relationships among optitgroperties and of
the important sum rules will follow. Finally, the results ofthe model tting to
the experimental dielectric functions of Y-Bi2212 at T=300 K T=100 K and
T=20 K will be illustrated. The rst case allowed us to extrad the material
bosonic glue, while data at T=100 K allows to discuss the rol& a non-constant
density of states.

3.2 The dielectric function (1)

The dielectric function, (!), is a material-dependent complex function de-
scribing, in the frequency domain, the response of a materia an externally
applied electric eld E(!): D(!)= (!)E(!), being D (!) the e ective elec-
tric eld (also known as displacement eld), D(!) = 'O'E ')+ P(). Here
o is the vacuum permittivity ( ,=8.85 10 2 F/m), and’ P (! ) the (material
dependent) polarization. ! is the frequency of the electric eld. (!) is a
response function, since it relates the characteristic @gense of a system to
the externally applied stimulus. Being a response functioit is causal, in the
sense that no e ect can occur before the cause. As we will selgistintuitive
requirement brings very important results. In one sense, é&dielectric function
establishes the link between the macroscopic world and theiaroscopic one.
From the macroscopic point of view, starting from (! ), all the optical prop-
erties can be calculated (see section 3.3). In particulamhe re ectivity R(!),
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3. Equilibrium Spectroscopy

the transmissivity T(! ), the complex index of refractionn(! ), the complex
optical conductivity (! ) and the penetration depth (!) can be all inferred
from (!). From the microscopic point of view, (!) is related to the opti-

cal electronic transitions in the material, that depend onhie speci ¢ material

band structure. As a consequence, a detailed knowledge ofsthiinction would

provide unique information about the underlying electrora properties of the
materials.

A detailed description of the key concepts to interpret the lectronic optical

properties of solids can be found in [185, 59], together wittotions on the

experimental techniques, the principles of spectrosco@nd the measurement
con gurations. In the eld of equilibrium optical spectroscopy, among the
most important experimental works in which the optical progrties of noble
metals and transition metal oxydes are measured and intemgted, | can cite
[65, 66, 67, 39, 155]. A review of the electrodynamics of ceppoxyde-based
high-temperature superconductors can be found in [15], vidia recent review
of the optical properties of strongly correlated electron aterials is [16].

In principle, the dielectric function (! ) can be determined from rst principles
(with the exact electronic structure calculation, but thisis the case only for
very simple materials [121]), it can be determined with caltations using Den-
sity Functional Theory (DFT), for metals, or Dynamical Mean Field Theory

(DMFT), for strongly correlated systems, or, nally, it can be modeled, as it
is very often the case. Sections 3.4 and 3.5 are enterely dedoto provide

an accurate description of the models developed to this aimnd that are the

most often used in the literature [15, 16, 179, 90]. An accumteproduction

of the experimentally measured equilibrium dielectric fuction of Y-Bi2212 by

using these models constituted the preliminary task of my wk. Results of

this analysis are presented in section 3.7.

3.3 Optical Properties

In this section | report some useful expressions relatingehdielectric function
(")= 1(t)+ i 2(!) to other optical quantities of interest:

The refraction indexn(! ) = ny(! ) + iny(! ) of a non-magnetic material
¥
P
n')=" () (3.1)
The optical conductivity (! )= (! )+ 1 (') is:

(=i () D 32)
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3.3. Optical Properties

The re ectivity at normal incidence is given by:
ri)= L0 (3:3)
! P :
or:
_(ng() 1P+ np(M)?
C (1) +1)2+ ny(!)?2

For the absorption coe cient (!), entering in1(z) = l,e ()% (being
| (2), 1o, z respectively the absorbed intensity az, the incident intensity,
and the coordinate perpendicular to the sample surface, far normal
incidence geometry), it holds:

R(!) (3.4)

(1)=4n,()! (3.5)
or
(1)=4 a(")=n(!)c
('Y= 1(1)is the penetration depth.

Other useful relations (the frequency dependence is omiteare:
1= n% % p=2nin,
=" Gi% DZ2mn=" (] D2
=1+ i‘ll— (1); 1=1 4 5= ,=4 ;=

Since (! ), n(!), (!) are causal response functions, their real and imaginary
parts are not independent, but are mutually related by the Kamers-Kronig
(KK) integral relations [185]. The KK relations allow, if for example only the
real / imaginary part is experimentally available for any othe above quantities,
to calculate the corresponding imaginary / real part. The oly requirement is
that the measured quantity must be available over a very brahspectral range.
Moreover, this fundamental connection allows to nd algothms to infer both
real and imaginary parts of (! ) or (!) from the raw re ectivity data. More
details about these fundamental relations can be found in§%].

For completeness, the KK dispersion relations for the died&gic function (!)
are:

(1) 1= =P d!o!f)(!(b (3.6a)
()= 1p agreald 1) (3.6b)

Expressions in terms of integrals over positive frequensienly also exist [185].
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3. Equilibrium Spectroscopy

3.4 Drude and Lorentz dielectric functions

The most common models for reproducing a generic dielectfimction are the
classical Lorentz and Drude models. The Lorentz model is dpmable to insu-
lators, while the Drude model is applicable to free electrometals. They can
describe respectively the e ect of optical transitions onhte optical properties,
for direct interband transitions (transitions for which the nal state of an elec-
tron lies in a di erent band, but with no change in the k-vecta) and intraband
transitions (transitions in the same band; in particular, he conduction band).
IThese classical models, describing the response to an exétrelectric eld
"E (') of a bound or a free electron in a solid, have a simple derivan. The
idea at their base, in an intuitive and classical picture, i$o describe the elec-
tronic response to an electric eld with an harmonic oscillar, for an electron
in an atom or solid. Thg electron with massn and chargee, when immersed in
an electric eld E(t) = i E(! )e " d!, is subject to a driving force eE(!).
The restoring force is modeled through Hooke's law: m! 3r. Here!  is not
the electron binding energy in the atom / solid, but rather the energy di er-
ence of an allowed optical transition. In the Drude model,, = 0, since there
exist no threshold for absorption, for a conduction electroin a free electron
metal. Finally, the electron is subject to a viscous dampin{representing an
energy loss mechanism arising from various scattering madmsms) modeled
as: m (dr=dt). This damping term is responsible for the fact that the in-
duced polarizability is complex, thus it di ers in phase fron the driving eld,
at all frequencies. In the case of a nearly free electron me{®rude model),
=1=, being the mean free time between collisions, originated from the-o
dinary scattering of electrons with impurities and phononswhich is the same
scattering mechanism determining the value and temperaterdependence of
the electrical resistivity. Solving the motion equation, ad and calculating the
polarization P (! ), the dielectric functions for the Lorentz (. (! )) and Drude
( p(!)) models result. They can be written as:

2 2 2
L(!):l"' (I > '|p2) 1 = l+!pz(| 2(!0|2)2! )2|2
' ! . ! ! + !
° o 0 ! 3.7)
+"p(!02 122+ 22
2 —
5(1)=1 e 1 1 21 +i ! 2 = (3.8)
I Pray 2 Pray 2

where! ; is the oscillator plasma frequency, de ned as follows$:,? = 4 Ne ?=m.
In a realistic situation, the two models must be used simulteeously: the Drude
model reproduces the low-energy side of the dielectric fuimn, associated to
the metallic behavior; the Lorentz model reproduces the Higenergy part of
the dielectric function, associated to interband transibns. Usually, a cut-o
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3.5. Extended Drude Model

frequency,! ., is de ned as the frequency at the crossing of the two behavs
This choice is arbitrary and lead to some debate, since theiltaf the Drude
contribution extends well beyond! .. In doped cuprates, this cuto is usually
placed at about 10000 cmt, i.e., 1.25 eV [138]. Thus, in general, a model
dielectric function comprises both kinds of oscillators; oreover, often a sum
of di erent Lorentz oscillators is considered, to take intacaccount the fact that
many optical transitions from discrete bands or levels caneballowed. The
resulting model dielectric function (! ) is written as:

xn
()= o()+ Li(t)= (M) +i (M) (3.9

i=1

wherei labels the allowed interband transitions. 1(! ) and ,(! ) are:

1 (o? 7
1) = ol + 2 ' 3.10
1( ) 1 PO 2 4 02 - Pi (! 0i2 | 2)2+ 212 ( )
(1) = 2o L L (3.11)
R '

In 1('), 1 takes into account the e ect of high-energy interband transions,
which are usually not included in the model. Ideally, if one auld include all
the possible interband transitions, it would result: ; =1.

While the Lorentz model is widely used to reproduce the intband transitions
in a variety of materials, the Drude model fails in reproducig the low-energy
optical behavior in systems where a strong electron-bosanaraction is present
[6, 5, 105]. The conventional Drude model is strictly validmdy for simple met-
als, having a constant density of states aEr and a frequency-independent
scattering time  (the impurity scattering). To interpret the low-energy opti-
cal properties of strongly correlated materials, in whichwpsiparticles strongly
interact with bosonic excitations (phonons or other bosoaiexcitations of elec-
tronic origin) or a gap in the density of states opens [166]naxtended formal-
ism has been developed by Allen [6, 5], nhamely, the Extendedude Model
(EDM). On its basis the optical properties of strongly corrkated materials are
today successfully interpreted [15, 16]. In the next sectiothe EDM in its
various forms will be discussed.

3.5 Extended Drude Model

Unless a very simple metallic material is considered, in whiconduction band
electrons are almost non-interacting with phonons, the Dde model reveals
its limits in correctly reproducing the optical properties Within the Drude
model, the e ect of band structure is accounted for by consating an e ective
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3. Equilibrium Spectroscopy

massm instead of the bare electron mass in the expression of the plasma
frequency, while the scattering from impurities is accouet for by the damp-
ing term , which I will now rename as iy, .

When the electrons are interacting with some bosonic excitans (electron-
boson interaction), characterized by a typical spectral diribution, the scat-
tering process and the electron lifetime become stronglyefjuency-dependent.
Sources of electron-boson interaction can be the electrphenon coupling (ei-
ther anisotropic, with prefential, strongly coupled modesor with the whole
lattice), or an interaction with bosons of electronic origi, namely, antiferro-
magnetic spin uctuations [2, 35, 141] or current loops [180 This e ect is
particularly severe in strongly correlated systems and cugtes, where part of
the total electron-boson interaction is thought to be the sarce of coupling
for the electrons forming pairs, in the scenario in which thattractive interac-
tion is 'retarded', i.e., mediated by virtual bosonic exciations in the solid [127].

This physics is included in the EDM, which considers the nolveources of scat-
tering, and accounts for a frequency-dependent scatterimgte and the renor-
malization of the electron e ective mass due to the intera@n. In a metallic
system, the physical processes responsible for renormtian of electronic
lifetimes and e ective masses, are included in the descriph of the optical
properties in a phenomenologic way, by replacing the frequey-independent
scattering time (where ! = ) with a complex and frequency-dependent
scattering time, ~! ), given by:

B o=t= ) ()

The quantities (! )and 1+ (!) describe the frequency-dependent scatter-
ing rate and the mass-enhancement of the electronic excitans, which are due
to many-body interactions. The quantity ~ (! ) is equivalently termed optical
self-energy, ox(!; T ), or memory function,M (!; T ) (we explicit the tempera-
ture dependence). In the literature, the de nition ofM (!; T ) is not univoque.
In particular, the most common de nitions are: M (I; T ) = ~ (1) [15, 132,
174, M(T) = iM(5T) = i~ (1) [179, 16], or nally 2", (T ) =
M (1; T ) [91, 92]. To avoid confusion, in the following | will use therst de -
nition, with:

M(ET )= Ma(5T )+ iMo(5T)=1= (5T )+ it (5T)

In this case, the dielectric function 5 (!; T ) is given by:
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3.5. Extended Drude Model

| 2 | 2
p

.p :1 ) =
L+ =~ T) L +iM(5T))
=1 !pz

L@+ (5T )+i= (5T))

o(5T)=1
(3.12)

In terms of the optical conductivity (!; T ), which is most often used in the
literature, one obtains:

1 2

o1 = =Ty

1 I 2
4

1 2

4

—p =
M(T) !

1
4 (3.13)
p

I=%T) 1@+ (T))

This can be rewritten in the conventional Drude form as:

1 LT
T4 1= (5T) il

5T)

after introducing the renormalized scattering time and plama frequency:
1= (5T)=1=(THA+ GTHLLAGT)= 191+ (KT

The following relations holds, which indicates that 2 (I; T )and 1+ (I;T)
are Kramers-Kronig related:

1 2
1:(!):;1—‘)Re %
!2
1+ (1) = 4—p!}|m %

After having illustrated the phenomenology at the base of thEDM, | focus on
the microscopic scattering mechanisms at the basis of! ). In the following,

various versions of the formalism, which di ers in the way tB complex and
frequency dependent scattering time (+) is expressed, are brie y described.

3.5.1 Extended Drude Model in the case of weak electron-
phonon coupling

The EDM form illustrated in this section is the rst derived version, as pro-
posed by Allen in 1971 [6], to describe the far-infrared op#t properties in
metals characterized by a non-negligible, though weak, eteon-phonon inter-
action. The aim of the work was to stimulate a debate about thei erences
in the optical behavior of normal and supeconducting mateaais. In fact, it
will be soon clear how from this theory the electron-phonoroapling function
can be extracted. The rst applications of this theory [5] dbwed to correctly
interpret the departures of NiSb and NiAs intraband optical spetra from the
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3. Equilibrium Spectroscopy

conventional Drude behavior. Allen original theory, validm the limit T ! O,
was later generalized for nite T by Shulga [167]. The theoryalid for weak
electron-phonon coupling was derived within second ordeeriurbation theory.
This theory accounts for the additional photon absorptionwith respect to a
conventional metal, arising from second order processesalving the creation
of both a phonon and an electron-hole pair. This approach igjeivalent to a
rst iteration of the collision term in the Holstein-type Boltzmann equation,
and is not as accurate as the full solution of the Boltzmann eqtion [6].

Within these approximations, the memory functionM (!; T ) can be written as
a convolution integral between a transport spectral funatin, 2F(), and a
Kernel function, K # >+ » Which describes the thermal dependence of the
phononic excitations coupled with the electrons:

MO;T)= 2 2FO)K === d 3.14

where the (material independent) Kernel function writes:

Kocy)= o+ 21@ ix+iy) @+ iy)
y (3.15)
y+ X . :
+ Sl ko) @ iy)]
where ( z) are the Digamma functionsx = 1=2T ,y= =2T.

The quantity 2F() is related to the transport properties of the material.
In 1999 Marsiglio [122] found a method to directly determine2 F () from
spectroscopic data, with an inversion procedure:

It must be pointed out that the quantity 2 F () is di erent from the more
conventional 2F ().

Within the weak-coupling formalism, extended to nite temperatures, the tem-
perature and frequency-dependent scattering time(!; T ) is written as:

Z,

1 I+
(- = _ 2 I _ I M
ET)= ) d §F() 2coth = (1 +) coth —— +

!
+(| )COth T + imp

(3.16)
| numericaaly veri ed this model being KK consistent.
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3.5. Extended Drude Model

3.5.2 Extended Drude Model in the case of strong electron-
phonon coupling

In the case of strong electron-phonon coupling, the Extend®rude formalism
is derived starting from the Holstein theory for normal metad, which is the
most complete theory for metals. Considering the Kubo fornha and using
complex diagrammatic techniques to evaluate the electromd phonon ther-
mal Green's functions, if one omits vertex corrections (Mdgpl approximation),
the Memory function M (!; T ) results:

Z
iM(;T)+ ! *1 f(;T) f(+5T)
! T LT () (AT i m (847

Z f(;T) f(+5T) !

N G G I DL

MET)= il

wheref is the Fermi-Dirac distribution, ( ;T )and (!; T ) respectively the
electron and hole self-energies. These are obtained avangg( !;k; T ) over
the Fermi surface and assuming a constant density of statet B¢ .
The optical self energyM (!; T ) and the one-particle electronic self-energy
( ;T ) (averaged over the Fermi surface) have the same analyticatoper-
ties. However, they are conceptually di erent quantities. (!;T ) is a quantity
measured by a photoemission experiment, since this techaggprobes the sin-
gle particle excitations of the (N-1) particle system, whiclcan be described
in terms of the spectral function and the single particle sekenergy. On the
contrary, an optical experiment looks at the particle-holeexcitations of an N
particle system, and gives information about the joint paitle-hole density of
states.
The electron self-energy (;T ) is calculated through a convolution integral
between the coupling function 2F () and a kernel function L(!; ;T), inthe
following way:
Z 1
(5T)=  FO LG T (3.19)

0

The kernel functionL(!; ;T) in this formalism is written as:

£ n(9+f0 L1409 fO g

L M= I + O+ ! 0 j

(3.20)

n() being the Bose-Einstein distribution. The integral can be calculated an-
alytically, and results in:

LG M= 20 n( Mg+ =
(3.21)

2T
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where are the digamma functions. The kernel function desdbes the thermal
excitations of the glue and the electrons. It is important tanote that the terms
containing the temperature T, are separated into one addencbntaining the
Bose-Einstein distributionn (in which T represents the temperature of the glue
excitations) and in two addends containing the Digamma funions (which
are the result of the Fermi-Dirac distribution integration, and in which T is
related to the electronic temperature). Thus, the temperaires of electrons
and bosons acts on di erent terms. This will have important mplications in
the analysis presented in Chapter 6. | numericaaly veri edlso this model
being KK consistent.

3.5.3 Extended Drude Model in the case of a non-constant
density of states

A further evolution of the EDM takes into account the possildity of a non-

constant electronic density of states, to correctly repracte the e ect of the

scattering of electrons with bosonic excitations in systesnwhere a gap is
opened in the electronic density of states. This formalismillvbe relevant

in analyzing spectroscopic data in the pseudogap phase. $hmodel was de-
veloped by Sharapov and Carbotte in 2005 [166], and applie¢ Blwang in

2011 to the analysis of HTSC spectroscopic data [90].

In this model, the imaginary part of the electronic self engy is given by:

Z 1 ( .
(5T)= RO S DR Tl
0 n ) (3.22)
N(! ; ) )
W[1+n( ;T) (! ;T)] d
To compute the real part of (I;T) = (5 T)+ i »(;T), we use the

Kramers-Kronig relations (see equations 3.6). The calctian of the Mem-
ory function is done in the same way as in 3.4.2. The density statesN'(!; T )
can be written in the following form [90]:

8

ENOT)+[L NOT)] - * forjlje g
NETI= 1+ 50 N@T)] forj!j2 ( pgi2 pg) (323)
"1 forjlj> 2 pq

Where 4 is the energy gap width, whileN'(O; T) indicates the e ectiveness
of the gap in reducing the density of states; it is a sort of gafling. The ratio

N(;; T )=N(;T) for ,4=350 cm * and N(0; T) = 0:5N (0; T), representing
the pseudogap shape, is shown in Fig. 3.1. The e ect of the aopeg of
the pseudogap (i.e.,N(0;T) < N (0;T)) is a reduction of = (};T ) [166].
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Figure 3.1: The e ect of the gap opening on the normalized dsity of states
N'(; T )=N(O; T), being N (0; T) the (constant) density of states in the case of
no gap, is reported. Heré¥'(0; T) = 0:5N (0; T), which represents the value for
the density of state at zero frequency, and pg=350 cm *. From [90].

This e ect must be taken into account in the attempts of extrating a reliable
2F () from spectroscopic data, when a gap in the density of stags is opened.
| numericaaly veri ed also this model being KK consistent.

3.5.4 Generalization of the electron-phonon coupling func-
tion 2F()

In the models reported so far, the function describing the apling of the elec-
trons with bosonic excitations has been indicated as’F (), mainly for his-
torical reasons: the only scattering mechanism relevantrfoonventional super-
conductors is the electron-phonon one, and?F () is known as the electron-
phonon coupling function. A generalization of the theory t@ more universal
electron-boson interaction (more appropriate to the HTSC &), without any
change in the formalism, is possible simply replacing?F () with a general
electron-boson coupling function, usually indicated as (), and called the
Glue Function. This function takes into account all the posble channels for
the electron-boson interaction. The main distinction is b®veen phonons and
bosons of electronic origin (such as spin uctuations and ép currents). One
can thus write:

0 FO+ 170 (3.24)

where the latter term expresses the electron coupling withllahe bosons of
electronic origin.
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3. Equilibrium Spectroscopy

Within this framework, it is instructive to consider the work by van Heumen
[179], in which the glue function () is extracted by ttingt he EDM to the
spectroscopic data (the formalism used is the strong coupdj one, in which

2F () has been replaced by ()). The guess-form for () is a hist ogram-
like function. The Glue Function () of HTSC presents some universal fea-
tures, as can be argued looking at the results obtained on @rent materials,
at di erent doping levels and temperatures (Fig. 3.2).
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Figure 3.2: The Bosonic Glue () for several cuprate supercaductors, at
various temperatures and for di erent doping levels, is regrted. From [179].

The universal features of () are a peak at 50-80 meV and a broa contin-
uum extending up to 400-500 meV. The energy at which the peakaues is in
the same energy range of the kink observed in ARPES spectra,the nodal
direction [104]. It must be noted that with a similar form of ( ), the optical
properties of a material can be reproduced at all temperates. Nevertheless,
a small temperature-dependence of the Bosonic Glue () has ben observed,
which is di cult to catch by equilibrium measurements, and which origin is
source of debate [92, 179, 15, 16].

In Fig. 3.3, | report the typical spectrum for al? () spectrum given by
electron-boson interaction with spin uctuations and curent loops.

3.6 Useful Sum Rules and Spectral Weight in
High-Tc

The requirement of causality for every response functionibgs to the concept
of dispersion relations, which are integral formula relatg dispersive processes
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Figure 3.3: a) A typical 12 () spectrum for spin uctuations, measured by

inelastic neutron scattering on a YBCO sample, is reported. rém [47]. b)
A typical 12 () spectrum (here labeled as Eliashberg coupling functionfor

the magnetic excitation modes of the current loop ground sta is reported. It

is extracted from ARPES data on a slightly under-doped Bi2212ompound.
The angle indicates the direction of the cut in the Brillouinzone along which
data are extracted; it is measured from thé¥ direction. From [34].

to absorption ones (causality requires that absorption andispersion processes
be intimately related, and cannot be considered as indepesmt). The real
and imaginary parts of the dielectric function (! ) or of the refraction index
n(! ) are thus related by a dispersion relation, expressed thrgh the Kramers-
Kronig integral relations. However, these relations hold fathe real and the
imaginary parts of any response function (see equations B.6
Starting from these relations, it is possible to derive us@fsum rules, the most
important of which is the so-calledf -sum rule (or global oscillator strength
sum rule):
Z 1
I ,(1)d! = E! 5 (3.25)
0
where! , is the dressed plasma frequency of the system, i.é.;? = 4'}'ne 2
being N the total density of electrons participating to the mteraction with the
electromagnetic wave.
Sum rules indicate conserved quantities, that is, quantiés that do no change
under a change, for example, of temperature. Analyzing thefidhand side of
eg. 3.n, it turns out that N must be a conserved quantity.
From this sum rule, the concept of spectral weight (SW) folles straightfor-
wardly: It is de ned by:

SW (DH)dl = 212 (3.26)
0 8 P
SW is by de nition a conserved quantity.
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3. Equilibrium Spectroscopy

From this general de nition, some particular results aboutthe superconduc-
tivity in various materials can be derived, which are of fundmental impor-
tance. The fact that the total spectral weight is conserved pans that it
must be the same at every temperature, and thus, the spectrakight above
T, (for the system in the normal state) must equal the spectral &ght be-
low T, (for the system in the superconducting state). This conceptan be
expressed by writing: SWsc = SW,y, with the two spectral weights refer-
ring respectively to the superconducting state and to the mmal state. The
superconducting state spectral weight is often written sepating the regular
contribution, given from non-condensed electrons, from éhsingular contri-
bution, due to the condensed electrons (looking at the systeas a two- uid
system). The latter contribution comes from the delta at gg-frequency in the
optical conductivity, o' )= € (0), and writes: D (! )d! . Thus,
SWsc = SWscyreg + D.

In principle, nothing prevents spectral weight transfer taoccur form one spec-
tral region to another. To extract useful information, it is customary to con-
sider a partial sum rule, calculating the spectral weight upo a cuto frequency,

I .; the partial spectral weight is de ned as:

‘e N eff (! )€

SW(! ¢) ) 1(1)d! = om

(3.27)

The natural cuto frequency to be chosen, is the one at the cesover between
intraband and interband contributions to the dielectric function. This energy
cuto equals 1 eV in cuprates, while it is smaller in conventional, BCS su-
perconductors. For both the normal state and superconduciy s}g{te spectral
weight, one can thus write:SW, = A; + B; (j=N,SC), with A o (1)d!
representing the intraband contribution to the SW, whileB Cooa(h)d
represents the intraband contribution to the SW.

For BCS superconductors, with the choice of a proper, low-ergy cuto , the
relation Ay = Asc + D holds. This is the famous Ferrell-Glover-Tinkham
(FGT) sum rule [175], which states the well known fact that,n BCS supercon-
ductors, the spectral weight removed from the gap region istirely recovered
by the singular contribution at zero-frequency, related tdhe superconducting
condensate. Typically, the spectral weight is recovered thin a few ( 10)
[175]. No modi cation in B is observed, i.e.By = Bsc. For high-temperature
superconductors, on the other hand, it is said that the FGT sm-rule is vio-
lated, in the sense that:Ay 6 Asc + D. Obviously, the total spectral weight
is conserved. This is written as:

Ay + By = D+ Agc + Bse (328)

or, alternatively:
D=Ay Asct+Bn Bsc
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This means that the superconductivity-induced spectral weght rearrangement
is not recovered within the low-energy, intraband region, Wt an involvement
of high-energy states (in the interband transitions regignis present.
Experimental results [131, 112] indeed suggested that (seig. 3.4), in the
High-Tc superconductor Bi2212, an increase of the intrabargpectral weight
upon lowering T (beyond the thermal contribution related tothe thermal nar-
rowing of the Drude oscillator [138]) goes on. This happens the expense of
the high energy spectral weight (B term, related to the sperl range 10.000 to
20.000 cm?), which diminishes upon lowering T. That this peculiar behaor
is related to the onset of superconductivity is made clear lybserving that the
spectral weight trend presents a slope change exactly @t= T, [112]. These
results, referred to both underdoped and optimally doped s#les, contrast
with what predicted by the BCS theory.

The concept of spectral weight acquires further importancsince it is inti-
mately related to carriers kinetic energy. This is exactlyrue in a limiting case,
in which the system can be modeled with a single conductionod within the
nearest-neighbour tight-binding model [86, 139]. It has lee demonstrated
that the total intraband spectral weight (similar to the A term) can be related
to the kinetic energy T of the charge carriers (holes) associated to hopping
process in the direction, through the following relation [86]:

Z 1 2A2
e?
po(D)dl = 2

h Ti (3.29)

where 1p is the real part of the optical conductivity, related only to the
intraband region, a is the lattice spacing in the Cu-O plane, projected along
the direction determined by the in-plane polarization of tle incident light, and
Vcu Is the volume per Cu atom.
To interpret optical data, often the following relation is assumed:

Z, Z,

- C

A 1(D)Hd! 1p(1)d!
0 0

meaning that the intraband spectral weight is evaluated irggrating optical

data up to the cuto frequency ! .. Interpreting the observed trend for the
superconductivity-induced spectral weight shift in termf carriers kinetic en-
ergy, it turns out that the increase of intraband spectral wight observed for
underdoped and optimally doped samples upon crossifg implies a decrease
for the carriers kinetic energy (i.e., a kinetic energy gajn This is in contrast

to what one expects for conventional, BCS superconductorshere a loss of
kinetic energy upon entering the superconducting phase isescompensated
by a potential energy gain. This observation of a possiblejrdct kinetic en-

ergy gain, for High-Tc superconductors, is is agreement witlthat proposed
by Hirsch and Marsiglio [85, 86, 124].
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Figure 3.4: The picture shows the lowering of the interbandh{gh-energy,
Ap) spectral weight upon lowering the system temperature. Baj these data
obtained by static optical spectrosocpy, they include the ect of the thermal-
narrowing (upon lowering the system temperature) of the De component.
The component related to the onset of superconductivity, wbh has the same
'sign’, is clearly present and evidenced by a change in theopk of the e ect,
which happens exactly aff.. A.p is the total low-energy (intraband) spectral
weight. From [131].

It has to be mentioned that, on the overdoped side of the phaskagram, a
behavior more similar to the conventional superconductotsas been observed,
for High-Tc. This nding suggests that at high doping levels HTSC super-
conductivity behaves in a BCS-like manner. Indeed, in thisegion the system
gradually recovers the conventional ? law for the electrical resistivity, nger-
print of a Fermi-liquid-like behavior [171].

Concluding, a nal remark about what happens in conventionasuperconduc-
tors. Since formula 3.28 is always veri ed, and an increasé carrier kinetic
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3.7. Y-Bi2212 Static Dielectric Functions Analysis

energy upon lowering temperature below, directly follows from BCS the-
ory, a slight transfer of spectral weight to high energies nstt happen. Thus,
though experimentally undetectable, a small spectral weigtransfer must ex-
ist (a spectral weight transfer has never been observed in BGuperconductors,
since it is proportional to the condensation energy [175]) tuurn proportional
to 2, which in BCS systems is of the order 1 meV [175]). In a certain
sense, the FGT sum rule is strictly never true. FGT sum rule isndeed a
phenomenological relation, and up to now no such spectral igbt transfer has
been measured in conventional superconductors.

From equilibrium optical measurement, with the help of thellustrated sum
rule, very important informations about the mechanisms dxiing the supercon-
ducting transition in copper oxide based superconductorsaatie been extracted
[131, 179, 139, 138]. Anyway, these ndings are not conclusjvin the sense
of assigning these spectral weight shifts a clear physicaligin. Moreover,
the problem of the thermal narrowing of the Drude peak, uporolvering the
temperature, must be faced. Recently it has beean'Iemonstemt [138] that the
temperature dependence of the optical integr&l o 1(!)d! inthe normal
state of the cuprates is due solely to a cuto -dependent terrthat accounts for
the extension of the Drude peak beyond the upper bound. of the integral,
rather than to a true sum-rule violation. This implies that the dominant con-
tribution to the observed sum-rule violation in the normal gate is only due to
the nite cuto ! . and to a thermal e ect.

With the help of the recently developed time-resolved speciscopic technique
(see Chapter 5), we were able to clarify that the whole spealrweight trans-
fer observed by static spectroscopies upon entering the suponducting phase
comes precisely from two high energy states (at 1.5 and 2 eVipdathat a trend
form a superconductivity induced kinetic energy gain in theinderdoped side
of the phase diagram, to a BCS-like superconductivity indeel kinetic energy
loss in the overdoped side of the phase diagram, exists. Matetails can be
found in Chapter 8. The time-resolution eliminates the prolem of the nite
cuto !, being the electronic e ects related to the condensate foration and
the thermal ones disentangled by their timescales.

3.7 Y-Bi2212 Static Dielectric Functions Anal-
ySIs

In this conclusive paragraph | present the results of the ting of the Lorentz
and Extended Drude model dielectric function, with the propr formalism, to
the optimally doped Y-Bi2212 sample T,=96 K) dielectric function experi-
mental data. | will treat singularly the cases of the opticaproperties for the
Y-Bi2212 sample in the normal state phase (T=300 K, section B1), in the
pseudogap phase (T=100 K, section 3.7.2) and in the superctting phase

43



3. Equilibrium Spectroscopy

(T=20K, section 3.7.3). The main di erence in the model dietctric function
for the various cases will stand mainly in the Extended Drudi®rmalism chosen
to model the low-energy part of the optical properties. Thighoice has been
guided by the relevant e ect taking place in the non-equilidum condition.
The ab-plane static optical properties of the Y-Bi2212 OP sample,rpsented
in Fig. 3.5 for a number of representative temperatures, psent very little
di erences. It is only the non-equilibrium susceptibility which strongly di ers
from one phase to the other, as | will demonstrate in Chapter§, 7, 8. The
choice of the static dielectric function to be employed foihe static data is thus
guided by the non-equilibrium observations. However, the oumon features of
the model dielectric function are described in detail onlyni 3.7.1.

1.0 4

: Sample
Bi;Sr,Cap 92Y0.08CU208+5 Temperature
Static Reflectivity
20K
0.8 - Optimally Doped (OP) Sample (p=0.16) — 100 K
’ — 110K
Energy Range: — 120 K
0.1-35000 cm' — 130K
1meV-4.3eV — 140K
- 285 nm-1mm - 160 K
. 0.6 (1 €V=1240 nm=8064 cm’') 180K
,E- 200 K
= 300 K
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Figure 3.5: Y-Bi2212 Optimally Doped Static Optical Properies. The re ec-
tivity is presented in a broad energy range and in a wide rangd temperatures.
The low-energy part (! . 10000 cm?) is governed by a metallic-like behavior
due to intraband transitions, while the high-energy part ¢! &10000 cm?)
presents an insulating behavior, due to interband transitins. The rst will be
modeled within an Extended Drude model dielectric functionthe latter using
a proper number of Lorentz oscillators.

In Fig. 3.5 | reported the re ectivity R(! ) of Y-Bi2212. It has been calculated,
through formula 3.3, starting from the ellipsometric data pblished in [178].
The procedure used to experimentally measure the originahtd, i.e., 1(! ) and

2(1), is worth to be described. Indeed, (! ) and ,(! ) have been obtained

44



3.7. Y-Bi2212 Static Dielectric Functions Analysis

by applying the KramersKronig [185] relations to the meased re ectivity,
in the range 50-6000 cm', and directly from conventional spectroscopic el-
lipsometry, in the range 1500-36000 cm. This combination allowed a very
accurate determination of the dielectric function (! ) in the entire combined
frequency range. Due to the o -normal angle of incidence u$evith ellipsom-
etry, the ab-plane pseudo-dielectric function had to be corrected fohé¢ c-axis

admixture.

3.7.1 Equilibrium Optical Properties of Optimally Doped
Y-Bi2212 at T=300 K: the Glue Function

In this paragraph | will present the tting results of the Extended Drude and
Lorentz model dielectric function to the optimally doped Y-B2212 sample
(T.=96 K) dielectric function, at T=300 K. Among the parameters &tracted
from the tting procedure (listed in Table 3.1), of particular importance is
the bosonic glue spectrum, (), presented as the conclusiveresult of this

paragraph (Fig. 3.8).
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Figure 3.6: The real and imaginary parts of the dielectric fuction of OP
Bi,SrY 0.08Can02Cu,0g:+  (p=0.16) sample, measured by static ellipsometry
at T=300 K, is reported. Solid lines are the t to the data, peformed with
the model described in the text. In the inset, the sample redivity is shown.

Fig. 3.6 reports the real (1(! )) and imaginary ( (! )) parts of the optimally
doped sample dielectric function, measured by spectrostollipsometry. In
the graph inset, the re ectivity R(! ), calculated from the data with formula
3.3, is presented. From these data we can clearly see that)dve 10000 cm?
(1.25 eV), the optical properties are dominated by the Drudeesponse of free
carriers coupled to a broad spectrum of bosons [92, 179], wées in the high-
energy region ¢! > 1.25 eV), a major role is played by several interband
transitions. The best t to the data, performed simultaneowsly on (! ) and
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3. Equilibrium Spectroscopy

2(1), is reported on the same graph as thin solid black lines. Thit has been
obtained modeling the dielectric function as:

X0
hT)= o(hT)+ i(hT)

i=1

where p(I;T) and ;(!;T ) represent Drude and Lorentz oscillators, the
latter being indexed by i. We employed six Lorents oscillats, thus i=1-6.
o(; T ) has been modeled as described in paragraph 3.5.2 (formué?2,
3.18, 3.19, 3.21). The dressed plasma frequency of the sysighe frequency
for which ((; T ) =0), equals 1 eV.

Fig. 3.7 reports the dierent contributions of the single osillators to the
imaginary part of the dielectric function ,(! ). Three regions are evident: the
Intraband one, governed by the Extended Drude contributiona region of low-
intensity transitions, mostly related to transitions between many-body Cu-O
states, and nally an intense feature (represented by transons i=4,5,6, even
though only the i=4 one is visible on this wavenumber scale)hich represents
the reminiscence of the charge-transfer (CT) gap, shiftedthigher energies
because of the doping e ect [51].

4.
/ Contributions to &5(0) ( ® )
@ Extended Drude (intraband transitions)
@ Charge Transfer (interband transitions)
R , B3 :Interband transitions between
3 many-body Cu-O states
w
1 -
T —
0
T I I T T I ]
0 5 10 15 20 25 30x10°

Wavenumber (cm’1)

Figure 3.7: The Lorentz oscillators, as resulted from the ting procedure,
are reported. In particular, their single contribution to the imaginary part
of the dielectric function is evidenced. Three oscillatonepresent transitions
between many-body Cu-O states, while the remaining three @lators, here
represented as a whole, represent the reminiscence of tharge-transfer gap.

Fig. 3.8 contains the bosonic spectrum (), extracted from the tting pro-
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3.7. Y-Bi2212 Static Dielectric Functions Analysis

cedure. This spectrum, being the boson frequency, represes the electron-
boson coupling strength at boson frequency multiplied by he boson density
of states at boson frequency . An histogram-like form for theglue function
has been assumed [38]. The spectrum is characterized by a-Ewergy part (up
to 40 meV), compatible with the coupling to acoustic phonond] and Raman-
active optical phonons, involvingc-axis motion of the Copper ions [108]; a nar-
row, intense peak centered at 60 meV, attributed to the anisotropic coupling
to either out-of-plane buckling and in-plane breathing Cu® optical modes [56]
or bosonic excitations of electronic origin, such as spin atuations [48], and
nally a broad continuum, extending up to 350 meV [141, 92, 1, i.e., well
above the characteristic phonon cut-o frequency (90 meV). In the determi-
nation of this bosonic glue, an upper limit of ,,x=1 eV has been arti cially
imposed, even if this limit could exclude some high-energgrributions to the
electron-boson coupling.

Energy (eV)
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35

0.8—' ] ] | ] ] | |

06 A=1.70  Q=562cm  T=137.0K
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Figure 3.8: The Glue Function (), representing the electron-boson coupling
strenght at the boson frequency , is reported. This quantiy is a result of
the tting procedure to the static data reported in Fig. 3.6. The values of
~and T. have been calculated with expressions 2.3, 2.4, 2.5 respatdy, as
reported in section 2.4.

As | anticipated, the interband transitions in the near-IR/visible/UV spectral
range has been reproduced using six Lorentz oscillators asonant frequencies
l 0;=1.26, 1.64, 2.25, 3.18, 3.60 and 4.17 eV. The number of theartband oscil-
lators is the minimum necessary to obtain a stable t. Adding rore oscillators
does not signi cantly improve the 2 of the tin the 1-5 eV region. The attri-
bution of the 1.26, 1.64, 2.25, 3.18 eV transitions, that atbe most relevant to
this work, is a subject of intense debate. As a general phenameéogical trend,
the CT gap edge (hole from the upper Hubbard band witkl. > symmetry to
the O-2p,., orbitals), peculiar of the undoped compound, is about 2 eV 51
Upon doping, a structure reminiscent of the CT gap moves to higr energies,
while the gap is lled with states at the expense of spectral @ight at energy
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3. Equilibrium Spectroscopy

higher than 2 eV [15]. Dynamical mean eld calculations of the electron
spectral function and of theab-plane optical conductivity for the hole-doped
three-band Hubbard model recently found that the Fermi leveinoves into a
broad ( 2 eV) and structured band of mixed Cu-O character, correspomd) to
the Zhang-Rice singlet states [51]. The empty upper Hubbardahd, which in-
volves Cu-31'° states, is shifted to higher energies with respect to the uogded
compound, accounting for the blue shift of the optical CT edgto 2.5-3 eV.
The structures appearing in the optical conductivity at 1-2eV, that is, below
the remnant of the CT gap, are mostly related to transitions btween many-
body Cu-O states at binding energies as high as 2 eV (for exalpsinglet
states) and states at the Fermi energy. Interpretation of th 1.26 eV structure
in terms of a d-d excitation [72] can be ruled out, since the aiator strength
obtained from the t is incompatible with the temperature degpendence of a
phonon assisted d-d transition, observed in undoped compuis [17].

The dielectric functions of underdoped and overdoped sanegl have been ex-
trapolated from the illustrated optimally-doped one follaving the trend of the
optical properties at di erent dopings, as reported in [26]In Table 3.1 | report
the tting results for the OP sample.

3.7.2 Equilibrium Optical Properties of Optimally Doped
Y-Bi2212 at T=100 K: role of the Gap

Below T (onset temperature for the pseudogap), the opening of a gap the
density of states impedes the use of the same EDM formalismedsfor the
T=300 K case to reproduce experimental data. In fact, it is kawn that in
cuprates an energy gap in the density of states opens at tiie temperature
[49]. To correctly interpret equilibrium spectroscopic d@a below T , the Ex-
tended Drude part of the previous model has been replaced withe recently
developed model presented in section 3.5.3, accounting the gap opening.
This section reports on the results of this new approach.

Taking into account the e ect of the opening of a gap in the optal proper-
ties is a di cult task, since static measurements are not aagrate enough to
evidence such small e ects. Our best t has been done by assing a value
of .4 equal to 350 cm? [153]; a value for the gap amplitudeé<(0; T) of 0.7
allowed us to obtain the best t. | keep the Glue Function () e qual to the
one extracted by the t to the T=300 K data, sice, also in this respect, it is
di cult to evidence the small temperature-dependence of th Glue by tting
the EDM to equilibrium ellipsometric data. This EDM formalism accounting
for a gap in the density of states will reveal of great importace in the analysis
of the time-resolved data taken in the pseudogap, as repodtén Chapter 7.
The tting of the Extended Drude model presented in section 5.3, and of six
Lorentz oscillators (as | did for the T=300 K case) to the equibrium ellipso-
metric data at T=100 K, is presented in Fig. 3.9.
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Table 3.1: Fitting Parameters for the Model Dielectric Funton of Optimally
DOped BiszzYo;ogC&lo;ngU208+ (p=016) at T=300 K

| Parameter | Value | Unit |

. 2.58
! oo 18806| cm *
imp 192, cm 1
T 300| K
o1 12305/ cm *
! oy 2472 cm !
1 4872 cm 1!
! oz 16026| cm 1!
! py 5500/ cm !
2 8097| cm *
I o3 21947| cm 1
! pa 15603| cm *
3 14688| cm ?
U o 31057] cm ©
! o 17738| cm *
4 6190| cm !
I 05 35146/ cm !
! ps 15905| cm *
5 6395| cm !
! 06 40753| cm 1t
! pe 28647/ cm !
6 6949| cm 1!

The e ect in the simulated re ectivity obtained by assuminga complete closing
of the gap (N\'(0; T)=1) are reported in Fig. 3.10, together with the re ectivity
obtained by the t.

The tting parameters obtained with this approach are preseted in Table 3.2.
The Lorentz oscillator parameters are only slightly changewith respect to
the values obtained for the t to the T=300 K data.

3.7.3 Equilibrium Optical Properties of Optimally Doped
Y-Bi2212 at T=20 K

Below T, the superconducting gap 2 (T) opens, and a zero-energy peai
the real part of the optical conducibility, representing tte 'optical’ response of
the condensed electrons, appears. Thus, beldw the far-infrared re ectivity
is dominated by the e ect of the opening of the superconductg gap and by
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Table 3.2: Fitting Parameters for the Model Dielectric Funton of Optimally
(p=0.16) at T=100 K

Doped BbSr,Y .08Ca0.92CU2Og+

| Parameter | Value |

Unit |

1

|
* PO

imp

T

2.62
18666
213
100

cm
cm
K

1
1

N(0;T)
P9

0.7
350

cm

=

! 01
p1

12305
2261
4872

cm
cm
cm

02
p2

16075
5296
8160

cm
cm
cm

03
* P3

21947
15600
14688

cm
cm
cm

04
* P4

31057
16900
6190

cm
cm
cm

05
p5

35146
15905
6395

cm
cm
cm

06
P6

40753
28646
6949

cm
cm
cm

N N = T e T e o T o T o T = T = o e S S SN N ST
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Figure 3.9: The real and imaginary parts of the dielectric fuction of OP
Bi,SrY 0.08Can02Cu,0g:  (p=0.16) sample, measured by static ellipsometry
at T=100 K, is reported. Solid lines are the t to the data, peformed with
the model described in the text. In the inset, the sample redivity is shown.
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Figure 3.10: The t to the re ectivity at T=100 K is presented (solid black
line). Black dashed line is the result of a simulation for thee ectivity obtained
from the same tting parameters, except for the value oN'(0; T), equal to 1,

i.e., no gap.

the emergence of the condensat€0) function. The extraction of the boson
spectral function in the casel < T is di cult [179]. For this reason, our tto
the T=20 K data will prescind from the lowest energy {! . 100 meV) region.
With the assumption that the electron-boson coupling doesah change upon
entering the superconducting phase, we will keep the sameaton-boson cou-
pling function () determined for the T=300 K case, and the fo rmalism of
the EDM without gap in the density of states (section 3.5.2).

The tting results of the Lorentz (six Lorentz oscillators ae enough to obtain
the best 2 for the t) and EDM model to the T=20 K ellipsometric data are
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reported in Fig. 3.11.
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Figure 3.11: The real and imaginary parts of the dielectricuhction of OP
Bi,SrY 0.08Can02Cu,0g:  (p=0.16) sample, measured by static ellipsometry
at T=100 K, is reported. Solid lines are the t to the data, peformed with
the model described in the text. In the inset, the sample redivity is shown.

The relevant parameters extracted from the t to the T=20 K data are summa-
rized in Table 3.3. The Lorentz oscillator parameters are ¢nslightly changed
with respect to the values obtained for the t to the T=300 K and T=100 K
data.

52



3.7. Y-Bi2212 Static Dielectric Functions Analysis

Table 3.3: Fitting Parameters for the Model Dielectric Funton of Optimally
DOpE‘d Bile’zYo;ogcao;g)zCUzqu. (p2016) at T=20 K

| Parameter | Value | Unit |

1 2.67
! oo 17418/ cm !
imp 53| cm?
T 20| K
I os 11800 cm *
! oy 2358| cm *
1 3644| cm 1t
I on 16163| cm ©
! oy 6385| cm !
2 8304| cm *
I 03 21947| cm 1
! pa 15026/ cm !
3 13998/ cm ?
I o4 31057/ cm !
! os 16989/ cm !
4 6191 cm *!
I os 35146| cm ©
! e 14747| cm *
5 6396/ cm *
I o6 40421] cm *
! oe 27390 cm !
6 7518| cm !
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Chapter

Non-Equilibrium Physics of
HTSC

4.1 Introduction

With this chapter | want to underline the importance of non-guilibrium
physics, in understanding some aspects which equilibriunmysics cannot prop-
erly address. In particular, emphasis will be directed to & information which
can be gained from non-equilibrium, all-optical time-redeed measurements,
based on ultrashort ( 100 fs) laser pulses.

In the eld of strongly correlated systems, the non-equilibum physics can
shed light on aspects which at equilibrium are masked and amigled, reveal-
ing the true nature of the physical phases. This is achievedhdnks to both
the temporal resolution of non-equilibrium techniques (wikh allows to access
to the time domain, in which di erent kinds of excitations are disentangled by
their temporal dynamics) and the spectral resolution we havadded (which
allows to access to the energy domain, in which the di erent ects are dis-
entangled by their out-of-equilibrium spectral ngerprirt). A phase of matter
can be characterized thanks to the knowledge of its own intigic susceptibility,
i.e., its response to a light-induced perturbation, whichan be ascribed either
to thermal e ects, or excited state absorptions, or linear radi cation of the
static dielectric function. These di erent scenarios canndeed be revealed by
time-resolved optical measurements with spectral resolah, which are able to
reveal the microscopic changes in the electronic structyrerhich happen on
timescales much faster than those typical of thermal phenana. The spectral
resolution is of paramount importance since it allows to rate a time-resolved
optical signal in the energy domain to a peculiar modi catia of the dielectric
function of the material, depending upon its electronic bah structure. It is
the ability of non-equilibrium physics to temporally and sgctrally disentangle
thermal e ects from electronic ones which allowed us to getew insights on
the HTSC physics, revealing the nature of the di erent phasesf the phase
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diagram.

This chapter is organized as follows. | will at rst present aborief review of

the state of the art about the main results of time-resolvedgical techniques.

Then, | will describe the models (namely, the Two-Temperate Model and

the Three-Temperature Model) which are commonly employeda textract the

electron-phonon coupling strenght from time-resolved opfl measurements
in the time-domain. | will also formulate a generalized veisn of the three

temperature model. Finally, | will introduce the di erential model used to
interpret the time-resolved optical measurements in bothhie time and energy
domains, which constitute the novelty of this work. The comimed, simultane-
ous temporal and spectral rosolution allows nally to unamiguously associate
a physical origin to the observed time-resolved optical sigls, thanks to the

approach we developed, based on the knowledge of the modtioas, on ul-

trafast timescales, of the dielectric function of the mateal.

4.2 Pump-Probe experiments and QP dynam-
ics in HTSC

Time-resolved optical spectroscopy on copper-oxide basagerconductors is a
technique that attracted much interest since the knowledgef the quasiparticle
dynamics can provide fundamental information on the propées of HTSC.

A pump-and-probe time-resolved optical measurement is cogptually simple:
an ultrashort ( 100 fs) pump pulse is used to inject excitations in the system
while a second ultrashort pulse, named probe, analyzes theat on the optical
properties of the system (usually the re ectivity R) inducel by the excitation
of the system in a non-equilibrium condition. The temporal dlay between
the pump and the probe beams,, can be varied by simply changing the rel-
ative optical path di erence of the two beams (1 m=3.3 fs). In this way,
the temporal dynamics of the re ectivity signal can be followed after the sys-
tem excitation. What one measures is the relative, transieéfpump-induced)
change in the re ectivity R, de ned as:

_R(,. )= Rexcited (!; ) Requitibrium (!)
R B Requilibrium (! )

where Rexcited (!; ) and Requiiibium (! ) are respectively the excited (pumped)
and equilibrium (unpumped) re ectivities.

This time-resolved optical signal R=R(!; ) depends upon the pump-probe
delay and the energy of the probe beam, equal te . However, in this sec-
tion | will present the established results of the literatue, which are performed
at a xed probe energy equal to~! =1.55 eV ( =800 nm). | will refer to this
technique as the one-color pump-probe technique.

The time-resolved optical signal R=R(!; ), which is characterized by a mag-
nitude, a sign and a decay time, constitutes a ngerprint oflte di erent phases
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of the HTSC phase diagram. Modi cations of the time-resolvedptical signal
are observed both upon changing the doping level of the maiedi[78] and upon
changing the temperature of the system [117]. As reported ind= 4.1, the
time-resolved optical signal measured in the supercondutg state of Bi2212,
changes from positive on the underdoped side of the phasegtam to nega-
tive on the overdoped side of the phase diagram, with the sigimange taking
place in coincidence with the optimal doping level. The timeesolved optical
signal measured in the superconducting phase reveals a getime of about
2.5 ps, and an amplitude of the order 1¢ for a pump uence in the range
1 J/lcm?. The question regarding the nature of the excitations proluieby a
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Figure 4.1: Time-resolved optical signal (in re ectivity) measured on three
Bi2212 samples, diering for the doping level. The samplese held in the
superconducting state, i.e.T<T.. From [78].

time-resolved transient re ectivity experiments perforned on a HTSC in the
superconducting state has been faced in [77]. It has been derstrated that
the time-resolved optical signal is proportional to the desity of quasiparticles
created by the laser excitation, occupying states close thd antinodal regions
of the Brillouin zone. The lifetime of the photoinjected qusiparticle (and
thus the time-resolved optical signal) strongly depends dmoth the tempera-
ture and the pump laser intensity (see Fig. 4.2), and divergen the limit in
which both the temperature and the excitation intensity tem to zero. This
e ect is due to the constraints of momentum and energy consation, pre-
venting the thermalization of antinodal quasiparticles tward the nodes. Fig.
4.3 shows instead how the time-resolved optical signal ewes$, for an under-
doped sample, when the temperature of the sample is raisetjring from the
superconducting phase. Approaching the pseudogap phasee ghositive and
slowly-decaying time-resolved optical signal characteimg the optical response
in the superconducting phase is gradually quenched, and & a fast, negative
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Figure 4.2: Time-resolved optical signal for temepraturda the range 5-70 K,
measured on a YBCO sample having.=45 K. Curves are normalized to the
same value at delay zero to illustrate the variation in the itial decay rate. The
decay is most rapid at the highest temperature, and becomegstematically
slower as T is reduced. From [77].

and weaker time-resolved optical signal sets in. This kind optical response
is considered the ngerprint of the pseudogap phase. Thisgsial survives till
the T temperature is reached. FofiT > T , the time-resolved optical signal
changes sign again, and becomes positive, with a fast decayd ( 300 fs)
and a small amplitude. This kind of optical response is typat of the normal
state phase.

While the meaning of the signal sign and amplitude remains emplained in
this context, the temporal dynamics are usually interpreteé on the basis of the
two/three temperature model for the normal state dynamicsgee section 4.3
for deeper details regarding these models) and on the basfsttte Rothwarf-
and-Taylor model for the superconducting state dynamics.

The Rothwarf-and-Taylor Model: QP dynamics in the supercon -
ducting phase

The dynamics in the superconducting state can be explainedking into ac-
count that below T, an energy gap of magnitude is opened. The physical
process which takes place, and explains the increase of timed-resolved optical
signal decay time (as compared to the normal state dynamics3 the following:
the pump pulse injects quasiparticles (with ratd 4(t), which is Gaussian in
time like the pump pulse) in the system. This lead to a tempotalynamics for
the quasiparticle densityn and boson densityp (density of bosons with energy
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Figure 4.3: a) Temperature dependence of the time-resolvegtical signal
(in re ectivity), measured on an underdoped Bi2212 sampleBlue line marks
the transition from the superconductive phase to the pseudap. Green line
marks the transition from the pseudogap to the normal stateb,c,d) The time-
resolved optical signal in the superconductive, pseudogapd normal state is
reported, respectively. From [117].

> 2) which is governed by three physical processes, descriddoy the follow-
ing picture (as illustrated in Fig. 4.4), and which are takerninto account in a
system of di erential equations for@n=@dnd @ p=@M®A Cooper Pair, whose

Quasi-particles Quasi—part:’cles

o\ o %:pﬁ A
Y \ [hv B \ rYesc \Jl%

M Fi 4
iy h\,’ph< 2& h\Ph 2&

Condensate Condensate
a) b) c)

Figure 4.4: This picture sketches the three processes ddésed by the Rothwarf
and Taylor model. a) Creation of two quasiparticles above thsuperconducting
gap, by absorption of one high-frequency phonon. b) Annihti@n of two

guasiparticles and emission of one phonon. c¢) Anharmonic dgcof high-
frequency bosons. From [54].

binding energy is 2, can be broken from the absorption of a b&on with energy
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> 2, generating two quasiparticles: the rate of this processs proportional to
+2 p for the increase of quasiparticle density, while is propadnalto p for
the decrease of high-frequency phonons. On the contrary, @@per Pair can
be formed by annihilating two quasiparticles (rate n); the binding energy
of the pair is then freed as a boson of energy 2 (rate +32 n ). The bosons
can then anharmonically decay (through inelastic scattarg, or simply leav-
ing the excited area by transport processes), with rate «s(p pr), being
pr the thermal boson population density and s the coe cient describing
the strength of the boson anharmonic decay. This picture isedcribed by the
following set of coupled di erential (rate) equations.

%?: lgp()+2 p  n?

%It:): p+ Enz esc(P  Pr)

After quasiparticles are photoinjected in the system by the ygmp pulse, a
guasiequilibirum between the quasiparticles and bosonsriities is established.
The slow decay time of phonons is responsible for the slowidgwn of the re-
laxation dynamics of quasiparticles (this is usually indated as 'phonon bottle-
neck’). In particular, when > 4, the quasiparticle and boson populations
result strongly coupled, and both decay with rate (s (Of the order of few
picoseconds?). All this picture is consistent assuming that the time-resived
optical signal at 1.55 eV is proportional, for the reasons #t will be clari ed
in Chapter 8, to the pump-induced perturbation of the condesate, i.e., to the
density of photo-injected quasiparticles.

The model described so far, regards the so-called 'low uencegime' (F 50
J/icm?), in which the pump uence slightly perturbs the supercondting con-

densate and is not intense enough to photoinduce a non-theshphase transi-
tions to the normal state, as pointed out in [111, 81, 80]. An faresting review
of uence tresholds for photoinduced phase transitions in HIC or melting of
CDW order in charge-density-wave systems can be found in 816 A true 'spec-
troscopy' of a physcial phase from the non-equilibrium poirof view (by this

statement | mean the study of the peculiar excitations) canrdy be achieved
whether the physical phase is not (partially) vaporized, ths the requirement
to perform low- uence studies.

Disentangling contributions to the signal from dierent qua sipar-
ticles

Once demonstrated that the superconductivity-related sital presents a decay
time which is about one order of magnitude larger than the onebserved in
the normal state and pseudogap phases, the contributions thie di erent ex-
citations to the time-resolved signal can be disentanglechahe basis of their
decay times. This observation was used [53] to address théenplay between
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superconducting and pseudogap phases in YBCO crystals. IngFi 4.5 the
relaxation times associated to the di erent components of eulticomponent
exponential tting to the data are reported. This successfuway of disentan-
gling the di erent excitation contributions revealed a tenperature independent
pseudogap and a temperature-dependent superconductingogavith BCS-like
temperature dependence. This also implies a possible catxnce of both gaps
belowT.. The fact that the decay of the superconducting component w@rges
exactly at T, can be explained on the basis of the Rothwarf and Taylor model
as the gap decreases approachind,, an increasing number of phonons can
break Cooper Pairs, and this results in a huge number of quparticles. Thus a
guasiequilibrium between quasiparticles and phonons ebtshes, which slows
down the recombination dynamics, governed only by inelastprocesses.
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Figure 4.5: Relaxation times resulting from a two component of the time-
resolved optical signal, on some YBCO samples, di ering frothe doping level.
One component (squares) diverges exactly dt=T., while the other (circles)
is temperature independent. From [53].

Pump-probe measurements in the THz region
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4. Non-Equilibrium Physics of HTSC

In the superconducting phase, the signal observed at 1.55 &vintimately re-

lated to the low-energy physics associated to the supercamting condensate.
This can be directly demonstrated by pump-probe measurentsrin which the

probe is a THz eld (1 THz= 4.13 meV). In particular, in the THz range, the
optical conductivity is given by the formula [99] (within a wo uid model, for

quasiparticle density op and super uid density s):

()= ot s OF

from which it is clear that the imaginary part ,(!) is proportional to the

superconducting condensate density, at low frequenciesié the conventional
Drude scattering time).

The THz probe thus directly accesses the superconducting cimsate energy
region. Typically, this energy region is 0.1-3 THz, ie, 0.421lmeV. Examples
of this kind of pump-probe measurements are reported in [129]. The mea-
sured THz relaxation dynamics is strikingly similar to that dserved in the
near-infrared, as can be argued by looking at Fig. 4.6 (frorAq]). Some di er-

ence exist anyway with respect to the optical probing: whilelastic scattering
with large momentum transfer dominates transport propergs of carriers, the
transient THz kinetics enables a sensitive measure of the lastic quasiparticle

recombination.

Magnitude of the signal in the di erent phases of an HTSC

The fact that, in the visible spectral region, the observedransient re ectivity
signal magnitude in the superconducting state (of the ordef 10 4 for uences
of the order of 1 J/cm?) is at least one order of magnitude bigger than the one
observed in the normal state and pseudogap phases, has beeovwkn by long
time [164] (see Fig. 4.7). A clear interpratation of this fachas been proposed
only recently [80]. Two scenarios were proposed to explainig experimental
evidence: the rst consider the R=R signal as due to an excited state ab-
sorption, as it happens in metals and semiconductors. Thecead, instead,
consider the R=R signal as arising from a true (pump-induced) modi cation
of the band structure of the material, which involves a sperl weight shift
between high (in the near-IR) and low (condensate) energyades (and which
justi es the increase of the magnitude of the signal). In ths scenario, the band
structure at high energy is modi ed as a consequence of a pattquench of
the energy gap, demonstrating an interplay between physied very di erent
energy scales. We ruled out the rst scenario [80], as | exptan Chapter 8.

Beyond one-color optical pump-probe measurements
In concluding this section, | want to remark how single-cofomeasurements,
though very powerful in characterizing the peculiar phasef the system and in
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Figure 4.6: Induced THz conductivity changes, for T=6 K and a @ J/cm?
pump uence, on a OP Bi2212 sample. a), b) Measured changesthe real
part of the optical conductivity (! ) and in the imaginary part (! ) (circles)
at indicated time delayst after the excitation. Solid lines are the tting results
of a two- uid model, corresponding to a momentary depletionf 16% (1.3 ps),
8% (10 ps), 3.2% (35 ps), 2.7% (50 ps) of the low temperaturencensate
spectral weight and Drude widths, respectively, of of 1~1.35, 1.26, 1.21, and
1.20 THz. c) The transient conductivity changes at center pitme energy 5.5

meV, averaged over a 1.6 meV interval, versus pump-probe tirdelayt. From
[99].

extracting very useful information mainly related to the réaxation dynamics,

fails in producing a comprehensive physical picture able texplain the mi-

croscopic physical origin of the observed transient sigsal To overcome this
limitation, we developed a novel time-resolved optical spgosocpy (described
in 5) which adds the energy resolution to the usual temporaksolution. This

is achieved thanks to a broadband probe pulse. With this tedjue, the time-

resolved signal in the energy domain can be related unambagisly to pump-

induced modi cations of the dielectric function (! ) of the material, allowing

to associate a physical origin to the observed signal, in tharious phases of
the system. In section 4.4 the approach we employ to intergréme-resolved

data in both the time and energy domains is presented.
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Figure 4.7: Time-resolved optical signal (in re ectivity) at constant pump
intensity, for di erent temperatures, from a YBCO sample. Itis evident how
the signal intensity increases in the supeerconducting $ta From [164].

4.3 Determining the Electron-Boson coupling
by pump-probe

Determining the electron-phonon (and more generally theadtron-boson) cou-
pling strength is a task of paramount importance to give mormsights into the
problem of High Temperature Superconductivity. The nature fathe glue which
binds together electrons forming Cooper Pairs (and its colipg strength) is
one of the most debated points in the HTSC eld. Time resolvedechniques
allow to directly measure the electron-phonon coupling, as compared to other
static (equilibrium) techniques (such as ARPES, tunnelinginelastic neutron
scattering). Moreover, the temporal resolution of pump-mbe techniques, giv-
ing a direct access to the time domain, allows to discriminatamong the pos-
sible di erent bosonic populations the electrons scatter ith (are coupled to):
each electron-boson coupling channel will give origin to a @rent dynamics in
the time-resolved signal, whose decay is related to the dlen-boson coupling
strenght. This connection is modeled by a number of models igh will be
carefully analized in the following. The conventional, oreolor time resolved
pump-probe technique su ces the extraction of the parametelambda; we will
also brie y point out how the spectral resolution can help irdetermining the
nature of the bosons the electrons are coupled to.

The outline of this section will follow a chronological orde with the emphasis
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on the experimental ndings which motivated or supported tle various models.
In particular, | will start from the Two-Temperature Model (4.1), and then in-

troduce the Three-Temperature Model (4.5), illustrating he reasons leading to
the formlation of this model. | will also formulate a novel, gneralized version
of the three temperature model, in which a 'parallel’ couptig of electrons with

all bosonic populations is taken into account (4.8). This nael can be natu-
rally extended to include more temperatures, one for each samic population

the electrons scatter with. On this line, | will present the gstem of coupled
di erential equations for a four temperature model. With this model, formu-

lated to explain the experimental evidences presented in @l the possible
scattering mechanisms which contributes to the total elemin-boson pairing,

which manifests in the glue function (), are taken into account.

4.3.1 The Two-Temperature Model

In this section, the Two-Temperature Model (2TM) is describd.

The so-called "Two-Temperature Model' is the result of theheoretical work
done by Anisimov [10] and Allen [7]. The model interprets and deribes the
electronic non-equilibrium dynamics excited in a materiaby an ultrashort
( 100 fs) laser light pulse. This model applies to metals and re@gentional,
metallic superconductors. The formulation of this model wastimulated by
the development of new laser sources, producing ultrashgstilses in the ps
domain. The rst systematic experimental studies were thasof Brorson [25],
who measured in several metals.

We can say that the two temperature model describes the phgsiof a pump-
probe experiment carried on a solid state material, in whiclthe electron-
phonon scattering is directly observed in the time domain.

The physical picture on which the model was developed is thellbwing. The
energy deposited in the system by the laser pulse is absorbleg electrons,
which are instantaneously excited above the Fermi level. Adt a few fs,
electron-electron scattering processes, on the 1-10 fs éiscale [11], drive the
thermalization of the electronic population at an elevatetemperatureT, > T,
To being the base temperature. On this timescale, the electr@are practically
disentangled from the lattice: the electrons thus reach theaximum tempera-
ture T¢(0) determined mainly by their speci c heat. On a longer timscale, the
electrons start to lose energy through electron-phonon dt=ing, and reach
a common temperature with phonons. Finally, a much slower lexation pro-
cess - dominated by heat di usion - makes the system return tthe ambient
temperature To. It is important to point out that the rate of return to lo-
cal equilibrium is governed entirely by electron-phonon picesses. The model
presented assumes that di usion driven by spatial inhomogeities is negligi-
ble; acceleration due to both external and internal elds isiegligible, and no
other collision processes are important. The most importamequirement is
that electron-electron and phonon-phonon (anharmonic) pcesses are active
in keeping the electronic and phononic distributions equdb the local equi-
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librium distributions (respectively FD and BE) at the sepaated temperatures
Te(t) and Ti(t). The metal is looked as a two temperature system at every
time t.

The phenomenologic system of coupled di erential equatisndescribing the
evolution of the electronic and the lattice temperatures,saproposed by Anisi-
mov in 1974 to describe the energy balance for a metal absordpia laser pulse,
is:

G
_@@{: _Ce(Te T)+ _Cl?e (4.1a)
@vT_ G

Where Te, T, are the electronic and lattice (phonon) temperatures, regg-
tively. G= ¢ pnCe is a coupling constant describing the coupling between the
electron and the phonon systems. ¢ p, is a di erent way of expressing the
coupling constant, often found in the literaure [7].Ce = ¢Te is the electronic
speci ¢ heat, being . the coe cient of the linear electronic specic heat. C,
is the lattice speci c heat. p is the absorbed power, with the same Gaussian
pro le of the laser pulse. Both the speci ¢ heats and the lasgower are ex-
pressed per unit of volume.

The solution of this system of equations indicates that thelectronic tempera-
ture evolution follows an exponential decay with time-cortant = ( ¢ pn) '
It is worth to point out that this model was developed in orderto describe
the electron emission from metal surfaces exposed to picosm®d laser pulses.
It was found that for laser intensities beyond a critical vale, the emission
current is entirely due to thermoionic emission (while belo threshold a com-
petition between photoelectric emission and thermoionigr@ssion exists). The
rst attempt to measure the electron-lattice relaxation kinetics was done by
measuring the thermoionic emission current, proportionao the electronic
temperature.

The relation between the experimentally measured and the key-quantity
expressing the electron-phonon coupling in the supercordivity theory, has
been rst derived by Allen [7], though in a limit | will discussin the following.
The main result is that can be directly inferred from , once the electronic
temperature T, and the mean phonon energyr?! ?i are known. Allen's for-
mula is:

3 h21 2
=2 4.2
e ph ~k éTe ( )
thus: 2
G = e ph eTe = — ke2 h~2| 2|
B

Te(0) can be easily evaluated starting from the pump laser ergyr delivered to
the electrons, and the electronic speci ¢ heat. This valudgpgether with the
value of T¢(1 )=T,(1 ) (which can be estimated from the pump laser energy
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and the lattice speci ¢ heat), constitute the initial condtions to correctly solve
the di erential system of equations (whileT;(0) = Ty, being Ty the base system
temperature). The mean phonon energi+2! i is more di cult to evaluate;
it can be taken from the literature (the phonon spectrum can & measured
by scattering techniques), or it can be approximated with-?! 52=2 [24]. Since
T<(0) can be calculated, measuring allows to know the product h~?! 2i with-
out free parameters. For completeness, the experimenta#xtracted values of
range from 0.1 to 0.15 for non-superconducting metals (Au, Guo 0.25-0.4
for very low-Tc (. 1 K) superconductors (W, Ir, Ti, Zn), to 0.8-1 for the most
known metallic superconductors (In, Sn, Hg, Pb, Nb), which arim the strong-
coupling limit.
Expression 4.2 predicts a direct proportionality betweenhie decay time and
the electronic temperatureT,. To understand in which limits this formula is
applicable, it is worth to follow a few steps, illustrating te approximations
used and the derivation of the same expression.
The decay rate of the electron thermal energy (transferrestthe phonon sys-
tem) is given by:

@& Z1
@ S2NNER d ZE() ~) 2[N( ;T) N( ;T (4.3)

whereN. is the number of cells in the samplel (Er) is the density of states of
both spins per unit cell, andN ( ; T;) are the BE distribution functig,ns (j=e,D.
The electronic energy for the system can be written asEe = |, F«
Eo+1=2 T2 (whereFy is the FD distribution, and E, the system point-zero
energy, for the system atT = 0), while the electronic specic heat writes:
e= 2NN (Eg)k3=3.
Without any assumption regarding the actual spectgim of thelectron-phonon
coupling 2F(), and remembering that h 2i =2 01 2F() d, equation
4.3 can be rewritten as:

@& _
@t

if a Taylor expansion ofN( ;T;) in terms of ~ =kg T; is carried out, in the

high temperature limit |, that is, when both T, and T, are much higher than

the phonon energy- .

Finally, expression 4.4 can be recasted in the usual fo@I=@t ¢ pn(Ti Te)

by using the de nitions of Eg and ..

Allen Formula 4.2 is thus strictly valid only when the systems considerably

heated by the pump pulse energy.

~NN(Eg) 12 kg(T, Te)+ (4.4)

Relation between the optical signal and the temperature inc rements
TE! T|

In the context of a pump-probe experiment, the pump-inducedhange of the

electronic temperatureT, modi es the electronic distribution of the material,
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being the electronic population described by a Fermi-Dirastatistic at an el-
evated temperatureT.. This e ect can be monitored by a subsequent probe
pulse, which re ection or transmission is in uenced by the ftange in the elec-
tronic population of the material. More considerations alat this point are
done at the end of this section.

It must be emphasized that, for the optical pump-probe techique to be em-
ployed to the study of the electron-phonon coupling, the ingted changes in
T; (=e,l) must have an e ect on the sample optical properties ife ectivity or
transmittivity), at the probe wavelength. In the more geneal form, the in-
duced change in re ectivity will be sensitive to both variatons in the electronic
temperature ( Te¢) and in the latticeone ( T)): R=R=c¢ Te+c T.
The ratio ¢,=G is usually a free tting parameter.

Changes due to T, can come from band shifting arising from thermal strain.
These lattice-temperature-induced re ectivity changes W decay on very long
timescales, determined by the rate at which the heat can dise away from
the optically excited area. In this modelT, and T, remain at an elevated tem-
perature with respect to Ty, since the heat di usion e ect is not taken into
account. This is not a limitation, being the timescale of ths e ect of the order
of the ns.

Changes induced by T, instead are due to optical transition from/to states
which population is altered by the laser excitation; in paitular, any transition
involving states near the Fermi level will be sensitive td.. The idea is simple:
the increase of the electronic population makes the tails tife Fermi distribu-
tion smearing, opening states below the Fermi level for traitions. These new
states can then absorb probe photons, resulting in an increa of absorption.
Alternatively, the promoted electrons of the Fermi distribdion can be excited
to free states above the Fermi level, resulting in an absoliph decrease. The
actual sign of the R=R thus depends upon the material band structure.
Overall, the relative induced change in re ectivity turns at to be very small,
of the order of 104 to 10 .

Limits of the Two-Temperature Model
Here | will state brie y the main limits of the 2TM, which call for an exten-
sion of the model. The main criticism to this model stands inhte possibility
to de ne the electronic temperatureT.. Though the optical scattering rate
e e IS Of the order 1-10 fs [11], indicating a very fast electromérmalization,
recent photoemission experiments [145] found a small denaa of the actual
non-equilibrium electronic distribution with respect to aFermi-Dirac statistics.
The non-thermalized high-energy tail evidenced in [145]p twhom the authors
didn't give much weight, is instead predicted (as shown in §{) by exact cal-
culations [96] taking into account the exact analytical sokion of the integral
Boltzmann equation, without the questionable assumptionhat electrons are
in a quasiequilibrium with a time-dependent temperature. e electron-lattice
ralaxation rate within this formalismis: (e pn) * =3~ H 2 =2k gT|. Apart
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the factor of '2' with respect to the 2TM result, more important is the de-
pendence onl, rather than T,, which justi es the experimental evidence that
the relaxation rate is uence-independent. A term of di cult evaluation is
h 2i, which is in general taken from the literature. The model by kbanov
et al. [96], which is applicable also when the electron-efean scattering time
is bigger than the electron-phonon scattering time (i.e., men ¢ ¢> ¢ pn), IS
the natural model to be employed to interpret the ndings desribed in [144],
in which the apex oxygen vibration in YBCO turns out to be stromgly excited
within 150 fs, demonstrating that the lattice absorbs a majoportion of the
pump energy before the quasiparticles are thermalized. Thevidence of an
ultrafast electron-phonon coupling with peculiar phonomi modes, evidenced
in [144], and the observation of a double exponentially-deging dynamics
in optical measurements on HTSC, are a strong evidence for anisotropic
electron-phonon coupling, which cannot be accounted for ipe 2TM. This
observation clearly invokes a further coupling term, whiclis accounted for by
the Three-Temperature Model.

4.3.2 The Three-Temperature Model

The Three-Temperature Model (3TM) was initially developed145] as an ex-
tended version of the two temperature model, to interpret i@nt new results
obtained with the time-resolved ARPES technique. In particlar, this model
well reproduces the time-resolved dynamics observed in ®mas with a strong
anisotropy of the electron-phonon interaction, due to pham branches with
di erent coupling strength, which results in di erent timescales in the relax-
ation dynamics. This is the case of strongly correlated maials, such as the
cuprates.
The experimental ndings, on an optimally doped Bi2212 sidg crystal (at
T=30K), are the following. A time-resolved ARPES experimentis concep-
tually simple: the sample excitation is performed with 1.5\ laser pulses
(pump), while the photoelectrons are emitted thanks to a 6 e\wrobe beam
which is delayed with respect to the former. Photoelectrorsre collected and
analyzed with a time-of- ight (TOF) spectrometer. Time-resolved ARPES
'directly’ probes the electronic temperatureTg(t), which is inferred from the
photoelectron spectra (collected at the Fermi wavevectot various pump-
probe delayst. A fast thermalization for the electronic population is obsrved,
since the electronic distribution converges to a Fermi Diadistribution within
the pump pulse duration ( 50 fs). This is due to a large electron-electron
interaction. The novelty of the data stands in the fact that he electronic
temperature T, relaxes with two di erent timescales: a fast one (which rebes
with an exponential decay with 110 fs) and a slow one (which decays with
2 ps).
The physical interpretation the authors gave was the folloimg. After the
fast electronic thermalization, the electronic populatin at the temperature
Te starts to relax transferring energy to a subset of stronglyoupled (also
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called 'hot’) phonons, whose temperature is indicated witlT,. The idea is
that only a small subset of the total phonon modes (a fractioh of the total,
with 0 6 f 1) contributes to the coupling. After a time 3 , the elec-
trons and the hot phonons reach a common temperature, and theelaxation
dynamics becomes similar. Then, the relaxation process afth populations
proceeds with a decay on the picoseconds timescale, govdrhg the phonon-
phonon anharmonic scattering. This scattering occurs beégn two ‘'indepen-
dent’' phonon subsets: the more strongly coupled ondsihodes) and the nearly
non-interacting 1 f phonon modes (sometimes called 'cold’ phonons or sim-
ply 'lattice"), the latter being characterized by the tempeature T,. This is the
physical picture described by the so-called (conventionalhree temperature
model.

Within the approximation of an Einstein model for the phononspectrum (a
non-digpersing distribution for the phononic modes givenybF( o),
being 01 d 2 2F(ne np) the rate of energngransfer from electrons to
phonons (withn; = (e =T 1) ) and =2 01 d ! 2F the dimen-
sionless electron-phonon coupling, the system of rate etjoas for the tem-
peraturesT; (t) is:

@t- -k 2T, + C_e (4.5a)
6" Cokt (4.5b)
@t C (4.5c¢)

Where n; are the Bose-Einstein distributions at the temperature§;: n; =
(e cskeTi 1) 1. C;(T) are the electrons | = €), hot phonons { = p) and
cold phonons | = |) specic heats, with Co(T) = (Te. The fraction f of
strongly coupled phonon modes enters the model through thevd phononic
speci ¢ heats. Finally, is the (phenomenologic) phonon-phonon anharmonic
decay. On the contray to the 2TM, in the derivation of the 3TM aparticular
form for the electron-phonon coupling, i.e., 2F() / ( o) has been as-
sumed (electrons are coupled with just one phonon mode atdreency = ),
but no approximations are applied to the BE statistics.

Within this model, the data analysis revealed a weak (  0:2) electron-
phonon coupling, for a phonon mode with 40 me@ (6 70 meV. Moreover,
the fraction of coupled phonons turns out to bé  0:2, implying that the in-

teraction is highly anisotropic, and only a few modes are sigcantly coupled

(since 80% of the phonon modes have a weak interaction withetlelectrons).
These ndings point toward a scenario in which the electrophonon interac-
tion is not the main source of coupling in HTSC, even if this wéaform of
coupling can cooperate with other stronger electron-bosamteractions.

This model neglects the electron-phonon scattering with éhl f lattice modes
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considered more weakly coupled, which thus would barely d¢dbute to the

evolution of the electronic temperaturel¢(t). Anyway, the distinction between
the strongly coupled phonons and the other lattice vibratios is physically
meaningful as far as the strongly coupled phonons have a siger coupling
normalized to their density of states (or speci c heat).

A few words are worth to be spent on the way the specic heat mude

modeled. This is a task of fundamental importance. The authe considered
just one phonon frequency (o, a delta) in the phonon spectrum. All phonon
modes have the same frequency. The speci ¢ heat within thisadel follows
straightforwardly from the speci c heat de nition:

Z 4 , el =)
C _SNAkB o d F()( kBT) (e( =kg T) 1)2
That is: % o oaT) @p
Co(1) = 3Nl s (e 1 = 3NaT 0y
2 ( 0=ksT)
_ 0 € _ @p
Ci(T)=3Na(1 f)kBTZ(e( T 1) =3Na(1 f) "@7

which satis es: Ciot(T) = Co(T) + C(T).
Here N, is intended to give the correct normalization forCy, and must be
intended as a number of molecules per ém
An improvement to this method consists in taking into accounthe true func-
tional form of Cy(T), the total speci c heat, as measured from experiments.
The phonons speci ¢ heatC,(T) is calculated exactly as before, assuming one
phonon frequency as the most coupled one, with the only di ence thatC,(T)
must be balanced in such a way that, fof ! 1, it must be C,(T)! Ci(T).
Finally, the lattice speci ¢ heat C,(T) is calculated asCi(T) = Cit(T) Cp(T).
However, the best way of estimating the speci ¢ heat would regre the knowl-
edge of the whole phonons spectruf( ). The total speci ¢ heat then follows
straightforwardly from the de nition. The phonon specic heat Cy(T) is cal-
culated by selecting a proper subset df (), and balanced in the described
way. This ensures the specic heat is modeled taking into aacant the actual
phonons distribution.
To apply this model to the case of all-optical experimentshe problem of con-
necting the electron and phonon dynamics to the transient électric properties
arises. In the most general case, the transient re ectivitgan be modeled as
follows:

R=R=¢ Tet+ G Tp + C3 T (46)

or
R=R=c¢ Tet+tc (f To+(1 f) T) (4.7)

It must be pointed out that the choice of the coe cientsg relating the temper-
ature increase to the transient re ectivity is of extreme inportance and must
be carried out with much care, in order to obtain stable restd. Usually the
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coe cients ¢ (=1, 2, 3) are free tting parameters. This lead to a level of
uncertainty in the estimation of the value of .

Finally, it must be noted that the experimental evidences sdar described,
obtained with time-resolved ARPES, refer to a system in the @erconducting

state, at a base temperature T=30 K. With all-optical measuements, it is not

possible to obtain the electron-phonon coupling in the supmnducting state,

since the observed dynamics is slowed down by a bottlenecleet, as described
by the Rothwarf-Taylor model [156]. The problem is that on tle contrary to

photoemission, which directly probes the electronic tempagure T, the optical

transient signal is proportional [111] to the superconduittg state excitations,
when the system is in the superconducting state. Thus, theegftron-phonon
coupling with optical techniques can only be inferred measng the normal

state properties. This shouldn't be a problem, since it is thught that the

electron-phonon coupling doesn't change upon crossifg

The same conventional Three-Temperature Model has been eaty used [27]
to interpret experimental results obtained by analyzing tk ultrafast electron

di raction by Bi2212 and Bi2223 crystals. Samples are ex@t by a 1.55 eV
- 120 fs ultrashort pulse, while the probing is done by a synamnized elec-
tron beam, which produces a diraction pattern, whose peakniensities are
recorded. Here, the lattice (cold phonons) temperature canebdirectly in-

ferred measuring the relative intensity of the (00) di racton rod (which gives
the structural dynamics along the c axis, along which the '¢d' phonons are
supposed to act), and the data are interpreted directly ttng the three tem-

perature model lattice temperatureT, to the same parameter extracted from
the data. The latter can be derived by considering the Deby@/ller model,

in which  T,( )/ In(1( )=lo), being |, the unperturbed (00) spot inten-
sity and | ( ) the intensity of the same spot at the pump-probe delay. The

experimental ndings evidenced a directional electron-ginon coupling (here
| refer to the 'hot' phonons, i.e., the more strongly coupletb electrons, which
are thought to be 'in-plane’): the coupling is stronger whethe excitation di-

rection (pump electric eld polarization) is parallel to the Cu-O bond, while it

appears weaker at 45 degrees (along the nodal direction), evé the relaxation
dynamics slows down. This happens only when the sample is imet super-
conducting state. The evidence that it exists an anisotropielectron-phonon
coupling even in the Cu-O plane (probed analyzing the c-axghonon dynam-
ics related to the cold-phonons) is explained by the authomsith a stronger

coupling between the antinodal charge carriers and the oof-plane buckling

vibration of the oxygen ions in the Cu-O planes.

Limits of the Three-Temperature Model

The 3TM is applicable only when a thermal distribution for the excited elec-
trons is reached thanks to electron-electron scatering nte@misms, in such a
way an e ective temperature T, can be associated to the excited population.
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Thus it is not applicable when a gap in the density of states ispened. The
3TM is thus stictly applicable to HTSC only at room temperatue and on the
OP and OD regions of the phase diagram. It is well-known thamni cuprate
superconductors [77], in the superconducting state, thegived excitations are
guasiparticles which occupy a precise region of k-spacedaramely the antin-
odal one, where the gap has its maximum. Thus, the probed etations have a
strongly non-thermal distribution, which impedes the apptation of the 3TM
to reproduce the measured dynamics. The fact that a non-theal distribution
of excitations is obtained in the presence of a gap is explath by the block-
ing of electron-electron scattering away from the node, bagse of the limited
phase space in the antinodal region. Recently, this spectitan has been ob-
served experimentally by time-resolved photoemission esqments, analyzing
the electronic thermalization in various k-directions of e Brillouin zone of a
Bi2212 sample [41].

In the conventional 3TM, electrons are directly coupled oglwith the so-called
strongly-coupled phonons. To take into account the directaupling of electrons
with di erent kinds of bosonic excitations, we propose a geamalized version of
the 3TM, accounting for the energy exchange among the di ené degrees of
freedom of a system in a phenomenological way.

4.3.3 A generalized Three-Temperature Model

In order to overcome some of the limitations of the convental three tem-
perature model, and to provide a model which is able to fullyeproduce the
relaxation dynamics of a system whose electron-boson cadoglis described
by a general bosonic glue () made of di erent contributions , we developed
a new model in which we assign a temperaturg (j=p for storngly coupled
phonons, j=I for weakly coupled phonons or lattice) to eachigrent bosonic
population the electrons scatter with, and whose coupling (here again j=p,l)
with the electrons derives from a particular subset ; () of the total bosonic

glue (): z, "
=2 d 2

P N P N
where: () = =1 i();obviously =, ;.
The various () linearly contribute to the total bosonlc glue (), which
thus accounts for all the possible degrees of freedom thectlens can exchange
energy with. N de nes the number of temperatures (and degrees of freedom)
considered in the model.
If we consider only phonons (both strongly and weakly couplg as possible
mediator bosons, we obtain a three temperature model in whi¢he phonon-
phonon anharmonic coupling term is replaced by a direct ekean-weakly-
coupled-phonon interaction term, which carries a couplingtrength | (absent
in the conventional three temperature model). The model werppose is the
following (here the anharmonic term has been completely negted, but it can
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be nevertheless considered in peculiar situations):

@I: G( p;Tp;Te)+ G( I;TI;Te)+ p

@t Te oTe oTe (4.82)
@F _ G( 5Ty Te)
at- c, (4.8b)
@T_ G( ;T;Te)
@ ¢ (4.8c)
Where:
6 Z1
G( Ty Te) = ﬁ d () 2N( ;Te) N( ;T (4.9)
B O

and: N( ;T))=(e T 1)1
The di erential re ectivity can be modeled in the usual way (@as reported in
4.6 and ) or with the expression:

R=R=c Te+C ( Tpo+( 1= p) Ti) (4.10)

In order to highlight the dierences this model introduces \th respect to
the conventional Three-Temperature Model, we perform sonsgmulations nu-
merically integrating the systems of coupled di erential quations, using the
same values for the speci ¢ heats (electronic and total) anfdr the parameters

»=0.3, p=2 J/cm 3, f =0.1. | consider also a model in which an anharmonic
coupling term of the form = couples equations 4.8b and 4.8c, exactly as
it enters in equations 4.5b and 4.5c. The main di erence withrespect to

a)

Conventional 3TM Generalized 3TM Generalized 3TM + Anharmonic Decay

—_— — AT (K)
AT 9 44 — AT, (K)
— AT, (K) b

3 — AT, (K) = 3+ — ATi(K) 3+ — AnE
2 2 2
14 1 1
o—J 0 0

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Delay (ps) Delay (ps) Delay (ps)

AT (K)
AT (K)

Figure 4.8: a) Numerical integration of the system of equatis of the con-
ventional 3TM, 4.5. b) Numerical integration of the system ofquations of
the generalized 3TM, 4.8. ¢) The generalized 3TM plus an antmonic decay
term is considered. In the three cases, the electronic tenmpture evolution T
(red), the strongly-coupled phonons temperature evolutio T, (blue) and the
weakly-coupled phonons temperature evolution T, (green) are reported. The
common parameters are: ,=0.3, p=2 J/cm 3, f =0.1. In a), =800 fs; in b),
1=0.2; inc), ;=0.15, =1.2ps.

the conventional 3TM stands in the overshoot of the temperate T,, which

74



4.3. Determining the Electron-Boson coupling by pump-@rob

is ascribed to the fact that being the electrons directly cqled also to the
weakly coupled phonons (lattice), they cool down fastly anthe hot phonons
remain at an elevated temperature from which they relaxes m® slowly with
respect to the electrons, given their higher speci c heat. Aa consequence,
the lattice warms up fastly with respect to the conventional3TM case. In
the conventional 3TM, the weakly coupled phonons heating tos out to be
small since they directly loose energy (anharmonically) teracting with the
lattice. In principle, the e ects of an anharmonic (phononphonon scattering)
term and a direct electron-lattice coupling term can coexis If both coupling
(electron-lattice and anharmonic one) are present (pane))¢the overshoot of
the temperatureT, can be removed. The values for; without the anharmonic
term must be considered as an upper limit.

The Four Temperature Model (4TM)

This model can be easily extended to take into account the eteon scattering
with other (than phonons) bosonic populations, which couldbe of electronic
origin, for instance antiferromagnetic spin uctuations.This is done by simply
adding a new (fourth) equation which describes the evolutioof this bosonic
population temperature, Tpe. In a natural way, this population will be char-
acterized by its own speci ¢ heat,Cye (Which could be of di cult evaluation,
and in general very small) and by its coupling with electrons e, coming from
a speci c part () of the total bosonic glue (). The implicit assumption

of all the previous models was that both spin and charge ucttions ther-
malized within the pulse duration (and were thus considereds a whole with
the electrons), with the phonons representing the only pabte channel for the
electrons relaxation. The new equation overcoming this liation is:

@-t[e — G( bes Tbe; Te)
@t Cbe

Moreover, a coupling term: +£Lte=Te) myst be added to the rst equation

describing theTe(t) temporal evolution.
The more general way to model the di erential re ectivity in this 4TM is the
following:

R=R=c¢ Te+C Thet+tc Tp+c T (4.11)

In this way, we get a four-temperature-model (the fourth terperature being
the one of the electronic bosonbg which can be of great importance in or-
der to correctly estimate the coupling of electrons with theli erent bosonic
populations. At this purpose, it becomes of fundamental ingrtance the spec-
tral resolution, which, combined with the temporal resolubn, allows to point
out whether the electrons are coupled to some bosonic moddsetectronic
origin. It must be pointed out that, since Cye is small (of the same order of
the electronic speci c heatC, = ,T.), the new equation contributes little to
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the electronic temperature evolution, andl,e  Te (this happens also in the
very rst part of the relaxation dynamics, during the pulse diration). The
point is that the population j = becarries a nite value of .. The spectral
resolution can help in pointing out what is the true temperatre evolution of
the system, with the following argument: according to the BEbended Drude
model, the electronic temperature can be disentangled frothe bosonic one
(see sections 3.5.2, 3.5.3), and the fact thd,  Tpe Or Te > Tpe gives di er-
ent spectral responses (see the simulations reported in 4dd the analysis in
Chapter 6). If the spectral response at early pump-probe dsfs is in agree-
ment with the one simulated in the casel. Ty it means that a bosonic
population with small speci ¢ heat (and thus of electronic agin) is coupled
with the electrons. Indeed, if electrons were coupled onlyittw phonons, it
couldn't be T  Tpe at early delays, for considerations regarding the phonons
speci ¢ heat Cp,, which makes the phonons warming on longer timescales. The
former situation revealed the actual one, as pointed out in l@&pter 6. Time
resolved spectroscopy thus revealed a powerful techniqueorder to assign the
correct value of to the various bosonic populations. The relation$. = T.( )
presented in 2.4 nally allowed to clarify which bosonic poplation is responsi-
ble for the actual material T.. Moreover, the spectral resolution allows both to
evaluate the subsets () of () related to the various bosonic populations
(being () determined from static measurements) and to x th e coe cients

G in expression 4.11, thus limiting the number of free paramets of the t.
The results revealed a strong (1) electron-boson coupling, with bosons
which are other than phonons, and must thus be of electroniaigin. Con-
cluding, we can say that in HTSC a strong electron-boson coumpdy is hidden
from the point of view of the electron dynamics, but its actubpresence is re-
vealed by the spectral resolution. Non-equilibrium spectsazopy thus revealed
a very powerful and unique technique in order to shed light otine problem of
electron-boson coupling in strongly correlated materials

4.3.4 Modeling the absorbed power density

In this section some considerations about the power density [J/(cm 2 s)],
deposited by the laser pulse in the system, are done.
The following equalities hold:

p—
anz2it _ Po2 IN2 402 _
= '“p—"e 7 =
\ \

Where py is the pulse mean power densityy, is the pulse mean powerk: the
energy per pulseV the volume in which the energy is deposited, and the
pulse temporalFWHM , determined for example by auto- or cross-correlation
measurements.

Usually, the volumeV is calculated as followsV = A d= (FWHM=2)? 1
that is, the excited volume is a cylinder which top area is thtaof a disk of diam-
eterFWHM (determined experimentally), and which height is the peneation

E 2p In2 4n2t

p___
2 In2
p(t) = pp—p—=¢ —p—-=e
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depth d, the inverse of the (wavelength dependent) absorption coeient

To improve the model and obtain more reliable results, two eps are required.
The rstis to take into account the actual shape of the pump pise (Gaussian)
and the nite size of the probe pulse, which is Gaussian too. He second is
to consider the role of the nite penetration depth of the punp pulse. This

is done numerically, calculating R=R(! ) through a transfer matrix method,

when a graded index with exponential pro le proportional toexp( z=0d (be-

ing d the pump pulse penetration depth) is assumed.

Gaussian Pro le for pump and probe beams

As far as the probe lateral size is kept smaller than the pump enas always
happens in pump-probe experiments), the common procedura fcalculating
the e ective power density would be correct if the power distbution were

uniform in the beams section (disk). This is not the case, sir the lateral
pulse pro le is Gaussian. Thus, the actual Gaussian powerddiibution (given

by the pump pulse) must be taken into account, together withiie Gaussian
probe pulse pro le. The idea is to calculate which is the e dtve power density
to be considered in the simulations, with respect to the onalculated in the
homogeneous case, in order to be more quantitative.

A Gaussian power distribution for the pump pulse has been tak into account,
which is normalized in such a way the total absorbed mean powe is the same
of the homogeneous case (de ned by the relatidgh= p ( FWHM ?2=4), where
now | omitted the temporal dependence):

4In2r2=FWHM 2,

pln2e
R, R,

(indeed: [ ', rdrpIn2e 4n2*=F = p)
In the same way, a Gaussian distribution for the probe has bedaken into
account, which is normalized to 'one"

41n 2e 4ln2r2=F2

Fa
R, R
(indeed: ; ; rdr4nZe 4n2r*=F5 = q)
The e ective power density in the non-homogeneous case thresults:
YA 2 Z 1 2
2_p2 4|n2 In2r2=F2 Fpu
Pert = pIN2 rdre #N27"=Fa "¢ 4IN2=Fo = pn2__ P
¢ 0 0 F p2u FPZU + szr

If one considers the power distribution ratio with respectd that of the homo-

geneous case, it results:

E 2

Peff =P = In2 ___bu
e P2+ F

which depends on the relative spot sizes of the pump and thegre beams.
This relation indicates that the measured signal (obviouglrelated to the Gaus-
sian case) refers to an e ective power which is always smallinan the one
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calculated in the homogeneous case. This means that in thensiations the
actual power density must be reduced by a factor which is atdst In2 0.69,

in the case of a delta-like probe. If the probe spot size is otierd the pump
one, the factor becomes::9 In2 0.62; if the probe spot size is half the pump
one, the factor results @ In2 0.55. As far as the probe spot size becomes
closer to the pump one, the measured R=R reduces, and the correction with
respect to the homogeneous case is important and important.

Role of the pump-beam nite penetration depth

To get quantitative results in models requiring a precise lawledge of the abso-
lute magnitude of a time-resolved signal, the problem of thaite penetration
depth must be faced. This is the case of the two, three and fotemeprature
models presented so far.

The correction which takes into account this e ect must be ealuated in a nu-
merical way. We employed the transfer matrix method. This ntbod is widely
used in optics to analyze the propagation of electromagnetwaves (here the
probe ones) through a layered medium (in our case, the mediusamade op-
tically inhomogeneous by the e ect of the laser excitation ith a pump pulse
whose penetration depth exponentially decays inside the mesial, and which
induces a modulation in the material refraction index). There ection and
transmission of light from an interface between two media described by the
Fresnel equations, and is governed by the refraction indexvijich will thus
be the natural quantity to consider). When multiple interfeces are present,
multiple re ections occur. Depending on the geometry of thee ection (which
determines the light path length), the re ections can intefere constructively or
destructively (for simplicity we will consider the case of ormal incidence). The
overall re ection and transmission of a layered structuresithe result of a huge
number of re ections, which is in general dicult to calculate. The trans-
fer matrix method was developed to this purpose. According tMaxwell's
equations, there are simple continuity conditions for thelectric elds across
boundaries from one layer to the next. If the eld is known at he beginning
of one layer, the resulting one at the end of the layer can be taimed from
a simple matrix operation. The e ect of a stack of layers canédrepresented
as the product of the individual layer matrices. The nal st of the method
involves converting the elds back to re ection and transmssion coe cients.
We assume the exponentially decaying pump power pro le mothies the (com-
plex) refraction index in a linear way: the pump-induced maication of the
refraction index will thus decay exponentially;too in the diection perpen-
dicular to the sample surface. The fact that 01 dze 79 = d ensures that
the pump-induced modi cation of the refraction index at thesample surface
equals the one calculated in the homogeneous case (in whible excited area
is a cylinder of heightd = 1). This is helpful since one can consider, as
a starting point for the simulation, the transient refraction index values ob-
tained in the homogeneous case. The pump-induced modi cati of n then
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drops to zero in a distance of about® where the equilibrium refraction in-
dex is recovered. We make a simulation in which the sample is@bmposed
in many thin Ims parallel to the sample surface; each is 1 nmhick and is
characterized by a refraction indexn = ng+ nNpeme 279, wherez = m 1
nm, for the m-th layer. The result of the transfer matrix method simulaton is
(probe) wavelength dependent, and it is directly the new vak of the transient
re ectivity, to be compared to the one of the homogeneous aas The graph
below shows the original transient re ectivity, as obtaind in the homogeneous
(non-layered) case, and the one corrected for the nite petration depth, ob-
tained through the simulation described, assuming a pump petration depth
d (we use the valued =166 nm, the Bi2212 penetration depth at the pump
wavelength =790 nm). The simulation result for the case d=in nity (in -
nite penetration depth), which superposes to the homogeneocase result (as
it should be), is also reported. This ensures we implementearrectly the
method.

AR/R

Original AR/R
— Transfer Matrix Simulation, a=0 (d—)
—— Transfer Matrix Simulation, =6-10" cm™ (d=166 nm)

T T T T T T |
4 6 8 10 12 14 16x10°

Wavenumber (cm’1)

Figure 4.9: The result of the transfer matrix method appliedo the time-
resolved optical signal in the energy domain is presented.laBk line is the
original signal. Red line represents the signal correctedrfthe nite pene-
tration depth of the pump beam (166 nm for Bi2212), which crdas in the
material a graded index with exponential pro le. Thick grayline is a test sim-
ulation, performed for an in nite penetration depth of the pump beam, which
does not alter the signal, as it should be.

4.4 Di erential Model for the Dielectric Func-

tion
In this section | introduce a model we developed to interpréhe transient spec-
tra measured with the novel time-resolved spectroscopictae, described in

5. | anticipate that with this novel pump-probe set-up, the @ergy resolution
is added to the conventional temporal resolution of the optal pump-probe
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method. This is achieved by exploiting a broadband probe m#, with a wide
spectral content (1 to 2 eV in particular). With this method, the time-resolved
signal is measured in both the time domain, as a function of ¢hpump-probe
delay , and in the energy domain, as a function of the probe pulse egg ~! .
The spectroscopic information, which is related to the modiation on ultrafast
timescales of the dielectric function, allows to better ctdy the true physical
origin of the observed signals. One important result of thiapproach is that
we will be able to constraint the coe cients ¢ appearing in the expressions
4.6, 4.3.3, 4.10, 4.11, thus limiting the number of free pareeters in the tting
of the 3TM (or 4TM) to experimental data in both time and enery domains.
The coe cients ¢ are instead free tting parameters in the case the 3TM (or
4TM) is tted to data only in the time domain, impeding reliable results for
the electro-boson coupling to be achieved. More details cée found in the
analysis done in 6.

In the following, | will refer to this approach as thedi erential dielectric func-
tion approach. The termdi erential underlines the fact that this model allows
to establish a precise relationship between a time-resaliveptical signal in the
energy domain and a peculiar (pump-induced) modi cation athe equilibrium
dielectric function of the system, originating the signaltself.

An essential requirement for this approach is that the equbrium optical prop-
erties of the material under investigation are completely nderstood. This
problem has been deeply tackled in section 3.7 for the Y-BiZ2lsample,
at various temperatures. In other words, the equilibrium, xperimentally
measured (usually by ellipsometric techniques) complex electric function
(T)= (5 T)+ i (T ) must be satisfactorily reproduced by tting to
it a model composed of a Drude oscillator (in the Extended Dde formal-
ism) and a sum of Lorentz oscillators, representing respaaly the intraband
transitions (low-energy side) and the interband ones (higanergy side). This
model will constitute the static, equilibrium dielectric function ¢q(!; T ), the
starting point of our approach. Usually this model is constitted by a huge
number of parameters (30-40), as it is clear from section 3.7
The nal quantity we measure with the time-resolved spectrscopic setup is
the transient re ectivity = R=R, which includes the frequency information :
R=R(!; ), where is the pump-probe delay. This quantity is de ned as
follows:

Rex(!; ) Reg(!)
Req(!)

whereReq(! ) is the static re ectivity (which does not depend upon , since itis
measured by blocking the pump beam), related ta(! ) through formula 3.3,
and Rex(!; ) is the excited re ectivity (which now depends upon the pump
probe delay ), which analogously will be related to a new, non-equilibum
dielectric function, which we call excited dielectric funton, indicated with
ex(!; ). This dielectric function will describe the e ect on the maerial elec-

R=R(!; )= (4.12)
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tronic structure, induced by the pump beam. In principle, tls dielectric func-
tion will be as similar as possible to the static one: our appach is to vary
the smallest subset of parameters necessary to catch thersient re ectivity
spectrum at delay , with the great majority of the parameters being unvar-
ied. The number of oscillators is never modi ed. Only slighperturbations of
the parameters are considered throughout this work (as we wan a very low
excitation level regime).

The pump excitation e ect on the equilibrium dielectric furction, resulting
in a non-equilibrium dielectric function, can be of di eret nature. It can be
mainly thermal, which means the transient spectrum can be peoduced by
varying only the temperatures comparing in the Extended Drde formalism
(see section 3.7), or can be of dierent kind (though a smalldating of the
system is obviously always present, which is given by the egg deposited in
the system by the pump pulse). If we consider other e ects r&tied to the low-
energy side of the dielectric function, the pump pulse canrfexample modify
the shape of the glue function in the Extended Drude model, aran modify
the Gap in the density of states. While if we consider the highnergy part
of the dielectric function, a pump-induced modi cation of he Lorentz oscil-
lator parameters can take place. A plasma frequency modi tian for some
oscillators indicates a spectral weight shift, while a modiation in the central
frequencies or widths of some oscillators, indicates a madition of the band
structure.

It has to be emphasized that even the variations of the dielex function low-
energy side parameters can induce a change in th&=R at much higher ener-
gies, typically around the plasma frequency, which is aboudteV for Y-Bi2212.
On the contrary, the modi cation of the interband oscillatas parameters typ-
ically produces changes in the R=R which are con ned around the central
frequency of the involved oscillator. Below, a few exampl@sporting on the
e ect on the optical properties of an impulsive thermal heang of the system,
triggered by the absorption of the pump pulse energy, are wented and com-
mented. | will present at rst some exaggerated examples, fooint out which
is the actual e ect even in the static dielectric function. Then, | will show
which is the e ect on the R=R(!) of a pump-induced only-thermal modi -
cation of the dielectric function, in various conditions fothe coupling of the
electrons with the di erent bosonic degrees of freedom of éhsystem. These
guantitative simulations are performed for an Y-Bi2212 sanip at T=100 K.

It is by the di erential-dielectric-function method here presented, with the
help of the spectroscopic information, that we have been @&bto understand
the microscopic origin of the observed signals, for the noat pseudogap, and
superconducting phases of the Bi2212 family of high tempéuege superconduc-
tors. These information will be presented in detail, respéeely, in chapters 6,
7, 8.
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1 — T=300 K, y,p=200 cm”"
. T=500 K, y;;=200 cm’’
4 —— T=300 K, ,p=1200 cm”
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Figure 4.10: Here | report the e ect on the static re ectivity of an heating of
the system from T=300 K to T=500 K, being T the temperature apgearing
in the extended Drude model. The e ect of the heating can be peoduced
by simply increasing, for the lowest temperature situationthe damping term

imp - 1 his means the heating implies a reduction of the convential scattering
time = %,. From this simulation, we also argue that the heating e ect
is not frequency-dependent, sincey,, is constant.

0.15 — .
- AR/R for a heating
0.10 - from T=300 K to T=500 K
: in equilibrium conditions
0.05 —
14
e 0.00 —
<
-0.05
-0.10 4
015 | T | | T |
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Figure 4.11: Here | report the simulated transient re ectiviy variation, R=R,
arising from the heating of the system from T=300 K to T=500 K n equilib-
rium conditions.
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— ©,=18800 cm "', Glue, T=300 K

— ©,=20500 cm”, Glue, T=300 K
0,=18800 cm'1, Reduced Glue, T=300 K
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Figure 4.12: Here | report the e ect on the static re ectivity arising from
a modi cation of the Drude plasma frequency of the system,,, and by a
reduction of the electron-boson coupling, expressed by t@ue Function ().
This e ect cannot be reproduced in an intuitive way. A cooliig of the system
is not enough to account for a reduced electron-boson coungjistrenght.
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Figure 4.13: Simulation of the R=R(! ) induced in Y-Bi2212 at T=100 K by
a purely heating e ect. Te, Tye, Ty, T) are respectively the electrons, electronic
bosons, strongly coupled phonons and weakly coupled phoedemperatures.
The temperature increments T, are calculated through the 4TM (see section
4.3.3 for further details), for di erent scenarios: non-tlermal scenario, in which
the electrons are decoupled from all the bosonic degreesreetiom (red line);
guasi-thermal scenario, in which electrons are strongly wpled only with a
subset of the bosonic degrees of freedom (blue line); quémarmal scenario,
in which electrons and all bosons are thermalized at the samséevated tem-
perature with respect to the thermal bath one (green line). ie R=R(!) is
calculated with the di erential dielectric function approach and the Extended
Drude model presented in 3.5.2. The aim of this picture is tongophasize how
di erent physical scenarios lead to a completely di erent gectral response
R=R(!).
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Chapter

Time-Resolved Spectroscopy

5.1 Introduction

The novel results presented in this thesis work have been neagossible by a
novel experimental technique, the time-resolved opticalpsctroscopy. This
technique constitutes the natural extension of the conveianal (one-color)
time-resolved ultrafast pump probe technique, in which thepectral (energy)
resolution is added to the intrinsic temporal resolution ofhe technique ( 100
fs). In this way, an e ective spectroscopy with temporal reglution is achieved.
This chapter, after a brief introduction to the time-resohed methods, describes
in detail the techniques developed in this work to obtain thespectral resolu-
tion. | can anticipate that | ful lled this task in two comple mentary ways:
exploiting a white-light supercontinuum pulse to cover thevisible region of
the electromagnetic spectrum (1.2-2.2 eV, i.e., 1050-550 nie., 9500-18000
cm 1), and a tunable infrared pulse (obtained through an opticaparametric
ampli er, OPA), to cover the infrared part of the spectrum (05-1.1 eV, i.e.,
2450-1100 nm, i.e., 4000-9000 ch).

5.2 Motivations

The pump-probe approach is today declined in a wide eld of me-resolved
measurements, well beyond time-resolved optics. In the ppaprobe frame-
work, two synchronized pulses are employed. One is the sdl@@ pump beam,
exciting in a non-equilibrium condition the sample, while he other is the so-
called probe beam, used to measure, as a function of the timelay with
respect to the former, the e ect produced by the excitation @ one quantity
of interest. The rst time-resolved experiments, made pogse by the advent
of pulsed laser sources, were in the eld of optics. In thesd-aptical pump-
probe experiments, both the pump and the probe beams are wshort ( 100
fs) laser pulses, typically in the near-IR region. They areugsi-monochromatic,
in the sense that their bandwidth is typically the minimum required by the
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indeterminacy principle for the pulse to be ultrashort ( 10 nm for a 100
fs, 800 nm pulse). With all-optical pump-probe measuremesit the probed
guantities are the optical properties of the sample, namelyhe re ectivity R
or the transmissivity T. On the contrary to the pump beam, which is often
the fundamental of the laser source, soon became clear howi&rént probe
could provide new advances. Considering an all-optical pymprobe, the tun-
ability of the optical probe is possible since long time. Uslilg it is achieved
thanks to light-conversion devices, known as Optical Paragtric Ampli ers
(OPA, see section 5.6). In this way, the spectral range that ocabe probed is
considerably widened (the 200-20000m range can be explored). However, the
non-equilibrium optical properties can be probed singullt one-wavelength at
a time. Moreover, such light conversion devices work only sombination with
high-power laser sources, which are not well suited to pemfo experiments on
fragile materials. However, more recently it was demonstradl that the probe
can be tuned in the far-IR or THz (1 THz 4.1 meV) spectral range with
conventional, low power sources. This opened the accesshe probing of the
non-equilibrium optical properties in the infrared spectl range. As an ex-
ample of application of these techniques to probe the non+glibrium optical
properties of cuprate superconductors, | may cite, respéatly for mid-IR and
THz: [101, 100, 102, 20, 19] and [12, 99]. The study of the euan of the op-
tical properties, simultaneously in a wide range of energigis a possibility that
only very recently is encountering an increasing interesfrhis is made possi-
ble thanks to the so-called supercontinuum pulses, i.e.,ryeébroadband, white
light pulses, which energy content can exceed 1 eV. Joiningetlspectral res-
olution to the time-resolved approach considerably helps ithe interpretation
of the observed non-equilibrium dynamics. Applications ofhis technique to
strongly correlated electronic materials have been recénteported [82, 169].
The problem is that in general such pulses require high-powsources (see
section 5.6) to be generated, and are again not well suited itovestigate from
the non-equilibrium point of view materials which ground site can be easily
altered, quenched or vaporized by an excitation.

Only recently it has become possible to generate supercantum pulses by us-
ing low-energy laser sources, thanks to the use of PhotonicyStal Fibers (see
section 5.7 for further details). In this thesis, | developka set-up exploiting
this new possibility. The important result has been that a neel pump-probe
system allowing to measure simultaneously the temporal dution of the time-

resolved optical signal in a wide range of energies has beavealoped. This
setup, on the contrary to the ones based on high-power las@usces, is char-
acterized by an enhanced sensibility, and allows to probedmon-equilibrium
optical response of a material which is only slightly brouglout of its equilib-

rium condition. This ensures the ground state of the systens inot strongly
perturbed, with the measured optical response accountingrfthe typical exci-

tations of the ground state itself. This setup constituteshe perfect match for
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materials which ground state is a phase which free energy prlightly di ers
from the one of the other allowed phases. This is the case opsuconductors or
materials exhibiting charge density wave or spin density wa ordering. These
phases are vaporized for extremely low values of pump uenfi58].

In particular, the spectral resolution combined with the tenporal one allows
to understand the physical origin, i.e., on the microscopilevel, which origi-
nated the non-equilibrium optical signal. This is often preluded to conven-
tional time-resolved measurements, probing the time-rdsed optical signal
at a xed wavelength. This can be understood by the observain that the
spectral resolution allows to interpret the non-equilibim optical signal by
di erential models applied to the sample dielectric functon. By doing so, be-
ing the dielectric function related to the electronic struture and the allowed
optical transitions of the material, a close correspondeaacan be established
between a non-equilibrium signal in the energy domain and erexcitation-
induced e ect on the material electronic structure.

It is for this reason that we call this novel experimental teanique the time-
resolved spectroscopy. It is a spectroscopy, since the dpacresolution has
been achieved. It is non-equilibrium, with the peculiaritythat the weakly-
excited states can be probed, providing information preadiied to static spec-
troscopy, that only the joined spectral and temporal resotions can provide.
The access to the dynamics, from which the e ects related tché thermal
heating can be disentangled from the purely electronic onemnd the fact that
the ground state of the system is not sensibly a ected, makehits technique
the ideal tool to probe the strongly correlated electronic aterials, in which an
interplay of di erent phenomena dominate the non-equilibium optical signal.

For completeness, | must remember that in the last few yearke pump-probe
approach has been successfully applied also to non-alliopt techniques. Time
resolved photoemission and time-resolved electron di raon are widespread-
ing techniques. The former technique allows to measure themporal evolution
of the electronic structure, while the latter allows to stug the temporal evo-
lution of the crystal structure, after the sample is broughtout-of-equilibrium
by the absorption of a pump pulse. In both situations, the pum pulse excit-
ing the sample is an optical, laser pulse, while the probe el is respectively
a high-energy photon &6 eV) photoemitting electrons or an electron bunch
which di raction pattern from the sample is recorded. Examjes of application
of these techniques on cuprates are respectively: [145, 44l [27].

5.3 Time-resolved basics: background, sources,
useful de nitions and beam diagnostic

It is a long time that time-resolved optical measurements arbeing carried
on on solid state systems. The rst examples of such kind of mgurements,
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that allowed to study the transient, non equilibrium (optical) properties of
solid state systems on very short timescales (ps and fs), atated 1980 1990
[165, 63, 64, 163, 25, 24, 87].

The key-element for this kind of study is an ultrafast laserystem capable of
producing a train of ultrashort pulses, with a temporal duréion of 100-1000
fs. Other important parameters of the laser light pulses artheir photon en-
ergy (or wavelength) and the number of pulses per unit of tim@his quantity
is known asrepetition rate of the source, measured in Hz). For Ti:Sapphire
sources, that is, the most common laser systems today avaik for research
purposes, the pulse photon energy equals 1.55 eV (i.e. 800, 1500 cm?);
this is called the fundamental of the laser. Ti:Sapphire,@a., Ti doped ALOs3,
is the active medium inserted in the laser cavity.

The majority of time-resolved measurements published up toow, are per-
formed by using the fundamental energy (or its harmonics: " - 3.14 eV
(400 nm); 39 - 451 eV (266 nm), # - 6.28 eV (200 nm)) to measure the
transient optical properties. This is what we call conventinal (or one-color)
pump-probe measurements. This approach, although capaldérevealing the
non-equilibrium dynamics of a system on a timescale (1 ps) not accessible
to other non-optical techniques, has an important limit: tle dynamics can
be measured at a single and xed energy. This prevents, in niastuations,
the understanding of the microscopic origin of the (di eretial) time-resolved
optical signal. To achieve this ambitious goal, the range @nergies for which
the non-equilibrium dynamics of a system is measured, muse lvidened. This
opens the way to the knowledge of the non-equilibrium dielgic function of
a system, from which a great amount of information can be, inegeral, ex-
tracted. The realization of this target will be described indetail in the next
sections of this chapter.

Laser sources classi cation

The average power at the output of a standard laser system i$ the order
of some (1-4) Watts. Depending on the repetition rate of theosirce, three
classes of lasers can be distinguished today. The key paréenas the energy
per pulse, measured in J.

The so-called oscillators produce train of pulses at 80-100Hz: this
results in an energy per pulse of the order 5-50 nJ/pulse. Thisource
can be coupled to an acousto-optic device to control the rei®n rate
of the source, from some MHz to single-pulse. This device idled pulse-
picker (if it is placed outside the cavity) or cavity-dumper(if it is placed
inside the cavity, resulting in a minor amount of losses). Bb these
devices are useful in reducing the average thermal heatinfytbe sample
under study. This is mandatory in the eld of low-temperature physics.

The regenerative-class of laser systems have repetitionerdunable from
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10 to 300 KHz, and produce pulses with a typical energy of abo&t J.

Finally, the ampli ed laser systems, with repetititon rate around 1 kHz
(10 Hz to 5 kHz operation is often achievable), produce pulseghvenergy
per pulse in the mJ (1-10) range.

Thus, the three classes of sources di er in the level of the engy-per-pulse: nJ,

J, mJ. Since we deal with solid state materials which groundage phase can
be easily vaporized by laser excitation [168, 81], we empdalyboth a cavity-
dumped oscillator and a regenerative system (which enablestake advantage
of many non-linear optics phenomena, as we will see). Fig.15ketches the
proper pulse parameters to perform a pump-probe experimeon a solid state
system, for the three classes of laser sources. Advantaged drawbacks for
each source are pointed out.

Typical temporal structure of a pulsed laser output

Oscillator, 80 MHz - s — Regenerative, 250 kHz R Amplified, 1 kHz

S}

Bop b
Erergy-per-pulse ()

Average power required to attain a fluence of 50 pl/cm?
i.e., 1 nJ/pulse for a 50 um FWHM spot

80 mw 250 W 1pw

Average heating problems Optimal conditions Probe too weak

Figure 5.1: This scheme summarizes the main parameters afda pulses pro-
duced by di erent laser sources. Assuming a spot size of 5t and a uence of
the order of 50 J/cm? (see [168] for the reason), it turns out that the optimal
laser system is the one with a repetition rate in the range (2L MHz. An

oscillator would heat the sample too much, while with an amed system the

problem stands in the fact that the probe pulse - which must b&ess intense
than the pump pulse, would be too weak to be detected.

Optical Pump-Probe

Conceptually, the time resolved approach, which in the opts eld is realized
through the so-called pump-probe technique, is simple. Theain of pulses
produced by the laser source is divided in two arms by a beantitier (a par-
tially re ective mirror). The more intense one (usually fran 70% to 90% of
the total power) is used to excite the sample, and is called pyp beam, while
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the less intense one (10% to 30% of the total power) is empldy® measure
the pump-induced change in the optical properties of the sate, and is called
probe beam.

By optical properties | mean the re ectivity R of the sample,or its transmis-
sivity T (if the sample is transparent to the actual probe waelength), or both.
Thus, the probe beam re ected or transmitted from the sampleis collected
with a sensing element (usually a photodiode) and the genéed electric sig-
nal is acquired and digitized. On the contrary, the pump beans dumped.
In the time-resolved approach, the relative change (transnt) in the optical
properties is measured. This means that the measured qudnptis the rela-
tive variation induced by the pump. In a typical time-resohed experiment,
the measured quantity is the di erence between the re ectity Rpumped Of the
excited (pumped) system and the re ectivityR,npumpea Of the equilibrium (un-
pumped) system, divided by the equilibrium re ectivity, that is:

?R(!; ) = Rpumped(I!Q;unpimpjz!np)umped(! ) (5.1)

Is the actual delay between the pump and probe beams; expiiess5.1, in
principle, also depends ot , the frequency of the probe photon energy! .
The R=R(!; ) is usually very small with respect to the valueRpympes and
Runpumped - IN practice, R is the re ected light intensity from the samge, and
not the true re ectivity. However, since, as it is always the ase, the incident
intensity 1o on the sample is unchanged, R has the same meaning of the ac-
tual re ectivity, in the  R=R expression. The same argument holds for the
transmissivity T. Both the quantiies R=R and T=T have the advantage of
being universal, i.e., independent (as far as one works iniadar regime) from
the incident probe intensityl,. Usually, R=R ranges from 102 to 10 6. This
means that the detection system, described subsequentlyust be very accu-
rate. It must have a dynamic range able to reveal signal vatians as small
as one part over one million, ie, 1 V, if the total ligth intensity produces a
signal R 1V on the detector. The detection system must be characteed by
a signal-to-noise ratio (S/N) higher than the 1/( R=R) induced by the pump
pulse.

Pump-probe delay,

In expression 5.1, is the time delay between the arrival of the pump and
probe pulses on the sample. It is of the order of tens of fs, grilone wants
to exploit the full temporal resolution of the system, it is & the same order of
the pulse duration. The time resolution, as small as the laspulse duration,
comes from the fact that the ultrashort probe laser pulses swle the re ectiv-
ity or the transmissivity of the sample, 'integrating' it on a time window equal
to that of the pulse duration.

The delay is varied, to study the dynamics of the system, simply chanmug
the relative length of the optical path of the pump and the prbe arms. This
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is achieved with a mechanical delay stage or with a coil, on wh a couple
of mirrors (to re ect the beam) are mounted. One m of displacement intro-
duces a delay equal to 6.66 fs between the pump and probe bedinsn 3.33
fs/ m 2, where the 2 comes from the doubling of the path upon re ecin).

Time-resolved optical trace

To measure a pump-probe trace (a plot of the R=R or T=T for a number
of pump-probe delays ), two types of approach are possible.

The rst consists in acquiring the R=R signal point-by-point, modifying the
relative delay and subsequently acquiring the signal, fortane long enough to
obtain the desired noise level in the measurement (usually,s signal average
per point is enough to obtain a S/N of the order 19 fora 1 MHz repetition
rate source).

The second approach consists in scanning quickly the delagtlyeen pump and
probe, and acquiring continuously and synchronously the R=R signal. The
temporal windows of the acquisition should be kept as smals @ossible not to
lower the temporal resolution, thus, to lower the noise in # measurements,
many scans are needed, which must then be averaged. Usual@-1.000 scans
are enough to obtain a S/N of the order 19 for a 1 MHz repetition rate
source. This method (called 'fast scan') requires a fast (drwith the lowest
possible inertia) delay stage. This approach constitutes @ear advantage be-
cause, since every scan is completed on a time of the order of,lit helps
suppressing the disturbing e ects related to the laser soce uctuations and
the e ects of the sample degradation (when the sample is pledt inside a cryo-
stat, for example). The drawback is that the delay stages digsed for this
task have a short travel range, and the amount of data to acqwi is huge, thus
this approach is limited to small ranges of delay (of the ordeof 10-50 ps). If
one needs to explore a wider range of delays (this depends be tlynamics
one wants to analyze), the point-to-point approach is the dy one that can be
exploited. The speed (in mm/s, or ps/s, if one converts the dgplacement in
delay) of the delay stageyvp, and the acquisition time windowty, of the ac-
quisition system set the temporal resolution of the measureents according to
the following formula: Resolution(ps)=vp (ps/s) tw(s). This quantity is often
larger than the limit resolution given by the pulse duration in the case of fs
laser; what it is important is that this quantity must be smaller than the dy-
namics one wants to measure. Some numbers are helpfulvgE=10 ps/s 1.5
mm/s for the delay stage, and the acquisition time window, is setto 1 ms,
the maximum achievable temporal resolution is 10 fs. If a 10sgpump-probe
scan is required, each scan would take 2 s 12, since the delay stage must go
back and forth).

Direct digitization of the signal vs Lock-in acquisition
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The acquisition of the signal must be done taking in mind thavery often,
extremely small variations in the signal (less than oneV) must be detected.
The direct digitalization of the photodiode electric signhis thus a poor idea
in the great majority of the experiments. This would requirevery high reso-
lution digitizers (> 16 bit: over a 1 V full-scale, 16 bit means 15 V, which
is too much in many cases), which are rare and expensive. Tlagproach is
also very sensitive to the various sources of electrical sei Anyway, to obtain
a di erential signal, the procedure is to acquire the re eatd signal R with
(‘pumped’) and without (‘unpumped’) the pump beam, and perbrming the
di erence with the correct parity (which must be sensed in soe way). The
most common way to modulate the pump status is to make use of a-salled
optical chopper, a device constituted by a disk with a mask aegular holes
(designed in such a way to achieve a 50% duty cycle for the mdahion), which
is put in rotation by a high speed motor. The laser beam is thushopped by
the disk at a frequency ranging from 1 Hzto 100 kHz (with a proper choice
of the disk mesh).

The Lock-In ampli er solves the resolution problems comindgrom a direct
digitization of the signal. By using a complex algorithm basd on Fourier
transforms, multiplications and lItering of the signal, caried on by a fast DSP
(digital signal processor), this device can extract, fromrmelectric signal of
high intensity, only a component which has a frequency equ#d that fed in
by an external reference. If one modulates the pump beam with chopper
(whose frequency reference is brought to the lock-in), andhé pumping has
an e ect on the optical properties of the system, detected wi a photodiode,
connected to the lock-in input, the lock-in output will be oity - and directly
- the pump induced variation of the optical properties, R. To obtain the
guantity R=R, the static signalR must be sampled in some way. This is a
minor problem, sinceR is of the order of 1 V. The advantage of this approach
is that all sources of noise (with frequency di erent from tle chopper one)
are intrinsically suppressed. n general, the higher the opper frequencyf ,
the lower the noise level 1= f, for the noise related to the acquisition sys-
tem. In the case of lock-in acquisition, the acquisition tira windowty,, de ned
about the fast scan method equals the lock-in integrationme. The chopper
frequency must be higher (10 times or more) thaty,'.

Temporal and Spatial superposition

To perform a pump-probe experiment, the temporal and spatiaoincidence
conditions, for the pump and probe beams on the sample, muse fachieved.

The condition for which pump and probe impinges simultanealy on the sam-
ple is called temporal coincidence. This means that the pungnd probe arms
have the same optical length, and thus this particular delay is de ned o =0.

Often, but not always, at this particular delay one observethe maximum vari-
ation of the optical properties.
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5.3. Time-resolved basics: background, sources, usefuitidas and beam
diagnostic

For what concern the spatial coincidence condition, the maxum of the time-
resolved optical signal is achieved when the probe beam isetty at the center
of the (pump) excited area. To make the measure more reliablesually the
pump spot on the sample is kept larger than the probe spot, antlis is ob-
tained by focusing the pump beam on the sample with a lens wifbcal length
bigger than the focal length of the lens on the probe beam. Thensures that
the probe probes an area which is uniformly excited. The spat superposition
of the beams on the sample is checked with a CCD camera, equedpwith an
objective collecting the light scattered by the sample.

To avoid interference e ects on the sample, usually the pumand probe beam
polarizations are kept orthogonal. This helps also to premethat the pump

light scattered by the sample reaches the detector, simplyigeing a polarizer
in front of it. Another solution to improve the measurements gality is to

place the delay stage on the pump path: the fact that the pumpp®t is bigger,
and that the pump should not be collected, drastically redwes the e ect of
misalignments, that would produce non-physical variatiosin the signal.

5.3.1 Beam Parameters

Key parameters that must be known in order to correctly set u@m measure-
ment and interpret the acquired data are the spot size and theulse duration,
for both the pump and the probe beams, on the sample. Typicglllaser pulses
are Gaussian both in space and in time. They remain Gaussiap to the sam-
ple, if they are properly propagated.

Spot lateral size

Two methods can be employed to measure the spot size. The rsbnsists
simply in measuring the intensity pro le of the beam itselfwhen impinging on
a scattering material placed at the sample position. This &k is achieved by
imaging the spot on a CCD (Charge-Coupled-Device) camerao have a good
resolution, since typical spot sizes are of the order of 20-5m and the CCD
pixel size is of the order of 5 m, a magnifying objective is often used. Then,
a Gaussian pro le is tted to the image, along various diredbns, to extract
the beam size.

The second method is called 'the knife-edge'. The positiof @ knife, mounted
on a precision translation stage, is scanned perpendicudiathrough the beam,
in the same position where the sample would be. By means of eppddiode, the
total transmitted intensity is acquired, as a function of tre knife position. This
intensity equals the integral along one axis (de ned by theicection of move-
ment of the knife) of the product of the Gaussian pulse inteitg, multiplied
by a step function expressing the knife position. The integl of a Gaussian
function can thus be tted to the acquired trace, to extract the actual spot
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5. Time-Resolved Spectroscopy

size. In this work, the spot lateral size equals the spot FWHMHull-Width-
at-Half-Maximum).

Pulse temporal width

The temporal duration of ultrashort laser pulses can be mea®d by acquiring
their sum frequency intensity [93], generated in a non line&@rystal (usually
BBO, beta-barium borate) placed at the sample position, as fnction of the
pump-probe delay . Sum frequency generation (SFG) is a non-linear process
involving the energy mixing of two photons [93]. If pulses arGaussian in
time, their sum frequency signal is Gaussian too. Mathemaally, the SFG
processds expressed as a convolution of the intensitleét) of the two pulses:
C()= Il I oump (D) probe(t ) dt, being C( ) the sum-frequency signal.

If the pump and probe optical paths are dierent, i.e., conten a di erent
number of dispersing optical devices, only the pulses cressrelation can be
determined. The pump-probe cross-correlation sets the lemdimit for the tem-
poral resolution the system can provide. If the two optical @ths are similar,
the measure can be approximated to an auto-correlation. Agsing that the
pulses are Gaussian, their individual durat'tgg is given byheir autocorrelation
divided by a deconvolution factor, equal to 2 for Gaussian pulses [84].

The cross- (or auto-) correlation sum-frequency signal \&rs the pump-probe
delay contains the information of the pulse duration. In practiceto extract
this information, a Gaussian function is tted to the sum-frequency signal.
In this work, the pump-probe cross-correlation is expresses the temporal
FWHM (Full-Width-at-Half-Maximum) of the correlation signal.

Fluence
The pump uence is de ned as the energy per pulse divided by ¢harea illu-
minated by the pump beam spot. It is usually expressed inJ/cm?. The spot
area is calculated from the pump spot lateral FWHM, which is aafully deter-
mined with the methods described above. Indicating the pumpence is the
most common way to express the pump excitation intensity ohe system. The
probe beam uence should be always kept orders of magnitudeeaker than
the pump one, to avoid further perturbations of the system. ¥pical values
for the pump uence employed in this work are comprised in theange 1-100
Jicm?. Working at the lowest uence values requires some level chre. As
we will se, some interesting physics is learnt just at thisdiv) level of excitation
( 10 J/icm?), since HTSC are very susceptible to an external perturbatig
particularly when they are in the superconducting phase.

Up to now, a general overview on the time-resolved approachshaeen pro-
vided. Anyway, the details of the various optical setups empyed are described
in the subsequent sections of this same chapter. For what @amns one-color
measurements, a basic experimental system requires no mosenponents than
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5.4. The one-color pump-probe technique

those already described. The setup we used is sketched irtisecs.4. Sections
5.6 and 5.7 are devoted to the newly developed spectroscogpetups.

5.4 The one-color pump-probe technique

The laser source used for the one-color time resolved expegits is a cavity-
dumped Ti:Sapphire oscillator, producing 1.55 eV, 120 fs kspulses. This
source is pumped by a solid state diode-pumped Nd:Y\V\pump system, the
Coherent Verdi V-10 (whose output is limited to 4 W). The main éature of
this laser is the cavity dumper device, that allows to contimously tune the
repetition rate of the source from about 2 MHz down to single sty choos-
ing an integer submultiple of the laser cavity repetition rge, equal to 54.3
MHz. This device is fundamental when one needs to reduce theeet of the
average heating of the sample under test. This is a key regasmnent in many
experimental conditions. The setup employed is schemattzen Fig. 5.1. The
description and aim of the various optical components is repted in the gure

caption. The acquisition method is based on lock-in deteot coupled to a
fast scan of the pump-probe delay.

Frictionless magnetic delay stage
E Vel . Photodiode

Verdi V-10

Sample
Sample Holder
Cryostat

Cavity-Dumped
Ti:Sapphire Oscillator
120fs, 1.55 eV pulses
0-2 MHz rep. rate

&d\elecmccoatedm\rror .\ens [I lambda/half waveplate D polarizer

Figure 5.2: The scheme of the one-color pump-probe setup dise reported.

Pump and probe beams are generated thanks to a 90%T-10%R beaiitter.

To focus the pump and probe beams on the sample, we employ resjpvely

20 cm and 10 cm focal lenght lenses, resulting in a spot size of0 m and
20 m. This ensures we probe an uniformly excited area.

Important requirements common to all the optical schemes arthe manipula-
tion of the polarization state of the laser pulses and theirteenuation. Having
in mind that the polarization state of the laser output is lirear and horizon-
tal, one can rotate this linear polarization by means of a labda/half ( =2)
waveplate (the angle of rotation of the linear state, , is equal to 2, being

the angle of the plate axis with respect to the horizontal), oa circular polar-
ization state can be achieved by means of a lambda/quarter=(4) waveplate
(whose axis is oriented at an angle = 45 with respect to the horizontal
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5. Time-Resolved Spectroscopy

line). In our setups, for both the pump and the probe beams, wamploy lin-

early polarized elds. The possibility to rotate the relatve polarizations of the
pump and the probe beams is important since it allows to inveégate possible
anisotropies in the optical response or in the excitation pcess. To attenuate
a (linearly polarized) laser beam, a lambda/half waveplatelus a polarizer is
used. The output polarization is linear, and parallel to thepolarizer axis. The
output intensity, if the input polarization and the polarizer axis are horizontal,
and theta is the same as before, id: = Ig(cog( ) sin?( ))?, being |, the

incident intensity. The optical components are often desiged to work at a

single wavelength, but broadband components (which work i@ wide range of
wavlenghts) also exist.

5.5 Toward the time resolved spectroscopy

So far, | described the pump and probe approach for conventia one-colour
(probe) measurements, with the details of the optical layduwe employed for
this kind of measurements (Fig. 5.1), and | de ned some commamportant
concepts which are universal in the eld of time-resolved dips. As | anticipate,
the novelty of this thesis is to extend this approach to a comguration in which
the probe is no more a monochromatic pulse, but rather a brohdnd pulse
which contains a continuum of wavelengths (supercontinuumor it is a quasi-
monochromatic pulse which can be continuously tuned acrosswide range
of energies. This allowed us to achieve time-resolved spestopy, i.e., to
combine the temporal resolution with the spectral one. Theirhe-resolved
signal of expression 5.1 is indeed wavelength dependentdéhis additional
information opens the way to a new physics, adding a 'dimewsi’ (the energy
resolution) in our measurements. This new dimension nallyallowed us to
assign a clear physical origin to the measured transient sgs, as reported in
Chapters 6, 7, 8.

The two di erent approaches we followed are described in thichapter, starting
from the tunable probe con guration, which is a straightfoward evolution of
the single-color setup. Finally, a comment about the excitn (pump beam)
role. In the work reported here, the pump photon-energy is &d, and equal
to 1.55 eV (i.e., 800 nm). A systematic study of the e ects ofhte excitation
photon-energy tuning on the transient optical propertiess beyond the scope
of this work. However, we checked that the results were indepdent on the
pump photon energy, repeating the most meaningful measurems with a
SHG pumping. Despite this, a systematic study of the excitatn mechanism
could reveal some interesting features.
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5.6. Tunable-Probe Pump-Probe Setup

5.6 Tunable-Probe Pump-Probe Setup

The pump-probe setup described in this section was desigrtedoerform time-
resolved measurements with a probe energy in the near infear region of the
electromagnetic spectrum. In particular, the probe energyan be continuously
tuned in the range 1100-2450 nm (i.e., 1.1-0.5 eV, 9000-4060 &). The pump
is kept xed at the fundamental energy value of 1.55 eV.

While the details of the optical setup are similar to those deribed in Fig.
5.1, what it is di erent is the laser source. The conversionf@ 1.55 eV beam
into a (tunable) infrared beam requires to exploit a non liner phenomenon,
called parametric ampli cation. The device which allows tado this is called
optical parametric ampli er, also known as OPA. These non liear phenomena
requires energy per pulse of the order ofd/pulse, thus a regenerative laser
source must be employed.

Our laser source is the Coherent RegA 9050 system, a Ti:SappHaser system
pumped by a Verdi V-18 solid state laser (producing 18W of moobromatic
CW (continuous wave) radiation at 532 nm). The nal laser ouput consists
of a train of 1.55 eV, 50 fs laser pulses. The repetition rate ttis source
can be continuously tuned from 10 to 300 kHz. At a 250 kHz repeitin rate,
the one we used, the output power is about 1.5 W. This gives amexgy per
pulse of about 6 J. Very briey, the scheme of this complex laser system is
as follows: the 532 nm output (18 W) of the Verdi diode-pumpedlid:YVO,
pump system is splitted in two parts: 6 W are brought to a Ti:Sapphire
optical oscillator (Mira Seed), while the remaining 12 W are borught to the
regenerative cavity (RegA). The oscillator produces a traimf <100 fs, 1.55
eV pulses, with a xed repetition rate of 80 MHz. These pulsesrafed in a
stretcher, a device based on di raction gratings which aimsito increase the
temporal duration of the laser pulses. These pulses are theed pulses to be
ampli ed by the regenerative cavity, in which they are fed imafter having been
temporally-stretched. In the regenerative multi-pass caty the ampli cation
process takes place. This process happens because the selsdppass through
a Ti:Sapphire active medium for a proper number of times (2®t30), until the
desired energy has been reached for the pulse. The injectmfrthe seed pulse
in the cavity and the ejection of the ampli ed pulse are both btained with
an acousto-optic device (a cavity dumper). This device is a@, cell, whose
index of refraction is modulated by a strain wave induced by piezoelectric el-
ement, driven by a proper radiofrequency, in such a way thahte beam passing
through the cell is di racted when the radiofrequency is apjed. A complex
electronics synchronizes the timing of the injection withite 80 MHz pulse train
of Mira Seed, and manage the injection and ejection phasestbé radiofre-
guency for the acousto-optic device. The seed pulses and #rapli ed pulses,
which propagate collinearly, are separated thanks to a fastay rotator coupled
to a polarizer. The ampli ed pulse is then recompressed with grating-based
compressor. The seed pulse must be stretched before the arogtion, other-
wise the peak intensity would be too high for a good ampli cabn process to
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5. Time-Resolved Spectroscopy

occur. Obviously, not all the seed pulses are ampli ed: the @A repetition
rate is a sub-multiple of the seed laser repetition rate; thactual seed pulse to
be ampli ed is picked by the cavity dumper, the others are dumed.

The 70% of the laser system output is fed to the OPA, for wavelgth con-
version. The resulting energy per pulse is of the order of 4 .Llhe remaining
30% is employed for the pump in pump-probe experiments. Thep@cal Para-
metric Ampli er is the Coherent OPA 9850. Its output consistsin two beams,
called signal and idler, whose energy can be continuouslyrieal in a speci ed
range. The infrared (1100-1600 nm) part of a white-light sigrcontinuum,
generated focusing 25% of the total power in a Sapphire plates ampli ed
in phase-matching conditions in a Type Il BBO nonlinear cryal, exploiting
a two-pass cavity design. The pump beam used for the ampli tan process
is the remaining 75% of the total power entering the OPA. Two g@®cts are
worth to be described in more detail: the supercontinuum genation and the
ampli cation process itself. The supercontinuum generatn is achieved in a 2
mm thick Sapphire plate, on which is focused (with a short fat lenght (30
mm) lens) an energy of about 1 J/pulse. In this way, a stable supercontinuum
can be obtained. The generation threshold in Sapphire is altc600 nJ/pulse.
Over this threshold, a self-focusing e ect, related to the Krr e ect, occurs,
and the intensity-dependent index of refraction of the matél, being the in-
coming pulse spatially Gaussian, behaves like a lens for tphelse itself. Thus,
extremely high pulse intensity develops, and various nomear phenomena co-
operate to broaden the spectral content of the seed pulse. @&most important
non linear phenomena is the self phase modulation. The ampétion process
takes place in a 1 mm thick BBO non linear crystal. This procasin called
parametric ampli cation, and involves three beams (photos). In this process,
the energy and momentum conservation relations, for the the photons, are
satis ed simultaneously. These three beams / photons are:hé¢ seed beam,
the one which will be ampli ed, and which comes from the supeontinuum:
this will be the signal, s; the pump beam, which will be depleted after the
ampli cation, indicated with p, and the idler, i, which is generated to match
the energy and momentum conservation relationd.; and k; are respectively
the angular frequencies and momenta of the three beams. Theeegy and
momentum conservation relations write:

1 p S
o= 1+ 1,

The second expression indicates that one pump photon is ahated, and two
new photons, the signal and the idler, whose energy sum ecuahe pump
one, are generated. There is thus a transfer of energy frometipump, which
will be depleted, to the signal and the idler. The seed puls@ming from the
supercontinuum 'tells’ the system which frequency will berapli ed. If the
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5.6. Tunable-Probe Pump-Probe Setup

axis orientation for the crystal matches the momentum consetion relation
between the pump and the seed beams (this implies the so-edlphase match-
ing condition is satis ed), a good ampli cation e ciency is achieved. Starting
from the sub-nJ energy level of the seed, a mean energy of mtinan 400
nJ/pulse is obtained for the signal, in a two step ampli caton process in the
same BBO crystal.

Being 1.55 eV, 800 nm the energy of the pump beam, the degengrecndition
for the ampli cation process will be that for which both the sgnal and the idler
have the same energy of 0.75 eV, 1600 nm. The signal output isngised in
the interval from 1100 to 1600 nm, while the idler output rangs from 2450
to 1600 nm. They are generated in a collinear geometry, andu are both
present at the OPA output. Signal and Idler have (linear) orhogonal polariza-
tions, thus they can be alternatively selected with a polazer. The energies of
the couple of produced signal and idler can be tuned continusly in the range
indicated. Once aligned, the tuning of the device is quiteraple. It consists in
the modi cation of the phase matching angle of the non-lingacrystal, and in
the compensation of the delays between the pump and the seadsmnal, for
both the two ampli cation steps. The signal and idler pulse dration has been
characterized with a cross correlation with a 50 fs 800 nm md, when the OPA
is seeded with a 50 fs pulse. The result is that the average pelduration is of
about 100 fs. Now that the laser radiation sources have beensdabed, a brief
description of the optical layout used to carry the experimds is provided. A
schematic of the optical layout is presented in Fig. 5.3. Inhis con guration,
the pump and the probe beams reach the optic bench being aldyadivided.
The pump beam comes directly from the RegA output, while therpbe beam
comes from the OPA output: it is either the signal or the idlempulse. In this
way, the probe pulse can be tuned continuously from 1100 to 53 nm. To
switch from signal to idler, a polarizer is used, which is rated by 90 degress
to select the signal (horizontal) or the idler (vertical). T ensure the polariza-
tion of the two is the same on the sample, a broadband lambdadlf waveplate
plus a second polarizer (kept xed) is employed. To compenssfor the optical
path of the OPA (about 5 m), the pump path is lengthened explding the re-
ection from some retrore ectors. The probe pulse must be #&nuated by an
amount of 100 to 10000 (with a neutral density Iter with optical density (OD)
continuously variable from 2 to 4) to ensure it is weak enougio be employed
as a probing beam. To introduce a carefully variable time d&y between pump
and probe beams, the pump beam is brought to a retrore ector ounted on a
coil motor. This device (APE ScanDelay 50) is computer conthed and allows
to introduce a delay ranging from 10 to 50 ps in the beam path.td motion
equals a triangular wave, with a rise-time tunable from 0.1at5 s. This means
that a complete pump-probe scan can be acquired in a time rang from 0.2 to
10 s (5to 0.1 Hz rate). This device is designed to allow acqtisns in the 'fast
scan' con guration | described in section 5.2. We set the mant parameters
as follows: for a 10 ps scan, a rise time of 0.2 s was chosen. Wétlock-in
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Figure 5.3: Here | report the experimental layout of the pumgrobe system.
The top panel schematizes the laser system, while the bottopanel describes
the optical layout of the system.

acquisition time of 1 ms, this results in a temporal resolutn of 50 fs, of the
same order of the pump pulse duration. Then the pump pulse p=es through
a telescope (built with two 25 cm focal lenght sperical mirms), in which focus
is placed the disk of a high speed chopper. The beam need to beused since
we wanted to reach high chopping speeds, and to achieve thigetdisk mesh
to be used is quite small€500 m). In particular, we set the chopping speed
to 13 kHz. This value has been chosen in such a way it is compddeetween
the laser repetition rate (250 kHz; doing so, about 10 laser Iges are blocked,
and 10 passes) and the lock-in integration time (1 ms, ie, 1 kHn such a way
that at least 10 modulation cycles are integrated). The pumpeam can be at-
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5.7. Supercontinuum-Probe Pump-Probe Setup

tenuated with a computer controlled lambda/half waveplate placed behind a
polarizer made of two Brewster angle windows. In this way, thmeasurements
can be automatically repeated at various values of excitatn intensity. Finally,
the pump beam is focused on the sample with an anti-re ectiocoated 40 cm
focal length lens. The probe path is much simpler: no partitar devices are
needed, and the beam is focused with a 25 cm focal length spbar mirror.
The choice of a spherical mirror has been done since this @ati component
is achromatic (the probe can range from 1100 to 2450 nm). Thénsures the
probe spot size is almost constant in the entire spectral rge. We obtained
100 5 um for the pump FWHM and 50 5 um for the probe FWHM, at the
sample position. The re ected or transmitted beam from theample is imaged
onto pin photodiodes of the InGaAs type. Two photodiode type@vhich di er
in the doping of the sensing area) help to cover the whole prelenergy range.
They are Thorlabs DET10C and DET10D, which detect light respctively in
the 700-1800 nm and 1200-2600 nm range. Placed in front of {higotodiode,
an RG 1000 Iter blocks the scattered light coming from the B5 eV pump
beam. The detection system is based on a lock-in acquisitiomhis allows us
to reach a signal to noise level as high as® @veraging about 200 scans (last-
ing 0.4 s each). To obtain the R=R signal, the static quantity R is measured
averaging the photodiode signal over 10 ms windows, and sdmg them with
a 16 bit-100 kHz digitizer. The same digitizer acquires the atog X and Y
fast outputs of the lock-in ampli er, from which is calculaed the R signal,
and the position signal coming from the ScanDelay. To obtaia plot of the

R=R signal at the di erent probe wavelengths, the OPA must be mamally
tuned. This procedure requires some time (everything mustelkept aligned),
so that a complete R=R map requires some hours to be collected (considering
a pump uence of 100 J and 20 lambda-points).

5.7 Supercontinuum-Probe Pump-Probe Setup

In this setup the spectral resolution enters in a natural waysince the probe
pulse is itself a broadband pulse, with a wide energy contentNo need to
manually tune the probe wavelength is necessary anymore, iatn often results
in misalignment problems. The main di erence with respectd the setups de-
scribed till now, stands in the acquisition system. Here, thepectral signal, at
a xed pump-probe delay, is acquired simultaneously in a walspectral range,
thanks to a multichannel linear detector (a linear array of potodiodes on
which the spectrum is dispersed) which is digitized using aanalog-to-digital

acquisition board. No lock-in detection is possible in thisesup, and this re-
sults in a poorer signal-to-noise ratio with respect to loekh based acquisitions.
But since no dead time dedicated to tuning and realignment ispent, the -

nal result is similar: the acquisition of the transient timeresolved spectra at
di erent pump-probe delays can be repeated many times in alfy automated

way. With respect to the tunable-probe approach, the R=R 2D map is con-
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structed following a di erent ' lling": transient spectra at a xed pump-probe

delay (which is then scanned in the point-by-point con guréion) are collected.

On the contrary, di erent time-resolved traces at xed wavéength (to be man-

ually tuned) were collected in the previous approach. In ourase, the linear
array sensors have 128 pixels: this implies that the spedtrasolution is much

higher than the previous approach, and also narrow spectridatures can be
detected.

After a brief description of the optical system and the acquison system we
developed for this task, particular importance will be deved to the char-
acterization methods for the broadband supercontinuum psés. The next
paragraph of this chapter will be entirely devoted to this an. A brief de-
scription of the mechanisms which produce the white light edinuum starting

from a monochromatic seed pulse, will reveal that the tempak structure of
these pulses can be far from trivial. Since the temporal strture of the probe
pulse re ects itself in a pump probe spectrally resolved soafor the data to be
correctly interpreted and presented, the temporal structte of the pulse (the
temporal distribution of the various wavelengths) must be griori character-
ized. In this way, the raw data can be corrected from the unplsycal features
related uniquely to the probe temporal structure. Thus, a ndew of some
techniques we developed and employed to obtain the supertonum pulse
spectrograms (time and energy maps of the pulse) will be pezded, evidenc-
ing pros and cons of each technique.

A supercontinuum pulse can be generated following two di ent approaches.
As a common starting point, an ultrashort ( 100 fs) monochromatic laser
pulse must be focalized in a medium, in such a way that very Higpeak inten-
sities are reached. Depending on the material one choosd® tnitial energy
per pulse must belong to a completely di erent energy rangen the case of
bulk materials (such as Sapphire, Caf; BBO) or liquids (water, ethanol), the
threshold for supercontinuum generation is of the order of500 J/cm?. Fol-
lowing this approach, the rst broadening of a monochromati ultrashort pulse
was demonstrated [3, 4] in 1970. The temporal structure of ése pulses is in
general quite simple: the various wavelengths have a lineand positive chirp,
related to that of the material in which the generation occws. To generate a
supercontinuum following this approach, one needs an ampli laser system,
which is a rather complex and expensive machine. On the coaty, super-
continuum pulses can be generated starting from pulses with much lower
energy per pulse, of the order of some nJ/pulse, if one exptothe recently
developed photonic crystal bers (PCF). The rst report on aPCF-generated
supercontinuum is dated 2000 [152, 107, 158, 61]. Followithis approach, su-
percontinuum pulses can be generated using a standard dstdr laser source.
The drawback is that the temporal structure of these pulsesimore compli-
cated, and must be known in some way prior to use these pulses @robe
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5.7. Supercontinuum-Probe Pump-Probe Setup

pulses in time-resolved experiments. The temporal struate is involved be-
cause it follows the e ective dispersion characteristic ahe ber, and because
of the various physical phenomena which contributes to therbadening of the
spectrum. From now on, for dispersion characteristic | meathe behavior of
the group velocity dispersion (GVD) versus the radiation waslength.

A few words about the PCFs are worth to be spent. An optical belis con-
stituted by two concentric materials: the internal one, narad core, in which
the light is guided, and the external one, the cladding. The ost common ma-
terial for both the constituent is fused silica. The light pppagation through
an optical ber is made possible by the phenomenon of the tdtanternal re-
ection: this phenomenon con nes the light inside the matdal with higher
refraction index (the core), since the re ectivity at the irterface is one if the
incident angle ; is bigger enough (it must be bigger than the critical angle
o thatis ; > = arcsin(ng=n:), being n, and n the refraction index of
the core and the cladding, respectively). This condition ieasily satis ed for a
beam propagating inside an optical ber. In a conventional gtical ber, the
(wavelength dependent) refraction index of the core is madegger than that
of the cladding, upon a proper doping of the material. The pkdem is that the
dispersion characteristic of the ber will be the same of thenaterial, and this
makes the conventional optical bers not well suited to the ppduction of super-
continuum: a short pulse temporally broadens and thus canhmon-linearly
interact with the ber core material (for fused silica, zerodispersion occurs
close to 1.5 m). On the contrary, the dispersion characteristic of photaic
crystal bers is designed in such a way the dispersion is zettose to the seed
wavelength (which is usually 800 nm, the fundamentalof Tigpphire lasers).
Doing so, the (ultrashort) seed pulse remains short upon gragation in the
ber, and the high peak intensities make it non-linearly ineract with the core.
The desired dispersion characteristic for the a PCF is obtad (see Fig. 5.4)
thanks to a microstructured cladding, which is usually compsed of a regular
(computer designed) pattern of holes which surround the c&r This peculiar
design results in an e ective refraction index, for the clading, which is smaller
than the core one, with the advantage that the dispersion clacteristic can
be enginerized as one needs. From the cladding enginerizeédcture, which
resembles that of some crystals, the photonic crystal bersmke their name.
Many non linear phenomena, which take place in the ber corepntribute and
cooperate to the broadening of the monochromatic (800 nm)esé pulse into
a broadband white light supercontinuum pulse. These phen@na are: the
self phase modulation, the Raman scattering, the four waveixing and the
solitonic ssion. The last is speci ¢ to the light propagaton in optical bers.
For a detailed description of these phenomena | suggest REg1]. Since many
physically di erent phenomena patrticipate in the spectraloroadening of the
seed pulse, the pulse temporal structure will be rather inlxeed, and di cult
to be predicted. Anyway, the pulse temporal structure will @sely follow the
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Figure 5.4: The dispersion characteristic of our PCF is repwd (left). On the
right, a section of the same ber reveals its actual inner sticure.

ber dispersion characteristic shape.

The PCF we employed is the CrystalFiber FemtoWhite 800. Thisber is 12
cm long, and its core diameter is 1.6 m. This ensures extremely high peak
intensities develop for an ultrashort ( 100 fs) laser pulse propagating into it
(10 nJ/pulse results in an intensity of more than 3 TW/cn?). This allows the
pulse non-linearly interact and broaden into a white-lightcontinuum which
ranges from 450 to 1600 nm. The zero-dispersion for this beappens at 750
nm. This ber is polarization maintaining, thus the supercatinuum is linearly
polarized, in the same direction of the incoming pulse. Theepuliarity of this
ber, enclosed in a solid aluminum housing, is that its end & collapsed up to
a diameter of 30 m: this solution allows an easy coupling of the seed pulse,
and ensures a high stability of the coupling condition, re#ing in a highly
stable output. The ber numeric aperture (NA) is 0.27. The seegbulse must
be focalized in the collapsed end of the ber with a lens whodecal length
ensures no power losses; in our case, we choose an asphewsc la the same
way, the supercontinuum output must be collimated; for thigpurpose, we em-
ployed an aspheric doublet (which limits chromatic aberrabns, since we deal
with a broadband pulse).

A PCF based pump-supercontinuum probe setup, seeded by antiopl os-
cillator, o ers a great versatility. The spectral resoluton of this system is
limited to the visible and near infrared regions of the spexaim; in particular,
the range 500-1050 spectral region can be explored in theugetve developed.
This range is limited entirely by the sensibility range of tle detectors. The
ber itself, if correctly aligned, generates a spectrum inhe range 500-1600
nm. The detectors instead are sensible in the spectral rang@€0-1050 nm.
Thus, a wide spectral region in the infrared cannot be detemti. Only very
recently, new linear sensors has been designed which allanektend the sen-
sibility in the infrared up to 1600 nm. These will constitutea perfect match
with the PCF, even if in the infrared region, because of the Bwnic ssion,
the pulse temporal structure is very irregular. Currently,I'm testing a new
setup based on these novel sensors (Hamamatsu G11608), wlaich sensible
in the range 500-1700 nm. On the other hand, new PCFs which exid the
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5.7. Supercontinuum-Probe Pump-Probe Setup

limit in the infrared up to 3-4 m (with a conventional 800 nm seeding) has
been designed [106, 58]. But the lack of linear sensors wagkin this range
makes the spectroscopy in the mid-IR far to be achieved. Tharte-resolved
spectroscopy in the infrared spectral region (in particutafor > 1600 nm) is
thus, up to now, only possible employing wavelength convérsa devices (OPA
or DFG) coupled to ampli ed laser systems, which | describeth section 5.6.
The pump-supercontinuum probe setup will be now describedThe output

/‘_‘
I
—— |
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Figure 5.5: Here | report the experimental setup we designed perform time-
resolved spectroscopic measurements. Key elements are Bi@tonic Crystal
Fiber employed to generate the supercontinuum pulse, and @hacquisition
system based on fast linear array sensors.

of a cavity-dumped Ti:Sapphire oscillator (producing 120 fs, 1.55 eV laser
pulses, with a repetition rate easily and continuously tunale from 1 MHz
down to single shot) is splitted in two arms by a 70% T, 30% R beassplit-
ter. The more intense beam constitutes the pump beam. It pass through
a magnetic delay stage (Micos LMS-80), which introduces artbntrols the
pump-probe pulse delay, and through a low-frequency chopp&citec 300CD,
which chopping speed is set to 20 Hz), which aim is to introduce modula-
tion on the pump beam, necessary to perform the di erential asurement of
the (pump-induced) transient re ectivity. The status (parity) of the chopped
pump beam is sensed through a photodiode, on which a small pemnt ( 4%)
of the pump beam, picked by a wedged window, is focused with laost focal
length lens. Then, the pump beam passes through a motorizeaimibda/half
waveplate, followed by a xed polarizer, to allow for a prese pumping inten-
sity control. Finally, the pump beam is focused at the samplposition through
an achromatic doublet with 20 cm focal length (Thorlabs AC24-200-B). The
obtained pump spot FWHM is 38 2 m. The rest of the splitted intensity
constitutes the probe beam. It is focused with an asphericrie (Thorlabs
C230TM-B) into the PCF. The supercontinuum output is collimated thanks
to an achromatic doublet (Thorlabs AC010-080-B), designetb work in the
wavelength range 650-1050 nm. The alignment of the seed iritee PCF re-
quires some level of care; anyway, once done, the day-to-daignment is a
straightforward task. The supercontinuum beam is propagatl by means of
Silver mirrors. The beam is focused at the sample position dhks to a 10
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cm focal length achromatic doublet (Thorlabs AC254-100-B)We obtained a
probe beam FWHM of 20 4 m, for the whole wavelength range 500-1050 nm.
The superposition of the pump and probe beams is cheked witlC&LD camera
equipped with a 10x magnifying objective. The sample re eetl or transmitted
supercontinuum beam is collimated with 10 cm focal length bprical mirror
(Thorlabs CM254-100-P01). The collimated beam is directedward an SF11
prism, which disperses the various wavelengths toward drent positions in
space. A 20 cm focal lenght achromatic doublet is placed aftde prism; in
the focus of the doublet, the linear array photodiode sensa placed. The
sensor we employed is the Hamamatsu S8380-128Q. It is a dewdomposed
of 128 pixels, each 50 m wide. The total active area, on which the super-
continnuum is dispersed through the prism, is thus 6.4 mm lgn The pixel
height equals 2.5 mm. The dispersion characteristic of theipm on the sensor
is simulated thanks to a numeric simulation (taking into acount the prism
material (SF11) refraction index and the (refraction indexdependent) prism
dispersion law). In this way, the calibration of the array (he correspondence
pixel-to-wavelenght) is achieved. Some speci c wavelergt are selected with
interference Iters and their position on the sensor is recded, to allow for the
calibration to be performed. To allow an e cient suppressia of the super-

Figure 5.6: The scheme of the dispersion of the white-lightufse onto the
linear array sensor, obtained thanks to a prism, is shown irhé gure. The
calibration procedure for the system consists in the assigrent of a wavelenght
to every pixel of the array, simulating the actual dispersio of the prism system,
which is anchored by measuring the position of several st wavelenghts.

continuum intensity uctuations, the non-interacting (with the sample) beam
is sampled with a second linear array sensor. This constieg the reference
sensor. The (pixel-by-pixel) ratio of the signal sensor sigl to the reference
sensor signal will be a quantity which uctuates less than tl two single quan-
tities. This is the quantity which will be employed for the eyperiments. To
build the reference path, a small amount of the supercontiomm beam ( 4%)
is picked by an uncoated wedged window. The optical path of hbeam to-
ward the second sensor is build in such a way it is as similar psssible with
respect to the signal optical path. The acquisition of a trasient spectrum
R=R(!; ) at xed pump-probe delay , is straightforward, if one exactly
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5.7. Supercontinuum-Probe Pump-Probe Setup

knows the pump parity. To calculate the R=R(!; ), the Rpymped(!; ) and
Run pumped(!; ) = Run pumpea(! ) are the only quantities that must be ac-
quired (the 'unpumped' spectrum does not depend on the pummrobe delay).
Usually, for each transient spectrum at xed pump-probe delg 2000 spectra
are recorded and averaged. This takes about 1 s. Part of thesgectra will
be 'pumped’, part 'unpumped'. The pump parity is sampled togther with
the spectra, thus the R=R(!; ) can be computed. To obtain a time and
spectrum resolved map of the material optical response, matransient spec-
tra, for di erent pump-probe delays , must be collected. Usually, we record
about 250 delay points for a 6.6 ps total delay scan, which dts in a tem-
poral resolution of 26.4 fs. The spectral resolution of thisystem is about 2
nm/pixel toward the visible part of the spectrum (500 nm) and6 nm/pixel
toward the infrared side (1050 nm). This resolution is not gtstant because of
the dispersion characteristic of the prism. Anyway, it is a god value and it is
enough to evidence spectral feature in the time-resolvedysal. The choice of
a grating to disperse light would have produced a linear dispsion, thus a con-
stant resolution (in nm), but at the expense of a much lower tensity e ciency.

A dedicated acquisition system has been developed and cousted to per-
form this kind of measurements. No commercial systems for shpurpose are
available yet. The acquisition system is devoted to both theontrol of the
linear array sensors and the acquisition of their outputs. fe software part,
developed in a LabVIEW environment, controls the acquisitio and saves the
time and energy resolved maps as 2D matrices. | anticipatetiat no lock-in
acquisition is possible with this acquisition scheme. This due to the sensors,
the Hamamatsu S8380-128Q (plus the control electronics CB38which make
available the data in a serial form: the voltage informatior(proportional to
the illumination level) for the 128 pixels is output on the sme electrical line
at a 2 MHz rate (if one drives the devices at 8 MHz), thanks to an iagrated
shift register circuit. Thus, the data acquisition can be pdormed solely by
digitizing (in our case with a National Instruments high speeé digitizer, the
NI PCI-5922, which o ers two independent ADCs with 22 bit of reslution at
a 2 MHz acquisition rate) the train of voltage values for the 12 pixels. This
limits the nal signal-to-noise ratio to a value slightly beter than 104, with an
acquisition time of about 1 s. The acquisition is performedraultaneously for
both the sensors, and the pixel-by-pixel ratio of the two vthges is immediately
computed. The parity signal for the pump status is acquired ith a standard
National Instruments M-Series board, the NI PCle-6251. The Haamatsu
sensors, in order to work, need two control signals: one is 8 MHz clock,
which drives the shift register for the pixel voltage valueegading; the other is
a lower-frequency signal whose frequency inverse equals thtegration time
of the sensor, equal for every pixel. The frequency of thiggeal has an upper
bound, which is 15625 kHz (or 64 s). This is the value needed to complete
a scan of the whole array (128 pixels0.5 s/pixel, since the sensors respond
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at a 2 MHz rate when driven with an 8 MHz clock, which is the maximuon
allowed value). This signal is fed to both the arrays (in addion to the setting
of the integration time, it starts the output of the data toward the video line)
and to the acquisition boards, for which acts as trigger forhie acquisition of
the data. The acquisition is synchronized to the laser trigg, in such a way
that the same number of pulses is acquired for every spectruand a constant
illumination level (thus of signal) is generated, indeperehtly of the (tunable)
laser repetition rate. Since the range of repetition ratesevuse is comprised
between 100 kHz and 1 MHz, the laser trigger must be divided byrae integer
value. Single shot acquisition is not possible (it would atsresult in a signal
close to the background level). After some tests, we concluttat an optimal
value is 256: this means that every spectrum is the result dfi¢ accumulation
of 256 laser pulses. With this divider, the laser repetitionate can be as high
as 4 MHz for the system to work correctly. Anyway, the maximum rgetition
rate one can set is about 1 MHz: the limit is given by the acquison boards,
which cannot handle a trigger event rate of more than some &)-kHz. All the
digital timing signals for the sensors and the acquisitiondards are generated
by an ad-hoc circuit based on high-speed and low-latency logates.

5.8 The characterization of a supercontinuum
pulse

This section is devoted to the presentation of some methods perform the
characterization of a supercontinuum light pulse. These rtteods are recently
attracting much interest [37, 184], given the growing appéand di usion
of pump-probe setups with spectral resoluton, in the timeesolved scienti c
community. Pulse characterization is indeed a fundamentatep to perform
whether broadband supercontinuum pulses are going to be eloyed as probe
pulses in time-resolved pump-probe measurements. In fattte temporal struc-
ture of the probe pulse a ects the measurements, and, partitarly when the
temporal structure of the pulse is not trivial (as it is the cae for PCF gener-
ated supercontinuum pulses), a detailed knowledge of the Ipa spectral and
temporal intensity distribution (spectrogram) must be obtined, through a
careful characterization procedure we present here in détaThe information
extracted from the characterization procedure are enouglo ttorrect the mea-
surements from the pulse temporal structure, making them pge-structure-
independent as they should be.

The experimental apparatus with which the characterizatio procedure can
be carried on, is the same as presented before; if needed, specic dier-
ences will be highlighted. A comparison of the advantages é&udrawbacks for
each method will be also presented.
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5.8. The characterization of a supercontinuum pulse

5.8.1 Pulse characterization through a VO 2 thin Im
solid state switch

This technique works in a re ection geometry and requires nmodi cation
of the pump-probe setup | described: the pulse charactertaan can thus be
performed in situ, in the same experimental run of the programed measure-
ments.

The idea is to take advantage of the photoinduced insulatdo-metal phase
transition of a vanadium-dioxide (VO,) high quality thin Im sample. In fact,

it has been demonstrated that, upon photoexciting a V@ sample with ul-
trashort laser pulses of proper uence (FF.=250 J/cm? [154]), a 29 order
phase transition (both electronic and structural) from thelow-temperature
(T<T=340 K) monoclinic and insulating phase to the high-tempetare ru-
tile and metallic phase (T>T.=340 K) can be photoinduced [31, 29]. This
happens on an ultrafast timescale<{100 fs), and is in no way related to the
much slower thermal phase transition. After photoexcitatin, the system re-
mains in a metastable state for about 1 ns: for this reason therm 'switch'
has been employed. The phase transition manifests itselftivithe collapse of
the energy gap, which characterizes the insulating phasehi§ has an e ect on
the material optical properties, which change abruptly andy a big amount
(many percent for the case of the re ectivity) after the phas transition has
been photoinduced. This makes the VO Im an optical switch, which activa-
tion is triggered by the pump pulse, and which optical propéies are probed by
the probe pulse, in a pump-probe experiment. Obviously, theansient optical
response of the material extends throughout a wide range afezgies, allowing
to characterize a broadband pulse in the visible and mid-IRpgctral region.
About VO,, it has been demonstrated that the exciting radiation cougls to
the structural degrees of freedom; the induced change in tleystal structure
is then followed by the electronic structure, which adaptstself to the new
structural con guration. This observation comes from boththe observation
that the transition can be induced by an exciting wavelengtismaller than the
material energy gap ( 0.6 eV), and that there exist a bottleneck of about 80
fs [30] lasting from the photoexcitation of the system and # change of the
optical properties (related to the gap collapse). This 80 fsottleneck poses a
lower limit to the shortest pulse that can be characterized Anyway, in our
case, being the pump pulse of about 120 fs, this limitation isot important:
the limit to the temporal resolution achievable from this tehnique is the big-
ger among the material response (80 fs) and the actual pumplpe temporal
duration (FWHM).

In practice, the (temporal) optical response of the V@sample is regarded as a
smeared step function, whose 'activation' is given by the pop pulse. We will
thus assume that the VQ switching behavior in the time domain can be mod-
eled by a step function (the abrupt change in the optical progrties triggered
by photoexcitation), convoluted with the 80 fs activation ime (the bottleneck)
and the 120 fs pump pulse. This results in the smeared step @lion. The
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Figure 5.7: Here | report the raw measurement carried on on théO, mul-
tilm sample (panel a)). In panel b) some cuts of the measureemt at xed

wavelenght are reported, while panel c) contains a xed-d& cut, representing
the transient spectral response of the system.

time-resolved measurement (reported in Fig. 5.7) can be @mpreted as fol-
lows: each vertical slice is the normalized di erence beten the re ectivity
of the excited and the unexcited sample (of which we now knové temporal
behavior). Depending on the relative temporal position offiie pump (which
activates the switch) and the (broadband) probe pulses, derent situations
can occur: if the probe pulse comes before the switch is aeted, the R=R
will be zero (on the left side), since the probe sees the unggd material. On
the contrary, if the probe pulse comes after the switch has e excited, for
all the wavelength (on the right), there will be a non-zero R=R, because the
probe pulse sees the excited optical properties of the sampkince it comes
entirely after the phase transition has taken place. In bet®en these limit sit-
uations, only some spectral regions of the probe pulse see thump-excited
optical properties. This fact allow to know exactly where tkb various spectral
components of the broadband pulse are temporally locatednse one exactly
knows where the pump pulse is.

Now, if one ts a function, which is the convolution of a Gaussin function
(representing the probe pulse) and the described materiasponse, to the var-
ious temporal slices of the pump-probe measurement, it is g8ible to extract
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(as tting parameters) the temporal duration of each specti slice of the su-
percontinuum pulse, and its temporal position. The probe tensity cannot
be inferred, since the wavelength dependent material resp® is not known
with precision. These two parameters allow for a complete afacterization
of the spectro-temporal structure of the pulse, and the putsspectrogram can
be calculated starting from those values. The t results argeported in the
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Figure 5.8: Here | report the supercontinuum pulse spectragn, retrieved
with the tting procedure described in the text.

graphs below. The temporal duration of the di erent spectracomponents of
the supercontinuum pulse ranges from 100 fs in the UV to 200 fs ihe in-
frared. With this information in mind, and the relative time-position of the
same wavelengths, the time-resolved measurements can beemed. Making
use of a di erential dielectric function model, we veri ed hat the VO, spectral
optical response could be reproduced assuming the closifighe electronic gap
after the photoexcitation. To do this, we consider a vertidaslice of the data
reported in Fig. 5.7, at a pump-probe delay such that the prabpulse entirely
comes after the pump pulse. A function described below hasdme tted to this
trace. For the details of the di erential dielectric function approach, we refer
to 4.3. Actually, in this context, the model has been adaptedboth the equi-
librium and the excited re ectivity from the sample have bea modeled taking
into account the multiple re ections given by the thin multi Im structure of
our sample, composed of three layers: a 20 nm thick YOm, a 330 nm thick
SisN4 bu er layer, and a Silicon substrate, which thickness has le@ considered
in nite. Each material has its own dielectric function; we &sume that only the
VO, one is changed upon excitation, in the excited model. In pacular, the
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Figure 5.9: The tting parameters at the base of the pulse sg&ogram re-
ported in Fig. 5.8 are here reported.

VO, static dielectric function has been modeled with four Lordn oscillators,
which energies are respectively 1.25, 2.8, 3.6, 4.9 eV. Theited dielectric
function, characterizing the material in the photoinducedmetallic phase, is
somewhat modi ed: the lowest-energy oscillator, relatedottransitions across
the band-gap, has been replaced with a Drude term, modelinie free electron
contribution to the dielectric function in the metallic phase. The remaining
three oscillators present slight changes in their energié®spectively equal to
2.8, 3.5, 4.5 eV). This re ects the fact that the modi ed strudure slightly
modi es the band structure, and thus the optical transitiors, of VO,. The
tting parameters of this complex model are only the ones maaling the VO,
excited dielectric function. The results are compatible wh a photoinduced
metallic phase. The best t of this model to the data is repored in the gure
below. Overall, this characterization technique consist® an experimentally
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Figure 5.10: Here | report the t to the xed-delay time-resolved spectrum,
performed as described in the text.

simple procedure which can be performed in situ, simply plag a VO, Im
at the samples position. The clear advantage is that the VOswitch optical
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response extends in a wide energy range, thus allowing foretsimultaneous
characterization of a broadband ultrafast pulse. The drawdxk is that the ex-
traction of the pulse characteristic parameters, from theaw measurement, is
a rather time-consuming procedure, since it requires a narivial tting pro-
cedure. Thus, the pulse characterization cannot be an omd task. It requires
some level of post-processing. Also, to obtain a goodR=R signal, allowing
for a good signal-to-noise level in a reasonable time, a punygnce as high as
3-5 mJ/cm? must be available, which is not so common if one works with an
oscillator laser system.

A unique feature of this technique, coming from the fact thatt is developed
around a material exhibiting a switching behavior, is thatti allows laser diag-
nostic, in the sense that it can reveal pre- or post- pulses the laser output,
without performing long and time-consuming temporal scandVith this tech-
nique indeed we revealed a post-pulse in the laser output, ih appears as the
at signal at 800 nm, clearly visible in Fig. 5.7. The weak pdspulse cannot
non-linearly interact with the PCF core, thus remains mondazromatic, but it
is revealed by this technique.

5.8.2 Pulse characterization through two-photon absorp-
tion in ZnSe and ZnS

This technique allows for a fast characterization of a bro&@nd pulse, ex-
ploiting the two-photon absorption process [109] in an ingating transparent
material. It works in a transmission geometry. As we will se¢his technique is
guasi on-line, but it has the important drawback that the dediced pulse shape
is correct as far as the wavelengths to be characterized aee from the visible
spectral region. We employed two di erent materials: ZnSera ZnS. These
two materials allow for a di erent choice of the gate pulse argy, the xed-
energy pulse (in the two-photon process) employed to indutiee absorption:
1.55 eV for ZnSe, 1.55 eV or 3.14 eV for ZnS.

The two-photon absorption process we exploit for this chacterization method
can be described as follows. The photon absorption in a bulkaterial is al-
lowed if the photon energy is higher than the material gap ergy. This equals
2.55 eV (490 nm) in ZnSe, and 3.45 eV (360 nm) in ZnS (see Fig.1bfor
a plot of the materials transmission, from which the energyap for both the
materials is inferred). In general, a photon can be either garded as two
physically di erent photons, coming from two physically dierent beams, un-
less they interact in the same position and at the same timeHgé two beams
must reach the interacting area at the same instant). The alosption e -
ciency will be lower, since in the absorption process a vidl intermediate
state is involved. The application of this idea to a pump-proe experiment,
is straightforward. A temporally short, xed-energy beam,the pump beam
of a pump-probe setup, will constitute one of the two pulsesThis pulse is
named gate pulse. Its temporal duration poses a lower-limib the temporal
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Figure 5.11: Here | report the measured static transmittivig of our ZnSe and
ZnS samples.

resolution of the technique. Its energy must be lower than thmaterial en-
ergy gap. Also, the more monochromatic the pulse is, the morbd energy
resolution of the technique will be. The delta-energy missy from the gap
material (E=E gap-Egate) determines the range of photon energies which can
be absorbed from the second beam. This is usually the (broadid) probe
pulse of a pump-probe setup, which is detected with the brobdnd setup de-
scribed in section 5.7. The probe pulse, in general, has a fgonal duration
which is much higher than the pump, gate pulse. Scanning thelative tem-
poral position of the gate pulse with respect to the broadbahprobe pulse,
the absorption will happen, in principle, at di erent positions, and will involve
di erent spectral portions of the pulse, depending on the doal pulse shape.
The transient absorption is thus a signal which allow to reatstruct the pulse
spectrogram. Thus, a negative (since what one measures i® thbsorption)
map of the pulse, which temporal and spectral resolution isntited by the
gate pulse characteristics, will be obtained. The E de nedabove, and the
material-dependent gap energy, constitutes the limits ohe broadband pulse
energy range one can characterize. Energies smaller than &nnot be ab-
sorbed; energies bigger than the gap one are absorbed diseeind thus can
not be timely resolved: they simply cannot be characterized

| anticipated we employ two di erent materials for the charaterization of the
same pulse: ZnSe and ZnS. They appear as polished 2 mm thickicg win-
dows, which we placed at the sample position for pulse chatagzation. The
theoretical range of energies ZnSe allow to characterizeli®.55 eV (490-1240
nm): the former equals E=(2.55-1.55) eV= 1 eV. This energy rarge is in
excess of what we need (500-1050 nm). On the contrary, we eaygdd ZnS
to perform pulse characterization in the experimental sit@ations in which the
pump is the laser 29 harmonic (3.14 eV). This experiment would not be possi-
ble with ZnSe, since it would absorb directly this gate eneyg The theoretical
energy range allowed for characterization is, in these exprental conditions,
0.31-3.45 eV (390-4000 nm).
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5.8. The characterization of a supercontinuum pulse

The left plots of Fig. 5.12 and 5.13 contain the two-photon aworption measure-
ments (on ZnSe and ZnS respectively), from which I'll retries the spectrogram
of our supercontinuum probe pulse. In fact, these measuremt® do not di-
rectly represent the spectrograms, since the temporal (arspectral) structure
of the pump gate pulse is involved. As it is possible to see, tpelse temporal
structure in the visible spectral region (more evident in th ZnSe measurement)
is clearly distorted. Moreover, in ZnS the absorption lastsnuch longer than
the pulse duration (even if the pulse shape is preserved, d demonstrate
below). Since the (unknown) energy-dependent material atrption e ciency
is involved, the true pulse intensity cannot be inferred fnm these measure-
ments. The tting of a single-gaussian function (convoluté with the gate
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Figure 5.12: Here | report the raw measurement on ZnSe (lefthd its recon-
struction by a tting with one Gaussian function (right). Wh ite dots represent
the center of the Gaussian at di erent wavelenghts.
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Figure 5.13: Here | report the raw measurement on ZnS (left) dnts recon-
struction by a tting with one Gaussian function (right). Wh ite dots represent
the center of the Gaussian at di erent wavelenghts.

pulse Gaussian shape) to the xed-wavelenght-slices of thbove plots allowed
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5. Time-Resolved Spectroscopy

us to extract both the temporal duration (deconvoluted fromthe gate pulse
one) and the temporal position of the broadband probe pulsg@eactral slices.
The ts to the data are reported in the right plots of Fig. 5.12and 5.13. The
tting parameters results are reported in Fig. 5.14 (a and h)for what concern
the temporal positions of the broadband probe wavelenghtss obtained by
the two materials. | do not report the retrieved temporal duation for such
spectral components, instead, since the results are not @gally meaning-
ful. Summarizing, the clear advantage of this technique ishat it produces
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Figure 5.14: The central position of the pulse for each waegight is reported
here for ZnSe (left) and ZnS (right).

a quasi-online result for the spectrogram of an ultrashorthroadband pulse.
Since the T=T signal is quite high even with low gate uences (10 2 with
F<1 mJ/cm?), the actual measurement takes a few minutes to achieve a gbo
signal-to-noise level. On the contrary, the drawback starsdn the fact that the
results are not reliable for wavelenghts in the visible speal range (in partic-
ular, for . 750 nm). This can be argued by looking at Fig. 5.15, where the
results are compared to that obtained thrugh the V@ switching technique.
The courious thing is that both ZnSe and ZnS behave in the samay, ruling
out the possibility the deviation from the actual pulse shap comes from the
vicinity of the radiation to the material energy gap or from te energy di er-
ence between the gate and the probe energies. Moreover, tmisthod cannot
be employed to deduce the pulse temporal width: the extracteéemporal du-
rations are misleading (in particular for the ZnS case), plmbly because of the
fact that the absorption process involves some metastablates.

5.8.3 Pulse characterization through XFROG technique

This technique is the most direct way to obtain a spectrogranof a pulse,
since the characterization involves only electronic prosses which happens on
a time-scale much shorter than the pulse durations (10 1° s). For this rea-
son, the results obtained with this method constitute a berenark for every
other pulse characterization method. On the contrary to théwo techniques
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5.8. The characterization of a supercontinuum pulse

Supercontinuum Pulse temporal distribution
retrieved by different techniques

O ZnS 2 Photon Absorption
O ZnSe 2 Photon Absorption ZnSe
A V02 Optical Switching Technique

Wavelenghts relative position (fs)

Wavelenght (nm)
Figure 5.15: A comparison of the results obtained through érent techniques
is reported: the two-photon absorption method is not accuta in the visible

spectral region.

described before, this technique requires a completely drent experimental
setup, and thus cannot be performed online during a progranad experimen-
tal run. Also, it requires a certain level of care.

This technique consists in the generation of the sum frequenbetween a spec-
tral portion of a broadband pulse and a monochromatic gate fge, obtained in
a non-linear crystal. It is one of the possible applicationsf the XFROG (cross
correlation frequency resolved optical gating) techniqug.76]. In our case, we
employ a 1 mm thick Type | BBO crystal, and record the sum fregency gen-
erated between a gate (pump) 1.55 eV pulse and a spectral wgof the broad-
band supercontinuum (probe) pulse. The sum frequency wilebgenerated only
in conditions of temporal coincidence for the two pulses. Ehdi erence of this
technique, with the one described in section 5.8.2, is that ghase matching
condition (representing the momentum conservation betwaethe two pulses
wavevectors), for the sum frequency to be e ciently generatd, must be sat-
is ed. Absorption, instead, requires no phase matching coittbns to occur,
and di erent wavelengths can be analyzed (absorbed) at these time. The
phase matching condition, which limits to a (usually) narrev spectral interval
the spectral region that can be explored at the same time, i®alized upon
rotation of the non linear crystal optical axis with respecto the beams linear
and parallel polarization axis. The tuning of this angle atlws di erent probe
spectral regions to be alternatively found in phase matchincondition with
the gate pulse, resulting in a high frequency resolution (og).

Performing such a kind of measurement is a time-consumingsta for a xed
pump-probe delay, the crystal axis must be rotated to allowhte di erent spec-
tral regions of the broadband probe pulse to be analyzed. FEhis obtained
through a motorized, computer controlled, rotation actuabr. This procedure
must be repeated for a proper amount of pump-probe delaysy @ good time-
resolution. If we suppose to characterize a spectral intetv600-1100 nm, with
a 1.55 eV, 800 nm gate, the phase matching angle varies from2%o 34.1 for
BBO. Since we employ a common BBO crystal cut for SHG (secondr@onic
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5. Time-Resolved Spectroscopy

generation) at 800 nm, characterized by a 29.2hase matching angle, this
means the crystal must be angle-dithered in the interval (;4+5) . We di-

vide this interval in 40 discrete steps. The sum frequency fecorded through
a high-resolution UV ber spectrometer (Ocean Optics SD2000which al-

lows for a spectral resolution better than 1 nm. The energy neervation law,

~ls = ~14+ ~1 5 (being respectively! s, ! 4, ! v the sum-frequency, gate
and probe frequencies), relates the measured wavelengthth® correspond-
ing analyzed probe wavelength. For the range 600-1100 nm(Q@-1.13 eV),
assuming a 1.55 eV, 800 nm gate, the sum-frequency will mairdg in the

UV range: 3.61-2.68 eV (343-463 nm). The need to use a specteten comes
from the fact that we need a calibrated and high resolution deéce. The latter

requirement follows because the wide analyzed range (6Q®MQ nm), on which
we need a good resolution, is translated into a much narrowspectral range
(considering the wavelengths) by the energy conservatioaw.

The measurements we obtained, with the corrected wavelehgaxis, is re-
ported in Fig. 5.16. The measurement is obtained with 150 @sl steps (with
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Figure 5.16: The XFROG measurement of the supercontinuum a4 is here re-
ported. The wavelenght axis is corrected acounting for thenergy conservation
in the wave mixing process.

13.2 fs resolution), and each vertical slice is the mean ofethntensities ob-
tained from each of the 40 di erent selected phase matchingieditions. This
measurement is proportional to the pulse spectrogram. As uay the inten-
sity is not proportional to the actual pulse intensity, sine the (non-constant)
conversion e ciency is involved. It also contains the e ectof the gate pulse.
Nevertheless, the shape is the same of the probe pulse: we capreciate the
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5.9. Cryostat System

high spectral and temporal resolution of this technique, wvdn compared to the
previous ones. The higher resolution allows to reveal the enstructure of the
pulse, evidencing the solitonic features fof! < ~! geeq, DEING ~! geeq=1.55 €V
the PCF seed energy. The pulse extends temporally for aboutps in the
spectral range 700-1100 nm. The pulse duration, after decoiving for the
120 fs gate pulse, is about 100 fs around 700 nm, while it inases up to 300
fs around 1000 nm, due to the presence of solitonic structsre

The clear advantage of this technique is its unbeatable rdation, both in

the spectral (thanks to the phase matching condition) and taporal (only
electronic processes are involved) domains. On the contyait requires a long
time to be performed (more than one hour, since the phase mhieg condition
must be continuously tuned), and cannot be performed withithe conventional
pump-supercontinuum probe setup.

5.9 Cryostat System

We employed an open cycle cryostat (Helitran LT-3-B) to allovthe tempera-
ture of the samples be varied in the range 10-350 K. This rangan be achieved
only when the coolant is liquid helium. Also liquid nitrogen an be used as
coolant; in this case, the temperature range is limited to # interval 77-350
K. The coolant is transferred from the storing dewar to the gostat with a
transfer arm. The temperature near to the sample region is agrately mea-
sured with a calibrated Cernox sensor. A computer controlieheater, with a
PID feedback system, stabilizes the sample temperature wih 0.1 K from
the set temperature. The system is kept in UHV thanks to a pumpip system
composed of a Scroll pump plus a Turbomolecular pump. A baseepsure as
low as 510 ° mbar can be reached inside the UHV chamber; this ensures that
no sample degradation takes place, even after many hours oé@surements at
very low temperatures. The UHV chamber is equipped with a CaRJHV op-
tical window, through which the pump and probe beams reach ¢hsample. A
copper shield shields the samples region from the rest of ttlegamber, limiting
the heat transfer toward the cold nger area.
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Chapter

Electron-boson coupling in the
normal state

6.1 Introduction

This chapter illustrates the results obtained in the normastate (T=300 K) of a

Y-Bi2212 optimally doped sample, by time-resolved opticapgctroscopy. Ex-
ploiting the spectroscopic information of our technique,rad analyzing the ex-
perimental results within the di erential dielectric function approach, | demon-
strate that, in a time interval limited by the temporal resolution of our tech-

nique ( 100 fs), the fermionic quasiparticles photoinjected in theystem by a
pump pulse, quickly interact with bosonic excitations chaacterized by a very
strong coupling to electrons & 1), speci c heat smaller than the electronic
one, and an energy distribution extending to 350 meV. In particular, three
subsets of the total bosonic glue function ( (), determined by conventional

spectroscopic ellipsometry) have been disentangled: bo&oexcitations of elec-
tronic origin, strongly-coupled phonons, and the rest of tace vibrations. The

main nding of our analysis on the non-equilibrium optical poperties of Y-

Bi2212 in the normal state is that the portion of () arising f rom the electron
coupling with bosons of electronic origin, such as spin ugations or current

loops, fully accounts for the high critical temperature ofhie compound. This
suggests that bosonic excitations of electronic origin atbe most important

factor in the formation of the superconducting phase at higkemperatures in
the cuprates.

6.2 Time-resolved optical spectroscopy at T=300
K

In this paragraph | report and discuss the time and frequencsesolved pump
probe re ectivity measurements performed at T=300 K on thre Y-Bi2212
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6. Electron-boson coupling in the normal state

samples with di erent doping. The probed energy range is 12 eV, i.e., 600-
1000 nm, while the pump uence is 10 J/cm?2. The three samples di er for
the doping level. An underdoped (UDT.=83 K, p=0.128), an optimally doped
(OP, T.=96 K, p=0.16) and an overdoped (OD,T.=83 K, p=0.2) sample have
been measured, in order to explore the evolution of the pumpeuced re ec-
tivity variations as a function of the doping level in the nomal state. The
measured re ectivity variations, i.e., R=R(!; ), as de ned in section 4.4,
are reported in Fig. 6.1.

Figure 6.1: The temporally and spectrally resolved plots fothe transient
re ectivity in the normal state phase (T=300 K) of Bi,Sr,Y g.0sCa9:92Cu,Og+
are here reported for three doping level$=0.128 (UD sample),p=0.16 (OP
sample),p=0.2 (OD sample). The 800 nm, 1.55 eV signal is in agreementttvi
measurements performed with one-color probe. The cuts (denced in red) at
=100 fs pump-probe delay are reported in the right graphs, @encing the
spectral strucutre of the transient signal. The pump uences 10 J/cm?2.

Looking at the data, the main evidence is that both the specai shape of the
transient re ectivity and its dynamics are doping-indepedent. All samples ex-
hibit a positive R=R(!; ) that monotonically decreases in amplitude in the
visible region. | checked by single color measurements at8.eV probe energy
that the transient re ectivity vanishes in the UV. The relaxation dynamics is
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6.2. Time-resolved optical spectroscopy at T=300 K

governed by a double exponential decay, with a fast componef about 300

fs, followed by a slower one, with a decay time of about 2 ps. iBhdouble

relaxation dynamics is usually interpreted [145, 27] as thénermalization of

the photoinjected fermionic quasiparticles with a subsetfostrongly-coupled

phonons (sub-ps dynamics) and the rest of the lattice (ps dgmics). The

energy-resolved information, in this case, brings the eadce of a structureless
spectral response.

To address the microscopic origin of the measuredR=R(!; ) signal, | ex-
tended the probed spectral region to the infrared, exploitg the tunable in-
frared probe setup described in section 5.6. | used both thgsal and idler
beams, to cover the spectral range 0.5-1 eV (1200-2400 nm)daadd dis-
crete time-traces (one every 50 nm) to our time-and-energgesolved re ec-
tivity plots. Here | present the obtained results only for theOP sample, on
which the complete di erential analysis will be carried on.Similar results are
obtained on the underdoped and overdoped samples. The exded transient
spectrum for the OP sample is presented in Fig. 6.2.

Figure 6.2: a) The measurement on the Optimally Doped sampig extended
toward the infrared, up to 0.5 eV. b) The total transient speata for selected
pump-probe delays are reported.

Thanks to the extended probed energy range (0.5-2 eV), | obsgerthat the
spectral response has a more structured form. It turns fromogitive in the
visible to negative in the infrared, with the crossing pointwhich falls close
to the dressed plasma frequency of the system 1 eV, see Figure 3.6). On
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6. Electron-boson coupling in the normal state

the contrary, the dynamics in the infrared is characterizety the same decay
rate observed in the visible. In the infrared, the maximum rectivity vari-
ation maintains a value of about 2 10 “ up the lowest probed energy (0.5 eV).

All the analysis described in the following sections will beacried on on the
optimally-doped sample (see Fig. 6.2), since in this systetine total () is
maximum [179], while the use of the extended Drude formalis(see Chapter
3, section 5.2) still appears a reliable approximation [179270]. The physical
scenario disclosed by the data will be at rst qualitativelydescribed in sec-
tion 6.3, while a more rigorous and quantitative approach Wibe adopted in
sections 6.4 and 6.5.

6.3 Ultrafast thermalization with bosonic ex-
citations

The aim of this section is to demonstrate that the transient gectrum shown
in the left panel of Fig. 6.2 can be reproduced by a quasi-theal scenario,
within the di erential dielectric function model describad in section 4.4. Quasi-
thermal scenario means that the measured pump-induced etean the optical

properties can be accounted for simply by modifying the e ¢iwe temperatures
of the bosonic excitations in the Extended Drude. No other pameter in the

non-equilibrium model must be modi ed to reproduce the data

The key point to extend the Extended Drude model, extensiweldiscussed
in Chapter 3, to non-equilibrium experiments is that the eletron self-energy,
( 1;T), entering in the calculation of (!; ), can be factorized into [105]:

Z 1

(5T)= () L ;T)d
0

whereL (!; ;T) is the kernel function, already de ned in section 3.5.2, tht
accounts for the thermal activation of the bosonic excitatins and of the
QPs. The kernel functionL (I; ;Tep)=-2 1[N ( ;Tp) +1=2]+ (1 =2+i(-

9=2T)- (1 =2-i(+ 9=2T,), where isthe Digamma functionandN( ;T)
the Bose distribution at temperature T,, can be decomposed into di erent
terms depending on the electronicTe) and bosonic {T,) temperatures. The
independent variation ofTe and T, is expected to induce di erent modi cations
of the dielectric function.

Fig. 6.3 shows the expected relative variation of the re edatity, i.e., R=R(! )=

[R(ET + T)-R(5T)I=R(5T), in the non-thermal ( Te>0, T,=0) and

qguasi-thermal ( Te= Tp>0) scenarios. The di erence between the two cases

is more signi cant in the spectral region close to the dresdeglasma frequency,
»' 1eV,ie. an energy scale much higher than the energy scalé¢hef bosonic
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6.3. Ultrafast thermalization with bosonic excitations

Figure 6.3: The results of a simulation for two electron-bos coupling scenar-
ios are reported. The resulting R=R(! ) signals present marked di erences.
In one case, electrons are decoupled from all bosonsT¢>0, Ty=0, yel-
low line), while in the other case, electrons are strongly apled with bosons
( Te= Ty>0, gray line).

function.

In Fig. 6.4 | report two energy-resolved traces of R=R(!; ) at xed delays:
a) =100 fs, i.e., before the complete thermalization with thersall subset of
strongly-coupled phonons, b) =4 ps, i.e., after the thermalization with all the
lattice. In the simple scenario of the conventional threeemperature model de-
scribed in section 4.3.2T, is predicted to be decoupled from the temperature
of the phonons (both the subset of strongly-coupled phonomsd the rest of
the lattice) in the very rstinstants (100 fs) after the pump excitation. On
the ps timescale, i.e., after the thermalization with phones, the quasi-thermal
scenario withT' Ty, is recovered.

Comparing the R=R(!; ) measured on the OP sample at=100 fs (Figure
6.4a) and =4 ps (Figure 6.4b) to the relative variation of the re ectivity cal-
culated in the non-thermal (yellow solid line in Figure 6.4pand quasi-thermal
cases (dashed lines in Figure 6.4a and 6.4b), | come to the wrapoint of
this chapter, i.e., on a timescale (100 fs) faster than the electron-phonon
thermalization, the measured R=R(!; ) is related to the variation of the
temperature of some bosonic excitations participating to (), while the non-
thermal scenario with T.> T, is never observed. The fast timescale (100
fs) of the thermalization with these bosonic excitations iplies a very large
coupling and a relatively small speci ¢ heat, and stronglywgygests that this
process involves bosonic excitations of electronic origin
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6. Electron-boson coupling in the normal state

Figure 6.4: a) R=R(!; ) experimental data at =100 fs pump-probe delay
are compared with the simulated R=R(! ) obtained both for the non-thermal
(yellow solid line) and the quasi-thermal (gray dashed linescenarios. The lat-
ter result agrees with the experimental data. b) R=R(!; ) experimental data
at =4 ps pump-probe delay are compared with the simulated R=R(! ) (gray
dashed line) obtained for a quasi-thermal scenario, in whic T.= T,=0.22
K. A perfect match between experimental data and simulatiofs achieved, in-
dicating that the system is completely thermalized after 4 g after excitation.

6.4 Dynamics of the energy transfer to bosonic
excitations

The qualitative analysis, reported in the previous sectignof the measured
R=R(!; ), demonstrated some important issues:

on all the timescales, the R=R(!; ) signal is mostly determined by
the increase of the e ective temperature of the bosonic exations that
contributes to the total bosonic glue ().

the temporal dynamics evidences two distinct decays: a fasbmponent
of 300 fs, and a slower one, with a decay time of2 ps. These timescales
are related to the coupling of electrons with two di erent sbsets of
phononic excitations: a small fraction {< 1) of modes (with specic
heatf Cyy, Ciot being the total speci c heat) that are strongly-coupled
to the electrons (strongly-coupled phononsp) and determine the fast
decay time; the rest of the lattice () that regulates the slower dynamics.

on a timescale ( 100 fs) faster than the electron-strongly coupled phonons
thermalization, the fermionic quasiparticles photoinjeted in the system
by the pump pulse quickly interact with bosonic excitationscharacter-
ized by a very strong coupling to electrons and a very smallsgi c heat.
These features strongly point to an electronic origin of ttee excitations.

The most straightforward way to reconcile these results i®tsolve a set of four
coupled equations, describing the temporal evolution of ¢he ective electronic
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6.4. Dynamics of the energy transfer to bosonic excitations

temperature (T.) during the relaxation process toward equilibrium, throug
energy exchange with the three subsets of the total (), deteemined through
equilibrium spectroscopy (see section 3.7.1 and gure 3.8)his is equivalent to
assume that the total bosonic functionis given by ()= pe()+ p()+ ()
where . refers to the bosonic excitations of electronic origin at #he ective
temperature Tpe, p to the small fraction of strongly-coupled phononsp) at
T, [145] and | to all other lattice vibrations at T.

Although the possibility of de ning e ective temperatures for the electrons and
the bosonic excitations is subjected to some limitations #t will be discussed
in section 6.6, this extension of the more conventional twtiiree temperature
model [7, 145] allows to obtain a fully consistent analysid the R=R(!; )
data both in the time and frequency domains.

In this picture, the rate of the energy exchange among the dérent popula-
tions is given by [7] a four-temperature model (4TM):

@T _ G( e Toe The) N G( ;T Te) N G( i1 T;Te) L P

@t eTe oTe eTe eTe
@-t[e — G( be: Tbe; Te)
@t Cbe
@g;:p — G( p;Tp;Te)
@t Co
@r_ G iTiT)
. @Zt 1 C
G( Ty Te)= —— d () ZIN( ;To) N( ;T

~k 2
kBO

with b=bep,l and N( ;T)=(e T 1) ! the Bose-Einstein distribution at
the temperatureT. The speci ¢ heat (C,) of strongly coupled phonons is pro-
portional to their density of states and is taken as a fractio f of the total
speci c heat, i.e.,Cy=f Ciq.

In principle, the numeric solution of these equations can b#ed to the mea-
sured relative re ectivity variation at a xed wavelength to determine the dif-
ferent fractions ( p()/ ()) of the total (). However, since time-resolved
optical techniques do not provide a direct measurement @f and Ts, this pro-
cedure requires the assumption that the measuredR=R( ) is proportional
to the electronic and bosonic temperatures through some ériary coe cients
appearing in expression 4.11, which | recall here:

R=R()=0c T )+ Thl( )+ Tp()+c Ti()

In Fig. 6.5 | report two time-resolved traces of R=R(!; ) at xed wave-
length, i.e., 800 and 2400 nm. The solid lines are the t to thelata, using
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6. Electron-boson coupling in the normal state

Figure 6.5: Two xed-wavelenght time-resolved traces, rpgctively for 800 nm
and 2400 nm probe, are reported. Black lines are the t to theata performed
with the 4TM. Fitting results are discussed in the text.

the solutions of the 4TM and xing the valuesCe/ Te= =10 4 Jcm 3K 2,
Cwt=2.27 Jcm 3K ! and assuming an absorbed power density of 0J&-cm?
and a pulse cross-correlation of 180 fs for the 800 nm measneat and 280 fs
for the 2400 nm measurement. The temporal evolution ofTe, Tpe, T, and
T, is reported in Fig. 6.6. | note that, during the cooling procss, the temper-
ature Ty, is transiently larger than T, and Tpe. This is related to the lack, in the
4TM, of any term for the anharmonic decay of the strongly codpd phonons
[145], that directly couples the 3rd and 4th equations of thdTM. Including
this term, does not signi cantly alter the results of the tting procedure. In
Table 6.1 typical values of the electronic and bosonic tempures at =0 and
=4 ps are reported.

Figure 6.6: The result of the numeric integration of the 4TM quations system,
showing the temporal evolution of the temperature$e, Ts, Ty, T;, is reported.
The simulation is performed with the paramters extracted byhe tting of the
model to the 800 nm data.
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Table 6.1: Electronic and bosonic temperatures at particat pump-probe de-
lays , from a 4TM simulation at T,=300 K.

Temperature =0 =4 ps
Te 146 K| 0.26 K
The 146 K| 0.26 K
To 0.69 K| 0.26 K
T 0.09K | 0.26 K

While the temporal dynamics is satisfactorily reproducedsge Fig. 6.5) by
the simple 4TM, the determination of the dierent ()/ () fractions is
prevented by the arbitrary assumption of the coe cients¢ that determine
the proportionality between R=R( )and Te( ), Tue( ), To( ), Ti().
To decisively narrow the phase-space of the parameters ofethting proce-
dure and univocally disentangle the di erent contributiors to the total bosonic
glue, the fully consistent and simultaneous analysis of thene- and frequency-
resolved data will be developed in the next section.

6.5 Simultaneous spectral and temporal anal-
ySIS

Within the extended Drude model (see section 3.5.2), the dpal conductivity

is given by:

|ZZl . .
(:7)= L8 . f(+:T) £(;T)

LT (o (m

where! , is the plasma frequency and ( ;T ) the Fermi distribution. ( !)is
the electron self energy depending on the bosonic glue () ad on the Kernel
function L(!; ;T), as described in section 3.5.2.
As a consequence, the relative strengths of( ) ( b=bep,|) determine both the
intensity of the re ectivity variation and the temporal evolution of the temper-
aturesTy, through the 4TM reported in the previous section. The simt&ineous
t of the calculated R=R(!; ;T ¢; Toe Tp; T)) to the data reported in Fig. 6.2
in the time- and frequency domain, signi cantly narrows thephase-space of
the parameters of the model, as compared to single-color maeements and
allows us to unambiguously extract the di erent contributions to () and to
estimate Cye and C,.
This procedure is not trivial from the technical point of viev. Considering that
the energy distribution of phonons is limited to<90 meV, | assume that, for
>90meV, () ' pe(). Within this assumption, the functional dependence
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of R=R(!; )on y()issimplied as a parametric dependence on the coe -
cientspy, Where pe()= pre( <90 meV)+( >90meV), ()= pp( <90
meV)and ()= p( <90 meV).

Considering the constraints given by the relations R=R(!; )= F (Poe; Pp; Pi; Coe;

Cn;Ci;!; ) (F being the generic function expressing the dependence on the
paramejers contained in the de nition of the (! ), see expression 3.13) and
()= » b() (() being the total glue function determined through eq ui-

librium spectroscopy and reported in the Figure 3.8), the &e parameters of
the tting are four. From the t to the rise time of the time-re solved sig-
nal, it is possible to obtain an upper limit to the value of thespeci ¢ heat of
the electronic excitations, i.e.,Cpe 0.1C.. Fixing the valuesCo/ Te= =10 4
Jem 3K 2 and C,;=2.27 Jcm 3K 1, | am able to simultaneously perform the
t to the data reported in Fig. 6.2 in the time and frequency danain with only
two free parameters, i.eC, and any of thep,. Furthermore, the small in uence
of the variations of C, on the t results (i.e. @F=@QC @F=@)p signi cantly
narrows the parameters phase-space of the model, allowirggunambiguously
haul out the di erent contributions to (). The result of the  tting procedure
in the frequency domain, is shown in Fig. 6.7 for the R=R(!; ) spectrum at
=100 fs. The black lines are the maximum and minimum R=R(!; =100
fs), considering the experimental uncertainty in the laseruence and spot
dimensions. The values of R=R( =100 fs) measured at each wavelength,
satisfactorily fall within the two lines.

Figure 6.7: The R=R(!; ) signalat =100 fs pump-probe delay is reported.
The gray shadowed area accounts for the experimental uncarities in the
both the measurement of the incident pump uence and in the dermination
of the pump and probe spot sizes, which have been consideredhe tting
procedure.

Figure 6.8 summarizes the main results of this analysis. TH® J/cm? pump
pulse gently increases the electronic temperature byT, 2 K. The entire
high-energy part and 46% of the peak (yellow areas) instantaneously ther-
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6.5. Simultaneous spectral and temporal analysis

malize with electrons at a temperaturel,e ' T.. The spectral distribution and
the value of the speci c heat of these excitationgg,.< 0.1C.) demonstrate their
electronic origin and are compatible with both the spin uctiations and cur-
rent loops scenarios, described in section 3.5.4. On a slowmescale (100-300
fs), the electrons thermalize with the strongly coupled phwns, that represent

20% of the phonon density of states@,=0.2 C,), but are responsible for

34% of the coupling (blue area) in the peak of the bosonic furan at 40-75
meV. Prominent candidates as strongly coupled phonons areetibuckling and
breathing Cu-O optical modes (see section 3.7.1). The thiahd last measured
timescale is related to the thermalization with all other I&tice modes (80% of
the total) that include all acoustic modes and the IR- and Ramn-active modes
involving c-axis motion of the Cu ions and provide 20% of the coupling (green
area) in the peak of ().

Figure 6.8: This scheme summarizes the scenario taking m@aic the normal

state (T=300 K) of Bi,Sr,Y ¢.0sCan.9oCu,0g. for the electron-boson coupling,
as determined by the combined spectral and temporal analgsof time-resolved
spectroscopic measurements. The total bosonic glue () hadeen disentan-
gled in three subsets, evidenced by di erent colors: yellofer the area arising
from coupling with bosons of electronic origink{@; blue for the area related
to the coupling with strongly coupled phononsf); green for the area related
to the coupling with weakly coupled phononslj. The evolution of the three

bosonic temperatures is also reported.
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6. Electron-boson coupling in the normal state

Table 6.2: Important parameters for the electron-boson celing in the nor-
mal state, from the combined spectral and temporal analysaf time-resolved
spectroscopic data.

| Boson ] ] C | T |
j=p, strongly coupled phonons| 0.4 0.2| 60 meV| 0.2Cy 2-30 K
j=I, weakly coupled phonons | 0.2 0.2 47 meV | 0.8Cyy 0-12 K

j=be, electronic bosons 1.1 0.2/ 87 meV| <0.1C. | 105-135K
Total 1.7 69 meV | (Cyt + Ce) 137 K

6.6 The bosonic glue and T

These results have fundamental implications for the idengiatign of the pair-

ing mechanism in cuprates. The electron-boson coupling=2 b() = d

is calculated for each subseb of the bosonic excitations, considering the ex-

perimental uncertainties. In the strong-coupling regime (< 1.5), the critical

temperature for d-wave pairing [128] in a Fermi liquid with pseudopotential
=0 is approximately given by an extended version of the Mc Man's equa-

tion [8]:

T. = 083“exp[ 104(1 + b):g b]

where In=2/ sz)l ()N =d, =2 R b() = d isthe electron-boson
coupling constant andg2[0,1] is a parameter that accounts for thel-wave na-
ture of the superconducting gap. The upper bound=1 corresponds to the
case in which () entirely contributes to the d-wave pairing.

The coupling with strongly coupled phonons (,=0.4 0.2) is in complete agree-
ment with the values measured on similar materials via di eent techniques,
such as time-resolved photoemission spectroscopy [14Bhe-resolved electron
di raction [27] and single-color high-resolution time-reolved re ectivity [75].
Although this value is rather close to the threshold of the stmg-coupling
regime [129, 159], the small value ofgives T.=2-30 K, that is far from be-
ing able to account for the high-temperature supercondudity of the system.
The coupling of electrons with all other lattice vibrationsis even smaller in
strength ( |=0.2 0.2) and provides an upper bound of the critical tempera-
ture of T, 12 K. Finally, the large coupling constant (p,e=1.1 0.2) and the
larger “value of the electronic excitations, give T,.=105-135 K, and hence ac-
counts alone for the high-critical temperature. All the , values, the “values,
the speci c heats and the maximum attainable critical tempgatures T, are
reported in Table 6.2.

The measured value of . and the spectral distribution of the electronic
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6.7. Limits of the N-temperature model and uncertainty ia tietermination of

excitations constitute a benchmark for theories of supernductivity in the
cuprates. In particular, they indicate that the antiferromagnetic spin uctua-
tions [48, 170] and the loop currents [182] are the most prdida mediators for
the formation of Cooper Pairs. | remark that our results areather indepen-
dent of the assumption of the histogram-like form of () and r obust against
modi cations of the details of the equilibrium dielectric tinction. In fact, the
outcome of this work strongly supports the factorization othe self energy
into a temperature-dependent kernel function and a tempetare-independent
function () (see Eq. 3.19) even under non-equilibrium conditions. Although

| do not excludea-priori that: i) pe() may be modi ed and new magnetic
excitations emerge at low temperatures, particularly in tB pseudogap phase
[116]; ii) the upper limit used in the determination of the beonic function can
hide possible contributions to () even above 1 eV; iii) the electron-phonon
coupling may cooperate in driving the superconducting phadransition, our
results suggest that bosonic excitations of electronic gim are the most impor-
tant factor in the formation of the superconducting state athigh temperatures
in the cuprates.

6.7 Limits of the N-temperature model and
uncertainty in the determination of

The applicability of the two/three temperature models and heir extension to
the four 4 temperature model (reported in sections 4.3.1,312, 4.3.3), relies on
the assumption of a quasi-thermal electronic and bosonicstiibution, thermo-
dynamically de ned by the e ective temperaturesT, and Ty, (with b=bep,l).
This model has been used to satisfactorily interpret both mie-resolved pho-
toemission [145] and time-resolved electron di raction 2 data on Bi2212. In
particular, the time-resolved ARPES data reported in Fig. @ have been often
considered as the evidence of the formation of a Fermi-Diratectron distribu-
tion at an e ective temperature, within 50-100 fs from the pmp excitations.
The departure from the quasi-thermal distribution is limited to a high-energy
tail with an intensity of about 2 order of magnitude smaller han the Fermi-
Dirac function. This hot electron tail is usually considerd negligible in terms
of the time-domain dynamics described by the generic N-temqagure model.

Nevertheless, the basic assumption of all these quasi-theimapproaches is
that the electron-electron scattering time (¢ ) is much smaller than the
electron-phonon scattering time (¢ ,n). In standard metals this condition

is not always ful lled. In particular, the electron-electron scattering time is
determined by the Pauli principle and is given by (see equath 17.66 in [11]):
1/ ¢ e=A(ksT)? ~Er, whereA is of the order of 1. Considering the typical
values of the parameters for metals, | obtaine . 10 ° s, which is signi -

133



6. Electron-boson coupling in the normal state

Figure 6.9: a) The time-resolved ARPES spectra acquired 209lhefore (black
dots) and 100 fs after (red dots) the arrival of the pump puls€T,=30 K) are
reported. b) The time-resolved ARPES spectra acquired at=0 fs (azure line)
and at =200 fs (black line) are reported. The hypothetical spectnn of an
electronic system that has fully thermalized af,=770 K (dashed violet line) is
superimposed. c¢) The logarithmic plot of the&kg spectrum, collected at several
pump-probe delays, is reported. From [145].

cantly larger than the typical relaxation time (10 *? s) at room temparature
in metals. To overcome this problem, an analytical approadio the Boltzmann
equation [96], which is free of any quasi-equilibrium appxonation, has been
recently developed. In this work, two-di erent regimes hag been discussed:
the high-temperature (T,Ty Tp, where Tp is the Debye temperature) and
the low-temperature (Te, Ty, Tp) regime.

In the high-temperature case, the analytical treatment yies the relation:

2 kgT,

~—~

e ph

25—
eph<! >=

(6.1)

where 7 o is the exponential decay time of the time-resolved signallaged to
the electron-phonon coupling. This relation is applicablalso when ¢ ¢> ¢ ph.
As compared to the similar formula by Allen [7] (see formula 4)2the electron-
phonon coupling ¢ ph is predicted to be linearly dependent o instead of
Te, With a factor 2 that is absent on the original relation.

In the low-temperature case, it is calculated that the N-temerature model
overestimates . p, of a factor 8/(5 c(r)), c(r) being a coe cient ranging from
8/5, when the ratior= ¢ ¢/ ¢ pnhis 0,to 1inthe limit r!l1 . In other words,
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6.7. Limits of the N-temperature model and uncertainty ia tietermination of

when ¢ ¢ ¢ pnh the N-temperature model is fully valid, while in the con-
ditions ¢ ¢ ¢ ph the quasi-thermal model overestimates. ,, of a factor

8/5=1.6.

This approach based on the Boltzmann equations has been udedreassess
[76] the electron-phonon coupling values, previously estated through the

simple 2TM, in metals. Slightly smaller values of ¢ ,, are found for the most
common metals, with the maximum di erence in NbN and ¥Ga, where ¢ p,

must be corrected of a factor 2.

In contrast to simple metals, the evaluation of ¢ ¢ in strongly-correlated sys-
tems and in cuprates, in particular, is a subtle problem, soe the applica-
bility of arguments based on the Fermi-liquid theory is qué®nable. It has
been recently demonstrated [74] that below the valup=0.2 of hole-doping
in cuprates, the strong electronic correlations drive a sppession of the co-
herent part (the quasiparticles) of the nodal ARPES spectra.This marks a
clear departure from Fermi-liquid behaviour and a more ragithan expected
crossover to Mott physics, where the elementary excitatisrare strongly local-
ized on the Cu-O sites. Close to the optimal-doping (O<p< 0.2), the system
does not have completely lost the concept of quasi-parti¢lbut is very close
to the Mott behavior dominated by incoherent excitations. i other terms, the
strong Coulomb repulsion among the conducting electronsrehgly decreases
the scattering time . . eventually driving the complete failure of the Fermi-
liquid picture in the uderdoped side of the phase diagram. Aiptimal doping,
the extended Drude model can be recovered, provided that tieeect of strong
electronic correlations is accounted for by a bosonic glue X of electronic
origin.
In Ref. [76], ¢ o' 1.4 ps is estimated considering a Fermi-liquid with an elec-
tron e ective massm =4m and an e ective dielectric constant ¢4 ' 30. This
estimation, based on the possibility of de ning quasiparties as in a conven-
tional Fermi Liquid, appears rather crude, and completely eglects the role of
the electronic correlations in the material. Furthermorethe concept of e ec-
tive dielectric function appears questionable in systemodhinated by localized
excitations with very short coherence length. A value of, . at least two-order
of magnitude smaller can be easily obtained assuming a sligharger e ective
mass and a smallergs . Accidentally, the use of the analytical solutions of
the Boltzmann equations in cuprates [75] provides exactlyhé same value of
than the one obtained through the conventional three-tempature model, i.e.,
0.5 in Lay.gsSro:15Cu04 and  0.25 in YBaCuzOg.s, casting further doubts
on the conjecture that ¢ ¢ ¢ pn in these systems. The same authors ar-
gue that the values of the electron-phonon coupling in LasSro.15CuO,4 and
YBa,Cu304.5 does not account for the very high-critical temperature ofhe
system.
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6. Electron-boson coupling in the normal state

In the most pessimistic limit, i.e., ¢ ¢ ¢ pn, the use of the solution of the
Boltzmann equations to evaluate even strengthen the main conclusions of
this chapter. Since in Y-Bi2212T, 300 K, our experiment falls between the
low- and high-temperature regimes discussed above. Neveldss, | can use
the two limits to estimate the possible corrections to ,, in the case of complete
failure of the N-temperature model, i.e. ¢ ¢ ¢ ph-

Adopting the expression 6.1, | obtain a value of ;<! 2 >=360-440 me\* for
the OP sample, corresponding to ,=0.22-0.28 for a phonon frequency =40
meV.

Assuming the low-temperature limit, the maximum overestimagon of | is
given by a factor 8/5. In our case, the t of the 4TM to the time+esolved
data (see Figure 6.5) gives ,=0.4 that, multiplied by 5/8, gives 0.25. These
values are well within the estimated range of,=0.4 0.2, reported in section
6.5. The large error bars associated to this value include: the experimental
uncertainty in the pump uence; ii) the possibility of adding to the 4TM a
term that accounts for the anharmonic coupling of stronglgoupled phonons
and the lattice (see section 4.3.3); iii) the possibility ofhe failure of the 4TM
in the limit ¢ ¢ ¢ pn. Therefore, all the conclusions about the role of the
bosonic excitations of electronic origin in the formationfdhe superconducting
condensate are robust even against the failure of the 4TM uké reproduce
the temporal dynamics of the R=R(!; ).

| note that from the analysis of the equilibrium optical spetoscopy data
on Y-Bi2212 [178] (see Fig. 6.10), the frequency-dependepatering time
ranges from 5 fs at very low frequencies to a constant valsel fs at about 1
eV. On the basis of the results reported in this chapter, theseery fast scat-
tering processes are dominated by the scattering of fermionquasiparticles
with bosonic excitations of electronic origin. Thereforethe non-equilibrium
population created by the pump pulse, instantaneously intacts with these
excitations [183] before the electron-phonon scatteringrqresses. The role
of this very fast electronic processes in quickly establisiy a quasi-thermal
population is an open fundamental question in the eld of stngly-correlated
systems out-of-equilibrium.

| conclude this section presenting the results of the numerintegration of the
systems of equations for both the 2TM and the 4TM. The resultshown in
Fig. 6.11 are the R=R( ) (obtained by formula 4.11 for the 4TM), normal-
ized to the incident pump uence. The electronic and the tothspeci c heats
have the same values in both models. From the numeric solutiof the system
of coupled di erential equations, it is possible to argue tat only in a limit

of very high pump uence the decay rate predicted by the 2TM @ses to be
uence-independent. On the contrary, in the 4TM case, this ect is almost

completely suppressed. | ascribe this result to the fact thavhen the electrons
are considerably heated by the absorption of an high uencader pulse, their
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Figure 6.10: a) The in-plane optical conductivity of Y-Bi222 for a number
of selected temperatures is reported. b) The resulting fragncy dependent
scattering rate, de ned as 1/ (! )=Re ! §=4 (') (see Methods in [178]), is
reported. From [178].

specic heatCo= . Te (being =10 # Jcm 3K 2) becomes similar C, 0.2
Jem 3K lat T 2000 K, the maximum electronic temperature of the system
in the caselmp=10000 J/cm?) to the strongly coupled phonons (10% of
the total phonons) specic heat,C, 0.227 Jcm3K ®. Thus, in the 4TM,
electrons heat less than what predicted by the 2TM, with theealaxation dy-
namics which is a complex interplay of the contributions frm the electrons
and strongly coupled phonons relaxation. For the 2TM, the dmy rate evolu-
tion, resulting from the numeric integration of the equatios, is in agreement
with the limit of applications of Allen Formula 4.2, which prealicts a uence-
dependent decay rate at very high temperatures. By this sintation, it is also
possible to argue that the limit in which the decay rate is liear with uence is
extremely high as compared to conventional metals, since ¢aprates the pen-
etration depth of light at 800 nm is about one order of magnitde larger than
in metals (I remember that our measurements are performed twil ,;mp,=10
Jicm?).
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6. Electron-boson coupling in the normal state

Figure 6.11: a) Simulation of the R=R( ), as predicted by the 2TM. b)
Simulation of the R=R( ), as predicted by the 4TM. In both cases, the
results are normalized to the incident pump uence. The depture from a
constant decay time starts only at very high pump uences. Hathe 4TM, this
e ect is further reduced.

6.8 Conclusions

The results of the novel time-resolved optical spectroscppnd the related dif-
ferential analysis reported in this chapter, have fundaméa implications in
the comprehension of the mechanisms leading to unconveniab superconduc-
tivity in cuprates. Here | summarize the main conclusions ohe analysis:

On a timescale faster than electron-phonon thermalization demon-
strated that the measured R=R(!; ) signal is caused by the variation
of the temperature of bosonic excitations of electronic @in, character-
ized by a strong coupling with electrons and a very small spexheat.

The temporal dynamics exhibit two dynamics (respectivelyrthe 300
fsand 2 pstimescales), revealing that two subset of phonon poptitans
are coupled, with di erent coupling strength ( ,=0.4 0.2, ;=0.2 0.2),
to the electrons.

By simultaneously tting in the time and frequency domains & extended
Drude model, in which the temperature evolution is governday the 4TM
rate equations, to the R=R(!; ) signal, a fully self-consistent picture
is obtained.

The quantitative results of this analysis reveal that elecbns are strongly
coupled with a subset of the bosonic glue (()) extending up to 350
meV. The coupling ,e=1.1 and the high mean-frequency=87 meV
of this subset alone, account for the high critical temperate of the
system. Possible candidates as a source of coupling for tberfation of
Cooper pairs, compatible with the evidenced characteris8, are either
antiferromagnetic spin uctuations [48, 170] or currentdops [182].
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Chapter

Excitation-dependence of the
bosonic glue in the pseudogap
phase

7.1 Introduction

The pseudogap state is the most exotic and elusive phase of fphase diagram
of HTSCs, and the comprehension of the microscopic electrommechanisms
behind is of paramount importance to reveal the nature of tkiintriguing phase.
Here | demonstrate that the non-equilibrium dynamics undeying this phase
are more complex than those observed for the normal state @& suggesting
that the pseudogap in HTSCs is a state of matter where the ferpmic quasi-
particles and the bosonic excitations are strongly intertwed.

This chapter illustrates the results obtained by probing, wh time-resolved op-
tical spectroscopy, the non-equilibrium dynamics of Y-BiZl2 samples in the
pseudogap phase. Measurements are performed at T=100 K, thseudogap
extending betweenT ( 140 K for OP samples and 200 K for UD samples)
and T.. In this region of the p-T phase-diagram, the transient frequency-
resolved optical response is di erent from what observed ithe normal state
and the simple quasi-thermal scenario does not account fdret results.
Exploiting the time- and frequency-resolution of our techigque and the di er-
ential analysis | demonstrate that, on the femtosecond tinseale, the transient
optical response at T=100 K is dominated by an excitation-deendent bosonic
glue.
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7.2 Time-resolved spectroscopic measurements
at T=100 K

In Fig. 7.1 the time- and energy-resolved transient re ectities R=R(!; )
collected at T=100 K for ve Y-Bi2212 samples, are reported. e samples
span thep-T phase diagram from the underdoping to the overdoping rege,
as the oxygen content is varied. The doping levelsp of the samples are:
p=0.128, p=0.16, p=0.176, p=0.197, p=0.2, corresponding toT, values respec-
tively of 83 K, 96 K, 94 K, 86 K, 83 K. In contrast to the results dtained at
room temperature (see Fig. 1 of chapter 6), when the systemirsthe normal
state, here the spectral response is more structured and é&ilks a clear, dop-
ing dependent, evolution, when moving from the underdoped the overdoped
side of the phase diagram.

The time-trace extracted from the R=R(!; ) plot in Fig. 7.1, for the UD
sample and at 1.55 eV energy, exactly reproduces the negatsignal observed
by conventional single-colour pump-probe measurements anderdoped sam-
ples [117], at 1.55 eV probe energy. The negative time-resal optical signal
characterizing the non-equilibrium optical response in #hvisible spectral re-
gion, for UD and OP samples, tends to vanish upon increasingehdoping
level, as is evident from the right panels of Fig. 7.1. Howevedhe R=R(!; )
signal reveals a positive feature toward the infrared speat region, which is
almost doping-independent and is di erent in intensity fran the normal state
signal. The picture emerging from the R=R(!; ) plots of Fig. 7.1 is that at
T=100 K, the time resolved optical signal exhibits stronglydoping-dependent
spectral features. The spectroscopic information reveafsandatory for the
comprehension of the intriguing interplay of physical pragsses which are tak-
ing place in this intriguing phase of matter. In this chapterd will demonstrate
that the negative time-resolved optical signal in the visile spectral region is
associated to the onset of the pseudogap. To address the worigf the tran-
sient R=R(!; ) at T=100 K, | extended the probed spectral range to the
near infrared (0.5 eV) through an Optical Parametric Ampli er-based setup
(described in section 5.6).

Fig. 7.2 reports the measurements performed on the optimgaltloped sample,
along with some cuts of the R=R(!; ) plot at xed delay times, from which
the evolution of the transient spectral response is obtaide The full transient
spectrum shows two sign-change points. The rst, evident dm the visible-
range measurements alone, is atl1.35 eV (i.e., 900 nm), whereas the second
is in the infrared part of the probed spectral range, at 0.6 eV ( 2050 nm),
where the positive signal associated to the almost-dopimgdependent feature
vanishes, and the impulsive re ectivity variation becomesegative on the sub-
ps timescale. Although noisy, the transient signal at longggump-probe delays
(the =3 ps trace of Fig 7.2b can be considered) reveals an intenesf feature:
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Figure 7.1: The temporally and spectrally resolved plots ¢iie transient re ec-

tivity in the pseudogap phase (T=100 K) of BbSr,Y .0sCa9:9,Cu,Og+ are here
reported for ve doping levels: p=0.128 (UD sample), p=0.16 (OP sample),
p=0.176 (OD sample),p=0.197 (OD sample),p=0.2 (OD sample). The cuts
(evidenced in red) at =0 pump-probe delay are reported in the right graphs,
evidencing the spectral strucutre of the transient signalThe pump uence is
setto 10 J/icm?2.
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Figure 7.2: a) The measurement on the Optimally Doped sampig extended
toward the infrared, up to 0.5 eV. b) The total transient speata for selected
pump-probe delays are reported.

its sign is positive in the visible, while it is negative in tle infrared. This
experimental evidence will be rationalized in section 7.3s originating from a
thermal heating e ect. The time-resolved transient signa reported in panel
b) of Fig. 7.2, extending in the energy range 0.5-2 eV, will cetitute the basis
for our analysis, illustrated in the rest of the chapter.

7.3 Pump-induced heating of the bosonic ex-
citations

In this paragraph | simulate the transient re ectivity variation in the energy
domain, as expected in the pseudogap phase assuming a qtizsimal heating
of the system. | will show that, while this thermal e ect doesnot account for
the R=R(!; )for < 1 ps (i.e., in the sub-ps timescale), it well reproduces
the transient spectrum for longer delays ( &3-4 ps), when the bosonic exci-
tations of the system are thermalized. To estimate the tempature evolution
of the system in the pseudogap phase, | use the 4TM already é&ifed in
Chapter 6, assuming that the electron-boson coupling has tnchanged upon
cooling down the sample from T=300 K to T=100 K (i.e., that thetotal glue
function () and the various ; have not changed). | remind that | demon-
strated that the electrons are coupled with three di erent lesonic populations:
bosons of electronic origin (i.e., antiferromagnetic spimctuations or current
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Table 7.1: Electronic and bosonic temperatures at particat pump-probe de-
lays , from the 4TM simulation at T (=100 K.

Temperature =0 =4 ps
Te 945K | 0.61K
The 945K | 0.61K
To 1.13 K| 0.72K
T 0.11 K| 043K

loops), that | indicate with subscript j =beg strongly coupled phonons j(=p)
and weakly coupled phononsj&l). For the simulation, | use the same val-
ues for ; reported in Chapter 6 (see Table 6.2). At a base temperaturd o
T=100 K the speci c heats, both the electronic and the total mes, have a non
constant value, which is fully accounted for by the simulatin. This provides
di erent values for the temperature increments T; (here j=e for electrons,
and j =be; p;lfor the temperatures associated to the bosonic populatiors
recalled before) with respect to those obtained for the sysh in the normal
state, for the same absorbed energy density of 0.6 J/édmThe expected tem-
perature evolution pro le is reported in Fig. 7.3 for Te, The, Tpand T,.
From the simulation | extract the T; values at =0 and =4 ps, respectively,
for the system in non-equilibrium condition and in the quasthermal regime,
when the bosons are thermalized. These values are reportadable 7.1.

Figure 7.3: The results of the numeric integration of the 4TMequations system,
for the temporal evolution of the temperaturede, Tye, Tp, T, are reported. The

simulation is performed with the parameters determined fra the analysis

of the R=R(!; ) spectra at T=300 K (see section 6.5) From the obtained
temperature values, the system heatng in the pseudogap pkads inferred.

The calculated values for the electronic and bosonic tem@dures are used
to simulate the R=R(!; ) traces at =0 and =4 ps, expected for a quasi-
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thermal scenario. This simulation has been done with the derential dielectric
function approach (see section 4.4) and the EDM presented section 3.5.2.
For clarity, | recall here the main expressions of this modelThe Drude part
of the model dielectric function, related to the re ectivity by formula 3.3, is
given by:

1 2

oGl T M ETY) 7
Where the Memory functionM (!; T ), given by:
Z, : : 1
MO;T)= il ' PGT) fC+5T) d +il (7.2

1 L+ (;T) ( +!;T)+iimp

is a function of the electronic self-energy (;T ), which is given by (in the
model presented in 3.5.2):

Zl
(5T)y=  FFO LG T (7.3)
0
where the Kernel functionL(!; ;T) writes:
. 1 1. 0 1 .+ 0
L(;, ;)= 2 T)+ = + -+ -
) Lot 3 2" ' o7 > 27
(7.4)

It must be noted that in our simulations, the Glue Function ( ), appearing
in equation 7.3 and expressing the electron-boson couplirg held constant
(i.e., independent from the heating given by the laser exaition), while only
the temperatures appearing in the BE 1) and FD (f) distributions of the
Kernel function (equation 7.4), which describes the thermaxcitations of the
electrons and the glue, are changed. Values from Table 7.leaonsidered.
The Glue Function () is factorized in three subsets, as illustrated in Fig.
6.8. Each one has its own bosonic temperatui®: Tne, Tp, T, entering the
Kernel function L(!; ;T).
The temporal traces obtained by the simulation described amreported in Fig.
7.4 and Fig. 7.5, respectively for = 0 and = 4 ps, together with the
experimental data. Comparing the results of the simulationo the measured
R=R(!; ) traces, | come to the major point of this section. That is, witke
the spectrum obtained for the system 4 ps after excitation iwell reproduced
by a quasi-thermal scenario, the spectrum at zero delay rdges a more com-
plex picture than that of a purely (non-thermal) heating e ect.

Fig. 7.4 clearly shows that the experimental and the simulatl spectra, for a
pump-probe delay of =0 ps, are signi cantly di erent. In particular, a nega-
tive time-resolved optical signal is observed in the visiblspectral region, and
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7.4. Excitation dependance of the Bosonic Glue

Figure 7.4: The simulation performed for a quasi-thermal soario, assuming
that the electron-boson coupling constants; are unchanged with the respect
to the ones determined for the normal state, is reported. Themperatures are
taken from Table 7.1. Comparison with data for =0 pump-probe delay shows
that a non-thermal heating e ect alone is not enough to reprduce transient

data in the pseudogap phase, at small pump-probe delay.

cannot be reproduced by the simulation described, wheredsettime-resolved
optical signal is positive in the infrared.

Therfore, in the pseudogap phase, other e ects than a purehon-thermal heat-
ing are likely taking place, in the rst instants after excitation. These e ects
should be of non-thermal nature, given their fast dynamicsTheir correct in-
terpretation is mandatory to shed light on the nature of the peudogap phase.
The problem of assigning a physical origin to the R=R(!; ) at =0 will be
tackled in the next section, making use of the di erential délectric function
approach (see section 4.4).

On the contrary, the fact that the spectrum measured at =4 ps pump-probe
delay is well reproduced by the simulation is supported by wvhigh-resolution
one-color pump-probe measurements at probe energy of 1.581®.6 eV, re-
ported in Fig. 7.5. This further conrms that at long pump-probe delays
( 3-4 ps) the system time-resolved optical response is qudsdrmal.

7.4 Excitation dependance of the Bosonic Glue

To properly reproduce the time-resolved optical signal at = 0, my strategy

will be to assume the thermal contribution calculated as desbed in section
7.3 as a xed starting background. Then, the other physicalantributions nec-
essary to correctly reproduce the experimental signal whle added, modifying
the related parameters in the excited dielectric functionreering the di eren-

tial dielectric function model.
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7. Excitation-dependence of the bosonic glue in the pseydplgase

Figure 7.5: This graph demonstrates how the transient speam for =4
ps pump-probe delay is well-reproduced by a simulation in wdh the system
temperature is increased by 0.5K, thatis, Te= T,=0.5 K. This indicates that
for pump-probe delays &4 ps, the system is completely thermalized at an
elevated temperature with respect to the thermal bath one. Ae signal is thus
dominated purely by a quasi-thermal heating e ect, while gjnals arising from
other mechanisms are quenched. Two single-color pump profmeasurements
con rm this scenario.

In particular, | will demonstrate that the measured R=R(!; ) can be re-
produced by taking into account the following two contributons:

1) the impulsive quench of a gap in the density of states;

i) the impulsive modi cation (decrease) of a low-energy pk of the Glue
function ().
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7.4. Excitation dependance of the Bosonic Glue

Some comments are needed about these points. The point i) ccamplished by
replacing the Extended Drude strong coupling formalism wlit the formalism
described in 3.5.3, that is also strong coupling and accourfior a non-constant
DOS arising from the opening of an energy gap in the pseudogatpase [49]. It
is worth to point out that the models described in 3.5.2 and 8.3 coincide in
the limit of zero-gap, as | veri ed numerically, therfore | se the model in 3.5.3
without changing the parameters. Point ii) implies that theglue-function, thus
the electron-boson coupling, is no more insensible to extat perturbations,
that is, it is no more uence-independent, as it was proved tbe in the normal
state phase. Thus, from now on | will assume that the Glue fution ()
can be directly modi ed by laser excitation. This will turn out to be a clue
observation, to address the origin of the R=R(!; ) signal in the pseudogap.
Finally, a comment about our procedure. All the transient reectivity changes
arise from the modi cations of the Extended Drude model paraeters, thus
are intrinsically entangled. However, since the variationfdhe parameters is
small (few percents), it has been possible to simulate theaimsient response
arising from each physical contribution alone, by consideg individually each
contribution. | carefully checked that the sum of the three ontributions is
exactly the same than the result of the three being consider¢éogether. With
this in mind, I illustrate which is the expected R=R(!; ) arising from con-
tributions i) and ii) alone. Finally, i), ii) and the thermal e ect are brought
together to reproduce the measured signal, after having csidered the e ect
of the pump beam nite penetration depth (see section 4.3.4)

i) E ect of the gap closing on the R=R(!; )

Having photoinjected excitations in the system with the pumppulse, it is rea-
sonable to assume that the gap opened in the density of statesspartially
guenched. | start from the results of the tting procedure ofthe equilibrium
model (section 3.5.3) to the experimental dielectric funimn at T=100 K, pre-
sented in 3.7.2, where | xed a reasonable value for the gapdth of ;=350
cm 1[153] and where | found a value for the gap amplitude of IN(0; T) = 0:3
(i.,e., N(0; T) = 0:7). In the di erential model, | assumed that the excitation
e ect is that of increasing N'(0; T), which corresponds to a pump-induced |I-
ing of the gap. However, | veri ed that an identical R=R(!; ) is obtained
upon decreasing the 4 value.

The transient spectra obtained forN'(0; T) equal to 0.74, 0.78, 0.82, 0.86 re-
spectively, are reported in Fig. 7.7. The simulated R=R(!; ) presents a
positive spectral feature in the spectral range 5000-11006 *, while it van-
ishes outside this range. Reducing a gap in the density of s#a implies that
carriers gain kinetic energy. This corresponds to an increa of the Drude
plasma frequency of the system (see the sum rule in sectio6)3.1 veri ed this
simple argument by performing a simulation for the expected R=R(!; ), as-
suming an increase of the (Extended) Drude oscillator plasnfrequency. The
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7. Excitation-dependence of the bosonic glue in the pseydplgase

result is that in the spectral range of interest, the transiet spectra are similar.

Figure 7.6: The e ect of the laser excitation on the gap intesity N'(0; T)
is pictorially sketched. The e ect of this modi cation on the R=R(!) is
reported in Fig. 7.7.

Figure 7.7: Here | show the simulated di erential spectra olained by only
modifying the value of the gap in the density of states. Valigeare reported on
the graph itself.

i) Eect of the () excitation on the R=R(!; )
The signal originating from the impulsive modi cation of the lowest-energy
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7.4. Excitation dependance of the Bosonic Glue

peak intensity in the glue function () leads to a completely dierent and
peculiar R=R(!; ). The value of the intensity of peak '1' of the Bosonic Glue
(), 0.041, is obtained from the tting of the Extended Drude model to the
equilibrium spectroscopic data. In Fig. 7.9 | report the simated R=R(!; )
obtained changing this intensity to the values 0.040, 0.039.038, 0.037, re-
spectively. It must be noted that the modi cation of the higher peak intensity
would lead to similar results.

Figure 7.8: The e ect of the laser excitation on the () lowes t-energy peak
intensity (1) is pictorially sketched. The e ect of this modi cation on the
R=R(! ) is reported in Fig. 7.9.

The resulting R=R(!; ) shows a signi cantly di erent spectral shape, when
compared to the R=R(!; ) related to the gap lling (Fig. 7.7). In fact, it
is negative in the visible spectral range, whereas it is ptse in the infrared.
The sign changes around 8000 crh i.e., 1 eV.

Our choice of modifying the lowest-energy peak in the Glue Ration will
be now discussed in detail.

My argument is based on recent ndings | will summarize hereli et al. [116]
revealed the existence of a fundamental collective magrethode, which inten-
sity onset is associated with th@ temperature, and with characteristic energy
of 52-56 meV. The measurements have been performed with thelastic ne-
turon scattering technique, on a HgBaCuO,. sample. Measurements on both
underdoped and optimally doped samples revealed the sameepbmenon, but
at di erent onset temperatures, compatible with the actualT of the mate-
rial. These ndings further support previous results [73, 15] obtained by the
polarized neutron di raction technique, that demonstratel the existence of an
unusual magnetic order belowl . The magnetic mode observed by Li et al.
[116] (see Fig. 7.10) could be assigned to a typical excitati of this magnetic
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7. Excitation-dependence of the bosonic glue in the pseydplgase

Figure 7.9: Here | show the simulated di erential spectra olained by only
modifying the value of the lowest-energy peak in the bosongtue. Values are
reported on the graph itself.

order. All these results point toward a picture where the pselogap regime
(which we found being a set of anomalous physical propertfjesonstitutes a
genuine phase of matter, rather than a crossover phenomenomhe experi-
mental ndings by Li et al. are summarized in Fig. 7.10.

Figure 7.10: a) A weakly dispersing collective magnetic medwhich intensity

is reported) has been identi ed on a HgBzCuO,. sample. Its energy is 50

meV. b) The temperature dependence of the collective mode denstrates its

connection to the pseudogap phenomenon. The mode onset tergiure is
210 K for an OP sample and 350 K for an UD sample.

Since it has been experimentally demonstrated that in a copp-oxyde based
high-temperature superconductor, a new, temperature-depdent excitation
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7.4. Excitation dependance of the Bosonic Glue

mode, with electronic origin, rises at a temperature compiditie with the sam-
ple actual T , | assume that the lowest-energy peak of the bosonic glue can
be uence-dependent. The correctness of this assumptiontésted in the next
section, where | present the model tting results to the exp@mental data. |
have to remark that this is only an assumption: | will not be ale to reveal
which (low-energy) peak of the bosonic glue actually varies

R=R(!; ) tting to the experimental data.

Having addressed the individual e ect on the R=R(!; ), originating from
the photoinduced heating of the system, from the photoinded gap lling and
from the photoinduced quench of one peak in (), | consider them together.
In particular, | t the total R=R(!; ) arising from the three contributions
to the time-resolved data (at =0) in the energy domain.

The t to the data is thus performed with only two free parameers, i.e., the
gap amplitude (1 N(0; T)) and the lowest peak intensity (1), being the ther-
mal e ect simulated a priori and xed. The result is reportedin Fig. 7.11.
The contribution of the nite pump penetration depth to the signal is also
taken into account (see section 4.3.4). The t result for théwo parameters is:
1 N(0;T)=0.2 and 1,=0.0377.

Figure 7.11: Here | show the energy-resolved spectrum at a ck@ump-probe
delay =100 fs. The black line is the t to the data, obtained as desébed in
the text. Fitting parameters are collected in Table 7.2.

Therfore, the experimental data are satisfactorily repragced by assuming the
simultaneous presence of three e ective physical procesda the pseudogap
phase. The three relevant spectral contributions, calcukad considering the
tting results, are shown in Fig. 7.12. Table 7.2 summarizethe di erential
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Table 7.2: Dierential tting results for the pseudogap state.

Parameter | Static | Dynamic (from Fit)
N(0;T) 0.7 0.8
[, 0.041 0.0377

tting results.

Figure 7.12: Here | show singularly the e ect on the transiente ectivity
arising from the di erent ‘ingredients’ of the t. Values obtained are those
extracted by the tting procedure.

Final remarks about the tting procedure

| want to emphasize that it does not exist another simple wayfaepro-
ducing the experimental R=R(!; ), by varying other parameters in the
dielectric function.

| use only two tting parameters to reproduce the experimerdl values
of R=R(!; ). The tting procedure described requires the minimum
number of parametrs to correctly reproduce the experimerita R=R(!; ).

The fact that the di erential signal associated to the uene dependence
of the Glue Function () is negative in the visible spectral r ange, where
the contribution related to the gap lling has a negligible eect, and the
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guasi-thermal heating e ect gives a positive sign, is a cleavidence that

the signal observed by both single or broadband color measuarents in

the near-IR / visible originates from this contribution. No dher way of

reproducing this negative signal in the visible spectral rage has been
found. In the next chapter, the onset of this signal is invegjated, by

exploiting high-resolution single color measurements atSleV, in a wide

temperature range.

| leave to the next chapter the section devoted to the nding bthe onset
of the e ect related to the uence-dependence of the Glue Fuation (),
related to the rst peak intensity (1;) modi cation, sice the results provide
clue information for the formulation of a phase diagram. As aomcluding
remark of this section, it must be emphasized that in the psélogap phase, a
peculiar mixture of di erent e ects has been observed, haag di erent origin
and properties. This observation is of paramount importarefor reconstructing
the non-equilibrium phase diagram for copper oxide basedghi temperature
superconductors.

7.5 Conclusions

Thanks to the combined spectral and temporal resolutions, Have been able
to disentangle the physics underlying the pseudogap phadean high temper-
ature copper oxide based superconductor. Two important eots, respectively
related to the impulsive quench of an energy gap present indhelectronic
density of states, and to the impulsive reduction of the intesity of one peak
appearing in the bosonic glue, have been revealed, for aniomlly doped sam-
ple. The negative R=R(!; ) originating from the impulsive modi cation of
the lowest-energy peak intensity in the glue function () is dominant in the
underdoped side of the phase diagram. The scenario changethe overdoped
side of the phase diagram, as will be pointed out in the next apter. It must be
emphasized that in the pseudogap phase, the bosonic glue more uence-
independent, in contrast to what demonstrated in the normastate. Here, the
uence dependence of the bosonic glue in the pseudogap hasrbeevealed.
The most straightforward interpretation of this experimemal evidence is that
new bosonic modes are e ective in this phase. This is comgda#g with the
ndings reported in [116, 180], where a ground state for theystem in the
pseudogap phase, governed by circulating orbital currentes been claimed.
These bosonic modes could be the ones originating from theggmetic) uc-
tuations of the system among the four degenerate ground sést predicted by
the model reported in [116, 180]. This picture is summarized Fig. 7.13.

As a concluding remark, it must be emphasized that the tempoareesolution is
mandatory to disentangle the di erent e ects in the pseudogp phase. By spec-
troscopic measurements at equilibrium, performed at di et temperatures,
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Figure 7.13: The loop-current electronic order is sketchedA copper-oxide
based material with loop-current electronic order has foupossible ground-
state con gurations. In each con guration, pairs of electon-current loops ow

within each of the material unit cells, and produce a pair ofgpositely directed
magnetic moments (plus and minus symbols denote a magnetioment with

a direction that is perpendicular out of and into the plane othe page, re-
spectively). If the material condenses into the top con guation, it can locally

guantum-mechanically oscillate back and forth between itrad the other three

con gurations. This gives rise to three possible collecttvmodes of oscillation.
From [180].

it is not possible to reveal such e ects, since their contriltion to the re ec-

tivity variation is completely overwhelmed by the dependete of the optical
properties on the temperature. The simulated re ectivity \ariation expected
for an increase in the temperature of the system in equiliim conditions is
presented in Fig. 7.14. This signal has an intensity which isne order of
magnitude higher than the contributions related to the gap lling and to the

bosonic glue variation, over the same temperature range.
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7.5. Conclusions

Figure 7.14: In the left plot, | calculate the di erence in reectivity obtained
by heating the system, fromT,=100 K, to 150, 200, 250, 300 K. In the right
plot, the R/R arising from the same e ect is calculated. In t he inset, the
static re ectivity for Tp=100 K is shown.
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Chapter

The Phase Diagram from
Non-Equilibrium Spectroscopy

8.1 Introduction

The aim of this nal chapter is to summarize all the results othe novel time-
resolved spectroscopy developed and used in this work. Thesponse to an
ultrashort excitation of the normal, pseudogap and superoducting phases of
the copper-oxide high-temperature superconductor Br,Cag.92Y 0:08CU>Og+
provides a new comprehensive picture of the phase diagramtbis system.
The chapter will start with the description of the non-equilbrium properties
of the system in the superconducting state, that have not baegresented yet.
In contrast to what observed in the normal state and pseudogahases, in the
superconducting phase the transient optical response ingmear-IR / visible
spectral range can only be interpreted by assuming a pumpeinced modi -
cation of the high-energy dielectric function. | demonstita that two optical
interband transitions at 1.5 and 2 eV are intimately relatedto the conden-
sate formation at T.,. The long-standing debate about the interplay between
high- and low-energy physics in these compounds, as a fuoctiof doping, is
nally addressed. In the superconducting state, the optidaesponse is strongly
doping-dependent, with a clear crossover close to the optindoping level re-
quired to attain the maximum critical temperature T, for the BSCCO family.
This crossover delimits two regions in which superconduetty is driven by
an opposite mechanism: on the underdoped side of the phasagdam, super-
conductivity is driven by a direct kinetic energy gain (loweng), while on the
overdoped side of the phase diagram, superconductivity is@mpanied by a
BCS-line kinetic energy loss, overcompensated by a gain iotpntial energy.
In this context, the superconductivity-induced variationof the spectral weight
of the interband transitions at 1.5 and 2 eV, fully accunts fothe kynetic en-
ergy variation over the whole phase diagram.

This observation will be extremely helpful to the construabn of a non-equilibrium
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phase diagram. The non-equilibriump-T phase diagram we propose (non-
equilibrium indicating the way in which it has been obtainellis characterized
by a T line delineating a region in which the glue function is tempature-
dependent. This line intersects the superconducting domdose to optimal
doping, delimiting two p-T regions in which superconductivity is driven by a
di erent mechanism. This non-equilibrium phase diagram sbngly points to-
wards a quantum critical point (QCP) within the superconduting dome, at
T=0. Nevertheless, the signature of a gap is found abovg, over the whole
phase diagram. The onset of the gap is very broad in temperag&) and follows
a line tangent to the superconducting dome, in the overdopeégion.

8.2 Time-resolved optical spectroscopy at T=20
K

In Fig. 8.1 the R=R(!; ) plots collected at T=20 K on four Y-Bi2212 sam-
ples (an underdoped (UDT.=83 K, p=0.128), an optimally doped (OP,T.=96
K, p=0.16) and two overdoped (OD,T.=86 K for p=0.197 and T.=83 K for
p=0.2)) are reported. The pump uence is kept at the low level b10 J/cm?,
to avoid the complete vaporization of the superconductingondensate [81, 42]
when photoexciting the system.

The measured R=R(!; ) signal shows many peculiar features. The re-
ectivity variation is about one order of magnitude more inense than the
one observed in the normal state and pseudogap phases. Theajetime
of the R=R(!; ) signal slows down to about one picosecond. Finally, the
R=R(!; ) spectroscopic signal is strongly doping-dependent, witlich and
complex spectral features. The right plots of Fig. 8.1, repting the signals
in the energy domain, obtained by vertically-cutting the R=R(!; ) plots at
=400 fs pump-probe delay, clearly show the doping dependenaf the signal.
| choose to consider a pump-probe delayequal to 400 fs, since the maximum
signal variation is detected. In Fig. 8.2, the results from aumber of samples
are compared.
The slowing down of the temporal dynamics of the time-resad optical signal
in the superconducting phaseT<T.) has been observed in many experimental
works [97, 53, 98, 164, 79, 77, 117], and it is explained withthe Rothwarf-
Taylor model, accurately described in section 4.2. The sued slowing down of
the temporal dynamics forT <T. is due to a bottleneck e ect originating from
the quasiequilibrium between the population of excited qu#particles and of
high-frequency bosons (having energy 2 ), when the superconducting gap
2 is opened.
The signal at 1.55 eV probe energy, in the time domain, extreed by the
R=R(!; ) plots (not shown), perfectly reproduces the results obtaed by
the one color pump-probe measurements reported in the lisgure [78, 117],
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Figure 8.1: The temporally and spectrally resolved plots fothe tran-
sient re ectivity R=R(!; ) in the superconducting state (T=20 K) of
Bi,Sr,Y 0.08Can.0,Cu,0g. are here reported for four doping levelsp=0.128
(UD sample), p=0.16 (OP sample), p=0.197 (OD sample),p=0.2 (OD sam-
ple). The 800 nm, 1.55 eV signal is in agreement with measurents performed
with one-color probe. The cuts (evidenced in red) at=400 fs pump-probe
delay are reported in the right graphs, evidencing the spedl strucutre of the
transient signal. The pump uence is 10 J/cm?.

for all doping levels. | also veri ed that the amplitude of the transient re ec-
tivity signal at 3.14 eV probe energy (i.e., 400 nm) is negiige, by perform-
ing monochromatic pump-probe measurements with a secondrmonic probe
beam. This information will be useful to correctly addresshe pump-induced
spectral weight transfer.

To check that the phenomenology observed in the superconding phase, and
described so far, is independent from the excitation mechiam, | repeated the
measurements with a 3.14 eV pump beam. No di erences with resg to the
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measurements reported in Fig. 8.1, performed with a 1.55 e\ump beam,
emerged. This ensures what we observed is related to an insic response of
the superconducting phase, independent of the excitationegohanism.

In Fig. 8.2, | show the transient re ectivity spectra for a punp-probe delay
equal to =400 fs, for a number of samples with di erent dopings. The tces
for the samples withp=0.128 (UD sample), p=0.16 (OP,; sample (red dots),
the same sample which reslts are presented in Fig. 8.1), apd0.197 (OD
sample) will constitute the basis for our di erential analysis.

Figure 8.2: The spectrally resolved re ectivity traces at 20 K, for a pump-
probe delay equal to =400 fs and a pump uence equal to 10 J/cm?, are
reported here for a number of di erent samples. While OP sanhigs OP,, OP,,
OP3 have the same nominal dopingp=0.16), sample OR has been exposed
to air for a longer time, resulting in a slight increase of th®©xygen content.

By directly comparing the R=R(!; ) cuts at =400 fs pump-probe delay,
the evolution of the spectroscopic signal with doping can b&rgued. By in-
creasing the doping level, the all-positive re ectivity vaiation characterizing
the underdoped sample is gradually modi ed by a suppressiaf the signal
around 1.4 eV, which eventually evolves into a negative featiin the 1.1-1.5
eV energy range for the overdoped sample.

8.3 Transient re ectivity in the superconduct-
ing phase

In this paragraph | present the results of the tting of the dierential di-
electric function model (described in 4.4) to the R=R(!; ) traces at xed
pump-probe delays, for the UD =0.128), OP; (p=0.16) and OD (p=0.197)
samples. Experimental data and the tting results are presged in Fig. 8.3.
For all doping levels, the interpretation of the structured R=R(!; ) in the
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1.2-2 eV energy range, cannot be accounted for by only assnghia modi ca-
tion of the Extended Drude model parameters, as it happens ithe normal
state and in the pseudogap. On the contrary, | have been able account for
the structured variation of the re ectivity at high energies by only assuming a
modi cation of the rst two interband oscillators, at 11800cm 1 (1.46 eV) and
16163 cm 1 (2 eV), of the material dielectric function (the six oscilléors used
to reproduce the high-energy part of the material dielectrifunction are listed
in section 3.7.3). The signals measured in the supercondingt phase are the
ngerprint of a genuine modi cation of the dielectric function as excitations
are photo-injected, well beyond a simple broadening of theriide function.
The ts to the data automatically satisfy the KramersKronig relations, be-
cause they are obtained as a di erence between KramersKrgrtonstrained
Lorentz oscillators. The conservation of the total specttaveight is guaran-
teed by the constraint that the sum of the squared plasma fregncies of the
Extended Drude model [ 5,) and of the interband oscillators { 7, ! 7.) is the
same (i.e.,! jo+! 5,+! J,=const) in both the static and the excited dielectric
function (the spectral weight of a Drude or Lorentz oscillair being dependent
only on its squared plasma frequency), as the FGT sum rule n@éiges. Table
8.1 reports the parameters modi ed in the non-equilibrium gklectric function
to obtain the best t to the data (only for the OP ; sample and for =400 fs),
reported in Fig. 8.3.

Figure 8.3: The main plot shows the tting results to the =400 fs traces for
the UD, OP, OD samples. Below, the tto the =400, =1 ps, =2 ps, =3
ps pump-probe delay traces is reported singularly for the the samples.

161



8. The Phase Diagram from Non-Equilibrium Spectroscopy

Table 8.1: Fitting results for the OP sample, at T=20 K, at =400 fs pump-
probe delay

| Quantity | Static | =400fs |
T 20 K 38.8 K
! o 11800 cm* | 11799 cm?
! oy 2358 cm?! | 2383 cm?
1 3644 cm?! | 3698 cm?
I 02 16163 cm?! | 16176 cm?
! o, 6385cm?* | 6372 cm?
2 8304 cm?! | 8283 cm?

Beyond the e ect related to the modi cation of the high-enegy oscillators, |
include in the t the thermal heating of the system associat to the extra
energy deposited by the pump pulse in the system. The increas the system
temperature has been calculated by considering the 4TM, withe same Glue
Function, subsets and coupling strengths argued by the arwals carried on
on the normal state phase data. Because of the smaller specheats of the
system (both electronic and total) at T=20 K, the increase intemperature is
much higher than in the pseudogap or in the normal state. We @®ated it to
be 38.8 K, for the OR sample at =400 fs. | underline that this e ect does
not a ect the total spectral weight.

The results of the di erential tting procedure are very stable on the choice of
the equilibrium dielectric function (our best t to equilib rium data is reported
in 3.7.3). Indeed, the same results are obtained assuming eetent equi-
librium dielectric function (for example with a di erent number of interband
oscillators or a di erent glue function). For this reason, he equilibrium dielec-
tric function used can be considered as a 'realistic” diele function, even if,
possibly, not the best dielectric function one can get (siecthe procedure to
obtain it is often questionable).

The ts are employed to calculate the relative variation of he optical conduc-
tivity 1(1 )= 1(' ), reported in Fig. 8.4. The trend from positive (! )= 1(!)
in the underdoped to a slightly negative (! )= 1(! ) in the overdoped sam-
ples reveals that the interband spectral weight variationde ned by  SW;

12,8+ 172,78 (see section 3.6), being;, and ! 7, the squared plasma
frequencies of the 1.46 and 2 eV oscillators, strongly degisnon the doping.
| remember that, at higher probe energies (3.14 eV), a neglifg R=R(!; )
value for OP; is observed, con rming that the interband transitions at emr-
gies larger than 2 eV are not signi cantly a ected by the suppession of the
superconducting gap.
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8.3. Transient re ectivity in the superconducting phase

Figure 8.4: The quantity (! )= 1(! ) has been calculated and reported for
the three samples, for the =400 fs situation. The relative spectral weight
transfer to/from the intraband spectral region is proportonal to the integral
of the shadowed area.

Discussion of the results

In the simple energy-gap model for conventional (BCS) supmmductors [60,
57], small changes of the interband transitions, over a naw frequency range
of the order of! g sc=~ can arise from the opening of the superconducting
gap at the Fermi Energy. In contrast to this model, the parti& suppression
of 2 sc, photoinduced by the pump pulse, induces a change of the ol
properties over a spectral range (1 eV) which is signi cantly broader than
2 sc<80 meV [187]. This result reveals a dramatic supercondudtiinduced
modi cation of the Copper-Oxygen electronic excitationsal.5 and 2 eV.
The photoinduced modi cation of SW,, vanishes asl. is approached from
below, demonstrating that this e ect is exclusively relatd to the impulsive
partial suppression of 2 s¢c. This is shown in Fig. 8.5 for the OR sample.

A further evidence of the direct relation between 25c and SW,; is obtained
by comparing the results obtained with the visible probe wit the results of
time-resolved experiments with probe energy in the mid-irdred [102] and
THz [99, 12] regions. The ndings reported therein directly lsow a recovery
time of the superconducting gap and condensate ranging fromnto 8 ps, for
di erent families of cuprates, temperatures and pump uenes. From our re-
sults, the temporal dynamics of SW,, reported in Fig. 8.6 for UD, OPR, and
OD samples, is nearly exponential with a time constant=2.5 0.5 ps. The
SW,, variation is completely washed out at longer times ¢ 5 ps), when the
complete electron-boson thermalization broadens the Drachbeak, overwhelm-
ing the contribution of SW,. The correspondence between the timescales
observed in the mid-IR and THz spectral regions and the recayetime of
SW,: nally demonstrates the interplay between the excitationsat 1.5 and
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8. The Phase Diagram from Non-Equilibrium Spectroscopy

Figure 8.5: The pump-induced modi cation of the spectral wight is a phe-
nomenon related to the onset of the superconducting state.his result, here
reported for the OP sample, is common to all doping levels. Ehinterplay
between high and low energy scale physics is thus e ectivelprn the super-
conducting phase. No spectral weght transfer have indeed baevealed either
in the normal state, or in the pseudogap phase.

2 eV and the superconducting gap 2sc.
For completeness, | report brie y on the results obtained fothe energy gap
2 sc( )temporal evolution (being the pump-probe delay), calculated within
a time-dependent Rothwarf-Taylor model. More details canéfound in [42].
The minimum value for 2 sc( ) with respect to the unperturbed gap (0),
which indicates the maximum gap closing, is achieved 400 fifeat excitation,
when the gap amplitude is 80% of the maximum. This justi es auchoice of
performing the data analysis on a spectrum measured at a purppobe delay
=400 fs, when the e ect related to the superconducting condesate quench is
expected to be maximum. It has to be pointed out that the gap gpression
and the density of broken CP are not in a linear relation. Thewwlution of
the measured total interband spectral weight variation SW,, shows a clear
proportionality with the gap closing calculated within this model, i.e., with the
guenching strenght of the superconducting consensate irahd by the pump
pulse. SWyt and 2 sc( )=2 sc( < 0) are compared in Fig. 8.6.

Concluding remarks

The results of the analysis | described in this paragraph sthdight on one
of the unsolved problems of high-temperature supercondugty, and namely,
whether and how the electronic many-body excitations at higenergy scales
are involved in the condensate formation in the under- and ev-doped regions
of the superconducting dome. | remember that within the BCShieory for con-
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8.3. Transient re ectivity in the superconducting phase

Figure 8.6: The pump-induced spectral weight changeSW,,; as a function of
pump-probe delay , for the three samples, follows the temporal evolution of
the superconducting gap, calculated within a time-dependeRothwarf-Taylor
model [42].

ventional superconductors, the opening of the superconding gap induces a
signi cant rearrangement of the quasiparticle excitationspectrum only over
an energy range of 10. Here | demonstrated that on HTSC, the picture is
considerably di erent: an interplay between many-body eldronic excitations
at 1.5 and 2 eV and the onset of superconductivity, both belownd above
the optimal hole concentration required to attain the maximm T, has been
addressed, for all doping levels.

Recently, equilibrium techniques revealed a supercondimty-induced mod-

i cation of the CuO, plane optical properties involving energy scales in ex-
cess of 1 eV [88, 157, 131, 22, 160, 112]. These results stemes possi-
ble superconductivity-induced gain in the in-plane kinet-energy on the un-
derdoped side of the phase diagram [123, 71, 26]. However, ttenti ca-
tion of the high-energy electronic excitations involved irthe onset of high-
temperature superconductivity (HTSC) remained elusive, sce they overlap
in energy with the temperature-dependent narrowing of the idde-like peak.
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8. The Phase Diagram from Non-Equilibrium Spectroscopy

The temporal-resolution provided by our non-equilibrium gectroscopy allowed
to disentangle the ultrafast modi cations of the high-enegy spectral weight
( SWigt I 2,=8+ 12,=8) from the slower broadening of the Drude-like
peak induced by the complete electron-boson thermalizatio Time-resolved
optical spectroscopy is thus one the most promising expermtal techniques
to be used as a benchmark for unconventional models of HTSC.

Finally, these results shed light on the long-standing quisn [77, 52] about
the origin of the doping- and temperature-dependent R=R(~! = 1:55eV; )
measured in one-colour time-resolved re ectivity experients at high probe-
energies [78, 117]. The measured signal is not originated doy excited state
absorption, related to the variation of the electronic digibution within the un-
varied electronic bands, but to a real modi cation of the undrlying electronic
structure, and in particular, of the interband transitionsat 1.5-2 eV. Nonethe-
less, the measured R=R(!; ) is proportional to the density of photo-injected
guasiparticles, as commonly assumed [111]. The dynamicfofsc( ) can thus
be reconstructed exploiting the R=R(!; ) signal measured in the visible /
near-IR spectral range.

8.4 Discontinuity of the dynamics at optimal
doping

In this paragraph, the change in the high-energy spectral vght determined
by the tting procedure described in the previous section, W be related to the
superconductivity-induced change in the carriers kinetienergy, in a few simple
steps | will sketch below. Fundamental information about tb mechanisms
leading to superconductivity will be argued. This will prowde us fundamental
information in the attempt to formulate a 'non-equilibrium' phase diagram.
The conservation of the total spectral weight, imposed by #global oscillator
strength sum rule (see section 3.6), implies thatSW) + SWN = SWSC +
SWS€, where the subscriptD and L indicate respectively the spectral weight
of the intraband and interband regions, and the superscriptN, SC indicate
respectively the spectral weigth in the normal and supercdacting phases.
Here SWS© includes the contribution of the zero-frequency delta desbing
the condensate contribution to the spectral weight.

The total interband spectral weigth is given by (for eitherj = N orj = SC,
and being (. (!))’ the optical conductivity of the i-th Lorentz oscillator in

the phasej): ¥ Z1

sw/ (i)
; 0
|
Similarly, for the intraband part, it holds:
Z 1
SWL  (1=4i) ! (p())d
0
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8.4. Discontinuity of the dynamics at optimal doping

For the conservation of the total spectral weight, the specal weight change of
the intraband region must be compensated by an equal but opgite change of
the spectral weight of the interband transitions. Moreoversince | did not ob-
serve a superconductivity-induced modi cation of the higkenergy oscillators,
except the 1.5 and 2 eV ones, the following equalities holdegs also formula
3.26):

SWpo= SW.= !7,=8 !7,=8

Where the ''s | de ned in this chapter follow in a natural way by considering
the e ect of the laser excitation on the system held in the swgrconducting
phase, i.e., the partial suppression of the supercondudjirtondensate. Since

(I Rpumped (17 ) R a (1) . 2 2 2
R_R(!’ ) e Runpumpedunz)!tm)1pe 1t results: ! p ! p;pumped ! p;unpumped

and SW_ = SWN SWZC. Since I want to estimate the superconductivity-
induced spectral weigth change instead\( ! SC), the correct quantity to
consideris SWp =+ SW,.
In the special case of a single conduction band within the nest-neighbour
tight-binding model [86, 139], the total intraband spectraweight SWp can be
related to the kinetic energyT of the charge carriers (holes) associated to an
hopping process in the direction, through the relation [86]:

Z 1 ZaZeZ

1
_ | | | = i
ar , Po()d = o T

wherea is the lattice spacing in the Cu-O plane, projected along theirection
determined by the in-plane polarization of the incident ligt, and Vc, is the
volume per Cu atom. | obtainbkKi = 2 hT i from the spectral weight variation
of the interband oscillators, through the relation:

4~2 Veu

SW_

A nite value of SW_ thus implies a superconductivity-induced variation of
the kinetic energy.

To extract quantitative information about the actual supeiconductivity-induced
kinetic energy change, the values obtained for the kinetimergy change related
to a pump uence of 10 J/cm?, must be extrapolated to the case of a com-
plete thermal collapse of the superconductive state (100%m closing). In
non-equilibrium conditions, the collapse of the supercondting state happens
for a nite value of the superconductive gap 2, since the pheoinduced phase
transition has a rst order character, as predicted by the ¢ model [143, 136],
and clearly demonstrated in [42, 81]. The intuitive reasorof this being the in-
trinsic non-equilibrium character of the photoinduced phse transition, which
cannot be interpreted within equilibrium models, accordig to which the phase
transition happens only for a complete collapse of the sumenducting gap 2 .

| thus estimated the actual density of broken CP (related toaincident uence
of 10 J/cm?) starting from the knowledge of the critical CP density at wich
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8. The Phase Diagram from Non-Equilibrium Spectroscopy

the superconductive state collapses. This happens, acdogly to our measure-
ments, for a pump uence of 60 J/cm? [42, 81]. The measured kinetic energy
change can then be extrapolated to the superconductivity duced change for
100% CP breaking. The critical broken CP density (in non-egiibrium con-
ditions) making the superconductive state collapse, acabngly to [136], is in
the range 15-20%. At our typical pump uence of 10 J/cm?, the density of
broken CP is thus 3%. The total, superconductivity induced kinetic energy
change will be 33.3 times the one | estimated from the measured change of
spectral weight. p_
ConsideringVeu=Vunit cet=8 1.110 ? cm®* and a = ayit cei= 2 3.9A,

| obtain that the kinetic energy can be calculated asKi = 8~> SW,_ (83.3
meV/eV?), where 82 SW,_ is the total interband spectral weight variation
expressed in e¥. To obtain the total kinetic energy variation related to the
condensate formation, the measured SW_. = SW, value has been extrap-
olated to the value corresponding to the breaking of 100% df¢ Cooper Pairs,
being 3% the actual estimated photo-induced breaking of CPs.

Figure 8.7: The maximum change in the spectral weight (measd for a pump-
probe delay equal to =400 fs) is reported for the three samples. A clear evo-
lution with the doping level is observed: a scenario in whickuperconductivity
is driven by a direct kinetic energy gain for the charge caefs evolves toward
a BCS-like scenario in which superconductivity is accompesd by a kinetic
energy loss for charge carriers. Error bars take into accdutme stability of
the di erential t over a dirent choice of the equiibrium di electric function.

For the UD sample, | estimated a superconductivity-inducediketic energy de-
crease of 1-2 meV per Cu atom. This value is very close to the supercontivity-
induced kinetic energy gain predicted by several unconvéomal models [86,
139].
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Concluding remarks

Exploiting the temporal resolution of the novel pump supemntinuum-probe
optical spectroscopy, | unambiguously demonstrated thahiY-Bi2212, the su-
perconductive transition is strongly unconventional bothin the under- and in
the over-doped side of the superconducting dome, since ivatves the modi-
cation of high-energy states at 1.5 and 2 eV. This has profouhimplications
for the comprehension of the actual phase diagram of copp®tyde based
high-temperature superconductors. Indeed, the sign chaamg@f SW_ upon
crossing the optimal doping concentratiorpy,: a ects the superconductivity-
induced change in the carriers kinetic-energy. In partical, when moving
from below to above the optimal hole dopingy:, the spectral weight vari-
ation SW_ of the high-energy oscillators entirely accounts for a cresver
from a superconductivity-induced gain (reduction) to a BCSike loss (increase,
which must be overcompensated by a gain in potential energy tne carriers
for the superconductivity to occur) of the carrier kinetic @ergy, estimated by
equilibrium optical spectroscopies directly measuring th low-energy optical
properties [175, 131, 123, 71, 26], or by one-color time-ok®d re ectivity mea-
surements [78]. This opposite behavior has implications dhe mechanisms
leading to superconductivity in copper oxide based supermductors, which
could be dierent in dierent regions of the superconductie dome. While
on the overdoped side, BCS-like mechanisms are likely to accon the un-
derdoped side other mechanisms must be invoked. In the 1998krsch and
Marsiglio [85, 86, 124] proposed a model, called 'hole suparductivity', which
predicts the charge carriers (holes) can directly lower tivekinetic energy when
paired. In this model the pairing is expected between oxygdroles, with an
asymmetric behavior for electrons and holes near the Fermin&rgy. Below
a critical temperature related to a critical hole density, he model predicts
the development of an attractive interaction between neas¢ neighbor holes
with antiparallel spin. Two coupled holes reduce their e étve mass and can
delocalize more e ciently, thus reducing their kinetic enegy.

8.5 Onset of the signal from the temperature
dependent glue function

In the previous chapter (see section 7.4) it has been demarged that the
negative R=R(!; ) component measured at T=100 K in the visible spec-
tral range is the ngerprint of an excitation dependence oflte bosonic glue,
characterizing the pseudogap phase. In particular, | demsinated this signal
being successfully reproduced invoking a temperature inced modi cation of
the intensity of the lowest energy peak of the Bosonic Glue (), 1;. To
address the evolution of the pseudogap phase as a functiontloé tempera-
ture, high-resolution single-color time-resolved re edtity measurements have
been performed on under-doped, optimally doped and overjukd samples, at
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a probe energy of 1.55 eV 800 nm).

In Fig. 7.8 | present a temperature scan (the temperature rge 100-300 K is
explored with more than 25 measurements) performed at vergw pump u-
ence ( 4 J/icm?), on the UD, OP and OD samples. The transient re ectivity
measurements are o setted to make the picture more clear.

Figure 8.8: The temperature scans in a wide range of tempeua¢s, performed
at a xed probe wavelenght of 1.55 eV, 800 nm, on an underdopep=0.128),
an optimally doped (=0.16) and an overdoped samplepE0.2) are reported.
The t to the time resolved re ectivity traces are superimpased to the experi-
mental data.

To extract quantitatively the temperature onset of the negtive signal, | per-
form a multicomponent t to the time resolved traces. The tting function
f () (equation 8.1) is given by the sum of three exponentiallyetaying func-
tions, and it is convoluted with a Gaussian pro le represeimng the experimen-
tal pump-probe temporal cross-correlation (equal to 180)fs

f()=1, e "+l e "2+13 e °°3 (8.1)

The three exponential decays represent respectively thestaand positive dy-
namics of the normal state phase, the fast and negative dynams of the pseu-
dogap phase, and a slow, positive or negative dynamics to datthe signal
evolution at longer decay times. The ts are superimposed tthe experimen-
tal data of Fig. 7.8. The intensity of the negative and fast amponent (I,) is
represented in Fig. 7.9 for the three samples. Error bars taknto account the
uncertainties in the tting procedure.
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8.5. Onset of the signal from the temperature dependent fginetion

Figure 8.9: The intensity of the negative component,, extracted from the
t, is reported. The onset of the negative signal associatetb an impulsive
guench of the lowest-energy peak of the bosonic glue has bé#erred from
these data. Error bars take into account the t uncertainty.

It is evident how the onset of this e ect is rather narrow in tenperature: 150
to 165 K for the OP sample, 230 to 240 K for the UD sample. Moreave
this onset temperature scales with doping. No negative compent has been
detected on the OD sample.

Summarizing, our ndings clearly show that for UD and OP samps a negative
component in the R=R(!; ) appears at a temperature which is compatible
with the material T . The onset of this e ect is doping-dependent, and scales as
T does. This negative component is absent in the OD sample. Shegative
component in the R=R(!; ) has been successfully reproduced (see section
7.4) assuming that one peak in the material Bosonic Glue () depends on
the excitation, that is, it is temperature dependent. Eleaton-Boson coupling
is thus no-more temperature-independent in the pseudogap.

As | carefully stated in section 7.4, Liet al. [116] revealedn the HgBaCuOy,.
copper-oxyde based high-temperature superconductor, alleotive magnetic
mode of excitation (with energy in the range 55 meV), which onset tem-
perature shows a temperature evolution similar to that obseed in our time-
resolved optical data.

Our analysis indicates that the scenario of a temperature dependent Glue
Function must be overcame to correctly reproduce the experentl results ob-
tained in the pseudogap phase. Provided that the feature wdgerved in the
bosonic glue is in a relation with the magnetic mode observéy Li et al. (as

it is reasonable to assume), we can say that not only a new magic exci-
tation mode appears atT , but it turns out that this peculiar mode is also
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actively coupled to the electrons. This picture is compatie with a phase
diagram governed by a quantum critical point. However, the ossing of the
line of nite temperature phase transition (the critical line) should produce
divergences in many physical quantities, which have not beget observed. In
conclusion, this magnetic excitation mode with energy of 55 meV constitutes
an important point to be cleari ed for the comprehension of lyh temperature
superconductivity in copper oxide based superconductors.

8.6 Overdoped side of the phase diagram

With this section | want to brie y discuss which is the scenao in the over-
doped side of the phase diagram. To this aim, | collected indri 8.10 the =0
spectra measured on several samples, at T=100 K. It is evidelmow, upon

Figure 8.10: The spectrally resolved re ectivity traces irthe pseudogap phase
(T=100 K) of Bi ,SI,Y 0.0sCa0:9o,Cu,0g, are collected here for ve doping levels:
p=0.128 (UD sample),p=0.16 (OP sample),p=0.176 (OD sample),p=0.197
(OD sample), p=0.2 (OD sample).

crossing the optimal doping level, the negative signal assated to an impul-
sive modi cation of the bosonic glue disappears. Further wk is required to
correctly interpret the origin of the R=R(!; ) signal observed in the over-
doped region of the phase diagram. Qualitatively, | can artipate that the
R=R(!; ) arising from a thermal heating of the system, alone, is nous
cient to interpret the observed time-resolved signals. A sgtral contribution
arising from the gap closing (as described in section 7.4) stbe invoked.

8.7 The Non-Equilibrium phase diagram

The experimental evidences | collected by probing with tharhe-resolved op-
tical spectroscopy technique the normal state, the pseudmg and the super-
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conducting state of underdoped, optimally-doped and oveoged samples, al-
lowed me to formulate a phase diagram for the Y-Bi2212 coppexide based
high-temperature supercondutor, based enterely on non+eliprium evidences.
That is, the phase diagram | propose is deducted by only anaipg how the
time-resolved optical signal (with both energy !() and time ( ) resolutions)
R=R(!; ), induced by a non-perturbing, low- uence excitation donedy a
pump-pulse, evolves in thg-T space.
The most important experimental evidence, coming from theralysis of the
time-resolved optical signal in the pseudogap phase, is thaexists a line, at
temperaturesT (p), which enters the superconducting dome, and which delim-
its a region ofp-T space in the underdoped region in which the electron-boson
coupling is temperature-dependent, in contrast to what hggens in the normal
state. The superconducting state is characterized by a naonventional inter-
play between high-energy states (precisely at 1.5 and 2 eV)dthe formation
of the superconducting condensate. The behavior inside tsaperconducting
dome is delimited by theT line in two regions, showing a di erent sign of the
induced spectral weight transfer from low to high energy skss. In particular,
while in the underdoped side of the superconducting dome,prconductivity
is accompained by a direct kinetic energy gain of the carrigrin the overdoped
side of the superconducting dome superconductivity is acopained by a BCS-
like loss of kinetic energy. This crossover happens closeth@ optimal hole
concentration p required to attain the maximum critical temperature T, (0.16
for Y-Bi2212).
The rise of a collective magnetic excitation mode related tthe onset tem-
perature of the pseudogapT , as recently demonstrated by Li et al. [116],
suggests that the pseudogap is indeed a true phase of matteharacterized
by a long-range order. Varma [180] proposed this mode to besasiated to a
current-loop order, being the ground state of the pseudogaase.
| observed that below theT temperature, the Glue FunctionPi() acquires
a uence-dependence, aecting a low-energy peak intensityThis uence-
dependence is responsible for the negativeR=R(!; ) signal in the visible
spectral region, which is commonly associated to the psewdp. Not only this
nding con rms that a new mode rises at the temperature corrgponding to
the onset of the pseudogap phase, but it adds a fundamentafynedient, that
is, this mode is coupled to the electrons.
This latter observation opens fundamental questions aboulhe possible inter-
play between the superconductivity and the pseudogap in cper-oxyde based
high-temperature superconductors.
The T line entering the superconducting dome suggests the phasagiam
in governed by a quantum critical point within the supercondcting dome, at
T=0, as it is predicted by the theories predicting a circulaing-current mag-
netic order [95].
The phase diagram | propose is sketched in Fig. 8.11.
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Figure 8.11: The phase diagram | propose, based enterely ometnon-
equilibrium evidences from the time-resolved optical sposcopy, is sketched.
Red line delimits the superconducting dome. Blue line is thE line, related to
the onset of the pseudogap. This line delimits a region in wdhi the electron-
boson coupling is uence-dependent. The yellow square anbet green dot
represent respectively the onset temperature of the uenatependence of the
electron-boson coupling, for thg=0.128 (UD) and the p=0.16 (OP) samples.
Entering the superconducting dome, superconductivity isc@ompained by a
doping-dependent change of the carriers kinetic energy,ahchanges sign close
to the optimal doping concentration.
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Chapter

Conclusions

My PhD work started with the task of developing and setting upnovel time-
resolved spectroscopies, with the idea that only the knovdge of the non-
equilibrium optical response of complex materials, in a wedrange of energies,
could lead to a true comprehension of the physics at the migoopic level,
originating the non-equilibrium optical signal. We brougha fundamental con-
tribution to this nascent eld, actively developing the bass for this approach,
which is nowadays achieving great success and is quickly eguling around
the time resolved scienti c community. Many di culties had to be overcome,
mainly related to the need to obtain a very high sensitivity ér the measure-
ments, related to the fact that phases of matter which 'vapazes' at very low
uence levels had to be investigated. This is the peculiagitof our approach:
the systems under study are only gently brought out-of-ediibirium by laser
excitation. In this respect we call our technique time-re$eed spectroscopy,
since a true spectroscopic analysis of the phase can be aahieonly when
the phase itself is not 'vaporized'. Temporal resolution Ewed to reveal the
characteristic non-equilibrium optical response to a snigberturbation of the
phase, which strongly depends on the ground state of the sgst.

In the speci c, | developed two complementary experimentaet-ups. The rst
exploits a broadband, supercontinuum white light pulse asrpbe pulse. The
spectral range that can be probed by this setup is 1.2-2.5 eVe(, 500-1000
nm). The supercontinuum pulse employed in this set-up is gerated by a
photonic crystal ber, which is seeded by a cavity-dumped TSapphire oscil-
lator. This allowed to obtain very high signal-to-noise rabs, thanks to the
high statistic due to the high repetition rate of the sourceThe drawback has
been that the temporal structure of pulses produced in thisay presents a pro-
nounced chirp, and this lead us to the development of severdaracterization
technigues to measure the spectro-temporal structure ofithpulse, and correct
measurements accordingly. The second setup is developedusid an optical
parametric ampli er, seeded by a regenerative ampli ed las system. The
probe pulse of this setup is a quasi-monochromatic but wigetunable infrared
pulse, obtained as the signal and idler output of the paramet ampli er. This
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technique allowed us to extend the probed spectral range tawd the infrared,
covering the spectral region 0.5-1 eV (i.e., 1200-2400 nmjhe two set-ups
developed, together with a brief review of the characterigan techniques, are
presented in chapter 5. After some years these systems haverbeorking, it is
possible to say that time and spectral resolved measuremsmonstitute a fun-
damental improvement over the conventional one color, mooleromatic optical
pump-probe techniques. Up to now, the lack of spectral resdilon prevented
to achieve a true comprehension of the physical origin of tlebserved optical
signals. Other improvements can be done to the technique, mby related to
the extension of the probed spectral range. For the systemtudied in this
work, the infrared part of the spectrum revealed of greateretevance as com-
pared to the ultraviolet one. Extending the probed spectralange toward the
infrared is however not simple, because of the actual lacklmbadband sources,
except for the THz range. Also the achievement of even bettegsial-to-noise
ratios is important, to perform measurements more quicklfthus opening the
way to follow the signal evolution in time. This would be extemely useful to
map for example the evolution of chemical reactions from th&on-equilibrium
point of view. In the eld of strongly correlated electron sgtems (transition
metal oxides, copper and iron based superconductors) or ethcomplex mate-
rials (manganites, ruthenates), time-resolved spectraguy is one of the most
promising techniques to provide new insights on the microggic mechanisms
underlying the phases of these materials and new benchmarks the non-
equilibrium theories which are being developed.

With regard to my research, this novel powerful technique kiwed to clarify
some open questions about the physics of copper oxide baséghhtemper-
ature superconductors. The sample chosen is the two-layerember of the
Yttrium substituted BSCCO family, that is, Bi ,Sr,Cag.0,2Y 0:0sCU20g+ , Where
controls the doping level. We have samples with di erent dapg, in such
a way we could explore the evolution of the non-equilibrium ptical signal
in the -T phase diagram. The analysis and characterization - by the no
equilibrium spectroscopic point of view - of the phases comging the system
phase diagram, allowed us to obtain the rst all-optical norequilibrium phase
diagram of a strongly-correlated electronic material. Ingrticular, the normal
state, the pseudogap and the superconducting state exhied sensibly di er-
ent time-resolved optical signals. These non-equilibriurepectrally resolved
signals have been interpreted within a di erential dieleaic function approach
(formulated and described in chapter 4), to assign a clear anoscopic origin to
the signal itself. When excited by an ultrashort laser pulseach physical phase
manifests a peculiar, intrinsic response, mainly due to thexcitations produced
by the pulse, which are meaningful in understanding the grod state of the
phase. Each physical mechanism has its own spectral ngemt; as it has been
demonstrated with several simulations. Moreover, the tengsal resolution re-
vealed fundamental since it allows to disentangle the fasteetronic processes
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from the slow, thermal (phonon related) ones. The thermal atribution often
overwhelms the signal of electronic origin. This is the reas why equilibrium
spectroscopy failed in evidencing the e ects revealed by &hnon-equilibrium
approach.

Brie y, what we found about the microscopic nature of the namal (Chap-
ter 6), pseudogap (Chapter 7) and superconducting (Chapt®) phases can be
summarized as follows:

The time-resolved optical signal measured by time-resot¥spectroscopy
in the normal state of Y-Bi2212, unambiguously revealed thatafter a
time shorter than the electron-phonon thermalization, theslectrons are
already thermalized with some bosonic degrees of freedorayimg a small
speci ¢ heat and a strong coupling with the electrons. Thisnding sug-
gests that these bosonic excitations are of electronic dang The time-
resolved optical signal in the energy domain is only comphte with a
quasi-thermal scenario, in which electrons are never depded from a
boson subset. The simultaneous analysis of experimentaltalan both
the time and the energy domains revealed that the subset of fmnic
excitations of electronic origin can account, alone, for ehhigh critical
temperature of the material. This nding suggests that paing in HTSC
is mainly of electronic origin. Possible candidates for thieosons of elec-
tronic origin are antiferromagnetic spin ucutations or curent loops. In
the normal state, the Bosonic Glue () expressing electronboson cou-
pling is uence-independent.

In the pseudogap phase the transient re ectivity signal ragres a more
complicated explanation. It is doping dependent, in contist to the nor-
mal state signal. A quasi-thermal scenario, alone, is not eagh for
explaining the observed signal. The further contributionsvhich has to
be invoked to correctly reproduce the time-resolved optitaignal are
the pump-induced impulsive quench of a gap in the electroniensity of
states, and the impulsive decrease of the intensity of oneManergy peak
of the Bosonic Glue (). The onset of this uence-dependent contri-
bution, which is responsible for the negative signal commlyrassociated
to the presence of the pseudogap phase, is exactlyTat. These exper-
imental observations suggest that in the pseudogap phaseeohosonic
mode, rising exactly atT , is also coupled with the electron system.
The pseudogap phase is thus a complex phase, in which the fermic
quasi-particles and the bosonic excitations are stronglgtertwined. The
doping-dependent temperature onset of the e ect related tthe uence-
dependence of the electron-boson coupling allowed to foriate the phase
diagram of the Y-Bi2212 compound.

The superconducting state shows a very peculiar optical snse with re-
spect to an external excitation by ultrashort laser pulsesThe main e ect
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9. Conclusions

of the excitation is to partially quench (working in a low uence regime)
the superconducting gap. On the contrary to what happens in®S, con-
ventional superconductors, in which the e ect on the optidaproperties
of the superconducting gap is limited in a spectral range werclose to
the gap itself, in strongly correlated copper oxide based erconductors,
an e ect at energies much higher than the gap energy is obsedvin the
optical properties. It exists an interplay between high andow energy
physics. Some high energy states, and the relevant opticahnsitions,
are intimately related to the condensate formation. In comast to what
observed in the normal state and in the pseudogap phases, dnére time-
resolved optical signal, which shows a strong doping depamte, can be
interpreted only by invoking a pump-induced modi cation oftwo Lorentz
oscillators at 1.5 and 2 eV, which are present in the equilinm dielectric
function and associated to transitions between many-bodyu=0 states.
The superconducting signal exhibits a strong doping depeeuice, from
which useful information about the superconductivity drivng mechanism
can be extracted. Close to the optimal doping level required attain
the highest T, a crossover from a direct kinetic energy gain in the un-
derdoped side of the phase diagram to a BCS like kinetic engrgss in
the overdoped side of the phase diagram is observed.

All the reported ndings can be matched to provide a phase diagm enterely

based on all-optical non-equilibrium evidences. The scei@aproposed is that
of a phase diagram governed by a quantum critical point at T=plocated

inside the superconducting dome. A line entering the supemducting dome
delimits the pseudogap behavior associated to a uence-damlent electron-
boson coupling. This evidence suggests the pseudogap ised a true phase
of matter. The T line delimits, within the superconducting dome, two regios
in which superconductivity is accompained by an opposite parconductivity-

induced change for the carriers kinetic energy.
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