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Abstract

Recently, excitations with intense, ultrashort laser pulses have emerged as

e�ective means to drive complex solids away from equilibrium and change

their functional properties transiently. The most attractive feature of this

approach is the capability of coherently and selectively exciting a targeted

degree of freedom, as well as the possibility of driving these excitations at

very high speed.

The resonant excitation of terahertz-frequency lattice distortions in di�erent

complex solids allows for the tuning of these materials across di�erent, some-

times intertwined broken symmetry ground states. It also provides a route

for accessing hidden phases.

In recent investigations of the cuprate superconductors, the excitation of spe-

ci�c lattice vibrations has been used to demonstrate transient light-induced

superconductivity, observed at temperatures far higher than the equilibrium

critical temperature. In a similar way the vibrational excitation of molecular

superconductors based on alkali doped fullerides will be shown here to induce

dramatic changes in their electronic properties.

Crucially, the A3C60 are strongly a�ected by local interactions at each C60

site, and distortions along local molecular modes are strongly coupled with

changes in the electronic ground state. The three-dimensional organic molec-

ular superconductor K3C60 has been investigated in this thesis. It has been

shown that the equilibrium superconducting properties of K3C60 can be en-
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hanced by the resonant excitation of an intramolecular vibration, and that

the high temperature metal can be turned into a non-equilibrium state with

the optical conductivity of a superconductor.

This new physics has been investigated here also in combination with the

application of external hydrostatic pressure. The key �nding is that as pres-

sure is applied, the strength of the transient superconducting phase reduces,

as expected in an equilibrium superconductor. This �nding strengthens the

interpretation of the out-of-equilibrium phase of K3C60 as a �nite-lifetime

superconductor, which is observed up to room temperature.
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Zusammenfassung

Anregungen mit intensiven, ultrakurzen Laserpulsen haben sich in letzter

Zeit als ein wirkungsvolles Mittel erwiesen, um komplexe Festkörper aus dem

Gleichgewichtszustand auszulenken und um ihre funktionellen Eigenschaften

vorübergehend zu verändern. Das attraktivste Merkmal dieses Ansatzes ist

die Fähigkeit, kohärent und selektiv einen gezielten Freiheitgrad mit sehr

hoher Geschwindigkeit anzuregen.

Die resonante Anregung von Gitterverzerrungen im Terahertz Frequenzbere-

ich in verschiedenen komplexen Festkörpern ermöglicht die Einstellung ihrer

Materialeigenschaften über verschiedene, teilweise ineinander verschlungene,

gebrochene Symmetrie-Grundzustände. Auÿerdem bietet es einen Zugang zu

versteckten Phasenzuständen.

In neueren Untersuchungen der Cuprat-Supraleiter wurde die Anregung spek-

traler Gitterschwingungen genutzt, um transiente, durch Licht induzierte

Supraleitung bei Temperaturen zu demonstrieren, die weit über der kri-

tischen Temperatur im Gleichgewicht liegen. In ähnlicher Weise wird hier

gezeigt, dass die Schwingungsanregung molekularer Supraleiter auf der Basis

alkali-dotierter Fulleride genutzt werden kann, um dramatische Veränderun-

gen ihrer elektronischen Eigenschaften zu induzieren.

Bemerkenswert ist, dass die A3C60-Eigenschaften durch lokale Interaktionen

an jedem C60-Standort stark beein�usst werden und Verzerrungen entlang

der lokalen molekularen Moden stark an Veränderungen im elektronischen
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Grundzustand gekoppelt sind. In dieser Arbeit wurde der dreidimension-

ale organische molekulare Supraleiter K3C60 untersucht. Es hat sich gezeigt,

dass die Gleichgewichtssupraleitung von K3C60 durch die resonante Anre-

gung einer intramolekularen Schwingung verbessert werden kann und dass

der metallische Zustand bei hohen Temperaturen in einen Nichtgleichgewicht-

szustand mit der optischen Leitfähigkeit eines Supraleiters überführt werden

kann.

Diese neue Physik wurde hier auch in Kombination mit der Ausübung von

externem hydrostatischen Druck untersucht. Das Schlüsselergebnis ist, dass

sich die Stärke der transienten supraleitenden Phase mit zunehmendem Druck

verringert, wie es in einem Gleichgewichtssupraleiter zu erwarten ist. Dieses

Resultat bekräftigt die Interpretation der Nichtgleichgewichtsphase von K3C60

als einen bis zur Raumtemperatur beobachtbaren Supraleiter mit endlicher

Lebensdauer.
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Introduction

Most materials in nature display several ground states that can be accessed

by varying external parameters. At a given temperature, pressure and vol-

ume, a material exhibits a speci�c phase, and under the right conditions, it

experiences phase transitions. Condensed matter systems can be found in

complex ground states not only de�ned by atomic or molecular density, but

that emerge from other more subtle orders.

Important information on a system at equilibrium are gained from the ob-

servation of how it evolves with varying external conditions. This becomes

rather challenging when a multitude of degrees of freedom are intertwined

together in a non-trivial way. From the competing requirements of minimis-

ing the total internal energy of a system and maximising its entropy, �nally,

a speci�c phase sets over the other ones [1].

Most phase transitions are often accompanied by the appearance of order,

from an otherwise (dis)ordered system. A (anti)ferromagnet, for example,

emerges across the critical temperature when the spins of the lattice arrange

themselves in a (anti)parallel fashion, or, similarly, a superconductor forms

at cold temperatures when a macroscopic order sets in the electronic wave

function [2].

In condensed matter, symmetries are commonly invoked to di�erentiate a-

mongst di�erent phases. The ground state of a given system can be described,

for example, in terms of conservation of translational, rotational or temporal

1



Introduction

(a) (b)

Figure 1: (a) Continuous evolution of the order parameter η across a
second order phase transition as a function of temperature. (b) Free en-
ergy φ across a second order phase transition plotted as a function of order
parameter η, accompanied by a breaking of a symmetry. While the equi-
librium position of the highly symmetric phase is centred at zero, below
Tc two distinctive minima appear leading to symmetry breaking [1].

symmetry. Finding symmetries in complex structures constitutes a valid way

to simplify a problem with mathematical formalism.

In the case of a solid, rigidity, superconductivity or ferromagnetism are the

result of new equilibria emerging once a certain symmetry is lost [3, 1]. It is

of interest understanding the mechanisms behind the formation of the char-

acteristic collective modes, as they occur only in the macroscopic phase and

not at the atomic level, where symmetries and broken symmetries are ill-

de�ned.

Phase transitions accompanied by a gradual reduction of symmetry are com-

monly referred as continuous or second order phase transitions. Such transi-

tions are usually described by an order parameter whose magnitude accounts

for the degree of broken symmetry, and it continuously evolves from zero in

the symmetric phase to a �nite value (see Fig 1(a)).

At equilibrium the state of the system is set by the condition of the minimum

of the corresponding thermodynamic potential, i.e. its free energy. It is pos-

sible to express this latter quantity as an expansion of the order parameter,

which holds for the overall symmetry of the system [1]. As schematically rep-

resented in Fig. 1(b), once a symmetry is broken below the critical transition

temperature (T < Tc), new energy minima of the free energy are unveiled

and phenomena like collective electronic interactions such as antiferromag-

2



Introduction

Figure 2: Characteristic Mexican hat potential, with a circle of potential
minima along the brim (black solid circle). Transverse modes of the order
parameter ψ = |ψ|eiφ along the brim (red line) are Nambu�Goldstone
(phase) modes, and longitudinal modes (blue line) are Higgs (amplitude)
modes associated with a �nite energy [5].

netic or superconducting states can be stabilised.

Conventional superconductivity emerges from a spontaneous symmetry break-

ing associated with particle number conservation [4]. As the metal turns into

a superconductor below fairly low transition temperatures, the electrons at

the Fermi surface feel an attractive potential and Cooper pairs are formed. In

conventional superconductors, explained by means of the standard Bardeen-

Cooper-Schrie�er (BCS) theory, the electron-electron attractive potential is

generally attributed to electron-lattice interactions. The superconducting

condensate results from the condensation of all the bosonic pairs into the

same ground state and is macroscopically described by a single wave func-

tion ψ = |ψ|eiφ which holds phase-coherence over long distances.

The potential, i.e. the free energy, across the broken-symmetry superconduct-

ing phase transition evolves into a Mexican hat shaped potential, expressed

as a function of the complex order parameter ψ (see Fig 2) [4]. Excitations

from the ground state, de�ned by a speci�c phase φ of the bosonic wavefunc-
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tion, can be classi�ed as transverse phase modes (Nambu�Goldstone) and

massive longitudinal amplitude modes (Higgs) (see blue and red lines in Fig.

2) [5].

BCS theory nicely describes conventional superconductivity; however it fails

in describing high temperature superconductors where electronic coherence

derives from other broken symmetries [6, 4]. In the last years high-Tc super-

conductors have been widely investigated, aiming at bringing to light more

insights of the possible responsible mechanism behind it.

The discovery and stabilisation of speci�c phases of matter often brings im-

portant technological innovations. External perturbations constitute inter-

esting tools to unbalance the existing strong interactions and may support

the onset of new stable broken-symmetry states. Pressure, chemical doping

and magnetic �elds are well known variables that allow moving among di�er-

ent adjacent phases of a complex system. The observation of the emergent

equilibrium phase diagrams allowed scientist reaching speci�c interpretations

to various problems [7, 8, 9].

On the same lines, unstable equilibria of physical systems can be dynami-

cally stabilised by external periodic perturbations [10]. The recent advent

of intense ultrashort laser pulses stands as a breakthrough for new selective

excitation of a broader number of parameters in condensed systems which

could be used to possibly induce phase switching [11, 12].

In a crystal, most of the intertwined degrees of freedom are associated with

the broken translational order [13]. Electromagnetic radiation can launch

vibrational excitations in periodic crystalline structures and can therefore

lead to dramatic changes in the physics of the system. Importantly, light

selectively activates coherent dynamics in a solid, unlike other kinds of exter-

nal stimuli, o�ering the possibility of a more accurate study of the emergent

transient states. The �nal behaviour of the driven non-equilibrium phase will

strongly depend on the speci�c photo-induced broken-symmetry.

In light of the recent technological development, strong resonant low-energy

excitations can additionally be used to drive the material beyond the linear

regime. As a result, as discussed more in details in Chapter 1, the directly

excited degrees of freedom couple nonlinearly to other ones, such magnetic

4



Introduction

Figure 3: Schematic out-of-equilibrium phase diagram for YBa2Cu3O6+x

as a function of holes concentration. On top of the equilibrium supercon-
ducting (SC), antiferromagnetic (AFI) and charge-density wave (CDW)
phases, a light-induced superconductivity (LI-SC) phase arises when the
material is resonantly driven at mid-infrared frequencies. The black dashed
line identi�es the pseudo-gap (PG) crossover across T ∗ [17, 18].

spin waves [14] and, speci�cally to the case of molecular solids, on site elec-

tronic correlations [15, 16].

The strong connection between structural and electronic degrees of freedom

in superconducting materials stresses further the potential of the optical ex-

citations of lattice distortions. The recent resonant selective excitation of low

energy phonons responsible for the pairing of the electrons in copper super-

conductors has �nally unveiled that it is possible to strengthen the supercon-

ducting �uctuations even up to room temperature [17]. For the speci�c case

of YBa2Cu3O6+x, it is then possible to draw an attempted out-of-equilibrium

phase diagram, shown in Fig. 3, in which light-induced superconducting

phase (LI-SC) has been added to the equilibrium plot [17, 18].
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In order to understand whether this excitation scheme could be used to a

more general class of materials, the more conventional fullerides supercon-

ductors have been excited by means of ultrashort strong laser pulses. This

thesis reports the evidence of ultrafast light-induced dynamics in alkali doped

fullerides. The resonant excitation of vibrational molecular modes is expected

to break or restore some of the existing symmetries and thus bring the system

into new out-of-equilibrium phases.

In 1985 Kroto et al. combined sixty carbon atoms together to form the

so called "Buckminsterfullerenes", which have the characteristic soccer ball

atomic arrangement illustrated in Fig. 4 [19]. This molecule belongs to the

highest symmetry spatial group and are invariant under rotational, re�ec-

tion, and inversion symmetry. Combining all the possible transformations,

one �nds 120 di�erent symmetry operations which leave the C60 molecules

una�ected. Fullerenes may look simple due to their high symmetry and ele-

mentally purity; however the large number of atoms involved leads to com-

plicated dynamics [20].

C60 molecular solids are insulating as their highest molecular orbital is com-

pletely �lled. Alkali atoms are commonly used to dope these solids that

become metallic. Interestingly, the macroscopic properties of alkali doped

fullerides are de�ned by on-ball physics, dominated by electronic and struc-

tural orders. This leads to a coexistence of multiple low energy scales that

favour the onset of speci�c ground states [21].

This thesis will describe the recent �nding of an out-of-equilibrium super-

conducting phase emerging in potassium-doped fullerides in response to the

resonant excitation of a C60 vibrational mode [23, 24]. This result provides

an additional evidence of light-induced material control of condensed matter

systems.

The understanding of the onset of such transient superconducting-like state

at very high temperatures represents still a massive challenge for theoretical

investigation; whether this phenomenology is associated to any breaking of

existing symmetries remains the major open question.

At the beginning of this thesis, Chapter 1 will brie�y recall some of the most

recent experimental evidences of low-energy resonant vibrational excitation

6



Introduction

Figure 4: C60 molecule discovered in 1985 by Kroto et al.. This molecule
belongs to the highest symmetry spacial group and are invariant under
rotational, re�ection, and inversion symmetry[19]. Image adapted from
[22].

of solids, in particular in connection to their superconducting properties. A

wider playground opens when molecular solids are excited out of their equi-

libria. The equilibrium physics of the alkali-doped fullerides representing the

only three-dimensional organic molecular conductors will be then discussed

in Chapter 2.

The rest of the thesis will focus then on the characterisation of the opti-

cal response of potassium-doped fullerides K3C60 at equilibrium (Chapter 3)

and out-of-equilibrium (Chapter 4 and 5). Chapter 4, in particular, widely

discusses the optical response of potassium doped fullerides K3C60 to local

molecular vibrational excitation. When light excites the material, supercon-

ducting features appear in its optical response at temperatures higher than

the equilibrium Tc. This hints for a light-induced sti�ening of the super-

conducting �uctuations over other perhaps competing orders. Interestingly,

as described �nally in Chapter 5, the transient superconducting like phase

disappears when the material is pressurised.

The suppression of the out-of-equilibrium superconducting like phase in potas-

sium doped fullerides by means of pressure stands for a more unequivocal

interpretation of the light-induced phase as a �nite-lifetime superconductor.

7





Chapter 1

Light control of complex materials

The capability of light to interact with matter has been intensively exploited

since its discovery, aiming at understanding fundamental functional prop-

erties of solids and their possible application. In the simplest light-matter

interaction scheme, e.g. in a linear optical re�ectivity measurement, the

incident light weakly perturbs the system and from the observation of the

re�ected light, information about its equilibrium response can be retrieved.

Higher order response, beyond the linear regime can, on the other hand, be

triggered in several materials by means of the signi�cantly high electromag-

netic peak energies. Sub-picosecond laser pulses can be used to push the

system to higher responses. When such pulses impinge on a system, they

drive it out of equilibrium and from the observation of its de-excitation, in-

formation about the participating dynamics can be extracted.

From the study of both the linear and nonlinear response of a material to-

gether, a complete picture of the system can be extracted.

The relevance of such excitations will be widely discussed in the rest of the

chapter.

9



Chapter 1. Light control of complex materials

1.1 Light control of strongly correlated mate-

rials

Solids can be driven into excited states characterised by new optical proper-

ties by means of strong electromagnetic radiation. The type and variety of

light sources needed for a nonlinear investigation of matter has grown expo-

nentially in the last years, covering the entire electromagnetic spectrum, from

hard X-ray to far-infrared. Diverse techniques allowed for di�erent spectro-

scopic investigations leading to a broader understanding of matter, and to

consequent technological progress.

Over the past few decades, pulsed electromagnetic radiation has been widely

employed to control the behaviour of matter in its di�erent phases. On one

side, the strong intensity delivered by pulsed lasers has been exploited for

high energy excitations, from the visible to the ultraviolet, primarily aiming

at the perturbation of high electronic excited states in soft and condensed

matter systems [25]. A di�erent type of investigation relies, on the other

hand, on the excitation of a system by means of low energy radiation, up

to a few eV. When a system is driven by low energy photons, it remains in

its electronic ground state and the transfer of entropy is minimised. In this

scenario, hence, the emergent out-of-equilibrium phase is expected to depend

not only on the electronic response, but also on one of other "heavier" de-

grees of freedom (e.g. ions).

Beyond its capability of reaching extremely high electric �elds, pulsed laser

radiation is coherent. When coherent light impinges on a sample, a speci�c

phase can be transferred during the interaction, and controlled dynamics

can be launched inside the material. This aspect becomes of peculiar inter-

est when the probed system is inclined to collective excitations, e.g. coherent

phonons and magnons, that can be stimulated by means of coherent light.

Strongly correlated materials are de�ned as systems in which the electronic

motion is constrained by the Coulomb repulsion and it becomes strictly en-

tangled. This phenomenon leads to the emergence of spectacular ground

state properties, such as metal-to-insulator transitions or the appearance of

nonconventional superconductivity, and to very large susceptibilities to rela-

10



1.1. Light control of strongly correlated materials

Metal Insulator

c

b
a

a

c
b

Figure 1.1: Crystallographic transformation from the high-temperature
tetragonal rutile (left side) to low-temperature monoclinic (right side)
structure in VO2 associated to the metal-to-insulator phase transition. Fi-
gure adapted from [26].

tively weak perturbations [27, 28].

Even if strongly correlated materials are mainly de�ned by strong electronic

interacting forces, their properties result from the coexistence of these latter

with other type of interactions. In the late sixties, for example, a struc-

tural rearrangement of the ions in the unit cell of some vanadates has been

observed accompanying the metal to insulator transition across the critical

temperature [29]. While the system is conducting in his high-temperature

tetragonal rutile phase (on the left in Fig. 1.1), an insulating phase emerges

as the crystalline structure evolves to monoclinic at low temperatures (right

panel of Fig. 1.1).

The striking recent observation of a light-induced insulator-to-metal transi-

tion in such structure, associated to a structural deformation unveiled the

possibility of achieving coherent control of phase transitions [30]. The op-

timisation of the excitation conditions to maximise a speci�c product state

became therefore of major interest in the scienti�c community.

By means of intense sub-picosecond laser pulses in the mid-infrared and ter-

ahertz regime, low-energy excitations capable to extend beyond the linear

regime became accessible. A variety of interesting physical processes have

been explored so far and some of the pioneering experiments will be shortly

11



Chapter 1. Light control of complex materials

Tolerance Factor

0.89      0.90         0.91         0.92         0.93        0.94      0.95

T
 (

K
)

400

300

200

100

0

Figure 1.2: Phase diagram temperature vs tolerance factor for the system
A0.7A'0.3MnO3, where A is a trivalent rare earth ion and A' is a divalent
alkali earth ion. As the crystalline structure is perfectly cubic (tolerance
factor approaches the unity) the system is metallic (FMM), while the dis-
torted structure shows an insulating response (paramagnetic or ferromag-
netic, PMI or FMI). Figure adapted from [31].

discussed in the rest of the chapter.

1.2 Light-induced metallicity in manganites

The �rst experimental demonstration of a light-induced insulator-to-metal

transition driven by the direct stimulation of the crystal lattice with reso-

nant low-energy pulses has been obtained on manganites AMO3. In these

solids eight oxygen atoms surround the manganese atom to form an octahe-

dron, as depicted in Fig. 1.2. The tilting angle of the octahedra with respect

to the crystallographic axis is quanti�ed as tolerance factor and is a funda-

mental factor in determining the electronic state (see Fig. 1.2). The overlap

between the orbitals of the Mn and O atoms in�uences in fact the hopping

integral of the electrons. The more distorted is the structure the more the

Coulomb repulsion dominates over the electronic mobility and the material

becomes insulating (left side of the phase diagram in Fig. 1.2).

12



1.2. Light-induced metallicity in manganites

Strong mid-infrared pulses have been used to resonantly excite the Mn-O

stretching mode in Pr0.7Ca0.3MnO3 involving the ions relevant for the tol-

erance factor. A colossal enhancement of the optical conductivity, of more

than �ve orders of magnitude, has been measured in the driven system [32].

The microscopic mechanism beyond this phenomenology has been later on

identi�ed in terms of anharmonic phonon coupling. The excitation of the

infrared-active mode in manganites by means of strong mid-infrared pulses

results in large oscillations of the involved ions. As described in more de-

tail in the next section, upon strong resonant excitations a net displacement

of the crystalline structure along other phononic coordinates can take place

[33].

In the speci�c case of manganites the excitation of the Mn-O stretching mode

results in an e�ective net displacement along the Raman coordinate associ-

ated to a rotation of the oxygen octahedra. The reconstructed electronic

structure based on dynamical mean-�eld theory (DMFT) provides a clean

explanation for the observed metal to insulator phase transition [12].

In the next section the theory of nonlinear phonon coupling will be intro-

duced. As aforementioned, the large oscillations launched by means of the

resonant MIR pulses, is expected to indirectly induce a net displacement of

the solid structure along the eigenvectors of other speci�c phonons. On one

hand, this theory explains the light-induced phase transition observed in the

manganites upon resonant excitation of a MIR phonon, but it also constitutes

an extremely useful tool that can be used to target other types of coherent

excitations in solids.

1.2.1 Theory on nonlinear phononics

Being electromagnetic radiation an oscillating wave of electric �eld, it cou-

ples only to charge quasiparticles which carry an e�ective non-zero electric

dipole moment. Atoms in a solid are always in motion. Coherent light allows

bringing all the random movement of the ions in phase, inducing a collective

phase relation to the vibrating ions extending over macroscopic spatial range.

The resulting collective phase-locked ionic oscillations goes under the name

13



Chapter 1. Light control of complex materials

(a) (b)

Figure 1.3: (a) Impulsive stimulated Raman scattering (IRSR). The
excitation of the Raman mode at its own eigenfrequency ωr is mediated by
the electronic scattering (ωel → ω

′
el). (b) Ionic Raman scattering (IRS).

The excitation of the Raman mode is assisted by the infrared active mode
ωir. Both processes are triggered by an incident photon at frequency ωl
and emit at ωs. Figure adapted from [37].

of coherent phonons.

When light excites an infrared active mode, large coherent oscillations are

launched along its speci�c eigenvectors. Many functional properties of con-

densed systems, on the other hand, are related not only to phonons which

can be excited directly by means of light but also to ionic vibrations with

no net dipole moment. Extending the concept of selective optical coherent

drive to more general excitations, e.g. to symmetric Raman modes, becomes

therefore of major relevance.

Impulsive stimulated Raman scattering (IRSR) represents one well-established

technique for the indirect coherent excitation of Raman active phonons by

means of non-resonant excitations of the system with ultrashort broadband

laser pulses. In this process, the electronic excitations transfer momentum

to the lattice and launch oscillatory motions of Raman modes [34, 35, 36], as

schematically shown in Fig. 1.3(a).

A valid alternative to such high-energy excitation has been theoretically pre-

dicted already back in the 1970s [37, 38], and experimentally observed only

recently [33]. This process is known as ionic Raman scattering (IRS). As

schematically represented in Fig. 1.3(b), the selective activation of coherent

dynamics of Raman active phonons, relies on the intermediate excitation of

infrared-active phonons [39, 38].

When mid-infrared light impinges onto a crystal lattice, oscillatory ionic

motions are launched in a material along the eigenvector of the resonantly

14



1.2. Light-induced metallicity in manganites

(a) (b)

Figure 1.4: (a) Harmonic energy potential VR of a Raman-active phonon
mode unperturbed (black curve) and displaced (orange curve) for a �nite
static displacement of a coupled IR-active mode QIR. (b) Dynamics of the
two coupled modes. While the ionic oscillation of the IR-mode happened
around zero displacement(red curve), the anharmonically coupled Raman
excitation happened around a displaced position (orange curve). If the
optical excitation is fast compared to the Raman phonon period, coherent
oscillations along QR take place [40, 41, 11].

excited vibration (red curve in Fig. 1.4(b)). If the displacement of the

oscillating ions is big enough, an anharmonic coupling between the driven

infrared-active mode and Raman-active modes can take place resulting in an

e�ective non-zero displacement along the coupled mode eigenvectors. In this

case, for MIR excitation shorter than the period of the coupled Raman mode,

oscillations at the latter natural frequency will be observed, as schematically

represented in Fig. 1.4(b).

The crystal response to the optical excitation can be written in an Hamil-

tonian by considering two independent distinct contributions: a �rst linear

term H0 which describes the oscillatory motions around the equilibrium posi-

tion of all the vibrating phonons, and a second anharmonic term Hint, which

takes into account all the allowed nonlinear coulplings among them [42].

The linear Hamiltonian holds for the kinetic and potential energy of the ex-

cited phonons and can be written as the sum of the directly excited infrared-
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Chapter 1. Light control of complex materials

active modes and the anharmonically coupled oscillators, in the form

H0 =
∑
k

1

2
(P 2

k,ir + ω2
k,irQ

2
k,ir) +

∑
q

1

2
(P 2

q,j + ω2
q,jQ

2
q,j)− V (t) (1.1)

where Pk,ir, ωk,ir, Qk,ir and Pq,j, ωq,j, Qq,j are all possible momenta, eigen-

frequencies and normal-mode coordinates of the activated infrared modes

and the coupled ones respectively, while the potential V (t) is the external

potential.

Infrared light carries a momentum which is negligible with respect to the one

of the lattice vibrations and thus accesses only optically active phonon with

momentum of k ' 0. On the contrary, this constrain doesn't hold for the an-

harmonically coupled phonons and excitations at �nite momentum become

possible.

In the case of a single resonant excitation of one infrared-active phonon at

k = 0, the interaction Hamiltonian accounting for the anharmonic coupling

between the activated phonons can be written as

Hint =
∑
q

(a12QirQ
2
q,j + a21Q

2
irQq,j + a22Q

2
irQ

2
q,j +

a13QirQ
3
q,j + a31Q

3
irQq,j + ...),

(1.2)

where anm are the anharmonic coupling amplitudes. Among all the anhar-

monic terms of equation (1.2), only the one satisfying the selection rules from

group theory will remain.

The simultaneous excitation of di�erent infrared-active phonons can addi-

tionally lead to coherent dynamics in the material extending beyond the

phononic coupling. In the rare earth orthoferrites ErF3O3, a coupling of two

driven infrared-active modes to the magnetic order has been indeed observed,

and coherent precession motions of the spins have been launched in the ma-

terial [14].

In manganites as well as in most materials, the interaction Hamiltonian of

Eq. (1.2) is dominated by the cubic interacting anharmonicity [32, 12] and
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1.2. Light-induced metallicity in manganites

reduces to

Hint =
∑
q

(a12QirQ
2
q,j + a21Q

2
irQq,j). (1.3)

For centrosymmetric crystals, whose symmetry is held by the Hamiltonian,

the �rst term in Eq. (1.3) vanishes being the infrared-active mode odd, and

only the contributions of Raman modes (even) will be di�erent from zero.

For the indirect excitation of a single Raman mode the total Hamiltonian

becomes

Htot =
1

2
(P 2

ir + ω2
irQ

2
ir) +

1

2
(P 2

R + ω2
RQ

2
R) + a21Q

2
irQR − V (t). (1.4)

Any �nite static displacement dQIR re�ects in a shift in the Raman mode's

energy potential VR along its coordinate QR, as depicted in Fig. 1.4(a). In

the case of time-varying external perturbation f(t), it is possible to retrieve

the equations of motion for the infrared and the Raman modes as

Q̈ir + 2γIRQ̇ir + ω2
IRQir = 2a21QirQR + f(t) (1.5)

Q̈R + 2γRQ̇R + ω2
RQR = a21Q

2
ir, (1.6)

where f(t) = A(t) sin(ωirt), with A(t) being a Gaussian envelop, accounts for

the driving electromagnetic pulse at frequency ωir, and the phenomenologi-

cal damping terms, associated to the damping of the phonons (γIR and γR,

infrared and Raman respectively) have been introduced in each equation.

Equations (1.5) describes the dynamic of the resonantly excited infrared

mode in terms of a displacement of the eigenvector Qir around the equilib-

rium position. The time that the system takes to relax back to equilibrium

is equal to the inverse of the damping term τir = 1
γir

which is usually around

a few ps.

Equation (1.6) describes instead the temporal evolution of the anharmoni-

cally coupled Raman mode that is directionally driven by the term on the

right side F (t) = a21Q
2
ir. Since the driving oscillates at a frequency much

higher with respect to the Raman vibration (2ωir � ωR), the e�ective force

acting on the coupled mode is proportional to the envelope of the squared
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Chapter 1. Light control of complex materials

infrared coordinate. For optical excitations short compared to the Raman

mode period, QR exhibits coherent oscillations, as shown in Fig. 1.4(b)

(orange curve).

1.3 Electronic correlation modulation induced

by light

As introduced in the previous section, intense THz pulses tuned at resonance

with infrared-active modes can be used to create new transient crystal struc-

tures. These can emerge from the anharmonic coupling between the driven

phonon and other modes.

This excitation scheme becomes more interesting for the case of molecular

solids. In these systems light can address molecular vibrational modes and

thus couple to local degrees of freedom. The excitation of low-energy modes

associated to local distortions of the constituent molecules a�ects the size

and shape of the molecular orbitals and can modify the on-site electronic

interacting forces of the solid.

Organic molecular solids are generally characterised by sizeable electronic

correlations, comparable with or even far larger than the electronic band-

width, i.e. the electronic kinetic energy (see Chapter 2). Such energy com-

petition is often responsible for Mott transition from the metallic phase. In

most cases the physics of strongly correlated organic molecular solids is nicely

captured by the Hubbard model, which is the simplest model of interacting

particles in a lattice. This model accounts for two main contributions: one

associated to the kinetic energy of the particles, and one potential term, ac-

counting for the on-site correlations U , as explained more in details in the

next paragraph.

Most of the molecular vibrational modes of complex molecular solids fall in

the mid-infrared spectral region, and is therefore accessible to low-energy

radiation. A �rst experiment of resonant excitation of an infrared active

vibrational mode has been done on the quasi-1D organic Mott insulator ET-

F2TCNQ. This excitation allows a coherent control of the Hubbard U [16].
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1.3. Electronic correlation modulation induced by light

Figure 1.5: (a) Unit cell of the organic Mott insulator ET-F2TCNQ
formed by stacked molecules of BEDT-TTF (ET) and F2TCNQ, which
structure is displayed in (b) [15].

ET-F2TCNQ is a molecular solid whose unit cell is formed by stacked molecules

of BEDT-TTF (ET) and F2TCNQ disposed as shown in Fig. 1.5. This sys-

tem is a charge-transfer complex (see Chapter 2) held together by weak elec-

trostatic attractions generated by the transfer of electronic charges from the

donor to the acceptor. Due to the far larger intermolecular distances along

the b- and c-axis, the molecular orbitals are only weakly overlapped along

these directions and the e�ective macroscopic electrodynamic is only along

the chains of ET molecules of adjacent unit cells, i.e. along the a-axis.

In spite of the partially �lled conduction band, this material shows an in-

sulating behaviour. This has been interpreted in terms of one-dimensional

Mott physics along the ET chains, which are characterised by small intersite

tunneling amplitude and large Coulomb repulsion [43].

The excitation by means of broad ultrashort MIR pulses tuned at ωir ∼10
µm has been shown to drive an optical response consistent with a time de-

pendent deformation of the valence orbital wave function, and thus of the

local charge densities. In particular, according to the extended Hubbard

model introduced in more details in the next section, two distinct e�ects are

expected from this type of excitation. First, a time-averaged reduction of

the on-site repulsion, proportional to changes in the re�ectivity ∆R/R, and

its modulation at twice the driving frequency. Both have been observed ex-

perimentally, as displayed in Fig. 1.6 [15, 16].

These experimental �ndings stand for a clear evidence of the possible light-

induced control of the on-site molecular electronic properties. The theoretical
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Chapter 1. Light control of complex materials

Figure 1.6: Spectrally integrated time-dependent re�ectivity changes
measured in ET-F2TCNQ with a pump �uence of 0.9 mJ/cm2 at room
temperature. The deconvolved re�ectivity changes (solid grey) is also dis-
played together with a double exponential �t (dashed black). The inset
shows a Fourier transformation of the measured oscillations peaking at 70
THz [16].

formalism supporting the former observations will be brie�y discussed in the

next section.

1.3.1 Theoretical model for the modulation of the Hub-

bard U

Molecular organic solids represent an ideal system for light-control of matter,

as they o�er the possibility of coherent control of the local electronic degrees

of freedom, via low-energy excitations. The electric properties of their ground

states are determined by the molecular orbital conformation of the solid

and the resonant excitation by means of infrared light of speci�c molecular

vibrations can change local parameters, such as Mott correlations.

As mentioned in the previous section, the Hubbard model can be used to

study the phenomena emerging in molecular solids. The extended Hubbard

Hamiltonian holds as follows:

HHub = −t
∑
l,σ

(c†lσc(l+1)σ + h.c.) + U
∑
l

nl↑nl↓ + V
∑
l

nlnl+1. (1.7)
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1.3. Electronic correlation modulation induced by light

In this expression c†lσ and clσ are creation and annihilation operators for an

electron at site l with spin σ, nlσ is its corresponding number operator and

nl = nl↑+nl↓. The �rst term in Eq. (1.7) accounts for the electronic hopping

among di�erent sites of the lattice, whose amplitude t derives from the tight-

binding model. U and V hold for the on-site and the nearest-neighbour-site

Coulomb electronic repulsion respectively.

The total Hamiltonian of the vibrationally-driven state in which electronic

correlations are modulated can be written as

Htot = HHub + Hint + Hph, (1.8)

whereHph accounts for all the activated molecular vibrational modes andHint

describes the interactions between the charge driven mode and the electronic

con�guration. Neglecting any nonlinear phonon coupling, the interaction

term per each site j is expected to be a linear combination of the modulation

of the electronic density nj and of the double on-site occupancy nj↑nj↓:

Hint,j = njf(qj) + nj↑nj↓g(qj), (1.9)

with f(qj) and g(qj) being general functions known a priori that depend on

the displacement of the infrared mode coordinate qj. By expanding those

functions in series, the interacting Hamiltonian becomes

Hint =
∑
j

nj(A1qj + A2q
2
j + A3q

3
j + ...) +∑

j

nj↑nj↓(B1qj +B2q
2
j +B3q

3
j + ...)

(1.10)

with the coupling constants Ai and Bi depending on the symmetry of the

molecular modes. In a centrosymmetric molecular solid, local infrared-active

vibrations have an odd symmetry, and thus the terms linear in qj, which

would otherwise dominate the coupling for all even modes, vanish (A1 =

B1 = 0).

For excitations at ωir, at resonance with the natural frequency of an infrared

phonon, the quadratic dependence in qj of the interaction Hamiltonian domi-
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Chapter 1. Light control of complex materials

nates. Any modulation of the �rst term of Eq. (1.10), describing the coupling

to the total electronic density nj, will result in an overall shift of the whole

energy of the system and hence it will not a�ect the electronic repulsion [16].

On the contrary, the second term, which refers to the coupling to the on-site

double occupation, a�ects the e�ective Coulomb repulsion with a quadratic

dependence to the phononic coordinate, and leads to modulation of U at

twice the driving frequency ωir.

To the lowest order the interaction Hamiltonian reduces to:

Hint = B2q
2
jnj↑nj↓ ∝ B2[1− cos(2ωir)]nj↑nj↓ (1.11)

with the constant factor B2 < 0, as a modulation of U leads, in most of the

cases, to a spatial expansion of the valence orbital [16].

A more intuitive way to understand why the modulation of the electronic

repulsion happens at 2ωir, is by considering the electronic density of the

excited molecules oscillating around its equilibrium along the direction of

the polarisation of the incident light. The molecule sloshes back and forth at

frequency ωir, and this corresponds to a modi�cation of the local molecular

wavefunction at twice the frequency, as illustrated in the cartoon of Fig. 1.7

[16].

1.4 Light control of superconductivity

Low-energy excitations of atomic and molecular solids by means of elec-

tromagnetic radiation are capable of inducing transient out-of-equilibrium

states. These can either result from structural distortion of the crystalline

structure along indirectly excited vibrational modes, or, in molecular solids,

from the coherent control of local degrees of freedom.

The experimental evidences reported so far, together with the newly devel-

oped theoretical tools, provide guidance for the further directions to take

in the framework of light control of strongly correlated materials. Among

the many interesting properties of complex solids [28], high temperature su-
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1.4. Light control of superconductivity

Figure 1.7: (upper panel) Temporal variation of the pump electric �eld
(dashed black line), together with the resultant change in the local charge
density (solid black line) and (lower panel) the corresponding orbital mo-
tion of vibrationally excited ET-F2TCNQ molecule along the c-axis in time
[16].

perconductivity is highly appealing especially when considering its possible

functionality.

In the last �ve years, the e�ect of light on the superconducting ground state of

the unconventional high-Tc cuprates superconductors has been investigated.

The main question addressed in these studies is whether it is possible to un-

derstand how this phase settles among other competing orders and if it is

possible to control it.

In the following paragraphs the resonant excitation of infrared active modes

in the single-layer and double-layer cuprates will be discussed. Interestingly,

signatures of out-of-equilibrium transient superconductivity were detected

starting from the normal ground state at temperatures far higher than the

equilibrium transition temperature.

1.4.1 Melting of charge stripes in single-layer cuprates

High-temperature superconductivity was �rstly observed in 1980s in the lay-

ered copper oxides. These materials are formed by stack of conducting CuO2

planes. The equilibrium superconducting temperature increases with the
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Chapter 1. Light control of complex materials

number of Cu-O layers per unit cell and the highest Tc has been observed in

trilayer compounds.

In the single-layer cuprates, conductivity originates by an excess of charge in-

jected in the CuO2 conducting planes by chemical doping. For the case of lan-

thanum copper oxides La2CuO4, conductivity arises by chemical substitution

of the La atoms with Sr or Ba atoms of the form La2�x(Ba/Sr)xCuO4, which

leads to an unbalance of e�ective charge in the copper-oxide planes (hole

doped). Three-dimensional superconductivity, among the di�erent planes,

has been observed for doping level x > 0.05, and the highest critical temper-

ature (Tc = 35 K) has been detected for x = 0.16.

The x = 1/8 doping compound of the La2�xBaxCuO4 (LBCO1/8) compound

displays anomalies, as the three-dimensional superconducting phase is strongly

suppressed by the presence of 1D charge and spin modulations along the

planes. This order is stabilised by a structural transition from an high-

temperature tetragonal (HTT), to the low-temperature tetragonal (LTT)

phase, in which the angle of the oxygen atoms surrounding the Cu ion in the

planes changes, as shown in the right inset of Fig. 1.8. At cold temperatures,

the stripe modulations of adjacent planes are stabilised and adjacent layers

become decoupled. This results in a complete frustration of the equilibrium

three-dimensional superconducting phase.

This phenomenology is also characterising the equilibrium LTT phase of the

La1.8�xEu0.2SrxCuO4 (LESCO) compound which exhibits striped spin- and

charge-ordered states pinned to the underlying lattice distortions which com-

pletely destroy bulk superconductivity at all doping below x = 0.125 (grey

and blue area respectively in Fig. 1.8) [44].

The resonant excitation of the Cu-O stretching mode in this compound tran-

siently restores the coupling among superconducting layers, and hence three-

dimensional superconductivity.

At equilibrium, bulk superconductivity in layered cuprates is re�ected in the

appearance of a so-called Josephson plasma resonance (JPR) in the c-axis

THz optical properties. This feature accounts for the tunnelling between

two adjacent superconducting CuO2 planes, and is the hallmark of a three-

dimensional superconducting state. In Fig. 1.9(a) the equilibrium c-axis
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1.4. Light control of superconductivity

Figure 1.8: Schematic phase diagram for La1.8�xEu0.2SrxCuO4. Weak
superconductivity (blue area) quenched by the stripe order phase (gray
area) for doping levels below 0.2. At 0.125 doping (x = 1/8), a static
striped state emerges in the CuO2 planes (left inset), together with an
LTT structural distortion (right inset). The red dashed curve marks the
boundary for superconductivity in compounds of the type La2�xSrxCuO4,in
which the LTT structural modulation is less pronounced. Figure adapted
from [44].

re�ectivity for the optimally doped parent compound LSCO0.16 (x = 0.16,

TC = 35 K) is shown. While the metallic phase displays a featureless re-

�ectivity coe�cient r = Erefl/Einc) in the THz frequency range (black dots),

the equilibrium superconductor displays an edge and a dip in the re�ectivity

spectrum at the frequency corresponding to the Josephson plasma resonance

between the layers (red dots).

The same feature in the re�ectivity coe�cient spectrum has been observed

and fully formed 5 ps after resonant photoexcitation in LESCO1/8, emerging

at 10 K from the striped phase (Fig. 1.9(b)-(c)). This feature indicates

the creation of a light-induced coherent transport in the c-axis across the

di�erent layers, quenched at equilibrium by the presence of stripes, and is

accompanied by the prompt formation of super�uid density which accounts

for a transient, three-dimensional superconducting phase [44].
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Figure 1.9: (a) Equilibrium c-axis re�ectivity of LSCO0.16 (Tc = 35K).
In the superconducting state, the appearance of a JPR re�ects coherent
interlayer transport. Above Tc, incoherent ohmic transport is identi�ed
by a �at and featureless spectrum. (b) Equilibrium c-axis re�ectivity of
LESCO1/8 at 10 K, showing the response of a non-superconducting com-
pound. (c) Re�ectivity changes induced in LESCO1/8 by MIR excitation
at 10 K, displaying a light-induced JPR [44].

Additional evidence of light-induced melting of the charge order has been ob-

served on LBCO1/8. The magnitude of the charge ordering peak, measured

with soft x-ray scattering (SXR) at the Linac Coherent Light Source (LCLS),

has been measured after the resonant excitation of the same Cu-O stretching

mode. Figure 1.10(a) reports the abrupt reduction of the peak intensity by

∼ 60% which stands for a transient weakening of the charge order, induced

by means of electromagnetic radiation [45]. Importantly, the resonant mid-

infrared excitation of LBCO1/8 was found to a�ect also the di�raction peak

associated to the LTT structure, accounted as responsible for the stabilisa-

tion of the stripes. Panel (b) of Fig. 1.10 reports the measured reduction of

the intensity of such peak as a function of pump-probe delay, characterised

by a much slower dynamic compared to the one of the stripe melting [45].

From the comparison of the temporal evolution and relaxation of the opti-

cal measurement on LESCO1/8 and the x-ray scattering data of LBCO1/8,

it is possible to infer that there is a tight connection between the stripe

order melting and the emergence of superconductivity, while the structural

distortion seems to be less relevant in this system.
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1.4. Light control of superconductivity

Figure 1.10: (a) Light-induced dynamic of the charge stripe order di�rac-
tion peak in LBCO1/8. A prompt decease of about 60 % of the scattered
intensity, characterised by a sub-ps temporal evolution is displayed by the
blued circles. The red solid line is an exponential �t with a time constant
of 300 fs, comparable to the resolution of the experiment. (b) Correspond-
ing changes in the intensity of the di�raction peak associated to the LTT
distortion in the same crystal under the same excitation conditions. The
red solid line is an exponential �t yielding a time constant of 15 ps [45].

1.4.2 Light-induced superconductivity in double-layer

cuprates

In light of the striking results of vibrational excitation on the single layered

cuprates, an analogous excitation scheme has been used to drive the bilayer

copper oxides YBa2Cu3Ox (YBCO) out of equilibrium. The targeted infrared

active mode, as explained later in this section, has been shown, upon res-

onant driving, to control the coherent transport of Cooper pairs between

di�erent planes and its excitation is expected to a�ect the superconducting

properties of the system [17].

A representation of the crystalline unit cell of the x = 6.5 doped compound

YBCO6.5 is displayed in Fig. 1.11(a). Each cell is formed by two bilayers of

stacked charged plains of CuO2 separated by an insulating layer of yttrium

ions. The space in the between of the two bilayers, the inter layer region, is

instead occupied by barium atoms and CuO chains, of which the latter act

as reservoir of charge for the bilayers. The distance of the "apical" oxygen

atoms in the inter layer from the planes relates to the in-plane hopping and

this a�ects Tc [46].
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Figure 1.11: (a) Structure of YBCO6.5 and cartoon of the optically driven
distortion for the apical oxygen. The bilayer is formed by the two plains
of CuO2 (Cu(2) in the legend) separated by the Y atoms. The intrabilayer
space is �lled by Ba atoms and the CuO4 diamonds (Cu(1), and O in the
bc-plane). The vibrational excitation displaces the apical oxygen atoms
along the c direction. (b) Optical re�ectivity spectrum at equilibrium
measured along the c-axis of superconducting YBCO6.5 (T < Tc). The
low frequency JPR (green area) corresponds to the tunneling of electrons
between the bilayers, while the high frequency feature (highlighted in red),
identi�es the intralayer resonance [17].

As already introduced in the previous section, the signature of the three-

dimentional superconductivity in layered cuprates is the longitudinal Joseph-

son plasma resonance (JPR) between the di�erent conducting layers, which

appears clearly in the optical re�ectivity spectrum of the material. In Fig.

1.11(b) the optical re�ectivity of the superconducting YBCO6.5 (T < Tc,

Tc = 50 K) is reported over a broad spectral region. The low frequency

portion of the spectrum (green shaded area) is dominated by a sharp JPR

at ∼ 1 THz, related to the interbilayer tunneling of the electrons. At higher

frequencies (red area) another resonance can be identi�ed, relative to the

intrabilayer coupling (∼ 15 THz) [17].

Single crystals of YBCO6.5 were excited with sub-picosecond pulses tuned

at resonance with an oscillatory eigenfrequency of the apical oxygen ions as

schematically illustrated in Fig. 1.11(a). When the system is driven from the

superconducting state (T < TC), its optical response is compatible to the one

of a superconductor with a transient enhancement of the super�uid density.
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This has been attributed to a strengthened coupling within the interbilayer,

at the expense of that within the bilayers. In agreement with what found

below Tc for photoexcitations at temperatures above the critical transition

temperature (T = 60 K > TC), the low-frequency superconducting resonance

is restored and has been measured up to room temperature [17, 47].

Due to the complexity of the physics of bilayer copper oxides, the interpre-

tation of the out-of-equilibrium light-induced superconducting signatures is

not straightforward. The di�erent temporal evolution of the transient state

found in YBCO6.5 with respect to the one of the single-layer LESCO1/8, to-

gether with the di�erent temperature at which this e�ect is observed seems

to exclude the hypothesis that the melting of the charge order is the only

playing factor.

Hard x-ray di�raction data were taken for further investigation, under the

same experimental conditions on YBCO6.5 [18]. Once the system is reso-

nantly driven, a sizeable reshape of the scattered intensity peaks of the four

anharmonically coupled mode has been observed. The transiently distorted

structure, displayed in Fig. 1.12, has been reconstructed from a careful anal-

ysis and �t of the light-induced changes in the scattered peaks. In the new

out-of-equilibrium structure, obtained under resonant excitation at MIR fre-

quency, is it moreover possible to observe an increase of the intrabilayer

distance together with a reduction of the interbilayer one.

Importantly, the four reshaped coupled peaks are the ones allowed by sym-

metry by the thoery of nonlinear phononics (see Section 1.2.1), and stand

as clear evidence of anharmonic coupling amongst phonons in ordered solids

[18].

Additionally, density functional theory calculations proposed a charge trans-

fer between the CuO2 planes and the CuO chains as possible phenomenon

assisting the onset of the observed transient superconducting-like state at

high temperature. This charge redistribution is already of relevance in three-

dimensional superconductivity of YBCO6.9 at equilibruim [48], where it ac-

companies the temperature driven metal-superconductor transition and might

thus be bene�cial for superconductivity.
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Figure 1.12: Schematic out-of-equilibrium structure of YBCO6.5, recon-
structed from �ts of the transient scattered intensity of several peaks mea-
sured with Hard X-rays. The atomic displacements from the equilibrium
structure involve a decrease in interbilayer distance, accompanied by an
increase in intrabilayer distance [18, 40].

1.5 Summary

Electromagnetic radiation couples to matter and constitute a very powerful

tool that can be exploited to extend the current knowledge of many complex

materials. Resonant excitations by means of low energy photons of collective

modes in ordered structures can be used to dynamically drive systems out of

equilibrium and favour the formation and stabilisation of new hidden phases.

In this chapter some of the more relevant experimental observations of con-

trol of matter have been provided for the peculiar case of strongly correlated

material, which exhibit interesting functional properties and are extremely

sensitive to external perturbation. Copper oxides systems are unconventional

high temperature superconductors and their phase diagram is the result of

an intricate intertwine of di�erent competing phases.

Mid infrared light has �rst been used to selectively activate phononic oscil-

lations in the layered cuprates LBCO, for which superconductivity has been
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restored transiently by melting the competing stripe order. Similar results

have been later on obtained on the double layered cuprate YBCO, for which

superconducting features have been detected for few picoseconds up to room

temperature.

In light of these successful results, this type of low-energy excitation can

be extended also to other materials. The current �ndings on the high-Tc
cuprates superconductors are calling for the investigation of more conven-

tional systems, where equilibrium superconductivity is understood.

In this thesis the response of a completely di�erent class or material will

be discussed. Alkali doped fullerides represent a valid candidate for vibra-

tional investigation as they are molecular solids whose electronic response

is strongly entangled to the molecular distortions. Moreover these materi-

als shows a more conventional superconducting phase emerging at relatively

high critical temperatures, unlike other molecular systems.

As vibrational excitation in organic molecular materials proved that light

can modulate the on-site electronic interacting force, as described earlier in

the chapter, the study of molecular superconductors could in principle o�er

new insights on the origin of high temperature superconductivity.
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Chapter 2

The organic superconductor K3C60

Organic molecular solids are constituted by periodic arrangements of rela-

tively small molecules, mostly resulting by chemical bonding of light atoms

(e.g. C, H, N,...). In spite of their complex structures, there exist a clear

energy scale di�erentiation between the intra- and intermolecular degrees of

freedom that simpli�es the physical interpretation of their properties.

Due to the relatively large intermolecular distances, the electronic structure

of molecular solids is usually characterised by well separated narrow bands,

re�ecting the con�nement of the populating electrons. The small hopping

integral makes electronic correlations relevant and often leads to a localisation

of the carriers with the consequent emergence of Mott-Hubbard insulating

phases.

Among all the organic conductors, alkali doped fullerides A3C60 are the only

ones characterised by three-dimensional conducting properties. Despite the

strong electronic repulsive interactions, these materials exhibit a common

superconducting phase below relatively high critical temperatures.

This chapter will brie�y recall the most relevant traits of organic molecular

conductors and will speci�cally discuss the case of the alkali doped fullerides.

In Section 2.2, the properties of the metallic and superconducting phase of
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Chapter 2. The organic superconductor K3C60

A3C60 are described.

2.1 Organic molecular conductors

Organic molecular solids are formed by an ordered and periodic disposition

of di�erent molecules held together by weak interacting forces, e.g. Van der

Waals forces. Their unit cells typically comprehend several weakly bounded

molecules, therefore extend over a few nanometres, i.e. orders of magnitude

more than the average extension of orbitals of the constituent atoms. The

�nal crystalline structures of organic molecular solids are characterised by a

sparsely-populated, narrow, electronic band structure.

In the same way as in an oriented molecular gas, individual molecules in

molecular solids remain unaltered and their vibrational frequencies di�er only

slightly from the those of the free molecules [21]. These local molecular vi-

bration energies generally occupy the high-frequency part of the excitation

spectrum of the crystalline solid (see Fig. 2.1) and are characterised by little

dispersion in momentum space. The lower frequency part of the excitation

spectrum of molecular solids is instead dominated by the intermolecular vi-

brations, or phonons, which are of essential importance for energy and charge

transport across the solid. Intermolecular vibrations have frequencies usu-

ally below 3 THz (∼ 100 cm−1), far lower than those of atomic solids, and

include optical phonons, librations and translational vibrations [21].

Organic molecular crystals are soft, with small bulk moduli, and fairly high

thermal expansion coe�cients, of the order of 10−5 K−1 [49, 50]. Any varia-

tion of the crystal volume, i.e. of the lattice constants, induced by a change

of the temperature or by means of external pressure will strongly a�ect

the frequencies of the intermolecular phonons, while no relevant changes

are expected in the intramolecular ones. In the case of thermal expansion

at warmer temperatures, for example, the larger lattice constant results in

smaller frequencies of the intermolecular modes, while no signi�cant changes

are expected on the local vibrations.

Organic molecular solids have been �rstly regarded as electrical insulator,

but at a later time, a richer variety of ground states has been found under
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Figure 2.1: Schematic representation of the vibrational spectrum of
the three-dimensional alkali-doped fullerines (A3C60). The high-frequency
broad absorption is ascribable to intramolecular vibrations (orange), while
at low-frequencies intermolecular dynamics dominate: librations (red),
C60 C60 optical phonons (green) and A C60 phonons. The associated
distortion of the lattice are schematically displayed. Figure adapted from
[21].

di�erent external conditions [51, 52, 53]. Most of the macroscopic physi-

cal properties of the organic molecular solids are primarily determined by

electrons weakly participating in the bonding of the constituent molecules.

These dominant electrons, known as π-electrons, are delocalised along the

molecular planes and therefore are responsible to the �nal conducting prop-

erties of the solid.

In molecular solids it is possible to distinguish among the electrons localised

within the nearest carbon atoms in the σ-bond, and those that can partici-

pate in the conductivity through the π-bonds, as schematically represented

for a benzene molecule in Fig. 2.2.

The lowest electronic excitation states in organic molecular solids are often
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Chapter 2. The organic superconductor K3C60

s bond p bond

Figure 2.2: Molecular orbitals representation of a benzene molecule C6H6.
The σ-bond on the left results from the sp2 hybrid orbitals of the molecule
while the π-bond on the right is formed by the di�erent πz orbitals of the
carbon atoms and provide a delocalised charge cloud distribution along the
molecular planes. Figure adapted from [55].

the ones of the π-electrons, which usually respond to energies in the range of

a few eV [49]. By studying the behaviour of the π-electrons, which depends

on the nuclei, the inner-shell electrons and with the σ-electrons, most of the

electronic and chemical properties of organic conductors can be described

[53, 49, 54].

A crucial aspect of organic molecular solids is the presence of strong Coulomb

interactions that correlate the electronic motion. As the electronic correla-

tions win over the electronic kinetic energy, metals with a partially �lled

conduction band can become Mott-insulators.

The extended Hubbard model is generally used to describe organic strongly

correlated systems and their proximity to the Mott transition, as already

introduced in Chapter 1. This model assumes two main counteracting con-

tributions to the total energy of the system: electronic hopping integral t,

and electronic repulsion due to other charges on the speci�c site, U , and

between di�erent sites of the lattice, V (See Eq. 1.7). In the case of strong

screening, and in half-�lled systems, the repulsive contribution due to the

nearest neighbours V can be neglected.

The e�ective electron-electron interaction are typically comparable to the

width of the conduction band, around 0.5-1 eV. In the Hubbard model, elec-

tronic interactions are therefore measured in comparison to the bandwidth
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2.1. Organic molecular conductors

Figure 2.3: Temperature-Pressure phase diagrams for two families of
organic molecular solids with di�erent e�ective dimensionality. (a) The
three-dimensional alkali fullerides family A3C60 with the black diamonds
on the upper axis identifying the equilibrium position of di�erent alkali
dopant (adapted from [58]). (b) The one-dimentional Bechgaard salts
(TMTTF)2X (or (TMTSF)2X) (adapted from [52]). The variety of ground
states scales with the dimensionality. In the plots the following abbrevi-
ations have been made: paramagnetic insulator (PI), paramagnetic metal
(PM), antiferromagnetic insulator (AFI), superconductor (SC), charge or-
der (CO), spin Peierls insulator (SP) and spin density wave (SDW).

W (de�ned as W = zt, where t is the hopping integral and z depends on the

dimensionality of the system) and they are expressed as U/W .

In half-�lled systems, within the limit of U/W = 0, i.e. U = 0, the Hubbard

model reduces to the Hartree-Fock description of a Fermi gas, while for t = 0

it describes the behaviour of an ideal Mott-insulators [56]. At intermediate

U/W values, the competition between hopping transport and Coulomb re-

pulsion leads to mixed ground states within the metal-to-insulator transition

(MIT). In most organic materials, insulating phases are stabilised above a

critical U/Wc value of about 1-1.5 [21] and the conduction electrons become

localised in the fully �lled lower Hubbard band [56, 57].

The interplay of molecular condensation, narrow bands, strong correlations,

and softness results in an extreme variability of ground states in organic ma-
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Chapter 2. The organic superconductor K3C60

terials. Figure 2.3 displays phase diagrams of the quasi-1D and 3D organic

conductors (panels (b) and (a) respectively). In both systems a multitude

of ground states emerges upon chemical substitution or by means of external

pressure, and this is particularly stressed the lower is the dimensionality of

the system [59, 60].

Pressure can be translated in terms of intrinsic parameters of the system, as

U/W ratio. The more correlated is the system, the more one moves towards

the left side of the diagrams, where insulating phases stabilise (paramagnetic

(PI) or antiferromagnetic (AFI)). On the contrary, for smaller unit cell the

hopping of the electrons generally prevails over the electronic correlations

and one moves to the right side of the phase diagrams.

Among all the possible organic conductors, the donor-acceptor complex sys-

tems constitute a large class. Such charge-transfer complexes are formed by

two di�erent molecules which are held together by an exchange of charges

from the donor to the acceptor. The e�ective intermolecular transfer of elec-

trons together with the intermolecular coupling de�nes the number of free

carriers available for the metallic conduction.

The most interesting ground state of conducting organic materials is on the

other hand, the superconducting one (SC), found even in the low dimension-

ality systems (see Fig. 2.3). Alkali doped fullerides A3C60, as discussed in

the rest of the chapter, are three-dimensional conductors characterised by

bulk superconductivity with relatively high critical temperatures, from 20 K

to ∼ 40 K, which is only partially explained in terms of conventional BCS

superconductivity.

2.2 The alkali-doped fullerides

Alkali-doped fullerides (A3C60, A = K, Rb, Cs) are organic molecular con-

ductors, whose electronic properties are determined by the excess of charge

injected in the system by the alkali atoms. Each C60 molecule contains 60

carbon atoms arranged with single or double covalent bonds in 20 hexagonal

and 12 pentagonal faces to form a 7 Å diameter cage (the soccer ball). This

structure belongs to the highly symmetric Ih symmetry point group and its
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Figure 2.4: (a) Cubic unit cell of K3C60. The C60 molecules (green) are
arranged in an f.c.c. cell (lattice constant of 14.24 Å at room temperature)
and the alkali dopant (light grey spheres) occupy the free interstitial spaces.
(b) Band structure of potassium doped fullerides K3C60 characterised by
well separated narrow bands [23].

electronic band structure is highly degenerate.

Alkali-doped fullerides crystallise in a cubic unit cell, in which the C60molecules

are arranged in a f.c.c. fashion for A=K, Rb and in a b.c.c. (or A15) or f.c.c.

one for Cs3C60. The alkali atoms (light grey spheres in Fig. 2.4(a)) occupy

the interstitial volumes. The size of the chosen alkali atoms de�nes the lat-

tice constant d of the unit cell that varies from 14.24 Å for K3C60 to 14.75 Å

for Cs3C60 at room temperature.

Each C 3�
60 molecule - the acceptor - receives three electrons from three sur-

rounding alkali atoms A+ - the donors. The resulting ground state of the

solid is characterised by an half-�lled conduction band t1u, triply-degenerate

at the Γ point (Fig. 2.4(b)). Electronic correlations in A3C60 are fairly

strong, and are comparable to the bandwidth of the conduction molecular

orbital ( U/W ∼ 1.5 − 2.5) [21]. While potassium and rubidium fullerides

(K3C60, Rb3C60) still show a metallic behaviour, the expanded compound

Cs3C60, characterised by narrower bands, is a Mott-insulator [61, 62].

The phase-diagram of the family of alkali-doped fullerides A3C60 is displayed

in Fig. 2.3(a). Potassium doped fullerides K3C60 is the most compact com-

pound and sits at the very right side of the diagram. The increase of the
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Chapter 2. The organic superconductor K3C60

unit cell obtained by alkali atom substitution leads to narrower bands due

to a lower overlap of the molecular orbitals. Beyond a critical volume, the

electron-electron Coulomb repulsion energy (U) prevails over the electronic

kinetic energy (t) and the metal-to-insulator transition takes place. The ex-

panded Cs3C60 at ambient pressure is in fact an insulator (U ∼ 1 eV,W ∼ 0.5

eV [21]).

As it will be discussed in the next paragraph, a superconducting phase (SC)

emerges from the paramagnetic metallic phase (PM) in K3C60 and Rb3C60 at

ambient pressure and in Cs3C60 under pressure characterised by unconven-

tionally high critical temperatures, compared to other organic superconduc-

tors [63].

2.2.1 Superconductivity in A3C60

Superconductivity is a common phase of all A3C60 compounds. Unlike con-

ventional BCS superconductors, the transition temperature Tc does not scale

linearly with the lattice spacing or pressure, but it follows more the charac-

teristic dome-shape of the high-temperature superconductors, as reported in

Fig. 2.3(a). The critical transition temperature Tc increases from ∼ 20 K

to ∼ 30 K only by substituting the potassium alkali atom with the rubidium

one, and has a maximum in Cs3C60 under pressure (Tc = 38 K and Tc = 35

K respectively for the A15 and f.c.c. compounds at P ' 1 GPa). The high

critical temperature values are ascribable to the high electronic density at

the Fermi energy [64].

The least correlated compounds of the family of A3C60 can be fairly well

described as a type-II superconductor by means of standard BCS theory

and the relevant excitation for the pairing mechanism are associated to high

frequency intramolecular phonon modes [65, 66]. The strong correlations

responsible for the Mott-insulating phase of Cs3C60, on the other hand, are

also likely to in�uence its superconducting state, and a more sophisticated

theoretical description of superconductivity is required [67].

Figure 2.5(a) reports the measured relation between the superconducting

critical temperature and the lattice parameter in all the A3C60. As long as
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2.2. The alkali-doped fullerides

the lattice constant remain below a 14.5 Å, i.e. for K3C60 and Rb3C60, a linear

relation, with a small sublinear correction �ts the experimental trend. This

is in good agreement with standard BCS predictions. On the other hand, a

strong deviation can be observed in the values of Tc obtained in Cs3C60 under

pressure [67]. Interestingly, a reduction of the lattice constant by means of

external pressure brings all the A3C60 compounds to the same curve [68, 69].

Further evidence of the anomalous superconducting phase of A3C60 systems

comes from the measurement of the superconductivity gap ∆. By means

of NMR and photoemission experiments, a strong deviation from the BCS

predicted value of the gap ratio 2∆0/kBTc = 3.52 nearby the metal-insulator

transition has been observed. Figure 2.5(b) displays the experimental mea-

surements of the gap ratio in Cs3C60 under di�erent values of external hy-

drostatic pressure, i.e. lattice constant. At ambient pressure, at the right

side of the plot, the gap ratio of Cs3C60 deviates from the conventional BCS

value (grey dashed line). In the compressed system, i.e. for smaller lattice

constants, the gap ratio converges to more standard values, and it reaches

3.4 and 4.1 for a unit cell size comparable to the one of K3C60 and Rb3C60

respectively [70, 61]. A guide to eye (yellow solid line) has been also plotted

to capture the trend of the gap ratio as a function of lattice parameter.

The limits of the BCS theory in describing the relation of the gap, the critical

temperature and lattice constant when electronic correlations become dom-

inant, stresses the need of a more sophisticated formalism for an universal

understanding of superconductivity in the phase diagram of the alkali doped

fullerides A3C60.

Importantly, alkali doped fullerides do not strictly satisfy the weak-coupling

approximationN(EF )Veff � 1 required in the standard theory, whereN(EF )

is the electronic density of states at the Fermi level and Veff is the interac-

tion potential of the electrons mediated by the electron-phonon coupling. In

most classic superconductor N(EF )Veff < 0.3 [71]. The strong electronic

correlations of A3C60 compounds in�uence this factor, which in K3C60 stays

at the limit of validity of the BCS theory (∼ 0.3,), and in Cs3C60 becomes

even higher than the unity [72, 73].

A theory of strongly correlated superconductivity (SCS) has been �rst pro-
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Figure 2.5: (a) Tc vs lattice parameter for di�erent samples of A3C60.
Red squares are NMR data measured in f.c.c. Cs3C60 at di�erent external
pressure values, yellow triangles and light blue circles are indicated the
critical temperature scaling with the lattice parameter for Rb3C60 and
K3C60 respectively, while the grey squares refer to the mixed A3C60. The
latter data points are obtained from magnetisation studies [67, 68, 69]. The
grey dashed line is the linear BCS expected trend relation between Tc and
the lattice constant. (b) Dependence of the superconducting gap divided
by the superconducting critical temperature, 2∆0/kBTc of f.c.c Cs3C60

under pressure plotted as a function of lattice parameter, measured with
the spin-lattice relaxation rate of 13C in the superconducting state [61].
The solid thick line is a guide to the eye, while the dashed grey line marks
the BCS value predicted value of 3.52.

posed by Capone et al.[74, 75]. In alkali doped fullerides, the electronic t1u
band is half-populated and the coupling to molecular vibrations is of major

relevance. The modes allowed by symmetry to couple to t1u electrons are

only Ag and Hg modes.

At equilibrium, a dynamical structural Jahn-Teller distortion ofHg symmetry

acts on the C60 molecules to lift the degeneracy of the electronic conduction

band, minimising the molecular energy. This distortion strongly a�ects the

electronic coupling and stabilises the formation of a low spin and angular

momentum ground state [74]. The resulting electronic singlet state, i.e. elec-

tron pairs with same momentum, can occupy any of the three degenerate

orbitals, and the third electron of the conduction band occupies one of the

other two.
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Figure 2.6: Ground-state orbital �uctuations promoting the emergence
of the superconducting phase in A3C60. Data adapted from [77].

More recently, a uni�ed theory for the equilibrium superconductivity in A3C60

disentangled the crucial ingredients needed to describe to the proximity of

superconducting and Mott-insulating phases in the same phase diagram [76],

lacking in the simple BCS picture.

The key quantity needed to capture the macroscopic properties of A3C60 given

their non-negligible electronic contribution is the e�ective exchange interac-

tion J , that can be de�ned as the sum of the intramolecular exchange interac-

tion JH and the one due to the electron-phonon coupling Jph, as J = JH+Jph

[74, 76]. According to the Hund's rule, a high spin state should be stabilised,

with parallel-spin electrons sitting on di�erent molecular orbitals, as the bare

JH contribution is positive. On the other hand, the interaction contribution

due to the Jahn-Teller distortion Jph < 0 would promote the formation of a

low spin state. The e�ective exchange interaction is hence renormalised and,

as Jph > JH , the Hund's rule is reversed [74]. This leads to the formation of

bound electrons into intraorbital pairs which support the superconducting

coupling.

Importantly, the electron pairs are delocalised over the three orbitals by

means of intramolecular pair-hopping (see Fig 2.6), promoting hence three-

dimensional superconductivity [77]. Eventually, in the Mott-insulating phase,

the pairs stay localised in one of the molecular orbital [74, 76].

To conclude, alkali doped fullerides A3C60 are type-II superconductors char-

acterised by relatively low �rst critical magnetic �eld Hc1(0) in the range

of 10 mT, and a fairly large second critical �eld Hc2(0) of about 30-80 T.

The corresponding coherence lengths ξ calculated by means of the Ginzburg-

Landau formalism is very small (few tens of nanometers) comparable to the

one of other unconventional high-Tc superconductors [78].
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2.3 Summary

This chapter provided an overview of the equilibrium properties of the organic

molecular conductors, in particular of the three-dimensional alkali doped ful-

lerides A3C60. The crystalline structure of such solids are poorly dense, and

responsible for the formation of narrow electronic bands. The strong correla-

tion of the conduction electrons together with their energy con�nement are

responsible for the emergence of Mott-insulating ground states. In spite of

the half-�lled conduction band, the most expanded fullerides Cs3C60 are in

fact insulating at ambient pressure, while Rb3C60 and K3C60 are metallic.

An unconventional dome-shaped superconducting phase with fairly high crit-

ical transition temperature has been found in the phase diagram of the A3C60,

emerging at cool temperature from the metallic phase. The coexistence of

the superconducting and the Mott-insulating phase in the same diagram has

been recently captured by means of ab initio calculations. The strongly corre-

lated superconducting phase has been explained in terms of electron-phonon

coupling among the conduction electrons and a molecular Jahn-Teller T1u

distortion of the C60 molecules, while its crossover to the insulating phase

has been attributed to the strong interacting forces among electrons. These

are indeed responsible for the renormalisation of their kinetic energy leading

to charge localisations.

As introduced in Chapter 1, light can be used to drive instabilities in com-

plex correlated systems, leading to the emergence of broken symmetry states.

The resonant excitation by means of infrared radiation of intramolecular vi-

brations in K3C60 is expected to perturb the on-site molecular properties

which are determining its electronic ground state. Before proceeding to the

experimental evidences of such vibrational excitation in these compounds,

the next chapter will describe its optical linear response.
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Equilibrium optical properties of potassium doped

fullerides

An ideal tool to investigate solid state electrodynamics is the analysis of their

optical properties. Intraband and interband transitions are mostly determin-

ing the ground state electronic properties of a system and it is possible to

identify them by looking at their shapes in the optical spectra.

The most profound description of a medium is given by the complex dielectric

constant ε = ε1 + iε2 which is a microscopic response function accounting for

its electric polarisation. From this quantity, all optical properties can be re-

calculated. In non-magnetic media (magnetic permeability µ = 1) the same

information can be retrieved from the macroscopic observable, the complex

refractive index N = n+ ik [79].

In the spectroscopic study of materials, practical response functions for con-

densed matter are the frequency dependent optical re�ectivity R(ω) and

complex optical conductivity σ(ω) = σ1(ω) + iσ2(ω). The conductivity σ(ω)

is de�ned as the response function of the material to an applied electric �eld

as

J = σE (3.1)
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with J being the current density induced in the medium and E an exter-

nal electric �eld [79]. This quantity becomes of relevance when dealing with

low-energy spectroscopic investigations as it is directly re�ecting the electro-

dynamic properties of the systems.

In this chapter the equilibrium optical response of K3C60 single crystal avail-

able in literature is �rst described in order to introduce the main di�erences

between its metallic and superconducting response. Later, in the main part

of the chapter, the same optical response is presented for the case of K3C60

powders which have been used in the experiments described in the next chap-

ters. A full infrared characterisation of the response of these samples is then

presented as a function of temperature and pressure.

3.1 Optical response of K3C60 single crystal

Metals and superconductors display unique and distinctive hallmarks in their

optical spectra (R(ω) and complex σ(ω)), which can be used to discriminate

these two ground states. The optical properties of potassium-doped fullerides

have been measured on single crystals [70] and on pressurised powder sam-

ples [23]. In spite of few quantitative discordances in the far-infrared response

which will be discussed later in the chapter, the di�erent datasets are in fairly

good agreement with each other.

Figure 3.1 displays the optical re�ectivity, the real and the imaginary part

of the optical conductivity of K3C60 in its metallic (orange lines) and super-

conducting phase (light blue lines), measured on a single crystal [70]. The

normal state re�ectivity (T = 25 K), plotted at the sample-diamond inter-

face for convenience, displays the characteristic feature of the free electrons

in the conduction band, captured by the Drude model, with a plasma edge

located at approximately 300 meV (panel (a)). This contribution appears

clearly in the complex optical conductivity spectra: in the real part σ1(ω)

as a wide Lorentzian centred at zero frequency, and in the imaginary part

σ2(ω) as peak at the scattering rate γ around 7.5 meV . On top of the free

carriers response, higher energy absorptions characterise the optical spectra.

In particular a strong infrared absorption band appears as a Lorentzian peak
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Figure 3.1: Equilibrium optical response of single crystal K3C60 above
and below Tc (orange and light blue respectively): optical re�ectivity at
the sample-diamond interface ((a)), real and imaginary part of the optical
conductivity ((b),(c)). Data below Tc are measured at 10 K while the one
above Tc are measured at 25 K [70] .

in the real conductivity spectrum and is centred around 50-100 meV. At even

higher energies the optical spectra of metallic K3C60 are shaped by the con-

tributions of interband electronic transitions [70].

The real part of the optical conductivity σ1(ω) obeys to the sum rule:∫ ∞
0

σ1(ω)dω =
πNe2

2m
(3.2)

where N is the total number of electrons participating in the absorptions, e

is the electronic charge and m is their mass. The total spectral weight, de-

�ned as the area under the real conductivity spectrum, is thus proportional

to the ratio of the electronic density and the mass of the electrons, which is

a constant.

The optical re�ectivity and conductivity spectra of the superconducting state

in potassium-doped fullerides are also plotted in Fig. 3.1 (light blue curves).

Optical measurements allow observing the superconducting gap of K3C60,

due to its isotropy in the momentum space. A fairly strong reshape a�ects

the optical response across the superconducting phase transition. The re�ec-

tivity at the sample-diamond interface of superconducting K3C60 saturates to

unity (R(ω) = 1) up to the optical gap frequency 2∆ = 6 meV (panel (a)).
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Chapter 3. Equilibrium optical properties of potassium doped fullerides

Figure 3.2: Real (a) and imaginary part (b) of the conductivity spectrum
of a superconducting single crystal of K3C60 at 10 K normalised to the real
normal conductivity σ1n. The ratio σ1sc/σ1n describes the response of the
normal carrier, while σ2sc/σ1n accounts for the coherent response of the
superconductor. The black and grey dashed lines are �t respectively for
the weak and strong coupling limit. Data adapted from [70].

In accordance, most of the spectral weight in the real part of the optical

conductivity is moved to a delta peak at zero frequency and an optical gap

opens up to the same cut-o� frequency (panel (b)). The low-energy spec-

trum of the imaginary conductivity is instead dominated by an hyperbolic

1/ω divergence scaling with the super�uid density (panel (c)).

Since the overall spectral weight in σ1(ω) is conserved, it is possible to divide

the contribution of the superconducting carriers to the one of the normal

state by rewriting Eq. 3.2 as∫ ∞
0

σ1(ω)dω =
π

2

Nse
2

m
+
π(N −Ns)e

2

2m
(3.3)

where Ns is the total number of carriers participating to superconductivity

held in the integral of the Delta peak at zero frequency which accounts for

the in�nite conductivity.

The available Matthis-Bardeen models for BCS superconductors, and the

Eliashberg extension for the strong coupling limit, capture the supercon-

ducting optical response as a function of frequency and temperature, by
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3.2. Optical spectra of K3C60 powders

considering only the free carriers contribution. According to these models,

only delocalised carriers participate in the superconducting transition.

To remove the contribution of bound carriers, the normalised quantities

σ1sc/σ1n and σ2sc/σ1n are de�ned. Figure 3.2 displays the reduced gap values

obtained for single crystal K3C60. The normalised real part of the optical

conductivity (panel (a)), expresses the response of the normal carriers in the

superconducting phase [79]. From this plot, the opening of the supercon-

ducting optical gap appears clearly. The black dashed line is the result of a

conventional Matthis-Bardeen �t of the experimental data, that fails at high

energies. The more general Eliashberg model (light gray dashed curve) on the

other hand nicely captures the measured trend, highlighting the proximity

of K3C60 to the strong coupling limit (electron-phonon coupling λe−ph ∼ 1)

[72, 70]. Independently on the model used, the phase transition from the

metallic to the superconducting state in K3C60 is accompanied by changes in

the optical properties only in the lower part of the spectrum, within ∼ 6∆.

The normalised imaginary part of the complex conductivity (Fig. 3.2(b)) is

instead associated to the response of the condensed carriers [79]. Below the

optical gap the 1/ω divergence dominates over the other contributions, and

it can be capture just by means of the standard BCS model (dark dashed

line) [70].

3.2 Optical spectra of K3C60 powders

The experimental investigation reported in the next chapters has been per-

formed on K3C60 powders. A full characterisation of their equilibrium optical

response has been done in order to be able to compare these samples with the

ones described in literature. The equilibrium optical response of the metal-

lic polycrystalline K3C60 has been measured on compressed powder pellets

(100-400 nm average grain size, see Appendix A) by means of a broadband

FTIR interferometer at Elettra Synchrotron Facility.

To prevent the sample from any oxygen contamination, the K3C60 pow-

ders were loaded in pure Argon atmosphere inside a glove box (oxygen level
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Chapter 3. Equilibrium optical properties of potassium doped fullerides

< 1ppm) and sealed behind a diamond window (see Appendix A).

The sample re�ectivity spectra were measured in a cryostat at temperatures

spanning from 25 K to 300 K. Each spectrum on the sample has been ref-

erenced at each temperature to the one of the diamond as commonly done

in far infrared interferometric measurement under pressure [80, 81, 82]. The

�nal absolute values of the re�ectivity at the sample-diamond interface were

obtained by rescaling these ratios with the ones of a gold mirror put in a later

time at the sample position (Rsample−diamond = Isample/Idiamond ·Idiamond/Igold,
see Appendix B).

The re�ectivity raw curves, ranging from 4 to 1000 meV, were extrapolated

to zero frequency below 4 meV by means of the Hagen-Ruben formula valid

for ω � 1/τ

R(ω) = 1−
(

2ω

2πσDC

)α
, (3.4)

with α = 0.385 to guarantee a smooth connection. At very high frequency,

the single crystal re�ectivity data were used to extend the spectrum up to

6 eV. By means of Kramers-Kronig transformations for medium against a

transparent window [83], broadband complex conductivity spectra were re-

trieved. The free parameter β accounting for the phase shift contribution

of the transparent diamond window, was such to obtain a Kramers-Kronig

consistent �t of all the optical properties simultaneously (β = 217 meV).

The superconducting optical spectra below Tc were retrieved in a later time

by means of another FTIR apparatus and a cryostat which allowed for a more

e�cient cooling of the sample. Broad spectra re�ected from the sample below

its critical temperature were measured from 8 to 19 K from 3 to ∼ 90 meV

and referenced to the ones acquired at 25 K, just above Tc. As in the case of a

single crystal, major changes of the optical properties a�ect only the low part

of the spectrum and above 40 meV the spectra above and below Tc are identi-

cal. The broad spectra at the sample-diamond interface below Tc were �nally

obtained by multiplying the measured ratio with the broad absolute re�ectiv-

ity curve at 25 K as R8K
sample−diamond = R8K

3−90meV /R
25K
3−90meV ·R25K

sample−diamond.

The optical re�ectivity and conductivity spectra across the superconducting

phase transition of powders of K3C60 are displayed in Fig. 3.3 for temper-
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3.2. Optical spectra of K3C60 powders

Figure 3.3: Equilibrium optical response of powders of K3C60 above and
below Tc (orange and light blue respectively): optical re�ectivity at the
sample-diamond interface (a), real and imaginary part of the optical con-
ductivity (b,c). Data below Tc are measured at 10 K while the one above
Tc are measured at 25 K. The blank region in the plot is the diamond
absorption window [23].

atures of 8 K and 25 K. As in the single crystal, the low energy spectra of

metallic K3C60 is occupied by a Drude component on top of an additional ab-

sorption. However, from a simultaneous Drude-Lorentz �t of R(ω), σ1(ω) and

σ2(ω) below 150 meV, it emerges that in the powder sample both the contri-

butions are less pronounced, and the plasma frequencies of the Drude and the

polaronic band together result smaller. As a consequence, the extrapolated

DC value of the real part of the optical conductivity of the metallic K3C60 is

reduced from σDC ∼ 1500 Ω−1cm−1 in single crystal to σDC ∼ 1000 Ω−1cm−1

in powders. A possible explanation of the di�erent optical properties and

electrodynamics of the powder with respect to the single crystal relies on the

grain boundaries which could prevent some free carriers from participating

in the conduction. The joint observation of a reduced scattering rate in the

powder (γ = 3-4 meV) possibly support this interpretation, being the e�ec-

tive electronic density smaller and hence less likely to scatter [23].

The superconducting optical re�ectivity and real conductivity σ1 exhibit the

edge at the value of the optical gap which is in agreement with the one pre-

viously observed (2∆(T = 0) ' 6 meV), while the reduced divergence of the

imaginary part of the conductivity with respect to the monocrystal accounts,
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Chapter 3. Equilibrium optical properties of potassium doped fullerides

Figure 3.4: Real (a) and imaginary part (b) of the conductivity spec-
trum of superconducting powders of K3C60 at 10 K normalised to the real
normal conductivity σ1n . The ratio σ1sc/σ1n describes the response of the
normal carrier, while σ2sc/σ1n accounts for the coherent response of the
superconductor.

once more, for a smaller number of available superconducting carriers.

The normalised real and imaginary part of the optical conductivity are �nally

plotted in Fig. 3.4 for a more complete description of the superconducting

state. While σ1sc/σ1n highlights once more the optical gap size and the re-

gion where the optical curves below Tc merges with the one above (panel

(a)), the ratio σ2sc/σ1n shows the characteristic 1/ω divergence below the 6

meV gap with the onset of a pronounced feature around 10 meV (panel (b)).

This is likely to be a contribution of localised carriers not participating to

superconductivity in the low energy spectra, probably due to some polaronic

e�ect. Even if studies of this feature are lacking in literature, it is interesting

to note that the same feature is visible also in the single crystal data with

less spectral weight compared to the powder sample.

Temperature dependence

Metallic K3C60 does not show a strong temperature dependence in its op-

tical re�ectivity and complex conductivity. Figure 3.5 displays the optical

response of the powder sample for di�erent temperatures ranging from 25
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3.2. Optical spectra of K3C60 powders

Figure 3.5: Temperature dependence of the optical re�ectivity (a), real
and imaginary part of the complex conductivity (b,c) of polycrystalline
K3C60 above its critical temperature. The blank region in the plot is the
diamond absorption window [23].

K (right above the Tc) up to room temperature. The blank regions of the

plots are the absorption window of the diamond used for the measurement.

Re�ectivity and complex optical conductivity spectra for each temperature

have been simultaneously �tted below 150 meV using a Drude-Lorentz model,

which includes a free-carrier term (i.e., Drude) centred at zero frequency and

a Lorentz oscillator at ω0,osc = 50-100 meV, which accounts for the polaronic

absorption [70], of the form

σ1(ω) + iσ2(ω) =
ω2
Dp

4π

1

γD − iω
+
ω2
p,osc

4π

ω

i(ω2
p,osc − ω2) + γoscω

. (3.5)

Here ωDp and γD are the Drude plasma frequency and scattering rate, while

ωp,osc, ω0,osc andγosc stand for the oscillator strength, the resonant frequency

and the damping coe�cient of the Lorentz term. The results of a Kramers-

Kronig consistent �t run on all the optical properties together are displayed

in Table 3.1.

While no distinctive di�erences can be appreciated from the re�ectivity

curves alone, clearer changes a�ect the complex optical conductivity spec-

tra. The zero frequency component of the real part of the conductivity σ0,

de�ned as ω2
Dpτ/4π, is extracted from the �t at all temperatures, and does

not show a strong temperature dependence. The 50-100 meV absorption
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Chapter 3. Equilibrium optical properties of potassium doped fullerides

T (K) σ0 (Ω−1cm−1) ωDp (meV ) γD (meV ) ω0,osc (meV ) ωp,osc (meV ) γosc (meV )
25 998 ± 20 179 ± 1 4.32 ± 0.05 47.9 ± 0.3 491 ± 3 98 ± 1
100 1009 ± 20 160 ± 1 3.40 ± 0.06 54.6 ± 0.6 516 ± 6 136 ± 3
200 1369 ± 30 167 ± 1 2.74 ± 0.04 49.6 ± 0.6 513 ± 6 120 ± 3
300 1125 ± 30 159 ± 1 3.03 ± 0.05 58.1 ± 0.7 499 ± 7 136 ± 4

Table 3.1: Drude-Lorentz �t parameters of optical properties of polycrys-
talline K3C60 at ambient pressure at various temperatures above Tc. The
plasma frequency and the scattering rate for the Drude are listed as ωDp
and γD respectively, and are used to recalculate the zero frequency values
of the conductivity σ0. The mid-infrared absorption peak has been �tted
by an oscillator characterised by the central frequency ω0,osc, its strength
ωp,osc and by a damping γosc.

band is instead more reshaped by the changing temperature and it evolves in

σ1(ω) from a single-Lorentzian-like peak at 25 K to a double-structured-one

at room temperature.

The temperature dependence of the optical properties of superconducting

K3C60 is plotted in Fig. 3.6. At the lowest temperature of 10 K the optical

re�ectivity is saturated (R(ω) = 1) below the optical gap energy, the super-

conducting gap in the real conductivity spectrum σ1(ω) is fully formed and

the σ2(ω) spectrum strongly diverges at low energy. For higher temperatures

all those features get gradually smeared, and the state is described by a �at

but not saturated re�ectivity, a not fully depleted gap in σ1(ω) and a less

pronounced divergence in σ2(ω).

The dependence of the normalised sigmas with increasing temperature is

plotted in Fig. 3.7. The ratio σ1sc/σ1n (panel (a)) shows the gradual �lling

of the superconducting gap which strikingly does not happen with the BCS

predicted scaling of the optical gap energy. On the contrary, the gap size

stays around 6 meV also for temperature as high as ∼Tc and more spectral

weight populates the depleted areas uniformly. The same unconventional

behaviour of the superconducting gap is observed in optical measurements

on single crystals [70]. The temperature dependence of the σ2sc/σ1n ratio is

plotted in Fig. 3.7(b). The sharp 1/ω divergence found at 10 K is gradually

damped by the contribution of the high frequency oscillator and progressively

a sharper peak centred at 10 meV takes form.
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3.2. Optical spectra of K3C60 powders

Figure 3.6: Temperature dependence of the optical re�ectivity ((a)), real
and imaginary part of the complex conductivity (b,c) of polycrystalline
K3C60 below its critical temperature. The blank region in the plot is the
diamond absorption window.

Pressure dependence

The optical properties of the normal state of powders of potassium-doped ful-

lerides have been acquired also under hydrostatic external pressure at several

temperatures. Hydrostatic pressure was applied by a screw-driven oppos-

ing plate diamond anvil cell (DAC) using Boehler-Almax type IIac diamond

anvils with a culet size of 2 mm. A 250 µm thick Cu foil was pre-indented

down to ∼ 100µm and a hole of ∼ 1 mm of diameter was drilled by means

of an electro microDriller from Almax Easylab as sample compartment (see

Appendix B).

Polycrystalline K3C60 powders (100-400 nm average grain size, see Appendix

A) were used to �ll the hole without any hydrostatic medium, being itself

a powder, and a few particles of ruby were added for the determination of

pressure. This setup allows achieving hydrostatic pressure values as high as

3.5 GPa, which were accurately measured in situ using a ruby �uorescence

manometer [84, 85] (see Appendix D). The DAC was mounted on the cold

�nger of a liquid helium cryostat, which allowed varying the sample tem-

perature to study the pressure dependence at all the temperature above Tc
previously measured (T = 30 K, 100 K, 200 K and 300 K).

The equilibrium re�ectivity of K3C60 was measured at the sample-diamond
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Chapter 3. Equilibrium optical properties of potassium doped fullerides

Figure 3.7: Temperature dependence of the real (a) and imaginary part
(b) of the conductivity spectrum of superconducting powders of K3C60

normalised to the real normal conductivity σ1n.

interface by referencing against a gold mirror placed into the same holder

at the sample position. The experimental curves were then extrapolated at

low frequency (< 5 meV) using Drude-Lorentz �ts, while for high frequen-

cies (> 500 meV) literature data on K3C60 single crystals [66] were used.

Kramers-Kronig transformations have been performed for samples in con-

tact with a transparent window [83], and the complex optical conductivity of

K3C60 at all temperatures and pressures has been reconstructed. Figure 3.8

displays the equilibrium optical properties of powder K3C60 measured for dif-

ferent pressures for all the measured temperatures. The same Drude-Lorentz

model of Eq. 3.5 has been used to �t the low energy optical re�ectivity and

complex conductivity spectra simultaneously (below 130 meV). The results

are reported in Table 3.2. The extrapolated values of the zero frequency con-

ductivity σ0 monotonously increases for higher pressure values, as expected

from a metal in which external hydrostatic pressure broadens the bandwidth

at �xed number of carriers. No de�ned trend is observed instead for the

high-frequency absorption band at 50-100 meV.

By comparing the optical properties of powder K3C60 under pressure with

the ones at ambient pressure, it is possible to observe a discordance in the

free-carriers parameters. A double plasma frequency ωDp and scattering rate
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3.2. Optical spectra of K3C60 powders

Figure 3.8: Pressure dependence of the optical re�ectivity (right), real
and imaginary part of the complex conductivity (middle and right) of poly-
crystalline K3C60 above its critical temperature (30 K panel (a), 100 K
panel (b), 200 K panel (c) and 300 K panel (d)). The blank region in the
plot is the diamond absorption window.
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3.3. Summary

γD hint to an almost completely restored number of free carriers, similar to

the one of the single crystal, which can be possibly attributed to the pres-

surisation of the powders that improves the inter-grain electronic transport.

The MIR absorption strength, on the other hand, is not fully restored.

3.3 Summary

In this chapter the equilibrium optical response properties of potassium

doped fullerides A3C60 has been introduced. Optical re�ectivity and optical

complex conductivity spectra were discussed both for the case of single crystal

and powders samples. In the metallic phase the optical response in modelled

by means of the Drude model and its temperature and pressure dependence

are shown. Below the critical temperature, the optical response strongly

reshapes and conventional features compatible with the one expected from

the BCS theory in the strong-coupling limit appear. The evolution of the

superconducting parameters are then described at di�erent temperatures.

The resonant excitation of K3C60 powder by means of strong mid-infrared

pulses will be discussed in the rest of the manuscript. The observation of the

optical response of a material at equilibrium carries non-trivial information

of the analysed system, as discussed in this chapter. In the next chapters the

light-induced changes of the optical response will be discussed in light of the

emerged properties discussed here.
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Chapter 4

Light-induced superconductivity in K3C60

Potassium doped fullerides K3C60 become superconducting below 20 K thanks

to the interplay of strong electronic interactions and molecular distortions of

the buckyballs. The selective excitation of vibrational modes of the C60

molecules by means of mid-infrared light is expected to in�uence the condi-

tions that at equilibrium support the onset of superconductivity.

The �rst section of this chapter shortly provides an overview of the possi-

ble lattice dynamics accessible to electromagnetic radiation in K3C60. The

response of K3C60 to optical excitation in the mid-infrared is then described in

terms of optical spectra measured by means of THz time-domain-spectroscopy,

�rst for powders samples excited from their superconducting state, and, in a

later section, for excitations of the metallic sample.

Upon excitation, K3C60 shows a transient response resembling the one of the

equilibrium superconductor at temperatures much higher than the equilib-

rium Tc. The main part of the chapter describes how this exotic transient

response varies as a function of pump �uence, temperature and pump photon

energies [23].

Finally, possible theoretical explanations for the superconducting-like re-

sponse of K3C60 are brie�y discussed. Both the reported theories postulate
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Chapter 4. Light-induced superconductivity in K3C60

the resonant excitation of a mid-infrared molecular mode and investigate the

e�ect of nonlinear couplings to other degrees of freedom.

4.1 Optically driven lattice dynamics in K3C60

Chapter 1 introduced some �rst experimental observations of light-induced

phase transitions which motivated scientists to apply strong �eld pulses to

drive instabilities in di�erent systems. The strong excitation of molecular

distortions of K3C60 is in the same way expected to trigger anharmonic dy-

namics in the solid, possibly re�ecting on the electronic order [15, 16].

Superconductivity in K3C60 is supported by a dynamic molecular elongation

of C60 molecules along their poles [65, 21]. Such Jahn-Teller distortion a�ects

the geometry of the interested molecules and lifts the electronic ground state

degeneracy of the conduction band (see Chapter 2). This deformation is dy-

namic, and continuously evolves along the three crystallographic directions

reshaping the conduction molecular orbitals and their electronic density dis-

tribution along the respective directions [86]. The electronic coupling of the

t1u conduction electrons to this molecular distortion is particularly strong

[21] and leads to a reversion of the Hund's rule, with the consequent forma-

tion of a low spin and angular momentum ground state [74].

The dynamical Jahn-Teller distortion of the C60 molecules belongs to highly

degenerate Raman active phonons of irreducible representation Hg. Per-

turbations along the eigenvectors of this molecular vibrational mode, are

expected to interfere with the superconducting properties of K3C60.

As introduced in Chapter 1, infrared active phonons can induce a net dis-

placement along the coordinate of Raman modes which are allowed by sym-

metry constrains, i.e. which preserve the total symmetry of the system. The

high symmetry of C60 molecules severely restrict the number of Raman and

infrared spectroscopically active modes. The C60 molecule possesses 46 dis-

tinct vibrational modes classi�ed according to their symmetry as:

2Ag + 3T1g + 4T2g + 6Gg + 8Hg + Au + 4T1u + 5T2u + 6Gu + 7Hu, (4.1)
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4.1. Optically driven lattice dynamics in K3C60

Figure 4.1: Couplings between the T1u(4) mode and Hg Raman vibra-
tions of the C3−

60 molecules. The distorted structure associated with each
mode and for a 9% change of the C-C bond length are shown as blue
lines while the equilibrium structure is depicted in light grey. Distorted
structures have been kindly provided by Dr. Alaska Subedi.

among which 32 are optically silent [87]. The only �rst order IR active molec-

ular modes are the one of T1u representation, which are often referred as

charged-phonons, because of their increased oscillator strength compared to

the case of pure C60, at the expenses of the conducting electrons [88, 65, 89].

Potassium doped fullerides have four di�erent T1u phonons which by sym-

metry couple to Ag, T1g and Hg Raman modes [90, 91]. By means of this

nonlinear phonon coupling, the tangential T1u motion of the carbon atom on

the C60 molecules (left side) is therefore transferred to breathing modes of

the entire buckyball along the Hg eigenvectors (upper right con�guration).

As the Hg modes show a strong electron-phonon coupling, their anharmonic

coupling to infrared active modes opens the possibility of light-control of

electronic properties in alkali doped fullerides, which is the topic of the rest

of the chapter.
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4.2 Mid-infrared resonant excitation of K3C60

below Tc

Ultrashort sub-ps mid-infrared (MIR) pulses have been used to excite K3C60

out of equilibrium starting from its equilibrium superconducting and metallic

states. Its optical response has been measured in the THz frequency range

by means of THz time domain spectroscopy (THz-TDS).

In this experiment s-polarised MIR pulses of about 300 fs of duration were

tuned at resonance with the infrared active T1u(4) vibrational mode at 170

meV. The light-induced changes in the low-frequency electrodynamics of

K3C60 have been measured with p-polarised THz pulses from 3 to 11 meV

(0.7 - 3 THz). The temporal resolution of the experiment, as explained in

Appendix C, is limited by the pump pulse duration while the spectral resolu-

tion was set to 0.4 meV (0.1 THz). The fulleride powders have been prepared

in an oxygen free environment to avoid contaminations that lead to a struc-

tural transition towards an amorphous phase [92, 93, 94], as explained in

Appendix A. Cool temperatures have been achieved by means of a liquid He

cooled cryostat. A more detailed description of the experimental apparatus

can be found in Appendix C.

The response of the superconducting K3C60 has been measured at 10 K, be-

low the critical transition temperature (Tc = 20 K). The re�ected THz pulse

used in the experiment in absence of mid-infrared excitation (dark blue curve)

together with the relative changes ∆E = Eon −Eoff induced by MIR pump

measured 2 ps after the excitation (light blue curve) are displayed in Fig.

4.2(a). The light-induced changes of the THz pulse are out-of-phase with

respect to the unperturbed pulse, hinting for an overall reduction of the re-

�ectivity in the probed spectrum. By sampling the peak amplitude at several

pump probe delays in correspondence of the dashed gray line (t = 0 ps), the

temporal evolution of the light-induced averaged frequency changes of the

re�ected THz spectrum is obtained and plotted for a selection of pump �u-

ences (Fig. 4.2(b)). For pump �uences higher than 0.5 mJ/cm2, the system

is overheated and a long-lived feature with ms lifetime appears. The light-

induced changes in the re�ected THz pulse are characterised by a relatively
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4.2. Mid-infrared resonant excitation of K3C60 below Tc

Figure 4.2: (a) Re�ected THz pulse (dark blue curve) and its relative
changes (light blue curve) induced 2 ps after the excitation on K3C60

pumped at 10 K, below Tc. (b) Frequency integrated temporal evolu-
tion of the excited state for selected �uences. Black dashed lines are the
result of single exponential �ts.

long rise time of about 2 ps, a 20 ps long single exponential decay, and have

overall a negative sign, implying that within the probed spectrum the re�ec-

tivity is reduced.

More useful and complete insights on the nature of the light-induced state

have been obtained from the temporal evolution of the spectrally resolved

response below Tc. Figure 4.3 reports snapshots of the optical re�ectivity at

the sample-diamond interface (panel (a)), and of the complex optical con-

ductivity spectra σ1(ω) and σ2(ω) (panels (b) and (c) respectively) at equi-

librium (blue curve) and for a selection of pump probe delays. The maximum

changes in the THz spectrum are measured 3 ps after the pump arrival (dark

pink curve) and at longer pump probe delays they slowly thermalise back

to equilibrium. The optical re�ectivity spectrum right after the excitation

is characterised by an abrupt reduction of the re�ectivity (panel (a)) which

slowly evolves back towards the saturated values of the equilibrium. In corre-

spondence to the reduction of the re�ectivity, the gap in σ1(ω) uniformly �lls

(panel (b)) and the low-frequency divergence of the σ2(ω) becomes less steep

(panel (c)). At pump-probe delays longer than 100 fs, the optical properties

of the equilibrium superconductor are almost completely restored.

The analysis of the spectra reported in Fig. 4.3 suggests that the resonant

excitation of the T1u vibrational mode in K3C60 below Tc is detrimental for
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Figure 4.3: Spectrally resolved temporal evolution of the optical prop-
erties of the photoexcited state of K3C60 at 10 K under resonant MIR
excitation. Optical re�ectivity at the sample-diamond interface, real and
the imaginary part of the optical conductivity in the THz region at di�er-
ent pump probe delays are shown in panels (a), (b) and (c) respectively,
for a pump �uence of 0.4 mJ/cm2.

superconductivity. The �lling of the superconducting gap, the non saturated

re�ectivity and the reduced number of superconducting carriers (proportional

to the slope of σ2(ω)) are likely to be ascribed to a light-induced breaking of

Cooper pairs. The observed dynamic of the optical response of photo-excited

superconducting K3C60 is indeed compatible with the one of Cooper pairs re-

combination, on the order of hundreds of ps [95, 96].

In the same way as for the equilibrium superconductor-to-metal transition,

also the light-induced transition happens without sizeable changes in the op-

tical gap size, identi�ed by the edge in the real spectrum of the conductivity,

always around 6 meV.

The position and temporal evolution of the superconducting transient gap

size can be better appreciated in the normalised ratio σ1sc/σ1n plotted in Fig.

4.4(a), where σ1sc(ω) is either the equilibrium superconducting real conduc-

tivity spectrum (dark blue curve) or the transient one measured at several

pump probe delays after the MIR excitation. The normalisation has been

done by means of the σ1n(ω) of metallic K3C60 at 25 K. The unexpected

changes at the edge of the probed area around 10 meV suggest that not only

the free-carriers of the Drude are participating in the transient state, but also
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Figure 4.4: Temporal evolution of the normalised real ((a)) and imagi-
nary part ((b)) of the transient conductivity spectra of powders of K3C60

measured at 10 K, plotted at di�erent pump probe delays. The dark blue
curves describe the equilibrium response of K3C60, while the dashed dark
line in panel (b) is the σ2n/σ1n ratio of the normal state at 25 K.

that electrons belonging to higher energy absorptions are involved. Finally,

Fig. 4.4(b) shows the response of the superconducting carriers, proportional

to the ratio σ2sc/σ1n. The MIR excitation promptly destroys the coherence

of the superconducting carriers, and the peak at 11 meV, already discussed

for the equilibrium case in Chapter 3, becomes more evident. As previously

envisaged already in the normal carrier response, the photo-stimulated evo-

lution of the superconducting K3C60 towards a transient metallic phase is

accompanied by a suppression of the 1/ω coherent response even at frequen-

cies higher than the equilibrium optical gap (6 meV), hinting that the MIR

excitation is not trivially in�uencing the electronic response.

4.3 Light-induced superconducting-like phase

above Tc

Resonant MIR excitation at 170 meV has been additionally used to drive

powders of K3C60 out of equilibrium above Tc. THz probe pulses were used
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Chapter 4. Light-induced superconductivity in K3C60

Figure 4.5: (a) Re�ected THz pulse (red curve) and its relative changes
(yellow curve) induced 1 ps after the excitation on K3C60 pumped at 25
K, above Tc. (b) Frequency integrated temporal evolution of the excited
state for a pump �uence of 1 mJ/cm2. The black dashed line is the result
of a double exponential �t.

to track changes in the low-frequency optical response of the sample, �rst,

from 3 to 11 meV, and, subsequently, from 5 to 31 meV, in order to explore

an even broader spectral window.

Figure 4.5(a) shows the narrower THz electric pulse re�ected by the unper-

turbed sample at 25 K (red line) measured with THz-TDS, and the relative

light-induced changes 1 ps after the excitation (yellow curve). While the

response below Tc is characterised by an overall reduction of the re�ectivity

(negative sign), when K3C60 is excited above its critical temperature the re-

�ectivity is on average enhanced. The frequency integrated response sampled

on the peak of the THz pulse (identi�ed by the dashed line at t = 0 ps in

panel (a)), has a positive sign (panel (b)). The rise-time of the dynamic of

K3C60 above Tc is limited to the resolution of the setup (300 fs), while its

temporal evolution is captured by a double exponential decay. A �rst fast

dynamic with time constant of 0.64 ps (±0.02 ps) is on top of a second slower

one characterised by a time constant of 9.36 ps (±0.89 ps).

The di�erent dynamic of the light-induced state in K3C60 pumped at 25 K

with respect to the one induced below its critical temperature hints for a

di�erent nature of the photo-excited state, which can be better appreciated

by looking at the frequency resolved optical response [23].

The optical re�ectivity at the sample-diamond interface (panel (a)) and com-
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Figure 4.6: Spectrally resolved temporal evolution of the optical proper-
ties of the photoexcited state of K3C60, pumped at 25 K under resonant
MIR excitation. Optical re�ectivity at the sample-diamond interface, real
and the imaginary part of the optical conductivity in the THz region at
di�erent pump probe delays are shown in panels (a), (b) and (c) respec-
tively, for a pump �uence of 1.1 mJ/cm2.

plex optical conductivity spectra (panels (b) and (c)) of K3C60 in its equilib-

rium metallic phase at 25 K (red curves) and at di�erent pump-probe delays

after the MIR pump are reported in Fig. 4.6. On the peak of the transient

response (τ = 1 ps) the optical re�ectivity is strongly enhanced in most of

the probed area, and saturates to R(ω) = 1 below 10 meV. Correspondingly,

in σ1(ω) most of the spectral weight is moved elsewhere, and an optical gap

resembling the one of a superconductor at �nite temperature appears. These

changes are accompanied by the appearance of a strong 1/ω divergence at

low energy in σ2(ω). At longer pump probe delays the e�ect gradually weak-

ens: the re�ectivity decreases, more spectral weight is moved back in the

depleted σ1(ω) and a �nite peak reappears in σ2(ω). After 20 ps from the

excitation, the optical properties of photo-excited K3C60 resemble the one at

equilibrium.

First insights on the nature of the light-induced state of K3C60 above Tc can

be obtained by comparing the transient optical response to the one of the

thermally induced superconducting phase transition, shown in Fig. 3.3. The

strong similarity of these optical spectra supports the interpretation of the

photo-excited state as a transient superconductor, likely strengthened by the
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MIR resonant excitation. Following this hypothesis the in-gap spectral con-

tent which populates the lower part of the σ1(ω) spectrum can be attributed

to the high temperature of the sample, and to the �nite lifetime of the su-

perconducting state. The biggest di�erence compared with the equilibrium

superconductor is the size of the optical gap 2∆. In the unperturbed case

2∆ is around 6 meV, while in the transient state it broadens up to at least

10 meV.

The strength of the light-induced state has been quanti�ed by means of a

�gure of merit chosen to be related to the depletion of the real conductiv-

ity. The relative Spectral Weight Loss in σ1(ω) at a �x pump-probe delay τ

(SWLτ ) is de�ned as,

SWLτ =

∫ b
a
(σ1,eq(ω)− σ1,τ (ω))∫ b

a
σ1,eq, (ω)

(4.2)

with a and b set within the photo-induced gap in the probed spectral region.

The maximum depleted σ1(ω) spectrum at 1 ps after the pump arrival has

been integrated between 3.1 and 10.3 meV and has been plotted as a function

of pump probe delay (Fig. 4.7(a)). The temporal evolution of the light-

induced spectral weight loss can be �tted by a single exponential decay, with

a time constant compatible with the fast one of Fig. 4.5(b). The relevant

time scale for the existence of the transient state is about 1 ps.

To further investigate the distinctive properties of the anomalous transient

phase, the response of K3C60 has been measured under other experimental

conditions. The full characterisation of the light-induced state has been hence

studied as a function of pump �uence, pump energy and temperature.

Fluence dependence

The response of K3C60 to MIR excitation has been studied as a function

of impinging pump �uence. The mid-infrared pump pulses, tuned at 170

meV were attenuated by means of a pair of crossed wired grid polarisers,

conveniently disposed to adjust the throughput. The pump �uences used in

the experiment were spanning from zero to 3 mJ/cm2 circa.
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Figure 4.7: Photo-induced reduction in σ1(ω) spectral weight integrated
between 3.1 and 10.3 meV, measured in K3C60 pumped at 25 K, plotted
as a function of pump probe delay (a) and as pump �uence (b). Data in
(a) are measured with a pump �uence of 1.1 mJ/cm2. The grey dashed
line is the result of a single exponential �t of the data. Data in (b) refer
to 1 ps pump probe delay.

The summary of the �uence dependence is shown in Fig. 4.7(b). Within

the explored range, no clear threshold, nor a saturation can be observed, and

the light-induced changes are smoothly enhanced by stronger excitations.

Based on the frequency resolved optical snapshots it is additionally possible

to de�ne two regions. A �rst one in which a fully formed optical gap opens

in the σ1(ω) spectrum, corresponding to SWLτ ≥ 0.5 and pump �uences

higher than 0.8 mJ/cm2, and another one where only a partial depletion is

found, for SWLτ < 0.5 and reduced pump �uences.

Wavelength dependence

The photo-susceptibility of K3C60 to di�erent phonon pump energies is re-

ported in Fig. 4.8(a). The MIR pulses were tuned from 80 to 700 meV

excluding the diamond absorption window, dashed area in the �gure (210

- 500 meV). The yellow and orange squares refer to two dataset of wave-

length dependences, acquired at a �xed pump �uence of 1.1 mJ/cm2 and

0.4 mJ/cm2 respectively. In both cases of fully- or partially-formed gap, no

sharp resonance is found at 170 meV, but a rather broad response is observed
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Chapter 4. Light-induced superconductivity in K3C60

Figure 4.8: Photo-induced reduction in σ1(ω) spectral weight integrated
between 3.1 and 10.3 meV, 1 ps after the excitation of K3C60 plotted as a
function of pump photon energy (a) and for di�erent temperatures (b).
Data in (a) are measured at 25 K and the dark vertical lines are the
frequencies of the four T1u vibrational modes. All data have been measured
with a pump �uence of 1.1 mJ/cm2.

around two of the molecular vibrations T1u(3) and T1u(4), corresponding to

stretching and compression of the hexagons and pentagons of the fulleride

molecules. A weaker response is still observed for wavelengths extending

towards the T1u(1) and T1u(2) resonances. When higher pump energies are

used, i.e. around 600 meV, no pump-probe signal can be measured, suggest-

ing that the low energy, vibrational excitation might be of key importance

in the understanding of this transient phenomena.

Temperature dependence

The behaviour of the light-induced transient phase in metallic K3C60 has

been �nally studied above its critical temperature by measuring the response

at di�erent temperatures at a constant pump �uence of 1.1 mJ/cm2. Strik-

ingly, by driving the system at 100 K, the optical response resembles the

ones obtained at 25 K. The re�ectivity at the sample-diamond interface, 1 ps

after the pump arrival, saturates to one (R(ω) = 1), a complete gap opens

in the real conductivity spectrum and a strong divergence in the low energy

of its imaginary part appears. The e�ect is then gradually reduced for in-
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creasing temperatures, and at 200 and 300 K the enhancement of the optical

re�ectivity is only partial, the depletion of the σ1(ω) not complete and the

divergence in σ2(ω) not that pronounced. The temperature dependence is

summarised in terms of SWLτ in Fig. 4.8(b).

The characterisation of the light-induced response of K3C60 has been sup-

ported by a �tting procedure in which a superconducting and a metallic

model have been used. Given the similarities with the equilibrium super-

conductor, �rst, an extended model for superconductor with arbitrary purity

[97] has been used to �t simultaneously the optical properties (re�ectivity

and complex conductivity) at all the measured temperatures. Even if the

photo-susceptibility of K3C60 to MIR excitation reduces when approaching

room temperature, the size of the light-induced optical gap does not follow

the predicted behaviour of BCS theory. At all the measured temperatures,

the gap value extracted from the �t falls around 10 meV.

A Drude model could also be used to �t the optical properties of the light-

induced state. Importantly, in the limit of a perfect conductor with in�nite

scattering time (τ →∞), a Drude model of a metal gives optical properties

which cannot be distinguished from the ones of a superconductor. In this

limit, the optical conductivity of the Drude model simpli�es to

lim
τ→∞

σ1(ω) + iσ2(ω) = lim
τ→∞

Ne2τ

m

1 + iωτ

1 + ω2τ 2
=
Ne2

m

(
π

2
δ(0) +

i

ω

)
, (4.3)

where N , e and m stand respectively for the number of conducting carriers,

the charge of the electrons and their mass. In the same way as an equilib-

rium superconductor, also a perfect conductor will be described hence by

a depleted σ1(ω) with a delta peak at zero frequency, and a 1/ω divergent

contribution in the σ2(ω).

Such model has been used to �t the results measured at 200 K and 300 K.

In both cases a strong reduction of the scattering rate with respect to the

static response is found.

Using such model also for the 25 K and 100 K data sets would prevent

from doing mistakes related to inconsistencies deriving from broken BCS

constrains, like the temperature dependence of the optical gap size. In order
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to proceed, broader THz pulses to measure the superconducting-like optical

response of K3C60 at ambient pressure are needed.

4.3.1 Broadband THz data for the superconducting-like

response

The superconducting-like response of K3C60 to resonant MIR excitation has

been measured in an extended probed spectral region by means of broader

THz-pulse with spectral content from 5 to 31 meV (1 - 7.5 THz). These

pulses have been generated by means of optical recti�cation in a GaP non-

linear crystal, as discussed in detail in Appendix C.

The extended optical re�ectivity and the complex optical conductivity spec-

tra of photo-excited potassium fulleride pumped at 100 K are displayed in

Fig. 4.9, together with the narrower ones for direct comparison. After 1

ps from the excitation, the lower spectral content of the optical re�ectivity

in the two experimental conditions are in agreement with each other. The

broad THz data, on the other hand, show that the re�ectivity edge falls at

an even higher energy with respect to the one previously identi�ed. The

same di�erence emerges from the direct comparison of the real part of the

optical conductivity (panel (b)). Rather di�erent curves have been obtained

for the imaginary σ2(ω) where for the broadband dataset a stronger diver-

gence at low energy emerges. This di�erence can be ascribed to the improved

detection scheme, more accurate in the measurement of phase changes (see

Appendix C).

To discuss the formation of the possible transient superconducting state, the

ratios of the real and imaginary part of the conductivity normalised to the

real normal conductivity at 100 K are displayed in Fig. 4.10 for di�erent

pump probe delays. In panel (a) the ratio of the transient superconducting-

like σ1sc(ω) and the normal σ1n(ω) has been plotted for a fully formed gap

(τ = 1 ps) and at longer pump-probe delays. The light-induce response ex-

tends up to 30 meV, beyond the one at equilibrium, and the spectral weight

lost within the gap region quickly recovers. Additionally, the ratio σ2sc/σ1n

plotted in panel (b), clearly shows that MIR excitation induces a strong co-

74



4.3. Light-induced superconducting-like phase
above Tc

Figure 4.9: Re�ectivity at the sample-diamond interface ((a)), real ((b))
and imaginary ((c)) optical conductivity of K3C60 at equilibrium (red) and
1 ps after photoexcitation at T = 100 K. The orange curves show the data
measured with a THz pulse with spectral content from 3 to 10.5 meV at
a pump �uence of 1 mJ/cm2, while those in light yellow are measured
with a broader probe spectrum (5 - 31 meV) and a higher pump �uence
(3 mJ/cm2). Dashed light grey curve are the result of a Drude �t. Figure
adapted from [24].

herent response in K3C60, extending to all the measured spectral region. At

longer delays, around 20 ps the system is already back to equilibrium.

The broader transient optical properties of K3C60 have been modelled at

all measured temperatures (25 K, 100 K, 200 K and 300 K) with a Drude-

Lorentz function in which a high-frequency oscillator was added to the Drude

term to account for the polaronic band (Eq. 3.5 in Chapter 2). The starting

parameter used are based on the equilibrium response �ts. The light-induced

re�ectivity and complex optical conductivity were simultaneously �tted by

letting free only the Drude characteristic frequencies (plasma frequency and

scattering rate). Figure 4.9 shows a representative �t of the transient optical

properties at 100 K in light grey dashed lines.

The optical conductivity at zero frequency σ0 was calculated from the �t

results, as

σ0 =
ω2
P τ

4π
. (4.4)

In the case of the 100 K dataset, the value of the zero frequency conductivity

approaches in�nity, being the �tted scattering rate almost zero. Table 4.1
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Figure 4.10: Evolution of the normalised real ((a)) and imaginary part
((b)) of the transient conductivity spectra of powders of K3C60 measured
at 100 K, plotted at di�erent pump probe delays after the MIR excitation.
The dark red curves describe the equilibrium starting conditions.

reports the �t parameters for all the measured temperatures together with

the retrieved value of the zero frequency conductivity. As expected, the tran-

sient states at 25 K and 100 K are compatible with the superconducting-like

picture, as they are characterised by extremely high zero-frequency conduc-

tivity and zero scattering rate. Interestingly, the high temperature datasets

display transient conductivities enhanced by almost an order of magnitude

with respect to the starting metallic phase.

In absence of further investigation, on the other hand, the optical spectra

of the light-induced transient state hold the ambiguity between their possi-

ble superconducting and metallic natures. While the low temperature data

sets, with SWLτ ≥ 0.5, can be properly described by a superconducting-like

model with extremely high conductivity, the high temperature ones, with

SWLτ < 0.5 are more compatible with a light-induced high mobility metal.

To remove such ambiguity, the photo-induced response of K3C60 has been

studied in presence of external pressure, as discussed in detail in the next

chapter.
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T (K) σ0 (Ω−1cm−1) ωDp (meV ) γD (meV )
25 1014 ± 1010 197.14 ± 15 0 ± 0.1
100 1018 ± 1013 183 ± 62 0 ± 0.13
200 11499 ± 5902 184 ± 2 0.39 ± 0.24
300 9276 ± 2403 162.6 ± .8 3.09 ± 0.81

Table 4.1: Drude-Lorentz �t parameters of the transient optical proper-
ties of polycrystalline K3C60 measured at 1 ps pump-probe delay, at di�er-
ent temperatures above Tc. The plasma frequency ωDp and the scattering
rate γD of the Drude are used to recalculate the zero frequency values of
the conductivity σ0.

4.4 Interpretation for the out-of-equilibrium su-

perconductivity in K3C60

The transient optical response from driven K3C60 shows remarkable similar-

ities to the optical properties of the equilibrium superconductor. However,

in absence of further investigations the optical properties alone cannot un-

ambiguously discriminate its superconducting nature. Independently to the

nature of this exotic phase the strong enhancement of the conductivity of the

material makes this experiment of particular interest but the understanding

of the microscopic mechanism behind it is still not complete.

Several theoretical works have been proposed to possibly interpret the origin

of the transient state found in K3C60 and all of them postulate the resonant

excitation of the mid-infrared T1u vibrational mode. The extremely high

intensity of the laser pulses used for the experiment, of the order of 1 MV

cm−1, is expected to induce large oscillatory distortion of the C-C bonds.

Therefore, in these experimental conditions, higher order interactions are ex-

pected to a�ect the system and must be thus taken into account.

Based on recent �ndings [17, 18], one possible interpretation for the light-

induced superconducting-like state in potassium fullerides, proposes that an

indirect excitation of Raman molecular vibrations, via nonlinear phononics,

can be responsible for the coherently stimulated transition from the high-

temperature metallic state into a non-equilibrium superconductor. Speci�-

cally, the MIR driver is expected to deform the system along the infrared
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Figure 4.11: (a) Calculated total energy curves of the Hg(1) vibrational
mode in the unperturbed case (blue curve) and its reshape due to the
excitation of the T1u(4) mode by 2 Å

√
amu (red curve). (b) Calculated

frequency resolved electron�phonon coupling function of the unperturbed
and distorted structure, plotted in the same color scale [23].

coordinate and along other anharmonically allowed coordinates, according

to the nonlinear phononics theory (see Chapter 1). To the lowest order, the

quadratic coupling considered is of the form Q2
IRQR, with QIR being the

directly excited coordinate relative to the T1u(4) phonon, and QR the an-

harmonically activated one. As introduced at the beginning of this chapter,

among all the allowed Raman modes, Hg phonons are coupled to the excited

T1u molecular mode. Density functional theory (DFT) calculations with a

plane-wave basis set and projector augmented wave pseudopotentials [23],

predict a shift of the Hg(1) Raman mode energy minimum for �nite ampli-

tude of the T1u(4) vibration. Figure 4.11(a) shows the displaced minimum of

the Hg(1) potential when the amplitude of the T1u(4) mode is 2.0 Å
√
amu,

resulting in an e�ective net displacement of the structure along the Raman

coordinate. Importantly, the recalculated band structure of such displaced

system exhibit a lifted degeneracy of the conduction band manifold at the Γ

point.

All these structural changes re�ect onto the electron-phonon coupling λ, cal-
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culated by integrating the Eliashberg function α2F (ω) as

λ = 2

∫ ∞
0

α2F (ω)

ω
dω. (4.5)

Strikingly, the distorted structure is characterised by a doubled coupling

force between the Raman activated phonon Hg(1) and the electrons of the

t1u conduction band (Fig. 4.11(b)). Such enhancement of the electron-

phonon coupling is expected to in�uence the superconducting properties of

the photo-excited K3C60 and leads to a higher pairing strength and Tc [23].

The out-of-equilibrium phase of potassium fullerides could be on the other

hand the result of a direct second order coupling of the infrared active phonon

of irreducible representation T1u×T1u to the t1u conduction electrons. In the

same way as in other organic materials [15, 16], strong excitation of an in-

frared active phonon are likely to modulate the e�ective electronic repulsion

of the half-�lled conduction bands. The tight-binding Hückel model can be

used to estimate the changes of inter - and intramolecular Coulomb repulsion

of the t1u orbitals on a single C60 molecule, when the T1u(4) mode is driven.

The on-site Hubbard U are estimated in the undistorted and the distorted

structure for a driving light polarised along the x-direction. This model is

based on `frozen-phonon' approach, which assumes the Born�Oppenheimer

approximation to be strictly obeyed and that the molecular orbitals adiabat-

ically follow the atomic distortions. Calculations of the t1u molecular orbitals

for a distortion of 5 pm along the T1u(4) coordinate predict modulations in

single particle energies and Coulomb repulsions U over one period of the

drive, like the one reported in Fig. 4.12 (a) and (b) respectively. Interest-

ingly, the perceived modulation of U along the direction of the polarisation

of the pump is smaller in amplitude with respect to the ones along the y and

z orbitals [23].

Additional �rst-principle calculations of the changes in the electronic struc-

ture and in the screened Coulomb matrix elements of K3C60 have been per-

formed by considering the deformation associated with the pumped T1u in-

tramolecular mode [77]. The di�erent possible interaction imbalances and

their relation to the superconducting order parameter have been investigated.
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Figure 4.12: Pump-induced modulation of the orbital energy and of
the onsite correlation in K3C60. (a) Changes in the energies of the t1u
orbitals along the three crystallogra�c directions over one period of the
T1u(4) vibration with an amplitude 5 pm. (b) Relative changes in the
intraorbital Coulomb repulsions [23].

While the lift of the degeneracy and an increased electronic repulsion seem

to be detrimental for superconductivity, the reduction of the intramolecular

Coulomb force leads to strong consequences in favour of superconductiv-

ity. According to this model, the physical mechanism responsible for the

strengthening of superconductivity is the stabilisation of the intramolecu-

lar states containing a singlet pair together with a preservation of the orbital

�uctuations allowing for a coherent interorbital delocalisation of the pair [77].

Figure 4.13 reports the results of the calculation relative to an increase in

the electronic repulsion in terms of electronic orbitals x, y and z, for an

excitation polarised along the x-axis. The ground and excited states of the

electronic conduction band for the unperturbed molecule are reported on the

left of the diagram. The sixfold degenerate (210) con�guration, which sees

two electrons on the same orbital and one in another free one, is the one

that minimises the total energy. When a perturbation dU is applied along x,

states with the spin-singlet pair in the x orbital are una�ected, while those
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Figure 4.13: Ground and excited states for a half-�lled t1u shell occupied
by three electrons, for an isolated molecular site, at equilibrium (left) and
in the presence of the perturbations dU > 0 (right). (111), (111̄) and (210)
refer to the electronic population of the conduction orbital [77].

with the pair in the z or y orbital are energetically stabilized, by an amount

equal to the amplitude of the perturbation. In the distorted con�guration the

singlet pair are still allowed hopping within di�erent orbitals, and therefore

promote the onset of superconductivity. Within this theoretical explanation

which has been also investigated in the case of dynamic stimulation [98], an

anisotropic gap is expected, depending on the polarisation of the incident

light.

Various and more elaborated theoretical mechanism have been invoked to

explain the observation of the superconducting-like response of K3C60, in-

cluding a dynamical reduction of the electronic bandwidth [99], a parametric

ampli�cation of the pairing instability [100] and a full derivation in second

quantisation of the induced changes in the electron attraction [101]. The

optical excitation of above-gap thermal quasi-particles into a super-excitonic

state has also been proposed as a possible scenario, in which the MIR exci-

tation is responsible for an e�ective cooling of the excited state, which thus

promote the emergence of superconductivity at temperature higher than Tc.

4.5 Summary

The recent results obtained from powder of K3C60 when excited at resonance

with MIR pulses were discussed in this chapter. A transient superconducting-

like response has been found from the sample, when excited from its metallic
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Chapter 4. Light-induced superconductivity in K3C60

phase (T > 100 K). The optical spectra measured with THz-TDS, on the

peak of the pump-probe response, resemble the ones of the equilibrium su-

perconductor, with a saturated re�ectivity up to a cut-o� frequency of about

11 meV, corresponding to a gapped real conductivity spectrum σ1(ω) and a

divergent σ2(ω).

The superconducting-like transient phase lives for about 2 ps, and emerges

only when the excitation is in the proximity of the infrared active T1u phonons,

excluding the role of direct electronic excitation from the possible interpre-

tation.

So far di�erent theoretical investigations were proposed, all relying on the

nonlinear driving of infrared active phonons which can possibly couple to

other degrees of freedom of the structure. A �rst possible explanation is

based on the nonlinear phonon coupling among the directly excited MIR ac-

tive phonon and Hg Raman active phonons, known to be of key importance

for superconductivity in K3C60. A strengthened electron-phonon coupling

has been attributed responsible for the stronger pairing force found in the

transient superconducting-like state.

Alternatively, the indirect perturbation of the local electronic Coulomb re-

pulsion via the direct excitation of the T1u phonon has been proposed to

interpret the former results. In this framework, the excitation induces a

modulation of the electronic interaction term U along the direction of the

excitation, removing the degeneracy of the threefold degenerate conduction

band. This favours the formation of electron pairs and strengthen the super-

conducting order parameter.

Despite the possible microscopical explanations of the measured e�ect on

K3C60, the experimental evidences highlight the possibility of inducing new

phases characterised by an extremely high mobility of electrons. These results

extending up to room temperature put scientist in front of clear signatures of

striking out-of-equilibrium physical properties, resembling superconductivity,

that constitute another building brick for the understanding of superconduc-

tivity at very high temperature.
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Pressure tuning of the light-induced state in K3C60

Organic materials are rather soft solids, characterised by a low bulk modulus

and a relatively high compressibility. These properties result from the weak

Van der Waals interactions that hold together the constituent molecules.

Alkali doped fullerides are very sensitive to external hydrostatic pressure, as

it strongly a�ects the size of the unit cell [69], as discussed already in Chapter

2. Upon external pressure, the C60 molecules are put closer, their molecular

overlap is altered and the electronic bands become broader [102].

In the �rst section of this chapter an overview of the response of equilibrium

K3C60 to external pressure is provided, in terms of the most relevant param-

eters of the metallic and superconducting state. The broadening of the band

structure is associated with an enhancement of the DC conductivity of the

equilibrium metal. At the same time the electronic density of states at the

Fermi energy reduces with pressure and it is responsible for the suppression

of the equilibrium superconducting phase.

External pressure has been applied to K3C60 while performing resonant mid-

infrared vibrational excitation described in the previous chapter. External

hydrostatic pressure up to ∼ 3 GPa has been applied to the powder sample

by means of a diamond anvil cell (DAC) integrated in the THz-TDS setup.
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These experiments show a quick suppression of the superconducting-like

state as a function of pressure, determined by the optical spectra. This

strongly supports the interpretation of the light-induced phase as a transient

superconducting-like state.

5.1 Pressure dependences in equilibrium K3C60

Potassium doped fullerides are the most compact compound among the whole

family of alkali doped fullerides A3C60. As introduced in Chapter 2, the lat-

tice parameter of the unit cell is strongly a�ected by the diameter of the alkali

atom, and for the case of K3C60 is around 14.24 Å at room temperature [69].

The equilibrium properties of K3C60 summarised in the phase diagram of Fig.

2.3(a) clearly show the importance of the unit cell size, especially in relation

to the superconducting phase. The more expanded is the lattice, the higher

is the superconducting transition temperature Tc.

In the last thirty years, external hydrostatic pressure has been applied on

potassium doped fullerides and by means of di�erent techniques, the scaling

of various parameters has been measured [103, 104, 105, 106, 107]. Theoret-

ical investigations have also been carried out to support these observations

[108, 102].

K3C60 is characterised by a relatively low bulk modulus of about 28 GPa [108]

and by a fairly high linear compressibility of about 1.2 10−2 GPa−1 [103, 109].

This means that moderate pressures can impart large changes to the struc-

tural and electronic properties. Importantly, within this pressure range, no

structural changes are expected to a�ect the individual C60 molecules, which

will thus just get closer to each other [21].

The electronic band structure of K3C60 has been retrieved from local density

approximation of the linear combination of atomic orbitals method (LDA-

LCAO) for di�erent pressure values and is plotted in Fig. 5.1 [102]. The

narrow and well separated band of the unperturbed state (panel (a)), broad-

ens as pressure increases. In particular for an external pressure of about 0.3

GPa the calculation predicts a signi�cant broadening of the valence bands

together with a less pronounced broadening of the conduction band cross-
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Figure 5.1: Calculated electronic structure of K3C60 at room tempera-
ture under isotropic pressure. The narrow and well separated bands at
(a) ambient pressure (lattice constant a = 14.25 Å, conduction bandwidth
W = 0.442 eV) are strongly a�ected already at (b) 0.33 GPa (a = 14.198
Å, W = 0.496 eV) and (c) are completely overlapped at a moderate pres-
sure value of 4.65 GPa (a = 13.65 Å, W > 0.5 eV) [102]. The green
rectangles highlight the band across the Fermi level.

ing the Fermi energy (panel (b)). At 4.65 GPa also the conduction band

is strongly a�ected and signi�cant overlap among the di�erent bands can

be observed (panel (c)) [102]. Interestingly the gap between the conduction

band and the valence band remains fairly large, around 1 eV.

Such dramatic broadening of the band structure at the Fermi level a�ects

the electronic density of states N(E) of the system. Figure 5.2(a) shows

the reshaping of the electronic distribution within the conduction band as a

function of pressure, while panel (b) highlights the scaling of the calculated

density of the electrons at the Fermi level N(EF ). The electronic density at

EF scales linearly with reducing pressure and, thus, with the lattice param-

eter. A sizeable reduction of N(EF ), of about 25 - 30 % is expected for an

external pressure of 3 GPa [108, 102].

Before describing the e�ect of pressure on the light-induced state found in

K3C60 by means of MIR excitation tuned at resonance with the intramolec-

ular vibration at 170 meV, a short description of the scaling of fundamental

parameters in both the equilibrium metallic and superconducting phase will

be given in the next sections.
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Chapter 5. Pressure tuning of the light-induced state in K3C60

Figure 5.2: Calculated broadening of the electronic density of states
of the conduction band of K3C60 with external hydrostatic pressure (a)

and predicted scaling at the Fermi energy (b) at room temperature. The
vertical dashed line at 0 eV in panel (a) indicates the Fermi energy, while
the one in panel (b) is the result of a linear �t. Figure adapted from [102].

5.1.1 Metallic response of K3C60 under pressure

The response of equilibrium metallic K3C60 has been investigated under exter-

nal hydrostatic pressure. The sizeable increase of the electronic bandwidth,

due to the smaller C60 ball-to-ball distance, corresponds to a change in the

tunneling rate of the conducting electrons, a�ecting thus the resistivity, i.e.

the DC conductivity of the system.

Potassium doped fullerides are characterised by a zero-frequency resistivity

which scales with temperature following a rather conventional T 2-law valid

for metals, and thus decreases for smaller temperatures [110].

A reduction of the resistivity is also expected to follow any volume con-

traction obtained either by doping or by means of external pressure. The

chemical substitution from rubidium to potassium atoms in A3C60, induces

indeed a reduction of the resistivity by almost a factor of 2. Additionally,

the resistivity of Rb3C60, which is expected to react similarly to K3C60, has

also been fully characterised in the presence of external hydrostatic pressure

and it decreases exponentially for smaller unit cells [110].

The same qualitative trend has been con�rmed by optical measurements on

single crystals of K3C60 and Rb3C60. By means of far-infrared spectroscopy,

the real part of the optical conductivity has been measured for both materials
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5.1. Pressure dependences in equilibrium K3C60

at ambient pressure. The extrapolated value of the zero-frequency conduc-

tivity of the expanded Rb3C60 is smaller than the one of K3C60 [70].

Additional measurements of the optical properties of powders of potassium

doped fullerides con�rmed that the DC conductivity under pressure increases,

as discussed previously in Chapter 2 [24].

As in most conventional metals, the response of K3C60 above its critical tem-

perature is thus strengthened by means of external pressure.

5.1.2 Superconducting response of K3C60 under pres-

sure

The equilibrium superconducting phase of K3C60 is strongly quenched by

external pressure, as the electronic density of states at the Fermi energy is

directly related to the superconducting critical temperature. According to

the weak-coupling BCS theory, Tc is expressed by

kBTc = 1.13 }ωD e−
1
λ (5.1)

where ωD is the Debye frequency, λ = N(EF )Veff with Veff is the e�ective

interaction between the electrons mediated by the electron-phonon coupling

[111]. To fully predict the e�ect of pressure on the superconducting state,

the scaling of both N(EF ) and of the interaction term must be known. A

reduction of the electron phonon coupling λ will cause a drop of the critical

temperature Tc.

A strong suppression of Tc with external hydrostatic pressure has been ex-

perimentally observed by means of x-ray scattering measurements combined

with susceptibility ones [103, 69]. Figure 5.3(a) reports the measured re-

duction of lattice parameter a as a function of external pressure measured

on K3C60 at room temperature [69]. The grey dashed line in the �gure is a

linear �t of the data, which nicely approximate the a(P ) relation.

Interestingly, a linear dependence has been measured also in the scaling of

the superconducting critical temperature as a function of pressure Tc(P ), and

thus lattice parameter, as shown in Fig. 5.3(b). This �nding implies that
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Chapter 5. Pressure tuning of the light-induced state in K3C60

Figure 5.3: (a) Reduction of the lattice parameter as a function of pres-
sure measured with x-ray scattering. The grey dashed line in a linear �t of
the data. [69]. (b) Superconducting transition temperature Tc and optical
gap size retrieved from the BCS formula 2∆0/kBT = 3.52 [61], plotted as
a function of lattice parameter and external pressure. Data adapted from
Ref. [103].

the dependency dTc/dP (of about -7.8 K/GPa [103]) is mostly dominated

by the linear compressibility as [dTc/da] · [da/dP ]. Within the BCS weak-

coupling limit for which Eq. 5.1 holds, the observed linear dependence of

Tc(P ) can only be explained in terms of linear approximations of Tc(P ) and

a(P ), within the pressure range shown.

Any phonon hardening and alteration of the e�ective electronic interaction

induced by pressure would require, on the other hand, pressures higher than

3 GPa [111], and their contribution to the Tc(P ) relation in the considered

pressure range can be, in �rst approximation, neglected [69].

Figure 5.3(b) additionally shows the value of the optical gap as a function of

pressure, recalculated from the BCS relation 2∆0/kBT = 3.52, which holds

for K3C60 [61, 70]. As expected from the BCS theory the optical gap size

decreases with pressure, and its evolution can be nicely tracked by means

of the optical response of the system. At a �nite temperature T < Tc, the

reduction of the gap size will be in fact accompanied by a gradual �lling of

the gapped area in the real optical conductivity spectrum σ1(ω) and by a
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less pronounced divergence of the imaginary σ2(ω) (see Chapter 3).

5.2 Pressure tuning of the out-of-equilibrium

phase of K3C60

The excitation of metallic K3C60 (T > Tc) with ultrashort sub-ps mid-infrared

pulses unveils the existence of a transient state compatible with a transient

superconductor, with a lifetime of few ps. The optical response of the photo-

excited state is characterised by 100% re�ectivity below a cut-o� frequency of

about 10 meV, and by the formation of an optical gap in the real conductivity

spectrum σ1(ω) and by a strong coherent response in the imaginary σ2(ω).

While the sample at low temperature (20 K and 100 K) is highly photo-

susceptible and the out-of-equilibrium optical response is almost saturated,

at 200 K and 300 K the e�ect is reduced and the optical spectra become

compatible not only with a �nite temperature superconducting model, but

also with one for a metal with an enhanced mobility of carriers with respect

to the equilibrium (see Chapter 4).

Optical measurements alone do not constitute a proof for superconductivity,

as the response of a perfect metal will coincide with the one of a �nite lifetime

superconductor (See Chapter 3). It is then possible to integrate infrared

optical measurements to additional external perturbations and observe the

evolution of the optical response. Due to the relevance of pressure for K3C60

at equilibrium, which triggers di�erent and opposite behaviours based on the

speci�c starting ground state, the superconducting-like response has been

studied in the presence of external hydrostatic pressure.

As previously discussed, hydrostatic pressure mainly a�ects the electronic

band structure of samples of K3C60, hence altering the starting conditions for

the pump-probe experiment. The experimental investigation of the scaling of

the superconducting-like transient state within the low-pressure range could

provide a more unequivocal and satisfactory interpretation of this state.
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5.2.1 Experimental results

External pressure has been applied on powders of K3C60 by means of a mem-

brane diamond anvil cell (DAC), see Appendix D. To guarantee alignment

stability over the entire measurement, an in�atable membrane has been used

to apply force to the piston [24]. The sample was pelletised in an oxygen free

environment (< 0.1 ppm) to prevent any deterioration (see Appendix A).

To combine THz-TDS and high-pressure, the size of the culet of the anvils

has been chosen such that clean THz spectra could be measure, but that still

relatively high pressures could be reached (see Appendix C and D).

The diamonds chosen, type IIac, have a culet of 2 mm diameter, that com-

pact the powders of K3C60 con�ned in a hole of 1.1 mm diameter drilled into

a pre-indented Cu gasket (thickness 100 µm). No hydrostatic medium has

been used in the loading since up the measured pressure, isotropy was pro-

vided by the granular sample itself. The whole assembly has been mounted

on a cryostat, allowing for a �ne temperature control down to 100 K. The

shift of the �uorescence lines of the R1 and R2 levels of rubies loaded inside

the powder has been used as an in-situ pressure gauge, after having cali-

brated their thermal drift contribution [85, 84] (see Appendix D).

Unfortunately no data from the superconducting state under pressure could

be recorded, given the abrupt reduction of the equilibrium Tc and the limited

base temperature of the implemented assembly.

K3C60 has been excited by strong MIR pulses tuned to 170 meV, at resonance

with the infrared active T1u(4) phonon. Broadband (5 - 31 meV) and nar-

rowband (3 - 11 meV) THz pulses were used to characterise the low-energy

response under pressure. Multiple data sets were combined to achieve a �ner

pressure dependence, as the initial pressure after each sample loading can

only be coarsely controlled through the cell assembly. The additional ther-

mal contraction of the cell during thermal cycles couldn't be �nely controlled

and the e�ective pressure, especially at low temperatures, couldn't be easily

tuned to very low values.

Figure 5.4(a) displays the narrowband THz electric �eld re�ected by the

unperturbed sample at 100 K (red line) measured with THz-TDS, and its
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Figure 5.4: (a) Re�ected THz pulse (red curve) and its relative pump-
probe changes (yellow curve) induced 1 ps after the excitation on K3C60

pumped at 100 K, at 0.2 GPa. (b) Temporal evolution of the peak of the
re�ected electric �eld (identi�ed by the dashed line in panel (a)), measured
with a pump �uence of 3 mJ/cm2 for selected values of pressure. The dark
dashed line are the result of a double exponential �t.

relative light-induced changes, 1 ps after the excitation at the smallest pres-

sure of 0.2 GPa (yellow curve), at a constant �uence of about 3 mJ/cm2. In

the same way as for the ambient pressure measurements, the photo-induced

changes are in-phase with the static THz pulse, and the averaged response,

measured at 0 ps (vertical dark dashed line), is positive. In panel (b) the

averaged frequency responses of K3C60 for increasing values of pressure are

reported. Independent of the speci�c value of the external pressure, the

light-induced re�ectivity changes are always positive and can be �tted with

a double exponential decay with relaxation time constants τ1 ' 1 ps and

τ2 � 10 ps, comparable to the ones found for the ambient pressure data.

The risetime of the dynamics is limited to the temporal resolution of the

experiment (300 fs), as described in Appendix C .

Figure 5.5 displays snapshots of the measured optical re�ectivity R(ω) at the

sample-diamond interface, along with complex conductivity spectra σ1(ω)

and σ2(ω), 1 ps after the excitation, for di�erent values of static pressure.

Energies below 6 meV have been ignored in order not to consider spurious

contribution in the re�ected THz pulse not impinging only to the sample, as
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Figure 5.5: Pressure dependence of the transient optical properties of
K3C60 at 100K. Re�ectivity (sample-diamond interface) and complex op-
tical conductivity of K3C60 measured at equilibrium (red) and 1 ps after
photo-excitation (yellow), for di�erent external pressures. The data in (b)
have been measured using a probe pulse with narrower bandwidth. All
data were taken with the same pump �uence of 3 mJ/cm2 [24].

below this frequency the THz spot size is bigger than the sample (See Ap-

pendices C and D). In each panel, the red and yellow curves are the optical

properties of the equilibrium metal, and those of the non-equilibrium state

induced by photo-excitation, respectively. Panel (a) reports the response of

K3C60 at ambient pressure characterised by the same features discussed in

the previous chapter. For P = 0.15 GPa (panel (b), measured only with

narrow THz spectra), the transient optical response is still pronounced, the

re�ectivity is saturated R(ω) = 1, σ1(ω) is gapped and σ2(ω) diverges to-

wards low energies. However, spectral weight �lls σ1(ω) at the lower edge of

the displayed region. For larger pressures (Fig. 5.5(c)-(e)), a strong suppres-
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sion of the light-induced changes in the optical response is observed. Above

0.3 GPa the enhancement in the re�ectivity is clearly less pronounced, and

a progressively broader Drude peak appears in the low energy conductivity.

The �nite-frequency peak in the imaginary conductivity quanti�es the onset

of a �nite scattering rate.

The reduction in light-induced coherence observed for pressures smaller than

0.3 GPa does not follow the expected behaviour of a photo-excited metallic

state, where the lattice compression is known to be associated to larger elec-

tronic bandwidth, smaller e�ective mass and thus larger mobility (i.e. higher

plasma frequency ωP ). On the other hand those data seem to support the

interpretation of the out of equilibrium state as a superconducting-like one

[24].

Further insights can be obtained from the observation of the pressure depen-

dence at di�erent base temperatures.

Temperature dependence

The e�ect of external pressure on the photo-susceptibility of K3C60 has also

been investigated at higher temperatures. Figures 5.6 and 5.7 summarise the

optical response of photo-excited potassium fullerides 1 ps after the MIR ex-

citation for di�erent pressure values, at 200 K and 300 K respectively, while

the pump �uence has been kept constant (3 mJ/cm2).

For both temperatures, the ambient pressure response (panel (a)) shows a

partially formed light-induced gap in σ1(ω), accompanied by a low-frequency

divergence in σ2(ω). On the other hand, all data taken at a �nite pressure

(P ≥ 0.2 GPa) display moderate photo-induced changes and the measured

transient conductivity is that of a metal with slightly enhanced carrier mo-

bility (narrower Drude peak). Interestingly for even higher pressures, above

0.6 GPa, the light-induced changes in the optical response become more pro-

nounced.

The complete overview of the scaling of the light-induced state as a function
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Figure 5.6: Pressure dependence of the transient optical properties of
K3C60 at 200K. Re�ectivity (sample-diamond interface) and complex op-
tical conductivity of K3C60 measured at equilibrium (red) and 1 ps after
photo-excitation (yellow), for di�erent external pressures. All data were
taken with the same pump �uence of 3 mJ/cm2 [24].

of external pressure at di�erent temperature can be obtained by plotting the

fractional spectral weight loss of the real conductivity spectrum at the peak

of the transient response, 1 ps after the excitation (SWL1ps).

The depleted spectrum of σ1(ω) has been integrated from 5.3 meV and 11.6

meV, according Eq. 4.2, in order to be able to use both the narrow and broad

THz probe data. The summary of the temperature and pressure dependence

is plotted in Fig. 5.8 for 100 K (a), 200 K (b) and 300 K (c). Overall,

the light-induced e�ect scales with pressure following two distinctive trends:

for moderate values, it �rst rapidly decays (light blue dashed area), while it

shows an almost pressure-independent trend above a certain threshold (green

shaded area), which is smaller for increasing base temperature.

A simultaneous �t of the optical re�ectivity at the sample-diamond interface
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Figure 5.7: Pressure dependence of the transient optical properties of
K3C60 at 300 K. Re�ectivity (sample-diamond interface) and complex op-
tical conductivity of K3C60 measured at equilibrium (red) and 1 ps after
photo-excitation (yellow), for di�erent external pressures. All data were
taken with the same pump �uence of 3 mJ/cm2 [24].

and of the real and imaginary part of the optical conductivity has been run

on the measured data at all temperatures and pressures, 1 ps after the MIR

excitation. The transient optical properties of K3C60 under pressure were

modelled at all measured temperatures and pressures using the same Drude-

Lorentz model employed to �t the ambient pressure transient and equilibrium

response (see Eq. 3.5). The advantage of this model is that it captures both

the transient superconducting-like state in the limit of in�nite scattering time

(τ → ∞) and the one of a metal, and thus the possible transition from the

former to the latter.

Figure 5.9 displays representative �ts to the transient and the equilibrium

optical response of K3C60 at 100 K. The Drude parameters extracted from the

�t are summarised in Table 5.1 for the three temperatures and their pressure
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Figure 5.8: Scaling of the σ1(ω) gap with external pressure at 100 K
(a), 200 K (b) and 300 K (c). Photo-induced reduction in σ1(ω) spectral
weight, integrated in the gap region between 5.3 meV to 11.6 meV, nor-
malised by the equilibrium value (integrated in the same range). Yellow
and orange circles refer to data sets taken with probe pulses with broader
and narrower bandwidth, respectively. The light blue shaded areas iden-
tify the regions in which a photo-induced conductivity gapping is measured
(SWL1ps > 0.5). Those in green instead refer to the regime where no gap-
ping was observed (SWL1ps < 0.5). All data were taken with the same
pump �uence of 3 mJ/cm2 [24].

dependence, together with the extracted value of the zero frequency conduc-

tivity de�ned as σ0 = ω2
Dpτ/4π. The central frequency of the Lorentzian

accounting for the polaronic band, its weight and damping terms were kept

constant since they do not in�uence the free-carrier Drude parameters. Dif-

ferent parameters for the polaronic band were in fact tested to prove the

solidity of the used �tting procedure, and no consistent di�erences on the

�nal Drude properties have been found. The extracted values of σ0 evolve

from in�nite to �nite values as expected from the transition from a conven-

tional metal to a perfect conductor.

The zero-frequency conductivity of the photo-excited state is plotted as a

function of applied pressure, for all the temperatures in Fig. 5.10, together

with the values obtained from the �t of the static curves. The equilibrium

metallic conductivity (green squares) increases linearly with applied pres-

sure with a less pronounced slope for increasing temperature. The transient
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5.2. Pressure tuning of the out-of-equilibrium phase of K3C60

Figure 5.9: Drude-Lorentz �ts to the transient and equilibrium optical
response under pressure at 100K. Re�ectivity at the sample-diamond in-
terface and complex optical conductivity of K3C60 measured at equilibrium
(red) and 1 ps after photoexcitation (yellow) at P = 0.8 GPa. [24].

conductivity, measured with the broad (yellow circles) and narrow (orange

circles) THz probe pulses, scales instead not monotonically with pressure. At

all temperatures, in the same way as for the spectrally integrated weight loss

of the real conductivity response, σ0 is �rstly reduced by external pressure

(dσ0/dP < 0, light blue dashed area), and above 0.3 GPa starts to increase

(dσ0/dP > 0, green dashed area).

The two di�erent trends of the light-induced state add crucial information

to the overall picture. At low pressures, the photo-excited state has clear

superconducting-like pressure dependence, being dσ0/dP < 0, and the fact

that the equilibrium superconductor is quenched by pressure supports this

interpretation. On the other hand, for higher pressures (P > 0.3 GPa) the

transient response is clearly metallic-like, with dσ0/dP > 0, and the con-

ductivity enhancement induced by means of infrared radiation is pressure

independent. The σ0 of the photo-excited state in this second regime follows

indeed the dependence of the equilibrium metal.

From the comparison of the response of photo-excited K3C60 to external pres-

sure at the di�erent temperatures plotted in Fig. 5.10(a-c) one observes that

the critical pressure value at which the light-induced response switches from

the one of a transient superconductor to the one of a metal, reduces in the

warmer samples. Interestingly, contrary to what was inferred from the ambi-
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Chapter 5. Pressure tuning of the light-induced state in K3C60

Figure 5.10: Pressure dependence of the extrapolated conductivity σ0(P )
resulting from Drude-Lorentz �ts of the experimental data as a function of
pressure, plotted for three di�erent temperatures: 100 K (a), 200 K (b)

and 300 K (c). Yellow and orange circles refer to data sets taken with
probe pulses with broader and narrower bandwidth, respectively. The
green squares are the corresponding zero-frequency conductivities deter-
mined at equilibrium. The light blue areas identify the regions in which
the transient σ0 is suppressed by pressure (dσ0/dP < 0) while those in
green indicate the regime in which dσ0/dP > 0. All data were taken with
the same pump �uence of 3 mJ/cm2 [24].

ent pressure measurements alone, the data at 200 K and 300 K also show the

same pressure dependence as the data at 100 K. The former interpretation

of the optical response of K3C60 at those temperatures, which allowed for

the possibility of a light-induced high-mobility metal now seems less likely.

Up to room temperature, potassium fullerides in fact react to mid-infrared

excitation in the same way as at 20 K, but with a lower photo-susceptibility.

5.3 Considerations on the e�ect of pressure on

the superconducting-like state of K3C60

The most striking aspect of the pressure dependence of the superconducting-

like response of K3C60 is its quick suppression which happens for external
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5.3. Considerations on the e�ect of pressure on the superconducting-like
state of K3C60

T (K) P (GPa) σ0 (Ω−1cm−1) ωDp (meV ) γD (meV )
100 0 ± 0 1018 ± 1013 183 ± 62 0 ± 0.13
100* 0.20 ± 0.03 7667 ± 4172 260 ± 22 1.16 ± 0.62
100 0.35 ± 0.03 1702 ± 73 264 ± 3 5.49 ± 0.22
100* 0.62 ± 0.03 1917 ± 285 282 ± 6 5.6 ± 0.8
100 0.80 ± 0.04 2159 ± 145 274 ± 3 4.7 ± 0.3
100 1.16 ± 0.06 1999 ± 81 292 ± 3 5.71 ± 0.25
100* 1.40 ± 0.04 1722 ± 137 293 ± 4 6.69 ± 0.53
100* 2.5 ± 0.06 2091 ± 253 308 ± 6 6.11 ± 0.7
100 3.2 ± 0.05 2276 ± 137 306 ± 4 5.54 ± 0.34

T (K) P (GPa) σ0 (Ω−1cm−1) ωDp (meV ) γD (meV )
200 0 ± 0 11499 ± 5902 184 ± 2 0.39 ± 0.24
200* 0.18 ± 0.03 4235 ± 1560 270 ± 19 2.35 ± 0.89
200 0.35 ± 0.03 1470 ± 24 276 ± 1 6.97 ± 0.14
200* 0.53 ± 0.03 1829 ± 378 270 ± 7 5 ± 1
200 0.56 ± 0.13 1647 ± 65 272 ± 3 6.05 ± 0.22
200* 1.00 ± 0.03 1658 ± 236 300 ± 10 7.15 ± 0.99
200 1.07 ± 0.06 1808 ± 72 300 ± 4 6.68 ± 0.29
200* 2.25 ± 0.03 1938 ± 303 310 ± 10 7 ± 1
200 2.40 ± 0.14 2013 ± 74 310 ± 3 6.41 ± 0.26

T (K) P (GPa) σ0 (Ω−1cm−1) ωDp (meV ) γD (meV )
300 0 ± 0 9276 ± 2403 162.6 ± .8 3.09 ± 0.81
300* 0.15 ± 0.02 2591 ± 687 260 ± 8 3.49 ± 0.93
300 0.17 ± 0.01 1434 ± 28 281 ± 2 7.39 ± 0.17
300* 0.53 ± 0.02 1814 ± 316 300 ± 15 7 ± 1
300 0.80 ± 0.02 1709 ± 37 280 ± 2 6.17 ± 0.18
300* 0.93 ± 0.06 1494 ± 212 281 ± 9 7.12 ± 0.90
300 1.18 ± 0.05 1685 ± 33 296 ± 2 6.98 ± 0.17
300 1.72 ± 0.05 1700 ± 26 305 ± 1 7.34 ± 0.15
300* 1.82 ± 0.04 1686 ± 214 299 ± 9 7.14 ± 0.83

Table 5.1: Parameters extracted from Drude-Lorentz �ts to the transient
optical response functions of K3C60 measured at di�erent temperatures
and pressures. The plasma frequency ωDp, Drude scattering rate γD, and
extracted DC conductivity σ0 are displayed. The pressure values are ex-
tracted by �ts of the ruby �uorescence line, as explained in Refs. [85, 84].
Entries in the table marked with * refer to data taken using the setup with
reduced probe bandwidth [24].
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Chapter 5. Pressure tuning of the light-induced state in K3C60

pressure values much lower than then ones needed at equilibrium (∼ 0.3

GPa vs ∼ 3 GPa). This enhanced responsiveness may result from the fact

that as soon as pressure is applied, more energy is added to the system and

stronger �uctuations detrimental for transient superconductivity might be

induced.

The resonant excitation of K3C60 under pressure highlights additional prop-

erties of the superconducting-like gap induced transiently in K3C60. First,

the size out-of-equilibrium 2∆ doesn't scale either with temperature, nor

with mid infrared pump �uence, as described in Chapter 4 [23]. While the

former behaviour is found also in the equilibrium temperature dependence of

superconducting gap, unveiling the limits of the BCS model for the fullerides

superconductor (see Chapter 3), the absence of a clear evolution with pump

�uence is fairly interesting. For �uences higher than a speci�c critical value

the e�ect seems to be saturated, i.e. the depletion in the σ1(ω) spectrum

is almost complete below ∼ 11 meV, while for low pump �uences the same

spectral region is reshaped, but the gap is not completely opened.

The same anomalous behaviour is found in the superconducting like response

of K3C60 as a function of pressure. Under the critical pressure value of ∼ 0.3

GPa at 100 K, 2∆ is in fact not becoming smaller, but evolving from the

characteristic �at shape of the superconductor at ambient pressure back to

the conventional Drude curvature.

Additionally, the study of the pressure dependence of the superconducting-

like phase of K3C60 highlights that the nature of the light-induced state is the

same at all the measured temperature, suggesting that some incipient features

of transient superconductivity may already be present up to room tempera-

ture. In the absence of stronger MIR sources, it is however not possible to

obtain a fully gapped state at 300 K characterised by in�nite zero-frequency

conductivity. Understanding whether light can overcome thermal electronic

�uctuations hence remains an open question.

All these observations also provide guidance for a microscopic explanation

of the results. One �nds a very strong dependence of the light-induced op-

tical conductivity on low pressure values, while at higher pressures (smaller

lattice constants) the metallic phase is stabilised. This is compatible with
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5.4. Summary

the interpretation reported in Chapter 4, in which the excitation of the mid-

infrared phonon couples to the electronic properties of the system [77, 98, 99,

101, 112]. The dramatic dependence on the electronic bandwidth on pressure

does not, on the other hand, support the explanation of the transient state

based on quasi-particle cooling, which would require a strong reshaping of

the polaronic feature which is needed in this picture [113].

All these experimental observations add interesting perspective of optimising

light-induced superconductivity, and point towards the future investigation

of the A3C60 compounds with larger lattice spacing.

5.4 Summary

Alkali doped fullerides are extremely sensitive to the application of exter-

nal hydrostatic pressure since their intermolecular bonds are mostly domi-

nated by weak Van der Waals forces. While metallic K3C60 at equilibrium is

strengthened by pressure, i.e. its electronic mobility is enhanced, the equi-

librium superconductor is quickly quenched already for pressure values of 3

GPa.

The same opposite trends of the response to pressure are expected to discrim-

inate the nature of the MIR-driven phase found in K3C60 above its critical

temperature. Pressure dependent optical spectra of the transient state have

been measured by means of a diamond anvil cell (DAC) integrated with a

THz-TDS setup.

At all the measured temperatures (T ≥ 100 K), the transient response quickly

decays as pressure is applied. Already at 0.5 GPa the light-induced state is

characterised by a response which can be unequivocally interpreted as the one

of a metal, with a �nite zero frequency conductivity and a �nite scattering

rate of the Drude electrons. For even higher pressure values the conduc-

tivity increases following the behaviour of the equilibrium metal, and the

superconducting-like behaviour is never recovered.

The strong quenching of the superconducting-like response supports the for-

mer interpretation of the light-induced phase as a transient superconductor,

but additionally extend it also to temperatures as high as room temperature.
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Chapter 5. Pressure tuning of the light-induced state in K3C60

These �ndings support the microscopic explanation of the superconducting-

like nature of the transient state of K3C60 at ambient pressure in terms of a

modulation of the electronic on site correlations and stimulate the extension

of the analysis to other members of the family of alkali doped fullerides.
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Conclusions and Outlook

Understanding how collective properties of complex materials emerge and

dominate over diverse competing phases is probably the most stimulating

challenge which scientists face everyday. The reason of the predominance of

superconductivity over other broken-symmetry ground states has become a

central theme in the physics of high-Tc superconductors, and a lot of e�ort

has been put in trying to overstep the current physical barriers.

Structural degrees of freedom in conventional superconductors are known to

have strong in�uence on the electronic pairing mechanism below the criti-

cal temperature. In this thesis this speci�c relation has been experimentally

exploited for the case of the three-dimensional molecular organic supercon-

ductor potassium doped fullerides K3C60.

Mid infrared pulses have been used to resonantly excite local molecular modes

of the C60 molecules with the aim of a�ecting the electronic properties of the

material. At equilibrium potassium doped fullerides become superconduct-

ing below Tc ∼ 20 K thanks to a molecular Jahn-Teller deformation which

favours the formation of a low-spin state and electrons with the same mo-

mentum.

The striking emergence of a driven broken-symmetry superconducting-like

phase from the metallic one has been probed lasting for few picoseconds af-

ter excitation, by means of THz-Time Domain Spectroscopy (THz-TDS). In

spite of its �nite lifetime, such photo-excited superconducting state appears
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to be characterised by an at least doubled electron pairing strength, and to

extend to temperatures higher than 100 K.

In a second experiment, the response of such photo-induced state to the ap-

plication of an external hydrostatic pressure has been studied to investigate

over its real nature. As K3C60 is pressurised its responsiveness to photo-

excitation abruptly drops and no coherence is found in the optical response,

as expected from a conventional equilibrium superconductor.

Beyond the scienti�c results presented so far, the experiments reported in this

thesis required a laborious technological advancement, in particular for the

integration of high pressure elements with THz-TDS. Balancing the stringent

requirements needed for the application of high external hydrostatic pressure

with the long far-infrared wavelengths used to probe the sample requires in

fact a series of compromises in both the �elds, which have been pushed here

to their limit. The realised setup allows for the acquisition of clear THz

spectra up to pressures of ∼ 3 GPa.

Di�erent theoretical interpretation have been proposed to explain the emer-

gence of the superconducting-like phase in K3C60. The starting point of all

these works are the nonlinearities driven in the system by means of the strong

ultrashort pulses through lattice distortions. The ions of the lattice are forced

to large oscillatory motions which may result in net non-zero higher order

couplings that extend beyond the structural deformations.

One possible explanation of the superconducting-like phase of K3C60 postu-

lates an e�ective indirect lattice displacement along the coordinate of the

Raman active mode with same symmetry of the phonon involved in the

electron-phonon coupling at equilibrium. Alternatively, the reported obser-

vations could be explained in terms of coupling between the modulation of

the molecular structure and the electronic states. In both these scenarios

the coherent electronic response measured is interpreted as a light-induced

electronic broken symmetry state.

Potassium doped fullerides are the least correlated material of the family of

A3C60 and the results presented in this thesis obtained by means of optical

vibrational control, are only the starting point for the investigation of dy-

namical e�ects and control of superconductivity in carbon-based materials.
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Figure 5.11: Schematic out-of-equilibrium phase diagrams for the three-
dimensional alkali dope fullerides family A3C60 as a function of lattice
parameter. The dark blue line traces the equilibrium superconducting
phase transition border for the equilibrium superconducting phase (SC,
orange �lled area). The dark blue shading stands for the transient Light-
Induced Superconductor (LI-SC), which evolves into an High-Mobility
Metal (HMM) under the application of pressure (light-green area). The
black diamonds on the upper axis identify the equilibrium position of di�er-
ent doped fullerides, while PI, PM, and SC refer to the equilibrium para-
magnetic insulating, paramagnetic metallic, and superconducting phase,
respectively [76, 114, 115].
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Exploring the response of the more correlated A3C60 systems constitute a

possible guide line for further experimental directions.

As electronic correlations become stronger, i.e. in Rb3C60 and Cs3C60, the

localisation of charges is favoured, over their mobility. Useful insights are

expected to emerge from the observation of the response of such systems

to the on-site resonant vibrational excitation, which will provide additional

building blocks to be added to the current understanding of the observed

phenomenon.

All discussed above could be summarised in a schematic representation of

an attempted out-of-equilibrium phase diagram for the A3C60 family under

resonant photo-excitation. The equilibrium boundaries between the di�erent

phases, drawn in solid thick lines, are here plotted together with the recent

�ndings of the light-induced superconducting-like state in K3C60 (LI-SC, dark

blue region). At glance this plot highlights that the light-induced supercon-

ducting phase quickly vanished with the lattice contraction in favour of an

high mobility metallic phase (HMM, light blue region).

Transient data are still lacking in the expanded lattice region of this phase

diagram, where at equilibrium the superconducting order is strengthened and

result in an higher critical temperature Tc. Importantly the investigation of

the expanded Cs3C60 will further o�er the possibility to observe the onset of

such light-induced phase starting from an insulating phase, and eventually it

will bring to light some of the most relevant ingredient for high temperature

superconductivity.

A full investigation across the entire phase diagram by means of resonant

optical mid-infrared excitation is expected to provide interesting insights of

the optimisation of the light-induced superconductivity in these organic ma-

terials.
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Appendix A

K3C60 powder sample

A.1 Sample growth

Powders of C60 have been used in the low energy pump-probe experiment

described in Chapter 3 and 4. The sample has been supplied from the Di-

partimento di Scienze Matematiche, Fisiche e Informatiche, Università degli

Studi di Parma, Italy, and its chemical purity has been characterised by

means of powder X-ray di�raction and SQUID magnetometry. To prevent

the sample from oxygen contamination, all the preparation was performed

in an inert atmosphere (vacuum or Ar glove box with < 0.1 ppm of O2 and

H2O).

Finely ground C60 powder and potassium metal, in stoichiometric amounts

1:3, were sealed in a cylindrical vessel and closed in a Pyrex vial under vac-

uum (∼ 10-6 Torr). The potassium was kept separated from the fullerene

powder during the thermal treatment, in this way only potassium vapours

came in contact with C60. Two thermal cycles were done on the two reagents,

�rst at a temperature of 523 K for 72 h and then at 623 K for 28 h. The

recovered black powder was then reground and pelletised. A further long

annealing has been performed on the pellet by heating it to 623 K for 5 days.
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Figure A.1: (a) X-ray di�raction data for the powders of K3C60 used in
this mid-infrared pump THz probe experiment, together with a single f.c.c.
phase Rietveld re�nement. (b) Temperature dependence of the sample
magnetic susceptibility with and without magnetic �eld (FCC: Field cooled
cooling. ZFC: Zero �eld cooling). Figure adapted from [24].

The �nal product, K3C60 showed an average grain size of 100-400 nm.

Figure A.1(a) reports the experimental results of X-ray powder di�raction

of the re�ned sample, which is in good agreement with previous observations

[116]. A Rietveld re�nement of the data with single phase f.c.c. K3C60 in-

dicates complete phase purity within the experimental uncertainties. The

width of the di�raction peaks has been used to extract the average size of

the powder grains.

SQUID measurements were performed at zero (ZFC) and at 5 Oe (FCC)

magnetic �elds. The results of the temperature dependence of the DC mag-

netisation with and without the magnetic �eld are displayed in Fig. A.1(b),

in green and pink respectively. The critical temperature that can be extracted

from these data is around 19.8 K in agreement with former literature �ndings

[116, 117, 118], excluding the presence of defects in the sample ground state.
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Figure A.2: Sample holder for MIR pump THz probe on K3C60 at am-
bient pressure. In panel (a) all the mechanical components of the sample
holder assembly are sketched. Panel (b) shows a side view of the sample
compartment. The overall optical access is of 2Θ ∼ 85°.

A.2 Sample handling

Due to the high reactivity of K3C60 to the oxygen and water vapour contained

in air [92, 93, 94], the loading and handling procedure for the experimental

measurements reported in Chapter 2 and 4 had to be performed carefully

in an inert atmosphere. Therefore, the sample has been prepared in an

Argon atmosphere, with less than 1 ppm of Oxygen concentration, and with

a percentage of ∼ 2% of H2O.

To prevent oxidation of the sample during the transport and installation in

the experimental setup, the powders of K3C60 have been pressed behind a

transparent diamond window, and sealed by means of an Indium o-ring in a

Copper holder. The used diamond is of type IIac and has a Böhler-Almax

cut with an optical aperture of 2Θ ∼ 85°, the diameter of the top is about 3.3

mm while the one of the culet of 2 mm. The anvil has been cut with 16 facet

and it is 1.55 mm thick. A schematic view of the sample holder is displayed

in Fig. A.2. To avoid external pressure onto the sample, the powders were
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Appendix A. K3C60 powder sample

pressed from the diamond against a soft Indium disk.

The �nal sample of K3C60 is then 2 mm wide, ∼ 100 µm thick with a clean

optical surface suitable for optical spectroscopy measurements.

The sample holder has then been mounted on the cold �nger of an Oxford

Optistat CF-V cryostat, which allowed cooling down to a few Kelvin.

A similar protocol has been followed for the loading of powders of K3C60 in

the Diamond Anvil Cell (DAC) described in Appendix D. The sample was

directly loaded between the two anvils in a 1 mm diameter compartment

drilled in a ∼ 100 µm thick pre-indented Cu-gasket. A few rubies were

additionally added on the side of the pellet, to be able to measure the local

pressure. Once the DAC is sealed, no contamination of the sample is expected

to happen.
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Equilibrium infrared spectroscopy

The equilibrium response of powders of K3C60 from the near infrared down

to a few THz has been characterised by Fourier-transform infrared spec-

troscopy (FTIR), as reported in Chapter 3. Incoherent light delivered from

a bulb source (FIR, MIR or NIR) is split and recombined to obtain an inter-

ferogram which impinges on the sample. The fast movement of one mirror

in one of the two arms of the interferometer varies the pattern of the inter-

ferogram and allows the acquisition of broadband high-resolution spectra.

The data displayed in Chapter 3 have been measured at the solid state line

SISSI of the Elettra Synchrotron, in Trieste by means of a Vertex 70 In-

terferometer [119]. An Hyperion 2000 microscope equipped with gold-coated

Schwarzchild objectives (15x magni�cation, NA 0.4) is coupled to the system

to allow a con�nement of the long THz wavelengths down to few hundred

microns. All spectra have been measured in re�ection geometry. Commer-

cial bulbs have been used to measure the re�ectivity of powders of K3C60 in

the MIR and NIR spectral range (1000-10000 cm−1,∼ 120-1200 meV), while

the high brilliance of the Synchrotron radiation has been exploited to obtain

high quality, low noise, far infrared spectra (40-1000 cm−1, ∼ 5-120 meV).

This setup has been used both for the measurement of the equilibrium re-
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Figure B.1: K3C60 absolute re�ectivity retrieval behind a diamond win-
dow. In a �rst stage the intensity re�ected from the sample Isample is
referenced to the one re�ected from the �rst diamond interface Idiamond,
panel (a). By replacing the sample with a gold mirror, the same measure-
ment provides the intensity re�ected from the gold Igold and from the same
�rst diamond interface I ′diamond, panel (b), used to retrieve the absolute
value of the re�ectivity.

sponse of K3C60 at ambient pressure and under external hydrostatic pressure.

In the former measurements, the spectra have been acquired from powders

of K3C60 sealed behind a diamond window in a sample holder described in

A. To reach high pressure, powders of K3C60 have been instead loaded in a

Diamond Anvil Cell (DAC) together with a few ruby nanoparticles used to

measure the e�ective pressure (see Appendix D).

In both cases the re�ectivity spectra have been measured through a diamond

window and the �rst diamond interface has been used to reference each re-

�ected spectrum from the sample, as already described in literature [120].

In this step artefacts due to possible misalignment of the beam are removed.

The re�ection from a gold mirror, which is characterised by a ∼ 100% fea-

tureless re�ectivity up to ∼ 8.5 eV has been used to retrieve the absolute

value of each measured re�ectivity curve. The gold mirror has been put be-

hind the same diamond window and the intensity re�ected from it and from

the �rst diamond interface have been acquired in the same way as for the

sample case, as represented in Fig. B.1. The �nal re�ectivity of K3C60 at

the sample-diamond interface Rsample−diamond has hence been referenced as
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follows [120]:

Rsample−diamond =
Isample
Idiamond

· I
′
diamond

Igold
. (B.1)

This procedure has been used for all the re�ectivity curves measured from

powders of K3C60, at all the temperatures and pressures reported in Chapter

3.

In absence of transmission measurements, the re�ectivity curves alone do not

allow a direct reconstruction of the complex refractive index of the sample

N(ω) = n(ω)+k(ω). A possible way around is o�ered by the Kramers-Kronig

transformation, which allows the retrieval of the complex phase, given the

spectral amplitude [79]. The full characterisation of the complex refractive

index has thus been obtained by means of a Kramers-Kronig transformation

through a transparent medium (the diamond), which considers the extra

phase contribution introduced by the window itself [83]. To increase the

reliability of the transformation, the measured data have been extrapolated

up to visible range by means of literature data, as described in Chapter 3.
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Appendix C

THz time resolved pump probe spectroscopy setup

The excitation with mid-infrared pulses tuned at resonance with the infrared

active T1u vibrational molecular mode in K3C60 at ambient pressure unveils

the existence of a superconducting-like transient phase that has been de-

scribed and characterised in Chapter 4. In this appendix a detailed descrip-

tion of the experimental setup is given, for both the generation of intense

ultrashort MIR pulses and the THz detection scheme.

C.1 Mid-infrared ultrashort pulses generation

The sub-picosecond strong mid-infrared pulses used in the experiment de-

scribed in Chapter 4 and 5 have been obtained by di�erence frequency gen-

eration from two near infrared pulses generated as the output of a two-stage

optical parametric ampli�er (OPA) [121, 80]. The optical conversion scheme

is pumped by the fundamental 800 nm light delivered from a conventional

Ti:sapphire laser system, with a pulse duration of 100 fs, a 1 kHz repetition

rate and 5 mJ of energy per pulse.

The optical parametric ampli�er used is schematically shown in Fig. C.1. A
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Figure C.1: Schematic representation of the double stage optical para-
metric ampli�er (OPA) and the di�erence frequency generation setup
(DFG) used to generate ultrashort MIR pulses. The 800 nm light is di-
vided into the di�erent stages of the OPA by means of beam splitters (BS)
and the line thickness is roughly indicative of the beam intensity. WLG
indicates the white light generation process in an Al2O3 crystal, DM are
dichroic mirrors, BBO I and II are the ampli�cation crystals used in the
�rst and second stage respectively. The MIR generation is obtained in
a GaSe crystal from the di�erence frequency of the NIR produced in the
OPA. A �nal �lter F is used to remove all the copropagating NIR contri-
butions. Figure adapted from [122].

weak re�ection of a few µJ of the 800 nm light is used to generate s-polarised

white-light in a 2 mm thick Al2O3 crystal. Its visible content has been re-

moved by means of a low pass �lter, and the remaining near infrared light is

used to seed the �rst ampli�cation stage.

In this scheme the ampli�cation crystals used are Type-II BBO crystals, cut

at 28° to optimise the phase matching angle requirement for the ampli�cation

in the near infrared. The thickness of the crystals is such as to prevent any

spectral broadening of the 800 nm pump, and is set to 3 mm and 2 mm for

the �rst and second stage respectively.

The advantage of using a Type-II phase matching scheme, epump → eidler +

osignal, is multiple. First, it provides cross-polarised pulses, which can easily

be divided for further manipulation. Second, in the chosen con�guration, the
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C.1. Mid-infrared ultrashort pulses generation

group velocity mismatch of signal and idler are opposite with respect to the

pump, and thus the energy �ow happens mostly in the direction from pump

to signal and idler, resulting in a higher conversion e�ciency of the para-

metric interaction. Finally Type-II phase matching provides a wider tuning

range of the ampli�ed beams [80].

In the �rst ampli�cation stage, 175 µJ of pump are focussed down to 1.1

mm together with the infrared part of the white light whose spot has been

accordingly matched. A small angle of about 1° between the two beams is

held to allow the spacial �ltering of the ampli�ed signal used to seed the

second stage. After the �rst nonlinear crystal ∼ 11µJ of s-polarised signal,

centred at ∼1.44 µm, are obtained.
The signal of the �rst stage is then folded in a second collinear ampli�cation

stage together with 3.6 mJ of pump in a spot of about 4.4 mm. A total

intensity of 1.8 mJ of ampli�ed signal and idler is generated after the second

nonlinear crystal. Figure C.2(a) reports representative spectra of the �nal

signal and idler, tuned to ∼1.44 µm (∼ 860 meV) and ∼1.8 µm (∼ 690 meV)

respectively. Both spectra have a bandwidth of less than 1% and a pulse du-

ration of about 70 fs measured with a second harmonic FROG (SH-FROG)

setup (group delay dispersion (GDD) of ∼ 1000 fs2, and third order disper-

sion (TOD) of ∼ 2500 fs3, see Fig.C.2(b)).

The NIR pulses are then recombined in a 1 mm z-cut GaAs nonlinear crystal

as shown in the DFG block of Fig. C.1, to obtain MIR pulses. The crystal

has been set to a Type II phase matching condition to obtain s-polarised

mid-infrared pulses.

The MIR pulses were characterised by means of linear interferometry which

revealed information about its spectral content, while crosscorrelation with

800 nm light has been used to determine the pulse duration. In Fig. C.3 a

set of MIR spectra tuned over the entire phase matching bandwidth allowed

by the setup is reported, together with a crosscorrelation measurement re-

vealing a pulse length of less than 300 fs. Those pulses are the ones used in

the wavelength dependence described in Chapter 4, where the pump photon

energy was set roughly from 75 to 200 meV (6-16 µm).
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Appendix C. THz time resolved pump probe spectroscopy setup

Figure C.2: (a) Representative signal and idler spectra measured at the
output of the optical parametric ampli�er. Both spectra are characterised
by less than 1% of bandwidth. Panel (b) is the result of the analysis of a
SH-FROG map, which returns a pulse duration of about 70 fs.

Figure C.3: (a) Normalised MIR spectra tuned over the entire phase
matching bandwidth allowed by the setup. Pulses spanning from 75 to 200
meV were obtained. Panel (b) reports the crosscorrelation measurement
performed with 800 nm pulses (green dots), together with a Gaussian �t
(blue line). The mid-infrared pulses are characterised by a pulse duration
of about 270 fs.
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C.2 Generation and Detection of THz pulses

The THz pulses used to probe the light-induced superconducting-like phase

of K3C60 in the Chapter 4 and 5 have been generated by means of optical

recti�cation of p-polarised 800 nm pulses in non-centrosymmetric nonlinear

crystals. The optical re�ectivity and complex optical conductivity spectra

have been then recalculated from the THz spectra acquired by electro-optic

sampling in a THz time domain spectroscopy setup (THz-TDS), which pro-

vides a complete characterisation of the spectrum and phase of the pulse, as

explained in Appendix E [[123]].

The optical recti�cation of ultrashort pulses in noncentrosymmetric nonlin-

ear crystals is a well established technique used to generate phase-stable,

few-cycle THz pulses. The strong electric �eld of such femtosecond pulses

triggers the onset of a nonlinear polarisation P (2) in the crystal proportional

to its non-zero second-order susceptibility χ(2). The temporal evolution of

such modulation is then responsible for the emission of the THz radiation

which is proportional to d2P (2)/dt2 [124, 125, 126].

The most limiting factors in the generation of broad THz pulses by means of

optical recti�cation are the bandwidth of the pump pulses used, the length

of the crystal used and its transparency window in both the NIR and THz

frequencies. For the case of 100 fs pulses centred at 800 nm, i.e. pulses with

∼ 9.5 nm of bandwidth, frequencies up to ∼ 4.4 THz can be generated.

Length and transparency of the nonlinear crystal a�ect both the intensity

and the upper frequency which can be obtained via optical recti�cation.

An e�cient THz generation, requires a thickness of the nonlinear material

shorter than the walk-o� length, which is the length after which the 800 nm

light and the generated low energy radiation will not be overlapped in time

any more, and no phase-matching condition is satis�ed. Within this limit,

the longer the crystal, the stronger the generated THz �eld. Longer crystals

on the other hand will pose a limit to the accessible THz bandwidth and a

trade-o� needs to be found to achieve broadband response and long inter-

action length. Finally the transparency of the material in the THz regime,

i.e. the presence of low energy absorptions, can further limit the bandwidth
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of the crystal due to a strong absorption coe�cient. ZnTe for example, is

characterised by a strong absorption around 5.4 THz and no spectral content

can thus be generated around this frequency.

In the experiments reported in this thesis, two di�erent p-polarised THz

pulses with di�erent spectral content have been used. In a �rst experimental

con�guration 100 fs long, 800 nm near-infrared light delivered from a 1 kHz

Ti:sapphire system has been used for both the generation and detection of

the THz pulses. 0.6 mJ of pump are sent at normal incidence into a 900

µm thick <110> ZnTe crystal, characterised by an electro-optic coe�cient

of about 4 pm/V [127]. The THz phase and spectral content have then been

measured by means of electro-optic sampling in a 500 µm thick <110> ZnTe

crystal, where 100 fs long, 800 nm pulses have been used to gate. In this

experimental con�guration, the THz pulse, displayed in Fig. C.4(a-c) is

characterised by a band extending from 0.5 THz up to 2.7 THz (2-11 meV

circa) and by a linear phase.

A much broader optical spectrum, from 1 THz up to 7.5 THz (4.1-31 meV)

has been obtained by means of shorter near infrared pump pulses, with a

broader spectral content. 0.9 mJ of 35 fs long, 800 nm pulses delivered by a

2 kHz repetition rate Ti:sapphire laser, are sent on a 200 µm thick <110>

GaP crystal which has an electro-optical coe�cient of 1 pm/V [128]. The

resulting spectrum has been measured in another 200 µm thick <110> GaP

crystal, where the short 35 fs, 800 nm pulses have been used as a gate. The

�nal pulse, its spectral phase and its spectrum are reported in Fig C.4(d-f)

respectively.

C.3 MIR-pump THz-probe setup

The MIR-pump THz-probe setup used in the experiment reported in Chap-

ters 2 and 4 is schematically reported in Fig. C.5. The s-polarised mid-

infrared pulses are sent onto the sample at normal incidence, while a small

angle of about 17° has been set to the p-polarised THz probe. This angle is

further reduced down to ∼ 7° by the refraction in the diamond window in

front of the sample (see Appendix A).
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C.3. MIR-pump THz-probe setup

Figure C.4: Narrow and broad THz pulses used to probe the
superconducting-like response of K3C60. Panels (a-c) show the pulse struc-
ture, the linear spectral phase and the 0.5-2.7 THz spectrum of the THz
pulse generated by optical recti�cation of 100 fs long, 800 nm pulses in a
900 µm thick <110> ZnTe crystal, and probed in a 500 µm thick <110>
ZnTe crystal. Panels (d-e) report the same information for the broader
THz pulses generated by optical recti�cation of 35 fs long, 800 nm pulses
in a 200 µm thick <110> GaP crystal and probed in a crystal with same
speci�cations.
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Figure C.5: Schematic representation of the THz-time resolved setup.
Red lines represent light at 800 nm, pink lines the MIR pump beam and the
wide blue lines the THz light. The entire THz propagation path happens
under vacuum (con�ned in the blue box). A �rst beam splitter (BS) divides
the portion of light used for the THz generation from the one used as a gate
in the detection. The nonlinear crystals (ZnTe or GaP) are represented in
yellow. (λ/4) is the quarter wave waveplate, WP the Wollaston prism,
PD1 and PD2 the two phtodiodes used for the electro-optic samplig of the
THz �eld. PBS is a pellicle beam splitter used to recombine the THz and
the 800 nm gate pulse. Figure adapted from [122].

In order to avoid all the air absorptions within the probe band, the THz

generation and detection setup has been put in a vacuum chamber (blue

square in Fig. C.5), and the sample has been mounted on the cold �nger

of a cryostat from Oxford Instruments without windows to prevent spurious

re�ections which would deteriorate the detection.

To optimise the pump-probe signal, the MIR spot size has been matched to

the one of the lower frequency of the THz pulse at the sample position, to

about 1 mm. In Fig. C.6 the frequency dependent spot sizes of the narrow

and broad THz probe beams are reported, which are primarily limited by

the f -number set in the experimental setup.

When THz-TDS is used in a time-resolved experiment, it is important to
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Figure C.6: Frequency resolved intensity spot size of the narrow and
broad THz pulses used in the experiments reported in Chapters 4 and 5
(pink and green circles respectively). The dashed lines are 1/f �ts of the
two datasets, which report the proximity to the di�raction limit of the
apparatus.

consider its temporal resolution. This detection scheme provides a resolution

which is not set by the pulse length, which for THz pulses is considerably

long, but is instead determined by its bandwidth [129, 130]. The broad pulses,

with spectral content from 1 THz to 7.5 THz, will thus provide a �ner tem-

poral resolution of about 150 fs with respect to narrower ones (∼ 300 fs).

Independently of the THz probe pulse used in the pump probe experiments

of Chapters 2 and 4, the temporal resolution was set primarily by the MIR

pump pulse to 300 fs.
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Appendix D

THz time domain spectroscopy under pressure

The transient optical response of K3C60 after photo-excitation was measured

under hydrostatic external pressure by integrating high pressure elements in

the time-resolved THz spectroscopy setup described in the previous Appendix

(Appendix C, Section C.3).

In the present section the technical limitations and compromises needed to

perform such measurements are described, together with a few basic concepts

of high pressure methods.

D.1 Hydrostatic high pressure by means of a

diamond anvil cell

A diamond anvil cell (DAC) has been used to apply external hydrostatic

pressure to the K3C60 sample. The working mechanism of the DAC is pretty

simple. Two diamonds with a �at tip (culet) squeeze a metallic gasket which

has a hole in the center that con�nes the sample, as represented in Fig. D.1.

Ruby nanoparticles are added in the sample compartment for the pressure

calibration (see Section D.3).
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Figure D.1: Schematic representation of the diamond anvil cell. Two
diamonds with a �at tip squeeze a metallic gasket which has a hole in the
centre that con�nes the sample (dark disc). A few rubies are added on the
sample surface for an accurate in-situ pressure measurement [131].

The size of the culet of the anvils is generally set based on the maximum

desired pressure, de�ned as force over surface (P = F/S), and the wider the

culet, the smaller the reachable pressure. In the experiment on the K3C60,

relatively low pressures were targeted as the material is quite soft and at 3

GPa already the equilibrium superconducting phase is suppressed. Very pure

type IIac anvils with 2 mm culet (Böhler-Almax cut, 1.55 mm thick), which

allow reaching pressures as high as 3.5 GPa, have thus been chosen for the

experiment described in Chapter 5.

A Cu gasket has been pre-indented by means of the same DAC in order to

give stability and solidity. Gaskets 100 µm thick have been obtained from a

250 µm thick Cu plate. At the center of the indented gasket, a hole of 1.1 mm

diameter has been drilled to host the pure sample, as the granularity of the

K3C60 powders have been exploited as a hydrostatic medium. No signi�cant

deformations of the hole were observed during the experiment.

The role of the gasket in the DAC it twofold. First if con�nes the sample

laterally, but more importantly, it converts the axial pressure of the anvils

to isotropic pressure [131].
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D.2 Integration of THz-TDS with DAC

Hydrostatic pressure was applied using a membrane-driven Diacell®Bragg-

LT diamond anvil cell (DAC) from Almax easyLab, designed for cryogenic

experiments. This DAC allowed varying the static pressure by actuating a

membrane with helium gas, without removing the cell from its holder, thereby

ensuring maximum reliability and reproducibility of the measurement condi-

tions. The DAC was mounted on the cold �nger of a liquid helium cryostat,

where the sample temperature and pressure were accurately measured using

a ruby manometer [84, 85].

The most delicate aspect of the integration of high pressure elements in the

THz-time-domain setup is the size of the sample with respect to the THz

spot size at the sample position. As the sample and the Cu gasket lie on the

same plane, the THz pulse re�ected from the sample cannot be disentangled

from the one also impinging on the surrounding copper. It is thus important

to �nd a way around to avoid spurious re�ections from the gasket which

would a�ect the amplitude of the relative changes measured in the pump

probe experiment.

A frequency resolved spacial distribution of the intensity of the THz beam is

reported in Fig. C.6. All the frequencies above ∼ 1 THz are mostly con�ned

within 1 mm of spot size, and just the tails of the Gaussian pro�le carry

information of the copper gasket. To minimize this contribution a sample

compartment of 1.1 mm has been used and only frequencies above 1.4 THz

have been trusted.

D.3 Ruby manometer

Ruby nanoparticles have been widely used as a universal standard for pres-

sure calibration for pressures up to ∼ 100 GPa [84]. The ruby manometer

allows for in-situ reading, both of pressure and temperature, as it scales in

a linear fashion over a wide temperature and pressure range [85].

The excitation with a green cw laser (532 nm) of rubies, i.e. Cr doped Al2O3

crystals, drives the electrons into an excited state from which they relax back
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Figure D.2: (a) Normalised �uorescence spectrum of ruby nanoparticle
at room temperature and ambient pressure. (b) R lines shift measured as
a function of temperature. Data taken from [133]. (c) R1 line shift as a
function of pressure [84].

to the ground state via �uorescence in about 4-5 ms [132]. The radiative lev-

els responsible for the �uorescence are known as the R1 and the R2 lines,

which at ambient conditions are centred at 694.25 nm and 692.85 nm respec-

tively and are relatively sharp (see Fig. D.2(a)). The shift and reshaping of

these two lines as a function of temperature and pressure allows an accurate

estimation of the experimental conditions.

In order to determine the e�ective pressure in each experimental run accu-

rately, the temperature of the sample must be known �rst. A possible reliable

reading can be obtained by looking at the blue shift of the emission lines at

ambient pressure for colder temperatures. Figure D.2(b) reports the shift of

the two lines measured from room temperature down to a few Kelvin. As

the temperature approaches 100 K the two lines become less sensitive and

the retrieval of the temperature becomes inaccurate [133].

Besides the peak positions, there is considerably more information available

in the standard ruby pressure measurement: the splitting ∆, the widths δR1

and δR2 and the intensities I1 and I2. Central frequency, splitting and widths

of the two R lines can be used above 100 K as a thermometer with a relatively

good accuracy, while for cryogenic temperatures these quantity also become

almost temperature independent [134]. In this case the ratio of the intensities

I1/I2 is preferred for an accurate temperature reading and the temperature

130



D.3. Ruby manometer

can be extracted as [85, 135]

T (K) =
∆

kB
· 1

ln(ηI1/I2)
, (D.1)

where η is the ratio of the quantum e�ciency of the R2 to the R1 transition

for kBT > ∆. In the same way as the splitting ∆, the e�ciency η does

not vary signi�cantly below 100 K, and their values are thus constant terms

∆/kB = 42 K, η = 0.65 [136].

In the experiment reported in Chapter 5, the linear shift of the R lines of

the rubies put on the top surface of the DAC has been used to retrieve the

temperature above 100 K, while below this temperature value the ratio of

the intensities has been used.

Once the temperature is known, the red shift of the R1 ruby line with respect

to the calibrated position provides an accurate measurement of the pressure.

Figure D.2(c) displays the position of the R1 line as a function of pressure at

room temperature. The pressure value can be extracted from [137, 138, 84]:

P (GPa) =
A

B

[(
λ

λ0

)B
− 1

]
, (D.2)

where A and B are experimentally determined, equal to 1904 GPa and 7.665

respectively in quasi-hydrostatic conditions [84].
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Models to retrieve the optical properties from

THz-TDS

In the experiment reported in this thesis, the stationary electric �eld re-

�ected by the sample, ER(t), and the pump-induced changes, ∆ER(t, τ) =

Epumpon
R (t, τ)− ER(t), were measured at several pump-probe delays τ .

For the case of narrow THz probe pulses, these two re�ected pulses have

been acquired one after the other [122, 23], while in the experiment with

the extended broad THz pulses the electro-optic signal has been sampled

simultaneously with two lock-in ampli�ers [139]. The advantage of a double

lock-in ampli�er detection scheme, properly calibrated, relies on the fact that

simultaneous measurements of the light-induced changes and the reference

electric �eld allow avoiding the introduction of possible phase artefacts. This

aspect becomes of severe relevance when the measured electric �eld contains

fast-varying frequencies.

By Fourier transforming the temporal signals with respect to the time co-

ordinate t, the complex-valued frequency dependent ER(ω) and ∆ER(ω, τ)

have been obtained.

To retrieve the light-induced changes in the sample, �rst the complex Fresnel

re�ection coe�cient of the photo-excited material, r(ω, τ), has been deter-
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Figure E.1: (a) Schematics of pump-probe penetration depth mismatch.
(b) Multi-layer model with exponential decay used to calculate the pump-
induced changes in the complex refractive index n(ω, τ).

mined as
∆ER(ω, τ)

ER(ω)
=
r(ω, τ)− r0(ω)

r0(ω)
, (E.1)

where r0(ω) is the complex equilibrium value, extracted from the static re-

�ectivity measurements (see Appendix B).

As the penetration depth of the MIR pump and of the THz probe are quite

di�erent, 700-800 nm and 150-200 nm respectively (see Fig E.1(a)), the

"raw" light-induced changes were then reprocessed, for a more accurate esti-

mate. Importantly, this renormalisation only a�ects the size of the response,

whereas the qualitative changes in the optical properties are independent of

it and of the speci�c model chosen to account for penetration depth mis-

match.

All the spectra shown in Chapter 4 and 5 have been retrieved by treating

the excited surface as a stack of thin layers with a homogeneous refractive

index and describing the excitation pro�le by an exponential decay (see Fig.

E.1(b)). By calculating the coupled Fresnel equations of a such multi-layer

system, the complex refractive index at the surface, n(ω, τ), can be retrieved,

and from this the complex conductivity σ(ω, τ) for a volume that is homo-

geneously transformed.
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