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Abstract

The manipulation of matter with ultrashort laser pulses is a relevant research
field from both a fundamental and an applied perspective, owing to the efficient
coupling to the electronic degrees of freedom on femtosecond timescales and the
ability to induce transient phases that cannot be realized in equilibrium scenarios.
Strongly correlated materials are a natural environment for the observation of such
novel and emergent out-of-equilibrium physics because small modifications to the
electron-electron interactions can induce transitions between remarkably different
macroscopic phases. One of the most effective means of modifying the effective
electron-electron interactions is to perturb the crystal structure through pressure,
strain or even light. However, it remains largely unexplored how perturbing the
structural degrees of freedom affects the electron dynamics of the transiently driven
states and how the interplay of correlations and electron-lattice interactions de-
termine the intrinsic timescales of these nonequilibrium states.

This thesis investigates how to control the light-induced nonequilibrium electronic
properties in strongly correlated organics, that are highly tunable with moder-
ate variations of external parameters, by perturbing their structural degrees of
freedom, either via static pressures or vibrational excitation. We study the role
of correlations in determining the relaxation rate of holes (holons) and double
occupancies (doublons) in a solid state Mott insulator, the ET-FyTCNQ), driven
across a transient insulator-to-metal transition. By mapping holon-doublon life-
times onto the ground-state electronic interactions, we found that the decay rate
of the photoinjected quasiparticles depends on the degree of correlation between
carriers and is affected by the presence of a competition between local recombina-
tion and delocalization of holon-doublon pairs.

By optically controlling the effective correlations in organic molecular crystals
through vibrational excitations, we then show the possibility of driving a super-
conducting phase transition by transiently perturbing those degrees of freedom
that mediate the pairing interaction. We select the molecular solid K3Cg, a well
characterized superconductor at relatively high temperatures (7,=19.8 K) in which
high-energy intramolecular vibrations are considered as key for the Cooper pair-
ing. When driven with strong midinfrared fields resonantly tuned to infrared ac-
tive intramolecular vibrations, we induce a short-lived transient state with striking
superconducting-like optical properties above the equilibrium transition tempera-

ture and up to 100 K, five times the equilibrium 7,.. We explain the appearance of



this superconducting-like behavior in terms of light-induced structural distortions
capable to induce changes in the onsite Coulomb correlation and in the electron-

phonon coupling.



Zusammenfassung

Die Manipulation und Kontrolle kondensierter Materie mittels ultrakurzer Laser-
pulse entwickelt sich zu einem immer wichtigeren Forschungsfeld. Seine Relevanz
zeigt sich sowohl in der Grundlagenforschung zu fundamentalen und intrinsis-
chen Zeitskalen von Anregungen in Festkorpern, als auch aus der angewandten
Perspektive optisch geschalteter Zusténde, deren Mechanismen neue funktionelle
Materialien erlauben. Dies liegt zum einen an der effizienten Kopplung der Licht-
pulse an die elektronischen Freiheitsgrade im Festkorper auf einer Femtosekunden-
Zeitskala, die ultraschnelle Schaltvorginge ermdoglicht, und zum Anderen an der
Moglichkeit, neue transiente Phasen zu stabilisieren, die sich als Gleichgewicht-
szustdnde nicht realisieren lassen.

Stark korrelierte Materialien bieten ideale Voraussetzungen fiir die Beobachtung
und Realisierung solch neuartiger Nichtgleichgewichtsphanomene, da bereits klein-
ste Anderungen der dominierenden Elektron-Elektron-Wechselwirkung Ubergéinge
zwischen unterschiedlichen makroskopischen Phasen (isolierend, metallisch, supralei-
tend, anti-, oder ferromagnetisch, ...) induzieren konnen.

Im thermodynamischen Gleichgewicht lédsst sich die effektive Elektron-Elektron-
Wechselwirkung durch externe Parameter wie Druck, Dehnung, oder magnetische
und elektrische Felder sowie durch eine chemische Dotierung der Kristallstruktur
und im Nichtgleichgewicht auch durch optische Anregung beeinflussen. Dabei ist
der Einfluss der strukturellen und vibronischen Freiheitsgrade auf die elektronische
Dynamik der transienten Zusténden und die transienten effektiven elektronischen
Wechselwirkungen noch weitestgehend unverstanden.

Diese Arbeit befasst sich mit der lichtinduzierten Nichtgleichwichtsdynamik und
neuartigen dynamisch induzierten Zustédnden in stark korrelierten organischen
Quantenmaterialien. Dazu werden die elektronischen sowie strukturellen Wechsel-
wirkungen in Molekiilkristallen sowohl durch statischen Druck als auch dynamisch
mittels Anregung bestimmter Molekiilschwingungen kontrolliert. Der Einfluss der
elektronischen Wechselwirkungen auf diese Dynamik wird dabei durch die Relax-
ationsrate photoinduzierter Quasiteilchen, so genannten Dublonen-(doppelt be-
setzter Elektronenzustinde) Loch-Paare in dem Mott-Isolator ET-FyTCNQ bes-
timmt. Dieser wird mittels Photodotierung durch angeregte Elektronen von einem
Isolator zu einem transienten Metall getrieben. Das Anlegen eines duferen Drucks
fiihrt zu einer gezielten Variation der elektronischen Wechselwirkungen des Grundzu-

standes durch den die Lebensdauer des photoinduzierten Zustandes beeinflusst



werden kann. Damit lasst sich nachweisen, dass die Zerfallsrate der angeregten
Quasiteilchen von der Stirke der elektronischen Wechselwirkungen zwischen den
Ladungstréagern abhéngt, und dass dadurch mafgeblich das Verhaltnis zwischen
lokaler Rekombination und Delokalisierung der angeregten Dublonen-Loch Paare
bestimmt wird.

Eine direkte optische Kontrolle solch effektiver Wechselwirkungen in organischen
molekularen Kristallen lasst sich durch Anregung lokaler Molekiilschwingungen
erreichen. Dies zeigt neue Moglichkeiten fiir lichtinduzierte Phasentibergénge, ins-
besondere in supraleitende Phasen, auf. Letztere lassen sich durch eine dynamis-
che Modulation der elektronischen und vibronischen Freiheitsgrade erreichen, die
fiir die Bildung supraleitendender Cooper-Paare relevant sind. Hierfiir wéhlen
wir den supraleitenden organischen Molekiilkristall K3Cgy. Fiir seine, im Rah-
men der BCS-Theorie, relativ hohe Sprungtemperatur von 7,=19.8 K werden
hochenergetische Molekiilschwingungen verantwortlich gemacht. Es wird gezeigt,
dass eine resonante Anregung bestimmter molekularer Schwingungen mit ultra-
kurzen Lichtpulsen hoher Feldstérke das induzieren eines kurzlebigen transienten
Zustandes mit eindrucksvollen Supraleiter-artigen optischen Eigenschaften ober-
halb der Sprungtemperatur erlaubt. Dieser transiente supraleitende Zustand kann
bis zu 100K, der fiinffachen Sprungtemperatur des Gleichgewichts-Grundzustand,
induziert werden. Das Auftreten dieses spektakuldren Nichtsgleichgewichtszus-
tandes wird im Sinne einer lichtinduzierten strukturellen und nichtlinearen Verz-
errung des Kristallgitters diskutiert, die fahig ist, eine Verdnderung der lokalen
elektronischen Wechselwirkungen und der Elektron-Phonon Wechselwirkung zu

generieren.
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Introduction

Emergent dynamics in strongly correlated solids

The development of ultrashort laser pulses, with typical durations ranging from
hundreds of femtoseconds down to the attosecond regime [1-3|, opened new routes
towards the control of condensed matter. Ultrafast laser light can indeed be used to
induce phase transitions, like insulator-to-metal [4-10], superconductor-to-normal
state [11, 12| and order-disorder ones [13-16], that are of interest from both an
applied and a fundamental point of view. These phase transitions are often differ-
ing from their equilibrium analogues because they happen on timescales that are
limited by the response of the electronic/lattice subsystem and they can involve
transient states that are not encountered in equilibrium conditions [7, 17-19].
From an applied point of view, the capability to induce phase transitions and to
control the electronic properties of solids on ultrashort timescales is of importance
towards the realization of an wultrafast bi-directional switch with a response time
of a few fs, that could improve by several orders of magnitude our current com-
putational capabilities and impact on our lives like the invention of the transistor
did [20]. Light pulses can nowadays match these timescales and some important
steps have been taken towards this goal [19, 21, 22|, making it a realistic target in
the coming years.

From a basic perspective, the perturbation of electronic states on their fundamen-
tal timescales led to a variety of emergent phenomena. Photo-excited states are
emergent when resulting from a transient change of the many-body interactions
within the electronic subsystem and exhibiting properties at variance with the ones
normally present in their equilibrium phase diagrams. A natural testbed for the
exploration of this non-equilibrium physics is represented by strongly correlated
materials, where the interplay between charge, spin, and lattice degrees of freedom

produces various competing ground states already in equilibrium conditions, and
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where the possibilities of material engineering are enormous. In these materials,
unlike band insulators and semiconductors, the electronic properties are derived
from strong interactions among electrons and this usually leads to cooperative and
colossal responses [23-26].

In the equilibrium physics of strongly correlated materials, the main procedure
to access broken symmetry states emerging from collective electronic interactions
such as Mott insulating, antiferromagnetic or superconducting states, is to tune ex-
ternal parameters like pressure (acting on the lattice spacing), temperature (acting
on thermal fluctuations), chemical doping or gating (modifying the band filling).
In non-equilibrium phase transitions, changes in these parameters are often in-
duced in the form of abrupt quantum quenches, that involve a dramatic change of
the many-body interactions on very short timescales, and only recently adequate
tools for their theoretical understanding (like nonequilibrium Dynamical Mean
Field Theory, time-dependent Density Matrix Renormalization Group or quan-
tum Boltzmann equations) have been developed [27-35|. A crucial open problem
in this field is, for example, to understand under which conditions it is possible
to stabilize a long range order (like a charge ordered state or superconductivity)
starting from a higher symmetry state. While the converse is relatively simple,
the need for a bidirectional switch requires a complete control of the capability to
break a symmetry transiently and on demand.

An important example of light-induced emergent behavior are the so called "hid-
den phases", namely transient states that are not accessible through adiabatic
variation of parameters like temperature and pressure in their ground state phase
diagram [17-19]. Photo-induced phase transitions can be achieved through differ-
ent mechanisms, that involve different excitation energies. A very common one is
based on heating the electrons and move them from an already broken symmetry
state towards a different symmetry. This procedure, also referred as photodoping,
requires photon energies high enough to induce electronic hopping above possible
gap energies and a very practical choice is to use visible or near infrared light
[10, 36-42]

An alternative and more intriguing route is, instead, to induce a collective mo-
tion of both the electrons and the lattice through vibrational degrees of freedom.
Structural modes can indeed be used as means to trigger photoinduced phase
transitions and act as additional tuning knobs for the macroscopic control of the
electronic properties [43-52]. The pump-light in this case has to be resonant to

the phonon frequencies and is, therefore, falling in the midinfrared /THz region of
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the electromagnetic spectrum. Being the energies involved much lower than the
ones used in photodoping, these pulses are not directly heating the material as in
most optical experiments [53]. This method was proved particularly effective in
inducing transient phase transitions in strongly correlated materials like cuprates
[46, 48, 49, 54|, manganites [43, 44|, oxide heterostructures [47] and organic com-
pounds [51].

A third novel protocol for the control of solids is the gating with strong quasi-static
fields in the THz region that is of obvious interest for the development of faster
and more efficient electronics. Recent experiments in cuprates [21, 55| showed
that strong THz pulses can bidirectionally trigger the superconducting transi-
tion while in conventional superconductor allowed the observation of nonthermal
superconductor-to-normal transitions and of the amplitude mode associated with
these transitions [12, 56, 57].

We now introduce the two main problems investigated in this thesis work.

Phase transition timescales in strongly correlated solids

A first important problem in photoinduced phenomena is to determine the connec-
tion between the decay of the transient phase and the effective interactions (like
Coulomb repulsion, exchange interaction and electronic hopping) of the ground
state. Its solution is essential in order to stabilize the photoinduced states and
allow predictive knowledge of their timescales.
A rough estimate of the timescales associated to relevant phenomena in condensed
matter directly follows from an analogy with the Heisenberg uncertainty principle
[58, 59|

AEAT ~ h, (1)

where AF indicates the magnitude of the energy scale involved in a physical pro-
cess, while A7 quantifies its characteristic time scale.
Low energy electronic phenomena, like collective modes and orderings, have in-
trinsically slower timescales than electron hopping or exchange phenomena, which
involve instead much higher energy scales. A simplified overview of typical energy-
and time-scales in strongly correlated solids, that constitute the main focus of this
thesis work, is reported in Fig. 1.

This estimate can be particularly useful in order to rationalize the timescales as-

sociated with processes, like the photo-induced melting of a gap, and is beautifully
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FI1GURE 1: Characteristic energy and time scales in strongly correlated

materials. Schematic summary of energy and time scales associated with se-

lected relevant physical phenomena in strongly correlated solids. The following

abbreviations are used: FM-ferromagnetic, AF-antiferromagnetic, EF-Fermi en-

ergy, LL-Landau level, SO-spin-orbit, CT- charge transfer. (Adapted from Ref.
[26])

verified in multiple experiments where it is found that gaps with lower energies
(e.g. superconducting or charge density wave) have a melting timescale orders of
magnitude longer than the faster timescales associated to the higher energy Mott
gaps (see Fig. 2) '. One has to consider that eq. (1) also represents a lower
limit to the switching process and emergent effects like competition of different
electronic configurations and couplings between diverse degrees of freedom (like
the electron-phonon one) can significantly modify the relaxation of the transient
phase towards equilibrium.

A prototypical case where the relaxation dynamics is affected by the magnitude
of the electron-electron interactions is the decay of holon-doublon quasiparticles
(holons are empty sites, while doublons are double occupancies in the lattice) in
Mott insulators. So far this problem has been investigated with theoretical meth-
ods [61], that suggested a prominent role of the Coulomb correlation in slowing

the decay of these high-energy excitations, and in pioneering experiments with

!The gap energy is roughly proportional to the excitation density needed in order to melt it.
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FIGURE 2: Melting timescales of electronic gaps as a function of exci-

tation density. Melting timescales of electronic gaps as a function of excitation

density, as measured by time-resolved optical and photoemission spectroscopy

for various superconductors, charge-density—wave systems, and Mott insulators.
From Ref. [60]. Published by The Royal Society of Chemistry.

cold atoms in optical lattices [62, 63| that found evidence for an exponential scal-
ing of the decay times in the ratio between electronic bandwidth (W) and onsite
Coulomb correlation (U).

In this thesis, we report the first experimental observation of the holon-doublon
recombination rate dependence upon variation of the ratio U/WV in a quasi-one
dimensional solid state Mott insulator, the ET-Fo;TCNQ. The variation of the
electronic parameters is achieved by means of pressure-tuning of the lattice (and
therefore of the bandwidth W and of the intersite correlation energy V') and we
are able to observe a clear decrease of the holon-doublon recombination rate with
the increasing ratio (U — V')/W. This experiment, carried out in a solid-state
system where electron-molecular vibrations are important and where Coulomb
correlations are longer ranged with respect to cold atoms experiments, constituted
not only a verification of the quantum simulation in a real solid state system, but
also unveiled the relevance of tunneling between different holon-doublon states in

affecting the global decay of the photoexcited state.
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Manipulating the superconducting phase transition bound-

ary

A promising direction for the development of devices operating on ultrafast timescales
is that associated with the ultrafast control of the superconducting transition. Be-
sides the fascinating properties of this phase of matter, the usefulness of a perfect
conductivity is well established in a variety of applications involving high field
magnets (that necessitate high currents) and low loss power lines and each step
towards an increase of the critical temperature can disclose new applications and
scale up the usage of superconductor-based technologies. In the perspective of an
ultrafast switch, a fast transition process between an ohmic and a superconducting
behavior is of high interest and intense experimental efforts have been already de-
voted towards its control on short timescales and the search for a route to increase
T. |21, 46, 48, 50, 54|.

High-temperature superconducting cuprates have been a natural candidate for the
attempts to induce and stabilize superconductivity with strong light pulses, since
they already offer high equilibrium critical temperatures. In this case, the tech-
nique used to stimulate superconductivity and try to enhance T, has been the
one of resonant-phonon excitation: light pulses resonantly tuned to relevant Cu-
O modes of the cuprate lattice (in compounds like YBayCuzO7_s [48, 50, 54| and
Lay g, FEug2Sr,CuOy [46]) in order to modulate the relative orientation of the oxy-
gen octahedra, led to the observation of a transient behavior compatible with a su-
perconductor above the equilibrium 7. The mechanism associated to these exper-
imental observations is still under investigation. While for La; g_,FEug2Sr,CuQy,
it has been first assumed that the crucial role of the light pulse was to melt and
remove a competing order (stripe order in this case) detrimental to the onset of
superconductivity, see the phase diagram in Fig. 3, the observation of a similar
phenomenon in underdoped YBay,CusO7_s5 compounds, where the superconduct-
ing dome is already quite robust, suggests perhaps a different interpretation based
on light-induced redistribution of interlayer Josephson coupling [48, 50].

In this thesis work, we try to deepen our understanding on this light-matter in-
teraction by driving lattice vibrations in a more conventional superconductor,
the organic molecular solid K3Cgy, where lattice vibrations of the Cgy molecules
are known to be important for the onset of the superconducting state. We find
that under resonant excitation conditions, the normal state of K3Cgy develops

superconducting-like features in the optical spectrum for temperatures as high as
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From Ref. [46]. Reprinted with permission from AAAS.

100 K and we discuss the possible role of large amplitude molecular distortions
in determining these observations. These findings may be relevant for both the
achievement of switching capabilities of the superconducting phase and for possible

engineering of improved molecular superconductors at equilibrium.

Structure of the Thesis

The first chapter provides a short introduction to the physics of organic molecular
solids and their correlated behavior. Chapter 2 and 3 introduce the materials
investigated, (ET-Fo;TCNQ and K3Cgg), their equilibrium and non-equilibrium
physics, in order to define concepts and problems studied in this work. Chapters
4 and 5 represent the main results of this thesis and can be read independently.

Experimental methods and protocols are reported in Appendix A.






Chapter 1

Organics as model systems for

strongly correlated materials

This chapter briefly introduces organic molecular solids and their experimental
phase diagrams with a particular emphasis on the presence of strong correlations.
The experimentally observed phase transitions are, therefore, discussed in terms
of a simple Hubbard Hamiltonian and for different dimensionality. The ending of
the chapter is, instead, devoted to a short overview of photoinduced phase tran-
sitions in some well studies organic systems and their connection to the relevant

interactions in these solids.

1.1 Organic molecular crystals and their phase di-

agrams

An important class of materials for contemporary condensed matter research is
the one of organic molecular solids. Among the reasons that attracted increasing
efforts in this research field is the fact that the physics of organics spans from
Mott-Hubbard transitions [64-71], to low dimensionality [66, 72-79], several low-
temperature broken symmetry states [66, 73, 80|, like antiferromagnetism, charge
and spin density waves [81-87|, possible spin liquids [88-90] and, last but not least,
superconductivity [65, 73, 82, 91, 92|, sometimes with unconventional symmetries
and properties [93-96].

Unlike normal solids, these crystals are constituted by a periodic arrangement of

9
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organic molecules sitting at each lattice position and this translates into a coexis-
tence of long-range crystalline order coupled to a local order at each site.

In Fig. 1.1 we show a schematic structure of a molecular crystal (the quasi-1D

BEDT-TTF

FIGURE 1.1: Sample structure of an organic molecular solid. Structure

of an organic molecular solid (the quasi-1D compound (BEDT-TTF)-Fy;TCNQ)

over multiple unit cells. Each large sphere represents a molecule while the small

spheres on the right are the atoms present in each molecular arrangement. H
atoms and bonds are omitted for clarity.

compound (BEDT-TTF)-F;TCNQ) over 4 unit cells in order to show the molec-
ular arrangement in the crystalline structure.

The first and most important consequence of this structural character is that while
in normal solids the atomic bonds along the whole crystal structure are usually
covalent, ionic or metallic, in molecular solids the local molecular structure often
involves covalent bonds but long range order is, instead, achieved through weaker
bonds of van der Waals, or hydrogenic type [97].

From this difference, unlike most solids, molecular crystals manifest a clear hi-
erarchy of energy scales both in the electronic excitations and in the vibrational
ones. A higher energy scale is the one related to intramolecular excitations (elec-
tronic molecular transitions and molecular vibrations), while at lower energy in-
termolecular excitations (intermolecular hopping and phonons) are found.

Two scales are also present in the nearest-neighbor atomic separation, with atom-
atom distances between different molecules being larger than the average atom-
atom distance in the molecule.

This means that the bandwidth W, roughly proportional to the reciprocal of the

intermolecular distance d, will be generally narrower than in normal solids and
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the electrons of the highest occupied molecular orbitals (HOMO) will be prone to
develop correlated states [64-71, 98].

A large fraction of organic molecular solids belongs to the class of charge-transfer
complexes, namely molecular crystals constituted by at least two different molec-
ular units where one is an electron donor and the other one an electron accep-
tor [82, 99]. When electron transfer occurs between the donor and the acceptor
molecule, provided that the crystal symmetry and the degree of electron trans-
fer are appropriate in equilibrium conditions, the resulting solid has an unfilled
band. In some cases, this leads to a conducting or semiconducting state !, but in a
number of systems 2 the electronic correlations, combined to the very narrow band-
widths, give rise to a Mott insulating state. Many members of the organics family
thus represent a physical realization of strongly correlated systems and, because
of their tunability, they can be used as an ideal playground for the experimental
investigation of Mott-Hubbard physics and of a number of phase transitions.
This entire class of materials is, indeed, highly tunable both in dimensionality and
in interaction strength. The dimensionality D of the electrodynamics is mainly de-
fined by the relative ratios between hopping amplitudes along different structural
directions, while the relative interaction strength U/W is simultaneously defined
by both the molecular orbital details (through the onsite Coulomb repulsion U)
and the intermolecular bandwidth W. These parameters can be varied either by
chemical substitution in the structure or by applying an external pressure. In both
cases, these materials are extremely flexible because of the great variety of base
molecules available for their synthesis (see for examples Refs. [82, 91]) and the
large compressibility (and hence tunability) deriving from their weak intermolec-
ular bonds. In order to better appreciate the variety of ground states offered by
these solids, we report in Fig. 1.2 the (p,T') phase diagrams of some of the most
important and investigated families of organics: the alkali fullerides A3Cgq [87],
the kappa salts k-(BEDT-TTF),X [100], and the Bechgaard salts (TMTTF),X
(or (TMTSF),X) [78].

The choice of this kind of phase diagram is motivated by the fact that pressure (as
well as chemical doping) is a powerful tuning knob for the degree of correlation of
materials, by acting on the effective interaction U/W, while temperature acts on

the systems through their fluctuations.

ILike in #-(BEDT-TTF)sl5, #-(BEDT-TTF),Cu(NCS)s, (TMTSF),ClO,, (TMTSF),PFg,
K;3Ce0, Rb3Cgp-

2Examples are s-(BEDT-TTF)Cu|N(CN)|Cl, (TMTTF),SbFs, (TMTTF)2AsFs, and
Cs3Cep.
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These three families exhibit different effective dimensionality ? thanks to their di-
verse lattice symmetry and molecular structures (that in turn define the hopping
integrals along the crystalline axes) and a direct comparison of these phase dia-
grams can reveal interesting features.

The first important observation to be made is that, independent of dimensionality,
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FiGURE 1.2: Phase diagrams of different organics families Pressure-
Temperature (p, T') phase diagrams for three different families of organic molecu-
lar solids with different dimensionality: the alkali fullerides A3Cg (adapted from
Ref. [87]), the kappa salts k-(BEDT-TTF),X (adapted from Ref. [100]), and the
Bechgaard salts (TMTTF)2X (or (TMTSF)2X) (adapted from Ref. [78]). in this
picture we use the following abbreviations: (PI)-paramagnetic insulator, (PM)-
paramagnetic Metal, (AFI)-Antiferromagnetic insulator, (SC)-superconductor,
(CO)-charge order, (SP)-Spin Peierls insulator, (SDW)-spin density wave.

at high temperature (higher energies) all the compounds exhibit a paramagnetic
insulating (PI) and a paramagnetic metallic (PM) phase upon variation of mechan-
ical or chemical pressure (or, equivalently, of the effective correlation U/W). The
transition between these two states occurs either through a crossover or through
a first-order insulator-to-metal transition, depending on the temperature. Since
these compounds are all half filled, the material is expected to remain metallic and
the relatively high temperature of the transition (approximately up to 100 K) sug-
gests a role of purely electronic degrees of freedom. As we will see in the following,
this insulator-to-metal transition is one of the most spectacular manifestations of
strong correlations in solids and constitutes a first common pattern linking these

very different material families.

3A3Cqo are three-dimensional systems, the kappa salts k-(BEDT-TTF),X have a two-
dimensional structure, while the Bechgaard salts (TMTTF)2X (or (TMTSF)3X) have effectively
one-dimensional ground states in part of their phase diagram.
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A second important common feature is that at lower temperatures and for all the
different dimensionality one can find an antiferromagnetic instability on the insu-
lating side of the phase diagram, while at higher pressures (or different chemical
doping) a superconducting dome is found in its proximity.

This latter finding is also suggestive of the importance of strong correlations and
triggered an intensive research activity because of its similarity with the cuprate
phase diagrams (see Refs. [67, 101, 102] and references therein). Most importantly,
the study of the interplay between electron-electron correlations and superconduc-
tivity is a fundamental theme in this field [25, 101-103] (and references therein).

As the dimensionality is reduced, the superconductive instability occurs at lower
temperatures and in the one dimensional compounds (TMTTF)/(TMTSF),X it
is just one among additional competing ground states. In particular, the spin de-
grees of freedom play an important role, ultimately leading to spin ordered states
like the spin-Peierls one or the spin density wave [76, 84].

Moreover, in these compounds pressure acts also as a symmetrizing parameter that
increases the effective dimensionality of the quasi 1D solid (by reducing the dif-
ference between different axial hopping elements) and pushes the material across
a progressive crossover towards a tridimensional conductor [84].

Based on these observations, we can conclude that organic molecular crystals ex-
hibit a wide variety of ground states with common trends among families based on
very different molecular constituents and/or dimensionality. The phase diagrams
in Fig. 1.2 highlight a strong dependence of the crystalline ground states upon
the ratio U/W and definitely give an impression about the degree of tunability of
these compounds. It is sufficient to mention that the relevant pressure scales in
Fig. 1.2 are measured in kbars, i.e. on average much lower than the corresponding
pressure scales of transition metal oxides (e.g. VO [104, 105], or V5,03 [106])
or cuprates (e.g. Ref. [107]). This implies that by reaching a certain maximum
experimental pressure, the surface of phase diagram (and the corresponding U/W
value) that can be covered in the average organic solid is far higher than in the

aforementioned inorganic compounds.
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1.2 Understanding the phase diagrams of strongly

correlated electron systems

Strongly correlated materials are both fascinating and difficult to study because
the electrons are interacting through their Coulomb repulsion and the behavior
of each particle is at some degree determined by the dynamics of the surrounding
electronic distribution.

The simplest model Hamiltonian that can be used to understand correlations in
solids is the one introduced by Hubbard for spin 1/2 fermions in a single band on
a cubic lattice [108]

H= —tz (czociﬂg + H.c.) + UZ”@'T”H (1.1)

where ¢/ and ¢;, are the electron creation and annihilation operators and n;, =
¢! ¢i, is the usual number operator. The index 4 runs over the lattice sites, o is
the spin index. The first term describes the electronic hopping between nearest-
neighboring lattice sites with an energy scale ¢, while the second term approximates
the Coulomb repulsion integral with a fully screened interaction that retains only
the onsite term U, i.e. two electrons feel each other only when sitting on the very
same lattice site with a different spin configuration and U is the characteristic
energy scale of this electronic repulsion?. The hopping term promotes, indeed,
electron delocalization within the lattice, while the Coulomb repulsion makes the
hopping on filled neighboring sites energetically unfavorable.

The bandwidth, often used as a reference scale for the relevant interaction energies,
is defined as W = 2zt, where z is the number of nearest neighbors [23]. In order to

keep the analysis simple, we will always refer to an hypercubic bipartite lattice at

4In some cases the onsite approximation for the Coulomb interaction is too crude, e.g. when
the screening is less effective, and it is necessary to include additional interaction terms that take
into account the electronic repulsion among particles sitting on nearest-neighboring sites (V4),
on next-nearest-neighboring sites (2) and so on.
In this case, one talks about extended Hubbard models and they can be cast into the following
form

H= —tz (cjﬂci+lg + HC) + UZTLZ'T'H“ + Vi aniH + V2 anHQ + .., (12)

with n; = n41 + n;;. Normally the magnitude of the V; integrals decreases with the increasing
distance among charges and quite often only the first term is retained.
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half-filling® and we consider a dimensionality D > 2. The cases D =2 and D = 1
are discussed separately at the end of the section.

Despite its apparent simplicity, the Hubbard model is not easily solvable because
it is constituted of a hopping term diagonal in reciprocal space and an interaction
term diagonal in real space and has been solved, so far, only in dimensionality
D =1 [109] and D = oo [110, 111].

The main tuning parameters for this simple model are:

e filling, i.e. number of electrons per site;

e interaction strength (or Mottness) U/W, where W is the bandwidth.

Two interesting exact limiting cases of the Hubbard model at half filling are the
Fermi-gas limit (U = 0) and the atomic limit (¢ = 0). In the limit of U = 0 the
model reduces to the usual tight binding picture where electrons are delocalized
and a conventional band is formed. Since the band is half-filled, the resulting
ground state is metallic.

In the atomic limit ¢ = 0 the electrons are completely localized and transport
between sites no longer occurs. The obtained ground state is insulating and it
is commonly referred as Mott insulating state. Between the two limits there is a
metal-to-insulator transition (MIT) driven by the competition between hopping
transport and Coulomb repulsion that represents the core transition in the elec-
tronic phase diagram (for a short introduction see Appendix E while a detailed
review can be found in Refs. [111, 112]). The MIT occurs at finite U/W ratio,
i.e. the insulating state is stabilized by the Coulomb repulsion U for increasing ¢
despite the increased mobility of the carriers, and the transition is first-order at
finite temperatures below the critical point. At the critical temperature T, it be-
comes second-order while, for higher temperatures, it becomes a smooth crossover.
In case of higher dimensionality (D > 2), the Hubbard model is unstable against
antiferromagnetic ordering; as a result the temperature-effective interaction phase
diagram (see Fig. 1.3) exhibits an antiferromagnetic insulating region that cov-
ers the metal-insulator transition, so that the only trace left is the crossover ob-
served in the paramagnetic region. In real materials, the antiferromagnetic dome
is strongly suppressed by frustration, but for the purpose of our qualitative argu-

ments we can neglect frustration effects. In the weak coupling region (U — 0) the

When the integer filling condition n = 0,2 is realized, we fall in the case of a trivial band
insulator
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FIGURE 1.3: Temperature vs effective interaction W/U (pressure) phase
diagram of the Hubbard model for a bipartite lattice with D > 2 .
In this diagram, based on dynamical mean field theory (DMFT) calculations,
we can observe three distinct phases, namely a paramagnetic metal (PM), a
paramagnetic insulator (PI), and an antiferromagnetic insulator (AFI). The blue
circles and the blue dashed lines mark the Neél transition temperature. The grey
squares mark, instead the metal to insulator transition while the grey dashed
lines enclose the crossover region associated to this latter instability. All the
temperatures are normalized to the overall bandwidth W. This phase diagram
has been adapted from Ref. [113].

antiferromagnet appears at a Neél temperature Ty o< e="V/V while in the strong
coupling limit U — oo the Neél temperature goes roughly as the superexchange
interaction Ty oc J = 4t?/U ~ W/U. By inspecting the temperature-effective
interaction phase diagram we can notice that the maximum Neél temperature oc-
curs for intermediate couplings, close to the MIT and the associated energy scale
is about twice the MIT critical point.

At lower dimensionalities (D = 1, 2) the scenario is modified because the antiferro-
magnetic transition is no longer allowed for finite temperatures (Mermin-Wagner
theorem [114]) since infinitesimal thermal fluctuations are sufficient to destroy the
magnetic ordering. This implies that in low dimensionality the MIT is completely
exposed for any finite temperature. In addition, the case D = 1 presents a MIT
transition pushed at U/W = 0, hence an arbitrarily small U is sufficient to turn
the ground state into an insulating one [109]. Before summarizing the main phys-

ical features captured by the Hubbard model, it is useful to recall the connection



Chapter 1. Organics as model systems for strongly correlated materials 17

between Hubbard parameters and external pressure. When applying an external
pressure to a solid its lattice constant d will shrink according to a corresponding
equation of state and this will affect the Hubbard parameters U, V, and ¢ in a
different fashion.

In particular, U is an onsite property determined by the orbital details and can be
regarded as pressure-independent for low pressure regimes. The hopping ampli-
tude is instead expected to increase as the overlap between wavefunctions sitting
at different lattice sites is increased by the lattice parameter reduction. As a con-
sequence, also the bandwidth W o t will increase; external pressure can thus be
regarded as roughly proportional to W/U.

The similarity between the experimental (Fig. 1.2, especially (a) and (b)) and the
theoretical phase (Fig. 1.3) diagrams is clear: the Hubbard model can reproduce
a correlation driven MIT and with it both the PM and the PI phases. It also cor-
rectly captures the antiferromagnetic instability, but other ground states clearly
require to go beyond this simple model, e.g. a BCS superconducting instability
requires the inclusion of electron-phonon interactions that have been neglected in

this discussion.

1.3 Ultrafast dynamics in organic molecular solids

Owing to their high degree of tunability and the rich physics reflected by their
phase diagrams, organic molecular compounds opened new research perspectives
in the field of ultrafast optics and nonlinear control of correlated solids,

In this section, we try to give a short (not exhaustive) introduction to the rapidly
evolving field of photoinduced phase transitions in organics. The key concept of a
majority of these experiments is to inject carriers through direct optical excitation
and, possibly, trigger collective responses [9, 99, 115].

Three typical examples for this kind of photoinduced phase transitions in quasi-
1D molecular solids, shown in Fig. 1.4, are the ones occurring in halogen-bridged
nickel-chain compound, [Ni(chxn),Br|Bry (chxn=cyclohexanediamine), in K-TCNQ
(K-tetracyanoquinodimethane), and in tetrathiafulvalene-p-chloranil, TTF-CA [9].
We are going to discuss how, starting with the same excitation protocol (excitation
with short pulses centered at 1.55 €V) different systems can undergo different tran-
sient phase transitions depending on the dominant interactions in the electronic

and lattice subsystems.
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In the case of halogen-bridged nickel-chain compound, the starting ground state is
constituted by an half-filled 1D chain of Ni sites that is insulating due to the large
Coulomb repulsion among the Ni 3d electrons® [9, 115]. The excitation with high
energy (1.55 eV) photons allows hopping processes to overcome the Coulomb repul-
sion and transiently generates electron and hole carriers (see Fig. 1.4). When the
photoexcitation density exceeds 0.1 photons/Ni site, a Drude-like feature appears
in the infrared optical spectrum, signaling the formation of a transient metallic
state that decays with a time constant of approximately 3 picoseconds [115]. The
transition, in this case, is mainly driven by electronic degrees of freedom and rep-
resents an example of ultrafast insulator-to-metal transition.

The second example of photoinduced transition, shown in Fig. 1.4, is the one of
the TTF-CA compound, where one finds 1D chains of donor (D) TTF and accep-
tor (A) CA molecules. The overlap between m molecular orbital (between adiacent
D and A units) is small compared to the Coulomb repulsion (both onsite and be-
tween nearest-neighboring sites), in a way similar to other previously mentioned
compounds [9]. This material is found to be in a so called "neutral" (N) phase
at room temperature (where singlets are formed in the D orbitals, while the A
orbitals are empty), while below a 7.=81 K [116-119] it undergoes a phase transi-
tion towards an "ionic" phase (I) where both A and D orbitals are half-filled and
dimerized (SP distorted). The neutral and ionic phases are almost degenerate and
it has been found that light excitation at 1.55 eV can induce a transition between
these two phases [120-126] by allowing electron hopping from the donor to the
acceptor sites (and the opposite). The transition can be, in this case, bidirectional
[9] and involves a massive structural rearrangement of approximately 100 DA pairs
per photon [120]. In this transition, electron-lattice interactions are playing a role
as important as the one of electron-electron ones, and, differently from the first
example, here a structural change associated with the excitation of electronic hop-
ping processes is observed.

The third system, K-TCNQ, Fig. 1.4, also forms 1D chains made of TCNQ~
molecules with spin 1/2. The ground state of this system is a Mott insulator and
exhibits a Spin-Peierls (SP) transition that leads to a dimerization of the TCNQ™
molecules |9, 127-129]. When pumping the system with 1.55 eV photons, inter-
molecular hopping processes are promoted and the spin-singlet states present in
the SP phase are perturbed. Since the magnetic gain associated to the singlet state

is essential in stabilizing the the SP phase, the photoexcitation leads to a melting

6The ions in this compound are in the oxidation states Ni*t and Br—
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of the SP state, i.e. a removal of the dimerization with a structural rearrangement
(with ~20 TCNQ~ molecules displaced per photon) [9] and induces a transition
from the diamagnetic SP phase to a paramagnetic nondistorted phase [9, 128, 129].
This transition is not an insulator-to-metal one, since carriers are localized in po-
laronic absorptions [9, 128, 129]|, but is instead a clear-cut example of collective
transition induced by the coupling between spin and lattice degrees of freedom.
To summarize we presented three cases of photoinduced phase transitions that can

be classified according to the following scheme [9]:

(1) Electronic interactions are more important than electron-lattice and spin-
lattice ones. The transition from phase A to phase B is purely electronic:
the electronic subsystem evolves from a state a to a state b without structural

changes.

(2) Electron-electron interactions are as relevant as electron-lattice (or spin-
lattice interactions). The transition from phase A to phase B occurs first
in the electronic subsystem, that goes from the state a to b, and, after the
electronic transition, also the lattice evolves from a state a’ to a state b’ due

to electron-lattice (or spin-lattice) interactions.

(3) Electron-lattice (or spin-lattice) interactions are dominant over electron-
electron interactions. The transition from phase A to phase B occurs first in
the lattice subsystem (going from a’ to '), then the electrons are driven by

electron-lattice (or spin-lattice interaction) into the transition from a to b.

As visible in Fig. 1.4, the transition in halogen-bridged nickel-chain compound
belongs to the first case of this list, while the one in TTF-CA to the second and
the K-TCNQ to the third case. This classification allows to appreciate how impor-
tant is the role of effective interactions in defining the nature of the photoinduced
phase transitions and how organic materials can provide a flexible environment
for the study of these dynamical phenomena.

We now focus on further implications of electron-lattice interactions (i.e. electron-
phonon coupling or electron-molecular vibration coupling) in the photoinduced
phase transitions. The crucial observation to be made is that in many charge-
transfer complexes the molecular structure is strongly coupled to the degree of
charge-transfer; from an intuitive point of view, if the charge density in a certain
region of a molecule is larger, the bonds in that region will be stiffer (if not dis-

torted) due to the presence of the electronic cloud. This can in turn translate in a
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significant change of the vibrational mode energies and intensities. When dealing
with a material where electron-lattice interactions are important, the excitation of
electrons at the charge-transfer energy can modulate the electronic density in the
molecular orbitals (i.e. the charge-transfer) and trigger a response of the lattice,
that can evolve into transient states with different properties with respect to the
equilibrium phases, i.e. hidden phases.

A clear example of hidden phase resulting from the photoexcitation of the molec-
ular charge-transfer is found in the (EDO-TTF);PFg compound. This organic
molecular solid is a quasi-1D system that undergoes an equilibrium metal-to-
insulator transition when cooled below 280 K [7, 99, 130]. At the transition the
charge-transfer is varied from a charge of +0.5 per EDO-TTF molecule in the
metallic state to alternate dimers with charge 0 and +1 in the low temperature
phase. In the two phases, due to the electron-lattice interaction the shape of the
molecules is strongly affected by their charge: bent (0 charge), nearly flat (charge
+0.5¢), and flat (charge +1e). When pumping the low temperature insulating
state with 1.55 eV photons, this compound first (after 40 fs) accesses a transient
state a new charge-ordered state, shown in Fig. 1.5, that melts after approximately
100 ps towards the high temperature phase. The differences between the molec-
ular arrangements in the equilibrium transition and in the photoinduced phase
transition are shown in Fig. 1.5.

A second, subtle implication of the coupling between charge-transfer and vibra-
tional degrees of freedom is instead associated to the possibility of manipulating
the effective interactions, the correlations of these solids. An experiment in this
direction has been performed by Iwai and coworkers [131] on the well known class
of two dimensional k-(BEDT-TTF),Cu[N(CN),|X (X=Br, Cl) (see phase diagram
in Fig. 1.2) and proved the possibility to induce an insulator-to-metal transition in
the Br compound due to an effective modulation of the correlation energy U [131].
The compound k-(BEDT-TTF)yCu[N(CN)y|Br in equilibrium conditions shows
an insulator-to-metal transition upon substitution of hydrogen (metal) with deu-
terium (insulator) and for a T<50 K. The (BEDT-TTF) molecules in the unit cell
are dimerized (see Fig. 1.6a) and one needs to distinguish between intradimer and
interdimer energy scales. The effective correlation that drives the Mott transition

is the onsite correlation energy of the dimer, that can be expressed as [131, 132]

Loy f1g (Mimer)?

U
Udimer = 5

+ 2tdimer =~ 27fdimera (13>
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FiGURE 1.5: Photoinduced hidden phase in the quasi-1D insulator

(EDO-TTF)2PF¢. Schematic diagram of the thermal (a) and photoinduced (b)

phase transition in the quasi-1D insulator (EDO-TTF),PFg. Black lines stand

for the EDO-TTF units while the numbers indicate the charge transfer state of

each molecule. The relaxation of (b) towards the high-temperature phase is not
shown. (Adapted from Ref. [130]).

when U (onsite BEDT-TTF correlation energy) is significantly larger than the
intradimer hopping integral (fgimer). In this experiment the photoinduced phase
transition (optical spectra compared to the equilibrium transition are shown in
Fig. 1.6b) is obtained by exciting the intradimer transitions at 0.89 eV and, thus,
inducing a displacement of the BEDT-TTF molecules due to electron-molecular
vibration coupling. This displacement decreases the intradimer hopping and, due
to the relation (1.3), the effective dimer correlation energy by approximately 0.4-
0.7%, that corresponds to roughly the same change in Ugjmer needed for the equi-
librium transition [131]. This experiment is conceptually very different from the
former examples and pushes the experimental investigation towards a direct con-
trol of the effective interactions strength (e.g. U/W, V/W) in strongly correlated
electron systems, that is the underlying research line of this thesis work.

An additional way to investigate the relationship between electronic interactions
and photoinduced phase transitions is to tune both the equilibrium and the pho-
toexcited state by means of external pressure. This approach, due to the soft-
ness of most of these organic structures, can be effective in inducing large band-
width changes and structural rearrangements, but so far only a limited number

of nonequilibrium experiments has been carried out (especially when compared to
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FIGURE 1.6: Insulator-to-metal transition and optical modulation of
the onsite correlation energy in xk-(BEDT-TTF);Cu|N(CN)2|Br. Panel
(a) shows the structural arrangement of the BEDT-TTF molecules in the -
(BEDT-TTF)2X lattice (be planes). Red circles mark the BEDT-TTF dimers,
tq represents the intradimer hopping amplitude while ¢ and ¢’ are two interdimer
hopping integrals. Reprinted figure with permission from [89]. Copyright (©)
2012 by the American Physical Society. Panel (b) shows instead the photoin-
duced reflectivity change AR/R for a pump pulse centered at 0.89 eV used to
modulate the intradimer hopping and correlation energy. The inset shows the
equilibrium reflectivity change AR/R between the hydrogen compound (metal)
and the deuterated one (insulator). Reprinted figure with permission from [131].
Copyright (©) 2009 by the American Physical Society.

equiilbrium solid state physics where pressure is routinely employed as a tuning
parameter). Among previous pump-probe studies under pressure, we mention pi-
oneering studies on bismuth (that does not belong to this section and will not be
discussed) [133], on the charge ordered compound a-(BEDT-TTF),I; [134], and
on polydiacetylenes (PDA) like PDA-4BCMU [135]. In the a-(BEDT-TTF),l; a
prompt photoexcitation in the near infrared (0.89 eV) can melt the charge ordered
state by forming microscopic metallic domains (with a size of less than 10 nm).
For strong enough excitations, these domains tend to condense in larger patches
that accomodate the photoinduced molecular rearrangements. Since the domain
size is connected to relative molecular positions, pressure has a strong effect on the
condensation of these microscopic domains into macroscopic ones and, ultimately,
on the lifetime of the photoexcited state [134]. Pressure effects on the lifetime
of the transient states have been measured also in the PDA-4BCMU compound,
where, thanks to the different behavior of the lifetimes in a double exponential
decay, it has been possible to discriminate between in-chain and out of chain re-

laxation processes [135].






Chapter 2

The ET-F>TCNQ as a prototypical

Mott 1nsulator

This chapter, connected to Chapter 4, reviews the structural and electronic prop-
erties of the first material investigated in this thesis work, the quasi-1D Mott
insulator ET-FoTCNQ, that constitutes a neat example of almost ideal Mott
insulator in half-filling conditions and with low electron-phonon coupling. Sev-
eral non-equilibrium experiments focused on the photo-induced insulator-to-metal
transition and on vibrational control are reviewed. The next section describes the
physics of holon-doublon excitations in Mott insulators and the current knowledge
about their generation and decay. At the end of the chapter, we summarize its

content and define the experimental goal within the framework of this thesis.

2.1 The ET-F,;TCNQ Mott Insulator

2.1.1 Crystal structure

The bis-(ethylendithyo)-tetrathiafulvalene-difluorotetracyano-quinodimethane (also
named ET-F,;TCNQ) is an organic salt synthetized in 1997 [136] and belonging
to a broader class of compounds based on the BEDT-TTF molecule as a build-
ing block (e.g. the family of x-(BEDT-TTF);X superconductors). This molec-
ular crystal is made of stacked BEDT-TTF and FyTCNQ (shown in Fig. 2.1b)

molecules that crystallize in a monoclinic cell with space group P2/n and the

25
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following cell parameters [137, 138|
a="58024(14) A b=282032(18) A ¢=25.104(6) A = 95.66°.

The crystal is strongly anisotropic along the elongated c-axis but ET (and FoaTCNQ)

e, OO0

-AQ:‘Q%'\ BEDT-TTF

FIGURE 2.1: Crystal structure of the organic salt ET-FsTCNQ. Panel

(a) depicts the monoclinic unit cell of the organic salt ET-FoTCNQ [138]. Panel

(b) reports the structure of the constituent molecules BEDT-TTF (ET) and

FyTCNQ [138]. Panel (c) and (d) report instead the main intermolecular dis-

tances between nearest neighboring E'T molecules in the ab and ac plane respec-
tively [138].

molecules form chains along the a-axis with a side-by-side disposition [137]. The
molecular arrangement in this solid is referred to as mixed-stack because the molec-
ular chains are alternated along each cell axis normal to them. If we consider a
chain made of molecules of A kind and another of molecules of the B kind, the

stacking configurations seen in the cross-sectional plane are like [139]

Mixed Stack = Segregated Stack =

= o o
Do e ®
= o o
Do e ®
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DI ®
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Unlike other mixed-stack compounds [140], the ET-F;TCNQ has some relevant

structural differences, namely [137]

(1) The intermolecular distance between ET and F;TCNQ is 4.13 A, signifi-
cantly larger than the one observed in other similar mixed stack compounds

(3.3-3.7 A);

(2) The intermolecular S-S separation along the a-axis (in-chain) is on average
3.59 A, i.e. shorter than the twice the van der Waals radius (3.7 A) (see Fig.
2.1d).

In addition, it has to be stressed that ET-molecules lying in different chains are
separated more than 4.3 A (see Fig. 2.1d).
These structural features are crucial in determining the peculiar electronic prop-

erties of this compound, as we will see in the next section.

2.1.2 Electronic properties

The ET-FTCNQ is defined as a charge-transfer (CT) complex, i.e. a compound
where the ET molecules act as acceptors and the FoTCNQ ones as donors. The
orbitals involved in the charge transfer are m molecular orbitals arising from the
hybridization of carbon 2p orbitals on the aromatic rings [82]. Being weaker bound
with respect to in-plane o bonds on the rings, they constitute the highest occupied
molecular orbital (HOMO) and the lowest occupied molecular orbitals (LUMO)
and therefore define the low energy electrodynamics of this solid. In Fig. 2.2
we show the real space charge density in the HOMO and LUMO states over the
ET molecule as determined with the Gaussian code [141] for quantum chemistry
calculations. As visible from the green HOMO orbitals in the figure, the charges
reside mainly in the central bonds of the molecule.

Being a CT complex, an important parameter to be determined is the ionization
state of the acceptor molecule, i.e. what is the effective charge residing in the ET
m HOMO orbital.

Since a correlation exist between the central C-C double bond lengths and the
ionic state of the ET molecule [142], it can be estimated that the ET is completely
ionized in the ET-FoTCNQ!, i.e. the CT is complete.

Following [142] we determined a § = 0.7124 corresponding to a charge +1
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Ficure 2.2: ET-F;TCNQ HOMO-LUMO orbitals. Calculated HOMO
(green) and LUMO (brown) orbitals of the ET molecule. Image kindly provided
by Dr. S. Kaiser.

An important point to be considered is then the effective dimensionality of the
charge transport in this crystal. The structure is strongly anisotropic and, as we
have seen in section 2.1.1, the molecules lying in a same chain have overlapping
van der Waals orbitals, while the overlap between molecules located on different
chains is reduced by the enhanced spatial separation and by the mixed stack
arrangement. This translates into a quasi-1D effective electrodynamics. From
transport measurement, it exhibits a d.c. conductivity of less than 107° Q~tecm~!
at room temperature and shows a temperature behavior also consistent with an
insulator [137]. These features allow us to position the ET-FoTCNQ in the family
of the quasi-1D organic insulators. Additional support to the one-dimensional
electrodynamics picture of this compound comes from infrared spectroscopy (see
Fig. 2.3a). The optical properties between 62 and 3720 meV have been measured
by Hasegawa et al. [137|, finding a strong CT feature only along the a-axis (in-
chain cirection). No CT feature has been detected along the mixed stack column
(b-axis). The experimental observation is consistent with a complete ionization
of the molecules, and thus negligible hybridization between donor and acceptor.
The feature observed in the optical spectra along the a-axis are instead due to the
charge hopping between neighboring in-chain ET molecules [137].

The optical properties show a typical insulating behavior with a gap of roughly
600 meV in the o;(w) and the insulating state is attributed to a Mott-Hubbard
mechanism [137]. A detailed analysis of the optical properties and of their relation
to the material parameters will be presented in Chap. 4. One final remark has to
be made about the electron-phonon coupling. It has been, indeed, verified that this
compound does not undergo a Peierls or spin-Peierls transition at low temperature
[137]. Being a quasi-1D compound, this result points to a low electron-phonon

coupling between HOMO electrons and long range lattice modes. Different is
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FIGURE 2.3: One dimensional electrodynamics in the ET-F,;TCNQ

Mott insulator. Panel (a) shows broadband reflectivity measurements of the

Mott insulator ET-F;TCNQ along its different crystalline axes (adapted from

Ref. [137]). The sharp CT feature at 700 meV is entirely polarized along the

a-axis. Panel (b) shows instead a sketch of the ac-plane that highlights the half-

filled ET-chains along which hopping transport can take place. The molecules
are represented with the same color coding as in Fig. 2.1.

the case of the coupling between electrons and intramolecular vibration (referred
as Electron-Molecular Vibration or EMV coupling), that is known to be present
and important for the explanation of vibrational lineshapes in the equilibrium
optical data, as well as non-equilibrium dynamical effects [49, 51, 143]. From
these observations, we can conclude that the ET-Fs;TCNQ can be regarded as a
model quasi-one dimensional Mott insulator, with low electron-phonon coupling

and negligible interchain interactions.

2.2 Nonequilibrium states and dynamical control

of the ET-F,;TCNQ Mott insulator

One-dimensional systems are particularly attractive from both an experimental
and theoretical point of view, because they can display physical phenomena pecu-
liar to their low dimensionality and they can often be theoretically treated with
analytical methods [76, 82, 84, 144] and powerful numerical methods like Density-
Matrix Renormalization Group (DMRG) [145-147|.

The ET-F,TCNQ, as we have seen in the previous section, provides an almost
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ideal realization of quasi one-dimensional Mott insulator and represents an impor-
tant laboratory for the investigation of the nonequilibrium dynamics of strongly
correlated electrons in real materials. Nonequilibrium experiments carried so far
on the ET-F;TCNQ can be grouped into two different classes. A first class is
focused on the investigation of the melting and recovery of its Mott gap, while
a second class of pump-probe studies is aimed to the control of its many-body

dynamics through a direct action on electronic parameters like onsite correlations.

2.2.1 Mott gap dynamics and transient insulator-to-metal

transition

The experiments performed by Okamoto and coworkers on this compound be-
long to the first class and found the gap melting in the ET-F;TCNQ significantly
and qualitatively different from other quasi-1D organics [38, 129]. When a half-
filled Mott insulator is irradiated with photons having energies of the order of (or
higher than) the onsite correlation U, their absorption can transiently induce hop-
ping between neighboring sites, thus creating quasiparticles and possibly inducing
a transient insulator-to-metal (IMT) transition. Empty and doubly occupied sites
resulting from this excitation process are, respectively, called holons and doublons.
In [38] the ET-F,TCNQ is pumped along the 1D ET chains (a-axis) using 1.55 eV
photons? (130 fs, 1kHz) and its optical properties are probed with tunable light
spanning the 0.08-2.5 eV region.

The core results of this work are reported in Fig. 2.4. Immediately after photo-
excitation®, the reflectivity of the Mott gap is depleted and simultaneously in-
creased roughly below 200 meV (see Fig. 2.4). The decay of the transient re-
flectivity change AR = R(t) — R., follows a double exponential behavior and
the decay dynamics is so fast that after 2 ps the system is almost completely re-
laxed back to equilibrium. The analysis of the transient optical properties reveals
a photoinduced insulator-to-metal phase transition and the corresponding man-
ifestation of a Drude-like behavior at low energy (Fig. 2.4b) irrespective of the
incident pump fluence. This behavior is interpreted as a signature of spin-charge
separation 148, 149|.

Other quasi-1D systems excited with a similar scheme, like SroCuOg [150] or the

2Compared to a 700 meV gap value.
3Wiithin the pulse duration accuracy.
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FIGURE 2.4: Mott gap melting and spin charge separation in the ET-
F>;TCNQ. Panel (a) shows the transient reflectivity changes AR = R(t) — Req of
the ET-F3TCNQ (along its a-axis) after the photoexcitation with 1.55 eV pho-

tons for two different excitation regimes, 0.095 photons/ET molecule (above)

and 0.003 photons/ET molecule. Panel (b) shows a zoom of the experimental

AR (circles) in the low energy region together with an analytical Drude model

calculation (dashed lines). Reprinted figures with permission from [38]. Copy-
right (©) 2007 by the American Physical Society.

parent compound K-TCNQ [128], exhibited, instead, a different nonequilibrium
state with midgap absorptions related to a polaronic behavior, thus confirming
the uniqueness of the ET-FoTCNQ as a model one-dimensional system.

Another relevant experiment on the ET-F;TCNQ focused on the nature of the pho-
toinduced metallic state and on its formation and transient dynamics within the
coherence time of the system. Wall et al., performed pump-probe measurements
with short (~10 fs) pulses at 700 meV energy and polarized along the in-chain CT
axis (a-axis) [10].

As we have seen, after photoexcitation this half-filled system undergoes an IMT
[38] and in real space this results in the creation of a number of holons and dou-
blons. If a nonlocal part of the Coulomb repulsion energy is present (see eq. (1.2)),
these quasiparticles can form excitonic bound states and this will affect the initial
dynamics of the photoexcited carriers. In their experiment, Wall et al. were able
to resolve the delocalization dynamics at timescales shorter than the hopping time
(Thopp ~ R/t = 100 fs) and found that the formation of the transient metallic state

is characterized by an interference between bound and ionized holon-doublon pairs
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FIGURE 2.5: Holon-Doublon interference in the ET-F;TCNQ. Panel (a)
and (b) show respectively the measured and simulated transient o (w) of the ET-
FoTCNQ right after gap-resonant photoecitation. Its spectral weigth oscillates
with a period of approximately 40 fs. Panel (c¢) shows the Fourier transform of
the o1 (w) oscillations. Panel (d) shows instead the two interfering holon-doublon
configurations (bound and unbound). Reprinted by permission from Macmillan
Publishers Ltd: Nature Physics [10], copyright (©) 2010.

because of the presence of an intersite correlation energy scale V' (see Fig. 2.5)
[10].

The transient optical conductivity in the gap region shows a modulation at a fre-
quency of 25 THz, in a way reminiscent of single-particle excitations in quantum
wells (see Fig. 2.5) [10]. This result demonstrated, in this particular compound,
the possibility of accessing high-energy many-body dynamics that, so far, has been

almost exclusively investigated in cold atoms experiments [10].
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2.2.2 Vibrational control of the electronic interactions

We now briefly summarize the main results connected to vibrational control ex-
periments in this material. The core idea of these family of experiments is to
modulate the Coulomb interactions (mainly the onsite U) by deforming the local
molecular orbitals through selective vibrational excitation and electron-molecular
vibration coupling.

In a first experiment by Kaiser et al. the ET-Fo;TCNQ is strongly driven with
light resonant to a 124 meV vibrational mode and probed between 223 and 868
meV. After the pump pulse arrival the material shows a redshift of the Mott gap
(consistent with a gap melting) but remarkably sidebands appear at twice the
pump photon energy [49].

This behavior is interpreted as a pump-induced vibrational modulation of the on-
site correlation U due to unfolded higher order terms in the normal mode coordi-
nate displacements ¢(t). More specifically, the experimental findings are consistent

with a second order modulation of the ¢(t) coordinate
U(t) ~ q(t)* oc Q*(1 + cos(22)) (2.1)

when assuming an oscillatory displacement ¢(t) = @ cos(2t), with @ being the
oscillation amplitude and €2 the vibrational mode frequency [49]. Importantly,
the sidebands appearance is not symmetrical around the gap energy and this
is compatible with a strong holon-doublon asymmetry towards their coupling to
molecular vibrations [49]. A second experiment by Singla et al. performed on a
10 fs timescale and with phase stable pulses directly showed Mott gap oscillations

at 202, thus corroborating the scenario outlined above [51].

2.3 Excitations of a 1D Mott insulator

In Chapter 4 we focus on the IMT and its relaxation back to equilibrium. We will
merge the two concepts outlined in the previous section by following the holon-
doublon dynamics while tuning the parameters of the electronic ground state with
pressure. In this section we briefly summarize some relevant properties of the

holon-doublon excitations, with a particular focus on the 1D case.



Chapter 2. The ET-F; TCNQ prototypical Mott insulator 34

2.3.1 Systematics of the excitations

Since the relevant model for the description of the ET-F;TCNQ electronic proper-
ties is the extended Hubbard model at half filling, we restrict to it the discussion of
the possible optical excitations. Unless additional energy is injected into the sys-
tem by an external driving, all these excitations can be regarded as virtual states,
i.e. zero-point fluctuations of the ground state around its half-filled configuration.
The topic has been already theoretically investigated with Density Matrix Renor-
malization Group (DMRG) and field theoretic techniques [145, 147, and two key
findings emerged.

The first finding is that the nature (and the phase diagram itself) of the optical
excitation closely follows the ground state phase diagram that presents two dis-
tinct phases: a charge density wave state (CDW) and a Mott insulating one, the
former dominating at low U (high V') values, the latter in the high U, (low V)
region [146].

The second finding is that four different types of optical excitations are allowed,
their nature being determined by the relative strength of U and V' [147]. In Fig.
2.6a, we show the optical excitations’ phase diagram, that are pictorially visual-
ized in Fig. 2.6b.

Optical excitations must preserve the total charge, therefore they have to con-
tain an equal number of holons and doublons, but what discriminates the different
phase diagram regions is the degree of correlation (or binding energy) between
holons and doublons.

If we start from the free charge carriers region, namely where holons and doublons
are free to move with respect to each other, and we keep U constant, an increase
in V' will translate in an increasing binding between holons and doublons.

When V = 2t a sharp transition occurs and holons and doublons start to form
excitonic states (holon-doublon pairs), while for higher V' values the pairs start to
form excitonic strings (with 2 or more pairs), and eventually clusters of pairs that
are essentially CDW droplets.

Eventually, if U is low enough (lower than 2V') there will be a transition to a real
CDW state.
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FIGURE 2.6: (U,V) phase diagram for the optical excitations of a 1D

extended Hubbard model.Panel (a) shows the optical excitations phase dia-

gram in the (U/t,V/t) plane for the extended Hubbard model as derived in Ref.

[147]. The solid line indicates the transition between a Mott and a CDW ground

state. Panel (b) represents instead these excitations in real space (adapted from
Ref. [147]). Bounds states are highlighted by dashed lines.

2.3.2 Relevance of holon-doublon excitations in describing

a metal-to-insulator transition

Holon-doublon excitations are not only relevant to the determination of the optical
spectrum of a Mott insulating system, but also deeply involved in the definition
of Mott MIT itself.

It has been recently shown [151, 152] that in frustrated and unfrustrated lattices
the MIT can be also interpreted as a transition between ground states with a
different number of holon-doublon excitations and a different binding strength
between them.

These authors consider an half-filled system on a square lattice described by a
simple Hubbard Hamiltonian* with and without diagonal hopping. The core idea
of this approach is that in the metallic side of the transition holon and doublon
excitations can form quite easily and be spread over several lattice sites (see Fig.
2.7a). On the insulating side, correlations are larger than hopping amplitudes
therefore the holon-doublon density will be lower and their binding will be strong

enough to prevent a separation larger than their decay distance (see Fig. 2.7b).

4Where only the onsite correlation U is considered.
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In this view, the difference between a metal and an insulator is that in the former
holon-doublon pairs can profilerate and freely propagate, while in the latter they
are sparse and bound.

Variational Monte Carlo calculations [151, 152] pointed out that in such a system
correlations tend to increase the binding between holon and doublons and to reduce
their density but, importantly, these quantities show a neat discontinuity close to
the U/t transition value and they can be regarded as a sort of order parameter

for this phase transition (Fig, 2.7c-d). This behavior reflects a dramatic change
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FI1GURE 2.7: Mott MIT as a Holon-Doublon binding transition.Panels
(a)-(b) show the behavior of holon and doublon excitation in a 2D antiferromag-
netic background for a metallic and Mott insulating state, respectively (from
Ref. [151]). Panels (c¢)-(d) show instead the HD binding strength (from the
variational parameter p in Ref. [152]) and the doublon density as a function
of U/t across the Mott transition (adapted from Ref. [152]). In these panels,
the data correspond to L x L models with L = 14 and zero diagonal hopping
amplitude.

in the nearest-neighbor correlation of holons and doublons and points out the

potential role of holon-doublon excitations as both equilibrium and nonequilibrium
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indicators of the Mott MIT. As we will see in the next section and in Chapter
4, not only the binding strength of holon-doublon pairs but also their decay is
intimately related to the degree of correlation of the ground state and, therefore,
holon-doublon excitations can be used as a dynamical, experimental probe for

nonequilbrium, as well as equilibrium, Mott transitions.

2.3.3 Holon-Doublon decay

The experiments presented in section 2.2.1 mainly focused on the formation of the
metallic state in the ET-Fo;TCNQ and on its peculiar 1D nature, but the recombi-
nation dynamics of the photoexcited state has been only marginally investigated.
The holon-doublon recombination in condensed matter is an extremely important
problem and a precise and predictive knowledge in this topic would open a differ-
ent perspective of control in photoinduced phase transitions. In particular, and
to the best of our knowledge, a crucial missing detail is the connection between
the ground state properties of the equilibrium insulator and the photo-induced
relaxation dynamics.
A photoexcited holon-doublon pair involves an energy fluctuation of order U — V/
(in an extended Hubbard model [145]) with respect to the ground state. In order
to decay back, this excitation must dissipate the excess energy by coupling to its
surrounding environment acting as a dissipative bath (see Fig. 2.8a). The charac-
teristic energy scales of the bath dictate the number of primary scatterers needed
for the decay and thus the relaxation rate by which the holon-doublon pairs recom-
bine into singly occupied sites. The bath can further thermalize through secondary
scattering processes that are beyond the scope of this study. Due to the mismatch
of energy scales between the initial and final states, the holon-doublon decay can
in principle involve a great number of particles per decay event and be very slow.
Experimental work has been performed with fermionic cold gases in optical lat-
tices that followed, in absence of correlation terms other than the onsite U, the
doublon decay as a function of the Mottness U/W in a 3D half-filled lattice [62, 63].
In that context, the holon-doublon pair can dissipate energy only via spin exci-
tations with characteristic energy J = 4t*/U, or through kinetic energy transfer,
that involves the creation of particle-hole pairs with a characteristic energy scale
t [62, 63]. In both cases the scatterer energy scale is much smaller than the en-

ergy associated to the holon-doublon pair, therefore a large number of scattering
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FIGURE 2.8: Holon-Doublon decay dynamics. Panel (a) sketches a generic
holon-doublon (red) recombination chain through a primary scattering channel
(purple), like phonons, magnons or particle-hole excitations., that can possi-
bly dissipate energy into a secondary dissipative channel (blue), e.g. acoustic
phonons. Panel (b) shows the experimental lifetimes of double occupancies as
measured with cold atoms in optical lattices (blue circles) as a function of U/6t,
or 2U/W (data from Ref. [62]). Panel (c) shows instead the theoretical holon-
doublon lifetimes as a function of the ratio A/J for a two dimensional Mott-
Hubbard insulator and with multimagnon emission as primary decay channel
(data from Ref. [153] and with J = 0.6¢).

events is needed. In both cases, the relaxation rate I' is found to scale expo-
nentially with the U/t ratio (see Fig. 2.8b). In more detail, dissipation by spin
excitation goes as I' = 1/7 ~ t exp|—aU?/t* In(U/t)], while relaxation by creation
of particle-hole pairs is more efficient in compressible systems and leads to a rate
I'=1/7 ~texp|—aU/tIn(U/t)] |63].

The tendency towards an exponential behavior of the holon-doublon recombina-
tion rate has been found also in theoretical studies of the decay through coupling
to magnons in 2D Mott insulators with antiferromagnetic background [61, 153].
In that case the relaxation rate found from exact diagonalization of the Hub-
bard hamiltonian follows an exponential behavior in the ratio between the Mott-

Hubbard gap A (defined with respect to the antiferromagnetic ground state) and
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the exchange energy scale J, i.e. ' = 1/7 ~ exp[—aA/JIn(A/et)] ® (see Fig.
2.8¢c) |61, 153]. This study is particularly relevant to the physics of cuprates and
their photoinduced phase-transitions [154], where a viable dissipation mechanism
for nonradiative holon-doublon recombination can be found in multimagnon emis-
sion events [61, 153|. Before closing we remark that the presence of exponential or
power-law trends for the holon-doublon decay is ubiquitous in a number of differ-
ent models and relaxation scenarios [34, 155-158|, but direct experimental studies

of this complex many-body problem in solid state systems are still lacking.

2.4 Summary

In this chapter we reviewed the properties of the organic Mott insulator ET-
FyTCNQ, a quasi one-dimensional Mott insulator with a weak electron-phonon
coupling [137] that can be described in terms of an extended Hubbard model and
provides an almost unique testbed for the investigation of pure Hubbard physics
in a real solid state material.

Following the experimental observation of characteristic fingerprints of well-defined
holon-doublon excitations [10] and of spin-charge separation [38], we described pos-
sible types of charge excitations and outlined their phase diagram in terms of the
onsite and intersite correlation energy scales U and V of an extended Hubbard
model. Holon-doublon excitations are not only relevant for a complete description
of the photoinduced IMT observed in this specific compound, but are proposed to
be also intimately connected to the equilibrium IMT for Mott-Hubbard systems.
We then introduced the problem of the decay of holon-doublon excitations that
involve the dissipation of a large amount of energy and can involve many sur-
rounding electrons. Because of these properties, the decay can be both very slow
and extremely complex from a many-body point of view. The knowledge of its
relation with the ground state interactions could be of obvious importance for a
quantitative and predictive understanding of the relaxation timescales of photoin-
duced phase transitions in correlated materials and for a systematic stabilization
of transient photoinduced states in these systems.

Organics are usually quite compressible, thus offering a wide tuning range of their
electronic interactions even with moderate pressures and can allow to map in a real

solid state material physical processes that have been so far investigated only with

5e being here the Euler’s number and ¢ the hopping amplitude.
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theoretical methods or cold atoms experiments. Importantly, ultrafast relaxation
in solids is often dictated by electron-phonon interactions (to both long-range and
local vibrational degrees of freedom) that can profoundly affect the relaxation rate
of holon-doublon excitations and that, so far, have not been reproduced with cold
gases quantum simulations.

Our experimental goal is to elucidate the relation between the holon-doublon re-
combination lifetimes in the ET-F>;TCNQ), as a representative solid state Mott in-
sulator, and its ground state interactions (U, V" and t) by measuring the lifetimes
associated to the reflectivity changes occurring at the Mott gap and by simultane-
ously tuning the ground state parameters V and t with the application of external
pressure. The results of these optical measurements, reported in Chap. 4 are
expected to extend our knowledge about the relaxation of a deep Mott insulating
state and, thus, to help defining new protocols for the control of photoinduced

electronic phase transitions in these systems



Chapter 3

The K3Cgp molecular

superconductor

In this chapter, connected to Chapter 5, we introduce the second system inves-
tigated in this thesis, the alkali fulleride superconductor K3Cgy. While focusing
our attention on this very compound, we will stress common features and differ-
ences with other members of the broader A3Cgy (A=K, Rb, Cs) family. In the
following, the crystal structure and the main electronic properties are described.
The focus is then shifted on one intriguing aspect of the A3Cgy system, namely
the coexistence of superconductivity and strong electronic correlations, and we
conclude by reviewing nonequilibrium optical studies on A3Cgy compounds. The
last part of the chapter summarizes its content, with a particular attention to the
superconducting transition of K3Cgp, and introduces the experimental goal of the

research work reported in Chapter 5.

3.1 Structure of K3Cy

The fundamental building blocks of A3Cgo are the fullerene molecules, one of the
most intriguing carbon allotropes, first synthesized in 1985 by Kroto et al. [159].
Free fullerene molecules consists of 60 C atoms arranged in truncated icosahedron,
with a surface tiling formed by 12 pentagons and 60 hexagons (see Fig. 3.1b).

Pentagon-hexagon edges (p) are single C-C bonds, while hexagon-hexagon edges

41
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(h) are made of double C=C bonds [160]. The bond lengths are, respectively, [161]
b,=1455A b, =1.391 A

In many, but not all, compounds Cgy molecules are arranged in an face-centered
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FIGURE 3.1: Crystal structure of K3Cgy. Panel (a) shows the unit cell of
K3Cgo Grey lines represent C atoms and bonds, while K atoms are represented
in red. Panel (b) shows the bond structure of the single Cgg molecule (only front
hemisphere). Panel (¢) shows the two possible orientation states (in different
color) of Cgp molecules in the orientationally disordered fcc structure. The two
states are rotated by 90°. The structural parameters are given in [162].

cubic lattice and this is the case of K3Cgo. The full structure of K3Cgg, illustrated
in Fig. 3.1a, belongs thus to the Fm3m space-group with a lattice constant of
14.24 A and the atomic positions listed in Table 3.1. In this structure, there is
room for three alkali atoms per Cgy molecule that occupy interstitial positions in
a tetrahedral and octahedral arrangement [160]. As we will see in the following,
thanks to their atomic radii, the alkali atoms effectively act as spacers between
neighboring Cgy molecules and this has deep consequences for the determination
of the overall electronic properties.

From the experimental diffraction data (e.g. Stephens et al. [162] or Allen et al.
[163]) it has been found that Cgy molecules arrange themselves with two equiva-

lent orientations with respect to the neighboring alkali atoms and they seem to be
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Atom Wyckoff x/a  y/b  z/b  Occupancy

K1 8c 025 025 0.25 1.0
K2 4b 0.50 0.50 0.50 1.0
C1 96j 0 0.046 0.245 0.5
C2 1921 0.213 0.084 0.096 0.5
C3 1921 0.184 0.160 0.051 0.5

TABLE 3.1: Atomic positions in the K3Cgp unit cell. Atomic positions
obtained from Rietveld refinements of single crystal X-ray diffraction data [162].

randomly oriented, i.e. the structure is orientationally disordered.!

On the other hand, there is evidence (at least in Rb3Cgy) of some degree of "an-
tiferromagnetic" correlation between molecular orientations, i.e. neighboring Cgg
molecules tend to have opposite orientation [164, 165]. Other crystalline struc-
tures also found in Cgg-based solids are body-centered-cubic, orthorhombic and
the important A15 expanded cubic system (relevant to the high-temperature su-
perconductor Cs3Cg) [69-71, 160].

3.2 Phonons and molecular vibrations of K;Cyg,

The K3Cgg structural complexity and the high number of atoms per unit cell trans-
late into a rich vibrational spectrum that has an important role in determining
the superconducting properties of A3Cgy compounds.

The isolated Cgy molecule belongs to the icosahedral point group I, and it has
(3 x 60) —6 = 174 intramolecular modes falling into 46 different vibrational levels
[166]. Among them, 14 modes are optical (10 Raman and 4 infrared active), while
32 are silent.

When considering the fcc lattice of K3Cg, the vibrational spectrum gains three
additional types of modes, namely A*—Cga phonons, optical Cgy-Cgy phonons and
Cgo librations [160, 167, 168]. In addition to these supplementary modes, the
whole spectrum is found to soften with respect to the free Cgg energies because of
a C-C bond weakening due to the charge transfer between K ions and Cgy units
[166].

These modes have been extensively investigated both in pristine Cgg and in A3Cgg

'Tf the Cgp orientation were completely ordered, the structure would belong to the Fm3 space
group.
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compounds with Raman scattering [169-173|, infrared absorption [169]|, photoe-
In Fig. 3.2a-b we

show the vibrational spectrum of both pristine Cgq and K3Cgy as measured from

mission spectroscopy [174] and neutron scattering [175-177].

inelastic neutron scattering [175].

From both these measurements and theoretical calculations [166, 178], it emerges
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FIGURE 3.2: Vibrational spectrum of K3Cgy and of pure Cgy. Panel (a)-
(b) show the dynamic structure factor S(q,w) measured with inelastic neutron
scattering for Cgp at 20 K and for K3Cgp at 5 and 30 K (these latter data have
been summed). Panel (a) is restricted to low energy transfer (0-25 meV), while
panel (b) covers all the vibrational spectrum between 20 and 200 meV. Some
assignments within the icosahedral point group Iy are also shown. Reprinted by
permission from Macmillan Publishers Ltd: Nature [175], copyright (©) 1991.

a clear separation of energy scales associated to the different vibrational modes:
intermolecular modes, such as Cgg-Cgg phonons, A*—ng phonons and librations,
1 (~
(~25-200 meV) [166, 175, 178]. The intramolecular

modes can have either a prevalent radial or tangential character. The latter type

are typically located below 150 cm™ 20 meV), while intramolecular vibrations

span from 200 to 1600 cm™!

has higher energy than the radial modes because of the higher Cgy molecule stiff-
ness along its tangential directions.

The relevance of these modes to superconductivity has also been extensively in-
vestigated. In particular, it has been shown through lack of isotope effect (with
alkali substitution) in Rb3Cgo that A+—Cga phonons do not contribute to the de-
termination of T, [179] and this has been explained in term of efficient metallic
screening that reduces the net charge coupling to these modes [180].

Ceo-Cgo phonons are also weakly coupled to electrons [181] and the librations do
not show linewidth changes above and below T, [182], thus suggesting also weak
coupling to the electronic subsystem [183].

It follows that the main players in mediating the superconducting pairing, in a

BCS-like scenario, are the high energy intramolecular modes of each Cgy molecule
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[160, 168, 178, 184-191|.

Among these modes, the A, symmetry ones are expected to be screened out in
A3Cgo [192, 193], while the five-fold degenerate Jahn-Teller H, modes are less
screened and are found to be coupled to the electronic subsystem. In Table 3.2
are reported the partial electron-phonon coupling constants A\, /N (ex) (normalized
to the density of states at the Fermi level) for the H, modes as determined with

different experimental techniques [160].

Mode Energy A /N(er) (eV)
meV (cm™')  Raman  Raman Neutron Photoemission
1170, 171]  [172] [176] [174]
H,(1)  33.85 (273) 0.048 0.019 0.019
H,(2) 54.18 (437)  0.032  0.020 0.033 0.040
H,(3)  88.03 (710) 0.003 0.001 0.013
H,(4)  95.96 (774) 0.003 0.007 0.018
H,(5) 136.26 (1099) 0.001 0.012
H,(6) 154.98 (1250) 0.001 0.005
H,(7) 177.05 (1428) 0.004 0.017
H,(8) 195.28 (1575) 0.003 0.023

TABLE 3.2: Partial electron-phonon coupling constants \,/N(er) for

solid Cgyp H; modes. Raman and neutron data are collected from solid Cgg

and A3Cgo, while photoemission data are relative to free Cgyp molecules. )\, is
the electron-phonon coupling constant for the v-th mode [160].

3.3 Electronic properties of K3;Cg

3.3.1 Band structure

The band structure of K3Cgg has been calculated through Density-Functional The-
ory (DFT) within the Local-Density Approximation (LDA) [194, 195].

The calculations were carried out by Erwin et al. for an ordered structure with
the structural parameters reported in Ref. [162| and some fine details of the actual
bands may not be captured. Nevertheless, by considering that the two different Cgq
orientations do not change the intermolecular nearest neighbor Cgy-Cgo distances
and angles, it can be easily concluded that disorder does not affect intermolec-

ular hopping that is the main player in determining the actual band structure
[194, 195].
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The resulting band structure and the associated density of states are shown in Fig.

3.3. A first inspection of the band structure is sufficient to appreciate the typical
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FiGURE 3.3: Self-consistent electronic band structure and density of

states (DOS) of K3Cgo. On the left panel is reported the self-consistent band

structure for fcc K3Cgg in a ordered configuration (space group Fm3). The Fermi

energy is set as zero and crosses the ¢1, orbitals. On the right panel is instead

shown the corresponding DOS. From [194]. Reprinted with permission from
AAAS.

signatures of the low energy electronic states of molecular solids, i.e. the bands
are narrow (due to the large intermolecular separation) and slightly dispersing
along the different reciprocal space direction (larger localization of the electronic
states). The three bands at the Fermi energy (marked as zero) have t;, symmetry
and are half-filled by three electrons coming from the three surrounding K atoms,
therefore the system is predicted to be metallic with a bandwidth W = 0.5 — 0.6
eV [194, 195]. This bandwidth corresponds to an hopping amplitude ¢ ~ 50 meV?
compatible with the large inter-cage Cgy-Cgo distance of 3.12 A3 and implies a
substantial residence time of charge carriers on each Cgy molecules.

A fundamental quantity that is obtained from this band structure is the density

2From the tight-binding expression W = 2zt, with z being the number of nearest neighbors.
3This distance is defined as the minimum C-C distance between carbon atoms belonging to
two different molecules.



Chapter 3. The K3Cgy molecular superconductor 47

of states (DOS) at the Fermi level N(er) and, as can be seen from the right panel
of Fig. 3.3, it is found to be N(ep) = 13.2 states/eV-cell (or equivalently 6.6
states/eV-spin). Other theoretical estimates are collected and compared in Ref.
[160]. This value is in agreement with experimental data coming from Pauli para-
magnetic susceptibility, NMR, and specific heat measurements (also on the parent
compound Rb3Cg) [196-201].

An important experimental proof of this band structure picture would be angle-
resolved photoemission spectroscopy (ARPES), but the presence of orientational
disorder and the small size of the Brillouin zone constitutes a serious obstacle to
such measurements on A3Cgy compounds. Angle-integrated photoemission mea-
surements on K3Cgg [202] showed an anomalously large bandwidth (~ 1.3 eV),
and this has been explained in terms of combined many-body effects [160], while
angle-resolved measurements on monolayer Cgy on Ag(111) surfaces provided par-
tial support to the validity of band structure calculations [160, 203]. Further
support for the picture illustrated in this section comes from the implications of
band structural details in the manifestation of the superconducting state, that will

be analyzed in the following sections.

3.3.2 Correlation and metal-insulator transition in A3;Cg

In addition to the evaluation of the electronic bandwidth W, the estimate of
Coulomb interactions in A3Cgq is essential for an accurate description and under-
standing of their experimentally observed behavior. In particular, the insulating
nature of Cs3Cgo in presence of half filled t1, bands [69] can be understood in
terms of strong correlations, as introduced in Chapter 1.

We describe in this section an A3Cgq fce lattice where each lattice site is occupied
by a Cgo molecule in terms of a three-band, 3D Hubbard model with effective
interactions for the entire Cgy molecule (U-onsite Coulomb repulsion, V-intersite
Coulomb repulsion and W-bandwidth).

The onsite correlation U thus represents the repulsion associated to the addition of
an electron on each Cgy molecule and it has been evaluated both theoretically and
experimentally. The Uy energy scale of a free Cgy molecule has been experimentally
evaluated through the relation [204-206]

Up = I(Cep) — A(Cep) — E;, = (7.6 — 2.7 — 1.6) eV = 3.3 eV (3.1)
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where I(Cy) is the ionization potential of the Cgy molecule, A(Cygp) is its electronic
affinity and £, is the electronic band gap. Theoretical estimates gave instead val-
ues comprised between 2.7 and 3.0 eV [207-210].

When Cgy molecules form a solid, U becomes strongly screened by the polariza-
tion of the surrounding molecules [160] and the effective U will be given with the
screen contribution 6U subtracted, i.e. U = Uy — dU [160]. Typical theoretical
values obtained for the screened U range from 0.8 to 1.27 eV [160, 207, 209], while
experiments of Auger spectroscopy on solid Cgy and on KgCgo gave respectively
U=(164+0.2) eV [211] and U = (1.4 £ 0.2) eV [212].

In addition to U, also the intersite Coulomb repulsion V' can be estimated using
the very same approach and theoretical values for V' are estimated to be approxi-
mately 0.3 eV [207, 209).

It is worth to mention that recent theoretical work (based on maximally localized
Wannier orbitals and constrained-random-phase approximation) on A3Cgy gave
results in agreement with the aforementioned estimates [213].

When comparing these values to the bandwidth W, one gets an effective correla-
tion strength U/W ~ 1.5 — 3.0, that positions these compounds on the verge of a
Mott transition (see Fig. 1.2), with the K3Cgp and Rb3Cgg on the metallic side of
the phase diagram and the Cs3Cgy on the insulating one? [70, 160, 191].

3.4 Strongly correlated superconductivity in K3Cg

3.4.1 Phenomenology of the superconducting state in K3Cyg,

One of the most relevant features of the A3Cgy family, perhaps the one that has
attracted over the years the most of the scientific interest, is the presence of super-
conductivity (SC) to fairly high temperatures (between 20 and 40 K) [214-216].
In this thesis, we deal exclusively with K3Cgg, but we will often compare its prop-
erties with the other alkali-doped fullerides belonging to the A3Cgq class.

The main experimental results regarding the K3Cgy superconducting state are
summarized in Fig. 3.4. In Fig. 3.4a we show the K3Cg, resistivity curve as
a function of temperature as measured on a single crystal by Xiang et al. [217]

and normalized to its value at 280 K. The superconducting temperature is 19.8 K

4At ambient pressure conditions.
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and the superconducting transition appears very sharp with a width of less than
200 mK. The normal state resistivity is instead typical of a metal and shows a
continuous increase up to 800 K without signs of saturation [218], in violation of
the loffe-Regel-Mott criterion [160].

The zero resistivity state is an actual superconducting state and the second ex-
perimental fingerprint came from the magnetic susceptibility measurements shown
in Fig. 3.4b [162]. Below 10 K the sample exhibits diamagnetism with a 100%
diamagnetic fraction®, thus signaling the perfect magnetic field expulsion typical
of the Meissner-Ochsenfeld effect [219, 220].

As we will see, the mechanism of superconductivity in these compounds is not
entirely clear and is still debated especially because of its proximity to the Mott-
insulating ground state (present in Cs3Cgp), that closely resembles the cuprate
phase diagram.

Experiments hitherto performed in order to clarify the microscopic mechanism for
the A3Cgo pointed out the presence of isotope effect with respect to C substitution
(2C+~'3C). In a conventional superconductor (described by the Bardeen-Cooper-
Schrieffer theory) with a single ion type with mass M, the critical temperature is

—Q

expected to scale as T, ~ M~ with a = 0.5 [220]. The exponents found for an
almost complete isotope substitution in K3Cgy and Rb3Cg gave a = (0.30 £ 0.06)
and o = (0.30 £ 0.05) respectively [224, 225|, while incomplete substitution ex-
periments have led to contradicting results (see Ref. [168| for a more detailed
review). Alkali dopant substitution showed instead a lack of isotope effect within
the experimental uncertainty [226-228|.

These results suggest that A3Cgy compounds, including K3Cgo, belong to the
broader class of BCS superconductors with a coupling mediated by intramolec-
ular carbon modes, likely the H, modes described in the previous section.

An essential measurement for a superconductor is the determination of the gap
associated to the superconducting transition A, that can be accessed with several
experimental techniques, like optical spectroscopy, NMR, tunneling spectroscopy
or ARPES.

The reduced gap 2A/kgT,, as well as the temperature dependence of the gap itself
A(T), can assess the strength of the coupling to the pairing modes. While in the
BCS theory (weak coupling) 2A/kgT. &~ 3.53, in case of intermediate couplings

this ratio can be larger than the BCS value and a logarithmic correction has to be

®Diamagnetic fraction expressed in terms of a niobium standard [162].
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FiGURE 3.4: Experimental hallmarks of the superconducting state in
K3Cgo. Panel (a) shows the normalized DC resistivity for a single crystal of
K3Cgo as a function of temperature (adapted from Ref. [217]). p(280K) =
5 mf) cm. Panel (b) reports the diamagnetic shielding fraction against tem-
perature for a powder sample of K3Cgo (adapted from Ref. [162]). Panel (c)
shows the temperature dependent normalized superconducting gap A(7")/A(0)
for K3Cgg (filled symbols) and Rb3Cgy (empty symbols) as measured in optical
spectroscopy (circles) and in tunneling experiments (squares) (data from Refs.
[185, 221]). Panel (d) shows instead the T, against the lattice parameter for
K3Cg (filled symbols), Rb3Cgo (empty circles), fcc Cs3Cgo (empty diamonds)
and other A3Cgy compounds (empty squares) (data from Refs. |71, 222, 223]).
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where wy, is the logarithmic average phonon frequency. Values for the reduced

added [229]

2A
kgT,

— 3.53 (3.2)

gap of K3Cgy and Rb3Cgg obtained with different techniques show different results
ranging from the BCS value [185-187, 230] to substantially higher values like 4.2
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(e.g. Ref. [188]) or even 5.3 [221], thus leading to a debated coupling strength to
the carbon modes®.
The second relevant information comes from the gap temperature behavior A(T'),

that in a pure BCS approach is determined by the relation [220]

o tanh £34/€2 + A<T>2d£ _ 1 (3.3)
o JETAT) N(er)V |

where hwp is the Debye energy, V is the pairing interaction, N(er) is the density

of states at the Fermi level, 5 = 1/kgT and £ is the electron energy with respect
to the Fermi level.

This mean-field relation can be numerically evaluated and a comparison with the
experimental values for A can tell whether a BCS-like description of the SC state
applies or not. As visible in Fig. 3.4c, the measured gap (normalized to its A(0)
value) as a function of temperature closely follows a mean-field (BCS) behavior
where for low temperatures it shows a rather insensitive behavior to temperature
(A(T) ~ exp(—A(0)/kpT) [220]) while close to T.. it drops as (1 —T/T,)'/2. This
experimental trend has been reported both in tunneling [221] and optical spec-
troscopy [185-187, 230|, despite their different observations for the reduced gap
value, and represents a serious constraint for any theoretical model of the super-
conducting state in these compounds.

A last important fact concerns the behavior of T, (and thus of the gap) as a func-
tion of the lattice parameter. The lattice parameter can be varied by chemical
substitution of the alkali atoms or by applying external pressure.

The findings for several compounds belonging to the class A;Cgy (A=K, Rb, Cs)
and only for fcc lattice arrangements are compared in Fig. 3.4d. The first impor-
tant observation is that there is a strong correlation between the lattice parameter
and the T,, with a maximum and a dome feature at 14.5 A [71, 222, 223]. Dif-
ferent compounds show a universal linear behavior below the maximum (with a
slope of 50 K/ A), suggesting that the lattice parameter is a key player in the
determination of the SC state and not the chemical species of the alkali dopant
[222, 223]. Under the assumption that the pairing interaction is not affected by the
lattice parameter d, one could partially explain the experimental findings in view
of a simple BCS scenario, where kpT,. = 1.13hwpe~ /N [220]. The density of

states should increase with d, let us say N(ep) ~ d, and therefore 7. would be

6By carbon modes, we mean vibrational modes, both inter- and intra-molecular, that involve
the vibration of C atoms only.
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also bound to increase as e~/%. Eventually, this trend breaks and some other
physical effect becomes dominant for very narrow bandwidths (expanded lattice
constants). This consideration plays an important role in the debate about the
microscopic explanation of the superconducting pairing in A3Cgy compounds.

Before closing this short review of the main properties of the K3Cgy supercon-
ductor we recall that this material belongs to type II superconductors (|168] and
references therein) and we summarize its main properties in the following table

together with the ones of Rb3Cgg for comparison [168|

Property K3Cgo RbsCygo
T. 19.5 K 29.5 K
A (uSR) 4800 + 200 A 4200 A
A (optical) 8000 + 500 A 8000 = 500 A
A (NMR) 6000 A 4600 A
& 29 —35A 30 A
AC/T. 64 + 14 mJ/mol-K? 75+ 14 mJ/mol-K?
2A kT, (NMR) 3.0 4.1
2A/kgT. (optical) 3.44 3.45, 4.1
2A/kpT, (uSR) 3.640.3
2A/kpT, (tunneling) 5.3+0.2 5.2+£0.3
2A/kgpT, (tunneling) 4.3

TABLE 3.3: Superconducting parameters for K3Cgy and Rb3Cgy. Super-

conducting parameters for K3Cgy and Rb3Cgp, as determined from tunneling,

NMR, optical spectroscopy, specific heat and muon spin resonance (uSR) mea-

surements [168]. A indicates here the penetration depth, while & stands for the
coherence length parameter.

3.4.2 Optical signatures of the superconducting state in K35Cg,

In Chap. 5 we will study the nonequilibrium dynamics of K3Cgy by means of
time-resolved THz spectroscopy, therefore we devote a special attention to the op-
tical signatures of superconductivity in this compound. Optical studies on A3Cgq
have been performed both on single crystals and on pressed powder pellets [185-
187, 230-232|, leading to similar results in the midinfrared and far-infrared range.
Reflectivity measurements provided by Prof. L. Degiorgi for K3Cg, single crystals
above and below T, are shown in Fig. 3.5. The normal state curve (red) has a clear
metallic shape with a plasma edge located at approximately 700 meV (Fig. 3.5a),
while below T, the reflectivity is enhanced below a threshold energy of 6 meV (Fig.
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3.5b) [185-187, 230]. Below this energy the reflectivity reaches unity, as expected
in the case of a BCS superconductor well below its transition temperature [220].

From a Kramers-Kronig analysis of the reflectivity data the full optical response
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F1GURE 3.5: K3Cgo equilibrium reflectivity in normal and supercon-

ducting state. Panel (a) shows the broadband absolute reflectivity of K3Cgo

above and below T, (red and blue curves respectively). Panel (b) shows instead

a zoom of Panel (a) in the far-infrared region. Data below T, are at a temper-

ature between 5 and 10 K while the others are measured a few degrees above

T. (between 20 and 25 K). These data have been kindly provided by Prof. L.
Degiorgi and are in agreement with Refs. [185-187, 230].

has been determined and the obtained complex optical conductivity (w) is re-
ported in Fig. 3.6 (data kindly provided by Prof. L. Degiorgi). The real part
of the conductivity o;(w) in the normal state (3.6a, red curve) exhibits a Drude
peak that at zero frequency extrapolates to a value compatible with resistivity
measurements discussed in the previous section. Additional absorptions are ob-
served at approximately 496 meV, 2230 meV and 4340 meV and are attributed
to interband transitions involving s and p carbon orbitals and s, p, and d alkali
orbitals [185, 187]. The Drude contribution has not a simple Lorentzian shape and
presents an additional absorption located at approximately 60-100 meV, whose ori-
gin is not well understood, that has been ascribed to electron-electron interactions,
polaronic effects, pseudogap or charged phonon effects (for a detailed discussion
see [185] and references therein).

The far-infrared part of this optical conductivity has been analyzed through a sim-

ple Drude-Lorentz approach where the complex dielectric constant is determined
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FiGUurE 3.6: K3Cgy equilibrium optical conductivity in normal and
superconducting state. Panel (a) and Panel (b) show, respectively, the real
and imaginary part of the optical conductivity of K3Cgp above (red curve) and
below (blue curve) the superconducting transition temperature T,. A fit to the
normal state o1(w) with a Drude-Lorentz (DL) model is shown. Panel (c¢) and
(d) show the ratios o15/01, and o95/01, respectively. Data below T, are at a
temperature between 5 and 10 K while the others are measured a few degrees
above T¢. (between 20 and 25 K). Fits to the ratio with a Mattis-Bardeen (BCS)
approach and an Eliashberg response are shown for comparison. These data and
the fits have been kindly provided by Prof. L. Degiorgi and are in agreement
with Refs. [185-187, 230).
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by free electrons belonging to the Drude and a fraction fg of electrons associated
to low-energy absorption [185]
Ja 1—Jfa

2
€w) = oot “r wE —w? —iwye  w(w+iyp) (3-4)

In this expression, €., describes the high-frequency contributions to the dielectric
function, while the first and second term in brackets describe, respectively, the
midinfrared absorption and the Drude part of the optical response [185]. From
a simple counting, the number of carriers for K3Cgg is 4 - 10%! carriers/cm?® and
a fraction of 87.8% of them contributes to the midinfrared oscillator. Only the
remnant 12.2 % responds as Drude free carriers [185]. From a fit to the data, it
was estimated that e, = 5 and the midinfrared band has a plasma frequency wg
of 55 meV and a damping ' of 150 meV [185|. The Drude peak has instead a
damping I'p of 18.23 meV and the overall plasma frequency associated to these
low energy electrons is 1177 meV.

Below T, already at temperatures below 10 K, the gap fully opens and the sample
becomes superconducting. All the spectral weight associated to the Drude elec-
trons collapses in a ¢ function associated to the supercurrents, as expected in a
BCS superconductor [220], but for finite temperatures there is still trace of ther-
mally activated transport that contributes to o1(w) as an in-gap absorption below
6 meV [185-187, 230]. Importantly, the imaginary part of the optical conductivity,
o9(w) also shows dramatic changes when crossing the transition temperature.

In Fig. 3.6b, we show o2(w) in the normal and superconducting state. Below the
transition temperature, o9(w) becomes divergent in the DC limit, i.e. the electro-
dynamical response of the superconductor is entirely inductive, while negligible
changes occurs for energies much higher than the gap energy.

The electrodynamic response of K3Cgg closely follow the behavior predicted by
Mattis and Bardeen for a BCS superconductor [233| and this behavior becomes
evident when looking at the ratios o15/01, and 09s/01,,. In a pure BCS system these
ratio are determined by the coherence factors and by the non-local relationship
between the vector potential of the external field and the induced supercurrents.
The ratio of o15/0y, (Fig. 3.6) is suppressed below twice the gap value, because
there is no absorption until the incident photons have enough energy to break the
Cooper pairs. Nevertheless, at very low energy (below 6 meV) one can observe
spectral content associated to thermally excited quasiparticles that partially re-

cover the Drude structure of the normal state (with a narrower linewidth). Above
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the threshold value 2A, it smoothly increases to unity but in a steeper way than
what predicted in the BCS case where o14(w) /01, o< 1 — (hw/kpT,.)~1%° [233, 234].
This discrepancy led to the conclusion that an Eliashberg description of the pair-
ing interaction with the intramolecular modes [235] may be more appropriate for
K3Cgo and other members of the A3Cgo family [185, 187]. On the other hand, the
ratio oos/01, nicely follows the limiting trend for T< T, of the Mattis-Bardeen
relation ogg/01, x TA/hw [233].

These optical spectroscopy observations strongly support the view that K3Cg is
a BCS-like singlet superconductor, probably in the weak coupling limit, where
the pairing mechanism involves high-energy intramolecular vibrations but with a

normal state different from a conventional metal [185].

3.4.3 Relevance of correlations in the superconducting dy-

namics

In conventional superconductors the pairing between electrons forming a Cooper
pair stems from a weakly attractive interaction involving electron-phonon coupling
(BCS) 160, 236].

An electron propagating through the lattice attracts the surrounding nuclei and,
since the nuclear motion is typically much slower than the electronic one, a sec-
ond electron passing across the same path will find the lattice distorted by the
first electron polarization. This second electron will transit when the first will be
already far away, but on a timescale shorter than the time needed to the atoms to
return at their equilibrium positions. The resulting interaction between the two
electrons is weakly attractive and retarded [160].

The retardation of the weak interaction is crucial for the establishment of a super-
conducting state because it makes possible for the phonon-induced attraction to
win over the much stronger Coulomb repulsion by allowing interaction while the
electrons are well separated in space. An indicator of retardation effects relevance
is the ratio between the Debye temperature ©p, quantifying the lattice motion
time scale, and the Fermi energy ep, related to the time scale of the electronic
motion [160]. In a conventional metal ©p/ep ~ 107 — 1072 [160], thus indicating
that the electronic motion is several orders of magnitude faster than the lattice
one and the retardation mechanism is efficient. In alkali fullerides, we have seen

that the Jahn-Teller H, intramolecular modes, associated to the superconducting
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pairing, have a ©p = 200 meV, while ez (from the bottom of the band) is ap-
proximately ez = 300 meV [160], therefore ©p/er = 0.7 and retardation effects
are expected to be much smaller than in conventional superconductors [160]. In
addition, due to the narrowband molecular nature of these solids, the electrons
often sit onto the very same molecule, and they cannot easily avoid each other
even with retardation [160].

Since electronic correlations in these compounds are rather large U ~ 1.0 — 1.5 eV,
a very important question arose on how superconducting pairing is possible when
conditions of negligible retardation and strong onsite repulsion are present. More
generally, A3Cgy compounds represent a fundamental benchmark for the investiga-
tion of the coexistence and interplay of superconductivity and strong correlations,
and during the last two decades a number of theoretical works focused on this
physics [180, 184, 189-193, 237-239|.

While in a conventional superconductor electronic correlations are believed to be
detrimental to the onset of a superconducting state, the presence of high transition
temperatures in A3Cgg testifies that there has to be either a mechanism other than
retardation that allows the pairing interaction to screen correlations [160, 190, 240]
or electron-electron interactions acting directly on the superconductivity in a dif-
ferent fashion than in BCS systems [189, 191].

It has been recognized that a complete description of the A3Cgy needed a si-
multaneous treatment of both electron-phonon and electron-electron interactions
[160, 190].

Han and coworkers [190] investigated this problem with DMFT and they explained
the existence of high temperature superconductivity in A3Cgg thanks to a local
pairing mechanism mediated by the onsite Jahn-Teller H, modes. They calcu-
lated the transition temperature for the case of a nondegenerate electronic state
(a) coupled to a nondegenerate non-Jahn-Teller phonon (A) and in the case of the
threefold degenerate ¢;,, orbitals strongly coupled to Jahn-Teller H, modes. Their
findings are summarized in Fig. 3.7 and it is found that ¢, electron coupled by
H, modes are substantially more resilient to an increase of the effective correla-
tion than in a conventional BCS scenario. The conclusion reached in Ref. [190]
is that superconductivity in A3Cgg is possible thanks to an alternative coupling
mechanism, the so called local pairing, that reduces the effects of the Coulomb
repulsion and can overcome the lack of retardation effects. As an experimental
corroboration of the local pairing picture, these authors indicate the relatively

short coherence length & ~ 30 A that spans only a couple unit cells and up to
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Ficure 3.7: DMFT investigation of the superconducting pairing in
A3Cgp. Panel (a) shows T¢ as a function of U/W for t x H and a x A models
at half filling from DMFT calculations. The el-ph coupling is A = 0.6 and
fuwpp /W = 0.25 (data from Ref. [190]). Panel (b) shows instead the anomalous
part of the quasiparticle self-energy A(0) (proportional to the SC gap through a
factor Z~1) for different effective Jahn Teller couplings (data from Ref. [191]).

three neighboring Cg molecules [190].

A novel, alternative view on this problem is instead the one proposed by Capone
and coworkers, that led to a scenario referred as "strongly correlated supercon-
ductivity" [189, 191].

In this framework, correlations are not necessarily depleting the superconducting
state but can, instead, enhance it under certain conditions, especially in proximity
of a Mott transition.

The core phenomenon at the basis of this view is the renormalization with U/W of
the effective bandwidth and of the effective mass, both controlled by the quasipar-
ticle weight Z (see Appendix E) [191]. If we consider the well know BCS relation
kpT. = 1.13hwpe NPV in proximity of the Mott transition the bandwidth W
is renormalized as W* = ZW and N (ep) gets enhanced as N*(er) = N(ep)/Z with
Z < 1189, 191]. The enhancement of T, is then possible because the Jahn-Teller
phonon interaction of the fullerides preserves the pairing interaction V unaffected
by U/W and therefore kpT, ~ e~ #{U/W)/N(er)VT,

Importantly, it has been pointed out that a correct description of the supercon-

ducting state in A3Cgp has to take into account also a partial cancellation of the

"In a Migdal-Eliashberg framework, the decrease of Z does not translate into an increase
of T, because the pairing interaction V is also renormalized as V* = Z2?V. T, goes, then, as
kpT, ~ e 1/ZW/W)N(€r)V and is suppressed by the increased degree of correlation [189].
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Jahn-Teller electron-phonon coupling due to exchange interaction associated to
the Hund’s rule.

The Jahn-Teller interaction (J;r) splits the ¢y, orbital degeneracy and favors low
spin states, while Hund’s exchange term (Jy) stabilizes molecular states with the
highest total spin state and the highest total angular momentum [191]. Estimates
for these energy scales give Jy = 0.03 — 0.1 eV [210, 241], while J;7 = 0.06 — 0.12
eV [174, 237, 241-243], therefore the Jahn-Teller coupling is almost completely
cancelled and only narrowly prevails over the Hund’s exchange [191]. The net ef-
fect of this cancellation is that electron-phonon coupling through the Jahn-Teller
modes is effectively reduced and the overall JT energy scale is J = J;7 — Jy.

In Fig. 3.7b are reported the anomalous quasiparticle self-energies A(0) (related
to the superconducting gap by a factor Z~!) calculated in Ref. [191] for several
values of the screened JT coupling. For incomplete cancellation (J = 0.1 and 0.2
W) the superconducting state behave consistent with Ref. [190] at low U/W. The
superconducting state is BCS and at low U/W is suppressed by correlations. As
the Jahn-Teller cancellation increases (thus leading to a smaller el-ph coupling)
and at higher effective correlations, there is a second superconducting pocket ap-
pearing, the strongly correlated superconductor. The BCS state at U = 0 vanishes
instead [191]. According to Refs. [189, 191], this is the state that best describes

the phenomenology of the superconducting state in A3Cgp.

3.5 Nonequilibrium states and photoinduced dy-

namics in K3 C6O

As seen in the previous sections, the ground state of A3Cg is governed by a balance
of diverse electronic interactions and the proximity of the superconducting state to
a Mott transition makes them a unique system for the study of possible new physics
arising from this overlap. Nonequilibrium studies, like pump-probe spectroscopy,
can naturally contribute to the elucidation of the superconductivity mechanism
in alkali-fullerides, because of their particular sensitivity to electron-phonon cou-
pling, but more importantly strong excitations can help accessing highly nonlinear
regimes or hidden phases that cannot be studied within normal equilibrium spec-
troscopy.

To the best of our knowledge, there is a limited number of optical studies concern-

ing the dynamics of photoexcited states in A3Cgy and all associated to moderate
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excitation regimes (with pump fluences of the order of a few puJ/cm?). in this
paragraph we briefly review the main results obtained from nonequilibrium op-
tical studies of K3Cgy and connect them to the equilibrium observation reported
earlier in the chapter.

Among the different members of the A3Cqy family, only K3Cgy and Rb3Cgy have
been characterized by means of ultrafast optical studies [244, 245|. The more
recently synthetized compound Cs3Cgg, instead, still lacks investigations of its
electrodynamics on ultrafast timescales.

A first work by Fleischer et al. [246] focused on the transient response of K3Cgg
and Rb3Cgg films when compared to pure Cgp films. It has been found that after
photoexcitation with 1.98 eV light (50 fs, 100 MHz) and for moderate fluences up
to 20 pJ/cm? the transient reflectivity AR/R at the same energy of K3Cgy and
Rb3Cgy has an exponential decay with a constant of 0.14 ps, while pure Cgg films
decay with a non-exponential decay law and a characteristic lifetime of 30 to 40
ps [246]. This important difference in the electronic response is attributed to the
band-like, metallic character of K3Cgg and Rb3Cgg that relaxes the selection rules
associated to the optical absorption between HOMO and LUMO states of pure
Cgo and allows a more efficient recombination of the photoinjected quasiparticles.
A second extended work mapped instead the temperature dependence of the pho-
toinduced nonequilibrium state in the two metallic compounds [245]. The ex-
perimental differential reflectivity curves for K3Cg at different temperatures are
shown in Fig. 3.8a. In this case the pump and probe energies were 1.60 eV and
0.62 eV, respectively, while the pump fluence was kept below 1 pJ/cm? 8[245]. The
observed transient reflectivity changes follow a double exponential decay, with a
fast time constant 7 of approximately 1 ps associated to electron-phonon medi-
ated relaxation and a slow decay time 75 of the order of several ps, present only
below the critical temperature and thus related to the Cooper pair recombination
from the excited quasiparticles [245]. The key finding of this work is related to
the latter time constant that increases as the temperature is decreased while in
a conventional BCS scenario it should go as 7 ~ A(0)/A(T), with A being the
superconducting gap [245]. According to this relation, the time constant should
diverge at the transition temperature and approach a finite value at very low tem-
peratures, while Fleischer and coworkers find instead an opposite monotonic trend,
thus suggesting a non-trivial BCS ground state in these compounds.

An additional, different experiment by Fleischer et al. [244] observed coher-

8 Also in this case the repeetition rate was 83 MHz [245].
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F1GURE 3.8: Nonequilibrium reflectivity changes and coherent phonon
generation in K3Cgy. Panel (a) reports transient reflectivity changes AR(t)/R
in K3Cgp for temperatures above and below T.. Reprinted figure with permis-
sion from [245]. Copyright () 2000 by the American Physical Society. Panel
(b) shows instead room temperature coherent phonon oscillations on top of the
transient reflectivity change of K3Cgp and Rb3Cgo after excitation with 10 fs
pump pulses. Below each curve is reported the oscillatory contribution once
subtracted the exponential decay. Reprinted with permission from [244]. Copy-
right (© 1997, AIP Publishing LLC.

ent phonons generation following the pump beam arrival. By photoexciting both
K3Cg and Rb3Cgy at ambient conditions with 10 fs pulses (1.55 €V energy, 38
MHz rep. rate) it was possible to coherently generate Raman phonons that can be
observed as periodic modulations on top of the transient reflectivity change. The
data associated to this experiment are reported in Fig. 3.8b and it was possible to
detect two Raman modes, one Ay(1) molecular vibration (fwa,(1)=61.062+0.031
meV) and a second mode at 18 (£4) meV with a dephasing time of 0.25 ps [244].
This second mode has not been detected in previous Raman experiments, proba-
bly because of its broad linewidth, and could possibly be related to Cgp-alkali ion
motion [244].

Up to now little is known about the electronic dynamics of these compounds in
conditions of strong excitation (mJ/cm? regime) and for energies closer to the mid-
infrared and THz region where the most of the relevant electrodynamics changes
take place. Time-resolved studies either with far-infrared or Raman spectroscopy

could therefore prove extremely relevant for the understanding and the control of
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these fascinating superconductors.

3.6 Summary

In this chapter we introduced the organic superconductor K3Cgg, a three dimen-
sional metal belonging to the well studied family of the alkali fullerides, that in
equilibrium conditions shows a sharp BCS-like superconducting transition with a
T. ~20 K. We first described the fcc lattice of Cgy molecules where alkali atom
intercalation plays an essential role in both doping the fullerene molecules and in
acting as intermolecular spacers that contribute to a band narrowing at the Fermi
level.

After the structure, we discussed the vibrational properties in connection to the
superconducting state, with a particular attention to the Raman active intramolec-
ular vibrations with H, symmetry that are believed to be relevant for the pairing
interaction in these systems. Band structure calculations from literature [194]
have been discussed in connection with the determination of the onsite correla-
tion energy on each Cgy molecule. From both experimental and theoretical work
it emerged that A3Cgy (A=K, Rb, Cs) are strongly correlated compounds at the
verge of a Mott transition.

The core of the chapter has been instead devoted to the discussion of the super-
conducting transition, that attracted a great attention in the scientific community
in the last years. If on one hand, the magnitude of the gap, the diamagnetic
response of the superconducting phase, and the isotope effect with C atom sub-
stitution point towards a BCS-like scenario for the superconducting pairing, the
presence of correlations and the high energy molecular vibrations that should me-
diate the pairing point toward a non-conventional nature of the superconducting
state [189, 190], either locally paired or even correlation-assisted. We discussed in
detail the optical signatures of the superconducting transition that is extremely
clear in the THz region and that surprisingly follows a rather conventional behav-
ior.

All these features (high-energy molecular vibrations, clear spectroscopic signa-
tures of the superconducting transition, a correlated ground state) make K3Cgg
an appealing system for the manipulation of the superconducting transition with
light, through the resonant phonon excitation technique. Our experimental goal

is to control the superconducting state, possibly leading to an enhancement of
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the coupling and therefore of T, by selectively exciting with strong midinfrared
fields the IR active T}, intramolecular vibrations that can potentially couple to
the H, modes involved in the pairing. We will then monitor with delayed THz
pulses the low energy electrodynamic response of the photoexcited state in order
to assess the transient changes induced by the pump pulse both in the normal and

superconducting state.






Chapter 4

Nonequilibrium dynamics of the
ET-F>TCNQ under pressure

In this chapter, we describe an experiment of pressure tuning of the holon-doublon
lifetimes in a one-dimensional organic Mott insulator after a photoexcitation of the
Mott gap. In the first part, the measured equilibrium optical properties of the ET-
FoTCNQ), both in ambient and high pressure conditions, are presented and fitted
with the analytical optical response of an extended Hubbard model to obtain
the relevant effective interactions energies (onsite Coulomb repulsion U, intersite
Coulomb repulsion V', hopping amplitude ¢) and determine their pressure depen-
dence. The second part of the chapter, reports the measurement of holon-doublon
recombination times by means of a pump-probe experiment with variable external
pressure. The last part compares, finally, the experimental pressure-dependence
of the relaxation times (mapped onto the absolute changes of the effective correla-
tion (U —V')/t with a numerical simulation that unveils the relevance of tunneling
between bound and unbound holon-doublon configurations in determining the ob-
served dynamics.

This chapter is based on original experimental work reported in [247].

65
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4.1 Nonequilibrium quasiparticle recombination in

metals and semiconductors

A well established framework for the rationalization of hot carrier dynamics in
solids, and more appropriately for metals, with a negligible degree of correlation
is the so called "Two-Temperature" model for the electronic thermal relaxation
[248, 249|.

The core concept of this powerful theoretical model is that with respect to an ul-
trafast stimulus the electrons and the lattice of a metal can be treated as separate
subsystems with their own heat capacity C' and only coupled by the electron-
phonon interaction in the spirit of a pure Born-Oppenheimer approximation [250].
After the absorption of a femtosecond pulse the electrons are instantaneously ther-
malized at a temperature 7, much higher than the lattice one 7:'. They can
subsequently dissipate energy into the lattice itself thanks to the electron-phonon
coupling and thus through phonon emission. If the lattice heat capacity Cp is
much higher than the electronic heat capacity C., it will represent an efficient
dissipative bath and the electronic temperature will equilibrate according to the

following rate equation [249, 251|

dr. g

=——(T,—-T 4.1
AL (4.1)
where 7 is the time delay after the light pulse arrival and ¢ is the coupling constant
between the electrons and the lattice.
The coupling constant can be explicitly written in terms of basic quantities where

the material dependence enters only through the electron phonon coupling con-

stant \(w?) [249]
g 3h\W?)

T C. nkpll

thus, a measurement of the relaxation rate can be used as a precise measurement

(4.2)

of the electron-phonon coupling in a metal [251-253].

We now propose a different and complementary view of the relaxation rate de-
scription since we are interested in determining how the electronic dynamics is con-
trolled by purely electronic properties like the bandwidth . In a one-dimensional
chain with lattice spacing a and hopping amplitude ¢, within the tight binding ap-

proximation the electronic dispersion €(k) is given by e(k) = —2t cos(ka) and has

'We assume to be at temperatures much lower than the Debye one.
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a bandwidth W = 4t. Since the heat capacity of an electron gas is proportional
to the density of states at the Fermi level e [97] and the density of states of this
linear chain is given by [97, 254|

141 4
-~ 2n|de(k)/dk| 27 |2tsin(ka)|

N(e) (4.3)
At half filling condition the Fermi level will be located at k = 7/2a, therefore the
heat capacity will go as
11
Ce.~ N(ep) = —= (4.4)

wt

and the relaxation rate (or the decay time 74 = 1/7) as
Y 1 (4.5)

This relation tells us that a larger bandwidth W allows for a more efficient and
faster thermalization of the photoexcited electrons and the decay time is expected
to go as the reciprocal of the electronic hopping amplitude.

In the case of semiconductors, the recombination dynamics of electron and holes
is different than in metals and can occur through diverse paths, each characterized
by its own transition rate. Excited states can indeed decay by emitting a photon,
a phonon or by exciting another electron (hole) in the band. The first case is
commonly referred to as radiative recombination, while the other cases belong to
the broader class of nonradiative transitions 255, 256].

For simplicity, we consider the case of an intrinsic semiconductor (with equal
number of electrons and holes) where electrons can recombine with any hole, thus
implying that the k-selection rule does not strictly hold [255].

In the case of radiative recombination it can be shown that the recombination rate
R goes with the density of electrons (n) and holes (p) [255, 256]

R = Anp ~ An?, (4.6)

where A is a constant. Since the rate R is also defined as dn/dr = —R, one
can define a radiative lifetime 7, such that the rate equation reduces to the one
associated to an exponential process [255, 256]

dn  n

_n (4.7)

dr 7.
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with 7, = (An)~L.
The density of carriers is proportional to the density of states of each band [97],
and in the case of the electrons in conduction band (¢) the temperature dependent

density can be written as

o 1
n(T):/EP dGNc(E)m, (48)

and, as seen in the case of metals, in 1D N,(¢) o< 1/¢t. This implies that in a one-
dimensional semiconductor the radiative recombination is expected to slow down
with increasing ¢ like 7, o< t. If the recombination occurs through a nonradiative
mechanism (like trap-assisted or Auger recombination) the rate equation has to be
adapted to the dominant relaxation mechanism. In the important case of the Auger
recombination, where electron and hole recombine by transferring the energy to
another electron (hole) in the band, the rate equation describes this three-body
interaction as dn/dr = —R = —Bnpn = —Bn? (B is a suitable constant) [255].
Having defined the nonradiative lifetime associated to the Auger decay in the same
fashion as for the radiative case, one gets a lifetime 7, = (Bn?)~! and therefore
a T, o<t [255].

Also in the nonradiative case, a one-dimensional semiconductor is expected to have
a slower decay with increased bandwidth but with a quadratic dependence in the
hopping parameter.

The dynamics of quasiparticle recombination in Mott insulators is, instead, ex-
pected to depend also on the correlation strength among electrons and, so far,
direct measurements in solid state materials are, to the best of our knowledge,
lacking. In this chapter we try to address the problem of hot carriers recombi-
nation in Mott insulators driven across an ultrafast insulator-to-metal transition
and elucidate the connection between the experimentally observed lifetimes of

photoexcited state and the effective correlations of the ground state.

4.2 Equilibrium optical properties at ambient con-
ditions
In Chap. 2, we already introduced the one-dimensional electronic character of the

ET-FoTCNQ and a crucial aspect of our experiments is the accurate knowledge of

the degree of correlation of its ground state, needed to gauge the nonequilibrium
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dynamics experiments. Optical spectroscopy is an ideal tool for the measurement
of correlation in solids (see Appendix E) and here we exploit equilibrium infrared
spectroscopy to quantitatively assess the correlated nature of this compound.

In Fig. 4.1 we report the optical properties of the ET-F;TCNQ along the a-axis,
corresponding to the in-chain direction. The optical properties are measured with
the same instrumentation described in Appendix A.3, but in this case the sample is
in contact with air and the reference for the infrared measurement has been taken
with a gold mirror. The optical conductivity has been extracted through standard
Kramers-Kronig transformations (see Appendix B) by following the high energy
extrapolations suggested in Ref. [257]. Our ambient pressure results are overall
consistent with previous optical studies reported in literature [10, 38, 49, 137|.
Both the reflectivity R(w) (Fig. 4.1a) and the optical conductivity oi(w) (Fig.
4.1b) are showing a typical insulating behavior. The reflectivity goes as a con-
stant (approximately 0.15) at low energy and the optical conductivity is gapped
with a prominent sharp peak at 700 meV. The gap energy, in this case is dictated
by the energy scale of the charge transfer between neighboring 7 orbitals [82], while
the in-gap conductivity follows approximately an w? behavior and extrapolates to
a negligible DC value consistent with transport measurements [137].

At higher energies (around 3-4 €V) the infrared spectra show instead resonances
associated with intramolecular excitations that introduce a marginal tail in the
sub-eV spectra [10, 49]. The detailed analysis of intramolecular dynamics is be-
yond the scope of our work and these contributions are subtracted from the o (w)
for the purpose of our analyses.

The peak in oy (w) is associated with the electronic hopping between nearest neigh-
boring ET molecules (ETT,ETT —ET?*TET?), that, due to the correlated nature
of this compound, represents a proper transition from the lower to upper Hubbard
band [137] and can be also referred as charge transfer (CT) resonance [10, 49].
Interestingly, this resonance is both very sharp (~ 100 meV) and not simply
described by a single Lorentzian oscillator (in agreement with previous findings
[10, 49]). These features point towards a non trivial nature of the Mott gap of the
ET-F,;TCNQ and we therefore employed a different analysis protocol (with respect
to a conventional Lorentz oscillator model approach [234]) to better understand

the properties of this ground state.
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FicUre 4.1: ET-FoTCNQ ambient pressure optical properties along

the a-axis. Panel (a) shows the ET-FoTCNQ reflectivity along the a-axis.

Measured data are shown with solid lines, while dashed lines are extrapolations

based on Ref. [10]. Panel (b) shows the corresponding optical conductivity, while

panels (c) and (d) show the real and imaginary part of the complex refractive
index, n(w) and k(w) respectively.

4.2.1 Extraction of the Hubbard parameters from the opti-

cal conductivity

We discussed earlier that the ET-FoTCNQ has an almost ideal quasi one-dimensional
electrodynamics that can be captured within the framework of a simple extended
Hubbard model

H=—t Z (CZTJCZ-HU + H.c.) +U Z nini| + VZniniH (4.9)

i
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where the c!

10

Ciy are the usual fermion creation and annihilation operators (i
denoting the lattice site and ¢ the spin) and n;, = ¢|_c;, the number operators?.
In this model ¢ is the hopping amplitude, U the onsite correlation energy and V'
the intersite correlation (between nearest neighboring sites).

In the limit of large Mott gaps (U >> V,t) this model can be analyzed in terms
of a 1/U expansion in which the hopping events are allowed only when preserving
the total number of doubly occupied sites and the ground state configuration has
all singly occupied sites [145].

In this regime spin and charge are separated and the spin degrees of freedom
can be integrated away as scalar form factors g, at quasi-¢ momentum. For the
calculation of the optical conductivity, the relevant form factors are the ones arising
from transitions at ¢ = 0 and ¢ = 7/a and the form factors reduce to g = 2.65
and g, = 0.05 [145].

Once the spin is integrated out, the charge will dictate the optical response of
this Hubbard model through the current-current correlation function x;;(w) that
is related to the reduced optical conductivity woy(w) by the following constitutive
relation [145]

woy(w) = Im{x;;(w)} (4.10)

and the full optical response for the model Hamiltonian (4.9) will be described by

the reduced optical conductivity
wo (w) =mgrt?e*d(w — ws)

2
+ got2€2{@(v — Qt)ﬂ' (1 — %)5(&) — w1)+

Ot — [ U’)Qt\/l —(w-— U/4t)2}.

(4.11)

V(w—w)

Here ©(z) stands for the Heaviside function, while w; = U — V — 4¢?/V and
wy = U — V. The two delta peaks at w; and wy represent two different Mott-
Hubbard excitons, the former existing only for V' > 2t and accounting for bound
holon-doublon pairs. As a consequence of the small value of g,, the excitonic con-
tribution at w = wy is neglected in our analysis.

The third and last term of (4.11) is a semielliptic contribution coming from a
continuum of unbound holons and doublons (particle-hole continuum) that spans

an energy range defined by the condition |w — U| < 4t.

2p; is defined as n; = ngp + Ny
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This reduced optical conductivity can be actually used as a fitting function for
our equilibrium optical data to extract the model Hubbard parameters U, V', and
t with a constrained procedure. In order to directly fit our data, we convolved the
function with a Lorentzian broadening n ~ 2t that allows a physical smearing of
the sharp functions present in (4.11) and consistent with broadening induced by
couplings to other degrees of freedom not contained in the Hubbard model.

All our experimental reduced optical conductivities, in the following, have been
normalized to the peak value of the ambient pressure woy(w) to avoid the intro-
duction of an additional amplitude parameter in the fit function. Moreover, we
subtracted the intramolecular electronic contributions discussed in [10, 49], since
they are not related to the low energy intermolecular electrodynamics of the sam-
ple. The best fit curve on woy(w) is reported in Fig. 4.2a with the corresponding
holon-doublon pair (HD) and particle-hole continuum contributions (PH). Fig.
4.2b shows the real space representation of the holon-doublon exciton and of a
typical particle-hole continuum excitation.

The best fit parameters obtained in this case are U = 845 meV, V' = 120 meV and
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FIGURE 4.2: ET-Fo,TCNQ optical conductivity contributions. Panel (a)
shows the fit (grey solid line) of the experimental ambient pressure wo (w) (black
solid line). Below the two curves are shown the separate contributions for the
holon-doublon exciton (red dashed line) and for the particle-hole continuum
(blue dashed-dotted line). Panel (b) sketches a holon-doublon pair (top) and a
typical particle-hole continuum excitation (bottom) as seen in real space. Note
that only the holon-doublon pair energy is expected to change with pressure.

t = 40 meV with a broadening n = 95 meV. These value confirm the ET-Fo;TCNQ
to be a strongly correlated solid with a U/t = 21.1 (or alternatively U/W = 5.3),
well into the Mott insulating sector of its phase diagram.

We remark that the peculiar shape of this optical conductivity, with respect to
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other Mott insulators, is given by the importance of a nonlocal correlation inter-
action (modeled here with V') that gives rise to sharp excitonic bound states of
optical excitations. If V were V < 2t we would just have PH continuum com-
ponents and an optical conductivity similar to the ones of a conventional Mott

insulator (e.g. Fig. E.2f).

4.3 Equilibrium optical properties under pressure

We now describe the pressure evolution of the correlated state of the ET-FoTCNQ
by adopting the same protocol outlined in the previous paragraphs.

The starting point has been a measurement of its optical properties for pressures
up to 2.0 GPa. Technical details about the measurements are discussed in section
A.3. The data presented in this section have been measured with Synchrotron
radiation based Fourier Transform Infrared (FTIR) spectroscopy with a Diamond
Anvil cell pressure device. A second experimental dataset up to 1.1 GPa has been
measured with laboratory-based FTIR spectroscopy and is reported in Appendix
C.

A first important observation is that in the midinfrared region (below 400 meV)
the refractive index of the ET-FoTCNQ (see Fig. 4.1c) is strikingly similar to the
one of the diamond (n,; = 2.37), thus the expected reflectivity on average will be

very close to zero. The measured sample (s)-diamond (d) reflectivity is defined as

R R 2
Ng — Ns(w)

Rs = | = =
d Ng + Ng(w)

(4.12)

Moreover, due to multiphonon absorption in the diamond anvils, no reliable spec-
troscopic information can be extracted in the interval between 240 and 550 meV.
In order to determine the optical properties we therefore employed a combined
reflectivity and transmittivity measurement of infrared light polarized along the
a-axis. The reflectivity measurement well captures the electronic changes above
400 meV, while the transmission measurement gives superior information at ener-
gies below 250 meV.

The resulting data have been then simultaneously fitted for each pressure point
with a Drude-Lorentz model [234], where the complex dielectric constant é(w)

reads as
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2
wpﬂ’b

W) =€t Y ) il (4.13)

The oscillators used to model the electronic features at the gap are described by
the following parameters used for the ambient pressure data and they are smoothly

varying for increasing pressure. The Drude Lorentz fit is constrained to the 0-300

W, Wpon /7,
(meV) (meV) (meV)
663 964 160
806 975 338
3479 4405 3771

TABLE 4.1: Example of Lorentz-fit parameters for the pressure depen-

dent reflectivity and transmittivity fitting of the ET-F,;TCNQ crystal

along the a-axis. Lorentz fit parameter for ET-FoTCNQ crystal along its
a-axis at 0.2 GPa. €5, = 2.46 is kept as a pressure independent parameter.

meV region for the transmittivities T'(w), while the reflectivities Ryq(w) are fitted
from 400 meV to 1000 meV. An example of the Drude-Lorentz fitting is shown in
Fig. 4.3. From the Drude-Lorentz fit of the transmittance data, the low frequency
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FIGURE 4.3: Drude-Lorentz fit of the ET-F,;TCNQ optical properties
under pressure. Example of simultaneous Drude-Lorentz fit of the transmit-
tivity T'(w) (a) and reflectivity R(w) at the sample-diamond interface (b) for
the ET-FoTCNQ along the a-axis at a selected pressure. Reprinted figure with
permission from [247]. Copyright (C) 2014 by the American Physical Society.
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part of the reflectivity is recalculated at the sample-diamond interface and merged
with the experimental data above the diamond absorptions (namely above 550
meV).

The obtained reflectivity at the sample diamond interface spanning the whole
range of interest is then used to calculate the optical conductivity o;(w) through
a standard Kramers-Kronig algorithm for samples in contact with a transmitting
window (see Appendix B). The /3 parameter for the Kramers-Kronig transforma-
tion is kept fixed at 471 meV by evaluating the consistency of the output oy(w)
with the corresponding ambient pressure curve that is independent from this pa-
rameter. The complete optical properties for selected pressures are shown in Fig.

4.4. The most important fact emerging from these data is the presence of a large
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FIGURE 4.4: ET-F,;TCNQ optical properties under pressure. Broadband
ET-F;TCNQ optical properties along the a-axis for selected pressure. Panel (a)
shows the sample transmittivity 7'(w), panel (b) the reflectivity at the sample-
diamond interface, and panel (c) the real part of the optical conductivity o1 (w)
obtained via a Kramers-Kronig transformation of the data shown in panel (b).
Dashed lines of panel (b) are reflectivities reconstructed from the Drude Lorentz
fit in the region where diamond absorptions prevent a reliable reflectivity mea-
surement.

redshift of the CT resonance upon increasing pressure (see Fig. 4.4 (b) and (c)).
The shifting rate is of about 70 meV/GPa, qualitatively consistent with analo-
gous observations on other quasi-1D organic compounds |77, 79|, but significantly
larger in magnitude. In addition, the resonance exhibits an evident broadening
towards higher frequencies, becoming less and less symmetric in its line shape. In
Fig. 4.4a, the transmittivity 7T'(w) shows a clear decrease due to the redshifting
electronic weight from the CT band, but it remains too high to be compatible
with a pure Drude response. The extrapolated opc grows from zero to less than

10 Q7! em ™!, a value still compatible with an insulating state and the Mott gap is
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still widely open. Bearing in mind that our measurement interval covers energies
above 75 meV and does not access the single meV region, we can state that our
data give no indication for an incipient metallization within the investigated pres-
sure range. The transmittivity shows very clearly the entire spectrum of molecular
vibrations in the region between 75 and 220 meV. As can be seen in Fig. 4.5, the
whole spectrum of molecular vibrations undergoes only slight changes, at most 1
meV in frequency shift (Aw/w ~ 1%) due to bond compression and no significant
reshaping is detected in our measured data. From this observation, we can infer
that the molecular structure is not significantly changed in our pressure range. To
the best of our knowledge, structural studies (such as X-ray or neutron diffrac-
tion experiments) on this very compound are lacking but in other ET-based solids
(e.g. the k-(BEDT-TTF),Cu(NCS)s) the molecules have been found to be only
slightly affected by the application of pressures comparable with ours [258]|, thus
supporting the observations of this study.
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FIGURE 4.5: Pressure dependence of the ET-FosTCNQ molecular vi-

brations. Panel (a) shows an expanded view of the ET-FoTCN(Q molecular

vibration spectrum in the midinfrared region of the o1 (w). Panel (b) shows in-

stead a zoom of the energy interval 90-130 meV to better show the magnitude
of the frequency shifts of selected molecular vibrations.
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4.4 Hubbard parameters of the ET-F,;TCNQ un-

der pressure

The determination of the parameters of the Hubbard Hamiltonian (4.9) is carried
out with the same fitting procedure described in section 4.2.1. The fitting results
for selected pressures are shown in Fig. 4.6. Upon increasing pressure, both the
HD exciton and the PH continuum undergo a broadening and the relative weight
between the two contributions evolves in favor of a more prominent continuum.

The main responsible for the shift of the CT resonance is the redshifting HD peak;
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FIGURE 4.6: Extraction of the Hubbard model parameters under pres-

sure. Panel (a)-(c) show the theoretical fit curve (grey solid line) of the ex-

perimental woy(w) (black solid line) for selected pressures in the range 0.0-2.0

GPa. Below the two curves are shown the separate contributions for the holon-

doublon exciton (red dashed line) and for the particle-hole continuum (blue
dashed-dotted line).

the PH continuum remains instead at the same energy with a redshifting onset
(at U — 4t) due to the increasing bandwidth. The changes translate in a growing
overlap of the two spectral features, reflecting a fading boundary between these
two classes of excitations.

As mentioned in the previous sections, the experimental wo;(w) curves have been
normalized to the ambient pressure curve and subtracted of the high energy in-
tramolecular contributions prior to the fitting routine.

During the fit we assume U to remain constant at 845 meV while the broadening
factor n changes from 95 meV to 193 meV. The resulting fit parameters are plotted
as a function of pressure in Fig. 4.7a. The most important observations here is
that the hopping ¢ is found to increase from 40 to 85 meV, but also the correlation
energy V increases from 120 to 203 meV.

We can compare these values against the predictions for a realistic tight-binding
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FiGURE 4.7: ET-F>;TCNQ extended Hubbard model parameters under

pressure. Panel (a) shows the extended Hubbard model parameters obtained

form a fitting of the reduced optical conductivity wo;(w) as a function of pres-

sure. Filled and empty symbols identify distinct experimental runs. Panel (b)

shows instead the theoretical prediction for a model tight binding calculation
with realistic parameters discussed in the text.

chain with hydrogenic wavefunctions with a lattice spacing given by a. It can be

shown that the extended Hubbard parameters in this case can be parametrized as
[23, 24, 259

U(a) = constant (4.14)

ta)=A(l+a)e (4.15)
B

V(a) = = (4.16)

These equations are representing the fact that the onsite Coulomb repulsion U is
expected not to be affected by changes in the lattice spacing, that the hopping
increases exponentially thanks to the increased overlap between neighboring elec-
tronic wavefunctions and that the intersite correlation V' effectively reduces to a
simple van der Waals potential® under s-wave symmetry assumption [24]. We now

consider a realistic pressure dependence for the lattice spacing a(P) through an

3In [24] the actual expression for V is a purely Coulomb potential e€2?/a, but, due to the
nature of the molecular bonding in these materials, a van der Waals potential is more appropriate
[97, 260].
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invertible equation of state [261]

B, %

where By is the material bulk modulus and B[ is its pressure derivative. By
inserting ag = 10 A, By = 8 GPa and B}y = 4* and recasting the parameters as

functions of their starting values Uy, V and t

ta) = - fao (1+ a)ea=0) (4.19)
V(a) = %(%)6 (4.20)

we can calculate the expected variation for the Hubbard parameter as a function
of pressure. As we can see by directly comparing panels (a) and (b) of Fig.
4.7, this simple model captures the correct order of magnitude of the observed
experimental trends. Especially important is the growth of V', since the observed
increase could not be accounted for in case of a purely Coulombic potential and is
deeply connected to the molecular nature of this organic solid.

The change in the interaction parameters has, obviously, relevant consequences on
the correlation between holons and doublons and as we will see on their dynamics.
In Fig. 4.8a, we can see that, as pressure is applied, the simultaneous reduction
of the U/t and V/t ratios leads to a general reduction of the correlation among
holons and doublons. The V/t ratio in particular is reduced from V/t ~ 3 to
V/t ~ 2.4 close to the critical ratio V/t ~ 2 for which the excitonic state cannot
be isolated from the continuum. Excitonic states are still possible in our pressure
regime, but they are on average less bound than in the ambient pressure condition.
The binding energy, defined as V + % — 4t in the limit of large Mott gaps [145],
is halved (see Fig. 4.8). As a consequence the average exciton size (defined as
Cha = W [145]) increases, also reflecting a weaker correlation between the

holons and the doublons.

4These values represent realistic estimates for the equation-of-state parameters of ET-based
molecular compounds.
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FicURrE 4.8: ET-F>,;TCNQ Holon-Doublon parameters under pressure.

Panel (a) shows the experimental pressure runs in the V/t-U/t phase diagram

of the extended Hubbard model optical excitations (adapted from Ref. [147]).

Panel (b) shows the binding energy calculated from the interaction parameters

as a function of pressure. Panel (c) reports the calculated exciton size as a

function of pressure. Empty and filled symbols identify distinct experimental
runs.

4.5 Pump-probe measurements under pressure

The ultrafast recombination of photoinjected holon-doublons has been measured
by means of an optical pump-probe experiment under variable pressure condi-
tions. An optical pump pulse resonantly tuned with the Mott gap (~700 meV)
and polarized along the a-axis excites holon-doublon pairs and causes a drop in
the reflectivity. A second delayed pulse, polarized as the pump and with the same
energy, probes the transient change in the reflectivity and follows its recovery back
to the equilibrium. Further details about the experimental protocol and methods
are given in A 4.

As shown in previous experiments [10, 38, 129], the transient change in the reflec-
tivity is directly connected to the amount of photoexcited holon-doublon pairs and
therefore constitutes a good experimental observable to assess the holon-doublon
recombination dynamics. In Fig. 4.9 we show a typical time-resolved reflectivity

measurement, of the CT peak as a function of the time delay between the pump



Chapter 4. Nonequilibrium dynamics of the ET-Fy TCNQ under pressure 81

and the probe pulses. The recovery dynamics of the ET-F;TCNQ is quite fast
compared to other quasi-1D solids like K-TCNQ [129]. The transient change of
the reflectivity at the pump arrival is essentially istantaneous and limited by the
pump pulse duration [10]. It has a negative sign, namely the reflectivity is reduced
as a result of the optical excitation, and its relaxation is almost complete in less

than 2 ps (aside from a metastable, small amplitude component). The relaxation

8x10~ | . .

O experimental data

-AR/R

Delay (ps)

FIGURE 4.9: Pump probe measurement of the ET-Fo,TCNQ and the
Holon-Doublon recombination. Example of transient reflectivity change (in
the diamond anvil cell) for degenerate pump and probe pulses polarized along
the ET-FoTCNQ a-axis as a function of the time delay between the pump and
probe pulses. Empty symbols are experimental data, the red line is the overall fit
to the data, while the black curves below are the single fitting components. The
shaded area marks the electronic part of the recombination dynamics associated
with the holon-doublon recombination.

of this excited state follows a double exponential decay and therefore we fitted our

data with a double exponential function convoluted with a gaussian pulse [38, 129]

AR(ts)  R(ta) — R(ta <0)

R R(tq < 0)
_ / OO Aot Y Avep( - 1 t')]exp(j—z)dt' (4.21)

i=1,2 ¢
where t; stands for the time delay between pump and probe pulses, A; and 7; are

respectively the amplitudes and the lifetimes of the exponential decays, Ay stands
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for a metastable component®, and 7, is the cross-correlation time between pump
and probe pulses. The different component of the fit function are also reported in
Fig. 4.9.

For completeness, we need to mention that we checked the possibility of a fit in-
volving a three-body recombination like the one described in Downer et al. [36],
but it fails in reproducing the experimental data. This suggests a nature of the
recombination process different from an Auger recombination, observed in conven-
tional semiconductors [36].

Our pump-probe experiments under high pressure conditions have been performed
at a moderate fluence of 300 pJ/cm?, in a regime where the excitation of holon-
doublon pairs is sparse and the signal scales linearly with the number of absorbed
photons. The measured differential reflectivity change under these conditions and
for all the pressures measured is approximately on a level of AR/R ~ 1%.

The pump probe experiment has been performed with two different protocols: in
one case both the pump and the probe are kept fixed at an energy of 740 meV
(mainly resonant to the PH continuum), while in other series of experimental runs
both the pump and the probe energies have been tuned at each pressure point to
track the redshift of the HD exciton resonance. The measured data for selected
pressures, together with the fitted lifetimes of the exponential decay, are shown
for these two experimental conditions in Figg. 4.10 and 4.11.

The most important observation emerging from these data is that upon pressure
increase the fast decay constant associated with electronic recombination exhibits
a clear decrease with a rate of 85 fs/GPa for PH continuum excitations and 116
fs/GPa for bound HD pairs. The second, longer decay constant, interpreted here
as associated to the thermalization of high-energy intramolecular modes heated by
the quasiparticle recombination does not show a clear pressure dependence within
the systematic error associated with the experimental conditions.

From here, we will consider only the purely electronic, pressure dependent part of
the transient response (the one decaying with the 7 lifetime) that accounts for the
recombination of the photoinjected holons and doublons. As a final comment, the
data emerging from these two different experiments show a rather similar behavior:
holon-doublon and particle-hole excitations decay with a similar pressure depen-
dence and similar recombination times. We explain this observation in terms of

increasing intermixing between the two types of excitations, due to the increased

5Likely a thermalization component with a lifetime that is too long to be determined within
our experimental parameters
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FIGURE 4.10: Pump-probe experiment resonant to the Particle-Hole

continuum. Panel (a) shows the normalized AR/R time-domain curves on the

PH continuum peak for selected pressures. Black dashed lines are fits to the

data. Panel (b) and (c) show instead the two lifetimes of the exponential decays

involved in the photoexcited state relaxation vs applied pressure. Filled and
empty symbols identify distinct experimental runs.

hopping amplitude. The higher the pressure, the more difficult is the spectral

separation of the two spectral features.

4.6 Modeling holon-doublon dynamics

A quantitative analysis of the pressure dependence of 7 requires the development
of an adequate theoretical framework to deal with the problem of holon-doublon
recombination. The recombination of bound holon-doublon pairs (or disassociated
pairs in the PH continuum) involves the dissipation of a quite high energy (of or-
der U — V) per event and the dissipation has to occur through a dissipative bath
coupled to the electronic subsystem.

In absence of such a bath the only possible decay channels involve either kinetic
energy transfer (i.e. creation of particle-hole pairs) or spin excitations. The energy
scales for these two dissipation mechanisms are respectively the hopping ¢ and the

exchange coupling /(U — V') [63]. Since we consider a case where the strong
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FIGURE 4.11: Pump-probe experiment resonant to the Holon-Doublon

exciton. Panel (a) shows the normalized AR/R time-domain curves on the HD

exciton peak for selected pressures. Black dashed lines are fits to the data. Panel

(b) and (c) show instead the two lifetimes of the exponential decays involved in

the photoexcited state relaxation vs applied pressure. Filled and empty symbols
identify distinct experimental runs.

coupling regime holds (U > V), dissipation through these paths requires a large
number of scattering events, leading to an exponentially small decay rate with the
U/t ratio [62, 63, 153|. In Fig. 4.12, that constitutes the main result of this work,
we plot the experimental lifetimes for both the HD pairs and the PH continuum as
a function of the effective Mottness (U — V') /t of the system. Here the interactions
U, V and t are the experimental values determined from the equilibrium optical
data.

The lifetimes of the photoexcited state are found to increase as the overall degree
of correlation is increased but the lifetime enhancement is weaker than the afore-
mentioned exponential behavior (given the same Mottness variation) and, as we
propose in the following, this phenomenon has a deeper physical interpretation.
In the ET-FoTCNQ), since electron-phonon coupling is small [137] and efficient
radiative emission is lacking, we assume as a working hypothesis that the high
frequency molecular modes (see Fig. 4.5) are the primary scattering partners for

the rapid decay observed in our experiment.
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FIGURE 4.12: Holon-Doublon decay as a function of the effective corre-
lation. Experimental relaxation times (empty symbols) for HD and PH resonant
excitation normalized to their ambient pressure value 7y and shown as function
of (U —V)/t. The calculated holon-doublon lifetimes (filled circles) found from
solving an L-site effective model (discussed in the text) with spin-boson scaling
for the bare decay rate. For comparison the spin-boson dimer result is shown
(dashed line). Reprinted figure with permission from [247]. Copyright (©) 2014
by the American Physical Society.

These modes are intrinsically localized® and the holon-doublon recombination has
to occur via a single hopping event from the doubly occupied to the empty site,
thus we describe the recombination process as local.

The density of injected doublons for the fluences investigated is 0.06/site, i.e. low
enough to consider the holon-doublon pairs mutually non-interacting. The sim-
plest possible model for the HD recombination process involves a dimer of ET
molecules coupled to a continuum of bosonic modes, a typical ansatz for dissi-
pative electron transfer models [262, 263]. The holon-doublon pair and a pair of
singly occupied states can be viewed as the excited and ground state (respectively)
of a two level system with energy gap U — V' and tunneling amplitude equal to ¢,
therefore this dissipative system can be described as an effective spin-boson model
[264]. The dissipative bath is modeled by an appropriate super-Ohmic spectral
function [265]

J(w) = aw—Qe""/‘“C (4.22)

6Being intramolecular vibrations.
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where « is a dimensionless coupling constant for the system-bath interaction, wq
is a typical bath energy scale while w, is a cutoff energy.
We consider a physical situation where U —V >t (large-bias limit), therefore the
tunneling mediating the HD decay and the energy dissipation into the bath is far
off-resonant. The decay rate in this regime is found to be [264]

relo_f su-v (4.23)

T (U=V)?

The main contribution to the spectral function J (U —V') comes, within our model,
from the high-energy intramolecular modes and it is assumed to be pressure in-
dependent. As a consequence the pressure dependence of the decay rate comes
exclusively from the ratio t*/(U — V')? and entails an increased (decreased) decay
with ¢ (with U — V).
The theoretical decay rate derived from this spin boson calculation is reported in
Fig. 4.12 as "Two sites model" and it predicts a more than fivefold increase of the
decay rate at the largest pressure (minimum (U — V')/t) investigated, not at all
reproducing the experimental trend.
Previous time-resolved measurements proved that the transient response of the in-
sulating state involves at least three different sites with the possibility of tunneling
between HD pairs and PH states [10]. A bound holon-doublon pair next to singly
occupied sites [--- 0 __ ---) can tunnel into a state [---_0_ { _---) belonging
to the class of PH continuum excitations through a single hopping event. In this
formalism we indicate a holon as |---0--), a doublon as |-+ { - - -}, and the singly
occupied sites as |- -+ - ).
This process occurs with a rate dictated by ¢ and the barrier between the two
configurations is given by V', both increasing with pressure. It has to be remarked
that the PH state |--- _0_ { _ ---) has a lower probability to recombine with
respect to a bound HD pair |--- 0 - -), since it needs two hopping events
to recombine (instead of one). In order to describe the observed dynamics we
therefore employed an effective model derived form the strong coupling limit and
sketched in Fig. 4.13. The key idea is that in a realistic physical situation the
photoinjected holons and doublons will be able to hop over several sites and the
recombination will occur after different intermediate steps (over different spatial
separations) that are decay-forbidden” and that will therefore slow down the global

decay of the photoexcited state. We try to model this picture by allowing coherent

"In the framework of an exclusively local recombination.
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F1GURE 4.13: Holon-Doublon decay model. Scheme of the effective model
used to describe the holon-doublon dynamics in the strong coupling limit. The
state |g) indicates the ground state containing no holons or doublons, the state
|0) indicates an adiacent (zero separation) holon-doublon pair, while the other
|I) states stand for configurations where the holon and doublon are separated by
[ sites. In the limit L — oo the unbound states (|1), |2),...) form the particle-
hole continuum. The relaxation to |g) is only allowed from the |0) state with a
bare spin-boson rate I'. Reprinted figure with permission from [247]. Copyright

(©) 2014 by the American Physical Society.

hopping events on a L-sites chain and we define |g) a singly occupied configuration,
|0) a bound HD pair, and |I) states where the holon and the doublon are separated
by [ singly occupied sites (up to a maximum distance L). The potential energy of
the model mimicks the equivalent many-body configurations in the full extended
Hubbard model, while its optical conductivity reproduces the full extended Hub-
bard model one (4.11) in the limit L — oo.

The recombination has been added to this model via a Markovian quantum dis-
sipation process, suitable for modeling in the super-Ohmic large-bias limit [265].
The Markovian dissipation incoherently drives only the transition |0) — |g) at the
bare "two sites" rate.

This effective model shows that separation of holons and doublons suppresses the
decay rate and already adding a single site of separation renormalizes the bare

rate I' to

r v
L= (14—t ). 4.24
S1 =3\ T e ioe (4.24)
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We applied this effective model by first fitting the bare rate I' to the value that
reproduces the observed zero pressure decay rate.

This bare rate is calculated at each pressure point through (4.23) without free
parameters, since U, V' and t come from the equilibrium optical properties.

The effective rate I'.y¢ has been instead numerically calculated from this model
for different L values.

The increase of the system size L increases the suppression of I'cff, in agreement
with the intuitive picture outlined above and with a chain size of L = 20 sites
this model fully reproduces the experimental observations (see filled circles in Fig.
4.12).

The important physical conclusion that emerges from this comparison is that co-
herent tunneling dynamics between bound and unbound holon-doublon pairs com-
petes with and slows the recombination of quasiparticles in a real half-filled Mott

insulator.

4.7 Summary

In this work we investigated the problem of quasiparticle recombination in a Mott-
insulator system and the role of effective interactions (correlations and hopping
amplitude) in determining the relaxation of a photoinduced state towards equi-
librium. The experiments have been focused on a particular class of excitations,
holon-doublon pairs, that are of fundamental relevance for the Mott metal-to-
insulator transition and can be injected in the insulating ground state by exciting
carriers at the Mott gap in the optical spectrum. While in conventional metals
the decay rate of photoexcited carriers is expected to scale with the hopping am-
plitude ¢ and in band semiconductors like 1/t or 1/t* depending on the specific
decay mechanism, in Mott insulator the decay dynamics is still poorly understood.
Previous work, both theoretical, and experimental, but with cold atoms in optical
lattices, pointed towards a strong role of the correlation energy (onsite Coulomb
repulsion U) in defining the doublon relaxation rate by imparting an exponential
dependence in the ratio U/t.

In order to study this phenomenon in a real solid state material, we chose a quasi-
1D half-filled Mott insulator, the ET-F,;TCNQ), that has a strong degree of corre-

lation U/t ~ 21, a low electron phonon-coupling and exhibits a well characterized
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insulator-to-metal transition upon photoexcitation of the Mott gap. Importantly,
we used pressure, and therefore the lattice spacing, as a tuning parameter for the
effective correlations existing in the system. We measured the equilibrium optical
properties of the ET- FoTCNQ, both in ambient and high pressure conditions and
determined, through a fit with the analytical optical response of an extended Hub-
bard model, the relevant effective interactions energies (onsite Coulomb repulsion
U, intersite Coulomb repulsion V', hopping amplitude ). Due to the presence of
an important intersite correlation energy V' (~ U/6), in this material holons and
doublons can either be independent (and thus constitute a particle-hole continuum
in the optical spectrum) or form an excitonic bound state (holon-doublon pair)
with a binding energy dependent on to both ¢ and V.

We, then, measured the holon-doublon recombination times by means of a pump-
probe reflectivity measurement under variable external pressure conditions. The
holon-doublon quasiparticles (either bound or unbound) are injected by a pump
beam resonantly tuned to the Mott gap and their recombination is measured by
observing the recovery of the sample-reflectivity at the Mott gap, that coincides
with the reconstruction of the half-filled insulating state.

The extracted relaxation times are finally mapped onto the correlation strength
parameter (U — V')/t based on the values measured in equilibrium. In modeling
the recombination dynamics of bound and unbound holon-doublon quasiparticles
we assume the decay occurring through coupling to intramolecuar vibrations, that
have high energies (hw ~ U/6) and localized character, thus representing efficient
scattering partners for the excited state. We experimentally observe a clear in-
crease of the recombination time with growing correlations, but the slope of this
dependence is not compatible with the prediction of a simple spin-boson model,
predicting a relaxation time roughly proportional to (U — V)?/t2. A comparison
of the experimental data with a Markovian simulation of the decay dynamics re-
vealed that coherent tunneling between bound and unbound holon-doublon pairs
(in systems where V is a relevant energy scale) competes with and slows the re-
combination of quasiparticles in solid state half-filled Mott insulators and is an
essential process for a quantitative assessment of photoinduced phase transition

timescales in these systems.






Chapter 5

An optically stimulated
superconducting-like phase in K3Cgg

far above T,

In this chapter we describe the midinfrared pump-THz probe experiments per-
formed on the molecular superconductor K3Cgy with the aim to control its super-
conducting properties through resonant vibrational excitation. We first describe
the measurement and analysis of the equilibrium optical properties for the very
samples investigated in this work. Time- and frequency-resolved measurements
of the gap spectral region above and below the critical temperature, and their
dependence upon variation of temperature, pump fluence and pump energy are
reported. We subsequently discuss the relevance of our findings to the manip-
ulation of the superconducting state in correlated superconductors and propose
further extensions of this work to other compounds. The results described in this

chapter, unlike the ones of Chapter 4, are currently under review.

5.1 Light control of the superconducting state

A crucial problem in superconductivity is to find a route to increase the tran-
sition temperatures and thus to boost the development of cheap and scalable
superconductivity-based technologies.

One approach to the problem is to create a crystal structure that can sustain a

91



Chapter 5. Stimulated superconducting-like phase in K3Cgy far above T, 92

more robust Cooper pairing interaction and thus a higher 7,.. Starting from the
empirical Matthias rules for conventional superconductors [266], this path, guided
by a thorough synthesis work, led to the breakthrough of cuprates [267-269] and
pnictides [270, 271] superconducting families that raised the critical temperatures
at ambient conditions (up to 93 and 43 K respectively) by producing radically
different structures with respect to conventional superconductors.

Another approach is instead to apply external stimuli that can tune important
structural or electronic paramters and possibly lead to a higher 7,.. Within a
given structure, important tuning parameters for the superconducting 7. are both
chemical doping (e.g. Ref. [102| and references therein) and pressure [272-276],
that represented so far the unique tools to increase T, in equilibrium conditions.
Especially the application of pressure up to 45 GPa led to the current record T,
of 164 K in a bulk Hg-cuprate [274].

In the last decade, thanks to substantial technological advancements in light
sources and measurement protocols, nonequilibrium studies of superconductiv-
ity have acquired a special role in the quest for a higher 7,.. Ultrafast pump-probe
experiments allowed not only to gain new insights on the relevant couplings in
high-T,. superconductors [277| but also opened new perspectives for actually con-
trolling their electronic states and thus pave the way towards a higher T..

A class of recent experiments on several cuprate compounds showed that strong
midinfrared and THz excitations resonant with structural phonons [46, 48, 49,
54, 278, 279| or with particular interlayer resonances (also named Josephson plas-
mons) [21, 55| can actually induce a highly coherent state above the equilibrium
transition temperature or even gate the Cooper pair transport among different
planes.

A natural extension is to resonantly excite phonons in conventional superconduc-
tors where lattice degrees of freedom are not only able to perturb or distort the
equilibrium structure, but are the main players in defining the pairing interaction.
Since pairing phonon modes have even symmetry, they cannot be excited with
linear dipole interaction and thus simple infrared absorption of the pump pulse.
An alternative excitation mechanism relies on nonlinear phonon coupling, where
higher order terms in the atomic displacement along an IR normal mode coordi-
nate (Qr) can couple to Raman active mode displacements (Qg), e.g. through a
Q#:Qr in the interaction potential |44, 45, 52, 54, 280]. This kind of excitation re-
quires intense midinfrared fields that can unfold the anharmonicity of the infrared

active mode and, since we aim to follow this path, the experiments presented in
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this chapter are mainly in the mJ/cm? excitation regime.

In the case of A3Cgg, the relatively high transition temperatures, the peculiar na-
ture of both the normal and superconducting states outlined in Chapter 3, and
the simultaneous relevance of high energy molecular vibrations and electronic cor-
relations offer an ideal testbed for vibrational excitation studies of a BCS-like
superconductor.

The core idea of these experiments is sketched in Fig. 5.1. A strong midinfrared
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F1GURE 5.1: K3Cgo Ty, (T14(4)) phonon and possible Raman mode cou-
plings. Panel (a) shows the 7;, mode in the infrared spectrum of K3Cgy mea-
sured by Iwasa et al. [232]|. Panel (b) shows instead possible couplings between
the T}, (T1,(4)) mode and Raman vibrations of the C; 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.

pulse centered at the IR active T}, molecular vibration, having a tangential char-
acter and a 170 meV energy, drives the mode enough to rectify it and displaces
the C atoms on each Cgg molecule along a Raman-active vibration coordinate
symmetry-compatible with a T2, coupling term. In the icosahedral point group
I}, describing the Cgy molecule, the rectification of the IR mode can occur along
an A, Raman coordinate (mainly radial direction), an H, one (Jahn-Teller modes
relevant to the SC pairing), or a 77, mode. The coupling between the rectified 73,
mode and these Raman modes is not yet known, but a possible coupling to A,
or H, modes could lead to some interesting scenarios (77, modes are not coupled
because of symmetry reasons [160, 242]). In case a displacement is induced along

the A, coordinate, the Cgy molecules would transiently expand along their radial
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direction. While the molecular orbitals would be certainly affected by this expan-
sion, also the intermolecular hopping, and thus the bandwidth at the Fermi level,
could be changed with obvious consequences on the superconducting properties.
A second scenario is the one where the largest effect comes from the coupling to H,
modes. They govern the balancing between Hund’s correlation and Jahn-Teller in-
teraction, but they are also believed to be the main coupling modes in the Cooper
channel (see Chapter 3). A change in the population of these modes induced by
the pump would probably lead to sizable changes in the superconducting transi-
tion.

In both cases, the delicate interplay between electronic and vibrational degrees of
freedom suggests the possibility of inducing changes in both the normal and super-
conducting state and, thus, to control the superconducting transition boundary
in a completely different fashion than what has been done in the past in other
conventional superconductors [12, 56, 281-284| or with cuprates [21, 46, 48, 49,
54, 55, 278, 279].

5.2 Characterization of the K5Cgs) powders equilib-

rium optical properties

5.2.1 Normal state optical properties

Prior to the analysis of the time-resolved experiments, we discuss the equilibrium
optical properties of the K3Cgg samples used in this work. These powders are com-
pacted in an inert Ar atmosphere and enclosed in a sealed sample holder (similar
to the one sketched in Fig. A.16) that provides optical access through an infrared
grade diamond window (Ilac, 1.5 mm thickness, 2 mm culet diameter), with the
same protocol discussed in section A.5.4. The sample has been then placed inside
a He flow cryostat (Helitran) with thin (50 gm thickness) polypropilene windows
for the entire measurement.

Broadband infrared reflectivity data in the normal state have been measured
between 4 and 1000 meV and for a temperature of approximately 25 K, there-
fore above the critical temperature of this sample (7,=19.8 K). The measurement

has been carried out with synchrotron radiation-based FITR spectroscopy (SISSI
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beamline, Elettra Synchrotron, Trieste, Italy), as described in section A.3 1.

The minimum temperature achieved in that experiment was 25 K, therefore all
the broadband reflectivity curves are measured above T,. Each spectrum has been
referenced against the diamond-vacuum interface, and at the end of the mea-
surement run the curves have been referenced against the reflectivity of a gold
mirror placed at the sample position. Being relative to the normal state, our
data have been extrapolated below 3-4 meV with an Hagen-Rubens type behav-
ior, R(w) = 1 — (2w/7opc)®3*®, with the exponent and the opc calibrated to
allow a smooth connection between the experimental data and the low frequency
extrapolation. High frequency extrapolations have been instead performed by re-
calculating the sample-diamond reflectivity from single crystal data provided by
Prof. L. Degiorgi up to 6 €V.

The obtained full-range reflectivity at the sample-diamond interface is then used
to calculate the optical conductivity o1(w) through a standard Kramers-Kronig
algorithm for samples in contact with a transparent window (see Appendix B).
The (3 parameter for the Kramers-Kronig transformation is kept fixed at 217 meV
by optimizing the center frequency and the weight of the FIR absorption band
with respect to reference data on single crystal K3Cgy measured by Degiorgi et al.
and reported in Fig. 3.6.

In order to quantitatively compare our data with previous studies (e.g. Ref. [185—
187, 230-232|), we modeled the low energy (fuw < 200 meV) part of the dielectric
function in the normal state with a Drude term (D) and a Lorentz oscillator (G)

accounting for the 55 meV absorption with the same model used in [185]

whe whp
e(w) =€x + i st | (5.1)
where €., is the high frequency contribution to the dielectric constant, wpg and
wpp are the plasma frequencies of the 55 meV absorption band and of the Drude
respectively, while v and vp are their relaxation rates and wg the band center
frequency. A sample fit is shown in Fig. 5.2, together with the optical properties
measured at different temperatures.
The corresponding fit parameters are listed in Table 5.1.
Our data present a lower far-infrared spectral weight (quantified by the plasma
frequencies of both the Drude and the FIR band) with respect to the one reported

'Tn this case no pressure is applied
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FIGURE 5.2: Temperature dependence of K3Cgy optical properties in

the normal state. Panels (a)-(c) show respectively the normal state reflectivity

(sample-diamond interface), real and imaginary part of the optical conductivity

for selected temperatures (solid lines). A sample fit in the low energy region of

the optical response (hw < 200 meV) is shown for the 25 K data with a black
dashed line.

in Ref. [185]. Both the Drude and the G oscillator have a plasma frequency ap-
proximately halved with respect to the values in Ref. [185] (411 and 1102 meV),
but their relative ratio is compatible with the finding that roughly 92% of the car-
riers is localized in the G band, instead of contributing to the metallic transport.
This low spectral weight can be attributed to the granularity of the powders that
contributes to lower the carrier density and that is certainly relevant in this case.
Moreover, the scattering rate of the Drude carriers is strongly reduced from a sin-
gle crystal value of 17 meV [185] to our value of 3-4 meV. Under the assumption
that the scattering rate is affected by the carrier density [285], we can interpret
this reduction as originating from the lower electronic density. Intuitively, a lower
carrier density can translate into a lower electron-electron scattering and therefore
a longer scattering time. A second possible explanation for this phenomenon is re-
lated to the influence of powder grain boundaries that tend to localize the charges
and can also play a role in determining the global carrier scattering rate.

Our samples present a weak temperature dependence of the Drude feature (com-
patible with observations on thin film samples [286]), while the G band shows a
gradual evolution from a single Lorentzian shape to a double peak structure with
a blue-shifted center frequency. The investigation of the origin and the changes of
this FIR band is beyond the scope of our work and, in the rest of this chapter, we
will focus on the Drude part of the conductivity spectrum.

We do not detect higher energy oscillators and also the €., is reduced from the

single crystal value of 5 [185], but in this case the light scattering on the irregular
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T (K) €00 wpg (meV)  wg (meV) g (meV) wpp (meV) ~p (meV)

25 2.021 042.17 51.811 129.57 172.80 4.046
+0.016 £0.40 £0.058 +0.24 +0.13 £0.090
50 1.123 613.9 57.16 197.8 152.25 2.2064
+0.044 +£1.7 £0.22 +1.4 £0.21 £0.0083
100 1.251 615.7 65.91 205.5 155.50 3.234
+0.037 +1.6 £0.20 +1.3 +0.22 £0.012
200 1.253 591.0 57.29 172.9 163.52 2.6430
$0.042 +1.4 +0.18 +1.0 +0.22 +0.0094
300 1.442 609.4 70.96 214.0 155.45 2.880
£0.050 +£2.3 +0.29 +1.9 +0.26 £0.013

TABLE 5.1: K3Cgy normal state low energy parameters at various tem-
peratures. Fit parameter for the low energy infrared spectrum of the K3Cgg
powders used in this experiment. The parameters are defined in the text.

powder facets is the expected to be the main player.

We compare in Fig. 5.3a the reflectivity spectrum at the sample-vacuum interface
(in our case, recalculated from the complex refractive index) of single crystal data
provided by Prof. L. Degiorgi and for our very sample.

Even if our data are in qualitative agreement with the single crystal curve, we
can notice an increasing difference between the two curves for increasing photon
energy. This effect can be partly due to surface scattering that is important for
near infrared and visible wavelengths [287] but in the far-infrared region (<200
meV) the difference seems to be related to an intrinsic, quantitative difference of
the powder transport properties with respect to the single crystal specimens.

An important quantity for the analysis of the time-resolved data? that is also af-
fected by the granularity of our samples is the penetration depth (,(w) = ¢/2kw)
and in our powder pellets is larger than in single crystal data (see Fig. 5.3). In the
pump energy region (between 100 and 200 meV), the penetration depth is quite

featureless and about a factor two larger than in single crystal data.

2In order to determine the pump-probe penetration mismatch, as summarized in section A.5.3
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F1GURE 5.3: Comparison between reflectivity and penetration depth

for single crystal and powder K3;Cgy. Panel (a) shows the comparison

between reference single crystal reflectivity data provided by Prof. L. Degiorgi

(gray) and our powder reflectivity recalculated at the sample-vacuum interface

(red). Panel (b) shows instead the corresponding penetration depth [,(w) =
c/2kw.

5.2.2 Temperature dependence of the optical properties in

the superconducting state

The reflectivity measurement of our K3Cgy powders below T, is necessary for a
correct referencing of the transient reflectivity data discussed later in this chap-
ter, but also for testing the quality of our samples. Importantly, if the sample is
damaged or contaminated it is not expected to show superconductivity.

Reflectivity data below the superconducting transition temperature have been
measured with the same THz-time domain spectrometer used in the time-resolved
experiment. In this case the reflected THz field is referenced against the reflected
field at 25 K (normal state) and the ratio between the reflectivity in the supercon-
ducting (S) and normal (N) state is simply given by Rg/Ry = |Es(w)/En(w)|?.
This ratio is then multiplied by the measured normal state reflectivity, thus giving
the absolute reflectivity of the superconducting K3Cgy. In Fig. 5.4a, we show
the ratio between reflectivities R(T") at temperatures below and above 7T, and
the reflectivity just above 7., R(20 K) as measured with our THz-time domain
spectrometer, while in Fig. 5.4b-c we report the recalculated reflectivity. From
previous spectroscopic measurements (e.g. Refs. [185-187, 230]), it is known that

across the transition the main spectral changes occur at photon energies below
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3A(T) and higher energy portions of the K3Cgy spectrum are unaffected, there-
fore our measurements are sufficient for the determination of the optical response

below T,.

Due to limitations of our THz time-domain spectrometer, we cannot reliably
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FIGURE 5.4: Equilibrium reflectivity of K3Cgy powders below the su-

perconducting transition temperature. Panel (a) shows THz time-domain

measurements of the reflectivity ratio between superconducting and normal state

for several temperatures. Filled circles represent the experimental data, while

the dashed lines are fits to the data with Zimmermann formulas. Panel (b)

shows the recalculated absolute reflectivity of K3Cgo in the THz region, while
panel (c) shows the resulting broadband reflectivity.

measure below 3 meV and we need to extrapolate the data through a fitting of the
R(T)/R(20 K) data. The fit function is constituted by a reflectivity ratio where
the normal state dielectric function is modeled as in eq. (5.1) and its changes
across the transition are determined with a modification of the Mattis-Bardeen
formulas for BCS superconductors with a Drude scattering rate yp comparable
with the gap energy A3 due to Zimmermann et al. [288]. The starting parameters
for this fits are the one for the 25 K optical response listed in Table 5.1, while the
only two free parameters are the ratio 7'/T, and the gap parameter A(T'). The fit
function for the optical conductivity in the superconducting state is reported in
Ref. [288] and takes into account the contributions to the conductivity of Cooper
pairs, but also thermally and photon excited quasiparticles. The experimental
data, extrapolated with the fit, are then multiplied by the equilibrium reflectiv-
ity at 25 K (normal state) and we, thus, obtain the absolute reflectivity of the
samples below T,. When the reflectivity approaches the 100% line, we extrapolate
to 1.0 down to zero energy in order to avoid unphysical artifacts in the optical

conductivity (as reported in other references, e.g. Ref. [185]). Due to the relative

3In our case yp ~ A.
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noise of the THz time-domain measurement (approx. 1.0%), we are not sensitive
to the small deviations from a perfect reflectivity that signal the recovery of the
Drude component of the optical spectrum and our data can just capture the gap
closure but not its filling. These reflectivity data are then used to obtain the full
optical conductivity through Kramers-Kronig relations with the same § = 217
meV parameter used for the normal state. The resulting optical conductivity is

shown in Fig. 5.5 As visible in Fig. 5.5a, upon crossing the superconducting tran-
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FI1GURE 5.5: Equilibrium optical conductivity of K3Cgy powders below

the superconducting transition temperature. Panels (a) and (b) show the

real and imaginary part of the optical conductivity for the K3Cgg powders used

in the pump-probe experiment for several temperatures. Panels (c) and (d) show
instead the ratios o15/01, and o9s/01,.

sition boundary the real part of the optical conductivity, o;(w), develops a fully
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opened gap and the spectral weight of the Drude is collapsed into the § function
at zero energy, while the imaginary part oo(w) becomes divergent, as described in
section 3.4.2. As the temperature is raised the gap closes, reducing its value from
6 meV at 10 K to 3 meV at 19 K and the Drude is partially reconstructed. The
ratios o15(w) /01, (w) and o95(w) /o1, (w) (shown in Fig. 5.5¢-d) follow instead the
characteristic Mattis-Bardeen behavior exhibited by single crystal data reported
in Fig. 3.6, showing the gradual gap closure in 0;(w) and the suppression of the
divergence in og(w).

As a last element to this picture, we compare the temperature dependent value
of the gap with previous observations in order to evaluate the consistency of this
trend with the know behavior of K3Cgo. Values of the gap parameter coming from
the Zimmermann fit of the reflectivity ratio in Fig. 5.4 normalized to the litera-
ture value of 6 meV [185] are shown in Fig. 5.6. Our data follow quite closely the
expected mean field behavior predicted for BCS superconductors in weak coupling
[220, 236, 289

A(T) T T,
NORS tanh (A_(O T~ 1> (5.2)

and are consistent with previous data coming from both optical and tunneling

studies. From these measurements, we can conclude that our samples present
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F1GURE 5.6: Temperature dependence of the K3Cgy equilibrium gap.

Superconducting gap of the K3Cgo powders used in this experiment as a function

of the reduced temperature T'/T¢. Empty symbols are data from previous optical

(circles) and tunneling experiments (squares) [185, 221]. Filled symbols are the
gap extracted from the fit of the reflectivity ratios in Fig. 5.4a.
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a clear superconducting transition in their optical spectrum and we are able to

quantitatively assess changes of the transport properties in the THz region.

5.3 Nonequilibrium dynamics below T,

The nonequilibrium response of K3Cgg under resonant phonon excitation has been
measured with a MIR pump-THz probe experiment at several temperatures above
and below T,.. The experimental details are extensively discussed in Appendix
A, but, following the idea outlined at the beginning of this chapter, we excited
the sample with strong s-polarized MIR pulses (170 meV) and probed the pump-
induced changes in the optical response close the equilibrium gap region with
delayed p-polarized THz pulses ranging from 2 to 11 meV. With our pulses we can
achieve a time resolution of approximately 300 fs, while our frequency resolution
is typically 0.1 THz. The optical response of K3Cg, for equilibrium temperatures
below T recalls the ones previously observed in other superconductors [41, 290]
in the case of photoinduced pair breaking and relaxation. When looking to the
pump-induced changes at the peak of the reflected field in the time-domain (see
Fig. 5.7), we observe a response with a slow buildup (compared to the pulse du-
ration) and a single exponential relaxation towards equilibrium. The sign of the
reflectivity change is negative, therefore the pump induces a decrease of the re-
flectivity. This response can be interpreted as a pump-induced pair breaking and
described in terms of a Rothwarf-Taylor model [41, 290-292.

The hot electrons excited by the pump are initially releasing energy through emis-
sion of optical phonons that induce Cooper pair breaking. Assuming a change of
reflectivity directly proportional to the number of quasiparticles n(ty) (¢4 is the

pump-probe time delay), we can model the response buildup as [41, 290]

AEocn(td):% —l—i—i-l !

4 21 11— Kexp(—tyf/7) (5:3)

In this expression [ is the transition probability for the breaking of pairs by high
frequency phonons, R is the bare quasiparticle recombination rate, while 7 and K

are dimensionless parameters related to the initial quasiparticle (ny) and phonon
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FIGURE 5.7: Relaxation of the K3Cgyy photoexcited state at 10 K under

resonant MIR excitation. Example of scan along the pump-probe delay axis

(at the top of the reflected EOS in time domain) for K3Cgg at 10 K under a MIR,

pump excitation with 170 meV energy and 0.4 mJ/cm? incident fluence. The

pump induced changes AFE are normalized to the equilibrium reflected field E.

The data (blue circles) are fitted with a Rothwarf-Taylor profile (red solid line)
and a subsequent exponential decay (red dashed line).
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When fitting the pump-induces response up to 5 ps after the pump arrival, we get
a characteristic time 7/ = (0.2958 +0.0074) ps and a dimensionless K parameter
K = (—0.986 + 0.020).

An extraction of the microscopic parameters R and 3 would require a study of
the response for variable excitation density [290] that goes beyond the purpose of
our study, but we can notice that the obtained K parameter positions the sample
response in a regime (—1 < K < 0) where the initial temperature of the optical
phonons is higher than the quasi-equilibrium one reached at the top of the re-
sponse.

The recovery of the superconducting state happens instead with a single expo-
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F1GURE 5.8: Nonequilibrium optical properties of K3Cgy at 10 K under
resonant MIR excitation. Panel (a), (b), (c¢) show respectively the reflectiv-
ity at the sample-diamond interface, the real and the imaginary part of the
optical conductivity K3Cgp in the THz region under excitation with 170 meV
light pulses (0.4 mJ/cm? fluence) at 3 ps from the pump arrival. Blue curves are
the equilibrium optical properties, red curves are the ones in the photoexcited
state. Shaded areas mark the main differences between the equilibrium and the
photoinduced optical properties.

nential decay and an almost metastable component. The characteristic timescale
for this decay is 7 = (7.11 £ 0.19) ps, i.e. an order of magnitude smaller than in
other BCS superconductors [41, 290].

The spectrally resolved measurements (at 3 ps after the pump arrival) are vali-
dating the picture of a pump-induced pair breaking (see Fig. 5.8). After pho-
toexcitation, the reflectivity is decreasing in all the probed range, while the gap
in oy(w) is partially filled and the divergent o9(w) (quantifying the superfluid
density) is depleted. These changes are consistent with a partial light-induced
superconductor-to-metal transition. The time-dependent optical properties ap-
pear to have a monotonic dependence, but the observed gap filling is different
from a thermally-driven transition. In the equilibrium superconductior-to-metal
transition, the gap in the real part of the optical conductivity closes with a red-
shift of the gap edge and a reconstruction of the Drude peak [234]. In our case,
the light-driven gap closure (Fig. 5.9b) occurs without a significant shift of the
gap edge (always located at 6 meV), but rather with a sudden increase of in-gap

spectral weight.
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FI1GURE 5.9: Time dependent optical properties of the K3Cgy photoex-

cited state at 10 K under resonant MIR excitation. Panel (a), (b), (¢)

show respectively the reflectivity at the sample-diamond interface, the real and

the imaginary part of the optical conductivity K3Cgg in the THz region un-

der excitation with 170 meV light pulses (0.4 mJ/cm? fluence) and at several
pump-probe time delays.

5.4 Nonequilibrium dynamics above T,

The electronic response of K3Cgg at 25 K, as visible by looking to the pump-induced
changes at the peak of the reflected field in the time-domain (see Fig. 5.10), is
prompt: it follows the pump pulse profile (risetime 0.326940.0098 ps) and decays
back with a double exponential process towards a nearly metastable state, in a
way qualitatively similar to what observed in [244, 245]. A direct comparison with
the dynamics observed below T,., shown in Fig. 5.10a, reveals a faster response
both in the buildup and in the decay. By fitting this curve with a function of
the type (4.21), we can obtain a characteristic decay time of 0.6504+0.034 ps for
the first decay process (shaded area), while the second exponential decay has a
time constant of 9.6+1.8 ps. A third decay component, much longer lived, is also
present and is modeled in our analysis as a metastable state.

The sign of the pump induced changes is positive, therefore corresponds to an
increase in the sample reflectivity. The sign of the reflectivity change (opposite
with respect to the one observed below T,.), the faster dynamics and the double
exponential decay, as opposed to the single exponential decay observed below T,
indicate a different photoinduced process above and below the critical temperature
and, with the THz-time resolved technique, we can spectrally resolve this light in-
duced changes to determine the nature of the increased reflectivity state.

The spectrally resolved measurement at the peak of the pump induced response
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FIGURE 5.10: Relaxation of the K3Cgy photoexcited state at 25 K under
resonant MIR excitation. Panel (a) shows a direct comparison between scans
along the pump-probe delay axis (at the top of the reflected EOS in time domain)
for K3Cgp at 25 K (red) and 10 K (blue) under a MIR pump excitation with
170 meV energy and 1.0 mJ/cm? and 0.4 mJ/cm? incident fluence, respectively.
The pump-probe changes are normalized to their peak value. Panel (b) shows
the pump induced changes AE at 25 K reported in panel (a) and normalized to
the equilibrium reflected field E. The data (red circles) are fitted with a double
exponential profile (gray), while below are represented the various components
of the relaxation process (black lines). The fast decay process is indicated with
a shaded area.

(approximately 1.0 ps after the pump arrival) reveals a quite surprising effect in the
complex optical properties and represents, perhaps, the most relevant observation
of the present study. As shown in Fig. 5.11, at the peak of the sample response
the reflectivity is saturated to 1, while there is a robust loss of spectral weight
in 0;(w) and an increase in o9(w). These changes are qualitatively similar to the
ones observed in the equilibrium superconducting transition shown earlier in the
chapter, but are occurring at 5 K above the equilibrium transition temperature.
The spectral weight loss in o1(w) is compatible with a gap opening and a weight
transfer to the § peak at zero energy associated with supercurrents. Importantly,
in all our measurements we get a characteristic conductivity increase towards zero
energy. While in equilibrium measurements, this spectral feature is usually as-
sociated with thermally activated transport [220, 234|, in our experiments the
attribution is not so straightforward. In our view, this low energy behavior of
o1(w) is instead connected to the finite response and decay times of the effects we
observe and to the more fundamental question related to the time needed for a
gap to open.

In a quite intuitive way, the gap opening (and a zero conductivity) below 4 meV is
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FI1GURE 5.11: Nonequilibrium optical properties of K5Cgp at 25 K un-
der resonant MIR excitation. Panel (a), (b), (c) show respectively the
reflectivity at the sample-diamond interface, the real and the imaginary part of
the optical conductivity K3Cgg in the THz region under excitation with 170 meV
light pulses (1.0 m.J/cm? fluence) at 1 ps from the pump arrival. Red curves are
the equilibrium optical properties, blue curves are the ones in the photoexcited
state. Shaded areas mark the main differences between the equilibrium and the
photoinduced optical properties.

associated with a characteristic timescale approximately larger than 1 ps, there-
fore a snapshot of the collective electronic motion taken at 1 ps (or less) will likely
capture a state where the lower energy response is still building up. The gap
opening will be not complete and this will lead to an in gap content as the one
observed in Fig. 5.11.

In addition to the finite response time to the photoexcitation, this transient state
has also a finite lifetime, as shown in Fig. 5.12. By inspecting the complete
optical response of this state, we can trace two distinct regimes: at very short
pump-probe delays (less than 2 ps) the material exhibits a saturated, flat reflec-
tivity, a gap opening, and a strongly enhanced oy(w) in a fashion similar to a
superconducting transition. At longer delays, the gap is completely filled and the
material responds as a more conventional Drude-like system. The finite lifetime of
the gapped state is likely contributing in defining the shape of the gap (as previ-
ously discussed). Since the excited state decays with an extremely short timescale
(less than 1.0 ps), the spectral response below 4 meV (~ 1 ps oscillation period)
is convolved with the relaxation process and does not react as strongly as higher
energy part of the THz spectrum (i.e. from 6 to 10 meV). The presence of two
distinct decay regimes in the spectrally resolved optical response mirrors the two
decay processes observed already in the pump-probe scan reported in Fig. 5.10

and in the following of the chapter we will mainly devote our attention to the short
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F1GURE 5.12: Time dependent optical properties of the K3Cgy pho-

toexcited state at 25 K under resonant MIR excitation. Panel (a), (b),

(c) show respectively the reflectivity at the sample-diamond interface, the real

and the imaginary part of the optical conductivity K3Cgp in the THz region

under excitation with 170 meV light pulses (1.0 mJ/cm? fluence) and at several
pump-probe time delays.

lived component of the light-induced response.

5.5 Characterization of the photoinduced response

above 7,

In this section, we describe the dependence of the photoinduced response above T,
upon several parameters with the aim to elucidate the nature of the photoinduced
transition.

In order to quantify the behavior of the excited state, we perform a global fit of
the optical properties (in the temperature dependence section) but we also rely on
spectral weight arguments. The quantity we are going to discuss the most is the

spectral weight change in 07 (w) defined as

11 meV
Aoy = / [01 (w)
3 meV

where we limit the integration to the usable spectral bandwidth of our THz probe.

w o1(w)

X ]dw. (5.6)

This quantity is model independent and can efficiently capture spectral changes
across the superconducting transition. In equilibrium superconductivity, the spec-

tral weight change can be shown to be directly proportional to the superfluid
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density n, [185, 220|

c? T nge?

AO’l = /0 |:O'1n(u)) — als(w) dw = W =

5 (5.7)
where c is the speed of light in vacuum, e and m are the bare electron charge and
mass.

This last relation is exact with an integration spanning from zero to infinite energy,
but a common practical approach is to introduce a cutoff that is a multiple of the
gap value, since for hw < 6A the difference between o1, and oy,, becomes negligible.
Remarkably, the spectral weight is also proportional to the the quantity wos(w)
that is also often used as an estimate for the superfluid density. More specifically,

AO’l = %hmmﬂo (.UO'Q(LU).

5.5.1 Temperature dependence of the transient response above
T,

The behavior of the photoinduced state for different equilibrium temperatures and
under the same excitation fluence of 1.0 mJ/cm? shows two qualitatively different
regimes. For a base temperature of 25 K and 100 K, as shown in Fig. 5.13, the
resonant MIR excitation induces a complete gap opening in o;(w) and a strong
divergence in o9(w). The optical properties of the photoexcited state can be fitted
according to a Zimmermann optical conductivity [288] and from the fit one can
obtain in both cases a gap value of approximately 2A = 11 meV, almost twice
the equilibrium gap 2A(0) = 6 meV, that would be suggestive of an enhanced
superconducting response.

At higher temperatures, reported in Fig. 5.14, the reduction of spectral weight
is less prominent than in the 25 K and 100 K datasets. At 200 K, the optical
properties are still consistent with a partial gap opening, but there is already a
substantial recovery of the Drude at low energy. The photoinduced response at
300 K is, instead, reduced and more similar to a Drude metal with a decreased
scattering rate than to a superconductor close to its T,.. We compare for the 200
K datasets the best fit with a Zimmermann (BCS superconductor) or a Drude-
Lorentz (metal) profile, by keeping most of the parameters fixed to the values
reported in Table 5.1 and allowing only the Drude parameters (scattering rate
and plasma frequency) to change. In the 200 K the two best fits curve are quite
close (with the Zimmermann curve giving a T'/T. ~ 0.9). In the 300 K datasets
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FI1GURE 5.13: Optical properties of the K3Cgy photoexcited state un-
der resonant MIR excitation at 25 K and 100 K. Reflectivity at the
sample-diamond interface, real and the imaginary part of the optical conduc-
tivity K3Cgo in the THz region under excitation with 170 meV light pulses (1.0
mJ/cm? fluence) for a equilibrium temperature of 25 K (Panels (a)-(c)) and
100 K (Panels (d)-(f)). Equilibrium data are described with red solid lines,
while the photoexcited state at 1.0 ps time delay is represented with blue solid
lines. Fits to the normal state data (red dashed line) are carried out with the
model described in section 5.2.1, while nonequilibrium data are described with
a Zimmermann model (blue dashed line) [288] with a gap of approximately 11
meV and a T/T, ~ 0.5. Shaded areas mark the main differences between the
equilibrium and the photoinduced optical properties.

only a Drude-Lorentz description is possible.

An important observation is that the gap feature in the optical spectrum of the
photoexcited state does not redshift with temperature as expected within a BCS
superconducting state, it stays constant at approximately 11 meV and the only
effect of temperature is to increase the thermal quasiparticles below twice the gap
value. This observation is compatible with previous studies on the recovery of the
superconducting state after a nonequilibrium perturbation in other conventional
superconductors and can be possibly explained in terms of coexistence of super-

conducting and normal regions in the probed material volume [12].
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FIGURE 5.14: Optical properties of the K3Cgy photoexcited state un-
der resonant MIR excitation at 200 K and 300 K. Reflectivity at the
sample-diamond interface, real and imaginary part of the optical conductivity
of K3Cgo in the THz region under excitation with 170 meV light pulses (1.0
mJ/cm? fluence) for a equilibrium temperature of 200 K (Panels (a)-(c)) and
300 K (Panels (d)-(f)). Equilibrium data are described with red solid lines, while
the photoexcited state at 1.0 ps time delay is represented with blue solid lines.
Fits to the normal state data (red dashed line) are carried out with the model
described in section 5.2.1, while nonequilibrium data are described with a Zim-
mermann model (blue dashed line) [288] with a gap of approximately 11 meV
and a T'/T. ~ 0.9 or with a Drude-Lorentz model (thin blue solid line). Shaded
areas mark the main differences between the equilibrium and the photoinduced
optical properties.

This analysis suggests that the MIR excitation is able to induce a state with op-
tical properties similar to the ones of a superconductor (with a spectral weight
reduction in the Drude part of the spectrum and a gap 2A = 11 meV), but, as the
temperature is raised above 200 K, this effect is smoothly reduced and the result-
ing state is more consistent with a metal with a reduced scattering rate (yp = 1.0
meV at 200 K and 1.74 meV at 300 K). These findings are well captured by the

temperature dependence of the spectral weight change, shown in Fig. 5.15.
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FIGURE 5.15: Spectral weight change Ao, at 170 meV pump energy

as a function of the equilibrium temperature. Spectral weight change

in 01(w) for variable temperature conditions and a pump energy of 170 meV.

Error bars on the spectral weights are the standard deviations of repeated in-

dependent measurements. The shaded blue area corresponds to temperatures

where it was possible to fit the transient response with the optical properties of
a superconductor.

5.5.2 Fluence and pump energy dependence of the transient

response above T,

The transient response of K3Cgy at 25 K and under resonant MIR excitation at
170 meV has been studied in conditions of variable incident fluence. The results,
summarized through the spectral weight change (5.6), are reported in Fig. 5.16
The fluence dependent spectral weights do not show saturation or a clear threshold
in the investigated range. Saturation is, nevertheless, expected to occur at higher
fluences since the entire spectral weight of the equilibrium Drude in the THz range
investigated is approximately 2.2-10* Q=1 cm™2 and the response is gradually ap-
proaching a complete depletion of the equilibrium spectral weight. A study of the
response as a function of pump energy at constant fluence is also performed at
25 K for two different fluences. This dependence has been extended up to 600
meV, but, due to multiphonon absorption in the diamond window, it has not been
possible to measure in the region between 220 and 500 meV.

The first important point is that the effect is not observed at 600 meV, there-
fore photoinduced redistribution of quasiparticles [281, 293, 294|, involved in the
enhancement of superconductivity at microwave [295, 296] or optical frequencies
[297, 298] cannot explain our observations. The second relevant finding, espe-

cially visible in the low fluence data (far from a possible saturation regime of this
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FIGURE 5.17: Spectral weight change Ao; at 25 K as a function of the

pump photon energy. Spectral weight change in o1(w) for variable pump

energy conditions. The equilibrium temperature is 25 K and the pump fluence

is kept constant at 0.4 mJ/cm? (empty circles) and 1.1 mJ/cm?. Error bars

on the spectral weights are the standard deviations of repeated independent
measurements.

phenomenon), is that the spectral weight change is more pronounced for energies
resonant to both the highest 77, phonons present in this system (77,(3) = 138 meV
and T7,,(4) = 168 meV) and tends to decrease for lower pump energies. This reso-
nant behavior is consistent with a picture where photoexcitation of intramolecular

vibrational modes plays a key role in the observed gapping of o1 (w).
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5.6 Considerations on the origin of the excited state

above 7,

The characterization of the transient state above T, especially the pump-energy
dependence, supports a picture where molecular degrees of freedom, like the in-
tramolecular vibrations T7,(3) and T1,(4), play a role in dictating the electronic
response of the nonequilibrium state. Theoretical work on the problem is still in
progress, but here we can elaborate some initial considerations that may be helpful
for a further understanding of the observed dynamics.

Before describing possible scenarios, it is useful to quantify the pump-induced ex-
citation by estimating the light-induced displacements in the Cgy molecules. The
peak electric field Ey used in these experiments is of the order of 800 kV /cm?,
while the polarization associated with one of these IR intramolecular modes® is

given by

Ey (5.8)

with o1(wp) indicating the peak optical conductivity of the mode (subtracted by
possible electronic backgrounds) and wy is the center frequency of the mode. This
polarization arises from a light-induced dipole moment P = d - n - Z.ss, where
n is the number of dipoles per unit volume, d is the dipole moment and Z.¢; is
the effective charge defined as in Ref. [299]. From literature data [232], we can
estimate the polarizability to be P = 2.35-107°C/cm? and a total displacement of
0.24 A, i.e. approximately 17% of the C-C bond amplitude®. Such a large atomic

displacement of the C atoms on each Cgy molecule can give rise to a number of

4In SI units, the relation between peak field Ey and fluence F is

F
Fo= 4/ ——
0 2ceqAt’

where ¢ is the speed of light in vacuum, €y is the vacuum permittivity and At is the pulse
duration. In practical units, we can write

F [mJ /cm?]
At[ps]

E[%} — 0.434

SWe consider here just the T7,(4) that is well characterized with optical spectroscopy (e.g.
Ref. [232])

6In this calculation, we used the ¢, phonon parameters wp(tiu) = 10.63 meV (plasma fre-
quency), wo(t1,) = 168.62 meV (center frequency), v(t1,) = 1.95 meV (phonon linewidth), while
the o1 (wo(t14)) = (630 —510) = 12092~ cm ™ [232]. The effective charge factor Z.s¢, estimated
as in Ref. [299], is in this case Z.;y = 0.147.
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nonlinear effects that can alter the electronic interactions, but also induce transient
changes in the band structure.
Among the possible scenarios, we distinguish the following two possibilities and

we try to estimate their relevance towards the Cooper pairing;:

(1) Modulation of the onsite correlation energy, through a change of the local

electronic wavefunction induced by the T}, vibrational mode displacement;

(2) Nonlinear phonon coupling between T3, and H, modes (that are known to
be relevant for the electron pairing) which causes the latter to be indirectly

displaced by driving the former.

We focus on the first mechanism, by calculating the magnitude of the changes to
the inter- and intra-molecular Coulomb repulsion of the t;, orbitals on a single Cgq
molecule when the T7,(4) mode is driven. The model used for this description is a
nearest-neighbour Hiickel tight-binding, that captures the orbital hybridisation on
the single molecule and the formation of the 7 orbitals. The hopping parameters

between C atoms are assumed to vary with the C-C distance d as [300]

V(d) = %, A=563 eV A”. (5.9)
The onsite C-C distance is assumed to be dg = 1.45 A, while the C=C one is
dp = 1.37 A, and the resulting hopping integrals are Vg = 2.69 ¢V and Vp = 3.00
eV. The important orbitals for our discussion are the three ¢, (x, y, z) orbitals,
that are degenerate single electron eigenstates of the Hiickel model and constitute
the lowest unoccupied molecular orbitals (LUMO) in the free Cgy molecule [301].
We calculated the t;, molecular orbitals for a distortion of 5 pm (~3.4% of the
C-C bond length) along the Tj,(4) normal mode coordinate and for which the
atomic motions have been taken from complete nearest-neighbor force field model
calculation previously reported in literature [302]”. The onsite correlation energy

U is evaluated through the direct Coulomb integral

/d3 /d3 p(r2) (5 10)
47T€eff€0|r1 — 1'2’ '

"This calculation is based on a "frozen phonon" approach that assumes the validity of the
Born-Oppenheimer approximation and that the molecular orbitals follow the atomic distortions
adiabatically. This is obviously not appropriate for such high-energy molecular vibrations and
for the derivation of low energy electronic properties. We are nevertheless interested in a rough
order-of-magnitude estimate of the changes induced by such an atomic displacement and this
motivates the present discussion.
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where p(r) is the charge density corresponding to a ¢y, orbital, ¢, is the vacuum
permittivity, and e.¢s is the dielectric constant of the system. We approximate

the charges on each C atom as point charges and recast the integral as

=3 g > PR (5.11)
— 1| i

oy ATecs el

where p; indicates the probability given by a t;, orbital of an electron being on the
i-th C atom, and F = 12 €V is the atomic onsite repulsion [209]. The variation
of U with the vibrational excitation is obtained by using the p;’s of the driven ¢,
orbitals.

The results of this calculation are shown in Fig. 5.18, where we report both the
single particle energies for the t;, orbitals and the Coulomb repulsion U over one

oscillation period. The vibration, in this case, is polarized along the = axis and we
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F1GURE 5.18: Pump-induced modulation of the orbital energy and of

the onsite correlation in K3Cgp. Panel (a) shows the changes in the single-

particle energies of the tq,, orbitals over one period of the T1,(4) vibration with

an amplitude A = 5 pm. Panel (b) shows the relative changes in the intraorbital

Coulomb repulsions. These data have been kindly provided by Dr. Stephen R.
Clark.

find a change of roughly 10% in both the quantities on the y and z orbitals with
twice the period of the vibrational mode, in a fashion similar to the observation
reported in Ref. [51]. The change of U is asymmetric in the three orbitals (y and
z change more than ) and electron-pairing in the = orbital could be favored in
order to avoid the enhanced repulsion (in a way reminiscent of the Jahn-Teller
distortions in the equilibrium state).

The second mechanism, involving coupling between infrared active and Raman

active vibrations, is instead more in line with the ideas illustrated in the opening



Chapter 5. Stimulated superconducting-like phase in K3Cgy far above T, 117

of this chapter. In equilibrium, the coupling between the ¢, electrons and the
pumped 77, phonon is zero for symmetry reasons, however a large displacement
along this mode coordinate can unfold interaction terms proportional to Q?,Qr,
that can lead to a nonzero electron-phonon coupling via a Raman mode, like the
important H, vibrations. In order to quantitatively assess this scenario, we per-
formed density functional theory calculations with a plane-wave basis set and a
projector augmented wave pseudopotentials (VASP software package) [303-305].
The calculations have been performed within the local density approximation with
a cutoff of 900 eV for the plane wave basis set, while a 6 X 6 X 6 k-point grid and a
Gaussian smearing (0.1 eV width) have been used for the Brillouin-zone integra-
tion during the self-consistency.
The lattice parameters and atomic positions, for a disorder-free structure, have
been obtained by energy minimization and the obtained lattice constant is 13.888
A, against an experimental value of 14.240 A. Vibrational energies and eigenvectors
have been, instead, determined through a frozen-phonon approach (PHONOPY
software package) [306, 307]. The determination of the nonlinear phonon-coupling
is performed by calculating the total energy curve for variable Raman mode am-
plitude Qg and keeping the the amplitude of the pumped 77, mode finite. The
signature of the coupling between these two modes is, then, a shift of the total
energy curve minimum in the Qg coordinate due to the finite amplitude of the T},
mode, as shown in Fig. 5.19a.
The electron-phonon calculations have been performed using density functional
perturbation theory within local density approximation as implemented in the
Quantum ESPRESSO software package [308] with 42 and 420 Ry cutoff for the
plane-wave basis set and the charge-density expansions. The Brillouin zone inte-
gration during the self-consistency involved a 6 x 6 x 6 k-point grid and a Gaussian
smearing with a 0.020 Ry width.
The results of these calculations are summarized in Fig. 5.19. The majority of
the Raman modes couples to the photoexcited 77, mode. In Fig. 5.19a we show
as an example the energy curve for the H,(16) mode that exhibits a clear shift of
the energy minimum for a 7}, amplitude of 2.0 A\/m 8. The shifted minimum
implies the presence of a displacement along the Raman mode coordinate, due
to the excitation of the IR mode. This nonlinear phonon coupling has, in turn,
important consequences on the band structure and the electron-phonon coupling.
The first finding (see Fig. 5.19b) is that a 1.5 A\/amu displacement along the

8The atomic displacements are here indicated in practical units used in the dynamical matrix
diagonalisation that leads to the phonon eigenvalues (w(k, s)) and eigenvectors w((k, s)), where
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FIGURE 5.19: Implications of nonlinear phonon coupling between 77,
and H,; molecular vibrations. Panel (a) shows the calculated total energy
curves as a function of the Hy(16) mode amplitude when the amplitude of the
T1,(166) mode is 0.0 (blue) and 2.0 A/amu (red).Panel (b) shows the calculated
band structure of K3Cgg at equilibrium (blue) and for a displaced structure along
the H,(16) coordinate with an amplitude of 1.5 Ay/amu (red). Panel (c) shows
the corresponding density of states for the two cases, while Panel (d) reports the
electron-phonon coupling function o?F(w) as a function of energy for K3Cg in
both the equilibrium (blue) and the displaced (red) structure. These data have
been kindly provided by Dr. Alaska Subedi.
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k is the momentum and s is the band index. The eigenvector components w(k, s) are linked to
the actual atomic displacements U(i, k, s) (i stands for the atom index)through the relation

w(k,s) =

where M; are the atomic masses. In order to obtain the actual displacement, one has to divide

this number by the mass of the moved atom.
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H,(16) coordinate slightly lifts the band degeneracy at the I' point ?. Secondly,
we also find a modest change of the density of states at the Fermi level, that is
a crucial parameter for the occurrence of superconductivity (Fig. 5.19c). This
variation is caused by the shift in a van Hove singularity near I' as the bands are
moved by the H,(16) mode displacement. The density of states first increases and
then decreases as a function of the H,(16) mode amplitude, since the van Hove
singularity near I' first approaches and then moves away from the Fermi level, but
the bandwidth monotonically increases with the mode amplitude. Intuitively, the
displacement along the H, mode elongates the Cgs molecule and thus decreases
the intermolecular distance (and increases the intermolecular hopping amplitude).
Eventually, we find a dramatic increase of the electron-phonon coupling for the
displaced structure (along the Raman coordinate). In the equilibrium structure,
the three intermolecular modes with 5 meV 1° energy are not coupled to the ¢y,
electrons, however two of them develop a strong coupling under the H,(16) dis-
tortion (see Fig. 5.19d). The electron-phonon coupling constant A is evaluated
through the integration of the function aF?(w) shown in Fig. 5.19d, for both the
equilibrium and displaced structure [309]

A=2 /OO O‘FQ(w)dw, (5.12)

w

and the result is that, while the equilibrium structure is coupled with a constant
Aeqg = 0.52, the distortion along the Raman coordinate induces an increase up to
Aeq = 1.44. This increase in the electron-phonon coupling could translate into a

stronger pairing and lead to the observed superconducting-like state.

5.7 Summary

In this work, we devoted our attention to the dynamical control of the super-
conducting transition in a BCS-like superconductor through resonant vibrational
excitations. The fundamental question associated to this experiment is whether
superconductivity can be enhanced by coherently driving the degrees of freedom
that mediate Cooper pairing at equilibrium. Since in a pure BCS scenario the tran-

sition temperature depends exponentially on the density of states at the Fermi level

9However the three t1, bands are still part of the same manifold since they cross at other
high-symmetry points of the Brillouin zone
10Notice that this energy is quite close to the equilibrium gap value 2A(0) = 6 meV.
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and on the pairing interaction, even small perturbations are expected to result in
strong effects on the macroscopic scale.

In order to investigate this problem, we focused on the organic molecular super-
conductor K3Cgo, a compound that exhibits a sharp superconducting transition
at a 7,=19.8 K in equilibrium conditions. The spectroscopic signatures of this
phase transition are extremely clear, with a saturation of the reflectivity to 1, the
opening of an optical gap energy 2A(7 = 0) = 6 meV in the real part of the optical
conductivity o1(w) and a divergent imaginary part os(w) towards zero energy. De-
spite the apparent simplicity of this transition, where high-energy intramolecular
modes are likely mediating the pairing, the physics of this compound is the result
of a delicate interplay of diverse interactions like the onsite Coulomb correlation
U, the Jahn-Teller and Hund interactions. All these quantities are of relevance in
this class of materials (A3Cgo with A=K, Rb, Cs) and make them an ideal testbed
for the investigation of superconductivity in strongly correlated materials.

We first performed a careful characterization of the samples used for the experi-
ments, that are in the form of powders and are strongly reactive to air. Equilib-
rium optical measurements above T, allowed to confirm previous observations of a
non-trivial Drude conductivity. Below T, the superconducting transition occurs
in agreement with the literature and we have been able to measure the gap for
temperatures between T,/2 and T,.. Both the size of the gap and its temperature
dependent behavior are suggestive of a weak coupling limit.

Time- and frequency-resolved measurements of the optical properties in the THz
region under resonant vibrational excitation of the T3,(4) intramolecular mode
have been carried out both above and below T... Below T, the resonant vibration
excitation induces a gap filling consistent with a depletion of the superconducting
state. The timescale associated to the Cooper pair breaking is a few ps, i.e. slow
when compared to the pump-pulse duration, and the relaxation of the photoin-
duced state occurs with a single exponential relaxation process. Above T., we
observe instead a striking superconducting-like behavior, namely the reflectivity
of the normal state is saturated to 1, a 11 meV gap opens in o (w) and a divergent
09(w) towards zero energy is observed up to 100 K, that evolves in as smooth
crossover towards a Drude with reduced scattering rate for base temperatures of
200 and 300 K. This effect is fast when compared to the dynamics below T, it has
a characteristic lifetime of approximately 1 ps and is maximum when the pump
pulse is tuned resonantly to the highest frequency T3, (3,4) molecular vibrations.

The fluence dependence shows that the gap opening is complete for fluences of 1.0



Chapter 5. Stimulated superconducting-like phase in K3Cgy far above T, 121

mJ/cm? and points towards a crossover from a high mobility metallic state to a
gapped, superconducting-like state.

We discuss the present findings by analyzing the consequences of the pump-induced
molecular distortion on the pairing in terms of two scenarios, where modulation
of the onsite correlation U or anharmonic coupling between T3, and H, modes
are the primary causes for the experimental observations above T.. In the first
case, "frozen phonon" calculations show that a distortion of the molecule along
the 711, coordinate leads to a change in the energy € and in the onsite correlation
U that lifts the degeneracy of the ¢1, electronic states at the Fermi level. This
effect could help electronic pairing in a fashion similar to the dynamical Jahn-
Teller at equilibrium. In the second case, in line with the general ideas reported
in the introduction to the chapter, a strong distortion along the T}, vibrational
coordinate can unfold anharmonic vibrational coupling terms and lead to a sizable
displacement along the Raman coordinates H,, that are relevant to the coupling
at equilibrium. A displacement along this coordinate would have several effects
on the band, structure, the density of states at the Fermi level, but, also, on the
electron phonon coupling, that according to our calculations undergoes a threefold

increase in such a distorted structure.






Chapter 6

Conclusions and outlook

6.1 Conclusions

In this work, we investigated the connection between structural and electronic
parameters in complex solids and the properties of their light-induced transient
states on ultrafast timescales. Strong electron-electron and electron-phonon inter-
actions can induce phase transitions and broken symmetry states in equilibrium
conditions and their role is expected to be relevant when these materials are driven
far from equilibrium. Understanding this connection at the microscopic level is
of importance for the realization of ultrafast devices and technologies and, since
systems offering interesting ground state properties are often presenting strong
electronic correlations, this task is not trivial.

Organic molecular materials have been chosen as an ideal testbed for the study
of this relation between structure, correlation and nonequilibrium states due to a
number of appealing features and to their high interest for technological applica-
tions. These materials can be grown in different arrangements and dimensionality
and the richness of their ground state phase diagrams reveals the presence of dif-
ferent energy scales and interactions at work. The molecular arrangement is suited
for the development of correlated states and the soft van der Waals intermolecular
bonds allow a strong tunability of the ground state with moderate external stimuli
(e.g. pressure) and, possibly, with ultrafast vibrational excitation.

The first achievement of this thesis work (reported in Chapter 4) is concerned with
the investigation of the role of correlations in dictating the relaxation rate of holes

(holons) and double occupancies (doublons) in a solid state Mott insulator. This

123
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problem has been previously investigated with theoretical methods or experiments
with cold atoms in optical lattices, pointing towards an exponential dependence
of the relaxation rate from the Mottness parameter U/t, but measurements in the
solid state were still lacking. In solids, this dynamics can deviate from cold atoms
observations because of different energy dissipation mechanisms (e.g. by electron-
phonon coupling) and different range of the correlations (that can be longer ranged
with the respect to the onsite term only) and direct experimental observations are
essential to the understanding of this connection.

For this purpose, we measured the dependence of holon-doublon lifetimes in a
prototypical quasi-1D Mott insulator, the ET-F;TCNQ, while varying the ground
state effective correlation by means of external pressures. The equilibrium cor-
relation energies (the onsite Coulomb repulsion U and the intersite one V') and
the hopping amplitude have been determined by analyzing the equilibrium op-
tical properties with the optical response of an extended Hubbard model. The
holon-doublon lifetimes, determined in a spectrally integrated pump-probe reflec-
tivity measurement of the Mott gap, have been mapped onto the effective corre-
lation (U — V)/t (that has been varied by roughly 50% of its ambient pressure
value). We found that in such solid state materials the decay rate of photoinjected
holon-doublon excitations depends on the degree of correlations between carriers!
and, furthermore, the presence of a competition between local recombination and
delocalization of holon-doublon pairs is also relevant to the efficiency of the re-
combination. This knowledge about hot carrier relaxation in a Mott insulating
background is crucial for the estimate of operational timescales in the design of
devices based on the Mott transition and operating at femtosecond timescales.
A future perspective for this field would be to tailor the photoinduced dynamics
of correlated electron systems by pulse shaping and by coherent optical control
techniques and, thus, lead to more sophisticated technological applications.

The second achievement of this thesis shifts, instead, the focus on the use of this
connection between structural and electronic degrees of freedom to control the
superconducting phase transition. The underlying question in a broad sense is
whether it is possible to drive the superconducting phase transition (possibly in a
bidirectional fashion) by exciting on ultrafast timescale those degrees of freedom

that mediate the pairing interaction.

In a way reminiscent of the cold gases experiments.
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We selected a well characterized molecular superconductor, the K3Cgg, which ex-
hibits an equilibrium superconducting phase transition at relatively high temper-
atures (7.=19.8 K) and where high-energy intramolecular vibrations are regarded
as the relevant bosons for the Cooper pairing. We excited the sample with strong
midinfrared fields resonantly tuned to infrared active intramolecular vibrations
and measured with a delayed THz pulse the low energy electronic response of the
sample. We observed a short lived transient state with striking superconducting-
like optical properties above the equilibrium 7. with a photoinduced optical gap of
approximately 11 meV and up to 100 K, five times the equilibrium 7, (progressively
disappearing when approaching room temperature). A pump energy dependence
of the effect showed a peaked response at resonance with the vibrational modes,
thus suggesting the relevance of vibrational degrees of freedom in determining this
surprising response. Calculations of the light induced changes in the orbital wave-
functions and of the anharmonic coupling between infrared- and Raman-active IR
vibrations, based on a "frozen phonon" approach, estimated that a light-induced
distortion of a few percents in the C-C distance can induce significant changes in
the onsite correlation energy of the orbitals at the Fermi level and increase the
electron-phonon coupling, thus affecting the superconducting transition. The re-
sults of this work reveal novel emergent physics out of equilibrium and represent a
step further in the field of light-control of strongly correlated materials, pointing
towards an on-demand switching of the superconducting transition on ultrashort
timescales. Moreover, these measurement may help in designing quantum materi-
als with more robust superconducting states at equilibrium.

As a side observation with respect to the scientific conclusions discussed so far,
this thesis work involved important technical and methodological developments
towards a quantitative ultrafast spectroscopy under high pressure conditions, that
is of extreme interest for the study of the interplay of structural and electronic
degrees of freedom far from equilibrium. The first experiment constituted one of
the few ultrafast pump-probe optical measurements under high pressure (up to 2.0
GPa) in the contemporary research landscape and explicitly connected pressure
induced changes in the ground state to the ones imparted on the out-of-equilibrium
state. The second experiment, even though performed at ambient pressure, has
been engineered with the purpose of a ready implementation of high external pres-
sures. In this case, the MIR pump-THz probe experiment requires samples large
at least as the wavelength (1 THz is approximately 300 pum), but the applica-

tion of high pressures usually requires samples not larger than 100-200 pm. This
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implies that a THz-time resolved experiment is bound to work close to the diffrac-
tion limit2. Our sample holder has the same design of an ordinary diamond anvil
cell and we successfully managed to measure the transient changes in the optical
properties down to 3 meV, a number that represents a challenging low energy limit
already in conventional Fourier Transform Infrared spectroscopy with synchrotron
radiation. These achievement pave the way for the realization of MIR pump-THz
probe studies in which pressure represents an additional tuning parameter on the
same footing as temperature and that, to the best of our knowledge, have not yet

been performed.

6.2 Outlook

The work presented in this thesis can be naturally extended along many different
directions. On one hand, the experiments of pump-probe under pressure in the
ET-Fo;TCNQ Mott insulator can be extended to a variety of other systems, not
only organics, where lattice interactions are relevant for the emergence of different
ground states (like Peierls distorted phases or superconductivity). Pressure could
lead to the observation of novel states of matter also out of equilibrium and, when
properly connected to a research program in material design, like in the case of
strained heterostructures [310-315|, would represent a powerful tool for the real-
ization of functional materials for ultrafast applications.

On the other hand, the experiments of vibrational control in K3Cgy can be applied
to other conventional superconductors or represent a starting point for the in-
vestigation of dynamical effects and control of superconductivity in carbon-based
materials [316, 317]. The application of pressure in the nonequilbrium state above
T., even though not as definitive as the Meissner measurement, could help clari-
fying the nature of this photoexcited state. In analogy with equilibrium physics
and under the assumption of the absence of structural transitions, a metallic state
would become more metallic under application of high pressures, while a super-
conducting state (in K3Cgp) would be weakened by the increase of bandwidth and
the consequent reduction of the density of states. Further experiments of this kind
could be also performed in cuprates where structural parameters are relevant for

the onset of superconducting states with very high transition temperatures [318|.

2) ~ d, where d is the characteristic dimension of the sample.
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In a more general perspective, tuning the effective interactions in solid state mate-
rials with the application of pressures or through vibrational excitation represents
a suitable ground for establishing a cooperative research efforts between the area
of nonequilibrium control of solid state materials and quantum simulations with
cold atoms in optical lattices [319-329]. In the area of quantum simulation, corre-
lations are tuned with clean and well controllable protocols, e.g by modifying the
onsite correlations by means of Feshbach resonances [321]|. In solid state materi-
als, this level of control has not yet been reached, and it is often limited to the
electronics bandwidth (that enters the Mottness ratio U/W). The establishment
of parallel research programs with the area of cold atoms could, therefore, lead
to new physical insights and to the discovery of new emergent physics in strongly

correlated materials out of equilibrium.






Appendix A

Experimental Methods

In this appendix, we summarize relevant experimental details and methods for the
measurements presented in this thesis. In the opening, the working principles and
the structure of the optical parametric amplifiers (OPAs), that represent a common
element for the experiments described in Chapters 4 and 5, are presented. After
the introduction to OPAs, we discuss methods of equilibrium and non-equilibrium
spectroscopy under high pressure conditions, that pertain to the investigation
of holon-doublon dynamics in the quasi-1D Mott insulator ET-F;TCNQ under
pressure (Chapter 4). The last part describes, instead, the experimental techniques
involved in the optical control of the electronic dynamic in K3Cgy (Chapter 5), with
a particular focus on THz-time resolved spectroscopy and on the specific protocols

required by this class of samples.

A.1 Ultrafast NIR and MIR light generation

A.1.1 Difference frequency generation and optical paramet-

ric amplification

The light used as pump pulse in our experiments always covers regions that are not
accessed by the fundamental line of the Ti:sapphire laser, like near- (400-700 meV)
and midinfrared (70-200 meV), and it needs to be easily tunable according to ex-
perimental requirements. Near-infrared light is used for pump and probe beams in

the experiments on the quasi-1D Mott insulator ET-F;TCNQ, while midinfrared
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light is used for vibrational pumping experiments on K3Cg.

The ideal techniques to meet these requirements are optical parametric amplifica-
tion (OPA) for the generation of short near-infrared (NIR) pulses and difference
frequency generation (DFG) of two NIR pulses to achieve short midinfrared (MIR)
pulses.

The unifying working principle of these two generation methods is quite simple
and relies on the nonlinear polarization response of a suitable medium. If we ex-
pand the polarization of a material in terms of the field strength, we get terms of

the type

P(t) = e | XVE(®) + xPE(t) + XD E () + . .. (A.1)
where (™ denotes the n-th order susceptibility [330]. When a material is illumi-
nated with strong enough fields one can unfold higher order terms in this series
and thus access nonlinear optical responses.

Optical parametric amplification is a phenomenon connected to the second order
contribution in the polarizability and, from symmetry considerations, it requires
the medium to be noncentrosymmetric (otherwise the ¥ tensor would identically
vanish). If we consider an incident optical field composed by two distinct spectral
components

E(t) = Eye ™" + Eye ™ 4 c.c. (A.2)
the second order polarization will in general contain several contributions at fre-
quencies 2w, (second harmonic generation-SHG), 2w, (second harmonic generation-
SHG), wy + wy (sum frequency generation-SFG), w; — wy (Difference frequency
generation-DFG) and at zero frequency (optical rectification-OR). All these pro-
cesses are defined as parametric since their initial and final quantum states are
identical and they involve transitions to virtual levels. We now focus on difference

frequency generation that stems from a polarization term of the type

P@=mb®i%} (A.3)

In an optical parametric amplifier (OPA), the two incident fields are a high inten-
sity light beam with frequency w, (pump) and a lower frequency, lower intensity
beam with frequency ws (signal). The nonlinear medium allows then an energy
transfer (amplification) from the pump beam to the signal beam and as a result a

third beam (idler) with frequency w; is generated.
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Energy conservation requires that
hwy, = hws + hw; — hw; = hwy, — hw, (A.4)

therefore the OPA performs a difference frequency generation process in which
both the signal and idler beam reinforce their generation with a divergent buildup
during the beam propagation in the nonlinear medium [330]. The efficiency of the

parametric process is maximized when there is perfect momentum conservation
k, =k, +k; (A.5)

with k,, ks, k; being the wavevectors of pump, signal and idler beams respectively.
In this condition (also referred as perfect phase-matching) the atomic dipoles in
the nonlinear medium are correctly phased and their emitted field can add up co-
herently in the forward direction [330], therefore the efficiency of the DFG process
is enhanced.

In practice, this is a quite difficult condition to achieve because of normal disper-

sion of the medium refractive indices that reduces eq. (A.5) to
NpWpy = NsWs + Niw; (A.6)

A possible way to satisfy this condition is to employ birefringent (uniaxial) crystals
as nonlinear optical media and tuning the angle # between the crystalline optical
axis and the propagation vector of the beams polarized in the plane defined by
these two vectors. In this way, the beam will experience an effective refractive
index n(#) given by an angle-dependent mixture of the ordinary and extraordinary
refractive indices.

This method, together with a broad seed spectrum from wy, lends the OPA a
convenient tunability in the output energies that is essential for selective excitation
experiments.

Before coming to the actual description of the apparatus employed in this work, we
specify the initial practical distinction between OPA and DFG processes. As we
have seen, optical parametric amplification is a difference frequency generation.
Nevertheless there is an important quantitative distinction between the two and it
concerns the intensity ratio between the pump and the signal beam. In a typical
OPA, the pump is usually several orders of magnitude stronger than the initial

faint NIR signal beam so the process is said to be in the undepleted pump regime,
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while in the MIR generation (e.g. through the DFG of the two NIR w, and w; of
the OPA output) the two beams have nearly the same intensity and the undepleted
pump regime does not apply anymore. In the following we will retain this naming

convention for the different parts of the optical apparatus.

A.1.2 Experimental realization of the OPA and DFG units

A typical OPA used for the experiments described in this thesis work is structured
as in Fig. A.1.
An intense (mJ pulse energy) p-polarized 800 nm (1.55 eV) beam enters the

800 nm BS BS
> >

dela

- OPA
£
>\

BBO DM BBO

'

|

M2 WLG

I
Y

DM

— I¢\fDMDM«—

DFG F GaSe

Ficure A.1: Simplified scheme of the OPA and DFG setups. Top
view scheme of a double stage OPA combined with a DFG setup for MIR light
generation. Red lines represent light at 1.55 eV (800 nm), orange lines the output
NIR beams (light orange-signal, dark orange-idler), while MIR is violet. Line
thickness is roughly indicative of the beam intensity. For representation purposes
the MIR setup is represented with a phase matching rotation axis normal to the
page plane, while in the actual setup this axis is parallel to the page. We use
the following abbreviations: BS-Beamsplitter, A\/2-Half waveplate, WLG-white
light generation, DM-Dichroic mirror, BBO-Beta barium borate, F-filter.

optical setup and immediately a negligible fraction of the beam is sampled by a
first beamsplitter in order to feed the white light generation (WLG). This light,
s-polarized after passing through a half-waveplate, is focused on a thick (3 mm)
sapphire crystal and the white light continuum obtained is then used to provide
a tunable seed beam wy for the parametric amplification. The copropagating 800
nm beam after the continuum generation is filtered out before entering the ampli-

fication process.
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The remaining 800 nm beam is then used as a pump for the parametric ampli-
fication that this setup achieves in a two stage configuration, both using 5 mm
thick S-barium borate (BBO) crystals as nonlinear media and with a type II phase
matching condition [330]. This beam is split in two with a ratio 15:85 in order to
provide the pump for each stage of the OPA.

In the first stage the WLG seed (w;) and the pump beam (w,) are focused and
recombined on a dichroic mirror (DM) before being mixed in a non-collinear geom-
etry with a narrow angle (~ 1°), that allows an easier spatial filtering of the beams
after the amplification. The two beams are overlapped both spatially and tem-
porally (by means of the delay line) on the BBO crystal and through the process
described in the previous section the pump field transfers energy to the signal wy
field and to the generated difference frequency w;. The output energy of these last
two beams can be tuned by varying the BBO crystal angle, allowing an almost
complete coverage of the NIR spectral region (signal energy routinely spanning
from 0.8 to 1.1 €V, idler energy from 0.4 to 0.7 eV).

After the optical amplification in the first stage, the puJ energy NIR beams are
spatially filtered and the signal is sent as input for the second stage amplification
that scales the NIR output pulse energy in the mJ region. The optical amplifica-
tion in the second stage shares the same first stage characteristics except for the
relative propagation of the signal and pump beams that in this case are collinear
to maximize the amplification efficiency. Moreover, due to the high pulse energies
employed in this stage, the beams are collimated before interacting on the BBO
crystal.

After the crystal, a longpass filter with an edge at 1.24 eV (1 um) cuts the uncon-
verted pump beam and only the copropagating NIR beams are left for extraction
from the OPA. In Fig. A.2 we show a typical spectrum of the two NIR signal and
idler beams and a typical pulse autocorrelation with a duration of approximately
100 fs.

As a final stage, in order to obtain MIR light from the two NIR beams, the co-
propagating signal and idler are separated and recombined on a suitable nonlinear
crystal in order to extract the DFG light between these two colors. The beams are
separated and recombined under a narrow angle (~ 1°) on dichroic mirrors, with
the idler being delayed on a translation stage. The crystal of choice for MIR light
generation is a 2 mm thick z-cut GaSe crystal that offers high damage thresholds
and wide DFG tunability from 70 to approximately 300 meV. With respect to the

OPA geometry, where all the relevant angles are on the p-plane, here the angle
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FIGURE A.2: Spectral and temporal structure of a typical OPA out-

put. Panel (a) shows a typical spectrum for the NIR beams after the second

amplification OPA stage. Panel (b) shows instead a pulse autocorrelation for an
idler beam centered at 700 meV.

between the two NIR and the phase matching angle are on the s-plane. In our
case the resulting DFG light is first spatially separated by the two depleted signal
and idler beams through an iris and an additional Ge-based longpass filter cutting
at 250 meV. After this filtering, the output of the DFG is a clean MIR beam like

the one shown in Fig. A.3 NIR pulses are measured with a commercial spectrom-
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FIGURE A.3: DFG Spectrum. Panel (a) shows a raw interferogram used to
measure the MIR light used as a pump in our experiments. Panel (b) shows the
corresponding spectrum after Fourier transform of Panel (a)

eter unit (Ocean Optics NIRQuest256, 1100-2100 nm range, resolution below 8
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nm) to tune their center energies and their pulse duration is instead monitored
through the intensity autocorrelation method [331]. MIR pulse spectra after the
DFG stage are instead measured with a home-built Michelson interferometer and
a MCT detector.

A.2 High pressure techniques

A part of the experiments reported in this thesis makes use of external pressures
as a tuning tool for materials’ ground states, as we have introduced in Chap. 1.

The relevant pressure scale for each solid is deeply connected to details of the
chemical bonds and of the lattice structure, but a useful parameter for an unam-
biguous determination of this scale is the so called bulk modulus [97]. The bulk

modulus is defined as

1 oP
By=—=-V_— A.
0 RT 8VT ( 7)

where P and V are respectively pressure and volume and k7 is the isothermal
compressibility. This parameter has the dimension of a pressure (often quantified
in units of GPa) and quantifies the atomic/molecular cohesion in solids [97].

When dealing with molecular solids where the intermolecular interaction is weak,
of a van der Waals type, we expect to have a weaker cohesion and a larger com-
pressibility, therefore the bulk moduli are expected to be lower than in conventional
solids [260]. From an experimental point of view, this means that relatively low
pressures are capable of inducing relevant changes in the ground state of the in-
vestigated compounds, and, as we are going to explain in this section, this in turn

relaxes the technological constraints to spectroscopy investigations.

A.2.1 The Diamond Anvil Cell as a tool for high pressure

generation

The Diamond Anvil Cell (DAC) is a versatile and compact tool for high pressure
generation that is nowadays routinely used in a great variety of condensed matter
investigations. Its success relies mainly in its intrinsic simplicity, wide spectrum of
applications (from X-ray and neutron diffraction to optical spectroscopy, to NMR
and high magnetic fields to name just some examples) and the unique range of at-
tainable static pressures (up to 300 GPa and more) [261, 332-334]. Other devices
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are also used to reach high pressures (in the GPa range), e.g. hydraulic presses
in the case of static pressures [332] or shock-waves in case of dynamics pressures
[335, 336], but we will specifically focus on the DAC.

As mentioned the working principle of the DAC is fairly simple and a DAC can
be basically represented as in Fig. A.4: the investigated sample is placed between
two diamond anvil tips, closed in a metallic sample chamber and a strong external
force is applied on the diamonds that will in turn compress the sample.

The diamond anvils are a key element of the DAC and they are typically high-

Diamond

FIGURE A.4: Sketch of a Diamond anvil cell. Panel (a)illustrates the core
of a Diamond Anvil Cell assembly, Two opposed gem quality diamonds squeeze
a sample (black) located in a sample chamber drilled in a pre-indented metallic
gasket. Panel (b) shows a zoom of the sample region where a ruby chip (red)
is used as a pressure gauge and together with the sample is immersed in a
suitable pressure-transmitting medium (transparent) to reach quasi-hydrostatic
pressurization conditions. A green light beam exemplifies the typical light access
through the diamond anvils in an optical experiment.

quality single crystal gems (cut in different ways according to the DAC structure).
Diamond is widely exploited as an anvil material because of its outstanding ma-
terial strength (B ~ 450 GPa [332]) and because of its transparency over a large
frequency range [261, 332], but also other materials can be used depending on the
specific experimental requirements. Suitable alternative anvil materials are for
example moissanite, sapphire and cubic zirconia [337, 338|.

The role of the diamond in a DAC is both that of an anvil and of a window for a
variety of experiments. Diamonds are normally mounted on plates or seats with a

diameter of 1-2 cm in contact with their largest facet called table (typically of 2-3
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mm diameter) while the facet in contact with the sample is called culet and has
normally a diameter well below 1 mm.

By recalling the definition of pressure (P) as applied force (F) per unit area (A), it
becomes trivial to understand how high pressures are generated. A moderate pres-
sure P, is applied on the anvil seat/plate (with area A;), but the pressure exerted
on the sample at the culet facet (with area A.) will be given by P = (A;/A.) P.y.
In routine experimental conditions, the effective pressure amplification factor is
around 10% (or higher) and pressures up to a few hundreds GPa can be safely
obtained in normal laboratory conditions.

As a window material, diamond is also quite remarkable thanks to its optical
properties. Diamond refractive index is slowly varying over an extremely broad
frequency range in the optical and infrared region [261, 332, 336]. Pure diamond
is not transparent only in the region between 200 meV and 500 meV due to mul-
tiphonon absorption, while the presence of impurities could introduce additional
vibrational lines in the infrared. A relevant impurity atom is N [339] and dia-
monds are classified according to their nitrogen content. In the N case, we refer
to type IA diamonds when the impurity content is about 10° ppm while purer
gems with an impurity level close or below 1 ppm are commonly referred to as ITA
diamonds. In midinfrared and far-infrared spectroscopy IIA type diamonds are
required, while for NIR and optical applications the difference between the two
types can be neglected!. In our experiments we make use of both the diamond
types and we will specify the type in the different circumstances.

Another key component of the DAC assembly is the metallic gasket between the
anvils. The gasket is crucial for a high pressure experiment because it works as
a mechanical support for the anvils and as an experimental chamber for the sam-
ple. The DAC needs to be mechanically stable in order to avoid a direct contact
between anvils and thus their possible failure. Typical gasket materials have to
be plastic under static compression and metals like copper, molybdenum, stainless
steel or rhenium (depending on the pressure range of interest) represent an obvious
choice.

In most of DAC-based high pressure experiments, the gasket is formed starting
from a 0.25-0.3 mm thick blank that is pre-indented with the very same diamond
anvils to be used in the experiment [332]. During the indentation procedure the
metal below the culet tends to flow out and as a result the blank thickness below

the anvils is reduced to one third/one fifth of the original one. The thickness can

1Unless low fluorescence constitutes an additional requirement (e.g. in Raman spectroscopy)
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be monitored either by direct measurement with a suitable micrometer, like in our
experiments, or by interferometric method [332]. The metal extruded from the
centre of the blank forms a lateral massive support that helps the mechanical sta-
bilization of the DAC assembly through anvil-gasket friction [340| and through a
reduction of the metal flow from the pressurized to the unpressurized region. Once
the gasket has been indented and its thickness measured, the sample chamber is
formed by drilling a hole in the middle of the culet footprint. The suggested hole
diameter for a safe operation has to be between one-third (maximum one-half)
of the culet diameter, i.e. a few hundred microns wide. A routine technique for
precision drilling of gaskets made of conductive material is electro-erosion [332],
that warrants high quality holes without inducing mechanical stresses to the ma-
terial that will undergo subsequent pressurization. The obtained hole constitutes
the sample chamber for the high pressure experiment and, once the gasket is po-
sitioned and fixed on one of the anvils, it can be filled with the sample together
with a pressure transmitting medium and a pressure gauge.

The relevance of the pressure transmitting medium stands in the fact that, by
geometry, the diamond anvils exert a uniaxial pressure, while in most experiment
is desirable to have an hydrostatic pressure, i.e. the sample is pressurized in the
same fashion in all the directions?.

The pressure transmitting medium allows to communicate to the sample the com-
pression coming from the chamber sides and from the culet surface that is not in
contact with it, therefore reaching a quasi-hydrostatic compression.

From the practical point of view, perfect hydrostaticity is difficult to attain and
often pressure gradients inside the sample chamber have to be taken into account.
A good hydrostatic medium need a low viscosity and high plasticity in order to
minimize pressure gradients; moreover it has to be chemically inert with respect to
the sample and not interfering with the measurement with a spurious signal. De-
pending on the specific experimental requirements one can choose solid (e.g. cubic
salts like NaCl, CsI, KBr, AgCl, KCl), liquid (e.g. ethanol-methanol mixtures) or
gaseous hydrostatic media (e.g. noble gases). The medium of choice for a vast
majority of experiment is He since its high hydrostaticity and chemical inertness
make it the best approximation of a perfectly hydrostatic pressure transmitting
medium. On the other hand, solid media are easier to handle and for low pressure
(up to 10 GPa) applications are also a convenient choice.

Once placed the sample in its experimental chamber, the surrounding empty space

2For a more rigorous definition of hydrostatic pressure see for example Appendix 1 of [341]
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is filled with the pressure transmitting medium. As a final step for the experiment
preparation one or more small (micron sized) pressure gauges are immersed in the
hydrostatic medium, with the care of not touching the chamber walls, and the
chamber is then sealed by pushing the second diamond anvil on its top. In the
next section, we are going to describe the pressure measurement in a routine high

pressure experiment.

A.2.2 High pressure measurement

A major breakthrough in the field of high pressure physics has been the develop-
ment of a reliable pressure scale to quantify the in situ applied pressure (Forman
et al., 1972 [342]).

A possible way to calibrate pressure is to measure the unit cell volume V' in a stan-
dard material and obtain the pressure P through an equation of state V =V (P, T,
where T is the temperature. One of the intrinsic complications associated to this
method is the requirement of a simultaneous X-ray diffraction measurement that
in some cases can be impractical.

Forman et al. [342] introduced instead the use of a ruby chip as a gauge by which
pressure is determined from the induced shift of its fluorescence spectrum. This
measurement is quite accurate, relatively simple to perform and it is, nowadays,
one of the most common and well characterized measurement protocols in high
pressure applications. While other materials, such as Sm-doped YAG [343| and
YASG:Cr [332], can be used as possible alternative gauges, we restrict our discus-
sion to ruby only.

From the chemical point of view, ruby is Cr doped corundum, i.e. Cr** impu-
rities substitute Al atoms in a AlyO3 host lattice. The relevant energy levels for
the fluorescence process, shown in Fig. A.5a, arise from a combined cubic and
trigonal crystal field splitting of the Cr3* 3d?® orbitals [341]. By exciting the ruby
chip with a continuous wave (CW) green laser (2.33 €V, 532 nm), the electrons
are pumped to a so called U-band made of *T5 levels. Then, in combination
to phonon-assisted relaxation, they decay into the 2E low-spin doublet and from
it back to the ground state by emitting fluorescence photons at the energies R;
and Ry [341]. These two lines are quite narrow, since they are spin-forbidden
no-phonon emissions and their radiative lifetime is roughly 4 ms at 300 K [345],
therefore they are almost ideal for a precise spectroscopic measurement. In Fig.

A.5b, we show a sketch of the optical elements needed to excite and the detect
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the fluorescence of a ruby gauge with a typical diameter between 10 and 50 pm.
As mentioned before, we use approximately 30 mW of CW laser light, focused
with a lens (f = 100 mm), to excite the fluorescence. The ruby emits Ry and Ry
photons in a isotropic way and we collect the fluorescence light in a backscattering
geometry by employing a broadband visible beamsplitter. The collected light is
then filtered with a long-pass filter (cutting at 650 nm) to reject the reflected laser
light and sent into a high-resolution spectrometer (Ocean Optics HR4000, 600-700
nm range, resolution approx. 0.055 nm) connected to a computer. By applying
pressure, the ruby structure is compressed and this affects the crystal field split-
ting leading to a shift of the 2E doublet and of the associated R; and Ry lines.
The pressure induced shift of the lines, in particular of Ry, is clearly resolved, as
shown in Fig. A.5c, and, at room temperature conditions, pressure is connected
to the line wavelength A(P) through the following calibration equation [344]
7.665

P[GPa] = 248.402 l(%) — 1} (A.8)
in case of quasi-hydrostatic conditions. For low pressures (below 20 GPa) the
line shift is almost linear [346], but for higher pressures the nonlinearity of the
calibration curve becomes well evident (see Fig. A.5d). The accuracy of the
pressure determination from the R; line shift is roughly 0.03 GPa [332| but pressure
gradients inside the sample chamber can introduce an additional error in case of
spatially averaged measurements, like infrared optics. Pressure gradients are more
and more important as pressure is ramped up, but in the interval of interest
of our work (between 0.0 and 2.0 GPa), they play a relatively negligible role.
For the purpose of our experiments, we estimate a conservative absolute pressure

uncertainty of 0.1 GPa on all our pressure reading.
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FIGURE A.5: Pressure measurement with a ruby pressure gauge. Panel
(a) shows the electronic energy levels of ruby and the relevant transitions for
pressure measurements (adapted from [341]). A 532 nm laser (green arrow) ex-
cites the electrons into a U absorption band, which decay nonradiatively into
a 2FE doublet. The subsequent decay to the ground state occurs through pho-
ton emission at R; and Ry energies (red arrows). Panel (b) shows a sketch
of the experimental setup for ruby fluorescence measurement. BS-Beamsplitter,
LP-Longpass filter, DAC-Diamond anvil cell, A(P)-Pressure dependent ruby flu-
orescence. Panel (c¢) reports selected measured ruby fluorescence lines between
0 and 2 GPa. Panel (c) reports instead the calibration curve between the R;
wavelength and in situ exerted pressure [344] and its comparison with a linear
scale.
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A.3 Equilibrium infrared spectroscopy under pres-

sure

Part of the experiments presented in this thesis needed equilibrium infrared spec-
tra measured through standard interferometric methods extensively discussed in
[234].

In the case of the organic salt ET-F,;TCNQ, the acquisition of infrared optical
spectra under high pressure conditions was required, therefore, in this paragraph,
we discuss the most important technical aspects of this kind of measurement. In-
frared measurements under pressure on the ET-F;TCNQ have been carried out
in two different setups, one located in the SISSI (Source for Imaging and Spec-
troscopic Studies in the Infrared) beamline of the Elettra Synchrotron Radiation
Facility (Trieste, Italy), the other in the 1. Physikalisches Institut of the Univer-
sity of Stuttgart (Stuttgart, Germany).

The two setups are based on different pressure generation methods, the former on
a opposing plate DAC as described in section A.2.1, the latter on a piston-cylinder
device [332], that works approximately like a DAC where one of the diamond anvils
is substituted with a metallic piston. For clarity we discuss the two systems and
the associated data acquisition as separate subsections.

Equilibrium infrared spectra of K3Cgy have been acquired in the SISSI beamline in
the same experimental conditions here described without applying external pres-

sure.

A.3.1 Infrared optical measurements at SISSI beamline

The solid state branch of the SISSI beamline at Elettra is equipped with a Bruker
Vertex70 Interferometer coupled to a Hyperion 2000 microscope equipped with
gold coated Schwarzchild objectives (15x magnification, NA 0.4). Importantly,
the microscope can acquire both in reflection and transmission geometry and in
our work we made use of this feature to determine complete and reliable optical
properties. The possibility to use brilliant and broadband synchrotron radiation
together with a microscope make this experimental station extremely suited for
infrared spectroscopy under high pressure conditions. More details about the fa-

cility can be found in [347-350|, while here we focus on the specifications of the
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experiment carried out in the framework of this thesis project.

The diamond anvil cell used in this experiment is a simple screw DAC, where the
thrust is given by three screws that push the opposed plates towards each other
[332]. The cell was equipped with a couple of ITA quality diamonds with a 600 pm
diameter culet. Pressure has been monitored in situ through the ruby fluorescence
technique described in section A.2.2, while the pressure transmitting medium cho-
sen was a finely milled CsI powder. The pressure explored in this experiment was
limited to the interval 0.0-2.0 GPa and a 10 um -thick ET-F;TCNQ single crystal
has been carefully cut down to a size of 150 pum per side. After being cut, it has
been fitted into a previously drilled 200 um diameter hole together with a ruby
sphere and the Csl powder. Care has been taken in orienting the sample along its
crystallographic axes and in ensuring a clean contact at the sample-diamond inter-
face, essential for a good infrared measurement. The pressure run was constituted
by a continuous ramp from the lowest to the maximum pressure after which the re-
versibility of the pressure-induced changes during the release was checked. All the
measurements were performed at room temperature and the associated pressure
uncertainty is 0.1 GPa. At each pressure point, we measured the entire spectral
range from 75 to 1200 meV in quasi-normal incidence conditions with polarized
light, in order to select only the contribution coming from the a-axis. In a separate
run we measured, instead, the transmission at the very same pressure points of
the reflection measurements (also in this case with polarized light). In addition to
these measurements, we acquired unpolarized transmittance data in the ab-plane
and in the region between 35 and 80 meV to check for possible pressure-induced
charge delocalization.

The procedure used to extract the optical properties, already reported in Refs.
[348-350], is sketched in Fig. A.6. At each pressure point, by selectively op-
timizing the microscope focal depth, the reflected beams I;_; coming from the
sample-diamond interface and I, 4 from the air-diamond interface are separately
collected. Measuring at each step the table surface, assumed to be pressure inde-
pendent, allows to account any movement of the beam position or tilting of the
cell. At the end of the pressure run, the cell is opened and a blind silver gasket is
mounted in contact with the diamonds. Then the reflections from the air-diamond
(I'y—q) and from the Ag gasket-diamond (I4,_4) are measured with the same proto-

col without ramping up the pressure. Reflectivity at the sample-diamond interface
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is then obtained through the following relation

R yw) = Lma®@) Lo-a(w) (A9)

Lo—a(w) Lag—a(w)

FIGURE A.6: Absolute reflectivity retrieval in a DAC. Panel (a) shows

the reflected beams I,_4 from the air-diamond (table) and Is_4 from the sample-

diamond (culet) interfaces in a typical DAC assembly. Panel (b) shows instead

the I'y_g reflected beam and the reflection I44_g from an Ag non-drilled gasket
used as a reference for our measurement.

Equilibrium measurements on K3Cgg for several temperatures have been acquired
in the same setup from 4 to 1000 meV, without polarizers and only in reflectivity.
Since the experiment has been carried out with a compressed pellet behind a dia-
mond window and without the application of high external pressures, the sample
has been formed in a 2 mm diameter pellet without the presence of a pressure
medium. The referencing of the optical spectra has been performed as described
above, but placing at the end of the experimental run a gold mirror at the sample
position.

The transmission measurement is in some way simpler and more intuitive since
at each pressure point we measure the light transmitted through the entire gasket
hole I4(w) and at the end of the pressure measurement the data are referenced
against the intensity Ip(w) transmitted from a pure Csl loading in the very same

gasket used in pressure measurement. The transmittance is then given by
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Ty(w) = (A.10)

since other absorptions are thus cancelled out.

A.3.2 Infrared optical measurements at 1. Physikalisches

Institut of the University of Stuttgart

The experimental setup involved in these measurements is Bruker IFS66v interfer-
ometer with a custom cryostat for low temperature-high pressure measurements.
In this case the collection optics works only in reflection geometry and does not
involve a microscope. As we mentioned before, the piston-cylinder cell is slightly
different from a DAC. In this case, the optical access is constituted by a cylindri-
cal wedged diamond window (2° wedge angle, IA quality) with a diameter of 3
mm that allows a maximum internal pressure of 1.1 GPa. Pressure is monitored
through the external applied pressure, together with a previously calibrated scale
based on ruby fluorescence (see section A.2.2). Also in this case, the measurements
are performed at room temperature and the associated pressure uncertainty is 0.1
GPa.

The hydrostatic medium of choice in this case is Daphne 7373 oil and the sample
is fixed directly onto the diamond window before introducing the oil. The refer-
encing of the absolute sample-diamond reflectivity Rs_g4 is in this case performed
in a different way with respect to the protocol described in the previous subsec-
tion, but it still shares some commonalities. In this case, the wedge angle allows a
spatial separation of the beams reflected from the sample-diamond and from the
diamond-air interfaces (see Fig. A.6a). Since the diamond optical constants are
well known (e.g. see Ref. [351]), the absolute sample reflectivity can be calculated

by using the diamond-air reflection 1, 4(w) as a reference [352]

R, q(w) I g(w)

Ry a(w) = [1 _ Ra—d(w)]2 I g.(w)

(A.11)

The results of this approach are completely equivalent to the ones illustrated be-
fore, being different only the selection technique of the two reflected beams I, 4

and I,_4. The biggest difference between the two setups stands, instead, in the
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focusing optics (the focusing is less efficient than with a microscope) and in the

upper pressure limit of the employed pressure generation device.

A.4 Near-infrared pump-probe measurements on

ET-F;TCNQ under pressure

In this section we discuss the experimental setup and protocols for the pump-
probe experiments under pressure described in chapter 4. The light source used
for these experiments is a Ti:Sapphire amplifier emitting at 800 nm (1.55 eV) and
with a repetition rate of 1kHz and 30 fs pulse duration (Dragon series, KMLabs).
The output light (p-polarized) is directed into a double-stage optical parametric
amplifier (OPA) like the one described in section A.1.2 and one of the near in-
frared beams generated in the parametric process, the idler, is directly used for
the experiment?.

A typical value for the OPA input are 550 p.J, while the extracted idler pulse
energy is approximately 13-15 pJ. The idler light is also p-polarized and widely
tunable in the NIR region, as shown in Fig. A.7b. All idler spectra are collected
with a NIRQuest spectrometer (Ocean Optics NIRQuest256, 1100-2100 nm range,
resolution below 8 nm).

The idler beam propagates then to the pump-probe setup illustrated in Fig. A.7a
and is split by a broadband NIR beamsplitter (splitting ratio R 55:T 45) into two
beams, to be used as pump and probe. These measurements are performed with
degenerate pump-probe pulses (Apump = Aprobe) having the same p-polarization,
without further energy conversions. The pump pulse is tuned at the CT resonance
of the ET-F;TCNQ along the a-axis in order to excite holon-doublon pairs, while
the probe, always centered resonant to this spectral feature monitors the pump-
induced changes in the sample reflectivity.

The probe beam is attenuated by means of a neutral density filter to roughly 3-4%
the pump beam intensity and both the beams are subsequently focused onto the
sample. The beam waists in the overlap region are determined prior to the experi-
mental run by measuring the transmitted light through a known pinhole. Typical
pump beam diameters are around 600 pm, while the probe beam diameters are

roughly half this value, in order to probe an homogeneously excited sample region.

3Without entering the midinfrared generation unit (DFG).
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FiGURE A.7: Experimental for pump-probe experiments under pres-
sure. Panel (a) shows a top view scheme of the setup employed for pump-probe

reflectivity measurements under pressure.

We use here the following abbre-

viations: BS-Beamsplitter, ND-Neutral Density filter, PD- Photodiode, DAC-
Diamond anvil cell, OPA-Optical Parametric Amplifier. Line thicknesses are
roughly proportional to the beam intensity. Panel (b) reports normalized Idler
spectra from the two stage OPA for different tuning conditions. Panel (c) is a
picture of the Dunstan-type DAC employed in these measurements.

The pump light travels on a delay stage in order to vary the relative delay with

the probe beam and is sent onto the sample at normal incidence. The probe beam

is instead impinging on the sample at near normal incidence conditions, with an

angle of 7° with respect to the pump beam. The cross-correlation signal of the

two pulses at the sample position has been measured and pulses were found to be

approximately 100 fs long.

The reflected probe is subsequently detected by a photodiode (InGaAs, 800-2600
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nm, 25 ns rise time) connected to a lock-in amplifier (SRS830).

Since pump and probe have same energy and polarization, the total rejection of
residual pump light is achieved through the aforementioned angular separation
and an iris on the reflected light path before the photodiode. In this way scattered
pump light is blocked and only specularly reflected probe light is allowed on the
detector.

The transient reflectivity measurement is performed by modulating the pump light
with a mechanical chopper running at 433 Hz and connected to the lock-in, thus
obtaining the pump-induced reflectivity change AR(7) = R(7) — R(7 < 0), where
7 denotes the delay between pump and probe pulses. After each measurement, the
total reflected probe light is measured by blocking the pump light and chopping
the probe beam, thus obtaining the reference R(7 < 0) for the normalization of
the pump-induced changes. The measured quantity is thus the differential change
of the sample reflectivity at the CT resonance AR(7)/R(t < 0) as a function of
the pump-probe delay.

A peculiarity of this experiment is the use of external high-pressures to tune the
sample ground state. The sample is placed inside a Diamond Anvil Cell and pump-
probe reflectivity measurements are performed for variable pressure conditions, as
described in chapter 4. ET-Fo;TCNQ single crystals are placed in a 1 mm diameter
hole drilled within a 250 pm thick Cu gasket blank pre-indented to a thickness of
100 pm. Typical crystals dimensions are 500 pm x 900 pm with a thickness of 50-
70 pm. The hydrostatic medium of choice for these measurements is finely milled
Csl while pressure is monitored by dispersing some ruby chips (10-50 pm diameter)
in the pressure medium. Care is taken to ensure a clean sample-diamond inter-
face. Due to geometrical constraints, unlike most of high pressure experiments,
our pressure measurement setup focuses the green laser light with a f = 100 mm
lens and a flip mirror directing the light on the sample.

The ruby fluorescence collection efficiency is still sufficient to have reliable in-situ
pressure measurements but we cannot discriminate the fluorescence light com-
ing from different ruby chips, therefore informations about pressure gradients is
averaged out. As previously discussed (see section A.2.2), they do not however
represent a serious issue for this very experiment.

The diamond anvil cell used in this experiment is the Dunstan-type DAC [353]
shown in Fig. A.7c equipped with TA quality diamond anvils (suitable for NIR
optical spectroscopy measurements). The anvils are Diacell cut with a culet diam-

eter of 2 mm (16 sides), a table diameter of 2.5 mm and a thickness of 1.55 mm.
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The optical access occurs through the bottom anvil and the cell allows for a max-
imum angular acceptance of roughly 40°. Our narrow angle between pump and
probe beams fits this geometrical constraint without beam clipping at the table
interface.

Since our measurements are performed at room-temperature the cell is used with-
out a cryostat shielding and mounted on a high-stability xyz manual translation
stage. Pressure is applied by means of an external hydraulic ram connected to
metallic wires that pull the cell. In its interior this DAC is based on a piston-
cilinder assembly, both elements terminated by a diamond anvil. Upon pressure
application the two elements are pressed onto each other by the pulling wires and
high compressions can be obtained at the sample position. Typical loads of 40-50
bars on the ram translated in pressures of 2.0-2.2 GPa (20-22 kbars) at the sample
position. The pressure at the sample position has been monitored before and after
each optical measurement in order to check for the presence of slow pressure drifts.
Before concluding this section, we add a few last technical details relevant to cou-
pled ultrafast optical measurements and high pressures.

One crucial aspect of ultrafast optical measurements is the need to keep the pulses
short and avoid dispersion when traveling across solid media. High pressure mea-
surements, on the other hand, widely imply the use of a solid window material,
therefore one needs to assess the extent of pulse broadening by dispersion in dia-
mond anvils. The topic is discussed in detail in Appendix D, but we checked in
this case the broadening of our pulses by means of a autocorrelation measurement
with and without the anvil and found it negligible.

Moreover, given the complexity of the sample-DAC system, we checked that no
spurious contributions to the pump-probe signal were coming from other elements
than the ET-F,;TCNQ. We performed a measurement with the DAC loaded only
with Csl and ruby chips and found no pump-probe signal under the same experi-
mental conditions.

In addition we checked the behavior of the measured transient changes under rota-
tion of the relative angle between the crystalline a-axis and the light polarization.
The signal disappeared for fields orthogonal to the a-axis [354| and, being all the
other materials of this assembly cubic in their structure, this polarization depen-
dence corroborated the validity of our measurements. Remarkably, the diamond
anvils themselves showed no detectable pump-probe reflectivity changes within our
noise level and under the same experimental conditions used for the measurements

reported in Chap. 4.
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A.5 THz Time-Resolved Spectroscopy (THz-TRS)

The terahertz (THz) region of the electromagnetic spectrum, extending roughly
from 0.1 to 10 THz (0.4-40 meV), is an extremely relevant observation range for
condensed matter systems and particularly for their broken symmetry states. in
that spectroscopic range can be found phonon resonances, charge collective modes
and gaps associated to ordering transitions or superconductivity [234].

In part of this thesis work, we aim to observe the transient dynamics of the molec-
ular superconductor K3Cgy and a direct way to probe the pump-induced changes
in its electronic properties is to monitor its gap in the optical spectrum, located
at approximately 1.5 THz (6 meV) as shown in Fig. 3.6.

The spectroscopic technique of choice for this study is laser-based THz Time-
Domain Spectroscopy (THz-TDS), that with respect to conventional Fourier Trans-

form Infrared (FTIR) spectroscopy offers the following advantages:

e High brightness in the THz range - in order to match, or beat, THz-TDS
with conventional FTIR one would need to use tabletop backward-wave-
oscillators [355], or synchrotron-based infrared light generation [356, 357],

that imposes serious time constraints;

o Measurement of complex fields through phase sensitive detection - As we
will see in the following THz-TD spectrometers can measure the complex
reflected field from a sample and the response function can be calculated
without resorting to Kramers-Kronig relations and arbitrary extrapolations

outside the measured frequency range;

o Compatibility with time-resolved studies - Laser based THz light generation
is usually achieved with pulsed light and it can be easily synchronized and
controllably delayed with respect to a pump pulse, thus allowing a natural
extension to time resolved studies of the electronic properties in the THz

range (the so called THz-Time resolved spectroscopy or THz-TRS).

The MIR pump-THz probe experiment described in Chapter 5 required a ded-
icated THz-TRS setup and, after briefly recalling the basics of THz generation
and detection, we will describe its realization, the measurement protocol and the

associated data analysis.



Appendix A. Ezxperimental Methods 151

A.5.1 THz light generation and detection techniques

The two most important laser-based THz light generation and detection techniques
rely either on photoconductive antenna generation, where the light is emitted by
accelerated carriers in a semiconductor [358-360], or on free space? optical rectifi-
cation and electro-optic sampling, that exploits nonlinear interactions between a
higher energy laser pulse and a suitable nonlinear crystal [361-363]. While pho-
toconductive antennas need a relatively small amount of incoming laser power to
operate, they are intrinsically limited in bandwidth by the carrier timescales in
the semiconducting substrate and extremely sensitive to alignment. Free space
generation and detection in nonlinear crystals allows higher THz bandwidths and
are less sensitive to misalignments, but they usually need higher incoming laser
power for ordinary operation.

In this thesis work, the latter approach is chosen for THz generation and detec-
tion and in the following the basics of free space THz generation and detection are
briefly discussed. The generation of a pulsed THz field via optical rectification in
a nonlinear optical medium can be described in terms of a second order compo-
nent in the polarization expansion (A.1). An incoming high energy (e.g. 1.55 V)
fs laser pulse undergoes difference frequency generation (DFG) within its band-
width and therefore between photons with relatively close energies w; and wy (see
Fig.A.8a-b). The result of this process is a pulses field with quasi-DC components
with a bandwidth limited by the bandwidth of the incoming laser pulse and by the
transparency range of the nonlinear medium®. The time profile of the THz pulse
is proportional to 92P® /92, where P® = ¢gxP E(t)? and its time dependence is
dictated by the Gaussian time profile of the input fs laser beam [364].

The detection of the THz field, referred as electrooptic sampling (EOS) is instead
performed by exploiting the Pockels effect. The THz and a short gating pulse
have to co-propagate in a nonlinear detection crystal with a variable delay. The
THz field (quasi-DC) induces a transient birefringence in the nonlinear detection
crystal that rotates the gating pulse polarization. This polarization rotation is
proportional to the instantaneous THz field and can be easily measured through
a balanced detection (see Fig. A.8c-d). In our case, the gating pulse is linearly

polarized (either s- or p-) and after interacting with the THz field in the detection

4The "free space" indication means that the beams are propagated without the use of waveg-
uides.

5Tt naturally follows that in order to increase the bandwidth of the THz pulse, the bandwidth
of the input laser pulse has to be increased and shorter pulses are needed.
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FIGURE A.8: Free space THz light generation and detection with non-
linear crystals. Panel (a) shows THz light generation by optical rectification
of a short optical pulse in a nonlinear (NL) crystal. Panel (b) represents instead
the formation of the THz spectrum as an optical rectification and DFG between
photons of similar energy in the optical laser pulse. Panel (c) illustrates the
THz pulse detection process through free space electrooptic sampling (EOS).
P stands for the THz induced polarization in the NL crystal that rotates the
gating beam polarization. Panel (d) reports a scheme of a typical THz detec-
tion path with the indication of the gating beam polarization after each optical
element (panel adapted from Ref. [355]). We use the following abbreviations:
NLC-Nonlinear crystal, A/4-Quarter waveplate, WP-Wollaston prism.

crystal is still linearly polarized but with a rotated polarization vector. The gating
light is then decomposed in two orthogonal polarization components by passing
through a A\/4 waveplate and a Wollaston prism. The two resulting beams are
detected with a couple of balanced photodiodes which measure their intensities
I; and I, and, thus, the instantaneous THz field through Ety, o< I; — Is. In
addition to its remarkable sensitivity (detection of THz pulses with less than a nJ
energy), the EOS measures directly the THz field and this allows a straightforward
extraction of the complex response function of the investigated samples. Another
advantage offered by this detection technique lies in its coherent character. THz
photon energies are well at and below the environmental black-body radiation of
the laboratory (300 K ~ 25 meV ~ 6 THz) and an incoherent detection (with
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absorption in a semiconductor) would need operation at cryogenic temperatures
(like in bolometers for FTIR applications). The EOS is instead sensitive only to
coherent, well timed THz pulses with a relatively short time duration and can be
performed at room temperature.

The core element for free space THz generation and detection is the nonlinear
crystal and its choice has to be tailored on the specific experimental needs. Com-
monly used uniaxial crystals for THz generation and detection are zincblende-type
crystals (43m point group) like ZnTe, GaP or hexagonal ones (62m point group)
like GaSe. In addition to these, other inorganic semiconductors are also used, e.g.
GaAs, InP, InAs, CdTe, InSb, or ZnCdTe, or organic compounds like DAST and
DSTMS (for a more comprehensive review see Ref. [364]| and references therein).
An important parameter that quantifies the efficiency of the THz emitter /detector
is the electrooptic coefficient r;;;, whose absolute value is directly proportional to
the nonlinear susceptibility x(?: the higher is this parameter, the more efficient
will be the THz generation/process [364]. Typical electrooptic coefficients in the
visible region span from 1 pm/V in GaP [363], 4.05 pm/V in ZnTe [361] and 14.4
pm/V in GaSe [365] to extremely high values like 160 pm/V in DAST [361]. For
our experiment both generation and detection crystals are (110) cut ZnTe with a

thickness of 900 um and 500 pum respectively.

A.5.2 Experimental realization of a MIR pump-THz probe

setup

The laser source used for this experiment is a Newport Spectra Physics ACE
Spitfire amplifier that delivers a 4.5 mJ laser beam at 1.55 eV (1 kHz rep. rate,
120 fs pulse duration, p-pol.). The light is initially split with a 85:15 ratio and the
two outgoing beams are directed to the OPA and DFG setup for the generation of
the MIR pump and to the THz-TD spectrometer. The generation of the MIR pump
light has been already described in section A.1.2. Soon after the beamsplitter, the
probe beam is delayed with respect to the MIR pump and split into an intense
beam for THz generation (splitting ratio 99:1) and a weaker, delayed pulse is used
as a gating to measure the THz probe beam reflected by the sample.

The THz-TRS setup used in this experiment, working exclusively in reflection

geometry, is built as sketched in Fig. A.9. The THz spectrometer is kept under
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FIGURE A.9: THz-time resolved setup optical scheme. Top view scheme
of a THz-time resolved spectrometer. Red lines represent light at 1.55 eV (800
nm), orange lines the MIR pump beam, the transparent blue lines the THz
light. Line thickness is roughly indicative of the beam intensity (except for
THz). Parabolic mirrors are depicted as black arcs. The black rectangle con-
fines the portion of apparatus operated in vacuum. We use the following abbre-
viations: BS-Beamsplitter, \/4-Quarter waveplate, WP-Wollaston prism, PBS-
Pellicle beamsplitter.

vacuum conditions in order to:

e avoid degradation of the THz signal due to absorption lines of polar molecules

in air (mainly water vapor);
e allow the sample cooling down to cryogenic temperatures (5-10 K regime);

e avoid the usage of windows that could generate replicas of the THz (and
introducing modulations in frequency domain), absorb/reflect part of the
field before arriving on the sample, or be not simultaneously transparent to

both the pump and the probe beams;

e achieve sharper THz focusing conditions without the geometrical constraints
imposed by a cryostat shielding and /or optical windows between the focusing

mirror and the sample surface.
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The THz setup (but not the EOS delay line) is built inside an aluminum box (size
600 x 500 x 250 mm) with a top lid and a 180 mm diameter top viewport. The
optical components are mounted on an aluminum breadboard standing on three
steel spheres in order to decouple the optics from the external walls of the box.
The 1.55 eV for THz generation and detection are passing through antireflection
coated glass windows (28 mm diameter, 1 mm thickness), while the MIR pump
beam goes through a CaFy (or BaFy) window (uncoated, 28 mm diameter, 2 mm
thickness). The samples are mounted on an Oxford Optistat CF-V cryostat kept
in horizontal position on manual xyz translation stages with high load capacity.
The cryostat is inserted without external and heat shields and is connected to
the box through a highly flexible edge-welded bellow. All the components are
assembled with rubber o-rings and the pressure in normal operation conditions is
around 1.0-2.0-10~% mbar at room temperature.
As depicted in Fig. A.9, the THz beam is focused onto the sample with 90° off-axis
parabolic mirrors (1" diameter, 75 mm focal length) and, after being reflected from
the sample, is collected by an identical parabolic mirror that recollimates it and
sends it to a third parabolic mirror that focuses it onto the detection crystal (1"
diameter, 50 mm focal length). The recombination with the EOS gating beam on
the detector crystal is achieved by folding the 1.55 eV with a pellicle beamsplitter,
that reflects only 8% of the gating light and leaves the transmitted THz pulse
unaltered. The angle of incidence of the THz light on the sample is 18° and the
total aperture between incident and reflected beams is 36°, while the pump beam
impinges at normal incidence.
Knife-edge measurements of the EOS peak field at the focal position on the sam-
ple revealed a beam diameter of approximately 500 ym while the pump beam is
focused with a 2" diameter CaFy (or BaF5) lens down to approximately 800 pm,
thus allowing to probe an homogeneously excited region.
Equilibrium THz fields generated and detected with this setup, shown in Fig.
A.10, have an energy spectrum spanning from approximately 2 to 11 meV, thus
allowing an almost complete coverage of the gap region in the low energy spectrum
of K3Cgp. The pulse duration of the THz light is approximately 550 fs and the
resulting pulse has a few cycle structure, ideal for time-resolved investigations. As
shown in the figure, the detection of the probe pulse is phase-sensitive and from a
Fourier transform both the amplitude and phase of the signal can be extracted.
The main source of noise in the apparatus comes from the THz emitter and is due

to laser fluctuations following a 1/ f characteristic [366, 367|. In this spectrometer,
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FIGURE A.10: THz-time domain field detection. Panel (a)shows a typical

equilibrium time-domain scan of the THz field (reflected in this case from the

K3Cgp sample at 25 K). Panel (b)-(c) report respectively its unwrapped phase
and its spectrum after Fourier Transform.

we quantified the standard deviation ogog associated to a number of consecutive
EOS scans relative to the EOS maximum amplitude EOS,,., and we found it to
be 0gos/EOSpax = 7+ 1073 (from a 20 scans average).

The actual time-resolved measurement follows, instead, the transient pump-induced
changes on the THz probe field reflected from the sample and has an additional
delay axis with respect to the equilibrium scans (like the one in Fig. A.10). A
typical time-resolved measurement performed with this THz-TR spectrometer is
shown in Fig. A.11. In Fig. A.1la, the measured quantity is the transient vari-
ation AFE of the equilibrium reflected field due to the pump-induced changes in
the sample complex refractive index. The outcome of the measurement is a two-
dimensional grid of transient reflected fields as a function of the EOS delay and
of the delay with respect to the pump pulse. Orthogonal cuts in this map can be
divided in two categories: pump-probe traces at fixed EOS positions and transient
EOS. In the first case the scan is performed by fixing the relative delay between
THz probe and EOS gating beam and by varying the delay with respect to the
MIR pump pulse (see Fig. A.11b). This scan, shown in Fig. A.llc, does not
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FIGURE A.11: Example of THz time-resolved measurements. Panel (a)

shows the 2D time-resolved measurements of the MIR pump-induced changes

in the electric field from a sample (in this case K3Cgp at 25 K). Panel (b)

summarizes the arrangement of the beams involved in the measurement process.

Panel (c)-(d) correspond instead to cuts of Panel (a) (respectively PP and EOS

grey planes). All these data (averaged on 30 scans) are not normalized to the
equilibrium reflected field.

provide spectral information and is only indicative of the timescales involved in

the relaxation dynamics.

The second cut is instead realized by fixing the relative delay between EOS gating

pulse and MIR pump and detecting the THz probe pulse. Since the beams are

arranged like in Fig. A.11b, this condition has to be realized by synchronously

moving the two delay stages used for the experiment and each point of the resulting

scan will experience the same delay with respect to the pump pulse. This scan,

shown in Fig. A.11d, provides spectral information and represents the starting

point for the determination of materials’ transient optical properties.
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A.5.3 Retrieval of transient optical properties from THz-
TRS data

The raw THz-TRS data shown in the previous section cannot be directly used for
the determination of the sample transient optical properties. A first preliminary
step towards the extraction of their spectral information is the normalization of
the pump-induced changes with respect to the equilibrium reflected field. The
equilibrium reference signal is measured before and after each experimental run
with the MIR pump blocked and constitutes the normalization for all the delays
of the time-resolved measurement. Figure A.12a shows an example of transient
EOS with its reference equilibrium signal.

A second delicate measurement that has to be performed before the analysis is

T T 60x1 0-3

T T T T
10-@) [\ - static | (b) 4 = EOS
— transient — 40} difference
= 5 (:é —— transient
< G
2 4=
S 0 2 0
s ©
3 5 R
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| | | | | | | |
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EOS delay (ps) EOS delay (ps)

FIGURE A.12: Transient EOS normalization and sign determination.

Panel (a) shows a comparison between a transient EOS (solid red) at pump

arrival time with its reference static signal (dashed black). Panel (b) shows in-

stead a comparison between the same transient EOS of Panel (a) with the corre-

sponding difference between static EOS with and without pump (AE=EPumped.

Eunpumped) ot the same pump-probe delay time. This comparison determines
the sign of the transient reflectivity changes induced by the pump.

the determination of the absolute sign of the transient reflectivity changes. In our
setup we use a freely rotating single chopper and a single lock-in to measure both
the equilibrium and the transient fields: in the former case the chopper head goes
on the THz generation path, while in the latter it has to be on the MIR pump path.
In the two cases the height of the beam with respect to the chopper blades could
be slightly different after different alignments and this can induce changes in the

optimal inner phase of the lock-inat the two positions, thus making it an unreliable
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phase indicator. Our protocol is instead to acquire always with the lock-in phase
that maximizes the signal (static or transient) and keep it constant for the whole
measurement run. The only unknown is then its sign, and it is determined by
comparing the transient EOS with the difference between two series of reference
EOS with the pump blocked and unblocked.

If the two traces coincides the transient changes have to be added to the static
signal, when flipped they must be subtracted. Once available the normalization
spectrum and the sign for the transient changes, the data are Fourier transformed
and analyzed as described in this section.

The reflected spectrum from the sample E, (w) is given by E, (w) = ?(w)EO, where
Eo(w) is the incident electric field and 7(w) is the Fresnel reflection coefficient.
Since an absolute measurement of E’O(w) is often impractical in reflection geometry,
the sample spectrum is usually referenced against the reflected spectrum of a
substance with well known, featureless optical properties (e.g. Au mirrors).

The determination of the optical constants at each time delay, and identically
in the equilibrium state, is performed by inverting the definition of the Fresnel
coefficient r(w) that will depend on the polarization state of the probe field. In
Fig. A.13 we briefly recall the two possible polarizations states for an experiment

at non-normal incidence geometry. If the electric field E lies in the incidence

(a)

y z y V4
S O = X
Sample Sample
TM polarization TE polarization

FiGURE A.13: Definition of the probe field polarization state. Panel

(a)-The polarization state of the probe field is defined as transverse-magnetic

(TM) if the electric field E of both the incident and reflected beams is polarized

in the plane of incidence xy and the magnetic field H is polarized along z. Panel

(b)-The opposite case, in which E lies normal to the incidence plane (and thus

along z) and H is oriented in-plane, is instead referred as transverse-electric
(TE) polarization [234, 368, 369|.
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plane and the magnetic field H is polarized normal to it%, the polarization state is
referred to as transverse-magnetic (TM). The opposite case, with E normal to the
incident plane is instead referred as transverse-electric (TE). In our case, we have
a fixed 0§ = 18° (reduced to 6 ~ 8° because of refraction in the diamond window)
and a p-polarized THz, therefore the relevant polarization state is TM.

The definition of the Fresnel coefficient for the TM polarization at the interface

between our diamond window (d) and the sample (s) is

ngcost —ngy/1 — (ﬁdf‘m(’)2

Fom = —— (A12)
Nscos O +ngy/1 — (”dfme)

Ns

with ng and n, being respectively the diamond and sample refractive indexes
[234, 368, 369]. The diamond refractive index is considered as constant and equal
to 2.37 (see Appendix D). From static reference data collected in the same exper-
imental conditions of the pump-probe experiment but with a conventional FTIR
spectrometer the static Fresnel coefficient is calculated.

The differential THz reflectivity measurement at each pump-probe time delay 7
probes the pump-induced changes in the frequency dependent Fresnel coefficient
through the changes in the reflected field E,(w) since

AE(w,T) _ 7s'(w, 7) — Ts(w)
E.(w) Ts(w)

(A.13)

and thanks to the referencing against the equilibrium 7,(w) the transient Fresnel

coefficient is extracted by inverting (A.13)

AE,(w,T)

Fa'lnm) = ( Ey(w)

+ 1> Ts(w) (A.14)
Since the measured Fresnel coefficient is a complex quantity, 7,/ (w, 7) = |7/ (w, T)|€®,
the knowledge of both its real and imaginary parts allows to recalculate the com-
plex time dependent refractive index n,'(w,7) = ns'(w, 7) + iks'(w, 7) and from
that all the other optical constants as a function of the energy and of the pump-
probe time delay (see appendix for further details).

An important additional element that has been so far neglected is that in MIR
pump-THz probe experiments, pump and probe beams may have different pene-

tration depths inside the investigated samples due to the different values of their

5Defined by the two propagation vectors of the incident and reflected beams
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extinction coefficients k(w) at the pump and probe energies. The analysis de-
scribed so far assumes identical penetration for both the beams. The penetration
depth [,(w) is defined as l,(w) = ¢/2kw [234] and is usually larger for low energy
photons like the THz probe used in this experiment (see Fig. A.14a). In the

(@) (b) Sample (c) T Sample

Sample

Probe

Pump

'ﬁ:(u)::) () : : N(o,z) ” ()

FiGURE A.14: Penetration depth mismatch and transient optical prop-
erties determination. Panel (a) sketches the penetration depth mismatch
between MIR pump (170 meV) and THz probe (5-10 meV) pulses in the case
of K3Cgp single crystals. Panel (b) shows how the refractive index n(w) of the
photoexcited region can be approximated with a homogeneously excited layer
(thickness equal to the pump pen. depth) on top of an unperturbed bulk (with
refractive index mo(w)). Panel (c) shows instead an alternative modeling based
on a series of photoexcited layers with constant refractive index n(w, z)) that
approaches the unperturbed value np(w)) as z is increased [48, 50, 370].

following we assume the beam intensity decaying exponentially with the depth z
as in Beer’s law I(z) = Ipe=*/! [234]. If a significant penetration depth mismatch
exist between pump and probe beams (with the probe being more penetrating
than the pump), the reflected probe field will contain a mixed response of both
perturbed and unperturbed portions of the material and a correct analysis of the
pump-induced changes in the optical properties has to disentangle these contribu-
tions by introducing a depth dependence in the transient refractive index [48, 50|
(and their supplementary information material).

The simplest model accounting for the pump-probe penetration mismatch assumes
the photoexcited refractive index as constant with respect to the depth z within
a layer of thickness [, at the surface of the sample (see Fig. A.14b). This physical
situation can be imagined as a thin film of photoexcited material at the surface
of an unperturbed bulk and is fairly accurate in case the pump penetration depth
is much smaller than the probe one. When considering this scenario, the only
responsible for the pump-induced changes is the thin layer and the variations of
its optical properties will be larger than what probed by the more penetrating
THz beam.

In case the penetration mismatch is not large, this approximation is too crude and
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the model needs to be improved to take into account the real propagation of both
pump and probe beams within the sample. The logical evolution of the thin film
approximation is to assume at each time delay the change in the sample refractive
index n(w, 7) maximum at the sample surface and then exponentially approaching

the unperturbed one 7(w) with an exponential profile in the depth z
f(w, 2) = fp(w) + Afi(w)e /P (A.15)

where [, is the pump penetration depth [48, 50, 370].

The calculation of the optical properties for the excited medium is performed
within the transfer-matrix formalism [368| and the starting point is to approximate
the exponential excitation profile as a series of thin layers of vanishing thickness
dz with constant n(z) within each layer [48, 50, 370] (and their supplementary
information material). The determination of the excited state Fresnel coefficient
passes through the evaluation of a global characteristic matrix operator M given
by the product of matrices describing each layer, so that M = H;.V:O M;. For the
j-th layer the transfer matrix in the TM polarization is defined as

cos(k;n;dz) —p%_ sin(k;n;0z)

M; = B B : (A.16)
—ip;sin(k;n;6z)  cos(k;n;0z)

where n; = n(w, z = jdz) and p; = cos #;/n; with 6, being the angle of incidence of
the THz probe light [48, 50, 368, 370]. The term k; = k¢ cos ; is the component of
the probe light propagation vector lying normal to the layer surface and kg = w/c.
The layers are set with a thickness 0z much smaller than the pump penetration
depth and span a sample volume going form the surface to the probe penetration
depth L = Néz.

The elements m;; of the global M matrix completely define the Fresnel coefficient

of the excited sample volume for each pump-probe time delay 7 as

(ma1 + mazpr)po — (Ma1 + maspr)
(ma1 4+ mazpr)po + (Ma1 + maapr)

7w, T) =

(A.17)

The term py, is calculated at the probe penetration depth, py at the sample surface
[48, 50, 370].
Since this equation cannot be analytically solved in the transient refractive index

n;, the determination of the transient optical response occurs through a numerical
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optimization of the complex refractive index with a Levenberg-Marquardt algo-
rithm. The quantity of interest for the optimization cycle is the measured transient
variation of the reflected field AE,(w, 7)/Ey(w)|meas and, starting from a guessed

change in the equilibrium refractive index, it is possible to calculate the expected

AE (w,7)/Ey(w)|  with (A.17) and (A.13).
calc
These two quantities define in turn a quality indicator for the modelling procedure

Aﬁs(w,r) _ AES(W,T)
ES @) meas ES @) calc

Q= (A.18)

AE,(w,r)
Eq(w)

meas

and, after converging to a minimum () factor, the algorithm gives a fully refined
complex refractive index n(w,7) that accounts for the observed change in the
optical properties [370]. This refractive index is the basis for further analysis

discussed in Chapter 5.

A.5.4 Experimental protocol

The A3Cgy samples used in our experiments have been synthetized and charac-
terized by Prof. M. Riccé and Dr. D. Pontiroli in the Physics Dept. of Parma
University (Italy). The samples are in the form of powders with an estimated av-
erage diameter of 100-400 nm. Prior to use for our equilibrium and nonequilibrium
measurement, the K3Cgo sample batch has been checked with X-ray diffraction and
SQUID magnetometry measurements in order to assess the phase purity, powder
quality and the T.. The measurements are presented in Fig. A.15, Panel (a)
and (b), respectively. The X-ray diffraction data are reasonably well refined with
a single phase fcc - K3Cg, thus indicating a complete phase purity within the
experimental uncertainties. From the broadening of the line profile, it has been
possible to roughly estimate the average size of the powder grains. The SQUID
measurements at zero (ZFC) and 5 Oe (FCC) magnetic fields revealed instead a
critical temperature of 19.8 K in agreement with literature findings discussed in
Chapter 3, thus excluding possible anomalies in the sample ground state.

Alkali fulleride samples are highly sensitive to oxygen and water content in the
environmental atmosphere [371] with a degradation time of a few minutes, there-

fore extreme care has to be taken during the whole measurement process in order
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FIGURE A.15: K3Cgy sample characterization.Panel (a) shows powder X-

ray diffraction data for the K3Cg used in this experiment (Batch AJL1) together

with a Rietveld structural refinement. Panel (b) shows instead the temperature

dependence of the sample magnetic susceptibility with and without magnetic

field (FCC-Field-cooled cooling, ZFC-Zero-field cooling). These data have been
measured and analyzed by M. Riccoé and D. Pontiroli.

to avoid contact with air.

After synthesis, the samples are stored in flame-sealed glass ampoules with Ar
content and the preparation for the spectroscopic measurements is performed in
a Ar filled glovebox with a constant, monitored level of HoO and Oy well below 1
ppm.

In order to perform the spectroscopy measurements on these powders we devised a
prototype sample-holder that allows to measure a K3Cgy pellet behind a diamond
window. The holder has been designed with a double purpose; it protects the sam-
ple from exposure to air during the alignment procedures but it is also conceived
as an half-diamond anvil cell and works at the same time as a DAC-mockup for
imminent THz time-domain measurements under pressure.

An exploded view of the holder and a zoomed section of the holder in measurement
condition are reported in Fig. A.16a-b. The diamond anvil used as a window for
the experiments is a ITac quality gem (2 mm culet diameter, 1.55 mm thickness, 16
sided, Bohler-Almax cut) mounted on a WC Bohler-Almax seat (12 mm diameter,

4 mm thickness, 84° aperture), suitable also for high pressure experiments up to
2.0 GPa.

The sample is loaded by cumulating the K3Cgg powder in the middle of an indium
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FIGURE A.16: Sample holder for K3C4y measurements. Panel (a) shows
an exploded view of the sample holder assembly conceived for the MIR pump-
THz probe measurements. The lower part of the holder, connecting to the
Oxford Optistat CF-V cold finger is not shown. Panel (b) shows a zoomed
sketch of the sample holder assembly after closure. The black layer in contact
with the anvil is the sample pellet, while the grey disk below is the In disk.

disk (6mm diameter, 1 mm thickness) inserted inside the sample holder inner com-
partment (see Fig. A.16a) and used to ensure a good thermal contact with the
Cu holder. After having prepared the powder, a 1 mm thick indium wire is cut
to form a 10 mm diameter o-ring that will ensure the sealing of the compartment
and the diamond anvil in its seat is fixed in contact with the sample by tightening
an external copper flange (see Fig. A.16b). After tightening, the indium o-ring
is completely squeezed between the Cu holder and the seat, while the diamond
forms a compact sample pellet with a diameter of 2 mm and a 100 pum thickness,
that exhibits a clean optical interface for the spectroscopy measurements.

Once sealed, the sample holder is closed inside an Ar atmosphere in a vacuum-
tight tube with CF flanges and is transferred to the MIR pump-THz probe optical
setup. The sample is then quickly mounted on the cryostat cold-finger, while, soon
after, the alignment with respect to the THz beam and the pump-probe overlap
are checked. After 30-40 minutes from the opening of the transfer container the
sample, together with the whole THz vacuum box, is evacuated to a pressure lower
than 3-10~* mbar and left until the vacuum stabilizes at 105 mbar.

Before starting our pump-probe measurements, we monitor the sample condition
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by checking whether the superconducting transition can be detected and if a pump-
probe signal is present at room temperature. We verified that oxidized samples
do not show a pump-probe signal within our noise level and for the same photon
energy and excitation levels used in our experiments. We also checked for spurious
pump-probe signal coming from the diamond anvil, but we did not detect any.

During each measurement, the reflected equilibrium field of the sample with re-
spect to the reflection coming from the diamond-vacuum interface is monitored,
and together with the verification of the superconducting transition in tempera-
ture, allows to monitor a possible degradation of the sample. In case the reflected
field shows an appreciable decrease, and/or the equilibrium superconducting tran-
sition is not observed in the measurement, the time-resolved run is discarder from

further evaluation.



Appendix B

Kramers-Kronig relations for
reflection data taken through a

transparent window

In a standard equilibrium optical spectroscopy experiments, reflectivity data are
often acquired through incoherent detectors (MCT or bolometers depending on
the spectral range) that measure the intensity I of the reflected light, thus losing
information about the phase of the electric field. The measured reflectivity of the

sample is indeed defined as
I, 2
R(w) = F7EET N }r(w)| (B.1)

where I; and E; are intensity and complex field of the incident light, while 7(w) is
the complex Fresnel reflection coefficient.

Since the extraction of the complex refractive index N(w) = n(w)+ik(w)* requires
the complete knowledge of the complex Fresnel coefficient one needs to retrieve its
frequency dependent phase. This problem is routinely solved by using Kramers-

Kronig relations descending from the causality constraint of the response function
[234]. In the case of the Fresnel coefficient 7(w) = /R(w)e @ of a sample in

! And, from it, all the other optical constants can be readily obtained.

167
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contact with a vacuum, they can be cast in the following way [234]

T JoeoW —w
1 001 /
o) = —Lp [~ I (B.3)

and the complex refractive index follows from

1 - N(w)

) = v )

(B.4)
If we now consider the situation in which the sample is in contact with a transpar-
ent window with real and constant refractive index n,, (non-absorbing window),
the relation (B.3) will need to be modified. This is exactly the case of reflectivity
data under pressure conditions where light is reflected from the interface between
the sample and the diamond anvil. The refractive index at the sample-window

interface will be now modified in

~ Ny — N(w)

Tow(w) = m (B.5)

The key consideration at this point is that there could be frequencies at which the
sample refractive index N (w) could equal the window index n,,, thus producing a
singularity in the numerator of phase integral (In |7, (w)| — oo for 7, (w) — 0),
or equivalently a pole on the imaginary axis. It can be proven that, after a suitable
contour integration in the complex plane, the Kramers-Kronig relations have to
be modified by introducing an additional phase term [372, 373|.

Since 7(—w) = 7™ (w) must hold for the Fresnel coefficient, we can reformulate eq.

(B.3) for a sample-vacuum interface as [257, 372]

o) = 2p / R UGl (B.6)

T w?2 —wn?’

while the corresponding phase relation for a sample-window interface will be [372,

373]
2w __ [ In|F(w)|*
(w) = —P — L7
¢r(w) /O +

T w2 — w2

T — 2arctan <§)] (B.7)

It has to be remarked that if n,, — 1, then § — oo and we recover the standard

phase relation (B.6).



Appendix C

ET-FoTCNQ equilibrium optical

properties: supplementary data

The equilibrium optical measurements reported in Chapter 4 have been performed
in two different setups with two different compression protocols. The optical data
reported in the chapter are measured with a diamond anvil cell device and Csl
as hydrostatic medium, while the data collected in Stuttgart and not shown in
the main text are measured in a piston cylinder assembly and Daphne 7373 oil
as hydrostatic medium. We report in Fig. C.2 the data coming from these mea-
surements at the 1. Physikalisches Institut of the University of Stuttgart up to a
pressure of 1.1 GPa.

These reflectivities present some differences with respect to the other dataset

shown in Fig. 4.4, the most important being a dielectric background at low en-
ergy (below 400 meV). Since the setup used in this case does not take advantage of
a microscope, the surrounding hydrostatic medium (Daphne 7373 oil) contributes
to the reflectivity.
Taking this into account, the reflectivity data have been extended with a Drude-
Lorentz fit initialized to the ambient pressure ET-Fo;TCNQ parameters and the
resulting broadband reflectivity has been used for Kramers-Kronig transforma-
tions that gave the optical conductivity shown in Fig. C.2b.

The resulting spectra are in full agreement with the ones measured in a different
experiment and reported in Chapter 4, showing the same redshift and broadening
of the charge-transfer (CT) resonance. We report a comparison between optical

conductivity curves collected at similar pressures in these two distinct experimental

169
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Ficure C.1: ET-F>,;TCNQ optical properties under pressure-Stuttgart
dataset. ET-FoTCNQ optical properties along the a-axis for selected pressures.
Panel (a) shows the reflectivity at the sample-diamond interface, and panel (b)
the real part of the optical conductivity o;(w) obtained via a Kramers-Kronig
transformation of the data shown in panel (b). Dashed lines of panel (a) are
reflectivity extrapolation from a Drude Lorentz fit. A small absorption, coming
from residual air in the spectrometer, is present at approximately 730 meV.
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FiGUure C.2: Comparison between two independent measurements of

the ET-F;TCNQ optical conductivity. ET-FoTCNQ optical conductivity

along the a-axis for selected pressures. Solid lines are data coming from the

Stuttgart piston-cylinder device, dashed lines are data collected with a DAC
device at SISSI (from Chapter 4).

runs. These data have been analyzed to extract the pressure-dependent effective

correlations with the same methods described in Chapter 4.



Appendix D

Ultrafast pulse propagation through

a Diamond window

While traveling through a dispersive and transparent material with refractive index

n, an ultrafast pulse will experience two important effects [374]:

e an overall group delay due to the decrease of the group velocity v, = ¢/n

with respect to its value in vacuum;

e a chromatic dispersion, and therefore a pulse broadening, due to the fre-

quency dependence of the material refractive index.

This latter effect is particularly crucial in ultrafast spectroscopy because a short
pulse with duration At will have a certain energy bandwidth Arv and the minimum
pulse duration is achieved only when all the colors contained in such a bandwidth
travel with the same group delay [374]. If the pulse satisfies this condition is
said to be unchirped or transform-limited, while if a delay is introduced among
different spectral components the pulse duration is inevitably broadened away
from the transform limit and the pulse is said to be chirped [374]. Since ultrafast
spectroscopy experiments under high pressure conditions (or every other ultrafast
optical spectroscopy experiments that uses diamond windows) are likely taking
advantage of a diamond anvil cell assembly where diamond is the optical window,
it is essential to assess the contribution of the diamond window to the broadening of
a short pulse upon arrival at the sample surface (see Fig. D.1a). This contribution!

can be easily estimated from the diamond refractive index as follows. Note that

'Not considering possible spatial dispersion effects [374].
171
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Ficure D.1: Ultrafast pulse broadening in a diamond anvil. Panel
(a) depicts the propagation of a few-cycles unchirped pulse through a diamond
anvil and the outgoing chirped pulse due to the frequency dependence of the
diamond refractive index. Panel (b) shows instead the diamond refractive index
(empty circles from Ref. [375], filled circles from Ref. [351]) together with the
corresponding Sellmeier equation (red dashed line). Panel (c) shows instead the
broadening of an ultrafast pulse as a function of its initial duration for selected
center wavelengths and after traveling an anvil with a thickness of 1.55 mm like
the ones used in this thesis.

in this section we assume a Gaussian pulse profile and for convention reasons we
indicate the photon energies by their corresponding wavelengths, at variance with
the main body of this manuscript.

The refractive index of [Tac quality diamond has been measured in the visible and
infrared regions by several authors [351, 375] (see Fig. D.1b) and can be described
(neglecting the multiphonon absorption between 4 and 6 pm [376, 377|) by the

Sellmeier equation

0.3306\[pim]? 4.3356\[pim]?
-1 D.1
n(3) \/ T \[m]? = 0.030625 ' Afpm]? — 0.011236 (D-1)
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The refractive index is quite flat in the visible and infrared range, while it becomes
steeper as shorter wavelengths (closer to the electronic band gap) are approached.
From the Sellmeier equation, one can derive the key quantity in determining the
dispersion-induced pulse broadening, i.e. the Group-Velocity Dispersion coefficient
(GVD) that is defined as [374]

_ A dPnlA
Y2 @2

(D.2)
A=Ao

and can be conveniently measured in fs?/mm. Here c is the speed of light in
vacuum, while )\ is the center wavelength of the light pulse. In the case of Ilac
diamond one derives the following GVD coeflicients for some representative wave-

lengths used in this thesis

Wavelength (um) Energy (meV) GVD (fs?/mm)

0.8 1550 1099.53
1.7 730 492.14
7.3 170 113.11
300 4 2.75

TABLE D.1: ITac diamond GVD coefficients for selected photon wave-

lengths. List of group velocity dispersion coeflicients for selected photon wave-

lengths (center lines of the ultrafast pulse) relevant to the experiments described
in this thesis.

The GVD coefficient in turn defines the dispersion length z = 772/D, (7o be-
ing the input pulse duration), namely the propagation distance in the material at
which the pulse duration expands by a factor v/2 [374]. The pulse duration change
due to dispersion as the pulse travels a distance z in the medium is then simply
given by [374]
2
T(z) =104/ 1 + (i) (D.3)

20
In Fig. D.lc, pulse broadening curves for selected photon wavelengths and as a
function of the incoming pulse duration are shown. The diamond thickness is as-
sumed equal to 1.55 mm as the anvils used in this thesis work.
Diamond anvils induce negligible changes for short pulses in the visible and in-
frared regions of the electromagnetic spectrum and down to few tens of fs, thus
representing a very good window material for ultrafast applications. In the ex-

periment discussed in Chapters 4 and 5, no dispersion effects due to the diamond
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anvils have been detected. They are instead expected to become relevant for few

fs long pulses in the visible-UV region.



Appendix E

The Mott metal-to-insulator

transition

Theoretical description of the transition

One of the most important features of the phase-diagram of a correlated sys-
tem is the manifestation of a metal-to-insulator transition (MIT) arising from the
competition between charge hopping between different lattice sites and Coulomb
repulsion between electrons sitting on the same lattice site. Starting from the
metallic side of the half-filled phase diagram where charges are delocalized in the
lattice and if the temperature is low enough, an increase of the Coulomb repul-
sion U (and therefore a reduction of W/U) will lead to an electronic localization.
The localization stems from the fact that hopping processes involve the creation
of double occupancies (also called doublons) requiring energies proportional to U,
and for large correlation energy values they become energetically unfavorable and
rare. This transition, also referred as Mott transition or Mott mechanism, is aris-
ing from purely electronic degrees of freedom and leads to insulating states that
cannot be predicted in the framework of standard band theory (e.g. V203, NiO,
LayCuQy, and NdyCuOy4 to name some examples [26]).

One relevant and insightful view on the nature of the MIT is the one emerging
from the Dynamical Mean Field Theory (DMFT) picture [110, 111, 378] (see Fig.
E.1). DMFT can treat localized (particle-like) and delocalized (wave-like) states

on the same footing, therefore it can easily follow the transition! between its two

'In this section, we discuss only the case of a bandwidth controlled MIT.
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FIGURE E.1: Metal-to-insulator transition as seen from DMFT. Panel
(a) shows the continuous bandwidth-controlled transition as seen from DMFT
calculations at T=0. The electronic DOS evolves from a Fermi-liquid like density
at the Fermi level (U/W = 0) to an insulating one with well separated lower
and upper Hubbard bands (U/W = 2) (adapted from [379]). Panel (b) shows
instead the diverging effective mass m*/m towards the transition value of U/W
as obtained from iterative perturbation theory (solid) and with a Gutzwiller
approach (dashed) (adapted from [111]). Panel (c) shows the gap A =U — W
in units of the system bandwidth W as a function of the effective interaction

U/W (adapted from [111].)

well known extremes [378, 379|. If we start from the metallic side (U/W = 0)
(see Fig. E.la), the density of states presents a single feature at the Fermi level
with a bandwidth W and Fermi-liquid theory fully applies [111, 378, 379]. We now
introduce a key parameter, in many cases regarded as an order parameter for this
phase transition, the quasiparticle spectral weight Z, that defines the renormaliza-
tion of the coherence scale for quasiparticles ex*. This scale defines the energy
(and temperature) below which well-defined (long lived) quasiparticles can exist
in the system and it can be shown that ep* ~ Z% [111]. As U/W is increased,
one can observe the gradual appearance of two additional features in the density
of states, leading to a three peak structure and a continuous transfer of spectral

weight from the quasiparticle peak (carrying a weight Z) to the other two features
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(carrying a 1 — Z weight). The two additional features are the upper and lower
Hubbard bands, broadened by hopping, while the quasiparticle peak in the middle
undergoes a narrowing (consistently with the reduction of e€x*) before disappear-
ing completely at U/W ~ 1.5 — 1.7 [111]. When the transition is completed, the
carriers that for U/W = 0 were filling half of the band centered at Er are entirely
filling the lower Hubbard band and are, thus, localized. The Hubbard bands are
separated by an energy gap and the state is globally insulating. The carrier lo-
calization is evident also in the effective mass, proportional to the reciprocal of Z
[111] 2. As the transition value of the effective interaction U/W is approached, the
effective mass diverges due to the blocking effect of the surrounding charges (see
Fig. E.1b). As seen in Fig. E.lc the gap A opened between the Hubbard bands
goes instead linearly with U/W and more precisely, as A = U — W [111].

Optical properties of the paramagnetic phase across the MIT

Since the metal-to-insulator transition involves a massive change in the electronic
density of states, experimental probes that couple to the electronic degrees of free-
dom are particularly sensitive to mobility changes of the materials’ charges.

In this thesis work, we focus particularly on optical methods, like infrared opti-
cal spectroscopy, but the MIT and correlation effects in general can be naturally
studied also with other techniques like photoemission spectroscopy [380-382] and
transport measurements [383-385].

A typical infrared optical measurement gives information about the transitions
induced by the absorption of one photon with energy hAw, and by spanning the
photon energy one can reconstruct the whole ac dielectric constant of the material
under investigation [26, 234|. In a correlated material at half filling conditions and
in the paramagnetic state, we therefore expect to measure optical responses like
the ones depicted in Fig. E.2. In the metallic state (U/W ~ 0), the electronic
density of states is peaked at the Fermi level, so the only possible excitation mech-
anism after a photon absorption is the excitation of quasiparticles. In the optical
response, seen in the real part of the optical conductivity o;(w), these excitation
translate into a Drude peak at zero energy with a width dictated by the electronic
scattering rate [234, 257, 386].

As U/W is increased the density of states develops the two additional Hubbard

bands and the possible transitions due to photon absorption increase in number.

2m*/m = 1/Z, m being the bare electron mass.
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FiGURE E.2: Optical signatures of the Mott MIT. Panels (a)-(c) show the

density of states as function of the energy with possible optical excitations for

different values of U/W (adapted from Ref. [379]). Panels (d)-(f) show instead

the corresponding sketch of the expected optical conductivity o1 (w) as a function
of the incoming photon energy.

At intermediate U/W, for low photon energy we still find a Drude peak with de-
creased spectral weight but we also start observing higher energy absorptions. One
intermediate absorption corresponds to excitations from the quasiparticle peak to
the upper Hubbard band and is expected to be positioned at a photon energy equal
to U/2 (with a width of W) [26]. An additional high energy absorption band is,
instead, the one connected to a direct electron excitation from the lower to the
upper Hubbard band. In o;(w) this band is positioned at an energy U and has an
overall width of 2WW. When the ratio U/W is further increased, the quasiparticle
spectral weight is all transferred into the Hubbard bands and the only possible
excitation path following direct photon absorption is the one from the lower to the
upper Hubbard band. The optical spectrum gets completely gapped as expected
for an insulator, with a gap A = U — W [386]. This scenario has been con-
firmed in a variety of different materials (like V503, V305, SrTiO3, NdaCuOy4_s,
and Lay_,Sr,CuQOy, see for example [387], or [26] and references therein), thus
strengthening the primary role of optical probes in the investigation of strongly
correlated materials.

By inspecting Fig. E.2, we can easily understand how the optical absorption gives
a direct information on the bandwidth W and on the correlations U in a given
system: they can be determined by measuring the gap extension, the position of
the Hubbard band and its width, to name a few important accessible informations.

Moreover, the optical response, as many other response functions, is subject to a
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number of sum-rules [234, 388]. One important partial sum rule is the one con-
necting the spectral weight of the Drude?® part of o;(w) to the kinetic energy K of
the electrons [26, 389] (and references therein)

2

/0 Trae(@)d =~ (K) (B.1)

Since the electron kinetic energy (and therefore the Drude spectral weight) can
be evaluated from band theory, the ratio K.,,/Kpana between the experimentally
determined K., and the theoretically determined Ky, gives a quantitative mea-
sure of the degree of correlation of a material [389]. If the ratio is close to one
the material is weakly or not correlated, if close to zero correlation effects are
important and an ideal Mott insulator is positioned as a zero in this particular
scale [389]. It is not a case that this ratio resembles the U/W effective interaction,
indeed it has been shown that for increasing U, the electron kinetic energy goes
to zero as K o 1/U [390].

3Here we are neglecting possible intraband absorptions due to electron-phonon coupling.
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