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Abstract

In strongly correlated materials, the occurrence of phase transitions and the
existence of multiple competing orders arise from a delicate balance among many
interacting degrees of freedom, such as charge, spin, and lattice. This intricate
interplay makes these systems highly susceptible to external perturbations,
which can induce large variations in the material properties and even change
the macroscopic phase of the material. Because of the fragility to external
control parameters, strongly correlated materials are ideal platforms for the
development of novel technologies and devices based on emergent phenomena and
exotic properties [281, 15]. Their richness and technological potential, however,
is counterbalanced by an inherent complexity originating from the strong
intertwining of many degrees of freedom. As a consequence, a comprehensive
understanding and control of these systems still remains a major challenge.

In the first part of this thesis, we study prototypical Mott insulators to tackle
open challenges in the development of strategies to achieve control over quantum
materials. When light excitations are employed, one promising approach consists
in exploiting quantum coherence, i.e. the phase coherence between electronic
wave functions and the exciting electromagnetic field, which can lead to enhanced
functionalities as well as ultrafast and reversible manipulation of material
properties [93, 266]. In order to access quantum coherence and investigate the
mechanisms that, instead, cause the loss of coherence in strongly correlated
materials, we implement two dimensional coherent electronic spectroscopy, a
three-pulse time-resolved technique that enables the measurement of decoherence
times [57]. The light-induced out-of-equilibrium dynamics and loss of coherence
is investigated in the prototypical Mott insulator lanthanum vanadate LaVOs;,
where long range orders in the orbital and spin degrees of freedom strongly
influence optical excitations and the evolution of excitonic states [172]. We
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study how the interactions of the LaVOj; excitonic resonance with the ordered
background influence the exciton spectral linewidth and decoherence time.

A second control mechanism to manipulate the electronic and magnetic
properties of quantum materials consists in the application of current or voltage.
In Mott materials, for example, applying a current above a certain threshold
can induce resistive switching, that is a sudden drop in resistance caused by
a transition from an insulating to a metallic state [130]. Here, we investigate
resistive switching in the prototypical Mott insulator vanadium sesquioxide
(V503). We specifically combine transport measurements with an X-ray based
microscopy technique to image the resistive switching process at the nanoscale.
On this length scale, V503 displays spatial inhomogeneities resulting from the
breaking of the crystal symmetry upon transitioning from the high temperature
metallic phase to the low temperature insulating one. This experiment provides
novel insights on the nature and mechanisms of resistive switching, as well as
the role of the nanometric texture of the material, suggesting novel viable routes
to control the current-induced insulator-metal transition.

The second part of the thesis is dedicated to the quantum simulation of the
physics of strongly correlated materials using artificial platforms. This approach
aims to overcome the inherent complexity of quantum materials by employing
systems where the phenomena typical of correlated systems can take place in
a controlled way, with the relevant parameters that can be tuned on demand
[6, 52]. Within this framework, we here introduce synthetic lattices composed
of lead halide perovskite nanocubes, which we propose as a suitable novel
platform for quantum simulations. Time-resolved optical spectroscopies are
then employed to study the excitonic dynamics in the superlattices. Pump-
probe experiments on the inorganic perovskite cesium lead bromide (CsPbBrs)
reveal the emergence of several phases relevant for strongly correlated materials
(collective superradiant state, exciton gas and electron-hole liquid phases) that
can be accessed upon controlling the excitation intensity, thus making the
system a suitable platform for the investigation of long range ordered phases in
systems displaying insulator-metal Mott transitions. Nanocube superlattices of
the hybrid organic-inorganic compound CH(NH,),Pbl; are also investigated;
two dimensional coherent electronic spectroscopy is employed to trace the
evolution of optical excitons in this artificial lattice, measure their decoherence
time and address how the decoherence process is affected by the structural
phase transition taking place in the system.
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CHAPTER 1

Introduction

In this chapter, we outline the general context of the out-of-equilibrium physics
in strongly correlated materials within which the topics of this thesis are framed.
First, by means of specific examples, we introduce Mott systems and their
complex phase diagrams, and provide a brief overview of the phenomena that
can be induced, upon excitation, in out-of-equilibrium conditions. We then
discuss the open challenges in the investigation and exploitation of strongly
correlated materials that will be addressed in this thesis: i) the measurement
of the decoherence dynamics; ii) the role of spatial nanotexture and inherent
topological defects in out-of-equilibrium phenomena; iii) the employment of
quantum simulators to study phase transitions and collective phenomena in
strongly correlated materials. Lastly, the structure of this thesis is presented.

1.1 Strongly correlated electron systems and Mott materials

Strongly correlated materials are systems displaying a rich physics characterized
by phase transitions, collective orders and topological phenomena. These effects
emerge from the strong electron-electron interactions that make the single-
electron approximation fail and lead to the intertwining of all the degrees of
freedom of the system, namely charge, orbital, spin and lattice [279].

One of the most important and outstanding effects of strong electron correlations
is the occurrence of the insulator-to-metal Mott transition (IMT) [128].
When the Coulomb repulsion between electrons U is large, the single-particle
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Figure 1.1: a) Sketch of the density of states of a material with partially filled
orbitals according to the conventional band theory, predicting a metallic behavior.
b) In a Mott insulator, due to the strong Coulomb repulsion U, a Mott gap is
formed and separates the Lower Hubbard Band (LHB) and the Upper Hubbard
Band (UHB). c) Two possible mechanism can lead to the transition from a Mott
insulator to a correlated metal: bandwidth control (variation of the U/W ratio,
where W is the one-electron bandwidth) and filling control. Adapted from Ref.
333.

description, which predicts a metallic behavior and partially-filled bands for
systems with an odd number of electrons per unit cell, breaks down. For
example, in a system with one electron per site but large U, the hopping of one
electron to a neighboring site is hindered by the Coulomb repulsion that "freezes"
the electrons on their site, thus preventing the metallic conductivity. In this
case, two separate bands are formed: a completely filled Lower Hubbard Band
(LHB) and an empty Upper Hubbard Band (UHB), separated by the Mott gap
(see Fig. 1.1). It is, therefore, the competition between the Coulomb repulsion
U and the kinetic energy, i.e. the one-electron bandwidth W = 4t where t is
the hopping, that determines the behavior of the material [128]. The outcome
of such competition can be controlled by a number of parameters, including
pressure, temperature and charge doping, which can determine the occurrence of
IMTs. Mott transitions can in general be categorized into two types [128, 281]:
bandwidth controlled and band-filling controlled (see Fig. 1.1). In the former
case, the IMT is driven by the ratio U/W, describing the effective electron
correlation strength, which can be changed by modifying the atomic spacing
through strain; in the latter, carrier doping varies the number of electrons per
atomic site. These effects are typical of many transition metal oxides. For
example, in the family of oxide perovskites AMOs3, where M is a transition metal
element, the size of the A-ion can control the bandwidth W by changing the
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Figure 1.2: a) Sketch of the phase diagram of superconducting copper oxides. AFM
= antiferromagnet; SC = superconductor; PG = pseudo-gap. p,, indicates the
optimal doping where the superconducting transition temperature is the highest.
The black star at the critical doping p. indicates the quantum critical point. b)
Phase diagram of vanadium oxide VO, as a function of chemical doping x and
temperature. Adapted from Ref. 1.

O-M-O bond angle (bandwidth control) [281]. The most prominent example of
filling controlled IMT is the case of copper-oxide superconductors, which are
composed of CuO, square-lattice sheets sandwiched between layers of other
chemical composition, acting as charge reservoir. The undoped compound
has half filling (one hole per Cu) and is insulating; upon doping, achieved by
changing the oxygen content or by partially substituting the cations of the
reservoir layers, the system transitions into a metallic or high-temperature
superconductor state (doped Mott insulator) [159], as shown by the phase
diagram sketched in Fig. 1.2a.

Due to the correlation-driven suppression of the kinetic energy, strongly
correlated materials are often characterized by the occurrence of symmetry-
breaking phenomena and the establishment of long range orders in the charge,
orbital or spin degrees of freedom. Most of the observed Mott transitions
driven by temperature or pressure, for example, are accompanied by a magnetic
transition and/or a lattice distortion changing the crystal symmetry. This
is the case, for instance, of vanadium oxides VO, and V5,03 which are
considered paradigmatic Mott system: VO, transitions from a paramagnetic
high-temperature metal with rutile structure to paramagnetic monoclinic
insulator below 340 K (see phase diagram in Fig. 1.2b) [9, 45]; V,05 undergoes
a transition from a rhombohedral paramagnetic metal to an antiferromagnetic
insulator with a monoclinic structure that breaks the threefold rotational
symmetry at 170 K [193, 64]. Charge and orbital degrees of freedom can also
be affected, with the emergence of collective phases such as orbital orders [123],
charge density waves [43] and high-temperature superconductivity [159, 138].
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Orbital ordered phases are for example observed in manganites like LaMnO5 and
vanadates such as YVO3; and LaVOs;, where an alternation in the occupation
of the ey (dsz2_,2 and dgy2_,2) or tay (dy. and d.,) orbitals on the Mn/V
sites, respectively, spontaneously emerges [279, 141]. Several ordered phases are
observed also in copper oxides, including charge-order and the elusive pseudogap
that characterize the low-doping region of the phase diagram (see Fig. 1.2a) [138].
In the limit of zero temperature, a phase transition between such an ordered
phase on the low doping side and a disordered one on the high doping side (Fermi
liquid metallic phase) is believed to occur in copper oxides at a specific doping
defining a quantum critical point [242]. This scenario has been questioned by
the recent observation of an additional symmetry-breaking ordered phase on
the high doping side, compatible with a ferroic-like order [133, 200]. Another
example is given by charge density wave (CDW) phases, which are also typical
of strongly correlated electron systems. In CDW systems, the energetically most
favorable state is characterized by a periodic lattice distortion and a consequent
static modulation of the conduction electrons [43]. These effects have been
reported, for example, in transition metal chalcogenides MX3; (M = Nb and Ta,
X =8, Se, or Te), layered transition metal dichalcogenides and cuprates [43].

In many cases the physics of these materials is further complicated by the
intertwining of multiple order parameters [269]. The onset of various symmetry-
breaking orders is often observed at comparable temperatures within a wide
range of materials parameters (e.g. doping, pressure) suggesting a complex
interplay among the coexisting or competing orders [82]. For example, high-
temperature superconductors show a competing behavior between charge order
and superconductivity, suggested by the charge ordering appearing in the pseudo-
gap region and being suppressed within the superconducting dome [82, 138].
Manganese oxides host a ferromagnetic metal phase and a charge—orbital ordered
antiferromagnetic phase that compete with each other [280]. In perovskite
transition metal oxides there is a close interplay between spin and orbital
degrees of freedom, which manifests itself in the appearance of both orbital
ordering and spin ordering phases. This coupling is particularly strong in
vanadium oxides RVO3 (R being a rare-earth ion or Y) where the energy scales
of Jahn-Teller and exchange interactions are of the same order, resulting in the
critical temperatures for the two transitions being very close to each other and
depending on the radius of the R** ion [121].

Although the examples mentioned above do not provide an exhaustive overview,
they illustrate the complexity and richness of the different orders emerging in
strongly correlated systems. Within this scenario of intricate phase diagrams,
we can assume that the phase of the material can be described by a global
minimum of the free energy F' of the system. Fig. 1.3 displays a sketch of
a free energy landscape in phase space as a function of the order parameter
7, which here collectively represents the possible degrees of freedom coming
into play, such as lattice, charge and spin. Thermodynamic variables, such as
temperature, pressure and doping, influence and control the free energy and
determine which is the favored phase. The free energy in Fig. 1.3, for example,
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Figure 1.3: Sketch of the free energy functional F' in Eq. 1.1 with @ = 20 and
B=4—X2, plotted as a function of the system variable 7, which includes electronic,
lattice and spin configurations, and the control parameter X, representing, for
example, an applied voltage or the density of particle-hole excitations generated
by an applied light pulse. As X is increased, the free energy difference AF > 0
between the local minimum 72 and the global one 7, corresponding to two different
phases of system, decreases until AF crosses zero and the phase transition occurs.

has the general form
F(n,X) = a(X)(n* = 1)* + B(X)n (1.1)

where a and S are parameters that can depend on thermodynamic variables or,
more in general, on some external control parameter X. The first term in Eq. 1.1
provides the typical double-well structure, with two local minima, 7; and 79,
whereas the second term controls the relative depth AF = F(ny) — F(n1). In
Fig. 1.3, the global minimum is at n; for 8 > 0, and it is switched to ne when
B < 0. Therefore, when  depends on a control parameter X that can be tuned,
the variation of X can cause the crossing of the boundary between two local
minima, leading to a first order phase transition.

1.2 Qut-of-equilibrium phenomena in Mott systems

The fragility of strongly correlated materials to small and adiabatic changes of
temperature and pressure extends also to external perturbations such as applied
voltages or ultrashort light pulses. These perturbations (collectively denoted
as X in Fig. 1.3) offer an additional way to control the phase and physical
properties of the system [327, 15].

The interaction between matter and an external perturbation can create long-
lived non-equilibrium states that could not be realized in thermal equilibrium,
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Figure 1.4: Sketch of non-thermal pathways initiated by an external perturbation.
a) For weak perturbations, the free energy landscape of the system is unvaried; the
excitation around the ground state allows to disentangle the dynamics of different
degrees of freedom and to probe collective modes. b) An ultrafast excitation can
transiently modify the free energy landscape and induce an out-of-equilibrium critical
behavior. c) Strong excitations can induce a phase transition and drive the system
into a non-thermal metastable state. Adapted from Ref. 59.

that is through adiabatic transformations of pressure or temperature. One
of the approaches that over the last few decades has mostly been used and
studied to realize out-of-equilibrium states is the employment of light pulses of
ultrashort time duration (from few to several hundred femtoseconds). These
pulses allow to generate non-equilibrium conditions on timescales faster than
the typical relaxation times of the internal degrees of freedom, such as lattice
vibrations and magnetic excitations, therefore initiating physical phenomena not
observable at equilibrium [98, 327, 59]. The outcome of the interaction strongly
depends on the frequency and the intensity of the applied perturbation, with the
possibility of inducing a transition to a different phase in the strong excitation
regime. Similarly to radiation fields, out-of-equilibrium phase transitions can be
induced in Mott systems also upon application of THz fields [168, 327], pulsed
voltages or static electric fields [333, 130, 61, 303].

In the following we outline possible different scenarios of out-of-equilibrium
phenomena in strongly correlated materials.

1.2.1 Relaxation dynamics and excitation of collective modes

When the perturbation is weak, the free energy potential of the system is
not altered by the excitation. In this case, the system is instantaneously
brought to a non-equilibrium configuration not too far from the potential
minimum occupied at equilibrium. It then relaxes back to the initial state
following a dynamics that is governed by same thermodynamic parameters
of the unperturbed system (see Fig. 1.4a) [98]. The recovery dynamics can,
however, explore non-thermal pathways, that is the relaxation pathway is in
general different from the one following the sudden change of thermodynamic
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Figure 1.5: a) Time-resolved transient reflectivity measurement performed in the
insulating phase of V,03. The observed oscillations are due to the excitation of
coherent phonons. b) Fourier transform of the fit-subtracted oscillations in a),
agreeing with the frequencies of optical phonon modes of the material. Adapted
from Ref. 131.

variables. This is a consequence of the fact that the initial non-equilibrium
condition is usually represented by a non-thermal distribution of quasi-particles,
that cannot be obtained by adiabatically changing the common thermodynamic
variables, such as temperature and pressure [98]. Under these conditions, it may
be possible to disentangle the interplay among intertwined degrees of freedom by
investigating in time domain thermalization processes characterized by different
timescales.

In addition, the recovery toward the equilibrium state can be sensitive to
collective modes, such as lattice vibrations or charge/spin waves, that the
impulsive excitation can couple to [98, 59]. This triggers a response that
oscillates in time at a frequency corresponding to the frequency of the mode;
the relaxation time of the induced oscillation is instead related to the dephasing
time of the excited collective mode [98]. This time-domain technique has been
employed to study a number of bosonic modes in strongly correlated materials
[327, 59]. Some examples are amplitude modes of charge-density waves [116, 71],
Josephson plasmons [156] and Higgs modes [253] in superconductors, and
coherent phonon modes in vanadium oxides [181, 131]. Figure 1.5 reports an
example of oscillations generated by the excitation of coherent phonons in V5,03,
and detected by means of optical transient reflectivity experiment.
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1.2.2  Critical behavior in vicinity of phase transitions

A stronger photoexcitation by means of an ultrashort light pulse can induce
instantaneous changes in the free energy of the system, as sketched in Fig. 1.4b.
In this case, if the initial equilibrium state of the system is an ordered phase
characterized by a finite order parameter, the effect of the ultrafast excitation
can be a sudden suppression of the relevant order parameter [59].

A typical manifestation of such order parameter suppression is the slowing
down of the recovery dynamics, observed in proximity of the phase transition
temperature T,.. This behavior is similar to what occurs at equilibrium, where the
relaxation time of the order parameter fluctuations tends to infinity in proximity
of the critical temperature because of the divergence of the fluctuations’ spatial
extend [59, 26]. The time evolution of the order parameter is, in fact, related
to the derivative of the free energy according to the following kinetic equation
[26, 98, 172]

dn OF

@~ on
where ~ is a kinetic coefficient. The flattening of the free energy landscape
occurring as the critical temperature is approached, implies that the dynamics
of the order parameters diverges in the limit 7" — T, [98]. This critical behavior,
that is the slowing-down of the out-of-equilibrium order parameter dynamics
right below T,., has been reported in several strongly correlated materials
undergoing symmetry-breaking transitions. Some examples are charge-order
in Lay /3815/3FeO3 [335], spin- and orbital-order in RVO3 (R = Y, Gd, La)
[325, 172] and charge-density wave in LaTes [337].

(1.2)

When ultrashort light pulses are employed, the suppression of the order
parameter takes place on timescales that are shorter than those of the
intrinsic fluctuations. This allows the investigation of the role played by
topological defects in the establishment of the long-range ordered phases [59, 338].
Topological defect are typical of systems undergoing symmetry breaking phase
transitions; their formation usually results from the simultaneous emergence of
the ordered phase in separate regions of space [338]. An example of topological
defect is sketched in Fig. 1.6a, showing a CDW discommensuration line induced
and stabilized by superconductivity [300]. Ultrafast optical excitations allow to
study these phenomena during non-adiabatic transitions. Such approach has
been employed to study the influence of topological defects of long-range ordered
phases on the out-of-equilibrium dynamics, for example, in CDW materials
[298, 338, 47] and high temperature superconducting cuprates [201, 300]. For
instance, a strong coupling between topological defects in the CDW order
parameter and superconductivity was observed in YBayCuzOg,, (YBCO) by
Wandel et al. (Ref. 300), that reported an enhancement of the CDW spatial
coherence following the ultrafast optical quench of superconductivity (see Fig.
1.6b).
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Figure 1.6: a) Example of a topological defect in copper oxide YBCO hosting
competing CDW (yellow lines) and superconductivity (blue area). The cartoon
reported here sketches a discommensuration line within the CDW domain. b)
Ultrafast suppression of superconductivity by means of optical excitation was shown
to result in an annihilation of the topological defect, and a consequent enhancement
of the CDW phase coherence. Adapted from Ref. 300.

1.2.3  Out-of-equilibrium switching

High-intensity excitations can drive a system far from equilibrium, leading to
novel non-equilibrium "phases" through non-thermal pathways. As sketched
in Fig. 1.3 and 1.4c, light excitation and electric-fields are able to modify
the free energy landscape and drive the system into a new local minimum of
the free energy. The external perturbation thus induces a phase transition
to a metastable state that is not accessible at equilibrium through adiabatic
transformations [98].

Light- or electric-field-induced phase transitions have been reported, for example,
in several Mott materials, where external stimuli can drive the collapse of the
electronic band structure and the sudden release of a large number of free
carriers [189, 267]. The insulator-to-metal transition can be induced by either
light pulses or applied voltages, for instance, in vanadium oxides VO, and V5,04
[169, 321, 306, 61, 63], ruthenium oxides [170, 231, 209, 297] and manganese
oxides [328, 126]. Another example is given by the layered charge density
wave system 1T-TaS, where both in-plane bias voltages and light pulses can
induce an abrupt drop in resistance (see Fig. 1.7) along with the possibility of
switching between different charge density wave orders, namely incommensurate,
nearly-commensurate and commensurate CDW [320, 118, 296, 261, 268, 94].
Optical excitation in 1T-TaS, can also drive the formation of hidden metallic
states that do not exist at equilibrium, which can be erased by increasing the
sample temperature or by thermal annealing controlled by a train of light pulses
[261].

Other examples of optical manipulation achieved in this strong excitation
regime include reversible phase switching between an antiferromagnetic insulator
and ferromagnetic metal in manganites [80, 273, 328, 192], light-induced
superconducting-like states [41] and enhanced CDWs [300].
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Figure 1.7: Example of insulator-metal switching induced by a light pulse. Blue and
red markers show the resistance of a 1T-TaS, sample upon thermal cycling. An
above threshold 35-fs optical pulse can switch the system from a high resistance
state to a low resistance hidden state (green data points). The insets show sketches
of the experimental setup and of the different CDW ordered phases. Adapted from
Ref. 296.

1.3 Towards achieving control in quantum materials

Non-thermal metastable phases, insulator-metal transitions and fragility to
external perturbations offer great opportunities for controllable and reversible
manipulation of the electronic properties of a system, therefore holding
remarkable potential for technological applications [281, 317]. In the following,
we outline some of the main open challenges in the field.

1.3.1 Accessing quantum coherence

One of the key elements expected to open a new route toward the understanding
and the control of correlated materials is the ability to access quantum coherence
[266]. When laser pulses are employed, the initial excitation creates coherent
states whose wavefunctions evolve in phase with the electric field. In the case
of a two-level system, for example, the state prepared by a quantum-coherent
excitation is a superposition of the ground state |0) and the excited state |1):

[¥) = ao(1)[0) + ax($)[1), (1.3)

where we can write a;(t) = ¢;(t) exp(—iw;t), with ¢ = 0,1 and w; = FE;/h
eigenfrequencies of the i—th state, and assume that ¢;(t) are slowly varying
functions [93]. The concept of quantum coherence is best described by making
use of the density matrix operator defined as

p =)l (1.4)
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Figure 1.8: Typical timescales of various electron and lattice processes occurring in
solid state systems after ultrashort laser excitation. Decoherence due to scattering
events takes place within tens of femtoseconds. Adapted from Ref. 270.

which, for the two-level system considered here, reads [93]:

_ (Poo por) _ o (1) co(t)ei (t)erwor (1.5)
P P10 pi1 cp(t)er(t)e ot lex ()2 '

with w1 = (Ey — Eo)/h. While the diagonal terms of p represent the time-
dependent populations of the ground and excited states, the off-diagonal ones
describe the coherence between |0) and [1). Importantly, the physical meaning
of the density matrix elements extends also to the case of statistical ensembles,
where the density matrix elements are given by the average over all the N
components of the ensemble indexed by s, namely p;; = 1/N " pl(.;) [93]. The
interaction of the system with the incoherent fluctuations of the environment
(charge, spin and lattice background) can result in dephasing processes that
destroy quantum coherence, captured by the time decay of the off-diagonal terms
of the density matrix. In solid-state systems, scattering causes rapid dephasing
resulting in typical decoherence times of the order of tens of femtoseconds (see
Fig. 1.8 for typical timescales of electron scattering processes) [93, 270].

The exploitation of quantum-coherent phenomena, originating from the
propagation of many-body excitations without loss of quantum-coherence, is
a long sought-after goal of condensed matter physics [15, 145]. For example,
the coherent conversion of photons into charge excitations could enormously
increase the performances of optoelectronic, spintronic and photovoltaic devices.
This requires preserving the electronic coherence on timescales longer than the
transfer time of the charges to external collectors (Fig. 1.9a) [93]. Coherence-
enhanced transport was predicted to be achievable in devices composed of few
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atomic layers of transition-metal-oxides, such as LaVO3/SrVO3; heterostructures
[150].

Another tantalizing approach is the employment of coherent control protocols
to manipulate the electronic properties of materials. By creating suitable
coherent superposition of quantum states that evolve faster than the decoherence
processes, coherent control approaches employ the phase of the electromagnetic
field as the control parameter that determines the outcome of a chemical
reaction in atoms and molecular systems [101] or of a phase transition is solid-
state materials. The ability to quantum-coherently guide and control electronic
excitations would tremendously impact the development of quantum-information
processes and communication technologies [145]. So far, the implementation
of coherent control approaches in solid-state systems has been hindered by the
extremely fast decoherence of charge excitations (tens of fs). Optical control
of the insulator-to-metal transition has recently been demonstrated in organic
correlated crystals [186], atomic indium wires [122] and CDW material 1T-TaS,
[180] where the coherence of a photoinduced collective vibrational mode was
exploited. Purely electronic coherent control has been experimentally reported
in V5,03 by means of resonant excitation of the ef — a1, interband transitions,
which are manipulated on a timescale faster than the electronic decoherence
time of the system (Fig. 1.9b) [84].

On the fundamental understanding level, accessing and measuring the
decoherence time of electronic excitations would shed light on the mechanisms
and hierarchy of interactions with the different degrees of freedom that lead
to dephasing and, eventually, thermalization. The onset of either short-range
or long-range ordered phases in strongly correlated materials, such as orbital
order, magnetic order or superconductivity, is expected to significantly affect
the decoherence dynamics. In this context, exploiting the variation of the
coupling between electronic transitions and the bosonic bath in proximity of a
phase transition could potentially represent a promising strategy to tune the
decoherence time and tailor quantum-coherent effects [93].

The novel approaches mentioned above crucially depend on the knowledge of
the decoherence timescales and the mechanisms driving the ultrafast dephasing.
In solid-state systems, the direct measurement of the fundamental decoherence
time of photoexcitations (i.e., addressing the lifetime of the pg; or p1p terms of
the density matrix in Eq. 1.5) has so far been difficult: in the frequency domain,
conventional optical spectroscopies are strongly affected by inhomogeneous
broadening, which reflects the statistical distribution of impurities and electronic
or structural inhomogeneities; in the time domain, the well established ultrafast
pump-probe spectroscopy is capable of probing only the population dynamics
of a transition, that is measuring the dynamics of the populations difference
P11 — poo, while remaining blind to the fundamental decoherence processes [93].
One of the most promising approaches that can overcome these limitations is
2D spectroscopy, an ultrafast optical approach based on the employment of
multiple phase-coherent laser pulses. The working principle of this time-resolved
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Figure 1.9: a) Cartoon of a transition-metal-oxide device where the generation and
collection of the charges can occur along quantum coherent pathways. Adapted
from Ref. 150. b) Sketch of an electronic-coherent-control protocol based on the
employment of phase-coherent excitation pulses to tune the insulator/metal phase of
vanadium oxide V,03. Adapted from Ref. 84. c) 2D spectroscopy working principle.
The system, initially at equilibrium (ground state |0)) is excited by a first pulse that
leaves the system in a coherent state (polarization state), described by nonzero
off-diagonal terms (po1 and pig) of the density matrix. A second phase-coherent
pulse transforms the polarization state into a population state with zero off-diagonal
terms, that depends on the coherence of the system at ¢;. A third pulse at %o
determines the emission of the signal.
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technique, which will be discussed in detail in Chapter 2, is sketched in Fig.
1.9¢. A first pulse creates a macroscopic polarization P that is related to the
off-diagonal terms of the density matrix according to P = po1(po1 + p10), with
to1 being the transition dipole moment. The polarization oscillates in time with
frequency wp; and decays due to dephasing. At time t;, a second pulse converts
the macroscopic polarization into a population state, which is reminiscent of
the phase of the polarization at t;. Lastly, a third pulse at time t5 converts
back to a coherent polarized state that radiates the measured signal field. In
this way, 2D spectroscopy is capable of directly accessing the off-diagonal terms
of the density matrix (pg; in Eq. 1.5) and, therefore, disentangling the real
polarization dephasing from the population decay and from inhomogeneous
effects, while preserving simultaneous high temporal and spectral resolutions.

1.3.2 Inhomogeneites in real space

The phenomena emerging in strongly correlated materials are often characterized
by the spontaneous appearance of spatially separated regions with distinct
structural, magnetic, and electronic properties. This is the case, for example,
of Mott transitions which display a first order nature, as already predicted
by Mott [206] and confirmed in Hubbard-like models [39, 12, 307, 278]. In
addition, the frequently observed involvement of the lattice degree of freedom
in the IMT further enhances the discontinuous character of the transition. This
first order character of the Mott transition implies the existence of a region
of metal-insulator phase coexistence that is already present at equilibrium
and could be substantially widened in out-of-equilibrium conditions, therefore
offering great opportunities for potential applications.

The inherent inhomogeneity of the IMT was recently reported by spatially
resolved X-rays diffraction, optical imaging and photoemission spectroscopy
performed on paradigmatic Mott systems such as VO, [226, 228], V,05 [176, 191]
and NdNiOj (see Fig. 1.10) [188]. These experiments reported the co-existence
of insulating and metallic domains across the temperature driven IMT and
imaged the nucleation, growth and percolation of one of the two phases over the
other. Photoemission electron microscopy (PEEM) of V5,03 also showed that
the insulating phase itself displays a hidden nanotexture that strongly affects
the IMT [238].

However, most out-of-equilibrium studies of the light-/electrically-induced IMT
have so far employed time-resolved techniques or transport measurements
that return spatially integrated information, therefore washing out the rich
physics related to spatial inhomogeneities and phase coexistence. O’Callahan
and coworkers [212] showed that the spatial inhomogeneities of VO, can also
affect temporal dynamics, therefore calling for techniques that combine out-of-
equilibrium studies with spatial resolution. Unveiling the out-of-equilibrium
dynamics of Mott materials at the relevant spatial scale would therefore provide
fundamental insights into the forces driving the phase transformation and into
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Figure 1.10: PEEM microscopy imaging of the nanotexture of NdNiO3 across the
temperature-driven IMT. Scale bar: 1 pm. Adapted from Ref. 188.

the competing mechanism between the structural phase transition and the
electronic IMT. A deeper understanding of the nascent metallic nanodroplets
would also greatly enhance the ability to control the ultrafast IMT and the
electrical breakdown in nanometric resistive-switching devices [15, 281]. In fact,
while most of the models describing electrical breakdown of Mott insulators are
phenomenological descriptions based on resistor network models [262, 264, 2], the
nature and the mechanisms driving the early-stage formation of the nanometric
metallic seeds that eventually lead the percolative transition are still unknown.

1.4 Quantum simulation

An alternative approach that can be employed to investigate the many-body
physics of correlated systems is the use quantum simulators [30, 6]. These refer
to simpler and artificial platforms that contain the same physical ingredients as
the relevant ones of real materials, but where the key parameters can be easily
tuned and controlled. The development of the quantum simulation paradigm
has been led by ultracold-atoms systems [21, 20, 50, 87]. Quantum particles can
be trapped in artificial lattices by means of optical traps, i.e. periodic potentials
generated by the interference pattern of overlapping laser beams. Such optical
lattices can be employed to simulate the lattice potential where electrons move
in a condensed-matter system. For example, interacting ultracold atoms on a
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Figure 1.11: Examples of platforms employed for the quantum simulation of
strongly correlated materials. a) The quantum phase transition from a superfluid
to a Mott insulator phase can be realized with ultracold atoms trapped in an
optical lattice. Adapted from Ref. 30. b) Dipolar excitons in a periodic potential,
produced by an array of surface gate electrodes, allow to simulate the extended
Bose-Hubbard Hamiltonian. Adapted from Ref. 153. c) Twisted bilayer graphene
hosts Mott insulating and superconducting phases that can be controlled by tuning
the temperature and the carrier concentration via proper gating. Adapted from Ref.
33.

lattice can implement the Hubbard model, which represents one of the most
prominent models for correlated materials. By tuning the ratio between the
tunneling and on-site interaction energies, which can be controlled for example
by varying the depth of the optical lattice, it is possible to realize the quantum
phase transition from a superfluid to a Mott insulator (see Fig. 1.11a) [20, 30].
In these ideal implementations, the phononic degree of freedom is lacking
because of the absence of imperfections and thermal fluctuations of the optical
lattice. Therefore, despite their tunability and flexibility, cold-atoms simulators
are mostly suited to the investigation of fundamental physical phenomena, while
their limitations in terms of temperatures and experimental complexity leave
them far from direct applications.

More recently, quantum simulation has been extended to solid-state platforms
[6, 30]. One example is given by the employment of nano-devices where
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Figure 1.12: Sketch of the mapping between the phase diagram of a real correlated
material (left panel) and that of an artificial platform employed for quantum
simulation. Light pulses can be used as a tool to access and explore the phase
diagram of the artificial platform. The effective chemical potential (ycss) and
the effective temperature (T,;y) are controlled by tuning the intensity and photon
energy of the excitation pulses, respectively.

semiconductor excitons are confined in two-dimensions and are subject to
a periodic potential generated by nano-patterned metallic electrodes (see Fig.
1.11b) [154, 153]. Another platform extending the realm of quantum simulators
to solid-state systems is represented by heterostructures of twisted bidimensional
materials (see Fig. 1.11¢) [140]. In these systems, a rich physics emerges from
the realization of moiré patterns that act as an effective way to modify the band
structure, with the twist angle providing a control knob to tune the system.
In twisted bilayer graphene, for example, superconductivity [34, 173, 260, 318],
correlated insulators [33, 173, 260] and the quantum anomalous Hall effect
[251, 249] have been realized at the so-called “magic-angle”.

So far, solid-state platforms for quantum simulations have mostly relied on
electrical transport to probe the quantum properties of the systems and to
tune the carrier density by application of a gate voltage [140, 34]. Another
promising approach is to develop platforms based on optical spectroscopy
measurements [140], where the carrier density and distribution is controlled by
means of ultrashort light pulses. More specifically, in a semiconducting system,
photoexcitation across the gap can create an excited carriers population whose
density and effective chemical potential is controlled by the light intensity; on
the other hand, the photon energy in excess with respect to the semiconducting
gap is stored as internal energy of the hot electronic population in the conduction
band. By tuning the intensity and photon energy of the excitation pulses, it is
therefore possible to control the effective chemical potential of the photoinduced
non-thermal population as well as its effective temperature, thus providing a
way to map the phase diagram of the artificial platform, as sketched in Fig.
1.12.
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1.5 Thesis outline

In this work, we explore out-of-equilibrium phenomena in Mott systems that
exhibit long-range ordered phases coupled with symmetry-breaking phase
transitions. We adopt two different approaches. In the first part of the thesis,
we investigate vanadium oxide materials under out-of-equilibrium conditions
induced by either laser pulse excitation or the application of a static electric field.
In these paradigmatic Mott systems, we address the challenges of measuring
decoherence dynamics across a phase transition and of performing spatially
resolved experiments at the nanoscale. In the second part, we introduce
superlattices composed of semiconducting lead halide perovskite nanocrystals as
a potential novel quantum simulator. Using ultrafast optical spectroscopies, we
study the physics of excitons in artificial lattices and explore the possibility of
linking their dynamics to the formation of Mott insulating states and collective
ordered phases.

More specifically, the thesis is structured as follows.

Accessing
quantum coherence
1)—@—
-ee-le Photonics-based
platforms for
(Poo Po1) Outgrzzzigrg;ium quantum
P10 P11 landscape simulation

Nano-imaging

resistive switching —(— w

Figure 1.13: Overview of topics addressed in this thesis. They include the
measurement of the decoherence time in a Mott insulator, the nanoscale spatially
resolved investigation of resistive switching in a Mott insulator-metal system and
the development of novel quantum simulation platforms based on halide perovskite
artificial lattices.
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Chapter 2 introduces the theoretical description and experimental implemen-
tation of the ultrafast optical techniques employed in this work, namely
pump-probe spectroscopy and 2D coherent electronic spectroscopy (2DES).
In particular, we focus on the possibility of measuring the decoherence time
by extending pump-probe to 2DES. We also describe the experimental setups
developed for the time-resolved experiments discussed in Chapters 3, 5 and 6.

In Chapter 3, we report an example of excitation by means of ultrashort
laser pulses on the Mott insulator LaVOs. We study the critical behavior of
the Hubbard exciton ultrafast dynamics across the orbital and spin ordering
transition. By means of 2DES we directly observe the shortening of the coherence
time due to the pump-induced perturbation of the spin and orbital-ordered
background.

Chapter 4 presents an example of phase switching upon application of a static
electric field in vanadium oxide V,03. In this system, application of an above
threshold voltage across micro-patterned electrodes induces a resistive switching
from a high resistance (insulator) to low resistance (metal) state. We employ
PEEM microscopy, combined with simultaneous transport measurements, to
image the resistive switching process at the nanoscale and investigate the role
played by the topological defects of the intrinsic nanotexture of the symmetry
broken insulating phase of V5,03 on the resistive switching.

The second part of the thesis is dedicated to the development of novel quantum
simulation platforms able to reproduce the physics of long-range ordering in
proximity of a Mott transition.

In Chapter 5, we first introduce the lead halide perovskite nanocube superlattices
and analyze the theoretical framework that allows to exploit the exciton
interactions in these systems to simulate the main features of correlated materials.
We then investigate the suitability of CsPbBr; nanocube superlattices as a novel
platform for quantum simulation. By means of resonant-pump broadband-probe
spectroscopy we study the photoexcited system and explore the possibility of
accessing different quantum phases that include an excitonic Mott insulating
phase, a super-radiant collective state, and a metallic electron-hole liquid phase,
by continuously tuning the light excitation intensity.

Lastly, Chapter 6 addresses the possibility of exploiting the tunability of
lead halide perovskite nanocubes and extending the paradigm of quantum
simulation also to hybrid organic-inorganic nanocube superlattices. The ultrafast
dynamics of excitons in formamidinium lead iodide (FAPI) superlattices is
here investigated by means of 2DES, which reveals that the coherent ultrafast
dynamics is limited by the combination of the inherently short exciton decay time
(=~ 40 fs) and the dephasing due to the coupling with selected optical phonon
modes at higher temperatures. A significant change of the excitonic coherence
time is also observed across the cubic to tetragonal structural transition.






CHAPTER 2

Methods: coherent multi-dimensional spectroscopies

In this chapter, we describe the ultrafast optical spectroscopy techniques
employed in this thesis to study out-of-equilibrium dynamics on femtosecond
and picosecond timescales. After introducing the theoretical framework of
light-matter interaction in non-linear optical experiments, we consider the
two experimental approaches used in this work, namely optical pump-probe
and 2D coherent electronic spectroscopy. We discuss what are the measured
quantities and the information that can be obtained, as well as their experimental
implementation. We particularly focus on the lineshape analysis that enables
the extraction of the intrinsic decoherence time of the excited resonance. Finally,
we illustrate the experimental setups used for the experiments presented in
Chapters 3, 5 and 6.

2.1 Introduction to time-resolved spectroscopies

Ultrafast spectroscopies are a fundamental and widely used approach to study
out-of-equilibrium dynamics in correlated materials [327, 98, 59]. This field
has flourished with the advent of pulsed lasers that, by delivering coherent
light pulses with temporal duration down to few tens of femtoseconds, allow
to generate non-equilibrium conditions on timescales faster than the energy
exchange with the internal degrees of freedom of the system, therefore unveiling
phenomena not observable by equilibrium spectroscopies [98]. The most
commonly employed scheme is a two-pulse experiment, usually referred to

21
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as pump-probe: a first ultrafast laser pulse (pump) perturbs the ground state of
the system, while a second delayed pulse (probe) detects the temporal evolution
of some observable of the system. Nowadays, time-resolved optical experiments
can cover almost the entire electromagnetic spectrum, from THz to X-rays, using
either conventional ultrafast laser sources or free electron lasers [179]. Additional
capabilities can also come from time-resolved schemes based on photoemission
or diffraction and inelastic scattering experiments [59]. In addition to the
time-resolution, spectral resolution can be achieved by employment of probe
pulses with a broad spectrum which allows to monitor the photoinduced
changes in the optical/electronic properties in a wide spectral range. In the
visible/near-infrared range, for example, broadband approaches provide the
capability of disentangling the different physical mechanisms perturbing the
equilibrium optical properties by using effective non-equilibrium models of the
dielectric function [98]. Overall, ultrafast spectroscopies are able to investigate
a surprisingly wide variety of phenomena while employing the same pump-
probe experimental scheme. In strongly correlated systems, some examples
include coherent oscillations of vibrational modes (e.g. phonons, magnons,
CDWs, superconducting amplitude modes), interplay between charge-transfer
excitations and the emergence of ordered phases, photoinduced phase transitions
[327, 98, 59].

Further advances can be achieved by multi-pulse techniques that employ three
or more pulses [98], often referred to as multi-dimensional spectroscopies (within
this framework, pump-probe experiments are called one-dimensional (1D)
spectroscopies because they scan only one time delay, namely the pump-probe
delay). These advanced schemes allow to expand the amount of information
accessible by time-resolved experiments. With 1D spectroscopy, for example,
there is an intrinsic limitation in accessing the fundamental decoherence
dynamics of an excited state since only the depopulation process is probed.
As introduced in Chapter 1, two-dimensional (2D) coherent spectroscopy, a
three-pulse experimental scheme employing two phase-coherent pump pulses,
allows to overcome this limitation and investigate dephasing mechanisms [283].

2.2 Theoretical framework

2.2.1 Non-linear polarization in density matrix formalism

Optical phenomena originate from of the interaction between the electromagnetic
field of the incoming radiation and the charged particles inside the material. The
result of the interaction is the generation of a macroscopic optical polarization
P(t) that acts as a source for the emitted radiation field. As a consequence, the
knowledge of the optical polarization generated by the impinging electromagnetic
field is the key element in the interpretation of time- and frequency-domain
spectroscopies.
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In first approximation, the induced polarization scales linearly with the electric
field. The linear expression, however, is no longer valid when working with large-
amplitude fields. In this case, the nonlinear dependence of the response of the
medium on the applied field amplitude must be taken into account by including
higher-order terms in the field. Under the assumptions of instantaneous response
and lossless and dispersionless medium, the polarization P(t) can then be written
as [23]

Pt) = coxWE(t) + XD E*(t) + XD E3(t) + ...]

PO+ PO 1)+ PO(t) 4 ... (2.1)
= PU(t) + PN (1),

with eg electric permittivity of vacuum, and E(¢) electric field of the incoming
radiation. P(N)(t) is referred to as N-th order nonlinear polarization and y V)
are (N + 1)-rank tensors, called N-th order nonlinear susceptibilities. The
wave equation for light propagation in a dispersionless medium, obtained by
combining Maxwell’s equations, reads

n? 0’°E 1 9?°PNE

ViE- L o

cZ Ot? €c? Ot (2:2)

where c is the speed of light in vacuum and 7 is the index of refraction, with
n? =1+ xW. Eq. 2.2 shows that, in presence of a nonlinear component of
the polarization, the wave equation is inhomogeneous, with PN acting as a
source term and driving the emission of electric fields, i.e. the nonlinear signals
measured in optical measurements.

In order to describe the induced non-linear polarization, in the following we
shall adopt the semi-classical description where the radiation field is treated
classically whereas the material system is treated quantum mechanically, with its
time evolution governed by the Hamiltonian H(t) = Ho+ H;,:(t) [207, 111, 112].
Hj is the time-independent Hamiltonian of the unperturbed system; H;,(t)
describes the radiation-matter interaction and, within the dipole approximation
(also known as long wavelength approximation), can be expressed as

Hipne(t) = —pE(t), (2.3)

with p dipole moment operator and E(t) the external electric field. In this
framework, the macroscopic polarization is given by the expectation value of
the dipole moment p which, in the density matrix formalism, can be written as
207, 111, 112]

P(t) = Te{up(t)} = (uo(t)), (2.4)
where p(t) is the density matrix of the system (see Section 1.3.1 and Eq. 1.4) and

() indicates the trace operation. We further assume that the electromagnetic
field is sufficiently low to allow a perturbative description where the response
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can be expanded, order-by-order, in power series of the electric field. In this
case, the density matrix is written as

p(t) = p O 1)+ pM (1) + pP () + ... (2.5)

where p(9 () = p(—0c0) is the density matrix at equilibrium and p(™) is the
N —th order contribution in E(t). Upon integration of the Liouville equation in
the interaction picture [207, 112], we obtain

p M) (1) = <_;)N/t: dry /tOTN drN_l.../t:Q dnE(rN)E(tn_1)...E(11) (2:6)

Uo(t, t0) [ (), [ (T 1) o111 (71, p(=00)) . )| UG (1 o),

where U(t,to) = exp (—i%et) is the time evolution operator and f(t) =
Ug(t,to)qu(t,to) is the dipole operator in the interaction picture. Eq. 2.6
describes the interaction of the system with NV radiation fields arriving at times
T1,...,TN, as sketched in Figure 2.1. ¢y represents a time before the interaction
and can be sent to —oo.
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Figure 2.1: Sketch of the time variables for a systems interacting with N incoming
radiation fields. 7; indicate absolute times, ¢; represent the time intervals between
two successive interactions.

Finally, inserting Eq. 2.6 in Eq. 2.4, we obtain the N-th order polarization
given by

. N t TN T2
P(N)(t) = — <—;> / dTN/ dTN_l.../ dTl ( )
Lo —o —o0 2.7

E(rn ) E(ra 1) B (Ol ), (171, p(=00)].. -
We can conveniently introduce a new set of time variables, defined as

T1 :O7
ty =1 — 11,

tQETg—TQ, (28)

tyn =t — 7N,
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representing the delay intervals between successive interactions (see Fig. 2.1),
and re-write Eq. 2.7 as

P(N)(t):/ dtN/ dtN,l.../ dty
0 0 0

E(t —tn)E(t —ty —ty 1) Bt —ty —tn_1 — ... — t1)SWN) (ty, ..t1),
(2.9)

where

SNty ..ty) =

NN
- (-2) (n(tn +tn—1 + o+ ) [ulEN—1 + . 4+ 1), . [1(0), p(—00)]-..])
(2.10)

is the N-th order response function. Some important properties of the response
function are listed below.

. S(N)(tN,...tl) is defined only for positive times ty, i.e. ty > 0. This
reflects the principle of causality, which implies that the system emits a
field only after the interaction with the incoming radiation field. This
property can be guaranteed by including ©(t;) factors in SOV, with ©
being the Heaviside step function, which then allows to change the lower
limits of integration in Eq. 2.9 from 0 to —oo.

e The first N — 1 interactions appear in Eq. 2.10 as part of commutators;
they act either on the ket (on the left) or on the bra (on the right) of the
density matrix p(—oo) generating a non equilibrium density matrix. The
last interaction, occurring at ¢, is instead not part of a commutator and
plays a different role, as it determines the emission of the light field from
the off-diagonal elements of the non-equilibrium density matrix generated
by the previous interactions.

o S(N) contains 2V terms, only 2V~ of which are independent since the
other half is given by the respective complex conjugates.

SN (ty, ...t1) represents the intrinsic material response and contains all the
information of the properties of the system needed to calculate N-th order non-
linear optical processes. The external electric field E(7;) in Eq. 2.9 determines
the details of the experiment and the measured optical polarization, which
distinguish the various spectroscopic techniques. The linear term P is
what is measured in linear optics. Second-order non-linear processes, such
as sum frequency generation, are determined by P(®), which however vanishes
in isotropic and centrosymmetric materials. P(®) represents the lowest order
non-linear term that is non-zero in any system. The third order response is
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responsible of a wide range of ultrafast spectroscopies commonly referred to as
four-wave-mizing experiments. These include pump-probe and 2D spectroscopy,
which is what we will focus on in the following paragraphs.

2.2.2 Third-order response function

According to Eq. 2.9, the third order polarization is the convolution of the
electric fields of the incoming radiation and the response function:

/dtg/ dt2/ dtq 1)

E(t —t3)E(t — ts — to)E(t — t3 — ty — t1)S® (s, ta, t1).

Upon expansion of the commutators in Eq. 2.10, S®)(t3,to,t;) reads [207, 111,
112]

N ] 4
1
S<3>:(h) O(t1)0 ts) > [Ralts,ta,t1) — Ri(ts,t, 1)), (2.12)

a=1
where

=(u(ts + t2 + t1)p(0) p(—oo) u(t1) u(t2 + t1)),

( )
=(u(ts + t2 + t1)p(ts) p(—00) u(0) pu(t2 + t1)),
(2.13)
( )
( )

R3 =(pu(ts +ta +t1)pu(ta +t1)p(—00)(0)pu(t1)),
Ry =(u(ts + ta + t1)p(tz + t1)p(t)n(0)p(—00))

and * indicates the complex conjugate. These different terms, obtained from
the explicit expansion of P3| each represent a different quantum pathway, that
is a specific (time-ordered) sequence of interactions between the electric fields
and the systems, leading to an emitted signal. They are often represented
through double-sided Feynman diagrams (Fig. 2.2), where the vertical lines on
the left and on the right represent the time evolution of, respectively, the ket
and the bra of the density matrix, whereas the interactions with the transition
dipole operator are indicated by arrows that act on the ket (arrow from the
left) or on the bra (arrow from the right). The Feynman diagrams depicting
the third-order interactions R, a = 1,2, 3,4, and their respective conjugates
R}, are displayed in Figure 2.2 for the most simple case of a two level system.
For reasons that will be explained in Sec. 2.2.3, Ry and Rg3 are called rephasing
signals, whereas Ry and R, are referred to as non-rephasing signals.
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Figure 2.2: Double-sided Feynman diagrams of the third-order response. R, Rs,
R3 and Ry (top panel) and their complex conjugates (bottom panel) indicate
different quantum pathways, here explicated, as an example, for the case of a
two-level system (]|0) and |1)). Rz and Rj3 are rephasing diagrams, Ry and Ry are
non-rephasing.

Also the electric field E(t) appearing in Eq. 2.11 contributes with multiple terms
as it is given by the sum of three incoming radiation fields and can therefore be
written as [111]:

E(t) = By (t) (e 4e™1 ) L By () (e ™2 4-e'2t) 4 By (t) (e~ ™st 4-e™3t) | (2.14)

where E,(t), « = 1,2,3 represent the envelopes of the electric fields. The
overall number of terms in Eq. 2.11 can be significantly reduced by designing
experiments that allow to discriminate between different terms and select only
specific contributions. Below we list the strategies and approximation that can
often be employed.

o Four-wave-mixing experiments are usually performed by employing ultra-
short light pulses. If the pulse duration is shorter than any material
timescale, the envelopes of the light pulses can be approximated to Dirac
S-functions; in this limit, Eq. 2.11 simplifies to P®) = SG)(¢,t;,t5). In
addition, if the time separation between the pulses is long enough to avoid
pulse overlap, the number of contributing terms is reduced because of the
known time ordering (e.g. the first interaction p(0) originates from the
pulse F1(t), p(t1) from Es(t), etc.).
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—k1+k2+k3

Figure 2.3: Sketch of a typical phase-matching geometry employed in four-wave
mixing experiments. Three incoming beams propagating along k1, k2 and k3 excite
the system (top panel). Various non-linear fields are emitted in different directions
based on phase-matching conditions (bottom panel). In addition to the third-order
responses (circles), also the weaker signals originating from the fifth-order responses
are visible. Image from Ref. 112.

« If the envelope of the electric field is slowly varying in time (i.e. pulse
duration long compared to the optical periods) and the carrier frequency
wq 1s near resonance with the material transitions, we can apply the
rotating wave approximation (RWA) where only one term between e®a?
and e~=! but not both, contributes to P®).

e When the wavevectors of the electric fields are included, the product
E(t—t3)E(t —t3 —tg)E(t —t3 — to — t1) carries a wavevector k = +kq £
kot k3. Different quantum pathways emit the signal in different directions,
as illustrated in Fig. 2.3, corresponding to different phase-matching
conditions. The signals emitted in the directions k = +k; F ko + k3
are the most commonly used; rephasing signals are collected along k =
—k1 + ks + k3, non-rephasing ones along k = +k; — ko + k3.
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2.2.3 Response function for a two level system

In order to illustrate the meaning of the response functions introduced above
(Eq. 2.10 and 2.12), we consider, as an example, the most simple case of a two
level system identified by eigenstates |0) (ground state) and |1) (excited state)
[111, 112]. In this case the density matrix can be written as

(poo pm) , (2.15)

P10 P11

where diagonal elements p;; represent the occupation probability of the i-th
state (population), whereas off-diagonal elements p;; indicate the probability
of finding the system in a coherent superposition of the i-th and j-th states.
In the case of no external perturbation, the Hamiltonian determining the time
evolution of the system according to Liouville equation can be represented as

(B, 0
HO_(O E1>, (2.16)

where Ey and E; are the energy levels of the ground state and excited state
respectively. Upon integration of Liouville equation, we find that the diagonal
elements of the density matrix are stationary in time:

poo(t) = poo(0), (2.17)

p11(t) = p11(0), (2.18)
whereas the off-diagonal element oscillate at the frequency of the energy splitting
Wwo1 = (E1 — Eo)/h )

p01(t) == p01(0>6+zw01t, (2.19)
p1o(t) = pro(0)e™ ", (2.20)

Phenomenologically, we can include the process of dephasing, that is the loss of
coherence between |0) and |1), by considering a decay time for the off-diagonal
elements of the density matrix:

por(t) = por () e T, (2.21)

plO(t) = plo(O)eiiwmteirt. (222)

Similarly, the relaxation of the population of the exited state can be described
as

p11(t) = p11(0)e /71, (2.23)
poo(t) =1 — p11(2). (2.24)

Since a population relaxation causes a decay also of the off-diagonal elements,
the dephasing rate I' and the depopulation time 77 are related by

111
 p——

- 4+ 2.2
T, of T (225)
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where T5 is the homogeneous dephasing time, and T35 is the pure dephasing
time, which is caused by interactions and fluctuations of the environment.

Let us now add the interaction of the system with an optical light field. In
this case the total Hamiltonian is H = Hy — pE(t), where the transition dipole
operator u connects the two states |0) and |1) and can be represented by the

matrix
0 por
. 2.26
(/110 0) ( )

In first approximation, we can consider pg; = p19. As seen in Sec. 2.2.1, this
interaction gives rise to a macroscopic polarization given by Eq. 2.4; for the
case of the two level system we get

P = (up(t)) = <( ’ M(()n) (poo p01>> = Ho1p10 + f10P01; (2.27)

K10 P10 P11

which shows that it is the off-diagonal terms of the density matrix that are
responsible for the establishment of P(¢) and the emission of the light field.

In order to illustrate the effect of the interaction with one laser pulse, we depict
the time evolution of the density matrix by calculating, step by step, the linear
response function [111, 112]:

S o (pu(th)[1(0), p(—o0)])

= (u(t1)p(0)p(—00) — p(t1)p(—00)p(0)).

(2.28)

e Before the interaction, the system is in the ground state
1 0
p(—o0) = (O O) . (2.29)

e At t = 0, an off-diagonal term in the density matrix is generated with
probability proportional to po; due to the interaction with the dipole
moment; for the first of the two terms in Eq. 2.28 we have

uon-)= (0 0). (2.30)

Ho1

e During the time interval t;, the system propagates according to the
unperturbed Hamiltonian (see Eq. 2.22)

0 0
(Nole_inItle_Ftl 0) * (231)

o At t = t1, the off-diagonal element emits a light field proportional to P():

2 e—iwmt] e—Ftl 0 i _
teou@p-o0) = (ML 0] = e,

(2.32)



THEORETICAL FRAMEWORK 31

The second term in Eq. 2.28, which was not explicitly calculated here, represents
the complex conjugate part.

We can now use a similar approach to analyze the third order response S®)
resulting from the interaction with three laser pulses. As an example, we
consider the term R; in Eq. 2.13:

(1 0\ w@p(-) (0 0\ t, 0 0
p(—OO) - (O 0) E— (,uOl 0) — <M016—iw01t16—rt1 O)

1(0)p(—oo)u(t) (0 0 t> (0 0
— " \o pi2 eiwortig=Th — 0 ugle—z‘wmtle—rtle—tg/ﬂ

1(0)p(—00) p(ty ) p(ts +12) 0 0
M?)le—inltle—Ftl e—tz/Tl 0

ts 0 0
T e (i) Tt ts) o —t2/ i

(p(t1+t24+3)u(0) p(—o0) u(ts ) u(t1+12)) Méle_iw()l(t1+t3)€_r‘(t1+ts)6_t2/Tl )
(2.33)

Overall, the step-by-step calculation above returns

R, = u‘éle*iwm(t3+t1)6*F(t1+t3)e*t2/T1_ (2.34)
The expression in Eq. 2.33 shows that the first pulse at t = 0 creates a coherent
superposition of |0) and |1}, as indicated by the non-zero off-diagonal term in
the density matrix. The second pulse at t; transforms the coherence state into
a population state, which at t; 4 t5 is converted back to a coherence state that
finally emits the signal field at ¢; +t2 + t3. These processes are also represented,
in a more compact form, in Feynman diagrams (R; in Fig. 2.2).

The same procedure can be applied to all other quantum pathways; for R, for
example, we get

Ry = u?jle_i“"“(t3_t1)e_r(t1+t3)e_t2/T1. (2.35)
The difference between R, and R, is that for Ry the third pulse creates the
same coherence generated by the first pulse (p19), while it creates the complex
conjugate in Rs (po1). The flip in sign of the oscillation between ¢; and ¢3 in
Ry implies that the phase acquired during ¢; is reversed during t3, resulting in
a rephasing mechanism after the third pulse. For this reason, the diagrams R,
and Rj3 are called rephasing pathways, whereas R; and R4 are non-rephasing
pathways.
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2.3 Third-order nonlinear spectroscopies

2.3.1 Detection of third-order signals

A number of non-linear spectroscopic techniques, referred to as four-wave mizing,
are based on the measurement of the third order response introduced above.
Among these, we focus here on pump-probe and 2D spectroscopy that will be
extensively employed in the following chapters. In the most general scheme (see
Fig. 2.4), there are three ultrashort light pulses impinging on the sample: E;
and Fy are the excitation pulses (pumps), F3 is the probe pulse. The emitted
signal field (Esiq4) represents the fourth wave.

The measurement of the emitted signal Eg, o P®) usually employs an
heterodyne detection scheme (see Fig. 2.4), where Ej;, is overlapped to an
additional laser pulse called local oscillator (LO) having the same wavevector
of the signal field, and is then sent to a square-low detector that measures [112]

o0
S(t1,t2,tro) o< / | Ero(ts — tro) + Esig(ti, ta, t3) | dts
0
(2.36)

~Iro+ QRG{/ Ero(ts —tro) - Esig(t17t27t3)}dt3a
0

where the square term Efig is neglected in the approximation of weak signal.

Detector

Figure 2.4: Sketch of the heterodyne detection scheme employed in four-wave-
mixing experiments. Adapted from Ref. 112.

While I1o represents the intensity of the laser pulse hitting the detector, the
second term in Eq. 2.36 is an interference term that depends on both the local
oscillator and the signal. Since the latter term contains the information we
want to measure, it is usually isolated by subtracting the spectrum of the laser
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pulse. In the semi-impulsive limit, where the envelopes of the laser pulses are
approximated to J-functions, Eq. 2.36 is further simplified by the removal of
the convolution, and the measured signal results directly proportional to the
third order response of the system. In phase-matching geometries where Fg;q4
is emitted along ks, the probe pulse itself acts as the local oscillator and the
signal is said to be self-heterodyned.

2.3.2  Pump-probe spectroscopy

Pump-probe spectroscopy represents one of the most widely used four-wave
mixing experiments. As sketched in Fig. 2.5a, it employs only two light
pulses. The pump generates an out-of-equilibrium state, whose time-evolution
is detected by the time-delayed probe that measures the pump-induced changes
in either the transmissivity or reflectivity of the sample.

Described as a third-order nonlinear process, there are two interactions with the
field of the single incoming pump pulse. This corresponds to t; = 0 and k; = k.
The signal is then emitted along the direction k = k3, that is collinearly with the
probe, and therefore measured in self-heterodyne configuration. By controlling
the to = At time delay (pump-probe time delay), population relaxation dynamics
can be measured.

The detection of the signal is usually performed in frequency domain by
employment of a spectrometer that implements the Fourier transform of the
signal over t3. In this way, by using a broadband probe, we obtain the typical
pump-probe signal (see Fig. 2.5b) where the differential transmissivity or
reflectivity is plotted as a function of probe frequency ws = wy, and pump-probe
time delay. Regarding the pump excitation, both narrowband or broadband
spectra can be employed. The former configuration allows to select the response
of phenomena resulting from a specific excitation frequency at the cost of
limited temporal resolution. Conversely, simultaneous multifrequency excitation
induced by ultrashort broadband pump pulses can result in several responses
being overlapped in the pump-probe spectrum.

In the next section we will see how 2D spectroscopy allows to overcome this
limitation and achieve simultaneous high temporal and spectral resolution.
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Figure 2.5: a) Sketch of a pump-probe experiment, where two light pulses are
employed and their relative time delay At is controlled. b) Sketch of a pump-probe
signal, measured as a function of pump-probe time delay and probe frequency.

2.3.3 2D spectroscopy

2D spectroscopy can be considered the most general four-wave mixing experiment
where both the time intervals ¢; and ¢ are scanned and the wavevectors of all
incoming beams, k1, ko and ks, are controlled.

As the detected signal §(t3,t2,t1) can be quite hard to interpret in time domain,
it is often preferred to transform it to the frequency domain by performing
2D Fourier transforms with respect times ¢, and t3, where the system is in a
coherent state:

<§’(w3, t27 wl) = / / é)(tg, tz, tl)eiwltl 6iw3t3dt1dt3. (237)
0 0

This leads to two-dimensional spectra where the new coordinates w; and w3
represent the excitation frequency axis (usually plotted along the y-axis) and
the detection frequency axis (usually along x-axis), respectively. Since during to
the system is in a population state, the signal is not Fourier transformed over
to. Overall this results in a sequence of 2D spectra for each t5 (see Figure 2.6b).
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Experimentally, the spectral resolution along ws is achieved by employment
of a spectrometer, in analogy to the scheme used in broadband pump-probe,
while spectral resolution along w; is obtained from scanning the pump-pump
time delay t; and Fourier transforming the oscillating signal. This requires
the employment of laser pulses with broad spectrum which determines the
excitation frequency window that is explored. Broadband pulses come with
short time duration, resulting in 2D spectra measured with both high spectral
and temporal resolutions [112, 54].

2D spectroscopy can be considered an extension of pump-probe; in the following
section, we discuss how the introduction of the additional excitation frequency
axis wi allows to access more information about the system and its dynamics.

2.3.4 Information revealed by 2D spectroscopy

The 2D spectrum can be interpreted as a frequency-frequency correlation
map capable of revealing couplings and interactions between different spectral
features (see Fig. 2.7a). Resonances that are pumped and probed at the same
energy appear in the 2D spectrum as peaks located on the diagonal; conversely,
cross-correlations between different states can give rise to cross-peaks where,
upon pumping one feature, a signal is revealed at the energy corresponding to
another feature.

The positions of the features revealed by 2D spectroscopy provide great insight
into the electronic structure of the system under investigation, with cross-
peaks identifying states that are interacting [112, 54]. If, for example, multiple
diagonal-peaks are observed but there are no cross-peaks, the system can be
effectively modelled as a set of isolated two-level systems [283].

The intensities of the peaks in a 2D spectrum depend on amplitude of the dipole
moments involved in the transition.

Lastly, the shape of the peaks depends on the interactions with the environment
and on broadening mechanisms. When both homogeneous and inhomogeneous
contributions are present, the measured peak is elongated along the diagonal of
the 2D spectrum, as sketched in Fig. 2.7b. The diagonal width represents, in
first approximation, the inhomogeneous linewidth and the anti-diagonal one the
homogeneous linewidth, that is the intrinsic linewidth related to the dephasing
time T5. A more detailed and rigorous analysis of the 2D peaks lineshape is
provided in Section 2.3.5 [112, 54, 283].

The capability of disentangling homogeneous and inhomogeneous broadening is
peculiar of 2D spectroscopy and can not be achieved in linear or pump-probe
spectroscopies. In fact, pump-probe lacks the spectral resolution along w; so
that the measured spectrum corresponds to the integral of the 2D spectrum
along wy, if broadband pump pulses are employed, or to a horizontal slice of 2D
spectrum in the case of narrowband excitation, thus preventing the resolution
of the diagonal elongation of the peaks.
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»

Excitation frequency w,

Figure 2.6: a) Example of a 2D spectroscopy scheme, where three light pulses
are employed. At fixed to, a spectrometer measures the signal as a function of
t1. Fourier transform over t; returns the 2D spectrum. b) Sketch of 2D spectra
showing the measured third order signal as a function of detection frequency (ws),
excitation frequency (w1) and pump-probe time delay ¢s.
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Figure 2.7: a) Schematic representation of a 2D spectrum for a multilevel system.
It displays diagonal peaks originating from direct transitions at frequencies w, and
wp, and cross-diagonal peaks representing couplings or interactions among states a
and b. b) Sketch of an inhomogeneously broadened resonance resulting in a peak
elongated along the diagonal of the 2D spectrum.
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2.3.5 2D spectral lineshapes for a two-level system

In this section we consider the case of two-level system subject to both
homogeneous and inhomogeneous broadening and compute the third-order
signal measured in frequency domain in 2D spectroscopy. As mentioned above,
in the semi-impulsive limit, the signal field is proportional to a suitable sum of
response functions R; in Eq. 2.13, which will depend of the specific experimental
geometry. In order to account for inhomogeneous broadening, we include a
Gaussian term in the response functions obtained in Eq. 2.34 and 2.35. At
to = 0, the signal emitted from the rephasing pulse sequence then reads

SR(tg,, tl) XX R2,3

(2.38)
_ Sé%oe—[f‘(tg—&-tl)—&-iwo(tg,—t1)+o2(t3—t1)2/2]@(tg)(a(tl)7
while for the non-rephasing pulse sequence we have
SNR(tg, tl) X R1,4
(2.39)

— Sé\,’(f%e*[F(tﬁ“)”“’o(t”tl)*"g“3“1)2/2]@(tg)e(tl),

where wq is the absorption peak central frequency, I' is the dephasing rate, o is
the inhomogeneous width, 5’5?0 and SYf are amplitude factors and ©(t;) is the
Heaviside function [207, 240]. An example of the rephasing and non-rephasing
signals in time domain, s (t3,t1) and sV (t3,t,), are plotted in Figures 2.8a
and b, respectively, as a function of the coherence time ¢; and the detection
time t3.

The 2D spectrum in frequency domain is obtained from the Fourier transform
over t; and t3 (see Eq. 2.37). Fig. 2.8¢ and d show the real part of the signal
so obtained for the rephasing and non-rephasing contributions, respectively.

As mentioned above, the analysis of the peak lineshape along the diagonal and
anti-diagonal directions in the 2D frequency domain provides useful information
about the homogeneous and inhomogeneous broadening in the system. In order
to calculate the analytic expression for the diagonal and anti-diagonal lineshapes,
we apply the projection-slice theorem of 2D Fourier transforms, following the
procedure outlined in Ref. 255. According to the projection-slice theorem, a
slice of 2D frequency domain spectrum at an angle 6 with respect to the w3 axis
can be obtained from Fourier transforming the 2D time domain signal projected
onto a line at the same angle € with respect to the ¢3 axis.

We therefore decompose the time domain signal along the directions t = t3 — 1
(0 = —45°, anti-diagonal direction) and ¢ = ¢35 + t1 ( = +45°, diagonal
direction), which yield:

SR(t,t/) — Séi”oe—f‘t’_iwgt—g2t2/2@(t o t/)@(t-l- t/)7 (240)

sNE(t, 1) = SNflem T —iwot =o" 220 (4 _ YO (t 4 1'). (2.41)
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Figure 2.8: a,b) Plot of the third order signal s(ts,t1) at t2 = 0 for a two level
system with Gaussian inhomogeneous broadening. The plotted signal is computed
using Eq. 2.38 (panel a) and 2.39 (panel b) with wy = 1.75 €V, 0 = 0.03 &V
and ' = 0.014 eV. c,d) 2D Fourier transform of the signals in panels a and b,
respectively. e,f) Diagonal (dashed) and anti-diagonal (dotted) slices of the 2D
spectra plotted in c and d.
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The frequency axes along the anti-diagonal and diagonal directions of the 2D
spectrum will be indicated as w and w’, respectively. Since the oscillation at
frequency wq corresponds, in frequency domain, just to a shift along w’ and w
for the rephasing and non-rephasing signals respectively, we can equivalently
consider the following shifted and normalized signals in time domain:

twot ,
s, (4.8) = s"( ) T = TR - )0t + 1), (2.42)
0,0
NRy 4 TN —Tt —o2t2 )2 / /
VRt = VR ) e Ot —t)O(t+1),  (2.43)

S
which will return the resonance peak centered at the origin of the (w,w’)
frequency domain.

The projections onto the ¢ and ¢’ axis are obtain from the integration of the
signal along the perpendicular direction:

Spooy (1) = / s NI (L, ) dt, (2.44)
Spooy (1) = / sIENE(1 ¢)dt (2.45)
By inserting Eq. 2.42 and 2.43 into Eq. 2.44 and 2.45 we obtain:
t/
sgmj(t') =e It / e 2y (2.46)
—t
Sproj(t) = 602t2/2/ lefrt/dt/, (2.47)
— t/
_ /_02 2
shl(t) =2te /2 (2.48)
sNE(t) = / " e TVt 2y (2.49)
— t/

The final lineshapes are then obtained from the Fourier transforms of Eq.
2.46-2.49. For the rephasing signal we obtain:

SR _ i * R t iwtdt
wg(w) - o Sp'r‘oj( )6

a1

for the anti-diagonal direction, and
1 [T
2 J_ o P

(2.50)
SE (W) = (e dt!

2 o ya 1
2¢ o n
o I'?+w
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for the diagonal direction. Here, erfc indicates the complementary error function
and * the convolution in frequency domain. Analogously, the anti-diagonal and
diagonal lineshapes for the non-rephasing signal are:

1 [ ,
SN () =5 / SNE (1)t

- 12 /202
i€ 1 w2207 (2.52)
V20 w

. 2 I —dw . 2 I' 4w
—iwl'/o wl' /o
e erfc —e erfc
{ < V20 > < V20 )}

1 Rl STyl
SNR(w/) _ / SNR (t/)ezw t dt/

and

o o | Svres
(2.53)
e 1
= 5° T a2

An example of the diagonal and anti-diagonal slices calculated using Eq. 2.50-
2.53 for the rephasing and non-rephasing signals plotted in Fig. 2.8a-d are
displayed in Fig. 2.8e and f.

The expressions above (Eq. 2.50-2.53) assume a simpler form in the limiting cases
of strong inhomogeneous broadening (o > I') and absence of inhomogeneous
broadening (homogeneous limit, ¢ <« I') [255]. Figure 2.9 displays the 2D
spectra and the diagonal and anti-diagonal linecuts of the purely absorptive
signal (sum of real parts of rephasing and non-rephasing) in these two limit
cases. For pure homogeneous broadening (I' = 0), diagonal and anti-diagonal
slices are equal (Fig. 2.9 b and d). In the case of strong inhomogeneity, the
lineshapes reduce to a Gaussian function of width ¢ along the diagonal direction
and to a Lorentzian function of width T along the anti-diagonal direction (Fig.
2.9 a and c¢). When, however, o and T" are of the same order of magnitude,
the inhomogeneous and homogeneous broadening are not completely decoupled
along diagonal and anti-diagonal, respectively. In this case, a global lineshape
analysis based on the Eq. 2.50-2.53 is needed to extract quantitative information
[255].

2.4 Experimental implementation

Over the last few decades, a wide variety of experimental schemes have been
developed for the implementation of time-resolved spectroscopies based on the
third-order non-linear response. They differentiate for the specific experimental
configuration and for the spectral coverage, which can range from THz to
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Figure 2.9: a,b) Purely absorptive 2D spectra for a two-level system in the limit
cases of strong inhomogeneous broadening (o = 0.05 eV, T" = 0.004 eV) and no
inhonomegeous broadening (o = 0, I' = 0.02 €V). ¢,d) Diagonal and anti-diagonal
slices of the data plotted in a and b.

X-rays [98, 179]. In the following we focus on pump-probe and 2D spectroscopy
experiments in the optical range (visible-near infrared range). 2D spectroscopy
at optical frequencies is often referred to as 2D electronic spectroscopy (2DES).

As mentioned in Section 2.3.2, pump-probe experiments are based on the
employment of two ultrashort light pulses and the ability to vary systematically
the time delay to between them. In order to do so, the optical path of one
of the two beams is usually controlled by a mechanical delay line, consisting
of a motorized stage whose position determines the optical path length. In
terms of spectral content of the employed pulses, narrowband and tunable pump
pulses are most frequently used in order to be able to resonantly and selectively
excite different transitions. The probe pulse is instead preferred to be as
broadband as possible to allow to simultaneously probe the response of different
transitions. In the optical range this is usually achieved by white-light generation
in transparent crystals (e.g. sapphire, YAG, CaF,). Pump-probe signals are
emitted in the same direction of the probe pulse and are typically very small
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(1075 — 1072 relative variation in the probe intensity). Therefore, their detection
requires the employment of modulation techniques where the pump pulse is
periodically switched on and off by means of a mechanical chopper or acousto-
optic/electro-optic modulator; the synchronous demodulation of the probe
after the interaction with the sample then measures the pump-induced changes
in either the transmitted or reflected probe. The measured time-dependent
differential signal is AT (w3, t2)/T(w3) = (Tpump—on — Lpump—off)/Tpump—off
or AR(ws, t2)/R(w3) = (Rpump—on — Rpump—off)/Rpump—off, for transmission
and reflection geometries, respectively [179]. When broadband probe pulses
are used, detection systems capable of spectral resolution are needed. These
usually employ spectrometers that spatially separate the different frequency
components of the probe (w3) which are simultaneously detected by an optical
multi-channel analyzer. Alternatively, time-domain Fourier transform detection
is also possible. In this case, the broadband probe pulse is sent to a linear
interferometer which generates an interferogram, measured by a single channel
detector, whose Fourier transform returns the spectrum of the signal [223].

2D spectroscopy schemes need three separate laser pulses whose relative time
delays must be carefully controlled. Different experimental geometries can be
adopted [283, 54]. One of the most widely employed is the so-called BOXCARS
configuration, a fully non-collinear geometry where each of the three pulses
propagates in a different direction and have a unique wave-vector. The emitted
signal is fully separated from the incoming beams, as determined by the phase-
matching condition, and is heterodyne detected by means of a fourth laser pulse
acting as the local oscillator. Partially non-collinear or collinear schemes are
also possible; in these geometries two or more pulses have the same wave-vector.
A commonly used partially non-collinear scheme is the pump-probe geometry,
which is also employed in the present work, where the first two pulses propagate
collinearly (pumps) and the third probe travels along a different direction
(probe). In this case, the signal is emitted along the beam path of the probe,
which therefore serves as the intrinsic reference for the self-heterodyne detection.
In the partially collinear pump-probe geometry, the detected 2DES signal is
the sum of both rephasing and non-rephasing contributions and is called purely
absorptive signal.

One of the greatest challenges for the implementation of 2D spectroscopy in the
optical range comes from the need of phase stability between the different pulses,
required due to the interferometric detection of the signal. Phase stability is in
particular mandatory during ¢; and during ¢35 when the system is in a coherent
state. The phase stability during t3 is automatically verified in the partially
collinear pump-probe geometry thanks to the self-heterodyne detection, whereas
achieving phase coherence between the two pump pulses is not trivial. Indeed, at
optical frequencies, inabilities of the opto-mechanical components and different
beam optical paths cause fluctuations in the relative phase of the excitation
pulses [283, 54]. Several methods that allow to achieve phase stability have
been developed; these include, among other approaches, both active and passive
stabilization methods. In the former case, phase fluctuations are compensated
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Figure 2.10: TWINS scheme. A pulse polarized at 45° with respect to the z
and y axis propagates to a plate (A) of uniaxial birefringent material with optical
axis aligned along y (red arrows) and is separated into two orthogonally polarized
pulses with a relative delay 74 = da(1/vge — 1/vg0), With vge and vy, group
velocities for ordinary and extra-ordinary polarizations and d 4 thickness of the
A plate. A pair of birefringent wedges (B) with the optical axis along z (blue
arrows) are then used to introduce a relative delay 7 with opposite sign with respect
to A, controllable by moving one of the wedges and varying its beam insertion:
T=74—75 = (da —dp)(1/vge — 1/v4,). A second pair of birefringent wedges
(C) with optical axis along z (green arrows) is moved anti-symmetrically to the
pair B so that the amount of material crossed by the beam is maintained constant.
Lastly, a polarizer projects both replicas onto a single polarization at 45°. Image
from Ref. 28

for by nanoscale changes to mirror positions; passive stabilization approaches
are instead based on the idea of using common optics for all beams [283]. The
approach employed in this thesis is a passive method based on a common-
path interferometer that exploits the Translating-Wedge-Based Identical Pulses
eNcoding System (TWINS) scheme to generate the two phase locked pump
pulses and control their relative delay t;. The TWINS device, sketched in Fig.
2.10, uses a series of birefringent optics, so that a single pulse polarized at 45°
relative to the optical axis is converted into two orthogonally polarized pulses
separated by a fixed time delay, determined by the thickness of the birefringent
material. By employing birefringent wedges and controlling their insertion in
the beam path, it is possible to continuously vary the material thickness and,
therefore, to introduce an arbitrary delay between the first and second pulses
while maintaining excellent phase stability [28].
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2.5 Experimental setup

2.5.1 Pump-probe setup

The optical setups used for pump-probe experiments presented in this thesis
are sketched in Fig. 2.11 and 2.12. They are based on a Yb:KGW laser
system (Pharos, Light Conversion) delivering 37.5 nJ, 250 fs pulses at 1030 nm
wavelength and 400 kHz repetition rate. A pulse peaker allows to change the
repetition rate of the emitted pulses while keeping unchanged the energy per
pulse. A portion of the laser output (30 pJ) pumps an optical parametric
amplifier (OPA; Orpheus-F, Light Conversion) generating narrowband pulses
(~ 10 — 30 nm bandwidth, depending on the central wavelength) of ~ 50 fs
duration, tunable in the range between 650 and 900 nm.

In SetUpl (Fig. 2.11) the signal of the Orpheus-F OPA is used as the excitation
pulse in the experiment; the rest of the laser light (7.5 pJ) is employed to
synthesize a supercontinuum probe pulse, obtained by means of White Light
Generation (WLG) in a 6-mm-thick YAG crystal.

In SetUp2 (Fig. 2.12), the pump beam is obtained by frequency doubling
7.5 nJ of laser system at 1030 nm in a 1-mm-thick BBO crystal, returning
515 nm excitation wavelength. The supercontinuum pulse for the probe beam
is produced by means of WLG in a 4-mm-thick sapphire crystal pumped by the
signal of the Orpheus-F OPA tuned to 800 nm.

In both setups, the time delay between the arrival times of pump and probe
pulses is controlled through a linearly motorized stage which delays the pump
pulse in a time window covering ~ 300 ps. The two beams are then routed
to the sample; the pump beam hits the sample at normal incidence while the
incident angle of the probe is less than 10°. The pump beam is focused by a 400
mm focal length concave mirror to a ~200 pm x 200 pm spot size; the spot size
of the probe beam is ~ 2 times smaller than the pump spot in SetUpl (focused
by 200 mm focal length concave mirror) and 10 times smaller than the pump in
SetUp2 (focused by an achromatic lens of 100 mm focal length). The excitation
intensity can be continuously varied by rotating a half-waveplate positioned
on the pump beam path and followed by a polarizer that transmits linearly
polarized light. The probe beam is cross-polarized with respect to the pump
polarization, in order to allow filtering of the signal background, which is mainly
given by sample scattering of the pump beam. The signal can be acquired
either in reflection or transmission geometry and its detection is performed by
lock-in acquisition with a mechanical chopper working at 2.6 kHz modulating
the pump beam. Spectral resolution over the probe energy axis is achieved
by employment of a common-path birefringent interferometer (GEMINI by
NIREOS) and Fourier transform of the generated interferogram [223]. The
sample is mounted inside a closed-cycle helium cryostat that allows to perform
the ultrafast optical spectroscopy experiments at temperatures between 15 K
and 300 K.
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Figure 2.11: Sketch of SetUpl employed for pump-probe experiments in Chapter 3.
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Figure 2.12: Sketch of SetUp2 employed for pump-probe experiments in Chapter 5.
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2.5.2 2DES setup

Figure 2.13 reports a sketch of the scheme employed for 2DES. Both pump and
probe pulses are generated by a home-built non-collinear optical parametric
amplifier (NOPA), seeded by the same Yb:KGW laser mentioned in the previous
section (see appendix A for details on the NOPA design and setup). The signal
generated by the NOPA is a broadband pulse that can cover the spectral range
between at 650 and 950 nm and has a time duration of 30 fs. Pump and
probe beams are obtained from dividing the NOPA output by means of a 90:10
beam splitter. The pump beam then goes through a common-path birefringent
interferometer (GEMINI 2D by NIREOS, implementing the TWINS scheme
described in Sec. 2.4 and Fig. 2.10) that generates the pair of phase-coherent
excitation pulses [28]. In order to compensate for the additional dispersion
introduced in the pump pulses by the GEMINI 2D interferometer and other
optical elements on the pump beam (beam splitter, half-waveplate and cryostat
window), a pulse compressor is implemented on the pump beam path. Two-
prism compressor was employed for 2D spectroscopy experiments presented
in Chapter 6, chirped mirrors were used for the data discusses in Chapter
3. Similarly, another pulse compressor is employed for fine compensation of
dispersing elements on the probe beam, namely a half-waveplate and the cryostat
window. Pump and probe pulses, orthogonally polarized in order to minimize
pump scattering, are then focused onto the sample by two concave mirrors,
resulting in a partially collinear 2DES scheme (collinear pump pulses and non-
collinear probe propagation). The focused spot size is ~200 pm x 200 pm
for the pump beam and ~70 pm x 70 pm for the probe beam. The delay
between the two pump pulses, 1, is controlled by varying the insertion of the
GEMINTI 2D birefringent wedges on the beam path, whereas the pump-probe
time delay t5 is controlled through a linearly motorized stage. The detection
system employed here is the same used in the pump-probe setups, consisting in
GEMINT interferometer and lock-in acquisition. The data are acquired by fixing
to and scanning ¢; in a suitable range (e.g. between -55 fs and 110 fs); Fourier
transform of the measured AR(ws,t1;t2)/R(ws) or AT (ws,t1;t2)/T (ws) over
t1 returns the 2D map as a function of w3 and w;.
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Figure 2.13: Sketch of the 2DES experimental setup.



Part |

Out-of-equilibrium phenomena
in Mott systems






CHAPTER 3

Role of spin and orbital fluctuations on Hubbard exciton
linewidth in Mott-Hubbard insulator LaVO4

In this chapter, we explore the light-induced out-of-equilibrium physics of LaVOs,
a prototypical Mott insulator characterized by a complex phase diagram. Upon
decreasing the temperature below 140 K, LaVO; undergoes a structural phase
transition that is accompanied by the establishment of antiferromagnetic spin
and orbital orders. Insight on the exotic properties of such strongly correlated
system can be obtained from the investigation of charge excitations across the
Mott-Hubbard gap. In LaVO4 the lowest energy electronic excitation across the
gap can result in the formation of a Hubbard exciton, a bound state between a
doubly-occupied and an empty V-site. The stabilization and dynamics of this
excitonic resonance are strongly affected by spin and orbital degrees of freedom
and the emergence of long-range ordered phases, as revealed by the temperature-
dependent equilibrium optical properties [202] and by the critical slowing-down
of the dynamics in proximity of the symmetry-breaking phase transition [172].
Here, we study the Hubbard exciton in LaVO;3; by employing pump-probe
spectroscopy and 2DES, which reveal pump-induced variations of both spectral
weight and linewidth of the excitonic resonance. Direct observation of the
broadening of the homogeneous linewidth component provides a signature of the
decrease of the Hubbard exciton intrinsic lifetime time due to the perturbation
of the spin and orbital ordered background.

51
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MOTT-HUBBARD INSULATOR LAVO;

3.1 Spin and orbital orders in vanadium oxide LaVO;

Vanadium oxides RVO3; (R = rare-earth or Y) are prototypical Mott insulators
considered ideal systems where to investigate the interplay between electronic
excitations and spin, orbital and lattice degrees of freedom [143, 76, 60, 141, 120,
203]. These compounds have a rich phase diagram characterized by structural,
magnetic and orbital phase transitions, leading to exotic spin and orbital ordered
phases [292, 291, 246]. Within this class of materials displaying interesting
magnetic and electronic properties, in this chapter we focus in particular on
lanthanum vanadate LaVOs.

LaVOj; has a perovskite-type structure that can be derived from the cubic
perovskite through a GdFeOs-type distortion, that is by rotating the VOgq
octahedra around the c-axis and tilting them in alternating directions around
the b-axis, as shown in Fig. 3.1a [22, 60]. The crystal structure of LaVOj is
orthorhombic (space group Pnma) at room temperature, and it transforms to
monoclinic lattice (space group P2;/a) through a first order phase transition
taking place at the critical temperature T, = 140 K [22]. Upon the orthorhombic-
monoclinic transition, the c-axis undergoes a small rotation, with the angle «
(see Fig. 3.1a) changing from 90° at T' > T, to 90.125° at T' < T, [22]. The
low temperature structure is also characterized by an additional Jahn-Teller
deformation of VOg octahedra that determines an elongation of the VO bond
along the [110] and [110] directions for adjacent vanadium sites, respectively
[22, 60].

These structural variations affect the electronic structure of the material. The
orthorhombic crystal field splits the vanadium 3d orbitals into ¢2, and e4 orbitals
as sketched in Fig. 3.1b. In the valence shell there are two electrons that occupy
the to, orbitals, with fairly equal occupation of dyy, dy. and d., in the high
temperature phase [60, 172]. The structural phase transition occurring at 140 K
lifts the degeneracy of the to4 orbitals and modifies the orbital occupation, which
develops a G-type orbital order: d,, is occupied at all V-sites, whereas d,, and
d., orbitals of the V-sites are alternatively occupied along all crystallographic
axes (see sketch in Fig. 3.1c) [141, 142, 121, 60, 246, 143, 202].

At T, the systems undergoes also a magnetic phase transition from paramagnetic
(at high temperature) to antiferromagnetic (at T' < Ti.). The low temperature
phase shows C-type spin ordering, meaning that there is a ferromagnetic stacking
(along the c-axis) of antiferromagnetic planes (see sketch in Fig. 3.1c) [142, 121,
246, 143, 202].
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Figure 3.1: a) High temperature crystal structure of LaVOs [22]. At T the materials
transitions from orthorhombic to monoclinic lattice, where o« becomes o = 90.125°.
b) V-3d orbital splitting in LaVO3; two valence electrons occupy the a4 orbitals. c)
Spin and orbital ordered configuration in LaVOs;, establishing below 140 K.

3.2 Hubbard exciton in LaVO;

In the Mott insulator LaVOs3, the electronic excitations across the Mott-Hubbard
gap are strongly influenced by the spin and orbital degrees of freedom and
their phase transitions. The lowest-energy electronic excitation across the Mott-
Hubbard gap is the transition of a d,, or d., electron on a V-site to an adjacent
vanadium site along the c-axis (see sketch in Fig. 3.2a), which takes place via
the hopping of the electron through the 7-bonding with the O-2p, or 2p, state
[202].

This transition gives rise to a resonance in the optical properties of LaVOg in the
photon energy range around 2 €V [202]. The optical conductivity measured with
light polarized parallel to the c-axis is reported in Fig. 3.1b and show two peaks
at 1.8 eV and 2.4 eV. Both peaks are ascribed to the dy ., ., — dy ., transition:
the higher energy peak is associated to a single-particle excitation consisting
of a double occupancy and an empty site (holon) that are well-separated; the
lower energy one corresponds, instead, to a bound state between a holon and a
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double occupation, which is known as a Hubbard exciton (HE) [235, 202, 172].

As opposed to conventional semiconductors where exciton formation is governed
by a lowering of the Coulomb energy, the stabilization of Hubbard excitons
in antiferromagnetic Mott-Hubbard systems is driven by the gain in kinetic
energy [53, 311, 235]. In an antiferro-magnetic/orbital ordered phases, in fact,
hopping of a bound empty-site/double-occupancy pair is favored because it
preserves the spin/orbital order, as compared to the hopping of a single holon
or double-occupancy that instead locally disrupts the order and leaves a trace
of disordered sites behind (see sketch in Fig. 3.2¢) [172]. Therefore, the bound
state is the energetically most favorable state, stabilized by the spin/orbital
ordered environment [53, 311]. Indeed, the HE peak in the optical conductivity
is enhanced in the low temperature phase of LaVOs;, suggesting a significant
involvement of the spin and orbital orders in the formation of the HE.

3.3  Out-of-equilibrium dynamics in LaVO3;

Optical measurements near the HE peak can provide significant insight about
this excitonic resonance and the coupled spin and orbitals degrees of freedom.
Ultrafast optical pump-probe has in particular been employed to investigate the
low-energy transitions across the Mott-Hubbard gap and the out-of-equilibrium
behavior of the Hubbard exciton in Mott insulators RVO5 [211, 284, 172].

For LaVOs;, the typical transient reflectivity dynamics is shown in Fig. 3.3,
reporting pump-probe data measured for 1.77 eV probe photon energy. In
agreement with previous experimental reports [172], the time-resolved trace
displays three main components: a nearly instantaneous electronic response,
decaying within 500 fs, an intermediate component raising on ~ 20 ps timescale
and a slow recovery taking place over hundreds of picoseconds. The fast
component is typically assigned to photocarrier injection by intersite vanadium
d — d excitations, which relax over ~ 500 fs via electron-electron and electron-
phonon scattering [172]. The slower part of the dynamics is instead related to
the Hubbard exciton; specifically, this signal has so far been ascribed to spectral
weight transfer away from the HE after pump excitation and back to it during
the recovery dynamics.

As shown in Fig. 3.3, these components and, hence, the overall dynamics
strongly depend on temperature; in particular, the intermediate component
is significantly enhanced when the system is close to the critical temperature
T., while it disappears both at room temperature (dark red line in Fig. 3.3,
left panel) and at low temperatures (dark blue line in Fig. 3.3, right panel).
Lovinger et al. (Ref. 172) also showed that the intermediate component displays
a critical slowing-down behavior in proximity of the phase transition (see Sec.
1.2.2 in Chapter 1), with diverging timescale as T' — T,. It has been suggested
that the HE spectral weight changes detected in pump-probe experiments are
determined by spin and orbital fluctuations that disrupt the HE binding and
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Figure 3.2: a) Initial and final electronic configurations of the ty, orbitals on
adjacent V-sites (V1 and V3) along the c-axis in the case of the optical transition
across the Mott-Hubbard gap. b) Equilibrium optical conductivity of LaVO; for light
polarization parallel to the c-axis (electric field E || ¢) at three different temperatures
across T,. Adapted from Ref. 202. The lowest energy peak, highlighted by filled
areas, is associated with the Hubbard exciton resonance. c¢) Schematic representation
of the hopping of a double occupancy generated by electronic excitation across the
Mott-Hubbard gap in a spin or orbital ordered phase (i). Electron hopping between
adjacent V-sites along the c-axis (i—ii) creates a holon and a double occupancy that
can bound and form a HE. Hopping of the HE as a bound pair (ii—iii) preserves the
spin/orbital order. Hopping of the single double-occupancy (iii—iv) or single holon
(iv—v) generates a trace of disordered spin/orbitals. In LaVO3, motion along the
c-axis results in orbital disorder, whereas motion along the a- or b-axes produces
both spin and orbital disorder.
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become larger in proximity of 7. or due to pump-induced spin/orbital disorder
[172]. At low temperatures, the HE pump-probe signal is instead suppressed
because spin and orbital degrees of freedom freeze, strong order is established
and spin/orbital fluctuations are reduced [172].

The transient reflectivity signal also strongly depends on the excitation fluence.
Figure 3.3b, which shows the pump-probe signal at 70 K as a function of pump
fluence, reveals that increasing the excitation intensity has an effect similar to
increasing the sample temperature toward T: it introduces a slow component
that builds up over a timescale of tens of picoseconds. This suggests that
high excitation fluence enhances the disruption of the ordered background,
with larger intensities required to perturb the spin and orbital order as the
temperature is further lowered below T.

In this chapter, we deepen the investigation of the HE dynamics on the
picosecond timescale by extending single-color pump-probe to time-resolved
spectroscopy. We perform broadband pump-probe and 2D coherent electronic
spectroscopy on a LaVOs; thin film, which allow us to add spectral resolution
in the HE energy range and probe not only spectral weight changes, by also
lineshape dynamics.

3.4 Pump-probe experiment

Broadband pump-probe was performed in reflection geometry by employing
SetUpl described in Sec. 2.5.1. The pump wavelength is tuned to 1.4 eV;
the probe spectral range goes from 1.3 to 2 eV, therefore covering the HE
spectral region. The employed sample is a 30 nm thick LaVOg thin film grown
on LSAT ((LaAlOs3)g 3(SryTaAlOg)g 7) substrate by Molecular Beam Epitaxy
(MBE) [326, 25].

Fig. 3.4a and c display transient reflectivity AR/R colormaps measured at
two different temperatures below 7., namely 110 K and 40 K respectively.
Cousistently with single-color pump-probe (see Fig. 3.3 and Sec. 3.3) and
previous experimental reports [172], we observe an ultrafast electronic response
(< 1 ps) followed by a slower dynamics surviving for hundreds of picoseconds.
The long-lived signal displays the expected temperature-dependent behavior
characterized by a slow component, building-up over a few tens of picoseconds,
that emerges in proximity of 7T, and is instead suppressed at lower temperature
(see white solid lines in Fig. 3.4a and c¢). The employment of a supercontinuum
probe reveals that this slow and negative signal in AR/R is a broad response
peaked around the HE energy. The spectral response at selected pump-probe
delays to, namely 30 and 250 ps, obtained from vertical line cuts of Fig. 3.4a
and c, is plotted in Fig. 3.4b and d for the two temperatures, respectively.
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Figure 3.3: a) Optical transient reflectivity of a LaVOs thin film sample at different
temperatures, above (left panel) and below (right panel) T.. The measurements
have been performed with 1.65 eV pump, 1.77 eV probe photon energy, and 0.1
mJ/cm? excitation fluence. b) Fluence dependence of the transient reflectivity signal,
measured at 70 K, 1.65 €V pump, 1.77 €V probe photon energy. For comparison
purposes, the right panel displays the same fluence-dependent pump-probe traces
of the left panel, normalized to the fast peak.
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Figure 3.4: Broadband pump-probe measurements performed with 1.4 €V pump
and supercontinuum probe in reflection geometry. The transient reflectivity spectra
are plotted as a function of pump-probe time delay (horizontal axis) and probe
wavelength (vertical axis), for sample temperatures of 110 K and 40 K in panels
a) and c), respectively. The pump incident fluence is 1 mJ/cm?. The white lines
plotted on top show the time evolution of the signal at 1.77 eV and display the same
behavior described in Fig. 3.3. Panels b) and d) report the transient reflectivity
spectra at two selected delays, highlighted in a) and c) by black dashed (30 ps)
and dotted (250 ps) lines. Red and blue solid lines are transient reflectivity fits
performed as described in Sec. 3.4.
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In order to relate the pump-probe signal to changes in the optical properties
of the sample, we analyze the broadband transient reflectivity data by fitting
the vertical slices of the pump-probe map to a differential reflectivity (R°ut¢? —
R°?)/R°1. The differential fit is performed, for all time delays t2 > 500 fs, as
described below.

We start from a parametrization of the equilibrium optical properties of LaVOg -
which are reported in Ref. 202 and plotted in Fig. 3.2b - based on a multi-peak
Drude-Lorentz model. The dielectric function e as a function of frequency w is
given by

= €0 3.1
- ° Jrzwoj—wQ iljw’ (3.1)

where ¢4, is the value of the dielectric constant at high frequency, w,, ; is the
plasma frequency, wy_ ; is the central frequency of the optical transition and I';
is the linewidth of the j-th oscillator. The real part of the optical conductivity
o1 is then related to € according to
WEeg

g1 = . (32>
with 9 indicating the imaginary part of Eq. 3.1. Eq. 3.2 with three Drude-
Lorentz oscillators (j = 1,2,3) is used to fit the optical conductivity data in
Fig. 3.2b. The lowest energy oscillator, which is highlighted by the filled area in
Fig. 3.2b, is related to Hubbard exciton. It is centered at wy gp=1.82 ¢V and
has a spectral weight (o w; i) that increases as the temperature is lowered
below T¢, from wy grp = 0.9 €V at room temperature to 1.6 eV at cryogenic
temperature. Since this parametrization is based on literature data measured
on bulk LaVOj rather than thin film, and the differential fit does not strongly
depend on the specific value used for the equilibrium HE plasma frequency
(as we are looking at the variation in the optical properties), we consider the
same equilibrium parameters to fit both measurements at 40 K and 110 K. The
parameters of the equilibrium dielectric function of low-temperature LaVOs,
employed in the differential fitting of the pump-probe data, are reported in
Table 3.1.

woj (€V) | wpj (V) | T (eV)
=1(HE) | 1.82 1.31 0.56
j=2 2.40 1.68 1.21
j=3 4.61 2.16 0.70

Table 3.1: Parameters of the LaVO;3 low-temperature equilibrium dielectric function
(Eq. 3.1 with 5 = 3) employed in the differential fit of the pump-probe data.
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The pump-probe signal can then be described by pump-induced changes in
optical properties of the sample, captured through the variation of some of
the parameters modeling ¢ in Eq. 3.1, as compared to equilibrium. We
specifically find that, in order to fit the transient reflectivity data of Fig. 3.4,
two parameters related to the HE need to be modified in the out-of-equilibrium
configuration, namely the plasma frequency wy, gr and the width I'gyg. The
transient reflectivity data AR/R at fixed t2 are therefore fitted (see red and
blue lines in Fig. 3.4b and d) according to the following equation:

R(WZO)?IEEq’ F;}%eq) - R(“};?HE» FZZE)
R(WZ?HE’ F;?E)

where the reflectivity R is obtained by means of transfer matrix formalism
for a LaVO3 30 nm film (whose dielectric function is given by Eq. 3.1 with
parameters in Table 3.1) on LSAT substrate. outeq and eq superscripts indicate
the plasma frequency or exciton width parameters in out-of-equilibrium and
equilibrium conditions, respectively.

(3.3)

The output of the fitting procedure reveals that the ultrafast reflectivity variation
is not simply related to exciton spectral weight transfer; the ultrafast photo-
excitation has, in fact, two concurrent effects on the HE resonance:

(i) a decrease of excitonic spectral weight;

(ii) a broadening of the HE peak linewidth I'gg.

Fig. 3.5a and b display the output fit parameters, plotted as a function of
pump-probe time delay. In panel a, the orange and light blue circles show the
dynamics of the plasma frequency wy g of the HE Drude-Lorentz oscillator
extracted for ' = 110 K and 40 K, respectively. The ultrafast reduction in
wp,HE, following the impulsive pump excitation, is recovered over a timescale
of hundreds of picoseconds. The variation in the HE spectral weight can be
regarded as a direct representation of the number of photoinduced electronic
excitations, ne.., generated by pump excitations across the Mott-Hubbard
gap. Such electronic population returns to the equilibrium state through an
exponential decay (Fig. 3.5a), so it can overall be described as

nexc(t) = neocc,O@(7«L)('37t/‘rmC (34)

where ©(t) is the Heaviside function and 7. is the characteristic relaxation
time. An exponential fit of w, wp — w)lyp returns 7., = 350 ps at 40 K and
650 ps at 110 K.

On the other hand, the linewidth of the HE peak displays a significantly different
dynamics (see Fig. 3.5b). The broadening of I'y g is delayed in time, reaching
a maximum after ~20 ps at 40 K and after ~40 ps at 110 K, and then relaxing
back to the equilibrium value on a timescale similar to the one for wy, yg.
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Figure 3.5: a,b) Time evolution of the spectra fit parameters: panels a) and b)
display the variation of Hubbard exciton's plasma frequency w, g and width 'y g,
respectively, as compared with the equilibrium values (left y—axis). Light blue
and orange dots are relative to the measurements performed at 40 K and 110 K,
respectively. Their time dependence is compared to the dynamics of the number of
excitations n¢;. and the order parameter € in a system showing a coupling between
a first-order phase transition and n¢,.. The simulations plotted here (red and blue
lines, right y—axis) result from numerical integration of Eq. 3.7 with g = 0.6,
a=5,7=0.01 ps—!. c) Free energy functional at equilibrium (solid lines) and
right after excitation of n.s. (dashed lines) computed according to Eq. 3.5 and
3.6, respectively, using the same parameters of the simulations in panels a and
b. d) Cartoon of the Hubbard exciton in the spin and orbital ordered background.
Disruption of the ordered background due to pump excitation leads to a reduction
of the intrinsic lifetime.

3.5 Gingzburg-Landau description

In order to assess the origin of HE behavior in time domain and address the
coupling between the light excitation and the long-range order in LaVOs3, we
model our system in the framework of Gingzburg-Landau’s theory. Spin ordering
in LaVOj3 can be described as either a second-order or a weakly first-order phase
transition [142, 121], while the structural one is a first-order transition [22, 202].
We therefore consider a phase transition that is overall first-order and write the
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free energy as
F(e) = aft —1)é* + (2 — 1), (3.5)

with € order parameter, o a numerical constant and 7 = T/T,. normalized
temperature. The first-order nature of the process is guaranteed by the negative
coefficient of the fourth-order term e*. This description is similar to the
approach employed by Lovinger et. al. in Ref. 172, where the free-energy
for a first-order phase transition is written in terms of second-, fourth- and
sixth-order powers of the order parameter. In Ref. 172, since only single-
color pump-probe experiments are analyzed, preventing disentanglement of
spectral weight transfers from broadening mechanisms, the authors simply
identify the order parameter with the transient reflectivity signal, and study
the temperature dependence of the order parameter exponential relaxation
dynamics to rationalize the divergence of the exciton timescale in proximity
of T.. Here, we can refine this model by taking into account that the order
parameter €, describing the spin and orbital ordered background, is not directly
coupled to the light, but it is rather coupled to the electronic excitations across
the Mott-Hubbard gap, that is to ne,.. We therefore address the contribution
of nege to the free energy of the system by including an additional coupling
term ge2nezc. Then, the free energy overall reads

F(e,neze) = (T — 1)e? + €2(€ — 1)? + g nese (3.6)

with nege given by Eq. 3.4 and g coupling constant between the number of
photoinduced electronic excitations and the order parameter. Fig. 3.6a shows
a sketch of the free energy curve at equilibrium (dark blue solid line, Eq. 3.5)
and its instantaneous variation (light blue solid line, Eq. 3.6) due to coupling
with the electronic excitations generated by the light pulse excitation. This
light-induced change of the free energy functional results in a perturbation of the
order parameter € because, upon excitation of n.;., the free energy minimum
shifts to a different value of €. The dynamics of the order parameters € is then
determined by the kinetic equation [98]:

% = —7%—F7 (3.7)
€

with ~ kinetic constant. No source term appears in the kinetic equation because
of no direct coupling between the light and the order parameter of the system,
which includes structural, orbital and magnetic degrees of freedom. The coupling
g to the electronic excitation is what determines the perturbation of € after
pulse excitation. In Fig. 3.6b (bottom panel), we show an example of order
parameter dynamics, obtained upon integrating Eq. 3.7, plotted for several
normalized temperatures 7. For a fixed excitation ne.. (plotted in Fig. 3.6b,
top panel), the variation in the order parameter displays a larger amplitude
and slower build-up dynamics when the temperature increases, as a result of
the free energy flattening around the minimum as the critical temperature is
approached.
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Figure 3.6: a) Sketch of a first-order phase transition free energy, as a function
of the order parameter ¢, and its pump induced perturbation. The photoexcited
electronic population couples to the order parameter, whose dynamics is governed by
the out-of-equilibrium free energy potential. b) The top panel reports an example
of dynamics of n.,. (Eq. 3.4) that, by coupling to the orbital/spin order and
perturbing the free energy (Eq. 3.6), initiates the order parameter dynamics, plotted
in the bottom panel for several normalized temperatures 7. The parameters used
in the time evolution simulation plotted here are: « = 5, g = 0.6, ne,e = 0.7,
v =0.01 pst.

Going back to the data (Fig. 3.5), we now compare the dynamics of the
HE linewidth, extracted from pump-probe measurements, with the numerical
solutions of the kinetic equation (Eq. 3.7). In doing so, we make the two
following assumptions, which will be justified in Sec. 3.6 and 3.7, respectively:

(a) the variation in HE linewidth measured in pump-probe spectroscopy
corresponds to a variation in intrinsic lifetime;

(b) the Hubbard exciton intrinsic lifetime can be considered as representative
of the order parameter of the phase transition.

The I'y g dynamics is compared to the time evolution of € in Fig. 3.5: red
and blue solid lines (right axis) are obtained starting from Eq. 3.6-3.7 using a
possible set of parameters, chosen as described in the following, that allow to
match the experimental trend. The normalized temperature is set to 7 = 0.3
and 0.8 for blue and red plots, respectively, according to the experimental
temperature at which the experiment is performed. The time-dependent term
Nexe(t) is given by the red and blue solid lines in Fig. 3.5a (right axis), having
amplitude that matches the experimental trends of wy, wr — w, 'y for the
two temperatures (we chose Nezeo = 0.45 and 0.7 for 7' = 40 K and 110 K,
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respectively). The value of the parameters 7, o and g is then set in order to
match the experimental trends of 'y . The parameters a and g appearing
in the free energy profile determine the amplitude of € — €.4, which depends
linearly also on 7cze,0; when nege o is fixed as discussed above, setting o = 5
and g = 0.6 allows to match, simultaneously for both measured temperatures,
the amplitude of the order parameter dynamics and the linewidth variation.
Lastly, v determines the build-up time of the dynamics of € — €., variation, with
a time constant that depends, on top of 7, on the normalized temperature 7
and on the free energy coefficient . With 7 being fixed to the experimental
values and o = 5, we find that the value v = 0.01 ps—! allows to reproduce
the experimental dynamics at both temperatures. For the parameters chosen
as described above, the free energy F' at equilibrium (Eq. 3.5) and right after
excitation (Eq. 3.6) are plotted in Fig. 3.5¢. In this way, the time dependence
of the order parameter €, extracted from the kinetic equation, reproduces all
the main features observed in the experimental dynamics of the linewidth I'y g,
as listed below.

(i) The response is delayed due to a finite build-up time of few tens of ps,
determined by ~; the subsequent relaxation decay is governed by Teze.

(ii) The perturbation of the order parameter is enhanced when the temperature
of the system is closer to 1, as observed from € — €., being a factor 3.3
larger at 110 K compared to 40 K, despite nzc0 being only a factor 1.5
larger at the higher temperature.

(iii) For a fixed value of v, the dynamics slows down as the temperature
approaches T, as observed from the longer build-up time that characterizes
both 'y — I'Y{y, and € — €., at 110 K compared to 40 K.

The agreement between the free energy model and the experimental results
suggests that the variations in width parameter I' g are ascribable to a coupling
between the light-induced electron excitations and the order parameter. The
emerging scenario is that ultrafast excitation of charges across the Mott-Hubbard
gap causes a local perturbation of the order parameter, corresponding to an
increases of spin/orbital fluctuations, as sketched in Fig. 3.5d, and a broadening
of the Hubbard exciton linewidth.

The linewidth variations obtained from pump-probe data, however, are not
directly related to the exciton lifetime because the pump-probe spectral response
can be dominated by inhomogeneous broadening. As opposed to 1D spectroscopy,
2DES can instead directly access the exciton intrinsic lifetime. We therefore
employ 2DES, discusses in the next section, with the aim of providing further
insight on the HE scattering rate and intrinsic lifetime.
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3.6 2D spectroscopy experiment

We perform 2DES on LaVOj thin film by employing degenerate and cross-
polarized pump and probe pulses in the 1.45-1.9 eV spectral range, thus allowing
to investigate the response of the Hubbard exciton. The experiment is performed
in partially collinear scheme (collinear pump pulses and non-collinear probe) and
reflection geometry, as detailed in Section 2.5.2 and sketched in Fig. 2.13. The
sample is cooled down to T' < T,, where the pump-probe transient reflectivity
displays the maximum signal in the slow build-up component, and the 2D
spectrum is then collected at selected to delays. To partially mitigate the
influence of the spectral shape of the light source on the 2D map [32], we
normalize the 2DES signal over both the light spectrum along both pump and
probe energy axes. Fig. 3.7a reports the 2D spectrum measured for T' = 140 K
and t9 = 40 ps, and reveals a broad transient reflectivity response around 1.8 eV.

In order to study the dynamics of the homogeneous linewidth of the excitonic
resonance, as discussed in Sec. 2.3.4, we extract an anti-diagonal profile of the
2D spectrum. The line-cut is taken, for each measured t, delay, along the black
dashed line displayed in Fig. 3.7a. In Fig. 3.7b the resulting signal is plotted
along the anti-diagonal energy axis for a short time delay (t2 = 100 fs) and
at a later delay (t2 = 40 ps). Normalization of the two anti-diagonal profiles
for comparison purposes clearly shows a broader peak on tens of picosecond
timescale as compared to the linewidth at ultrashort times. The full width at
half maximum I'y,,,, is extracted for the five t5 delays where 2D spectroscopy
is performed, which are highlighted by the colored dots plotted along the
pump-probe dynamics in Fig. 3.7c, top panel. Since the width of the excitonic
resonance is comparable to the pulse bandwidth, the extraction of absolute
values for the homogeneous linewidth is difficult and subject to possible artifacts
originating from the spectral shape of the pulse [32]. We therefore focus only on
relative variations of the spectral response as a function of time delay t5. The
bottom panel in Fig. 3.7c reports the relative anti-diagonal width variation,
compared to the linewidth I'yom,0 at ta = 100 fs, as a function of time delay,
revealing a 20% broadening building up on a tens of picosecond timescale.

Similarly to pump-probe spectroscopy, 2DES shows a broadening of the exciton
linewidth, whose dynamics is also compatible to the time evolution of 'y g
found in Sec. 3.4. 2D spectroscopy gives additional insight revealing that this
broadening affects the homogeneous component of the linewidth and, therefore,
indicates a decrease of the Hubbard exciton intrinsic lifetime due to disruption
of the ordered background caused by the pump excitation. Quantitatively, the
value of AT om /T hom,0 Obtained from 2D spectroscopy is larger compared to
what measured in pump-probe because, in the former case the linewidth variation
is observed only along the anti-diagonal direction, whereas the latter approach
measures the signal integrated along the pump energy axis and projected onto
the probe energy axis, thus resulting in a smaller measured broadening.

The observation that the time-resolved signal measured in ultrafast spectroscopy
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Figure 3.7: a) 2D spectroscopy measurement performed at 7' = 140 K, to = 40 ps
and excitation fluence 1.4 mJ/cm?. The 2D spectrum (arb. units) is normalized
over both the probe and pump spectra. b) Anti-diagonal profiles of 2D spectra;
they are obtained from line-cut along the direction indicated by the black dashed
line in a) and are integrated over 25 meV width. The blue and red lines refer to two
different time delays ¢5 and are normalized for comparison purposes. c) Top panel:
Pump-probe dynamics (grey line) measured in the same experimental configuration
of a) with broadband (1.45-1.9 eV) and degenerate pump and probe beams at
T = 140 K and 1.4 mJ/cm? excitation fluence. The colored dots indicate the t5
delays where 2D spectra are collected. Bottom panel: relative variation of the
anti-diagonal FWHM extracted from 2D spectra as a function of ¢5. The value
obtained at the shortest time delay ¢t = 100 fs is used as reference I'om 0.
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originates from a perturbation of the intrinsic exciton lifetime justifies the
assumption (a) made in Sec. 3.5. In the next section we address assumption
(b) and discuss the ascription of the exciton linewidth to the order parameter.

3.7 Dynamical mean field theory

In order to connect the experimental results to a microscopic description
of the electronic properties of the material and investigate the effect of the
establishment of long-range orders below the critical temperature, we compare
our experimental data to the results of Dynamical Mean-Field Theory (DMFT),
which as been performed by Massimo Capone (International School for Advanced
Studies (SISSA)). DMFT is an accurate many-body method which includes non-
perturbatively correlation effects and allows for calculations of experimentally
accessible spectra [95].

DMFT calculations are performed for a three-orbital model based on density-
functional theory bandstructure. The bandstructure has been computed using
Quantum Espresso [99] and maximally localized Wannier orbirals have been
derived using Wannier90 [259]. Only the three low-lying orbitals of vanadium
are included, as they are those that mainly contribute to the relevant bands.
The interactions are then included in the popular Hubbard-Kanamori form

Hint =U Z NiatNial + (U - SJ) Z Niaoibo

i,a i,a<b, o

+ (U =27) Y niaynin, (3.8)
i,a7#b

where 7, a,b = 1,2,3, ¢ are respectively site, orbital and spin indices. The
(screened) interaction parameters appearing in Eq. 3.8 are set to U = 5 eV and
J = 0.68 eV following previous literature [217, 204, 331]. DMFT calculations
are performed using a finite-temperature exact diagonalization (ED) solver
[35, 7] with three levels in the bath allowing for spontaneous symmetry breaking
both in the orbital and magnetic sections. In agreement with Ref. [331], the
low-temperature solution has both orbital ordering and Néel magnetic ordering.
Within the accuracy of the calculation, magnetic ordering appears to take
place at slightly larger temperatures, even if the ED solution is expected to
lose some accuracy around the transition point because of truncation effects.
The theoretical transition temperatures (T¢, parpr = 0.025 €V) are nonetheless
significantly larger than the experimental ones due to the mean-field nature of
the approximation.

In order to compare with the time-resolved experiments, DMFT results are
used to compute the scattering rate as the imaginary part of the self energy
¥ (lifetime 7, = A/ Im(X)) [98]. Specifically, as an estimate of the lifetime
Tth, an average of the electronic self-energy in a window of 0.2 €V around the
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Fermi level on the real-frequency axis is extracted from the calculation. This
averaging is necessary to smooth out the discrete features inherent to the exact
diagonalization solution. The results of this calculation are plotted in Fig. 3.8a
as a function of temperature (the plotted values are normalized to the value of
Im(X) at 0 K). The results show that the scattering rate grows with temperature,
as expected, with a rather clear change occurring at the transition temperature.
In particular, when the long-range order is included, a significant reduction of
Im(X), compared to the disordered (paramagnetic) phase, is observed at fixed
temperature upon transitioning to the ordered phase (see gray arrow in Fig.
3.8a). This behavior indicates that the carriers lifetime strongly depend on the
presence of the long-range order, establishing below the critical temperature.

For comparison, we report also the results of a much simpler calculation where
a single-band Hubbard model is considered (see Fig. 3.8b). In this case, the
only ordering allowed at half filling is antiferromagnetism. The calculation
is performed choosing an arbitrary value of U = 2.9D (D = 6t, ¢ being the
hopping) which leads to the same ordering temperature if the hopping is taken
as 0.25 eV. We clearly observe a similar trend with respect to the calculations
for LaVOs.

Upon suppression of the long range order, a larger increase in scattering rate,
of the order of 20%, is observed for the realistic three-band model as compared
to the single-band Hubbard model. This 20% value is close to the variation
of homogeneous linewidth detected by means of 2DES (Sec. 3.6), therefore
suggesting that, on top of the antiferromagnetic ordering, the ordering in the
orbital degree of freedom also plays a crucial role.

The DMFT results presented here show that the scattering rate and,
correspondingly, the lifetime are strongly affected by the establishment of
long range order, and therefore represent a suitable order parameter, justifying
assumption (b) (Sec. 3.6). In order to show that the order parameter can indeed
be identified with the scattering rate, we compare in Fig. 3.9 the temperature-
dependence of the scattering rate (Fig. 3.9a), obtained from DMFT, to that of
the order parameter of the free energy in Eq. 3.5 (Fig. 3.9b). Specifically, Fig.
3.9a displays the variation AIm(X) between the ordered and disordered phases
(difference between blue and red data points in Fig. 3.8a), whereas in Fig. 3.9b
we report €.q(T) — €.q(Te) (normalized to the value of €., at 0 K), where €.,
indicates the minimum of F'| as plotted in the inset. We observe that both
curves display a similar decreasing behavior as the temperature is increased,
until reaching zero at T' > T..

DMEFT results therefore confirm that the suppression of long-range order results
in a decrease of intrinsic lifetime, as observed experimentally for the Hubbard
exciton upon pump-perturbation of the spin and orbital ordered background.
This validates the ascription of the pump-probe and 2DES signals to an increase
in the scattering rate that is due to the coupling with the spin and orbital
long-range orders. We lastly note that the signal enhancement in proximity of
T. observed in ultrafast spectroscopy is not directly related to the temperature
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Figure 3.8: Scattering rate, calculated as the imaginary part of the self energy
3. by means of DMFT, for the cases of a realistic three-band model of LaVO;
(panel a) and single-band Hubbard model (panel b). The establishment of spin and
orbital order in panel a and of antiferromagnetic (AFM) order in panel b (red data
points), results in a decrease of the scattering rate, highlighted by the gray arrow,
as compared to the disordered (paramagnetic, PM) phase (blue data points). The
plotted values for Im(X) are normalized to the value at T = 0 K.

dependence of variation in scattering rate due to removal of the long-range
order; rather, it is the coupling with the light-induced electronic excitations
that becomes more efficient in proximity of 7T, and leads to a larger variation
in the order parameter upon perturbation, in agreement with the curve in Fig.
3.9b being steeper right below 7.
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Figure 3.9: a) Variation of the scattering rate, obtained by DFMT calculation (Fig.
3.8a), between the ordered and disordered phase as a function of temperature. b)
Temperature-dependence of order parameter estimated as the position €., of the
minimum of the free energy in Eq. 3.5, plotted in the inset.

3.8 Discussion and conclusions

In this chapter we analyzed pump-probe and 2DES data on LaVOj3 thin film.
Employment of a broadband probe in 1D spectroscopy revealed a broadening in
the Hubbard exciton linewidth upon pump excitation. 2DES further showed that,
due to the pump excitation, there actually is an increase in the homogeneous
component of the linewidth, I, which can be related to the order parameter
of the spin and orbital degrees of freedom of the system, as shown by DMFT
calculation for a three-band model of LaVOs;.

When light pulses are used to perturb the system, the photoinduced electronic
excitations couple to the order parameter and result in a disruption of the
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spin/orbital ordered background. This coupling and the resulting dynamics
of the order parameter are captured within Ginzburg—Landau theory, which
explains the signal enhancement observed in proximity of T, and the critical
slowing down of the order parameter dynamics upon approaching the transition
temperature.

Overall, our results represent a direct observation of the decoherence time of an
electronic excitation being strongly affected by the coupling with long-range
orders. Whereas this was here observed specifically on LaVOs3, the change in
scattering rate upon crossing a symmetry breaking phase transition is likely a
general mechanism that extends to many other strongly correlated materials
displaying ordered phases (e.g. magnetic or charge order). The possibility of
controlling the thermal bath fluctuations in the proximity of a phase transition
could then provide a novel approach to tune the ultrafast electronic decoherence
in solid state materials.






CHAPTER 4

Resistive switching initiated by topological defects in Mott
insulator V5,03

Parts of this chapter have been adapted from the following manuscripts:

Mott resistive switching initiated by topological defects,
A. Milloch, I. Figueruelo-Campanero, W.-F. Hsu, S. Mor, S. Mellaerts,
F. Maccherozzi, L. I. Veiga, S. S. Dhesi, M. Spera, J. W. Seo,
J.-P. Locquet, M. Fabrizio, M. Menghini, C. Giannetti, Nature
Communications, 2024, 15:9411, doi: 10.1038/s41467-024-53726-z

Mott materials: unsuccessful metals with a bright future,
A. Milloch, M. Fabrizio, C. Giannetti, npj Spintronics, 2024, 2:49, doi:
10.1038/s44306-024-00047-y

In this chapter we investigate the prototypical Mott insulator Vo035 where
an out-of-equilibrium state is induced by the application of a static electric
field. V,03 is a paradigmatic Mott material, which undergoes a first-order
metal-to-insulator phase transition together with a lattice transformation that
breaks the threefold rotational symmetry of the rhombohedral metallic phase.
In V5,03, the insulator-metal transition can be induced by an above threshold
current or voltage that triggers the sudden change of its electrical properties
and results in volatile resistive switching. Despite the relevance of this process
for ultrafast electronics, resistive memories and neuromorphic computing, the
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nature of the local stochastic fluctuations that drive the formation of metallic
regions within the insulating state has remained hidden.

Here, we use operando X-ray nano-imaging to capture the origin of resistive
switching in a V,0Os-based device under working conditions. We reveal a
new class of volatile electronic switching triggered by nanoscale topological
defects appearing in the shear-strain based order parameter that describes
the insulating phase. These results suggest that the manipulation of lattice
topological defects via strain engineering can represent a new route to control
the electronic switching dynamics.

The chapter is organized as follows. First, we introduce the electronic and
structural properties of VoO3 and provide a brief overview of resistive switching
in Mott materials. Next, we describe the nanoscale spatial self-organization of
the Mott insulating phase. We then discuss the performed experiment, which
combines resistive switching with PhotoElectron Emission Microscopy (PEEM).
Finally, we analyze the results using a Ginzburg-Landau theoretical framework
to describe the nanotexture and associated topological defects, while a two-
resistor model is employed to capture the evolution of the metallic filaments
formed during resistive switching.

4.1 V,03: electronic and structural properties

Phase diagram. V,0; is a prototypical Mott insulator with a rich phase
diagram displayed in Figure 4.1a [128, 113]. In the undoped compound, V5,04
undergoes an electronic, magnetic and structural phase transition with a
pronounced first order character at the critical temperature Ty >~ 170 K: at
atmospheric pressure, the high temperature phase is metallic, paramagnetic
and rombohedral, whereas at low temperature the system becomes insulating,
antiferromagnetic and monoclinic. The phase diagram also includes an insulating
paramagnetic phase entered through an isostructural transition upon doping
with Cr, whereas Ti doping favors the metallic phase by quenching the insulator-
metal transition [195, 194, 193, 152].

Crystal structure. The high temperature paramagnetic phase has curundum
structure with symmetry space group R3c (n° 167). The non-primitive unit cell
is displayed in Fig. 4.1b. Vanadium atoms form a honeycomb structure in the
ab plane with ABC stacking along the c-axis, so that each atom has only one
vanadium nearest neighbor along ¢ forming pairs (V1-Vy in Fig 4.1d), referred
to as dimers. Each vanadium is surrounded by an oxygen octahedron, subject
to weak trigonal distortion. At low temperature the crystal structure becomes
monoclinic (symmetry space group I12/s, n° 15) with an increased length of two
edges of the hexagons (distance V1-V3 in Fig. 4.1d), which results in a 1.4%
increase of the unit cell volume. The structural transition is also characterized
by a tilting of the hexagons with respect to the ab plane, which increases the
dimer V-V, length (see Fig. 4.1e) [195, 194, 193, 64, 239].
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Figure 4.1: a) Phase diagram of V,03 as a function of temperature and Cr/Ti
doping. The effect of pressure, favoring the metallic phase, is similar to that of
Ti-doping. Adapted from Ref. 113. b) Non-primitive hexagonal unit cell of the
high-temperature corundum phase of V,03. The atom positions are taken from
Ref. 239. c) Splitting of the V-3d levels due to the octahedral crystal field and
the trigonal distortion. d) Sketch of the stacked honeycomb planes in the high-
temperature rombohederal phases. The equivalence, in the hexagonal symmetry,
of the V-sites colored in blue and red in the figure implies the degeneracy of ej
orbitals. Adapted from Ref. 238. e) Sketch of the stacked honeycomb planes in
the low-temperature monoclinic phases, where the distortion of the hexagons lifts
the e7 degeneracy. The tilting of the hexagons, associated to the out-of-plane
movement of the vanadium atoms (black arrows), controls the a1, — e} energy
distance. Adapted from Ref. 238.
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Electronic structure. In V,05 there are two electrons in the valence shell
occupying the V-3d levels. As sketched in Figure 4.1c, the V-3d orbitals are
split into a lower ¢9, band and an upper e, band by the octahedral crystal field.
The trigonal distortion further splits the to4 orbitals into an upper a;, singlet
and a lower e} doublet [40]. The former is aligned along the c-axis, while the
latter are mainly oriented in the ab plane. The average occupation of the a4
orbital is ng,, =~ 0.25 (neg ~ 0.75) in the metallic phase, while it decreases to
Ng,, = 0.17 in the insulating phase [214], where the ey degeneracy is lifted and
the system behaves as a half-filled two-band Mott insulator with an effective
charge gap of 0.5 eV (see density of states sketches in Fig. 4.1d and e) [227].
The jump in the a;4 orbital occupation occurring at Ty suggests that Nay,
can be exploited as a control parameter to modify the free energy of the system
(X in Fig. 1.3, as seen in Chapter 1) and induce the phase transition. Orbital
excitation in the visible range, for example, can be exploited to manipulate n,
nonthermally [84].

4.2 Current-induced insulator-metal transition in Mott
materials

V5,03, similarly to many other Mott materials displaying insulator-to-metal
transition, is fragile to the application of an electric field, which can drive the
collapse of the electronic band structure and the sudden release of a large number
of free carriers [189, 267]. At the macroscopic level, this phenomenon manifests in
the resistive switching process, i.e., a sharp increase of the current flow when the
applied voltage exceeds a threshold value [309, 135, 262, 62, 109, 209, 91, 92, 130].

In Mott insulators such as V403, the electric-field induced IMT is a volatile
phenomenon that leads to a transient non-equilibrium metal phase; it is not
accompanied by a full structural and electronic reorganization (contrary to a
non-volatile resistive switching), but just by a local collapse of the Mott gap
along a conducting path [333, 130, 61, 303]. The strong non-linearity of this
process triggered many efforts to develop neuromorphic building blocks for the
hardware implementation of neural networks [197] or for ultrafast volatile and
non-volatile memories or processors [304, 127, 234].

The mechanism underlying the resistive switching is subject of a longstanding
debate. For materials undergoing a temperature-driven IMT (see for example
resistivity vs temperature plot in Figure 4.2a), Joule heating was shown to
play a key role in triggering the transition under the application of a bias
voltage [257, 336, 162, 63]. At the same time, it was also argued that a purely
thermal mechanism is not always sufficient to account for resistive switching,
and electronic non-thermal mechanisms of electric-field-induced IMT were
also reported [100, 262, 263, 294, 67, 135]. Recently, a large effort has been
devoted to achieving operando characterization of micro and nano-devices.
Pioneering microscopy experiments are opening the possibility of imaging the
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Mott switching process at the micro- and nano-scale in real devices. Optical
microscopy, scanning electron microscopy (SEM) and scanning microwave
microscopy (SMM) experiments, performed during the application of the electric
field, allowed capturing the formation of metallic filaments short-circuiting the
device in vanadium oxides VO, [243, 137, 257, 178], V,03 (Figure 4.2) [106, 155],
nickelates SmNiO3 and NdNiOj [174]. The metallic filament is observed to
widen as the current flowing in the device is increased (see optical microscopy
images in Fig. 4.2c) and disappear once the electric field is removed and the
insulating state of the system is recovered. The size of the metallic filaments
depends also on the sample temperature, with filaments being wider as the
critical temperature for the IMT is approached [174]. The lattice structure of the
non-equilibrium state has been investigated in VO, thin films and single crystals
by means of nanoscale X-rays and electron diffraction, which revealed signals of a
structural transition into the rutile high-temperature phase [257, 86, 46]. One of
the key parameters influencing resistive switching and filament formation is the
resistivity drop across the thermally-driven IMT, which was shown to influence
the nucleation dynamics, the filament widening rate and the stochasticity of
the firing process [63, 174]. Intrinsic defects also play a crucial role, pinning
and controlling the formation of conductive filaments [135, 63]. This suggests
the possibility of controlling the resistive switching by artificially creating
defects in the material. By creating permanent defects using focused-ion-beam
irradiation, it was demonstrated that it is possible to change the resistive
switching mechanism from a thermal to a non-thermal field-induced IMT [135],
as well as to localize the filament formation [96].

The state-of-the-art macroscopic models for resistive switching [158] are based
on resistor networks that consider interconnected nodes transforming from the
insulating to metallic state in the presence of an electric field. Above a certain
threshold, a percolative, avalanche transition takes place, thus leading to the
formation of conductive filaments and the consequent sudden drop in resistivity
[262, 264]. The full control and exploitation of this process is currently prevented
by a limited knowledge of the early-stage firing dynamics. Microscopically, still
little is known about the nature of the nanoscale regions that trigger the
avalanche process. Also the relation between the electronic and structural
properties of the switched regions and those of the pristine insulating template
is a matter of debate. The pioneering microscopy experiments mentioned above
captured the real-time formation of macroscopic metallic channels [61, 155, 63,
13, 174], but lacked the resolution and sensitivity to address the microscopic
origin of the switching process.

In this chapter, we combine a X-ray microscopy with nanoscale resolution
(PEEM) with resistive switching. This allows us to investigate the role of the
intrinsic nanotexture of the low temperature phase of V,03 of the electric-field
induced IMT.
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Figure 4.2: a) Resistivity hysteresis of a 20 nm V,0j5 film. b) Typical current-voltage
curve of a V5,03 device, sketched in the inset, where resistive switching occurs
at 0.9 mA upon driving of a current across a 2 ym gap. c¢) Wide-field optical
microscopy photomicrographs of a V,03 device acquired simultaneously to a current
sweep. A narrow metallic filament (dark line) connecting the electrodes appears
above the threshold current for the switching (panel B) and widens for increasing
currents (panels B-C). When the current is decreased, the metallic channel splits
into multiple filaments (panels E-H) until disappearing when the current is removed
and the device returns to an insulating state. Adapted from Ref. 155.
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4.3 Domain nanotexture in V5,03

On the nanometer scale, V,03 exhibits inherent spatial inhomogeneities -
resulting from the first-order character of the Mott transition - whose role
in the formation of metallic channels upon resistive switching remains an open
question.

In the insulator-metal coexistence region, the spatial nanotexture originates
from the nucleation and growth of domains of one phase (formerly metastable),
eventually prevailing over the other phase (formerly stable) [191]. In addition,
due to the symmetry breaking at Trpr that lowers the crystal structure
symmetry, the low temperature insulating phase is itself nanotextured because
of the existence of monoclinic twins [238, 236].

Within a macroscopic description of the structural and electronic transitions
in V503, based on Landau—Ginzburg theory, the C3 symmetry breaking
rhombohedral-to-monoclinic transition can be be described [236] by a vector
order parameter:

? = (631, 623) =€ (COSgbn, Sin(bn) (41)
associated to the shear strain components e3; and ep3 that are linked to the
tilting of the dimers and characterize the monoclinic distortion. Below Ty,
the amplitude of the order parameter, €, becomes non-zero, while the phase can
assume three different values:

b = (20 — 1)% (4.2)

corresponding to the distortion along the three equivalent hexagonal axes of
the rhombohedral phase, indicated in the following by the versors é,, n=1,2,3
(see Fig. 4.3 a and b).

The stabilization of the monoclinic nanotexture is driven by the elastic strain
associated with the lattice distortion and is constrained by Saint-Venant
compatibility condition [236], which ensures the continuity of the medium
during the rombohedral-to-monoclinic deformation via the curl-free condition:

¥V x 2(r) = 0. (4.3)

As shown in the sketch in Fig. 4.3c, the conservation of the parallel component
of ?(r) across an interface between two different domains has two important
implications:

i) the interface between two different monoclinic domains is oriented along
€y of the third domain;

ii) the interface between a monoclinic and a rhombohedral metallic domain
is oriented perpendicularly to €, of the monoclinic domain.

The Saint-Venant condition corresponds to a fixed phase jump d¢=27/3 of
?(r) across any interface between two monoclinic domains. If we consider, for
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Figure 4.3: a) sketch of the hexagonal symmetry of V,03 is the high-temperature
rombohedral structure where the amplitude of the order parameter € is zero. b)
Sketch of the structural deformation from romnohedreic to monoclinic, which can
occur along three equivalent directions that identify the possible directions of Gl
in the low temperature phase. c) Sketch of the three allowed directions for the
boundary between monoclinic domains with different order parameter €. The
curl-free condition of Eq. 4.3 imposes the conservation of parallel component the
order parameter across the interface.

example, a domain with order parameter along é; (blue in Figure 4.8b), its
interface is oriented along €1, i.e. at m/3 angle, when it neighbours an é;5 domain
(yellow), whereas it is oriented along és, i.e. at 27/3 angle, when it neighbours
an é; domain (red). Figure 4.3c summarizes the only three interfaces that are
allowed by Eq. 4.3.

Direct observation of the domain nanotexture of the low temperature monoclinic
phase has been achieved by means of PhotoEmission Electron Microscopy
(PEEM, see Fig. 4.4a). PEEM in a microscopy technique that, through a set
of electrostatic and electromagnetic lenses, images the spatial distribution of
secondary electrons that are photo-emitted upon absorption of X-ray radiation,
usually tuned to a strong absorption edge of the material [205]. X-ray magnetic
dichroism is often exploited to produce contrast images, obtained by acquiring
PEEM images with two different polarizations (linear vertical/horizontal or
circular right/left) and by then taking their difference, normalized to the sum of
the two images [205]. This is usually employed, for example, to study magnetic
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Figure 4.4: a) PEEM experimental setup. X-ray radiation, with tunable energy
resonant with the vanadium L 3 edge, impinges on the sample surface and the
emitted electrons are collected and imaged through electrostatic and magnetic
lenses. b) X-ray absorption spectra at the vanadium L-edge with the electric vector
perpendicular to the sample surface normal (linear vertical polarization, LV, red
curve) and at 16° to A (linear horizontal polarization, LH, blue curve). PEEM
imaging was performed by exploiting the X-ray linear dichroism (XLD) at photon
energy of 520.6 eV, indicated by the dashed line. c¢) PEEM images of V,03 at
T > Tryr (left panel) and at T < Ty (left panel), revealing the nanotexture of
the low-temperature phase. Adapted from Ref. 238.

surfaces and image ferromagnetic or anti-ferromagnetic domains with a spatial
resolution down to 15 nm [205].

In the case of V503, the Ly 3 (2p — 3d) vanadium edge (513-530 eV, see Fig.
4.4b) displays X-ray Linear Dichroism (XLD) that can be exploited to image the
domain nanotexture of the monoclinic phase [214, 238, 236]. Fig. 4.4c shows
XLD-PEEM images of a V5,05 sample with c-axis perpendicular to the sample
surface, recorded with the light electric field vector, 5, perpendicular and 16°
to the surface normal at 520.6 eV photon energy. Because of the directionality
of the V-3d orbitals that changes among the three equivalent monoclinic twins,
the XLD signal depends on the direction along which the monoclinic distortion
takes place compared to the X-ray linear polarization direction, that is on
the angle between the in-plane component of £ and the position dependent
order parameter, € (r) [236] (see Fig. 4.3b and 4.4a). Therefore, XLD-PEEM
of low-temperature V5,03 provides a map - with ~30 nm spatial resolution -
of the three different monoclinic domains. As shown in Figure 4.4c, the low
temperature nanotextured phase appears as a patchwork of the three equivalent
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monoclinic twins oriented along the three hexagonal axes of the high-temperature
rhombohedral phase, in agreement with the domain boundary constraints of
Figure 4.3c. When the temperature is increased, metallic domains nucleate at
the interfaces between monoclinic twins until the percolative phase transition
takes place and leads to the homogeneous rhombohedral phase (Fig. 4.4c, right
panel) [238].

4.4  Combined PEEM-resistive switching experiment

In order to investigate the role of the domain nanotexture on the IMT induced
by a static electric field, we here combine resistive swtiching with PEEM
microscopy. Resistive switching is induced by applying an electric field across a
patterned micro-gap at temperatures close to Tt [106, 61, 63]. The resistive
switching device investigated here is formed by a 20 nm V,05 film coated with
gold electrodes. V503 is grown by oxygen-assisted Molecular Beam Epitaxy
on a (0001)-Al,05 substrate with a 40 nm CryO3 buffer layer to reduce any
interfacial residual strain [68]. The resulting V,03 film has the c-axis oriented
parallel to the surface normal, with Ty = 145 K (the resistivity-temperature
hysteresis curve for the sample under investigation is plotted in Figure 4.2a).
Two gold electrodes allow the application of an electric bias across the gap of
width w = 2 pm and length [ = 30 pm. The gap region between the electrodes
is imaged using PEEM.

Figure 4.5a shows an XLD-PEEM image obtained in the monoclinic insulating
phase at T' = 120 K. The V5,05 nanotexture exhibits features typical of the
monoclinic insulating phase [238, 236]. Monoclinic domains with different
¢, give rise to different XLD contrast, which can be identified as different
color intensities within the XLD-PEEM image. The minimization of the total
strain leads to the formation of stripe-like domains, with symmetry-constrained
directions [236], as discussed in Sec. 4.3. Each monoclinic insulating domain
extends over a few micrometers, thus connecting the two electrodes, and it is
characterized by a width wgom ~200 nm.

The XLD-PEEM imaging is then repeated while driving a current, I, through
the device and measuring the voltage drop, V', across the gold contacts. Figures
4.5b-j show the XLD-PEEM images acquired at increasing values of I, following
the upward branch of the hysteresis cycle. The presence of an in-plane electric
field across the electrodes introduces a weak image blurring that becomes
significant for V' > 6-8 V. Despite this, the nanodomains are well resolved
during the resistive switching process, which first manifests itself at the voltage
drop observed between 0.8 mA and 1.1 mA (Fig. 4.5¢ and d respectively). As
the current is further increased, the melting of the monoclinic nanotexture
in the region delimited by white dashed lines (Fig. 4.5e-j) progresses with a
widening channel with a homogenous intensity. The XLD contrast measured
in the region between the white dashed lines corresponds to the signal of the
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Figure 4.5: XLD-PEEM images before (a) and during (b-j) the application of an
electric current at T = 120 K. The homogeneous regions at the top and bottom
of each image are the gold electrodes. The area in between is the exposed V,03
antiferromagnetic monoclinic phase, exhibiting a striped domain nanotexture. For
currents larger than 1.5 mA, the striped domains disappear in the region delimited
by the white dashed lines, demonstrating the appearance of a rhombohedral metallic
filament, which widens as the current is increased.
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high-temperature rhombohedral phase. This is also confirmed from the angle
dependence of the XLD signal [236]. As shown in Fig. 4.6, images collected
with two different X-rays polarization angles, with respect to the in-plane V,04
axes, show no intensity variation upon sample rotation in the metallic channel,
as opposed to the monoclinic domains on the sides of the image, where the
XLD signal depends on the angle between the light polarization and ?(r) The
constant XLD contrast region in the middle of the gap therefore appears due to
the formation of a metallic channel with rhombohedral lattice structure (e=0).
XLD-PEEM images obtained under the same conditions, but with a larger field
of view in order to capture the whole gap of the device are displayed in Fig.
4.7, which reports an independent set of PEEM measurements compared to
the data shown in Fig. 4.5, performed after thermal cycling to 250 K. The
metallic channel consistently forms in the same location within the gap with no
additional metallic paths observed. Furthermore, when the applied current is
removed, the metallic channel disappears and the monoclinic domains reappear
with the same pre-switching configuration, indicating a volatile process.
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Figure 4.6: a, b) XLD-PEEM images collected for two orthogonal directions of
the X-ray polarization with respect to the crystalline axes of the V,03 film. Upon
rotation of the sample by 90° about the 7, the XLD signal is unchanged in the
untextured metallic region in the middle of the image while the contrast reverses
sign in the insulating region. c) Line profile of the XLD-PEEM images in a) and b).
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Figure 4.7: a) I — V curve obtained from a current sweep from 0 to 10 mA (red
lines) and back from 10 to 0 mA (blue lines). The colored numbers in the plot
indicate the point in the I — V' curve where XLD-PEEM imaging is performed
while keeping constant the current I running through the device. b) XLD-PEEM
images collected on the device gap while an electric current is applied. The 25 pm
field of view employed here allows to image the full device length. The corundum
filament formed after resistive switching is detected for currents I > 1.5 mA and is
highlighted by black dashed lines. When the current is decreased, the corundum
filament disappears at I = 0.375 mA (panel 8), i.e. just outside of the hysteretic
region of the I — V curve.
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4.5 Role of domain topology on resistive switching

We note that the location where the metallic channel forms corresponds to
an area characterized by a peculiar topology of the lattice nanotexture where
the monoclinic domains form a V-shape. In fact, the formation of the metallic
channel is pinned at the crossing point of domains of same ¢,, with directions that
differ by 7/3. Fig. 4.8a shows a detail of the switching region, using a colorscale
that highlights the three different domains with a monoclinic distortion along
€1 (red, ¢p1=m/3), €5 (blue, ¢po=m) and é; (yellow, ¢3=57/3). The V-shaped
arrangement is realized by two é; domains with boundaries oriented along é;
and é3 and intersect forming a 7/3 angle.

We note that the curl-free condition (Eq. 4.3), that is satisfied throughout the
nanotextured domain structure, is actually violated at the V-shaped vertex
structure. If we consider a circuit I'; (see Fig. 4.8b) across the boundary between
two striped domains, the total phase shift is given by d¢ = +27/3 — 27/3 =0
thus adhering to the curl-free condition in Eq. 4.3. In contrast, the topology
of the V-shaped structure is such that, if we move around the internal apex
(T'2), the total phase-shift is constrained to 0¢ = +27/3 + 27/3 = 47 /3, thus
breaking the curl-free condition. The consequence is that the vertex of the
V-shaped domains acts as a topological defect. These topological defects are
inherently characterized by the strong frustration of the local value of the
order parameter ?(r) and fluctuations on spatial and temporal scales that
cannot be captured by the present experiment. We further note that the
formation of the topological defect is a direct and unavoidable consequence
of the quasi-1D confined geometry of the system. Whereas the component
of the order parameter parallel to the electrodes (e, see Fig. 4.8b) can be
compensated outside the gap, the perpendicular component (e, ) has to be
minimized to avoid the accumulation of excessive strain energy within the gap
region. Thus, considering the directions of ?(r) at the boundaries between
different monoclinic domains (see Fig. 4.8b), the formation of V-shaped domains
is a unique configuration that fulfils the requirement e =0.

The suppression of the symmetry-breaking order parameter, ?(r)7 at topological
defects has far-reaching implications related to the nature of the resistive
switching process. The electronic IMT can be described by a scalar order
parameter 7(r) (related to the V-V dimer length) [236], which depends on the
position r and is such that n = —1 in the metallic state and n = +1 in the
insulating state. The coupling between the electronic and structural transitions
can be described by the energy functional [236]:

Fle o [ar {(7@) - 1)° = g(E() - V) nw}, (@)

where g is the coupling between the electronic order parameter and the strain
and €;(V) is a threshold parameter that controls the first-order IMT and can
depend on the applied voltage V. When €2(r) > €7(V), the insulating phase with
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Figure 4.8: a) Detail of the XLD-PEEM image shown in Fig. 4.5 in the region
where the metallic filament is formed upon the application of a current above
the threshold Iy,. b) Schematic of the monoclinic domains crossing at 60° and
forming a topological defect. Blue, red and yellow areas identify the three possible
monoclinic domains corresponding to the three equivalent order parameter directions
€,. The order parameter at the boundaries between different domains is oriented
along é; + & (27/3) for the red-blue interface and along é; + é3 (4m/3) for the
blue-yellow interface. The mixed red-yellow triangular region indicates the local
suppression of the strain at the topological defect. The energy functionals shown
on the left and right, illustrate how a topological defect (green plot, solid line)
decreases the insulator-metal energy difference, A.

7 = +1 is locally favoured, whereas for strain smaller than the threshold value,
ie. €2(r) < €2(V), the metallic solution is stabilized. €Z(V) thus represents
the threshold above which the insulating monoclinic state (n = 41, ¢ # 0)
becomes stable. The description of the electric-field induced transition is based
on the observation [189] that the electric field directly couples to the electronic
bandstructure of a Mott insulator, making the metallic phase more stable. The
transition can thus be described assuming that €?(V') increases with increasing
V. The energy difference between the insulating and metallic phase can be
expressed as A(r,V) = F[—1] — F[+1] ~ g [é*(r) — ¢}(V)]. If we start from
the insulating phase with €2(r) > €7(V = 0), the IMT takes place when V is
increased up to the point that A(r,V)=0. A topological defect, which locally
suppresses €2(r), thus acts as a seed with a lower threshold compared to the
rest of the system.
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4.6 Resistive switching mechanism and metallic filament
expansion

Intriguingly, we also note from Eq. 4.4 that the IMT can take place at a
non-zero value of €2(r), which allows the formation of a non-thermal metallic
state (7 = —1) with a finite monoclinic distortion (e?(r) < €2(V)), as already
observed in non-equilibrium optical experiments [236, 237]. The nature of the
early-stage switching process can be inferred by a direct comparison between
the electrical state of the device and the melting of the monoclinic domains.
The I — V curve of the device, as measured in-situ during the PEEM imaging,
is plotted in Fig. 4.9a. XLD-PEEM images were recorded at specific values
of I. The I —V plot shows that the first resistive switching event occurs at
the threshold current I;;, = 1.05 mA. In Figure 4.9b we report a linecut of
the XLD-PEEM image acquired at specific values of I; the image profile is
taken along a line crossing the monoclinic domains in the middle of the device
gap (see white solid line in Fig. 4.9, top panel). For large currents running
through the device, the line profile in Fig. 4.9b displays a flat region, which
indicates the melting of the monoclinic nanodomains due to the formation of
the rhombohedral metallic channel. As highlighted by the grey area in Fig.
4.9b, the width d of the metallic filament increases with the current, from
d=023+£005mmat I =1.5mA tod=3.7£0.2 pm at I = 10 mA.

Modelling the device as a circuit with two parallel resistors allows an estimation
of d of the rhombohedral filament corresponding to the observed voltage drop
(Fig. 4.10a). The metallic channel is described as a wire with resistance
Ry = pyw/dt, where pyy is the V,Os3 resistivity of the high-temperature
phase, w is the separation between the two electrodes, d is the width of the
metallic filament formed after resistive switching and ¢ is the vanadium oxide
film thickness. The region of the device gap that remains in the monoclinic
phase is assumed to have resistivity p; = R;(l — d)t/w, with R; resistance
measured from a two-point measurement at T = 120 K. The metallic filament
width is estimated considering the instantaneous equivalent resistance R.q -
obtained from the I —V curve in Fig. 4.9a and taking into account the estimated
contact resistance of 200 2 - and pp; = 0.001 Q cm, which is the value for the
high-temperature resistivity of V5,03 thin films (see Fig. 4.2a). The values
obtained from the two resistors model are plotted in Figure 4.10a (green solid
line) as a function of current I. The shaded area represents the range of the
values estimated for d when pys, t and [ are varied by 10% to account for
experimental uncertainty. For I > I, this simple model accounts for the
filament width measured experimentally (red markers in Fig. 4.10a). In the
proximity of the resistive switching, however, there is worse agreement between
the values of d estimated from the model and the experimentally determined
values. In particular, as highlighted in the plot in the inset, at I;; the two
resistors model predicts the formation of a 200 + 50 nm wide filament, which,
despite being well above the experimental resolution of XLD-PEEM imaging, is
not detected experimentally. Figure 4.10c-e display a detail of the XLD-PEEM
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Figure 4.9: a) I — V curve measured during the XLD-PEEM imaging. The sudden
drop in the voltage measured at I;,=1.05 mA indicates the first resistive switch. b)
Line profiles of the XLD-PEEM images in Fig. 4.5. The grey shaded area indicates
the progressive widening of the metallic rhombohedral filament. The direction of
the line profiles is shown by the white dashed line in the XLD-PEEM image on top,
where we report a detail of Fig. 4.5j.

images in the region of the filament formation. In the first image acquired at
I > I, (Fig. 4.10 d), namely at I = 1.1 mA which corresponds to the point in
the I — V curve at the base of the voltage drop, the nanodomains arrangement
appears unchanged as compared to the configuration observed before switching
(Fig. 4.10c). This is better highlighted from the comparison of the XLD-PEEM
line profiles reported in fig. 4.10b. The XLD signal modulations obtained at
I = 0.4 mA and I = 1.1 mA overlap very well, as opposed to the curves for
I >1.5 mA that deviate from the before-switching ones in the 3.5 nm region
where the metallic filament is formed.

To explain the discrepancy at I;,, one might suspect that a rhombohedral
metallic filament forms below the surface of the V4,05 film, where it is not
detected by PEEM which has a surface sensitivity limited to the first few
nanometers. In fact, two arguments act against this possibility. i) The presence
of the Cry045 buffer layer reduces the substrate-film lattice mismatch from
4.2% to 0.1%, thus almost entirely removing the residual epitaxial strain in
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Figure 4.10: Details of the filament formation across the resistive switching threshold
current, Iy, c) Width, d, of the metallic filament as a function of current. The
blue/red markers represent the values of d obtained from the XLD-PEEM images
below/above I;,. The green solid line shows an estimate of d, derived from a
parallel resistors model predicting a sudden jump of d to 200 ym at I;,. The inset
represents a zoom-in of the area highlighted by the black dashed rectangle. b) Line
profiles of the XLD-PEEM images where the metallic filament forming at position
~3.5 pm is detected by the flattening of XLD contrast. No variation is observed
right after resistive switching, but only starting from I = 1.5 mA. c-e) XLD-PEEM
images collected with applied currents lower (c) and higher (d-e) than 1.05 mA
where resistive switching happens. No 200 nm wide metallic filament is observed
immediately after the voltage drop (d).
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the film [68], which is known to suppress the monoclinic phase and favour
interfacial metallicity [68, 222]. In contrast to highly-strained films, in which
the metal to insulator resistivity jump is strongly suppressed [222], the films in
the present study display the 5-order of magnitude resistivity change typical
of the unstrained metal-to-insulator transition. ii) The curl-free conditions
force the interface between monoclinic and rhombohedral metallic regions to
be oriented perpendicularly to the order parameter of the monoclinic domain.
The formation of a sub-surface metallic layer would lead to a sharp (< 20 nm)
monoclinic-rhombohedral interface parallel to ?, thus leading to a dramatic
increase of the strain energy of the system.

Our results are compatible with a complex scenario in which the topology-driven
resistive switching likely occurs via the sudden transformation of a single 200 nm
wide insulating monoclinic area into a metallic channel with a non-thermal
monoclinic lattice structure. At a second stage, the Joule heating leads to a local
temperature increase and, consequently, to the thermally driven monoclinic-
to-rhombohedral structural transition and the formation of a rhombohedral
metallic channel perpendicular to both the metallic electrodes and the €5 order
parameter direction, as observed in Fig. 4.5.

4.7 Conclusions

The X-ray-based nanoimaging of a Mott device under operating conditions
allowed us to simultaneously capture the formation of nanoscale conductive
paths and the topology of the underlying symmetry-broken nanotexture. The
present results expand our knowledge of the resistive switching process in Mott
materials by demonstrating the leading role of inherent topological defects in
initiating the avalanche process. The methodologies used in this work imply that
nanoscale strain engineering approaches could unlock a gate to manipulating
topological defects and controlling the electronic switching dynamics in real
devices, such as Mott-transition-based RRAM [245, 302], Mott memristor
[221, 320, 151] and artificial neurons [277, 330]. Fine tuning of crystal growth
by adjustment of the substrate parameters [119, 124], manipulation of the
geometry and orientation of metallic over-layers and use of nano-patterning
approaches [196] represent possible viable routes to introduce topological defects
in a controlled way via strain manipulation. The concept of topology-driven
resistive switching will be key to assessing the possible non-thermal nature of
the early stage electronic phase [236] as well as the microscopic origin of memory
and non-volatile effects recently observed in Mott devices [62]. We note that the
relation between topological defects and electronic phase transitions established
here is a general concept, potentially extendable to other systems that undergo
first-order phase transitions accompanied by a symmetry breaking, as described
by the energy functional in Eq. 4.4. Relevant examples embrace transition-metal
oxides [128, 281], such as vanadates, nickelates and manganites, and layered
materials, such as 17-TaSs [296, 118, 160, 94], in which the IMT is accompanied
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by charge-, lattice- and orbital-ordered states with reduced symmetry. Further
platforms include cuprate superconductors [138] and kagome metals [10] in
which light- or magnetic-induced discontinuous electronic transitions coexist
with charge-order. Topological defects in the order parameter therefore provide
a framework for understanding non-equilibrium electronic phase transitions,
allowing all-optical control of hidden states of matter in a broad class of quantum
materials [261, 328, 94, 300, 47, 297] .
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CHAPTER D

CsPbBr; artificial solids as a new platform to simulate
collective phenomena in doped Mott insulators

This chapter has been adapted from the publication:

Halide Perovskite Artificial Solids as a New Platform to
Simulate Collective Phenomena in Doped Mott Insulators,
A. Milloch, U. Filippi, P. Franceschini, M. Galvani, S. Mor, S. Pagliara,
G. Ferrini, F. Banfi, M. Capone, D. Baranov, L. Manna, and C. Giannetti,
Nano Letters, 2023, 23, 10617 - 10624, doi: 10.1021/acs.nanolett.3c03715

The development of quantum simulators, artificial platforms where the
predictions of many-body theories of strongly correlated materials materials
can be tested in a controllable and tunable way, is one of the main challenges
of condensed matter physics. The paradigm of quantum simulations [6, 52] has
been pioneered by the development of ultracold-atom systems [21, 20, 50, 87]
and extended to solid state via nano- and hetero-structured [6, 17, 30, 153]
devices and, more recently, twisted bidimensional materials [33, 34, 38, 140].
An additional promising path consists in coupling a quantum material with the
photons of a cavity [299, 114], which opens the possibility to optically drive
and control the emergence of collective phenomena and long-range coherence.
Intense efforts are currently dedicated to the development of photonics-based
platforms aimed at replicating the many-body physics of quantum correlated
materials. External optical control of the microscopic parameters entering the

95
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relevant Hamiltonian, such as doping, hopping, and interaction strength, is key
to tackle open problems relevant for solid state physics.

In this chapter we introduce macroscopic lattices constituted by lead halide
perovskite nanocubes as a possible new photonics-based platform where to
simulate the physics of strongly correlated systems. We first discuss the
two phenomena suggesting lead halide perovskite nanocube superlattices as
a potential quantum simulator, namely superradiance and the excitonic Mott
transition, and introduce the theoretical framework that can be exploited to
map the physics of strongly correlated materials onto the excitonic dynamics in
halide perovskites. We then present broadband pump-probe measurements that
demonstrate the suitability of lead halide perovskite artificial lattices as a novel
photonics-based platform for quantum simulation. We show the possibility of
spanning different quantum phases - namely, the excitonic Mott insulating phase,
the superradiant collective state, and the metallic electron-hole liquid phase -
on the same artificial solid system by continuously tuning the light excitation
intensity. The results indicate the suitability of this system for mapping the
physics of strongly correlated materials, specifically of Mott insulators where
cooperative effects such as superconductivity and charge ordering processes are
observed for temperature and doping regimes close to the IMT.

5.1 Halide perovskite nanocube superlattices for quantum
simulation

Lead halide perovskites (chemical structure APbXs) are semiconducting
materials that are attracting considerable attention thanks to their many
appealing electronic properties - such as strong excitonic resonances, tunable
band gap, strong absorption and emission features in the visible range, high
photoluminescence quantum yield - that make them promising materials for
optoelectronic applications [90, 104, 115]. In these compounds, the anion X
can be CI, Br~ or I, whereas the cation A can be either inorganic (e.g. Cs™)
or organic (methylammonium CH3;NH;", MA, or HC(NH,)5" formamidinium,
FA). Tunability of the optical properties can be achieved not only by chemical
composition, but also by quantum confinement that is possible through the
synthesis of nanometric cubes (NCs) with edge size L comparable to the exciton
Bohr radius [250, 65, 225]. The synthesis of halide perovskite nanocubes [250]
has recently encountered significant advance that have enabled unprecedented
control of the emission properties [117, 136, 229], making lead halide perovskites
ideal materials for a wide variety of applications ranging from optoelectronics
to photovoltaics [265, 229]. These quantum dots can further self-organize into
highly ordered three-dimensional superlattices (see sketch in Fig. 5.1a), thus
creating large-scale artificial solids - with the nanocube acting as the fundamental
unit cell - whose properties, such as superlattice parameter A, hopping, exciton
energies and symmetry of the unit cell, can be tuned by chemical means [27, 49].
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Figure 5.1: Cartoon describing how perovskite quantum dot artificial solids can
be harnessed to simulate cooperative phases in the vicinity of the Mott insulator-
to-metal transition. a) Cooperative effects - such as superradiance - emerge from
long-range interactions H;,; when coupled via an external light field. b) Local
interactions Hjo. govern the photo-induced transition from an exciton gas and an
electron-hole liquid in a semiconductor, realizing a Mott transition that can be fully
mapped onto a repulsive Hubbard model in a magnetic field h.

Each individual nanocube can host quantum confined excitons [225, 248], whose
density can be controlled by tuning the light excitation.

The use of this platform to simulate the many-body problems that characterize
quantum correlated materials, such as transition metal oxides, is based on
the possibility of simultaneously controlling short-range correlations, which
determine the Mott insulating ground state, and long-range interactions, which
are responsible for the emergence of collective phases such as superconductivity
or charge-density waves. To this purpose, we introduce the total Hamiltonian:

Ifltot = ﬁloc + ﬁint (51)

where H. 1oc describes the local interactions within each single nanocube and is
defined on the perovskite cubic lattice with periodicity a, whereas H;,; describes
the inter-unit cell interactions and is defined on the superlattice with periodicity
A > a.

In the following sections (Sec. 5.1.1 and 5.1.2), we discuss how the local
excitonic physics within each nanocube, captured by Hj,., allows to artificially
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implement the Hubbard model, while the long-range interactions among excitons
in different nanocubes, described by ﬁmt, drive the emergence of collective
phase-coherent states. So far, the emergence of long-range orders from incoherent
fluctuations controlled by fImt and the Mott transition described by a loc have
been addressed separately in different materials. The lack of a single platform
combining the two physics has been the main obstacle for the development of
artificial simulators for real materials. By simultaneously realizing Ffint and E[loc;
halide perovskite superlattices fill this gap, therefore offering a new, low-cost
and high-temperature alternative to state-of-the-art quantum simulators based

on cold-atoms trapped into optical lattices [132, 105, 108, 11, 78, 77, 256, 184].

A

5.1.1 Long-range interactions: H;,,

The first element to realize Hyop is given by the transverse electromagnetic field

that drives the long-range interaction among excitons in different quantum dots,

which can be expressed by [190, 187]:

Hipt o (a+a") Y gxc, e, dicyo + i, dic, o] (5.2)
K\

where gk, is the dipole transition element; K, is a wavevector in the first
Brillouin zone of the superlattice with periodicity A; d}(w and d}(AC (drpv and
dK,.) are the creation (annihilation) operators for an electron with momentum
K, in the valence and conduction band, respectively. The terms a and af
denote the bosonic creation and annihilation operators for the photon field.
The H;p; term is responsible for a rich family of collective phenomena, broadly
indicated as superradiant [56]. As sketched in the cartoon in Figure 5.1a,
superradiance occurs when the electromagnetic-field-driven interaction leads
to the phase-coherence of N quantum emitters. A typical manifestation is the
collective emission of radiation (superfluorescence), which is both enhanced
and faster than the emission from individual nanocubes, with the radiative
rate scaling as N? for large N [56, 66]. Groundbreaking photoluminescence
(PL) experiments recently reported evidence of superfluorescence effects in
halide perovskites [232, 81, 216, 148, 49, 332, 18]. Figure 5.2 reports the main
manifestations of this collective phenomenon:

(i) the superlinear dependence of the emission amplitude with respect to the
intensity of the exciting external field (see Fig. 5.2a) [232, 81, 148, 49];

(ii) the emergence of a narrow red-shifted peak in the PL spectrum (see Fig.
5.2b), which is assigned to the cooperative emission from a sub-population
of nanocubes within a single superlattice [232, 81, 148, 49, 216].

These cooperative effects are suppressed at high temperature in nanocube
superlattices due to thermal noise that undermines quantum coherence [187,
216].
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Figure 5.2: First experimental evidences of superfluoresces in lead halide perosvkite
superlattices reported in Ref. 232. a) Superlinear behavior of the excitation-
intensity-dependent PL emission assigned to superfluorescence in CsPbBr; nanocube
superlattices. b) Photoluminescence spectrum of a CsPbBr3; nanocube assemblies
measured at 6 K. The high energy peak observed in both glassy nanocube films
(green area) and superlattices (blue area) is assigned to the emission from uncoupled
nanocubes. Nanocube supelattices display also an additional narrow and red-shifted
peak (red area) originating from the cooperative emission. Adapted from Ref. 232.

A

The emergence of collective states driven by H;,; mimics the onset of long-range
phases, such as superconductivity and charge-density waves, that ubiquitously
pervade the phase diagram of doped Mott insulators [128, 138, 281, 139],
therefore representing a key element for the employment of lead halide perivskite
superlattices as quantum simulators.
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5.1.2 Short-range interactions: ﬁIlOC

The second element necessary to reproduce the physics of correlated materials
is described by ﬁloc. It is well known that short-range electronic interactions
can give rise to a transition from an exciton gas (EG) to a liquid of weakly
interacting electrons and holes (EHL), achieved when a very large number of
excitons is photo-injected in bulk and low-dimensional semiconductors [213, 48,
16, 247, 323].

This transition is believed to almost perfectly realize the insulator-to-metal Mott
transition, i.e. a transition driven by the weakening of the electronic interactions
without any symmetry breaking. It has been demonstrated [29, 107] that the
Hamiltonian describing the EG—EHL transition in photoexcited semiconductors
has a one-to-one correspondence with the repulsive Hubbard model (ﬁU) in
a magnetic field, in which the electron spins play the role of the electron-hole
excitations. This mapping can be directly argued starting from the Hamiltonian
describing an ensemble of symmetric spinless holes (created by hJ{() and electrons
(created by eL) at momentum k, with energy €, and subject to a short-range
electron-hole Coulomb attraction —U:

Hyo = Z ek(thk + eltek) - U Z NeiMhi — uZ(nei + npi) (5.3)
k i i

where the short-range Coulomb attraction -U is considered as momentum
independent, n.(p); represents the density of electrons(holes) at site 4 and p is
the chemical potential, which fixes the number of excited electron-hole pairs
Neh=(Nei)=(Nhi)-

By applying the transformations e; = ¢;; and h; — (—1)’6%, the Hamiltonian
in Eq. 5.3 can be mapped into the Hamiltonian [107]:

ﬁloc = ﬁU - hZ(an — nu) (5.4)

where Hys is a repulsive Hubbard model:
I:IU = —t Z (CIUCJ‘U + C;a.cio') + Uannil (55)
(ij)o i

t being the hopping parameter, n;, is the occupation number at site ¢ of electrons
with spin 1 and |; c;rg and c¢;, are creation and annihilation operators for an
electron of spin o at site 4. In this case, n.p, is mapped into the number of flipped
spins with respect to the ferromagnetic background, i.e. nen=y_,(n;;)/N (N
being the total number of particles). The exciton density is therefore controlled
by the Lagrange multiplier &, which acts as an auxiliary magnetic field inducing
the effective magnetization m=1-2n,. As sketched in Fig. 5.1b, for large h, the
auxiliary repulsive model is fully polarized (m=1), which corresponds to the
absence of excitons in the original model (Eq. 5.3). The sudden reduction of h,
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Figure 5.3: a) Density of states for the Hamiltonian Hjoe with U/2t = 2.2. For
nen = 0.01 the system is in an insulating state (EG), wheres at n., = 0.08 the
appearance of a quasiparticle peak at the chemical potential indicates the transition
to a metallic behavior (EHL). In the corresponding photoexcited semiconductor
problem, the LHB corresponds to the exciton and the UHB to the conduction
band, which are separated by the exciton binding energy E,.,. b) Phase diagram of
flloc as a function of of n., and E.,, or, equivalently, of magnetization m and U.
The system is in the exciton gas phase (EG) in region VI (blue area) and in the
electron-hole-liquid phase (EHL) in region IV (red area). The white and gray areas
represent intermediate phases characterized by EG-EHL phase separation. Adapted

from Ref. 107.
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which injects a finite numbers of spin excitations (m <1), mimics the sudden
photoinjection of excitons (nen >0).

Figure 5.3a shows the density of states for a systems described by Eq. 5.4, or
equivalently by Eq. 5.3, for U/2t=2.2 and two different values of ney,. For low
exciton densities (bottom panel), two Hubbard bands are visible, corresponding
to the exciton state (lower Hubbard band, LHB, in the language of the Hubbard
model) and to the electron conduction band (upper Hubbard band, UHB). As
nen is increased, a metallic phase, characterized by a quasiparticle peak emerging
at the chemical potential (top panel), is established. The phase diagram is
shown in Fig. 5.3b as a function of n, and the exciton binding energy FE.,,
corresponding to, respectively, the magnetization m and the interaction U in
the Hubbard description. It includes exciton gas phase (at low ne, and large U,
blue area), electron-hole-liquid phase (red area) and EHL-EG phase separation
regions (gray and white areas). It also shows that the region of the phase diagram
in which U is of the order of the bandwidth 4¢ is characterized by the boundary
between Mott insulating and metallic phases, therefore representing the most
relevant region of the phase diagram for real transition metal oxides. In the
effective description of Eq. 5.4, the Hubbard Hamiltonian Hy is in fact identical
to that capturing the insulator-to-metal Mott transition in transition metal
oxides [95, 128] and the insulating ground state of cuprate parent compounds
[159].

5.2 Time-resolved optical spectroscopy of CsPbBr; nanocube
superlattices

The physics generated by the Hamiltonian H,.; introduced in the previous
section is here investigated by broadband transient reflectivity measurements
(1D pump-probe spectroscopy). We performed experiments on artificial lattices
constituted by CsPbBrs nanocubes with edge size L = 8 nm (Bohr exciton
diameter ~7 nm [225]), arranged in cubic superlattices of periodicity A = L +
I = 11 nm, where [ is the thickness of the ligand layer in between two neighboring
NCs. The size of each superlattice is of the order of a few micrometers (1-10
nm). Ultrashort light pulses are used to impulsively inject optical excitons,
whose density is controlled by the light intensity. The broadband probe (2.1-
2.5 eV photon energy) measures the femto/picosecond time evolution of the
optical properties following the impulsive excitation. In particular, we employ
a resonant pumping scheme in which the pump photon energy (~2.41 V) is
tuned to the exciton energy, thus limiting the direct generation of free carriers
in the conduction band. The details of the setup employed for the present
experiment are reported in Section 2.5.1 (SetUp2).

Figures 5.4a and b display the typical data collected from pump-probe
experiments on two types of CsPbBrs samples: disordered NCs and NC
superlattices (SLs), respectively. Samples preparation and characterization
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Figure 5.4: Ultrafast transient reflectivity of CsPbBr; disordered NCs sample (left
panels) and NC superlattice sample (right panels), measured at 17 K, 230 pJ/cm?
excitation fluence and pump photon energy resonant with the excitonic line, i.e.
Epump = 2.41 V. The bottom a) and b) panels report the two-dimensional pump-
probe maps displaying the AR/ R signal (see color scale on the right) as a function
of the delay (At) and probe photon energy. The top a) and b) panels report the
AR/R signal (blue dots) as a function of the probe photon energy at fixed delay
time, At=>5 ps (horizontal dashed line in the color maps). The orange solid lines
represent the differential fit to the data. c) and d): optical conductivity (o) at
equilibrium (dashed lines) and out of equilibrium at At=5 ps (solid lines) obtained
from experimental absorbance and fit of AR/R spectra. The colors represent the
different contributions to the total optical conductivity: i) main excitonic line (blue);
ii) across gap optical transitions (red) and the photo-induced peak emerging at low
temperature in ordered NC superlattices (green).
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are presented in Appendix B.1. The samples are cooled down to 17 K and are
excited by 230 pJ/cm? fluence pulses. The bottom panels show the reflectivity
variation AR/R induced by the pump pulse, as a function of pump-probe time
delay (At) and probe photon energy. The top panels report a horizontal cut of
the data, representing the spectrally resolved reflectivity variation of the system
5 ps after the pump excitation. For the disordered sample (see Fig. 5.4a), the
signal is characterized by a positive reflectivity variation of the order of 5%
centered at 2.41 eV. The same experiment performed on NC superlattices (see
Fig. 5.4b) displays a larger signal amplitude, with a similar spectral response
around 2.41 eV and, additionally, a more structured spectral response extending
down to ~2.20 eV probe energy.

The origin of these structures in the AR/R signal is assessed by performing
a differential fit, which consists in modifying the parameters of the model
describing the equilibrium optical properties that are responsible for the observed
reflectivity variation. The starting point is the equilibrium optical conductivity
that is obtained from a Kramers-Kronig constrained model matching the
experimental absorbance of the samples and the temperature dependent trends
reported in literature (see model of the equilibrium optical properties in Sec.
C.1, Appendix C). In the 2-2.5 €V energy range, the model is dominated by the
conduction band edge absorption (red dashed line in Fig. 5.4c) and the exciton
peak (blue dashed line), modelled through a Drude-Lorentz oscillator. The
outcome of the differential fitting procedure is depicted in Figures 5.4c and d,
where the solid lines represent the out of equilibrium components of the optical
conductivity o necessary to fit the experimental AR/ R signal (see orange solid
lines in the top panels of Fig. 5.4a,b). In order not to weigh down the text,
the fitting procedure is detailed in Appendix C, where all output parameters
are reported and the robustness of the fitting procedure is discussed; here we
summarize its output and analyze the results.

In order to reproduce the measured spectral response of CsPbBrj, for both
samples it is necessary to assume:

(i) a decrease of the excitonic spectral weight and a concomitant blueshift of
the exciton energy;

(ii) an increase of in-gap free-electron states accounted for by a red-shift of
the semiconducting band gap.

In addition to the (i) and (ii) contributions observed in both samples, the low-
energy feature observed in the 2.2-2.4 eV energy range solely for NC superlattices
(see Fig. 5.4b) requires an additional narrow structure (iii) that we model
through a new oscillator (green line in Fig. 5.4d) appearing in the out of
equilibrium optical conductivity.

In the next sections we will discuss separately the different contributions to
the out-of-equilibrium reflectivity. Specifically, in Sec. 5.3 we will show that
the new spectral feature (iii) scales superlinearly with the excitation intensity,



Hint AND COOPERATIVE SUPERRADIANT EFFECTS 105

and disappears at ~200 K and in disordered samples, thus emerging as the
signature of a cooperative superradiant dynamics driven by the coupling with
the electromagnetic field as described by I‘L‘m- In Sec. 5.4 we will demonstrate
that the photo-induced increase of the spectral weight of in-gap free electrons
states (ii) indicates the transition from an insulating excitonic Mott phase to an
electron-hole liquid phase, thus realizing the excitonic Mott transition described
by Hipe. In Sec. 5.5 we will combine the different time and ﬂuence—dependent
results to trace a trajectory in the phase diagram of Htot—Hmt + Hloc and
demonstrate that the parameters spanned by time-resolved experiments are
relevant for strongly correlated materials.

5.3 PAIW and cooperative superradiant effects

As introduced in Sec. 5.1.1, the dipole-dipole long-range interactions among
excitons occupying different NC, as described by ﬁmt, can lead, under proper
density conditions, to the formation of a collective superradiant state. This
state is generally characterized by a novel red-shifted emission line that scales
superlinearly with the excitation fluence [232, 81, 148, 49]. In the following
we will report evidence of superradiance in the time-resolved optical spectra
obtained by broadband transient reflectivity.

Figure 5.5 reports the details of the photo-induced changes in the excitonic
resonance observed for NC superlattices at 5 ps delay time. The grey and
black lines represent the exciton contribution to the equilibrium and out of
equilibrium optical conductivity, respectively, as obtained from the fit described
above (Sec. 5.2) and in Appendix C. After the interaction with the excitation
light pulse, we observe a ~60% spectral weight decrease of the excitonic peak,
whose out of equilibrium optical conductivity is shown by the blue filled area
in Fig. 5.5, along with the appearance of a new resonance, represented by the
green area and highlighted by the black arrow. The linewidth of the new peak
is >~ 40 meV, to be compared to 100 meV width of the main excitonic line.
This second component is centered at 2.36 eV, corresponding to a red-shift §
with respect to the instantaneous position of the main excitonic resonance. By
comparing results obtained on 9 different NC superlattice samples with the same
nominal characteristics, we obtain a value of § that varies between 40 and 80
meV. The estimated ¢ allows us to exclude multi-excitons effects, which would
cause smaller (10-30 meV) red-shifts in similar systems, [233, 88, 8, 276] and
would appear also in disordered NCs. Sample to sample variability manifests
also in the fine structure of the AR/R signal for hw < 2.37 €V. As discussed
in Appendix C, in some samples two distinguished structures (e.g. see data in
Fig. 5.4b at long At) are visible particularly for long delays. The presence of
these multiple fine structures, which share the same origin and characteristics,
is related to local inhomogeneity in the NCs and superlattice sizes. Samples
of various aging have been measured and always show a similar response, with
variability smaller than that observed from different points on the same sample.
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Figure 5.5: Equilibrium (gray line) and out of equilibrium (black line) excitonic
resonance in CsPbBrj superlattices obtained from differential fit of pump-probe
signal at 5 ps delay time. After pump excitation two components are distinguished:
the main perovskite exciton (blue area), which undergoes a pronounced decrease of
spectral weight, and the additional oscillator (green area) associated to cooperative
photo-induced effects.

The narrow additional peak emerging in the transient reflectivity properties is
visible for both high excitation fluence (230 pJ/cm?, Figure 5.4b,d) and low
pump intensity (see Fig. C.5, in Appendix C, corresponding to 30 11J/cm?
pump fluence) and features characteristics very similar to the superfluorescence
recently observed in perovskite superlattices by means of low-temperature photo-
luminescence [232, 81]. In order to unambiguously address the cooperative origin
of this emergent spectral feature, we performed a detailed fluence dependence
study. In Figure 5.6 we plot the AR/R signal at a fixed time delay (50 ps) as a
function of the excitation intensity and integrated over selected spectral regions
of interest, which are highlighted by the filled areas in the inset. The top z-axis
in Figure 5.6 reports the excitation intensity expressed as the mean number of
excitons in each NC, (N) (estimated as described in Section C.3). The signal
amplitude tends to saturate when (N) >>1, in accordance with what is reported
in literature for similar systems [8, 102, 144]. This behavior can be well described,
as reported in Ref. 144, by an empirical function of the form a(N)*/(b+ (N)%),
which accounts for both a low-fluence power-law increase and the high-fluence
saturation. If we consider the integrated signal for hw > 2.37 €V, i.e. far
from the photoinduced additional peak, we obtain o = (0.91 £ 0.07), which
corresponds to a linear behaviour at low fluence. In contrast, the spectral region
corresponding to the additional photo-induced peak (fiw < 2.37 eV) features a



Hint AND COOPERATIVE SUPERRADIANT EFFECTS 107

clearly superlinear fluence dependence, corresponding to o = (1.43 £ 0.05), in
agreement with what expected for superradiant phenomena [232, 18, 49, 148]. Tt
is useful to compare the present results with those obtained on disordered NCs,
in which collective superradiant phenomena should be quenched [185, 184, 256]
due to disorder-driven dephasing. As reported in Fig. 5.6 (green dots and lines),
the fluence-dependence of the signal is always linear, independent of the energy
region considered. We note that the fluence dependent signals shown in Fig. 5.6
collapse to the same curve above a fluence of approximately 150-200 jJ /cm?.
This threshold value, which we will indicate as F* in the following, indicates
that the observed cooperative effect is sustained only for moderate densities of
excitons, as it will be discussed in more detail in the next sections.
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Figure 5.6: Normalized amplitude of AR/R signal at 50 ps delay time as function
of excitation intensity, represented by pump fluence on the bottom axis and mean
number of excitons per NC, (), on the top axis. For NC superlattice samples (SLs
in legend), the data are collected by integrating the signal in the spectral region
below and above 2.37 €V, as highlighted by the coloured areas in the inset (orange
and blue respectively). In the top right corner we display the fitting function, where
x represents both fluence and (V). The dotted vertical line represents the excitation
density threshold for the Mott transition, as determined from the temporal dynamics
discussed in Sec. 5.4.
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Figure 5.7: Temperature dependence of AR/R at 100 ps delay time, integrated
in the spectral region highlighted in the inset (hw < 2.37 V). Dashed gray line:
guide to the eye showing the typical T~! dependence of coherence phenomena.

The cooperative origin of the photo-induced structure at 2.36 eV observed on the
ordered NC superlattices is further corroborated by the temperature dependence
data reported in Fig. 5.7. The top-right panel shows the transient reflectivity
spectra 5 ps after pump excitation at 17 K (blue) and 300 K (red), the latter
being multiplied by a normalization factor for comparison purposes. At room
temperature, the reflectivity variation corresponding to the spectral feature
at 2.36 eV is considerably reduced. In the main graph we report the AR/R
signal at 100 ps, integrated in the 2.15-2.37 eV energy region as a function of
temperature 7. The suppression of the photo-induced peak at temperatures
as high as 200 K is compatible with the thermally driven loss of coherence of
superradiant emitters [187]. The comparison to a T~! guide to the eye (gray
dashed line in Fig. 5.7) indicates a fair agreement with the scaling behavior of
the superradiance enhancement factor, that reduces to 1 in the high temperature
limit according to a T~! power law [187].

Lastly, we note that, in the same spectral range (2.30-2.37 €V), intense
fluorescence induced by the pump beam is observed under the form of stray light
emitted by NC superlattices and arriving at the detector. This fluorescence is
suppressed by ~70% in the disordered NCs, thus further demonstrating that
the superlattice is the key element for achieving the collective superradiant
regime described by the inter-unit cell hamiltonian Hipns.
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54 ﬁ[zoc and the excitonic Mott transition

As argued in Sec. 5.1.2, the local interactions among excitons living in the
same NC can be described by the Hamiltonian Hyoe=Hy — hy~(nay — nay),
where Hy is the popular repulsive Hubbard model. As discussed in Ref. 107,
the parameters controlling the ground state of H,. are the repulsive Coulomb
interaction U and the effective magnetization m=1-2n.y. For large values of U
and m, the magnetized Hubbard model is characterized by insulating solutions
constituted by localized spins that are frozen by the electronic repulsion. When
either m or U decrease, the system undergoes a transition towards a metallic
state in which the spins are delocalized and can hop throughout the lattice.
Interestingly, in a large parameter phase space the transition is of first order
nature and it is therefore characterized by real space coexistence of insulating
and metallic solutions with different spin densities [107]. In terms of the
excitonic problem, the insulating phase of the magnetized Hubbard models
maps the existence of well defined localized excitonic states (lower Hubbard
band), separated from the upper Hubband band by an energy amount Ej (see
Fig. 5.8a), which depends on the value of U [107]. When the excitonic density
Nen Overcomes a critical value of the order of 1-10%, the emergence of metallic
states, corresponding to a liquid of delocalized electrons and holes, manifests
itself in the appearance of new in-gap states at the expenses of the excitonic
states (see Fig. 5.8a).

The excitonic Mott transition from EG to EHL can be therefore detected by
measuring the photo-induced increase of free electron states with energy between
the excitonic resonance and the gap edge. This physics can be experimentally
accessed in the saturation region (see Fig. 5.6) at excitation intensities of the
order of ~200 pJ/cm?. As shown in Sec. 5.2, in this regime the transient
optical response of NC superlattices is dominated by a decrease of the excitonic
spectral weight, and the corresponding increase of in-gap free electrons states, as
indicated by the effective red-shift of the semiconducting gap (see Figs. 5.4d and
5.8b). Interestingly, this kind of response, surviving on a ~ 100 ps timescale, is
remarkably different from what usually reported for above-resonance excitation
experiments in similar materials, where the large number of free carriers injected
in the conduction band leads to a very fast band-gap renormalization followed
by a band filling effect after ~ 1 ps [8, 83, 224]. The transient increase of in-gap
states at the expenses of the intensity of the exciton peak demonstrates that,
at high fluence, the NC superlattices no longer support well defined excitons
but rather delocalized electron-hole excitations.

To assess the nature of this high-excitation regime, we calculated from the
differential model (see Appendix C) the total spectral weight:

+oo
SWiot = / 01, tot (W) dw (5.6)
0

which is, by definition, a conserved quantity depending on the total number
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Figure 5.8: a) Sketch of the Mott transition from an insulator to a metal where
new metallic states appear at the Fermi level. b) Top panel: plot of the equilibrium
(dashed lines) and out of equilibrium (solid lines) optical conductivity obtained from
fitting the experimental data at At = 5 ps. The blue filled area represents the
excitonic spectral weight decrease, which is counterbalanced by the appearance of
new states below the conduction band minimum, described by a red-shift of the
band edge (red filled area). Bottom panel: difference between out of equilibrium
and equilibrium o1 free, Which represents the contribution from the conduction
band states to the optical conductivity. c) Time evolution of the spectral weight
transfer from the exciton state to free carrier states, estimated as ASWyyee /SWege.
The black line denotes an exponentially decaying function fitted to the data. The
blue area highlights the region where an excess of ASWy,. is observed for large
excitation fluence.
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of electrons in the system [308]. In particular, we obtained from the data the
different contributions:

SWtot = SW2.36eV + SWezc + SWfree (57)

where SWs 3601 is the spectral weight of the photo-induced cooperative peak at
2.36 eV, SW,,. is the spectral weight of the excitonic peak already present in the
equilibrium optical conductivity, and SWy,.. is the spectral weight associated
to the direct across-gap transitions. The analysis indicates that the photo-
induced decrease of the excitonic spectral weight (ASWe,. ~ -74 QeV /cm?
at At = 5 ps) is perfectly compensated by both the new peak at 2.36 eV
(ASW3 361 =~ 49 QeV /ecm?) and by an increase of in-gap free electron states
(ASWgyee =~ 25 QeV/cm?). Normalization to the total spectral weight of the
excitonic peak returns ASWy ee/SWeze >~ 0.2, indicating that approximately
20% of the initial exciton SW is transferred into in-gap free electrons states.
We note that, in the saturation regime, the number of excitons for each single
nanocube is of the order of (N)=20 (see Fig. 5.6), which corresponds to a
photodoping nep, ~1% (see Sec. C.3). This value cannot account for the
observed spectral weight change, unless we assume a transformation of the
electronic band structure of the system. The spectral weight transfer from
excitonic states to free-electron ones can be therefore considered as the direct
manifestation of the excitonic Mott transition [107], as captured by Hioe.

The time-resolved dynamics contains important information about the temporal
evolution of the newly created metallic states and the recovery of the initial
excitonic gas. Since during the relaxation ng, decreases due to the slow
recombination across the semiconducting gap, at some time the system will
undergo the transition from the photo-induced EHL state back to the EG
insulating phase. In Fig. 5.8c we plot the fraction of the excitonic spectral
weight that is transferred to free carrier states as a function of pump-probe time
delay At. At low fluence (~30 1J/cm?, green markers in Fig. 5.8¢), the spectral
weight of the photoinduced metallic states is very limited and exponentially
decays with a timescale of 130 ps (black solid line in Fig. 5.8c). This slow
relaxation is in agreement with what expected for the recombination of electron
and holes across the gap and with the fluorescence timescale [232, 69]. At
large fluences (~230 pJ/cm?, red markers in Fig. 5.8¢c), we observe additional
spectral weight variation which exceeds that present in the low-fluence data.
This additional ASWj,... component rapidly relaxes with a timescale of ~20 ps,
thus allowing us to estimate the critical number of excitations necessary for
re-establishing the insulating EG phase. Assuming that ne, spontaneously
decays with the timescale of 130 ps, the change in slope of the ASWy,ce/SWege
dynamics at ~20 ps corresponds to a threshold value nf, =0.5%. If we calculate
the pump fluence necessary to inject this density of photoexcitations, we obtain
a threshold fluence F* ~190 pJ/cm?, which is compatible with the fluence
at which cooperative effects saturate (see Sec. 5.3). A similar conclusion is
obtained by analyzing the data on disordered NCs, which display a similar
change in slope of the ASW ¢, /SWeze dynamics (see Fig. 5.8¢c). We note that,
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although the dynamics in disordered NC is qualitatively very similar to what
observed in ordered samples at high fluence, the measured signal is significantly
smaller. This observation suggests that, although the Mott transition takes
place in both ordered and disordered NCs, finite size effects [301], which go
beyond the scope of this work, emerge when NC are arranged in a disconnected
and random network (disordered NCs) thus suppressing coherent hopping and
inter-cube delocalization [19].

5.5 The phase diagram

Establishing halide perovskites artificial solids as quantum simulators is
crucially based on the possibility of controlling the Hamiltonians Hy,. and
H;ny and spanning a phase-space region that is relevant for describing real
correlated materials [95, 146]. Considering relevant examples, such as vanadium
[128], manganese [244], and copper oxides [138, 55] or fullerides [36, 37], the
fundamental ground state properties are reproduced by the Hubbard model
ﬁU, formally identical to that introduced in Eq. 5.5. In these materials,
the effective Coulomb repulsion U is of the order of the bandwidth 4¢ (with
t being proportional to the hopping parameter, following the notation of
Ref. 107), thus leading to a Mott insulating ground state [128]. When
additional free carriers are introduced by chemical doping [159], these doped
Mott insulators progressively develop spatially inhomogeneous correlated
metallic states or undergo insulator-to-metal phase transitions [128]. In many
interesting cases, the doped Mott insulating state close to the condition U ~ 4t
witnesses the emergence of low-temperature long-range collective states [159]
such as unconventional superconductivity and spin- or charge-density waves.
Independently of the specific microscopic mechanism (e.g. electron-phonon
or electron-spin interactions) at play in different materials, the formation of
collective macroscopic states is mediated by long-range interactions, similar to
those contained in H, int, that favour the phase-locking of fundamental incoherent
local fluctuations.

In this section we discuss how the fluence and time-dependent experiments
presented in the previous sections allow to access an important region of the zero-
temperature phase diagram of ﬁloc-i-lffmt [107]. As discussed in Ref. 107, the
parameters controlling the electronic phases of photoexcited halide perovskites
are the excitation density nen, which is mapped into the magnetization m
through Hio., and the binding energy Ej, which is mapped into the Coulomb
repulsion U. For small excitation densities (ne, <1%) and moderately large
Coulomb repulsion (U > 3.8t), the phase diagram is characterized by the
boundary between an excitonic insulating gas and a mixed state with phase
separation between EG and EHL, as shown in Fig. 5.3b and 5.9 [107]. The
resonant excitation of the excitonic line directly modifies ne, without creating
an additional effective electron-hole population which would require a finite
temperature description. At the same time, as anticipated in Sec. 5.2, the
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Figure 5.9: Phase diagram showing the electron gas (EG) and electron-hole liquid
(EHL) regions. The electron-hole density n, and the exciton binding energy Ej
correspond to the magnetization m and the on-site interaction U in the equivalent
Hubbard model. The black points are taken from Ref. 107. The red dots are
the experimental data points representing the trajectory the system follows while
relaxing to the equilibrium EG phase from the photo-induced EHL phase. The
plotted values are the binding energy values extracted from the time-resolved fit of
the pump-probe data on NC superlattices at 230 pJ/cm? fluence, as a function of
the estimated electron-hole density at the corresponding At. The green shaded area
represents the phase-space region compatible with the outputs of the time-resolved
experiment when the error bars associated to n., and Ej, are considered.

excitonic energy undergoes a transient blueshift, dE}, (see Fig. 5.4 and related
discussion), that is maximum at short delays (~ 5 ps) and progressively decreases
as the system relaxes and returns to the initial state. The observed blue
shift is likely related to a dynamical weakening of the exciton binding energy
as a consequence of the increased screening after the light excitation. The
determined time-dependent values of ne, and JE, define a trajectory in the
phase diagram, in which the energy scales are expressed as a function of the
unknown effective hopping ¢. The determination of nf, =0.5% as the density
threshold for the instability of the EG (see Sec. 5.4), allows us to anchor the
time-dependent trajectory and fix the range of the U/2t values spanned by
the time-resolved experiment. Fig. 5.9 shows the experimental phase-space
trajectory plotted on the theoretical phase diagram, taken from Ref. 107, for
the high-fluence experiment. At very short delays, the NC superlattices are
driven into a non-equilibrium state corresponding to U/2t ~1.6 and n.,=0.6%,
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which is characterized by phase separation between insulating EG and metallic
EHL regions. In this regime, cooperative phenomena start to be quenched
(see Fig. 5.6) due to the progressive growth of metallic domains. During the
relaxation dynamics, the system undergoes a dynamical transition back to the
EG insulating phase before the initial parameters (U/2t ~2.8 and ne,=0) are
recovered on longer timescales.

When combined together, our results demonstrate the possibility to explore
the region of the magnetized Hubbard model ﬁloc that is the most relevant to
describe many-body effects in correlated materials (U=3.2-5.6t). Importantly,
perovskite NC superlattices also host long-range collective states (superradiance)
driven by Hin, (see Sec. 5.3) in the proximity of the insulator-to-metal transition
controlled by Hjo,, i.e. for values of U ranging from ~4t to ~5.6t (see Fig. 5.9).
Although in the present case we access the insulator-to-metal transition in H loc
only in the presence of a magnetic field h, the observed phenomenology is a very
general property of correlated materials, such as iron-based superconductors,
superconducting copper oxides and fullerides, which develop superconductivity
and other long-range collective phases, e.g. charge density waves, nematicity,
antiferromagnetism, spin density waves, when the Mott insulating state is lightly
doped [138, 139].

5.6 Conclusions and outlook

We have here demonstrated that halide perovskite NC artificial solids represent
a unique platform to investigate the emergence of long-range cooperative phases
in systems displaying a Mott insulator-to-metal transition. As compared to cold-
atoms based or solid-state platforms, halide perovskite NC superlattices allow
to continuously tune the excitonic density and span collective phenomena and
Mott insulating phases in a region of the phase diagram that is directly relevant
for correlated quantum materials. The possibility to simulate the physics of
interacting systems in which local correlations and long range orders interact on
similar time (5-100 ps) and spatial (A ~10a) scales has direct impact on a general
class of solid-state problems. The most relevant case is the physics of copper
oxides that host unconventional superconductivity and other exotic orders when
the insulating Mott state is properly doped [138, 139]. Controlling the interplay
between short-range Coulomb interactions and macroscopic collective states
[218] is key to understand how phase-coherence on length scales larger than
the lattice spacing may emerge out of incoherent fluctuations of pre-formed
Cooper pairs or of the charge distribution and give rise to the superconducting
condensate and charge density waves. The full tunability of A, of the exciton
energy and density, allows to artificially reproduce the equilibrium phase diagram
of cuprates or other quantum materials and implement models that describe
the formation of long-range collective phases through the interaction term Hipns.

We also foresee that time-resolved experiments will provide tools to unlock the
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gate to a wider region of the phase diagram and a richer physics. First, the
light control of the H;,,; term offers a new platform to investigate the transient
formation of non-equilibrium phases, such as photo-induced superconducting-
like states in cuprates [41] and fullerides [42] or charge-density waves with
enhanced coherence [300] in copper oxides. The new platform based on halide
perovskite superlattices allows to investigate the ground state properties of
repulsive Hubbard models in magnetic field, relevant for the physics of both
fullerides [36] and cuprates [159], when long-range coherence induced by the
transverse electronic magnetic field is externally forced. Second, the excitonic
Mott transition described by a loc 18 @ Mott transition to an ensemble of isolated
excitons localized in real space without any phase coherence and it can be
dubbed as an incoherent excitonic Mott transition [29]. Another interesting case
is given by the coherent excitonic Mott transition [219] that takes place between
a coherent extended excitonic state, which is the counterpart of the excitonic
Bose-Einstein condensate, and the metallic EHL. The time-resolution of pump-
probe experiments, which is of the order of the excitonic decoherence, allows to
investigate how the initially photo-excited excitonic state, which is intrinsically
coherent and exhibits a macroscopic polarization, evolves into an incoherent gas
of localized excitons as consequence of the decohernce led by electron-electron
and elctron-phonon interactions. The description of the direct transition from a
coherent excitonic condensate to an incoherent excitonic Mott gas is a difficult
challenge that requires to consider both localized interactions and long-range
screening phenomena [219]. Third, future non-resonant experiments will allow
to directly create a non-equilibrium electron-hole population at a very high
effective temperature, thus providing a platform to simulate the magnetized
Hubbard model at finite temperatures and with controllable disorder and lattice
size.






CHAPTER 0

The fate of optical excitons in FAPbl; nanocube
superlattices

This chapter has been adapted from the following manuscript:

The fate of optical excitons in FAPbI; nanocube superlattices,
A. Milloch, U. Filippi, P. Franceschini, S. Mor, S. Pagliara, G. Ferrini, F.
V. A. Camargo, G. Cerullo, D. Baranov, L. Manna and C. Giannetti, ACS
Photonics, 2024, 11, 9, 3511-3520, doi: 10.1021/acsphotonics.4c00105

Quantum simulation based on lead halide perovskite superlattices can greatly
benefit from the huge tunability of these systems. One of the key control
parameters that can be employed to modify the optical and electronic properties
of these systems, in addition to the size and shape of nanocubes and superlattices,
is the chemical composition. The inorganic cation (e.g. Cs™ for the system
investigated in Chapter 5) can be replaced also by organic ions which reduce
the band gap and extend the optical absorption to the near infrared range.
Understanding the nature of the photoexcitation and ultrafast charge dynamics
pathways in these systems is key for the implementation of quantum simulation
protocols, as well as for their potential applications as tunable light emitters,
photon harvesting materials and light-amplification systems.

In this chapter, we apply two-dimensional coherent electronic spectroscopy
(2DES) to track in real time the formation of near-infrared optical excitons and
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their ultrafast relaxation in nanocube superlattices of hybrid organic-inorganic
perovskite CH(NH,),Pbls. We report evidence of early-stage excitons which
rapidly decay and form novel bound states compatible with bi-excitons, both
at room temperature and at cryogenic temperatures. 2DES data unveil that
the coherent ultrafast dynamics is limited by the combination of the inherent
short exciton decay time (~ 40 fs) and the dephasing due to the coupling with
selective optical phonon modes at higher temperatures. The analysis of the
temperature dependence of the excitonic intrinsic linewidth, as extracted by
the anti-diagonal components of the 2D spectra, unveils a dramatic change of
the excitonic coherence time across the cubic to tetragonal structural transition.
On the picosecond timescale, we observe the progressive formation of long
lived trap-states, ascribable to self-trapping of excitons or defect-trapping [258].
Overall these results provide a snapshot of the ultrafast exciton dynamics in
FAPI nanocubes deposited on a solid substrate, which is key for future modelling
and control of possible collective properties emerging in complex structures.

6.1 Probing FAPI optical excitons by 2DES

The synthesis of lead halide perovskite nanocube superlattices (Figure 6.1a) [134,
285, 14] paves the way to the development of novel photonics platforms based
on cooperative superradiant effects [232, 332, 148, 216] such as light-emitting
devices based on superfluorescence [232, 332, 148, 216] and quantum simulators
of solid state problems [198]. Since the collective superradiant phenomena in
nanocube superlattices are driven by the long-range electromagnetic interactions
among excitons in different nanocubes [56, 187, 97|, these developments are
crucially affected by the exciton dynamics following light excitation of the
individual nanocubes [19]. Light emission in lead halide perovskites can also
be affected by strong coupling of excitons with the lattice, which results in
broad spectra originating from self-trapped exciton (STE) states [258, 164].
Capturing the exciton formation and subsequent relaxation is therefore essential
for improving and tailoring the emission and absorption properties of halide
perovskites superlattices.

Among lead halide perovskites, hybrid organic-inorganic compounds represent
an important case because their excitonic energy extends down to the near
infrared (1.5 eV), thus significantly broadening the potential exploitation of
these synthetic materials [182, 44, 250, 74]. Formamidinium lead iodide FAPbI;
(FAPI) is especially promising because of its smaller band gap and increased
chemical and thermal stability as compared to the archetypal compound MAPI
[161, 275, 75]. In hybrid organic-inorganic halide perovskites, however, the
presence of collective superradiance effects, analogous to those reported in
fully inorganic superlattices, remains unclear; the possibility of extending
superradiant phenomena to hybrid organic-inorganic perovskite superlattices
requires an understanding of the ultrafast exciton dynamics of these systems.
The photophysics of these materials is in fact characterized by a complex
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interplay of free carrier excitations, bound excitons, multi-excitons and trapped
states which generally give rise to multiple optical resonances in the visible/near-
infrared range. These resonances overlap in energy and cannot be disentangled
by linear or pump-probe spectroscopy. In Figure 6.1b, for example, we report
a typical absorption spectrum of FAPI superlattices which shows multiple
features compatible with the existence of multiple excitonic-like resonances in
the 1.6-1.8 eV range (see Appendix B.2.2 for details of the analysis and fitting
of the linear). Due to the overlap of different structures, however, a linear
fit can hardly offer a decisive answer regarding the nature of the absorption.
Therefore, the nature of the photocarrier generation and recombination processes
in hybrid halide perovskite superlattices is still a matter of debate [313, 220,
272, 165]. Since addressing the early-stage dynamics of these processes is of
central importance for controlling and enhancing macroscopic coherent effects,
advanced optical techniques that go beyond linear spectroscopies and combine
high temporal and spectral resolution should be employed [271, 332].

a) b)
FAPI Superlattice
nanocube 3
3 /
10 nm /
o //
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Figure 6.1: a) Cartoon of FAPI nanocubes, hosting quantum confined excitons, and
FAPI superlattices. b) Absorption spectrum (green area) of the FAPI superlattices
sample measured in this work. The green solid lines represent a free carriers edge
and two peaks, as obtained from Elliott analysis of the room temperature absorbance
(see Appendix B.2.2). c) Scheme of 2DES experiment. d) Sketch of a typical 2D
spectrum (vertical axis: excitation, horizontal axis: detection) where, as opposed
to 1D experiments (top panel), homogeneous and inhomogeneous linewidths and
correlations between spectral features can be resolved.
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Here, we employ 2DES (see Fig. 6.1c) to study the exciton photophysics
in FAPI superlattices and unveil the hierarchy of the photoexcitation and
relaxation processes. As discussed in Chapter 2, 2DES allows to disentangle
the intrinsic decoherence dynamics of optical excitations, which manifest as
a broadening along the anti-diagonal direction (see Fig. 6.1d), from disorder-
induced inhomogeneous broadening along the diagonal of the wi-ws map. By
monitoring the temporal evolution of different peaks in the map, it is also possible
to infer a cause-effect relation between different spectral features. This capability
is key for monitoring the real-time transformation of the initial photoexcited
carriers into the long-lived states responsible for the slow fluorescence emission.

2DES experiments are performed with the setup detailed in Chapter 2 (Section
2.5.2). The samples investigated here (see Figure 6.1a) are assembled from
a colloidal dispersion of uniform ~10 nm nanocubes. The studied samples
comprise ~ 0.3 - 1 pm superlattices of close-packed nanocubes deposited on a
silicon substrate (see Appendix B.2 for sample preparation and characterization).
In order to perform temperature-dependent investigations, the samples are
mounted inside a closed-cycle helium cryostat that allows performing ultrafast
optical spectroscopy experiments at temperatures between 20 K and 300 K.
For the measurements presented in this chapter, the laser repetition rate was
set to 40 kHz. A different repetition rate, selected by means of a pulse picker
that allows keeping unvaried the energy per pulse, was employed for fluence-
dependent studies where the repetition rate was increased up to 200 kHz as
the excitation intensity was decreased, in order to maintain the average power
at the sample constant throughout the fluence scan. The pump fluence F' can
be continuously varied between 0 and 230 pJ/cm? (as measured at t; = 0)
by rotating a half-waveplate positioned on the pump beam path before the
GEMINTI 2D, whose polarizers select the 45° polarized component of the light.

In Figure 6.2 we report the 2D spectra measured on FAPI superlattices at
T = 200 K as a function of the excitation (fuw;, vertical axis) and detection
(Aws, horizontal axis) photon energies and for different ¢5 delays. The 2DES
spectra are collected in the reflection geometry, which guarantees a better
signal-to-noise ratio compared to the transmission configuration (see Sec. D.4
in Appendix D).

They display two distinct spectral features:
(i) a component located along the diagonal of the spectrum around 1.72 eV
(Fig. 6.2a);
(ii) a broad structure centred off-diagonal, at hw; ~ 1.72 €V pump photon
energy and fuws ~ 1.61 eV probe photon energy (Fig. 6.2b and 6.2c).

These features can be ascribed to transient photobleaching and stimulated
emission signal (see also the positive transmissivity variation reported in Sec.
D.4). As observed from 2D spectra at different ¢5 time delays, these two spectral
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Figure 6.2: a) FAPI sample absorption spectrum (red) and the laser pulse spectrum
(blue). b-d) 2D spectra of FAPI superlattice measured at 200 K with 175 pJ/cm?
excitation fluence for three different ¢ delays: b) t3 = 0 fs, ¢) 200 fs, and d) 3 ps.
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features are characterized by different dynamics, with feature (i) decaying on a
sub-picosecond timescale and feature (ii) building up on a longer timescale. The
well-defined and well-localized diagonal structure reveals the existence in FAPI
superlattices of a short-lived bound exciton at 1.72 eV, whereas the delayed
off-diagonal feature suggests the formation of long-lived trap-states. In the
following, we analyse in detail the characteristics of these two components.

6.2 Exciton and bi-exciton resonances

We first examine the short time delay (t2 = 0 fs) 2D spectra. The elongation
along the diagonal of the 2D spectrum allows estimating the inhomogeneous
Full-Width-Half-Maximum (FWHM) that results ~ 83 + 4 meV when projected
along the probe axis. This value is compatible with the width of the resonance
at 1.72 €V in the steady state absorbance (see Appendix B.2.2). The large
inhomogeneous broadening originates from the size and shape dispersion of
FAPI nanocubes and superlattices. The intrinsic homogeneous linewidth can
instead be obtained from slicing the 2D spectrum measured at to = 0 fs along
the anti-diagonal direction crossing the exciton peak (see dotted lines in Figures
6.3a and 6.3c). The resulting anti-diagonal cuts are plotted in Fig. 6.3b and 6.3d
for experiments conducted at two different temperatures; the horizontal axis
represents the energy axis along the anti-diagonal direction, with positive values
referring to the region above the diagonal in the 2D spectra (i.e. the region
corresponding to pump photon energy larger than probe energy). The anti-
diagonal profiles so obtained show a clear asymmetry that reveals the existence
of two structures, one centred on the 2D spectrum diagonal (peak A) and one
located above the diagonal (peak B). We stress that the signal acquired in a
conventional pump-probe experiment, which corresponds to integrating along
the fiw; axis (see Fig. 6.1c), would be dominated by the large inhomogeneous
broadening of the exciton, thus preventing the possibility of inferring information
about the decoherence and the emergence of secondary structures.

A multi-peak fitting, described in detail in Appendix D (Sec. D.1), is performed
in order to extract the peaks amplitudes I;, linewidths I'; and positions g ;,
where i=A B (see Sec. D.1 for the detailed list of values). In order to assess
the origin of these two components, we perform fluence-dependent and time-
resolved (t3 dependence) 2DES at T = 200 K. In Figure 6.3e, we report the
peak amplitudes (integrated areas along the anti-diagonal line-cut) as a function
of the incident light fluence F. The power law I;=cF™ is fit to the data to
determine possible non-linearities, ¢ being a free coefficient. We observe that the
peak amplitudes clearly display two different behaviours: I scales sub-linearly
with the fluence (na = 0.59 £ 0.09) whereas I follows a superlinear power law
(np = 1.19 £ 0.06), before saturating at large excitation intensity. From the
t2 scan between 0 and 450 fs (Figure 6.3f), we observe a fast decay of Ia(t2),
counterbalanced by an increase of Ig(t2). This behaviour indicates that spectral
weight transfers from peak A to B within tens of femtoseconds. To quantitatively
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Figure 6.3: a) 2D spectrum of FAPI superlattices measured at 30 K and ¢ = 0 fs,
with 175 pJ/cm? excitation fluence. b) Anti-diagonal profile of 2D spectrum in
a) taken along the dotted line in a). The black dots are the experimental data
points, the red line is the profile fit, the green and blue filled areas are peaks A
and B associated with, respectively, exciton and bi-exciton resonances. c) and d)
display 2D spectrum and anti-diagonal profile analogous to a) and b) but collected
at a higher sample temperature (290 K). e) Fluence dependence of the integrated
amplitude I; of peaks A and B, extracted from fitting the 2D spectra anti-diagonal
profiles at 200 K and t; = 0 fs. The black dashed lines represent the power-law fit
to the data. f) Dynamics of the exciton (peak A) and bi-exciton (peak B) peak
amplitudes I; at 200K for 175 pJ/cm? excitation fluence.
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analyze the I; dynamics, we fit the data using the following exponential laws:
IA(tQ) = IAO eXp(—tQ/TA) + IAoo and IB(tQ) = IB() + K[l — exp(—tg/TB)]. The
best fit to the data returns 7o = 783 = 39 4+ 6 fs and K =~ I5( thus indicating
the same time constant for the two processes and the conservation of the total
spectral weight (Ia(t2)+Ip(t2)=constant for any delay t2). The constant I
in I (t2) accounts for a slow exciton decay occurring over a timescale that is
longer than the ¢, range scanned here. Investigation of the dynamics of peak B
on timescales longer than 500 fs is hindered by the appearance of the strong and
broad off-diagonal structure. These results indicate that peak B corresponds
to a new bound state that is formed following the photoinjection of excitons.
One possible scenario is that peak B arises from the formation of bi-excitons
that can live on a longer timescale [8]. Occupation of the bi-exciton state, i.e. a
bound state originating from the interaction between two excitons and resulting
in a lower energy state, gives rise to a transient signal at a probe photon
energy smaller than the excitation energy, which corresponds to an off-diagonal
signal at a distance from the diagonal equal to the exciton-exciton binding
energy. The energy separation between peak A and B, i.e. z9 a-7o B, therefore
provides the exciton-exciton interaction strength, 0 Fp; _cz.. The estimated
value, 0 Ep; _cze = 29 + 4 meV, is compatible with the bi-exciton binding energy
reported in the literature for similar systems [51, 125, 254].

In order to further support this picture, the fluence dependence in Fig. 6.3e and
the dynamics in Fig. 6.3f are compared with numerical solutions of exciton and
bi-exciton rate equations. The dynamics of bi-exciton formation is modelled
through the following rate equations [314, 322]

dN,
dt =I(t) — V2 Ne + 2Y20 Naz — QﬁNa? (6.1)
ANy,
o = e New + BNZ (6.2)

where N, and N, represent the number of excitons and bi-excitons respectively
and 7, and 7,, are the decay rate constants for exciton and bi-exciton

2
respectively. I(t) = Ipexp [410g(2) ( ] is the source term that

accounts for the ultra-short pump pulse generating excitons and it is described by
a gaussian function of full width at half maximum FW H M, = 30 fs and centred
at t = 0. The g parameter describes the rate of bi-exciton formation, which
originates from the interaction between two excitons. Numerical solutions of
equations 6.1 and 6.2 with v, = 0.01 fs~1, 7,, = 0.0001 fs~! and 8 = 0.002 fs—!
return the dynamics displayed in Figure 6.4a and b. We observe that excitons
are instantaneously excited and quickly decay with a relaxation rate dominated
by ~.. The population of bi-exciton states occurs on a delayed timescale thanks
to the coupling term BN? that accounts for exciton-exciton interaction leading
to the formation of a two-body bound state.
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Figure 6.4: a) and b) display the numerical solution of the two coupled differential
equations 6.1 and 6.2 for different values of the source term intensity Iy. ¢) Number
of excitons and bi-excitons at ¢ = 10 (dashed lines in a) and b)) as a function
of excitation amplitude. d) Sketch of the relaxation channels for excitons, which
can decay at a 1y, rate or bind into bi-excitons at a rate SN,, N, being the
instantaneous number of excitons.

The simulation of the dynamics obtained from eq. 6.1 and 6.2 is repeated for
increasing amplitude Iy of the source term I(¢) with the aim of investigating
the fluence-dependent behaviour. In order to compare with the experiment, we
look at the number of excitons (red curve in Fig. 6.4c) and bi-excitons (blue
curve in Fig. 6.4c) at a fixed time delay ¢* after pump excitation as a function
of the amplitude Iy of the Gaussian source term. We chose t* = 10 fs which
is close to the time of maximum N, and corresponds to the ¢y delay where
fluence-dependent 2DES are performed. Regardless of the choice of parameters
Yo, Yoz and B, we reveal an intensity-dependent trend that is always super-linear
for the number of bi-excitons (Npz = ¢pxlo"*®, Nz > 1) and sub-linear trend
for the excitons (N, = ¢, 1", n, < 1). The sublinearity of N, at short time
delays arises from the reduction in the number of excitons N, due to their
binding into bi-excitons, as described by the term —28N2 in Eq. 6.1. This
process can occur already during the excitation pulse duration (30 fs) if the
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bi-exciton formation characteristic time, 1/8N,,, is comparable to FW H M.
Consequently, since Eq. 6.2 includes a quadratic term in N, (rather than in the
excitation intensity I(t)), the resulting bi-exciton intensity dependence follows
a super-linear power law with exponent n,, > 1, instead of n,, = 2 as might
be expected. We find that there is a range of parameters ~,, v,, and § whose
power low scaling exponent is comparable to the experimental values (na =
0.59 + 0.9 for peak A associated to the exciton, ng = 1.19 4+ 0.06 for peak B
associated to the bi-exciton). For example, the experimental trend is compatible
with 7, = 0.01 fs~1, 7, = 0.0001 fs~'and 8 = 0.002 fs—!, which give n, =
0.53 and n,,; = 1.23 as shown in Figure 6.4c. In this case, the dynamics of
exciton decay and bi-exciton build-up are governed by the large exciton decay
rate 7, that dominates over SN, resulting in characteristic decay and build-up
times that are almost fluence-independent within the time resolution given by
FW HM;. We note that the dipole strength that determines the signal intensity
of peak A and peak B measured in 2D spectroscopy will, in general, be different
for the exciton and bi-exciton; this results in an exciton/bi-exciton intensity
ratio (I4/Ip) that can differ from the simulated N, /N,.

The rate equation model therefore shows that both the experimental to-dynamics
and the power-law exponents of peak A and peak B are compatible with the
behaviour expected for exciton decay and bi-exciton formation originating from
exciton-exciton interaction. More specifically, the rate equations model that
reproduces the experimental trends, provides an out-of-equilibrium scenario
where photo-injected excitons are subject to multiple decay channels, as sketched
in Figure 6.4d. The excitonic population decays at a rate 7., which effectively
includes all the direct depopulation channels, including relaxation to the ground
state, formation of trap states and any mechanism that changes the exciton
density; at the same time, exciton-exciton interaction leads to the formation of
the bi-exciton bound states, which takes place at a rate SN,. The parameters
that better match the experimental findings suggest that direct excitonic decay
takes place on a timescale of the order of v, ! = 100 fs, whereas the bi-exciton
formation rate, which depends on the product SN, (NN, being the instantaneous
number of excitons) strongly depends on the time considered. In the early stage
dynamics (10-50 fs), the bi-excitonic production characteristic time ranges from
1/BN, = 10 to 70 fs. This indicates that the generation of bi-excitonic bound
states occurs already within the 30 fs duration of both the pump and probe
pulses. The formation of bi-excitons necessarily corresponds to fifth-order or
higher nonlinear signals, since the generation of each exciton requires two field-
matter interactions. In order to represent such a process, we describe the system
with a density matrix that can describe two independent exciton states, |eg)(eg|
and |ge)(ge| (the labels e and g indicate exciton and ground state, respectively),
which account for the third order response, as well as two interacting exciton
states, |ee)(ee|, which account for the fifth-order response [70, 149]. The
interacting excitons can then form the bi-exciton state, which is represented by
|bg) (bg| (the label b refers to bi-exciton) and lead to a red-shifted signal due to
the bi-exciton binding energy. Figure 6.5 shows a possible rephasing Feynman
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Figure 6.5: Representation of the energy levels scheme (a) and fifth-order rephasing
double-sided Feynman diagrams (b) for the bi-exciton formation process.

diagram representing this process that is phase-matched in the direction of the
probe pulses. The pathway displayed in Fig. 6.5 corresponds to a stimulated
emission signal, in agreement with 2DES experiments in transmission geometry
(see Section D.4), which, despite being noisier, show a transient increase of
transmission in the energy region corresponding to peaks A and B.

6.3 Exciton decoherence

The homogeneous linewidth I'; of exciton and bi-exciton is estimated by lineshape
analysis at short time delay t3. As shown in Chapter 2 (Section 2.3.5), in the
case of an intermediate degree of inhomogeneity the excitation resonance under
investigation may have an anti-diagonal width that depends not only on the
homogeneous broadening but also on inhomogeneous broadening effects [255].
Therefore, an accurate estimate of the homogeneous contribution calls for a
simultaneous fit of diagonal and anti-diagonal slices of the 2D profile [255, 240]
using as fitting functions the lineshapes that are obtained in Section 2.3.5 starting
from the solutions of the optical Bloch equations for a two-level systems with
Gaussian inhomogeneous broadening [255]. We consider the sum rephasing and
non-rephasing signals (Eq. 2.50-2.53) to obtain the purely absorptive lineshape
for the anti-diagonal and diagonal directions. As discussed in Sec. 2.3.5, the
simultaneous fit of diagonal and anti-diagonal profiles then allows to estimate
the inhomogeneous broadening parameter o and the homogeneous linewidth
I'. In the present case, the presence of overlapping contributions hinders the
performance of the global fitting, required by the approach presented above, for
peak A and peak B separately. We therefore assume that the inhomogeneous
broadening is the same for both features (peak A and peak B), i.e. 04 = 0p.
Diagonal and anti-diagonal profiles are then fitted simultaneously: the diagonal
one is fitted with Sy4 o, (w’), describing the linshape of feature A along the
diagonal direction; for the anti-diagonal direction, where two peaks are needed
to fit the data, the linecuts are fitted with 7454 ., (W) + ISB @, (W), With the
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Figure 6.6: a) Temperature dependence of the exciton (green circles, left axis)
and bi-exciton (blue squares, right axis) homogeneous linewidths extracted from
simultaneous fitting of diagonal and anti-diagonal profiles at short time delay to.
The black solid line represents the linewidth broadening originating from interaction
with an optical phonon mode at Eop = 17 meV. The purple shaded area represents
the temperature range where FAPI nanocubes have cubic lattice structure and
where the deviation from the expected temperature-dependent trend is observed.
b) Top panel: FAPI crystal structure in the high-temperature cubic phase, with the
organic cation subject to orientational disorder. Bottom panel: low-temperature
tetragonal phase of FAPI perovskite. The black squares highlight the unit cell. The
green lines and blue arrows indicate the I-Pb-1 bending mode that softens in the
proximity of the second-order tetragonal-to-cubic phase transition.

subscript I; amplitude parameters and i = A, B. The complete list of values
obtained from the fitting procedure are reported in Section D.1. This approach
allows us to disentangle, from the measured 2D spectra, the homogeneous
linewidth contribution for both exciton and bi-exciton resonances.

In the following, we will adopt the notation I'y = T'¢pe and I'g = Tpi_cne
to directly link to the physical origin of the two structures. The extracted
values are plotted in Figure 6.6a as a function of sample temperature T'. At
cryogenic temperature, we estimate I'c,. = 15 £ 2 meV (obtained from the
average value of the three measurements at 7' < 100 K), which corresponds to
a pure decoherence time Tgecp, = 44 £ 5 fs, where 74ocp=h/T¢zc. This value is
of the same order of the 7o ~ 40 fs depopulation time, thus suggesting that
the leading mechanism determining the homogenous linewidth is the decay
into bi-excitons. The coherent propagation of the excitons is thus limited,
even at cryogenic temperatures, by their ultra-short lifetime, preventing the
development of delocalized states and superradiant coherent states similar to
those observed in inorganic halide perovskite superlattices [232, 187, 198]. For
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the bi-excitonic state, we obtain I'y;_cze. = 31 £ 4 meV between T'= 30 K and
T = 100 K, corresponding to 74ecn, = 21 £ 3 fs. In this case, the decoherence
timescale is much shorter than the bi-exciton depopulation time, thus indicating
the formation of a strongly incoherent gas of interacting bi-excitons, surviving
for hundreds of femtoseconds.

The temperature dependence of both I'c;.. and I'y;_c4e. is reported in Fig. 6.6a
(green circles and blue squares, respectively). We observe a similar temperature-
dependent linewidth broadening, which suggests that at higher temperatures
the decoherence process is accelerated by the coupling to the thermal bath,
consisting of optical phonons. The temperature-dependent increase of ey (T)
is compared to the thermal broadening (black solid line in Fig. 6.6a) expected
for coupling to longitudinal optical phonons, which is described by the function
Fewe(T) = Tegeo + Top/lexp(Eop/ksT) — 1], where I'eyeo is the intrinsic
linewidth at low-temperature, ['op is the exciton-optical phonon coupling
coefficient and Eop is the optical phonon energy [157]. According to literature
reports, FAPI displays optical phonon modes at energy Fop between 15 meV
and 19 meV [89, 79, 75, 51, 324], which have been ascribed to vibrations of the
organic cation with respect to the inorganic cage [230, 79]. These libration modes
of the organic cation have also been reported to affect the photoluminescence
intensity and the lifetime of photoexcited states in MAPI perovskite [215].
Interaction with such vibrational modes fully accounts for the homogeneous
broadening measured in the present work for 7' < 250 K. In this temperature
range, fitting of T'cyo(T) returns I'eyeo = 14 £ 1 meV and I'op = 8 £ 2 meV
when FEop is fixed to values between 15 meV to 19 meV. The temperature-
dependent trend suggests that at low temperatures the exciton coherence
is mainly limited by the bi-exciton formation, while at higher temperatures
the scattering with thermally activated optical phonons also contributes to
faster decoherence. Interestingly, a clear deviation from the trend expected
for scattering with thermally activated phonons is observed for temperatures
higher than T ~ 250 K, where the measured homogeneous linewidth is smaller
than what is expected due to thermal broadening in this temperature range. T°*
is very close to the critical temperature for the symmetry-breaking structural
phase transition undergone by FAPI. The transition from the high-temperature
cubic phase (space group Pm3m) to the low-T tetragonal phase (space group
P4/mbm) occurs at TP ~ 285 K in the bulk material [73, 305], and at smaller
temperature in perovskite nanocubes [167]. For 10 nm nanocubes we can
expect a ~ 15% decrease in T, that corresponds to ~ 240 K. Therefore, the
anomalous behaviour in T'c,.(T) emerging at 250 K suggests a suppression of
the exciton-phonon interaction in the high-temperature structural cubic phase.
More specifically, we note that the second-order structural phase transition from
tetragonal to cubic at T, is accompanied by a symmetry increase, as shown
in Fig. 6.6b. The reduction of the unit cell in the high-T cubic phase implies
the reduction of the number of optical phonon modes from 36 to 18 [177], thus
limiting the phononic channels at Eop ~17 meV available for the excitonic
decoherence.
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6.4 Long-lived trap states

2DES further snaps the subsequent formation of the long-lived states that are
responsible for the slower emission of light under the form of fluorescence (see
photoluminescence spectrum in Appendix B.2.2). For this aim, we analyze
the off-diagonal structure that appears in the 2D spectra shown in Fig. 6.2
after a few picoseconds at hw; ~ 1.72 €V and Ahws ~ 1.61 €V coordinates. This
off-diagonal feature can not be associated with multi-exciton states such as
bi-excitons because of the large energy separation from the diagonal structure
(100 meV) and the absence of super-linear fluence dependence (see 2DES data
reported in section D.3 at the end of this chapter). Interpretation of the two
spectral features (diagonal and off-diagonal) as originating from a charge transfer
between two co-existing crystal structure phases, as previously done in Ref. 220
for MAPIT thin films, is incompatible with XRD data showing tetragonal lattice
at low-T and purely cubic crystal structure at room temperature (see Appendix
B.2). Significant information on the nature of this low-energy response can be
obtained from its dynamics compared to the excitonic one. Fig. 6.7a displays
the dynamics of the two different spectral features obtained by integrating
the 2D spectra over two different selected regions of interest, one centered on
top of the diagonal and the other centered on the off-diagonal structures (see
inset of Figure 6.7a). The off-diagonal structure shows a ~ 300 fs build-up
time, which coincides with the decay of the diagonal signal, as evidenced by
the exponential fit reported in Fig. 6.7a. This finding demonstrates that the
off-diagonal structure is a long-lived state that forms after the relaxation of
the initial excitonic population. This long-lived state is in turn responsible for
the slower light emission, which takes place several tens of picoseconds after
the initial photoexcitation [220, 232]. We note that the dynamics reported
in Figure 6.3f are compatible with what is reported in Fig. 6.7a because in
the former case, the amplitude is obtained from integration over the whole
anti-diagonal spectral range, whereas in the latter the integration was performed
on a fixed squared area where the diagonal peak broadening caused by the rise
of the bi-exciton component is not taken into account. This transfer of occupied
states from free excitons to lower energy states is typical of trap states that
get populated following the mechanism sketched in Figure 6.7b [310, 258, 103].
Such trap states can originate when the coupling between charge carriers and a
local structural distortion of the lattice decreases the energy of the system.

One possible origin of trap states is related to the presence of static intrinsic
defects, such as local lattice perturbations, structural disorder and vacancies
[103, 175]. Another possibility is that the off-diagonal structure is associated to
the formation of metastable STE;, i.e. localized excitons dressed by a phonon
mode, most likely involving the I-Pb-I bending. Indeed, we note that the
build-up time (300 fs) of the off-diagonal structure is very close to half of the
period of the optical modes at ~ 7 meV, which involve the halide-lead-halide
bending (see Fig. 6.6b) [230] that has been shown to be closely coupled with
photoexcited excitons [319]. In general, STE formation is facilitated in solid
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Figure 6.7: a) to dynamics of the 2DES signal measured at 200 K and integrated
over the two regions of interest depicted in the top left inset, which select the
diagonal (orange) and off-diagonal (purple) structures. b) Sketch of the energy
level structure and population dynamics of trap states originating from defects
or self-trapped excitons. c) Temperature dependence of the off-diagonal spectral
feature at to = 0 fs as compared to the diagonal excitonic resonance. The yellow
markers report the ratio between the signal intensities obtained from the integration
of the 2D spectra over the areas indicated in the inset of Fig. 5a. The blue dashed
line indicates the divergence of a second-order phase transition order parameter
scaling as (1 — T/T.)~7; here v = 1 and T, = 240 K.
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systems displaying soft lattice, strong exciton-phonon coupling, large lattice
constants and reduced electronic dimensionality [274]. These properties are often
found in halide perovskites - which typically display strong electron-phonon
interactions and soft lattice [312] - and in FAPI superlattices in particular,
where the formamidinium cation represents a large cation molecule as compared
to MAPT or all-metal halide perovskites [275], and where the nanocube synthesis
reduces the dimensionality of the system to quasi 0D due to exciton quantum
confinement. STE usually results in broad emission peaks [274], consistently
with what is observed from room temperature photo-luminescence on the FAPI
superlattices investigated in this work (see Appendix B.2.2). The formation
of STE is also suggested by the temperature dependence of the off-diagonal
structure, as reported in Fig. 6.7c for fixed time delay t; = 0. Starting from
cryogenic temperature we clearly observe a significant increase of the intensity
of the off-diagonal peak as the temperature is increased, with tendency to
diverge when the critical temperature of the tetragonal to cubic transition is
approached. The experimental data are fitted with the function (1-7/T.)" in
order to determine the critical exponent. The data are compatible with v = 1,
which is the mean-field critical exponent of compressibility across a second-order
phase transtion. This result suggests that the softening of the lattice and, more
specifically, of the ~ 7 meV phonons responsible for the I-Pb-I bending, which
softens across the tetragonal-to-cubic transition, strongly favours the formation
of STE with a binding energy as large as ~ 100 meV. We also note that the 2D
spectra contain a weak diagonal signal at fuv; = fiws ~ 1.61 eV (see Fig. D.1 in
Appendix D) which displays a temperature-dependent behaviour similar to the
off-diagonal component, thus indicating the possibility of direct excitation of
this phonon-mediated transition, which consists in the simultaneous absorption
of a photon and the local lattice distortion related to the STE. The lower
intensity of the diagonal component as compared to the off-diagonal peak could
be related to the scaling of the signal intensity with the dipole strength. Since
the diagonal signal scales with the fourth power of the dipole strength, while the
off-diagonal cross peak scales with the second power, small dipole strength of
the trap state compared to the main excitonic line can result in the suppression
of diagonal features in the 2DES spectra, despite the off-diagonal peak being
clearly visible [282, 31]. The spectrum of the laser excitation (see Fig. 6.2a) can
also play a role in scaling down the intensity of the measured signal at small
photon energies (fiw; ~ 1.61 V) [282, 32|, thus further suppressing diagonal
features.

6.5 Conclusions

In conclusion, our 2DES study has unveiled the complex hierarchy of the photo-
physics in FAPT superlattices. The initial excitons very rapidly (~ 40 fs) decay
forming an incoherent gas of bi-excitons. Within hundreds of femtoseconds
the optical excitations form trap states that originate from defects or lattice
distortions causing self-trapping of excitons. The large binding energy and the
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spatial localization protect these new and long-lived states that are responsible
for the subsequent fluorescent emission [210, 334]. We note that a direct
comparison with disordered FAPI nanocrystals cannot be performed due to
the strong signal suppression in disordered films (see Section D.5). The way
the ordered arrangement of the nanocubes enhances the signal calls for further
investigation that goes beyond the scope of the present work. Nevertheless,
the present results suggest that the short excitonic decoherence time prevents
the onset of collective superradiant emission, in contrast with observations
in inorganic superlattices [232, 332, 148, 216, 198]. At the same time, the
strong coupling with the optical phonons, combined with the lattice softening
across a continuous structural phase transition, offers a new tool to manipulate
the excitonic/bi-excitonic coherent dynamics, as well as the down-conversion
into trap-states, which ultimately controls the collective and coherent emission
properties.






CHAPTER [

Conclusions and outlook

This thesis explores out-of-equilibrium physics in strongly correlated materials,
aiming to deepen the understanding of fundamental mechanisms that could
be leveraged to fully control electronic and magnetic properties, as well as
phase transitions, in quantum materials. Both ultrashort laser pulses and static
electric fields were employed to generate out-of-equilibrium phases, that were
then probed by means of either time- or space-resolved experimental techniques
for the two types of excitation, respectively. Specifically, the ultrafast charge or
exciton dynamics were detected by employment of pump-probe spectroscopy
and 2D coherent electronic spectroscopy. The implementation of 2DES in
particular aimed at accessing the fundamental dephasing processes that cause
the ultrafast loss of electronic quantum coherence. For current-induced phase
transitions, we adopted a X-ray based imaging technique, PEEM, to obtain
nanoscale images and investigate the role of the topological defects of the
underlying nanotexture - naturally emerging in systems displaying first-order
phase transitions or symmetry breaking phenomena - on the phase switching
and its potential control.

Out-of-equilibrium phenomena in Mott systems

In the first part of the thesis we considered two paradigmatic Mott insulators,
vanadium oxides LaVO3; and V503, perturbed by light pulses and a static
electric field, respectively.
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In LaVO;, we explored the charge excitations across the Mott-Hubbard gap,
which can provide great insight on the exotic properties of strongly correlated
materials, among which the intertwining of multiple degrees of freedom and
the establishment of long range ordered phases. LaVOs optical transitions
in the visible and near-infrared range are in fact strongly dependent on the
establishment of spin and orbital ordered phases: Hubbard excitons, bound
states between a doubly occupied and an adjacent empty V-site, are stabilized
by the ordered configuration of the V-3d electrons’ orbital occupation and spin.
Pump probe and 2DES experiments, presented in Chapter 3, revealed that the
disruption of the ordered background due to ultrafast pump excitation results
not only in a decrease of the spectral weight of the excitonic resonance, but also
in a broadening of its linewidth. 2DES more specifically showed that it is the
homogeneous linewidth, directly related to the intrinsic lifetime and decoherence
time of the exciton, that is shorten over a tens of picosecond timescale after
ultrafast excitation. This processes, rationalized within Gingzburg-Landau’s
theory, is likely due to the coupling of the electronic excitations across the Mott-
Hubbard gap, enhancing spin and orbital fluctuations, to the order parameter
of system. These results represent a proof of concept of the decoherence time
being strongly affected by the onset of ordered states, which likely extends to
many other systems undergoing first order phase transitions coupled to the
establishment of long-range orders. Some examples include, for instance, charge
order and antiferromagnetic correlations in copper oxides (e.g. Ndy_Ce, CuQy,)
[58, 85], and charge density wave (e.g. 1T-TaS,) [160]. The variation of the
fluctuations of the thermal bath, along with their interaction with electronic
excitations, in proximity of a phase transition, could provide a novel mechanism
to tune the decoherence dynamics in solids.

The case of out-of-equilibrium phase generated by static electric field was
investigated in V,03, where the application of an above threshold current or
voltage can induce a volatile switching from high resistance to low resistance.
This current-induced insulator-metal transition was explored in Chapter 4 by
means of PEEM, which allowed us to image the nanotexture of low-temperature
V,05 - forming because of the breaking of the C's symmetry upon the structural
phase transition - simultaneously to the application of the switching current.
This experiment allowed us to directly observe the formation and widening of a
rhombohedral metallic channel after the switching event, and to link it to the
spatial arrangement of the monoclinic domains (twins). We in fact observed that
the formation of the metallic channel is pinned by the existence of a topological
defect in the domain nanotexture. Such topological defect corresponds to the
breaking of the curl-free condition for the order parameter (which is related
to the film shear strain), that guarantees the continuity of the rhombohedral-
to-monoclinic deformation. This results in a local suppression of the order
parameter, and a consequent lowering of the threshold needed for resistive
switching, therefore triggering the insulator-metal transition to occur at the
location of the topological defect. The observation of topological defects playing
a role in electronic phase transitions is actually a general concept that could
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be relevant to the many other systems displaying first-order phase transitions
accompanied by a symmetry breaking. In CDW and charge-ordered systems,
for example, topological defects strongly affect the dynamics of photo-induced
transitions [298, 338, 47]; our results further indicate that topological defects of
the order parameter can play a role also in initiating the induced transition and
affecting the switching-threshold. Other systems where this physics could be
relevant include transition-metal (V/Ni/Mn) oxides, where ordered phases in the
charge, spin and orbital degrees of freedom emerge upon the IMT and result in
a lowering of the systems symmetry [128, 281], kagome metals, where symmetry
breaking occurs due to the emergence of a nematic phase [10], and copper oxides,
which are characterized by the coexistence of multiple competing orders [138].
Our results also suggest novel viable routes to control resistive switching, for
example by means of stain engineering to introduce topological defects in a
deterministic way. We foresee various approaches that can be explored to achieve
strain control. One possibility is to exploit the influence of the substrate on the
film strain and its insulator-metal phase transition, as shown in V505 films tuned
by fine variations in the substrate doping to change the film-substrate lattice
mismatch [119, 124]. Localized control of the strain and related topological
defects could instead be obtained by exploiting the strain applied by metallic
overlayers, similarly to the gold electrodes employed in the experiment presented
here, whose geometry and orientation with respect to the film crystallographic
axis can affect the emergence of topological defects. Another promising approach
is represented by nanopatterning to control antiferromagnetic domains [196]
and, thus, to locate topological defects in a controlled way.

We further observed that the current-induced resistive switching is compatible
with a non-thermal resistive switching mechanism at the threshold current,
followed by the thermal expansion of the metallic filament due to Joule heating.
Despite further work is necessary to finally address the exact nature of the
topology-driven switching at the very early stages, the non-thermal scenario
suggested here would open the possibility of exploiting topological properties
to achieve an all-electronic Mott switching that is reversible and intrinsically
much faster than the thermal process involving the lattice transformation.

Novel platforms for quantum simulation

In the second part of the thesis we focused on the possibility of simulating, on
an artificial platform, the emergence of collective phenomena and the occurrence
of the Mott transition, which are the two phenomena ubiquitously observed in
doped Mott insulators. We specifically focused on cubic superlattices composed
of lead halide perovskite nanocubes, which we propose as a suitable novel
platform for quantum simulation.

As discussed in Chapter 5, the exciton dynamics in CsPbBr; nanocube
superlattices, excited by a resonant pump, revealed the suitability of the platform
for quantum simulation applications. Upon controlling the excitation intensity,
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different quantum phases relevant for Mott materials were accessed, within one
single platform: superradiant phase, exciton gas and electron-hole liquid. The
emergence of superradiance, a long range collective phase, allows to mimic the
physics of long range orders, such us superconductivity and charge density waves,
in strongly correlated materials. The transition from exciton gas to electron-hole
liquid, also known as the excitonic Mott transition, allows to map the insulator-
metal Mott transition as described within the Hubbard model. Combined
together, the long- and short-range interactions governing the excitons can be
exploited to map the physics of many quantum materials, as they give access to
the most relevant region of the phase diagram, where collective phases appear
in proximity of the insulator-metal Mott transition. CsPbBrs superlattices
therefore represent a low cost and much simpler alternative to state-of-the-art
quantum simulators based on ultracold-atoms.

As future steps toward establishing quantum simulation schemes based on this
novel system, we foresee several advancements, both in ultrafast optics and
material development, that are well within reach. For example, as opposed to the
resonant pump used here, different excitation protocols could be easily used in
order to excite the exciton off-resonance and investigate finite-temperature phase
diagrams. Time-resolved optical microscopy will allow to perform experiments on
individual superlattices. By exploiting the flexibility in the chemical composition
and super-lattice geometry, it will be possible, for example, to: tune the excitonic
energy (from infrared to visible) and make it resonant with external cavities;
change the lattice geometry, e.g. from cubic to perovskite [49]; create binary
compounds in which the unit cell is characterized by a basis [49], thus adding
additional internal degrees of freedom that can simulate multi-orbital physics;
control the size, shape and dimensionality (from 3D to 2D) of the superlattice
[129, 288, 166, 329], in order to investigate the role of dimensionality and
superlattice symmetry in the emergence of long-range orders.

In order to move towards this direction, we considered in Chapter 6 the hybrid
organic-inorganic compound FAPI, which can also be synthesized into nanocube
superlattices. Here, we addressed the early-stage dynamics of excitons, which
crucially determines the possibility of establishing collective superradiance
effects. Indeed, ultrafast spectroscopy revealed that excitons in FAPI nanocube
superlattices are extremely short-lived as they rapidly (within ~ 40 fs) form
bi-excitons, and subsequently (within 1 ps) relax into a lower energy trap state.
2DES additionally gave access to the exciton and bi-exciton decoherence times.
The short excitonic decoherence time (~ 30 — 40 fs) is likely what prevents
the onset of collective superradiance. In addition, the significant variation in
the temperature-dependent behavior of decoherence time detected across the
cubic to tetragonal structural transition, occurring because of the changes in
the optical phonon modes causing exciton dephasing, suggests a possible new
way to control and enhance the ultrafast coherent dynamics of photocarrier
generation in hybrid halide perovskite synthetic solids.
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APPENDIX A

Non-collinear optical parametric amplifier: design and
experimental implementation

In 2DES, the bandwidth of the pump and probe pulses determines the frequency
window that can be accessed, therefore broadband pulses should be employed.
Another crucial parameter is the time duration of these pulses, which affects
the temporal resolution of the experiments and selects the timescale, and hence
the processes, that can be accessed and probed. To investigate decoherence
dynamics in solid-state systems, light pulses with duration of a few tens of
femtoseconds or shorter, and a correspondingly large bandwidth,! are required.

Ultrashort light sources, such as Ti:sapphire or Yb:doped lasers, typically have
narrow gain bandwidths, resulting in the emission of hundreds of femtoseconds
long pulses at fixed wavelength. To overcome these limitations, optical
parametric amplifiers (OPAs) can be used, providing tunability in both the
radiation wavelength and pulse duration of the generated pulses [183].

In this appendix, we summarize the working principle of OPAs and describe
the design of the home-made non-collinear OPA (NOPA) set up for the 2DES
experiments presented in this thesis.

IPulse time duration and spectral bandwidth are related via the time-bandwidth product:
TAw > 2mwep, with Aw spectral bandwidth and 7 pulse duration defined as FWHM, where
the equality holds for transform limited pulses. cp is a constant of the order of 1, whose exact
value depends of the shape of the pulse (e.g. cg = 0.441 for Gaussian pulses).
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IMPLEMENTATION

A.1 Parametric amplification

Optical parametric amplification is a second-order nonlinear optical effect
occurring when, in a suitable nonlinear crystal, energy is transferred from a
high intensity beam (pump) at frequency ws to a lower intensity beam (signal)
at the lower frequency w;. Because of energy conservation, a third beam (idler)
at frequency ws, determined by

hws = hws + hw, (Al)

must be generated. Eq. A.l implies that the signal and idler frequencies are
smaller than the pump one (w1, ws < ws). The signal frequency wy can vary from
0 to w3 as ws varies, correspondingly, from w3 to 0, so that Eq. A.1 is always
fulfilled. Once w3 is fixed, the variability in signal (and consequently idler)
frequencies allows to achieve continuous wavelength tunability. Alternatively,
it is possible to work in a specific geometry where the amplification process is
efficient in a broads spectral range, resulting in the possibility of synthesizing
pulses whose transform limited time duration is significantly shorter than the
pump pulse duration [183].

A.1.1 Parametric amplification of monochromatic waves

We here provide a short theoretical treatment of the process of parametric
amplification [183]. We start by considering three monochromatic waves
propagating along the z direction in a non-centrosymmetric medium and we
analyze their nonlinear interaction. In this case, the total electric field can be
written as

1 . A .
E(z,t) = 5 [Al(z)el(“lt*klz) + Ay(z)elwat=ka2) 4 Ag(z)el(“"’t*k“)] + c.c.
(A.2)
The second-order nonlinear polarization (see Section 2.2.1) is given by
Pyi(z,t) = eox P E?(2,t) = 260deaE* (2, 1), (A.3)

where € is the electric permittivity of vacuum, x(®) is the second-order non-
linear susceptibility and dg is the so-called effective nonlinear optical coefficient
which depends on the specific x(?) components involved in the interaction.
Pynr(z,t) contains components at the different combinations of two frequencies
among w1, wo and ws; in particular, we here assume that only the interactions
verifying Eq. A.1 are efficient are therefore consider only the terms at frequencies
w1 + wo(=ws3), wg — wa(=w1) and ws — w1 (= wa). Pyr(z,t) therefore reads:
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Pri(2,t) =eodeg A% (2) As(z)ei (@1t (ka=k2)z)
teodeg AL (2) Ag(z)el(wet=(ka—ki)z) (A.4)

+eodesrAr(2)Asg (z)ei(wlt_(k1+k2)z) + c.c.

By inserting Eq. A.4 into the wave equation (Eq. 2.2 in Chapter 2) and applying

the slowly varying envelope approximation (i.e. ‘ %ié < 2k ’% ), the following
set of coupled wave equations are obtained:

0A d ;
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where Ak = k3 —ko— k1 is the wavevector mismatch and n; is the refractive index
of the medium at frequency w;. Depending on the boundary initial conditions
(A;(z = 0)), the following second-order nonlinear processes can occur:

e sum frequency generation (SFG): A;1(0) at frequency w; and As(0) at
frequency wo are the two input fields; their interaction generates the field
A3 at wy = wy + wa;

o difference frequency generation (DFG): A3(0) at frequency ws and A;(0)
at frequency wy are the two input fields of similar intensity, producing As
at wo = w3 — wy;

o optical parametric amplification (OPA): analogously to DFG, A3(0) and
A1(0) are the two input fields; here, however, the input field A;, called
seed, is much weaker than Asz, which is called pump. The result of the
interaction is the amplification of A; (signal) and the generation of A
(idler).

Assuming Az = constant (no pump depletion) and A3(0) = 0 (no initial idler),
from Eq. A.5 we can find the following differential equation for the amplitude
of the signal field [183]:

0%A 0A
o= =ikl T A (A.6)
where o2
wiw
2 — L”IB. (A.7)
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By integrating the equations above, we can obtain the intensities of signal and
idler beams (I; and Io, respectively) as a function of the interaction length L,
which are given by:

L(L) = Lo {1 + (g sinh gL)2]

R (A.8)
w2 ]
(L) = Loz (5 sinh gL)

where I1g is the initial intensity of the signal field at frequency w; and g =

rz-— AT’“Z is called small-signal gain. The parametric gain G is then defined
as:

I (L)

G(L) == = 1+<Esinth)2]. (A.9)

Equation A.9 shows that the amplification gain is crucially influenced by the
following parameters:

e wavevector mismatch Ak: g, and hence G, decrease significantly as soon
as Ak deviates from Ak = 0, which is called phase-matching condition;

o crystal non-linearity: the amplification is lager when deg is higher;

e pump intensity I3: G ~ eVis:

o crystal length L: G ~ el.

Despite we are mostly interested in the signal beam, it is important to notice
that the idler beam plays a crucial role in the process of parametric amplification.
This is because, since there is symmetry between the fields A; and A, (see Eq.
A.5), the idler can also undergo parametric amplification, which simultaneously
generates photons at the signal frequency. This positive feedback mechanism
gives rise to the exponential gain over the interaction length and, if missing
because of spatial or temporal walk-off between idler and pump, causes a
significant gain reduction.

A.1.2 Broadband parametric amplification

When dealing with ultrashort pulses rather than monochromatic waves,
additional care must be taken in order to achieve efficient amplification [183].
In the following, we discuss the key points that must be taken into account.
A full theoretical description of this case, not presented here, can be based on
the monochromatic parametric amplification described in the previous section,
considering that short pulses can be considered a superposition of monochromatic
waves.

Pulse-splitting length

Pulses with different carrier frequency propagate with different group velocity;
this mismatch introduces a temporal walk-off that reduces the temporal overlap
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of the interacting pulses. The relative group delay acquired by two pulses

1 1 P— .. . 3
vt ey )% = d0ij2, where vg; is the

simultaneously entering a medium is (
group velocity of the i-th beam and d;; is called group-velocity-mismatch (GVM).
The propagation length after which, in absence of gain, the signal or the idler
beam temporally separates from the pump pulse is called pulse-splitting length
and it is given by [183]:

T
5;:

-
lis = —1, (A.10)

Vg3

Vgj

where 7 is the pump pulse duration. The pulse splitting length depends on pulse
duration, crystal properties and propagation direction. Two different scenarios
exist:

e if 413023 > 0, the amplification is limited by the pulse-splitting length
because both signal and idler walk away from the pump in the same
direction; saturation in reached after the smaller between ;3 and a3 [183].

e if 013023 < 0, signal and idler pulses are temporally localized under the
pump pulse because they walk away in opposite directions with respect
to the pump; the parametric process can occur for propagation lengths
longer than /;3 and the gain saturates at pump depletion [183].

Broadband phase-matching

As for the monochromatic case, phase-matching is crucial for an efficient
amplification of ultrashort pulses. In this case, one wishes to have a constant
gain over a large bandwidth, which requires the phase mismatch to be as small
as possible over the whole bandwidth.

The wavevector mismatch Ak can be evaluated by first order expansion around
Ww1,ws, w3, which represent the set of signal, idler and pump frequencies,
respectively, that perfectly satisfy phase matching. In the collinear case (pump
and seed beams propagating collinearly) and for a fixed pump frequency w3, the
phase mismatch when the signal frequency changes to w; + Aw is given by [183]

1 1
Ak o~ ( - ) Aw = §12Aw. (A.11)

Ugl ’Ugg
The parametric gain bandwidth can then be approximately estimated by
inserting Eq. A.11 into Eq. A.9. In the non-collinear case, the same Taylor
expansion procedure can be applied, with the additional care of accounting for
the vectorial nature of the phase-matching condition; this leads to the following
phase-matching condition [183]:

Vg1 = Vg2 COS {2, (A.12)

where € is the angle between signal and idler propagation directions. Equation
A.12 states that broadband amplification can occur when the projection of
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Figure A.1: a) Non-collinear phase-matching configuration obtained by tuning the
angle of the optical axis of the non-linear crystal. Due to birefringence, the refractive
index, and hence the wavevector, of the light with extraordinary polarization depend
on the beam propagation direction with respect to the crystal optical axis. b)
Phase-matching angle 0,,, as a function of signal wavelength \; for different
pump-seed angles a. The curves plotted here are calculated for the case of BBO
crystal, type-l interaction with ordinary polarization for signal and idler beams,
and extraordinary polarization for the pump beam (ooe configuration), and pump
wavelength A3 = 515 nm.

the idler’s group velocity along the signal propagation direction equals the
group velocity of the signal; this is simply a generalization of the collinear
case condition (where, according to Eq. A.11, vy = vgo provides the broadest
phase-matching). Note also that Eq. A.12 can be satisfied only if vy < vgo, i.e.
if 612 > 0.

One approach commonly employed to achieve the phase matching condition is to
exploit the birefringence of the non-linear crystal. In this case, it is possible to
find a specific value of the angle between the pump beam propagation direction
and the crystal optical axis (see Fig. A.la), 0p,, for which the phase matching
condition is fulfilled. Efficient signal amplification can then be obtained by
a suitable choice of the beams’ polarization and propagation directions, and
orientation of the crystal optical axis. Figure A.1b displays an example of the
phase matching angle 6, for parametric amplification in a Type-I 3-barium
borate ($-BaB,O, or, in short, BBO) pumped at 515 nm as a function of
signal wavelength and for different angles a between the pump and the seed
propagation directions. The plot shows that a non-collinear geometry can be
advantageous for broadband amplification because it is possible to find a magic
angle, around 2.2° for the case reported in Fig. A.1b, which allows amplification
over the broadest bandwidth, as indicated by the 6,,, curve being flat over a
broad range of wavelengths [183].
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A.2 Setup layout

Many different OPA designs can be employed according to the the laser source
and the desired properties of the amplified pulse (frequency range, time duration
and energy per pulse). In general, however, all OPAs consist of three main
parts:

e Seed pulse generation: supercontinuum generation is used to generate a
broadband pulse to initiate the parametric amplification;

o Parametric amplification: the seed is overlapped to a suitable pump pulse
in a nonlinear crystal where the amplification takes place, producing the
signal beam;

e Pulse compression: the spectral phase accumulated by the amplified pulse
is compensated in order to compress the signal to its transform limited
duration.

The setup of our NOPA is displayed in Figure A.2 and it will be described in
detail in the following sections.

BBO
SHG Short-pass

filter

Lens BBO
N2 waveplate maim f =500 mm OPA
Polarizer ] / 2mm

Lens \/—

F =50 mm
Iﬁ?ﬂ Short-pass Chirped
filter mirrors
~—~r"
f=750 mm

Figure A.2: Sketch of the optical setup employed for non-collinear parametric
amplification.

A.2.1 Pump and seed pulses

Laser system. The laser system we are working with is a diode-pumped
Yb:KGW laser (Pharos by Light Conversion), emitting ultrashort pulses at
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1030 nm with 250 fs time duration. The laser emits 37.5 nJ pulses at 400 kHz
repetition rate, resulting in 15 W average power. A pulse picker allows to
change the repetition rate without varying the energy per pulse. 80% of the
emitted radiation, i.e. 30 pJ/pulse, selected through a beam splitter, is routed
into the NOPA setup. The light emerging from the laser has linear horizontal
polarization, which is then rotated to vertical by a half-wave plate before
entering the NOPA breadboard. The beam spot size is reduced through a
telescope composed of a 500 mm focal length lens and a 150 mm focal length
lens separated by 35 cm beam path.

Beam splitting. A pellicle beam splitter (Thorlabs CM1-BP5) is employed to
split the beam into two parts, a low intensity one used for seed generation and
a high intensity one for the NOPA pump. For vertical polarization and 1030
nm wavelength, =~ 12% of the light is reflected by the beam splitter, resulting
in a 3.6 nJ pulse that can be employed for seed generation, and a 24 pJ/pulse
beam to be used in the pump beamline.

Seed generation. The seed pulse is generated by white light generation (WLG),
a phenomenon involving a number of non-linear processes that lead to wide
spectral broadening [4]. In our setup, this is obtained by focusing a =~ 1 pJ pulse
on a 4 mm thick YAG (yttrium aluminum garnet) crystal by means of a 5 cm
focal length lens. The optimal conditions for filamentation in the YAG crystal
are achieved by fine tuning of the input pulse energy (by means of a half-wave
plate and a polarizer selecting vertical polarization), the numerical aperture of
the incoming beam (by means of an iris) and the beam focus position inside the
YAG crystal [24, 293]. The resulting seed spectrum is plotted in Figure A.3;
the spectral range extends up to 950 nm because the longer wavelengths are
cut by a short-pass filter, required in order to remove the 1030 nm fundamental
component that would otherwise undergo amplification.

The diverging beam that emerges from the WLG crystal needs to be re-focalized
at the nonlinear crystal used for parametric amplification. In order to do so, we
employ a f = 75 mm spherical mirror (f being the focal length) placed at a
distance d > f from the YAG crystal. In this way, we don’t need an additional
lens to focus the seed, therefore limiting the number of transmission optics on
the optical path of the seed beam, which helps with keeping the seed pulse
duration as small as possible.

Pump pulse. As a pump pulse for the parametric amplification, we employ
a 515 nm beam obtained by second harmonic generation (SHG) of the laser
fundamental wavelength in a 3 mm thick BBO. Similarly to the seed generation,
the removal of the laser fundamental is of great importance also for the pump
path. This is performed by a short-pass filter that absorbs the component at
1030 nm (Thorlabs FESH650).
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Figure A.3: Spectrum of the seed pulse obtained by WLG in a YAG crystal.

The choice of the pump wavelength is determined by the frequency range of
interest for the signal pulse. In our case, we are interested in synthesizing
pulses in the photon energy range between 1.2 eV and 1.9 ¢V. 515 nm is then
an appropriate pump wavelength since it allows to amplify the components
with photon energy smaller than 2.4 eV (see Eq. A.1). The lower bound of the
amplifiable spectral range is, instead, manly determined by the transparency
of the crystal (see Sec. A.2.2). We also need to keep in mind that the pump
wavelength influences also the OPA gain: higher frequency means higher gain
(according to Eq. A.9) but also larger GVM (i.e. shorter interaction length).

The energy per pulse of the pump beam is a key parameter since it strongly
affects the pulse energy of the amplified beam. In our setup, the SHG process
has ~ 55% efficiency resulting in 13.5 pJ pump pulses. A 500 mm focal lens
shrinks the beam size to 160 pm FWHM diameter at the amplification spot;
the pump fluence is then ~ 67mJ/cm? and the peak intensity is estimated
~ 200 GW cm~2 assuming 250 fs pulse duration.

The pump pulse time duration does not directly affect the time duration of
the amplified pulse. However, employment of a pump pulse with time duration
longer or comparable to the seed one in preferable since this guarantees temporal
overlap. Employment of transmission optics on the pump path (3 mm BBO,
short-pass filter and lens) is, therefore, not expected to lower the OPA efficiency,
but it rather contributes to stretch the pump pulse simplifying temporal overlap
[183].

Spot size. Figure A.4 displays the pump and seed spots at the point of spatial
overlap where the OPA interaction occurs. Since the seed is focused by a
spherical mirror working not at perfect normal incidence, an iris is used to select
the central section of the beam and improve its spot quality. From the images
displayed in Fig. A.4, we estimate the spot diameter by performing a Gaussian
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Figure A.4: Imaging of pump and seed beams at spatial overlap.

fit on horizontal and vertical line profiles. This returns:

dpuMP,hor = 156 pm,  dpyrpver = 163 pm (A.13)
dSE‘E‘D,hor =104 pim, dSEED,’UeT = 100 pm .

These values fulfill the criterion of pump spot size larger than the seed spot size,

which is the preferable configuration since it ensures homogeneous amplification
[183].

A.2.2 Parametric amplification

OPA interaction crystal. The amplification process occurs in a type-I BBO
crystal. This material is a suitable nonlinear medium for our laser system and
desired NOPA properties because of the features listed below.

o Transparency range: 400 nm - 3 pm; in order to achieve amplification, both
the signal and the idler wavelengths need to be within the transparency
range of the crystal.

o Sufficiently high nonlinear coefficient: deg = 2.15 pm/V for type-I
interaction in a crystal cut at an angle 8 = 23.4°.

e §12 > 0 in the range of interest, namely between 600 nm and 1000 nm, as
needed in order to allow broadband phase amplification (see Eq. A.12).

Since, in this spectral range, we are in the case d13d23 > 0, the crystal length
needs to be chosen taking into account the pulse spitting length between the
pulses. Assuming a pump time duration of 250 fs, from Eq. A.10 we estimate
l13,l23 ~ 2 mm for signal wavelengths in the range of interest (600-1000 nm).
In non-collinear geometry, there is also a geometrical lateral walk-off between
pump and seed beams. Since the pump spot size is = 160 pm, the crystal length
after which spatial overlap is lost is of the order of ~ 2 mm for o ~ 2°, o being
the angle between the pump and the seed propagation directions.
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Another aspect to keep into consideration is that, in a birefringent medium,
for the pulse with extraordinary polarization (the pump beam in our case),
there is a walk-off between the beam propagation direction and its Poynting
vector (birefringent walk-off) [183]. For BBO and 6 = 23.4°, the birefringent
walk-off angle is p = 3.3° at the pump wavelength 515 nm. Such effect can be
mitigated by the fact that p is similar to the pump-signal internal angle, so that
the birefringent walk-off and non-collinear walk-off can compensate each other.

Taking into account all of the above, we chose to employ a 2 mm thick BBO
crystal for parametric amplification.

Pump-seed time delay. In order to find and tune the temporal overlap between
pump and seed pulses, we employ a mechanical delay line that allows to vary
the optical path of the pump beam. This not only facilitates NOPA alignment
and optimization but also provides an additional degree of freedom that can
be employed to tune the amplification frequency range by achieving temporal
overlap between the pump pulse and a specific wavelength region of the chirped
seed pulse.

A.2.3 Properties of the amplified pulse

The setup described above allows us to perform optical parametric amplification
for synthesizing the desired light pulses. Here, we briefly summarize the
properties of the NOPA output pules.

Pulse energy. Upon suitable optimization of the alignment (BBO orientation,
pump-seed time delay and spatial overlap), the energy per pulse of the amplified
signal can reach values to 1.25 pJ per pulse.

As discussed in Chapter 2, the output signal of the NOPA is employed for
2DES and it serves as both the pump and the probe pulses. Considering that
the pump beam intensity is strongly attenuated by the large amount of optics
encountered along the pump optical path before hitting the sample, such large
energy per pulse is needed in order to guarantee sufficiently high intensity of
the pump excitation at the sample position. For pump spot size of the order
of 200 ym x 200 pm at the sample, fluences up to 400 pJ/cm? can easily be
reached.

Spectrum. Figure A.5a displays three possible spectra of the amplified pulse.
Tunability of the spectral range of parametric amplification can be achieved by
rotating the BBO crystal and by optimizing the pump-seed temporal overlap.
The spectral range between 650 and 950 nm can be covered, with the broadest
bandwidth that can sustain a transform limited pulse duration of 10 fs. Tuning
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Figure A.5: a) Spectra of the amplified pulse emitted by the NOPA, which can
be tuned in the 650-950 nm range. b) Image of the amplified signal beam spot
collected by a CMOS camera. c) PG-FROG trace of the NOPA signal compressed
by a pair of chirped mirrors. d) Autocorrelator of the NOPA signal pulse, indicating
a 35 fs time duration.

the signal amplification towards shorter wavelengths (towards 600 nm) is possible
but this strongly reduces the amplified bandwidth.

Signal spot size. The NOPA signal is collected and collimated by means of
a 20 cm-focal length spherical mirror, which routes the beam into the last
section of the amplifier, that is the pulse compressor. In order to evaluate the
spatial quality of the amplified beam, we analyze the shape and size of the beam
spot upon focalization, as needed in order to perform ultrafast spectroscopy
experiments. We employ a 40 cm-focal length spherical mirror to focus the beam
onto a CMOS camera (Thorlabs DCC1545M); the collected image, displayed
in Figure A.5b, shows a homogeneous and quite symmetrical beam. The spot
size is estimated by fitting a horizontal and a vertical profile with a Gaussian
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function; the resulting FWHM of the two profiles are:

dSIG,hm- =172 pnm, dSIG,ver = 213 pm. (A.14)

Time duration. The last section of the NOPA setup consists in a pulse
compressor, which is required whenever generating sub-50 fs pulses since
compensation for the positive chirp introduced by material dispersion (YAG
crystal, amplification BBO crystal, filters) is needed. In order to do so, we
employ a pair of chirped mirrors (Layertec), which are layered reflective optics
that introduce a negative group delay dispersion (GDD) at each reflection. In
our setup, we employ a pair of chirped mirrors introducing GDD = - 50 fs? at
each reflection. Since the dispersion introduced by the chirped mirrors can by
varied only discretely, fine tuning by means of propagation within a material
of variable thickness is required. As further pulse compression of, separately,
pump and probe beams, is required at a later stage in the 2DES steup (see
Section 2.5.2), we here only employ a pair of chirped mirrors where the signal
beam is reflected 14 times (7 reflections on each mirror), which results in the
best pulse compression achievable in our NOPA.

In order to estimate the time duration of the amplified pulses, we performed
polarization-gating frequency-resolved-optical gating (PG-FROG) [290]. The
measured PG-FROG trace is plotted in Fig. A.5c for an amplified signal
covering the spectral range between 680 and 800 nm. Figure A.5d displays the
corresponding autocorrelation signal (equivalent to PG-FROG signal integrated
along the wavelength axis), which shows a 50 fs FWHM, corresponding to
~35 fs pulse duration of the NOPA signal.






APPENDIX B

Lead halide perosvkite superlattices: sample
characterization

This chapter has been adapted from the following manuscripts:

Halide Perovskite Artificial Solids as a New Platform to
Simulate Collective Phenomena in Doped Mott Insulators,
A. Milloch, U. Filippi, P. Franceschini, M. Galvani, S. Mor, S. Pagliara,
G. Ferrini, F. Banfi, M. Capone, D. Baranov, L. Manna, and C. Giannetti,
Nano Letters, 2023, 23, 10617 - 10624, doi: 10.1021/acs.nanolett.3c03715

The fate of optical excitons in FAPbI; nanocube superlattices,
A. Milloch, U. Filippi, P. Franceschini, S. Mor, S. Pagliara, G. Ferrini, F.
V. A. Camargo, G. Cerullo, D. Baranov, L. Manna and C. Giannetti, ACS
Photonics, 2024, 11, 9, 3511-3520, doi: 10.1021/acsphotonics.4c00105

Lead halide perovskite superlattices are cubic arrays of perovskite nanocrystals.
Their synthesis and characterization was performed by the Nanochemistry
group of the Italian Institute of Technology (IIT, Genova). In this appendix
we summarize the main steps and results in the sample preparation and
characterization.  All details of nanocrystal synthesis and superlattice
preparation, as well as sample aging, can be found in Ref. 198 and in Ref. 199
for the CsPbBrs and FAPI samples, respectively.
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B.1 CsPbBrs nanocube superlattices

B.1.1 Samples

The fabrication of superlattices (SLs) is accomplished by drop-casting a toluene
dispersion of nanocubes of mean lateral size ~ 8 nm onto a silicon substrate
and letting the solvent evaporate overnight. During this process, the nanocubes
spontaneously assemble into superlattices with sizes of 1-10 pm.

Disordered nanocubes films are fabricated starting from the same synthetic
batches of superlattice films, and using fast solvent evaporation and mechanical
scrambling (e.g. spreading or crushing). The disordered nature of nanocubes
films prepared in such a way was characterized by X-ray diffraction, as discussed
below (Sec. B.1.2). The lack of preferred orientation and superlattice diffraction
signatures in diffraction patterns [289, 286] was taken as an evidence of random
orientations of nanocubes in the sample.

B.1.2 Characterization of SL and disordered films
X-ray diffraction.

X-ray diffraction (XRD) patterns collected from disordered NCs film and
superlattice sample are shown in Figure B.1.

For disordered NCs, the XRD pattern shows the Bragg reflections ascribed
to the orthorhombic structure of CsPbBrs [171] and all the peaks expected
from a film of randomly oriented NCs [289]. Conversely, for the SL sample,
we observe the presence of two strong peaks at 20 ~ 15° and 26 ~ 30.5°. As
described in detail in previous works [289, 286], this XRD pattern originates
from a close-packing of the cubes in the plane parallel to the substrate, which
leads to the enhanced Bragg reflections from (110), (110) and (002) (20 ~ 15°)
and (220), (220) and (004) (26 ~ 30.5°) planes of the orthorombic unit cell of
CsPbBrs. The precise periodicity between NCs inside SLs produces a phase
modulation on the diffracted X-rays, causing additional interference which
produces the fine structure for the 26 ~ 15° peak, observable in Figure B.1b
(black solid line).
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Figure B.1: XRD patterns of disordered NCs film (a) and superlattice film (b). The
blue lines in (a) represent the Bragg peaks positions reported in literature (Ref.
171) for CsPbBrs.

=]

Photoluminescence and absorbance

The samples were optically characterized by absorbance and photoluminescence
(PL) spectra. The equilibrium PL and absorption spectra of NCs dispersed in
toluene and of NC deposited on a glass substrate are displayed in Figure B.2a
and b for disordered NC and superlattices respectively. In both cases, we observe
a PL red-shift (APLyc = 2.414 €V - 2.382 ¢V = 32 meV for the disordered
NCs sample and APLg;, = 2.414 eV - 2.386 eV = 28 meV for the SLs sample)
and a PL peak broadening (AFWHM yc = 142 meV — 86 meV = 55 meV for
disordered NCs and AFWHMg;, = 116 meV - 86 meV = 30 meV for SLs) for
the deposited films compared to NCs in toluene dispersion, consistently with
previous observations [14, 147, 208, 295, 285].
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Figure B.2: a) Room temperature PL (dashed line) and absorption (solid line)
spectra of NCs dispersed in toluene (black) and of disordered NCs on a glass
substrate (red). b) Room temperature PL (dashed line) and absorption (solid line)
spectra of NCs dispersed in toluene and of NC SLs deposited on a glass substrate.

Optical microscopy.

Optical microscope images of the NCs films are displayed in Figure B.3. For the
disordered NCs film (Fig. B.3a), the image shows a roughly homogeneous spatial
distribution of CsPbBrs; NCs; no well-defined micron-sized rectangular structure,
that typically corresponds to SLs, is observable in the sample, suggesting that
mechanical scrambling produces largely disordered NC film. In the SL sample
(Fig. B.3b), the NCs are assembled into aggregates of rectangular shape and
size between 1 and 10 pm, each corresponding to a NC superlattice.

(a)

Figure B.3: Optical microscopy images of disordered NCs film (a) and superlattice
film (b).
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B.2 FAPI; nanocube superlattices

B.2.1 Samples

FAPbDI; (or FAPI) nanocubes (NCs) are synthesized following the procedure
reported in Ref. 3. FAPbI3 nanocube superlattices are then obtained by drop
casting the solution of NCs dissolved in toluene on a 1 cm x 1 cm Si substrate;
slow solvent evaporation results in the self-assembling of the FAPI nanocubes
into ordered arrays, namely the superlattices. In order to obtain the disordered
sample, the same nanocube synthesis was employed. The crude solution is then
centrifuged in order to extract the precipitate, which is spread ona 1 cm x 1 cm
Si substrate with a plastic scoop.

B.2.2 Sample characterization
X-ray diffraction
The XRD pattern of a film of FAPI NC superlattices is shown in Figure B.4

(top panel) and compared to the XRD pattern of a film of randomly oriented
nanocubes (bottom panel).
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Figure B.4: XRD pattern of a nanocrystal superlattice film (brown solid line, top
panel) and of a disordered film composed of randomly oriented nanocubes (blue
solid line, bottom panel). The reference for the cubic structure (orange lines) is
taken from Ref. 73.
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The first peculiar feature that characterizes the XRD pattern of superlattices in
Figure B.4 is the enhancement of some reflections with respect to others which
belong to the same cubic phase of FAPI. This is a consequence of preferential
orientation which comes from the fact that nanocrystals assemble with the (100)
planes parallel to the substrate. Conversely, XRD pattern of the disordered
sample displays all the peaks of the perovskite cubic structure. The second
feature that marks the presence of superlattices is the splitting of the first Bragg
reflection (26 = 13.87°): as explained in detail in previous works (Refs. 286
and 287), it originates from an additional interference which comes from the
exact periodicity of NCs inside SLs and results in the fine structure observable
in Figure B.4.

In order to confirm the continuous phase transition from the room temperature
cubic a-phase (Pm3m) to the low temperature tetragonal S-phase (P4/mbm)
expected for the FAPI NCs (occurring around 285 K in the bulk counterpart
[73, 305]), low-temperature XRD measurements in vacuum atmosphere were
performed. In order to appreciate all the Bragg reflections belonging to the
different crystal phases the measurement was performed on the film of randomly
oriented nanocrystals. The resulting XRD patterns are shown in Figure B.5: it
is possible to notice that, upon cooling, there is a shifting of the peaks towards
higher angles, consistent with a shrinking of the lattice parameters expected
with the decreasing of temperature, and the appearing of three new peaks,
highlighted by transparent light blue columns, at 26 = 22.2° 26.3°and 36.2°,
which belong to the low temperature tetragonal S-phase [73], and confirm the
transition from the high symmetry cubic phase to the lower symmetry tetragonal
phase.

Film of randomly eriented FAFI NCs
300K

| cubic reference
— 85K
| tetragonal reference

Counts [a.u]

26 [deg]

Figure B.5: XRD patterns at 300 K and at 85 K of a film of randomly oriented
FAPI NCs (Ref. 73). The transparent light blue columns emphasize the new peaks
arising with the phase transition. The "x" symbol indicates the impurity peaks
belonging to the FeNis sample holder (ICSD number 188242).
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Optical microscopy

Figure B.6 reports optical microscope images of both the superlattice (right
panel) and the disordered (left panel) samples. For the disordered NCs film,
the image shows a roughly homogeneous spatial distribution of deposited
material, suggesting that mechanical scrambling produces largely disordered NC
film. Conversely, optical microscopy images of the superlattice sample (right
panel), display ~ 1 pm aggregates each corresponding to a superlattice of FAPI
nanocubes.

Disordered NCs sample

Figure B.6: Optical microscopy images of a film of randomly oriented nanocubes
(left panel) and of a nanocube superlattices sample (right panel).

Transmission electron microscopy

FAPI nanocrystals and nanocrystal superlattices were characterized by means
of transmission electron microscopy (TEM). By extracting the size distribution
of the FAPI nanocrystals from 10 TEM images (similar to the one shown in
Figure B.7a), we estimate a nanocube edge length of 9.7 4+ 2.3 nm (for a total
number of measured NCs ~ 10000).

Photoluminescence and absorbance

Figure B.8 displays the equilibrium PL spectrum, measured under 350 nm
excitation, and the absorbance spectrum of NCs dispersed in toluene and of
NC superlattices deposited on a glass. We observe a red-shift of the PL of
NCs assembled into superlattices, compared to NCs in toluene dispersion (max
PLgypertattice—max PLgoiution = 1605 meV —1635 meV = —30 meV) together
with a PL broadening (FWHMyperiattice— FWHMoiution = 122 meV —102 meV
= 20 meV).

In order to better characterize the equilibrium optical properties of the
superlattice sample employed for 2D spectroscopy, we fit a multi-peak model to
the PL and absorbance spectra (Figure B.9). The photoluminescence spectrum
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Figure B.7: a) TEM picture of FAPI NCs. b) NC size distribution calculated with
ilastik software. c,d) TEM pictures of FAPI NCs superlattices.

—— MNanocrystals in Solution
—— Nanocrystal superlattice film
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Energy [eV]

Figure B.8: Photoluminescence (solid lines) and absorption (filled areas) spectra of
NCs in toluene dispersion and NCs superlattices.
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is well described by two Gaussian peaks centered at 1.681 4+ 0.004 eV and
1.603 £ 0.002 eV, corresponding to an energy separation A = 78 + 6 meV. The
full width at half maximum (FWHM) of the two peaks is 96 + 2 meV and
103 + 5 meV, respectively.

The absorbance spectrum hints at the presence of two excitonic-like resonances
in the energy range between 1.6 and 1.8 eV, which are better resolved by 2DES.
While an accurate analysis of the linear spectrum is hindered by the presence
of broad and overlapping features, the data are compatible with the presence of
two excitonic-like peaks described by the Elliott model [72]. For each of the two

contributions, the absorption spectrum is described by an equation of the form
me™™ 1

sinh(rx) 1 — b(fw — E)

A (hw — Ey) + AgRez4md(hw — Eg + Rep)  (B.1)
where E, is the bandgap, R, is the exciton binding energy, Ay is an amplitude
parameter, b is a parameter taking into account the non-parabolicity of the
bands, § is the Dirac delta function and 6 is the Heaviside step function
[316, 241, 315]. Equation B.1 is then convoluted with a Gaussian to account
for inhomogeneous broadening. According to the best fit (red solid line in Fig
B.9b), the conduction band edge is located at 1.750 £ 0.007 €V, while the two
peaks are centered at 1.65 +0.01 eV and 1.72 £ 0.01 eV and have a FWHM of
94+ 5 meV and 90 + 9 meV, respectively. The presence of two structures agrees
with the 2D spectroscopy data discussed in the main text. Based on the 2DES
spectra, these two structures can therefore be assigned to a trap state and an
exciton state for the lower and higher energy peak, respectively.

a) b)

¢ data
e i

PL (arb. units)
Absorbance (arb. units)

15 16 17 18 16 17 1.8 1.9
Energy (eV) Energy (eV)

Figure B.9: Fit of photoluminescence (a) and absorption (b) spectra of NCs
superlattice.






APPENDIX C

Pump-probe on CsPbBr; nanocube superlattices:
differential fit analysis

This chapter has been adapted from the following manuscript:

Halide Perovskite Artificial Solids as a New Platform to
Simulate Collective Phenomena in Doped Mott Insulators,
A. Milloch, U. Filippi, P. Franceschini, M. Galvani, S. Mor, S. Pagliara,
G. Ferrini, F. Banfi, M. Capone, D. Baranov, L. Manna, and C. Giannetti,
Nano Letters, 2023, 23, 10617 - 10624, doi: 10.1021/acs.nanolett.3c03715

C.1 Equilibrium optical properties

Analysis of the pump-probe data by means of differential fitting of AR/R
spectra requires a parametrization of the CsPbBrj; optical constants at low
temperature (T'). We therefore build the real and imaginary parts of the low-T
refractive index by employing a suitable Kramers-Kronig consistent model,
where the relevant parameters are chosen in agreement with the energy values
obtained from the experimental absorbance measured at room temperature
(see Fig. B.2b in Appendix B.1) and with the temperature dependent trends
reported in literature.
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The real part of the optical conductivity, o1, is obtained as the sum of a sigmoid
function, accounting for the conduction band edge, a Drude-Lorentz oscillator,
describing the exciton resonance, and a background component modelled through
a high-energy Drude-Lorentz oscillator (Fig. C.1a). The conduction band gap
energy is red-shifted by ~80 meV as compared to room temperature (Fig.
B.2b in Appendix B.1) and the amplitude of the exciton peak is increased
compared to the edge amplitude, consistently with the temperature dependence
of CsPbBrj absorption spectra reported in literature [110, 252]. The exciton
binding is fixed at 43 meV, in agreement with literature reports [225, 163]
and experimental absorbance (Fig. B.2b in Appendix B.1). The imaginary
part o9 is then computed from Kramers-Kroiiig relations. The resulting real
and imaginary parts of the refractive index (n and k, respectively) are plotted
in Figure C.1b. We note that the results of the differential fitting procedure
of pump-probe data are robust if small changes of the equilibrium dielectric
function are introduced.
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Figure C.1: a) Parametrized real part of the optical conductivity at low temperature
(black line). Filled areas represent the different components included in o1. b) Real
(n) and imaginary (k) parts of the parameterized low temperature refractive index.

C.2 AR/R fitting procedure and results

For each measured pump-probe time delay At between 4 ps and 130 ps, the
spectrally resolved reflectivity variation AR/R is fitted with a function

ﬁ _ Routeq - Req

1
= o (C.1)

where R, is the equilibrium reflectivity estimated as ((1—n)?+k?)/((1+n)?+k?),
n and k being the real and imaginary parts of the refractive index plotted in
Figure C.1b. R, is evaluated as the normal incidence bulk reflectivity because
the light penetration depth in the photon energy range of interest is < 1 pm,
which is smaller than the film overall thickness (on the order of ~ 10 pm).
Routeq is the out-of-equilibrium reflectivity, computed with the same procedure
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employed for R, and containing the fit parameters. The free parameters for
the differential fit are the out-of-equilibrium free-carriers edge energy position,
the sigmoid edge width, the exciton energy and the exciton spectral weight,
which represents the smallest subset of free parameters necessary to reproduce
the out of equilibrium reflectivity at all fluences and all timescales. The data
collected from NC superlattices require to include in the out-of-equilibrium
optical conductivity also an additional feature at energy ~2.36 eV, which is
smaller then the exciton resonance. Since, at long time delays (At = 50 ps),
the pump-probe map in Figure 5.4b shows two distinct peaks between 2.30 eV
and 2.37 eV, the experimental data is best described by modelling the new
feature below band gap as a sum of two Drude-Lorentz oscillators centered
at slightly different energies. This double-peak behaviour likely originates
from local inhomogeneities of the samples within the photo-excited area, where
superlattices of different lateral size or assembled from NCs of different size can
be present and contribute to the measured signal. Figure C.2a and b show the
the best differential fit at short (5 ps) and long (89 ps) time delays respectively,
as reference examples. Fig. C.2c and d report the various components of the
corresponding out-of-equilibrium optical conductivity (solid lines) obtained from
the best fit to the data.
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Figure C.2: Differential fit of AR/R data measured on NCs superlattices at 17 K
with 230 pJ/cm? excitation fluence. a) and b) show the fitted spectra at 5 ps
and 89 ps respectively. ¢) and d) report the equilibrium (dashed lines) and out of
equilibrium (solid lines) components of the optical conductivity.
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The output parameters of the fit performed at all time delays are displayed in
Figure C.3, where the blue solid lines represent the values at equilibrium and
the red markers are the out-of-equilibrium values extracted from the fit. The
top row reports the free-carriers sigmoid edge parameters: the edge amplitude
(Fig. C.3a) is kept constants at all At; the red-shift (Fig. C.3b) observed after
pump excitation decays with two distinct dynamics, a fast one (~ 20 ps) and a
lower one taking place over hundreds of ps timescale; the edge width displays
a broadening in the first ~ 30 ps. Interestingly, this kind of response for the
position of the conduction band edge, surviving on a ~ 100 ps timescale, is
remarkably different from what usually reported for above-resonance excitation
experiments in similar materials, where the large number of free carriers injected
in the conduction band leads to a very fast band-gap renormalization followed
by a band filling effect after ~ 1 ps [8, 83, 224]. The second row in Fig. C.3
shows the dynamics of the parameters of the Drude-Lorentz oscillator relative to
the excitonic line, namely the exciton energy (Fig. C.3d), the plasma frequency
wp (Fig. C.3e) and the exciton width (Fig. C.3f). The exciton width does not
show significant changes during the relaxation dynamics and is therefore kept
constant at all At to increase the stability of the fitting procedure. The two
bottom rows in Figure C.3 report the parameters relative to the Drude-Lorentz
oscillators appearing out of equilibrium and associated to the emergence of
the cooperative behaviour discussed in the main text. Whereas one single new
oscillator is needed to qualitatively reproduce the spectral feature around 2.36 eV
at short time delays, two distinct oscillators allow to fit the more structured
response observed at long time delays. For consistency, we employed the same
model with two new oscillators also at short time delays, where the effect of two
distinguished components is covered by the free-carriers edge shift and therefore
the error-bars of the associated parameters are larger.

It is relevant to point out that the details of the model employed to fit the AR/R
have only a marginal effect on the overall result of the fitting procedure. In
addition to what presented in Fig. C.3, we tested out other models that involved
either only one new oscillator, no free-carriers edge width variation, a narrower
edge width at equilibrium, or different starting points for the parameters in
Fig. C.3g-1. Whatever the fit function employed, the extracted parameters and
their relative dynamics display always compatible values and similar trends:
the red-shift of the free-carriers edge decaying with two distinct dynamics, the
blue-shift and the quench of the exciton recovering to the equilibrium values
over ~100 ps and the appearance of new oscillators that are red-shifted and
narrower than the equilibrium excitonic peak.
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Figure C.3: AR/R fit output parameters for the superlattice NCs sample at
230 pJ/cm? excitation fluence. a), b) and c) are the free-carriers edge amplitude,
center energy and width, respectively. d), e) and f) represent the exciton parameters:
exciton energy, plasma frequency and width, respectively. g)-1) display the Drude-
Lorentz model parameters for the new oscillators.

Starting from the differential fit model, we can calculate the total spectral
weight introduced in Eq. 5.6:

“+oo
SWior = / O1,tot (w)dw (C~2>
0
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which is, by definition, a conserved quantity depending on the total number
of electrons in the system [308]. In particular, we obtain from the data the
different contributions:

SWtat = SW2.366V + SWemc + SWfree (C'?))

where SWs 3.1 is the spectral weight of the photo-induced cooperative peak at
2.36 eV, SW,,. is the spectral weight of the excitonic peak already present in the
equilibrium optical conductivity, and SWy,.. is the spectral weight associated
to the direct across-gap transitions. Inspection of the spectral weight transfer
between the exciton resonance and the free-carrier band is then performed by
computing the spectral weight variation ASW, compared to equilibrium, of
the different components coming into play. Figure C.4 reports ASW of each
component, estimated as the integral of the optical conductivity o1 over the
energy axis. We observe that the SW lost after photo-excitation by the exciton
peak is re-distributed between the new oscillators and free-carrier states in
conduction band. At At = 5 ps, for example, the photo-induced decrease of the
excitonic spectral weight (ASWe,. ~ -74 QeV/cm? ) is perfectly compensated
by both the new peak at 2.36 eV (ASWa 3601 =~ 49 QeV /cm?) and by an increase
of in-gap free electron states (ASWy,c. ~ 25 QeV/cm?). Overall, the spectral
weight is conserved at all time delays, as shown by the black markers in Figure
C.4 representing the sum of all SW variation contributions, which is compatible
with zero at all time delays.
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Figure C.4: Spectral weight variation of the exciton (blue), new oscillators (green),
and conduction band (red) after pump excitation. Black points represent the sum
of the four contributions, indicating SW conservation.
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The same fitting procedure is applied to the data collected on the same
superlattice sample with lower excitation fluence (30 1J/cm?), plotted in Figure
C.5. The fit results are displayed in Figure C.6 for two time delays (5 ps and
89 ps) and in Figure C.7 (fit output parameters for all time delays). In this
lower fluence excitation scheme the free-electron states edge red-shift is smaller
and relaxes with a slow dynamics of 130 ps decay time. The exciton does not
show any energy shift, but its spectral weight decreases and is transferred to new
oscillators appearing out of equilibrium. Since the free-electrons edge amplitude
and width as well as the exciton position and width do not show any significant
variation during the relaxation dynamics, they are kept fixed to increase the fit
stability.
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Figure C.5: Ultrafast transient reflectivity of CsPbBr; superlattice sample measured
at 17 K and low excitation fluence (30 pJ/cm?).

For the disordered NCs sample (AR/R data in Fig. 5.4a), the fit output is
reported in Figures C.8 and C.9. In this case, no additional oscillator is needed
to reproduce the out of equilibrium optical conductivity. After pump excitation,
a red-shift of the free-carriers edge decaying over a ~ 20 ps timescale is revealed,
along with a broadening of the edge width and a decrease of the exciton spectral
weight. No significant variation of the free-electrons edge amplitude and of the
exciton position and width is observed.
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Figure C.6: Differential fit of AR/R data measured on NCs superlattices at 17 K
with 30 pJ/cm? excitation fluence. a) and b) show the fitted spectra at 5 ps and
89 ps respectively. c) and d) report the equilibrium (dashed lines) and out of
equilibrium (solid lines) components of the optical conductivity.
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Figure C.7: AR/R fit output parameters for the superlattice NCs sample at
30 pJ/cm? excitation fluence. a), b) and c) are the free-carriers edge amplitude,
center energy and width, respectively. d), e) and f) represent the exciton parameters:
exciton energy, plasma frequency and width, respectively. g)-1) display the Drude-
Lorentz model parameters for the new oscillators.
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Figure C.8: Differential fit of AR/R data measured on disordered NCs at 17 K. a)
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optical conductivity.
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Figure C.9: AR/R fit output parameters for the disordered NCs sample. a), b)
and c) are the free-carriers edge amplitude, center energy and width, respectively.
d), e) and f) represent the exciton parameters: exciton energy, plasma frequency

and width, respectively.
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C.3 Exciton density estimate

In order to estimate the number of excitons generated by the pump pulse in
each individual nanocube, we start from the equilibrium optical properties of
CsPbBr; (Figure C.1) at the pump photon energy and calculate the reflectivity
R, which results being =~ 12%. Since the penetration depth is much smaller
than the sample thickess, we assume that all the radiation that is not reflected
is absorbed. The number of absorbed photons per unit area is then given by
F

N'y/area = E(l - R) (04)
where fiw is the photon energy and F' is the incident fluence. The incident
photons are absorbed within a thickness of 135 nm, which corresponds to the
penetration depth [, at the pump photon energy. The number of absorbed
photons per unit volume is then estimated from

N.
N’Y/volume = ’Y?area . (05)
P

Lastly, the number of absorbed photons per nanocube can be obtained by taking
into account the volume of each NC, modelled as a cube of L = 8 nm side:

N'y/NC = N'y/volumeLS- (06)

We now assume that each absorbed photon produces an electronic excitation,
of which 75% are electron-hole bound states and 25% are free carriers. These
values are estimated from the contributions of exciton and band edge to the
equilibrium optical conductivity at 17 K. Given the values of pump fluence
employed in our experiment, we estimate to generate a number of excitons in
each NC that can range between 0 and 25. Taking into account that the number
of perovskite unit cells within each NC is L3/a®, a = 5.83 A, this excitation
regime corresponds to a photodoping level up to ~ 1%.



APPENDIX D

2DES on FAPI nanocube superlattices: analysis and
supplementary data

This chapter has been adapted from the following manuscript:

The fate of optical excitons in FAPbI; nanocube superlattices,
A. Milloch, U. Filippi, P. Franceschini, S. Mor, S. Pagliara, G. Ferrini, F.
V. A. Camargo, G. Cerullo, D. Baranov, L. Manna and C. Giannetti, ACS
Photonics, 2024, 11, 9, 3511-3520, doi: 10.1021/acsphotonics.4c00105

D.1 2DES anti-diagonal profiles fitting

Lineshape analysis of the excitonic response in the 2D spectra are analyzed
with the aim of investigating homogeneous broadening. The elongation of the
excitonic peak along the diagonal indicates the presence of inhomogeneity in the
system. Since the linewidth along diagonal and antidiagonal directions are of the
same order of magnitude, the inhomogeneous and homogeneous broadening are
not completely decoupled along diagonal and anti-diagonal respectively. In this
case, a global lineshape analysis is needed to extract quantitative information
about the homogeneous linewidth. We, therefore, follow the procedure outlined
in Ref. 255 and fit the data by employing the diagonal and anti-diagonal
lineshape functions derived in Chapter 2, Section 2.3.5 (Eq. 2.50-2.53).
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The measured 2DES maps are sliced along the anti-diagonal and diagonal
directions. The slices are centred on the maximum of the excitonic diagonal
resonance in the 2D spectrum at short t; time delay. The asymmetry of the
exciton peak in the 2D spectrum suggests the presence of two peaks, one centred
on the diagonal (peak A) and one a few tens of meV above the diagonal (peak
B). The presence of overlapping contributions hinders the performance of the
global fitting, required by the approach presented above, for peak A and peak
B separately. We therefore assume that the inhomogeneous broadening is the
same for both features (peak A and peak B), i.e. o4 = op. Diagonal and
anti-diagonal profiles are then fitted simultaneously: the diagonal one is fitted
with S4 ., (w’) (sum of Eq. 2.51 and 2.53), describing the linshape of feature A
along the diagonal direction; for the anti-diagonal direction, where two peaks
are needed to fit the data, the linecuts are fitted with 1454 ., (W) + IBSB w, (W),
with I; amplitude parameters, S; ., (w) given by the sum of Eq. 2.50 and 2.52,
and the subscript i = A, B.

The fit is performed as described above for 2DES data at short time delays o,
collected at temperatures between 30 K and 290 K. The fitted diagonal and
anti-diagonal profiles are plotted in Figures D.1 and D.2, respectively. For the
diagonal slices, the tail around 70 meV that is not reproduced by the fitting
functions may suggest the presence of a weak response on the diagonal around
1.61 eV, as further discussed in the main text. Figure D.3 displays the obtained
fit parameters parameters. For some temperatures the experiment was repeated
twice; in these cases, the reported output parameters are the average values
obtained from the two measurements.

The fluence-dependent data are analyzed with a similar approach. Since in
this case we are mostly interested in estimating the amplitude of the two
components rather than extracting the purely homogeneous linewidth, we fit
only the anti-diagonal profiles by employing a sum of two Gaussians and a
constant background as fit function. This choice results in a more robust fit
for the fluence scan, due to the larger noise of the data collected at very low
excitation intensity. Each component is described by a curve defined as

with I;, xo; and o; (¢ = 1,2) the fit free parameters, representing respectively
the area, central energy and width (standard deviation) of each peak. The fit
of fluence-dependent 2D spectra anti-diagonal profiles are plotted in Figure D.4
and the output parameters are displayed in Fig. D.5.

Similarly, the time-resolved 2D spectra anti-diagonal profiles are fitted with the
sum of two Gaussian peaks and a constant background. From a first fit, we
observe that the total spectral weight of the two components, given by A; + A,
is constant over the scanned to range. We, therefore, fix A; + As to a constant
value in order to improve fit quality and robustness. The results of the fitting
procedure are displayed in figures D.6 and D.7.
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Figure D.1: a,b) Fit of the diagonal profiles of 2D spectra measured at short ¢,
time delay (t2 = 0) with F = 175 pJ/cm? at different temperatures. The curves
are fitted with a function of the form S% (w’) + SJ%(w’) (sum of equations 2.51

and 2.53).
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Figure D.2: Fit of the anti-diagonal profiles of 2D spectra measured at short ¢
time delay (to = 0) with F' = 175 pJ/cm? as a function of sample temperature.
The curves are fitted with the sum of two peaks, each given by S (w) + S F(w)
(sum of equations 2.50 and 2.52), and a constant background.
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Figure D.4: Fit of the anti-diagonal profiles of 2D spectra measured at short ¢,
time delay (t2 = 0) and 7" = 200 K, as a function of pump fluence. The curves are
fitted with the sum of two Gaussian functions (green and blue filled areas) and a
constant background.
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Figure D.5: Parameters of the two Gaussian peaks obtained from the fit of the
anti-diagonal profiles as a function of sample temperature: a) amplitude, b) peak
central position, c) width.
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Figure D.6: Fit of the anti-diagonal profiles of 2D spectra measured as a function
of t, time delay at 7' = 200 K with F' = 175 pJ/cm?. The curves are fitted with
the sum of two Gaussian functions (green and blue filled areas) and a constant

background.
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D.2 Exciton density

The number of excited excitons per nanocube can be estimated based on the
experimental absorbance of the sample under investigation, the incoming energy
per laser pulse, and the number of nanocubes present in the excited volume.
The measured absorbance A, reported in Figures B.8 and B.9b, is obtained
from the sample transmission 7, according to A = —log,,T,-. It therefore
includes contributions from sample absorption, reflection and scattering. We
neglect reflection and scattering effects and compute the sample absorption as
a=1-T,=1-10"%, which results in an overestimate of the absorption. In
this case, we obtain o ~ 0.5 in the photon energy range of the experiment.
The number of excited nanocubes is limited either by the penetration depth
l, of the material or by the sample thickness h. [, can be estimated using
the refractive index of bulk FAPI reported in literature [5], which returns
l, >~ 800 nm in the 1.55-1.8 eV photon energy range of interest. The thickness
of the sample is expected to be around 300-500 nm and thus turns out to be the
limiting factor. Therefore, the number of nanocubes excited in an excitation
area L?, where L is nanocube edge size, will be h/L.

The number of absorbed photons per nanocube is thus given by

_Fa L2

where F' is the incoming pump fluence, hw, is the pump photon energy. Based
on the fitting of the sample absorbance, we expect that a large fraction of (V)
will go into excitons rather than free carriers. Using L = 10 nm and a = 0.5,
we obtain (N) ~ 8 — 14 (depending on the sample thickness) at the highest
excitation fluence of 230 pJ/cm?. While this value represents only a rough
estimate, it provides a useful indication of the order of magnitude of (N) and
shows that the number of excitons per nanocube varies between 1 and a few
tens in the fluence range spanned in the 2D spectroscpy experiments.
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D.3 Fluence dependent 2DES at ty = 3 ps

The fluence dependence of the off-diagonal structure in the 2D spectra is
investigated from 2DES measurements performed at 21.3 K and ¢35 = 3 ps.
Integration of the signal in the squared region of interest (ROI) highlighted in
Figure D.8a shows a linear behaviour of the intensity of the off-diagonal spectral
feature with excitation intensity, as displayed in Figure D.8b.
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Figure D.8: a) 2D spectrum collected at T'= 21.3 K, t = 3 ps and F' = 175 pJ/cm?.
The white dashed rectangle indicates the region of interest where the signal is
integrated for all spectra acquired at the same temperature and to delay, as a
function of excitation intensity. b) The red dots display the fluence dependence
of the 2DES signal integrated in the ROI highlighted in a), the black dashed line
indicates the observed linear trend.

D.4 2DES in transmission geometry

2DES experiments in transmission geometry can be performed by employing
samples deposited on a transparent glass substrate. We however find that, in
the transmission configuration, there is stronger scattering of the pump beam,
which affects the measured signal along the diagonal of the 2D spectrum. For
this reason, the detailed experiments analysed in the main text are performed
in reflection configuration.

For comparison, one 2DES experiment in transmission geometry is reported
in Figure D.9. In this experimental configuration, the key features revealed
from 2D spectroscopy are the same, although more noisy, as those observed in
reflection geometry and discussed in the main text. Specifically, it is possible
to observe an excitonic response centred on the spectrum diagonal and an
off-diagonal feature emerging on a longer timescale.
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Figure D.9: 2D spectra measured in transmission geometry for a FAPI NC
superlattice sample on a transparent substrate. The measurements are performed
at T' = 23 K and fluence 175 pJ/cm? excitation fluence for four different time
delays ts.

D.5 2DES on FAPI disordered nanocube film

Figure D.10 reports the 2DES spectrum measured for a sample composed of
randomly oriented nanocrystals. In this case, the transient reflectivity signal
was largely suppressed. The left panel shows the 2D spectrum of Fig. 6.3a,
which was obtained for the superlattice sample (T' = 30 K, t5 = 0 fs, fluence
F =175 pJ/em?), whereas the right panel displays the 2D spectrum acquired for
randomly oriented nanocubes in equivalent experimental conditions (T = 23 K,
to = 0 fs, fluence F' =175 pnJ/cm?). The extremely low signal of the disordered
sample prevents any further analysis and investigation of the response in this
system. The almost complete suppression of the signal in disordered samples
however suggests some cooperative effect and calls for further investigation that
is beyond the scope of the present work.
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Figure D.10: 2D spectra collected for the nanocube superlattice sample (left panel)
and disordered nanocube film (right panel) in the same experimental conditions,
namely cryogenic temperature (7' = 30 K for the superlattice sample and T' = 23 K
for the disordered sample), to = 0 ps and F' = 175 pJ/cm?.
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